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Abstract

Methylglyoxal (MG) contributes significantly to the carbonyl stress in uremia; however, the reason for its increased concentration is not
clear. Thus, the present study was aimed to investigate the formation and degradation of MG in the erythrocytes of hemodialyzed (HD)
patients with end-stage renal disease. In 22 nondiabetic patients on long-term HD, erythrocyte MG and D-lactate levels, glyoxalase activities,
and whole blood reduced glutathione content were determined. The data were compared with those from 22 healthy controls. Erythrocyte
MG and D-lactate production were also investigated in vitro under normoglycemic (5 mmol/L) and hyperglycemic (50 mmol/L) conditions.
The erythrocyte MG levels were elevated (P b .001) in the HD patients. The blood reduced glutathione content and glyoxalase I activity were
similar to the control levels, but the glyoxalase II activity was significantly (P b .005) increased. In the normoglycemic in vitro model,
production of both MG (P b .001) and D-lactate (P b .002) was significantly enhanced in the HD erythrocytes relative to the controls. During
hyperglycemia, the MG formation and degradation rates were further increased (P b .001). The present study demonstrated an increased
formation of MG in the erythrocytes of HD patients. This seemed to be related to a glucose metabolism disturbance of the cells. The
degradation system of MG was also activated; still, it was not able to counteract the high rate of MG formation. The alterations and imbalance
of these metabolic processes may contribute to the carbonyl overload and stress in the HD patients.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

The term carbonyl stress was proposed for states of
generalized increases in reactive carbonyl compounds, such as
glyoxal, methylglyoxal (MG), and 3-deoxyglucose, in uremia
[1]. The reactions between these compounds and proteins
result in the formation of protein cross-links (advanced
glycation end products [AGEs]), this being associated with
enzyme inactivation, protein denaturation, and cellular
immune response. Their reactions with DNA induce mutagen-
esis and carcinogenesis, whereas the formation of lipid adducts
causes membrane lipid bilayer disruption. Carbonyl stress
appears to participate in the pathogenesis of long-term
complications associated with end-stage renal disease
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(ESRD) and dialysis, such as accelerated atherosclerosis,
enhanced cancer development, and amyloidosis [2,3].

The importance of the carbonyl compound MG in uremia
is increasingly recognized. Elevated levels of MG-derived
AGEs and MG itself are found in the plasma of ESRD
patients [4,5]. The level of the MG-derived lysine dimer
(MOLD) is significantly elevated in the sera of nondiabetic
uremic patients where, together with the glyoxal-derived
lysine dimer (GOLD), it forms the major class of plasma
protein cross-links [6]. However, the reason for the increased
concentration of MG in uremia is still not clear.

The uremic state and hemodialysis (HD) are associated
with enhanced oxidative stress, which has been suggested to
play a role in both the production and catabolism of carbonyl
compounds [7]. Methylglyoxal may be formed in the
oxidative or nonoxidative metabolism of carbohydrates,
lipids, or amino acids; but its main source is considered to
be the nonoxidative, spontaneous transformation of triose
phosphates [8]. Oxidative stress decreases the cellular
concentration of reduced glutathione (GSH), a cofactor for
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Fig. 1. The glyoxalase pathway.
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the detoxification of MG by the glyoxalases (Fig. 1).
Experimental GSH depletion via an oxidative or nonox-
idative mechanism induced a marked accumulation of MG
[9]. In mouse lenses, however, even at approximately 80%
GSH loss after buthionine sulfoximine treatment, the
accumulation of MG was not enhanced [10]. Furthermore,
a decreased GSH level in the blood of uremic patients is not a
general finding [11,12].

In 1 uremic subject, low glyoxalase I activity was
accompanied by augmented levels of carbonyl compounds
[13]. However, this was a unique case; the glyoxalase I
activity of a group of patients with ESRD in the same study
proved normal.

The aim of the present study was to characterize the MG
metabolism in the erythrocytes of HD patients with ESRD.
We report enhanced formation and degradation of MG in
vitro in the cells, and also observations concordant with an
elevated MG turnover in vivo in the erythrocytes. The
enhanced rate of formation overwhelmed the rate of
degradation of the carbonyl compound. The alterations and
imbalance of these metabolic processes may contribute to the
MG overload and carbonyl stress in HD patients.
2. Patients and methods

2.1. Patients

Twenty-two nondiabetic patients (9 male, 13 female; age,
42 ± 24 [mean ± SD]) on long-term HD were included. Their
original nephrologic diagnoses were chronic pyelonephritis
with reflux nephropathy, interstitial nephritis, membranopro-
liferative glomerulonephritis, hypoplastic kidney, and poly-
cystic kidney. The patients were on 4-hour bicarbonate HD
performed on a Polyflux 17L dialyzer (Gambro Dialysatoren
GmBH, Hechingen, Germany) 3 times a week. The median
time spent on the dialysis program was 40 months (quartiles
20 and 76 months). Blood samples were collected in a fasting
state before the first dialysis session of the week. The control
group comprised 22 healthy adult volunteers (9 male, 13
female; age, 43 ± 12 years [mean ± SD]).
The study was approved by the Human Investigation
Review Board of the University of Szeged, and informed
consent was obtained before the collection of blood.

2.2. Methylglyoxal

Methylglyoxal was determined by electrospray tandem
mass spectrometry. Venous blood anticoagulated with EDTA
was separated by centrifugation (4°C, 1500g, 10 minutes).
Plasma and erythrocytes washed in phosphate-buffered saline
(pH 7.4) were deproteinized with equal volumes of 24%
trifluoroacetic acid (TFA). Internal standardization was
achieved by addition of 2,3-hexanedione in a final concen-
tration of 200 nmol/L to the samples [14]. The deproteinized
extracts were derivatized with 100 μmol/L 1,2-diaminoben-
zene in the presence of 100 μmol/L diethylenetriaminepen-
taacetic acid, and 1.2 mmol/L sodium dithionite at room
temperature for 4 hours in the dark [15]. The derivatization
of MG and hexanedione with 1,2-diaminobenzene yields
2-methylquinoxaline and 1-methyl-2-propylquinoxaline,
respectively. The samples were extracted with 4 vol of
chloroform [16]; and after evaporation, the residue was
dissolved in 100 μL of methanol/water/TFA (50:50:0.1, vol/
vol/vol) solution.

The mobile phase (methanol/water, 50:50 vol/vol) was
delivered by Waters Separation Module 2795 (Waters,
Manchester, United Kingdom) at a flow rate of 200 μL/min.
The samples (20 μL) were analyzed directly by positive ion
electrospray tandem mass spectrometry (Micromass Quattro
Micro, Waters) in multiple reaction monitoring mode. To
improve the assay specificity, 2 mass transitions were detected
for MG: m/z 144.8 to 76.2 d and 144.8 to 117.6 d.
Hexanedione was analyzed with the mass transition m/z
157.8 to 89.0 d. The ionization source temperature was 120°C,
and the desolvation gas temperature was 350°C. The cone gas
and the desolvation gas flow rates were 150 and 550 L/h,
respectively. The capillary voltage was 3.5 kV, and the cone
voltage was 40 V. Argon gas (2.0 × 10−3 mbar) was in the
collision cell, and the collision voltage was 28 eV.

The sensitivity for the mass transition m/z 144.8 to 76.2 d
was approximately 4-fold higher than that for m/z 144.8 to
117.6 d, but the values obtained with the 2 methods correlated
well (r = 0.9982). The intra- and interassay variations (100
nmol/L) were 10.3% and 12.2% for m/z 144.8 to 76.2 d and
11.8% and 12.7% for m/z 144.8 to 117.6 d, respectively.

For calibration, MG (in final concentrations of 50-1000
nmol/L)was added to pooled plasma samples and processed as
described above. The response curve proved linear in the
tested range.

2.3. D-Lactate

D-Lactate was measured by end-point enzymatic assay
with D-lactate dehydrogenase in the presence of sodium L-
glutamate and glutamate pyruvate transaminase [17]. The in-
crease in reduced nicotinamide adenine dinucleotide (NADH)
concentration was detected fluorometrically.



Fig. 2. Methylglyoxal levels in plasma and erythrocytes of controls and
HD patients.

Fig. 3. Glyoxalase activities in erythrocytes of controls and HD patients.
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2.4. Glyoxalase I and II

The glyoxalase I activity in the erythrocytes was assayed
by measuring the initial rate of formation of S-D-lactoylglu-
tathione from its hemithioacetal in the presence of diluted
erythrocyte lysate as described by McLellan and Thornalley
[18]. The glyoxalase II activity was assayed by measuring
the initial rate of hydrolysis of S-D-lactoylglutathione. The
reactions were monitored spectrophotometrically at 240 nm.

2.5. Reduced glutathione

Sensitive and specific determination of erythrocyte GSH
concentration was made by an enzymatic method [19]. The
combined action of 5,5′dithio-bis(2-nitrobenzoic acid) and
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) in the presence of glutathione reductase results
in a reaction cycle, the rate of which depends on the
concentration of total (oxidized +reduced) glutathione
content recorded spectrophotometrically at 412 nm during
the first 6 minutes. Oxidized glutathione was determined
separately after alkylation of GSH with N-ethylmaleimide
and separation by gel filtration. The GSH levels were
expressed with reference to erythrocyte volume.

2.6. Isolation and incubation of human erythrocytes

Human erythrocytes were isolated and tested in vitro by the
method of Thornalley et al [16]. Briefly, venous blood
anticoagulatedwithEDTAwas centrifuged (2000g, 5minutes);
and the plasma and white blood cells were removed. The
packed erythrocyte pellet was washed 3 times with 4 vol of
phosphate-buffered saline (pH 7.4) and washed a fourth and
final time with 4 vol of Krebs-Ringer phosphate buffer (pH
7.4). Cells (50%, vol/vol) were incubated in Krebs-Ringer
phosphate buffer with 5 or 50 mmol/L glucose for 2 hours at
37°C. In samples including 50 mmol/L glucose, isotonicity
was preserved by decreasing the concentration of NaCl.

After incubation, the erythrocyte suspensions were
deproteinized with equal volumes of 24% TFA. Zero time
samples were 50% erythrocyte suspensions inactivated by
ice-cold TFA before the addition of glucose. The deprotei-
nized extracts were processed for MG and D-lactate analyses
as described above.

2.7. Statistical analysis

Depending on the distribution of the data, both parametric
(Student t test or analysis of variance followed by the Tukey
test) and nonparametric (Mann-Whitney test) methods were
used for the statistical analyses. In all cases, P values less
than .05 were considered statistically significant.
3. Results

3.1. Methylglyoxal

The MG concentration was significantly elevated in both
the erythrocytes and plasma of the HD patients relative to the
respective control values (P b .001 for both) (Fig. 2). In
the controls, the MG level was significantly higher in the
erythrocytes than in the plasma (P b .001) (Fig. 2); but in
the HD patients, there was no significant difference between
the 2 compartments.

3.2. Glyoxalase I and II

There was no significant difference in glyoxalase I
activity, but the glyoxalase II activity proved elevated (P b
.005) in the HD patients (Fig. 3).

3.3. Reduced glutathione

The erythrocyte GSH level did not differ significantly
in the HD patients and the controls (1.95 ± 0.45 vs 2.12 ±
0.68 mmol/L [mean ± SD]).

3.4. D-Lactate

There was a nonsignificant rise in the erythrocyte D-lactate
level in the HD patients, but a marked (P b .05) decrease in the



Fig. 4. D-Lactate levels in plasma and erythrocytes of controls and
HD patients.
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plasma compared with the controls (Fig. 4). In the controls,
the D-lactate level was significantly higher (P b .001) in the
plasma than in the erythrocytes, whereas in the patients, there
was no difference between the 2 compartments.

3.5. Methylglyoxal and D-lactate production in vitro
in erythrocytes under normoglycemic and
hyperglycemic conditions

TheMG concentration was significantly (0 h:P b.040; 2 h:
P b.001) increased in the normoglycemic (5 mmol/L) HD
erythrocyte suspensions (Fig. 5A). Incubation of erythro-
cytes with 50 mmol/L glucose for 2 hours caused the MG
levels to increase approximately 8- to 12-fold relative to the
normoglycemic model in both groups (P b .001 for both).

Both normoglycemic and hyperglycemic conditions
induced significantly (P b .002 and P b .001, respectively)
higher rises in D-lactate level in the HD erythrocyte
suspensions (Fig. 5B). The median D-lactate production
rates were 16.1 vs 12.9 μmol/h (5 mmol/L glucose) and
164.4 vs 125.3 μmol/h (50 mmol/L glucose), respectively.
Fig. 5. Methylglyoxal (A) and D-lactate (B) levels in erythrocyte suspensions
(50% vol/voL) from controls and HD patients at zero time and after
incubation for 2 hours at 37°C under normoglycemic (5 mmol/L) and
hyperglycemic (50 mmol/L) conditions.
4. Discussion

The mechanism underlying the increased presence of the
AGE precursor molecule MG in uremia is not clear. The MG
overload may be due either to increased formation or to
decreased clearance or degradation. Impaired carbonyl
compound clearance has been suggested to contribute to
the carbonyl stress in uremic patients [20]. Upon dialysis, the
MG and glyoxal levels were shown to decrease in the
plasma, but were still higher than those in the controls [21].

The present study also demonstrated elevated MG
concentrations in the erythrocytes of HD patients, suggest-
ing an increased formation or impaired degradation of
the compound.

Indeed, the normoglycemic in vitro model revealed
enhanced formation of MG in the HD erythrocytes, indicated
by the elevated MG plus D-lactate levels. Hyperglycemia
increased the rate of MG formation in both the HD and
control erythrocytes approximately 10-fold, the rise having
been higher in the erythrocytes of the patients. The
differences observed in the presence of equal concentrations
of glucose suggest a glucose metabolism disturbance in the
HD erythrocytes.

Methylglyoxal is an unavoidable product of the glycolytic
pathway. The spontaneous, nonenzymatic degradation of the
glycolytic intermediates dihydroxyacetone phosphate and
glyceraldehyde-3-phosphate (GA3P) is considered to be its
major source [8]. Enhanced MG formation may occur
because of an elevated glycolytic rate or because of enzyme
defects distal to the triose phosphates dihydroxyacetone
phosphate and GA3P. Triose phosphate accumulation is also
influenced by the activity of the pentose phosphate pathway
(PPP): the conversion of GA3P to ribose-5-phosphate
diminishes the pool of MG precursors [16].
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Patients with ESRD are known to have a complex
disturbance of the carbohydrate metabolism including
insulin resistance [22], hyperglucagonemia [23], impaired
glucose production, and nonoxidative glucose disposal
[24,25]. Glucose uptake and oxidation are probably also
affected in the peripheral tissues (muscle, liver, erythro-
cytes), although the observations are controversial: dimin-
ished, enhanced, and normal rates have all been reported [26-
31]. Furthermore, inefficient phosphoglyceromutase activity
diminishing the activity of PPP occurred in the erythrocytes
of uremic patients [31]. The activity of the PPP enzyme
transketolase was likewise lower [32], although it was found
to normalize upon erythropoietin therapy [33].

The increased D-lactate production observed in the in
vitro models in the present study indicated not only an
enhanced formation, but also an increased degradation of
MG in the erythrocytes of HD patients relative to the
controls. In the hyperglycemic models, the increase in
D-lactate production relative to the respective normogly-
cemic models proved the large capacity of the degradation
systems in both patients and controls. Still, the rate of MG
formation overwhelmed the rate of its degradation, which
became more pronounced in the hyperglycemic models of
both groups.

Several enzymes may contribute to the catabolism of MG:
aldose reductase, the glyoxalases, betaine-aldehyde dehy-
drogenase, and 2-oxoaldehyde dehydrogenase [34]. Out of
these, the principal route for detoxification is provided by the
ubiquitous glyoxalase system. It comprises 2 enzymes,
glyoxalase I and II, and a catalytic amount of GSH (Fig. 1).
The fate of greater than 99% of the MG formed in the
erythrocytes is metabolism by this pathway to D-lactate,
which is not further metabolized in the erythrocytes [35].

In the present study, the in vivo GSH pool and glyoxalase
I activity in the HD patients were similar to those in the
controls, whereas the activity of glyoxalase II was
significantly enhanced. The erythrocytes in HD patients are
much younger than those in healthy individuals because of
an increased turnover rate. Glyoxalase I and II activities
significantly increase during the maturation of erythrocytes,
except in the most dense, old cell fraction [36]. Thus, age-
related changes cannot account for the enhancement of
glyoxalase II activity observed in the erythrocytes of
HD patients.

The rate-limiting step of the glyoxalase pathway is the
catalysis by glyoxalase II [37]. If the MG influx exceeds
the glyoxalase II activity, the system consumes GSH; and the
MG concentration increases. Incubation of erythrocytes with
MG induces an initial, extremely rapid fall in GSH that is
rapidly restored in healthy subjects, but is substantially
delayed in glyoxalase II deficiency [38]. In differentiating
HL60 promyelocytes, with the decrease in the activity of
glyoxalase I and the increase in the activity of glyoxalase II,
there was a concomitant decrease in cellular MG and S-D-
lactoylglutathione concentrations, indicating a major con-
trolling influence of the activity of glyoxalase II [39].
Furthermore, overexpression of GLX2, which encodes
glyoxalase II, inhibits the apoptotic cellular response to
MG [40].

The enhanced glyoxalase II activity observed in the
present study is possibly due to induction of the enzyme in
erythrocyte precursors by the elevated MG level and may be
in accordance with the enhanced formation and degradation
of MG. In a previous study on patients with triose phosphate
isomerase deficiency, the increased metabolism of MG
(indicated by a high D-lactate concentration) was proceeded
with normal glyoxalase I but increased glyoxalase II
activities [41]. The induction of both enzymes does not
seem to be a prerequisite for the management of a higher flux
through the glyoxalase pathway as long as the activity of
glyoxalase I is not overwhelmed.

In the present study, however, the elevated intracellular
MG level and the enhanced activity of glyoxalase II were not
accompanied in vivo by D-lactate accumulation in the
erythrocytes. Indeed, in the plasma of HD patients,
significantly decreased D-lactate levels were observed.
Previously, the serum D-lactate level has been reported to
be similar in HD patients and a small group (n = 4) of
controls [13].

In the in vitro erythrocyte models, D-lactate can
accumulate because of the lack of clearance and further
metabolism. However, D-lactate is not an end product in vivo
[42]. After the infusion of DL-lactate into humans, approxi-
mately 90% of the D-lactate was metabolized; and only 10%
was excreted in the urine [43].

Hepatocytes can take up D-lactate formed by other tissues
from the bloodstream [44]. Three different translocators exist
to transport D-lactate into the mitochondria of hepatocytes,
where it is oxidized to pyruvate by D-lactate dehydrogenase
[45]. Pyruvate may be transformed to oxalacetic acid and
malate, efflux of which to the cytosol enables gluconeogen-
esis [46]. The identification and characterization of putative
human D-lactate dehydrogenase have been described [47].
Furthermore, oxidation to CO2 and gluconeogenesis from
D-lactate have been reported [46,48].

We presume that the D-lactate produced in vivo in the
erythrocytes of HD patients by the enhanced formation and
degradation of MG is transferred into the hepatocytes where
it is oxidized and probably enters gluconeogenesis.

In summary, the novel findings of this study (the elevated
MG level and glyoxalase II activity in the HD erythrocytes,
and the increased MG and D-lactate levels in the
normoglycemic and hyperglycemic in vitro models) demon-
strated an enhanced formation of MG in the erythrocytes of
HD patients. The in vitro observations suggested that it was
most probably associated with a glucose metabolism
disturbance of the cells. The degradation of MG was also
enhanced; still, it was not able to counteract the high rate of
MG formation.

The altered glucose metabolism of the erythrocytes,
which may play an important role in the carbonyl overload
and stress in HD patients, needs further elucidation.
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