
Nephrol Dial Transplant (2004) 19: 1702–1707

DOI: 10.1093/ndt/gfh271

Advance Access publication 18 May 2004

Original Article

Methylglyoxal: a stimulus to neutrophil oxygen radical production in

chronic renal failure?

Richard A. Ward1 and Kenneth R. McLeish1,2,3

1Departments of Medicine and 2Biochemistry and Molecular Biology, University of Louisville, Louisville, Kentucky, USA

and 3Veterans’ Affairs Medical Center, Louisville, Kentucky, USA

Abstract

Background. Chronic renal failure is characterized by
oxidant stress, resulting in part from increased reactive
oxygen species production by neutrophils. Plasma
concentrations of methylglyoxal are increased in
uraemia. Methylglyoxal activates p38 mitogen-
activated protein kinase (MAPK) in endothelial cells.
Activation of p38 MAPK in neutrophils enhances
reactive oxygen species production through exocytosis
of intracellular storage granules. We tested the
hypothesis that methylglyoxal enhances reactive
oxygen species production by activating p38 MAPK
in neutrophils.
Methods. Neutrophils were exposed to methylglyoxal
in vitro. Activation of p38 MAPK was determined by
immunoblot analysis. Exocytosis was determined by
measuring plasma membrane expression of CD35 and
CD66b, specific markers of secretory vesicles and
specific granules, respectively. Reactive oxygen species
production was determined by measuring H2O2 and
O�

2 production.
Results. Methylglyoxal activated p38 MAPK and
caused dose-dependent increases in CD35 and
CD66b expression, which were blocked by the methyl-
glyoxal scavenger, aminoguanidine, or the p38 MAPK
inhibitor, SB203580. Methylglyoxal caused dose-
dependent increases in basal and Staphylococcus
aureus-stimulated H2O2 production and basal and
formyl-methionyl-leucyl-phenylalanine-stimulated O�

2
production. Enhancement of reactive oxygen species
production was blocked by aminoguanidine and
SB203580.
Conclusions. Methylglyoxal enhances reactive oxygen
species production in neutrophils through a process
involving p38 MAPK-dependent exocytosis of intra-
cellular storage granules. These findings, together

with the observation that methylglyoxal concentra-
tions are increased in renal failure, suggest a possible
role for methylglyoxal as a uraemic toxin that con-
tributes to the oxidant stress associated with renal
failure.
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Introduction

Damage to cells and proteins contributes to the long-
term morbidity associated with chronic renal failure.
Processes that cause this damage include oxidant stress,
carbonyl stress and the formation of advanced glyca-
tion end products (AGEs). These processes interact.
For example, oxidant stress can promote carbonyl
stress by increasing production of reactive carbonyl
compounds, which can then non-enzymatically modify
proteins to form AGEs [1]. In turn, AGEs may con-
tribute to oxidant stress by enhancing production of
reactive oxygen species [2]. The extent of these inter-
actions, and the molecular species involved, remains
incompletely understood.

Methylglyoxal is a reactive carbonyl compound
formed primarily from triose phosphates [3].
Concentrations of methylglyoxal and its protein
adducts are increased in end-stage renal disease [4,5].
Methylglyoxal is biologically active. It activates p38
mitogen-activated protein kinase (MAPK) in endothe-
lial [6] and mesangial cells [7], and inhibiting p38
MAPK blocks activation by methylglyoxal of the pro-
apoptotic enzyme, caspase 3 [6]. Methylglyoxal also
primes reactive oxygen species production and apop-
tosis in U266 cells [8]. We have shown that neutrophil
reactive oxygen species production is enhanced by a
factor(s) retained in plasma as renal function decreases
[9]. We have also shown that p38 MAPK is involved
in enhancing neutrophil reactive oxygen species
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production [10,11]. These observations suggested the
hypothesis that methylglyoxal primes neutrophil reac-
tive oxygen species production through activation of
p38 MAPK. Demonstrating such an action of methyl-
glyoxal would establish a further link between carbonyl
stress and oxidant stress in uraemia.

Subjects and methods

Experimental design

The ability of methylglyoxal to activate p38 MAPK and
stimulate exocytosis and respiratory burst activity was
determined by incubating neutrophils in Krebs-Ringer
phosphate buffer (KRPB) or ACD-anticoagulated normal
human plasma at 37�C with different concentrations of
methylglyoxal for times up to 60min. Incubation times were
based on previous studies of the time course of p38 MAPK
activation by agents that prime neutrophil reactive oxygen
species production [10]. Activation of p38 MAPK was
assessed by SDS–PAGE of cell lysates, followed by immuno-
blot analysis for phosphorylated p38 MAPK. Exocytosis was
assessed by measuring plasma membrane expression of CD35
and CD66b, respectively, specific markers of secretory vesicles
and specific granules, which are intracellular storage sites
of the NADPH oxidase component, cytochrome b558.
Respiratory burst activity was assessed by measuring basal
and stimulated H2O2 and O�

2 production. Experiments were
performed with or without 5mM of the methylglyoxal
scavenger, aminoguanidine, to confirm that exocytosis and
changes in respiratory burst activity were induced by methyl-
glyoxal. To confirm a role for p38 MAPK in methylglyoxal-
induced exocytosis and changes in respiratory burst activity,
experiments were performed after pre-incubation of neutro-
phils for 60min with or without 3mM of the p38 MAPK
inhibitor, SB203580.

Materials

Endotoxin-free reagents and plastics were used in all
experiments. Methylglyoxal and aminoguanidine were from
Sigma Chemical Company (St Louis, MO). The p38 MAPK
inhibitor, SB203580, was from Calbiochem (La Jolla, CA).
Polyclonal antibodies specific for dual phosphorylated (Thr
180/Tyr 182) p38 MAPK and total p38 MAPK were from
Cell Signaling Technology (Beverly, MA). FITC-labelled
anti-CD35 was from Pharmingen (San Diego, CA) and FITC-
labelled CD66b was from Accurate Chemical and Scientific
(Westbury, NY).

Neutrophils

Blood was obtained from healthy donors using a protocol
approved by the University of Louisville Human Studies
Committees. Neutrophils were isolated using a plasma-
Percoll gradient as described previously [11] and washed in
endotoxin-free KRPB (pH 7.2) containing 0.2% dextrose.
More than 97% of the cells were neutrophils by micro-
scopic evaluation and viability was >95% by Trypan Blue
exclusion.

Respiratory burst activity

Respiratory burst activity was determined by measuring
H2O2 production stimulated by phagocytosis of Staphylo-
coccus aureus and by measuring O�

2 production stimulated by
formyl-methionyl-leucyl-phenylalanine (fMLP) as described
previously [9]. H2O2 production was measured using a flow
cytometric assay based on the stoichiometric conversion of
non-fluorescing 20,70-dichlorofluoresin to fluorescent dichloro-
fluorescein by H2O2. Neutrophils (4� 106/ml), suspended in
ACD-anticoagulated normal human plasma, were incubated
with 20,70-dichlorofluoresin diacetate (50 mM) for 10min at
37�C. Fifty microliters of cell suspension was sampled before,
and 10min after, addition of 50 ml of opsonized, propidium
iodide-labelled S.aureus (final concentration �108 bacteria/
ml). Sampled cells were washed in KRPB and fixed in 1%
paraformaldehyde before analysis for phagocytosis and H2O2

production by flow cytometry (Epics XL, Beckman-Coulter,
Hialeah, FL). The mean channel number of fluorescence
(mcf) was used to quantify phagocytosis and H2O2 produc-
tion. The flow cytometer was calibrated before analysis of
each set of samples using Flow Check and Flow Set beads
(Coulter). O�

2 production was determined by measuring the
reduction of ferricytochrome C. Neutrophils (4.5� 106/ml)
were suspended in KRPB containing calcium and magnesium
and 1mg/ml ferricytochrome C. O�

2 production was stimu-
lated by adding 3� 10–7 M fMLP for 10min at 37�C. The
reaction was stopped by placing the tubes on ice and pelleting
the cells by centrifugation at 4�C. The amount of O2

–

produced was quantified using the change in absorbance
of the supernatant at 550 nm and was expressed as nanomoles
of O�

2 per 106 cells using an extinction coefficient of
2.1� 104M–1 cm�1. All assays of respiratory burst activity
were performed in duplicate.

Expression of plasma membrane proteins

Plasma membrane expression of CD35 and CD66b was
determined by flow cytometry. Neutrophils were suspended in
ice-cold KRPB and incubated at 4�C for 30min with FITC-
conjugated monoclonal anti-CD35 or anti-CD66b. FITC-
conjugated mouse IgG1 was used as an isotype control.
Labelled cells were washed in KRPB and analysed for
fluorescence intensity by flow cytometry.

p38 MAPK activity

p38 MAPK activation was determined using an antibody
specific for p38 MAPK phosphorylated at Thr 180 and Tyr
182. After incubation with methylglyoxal or KRPB, 20� 106

neutrophils were pelleted by centrifugation. The cells were
lysed with 100 ml of ice-cold Laemmli’s SDS-sample buffer,
sonicated and boiled for 5min. Samples were microfuged for
10min then subjected to 10% SDS–PAGE. Proteins were
electrotransferred to nitrocellulose and the membranes
washed with PBS and blocking buffer. The blot was probed
for total and phospho-p38 MAPK following the manufac-
turer’s protocol. Immunoreactivity was localized by horse-
radish peroxidase-conjugated secondary antibodies and
visualized by ECL enhanced chemiluminescence (Lumiglo,
Cell Signaling). For each condition, the ratio of phospho-
p38 MAPK to total p38 MAPK was calculated from the
quantified intensities of the bands (ImageQuaNT, Molecular
Dynamics, Sunnyvale, CA).
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Data analysis

Differences in H2O2 and O�
2 production, plasma membrane

expression of CD35 and CD66b, and p38 MAPK activation
in the presence or absence of methylglyoxal and inhibitors
were evaluated by analysis of variance. Where significant
differences were detected in the primary analysis, differences
between methylglyoxal and control and between individual
inhibitors were examined using Bonferroni’s adjustment
for multiple comparisons or Tukey’s test, as appropriate.
Statistical analyses were performed using SPSS for Windows
(version 11, SPSS Inc., Chicago, IL). Differences were
considered significant at P<0.05. Data are presented as
mean±SEM for n observations.

Results

Methylglyoxal activates p38 MAPK in neutrophils

Essentially no phosphorylated p38 MAPK was
detected in control cells (Figure 1). In contrast, cells
incubated with methylglyoxal showed marked phos-
phorylation of p38 MAPK after 15min of incubation,

demonstrating that methylglyoxal activates p38MAPK
in neutrophils.

Methylglyoxal induces p38 MAPK-dependent
neutrophil exocytosis

Neutrophils incubated with 1mM methylglyoxal
showed increased plasma membrane expression of
CD35 and CD66b, indicating exocytosis of secretory
vesicles and specific granules. The increase in CD35
and CD66b expression was significant after 45min of
incubation with methylglyoxal (Figure 2). The ability
of methylglyoxal to induce exocytosis was dose-
dependent, as shown by a significant increase in
plasma membrane expression of CD35 and CD66b at
concentrations of 0.5mM, and above, when neutro-
phils were incubated with methylglyoxal for 60min
(Figure 3). The data in Table 1 confirm that exocytosis
was induced by methylglyoxal by showing that pre-
incubation for 5min with 5mM of the methylglyoxal
scavenger, aminoguanidine, blocked the increase in
CD35 and CD66b observed when the cells were
incubated for 60min with 1mM methylglyoxal. Pre-
incubation of neutrophils with 3 mM of the p38 MAPK
inhibitor, SB203580, for 60min also blocked the
exocytosis induced by 1mM methylglyoxal (Table 1),
demonstrating that the ability of methylglyoxal to
induce exocytosis depended on the p38 MAPK path-
way. The data in Figure 3 also show that methylglyoxal
induced exocytosis whether the incubation took place
in plasma or protein-free buffer, demonstrating that
the effect of methylglyoxal is directly on the cell and
not through modification of a plasma protein. Taken
together, these data demonstrate that methylglyoxal
acts directly on human neutrophils to induce exocytosis
of secretory vesicles and specific granules through a p38
MAPK-dependent mechanism.

Fig. 1. Methylglyoxal induces time-dependent phosphorylation of
p38 MAPK in neutrophils. Neutrophils were incubated with or
without 1mM methylglyoxal for 15–60min. The cells were lysed
and subjected to immunoblot analysis with anti-phospho-p38
MAPK antibody. The membranes were stripped and reprobed with
anti-p38 MAPK antibody. fMLP (3� 10–7M for 1min) was
included as a positive control. Representative immunoblots for
phospho-p38 MAPK and total p38 MAPK are shown in the upper
part of the figure. The lower part of the figure shows the ratio of
phospho-p38 MAPK to total p38 MAPK (n¼ 4). The ratio of
phospho-p-38 MAPK to total p38 MAPK differed significantly
between cells incubated in methylglyoxal and cells incubated in
KRPB (P¼ 0.001). * Indicates different from zero time.

Fig. 2. Time course of methylglyoxal-induced exocytosis in human
neutrophils. Neutrophils in buffer were incubated for varying times
with 1mM methylglyoxal at 37�C. Exocytosis of secretory vesicles
and specific granules was determined by measuring plasma mem-
brane expression of CD35 (circles) and CD66b (squares), respec-
tively. Data are presented as mean±SEM for n¼ 3. * Indicates
different from zero time.
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Methylglyoxal increases neutrophil respiratory
burst activity

Incubation for 60min with methylglyoxal produced
small, but significant, dose-dependent increases in
basal H2O2 and O�

2 , as well as priming both S.aureus-
stimulated H2O2 production and fMLP-stimulated
O�

2 production (Figure 4). As with exocytosis, the
effect of methylglyoxal became significant at concen-
trations of 0.5mM, and above (Figure 4), and
followed a similar time course to that observed for
exocytosis (data not shown). Similar to what was
observed for exocytosis, the increase in S.aureus-
stimulated H2O2 production produced by 1mM
methylglyoxal was blocked by pre-incubation with

aminoguanidine or SB203580 (Table 2). Moreover,
the ability of methylglyoxal to increase basal res-
piratory burst activity and prime the response to
S.aureus and fMLP was independent of whether or
not plasma proteins were present (Figure 4), demon-
strating that these actions of methylglyoxal also occur
through a direct action on the cell and not through
modification of a plasma protein. These findings
demonstrate that methylglyoxal acts directly on
human neutrophils to enhance reactive oxygen species
production through a process that involves p38
MAPK-dependent exocytosis of granules that act as
intracellular stores of the NADPH oxidase compo-
nent, cytochrome b558.

Fig. 4. Methylglyoxal primes neutrophil respiratory burst activity
in a dose-dependent manner. The upper panel shows baseline
(squares) and S.aureus-stimulated (circles) H2O2 production by
neutrophils incubated in plasma for 60min at 37�C with varying
concentrations of methylglyoxal (0–1mM). Methylglyoxal caused a
significant dose-dependent increase in both baseline and S.aureus-
stimulated H2O2 production, and the increase in H2O2 production
induced by S.aureus depended significantly on the concentration of
methylglyoxal. The lower panel shows fMLP-stimulated O�

2 pro-
duction by neutrophils incubated in protein-free buffer for 60min
at 37�C with varying concentrations of methylglyoxal (0–1mM).
fMLP caused a significant increase in both baseline and fMLP-
stimulated O�

2 production, and the increase in O2
– production

induced by fMLP depended significantly on the concentration of
methylglyoxal present in the reaction mixture. Data are presented
as mean±SEM for n¼ 7 (upper panel) and n¼ 8 (lower panel).
* Indicates different from control.

Fig. 3. Methylglyoxal induces a dose-dependent exocytosis of
secretory vesicles and specific granules in neutrophils. Neutrophils
were incubated with varying concentrations of methylglyoxal
(0–1mM) for 60min at 37�C. Exocytosis of secretory vesicles and
specific granules was determined by measuring plasma membrane
expression of CD35 (circles) and CD66b (squares), respectively.
Methylglyoxal at doses of 0.5mM, and above, induced significant
exocytosis both in protein-free buffer (open symbols, n¼ 3) and
plasma (closed symbols, n¼ 6). Data are presented as mean±SEM.
* Indicates different from control.

Table 1. Both scavenging of carbonyl compounds and inhibition of
p38 MAPK prevent methylglyoxal-induced exocytosis

Protein expression
(mcf)

CD35 CD66b

Control 27.8±1.9 38.5±2.7
Methylglyoxal 60.9±3.2* 60.2±4.9*
Controlþ 5mM aminoguanidine 26.0±2.7 37.6±3.3
1mM Methylglyoxalþ 5mM
aminoguanidine

27.5±2.5 39.4±2.8

Controlþ 3mM SB203580 25.2±3.2 33.5±1.6
1mM Methylglyoxalþ 3mM SB203580 30.5±2.8 28.8±1.5

Neutrophils (4� 106/ml in buffer) were pre-incubated with 5mM
aminoguanidine for 5min or 3mM SB203580 for 60min before
being stimulated with 1mM methylglyoxal for 60min. CD35 and
CD66b expression was measured by flow cytometry. Data are
presented as mean±SEM for four experiments. * Indicates a
significant difference from control.
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Discussion

Neutrophils kill bacteria by releasing proteolytic enzy-
mes and generating reactive oxygen species. To prevent
unwanted tissue damage, peripheral blood neutrophils
normally respond poorly to pro-inflammatory stimuli.
To effectively kill bacteria, these relatively benign cells
convert to a primed state, wherein they are capable of
responding to stimuli, and then to an activated state in
which they release proteolytic enzymes and reactive
oxygen species. Priming of neutrophils by inflamma-
tory mediators involves exocytosis of intracellular
granules, leading to a progressive change in the
complement of proteins expressed in the plasma
membrane. This process depends on activation of
p38 MAPK [11]. The present study shows for the
first time that the reactive carbonyl compound,
methylglyoxal, can induce exocytosis and enhance
respiratory burst activity in human neutrophils, and
that these actions depend on activation of p38 MAPK.
The time courses of p38 MAPK activation and
neutrophil functional response observed for methyl-
glyoxal are similar to those observed with other
priming agents, such as LPS and TNFa; that is, initial
activation of p38 MAPK followed after a time lag by
exocytosis and enhancement of respiratory burst
activity [10,11].

Renal failure is associated with increased neutrophil
respiratory burst activity and a primed response to
soluble and particulate stimuli [9,12]. This priming is
caused by a substance(s) retained in uraemia [13,14].
Neutrophil reactive oxygen species production may be
increased by a number of agents that can be present
in uraemic plasma, including complement fragment
C5a [15], AGEs [2] and advanced oxidation protein
products (AOPP) [16]. Several pieces of evidence
suggest, however, that these factors are not solely
responsible for the increased respiratory burst activity

observed in uraemia. We have demonstrated that
respiratory burst activity decreases from pre- to post-
dialysis in patients treated with high-flux membranes
[12]. This observation, together with the findings of
Rhee et al. [13] and Daniels et al. [14], suggests that at
least one factor responsible for priming the respiratory
burst in uraemia is of lower molecular weight than most
AGEs and AOPPs. Complement fragment C5a has
been implicated in a transient increase in reactive
oxygen species production during haemodialysis, par-
ticularly when cellulose membranes are used [17].
However, priming of the respiratory burst is evident
in chronic kidney disease before initiation of dialysis
[9], and chronic kidney disease generally is not
associated with complement activation. Also, plasma
C5a concentrations are normal pre-dialysis, a time
when significant priming of reactive oxygen species
production is evident [12,17]. The demonstration that
methylglyoxal can increase basal respiratory burst
activity in neutrophils and prime their response to
other stimuli, together with the observation that plasma
methylglyoxal concentrations are increased in uraemia
[4], suggests methylglyoxal as an additional candidate
priming factor, one which creates a possible link
between carbonyl stress and oxidant stress that may
be relevant to long-term morbidity in renal failure.

Our results indicate that methylglyoxal is able to
activate p38 MAPK in human neutrophils, as well as
in human endothelial [6] and rat mesangial cells [7].
The mechanism by which methylglyoxal activates p38
MAPK in neutrophils is not known. Methylglyoxal
could act on the cell directly or indirectly, through
modification of a plasma protein. Recently, Fan et al.
reported that methylglyoxal-modified albumin acti-
vated p38 MAPK and stimulated reactive oxygen
species production in RAW 264.7 cells [18].
Methylglyoxal reacts reversibly with arginine, cysteine
and lysine residues of proteins to form structures that
bind to AGE receptors [3] and Collison et al. have
reported the presence of an AGE receptor on neutro-
phils [2]. Ligation of this receptor with AGE-modified
albumin primed the respiratory burst stimulated by
fMLP, although not phagocytosis of S.aureus [2].
However, our finding that methylglyoxal caused exo-
cytosis and stimulated and primed respiratory burst
activity when incubated with neutrophils in protein-free
buffer argues against methylglyoxal acting through an
effect on plasma proteins. Alternatively, methylglyoxal
may enter the cell and act directly on components of
the p38 MAPK signaling pathway. Methylglyoxal
decreases intracellular reduced glutathione concentra-
tions in endothelial cells [6], and changes the redox state
of a cell by decreasing reduced glutathione concentra-
tions activates p38 MAPK [19]. That priming of the
respiratory burst in uraemia may be mediated by
changes in redox state is supported by the observations
that the ratio of oxidized to reduced glutathione in
plasma is increased [20], and that total glutathione
concentrations in neutrophils are decreased [21], in
haemodialysis patients compared with normal subjects.
Further study will be required to determine if this

Table 2. Both scavenging of carbonyl compounds and inhibition of
p38 MAPK prevent methylglyoxal-induced priming of respiratory
burst activity

Stimulated H2O2

production

Control 28.3±3.5
Controlþ 5mM aminoguanidine 24.7±2.2
1mM Methylglyoxal 43.2±3.0*
1mM Methylglyoxalþ 5mM
aminoguanidine

28.3±3.3

Control 21.8±1.4
Controlþ 3 mM SB203580 17.2±1.1
1mM Methylglyoxal 28.6±1.3*
1mM Methylglyoxalþ 3 mM
SB203580

20.7±1.2

Neutrophils (4� 106/ml in plasma) were pre-incubated with 5mM
aminoguanidine for 5min or 3mM SB203580 for 60min before
being incubated with 1mM methylglyoxal for 60min.
Staphylococcus aureus-stimulated H2O2 production was measured
by flow cytometry. Data are presented as mean±SEM for seven
(aminoguanidine) or 12 (SB203580) experiments. * Indicates a
significant difference from control.
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mechanism is responsible for the exocytosis and
enhanced respiratory burst response induced by
methylglyoxal.
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