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ABSTRACT

The protective effects of Glucagon-Like Peptide-1 (GLP-1) agonists against oxidative 
stress-induced cellular injury have been well established by previous experimental 
and clinical studies. Male Wistar rats (200-250 g weight, n=24) were used in this 
study. First group of rats were not treated with Methylglyoxal (MGO) and served as 
control group (C group). Second group of rats (MGO group) received MGO (75 mg/
kg/day in drinking water) for 12 weeks. Third group of rats (MGO+Ex-4) received 
Exendin-4 (Ex-4) (1 μg/kg twice daily subcutaneously) concomitant with MGO for 
12 weeks. At the end of the 12th week, total oxidant status (TOS), total antioxidant 
capacity (TAC), sulfhydryl groups (SH), myeloperoxidase (MPO), and advanced 
oxidation protein products (AOPP) in the liver tissues of all groups were measured 
spectrophotometrically. In MGO-administered rats, TOS, MPO and AOPP levels 
were significantly increased. Treatment with Ex-4 for 12 weeks caused a significant 
decline in the levels of these markers in rats exposed to MGO. Also, levels of TAC 
and SH were decreased significantly after the 12 weeks of MGO administration. 12 
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weeks treatment with Ex-4 also increased the levels of TAC and SH in liver tissues 
of MGO-administered rats. Ex-4 treatment improves oxidative parameters of liver 
tissue in MGO-administered rats by improving oxidant-antioxidant balance.
Keywords: Exendin-4, Methylglyoxal, Oxidative stress, Live

INTRODUCTION

Methylglyoxal (MGO), as a dicarbonyl metabolite of glucose, is an intermedi-
ate product formed during glycation of proteins by glucose and its formation 
involves many pathways consisting of enzymatic and non-enzymatic reactions 
in all mammalian cells (Lo et al., 2006; L. Wu, 2005; Yim, Kang, Hah, Chock, 
& Yim, 1995). Increase in the plasma level of MGO has been reported in vari-
ous metabolic diseases, including diabetes, obesity and fatty liver (Hanssen et 
al., 2017; Kong et al., 2014; Lapolla et al., 2003; Rabbani & Thornalley, 2011; 
Tappy & Lê, 2012). Excess production and/or decreased degradation of MGO 
give way to its high levels, generating cellular toxicity (Rabbani & Thornalley, 
2015). Although it is critical to maintain normal liver function under metabolic 
stress, metabolic disorders, including diabetes and obesity, are associated with 
hepatic dysfunction because of the high levels of nutrients and metabolites 
(Marceau et al., 1999; Rabbani & Thornalley, 2011). Several studies have indi-
cated the pathophysiological roles of MGO in the liver (Cheng, Cheng, Chiou, & 
Chang, 2012; Choudhary, Chandra, & Kale, 1997)glutathione (GSH. MGO and 
advanced glycation end products (AGEs) produced through MGO contribute 
to the pathophysiology of liver toxicity (Seo, Ki, & Shin, 2014; Yılmaz et al., 
2018). Besides, in an early-stage liver damage model, the levels of MGO and its 
metabolite d-lactate were elevated suggesting that d-lactate could be useful as 
a reference marker for the early stage of hepatitis (W.-C. Wang, Chou, Chuang, 
Li, & Lee, 2018). 

The cellular injury induced by MGO is provoked through the production of oxi-
dative stress (Rabbani & Thornalley, 2015). Reactive oxygen species (ROS) that 
are generated and accumulated during the metabolism of excess MGO aggravate 
the oxidative stress (Desai et al., 2010; Rabbani & Thornalley, 2015). The role of 
MGO as activating and increasing oxidative stress, mitochondrial dysfunction 
and apoptosis have been shown in some previous in vitro studies (Maruf, Lip, 
Wong, & O’Brien, 2015; Seo et al., 2014). MGO has also been shown to induce 
mitochondrial dysfunction and cell death in liver by production of ROS (Seo et 
al., 2014). Moreover, exposure of mice to MGO induced significant changes in 
redox-homeostasis in the liver (Choudhary et al., 1997). MGO has been shown 
to decrease the glutathione (GSH) content and increase the lipid peroxidation. 
It could be concluded that the activities of the enzymes involved in the pro-
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tective mechanism as well as GSH levels were altered in the liver of mice by 
administration of MGO which in turn may disturb the antioxidant status in the 
animals. Enhancement of lipid peroxidation in liver indicated the possibility 
of involvement of free radicals in the toxic effect of MGO. All of these studies 
suggest that oxidative stress is involved in liver toxicity induced by MGO. Thus, 
usage of antioxidant agents could be an important option for the prevention of 
liver toxicity induced by MGO. Exendin-4 (Ex-4), a long acting Glucagon-Like 
Peptide-1 (GLP-1) receptor agonist, was approved as a treatment, called “exena-
tide”, for type 2 diabetes (Buse et al., 2004)”ISSN”:”0149-5992”,”PMID”:”155
04997”,”abstract”:”OBJECTIVE This study evaluated the ability of the incretin 
mimetic exenatide (exendin-4 by inducing pancreatic β-cell proliferation and 
inhibiting glucagon (Baggio & Drucker, 2007). In addition, studies in animal 
models have demonstrated that Ex-4 displays antioxidant properties in both in 
vitro and in vivo conditions (Oeseburg et al., 2010; Z. Wang, Hou, Huang, Guo, 
& Zhou, 2017; Zeng et al., 2016). Therefore, the antioxidant properties Ex-4 
could potentially be of value in the treatment of liver toxicity induced by MGO.

To our knowledge, the in vivo role of Ex-4 treatment on hepatic oxidative stress 
induced by chronic MGO administration has not been presented in the litera-
ture. The goal of the present study was to determine if Ex-4 had an antioxidant 
activity in the liver tissues of rats exposed to chronic MGO. In light of the afore-
mentioned studies, in the present study, we aimed to investigate the oxidative 
changes that occur in liver of rats that were chronically treated with MGO along 
with Ex-4.

METHODOLOGY

Experimental procedures

All animal experiments were carried out with the approval of the Animal Ethics 
Committee of Akdeniz University Medical Faculty, Antalya, Turkey (Document 
no: 65-2013.09.10). Totally 24 male rats were randomly assigned into three 
groups at the beginning of study. For each group, 8 animals were used. First 
group of rats were treated with neither MGO nor Ex-4 and served as control 
group (C group). Second group of rats (MGO group) received MGO (75 mg/kg/
day in drinking water) for 12 weeks. Third group of rats (MGO+Ex-4) received 
Ex-4 (1 μg/kg twice daily subcutaneously) concomitant with MGO for 12 weeks. 
The dosage of Ex-4 was chosen according to our previous study showing that 
Ex-4 at a dose of 1 μg/kg twice daily did not alter blood glucose levels (Dalak-
lioglu et al., 2018).
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Measurement of oxidative parameters in liver tissue

At the end of the 12th week, all rats were weighed and blood samples obtained 
from the abdominal vein were collected into test tubes following anesthesia 
with a cocktail of intramuscular ketamine hydrochloride (90 mg/kg) and xyla-
zine (10 mg/kg) before sacrifice of each rat. Thereafter, serum was separated by 
centrifugation at 4000x g for 10 min at 4°C. HbA1c levels were measured using 
commercial kits from Roche Diagnostics according to the manufacturer’s speci-
fications. The analyzer was calibrated using Roche calibrators, and quality con-
trol sera from the manufacturer were tested alongside the serum samples. To 
determine the oxidative stress condition in the liver tissues, total oxidant status 
(TOS), total antioxidant capacity (TAC), sulfhydryl groups (SH), myeloperoxi-
dase (MPO), and advanced oxidation protein products (AOPP) were measured 
spectrophotometrically. 

TOS assay was performed according to the principle that oxidants present in 
the sample oxidize the ferrous ion–o-dianisidine complex to ferric ion. The 
oxidation reaction is enhanced by glycerol molecules, which are abundantly 
present in the reaction medium. The ferric ion makes a colored complex with 
xylenol orange in an acidic medium. The color intensity, which can be meas-
ured spectrophotometrically, is related to the total amount of oxidant molecules 
present in the sample. The assay is calibrated with hydrogen peroxide and the 
results are expressed in terms of micromolar hydrogen peroxide equivalent per 
liter (μmol H2O2 equivalent/l). Intra and interassay CVs were 1.4% and 1.6%, 
respectively (Erel, 2005). 

TAC was determined using a novel automated measurement method, devel-
oped by Erel (Erel, 2004)more stable, colored 2,2’-azinobis-(3-ethylbenzothi-
azoline-6-sulfonic acid radical cation (ABTS(*+. Briefly, the reduced 2,2’-azi-
no-bis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS) molecule is oxidized to 
ABTS+ using hydrogen peroxide alone in acidic medium (the acetate buffer 30 
mmol/l pH 3.6). In the acetate buffer solution, the concentrate (deep green) 
ABTS+ molecules stay more stable for a long time. While it is diluted with a 
more concentrated acetate buffer solution at high pH values (the acetate buffer 
0.4 mol/l pH 5.8), the color is spontaneously and slowly bleached. Antioxidants 
present in the sample accelerate the bleaching rate to a degree proportional to 
their concentrations. This reaction can be monitored spectrophotometrically, 
and the bleaching rate is inversely related with the TAC of the sample. The reac-
tion rate is calibrated with Trolox, which is widely used as a traditional stand-
ard for TAC measurement assays, and the assay results are expressed in mmol 
Trolox equivalent/l. Intra and interassay CV were 2.6% and 2.9%, respectively. 
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SH levels were measured spectrophotometrically, using Ellman’s reagent, 
5,5’-dithiobis-2-nitrobenzoic acid (DTNB), with the thiol-disulfide interchange 
reaction between DTNB and thiol providing the basis of the spectrophotometric 
assay (Koster, Biemond, & Swaak, 1986).

The liver samples taken were washed in saline in an ice bath and homogenized 
in the ratio 1:10 (w:v) with ice-cold 150 mM KCl for MPO and protein determi-
nation. The rest of the homogenates were stored at -70°C until tissue MPO and 
protein levels of homogenates assays were performed. The samples were centri-
fuged at 12,000 g at 4 0C for 20 min. Liver extract MPO levels were estimated by 
a spectrophotometric method using O–Dianisidine Dihydrochloride as a sub-
strate. MPO was assayed as follows: 0.1 ml of the liver extract supernatant was 
mixed with 2.9 ml of 50 mM phosphate buffer, pH 6.0, and containing 0.167 
mg/ml O-dianisidine dihydrochloride and 1% hydrogen peroxide (Bradley, 
Priebat, Christensen, & Rothstein, 1982)a plentiful constituent of neutrophils, 
might serve as a marker for tissue neutrophil content. To completely extract 
MPO from either neutrophils or skin, hexadecyltrimethylammonium bromide 
(HTAB. The change in absorbance was measured at 450 nm using a spectro-
photometer. One unit of MPO activity was defined as that degrading one μmole 
of peroxidase per minute at 25°C (Worthington Enzyme Manual, 1972). The to-
tal protein content of the homogenates was determined by the method of Lowry 
(LOWRY, ROSEBROUGH, FARR, & RANDALL, 1951). 

AOPP levels were measured for only the supernatant fraction, using a spectro-
photometric method (Witko-Sarsat et al., 1996). The values are expressed as 
μmol/g of protein in liver tissue.

Materials

MGO and Ex-4 were purchased from Sigma Chemical (St. Louis, MO, USA). 
All drugs were prepared fresh daily during experiments and were dissolved in 
distilled water before use.

Statistical analysis

All values were expressed as mean ± SEM. Statistical analysis of the results 
were performed by one-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test. A p value lower than 0.05 was considered significant.

RESULTS AND DISCUSSION

Rats treated with MGO showed significant increases in TOS and AOPP com-
pared to control group rats (Figs.1 and 2). The treatment with Ex-4 for 12 weeks 
resulted in significant decreases in the levels of TOS and AOPP (Figs.1 and 2). 
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Figure 1: Levels of total oxidant status (TOS) in liver tissues obtained from all groups. C: 
Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean ± SEM. 
*P<0.05 as compared with control rats; **P<0.05 as compared with MGO group rats.

Figure 2: Levels of advanced oxidation protein products (AOPP) in liver tissues obtained from 
all groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean 
± SEM. *P<0.05 as compared with control rats; **P<0.05 as compared with MGO group rats.
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MGO-treatment also caused a significant reduction in hepatic TAC levels 
(Fig.3). Decreased hepatic TAC levels in MGO-administered rats were signifi-
cantly increased with chronic Ex-4 treatment (Fig.3).

Figure 3: Levels of total antioxidant capacity (TAC) in liver tissues obtained from all groups. 
C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean ± SEM. 
*P<0.05 as compared with control rats; **P<0.05 as compared with MGO group rats.

Fig.4 shows the levels of sulfhydryl groups (SH) in liver tissues obtained from 
all groups. After the chronic MGO administration, SH levels were decreased 
significantly (Fig.4). The treatment with Ex-4 for 12 weeks resulted in a signifi-
cant increase in SH levels (Fig.4). 
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Figure 4: Levels of sulfhydryl groups (SH) in liver tissues obtained from all groups. C: 
Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean ± SEM. 
*P<0.05 as compared with control rats; **P<0.05 as compared with MGO group rats.

As seen in Fig.5, MPO levels in liver tissues were higher in MGO-administered 
rats compared to control rats (Fig.5). Ex-4 treatment also caused a significant 
reduction in MPO levels in MGO-administered rats (Fig.5). 

Figure 5: Levels of myeloperoxidase (MPO) in liver tissues obtained from all groups. C: 
Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean ± SEM. 
*P<0.05 as compared with control rats; **P<0.05 as compared with MGO group rats.
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In addition, percentage of HbA1c were not significantly different between per-
centage of HbA1c (Fig.6).

Figure 6: Comparison of HbA1c levels in all group rats. C: Control, MGO: Methylglyoxal, Ex-4: 
Exendin-4. All values are expressed as mean ± SEM.

The present study is the first to describe a protective effect of chronic Ex-4 treat-
ment on MGO-induced oxidative stress in liver tissue of rats, suggesting a novel 
role for Ex-4 in protecting against MGO-related liver damage. The results of the 
present study indicate that chronic Ex-4 treatment ameliorates MGO-induced 
hepatic oxidative stress as confirmed by biochemical assays.

The liver is among the primary organs susceptible to oxidative stress because 
it is involved in metabolism and detoxifying processes in the body, which may 
lead to liver tissue injury (Palsamy, Sivakumar, & Subramanian, 2010). How-
ever, the liver is also equipped with cellular antioxidant defense such as SH 
and MPO as not only to neutralize free radicals but also to protect the liver 
cells from oxidative damage. TOS and TAC are usually measured to determine 
the toxicity level in damaged tissues (Oguz et al., 2015). The results of Seo et 
al. showed that MGO increases cell death and induces liver toxicity, which re-
sults from ROS-mediated mitochondrial dysfunction and oxidative stress (Seo 
et al., 2014). The decrease in total antioxidant defense system and the increase 
in oxidative parameters in liver tissue were also reported in MGO-administered 
rats (Choudhary et al., 1997). In agreement, our results showed that levels of 
TOS in the liver was increased in MGO group of rats. Otherwise, protein oxida-
tion is also often studied alongside oxidative stress status (Kalousová, Skrha, & 
Zima, 2002). Oxidant-mediated protein damage can be determined by the level 
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of AOPP. In the present study, significantly increased AOPP levels in the liver 
tissues were found after MGO administration. Moreover, one of the principal 
molecules released after recruitment and activation of phagocytes is MPO, an 
important enzyme involved in the generation ROS (Klebanoff, 2005)the phago-
cytosis and destruction of microorganisms. When coated with opsonins (gen-
erally complement and/or antibody. The measurement of MPO may serve as 
a reliable marker to estimate the degree of oxidative stress (C.-C. Wu et al., 
2005)little is known of how different dialysis membranes contribute to the 
oxidative stress induced by the dialysis procedure per se. We therefore studied 
the influence of two different dialysis membranes on oxidative stress during 
HD. METHODS Eight patients undergoing HD three times per week were en-
rolled in this cross-controlled study. Patients sequentially received HD using 
polysulphone (PS. Importantly, liver MPO levels also significantly increased in 
MGO-administered rats as compared with controls. All these findings clearly 
indicated to an increased oxidative stress in the liver tissues of rats exposed to 
chronic MGO.

MGO administration can also reduce the hepatic antioxidant defense leading to 
accumulation of free radicals in hepatocytes. MGO may inhibit several antioxi-
dant enzymes and thereby, increased oxidative stress may be due to reduction 
in the activities of antioxidant enzymes. One of them, thiol groups are impor-
tant members of the antioxidant team and have been shown to destroy ROS 
and other free radicals by enzymatic and non-enzymatic mechanisms (Jones 
et al., 2000)the redox potential of the GSSG/2GSH pool (-137 +/- 9 mV. Total 
thiol groups of proteins are mainly responsible for their antioxidant response, 
and they can serve as a sensitive indicator of oxidative stress (Halliwell & Gut-
teridge, 1990; Soszyński & Bartosz, 1997). MGO exposure was reported to de-
crease protein-SH and reduce GSH levels in different cell types and in the liver 
(Leoncini, Maresca, & Buzzi, 1989; Ray & Ray, 1984)methylglyoxal was found to 
be the best substrate. The pH optimum of the enzyme was found to be 6.5, and 
Km for methylglyoxal was 0.4 mM. The molecular weight of the enzyme was 
found to be 89000 by gel filtration on a Sephadex G-200 column. Electropho-
resis on sodium dodecyl sulfate-polyacrylamide gel revealed that the enzyme is 
composed of two subunits. The enzyme is highly sensitive to sulfhydryl group 
reagents. The inactivation by p-chloromercuribenzoate could be substantially 
protected by methylglyoxal in combination with NADH, indicating a possible 
involvement of one or more sulfhydryl group(s. In the present study, we ob-
served decreased levels of SH groups in liver tissues of MGO-administered rats 
which further supported the involvement of SH in MGO-induced liver damage. 
Our results also showed that levels of TAC in liver tissues were significantly de-
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creased in MGO group rats compared to controls. Hence, it might be suggested 
that in addition to increased TOS levels due to excessive release of free radicals, 
reduction in TAC and SH groups in hepatic tissue may also contribute to the 
MGO-induced hepatotoxicity in rats.

In a previous study, we have demonstrated that Ex-4 attenuated MGO-induced 
erectile dysfunction through inhibition of oxidative stress (Dalaklioglu et al., 
2018). In the present study, we have showed that MGO-induced oxidative stress in 
liver was also significantly improved by Ex-4 treatment for 12 weeks. The increased 
oxidative stress in livers from MGO-treated rats as indicated by TOS, AOPP and 
MPO levels was significantly reversed by Ex-4 treatment. Antioxidant therapy is a 
potential future therapeutic strategy; increasing antioxidant levels in patients with 
diabetes mellitus-induced liver damage may hopefully counter the effects of oxida-
tive stress, thereby reducing the severity of diabetic complications. Besides its abil-
ity to scavenge free radicals, Ex-4 may also have indirect antioxidant actions. Ex-4 
has been shown to enhance several antioxidant enzymes (Ahangarpour, Oroojan, 
& Badavi, 2018). In accordance with the previous studies, the results of the cur-
rent study also demonstrated that treatment of rats with Ex-4 for 12 weeks slightly 
increased the activities of SH and TAC in the liver tissue. Therefore, the finding of 
increased activities of antioxidant enzymes in the liver tissues of rats treated with 
Ex-4 alone suggest that Ex-4 not only exhibits a direct scavenging effect on free 
radicals but also partly stimulates intracellular antioxidant defense mechanisms. 

Importantly, it is also to be mentioned that preventive effect of Ex-4 occur by a 
mechanism independent from the glucose-lowering effects of this drug. Impor-
tantly, in agreement with previous results (Cardoso et al., 2014; Dalaklioglu et al., 
2018), when MGO (75 mg/kg b.w./day; in drinking water) was given to animals 
for a period of 12 weeks, no significant change in serum HbA1c levels was found 
as compared to controls. Moreover, in the present study, we demonstrated that 
levels of HbA1c did not change with chronic Ex-4 treatment at a dose of 1 μg/kg in 
MGO-administered rats. Thus, the protective effect of Ex-4 against MGO-induced 
oxidative stress in liver does not seem to be associated with well-known glucose 
lowering effect of this drug.

In conclusion, the results of present study provide first evidence for the combined 
effect of decreased oxidative stress and increased antioxidant defense mechanisms 
contributing to therapeutic effect of Ex-4 against MGO-induced oxidative stress in 
liver tissue. Based on the results of the present study, it is possible to suggest that 
Ex-4 treatment may offer a novel therapeutic approach for the prevention of hepa-
totoxicity induced by MGO, especially in diabetic adults.
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Figure Legends

Figure 1. Levels of total oxidant status (TOS) in liver tissues obtained from 
all groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are 
expressed as mean ± SEM. *P<0.05 as compared with control rats; **P<0.05 as 
compared with MGO group rats.

Figure 2. Levels of advanced oxidation protein products (AOPP) in liver tissues 
obtained from all groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. 
All values are expressed as mean ± SEM. *P<0.05 as compared with control 
rats; **P<0.05 as compared with MGO group rats.

Figure 3. Levels of total antioxidant capacity (TAC) in liver tissues obtained 
from all groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All val-
ues are expressed as mean ± SEM. *P<0.05 as compared with control rats; 
**P<0.05 as compared with MGO group rats.

Figure 4. Levels of sulfhydryl groups (SH) in liver tissues obtained from all 
groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are ex-
pressed as mean ± SEM. *P<0.05 as compared with control rats; **P<0.05 as 
compared with MGO group rats.

Figure 5. Levels of myeloperoxidase (MPO) in liver tissues obtained from all 
groups. C: Control, MGO: Methylglyoxal, Ex-4: Exendin-4. All values are ex-
pressed as mean ± SEM. *P<0.05 as compared with control rats; **P<0.05 as 
compared with MGO group rats.

Figure 6. Comparison of HbA1c levels in all group rats. C: Control, MGO: 
Methylglyoxal, Ex-4: Exendin-4. All values are expressed as mean ± SEM.
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