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Summary 
Reactive dicarbonyls stimulate production of advanced glycation 
endproducts, increase oxidative stress and inflammation and 
contribute to the development of vascular complications. We 
measured concentrations of dicarbonyls – methylglyoxal (MG), 
glyoxal (GL) and 3-deoxyglucosone (3-DG) – in the heart and 
kidney of a model of metabolic syndrome – hereditary 
hypertriglyceridemic rats (HHTg) and explored its modulation by 
metformin. Adult HHTg rats were fed a standard diet with or 
without metformin (300 mg/kg b.w.) and dicarbonyl levels and 
metabolic parameters were measured. HHTg rats had markedly 
elevated serum levels of triacylglycerols (p<0.001), FFA (p<0.01) 
and hepatic triacylglycerols (p<0.001) along with increased 
concentrations of reactive dicarbonyls in myocardium 
(MG: p<0.001; GL: p<0.01; 3-DG: p<0.01) and kidney cortex 
(MG: p<0.01). Metformin treatment significantly reduced reactive 
dicarbonyls in the myocardium (MG: p<0.05, GL: p<0.05, 
3-DG: p<0.01) along with increase of myocardial concentrations 
of reduced glutathione (p˂0.01) and glyoxalase 1 mRNA 
expression (p˂0.05). Metformin did not have any significant 
effect on dicarbonyls, glutathione or on glyoxalase 1 expression 
in kidney cortex. Chronically elevated hypertriglyceridemia was 
associated with increased levels of dicarbonyls in heart and 
kidney. Beneficial effects of metformin on reactive dicarbonyls 
and glyoxalase in the heart could contribute to its 
cardioprotective effects. 
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Introduction 

The protein glycation caused by reactive 
dicarbonyls stimulates the production of advanced 
glycation end products (AGEs) and subsequently 
contributes to the development of chronic vascular 
complications, in particular in patients with diabetes 
(Schalkwijk et al. 2015). Under normal conditions, the 
excessive protein glycation is prevented through 
glutathione-dependent glyoxalase detoxification. 
An impaired balance between the generation of 
dicarbonyls and the efficiency of their scavenger 
pathways leads to dicarbonyl stress (Rabbani et al. 2015). 
Both of these processes are impaired in diabetic patients, 
where dicarbonyl generation is increased and glyoxalase 
activity including glutathione status is decreased 
(Maessen et al. 2015). Dicarbonyl stress is involved in 
the pathogenesis of metabolic syndrome, as well as in 
diabetic macro- and microvascular complications. Higher 
plasma levels of methylglyoxal are observed in type 1 
and 2 diabetic patients (Fleming et al. 2012) and in obese 
patients with metabolic syndrome (Uribarri et al. 2015). 
In addition, it has been reported that methylglyoxal 
administration induces endothelial dysfunction, oxidative 
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stress and impaired vasodilatation (Sena et al. 2012), and 
increases macrophage infiltration in adipose tissue in 
experimental studies (Matafome et al. 2012).  
An excessive generation of dicarbonyl species such as 
methylglyoxal (MG) is typically associated with 
hyperglycemia and high glucose variability (Maessen et 
al. 2015); nevertheless its other possible inductors 
include also dyslipidemia and insulin resistance 
(Tenenbaum et al. 2014). 

Metformin, the most widely prescribed glucose-
lowering agent for the treatment of type 2 diabetes, has 
been proposed as a scavenger of reactive dicarbonyl 
species. It has been previously demonstrated that 
metformin, through the guanidine group, can bind to 
methylglyoxal (Kinsky et al. 2016), and that metformin 
treatment is able to reduce plasma methylglyoxal levels 
in patients with type 2 diabetes (Kender et al. 2016). We 
have previously demonstrated in a rat model of chronic 
inflammation that metformin administration decreased 
methylglyoxal levels in heart (Malinska et al. 2016). 

In the current study we measured concentrations 
of dicarbonyls in the heart and the kidney of a rodent 
model of metabolic syndrome – non-obese hereditary 
hypertriglyceridemic rats. This strain originating from 
Wistar rats is characterized by severe hypertriglyceri-
demia, insulin resistance, hyperinsulinemia, hepatic 
steatosis and oxidative stress with an absence of obesity 
and hyperglycemia thus representing an experimental 
model of metabolic syndrome (Kazdova et al. 1997, 
Zicha et al. 2006). We hypothesized that severe 
hypertriglyceridemia and insulin resistance will be 
associated with increased dicarbonyl levels even in the 
absence of hyperglycemia and that metformin treatment 
will reduce dicarbonyls in both the heart and the kidney. 
 
Methods 
 
Animals and diet 

All experiments were performed in agreement 
with the Animal Protection Law of the Czech Republic 
(311/1997) and were approved by the Ethics Committee 
of the Institute for Clinical and Experimental Medicine. 

Six-month old Wistar male rats obtained from 
Charles River Laboratories (controls) and the non-obese 
hereditary hypertriglyceridemic strain of rats (HHTg) 
were used in this study. The rats were fed a standard 
laboratory diet with or without metformin at a dose of 
300 mg/kg b.w. for 4 weeks. At the end of experiments, 
animals were sacrificed in a postprandial state. 

Analytic methods/Biochemical analyses 
Serum levels of triacylglycerols, glucose, total 

cholesterol, HDL-cholesterol and FFA were measured 
using commercially available kits (Erba Lachema, Brno, 
Czech Republic and Roche Diagnostics, Mannheim, 
Germany). Serum insulin and carboxymethyl lysine 
(CML) concentrations were determined using a Mercodia 
Rat Insulin ELISA kit (Mercodia AB, Uppsala, Sweden) 
and a Rat CML ELISA kit (Mybiosource, San Diego, 
USA). Plasma and urine lactate were analyzed 
electrochemically using ion-selective electrodes 
(Radiometer, Czech Republic). β-hydroxybutyrate and 
acetoacetate plasma concentrations were determined 
using an enzymatic method, as previously described 
(Galán et al. 2001). 

For the oral glucose tolerance test (OGTT), 
blood glucose was determined after a glucose load  
(3 g of glucose/kg b.w.) administered intragastrically 
after overnight fasting. The blood glucose concentration 
were determinated through analysis of blood samples 
collected from the tail at 0, 30, 60, 120 min after glucose 
loading. The area under curve (AUC) for glucose was 
calculated over the 120 min period. 

For determination of tissue triacylglycerols, 
samples were extracted in chloroform/methanol and 
further processed as described previously (Malinska et al. 
2015). 

Levels of reduced (GSH) and oxidized (GSSG) 
forms of glutathione were determined using  
a high-performance liquid chromatography method with 
fluorescent detection in accordance with the HPLC 
diagnostic kit (Chromsystems, Gräfelfing, Germany). 
 
Dicarbonyl stress parameters 

Dicarbonyl concentrations were determined after 
derivatization with 1,2-diamino-benzene and using the 
HPLC method with fluorescence detection according to 
Fleming and Bierhaus (Thornalley et al. 1999). 

Glo-1 activity was analyzed using the method 
described by Arai et al. (2014). Red blood cells were 
collected by centrifugation of blood (EDTA) samples and 
washed 3 times with 0.01 M PBS (pH 7.4). Washed cells 
were lysed using cold deionized water. Hemoglobin 
concentrations were determined according to the 
Drabkin´s assay (Sigma-Aldrich, Prague, Czech Republic). 
 
Glyoxalase 1 mRNA expression 

Total RNA was isolated from the kidney cortex 
and left ventricle using RNA Blue (Top-Bio, Praha, 
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Czech Republic). Reverse transcription and quantitative  
real-time PCR analyses were performed using the 
TaqMan RNA-to CT 1-Step Kit and TaqMan Gene 
Expression Assay (Applied Biosystems, Foster City, 
USA) and carried out using a ViiATM 7 Real Time PCR 
System (Applied Biosystems, Foster City, USA). 
Relative expression of Glo-1 was determined after 
normalization against β-actin as an internal reference and 
calculated using the 2-∆∆Ct method. 
 
Cell cultures, treatment 

Confluent Human Kidney HEK293 cells were 
cultivated in a control medium (DMEM, Hyclone, USA) 
supplemented with 10 % FBS, Biochem, Germany) and 
treated with either 0.5 mM metformin or a combination 
of 0.5 mM metformin and 10 mM lactate (Sigma-Aldrich, 
Prague, Czech Republic) for 18 h. Cells were then 
trypsinized and methylglyoxal content was determined in 
aliquots containing 15*106 cells according to the method 
described above. 

Statistical analysis 
Statistical analysis was performed using either 

a one-way ANOVA Kruskal-Wallis test with multiple 
comparisons or a Mann-Whitney test. A value of p˂0.05 
was considered to be statistically significant. The Pearson 
correlation was calculated to determine the relationship 
between glutathione and methylglyoxal in the 
myocardium. Data are presented as mean ± SEM with 
95 % CI. 
 
Results 
 
The effect of hypertriglyceridemia on basal metabolic 
parameters 

Compared with controls, hypertriglyceridemic 
rats exhibited markedly elevated serum levels of 
triacylglycerols, FFA and ectopic triacylglycerol 
accumulation in the liver and muscle, impaired glucose 
tolerance, hyperinsulinemia and increased AGE product 
carboxymethyl lysine (CML) and ketone bodies (Table 1). 

 
 
Table 1. The effects of hypertriglyceridemia and metformin on metabolic parameters. 
 

 Wistar HHTg p1< HHTg + 
metformin p2< 

Body weight (g) 480.00±22.00 483.00±23.00 NS 450.00±12.00 0.05 
Serum triglycerides (mmol/l) 1.37±0.23 4.78±0.43 0.01 2.39±0.13 0.02 
FFA (mmol/l) 0.19±0.03 0.83±0.06 0.01 0.70±0.08 0.05 
Cholesterol (mmol/l) 1.72±0.10 1.54±0.10 NS 1.91±0.33 NS 
HDL-C (mmol/l) 1.24±0.05 0.75±0.03 0.01 1.23±0.08 0.02 
Triglycerides in the liver (µmol/g) 4.32±0.70 13.87±2.23 0.01 9.20±1.22 0.05 
Triglycerides in muscle (µmol/g) 4.96±1.95 8.43±1.64 0.05 8.55±1.70 NS 
Fasting glucose (mmol/l) 3.86±0.13 5.30±0.27 0.05 4.49±0.26 NS 
Insulin (pmol/l) 469.00±30.00 580.00±83.00 0.05 225.00±28.00 0.01 
AUC0-120 (mmol/l) 674.00±9.00 787.00±19.00 0.05 818.00±44.00 NS 
β-hydroxybutyrate (µmol/l) 45.50±2.60 91.60±2.90 0.01 127.90±6.30 0.01 
Acetoacetate (µmol/l) 27.10±4.90 44.30±6.60 0.01 39.10±4.90 NS 
CML (ng/ml) 104.70±1.00 131.00±6.50 0.05 130.80±1.10 NS 
GSH/GSSG in myocardium 4.01±0.16 2.15±0.09 0.05 4.65±0.26 0.01 
GSH/GSSG in kidney cortex 20.22±0.87 20.04±0.26 NS 18.48±0.13 NS 

 
Data are mean ± SEM. n=8. P1 – HHTg vs. Wistar. P2 – HHTg + metformin vs. HHTg. 
 
 

In hypertriglyceridemic rats we observed 
markedly increased serum levels of methylglyoxal 
(1.802±0.121 vs. 0.662±0.161 nmol/ml, p<0.01). 
Concentrations of individual reactive dicarbonyls in the 
myocardium and kidney cortex were significantly 
elevated in HHTg rats (Fig. 1) compared to normotrigly-

ceridemic controls. 
Hypertriglyceridemia was also associated with 

impaired glutathione metabolism in the myocardium as 
shown in Figure 2A. The reduced form of glutathione 
was decreased and the oxidized form of glutathione was 
increased in the myocardium of HHTg rats. 
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Fig. 1. The effects of hypertriglyceridemia and metformin on dicarbonyl levels in myocardium (A) and kidney cortex (B). Data are 
expressed as mean ± SEM. * p<0.05, ** p<0.01. 
 
 

 
 
Fig. 2. The effects of hypertriglyceridemia and metformin on glutathione in myocardium (A) and kidney cortex (B) and the relationship 
between methylglyoxal and glutathione in myocardium (C), Spearman’s correlation coefficient R2=0.5882, p˂0.05. Data are expressed 
as mean ± SEM. * p<0.05, ** p<0.01. 
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The effect of metformin 
Metformin administration to HHTg rats mildly 

reduced body weight and had a positive effect 
particularly on lipid metabolism compared to untreated 
HHTg rats (Table 1). 

As regards carbonyl stress, metformin treatment 
significantly reduced serum levels of methylglyoxal 
(0.915±0.219 vs. 1.802±0.121 nmol/ml, p<0.01), but 
other dicarbonyls in the serum did not change. As shown 
in Figure 1, metformin treatment was associated with 
significantly reduced levels of all measured dicarbonyls 
in the myocardia of HHTg rats. However, there was  

no significant effect of metformin on dicarbonyl 
concentrations in the kidney cortex (Fig. 1). 

Concentrations of hydroxybutyrate, lactate and 
acetoacetate in plasma and urine were significantly 
elevated in metformin-treated HHTg rats compared to 
untreated rats (Fig. 4). 

Incubation with metformin significantly reduced 
the concentration of MG in the human kidney HEK293 
cell culture. However, the presence of lactate in the 
medium reduced the effect of metformin on MG in 
isolated kidney cells (Fig. 4). 

 
 

 
Fig. 3. The effect of metformin on glyoxalase 1 mRNA expression in myocardium (A) and kidney cortex (B) and on glyoxalase 1 activity 
in erythrocytes (C). Values are presented as mean ± SEM. * p<0.05 compared to HHTg. 
 
 

 
Fig. 4. The effect of metformin on lactate in plasma (A) and urine (B) and in vitro on human kidney cells (C). C – control,  
M – metformin, M+L – metformin + lactate. Data are expressed as mean ± SEM. * p<0.05. 
 
 
The effect of metformin on glutathione 

In the myocardium we observed improved 
glutathione metabolism in HHTg metformin-treated rats 
(Fig. 2), an elevation in the reduced form of glutathione 
and a decrease in the oxidized form of glutathione. This 
effect of metformin on glutathione was not observed in 
the kidney cortex (Fig. 2). A direct relationship between 
methylglyoxal and reduced glutathione in the myocardium 

was confirmed by negative correlation (Fig. 2C). 
 

The effect of metformin on glyoxalase 1 expression and 
activity 

Gene expression of mRNA Glo-1 was increased 
in the myocardium (left ventricle) after metformin 
treatment, whereas mRNA Glo-1 expression in the 
kidney cortex did not differ between metformin-treated 



186   Malinska et al.  Vol. 67 
 
 
and -untreated HHTg rats (Fig. 3). Metformin administra-
tion also significantly increased glyoxalase 1 activity 
measured in red blood cells compared to untreated rats. 
 
Discussion 
 

One of the unifying hypotheses connecting 
diabetes with its chronic complications suggests that 
enhanced metabolic flux and the deleterious effects of 
high glucose levels are mediated by the generation of 
toxic metabolites (Fleming et al. 2012). Of these, reactive 
dicarbonyls are among the most important (Rabbani et al. 
2015). Interestingly, increased dicarbonyls production has 
also been described in patients with metabolic syndrome 
and dyslipidemia without overt diabetes suggesting  
their possible involvement in the increased risk in 
cardiovascular complications in these patients (Rabanni 
et al. 2016). The results of our study demonstrate for the 
first time that chronically elevated triglyceride and 
FFA levels, in the absence of obesity are associated with 
increased production of reactive dicarbonyl species, in 
particular methylglyoxal. In addition to its increased 
circulating levels, we observed also markedly elevated 
tissue levels of dicarbonyls. Previous studies have shown 
that MG and GL can be produced from oxidized lipids, 
both within their degradation and during lipoperoxidation 
(Turk et al. 2011) or by increased glyceroneogenesis  
in triacylglycerols/FFA cycle (Masania et al. 2016). 
Although lipid metabolism in myocardium and kidney is 
slightly different, the elevation of dicarbonyls in these 
tissues in HHTg rats is nearly the same so is implausible 
to significantly influence the creation of dicarbonyls. 
Other possible mechanisms of hypertriglyceridemia-
induced dicarbonyl accumulation include increased 
oxidative stress, increased ketogenesis and subsequent 
AGE formation (Dornadula et al. 2015). Our 
experimental results in hypertriglyceridemic rats support 
the increasing evidence that chronically increased lipids 
can be as important as carbohydrates in the stimulation of 
excessive reactive dicarbonyl species production. 

The massive accumulation of dicarbonyls in the 
myocardium of hypertriglyceridemic rats in our study 
was associated with an impaired balance of GSH status.  
It has been shown that adequate levels of the reduced 
form of glutathione are important for optimal activity of 
the glyoxalase system, which is involved in the 
detoxification of MG and GL (Rabanni et al. 2016).  
An inverse relationship between MG and reduced 
glutathione in the myocardium suggests a possible direct 

relationship. One the mechanisms could be  
a MG-induced deactivation of the antioxidant enzyme 
glutathione reductase thus further enhancing the potential 
for oxidative stress damage. Other studies have shown 
that high serum and adipose tissue levels of MG are 
closely related to insulin resistance in fructose-fed rats 
(Jia et al. 2007), and MG treatment in vitro impairs 
insulin-signaling activation in skeletal muscle cells 
(Riboulet-Chavey et al. 2006) through increased 
oxidative stress and direct effects on insulin signaling 
pathway (Nigro et al. 2014). 

In our current study, we focused on the effects of 
metformin treatment on dicarbonyl levels and its 
metabolic consequences. Previous studies have shown 
that metformin may have numerous beneficial effects 
independent of its glucose lowering properties including 
cardioprotective effects (Rena et al. 2013). Our previous 
study in SHR rats with transgenic expression of human 
CRP (Malinska et al. 2016) demonstrated metformin-
induced decrease of methylglyoxal in the heart. Here we 
focused on the possible mechanisms that could explain 
metformin effects on dicarbonyl stress. In our current 
study in hypertriglyceridemic rats, metformin treatment 
reduced dicarbonyl accumulation and increased Glo-1 
expression in the myocardium. Both of these changes 
could have contributed to and partly explain the 
cardioprotective effects of metformin seen in clinical 
practice. Other studies have shown that metformin 
improves the GSH/GSSG balance in the myocardium and 
prevents dicarbonyl accumulation as a cofactor of the 
glyoxalase system (Ashour et al. 2012, Foretz et al. 
2014). Metformin has also been proposed as a scavenger 
of methylglyoxal (Rena et al. 2013, Kinsky et al. 2016). 

Our data show that metformin can decrease MG 
directly through the activation of its key detoxification 
enzyme, Glo-1. Another important mechanism involves 
the interaction and activation of redox-sensitive 
transcription factors such as Nrf2, AP1 and NFκB, which 
can again upregulate Glo-1 transcription (Xue et al. 
2012). At the transcriptional level, apart from Glo-1, 
metformin has been also shown to restore key antioxidant 
defense enzymes such as glutathione-S-transferase and 
catalase (Kender et al. 2014). 

In our study, untreated HHTg rats had elevated 
circulating levels of ketone bodies, which were further 
increased by metformin treatment. Metformin is capable 
to readdress fatty acid metabolism from lipogenesis 
towards fat oxidation and ketone body production,  
so increased β-hydroxybutyrate after metformin 
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administration can associated with increased fatty acid 
oxidation. Although the development of severe lactate 
acidosis is perceived as a negative consequence 
associated with metformin administration (DeFronzo et 
al. 2016) recent trials with novel antidiabetic drugs 
gliflozins have suggested that moderate ketone bodies 
elevation could have the potential to improve 
myocardium metabolism (Ferrannini et al. 2016). Recent 
studies have reported that the failing heart relies on 
ketone bodies as a significant alternative fuel, when the 
fatty acids utilization is diminished (Aubert et al. 2016). 
Accumulation of ketone bodies in the myocardium occurs 
as a compensatory response against oxidative stress 
(Nagao et al. 2016). It is thus tempting to speculate that 
increased ketone bodies seen in our study can also 
generally contribute to cardioprotective effect of 
metformin. 

Interestingly, while we observed a significant 
metformin-induced attenuation of dicarbonyl stress in  
the heart no such effects could be seen in the kidney.  
In our study, an incubation of isolated human kidney  
cell cultures with metformin rapidly reduced 
MG concentrations, but this effect was abolished in the 
presence of lactate. Likewise, the presence of lactate 
reduced the effect of metformin on dicarbonyl stress in 
kidney cells. Taken together our data suggest that the lack 
of improvement of dicarbonyl stress in the kidney as 
compared to myocardium could be due to high levels of 
lactate in the kidney that abolish metformin effects. 

In summary, our results indicate that chronically 
elevated hypertriglyceridemia and FFA are associated 
with increased levels of methylglyoxal in serum and with 
markedly elevated reactive carbonyls in the heart and 
kidney. The beneficial effect of metformin administration 
on reactive dicarbonyls and glyoxalase 1 in the heart 
could contribute to the cardioprotective effect of 
metformin independently of its antihyperglycemic effect. 
It remains to be shown whether similar organ-specific 
effects of metformin on dicarbonyl stress can also be 
detected in humans. 

 
Conflict of Interest 
There is no conflict of interest. 
 
Acknowledgements 
This work was supported by the Ministry of Health of the 
Czech Republic – conceptual development of research 
organizations (“Institute for Clinical and Experimental 
Medicine – IKEM, IN 00023001”). 
 
Abbreviations 
AGE – advanced glycation end product, CML – 
carboxymethyl lysine, FFA – free fatty acids, GSH – 
reduced form of glutathione, GSSG – oxidized form of 
glutathione, TBARS – thiobarbituric acid reactive 
substance, TAG – triacylglycerol, MG – methylglyoxal, 
GL – glyoxal, 3-DG – 3-deoxyglucosone, Glo-1 – 
glyoxalase 1. 

 
References 
 
ARAI M, NIHONMATSU-KIKUCHI N, ITOKAWA M, RABBANI N, THORNALLEY PJ: Measurement of 

glyoxalase activities. Biochem Soc Trans 42: 491-494, 2014. 
ASHOUR AE, SAYED-AHMED MM, ABD-ALLAH AR, KORASHY HM, MAAYAH ZH, ALKHALIDI H, 

MUBARAK M, ALHAIDER A: Metformin rescues the myocardium from doxorubicin-induced energy 
starvation and mitochondrial damage in rats. Oxid Med Cell Longev 2012: 434195, 2012. 

AUBERT G, MARTIN OJ, HORTON JL, LAI L, VEGA RB, LEONE TC, KOVES T, GARDELL S, KRÜGER M, 
HOPPEL CL, LEWANDOWSKI ED, CRAWFORD PA, MUOIO DM, KELLY DP: The failing heart relies  
on ketone bodies as a fuel. Circulation 133: 698-705, 2016. 

DEFRONZO R, FLEMING GA, CHEN K, BICSAK TA: Metformin-associated lactic acidosis: current perspectives on 
causes and risk. Metabolism 65: 20-29, 2016. 

DORNADULA S, ELANGO B, BALASHANMUGAM P, PALANISAMY R, KUNKA MOHANRAM R: 
Pathophysiological insights of methylglyoxal induced type-2 diabetes. Chem Res Toxicol 28: 1666-1674, 2015. 

FERRANNINI E, MARK M, MAYOUX E: CV protection in the EMPA-REG OUTCOME trial: A "Thrifty substrate" 
hypothesis. Diabetes Care 39: 1108-1114, 2016. 

FLEMING T, CUNY J, NAWROTH G, DJURIC Z, HUMPERT PM, ZEIER M, BIERHAUS A, NAWROTH PP:  
Is diabetes an acquired disorder of reactive glucose metabolites and their intermediates? Diabetologia 55:  
1151-1155, 2012. 



188   Malinska et al.  Vol. 67 
 
 
FORETZ M, GUIGAS B, BERTRAND L, POLLAK M, VIOLLET B: Metformin: from mechanisms of action to 

therapies. Cell Metab 20: 953-966, 2014. 
GALÁN A, HERNANDÉZ J, JIMENEZ O: Measurement of blood acetoacetate and beta-hydroxybutyrate in  

an automatic analyser. J Autom Methods Manag Chem 23: 69-76, 2001. 
JIA X, WU L: Accumulation of endogenous methylglyoxal impaired insulin signaling in adipose tissue of fructose-fed 

rats. Mol Cell Biochem 306: 133-139, 2007. 
KAZDOVA L, ŽAK A, VRANA A: Increased lipoprotein oxidability and aortic lipid peroxidation in an experimental 

model of insulin resistance syndrome. Ann N Y Acad Sci 20: 521-525, 1997. 
KENDER Z, FLEMING T, KOPF S, TORZSA P, GROLMUSZ V, HERZIG S, SCHLEICHER E, RÁCZ K, 

REISMANN P, NAWROTH PP: Effect of metformin on methylglyoxal metabolism in patients with type 2 
diabetes. Diabetes Metab Res Rev 16: 125-132, 2014. 

KINSKY OR, HARGRAVES TL, ANUMOL T, JACOBSEN NE, DAI J, SNYDER SA, MONKS TJ, LAU SS: 
Metformin scavenges methylglyoxal to form a novel imidazolinone metabolite in humans. Chem Res Toxicol 
29: 227-234, 2016. 

MAESSEN DE, STEHOUWER CD, SCHALKWIJK CG: The role of methylglyoxal and the glyoxalase system in 
diabetes and other age-related diseases. Clin Sci 128: 839-861, 2015. 

MALÍNSKÁ H, HÜTTL M, OLIYARNYK O, BRATOVA M, KAZDOVA L: Conjugated linoleic acid reduces 
visceral and ectopic lipid accumulation and insulin resistance in chronic severe hypertriacylglycerolemia. 
Nutrition 31: 1045-1051, 2015. 

MALINSKA H, OLIYARNYK O, ŠKOP V, ŠILHAVY J, LANDA V, ZIDEK V, MLEJNEK P, ŠIMÁKOVA M, 
STRNAD H, KAZDOVA L, PRAVENEC M: Effects of metformin on tissue oxidative and dicarbonyl stress in 
transgenic spontaneously hypertensive rats expressing human C-reactive protein. PLoS One 11: e0150924, 
2016. 

MASANIA J, MALCZEWSKA-MALEC M, RAZNY U, GORALSKA J, ZDZIENICKA A, KIEC-WILK B, GRUCA 
A, STANCEL-MOZWILLO J, DEMBINSKA-KIEC A, RABBANI N, THORNALLEY PJ: Dicarbonyl stress 
in clinical obesity. Glycoconj J 33: 581-589, 2016. 

MATAFOME P, SANTOS-SILVA D, CRISOSTOMO J, RODRIGUES T, RODRIGUES L, SENA CM, PEREIRA P, 
SEICA R: Methylglyoxal cause structural and functional alterations in adipose tissue independently of obesity. 
Arch Physiol Biochem 118: 58-68, 2012. 

NAGAO M, TOH R, IRINO Y, MORI T, NAKAJIMA H, HARA T, HONJO T, SATOMI-KOBAYASHI S, SHINKE 
T, TANAKA H, ISHIDA T, HIRATA K: β-Hydroxybutyrate elevation as a compensatory response against 
oxidative stress in cardiomyocytes. Biochem Biophys Res Commun 475: 322-328, 2016. 

NIGRO C, RACITI GA, LEONE A, FLEMING TH, LONGO M, PREVENZANO I, FIORY F, MIRRA P, 
D´ESPOSITO V, ULIANICH L, NAWROTH PP, FORMISANO P, BEGUINOT F, MIELE C: Methylglyoxal 
impairs endothelial insulin sensitivity both in vitro and in vivo. Diabetologia 57: 1485-1494, 2014. 

RABBANI N, THORNALLEY PJ: Dicarbonyl stress in cell and tissue dysfunction contributing to ageing and disease. 
Biochem Biophys Res Commun 458: 221-226, 2015. 

RABBANI N, XUE M, THORNALLEY PJ: Dicarbonyls and glyoxalase in disease mechanisms and clinical 
therapeutics. Glycoconj J 33: 513-525, 2016. 

RENA G, PEARSON ER, SAKAMOTO K: Molecular mechanism of action of metformin: old or new insight? 
Diabetologia 56: 1898-1906, 2013. 

RIBOULET-CHAVEY A, PIERRON A, DURAND I, MURDACA J, GIUDICELLI J, VAN OBBERGHEN E: 
Methlyglyoxal impairs the insulin signaling pathways independently of the formation of intracellular reactive 
oxygen species. Diabetes 55: 1289-1299, 2006. 

SCHALKWIJK CG: Vacular AGE-ing by methylglyoxal: the past, the present and the future. Diabetologia 58:  
1715-1719, 2015. 

SENA CM, MATAFOME P, CRISOSTOMO J, RODRIGUES L, FERNANDES R, PEREIRA P, SEICA RM: 
Methylglyoxal promotes oxidative stress and endothelial dysfunction. Pharmacol Res 65: 497-506, 2012. 

TENENBAUM A, KLEMPFNER R, FISMAN EZ: Hypertriglyceridemia: a too long unfairly neglected major 
cardiovascular risk factor. Cardiovasc Diabetol 13: 159, 2014. 



2018  Metformin and Dicarbonyl Stress   189  
 

THORNALLEY PJ, LANGBORG A, MINHAS HS: Formation of glyoxal, methylglyoxal and 3-deoxyglucosone in the 
glycation of proteins by glucose. Biochem J 344: 109-116, 1999. 

TURK Z, ČAVLOVIČ-NAGLIČ M, TURK N: Relationship of methylglyoxal-adduct biogenesis to LDL and 
triglycerides levels in diabetics. Life Sci 89: 485-490, 2011. 

URIBARRI J, CAI W, WOODWARD M, TRIPP E, GOLDBERG L, PYZIK R, YEE K, TANSMAN L, CHEN X, 
MANI V, FAYAD ZA, VLASSARA H: Elevated serum advanced glycation endproducts in obese indicate risk 
for the metabolic syndrome: a link between heathy and unhealthy obesity? J Clin Endocrinol Metab 100:  
1957-1966, 2015. 

XUE M, RABBANI N, MOMIJI H, IMBASI P, ANWAR MM, KITTERINGHAM N, PARK BK, SOUMA T, 
MORIGUCHI T, YAMAMOTO M, THORNALLEY PJ: Transcriptional control of glyoxalase 1 by Nrf2 
provides a stress-responsive defence against dicarbonyl glycation. Biochem J 443: 213-222, 2012. 

ZICHA J, PECHÁNOVÁ O, CACÁNYIOVÁ S, CEBOVÁ M, KRISTEK F, TÖRÖK J, SIMKO F, DOBESOVÁ Z, 
KUNES J: Hereditary hypertriglyceridemic rats: a suitable model of cardiovascular disease and metabolic 
syndrome? Physiol Res 55 (Suppl 1): S49-S63, 2006. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




