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Abstract

Diabetes is associated with elevated plasma glucose, increased reactive aldehyde formation, oxidative damage, and
glycation/glycoxidation of biomolecules. Cellular detoxification of, or protection against, such modifications commonly
requires NADPH-dependent reducing equivalents (e.g. GSH). We hypothesised that reactive aldehydes may modulate
cellular redox status via the inhibition of NADPH-generating enzymes, resulting in decreased thiol and NADPH levels.
Primary human coronary artery endothelial cells (HCAEC) were incubated with high glucose (25 mM, 24 h, 37uC), or
methylglyoxal (MGO), glyoxal, or glycolaldehyde (100–500 mM, 1 h, 37uC), before quantification of intracellular thiols and
NADPH-generating enzyme activities. Exposure to MGO, but not the other species examined, significantly (P,0.05)
decreased total thiols (,35%), further experiments with MGO showed significant losses of GSH (,40%) and NADPH (,10%);
these changes did not result in an immediate loss of cell viability. Significantly decreased (,10%) NADPH-producing
enzyme activity was observed for HCAEC when glucose-6-phosphate or 2-deoxyglucose-6-phosphate were used as
substrates. Cell lysate experiments showed significant MGO-dose dependent inhibition of glucose-6-phosphate-dependent
enzymes and isocitrate dehydrogenase, but not malic enzyme. Analysis of intact cell or lysate proteins showed that
arginine-derived hydroimidazolones were the predominant advanced glycation end-product (AGE) formed; lower levels of
Ne-(carboxyethyl)lysine (CEL) and Ne-(carboxymethyl)lysine (CML) were also detected. These data support a novel
mechanism by which MGO exposure results in changes in redox status in human coronary artery endothelial cells, via
inhibition of NADPH-generating enzymes, with resultant changes in reduced protein thiol and GSH levels. These changes
may contribute to the endothelial cell dysfunction observed in diabetes-associated atherosclerosis.
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Introduction

Diabetes is a complex disease defined by elevated blood glucose

and decreased insulin production or sensitivity. People with

diabetes have a .2-fold increased risk of developing atheroscle-

rosis and dying from cardiovascular disease compared to those

without diabetes [1]. The increased levels of blood glucose and

ketones in people with diabetes result in elevated levels of reactive

aldehydes, including methylglyoxal (MGO), glyoxal and glycolal-

dehyde (reviewed in [2,3]). These arise from multiple non-

enzymatic (autoxidation/glycation/glycoxidation) and metabolic

pathways, including triose phosphate metabolism [3]. Normal

steady-state plasma levels of MGO (i.e. the unreacted concentra-

tion at a specific time point) are generally accepted to be

nanomolar in healthy controls (though considerably higher

concentrations have also been reported [4]), with significant

elevations observed in both Type 1 and Type 2 diabetes patients,

and particularly in ketosis, sometimes to micromolar levels [5]

(reviewed in [4]). Similarly, unreacted plasma levels of glyoxal are

typically nanomolar, but can reach micromolar levels in people

with diabetes [6,7]. Glycolaldehyde has been implicated as an

important reactive intermediate in in vitro studies (reviewed in [8]),

however its high reactivity with biological targets has precluded

measurement of plasma levels.

Reactive aldehydes are detoxified via their rapid, spontaneous

reaction with glutathione (GSH) to yield thiohemiacetals. In the

case of MGO (Figure 1; top right), its thiohemiacetal is converted

to S-D-lactoyl-glutathione by cytosolic glyoxalase I. The S-D-

lactoyl-glutathione is then converted to D-lactate and GSH by

glyoxalase II. The glyoxalase system can also metabolise other

reactive aldehydes, including glyoxal, hydroxypyruvaldehyde and

4,5-dioxovalerate (reviewed in [9]). The glyoxalase system requires

GSH, and its rate of reactive aldehyde detoxification can be

limited by GSH depletion. Recycling of oxidised GSH (GSSG)

occurs via the glutathione reductase/NADPH system. Many other

protective enzymes are also dependent on GSH and NADPH,

including glutathione peroxidases (GPx, which remove H2O2, and

in some cases lipid hydroperoxides), glutaredoxins and thioredox-

ins (Grx and Trx, which reduce protein disulphides), and

peroxiredoxins (Prx, which remove peroxides) (Figure 1).

NADPH is produced predominantly in the cytosol by the

pentose phosphate pathway, via glucose-6-phosphate dehydroge-
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nase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD;

Figure 1). NADPH is also produced to a lesser extent by isocitrate

dehydrogenase (IDH) and malic enzyme (ME) in both the cytosol

and mitochondria, whilst hexose-6-phosphate dehydrogenase

(H6PD) supplies NADPH for cortisol regeneration within the

endoplasmic reticulum [10]. Since NADPH is required for these

protective systems, perturbations in NADPH generation would be

expected to modulate the cellular redox environment, and result in

increased oxidation and glycation and modified cell function and

survival.

The glyoxalase and other aldehyde removal systems (e.g. aldose

reductase and 2-oxoaldehyde dehydrogenase [11]) are not

completely effective, with elevated levels of advanced glycation

end-products (AGEs - a heterogeneous group of compounds

formed on reaction of glucose and aldehydes with nucleophiles

present on DNA and proteins [3]) detected in organs and tissues

that are affected by diabetes (reviewed [12]). Although the

consequences of AGE formation are not fully elucidated, they

can accumulate in cells and on matrix proteins [13], modulate

enzyme activity [14], modify protein turnover [15,16] and affect

cell signalling (particularly via RAGE and other receptors [17]).

Endothelial cells are particularly susceptible to hyperglycaemia-

induced damage due to their ready exposure to elevated glucose

and aldehyde levels, and endothelial dysfunction is an early and

defining feature of cardiovascular disease. We therefore hypothe-

sised that elevated glucose and reactive aldehydes can modulate

the redox balance of endothelial cells via inhibition of NADPH-

generating enzymes, resulting in decreased reduced thiol and

NADPH levels. This has been investigated in primary human

coronary artery endothelial cells (HCAEC) from multiple donors,

and we show here that incubation of HCAEC with MGO

concentrations relevant to poorly controlled diabetes or ketosis

results in decreased total reduced thiols, GSH and NADPH, with

an accompanying decrease in the activities of several NADPH-

producing enzymes.

Materials and Methods

Ethics Statement
The cells used in this study were obtained by the supplier with

documented informed donor consent, and analysed anonymously.

Materials
Chemicals were from Sigma-Aldrich (Castle Hill, NSW,

Australia) unless noted. Water was from a Millipore (North Ryde,

NSW, Australia) Milli Q Advantage A10 system. HPLC/UHPLC

solvents were from EMD (Kilsyth, Vic, Australia). Trace metal

ions were removed by treatment with washed Chelex-100 resin

(Bio-Rad, Gladesville, NSW, Australia). The concentration of the

stock MGO solution (,40% aqueous solution) was checked using

the N-acetyl-L-cysteine assay [18] as reported previously [19].

Levels of formaldehyde in the stock MGO solution were also

checked in the light of concerns in some publications (reviewed in

[20]); UHPLC analysis of its 2,4-dinitrophenylhydrazine (DNPH)

derivative [21] revealed that formaldehyde comprised ,1.4% of

the solution.

Cell Culture
Primary human coronary artery endothelial cells (HCAEC;

purchased from Cell Applications, San Diego, CA, USA) were

cultured (37uC, 5% CO2) in MesoEndo medium (Cell Applica-

tions). Cell viability was determined by lactate dehydrogenase

(LDH) release [16]. Cells were passaged at ,80% confluence, and

used from passages 4–8. Cells were detached using trypsin-EDTA

(Thermo Fisher Scientific, Scoresby, Victoria, Australia). For

intact cell experiments, cells were diluted with 10 mL medium to

inactivate trypsin, pelleted (5 min, 9306g, 21uC) and resuspended

at 1–1.56105 cells/mL. Aliquots (2 mL) were transferred to 6-well

plates and incubated overnight before use. For lysate studies,

trypsinised cells were washed twice in PBS (Astral Scientific,

Figure 1. Interconnection of the oxidative pentose phosphate pathway with antioxidant enzymes and the glyoxalase system.
Abbreviations: glutathione, GSH; glutathione peroxidase, GPx; thioredoxin, Trx; thioredoxin reductase, TrxR; peroxiredoxin, Prx; glutaredoxin, Grx.
Modified from [45].
doi:10.1371/journal.pone.0086564.g001
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Caringbah, NSW, Australia), and then lysed in water (26107 cells/

mL) prior to freezing at 280uC.

Exposure of HCAEC to Reactive Aldehydes and High
Glucose
Intact HCAEC (2–36105 cells/well) were washed with HBSS,

followed by incubation (1 h, 37uC, 5% CO2) with MGO, glyoxal

or glycolaldehyde (0–500 mM) in HBSS without Mg2+ or Ca2+, to

avoid reaction with medium proteins. Incubations using 25 mM

glucose were carried out for 24 h (37uC, 5% CO2), by addition of

D-glucose (Merck, Kilsyth, Victoria, Australia) to the medium.

Cells were subsequently washed (HBSS) and lysed using phosphate

buffer (50 mM, pH 7, 4uC) containing 10 mM EDTA. Lysates (1–

2 mg protein/mL) were incubated with MGO (0–5 mM, 3 h,

37uC) in PBS.

Bicinchoninic Acid (BCA) Protein Assay
Where no residual MGO was present (i.e. intact HCAEC

incubated pre-lysis, or washed lysates), protein concentrations of

the lysed cells were determined by BCA assay (Pierce, Rockford,

IL, USA). Lysates (100 mL) were diluted to 250 mL with 50 mM

phosphate buffer (pH 7, containing 10 mM EDTA), then mixed

with 2 mL of BCA working reagent. Following incubation (1 h,

60uC), the absorbance of 200 mL of room temperature sample was

determined at 562 nm. BSA standards (0–0.25 mg/mL) were run

in parallel.

Bradford Protein Assay
Where HCAEC lysates were incubated with MGO post-lysis

and unreacted MGO may still have been present, protein

concentrations were determined using the Bradford assay, using

10 mL of diluted samples and 200 mL of Bradford reagent (Bio-

Rad). Following incubation (5 min, 21uC), absorbance at 595 nm

was measured. BSA standards (0–1 mg/mL) were run in parallel.

Quantification of Cellular Thiols
Thiol concentrations were determined by incubation (1.5 h,

37uC, in darkness) of 980 mL of lysates with 20 mL of 10 mM 5,59-

dithio-bis(2-nitrobenzoic acid) (DTNB), with subsequent measure-

ment of absorbance at 412 nm [22]. Data were standardised to

protein levels as determined by BCA protein assay.

Quantification of GSH and GSSG
GSH and GSSG were quantified using a GSH-GloTM

Glutathione Assay Kit (Promega, Alexandria, NSW, Australia)

according to the manufacturers’ instructions, following incubation

of 16104 cells/well in 96-well plates (1 h, 37uC, 5% CO2) with 0–

500 mM MGO in serum-free HBSS with added Ca2+ and Mg2+.

For total glutathione determinations, GSSG and protein-SSG

were reduced to GSH using 500 mM Tris(2-carboxyethyl)pho-

sphine hydrochloride before analysis.

Quantification of NADP+/NADPH
HCAEC (36105 per well) were incubated (1 h, 37uC, 5% CO2)

in HBSS with 0 or 500 mM MGO. After washing twice with

HBSS, and freeze-thawing in extraction buffer, total (NADP++-
NADPH), and NADPH alone, were quantified using a NADP+/

NADPH kit (BioVision, Mountainview, CA, USA), according to

the manufacturers’ instructions.

Enzyme Assays for NADPH-producing Enzymes
Enzyme activities (1–2 mg protein/mL, 240 mL final volume,

normalised for protein content by Bradford assay) were assessed at

37uC over 20 min. Residual aldehyde was not removed prior to

assay as pilot studies showed no interference (data not shown). For

G6P utilising enzymes (G6PD +6PGD+H6PD) reaction mixtures

contained 25 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 5 mM G6P

(Merck) and 0.5 mM NADP+ (Roche). H6PD activity was

determined using 2-deoxyglucose-6-phosphate (dG6P). The com-

bined contribution of G6PD +6PGD+H6PD was assessed using

fructose-6-phosphate (F6P), whereby phosphoglucose isomerase

initially converts F6P to G6P. IDH activity was measured with

25 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 5 mM isocitrate and

0.5 mM NADP+. ME activity was measured with 25 mM Tris-

HCl (pH 7.4), 5 mM MgCl2, 5 mM L-malic acid disodium salt

(Research Organics, Cleveland, OH, USA) and 0.5 mM NADP+.

AGE Analysis by ELISA
Intact HCAEC (36105 per well; from 4 donors) and HCAEC

lysates (1 mg/mL; from 4 donors) were incubated with MGO as

above. Intact cells were washed twice with HBSS following

incubation, then lysed with 100 mL of water, removed from the

wells by scraping, and frozen at 280uC until used. For lysate

incubations, any unreacted MGO was removed immediately

following incubation by 3 water washes/concentration cycles using

10 kDa MWCO centrifugal concentrators (Pall Nanosep 10 K

Omega; 140006g), followed by freezing at 280uC until needed.

AGEs were quantified using the following kits (all from Cell

Biolabs, Inc., San Diego, CA, USA) as per the manufacturers’

instructions: OxiSelectTM Methylglyoxal Competitive ELISA kit,

to detect hydroimidazolone formation; OxiSelectTM Ne-(carbox-

yethyl)lysine (CEL) Competitive ELISA Kit, to detect CEL; and

OxiSelectTM Ne-(carboxymethyl)lysine (CML) Competitive ELISA

kit, to detect CML. In all cases 50 mL of 0.3 mg/mL protein

(adjusted with water where necessary) was loaded per well. Cells

incubated with MGO whilst intact were assayed separately for

each of the 4 donors. Cells incubated with MGO post-lysis were

pooled to give equal amounts of protein from each donor, then

assayed in triplicate. Quantification of the products formed was by

comparison to standards supplied with each kit (hydroimidazo-

lone, CEL or CML, respectively); cross-reactivity of the anti BSA-

hydroimidazolone antibody with BSA-CEL or BSA-CML is

reported to be ,0.001%.

Acid Hydrolysis and HPLC Analysis of HCAEC Lysates
Lysates (1 mg protein/mL; each replicate from a different

donor) were incubated with MGO (0 or 5 mM, 3 h, 37uC, in
10 mM phosphate buffer, pH 7.0, containing 2 mM EDTA).

Proteins (0.25 mg protein/vial) were then precipitated, washed,

and hydrolysed with methanesulfonic acid (MSA) [22]. HPLC

analysis of o-phthaldialdehyde (OPA) derivatised AGEs was

performed using a Shimadzu LC-10 HPLC system (Shimadzu

Scientific Instruments, Rydalmere, NSW, Australia) as previously

[23], with all samples filtered through 0.2 mm centrifugal filters

(Pall Nanosep MF; 2 min, 93006g) prior to analysis. Samples used

40 mL injections; AGE standards used 30 mL injections. MGO-

derived AGEs were quantified using the following standards (all

from Polypeptide Laboratories, Strasbourg, France): Ne-(carbox-

ymethyl)lysine (CML); Ne-(carboxyethyl)lysine (CEL), (2S)-2-ami-

no-5-(5-methyl-4-oxo-4,5-dihydro-1H-imidazol-2-ylamino)-penta-

noic acid (MG-H1), and (2S)-2-amino-5-(2-amino-5-methyl-4-oxo-

4,5-dihydro-imidazol-1-yl)-pentanoic acid (MG-H2). MG-H2

elutes as 2 peaks, referred to as MG-H2a and MH-H2b. AGE

levels were standardised against Ser to compensate for any losses

during processing (e.g. loss of protein during TCA precipitation

and acetone washing steps). In our hands, the MSA hydrolysis

method gives good recovery of parent amino acids (.85%, except

Methylglyoxal Alters Endothelial Cell Redox State
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for Met .75%), and the inter-batch coefficient of variation is

typically ,8%. AGE recovery experiments with ,100 mM AGE

standards hydrolysed with MSA in the absence of protein gave

recoveries of 6968% for CML, 66613% for CEL, 45617% for

MG-H1, 5268% for MG-H2a, and 48611% for MG-H2b (cf.

40–75% for HCl hydrolysis [24]). Whilst these recoveries are lower

than those reported using exhaustive enzymatic digestion (cf. 75–

96% recoveries for the same AGEs [25]), acid hydrolysis avoids

the potential for altered digestion efficiencies/missed cleavages at

modified residues, and does not require the addition of a large

amount of protein in the form of multiple proteases, which must be

corrected for in order to arrive at the reported recoveries. The

limits of detection for the AGEs were ,0.4 pmol for CML

(,9 mmol/mol Ser), ,0.25 pmol for CEL (,6 mmol/mol Ser),

,0.6 pmol for MG-H1 and MG-H2a (,13 and 14 mmol/mol Ser

respectively), and ,0.8 pmol for MG-H2b (,18 mmol/mol Ser).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism (ver.

5 for Macintosh; GraphPad Software, La Jolla, CA, USA), with

P,0.05 taken as significant. Correlation analysis for MGO-

dependent lysate enzyme inhibition was by Pearson correlation,

with one-tailed P-values reported. Specific statistical tests are

reported in the Figure legends.

Results

Effect of Reactive Aldehydes and Glucose on Total Thiol
Concentrations in HCAEC
Total thiol concentrations (protein plus low-molecular-mass)

standardised to cell protein were used to assess changes in redox

status of the HCAEC exposed to glucose or reactive aldehydes.

HCAEC (2–36105 cells/well) were incubated with MGO, glyoxal

or glycolaldehyde (0–500 mM, 1 h, 37uC) in HBSS, or glucose

added to cell media (25 mM, 24 h, 37uC). These treatments did

not alter cell viability or protein levels compared to controls (data

not shown). Treatment with 100 or 500 mM MGO resulted in

significant decreases (,35%) in total thiols compared to controls

(Figure 2A). Treatment with up to 500 mM glyoxal or glycolal-

dehyde, or elevated glucose (25 mM) did not cause significant

changes (data not shown). As a consequence subsequent experi-

ments examined only MGO.

Effect of MGO on Reduced and Oxidised Glutathione
HCAEC (16104 cells/well) were incubated as above, and

analysed for GSH, GSSG/protein-SSG, and the ratio of these

species. 500 mM MGO induced a significant loss of GSH (,40%)

compared to controls (Figure 2B). A significant decrease was also

detected for the total glutathione pool (GSH+GSSG+protein-SSG;

Figure 2C). When GSH levels were expressed as a percentage of

the total pool (Figure 2D) there was a trend towards a more

oxidising environment (less GSH, more GSSG) with increasing

MGO (7768% present as GSH in control cells; 6967% with

500 mM MGO), however this did not reach statistical significance.

Effect of MGO Treatment on NADP(H)
Exposure to 500 mM MGO resulted in a significant decrease

(,10%) in the concentration of NADPH (Figure 3A), but no

significant change in the total pool (NADP++NADPH) (Figure 3B).

Figure 2. Modulation HCAEC thiol and glutathione levels by
MGO. HCAEC were incubated with 0–500 mM MGO in serum-free
medium for 1 h at 37uC, prior to lysis and analysis. (A) Total thiols

Methylglyoxal Alters Endothelial Cell Redox State
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Effect of MGO Treatment on NADPH Generating Enzyme
Activities in Intact HCAEC
HCAEC were incubated with MGO (as above), followed by

lysis and measurement of NADPH production from NADP+ in the

presence of substrates for various enzymes. With G6P as substrate,

MGO-treatment resulted in a significant loss (,11% at 500 mM
MGO; Figure 4A) of NADPH-producing enzyme activity in cells

exposed to 100 or 500 mMMGO compared to 0 mMMGO). This

activity is a composite of that from multiple enzymes of the

pentose phosphate pathway including G6PD (EC 1.1.1.49, the first

enzyme in the pathway), 6-phosphogluconate dehydrogenase

(6PGD, EC 1.1.1.44, the third enzyme in the pathway; assuming

that gluconolactonase, EC 3.1.1.17, the second enzyme in the

pathway, is intact), and H6PD (EC 1.1.1.47) as this can also use

G6P [26].

H6PD activity was assayed under identical conditions using

dG6P; this sugar is not metabolised by G6PD [26]. Significant

inhibition was observed with 100 and 500 mMMGO compared to

controls (,9% at 500 mM MGO; Figure 4B). With fructose-6-

phosphate (F6P) as substrate, the combined activity of G6PD,

6PGD and H6PD was detected, as a result of the rapid conversion

of F6P to G6P (a reversible, non-rate-limiting, reaction at

physiological substrate concentrations) by phosphoglucose isom-

erase (EC 5.3.1.9) present in human endothelial cells (Figure 1). In

this case, up to 500 mM MGO did not decrease NADPH

production (Figure 4C).

The combined NADPH-generating activity of mitochondrial

and cytosolic IDH (EC 1.1.1.42) was assessed using isocitrate. No

loss of IDH activity was detected under identical conditions to

those described above (Figure 4D). With malate as substrate (i.e.

total activity of mitochondrial and cytosolic ME; EC 1.1.1.40)

MGO treatment (as above) did not reduce NADPH formation

(Figure 4E).

Effect of MGO on HCAEC Lysate Activities
The above data are consistent with decreased activity of

multiple NADPH-producing enzymes, however only short incu-

bation periods could be examined using intact cells due to the

absence of cell growth medium; this was omitted to prevent MGO

from reacting with the amino acids and proteins present in media.

To further examine the reactions of MGO with HCAEC,

additional experiments were conducted with lysates, in which

longer incubation times (3 h at 37uC) and higher concentrations

(up to 5 mM) of MGO could be utilised.

Incubation of lysates (1 mg protein/mL) with MGO (0–5 mM,

3 h at 37uC), followed by assay with the same substrates used for

the intact cells, resulted in dose-dependent inhibition, with good

linearity up to 2.5 mM MGO, followed by a slight decrease in the

rate of inhibition above 2.5 mM. Use of G6P as substrate

(combined G6PD, 6PGD and H6PD activity) resulted in dose-

dependent inhibition of NADPH generation (Pearson R2 = 0.9945

over the range 0–2.5 mM MGO; one-tailed P=0.0014), which

reached significance at $1 mM MGO (Figure 5A). Use of dG6P

to measure H6PD activity (Figure 5B; R2 = 0.9730; P=0.0068), or

F6P to measure G6PD +6PGD+H6PD activity (Figure 5C;

R2 = 0.9567; P=0.0110), both showed inhibition that was

statistically significant with $2.5 mM MGO. With isocitrate as

substrate (mitochondrial and cytosolic IDH activity) significant

enzyme dose-dependent inhibition (R2 = 0.9985; P=0.0004) was

observed with $1 mM MGO (Figure 5D), whilst activity with

malate as substrate (mitochondrial and cytosolic ME activity) was

significantly decreased only at 5 mM MGO (Figure 5E;

R2 = 0.9763; P=0.0060).

The effect of lysate protein concentration on MGO-derived

inhibition was examined with G6P, isocitrate and malate as

substrates. With higher protein levels (2 mg/mL), significant

inhibition of NAPDH formation, using G6P or isocitrate as

substrate, was observed with $2.5 mM and 5 mM MGO

respectively. No inhibition was observed with malate as substrate

at these MGO levels (data not shown). These data indicate that the

extent of loss of NAPDH generating activity is dependent on both

protein and MGO concentrations.

Detection of AGE Adducts in Intact HCAEC and Lysates
Treated with MGO
Incubation of intact HCAEC with MGO as per the enzyme

activity experiments (0–500 mM, 1 h at 37uC) showed significant

(protein plus low molecular mass) normalised to protein content. (B)
GSH levels as a % of the 0 mM MGO control concentration. (C) Total
glutathione pool (GSH+GSSG+protein-SSG) as a % of the 0 mM MGO
condition. (D) GSH expressed as a % of the total glutathione pool
(GSH+GSSG+protein-SSG). Data are means+SEM of $3 independent
experiments, each performed in triplicate. *Significant change (P,0.05)
compared to 0 mM control (one-way ANOVA with Tukey’s post-test,
using repeated measures in (A), and log-transformed data in (B–D)).
doi:10.1371/journal.pone.0086564.g002

Figure. 3. NADPH levels in HCAEC following incubation with
MGO. HCAEC were incubated with 0–500 mM MGO in serum-free
medium for 1 h at 37uC, prior to lysis and analysis. (A) Percentage of
NADP(H) that is present in the reduced form (NADPH). (B) Total
NADP(H) pool (NADP++NADPH). Data are means+SEM of 3 independent
experiments each performed in triplicate. *Significant change (P,0.05)
compared to 0 mM control (paired t-test of log-transformed data).
doi:10.1371/journal.pone.0086564.g003

Methylglyoxal Alters Endothelial Cell Redox State
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Figure 4. Activity of NADPH-producing enzymes in HCAEC following incubation with MGO. Intact HCAEC (2–36105 cells/well) were
incubated with 0–500 mM MGO for 1 h in serum-free medium, with enzymatic activities (measured as conversion of NADP+ to NADPH) determined
with the following substrates after lysis: (A) glucose 6-phosphate, G6P; (B) 2-deoxyglucose-6-phosphate, dG6P; (C) fructose 6-phosphate, F6P; (D)
isocitrate, or; (E) malate. Data are means+SEM of $3 experiments, each performed in triplicate. *Significant change in activity (P,0.05) compared to
0 mM control activity (one-way ANOVA with Tukey’s post-test).
doi:10.1371/journal.pone.0086564.g004

Figure 5. Activity of NADPH-producing enzymes in HCAEC lysates incubated with MGO. HCAEC lysates (1 mg protein/mL) were
incubated for 3 h with 0–5 mM MGO. Activity was determined with the substrates: (A) G6P; (B) dG6P; (C) F6P; (D) isocitrate, or; (E) malate. Data are
means+SEM of $3 experiments, each performed in triplicate. *Significant change in activity (P,0.05) compared to 0 mM control activity (one-way
ANOVA with Tukey’s post-test).
doi:10.1371/journal.pone.0086564.g005

Methylglyoxal Alters Endothelial Cell Redox State
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hydroimidazolone formation compared to controls, which was

dependent on the MGO concentration and maximal at 100 mM
MGO (0.90760.156 mg/mL BSA-MGO equivalents; Figure 6A).

Control levels of CEL were low (0.01160.008 mg/mL BSA-CEL

equivalents), and levels did not increase at any of the MGO

concentrations examined (Figure 6B). CML levels followed a

similar trend to the hydroimidazolones (Figure 6C), but were

present at ,80-fold lower concentrations, based on the assump-

tion of equal glycation of the BSA-MGO and BSA-CML

standards (0.02060.001 mg/mL BSA-CML equivalents at

100 mM MGO).

Hydroimidazolones were also the major MGO-derived protein

glycation products detected in experiments where HCAEC lysates

were incubated, as in the enzyme activity studies, with MGO (0–

5 mM, 3 h at 37uC; Figure 7A). Hydroimidazolone levels did not

reach a plateau as seen with the intact HCAEC, instead increasing

with as MGO concentrations increased. Hydroimidazolone levels

were significantly elevated (P,0.05) compared to the 0 mM
control with $500 mM MGO. Similar statistical analyses in the

absence of the $500 mM data showed a significant increase at

100 mM MGO. In contrast, significant increases in CEL

(Figure 7B) and CML (Figure 7C) were only evident at 5 mM

MGO (0.76060.076 mg/mL BSA-CEL equivalents;

0.09360.020 mg/mL BSA-CML equivalents); in both cases the

overall concentrations were much lower than for the hydro-

imidazolones (,25- and ,200-fold lower, respectively).

Detection of AGE Adducts in MGO-treated Lysates by
HPLC
In order to confirm the identities of the major MGO-derived

glycation products, HCAEC lysates (1 mg protein/mL) were

incubated with MGO (0 or 5 mM, 3 h at 37uC), followed by acid

hydrolysis and HPLC analysis of AGE formation on total proteins.

As this method is not as sensitive as the ELISA-based methods,

only the highest MGO concentration was examined. Arg-derived

hydroimidazolones were the major protein glycation product

detected in the samples treated with 5 mM MGO, but not the

controls (Figure 8). A significant increase in MG-H2a (Figure 8B),

but not MG-H1 (Figure 8A) or MG-H2b (Figure 8C), was

observed with MGO treatment; control (0 mM MGO) levels of

MG-H1 and MG-H2b were below the detection limit. Absolute

CEL levels were higher than hydroimidazolone levels, however

this was mainly due to background levels and/or a co-eluting peak

in the lysate chromatograms; furthermore, there was no significant

difference between control and MGO-treated samples (Figure 8D).

CML and MOLD levels could not be determined due to

interference.

Discussion

The results reported here show that the cellular redox balance

of intact human coronary artery endothelial cells (HCAEC) is

altered by incubation with bolus micromolar doses of MGO for

relatively short time periods. This was demonstrated by a decrease

in total reduced thiols (protein plus low-molecular-mass), GSH and

NADPH, with these changes not resulting in any immediate loss of

cell viability. In contrast to MGO, incubation with glyoxal,

glycolaldehyde, or levels of glucose seen in the blood of people

with poorly controlled diabetes, did not induce significant changes

in cellular redox status under the conditions used. MGO inhibited

the activity of multiple intracellular enzymes that convert NADP+

to NADPH, under identical conditions, providing a rationale for

the decreased NADPH and reduced thiol levels. Further

experiments with both MGO-treated intact cells and cell lysates

demonstrated that MGO-mediated hydroimidazolone formation

on Arg residues may account for the observed inhibition of

NADPH-generating enzymes.

Figure 6. AGE formation on intact HCAEC following incubation
with MGO. Intact HCAEC (36105 cells/well; 2–3 wells per donor) were
incubated with 0–500 mM MGO for 1 h in HBSS, with the formation of
AGE determined by ELISA after cell lysis: (A) hydroimidazolones; (B) CEL,
and; (C) CML. Data are means+SEM of AGE formation for 4 HCAEC
donors, measured in duplicate ELISA wells. *Significant change in
activity (P,0.05) compared to 0 mM control activity (one-way ANOVA
with Tukey’s post-test).
doi:10.1371/journal.pone.0086564.g006
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Figure 7. AGE formation on HCAEC lysates following incuba-
tion with MGO. Pooled HCAEC lysates from 4 donors (1 mg protein/
mL) were incubated with 0–5 mM MGO for 1 h in PBS, with the
formation of AGE determined by ELISA after cell lysis: (A) hydro-
imidazolones; (B) CEL, and; (C) CML. Data are means+SEM of AGE
formation for 3 independent incubations, each measured in duplicate
ELISA wells. *Significant change in activity (P,0.05) compared to 0 mM
control activity (one-way ANOVA with Tukey’s post-test).
doi:10.1371/journal.pone.0086564.g007

Figure 8. HPLC identification and quantification of AGE
formation on HCAEC lysate proteins following incubation with
MGO. HCAEC lysates (1 mg protein/mL) were incubated for 3 h with 0–
5 mM MGO, followed by HPLC separation and analysis. (A) MG-H1, (B)
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The bolus micromolar MGO concentrations and short incuba-

tion times used in the experiments reported here represent a likely

difference to in vivo conditions, where the endothelium would be

expected to be exposed to a continual external flux of MGO over

an extended time period. Although it would be possible to perform

studies using longer term exposures to lower levels of MGO via

continual infusion, this would necessitate maintaining the cells in

media, and result in considerable additional complexities, as the

proteins and other materials in media are a competing target for

the MGO, rather than the cells alone as in the studies reported

here.

Further, although the MGO concentrations used were higher

than reported plasma steady-state levels (which are generally

considered to be low micromolar at most [5], though some studies

suggest up to,400 mMMGO [27]), MGO concentrations in cells

and tissues, such as within the artery wall, may be significantly

greater than these plasma values, as a result of intracellular MGO

production via increased triosephosphate formation (glycolytic

metabolism, the Embden-Meyerhof pathway) and subsequent

degradation [28]. To this end, MGO levels have been reported to

be 20-fold high in the eye lens than in plasma [29]. The

concentrations employed in the intact cells studies reported here

might therefore be within the concentration range to which

cellular proteins are exposed in vivo.

It should be noted that the reported plasma levels reflect steady-

state concentrations (i.e. residual material that has not reacted with

plasma components), rather than the total concentration to which

proteins are likely to be exposed to over their biological lifetime.

MGO has a plasma lifetime of minutes at most, on the basis of the

experimental rate constant for the initial reaction of methylglyoxal

with N-acetylarginine residues (reported as 8.561023 M21 s21 in

[30]). These data yield a half-life for MGO of,80 s. Thus cellular

proteins with half-lives of hours to days are likely to be exposed to

a total flux of MGO which is orders of magnitude greater than the

in vivo plasma steady-state levels.

With regard to the modifications to the cellular redox balance

observed in the current HCAEC studies, the decrease in total

thiols observed on MGO treatment is consistent with direct

adduction of MGO to thiols (cf. [23]) and/or the induction of

oxidative stress, as thiol loss is a non-specific marker of oxidation/

modification [22]. GSH loss would be expected to increase

oxidative stress, as the activities of GPx and Grx require GSH and

ultimately NADPH (cf. Figure 1), thus potentially decreasing the

ability of HCAEC to survive further oxidative stress.

The parallel loss of GSH and total glutathione (GSH+GSSG) is

consistent with removal of both oxidised and reduced glutathione,

rather than conversion of GSH to GSSG. This may be due to

GSH consumption by MGO that exceeds the capacity of the

glyoxalase system to detoxify MGO and regenerate GSH. The

observed decrease in NADPH may exacerbate this effect, as GSH

regeneration from GSSG is NADPH dependent. In addition to

perturbing GSH levels, decreased NADPH may adversely affect

the Trx/TrxR and Prx systems, which require NADPH (Figure 1).

Consistent with this, it has been reported that Trx concentrations

and TrxR activity are decreased in both human [31] and bovine

[32] aortic endothelial cells treated with MGO. Perturbation of

the Trx/TrxR system would be expected to decrease Prx-

mediated oxidant (H2O2, hydroperoxides, peroxynitrite) removal,

as the Prx family utilise Trx for reducing equivalents; indeed this

has been shown in human aortic endothelial cells [31], albeit with

considerably higher MGO concentrations than observed under

physiological conditions (1–5 mM).

NADPH is also an essential cofactor for multiple processes

relevant to cardiovascular disease, endothelial dysfunction and

diabetes, including fatty acid and cholesterol synthesis, nitric oxide

production (via nitric oxide synthases) and superoxide radical

formation (by NADPH oxidases) [10]. Decreased NADPH levels

may result from both deceased generation from NADP+ and/or

increased consumption by anti- and pro-oxidant enzymes such as

eNOS and NOX [33]. However, the observed inhibition of

multiple NADPH-generating enzyme activities by MGO supports

decreased NADPH-generating capacity being an important

contributing factor. Further, unlike the GSH pool, the total

(NADP++NADPH) pool did not decrease (Figure 3B). With G6P (a

substrate for G6PD, 6PGD and H6PD), and dG6P (a substrate for

H6PD) significant NADPH-generating enzyme inhibition was

observed, consistent with enzyme modification. In contrast, with

F6P as substrate (total of G6PD +6PGD+H6PD activities) the

activity loss was not significant; this difference may be due to the

conversion of F6P to G6P by phosphoglucose isomerase being a

limiting process following MGO treatment, rather than metabo-

lism of G6P by G6PD/H6PD (Figure 1). High fructose levels have

been shown to inhibit G6PD activity, with this being implicated in

lens cataractogenesis [34]. In the current study, intact HCAEC

experiments showed no significant loss of IDH or malic enzyme

activity using isocitrate and malate as substrates, respectively,

whereas with the cell lysates inhibition of both IDH and malic

enzyme was detected at high MGO levels.

In support of the current data, studies of rat liver and pancreas

indicate that hyperglycaemia results in reduced G6PD activity,

with this accompanied by a reduced NADPH/NADP+ ratio, and

decreased GSH levels [35]. Studies of adult cardiomyocytes have

also shown an association between G6PD inhibition, GSH loss,

and contractile dysfunction, with this proposed to occur via

NADPH depletion [36]. Similarly, knock-out of G6PD in vascular

smooth muscle has been reported to result in decreased NADPH

levels, consistent with this enzyme being a key regulator of cellular

NADPH levels [37]; this conclusion is supported by studies on

genetic deficiencies (e.g. [38]). Although the above studies suggest

that G6PD is the key enzyme responsible for maintaining cellular

NADPH levels, this is not universally agreed upon; for example,

studies with NIH 3T3 mouse fibroblast cells suggest that IDH,

rather than G6PD, is the critical enzyme in that cell type [39].

The exact mechanism of loss of NADPH-generating activity

remains to be determined. Activation of cells via the AGE/RAGE

pathway is known to result in multiple changes that could

conceivably result in enzyme inhibition, including induction of

oxidative stress and inflammatory cytokines [17]. However, this

pathway is unlikely to be the cause of the cellular changes observed

in the current experiments, since the intact HCAEC incubations

with MGO were carried out in HBSS, thus precluding the

generation of extracellular AGEs that could bind to RAGE. In

contrast, it is well documented that the reaction of MGO with

proteins results in the generation of hydroimidazolones on protein

Arg residues (reviewed in [9]). In support of this, the ELISA studies

examining protein glycation in both intact HCAEC and HCAEC

lysates show that MGO-derived enzyme inactivation is paralleled

by protein-bound hydroimidazolone formation (confirmed by acid

hydrolysis and HPLC to be MG-H1 and MG-H2), even at

micromolar MGO concentrations. MGO-derived formation of

MG-H2a, (C) MG-H2b, (D) CEL. Data are means+SEM of 3 independent
experiments performed in duplicate. Statistical analysis was by paired t-
test for (B) and (D), and Wilcoxon’s sign-ranked tests for (A) and (C), as
the control values were below the limit of detection (,13 mmol/mol Ser
for MG-H1, and ,18 mmol/mol Ser for MG-H2b), and must therefore be
considered non-Gaussian. *Significant change (P,0.05) compared to
0 mM control.
doi:10.1371/journal.pone.0086564.g008
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CEL and CML was 1–2 orders of magnitude lower, consistent

with previous studies [40]. Although the analysis of only bulk

proteins, rather than specific species, is a clear limitation of the

current study (the detection limit of the techniques used prevented

examination of specific species), the data obtained suggest that Arg

modification on NADPH-producing enzymes may play a role in

their inhibition. This hypothesis is supported by previous peptide

mass mapping studies of the isolated NADPH-producing enzymes

G6PD and IDH that were inhibited by MGO, which identified

hydroimidazolone formation on Arg residues that are responsible

for NADPH and substrate binding [19]. Whilst evidence has been

obtained for significant hydroimidazolone formation (i.e. AGEs)

from Arg residues, the formation of other materials (both on Arg,

and other residues such as Lys and Cys) cannot be excluded, and is

likely. The absolute levels of these hydroimidazolones, which are

only a few percent for the systems where the lysates were

incubated with up to 5 mM MGO (even if hydroimidazolone loss

during processing is corrected for and assuming a Ser: Arg ratio of

1:1), are likely to markedly underestimate the true level of

adduction, as these are formed via multiple steps (some of which

are reversible) and involve a number of undetected intermediates.

In summary, the data obtained in this study partially support

our initial hypothesis that elevated glucose and reactive aldehydes

can modulate the redox balance of endothelial cells via inhibition

of NADPH-generating enzymes, resulting in decreased reduced

thiol and NADPH levels. MGO, but not glyoxal, glycolaldehyde,

or high glucose, was able to readily alter the redox state of human

coronary artery endothelial cells, as shown by significantly

decreased reduced cell thiol levels. Further experiments with

MGO showed (in addition to the thiol data) decreased cellular

GSH and NADPH, decreased activity of several NADPH-

generating enzymes, and increased protein glycation, thus

supporting the role of MGO in modulating cellular redox status

via inhibition of NADPH-generating enzymes. Hydroimidazolone

formation on Arg residues provides at least a partial rationale for

the decreased NADPH-generating capacity. These changes may

contribute to the endothelial cell dysfunction observed in diabetes-

associated atherosclerosis; this could be confirmed in future work

by comparing the changes observed in the current study to

endothelial function (e.g. by monitoring nitric oxide generation).

Experiments to elucidate the mechanism(s) responsible for the

decreased NADPH-generating capacity could include silencing the

various NADPH-generating enzymes and examining the effects on

cellular redox status. The effects of transiently elevated MGO

levels on endothelial cell function/dysfunction could also be

examined, by measuring the parameters examined in this study in

a time course following removal of the MGO and continued cell

culture. This would help to determine whether MGO may be

contributing to the post-prandial endothelial dysfunction observed

in people with diabetes [41].

The effects of MGO observed in this study are likely to be most

relevant in situations where large fluctuations in blood glucose

levels occur, such as in people with uncontrolled diabetes or

ketosis, since chronic hyperglycaemia and reactive aldehyde

exposure are known to cause compensatory increases in both the

protein level, and activities, of enzymes including glyoxalase I,

aldose reductase, peroxiredoxins 1 and 3, glutathione peroxidase

1, and superoxide dismutase-1 [42,43]. However, this mechanism

is likely to play a role even in people with well-controlled diabetes,

since the elevated MGO levels observed in these people [4]

suggests that the glyoxalase system in not able to fully compensate.

It should also be remembered that undiagnosed or poorly

controlled diabetes is an increasing problem worldwide, particu-

larly since diabetes has emerged as a major health problem in

developing countries [44], where millions of people with diabetes

are likely to have limited access to high quality health care.

Acknowledgments

The authors thank Dr. Bronwyn Brown for technical assistance and Dr.

David Pattison for valuable discussions.

Author Contributions

Conceived and designed the experiments: PEM PJS MJD. Performed the

experiments: PEM PJS. Analyzed the data: PEM PJS. Wrote the paper:

PEM PJS MJD.

References

1. Barr ELM, Zimmet PZ, Welborn TA, Jolley D, Magliano DJ, et al. (2007) Risk
of cardiovascular and all-cause mortality in individuals with diabetes mellitus,

impaired fasting glucose, and impaired glucose tolerance: the Australian

Diabetes, Obesity, and Lifestyle Study (AusDiab). Circulation 116: 151–157.

2. Ellis EM (2007) Reactive carbonyls and oxidative stress: Potential for therapeutic
intervention. Pharmacology & Therapeutics 115: 13–24.

3. Thorpe S, Baynes J (2003) Maillard reaction products in tissue proteins: new

products and new perspectives. Amino Acids 25: 275–281.

4. Kalapos MP (2013) Where does plasma methylglyoxal originate from? Diabetes

Res Clin Pract 99: 260–271.

5. Lu JX, Randell E, Han YC, Adeli K, Krahn J, et al. (2011) Increased plasma
methylglyoxal level, inflammation, and vascular endothelial dysfunction in

diabetic nephropathy. Clin Biochem 44: 307–311.

6. Han Y, Randell E, Vasdev S, Gill V, Gadag V, et al. (2007) Plasma

methylglyoxal and glyoxal are elevated and related to early membrane alteration
in young, complication-free patients with type 1 diabetes. Mol Cell Biochem

305: 123–131.

7. Lapolla A, Flamini R, Tonus T, Fedele D, Senesi A, et al. (2003) An effective
derivatization method for quantitative determination of glyoxal and methylgly-

oxal in plasma samples by gas chromatography/mass spectrometry. Rapid

Commun Mass Spectrom 17: 876–878.

8. Nagai R, Matsumoto K, Ling X, Suzuki H, Araki T, et al. (2000)
Glycolaldehyde, a reactive intermediate for advanced glycation end products,

plays an important role in the generation of an active ligand for the macrophage

scavenger receptor. Diabetes 49: 1714–1723.

9. Rabbani N, Thornalley PJ (2012) Methylglyoxal, glyoxalase 1 and the
dicarbonyl proteome. Amino Acids 42: 1133–1142.

10. Nelson DL, Cox MM (2000) Lehninger principles of biochemistry. New York:

Worth Publisher.

11. Vander Jagt DL, Hunsaker LA (2003) Methylglyoxal metabolism and diabetic

complications: roles of aldose reductase, glyoxalase-I, betaine aldehyde

dehydrogenase and 2-oxoaldehyde dehydrogenase. Chem Biol Interact 143–

144: 341–351.

12. Ahmed N (2005) Advanced glycation endproducts: role in pathology of diabetic

complications. Diabetes Res Clin Pract 67: 3–21.

13. Dyer DG, Dunn JA, Thorpe SR, Bailie KE, Lyons TJ, et al. (1993)

Accumulation of Maillard reaction products in skin collagen in diabetes and

aging. J Clin Invest 91: 2463–2469.

14. Morgan PE, Dean RT, Davies MJ (2002) Inactivation of cellular enzymes by

carbonyls and protein-bound glycation/glycoxidation products. Arch Biochem

Biophys 403: 259–269.

15. Moheimani F, Morgan PE, van Reyk DM, Davies MJ (2010) Deleterious effects

of reactive aldehydes and glycated proteins on macrophage proteasomal

function: possible links between diabetes and atherosclerosis. Biochim Biophys

Acta 802: 561–571.

16. Zeng J, Dunlop RA, Rodgers KJ, Davies MJ (2006) Evidence for inactivation of

cysteine proteases by reactive carbonyls via glycation of active site thiols.

Biochem J 398: 197–206.

17. Jandeleit-Dahm K, Watson A, Soro-Paavonen A (2008) The AGE/RAGE axis

in diabetes-accelerated atherosclerosis. Clin Exp Pharmacol Physiol 35: 329–

334.

18. Wild R, Ooi L, Srikanth V, Münch G (2012) A quick, convenient and

economical method for the reliable determination of methylglyoxal in millimolar

concentrations: the N-acetyl-L-cysteine assay. Anal Bioanal Chem 403: 2577–

2581.

19. Morgan PE, Sheahan PJ, Pattison DI, Davies MJ (2013) Methylglyoxal-induced

modification of arginine residues decreases the activity of NADPH-generating

enzymes. Free Radic Biol Med 61: 229–242.

20. Kalapos MP (1999) Methylglyoxal in living organisms: chemistry, biochemistry,

toxicology and biological implications. Toxicol Lett 110: 145–175.

Methylglyoxal Alters Endothelial Cell Redox State

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e86564



21. Morgan PE, Pattison DI, Davies MJ (2012) Quantification of hydroxyl radical-

derived oxidation products in peptides containing glycine, alanine, valine, and
proline. Free Radic Biol Med 52: 328–339.

22. Hawkins CL, Morgan PE, Davies MJ (2009) Quantification of protein

modification by oxidants. Free Radic Biol Med 46: 965–988.
23. Zeng J, Davies MJ (2005) Evidence for the formation of adducts and S-

(carboxymethyl)cysteine on reaction of a-dicarbonyl compounds with thiol
groups on amino acids, peptides, and proteins. Chem Res Toxicol 18: 1232–

1241.

24. Sell DR, Monnier VM (2004) Conversion of arginine into ornithine by advanced
glycation in senescent human collagen and lens crystallins. J Biol Chem 279:

54173–54184.
25. Ahmed N, Argirov O, Minhas H, Cordeiro C, Thornalley P (2002) Assay of

advanced glycation endproducts (AGEs): surveying AGEs by chromatographic
assay with derivatization by 6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate

and application to Ne-carboxymethyl-lysine- and Ne-(1-carboxyethyl)lysine-

modified albumin. Biochem J 364: 1–14.
26. Banhegyi G, Csala M, Benedetti A (2009) Hexose 6-phosphate dehydrogenase:

linking endocrinology and metabolism in the endoplasmic reticulum. J Mol
Endocrinol 42: 283–289.

27. Lapolla A, Flamini R, Dalla Vedova A, Senesi A, Reitano R, et al. (2003)

Glyoxal and methylglyoxal levels in diabetic patients: quantitative determination
by a new GC/MS method. Clin Chem Lab Med 41: 1166–1173.

28. Thornalley PJ (1996) Pharmacology of methylglyoxal. Formation, modification
of proteins and nucleic acids, and enzymatic detoxification: a role in

pathogenesis and antiproliferative chemotherapy. Gen Pharmacol 27: 565–573.
29. Haik G, Lo T, Thornalley P (1994) Methylglyoxal concentration and glyoxalase

activities in the human lens. Exp Eye Res 59: 497–500.

30. Lo TWC (1994) Binding and modification of proteins by methylglyoxal under
physiological conditions. A kinetic and mechanistic study with Na-acetylargi-
nine, Na-acetylcysteine, and Na-acetyllysine, and bovine serum albumin. J Biol
Chem 269: 32299–32305.

31. Oba T, Tatsunami R, Sato K, Takahashi K, Hao ZH, et al. (2012)

Methylglyoxal has deleterious effects on thioredoxin in human aortic endothelial
cells. Environ Toxicol Pharmacol 34: 117–126.

32. Tatsunami R, Oba T, Takahashi K, Tampo Y (2009) Methylglyoxal causes
dysfunction of thioredoxin and thioredoxin reductase in endothelial cells.

J Pharmacol Sci 111: 426–432.
33. Frey RS, Ushio-Fukai M, Malik AB (2009) NADPH oxidase-dependent

signaling in endothelial cells: role in physiology and pathophysiology. Antioxid

Redox Signal 11: 791–810.

34. Zhao W, Devamanoharan P, Varma S (1998) Fructose induced deactivation of

glucose 6-phosphate dehydrogenase activity and its prevention by pyruvate:

implications in cataract prevention. Free Radic Res 29: 315–320.

35. Diaz-Flores M, Ibanez-Hernandez M, Galvan R, Gutierrez M, Duran-Reyes G,

et al. (2006) Glucose 6-phosphate dehydrogenase activity and NADPH/NADP+

ratio in liver and pancreas are dependent on the severity of hyperglycemia in rat.

Life Sci 78: 2601–2607.

36. Jain M, Brenner DA, Cui L, Lim CC, Wang B, et al. (2003) Glucose 6-

phosphate dehydrogenase modulates cytosolic redox status and contractile

phenotype in adult cardiomyocytes. Circ Res 93: e9–16.

37. Gupte RS, Ata H, Rawat D, Abe M, Taylor MS, et al. (2011) Glucose 6-

phosphate dehydrogenase is a regulator of vascular smooth muscle contraction.

Antioxid Redox Signal 14: 543–558.

38. Matsui R, Xu S, Maitland KA, Mastroianni R, Leopold JA, et al. (2006) Glucose

6-phosphate dehydrogenase deficiency decreases vascular superoxide and

atherosclerotic lesions in apolipoprotein E2/2 mice. Arterioscler Thromb Vasc

Biol 26: 910–916.

39. Lee S, Koh H, Park D, Song B, Huh T, et al. (2002) Cytosolic NADP+-

dependent isocitrate dehydrogenase status modulates oxidative damage to cells.

Free Radic Biol Med 32: 1185–1196.

40. Thornalley P, Battah S, Ahmed N, Karachalias N, Agalou S, et al. (2003)

Quantitative screening of advanced glycation endproducts in cellular and

extracellular proteins by tandem mass spectrometry. Biochem J 375: 581–592.

41. Nitenberg A, Cosson E, Pham I (2006) Postprandial endothelial dysfunction: role

of glucose, lipids and insulin. Diabetes Metab 32: 2S28–33.

42. Kim KM, Kim YS, Jung DH, Lee J, Kim JS (2012) Increased glyoxalase I levels

inhibit accumulation of oxidative stress and an advanced glycation end product

in mouse mesangial cells cultured in high glucose. Exp Cell Res 318: 152–159.

43. Barati MT, Merchant ML, Kain AB, Jevans AW, McLeish KR, et al. (2007)

Proteomic analysis defines altered cellular redox pathways and advanced

glycation end-product metabolism in glomeruli of db/db diabetic mice.

Am J Physiol Renal Physiol 293: F1157–F1165.

44. World Health Organization (2004) Diabetes Action Now : An initiative of the

World Health Organization and the International Diabetes Federation. Geneva.

45. Schafer FQ, Buettner GR (2004) Redox state and redox environment in biology.

In: Forman HJ, Fukuto J, Torres M, editors. Signal transduction by reactive

oxygen and nitrogen species: pathways and chemical principles: Springer

Netherlands. 1–14.

Methylglyoxal Alters Endothelial Cell Redox State

PLOS ONE | www.plosone.org 11 January 2014 | Volume 9 | Issue 1 | e86564


