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Protein glycation is a non-enzymatic reaction between reducing sugars or 
dicarbonyl compounds (such as methylglyoxal) with protein causing the formation of 
advanced glycation end products (AGEs) linked to the development of diabetic vascular 
complications. Cyanidin-3-rutinoside (C3R), a natural anthocyanin present in fruits and 
vegetables, possesses various pharmacological activities. The objectives of the present 
study were to investigate the anti-glycation and cardioprotective effect of C3R in in 
vitro and in animal model. The results showed that C3R (0.125-1 mM) markedly inhibited 
fluorescent and non-fluorescent AGEs formation, fructosamine formation, protein carbonyl 

formation, protein thiol groups depletion and β-amyloid cross structure formation in 
bovine serum albumin (BSA) induced by ribose, fructose, glucose, galactose or 
methylglyoxal. C3R directly trapped methylglyoxal and scavenged superoxide anion and 
hydroxyl radicals-induced oxidative DNA fragmentation during methylglyoxal/lysine 
reaction. Moreover, C3R (3 µM) prevented methylglyoxal-induced vascular abnormalities in 
isolated rat thoracic aorta and mesenteric arterial bed by normalizing vascular functions 
(contraction and relaxation). In feeding studies, C3R treatment (30 and 100 mg/kg/day) 
decreased the accumulation of plasma methylglyoxal after 8 weeks of feeding period with 
methylglyoxal (60-120 mg/day). In addition, C3R also attenuated methylglyoxal-impaired 
vascular functions through normalizing contraction and relaxation as well as upregulating 
endothelial nitric oxide synthase (eNOS) mRNA and decreasing AGEs accumulation in aortic 
tissue. The present study demonstrated that C3R could be a potential compound for 
preventing methylglyoxal-mediated diabetic vascular complications. 
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CHAPTER I 

INTRODUCTION 
 

1.1 Background and significance of the present study 

Protein glycation is a non-enzymatic reaction between carbonyl group of 

reducing sugar and free amino group of proteins. The glycation process initiates the 

formation of unstable Schiff’s base, which then undergoes rearrangement resulting in 

a more stable ketoamine compound, known as the amadori products such as 

fructosamine and hemoglobinA1c (Ulrich and Cerami, 2001, Leslie and Cohen, 2009). 

Glycoxydation, Schiff’s base oxidation and free-radical generation further promote 

the formation of reactive dicarbonyl molecules which cause the modification of 

proteins by cross-linking and reducing disulfides of target proteins to form irreversible 

advanced glycation end products (AGEs) (Goldin et al., 2006, Wu et al., 2011). AGEs 

contribute the formation of cross-links in proteins that permanently alters cellular 

structures and actions mediated via activation of the receptor for AGEs (RAGE) (Wu et 

al., 2011). As present in poorly managed diabetics, chronic hyperglycemia in diabetic 

patients accelerates the formation and accumulation of AGEs. AGEs have been 

considered to be a significant contributor of age-related diseases (Khazaei et al., 

2010), hypertension, atherosclerosis, and diabetic vascular complications (Rosolova et 

al., 2008) 

In early stages of the glycation with monosaccharides, specifically reducing 

sugars, induce protein glycation, the rate of progression depending on the type and 

concentration (Syrovy, 1994). Apart from monosaccharides, scientific evidence 

indicates that a dicarbonyl molecule, methylglyoxal that formed during propagation 

stages of glycation, glycolysis, and polyol pathway is a reactive precursor to produce 
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AGEs (Ramasamy et al., 2006, Riboulet-Chavey et al., 2006). The elevation of serum 

and tissue concentration of methylglyoxal has been found in pathological conditions, 

especially diabetes (Wang et al., 2007, Vander Jagt, 2008). Methylglyoxal have been 

showed to modify the amino groups of lysine, resulting in the formation of AGEs and 

the production of free radical, including superoxide and hydroxyl radicals (Suji and 

Sivakami, 2007). It is supposed to be a causative factor mediated an oxidative 

modification and subsequent damage on cellular components including proteins 

(Seneviratne et al., 2011) and DNA (Kang et al., 2006, Suji and Sivakami, 2007). Free 

radicals mediated oxidative DNA damage has been hypothesized to play critical roles 

in diverse process mutagenesis, carcinogenesis and physiological aging (Sagripanti and 

Kraemer, 1989). 

Higher concentrations of methylglyoxal have been shown to be associated 

with vascular abnormalities in diabetic patients (Wang et al., 2005, Matafome et al., 

2013) and correlated with the degree of hypertension in spontaneous hypertensive 

rats (SHR) (Huang et al., 1997, Anuradha and Balakrishnan, 1999, Tran et al., 2009). 

Similarly to SHR, long-term methylglyoxal treatment in isolated mesenteric artery has 

also been reported to promote endothelial dysfunction by decreasing nitric oxide 

(NO) production via the down regulation of endothelial nitric oxide synthase (eNOS) 

expression, leading to impair vascular functions (vasoconstriction and vasodilation) 

(Wang et al., 2004, Mukohda et al., 2012, Mukohda et al., 2013). The methylglyoxal-

derived AGEs triggers RAGE interaction cascades the signaling to stimulate NADPH 

oxidase and increases ROS production, attributes to activation of transcription factor 

NF-κB that play a crucial role in inflammatory injury and vascular damage (Goldin et 

al., 2006). Methylglyoxal could affect inflammation responses in endothelial cell in 

addition to impaired vascular reactivity which occurs as early event in atherosclerosis, 

hypertension and vascular complication in diabetic patients (O'Keefe et al., 2009). 
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Thus, the possible way to reduce the risks of diabetic complications is to inhibit 

methylglyoxal accumulation and AGEs formation (Wu et al., 2011). Anti-glycating 

agents such as aminoguanidine as received the most interest from a clinical trials 

perspective due to its inhibitory effect on AGEs formation (Ihm et al., 1999). However, 

previous studies have indicated some deleterious properties of aminoguanidine in 

patient with diabetic nephropathy (Freedman et al., 1999, Bolton et al., 2004). 

Therefore, much effort has been extended in search of effective phytochemical 

compounds from dietary fruits, plants and herbal medicines on inhibition of AGEs 

formation (Ardestani and Yazdanparast, 2007, Zafra-Stone et al., 2007, Tupe and 

Agte, 2010). 

One of interesting compounds is anthocyanin pigments which are responsible 

for red, purple or blue color of many fruits and vegetables. They belong to a parent 

class of flavonoids which have been identified as antioxidant, anti-carcinogen and 

anti-inflammation (Nijveldt et al., 2001). In addition, the anthocyanins also showed 

the beneficial health effect by lowering the risk of cardiovascular disease as well 

(Galvano et al., 2007, de Pascual-Teresa et al., 2010). Numerous previous studies 

have reported that anthocyanin-rich plant extracts potentially inhibit the formation 

of AGEs in in vitro models of glycated albumin and hemoglobin (Beaulieu et al., 

2010, Jariyapamornkoon et al., 2013, Sri Harsha et al., 2013). The proposed 

mechanisms of anthocyanins have been reported as an antioxidant activity and 

methylglyoxal trapping capacity (Liu et al., 2011, Jariyapamornkoon et al., 2013). 

Cyanidin-3-rutonoside (C3R), a natural of anthocyanin, is found to have high 

proportion in dietary source such as blackberry, lychee and capulin. Several lines of 

evidence indicate C3R being an effective antioxidant (Tulio et al., 2008, Li et al., 

2012, Ortiz et al., 2013) and also anti-hyperglycemic by its ability to inhibit intestinal 

α-glucosidase and pancreatic α-amylase (Akkarachiyasit et al., 2010, Adisakwattana et 



 

 

4 

al., 2011, Lu et al., 2013). The inhibition of C3R on the enzymes that play important 

role in carbohydrate digestion and absorption could be proposed mechanism to 

decrease postprandial hyperglycemia. However, no research has been so far 

accomplished on C3R in relation to its anti-glycation activity. Therefore, it would be 

interesting to investigate the protective effect of C3R on methylglyoxal-mediated 

protein glycation, oxidative DNA damage and vascular abnormality in vitro and in 

animal model 

1.2 Research questions 

1. Does C3R inhibit monosaccharides- or methyglyoxal-mediated protein 

glycation?  

2. Does C3R prevent methylglyoxal-induced oxidative DNA damage?  

3. Does C3R prevent methylglyoxal-induced vascular abnormalities? 

1.3 Objectives of the present study 

 1. To investigate the effect of C3R on protein glycation mediated by 

monosaccharides, including ribose, fructose, glucose and galactose, and reactive 

dicarbonyls molecule, methylglyoxal, in vitro 

2. To examine the effect of C3R on methylglyoxal-induced oxidative DNA 

damage in vitro 

3. To investigate the effect of C3R on methylglyoxal-mediated vascular 

abnormalities in isolated vascular preparations (rat aortic tissue and mesenteric 

artery) 

4. To investigate the effect of C3R on alleviating vascular abnormalities in 

methylglyoxal-treated rats 
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1.3 Hypotheses of the present study 

1. C3R could inhibit ribose-, fructose-, glucose-, galactose- and methylglyoxal-

mediated protein glycation by decreasing formation of advanced glycation end 

products (AGEs) as well as oxidation-dependent protein damage.  

2. C3R could prevent methyglyoxal-induced oxidative DNA damage by 

scavenging of reactive oxygen species production, DNA fragmentation and direct 

trapping to methylglyoxal.  

3. C3R might prevent methylglyoxal-mediated vascular abnormalities in 

isolated vascular tissues by normalizing vascular functions (contraction and 

relaxation).  

4. Dietary intake of C3R may prevent or delay the pathogenesis of vascular 

abnormalities in methylglyoxal-treated rats by decreasing methylglyoxal 

concentration in plasma, AGEs accumulation and endothelial dysfunction, and 

normalizing vascular functions. 
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CHAPTER II 

LITERATURE REVIEW 
 

2.1 Diabetes 

Diabetes is one of the most common chronic diseases associated with the 

metabolics disorder. Hyperglycemia or high circulating blood glucose is the major 

characteristic of diabetic patient, resulting from abnormalities in either insulin 

secretion or insulin function or both. Chronic hyperglycemia plays important roles in 

the dysfunction and serious damage of several organs particularly kidneys, eyes, 

nerves, heart and blood vessels (American Diabetes, 2007). The World Health 

Organization reported the number of people with diabetes has risen from 108 million 

in 1980 to 422 million in 2014. Diabetes caused 1.5 million deaths in 2012, and high 

blood glucose caused an additional 2.2 million deaths, by increasing the risk of 

cardiovascular and other diseases.  

The pathogenic processes involved in the development of diabetes are the 

autoimmune destruction of β-cell of pancreases with consequent insulin deficiency 

and abnormality that result in resistance to insulin action. The impairment of insulin 

secretion and insulin action usually occur as combination in the same patient, and it 

is unclear which abnormality is the primary cause of hyperglycemia. The degree of 

hyperglycemia depends on the underlying disease process and associates the 

pathologic and functional change in several target organs in diabetes patient. These 

may be present for a long period of time without the clinical symptoms before 

diabetes is diagnosed. 

2.1.1 Classification 
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 Type 1 diabetes 

 Type 1 diabetes or insulin-dependent diabetes accounts for only 5-10% of all 

diabetes cases. It usually found in childhood or young adulthood, but also develop 

at any age. Type 1 diabetes is insulin deficiency category resulting from a cellular-

mediated autoimmune destruction of the β-cell of the pancreas. This process occurs 

over many months or years asymptomatic of diabetes. High blood glucose and 

others symptoms (such as polyuria, polydipsia, weight loss and blurred vision) occur 

when the function of β-cell have been destroyed more than 90%. The causes of 

type 1 diabetes are still unclear. It has been found to develop in people with family 

history of diabetes, but also develop in people with no family history. Genetic 

disorders and environmental factors might activate the autoimmune response to 

damage β-cell. Diabetic ketoacidosis is serious condition occur mostly in type 1 

diabetes when the level of blood glucose get too high leading to diabetic coma or 

event death. In addition to acute condition, chronic hyperglycemia in people with 

type 1 diabetes involves in the increased risk of cardiovascular diseases which are 

causes of premature mortality. Therefore, blood glucose control within target range is 

important prevention or amelioration the development of complications. Secondary, 

insulin replacement is one component of treatment for people with type 1 diabetes.  

 Type 2 diabetes 

Type 2 diabetes or non-insulin-dependent diabetes accounts for only 90-95% 

of all diabetes cases. Hyperglycemia in type 2 diabetes results from insulin resistance 

of target organs and usually related to the impairment of insulin secretion. 

Hyperglycemia itself also causes the adverse in metabolic state as a vicious cycle by 

impairing insulin production from pancreatic β-cell and exacerbating insulin resistance 

(Li et al., 2004). Moreover, genetic and environmental factors such as obesity, 
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sedentary lifestyle, overeating, aging and stress also affect β-cell function and insulin 

sensitivity of insulin target organs (muscle, liver, adipose tissue and pancreas). 

Reduced insulin sensitivity of target organs is a major feature in type 2 diabetes 

(Scheen, 2003). Insulin resistance develops and expands prior to disease onset. The 

elevation of postprandial blood glucose in patient with early stage of type 2 diabetes 

is slowly raised as a result of increased insulin resistance and decreased early-phase 

insulin secretion. The progression of impairment of pancreatic β-cell function greatly 

affects the long-term control of blood glucose and permanently elevate blood 

glucose (Kohei, 2010). The risk of cardiovascular disorders is increased in individuals 

with marginal blood glucose elevation. Therefore, the early intervention to control 

blood glucose in normal range is an important factor to prevent the onset of 

diabetes and control the progression of complications.  

 Gestational diabetes  

Gestational diabetes is the hyperglycemia condition that first recognized 

during pregnancy involving in the increasing risk of adverse pregnancy outcomes. 

Gestational diabetes is approximately 7% of all pregnancies. Fetal macrosomia, 

neonatal hypoglycemia, jaundice, polycythemia and hypocalcemia may found in any 

severity of gestational diabetes. Severe hyperglycemia in pregnancy associated with 

the risk of intrauterine fetal death during the last 4-8 weeks of gestation and the 

maternal hypertensive disorder. The high risk factors of gestational diabetes include 

obesity, glycosuria, unrecognized glucose intolerance personal history of gestational 

diabetes or family history of diabetes. Woman with gestation diabetes are increased 

in the risk of the development of diabetes (usually type 2) after pregnancy whereas 

offspring are increased the risk of obesity, glucose intolerance and diabetes in late 

adolescence and young adulthood. Insulin therapy or only diet modification is used 

for treatment to control maternal blood glucose (Association, 2003). 
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2.1.2 Role of hyperglycemia on diabetic complications  

Chronic hyperglycemia induces the direct and indirect effects on vascular 

health which is central to the high prevalence of morbidity and mortality in both 

type 1 and type 2 diabetes (Kitabchi et al., 2009). The hyperglycemia-mediated 

vascular complications are divided into macrovascular complications (coronary artery 

disease, atherosclerosis, and stroke) and microvascular complications (diabetic 

retinopathy, nephropathy and neuropathy) (Metascreen Writing et al., 2006, Rosolova 

et al., 2008). 

The general feature of diabetic patient is hyperglycemia that induced tissue 

damage and subsequently develops the complications in diabetes. The diabetic 

tissue damage by hyperglycemia is modified by genetic determination and 

independent accelerating factors such as hypertension (Giacco and Brownlee, 2010). 

Hyperglycemia-induced cellular damage associates with the overproduction 

superoxide anion by electron transport chain in mitochondria. Under physiological 

situation, the electron donor NADH and FADH2 are generated during glucose 

metabolism through glycolysis and tricarboxylic acid (TCA) cycle, then transfers 

electron to protein complexes in mitochondria electron transport chain for ATP 

generation. In diabetic cell with high glucose, there are more glucose being 

metabolited in glycolysis and TCA cycle, and generates more electron donor into 

mitochondria respiratory chain (Brownlee, 2005, Giacco and Brownlee, 2010). When 

the clinical threshold of voltage gradient across the mitochondria membrane is 

reached, the electron transfer is blocked and donates electron to oxygen molecule, 

thereby generating superoxide anion. Excessive superoxide anion production in 

vascular endothelial cell inhibits aldehyde-3-phoaphate dehydrogenase (GAPDH) 

activity that catalyze the conversion of glyceraldehyde-3-phosphate to 1,3-bis-

phosphateglycerate in glycolysis pathway (Kanwar and Kowluru, 2009). The inhibition 
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of GAPDH activity cause an increase of all glycolytic intermediate that are upstream 

of GAPDH including glucose, glucose-6-phosphate, fructose-6-phosphate and 

glyceraldehyde-3-phosphatecause which are precursors for the damaging pathways 

including polyol pathway, protein kinase C activation, hexosamine pathway and 

advanced glycation end products (AGEs) via protein glycation as shown in figure 1.  

 

Figure 1 The cellular mechanism of hyperglycemic damage  
(Brownlee, 2005) 

 Polyol pathway  

The polyol pathway plays a role in the reduction of toxic aldehydes such as 

glucose in the cell to inactive alcohol using aldose reductase as key enzyme. 

Glucose is reduced to sorbitol, and then converted to fructose. In hyperglycemia 

condition, the impairment of aldose reductase function reduces the metabolism of 

glucose into sorbitol that is consequently oxidized to fructose. Intracellular 
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antioxidant cofactor NADPH is also used as cofactor in polyol pathway that increases 

susceptibility to intracellular oxidative stress (Brownlee, 2005).      

 Protein kinase C (PKC) activation 

Intracellular hyperglycemia increases secondary messenger molecule 

diacylglycerol to activate protein kinase-C-α, -β and –δ isoform. The activation of PKC 

in endothelial cell causes vascular abnormalities by reducing the production of 

vasodilator nitric oxide and increasing the production of vasoconstrictor endothelin-1. 

Moreover, hyperglycemia-activated PCK also involves in vascular permeability 

angiogenesis, capillary occlusion, pro-inflammatory gene expression and oxidative 

stress via NADPH oxidase activation (Galvano et al., 2007).     

 Hexosamine pathway  

The metabolic rate of glucose increases when hyperglycemia condition is 

present inside the cell. In addition to metabolism via glycosis pathway, some of 

fructose-6-phosphate, an intermediate in glycolysis, also converts to glucosamine-6 

phosphate and finally to UDP N-acetyl glucosamine by using glutamine: fructose-6 

phosphate aminotransferase (GFAT). N-acetyl glucosamine binds to serine and 

threonine on transcription factors resulting in the modification of transcription 

factors-regulated gene expression, and the development of diabetic complications 

(Bunn and Higgins, 1981).    

 Advanced glycation end product (AGEs) formation 

AGEs are product from non-enzymatic reactions between carbonyl containing 

compounds such as glucose and free amino groups of biomolecules, particularly 

protein, called protein glycation reaction. There are three major mechanisms of AGEs 

to damage cells. The first mechanism is the modification of intracellular protein, 
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especially protein involved in the regulation of gene expression. The second 

mechanism is the modification of extracellular matrix molecules when AGEs diffuses 

out of the cells resulting in the alteration of cellular signaling activated by matrix and 

caused cellular dysfunction. The third mechanism is the modification of circulating 

protein such as albumin. The modified protein can binds and activates AGEs receptor 

on cell membrane to generate inflammatory cytokines and growth factors which 

cause vascular damage (Jariyapamornkoon et al., 2013).  

2.2 Protein Glycation 

Diabetes is chronic disease marked by hyperglycemia resulting in the 

accumulation of AGEs via non-enzymatic glycation that chemically modifies 

biological protein then causing the wide variety of tissue pathologies (McCance et al., 

1993, Brownlee, 2005). The study of protein glycation and AGEs formation has 

become of great interest due to the suspected effects of glycation on the 

pathogenesis of diabetic complications. This interest is illustrated in figure 2 by the 

increasing number of publications that have appeared on this topic over the last 

decade.  
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Figure 2 Number of publications that have appeared over the last decade that are 

related to the topic of advanced glycation end products (AGEs) and diabetic 

complications. 

A complex process of protein glycation is initiated by non-enzymatic 

interaction between free amino groups of amino acid, peptide or protein and 

carbonyl group of reducing sugars such as ribose, glucose, fructose and galactose 

causing the formation of irreversible product called AGEs. The major targets on 

protein molecule in glycation process include side chain groups of amino acid lysine 

(amino group), arginine (guanidine group) and cysteine (thiol group) (Smith and 

Thornalley, 1992, Westwood and Thornalley, 1995)   

2.2.1 Endogenous source of AGEs 

AGEs endogenously produces via glycation process that includes initiation 

stage, propagation stage and advanced stage (Wu et al., 2011).   
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In initiation stage, a complex process of protein glycation is initiated by non-

enzymatic interaction between free amino groups of protein and carbonyl group of 

reducing sugar, such as glucose and fructose, leading to the formation of reversible 

structure called Schiff’s bases (figure 3). This structure can further rearrange, through 

the formation of more stable ketoamine termed Amadori products, such as 

fructosamine and HemoglobinA1c (Wu et al., 2011). The reaction is reversible up to 

the point of Amadori product formation. HemoglobinA1c is the Amadori product of 

glucose and hemoglobin in red blood cell and is used as marker for monitoring long-

term glycemic control in diabetic patient (Ansari and Dash, 2013). Amadori product 

fructosamine is an alternative marker of glycemic control (Juraschek et al., 2012). It is 

a glycated product of non-enzymatic reaction between albumin in blood circulation 

and glucose or fructose (Armbruster, 1987).   

In propagation stage, Amadori products undergo further degradation, 

dehydration, rearrangement and oxidation which lead to release some reactive 

oxygen species (ROS) and generation of reactive carbonyl intermediates, including 3-

deoxyglucosone, glyoxal and methylglyoxal. The overproduction of ROS also involves 

in the reactive carbonyl intermediates formation through several oxidative 

metabolisms such as Schiff base oxidation via Namiki pathway (figure 4), glyoxidation 

or the Wolff pathway (figure 5).  

In the late stage, Amadori products as well as reactive dicarbonyl compounds 

again modify with free amino, guanidine and thiol groups of protein leading to 

cosrrlink and formation of AGEs. Reactive carbonyl intermediates is more reactive 

AGEs precursor than the parent sugar. Therefore, reactive dicarbonyl compounds-

derived AGEs formation play an important role in the pathogenesis of diabetic 

complications including diabetic retinopathy, nephropathy, neuropathy, coronary 

artery disease and stroke (Wu et al., 2011, Semchyshyn and Lushchak, 2012). 
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Figure 3 Glycation process  
(Nagai et al., 2012) 

 

Figure 4 Reactive carbonyl species formation during the fragmentation of Schiff base 
via Namiki pathway  

(Semchyshyn and Lushchak, 2012). 
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Figure 5 Oxidative degration of glucose or Wolff pathway leads to generate reactive 
carbonyl species  

(Semchyshyn and Lushchak, 2012). 

2.2.2 Exogenous source of AGEs 

The formation of AGEs also derived from exogenous sources such as smoking 

and food. Cigarette smoke has been reported to derive AGEs in lens crystalline and 

arterial wall of coronary artery (Singh et al., 2001). However, mechanism of AGEs 

formation and AGEs type are still unclear. In addition to smoking, heat treatment of 

food causes non-enzymatic browning, called Millard reaction. The AGEs crosslink 

formation in food is resistance to enzymatic degradation. Thus, the oral 

administration of food-containing AGEs is poorly absorbed from gastrointestinal tract 

(Uribarri et al., 2010). There has been increased evidence that dietary AGEs associate 

with the development of chronic degenerative diseases of aging such as Alzheimer’s 

disease, cardiovascular diseases and diabetic complications. In animal models and 

humans, the restriction of dietary AGEs consumption improved wound healing, 
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insulin resistance and cardiovascular diseases and increase the lifespan in animal 

models (Luevano-Contreras and Chapman-Novakofski, 2010). However, the 

mechanisms of food-containing AGEs consumption are still unclear because of the 

confounding factors in dietary based studies (Clarke et al., 2016).     

Table 1 The advanced glycation end product (AGEs) content of foods, beverages and 
fruits, based on carboxymethyllysine content  
(Uribarri et al., 2010) 

Food AGE Content (kU/100g) 

Fat  
Olive, ripe, large (5 g) 1,670 
Oil, corn 2,400 
Cashews, roasted 9,807 
Oil, olive 11,900 
Margarine, tub 17,520 
Butter, whipped 26,480 
Protein  
Salmon, smoked 572 
Egg, fried 2,749 
Pork, roast 3,544 
Sausage, beef and pork links, pan fried 5,426 
Beef, roast  6,071 
Chicken, breast, roasted 6,639 
Carbohydrate  
Sugar, white 0 
Syrup, caramel 0 
Honey 7 
Rice, white 9 
Bread, 100% whole wheat 53 
Potato, sweet, roasted 72 
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Chips, potato 2,883 

Fruits AGE Content (kU/100g) 

Banana 9 
Cantaloupe 20 
Apple  45 
Raisin 120 

Vegetables AGE Content (kU/100g) 

Tomato 23 
Cucumber 31 
Celery 43 
Eggplant 256 

Dairy products AGE Content (kU/100g) 

Milk, fat-free 1 
Yogurt 3 
Milk, whole 5 
Milk, soy 31 
Cheese, cheddar 5,523 

Beverages AGE Content (kU/100g) 

Juice, cranberry 2 
Coffee, with milk and sugar 2 
Tea, Lipton Tea bag 2 
Coca Cola, classic 3 
Juice, orange 6 
Wine, pinot grigio 33 
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2.3 Advanced glycation end products (AGEs) 

2.3.1 Types of AGEs  

AGEs are a group of variety of structurally compounds that results from 

protein glycation mediated by reducing sugars and dicarbonyl compounds. 

Consequently, heterocyclic crosslinking and fragmentation of intermolecular or 

intramolecular occur in the protein molecule causing protein dysfunction and 

irreversible damage. The damaging proteins are resistance to enzymatic digestion and 

accumulate in tissues (Bierhaus et al., 1998).  According to chemical structure, AGEs 

may be characterized by crosslinking structure and fluorescence property into 2 

types: 1) crosslinking and fluorescence AGEs such as pentosidine, crossline, 2-(2-

furoyl)-4(5)-(2-furanyl)-1H-imidazole (FFI), fluorolink, glyoxal-lysine dimer (GOLD), 

methylglyoxal-lysine dimer (MOLD) and vesperlysine A, B and C (figure 6), and 2) non-

crosslinking and non-fluorescence AGEs such as Nε-(carboxymethyl) lysine (Nε-CML),  

Nε-(carboxyethyl) lysine (Nε-CEL), pyrraline and argpyrimidine (figure 7) (Wu et al., 

2011). 

Pentosidine is fluorescent AGEs that can be formed during the reaction 

between lysine or arginine amino acid residual and several precursors such as 

glucose, ribose and 3-deoxy glucosone. Pentosidine and Nε-CML have been found to 

accumulate in skin and lens in diabetic models (Dyer et al., 1993). In addition, 

Amadori product modify protein causes the generation of Nε-CML, Nε-CEL, MOLD and 

GOLD as well as unidentified compounds (Wu et al., 2011).   

Nε-CML, Nε-CEL, GOLD and MOLD are used as the major biomarkers of 

glycation in tissue protein. The elevation of Nε-CEL and MOLD had found in lens 

proteins and skin collagen with ageing that consistent with an increase Nε-CML and 

Nε-CEL in skin collagen and plasma proteins in uremia in diabetic model. The level of 
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GOLD and MOLD concentration present in tissue is higher than the concentration of 

fluorescent crosslink, pentosidine (Degenhardt et al., 1998). 

 

 

Figure 6 Chemical structures of fluorescent and crosslink AGEs   
(Wu et al., 2011) 
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Figure 7 Chemical structures of non-fluorescent and non-crosslinking AGEs  
(Wu et al., 2011) 

2.3.2 Roles of AGEs in several pathologies  

The different rate of glycation would accelerate the production rate of 

glycated products, leading to increase a risk of complications related to diabetes 

(Bunn and Higgins, 1981). In the experimental studies, glycation with D-ribose triggers 

misfolding and forms globular amyloids-like aggregations in albumin that induces the 

apoptosis of neuroblast cell (Wei et al., 2009, Wei et al., 2012). Moreover, rats fed a 

high galactose, which is one-tenth stability of the ring structure of glucose, had more 

extensive nonenzymatic glycosylation of lens crystallins than normal and diabetic 

rats.  

Clinical and experimental evidences reported that the level of AGEs is 

significant higher in diabetes models, accelerated by hyperglycemia (Kilhovd et al., 

1999, Turk et al., 1999). The glycation of protein modifies their physiological 
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functions by disrupting conformation, altering enzymatic activity and reducing 

degradation capacity. The accumulation of AGEs in tissues and organs is a major 

factor, involving in the pathogenesis of diabetic complications and other health 

disorders. AGEs-involved in the development of pathologies in diabetic complications 

are the overproduction of ROS and the activation of chronic inflammatory process 

through the receptor for AGEs (RAGE) (McCance et al., 1993, Stitt, 2001). The 

modification of circulating protein generates AGEs which binds to RAGE. The binding 

stimulates the translocation of transcription factor NF-kB to trigger intracellular 

signaling, gene expression and release of inflammatory mediators and reactive 

oxygen species (ROS) production including superoxide anions and hydroxyl radicals 

(McCance et al., 1993, Kang, 2003, Harman, 2009). The overproduction of ROS leads 

to protein oxidation contributing to oxidative stress. The loss of free sulfhydryl group 

(thiol group) and the increased content of protein carbonyls in protein reflect 

oxidative protein damage (Dalle-Donne et al., 2003, Balu et al., 2005, Aćimović et al., 

2009). Furthermore, glycation cause protein conformation change as shown by 

increasing the aggregation of cross-linked protein in the form of β-amyloid cross 

structure (Khazaei et al., 2010). Protein aggregation is mostly found in various 

degenerative disorders such as Alzheimer’s disease and ageing (Bouma et al., 2003). 

AGEs has also been revealed to affect transcription factors that regulates insulin gene 

expression. As the results, AGEs decreased expression and nuclear tranlocation of 

insulin gene activator pancreatic and duodenal box-1 (PDX-1) and reduced 

phosphorelation of insulin gene inhibitor forkhead transcription factor (FoxO1), 

resulting in a dereased insulin content in pancreatic islet cell line HIT-T15 (Puddu et 

al., 2010).  

In diabetic patient, chronic hyperglycemia plays crucial roles in the 

development of microvascular and macrovascular complication, including 
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retinopathy, nephropathy, neuropathy, atherosclerosis and stroke which are 

associated with higher level of AGEs (Ahmed, 2005, Wada and Yagihashi, 2005). The 

AGEs-activated proinflammatory process plays a role in an increasing vascular 

endothelial damage and vascular remodeling. The previous studies showed that 

AGEs relates to the formation and progression of atherosclerotic lesions (Basta et al., 

2004) by promoting the overproduction of ROS, then triggers the expression of 

adhesion molecules (vascular cell adhesion molecule 1 (VCAM1) and intercellular 

adhesion molecule 1 (ICAM–1)) on endothelial cell membrane. The adhesion 

molecules expression is an important marker of endothelial dysfunction by increasing 

vascular permeability and white blood cell infiltration in to vascular wall (Tan et al., 

2002). Moreover, AGEs-crosslink formation with structural molecule in vascular wall 

collagen results in arterial stiffening with loss of elasticity of vessels. These processes 

accelerate initiation and progression of atherosclerosis (Dyer et al., 1993, Ulrich and 

Cerami 2001). In addition, the glycation of lens crystallines also contributes the 

pathogenesis of diabetic retinopathy via the glycation of Na+-K+ ATPase enzyme 

leading conformation change and its activity impairment. The dysfunction of Na+-K+ 

ATPase enzyme alters intracellular ion concentration and subsequent water 

movement via osmosis could result in the cataract formation (Stevens, 1998, Ulrich 

and Cerami, 2001). 

2.4 AGEs precursors 

2.4.1 Reducing sugars 

It is well known that the in vitro glycation rate is a function of the 

anomerization of the sugar. The rate of glycation reaction of various 

monosaccharides varied over a 300-fold range and strongly correlates with the 

number of open form of sugar that exists in the solution. Aldose sugars react more 
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rapidly than ketose sugars, as would be expected in that aldehyde carbonyl groups 

are relatively more electrophilic than ketone carbonyl groups. Moreover, the 

interaction of monosaccharides with protein can be affected by the presence of 

charged groups on the sugar. Ribose has been revealed as the most active glycation 

inducer among the reducing monosaccharides. The reactivity of the sugar increases 

as follows: e.g., glucose < mannose < galactose < xylose < fructose < arabinose < 

ribose (Syrovy, 1994). 

In aqueous solution, sugars exist as an intramolecular hemiacetal in which the 

free hydroxyl group at C-5 form bond with the aldehydic C-1, rendering the latter 

asymmetric and giving rise to stereoisomers. The aldofuranose ring of ribose is 

puckered conformations which is unstable, and then vulnerable to react with amino 

groups of protein. This may be one reason why furanoses are more reactive in 

glycation than pyranoses. In contrast, the six-membered aldopyranose ring, such as 

glucose, is much more stable ring structure rather than other stereoisomers because 

of the equatorial orientation of its hydroxyl groups. This stable ring structure greatly 

retards the rate of glucose condensation with proteins. Thus, the relatively high 

stability of its ring structure allows high concentrations of glucose and proteins to 

coexist in various tissues with a minimal risk of irreversible covalent modification.  

Conversely, if organisms contained a comparatively high concentration of a 

metabolic fuel having a relatively unstable ring structure, it is likely that extensive 

covalent modification of proteins would occur along with potential impairment of 

function.  

2.4.2 Dicarbonyl compounds (α-oxoaldehyde) 

The formation of dicarbonyl compounds, namely the reactive carbonyl 

species (RCSs), is considered the critical event in glycation process. Dicarbonyl 
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compounds including glyoxal, methylglyoxal and 3-deoxyglucosone are generated as 

intermediates in glycation process during Amadori product rearrangement and 

glyoxidation. They are precursor of AGEs with far more reactive than parent 

compounds, reducing sugars and play a key role in the cytotoxicity of AGEs and 

susceptible to diabetic complications (Wu et al., 2011).  

Glyoxal and glycolaldehyde modify protein during glycation under 

physiological conditions leading to protein cross-linking and Nɛ-(carboxymethyl)lysine 

(Nɛ-CML) formation. The Nɛ- CML formation mediated glyoxal and glycoaldehyde 

occur through an intramolecular Cannizzaro reaction without oxidation (Glomb and 

Monnier, 1995). The major modification site by glyoxal in protein molecule is arginine 

residuals that have been demonstrated in glycated ribonuclease (RNase) (Cotham et 

al., 2004). In addition, glyoxal-lysine dimer (GOLD) also forms during the reaction of 

glyoxal with protein. 

3-deoxyglucosone is a potent AGEs precursor contributing to AGEs formation. 

3-deoxyglucosone rapidly reacts with lysine or arginine residuals in protein molecule 

to generate pyrraline, pentosidine and other compounds (Wu et al., 2011). The 

elevation of 3-deoxyglucosone-medified protein has found in diabetic kidney versus 

control rat (Kusunoki et al., 2003).   

Under physiological condition, the irreversible reaction of methylglyoxal with 

guanidine group on arginine residual causes the formation of immidazolone adducts, 

while the reaction with animo group on lysine residual in protein lead to form Nɛ-

(carboxyethyl)lysine (Nɛ-CEL) and methylglyoxal-lysine dimer (MOLD) (Degenhardt et 

al., 1998). It has been indicated that methylglyoxal showed the highest potent to 

induce the glycation of lysozyme than glyoxal, 3-deoxyglucosone and glucose (Millar 

et al., 2002). 
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2.5 Methylglyoxal 

 Methylglyoxal, also called pyruvaldehyde or 2-oxopropanal, belongs to 

reactive carbonyl intermediates that contain two carbonyl groups in the molecule 

(figure 8). In addition to sugars, methylglyoxal are known as potent precursor to form 

AGEs under physiological condition at physiological concentrations of methylglyoxal 

(Lo et al., 1994). The accumulation of AGEs in tissue associates with the progression 

of ageing and diabetic complication. 

  

Figure 8 Chemical structure of methylglyoxal  

(Wu et al., 2011) 

 A number of proteins have been revealed to modify methylglyoxal including 

bovine serum albumin, collagen, lysozyme and ribonuclease. According to the higher 

concentration of methylglyoxal in the plasma, it suggests that methylglyoxal may a 

common AGEs precursor of AGEs formation in vivo (Xue et al., 2011). Methylgyoxal 

has been reported to primarily react with arginine residues to form AGEs adducts 

such as Nδ-(5-methyl-4-imidazolon-2-yl)-L-ornithine (5-methylimidazolone) and Nδ-(5-

hydro-5-methyl-4-imidazolon-2-yl)-L-ornithine (MG-H1). Nδ-(5-hydroxy-4,6-

dimethylpyrimidine-2-yl)-L-ornithine (argpyrimidine) has been identified as a major 

fluorescent product in methylglyoxal-modified arginine residual. Argpyrimidine 

accumulation has been demonstrated in the human serum and cornea (Shamsi et 

al., 1998). The reaction of methylglyoxal with lysine residues generates an Nɛ-

carboxyethyllysine (CEL) amd imidazolysine as AGEs adducts (Shamsi et al., 1998). 
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The rapid reaction of methylglyoxal with sulfhydryl group of cysteine residual has 

been revealed using Nα-acethyl-cysteine results in the formation of hemithioacetal 

adduct as product (figure 9).  Methylglyoxal-derived AGEs formation accumulates in 

tissues with aging and its related diseases. 

 

 

Figure 9 Mechanism of methylglyoxal modify arginine, lysine and cysteine residuals  
(Lo et al., 1994) 

2.5.1 Endogenous source of methylglyoxal  

Under physiological condition, methylglyoxal is formed endogenously as 

intermediate in several metabolic pathways both in mammals and microorganism 

(figure 10). For example, the metabolism of acetone is catalyzed by 

acetolmonooxygenase (AMO); the metabolism of aminoacetone is catalyzed by 

semicarbazide-sensitive amine oxidase (SSAO). In addition, it can be derived from the 
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catabolism of ketone bodies and threonine. Nevertheless, the most important source 

of methylglyoxal is glycolysis pathway through enzymatic elimination of phosphate 

from glyceraldehydes-3-phosphate (G-3-P) and dihydroxyacetone phosphate (DHAP) 

(Lee et al., 1998, Kalapos, 1999). In non-enzymatic glycation process, methylglyoxal is 

formed via the amadori product rearrangement, schiff base oxidation and 

glyoxidation as well (Ramasamy et al., 2006, Wu et al., 2011).  

In carbohydrate metabolism, methylglyoxal is generated as an intermediate 

during the non-enzymatic protein glycation mediated by reducing sugars in 

hyperglycemia condition (Wu et al., 2011). Under physiological system, methylglyoxal 

is mainly produced as a by-product in glycolysis pathway through non-enzymatic 

elimination of from metabolism dihydroxyacetone phosphate (DHAP) and 

glyceraldehyde-3-phosphate (G-3-P) by 40-67% and 33-60%, respectively (Phillips and 

Thornalley, 1993). Methylglyoxal can also be produced by enzymatic pathway such 

as triose phosphate isomerase that catalysts the conversion of DHAP and G-3-P. 

Moreover, methylglyoxal synthase also produces methylglyoxal by catalyzing the 

conversion of DHAP to methyglyoxal (Phillips and Thornalley, 1993). In addition to 

glycolysis pathway, methylglyoxal is also produced in pentose phosphate shunt, 

glyoxidation and sorbitol pathway. The formation of methylglyoxal via non-enzymatic 

pathway was estimated approximately 0.1 mmol/L/day (Richard, 1991). 

Minor endogenous sources of methylglyoxal are generated during protein and 

lipid metabolism. In protein metabolism, semicarbazide-sensitive amine oxidase 

(SSAO) enzyme catalyzes amino acetone to methylglyoxal and hydrogen peroxide 

(Kalapos, 1999). Aminoacetone is an intermediate in metabolism of amino acid 

threonine and glycine. An increase of SSAO activity has been reported under diabetic 

condition (Mitch et al., 1999). In lipid metabolism, methyglyoxal are generated from 

non-enzymatic and enzymatic metabolism of acetoacetate or acetone 
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intermediates, respectively. In enzymatic reactions, the conversion of acetone to 

methylglyoxal is catalyzed by acetone monooxygenase that converts acetone to 

acetol and acetol monooxygenase that converts acetol to methyglyoxal with NADPH 

as a cofactor (Kalapos, 1999).  

 
Figure 10 The endogenous sources of methylglyoxal from carbohydrate, protein and 

lipid metabolism.  
SSAO: semicarbazide-sensitive amine oxidase, AMO: acetol 

monooxygenase, G-6P: glucose-6-phosphate, F-6P: fructose-6-phosphate, 

F-1,6P: fructose-1,6-phosphate, DHAP: dihydrogenacetone phoaphate, 

G3P: glyceraldehyde-3-phosphate, GSH: glutathione, Gly-I: glyoxalase I, 

Gyl-II: glyoxalse II: ROS: reactiveoxygen species, AGEs: advanced glycation 

end products (AGEs) (Kalapos, 1999). 

2.5.2 Exogenous source of methylglyoxal  

Methylglyoxal  also  found  in  natural  products  of  both  animal  and  plant  

origin  and  therefore exogenous exposure occurs through consumption of all foods. 

Very high levels of methylglyoxal have been reported in manuka honey that contains 
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high levels of antioxidants (Marceau and Yaylayan, 2009). In fact, the major 

exogenous sources of methylglyoxal are processed alimentary products which are 

strongly affected by the cooking process. The commercial beverages, cheese, coffee 

or milk contain extremely high methylglyoxal levels (Gensberger et al., 2012).  

Table 2 Methylglyoxal content in foods and beverages  
(Uribarri et al., 2010) 

Food Total MG (nmol/100 g) 

Fat  
Olive oil, fresh 7,700 
Margarine 10,790 
Protein  
Tuna, solid white packed in water 4,060 
Salmon, pan fried in olive oil 9,090 
Egg, fried 13,670 
Chicken, grilled 14,440 
Cheese, American 16,790 
Carbohydrate  
Bread, white 3,630 
Bread, wheat 4,840 

Dairy products Total MG nmol/100 g 

Milk, whole 620 
Yogurt 830 

Beverages Total MG nmol/100 g 

Coca Cola Classic 13 
Pepsi, regular 325 
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2.5.3 Methylglyoxal detoxification system 

Several enzymatic systems are responsible for methylglyoxal detoxification in 

the body including glyoxalase, aldose reductase, betaine aldehyde dehydrogenase 

and 2-oxoaldehyde dehydrogenase (Vander Jagt and Hunsaker, 2003).   

 Glyoxalase system 

Methylglyoxal levels are ultimately controlled by glyoxalase system as the 

major pathway in the cytosol of all mammalian cells. Glyoxalase system that consists 

of two enzymes: gloxalase-I (GLO1) and gloxalase-II (GLO2) that catalyze the 

conversion of methylglyoxal to a non-toxic substance S-D-lactoylglutathione and D-

lactate, respectively (figure 2.10). D-lactate is further metabolized to pyruvate. 

Glutathione, the strong vital antioxidant system, is a cofactor in glyoxalase system. 

Therefore, a depletion of GSH in oxidative stress status that mostly found in diabetic 

condition leads to decrease GLO1 activity (Park et al., 2003), resulting in higher level 

of methylglyoxal.  

 Aldose reductase  

Methylglyoxal is also metabolite by aldose reductase with NADPH dependent. 

The product distribution is glutathione-dependent that non-enzymatically reacts with 

methylglyoxal to form hemithioacetal. Methylglyoxal is converted into acetol 

through reduction of the aldehyde group in the absence of glutathione whereas 

hemithioacetal is converted into D-lactaldehyde through reduction of the ketone 

group in the presence of glutathione. Then, acetol and D-lactaldehyde are catalyzed 

to L-1,2-propanediol and D-propanediol, respectively. However, distribution of aldose 

reductase in human tissue is restricted with low expression in liver (Vander Jagt and 

Hunsaker, 2003). 
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 Aldehyde dehydrogenase 

Aldehyde dehyprogenase including Betaine aldehyde dehydrogenase and 2-

oxoaldehyde dehydrogenase can catalyst the conversion of methylglyoxal into 

pyruvate. 2-oxoaldehyde dehydrogenase has higher efficiency then Betaine aldehyde 

dehydrogenase. The reaction is required NAD and NADPH for its activity (Vander Jagt 

and Hunsaker, 2003). 

2.5.4 Methylglyoxal and diabetic complications 

In fact, many researchers reported the elevation of methylglyoxal level has 

been observed in hyperglycemia associated with diabetes. The serum concentration 

of methylglyoxal increased by 5-6 folds in patients with type 1 diabetes and by 2-3 

folds in patients with type 2 diabetes (Park et al., 2003). In glycation process, 

methylglyoxal is a potent AGEs precursor which is effective substrate of protein 

crosslink. Therefore, the higher level of methylglyoxal in diabetes causes greater 

AGEs formation and accumulation. Elevated methylglyoxal levels and associated 

AGEs adducts in the kidney, lens and blood vessels have been associated with 

complications commonly found in patients with diabetes. The recent study shows 

that methylglyoxal has been implicated in diabetes related vascular disorders and 

endothelial inflammation (Mukohda et al., 2012). Methylglyoxal-protein interaction 

also produces hydroxyl radicals and superoxide anion that damage cell components 

particularly DNA (Kang, 2003). In human, the overproduction of ROS involves in the 

development of cancer and cardiovascular disease (Wu et al., 2011)    

 Roles of methylglyoxal in diabetic vascular complications  

In hyperglycemia condition, increased methylglyoxal level has been linked to 

the development of diabetes and its vascular complications by increasing 

endothelial damage and vascular remodeling at the macrovascular and 
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microvascular levels where inflammation plays a role. The progression of diabetic 

vascular complication results in cardiovascular disease (CVD), chronic renal failure, 

retinal damage, neuropathy and poor wound healing. The promotion of 

methylglyoxal on diabetic complication probably derives mostly from the 

endogenous production in hyperglycemia condition. To understand the role of 

methylglyoxal in hyperglycemia-induced vascular damage several studies focused on 

cellular pathways by direct stimulation culture endothelial or other vascular cells 

(Wu and Juurlink, 2002, Dhar et al., 2010, Su et al., 2013). The overall results show 

that methylglyoxal has cytotoxic properties, genotoxicity and apoptosis. 

methylglyoxal- and AGEs-modified dietary proteins are poorly absorbed, passed to 

blood flow, and excreted in urine. However, the dietary methylglyoxal has been 

considered as a key role in diabetic complication (Singh et al., 2014). The study 

showed that glucose, a monosaccharide, increased methylglyoxal levels in plasma 

and impaired vessel function after one single feeing (Beisswenger et al., 2001). 

Methylglyoxal-modified protein was correlated with LDL cholesterol serum level 

which is an important factor in atherosclerosis progression (Matafome et al., 2012). 

The potential vascular targets of excessive methylglyoxal remain to be understood. 

Prolonged exposure to methylglyoxal causes vascular ATP-sensitive K+ channel 

disruption. The overexpression of GLO1, the enzyme that is important for 

methylglyoxal degradation, reduced the development of pathophysiological 

complication in the model of lesions of retinal neuroglia and vessels (Bener et al., 

2011). 

The elevation of methylglyoxal serum levels were observed in diabetic 

patients and spontaneous hypertensive rats (SHR) (Wang et al., 2005, Crisostomo et 

al., 2013), associated with vascular disorder (Rabbani et al., 2011). The elevation of 

methylglyoxal in SHR correlated with the degree of hypertension (Huang et al., 1997, 
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Anuradha and Balakrishnan, 1999, Tran et al., 2009, Babacanoglu et al., 2013). The 

scientific evidence indicated that the long-term methylglyoxal treatment in isolated 

mesenteric artery caused endothelial dysfunction by decreasing nitric oxide (NO) 

production and endothelial nitric oxide synthase (eNOS) expression, undergo 

impaired vascular functions (vasoconstriction and vasodilation) (Mukohda et al., 2012, 

Mukohda et al., 2013). The effects of methylglyoxal accumulation in arterial wall of 

SHR on vascular functions were similar to the in vitro studies (Wang et al., 2005, 

Mukohda et al., 2012). Methylglyoxal activate NADPH oxidase subunit 1 (NOX1)-

derived superoxide anion production has been proposed as an underling mechanism 

of vascular abnormalities and subsequent apoptosis in endothelial cell and smooth 

muscle (figure 11) (Mukohda et al., 2012). Related to diabetic vascular complications, 

methylglyoxal is able to attack free amino group of protein to form irreversible AGEs 

and play a role as a ROS inducer. AGEs contributes to the formation of cross-link of 

extracellular matrix molecules, permanently altering cellular structure and engages 

the receptor for AGEs (RAGE), altering cellular function (Wu et al., 2011). The AGEs-

RAGE interaction cascades the signaling to stimulate NADPH oxidase and increases 

ROS production, attributes to activation of transcription factor NF-κB that play a 

crucial role in inflammatory response (figure 12) (Goldin et al., 2006). Methylglyoxal 

could affect inflammation responses in endothelial cell in addition to impaired 

vascular reactivity which occurs as early event in atherosclerosis, hypertension and 

vascular complication in diabetic patients (O'Keefe et al., 2009). 
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Figure 11 The effect of methylglyoxal on vascular reactivity  
(Mukohda et al., 2012) 

 

Figure 12 The extracellular and intracellular effects of AGEs  
(Goldin et al., 2006) 



 

 

36 

2.6 Anti-glycation agents 

2.6.1 Proposed mechanisms for anti-glycation   

Anti-glycation agents are considering for the inhibition of protein glycation to 

delay or prevent the development of diabetic vascular complications. Nowadays, the 

specific anti-glycation compounds are not yet available. Anti-glycation may acts as 

any of the proposed biochemical mechanism as shown in figure 13 to inhibit AGEs 

formation (Dhar and Desai, 2012).  

1. Compounds that have the ability of bind with amino group of proteins 

can prevent the binding of carbonyl group of reducing sugar to protein leading to 

inhibit protein glycation (Dhar and Desai, 2012). For example, aspirin has been 

reported to inhibit protein glycation in lens proteins presumably through the capping 

of free amino groups in lysine residuals (Swamy and Abraham, 1989). In recently, 

eugenol, a member of the phenylpropanoids class of chemical compounds, also 

showed anti-glycation ability in bovine serum albumin by strongly binding with 

exposed lysine residuals (Singh et al., 2016). 

2.   Compounds that bind to carbonyl groups of reducing sugars can prevent 

the reaction between sugars and protein molecular, resulting in the inhibition of 

protein glycation. For instance, aminoguanidine has an potent ability to bind with 

carbonyl group of glucose and inhibit AGEs formation on β2-microglobulin (Hou et al., 

1998).  

3. Compounds that can acts as antioxidant to scavenge free radicals that are 

generated during glycation process and accelerate the damaging effect. The 

supplement with vitamin E and vitamin C inhibited non-enzymatic glycation in 

diabetic rats and protect the damaging effect on kidney (Qian et al., 2000). 
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4.   Compounds that can trap the carbonyl groups of reactive dicarbonyl 

compounds including glyoxal, 3-deoxyglucosone and methylglyoxal. Reactive 

dicarbonyl compounds are generated during propagation stage of protein glycation. 

They are potent AGEs precursor by using carbonyls groups in the molecule to bind 

with protein (Wu et al., 2011). Metformin has been reported as an anti-glycation 

agent by binding to dicabonyl compounds methyglyoxal and 3-deoxyglucosone 

(Beisswenger and Ruggiero-Lopez, 2003). 

5. Compounds that can quench Amadori products that formed during 

initiation stage of protein glycation and then inhibit the further step of the process. 

Aminoguanidine also acts in this manner to inhibit protein glycation (Dhar and Desai, 

2012).   

6. Compounds that can break the final product AGEs and decrease the 

accumulation of AGEs in tissues. Phenacylthiazolium bromide, metformin and 

alagebrium has been reported to break AGEs cross-links (Coughlan et al., 2007)  

 

Figure 13 The proposed mechanisms for anti-glycation agent 
(Dhar and Desai, 2012). 
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2.6.2 Aminoguanidine 

Aminoguanidine, the first pharmaceutical AGEs inhibitor to be tested in 

clinical trial, is a derivative of nucleophilic hydrazine that binds irreversibly to reactive 

dicarbonyl intermediate in propagation stage of protein glycation including 3-

deoxyglucosone and methyglyoxal, resulting in prevents AGEs formation and protein 

cross-linking (figure 14) (Brownlee et al., 1986, Thornalley et al., 2000). Treatment of 

aminoguanidine in type 1 and type 2 diabetic animals associated with the inhibition 

of diabetic nephropathy, retinopathy neuropath and vascular complications 

(Thornalley, 2003). Aminoguanidine displayed potency to prevent the progression of 

diabetic nephropathy by reducing AGEs accumulation in glomerular basement 

membrane, binding to IgG, decreasing albuminuria and slows mesangial matrix 

expansion in diabetic rat (Soulis-Liparota et al., 1991). High doses of animoguanidine 

are required in severe hyperglycemia condition in animal study. However, it has short 

half-life in plasma. Apart from the reaction with dicarbonyl compounds, 

aminoguanidine also reacts to deplete vitamin B6 and pyridoxal (Nagai et al., 2012). 

The early clinical trials with aminoguanidine showed great promise as an AGEs 

inhibitor. However, studies in people with diabetic nephropathy were terminated 

following safety and efficacy concerns of aminoguanidine (Freedman et al., 1999, 

Bolton et al., 2004) 

 

Figure 14 Chemical structure of aminoguanidine 
(Kazachkov et al., 2007). 
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2.6.3 Alternative medicines  

The current scientific evidence have been searched for antiglycation agent 

from several phytochemical compounds that can delay or prevent glycation process 

(Adisakwattana et al., 2012, da Silva Morrone et al., 2013, Sri Harsha et al., 2013). The 

mechanisms of phytochemical compounds have recently been proposed as Amadori 

products inhibitor, AGEs inhibitor, reactive dicarbonyl compounds scavenger, free-

radicals scavenger and chelating transition metal ion scavenger (Wu et al., 2011). It 

has been reported that polyphenols and flavonoids showed the high antioxidant 

activities by reacting against ROS and thus interrupting the propagation of new free 

radical species. The ROS scavenging activities may cause from double bonds 

presented in the phenolic ring and the hydroxyl side chains. 

 Anthocyanin  

Anthocyanins, an effective phytochemical substance, are one class of 

flavonoids. The beneficial health effects of anthocyanin are being antioxidant, anti-

inflammatory, anti-carcinogenic as well as lowing the risk of cardiovascular (Bowen-

Forbes et al., 2010, Wallace, 2011). Data from animal studies have shown that 

anthocyanins promote vascular health. Relatively low-dose anthocyanin 

interventions with patients clinically diagnosed with vascular diseases have been 

associated with significant reductions in ischemia, blood pressure, lipid levels and 

inflammatory status (Wallace, 2011). In high fructose-fed rat, anthocyanin treatment 

prevented the progression of hypertension, cardiac hypertrophy and the production 

of ROS by decreasing the expression of NADPH oxidase (Al-Awwadi et al., 2005). Many 

studies have founded that the plants that contain anthocyanin have an ability to 

eliminate AGEs which are triggered by ROS. According to the experimental data, high 

content of anthocyanin in plants is associated with the high antiglycation activity 
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(Hanamura et al., 2005, Yao and Brownlee, 2010, Jariyapamornkoon et al., 2013). It 

can be concluded that antioxidant activity is a strategy to inhibit protein glycation. In 

fact, recently study reported the inhibitory effect of anthocyanin containing plant on 

protein glycation by trapping reactive carbonyl intermediates such as methylglyoxal 

(Liu et al., 2011). 

2.7 Cyanidin-3-O-rutinoside (C3R) 

2.7.1 General property of C3R 

C3R (cyanidin-3-O-rhamnosylglucoside, cyanidin-3-O-rhamnoglucoside or 
Keracyanin) is a glycoside of flavylium (2-phenylbenzopyrylium) salts base on 
anthocyanidins, cyanidin. As shown in figure 15. The sugar moiety is disaccharide 
rutinose at R3 hydroxyl group position on aromatic C ring. C3R has hydroxyl group at 
R5 and R7 position on aromatic A ring and R3’ and R4’ on aromatic B ring. The 
chemical formula is C27H31O15Cl. The molecular weight is 631 g/mol.  

 
Figure 15 Chemical structure of cyanidin-3-rutinoside  

(Adisakwattana et al., 2011). 

C3R is responsible for red, purple and blue colors in fruits, flowers and 

vegetables. It predominates in dietary sources, comprising 19%–70% of total 

anthocyanin in fruits and grain such as açaí berry (Gouvêa et al., 2012), mulberry 

(Hassimotto et al., 2008), blackberry (Jung et al., 2014), blackcurrant (Edirisinghe et 



 

 

41 

al., 2011, Diaconeasa et al., 2015), raspberry (Jung et al., 2014), pigmented rice (Deng 

et al., 2013) and litchi (Li et al., 2012). 

Table 3 C3R content in fruits and vegetables. 

Source C3R concentration Unit References 

Acai, freeze-dried 58.73 mg/100 gram (Gouvêa et al., 2012) 
Litchi, nine varieties  1.29-19.11 mg/100 gram (Li et al., 2012) 
Buckwheat Sprouts, 
dry  

1.36-65.5 mg/100 gram (Watanabe, 2007) 

Blackcurrant, juice 50.6 mg/100 mL (Diaconeasa et al., 2015) 

 
2.7.2 Bioavailability of C3R 

In general, glycoside conjugated in anthocyanin can be deglycosylated by 

endogenous β-glycosidase (lactase phloridzin hydrolase) or by gut microflora 

enzynes, and further absorped by passive disfussion. Hassimoto et al. reported that 

C3R was deglycosylated in in vitro fermentation by incubated with feces (Hassimotto 

et al., 2008). However, the oral administration of C3R can pass through the intestinal 

mucosa and distributed to blood circulation as intact glycoside that can be detected 

in plasma of animal and human (Matsumoto et al., 2001, Hassimotto et al., 2008). 

C3R binds to sodium glucose cotransporter SGLT1 for intestinal absorption. In 

addition, because of high hydrophilicity and neutral pH ionization, C3R can make 

passive diffusion across intestinal membrane as well. The maximum concentration of 

C3R in plasma has been reached after administration for 15-30 min in rats 

(Matsumoto et al., 2001, Hassimotto et al., 2008) and after 90 min in human 

(Matsumoto et al., 2001). Apart from plasma, C3R was also presented in kidney and 

gastrointestinal tract including stomach and small and large intestines (Hassimotto et 

al., 2008). Only 0.11% of cyanidin glycoside was absorbed after administration for 8 
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hours and increased the antioxidant capacity in rat plasma (Hassimotto et al., 2008). 

C3R was excreted in to urine after 2 hours as the intact form, the level of urinary 

excretion in human was low (Matsumoto et al., 2001).   

2.7.3 Beneficial health effects of C3R 

 Antioxidant and anti-inflammatory activity 

Several evidence indicated the antioxidant activity of C3R by scavenging 

superoxide anion, hydroxyl radicals, peroxyl and peroxynitrite in vitro (Feng et al., 

2007, Tulio et al., 2008, Li et al., 2012, Ortiz et al., 2013). Treatment of C3R decreased 

intracellular ROS and DNA damage and also increased the cellular ferric reducing 

antioxidant power in hydrogen peroxide-induced RAW264.7 cell toxicity. C3R also 

inhibited lipopolysaccharide-induced prostaglandin E2 production in macrophage that 

correlated with downregulation of inducible nitric oxide synthase (iNOS), 

cycoxygenase-2 (COX-2) and NF-κB (Seeram et al., 2001, Jung et al., 2014). In animal 

study, treatment of cherry juice-containing C3R showed ability to increase antoxidant 

action through increased superoxide dismutase (liver and blood) and glutathione 

peroxidase (liver) activity and decreased lipid peroxidation concentration. Cherry juice 

has been identified as a potent anti-inflammatory agent by inhibiting cyclooxygenase 

2 (liver) (Saric et al., 2009).  

 Anti-carcinogenic activity 

The effect of C3R on the induction of apoptosis in leukemic cell HL-60 has 

previously reported via ROS-dependent activation of MAPK signaling pathwy without 

toxicity effect on normal human peripheral blood mononuclear cells (Feng et al., 

2007). C3R also showed a potent to inhibit the migration and invasion of highly 

metastatic human lung cancer cell line. In the level of transcription, treatment of 
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C3R inhibited the activation of c-Jun and NF-κB, while, C3R decreased matrix 

matalloprotinase-2 (MMP-2) and urokinase-plasminogen activator (u-PA) and 

increased the expression of tissue inhibitor of MMP-2 and plasminogen activator 

inhibitor (PAI) in the level of translation (Feng et al., 2007)  

 Anti-diabetic activity 

Anti-hyperglycemic activity has been reported by discovering the inhibitory 

effects of C3R on α-glucosidase (Adisakwattana et al., 2004, He and Lu, 2013). The 

IC50 value of C3R to inhibit α-glucosidase in vitro is 2,323 ± 14.8 µM in maltase and 

250.2 ± 8.1 in sucrose. Oral administration of C3R at 100 and 300 mg/kg significantly 

decreased postpandrial blood glucose in maltose and sucrose tolerance tests 

(Adisakwattana et al., 2011). The interaction of glycoside in C3R molecule to α-

glucosidase reduced the hydrophobic surface of α-glucosidase and caused the 

enzyme conformational change (He and Lu, 2013). Moreover, C3R also inhibited 

pancreatic α-amylase with IC50 value of 24.45±0.03 µM. In oral ingestion study, C3R 

at concentration 100 and 300 mg/kg significantly decreased plasma glucose after 60 

min starch loading (Akkarachiyasit et al., 2011). α-glucosidase and pancreatic α-

amylase play an important role in carbohydrate digestion and absorption. Thus, it 

could be an important mechanism to decrease postprandial hyperglycemia in 

diabetic patient  

 Cardioprotective activity 

C3R from black currant juice extract has been revealed to activate eNOS 

activity via phosphorylate-AKt and phosphorylate-eNOS in vitro in human umbilical 

vein endothelial cell (Edirisinghe et al., 2011). In rat thoracic aorta, the black currant 

concentrate-containing C3R (37.6% of total anthocyanin) have shown to induce 
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vascular relaxation via H1-receptors on the endothelium and escalate nitric oxide 

production (Nakamura et al., 2002). 
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CHAPTER III 

MATERIALS AND METHODS 
 
3.1 Materials 

 Chemicals Company 

Rutin, 97+%  ACROS organics (Thermo Fisher 

Scientific, Geel Belgium) 

Zinc power Ajex finechem (Taren Point, Australia) 

Hydrochloric acid (HCl) Merck (Darmstadt, Germany) 

Mercury red ACROS organics (Thermo Fisher 

Scientific, Geel Belgium) 

Diethyl ether Merck (Darmstadt, Germany) 

Methanol (analysis grade; MeOH) Merck (Darmstadt, Germany) 

Bovine serum albumin (BSA) fraction V Fisher (Loughborough, LE, UK) 

D(+)Ribose Sigma-Aldrich CO. (St. Louis, MO, USA) 

D(+)fructose Fisher (Loughborough, LE, UK) 

D(+)Glucose Ajex finechem (Taren Point, Australia) 

D(+)galactose Ajex finechem (Taren Point, Australia) 

40% Methylglyoxal solution Sigma-Aldrich CO. (St. Louis, MO, USA) 

5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) Sigma-Aldrich CO. (St. Louis, MO, USA) 

Thioflavin T Sigma-Aldrich CO. (St. Louis, MO, USA) 

Nitrobluetetrazolium (NTB) Sigma-Aldrich CO. (St. Louis, MO, USA) 
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 Chemicals Company 

Ethyl acetate Fisher (Loughborough, LE, UK) 

Ethanol (EtOH) Merck (Darmstadt, Germany) 

1-deoxy-1-morpholino-D-fructose (DMF) Sigma-Aldrich CO. (St. Louis, MO, USA) 

L-cysteine Sigma-Aldrich CO. (St. Louis, MO, USA) 

Aminoguanidine hydrochloride (AG)  Sigma-Aldrich CO. (St. Louis, MO, USA) 

2,4-dinitrophenylhydrazine (DNPH)  Ajex finechem (Taren Point, Australia) 

Trichloroacetic acid (TCA) Merck (Darmstadt, Germany) 

Guanidine hydrochloride Merck (Darmstadt, Germany) 

Sodium chloride (NaCl) Ajex finechem (Taren Point, Australia) 

Monosodium phosphate (NaH2PO4) Qrec chemical co, Ltd. (New Zealand) 

Disodium phosphate (Na2HPO4) Ajex finechem (Taren Point, Australia) 

Sodium azide (NaN3) Merck (Darmstadt, Germany) 

Dimethyl sulfoxide (DMSO) Merck (Darmstadt, Germany) 

Amplicilin sodium salt AppliChem Inc. (St. Louis, MO, USA) 

L-lysine hydrochloric acid HiMedia Laboratories (Mumbai, India) 

Agarose ISC BioExpress (Kaysville, Utah, USA) 

Tris (hydrodroxymethyl) amiomethane Bio-rad Laboratories (Hercules, CA, 

USA) 

Boric acid (ACS reagent) Research organics, Inc. (Clevelnd, OH, 

USA) 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich CO. (St. Louis, MO, USA) 
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 Chemicals Company 

Cupric Sulfate, 5-hydrate J.T.Baker® Chemical (Center Valley, 

PA, USA) 

LB Broth Bio Basic, Int. (Markham, ON, Canada) 

Agar A Bio Basic, Int. (Markham, ON, Canada) 

Cytochrome c  Affymetrix (Santa Clara, CA, USA) 

Thiobarbituric acid (TBA) Sigma-Aldrich CO. (St. Louis, MO, USA) 

2-deoxy-D-ribose Sigma-Aldrich CO. (St. Louis, MO, USA) 

Methanol (gradient grade for liquid 

chromatography; MeOH) 

Merck (Darmstadt, Germany) 

o-phynylenediamine (o-PD)   Sigma-Aldrich CO. (St. Louis, MO, USA) 

5-Methylquinoxaline (5-MQ) Sigma-Aldrich CO. (St. Louis, MO, USA) 

Perchloric acid Sigma-Aldrich CO. (St. Louis, MO, USA) 

Dulbecco’s modified eagle’s medium, 

high glucose 

Sigma-Aldrich CO. (St. Louis, MO, USA) 

Sodium bicarbonate, molecular grade Sigma-Aldrich CO. (St. Louis, MO, USA) 

Penicillin-streptomycin (10,000u/mL) Gibco, Thermo Scientific, Inc. 

(Waltham, MA, USA) 

Phosphate buffer saline (PBS) Gibco, Thermo Scientific, Inc. 

(Waltham, MA, USA) 

HEPES sodium salt Sigma-Aldrich CO. (St. Louis, MO, USA) 

Noradrenaline bitartrate (NA) Sigma-Aldrich CO. (St. Louis, MO, USA) 
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 Chemicals Company 

Acetylcholine chloride (Ach) Sigma-Aldrich CO. (St. Louis, MO, USA) 

Sodium nitroprusside (SNP) Sigma-Aldrich CO. (St. Louis, MO, USA) 

Nɷ-Nitro-L-arginine Sigma-Aldrich CO. (St. Louis, MO, USA) 

Potassium chloride (KCl) Ajex finechem (Taren Point, Australia) 

Potassium phosphate monobasic 

(KH2PO4) 

Ajex finechem (Taren Point, Australia) 

Magnesium sulfate heptahydrate 

(MgSO47H2O) 

Ajex finechem (Taren Point, Australia) 

Ascorbic acid Sigma-Aldrich CO. (St. Louis, MO, USA) 

Calcium chloride solution (CaCl2)  

Heparin Sodium (porcine mucous) Hospira, Inc. (Lake Forest, IL, USA) 

Cell lysis buffer CST Cell Signaling Technology 

(Danvers, MA, USA) 

Bradford reagent Bio-rad Laboratories (Hercules, CA, 

USA) 

 

 Laboratory equipment  Company 

Spectrofluorometer Perkin Elmer (Waltham, MA, USA) 

Spectrophotometer  Perkin Elmer (Waltham, MA, USA) 

High-performance liquid chromatography 

(HPLC) 

Shimadzu Corporation (Kyoto, 

Japan) 
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 Laboratory equipment  Company 

pH meter  Thermo Scientific, Inc. (Waltham, 

MA, USA) 

Laboratory refrigerator Sanden intercool (Thailand) 

Orbital shaker   Labnet international Unc. 

(Edison, NJ, USA) 

Heating water bath Memmert GmbH + Co. KG 

(Schwabach, Germany) 

Orbital shaker incubator Labnet International, Inc. (Edison, 

NJ, USA) 

Hot plate IKA-Works, Staufen im Breisgau, 

Germany 

Vortex mixer Gemmy industrial corp. (Taipei, 

Taiwan) 

Autoclave Amegax Instruments, Inc. 

(Concord, CA, USA)  

Modular tissue bath system EMKA Technologies (Boulevard 

du Général Martial Valin, Paris, 

France 

Perfusion system for mesenteric beds EMKA Technologies (Boulevard 

du Général Martial Valin, Paris, 

France 

CFX384 Tough™ Real-time PCR detection 

system 

Bio-rad Laboratories (Hercules, 

CA, USA) 
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 Laboratory equipment  Company 

Biosafety Cabinet (class II) Esco Micro Pte. Ltd (Singapore) 

Gel electrophoresis chamber CS Cleaver Scientific Ltd. 

(Warwickshire, United kingdom) 

Electrophoresis power supply Bio-rad Laboratories (Hercules, 

CA, USA) 

Gel imaging system Bio-rad Laboratories (Hercules, 

CA, USA) 

CO2 incubator Skadi Europe B.V. (Netherlands) 

C1000 Touch™ Thermal cycler  Bio-rad Laboratories (Hercules, 

CA, USA) 

Mini-Beadbeater-24 BioSpec Products, Inc. 

(Barlesville, OK, USA) 

EpMotion 5070 Liquid Handling  Robot Eppendrof (Hamburg, Germany) 

MP100 device  BIOPAC System, inc 

  

 Miscellaneous Company 

Nɛ-(carboxymethyl) lysine (Nɛ-CML) ELISA kit Cell Biolabs, Inc. (San Diego, CA, 

USA) 

Plasmid Miniprep Kit (DNA extraction) QIAGEN Inc. (Valencia, CA, USA) 

Urea nitrogen reagent kit Beckman coulter (Brea, CA, USA) 

Creatinine reagent kit Beckman coulter (Brea, CA, USA) 



 

 

51 

 Miscellaneous Company 

Alanine aminotransferase (ALT) reagent kit Beckman coulter (Brea, CA, USA) 

Column chromatography bead Diaion® HP-20 Sigma-Aldrich CO. (St. Louis, MO, 

USA) 

Fibrous tissue RNA extraction kit QIAGEN Inc. (Valencia, CA, USA) 

SsoAdvanced Universal SYBR Green Supermix Bio-rad Laboratories (Hercules, 

CA, USA) 

iScript Reverse Transcription Supermix for RT-

qPCR 

Bio-rad Laboratories (Hercules, 

CA, USA) 

Experion RNA Analysis Kits Bio-rad Laboratories (Hercules, 

CA, USA) 

HPLC C18 column GL Sciences Inc. (hinjuku-Ku, TK, 

Japan) 

Surgery equipment  
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3.2 Methods 

3.2.1 Synthesis of cyanidin-3-rutinoside (C3R) 

  C3R was obtained by chemical synthesis according to previous study by 

converting flavonols quercetin-3-O-rutinoside (Rutin) (Elhabiri et al., 1995).  

 Preparation of zinc amalgam 

  Zinc powder (10.5 g) was weighted and added 30 mL of 1 M HCl. After 5 min, 

HCl solution was removed.  The zinc powder was washed with 20 mL distilled water 

2 times and kept in distilled water. The color solution was prepared by dissolving 

0.347 g Mercury red in 1 mL concentrated HCl. Color solution was quickly added to 

zinc powder in distilled water with stirring for 10 min. Then, the zinc amalgam was 

filtered through NO.1 filter paper and washed with 50 mL distilled water for 5 times. 

The water was then removed by suction pump and by diethyl ether. The dried zinc 

amalgam powder was kept at room temperature and protected from light.      

 Synthesis of C3R 

  Rutin (1 g) was dissolved in 16 mL 3% MeOH-HCl, and 1.58 g zinc amalgam 

was slowly added into solution with stirring. Rutin (yellow color) was reduced to give 

C3R (dark red color). After 10 min, the solution was filtered with NO.1 filter paper to 

remove zinc amalgam. The C3R solution was purified by column chromatography 

with Diaion® HP-20 as stationary phase and MeOH as mobile phase. The dark red C3R 

fraction was collected. To concentrate C3R fraction, MeOH was gently evaporated by 

using rotary evaporator until 10 mL of C3R fraction remaining. It was slowly dropped 

into 50% (v/v) 1%MeOH-HCl in diethyl ether to crystallization. The dryness C3R was 

obtained after repeatly evaporated solution. The C3R was kept at -20ᵒC and 

protected from light. The yield is 60%.        
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3.2.2 Determination of inhibitory effect of C3R on ribose, fructose, glucose, 

galactose  or methylglyoxal-induced protein glycation in vitro 

Glycation of bovine serum albumin 

The glycated BSA formation was prepared according to the previous method 

(Meeprom et al., 2013). The reaction setting was divided into for 2 groups: blank and 

test to determine the inhibitory effect of AGEs formation. The reaction mixtures were 

set up in 0.1 M phosphate buffer saline (PBS), pH 7.4 for 1 mL final volume by adding 

difference volumes of chemicals as shown in table 4. The final concentration of BSA 

was 10 mg/mL, methylglyoxal was 1 mM and ribose was 0.1 M while fructose, 

glucose and galactose were 0.5 M. AG with final concentration 1 mM was used as 

positive control. The treatment C3R (final concentration 0.125, 0.25, 0.5 and 1 mM) 

was dissolved in dimethylsulfoxide (DMSO) and added to the solution to give a final 

concentration of 4% DMSO. All samples were incubated at 37°C for 7 and 14 days. 

To determine the inhibitory effect, the samples in each period were detected the 

formation AGEs, fructosamine, protein oxidation and protein aggregation 
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Determination of fluorescent AGEs formation 

 The glycated BSA from each incubation period was quantified the formation 

of fluorescent AGEs according to a previous report (Meeprom et al., 2013). Glycated 

samples (50 µL) from blank and test groups were placed into 96-wells plates and 

measured by using spectrofluorometer at excitation and emission wavelengths 355 

and 460 nm, respectively. The percentage of inhibition was calculated by following 

equation below:  

Inhibition of fluorescent AGEs (%) = [((FC − FCB) − (FS − FSB))/(FC − FCB)] × 100 

Where FC and FCB were the fluorescent intensity of control with monosaccharides or 

methylglyoxal and blank of control without monosaccharides or methylglyoxal, FS 

and FSB were the fluorescent intensity of sample with monosaccharideor 

methylglyoxal and blank of sample without monosaccharides or methylglyoxal 

Determination of non-fluorescent AGE, Nɛ-(carboxymethyl) lysine (Nɛ-CML) formation 

Nɛ-CML, a major non-fluorescent AGE structure, was determined by using 

enzyme linked immunosorbant assay (ELISA) kit according to the manufacturer’s 

manual (OxiSelect™ Nɛ-(carboxymethyl)lysine (CML) ELISA Kit, Cell Biolabs , CA, USA). 

The glycated samples from test group 100 µL (1,000-fold dilution in reduced BSA) 

were placed into 96 well plates and incubated at 37°C for 2 hours. The solution was 

discarded and then washed each well with 250 µL 1xPBS for twice. Assay dilutant 

(200 µL) was added in the plate then incubated at room temperature for 2 hours on 

orbital shaker. After discarded and washed each well with 1x wash buffer (250 µL) for 

3 times, 100 µL of diluted anti-CML antibody (1:1000 anti-CML antibody in assay 

dilutant) was added and incubated for 1 hour at room temperature on orbital shaker. 

The solution was discarded and the wells were washed each well with 250 µL wash 
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buffer for 3 times. 100 µL diluted anti-HRP conjugated antibody (1:100 anti- HRP 

conjugated antibody in assay dilutant) was added and then incubated at room 

temperature on orbital shaker for 1 hour. The wells were discarded and washed 

again by using 250 µL wash buffer for 5 times and 100 µL of substrate solution 

(warmed at room temperature) was placed to each wells for 20 min (time can be 

different depend on Nɛ-CML concentration) on orbital shaker. The reaction was 

stopped by adding 100 µL stop solution. The absorbance was immediately measured 

at 450 nm with spectrophotometer. The concentration of Nɛ-CML was calculated 

from the standard curve of Nɛ-CML-BSA (0-12.5 ng/mL). 

Determination of fructosamine content 

The level of fructosamine was analyzed by nitrobluetetrazolium (NBT) assay 

(Johnson et al., 1983). The glycated BSA from test (10 µL) was placed in 96 well 

plates and incubated with 0.5 mM NBT in 0.1 M carbonate buffer (90 µL), pH 10.3 at 

37°C. The absorbance was measured at 590 nm at 10 and 15 min and subtracted by 

the absorbance of sample blank (10 µL glycated BSA with 90 µL 0.1 M carbonate 

buffer) at each time point. The concentration of fructosamine was calculated by 

using the different absorption at 10 and 15 min time points compared with the 

standard 1-deoxy-1-morpholino-fructose (1-DMF) curve (concentration range 0-5 mM). 

Determination of protein carbonyl content 

Protein carbonyl content is a marker of oxidative protein damage which was 

analyzed according to a previous method with slight modifications (Levine et al., 

1990). The glycated BSA (100 µL) from test group was placed in microcentrifuge tube 

and incubated with 0.4 mL of 10 mM 2,4 dinitrophenylhydrazine (DNPH) in 2.5 M HCl 

or with 0.4 mL of 2.5 M HCl as sample blank at 25°C in dark and mixed every 15 min. 

After 60 min of incubation, protein were precipitated by adding 0.5 mL of 20% (w/v) 
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trichloroacetic acid (TCA) for 5 min on ice, and then centrifuged at 10,000 g for 10 

min at 4°C. The supernatant was removed and 1 mL of 1:1 (v/v) ethanol/ethyl 

acetate mixture was added to wash protein pellet for twice. Finally, the protein 

pellet was dissolved in 0.25 mL of 6 M guanidine hydrochloride and separated 110 

µL for carbonyl content detection by spectrophotometer at 370 nm. The protein 

representing in carbonyl group was measured in sample blank by spectrophotometer 

at 280 nm. The carbonyl content of each sample was subtracted with the 

absorbance of sample blank and calculated based on the extinction coefficient for 

DNPH (Ɛ = 22 000 M−1 cm−1). The results were expressed as nmol carbonyl/mg 

protein. 

Determination of protein thiol groups 

The free thiol group was determined according to Ellman’s assay with slight 

modification (Ellman, 1959). The glycated BSA from test group (10 µL) was placed in 

96 well plates and incubated with 90 µL of 25 mM 5,5 -dithiobis-(2-nitrobenzoic acid) 

(DTNB) in, pH 7.4 for 0.1 M PBS 15 min at room temperature. The sample blank was 

prepared by incubating glycated BSA with 0.1 M PBS. The absorbance was measured 

using spectrophotometer at 412 nm. The free thiol concentration was calculated for 

the standard curve of l-cysteine (concentration range 0-10 nM) and the result was 

expression as µmol/mg protein. 

Determination of protein aggregation 

Thioflavin T was used to determine protein aggregation during glycation 

precess by measuring the level of β-amyloid cross structure according to a previous 

method with minor modifications (Tupe and Agte, 2010). The test group of glycated 

BSA (50 µL) was placed in 96 well plates and incubated with 64 µM thioflavin T (50 

µL) in 0.1 M PBS for 60 min at 25 ◦C. The fluorescence intensity was measured at 
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excitation 435 nm and emission 485 nm and subtracted with the fluorescence 

intensity of sample blank (50 µL glycated BSA with 50 µL 64 µM thioflavin T). 

Determination of methylglyoxal-trapping ability 

Methylglyoxal is a reactive precursor to induce protein glycation. The ability 

to directly trap methylglyoxal was assessed using high performance liquid 

chromatography (HPLC) according to previously report (Peng et al., 2008). The 

reactions were in 0.1 M phosphate buffer saline (PBS), pH 7.4 for 0.8 mL final volume 

by adding difference volumes of chemicals as shown in table 5 C3R was incubated 

with methylglyoxal at various molar ratios including 0.25:1, 0.5:1, 1:1, 2:1, 4:1 and 

16:1 in 0.1 M PBS, pH 7.4. AG was used as positive control to incubate with 

methylglyoxal at 1:1 molar ratio. The reaction mixtures were incubated at 37oC for 1 

and 24 hours. After incubation period, 100 µL of 20 mM o-phenylenediamine (o-PD) 

was added to stop the reaction by converting the remaining methylglyoxal into 2-

methylquinoxaline (2-MQ), and then added 100 µL of the internal standard (0.06% 

(v/v) 5-methylquinoxaline (5-MQ) in methanol). All samples were filtered with 0.45 

µm nylon syringe filter and transferred to HPLC vial for injection. The quantification 

of methylglyoxal was based on the determination of its derivative compound (2-MQ). 

An Inersil-ODS3V C18 column (150×4.6 mm i.d.; 5-µm particle size) was used along 

with a LC-10AD pump, SPD-10A UV-Vis detector and LC-Solution software (Shimadzu 

Corp., Kyoto, Japan). The absorbance was recorded at 315 nm and the injection 

volume was 10 µL. An isocratic program was performed with 50% HPLC grade water 

and 50% methanol (v/v) with a constant flow rate set at 1 mL/min. The total running 

time was 14 min. The percentage of methylglyoxal reduction was calculated using 

the equation below: 

%methylglyoxal ( G) trapping ability= 
Amount of ( G in control    G in C3R)

Amount of  G in control
 ×10 
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3.2.3 Determination of protective effect cyanidin-3-rutinoside on 

methylglyoxal-mediated DNA oxidative damage 

Analysis of DNA strand breaks 

 Preparation of LB media and LB agar plate for bacterial growth 

LB media was prepared at concentration 25% (w/v) in distilled water, and 

Agar A (1.5%, w/v) was added to LB media to make LB agar. The solution was mixed 

and then autoclaved on liquid setting. The solutions were allowed to cool down to 

55°C after removing from the autoclave and divided into 2 parts: non-selective 

(without antibiotic) and selective (containing antibiotic). 100 µL Ampicillin (100 

mg/mL) was added to 100 mL selective LB media or LB agar solution. For LB agar, 

the solution (around 20 mL) was poured 10cm Petri dish. Placed the lid on the plate 

and allow cooling down. The cooled LB media and LB agar was kept at 4°C and 

warmed to room temperature before use.    

 Bacterial transformation and bacterial growth 

The transformation of pCU19 plasmid into Escherichia coli (E. coli) bacteria 

was provided using heat shock reaction. Before staring, all equipment was autoclaved 

and the work area was sterilized with 70% EtOH. The bacterial competent cell was 

thawed on ice and 1 ng/µL pCU19 plasmid (1-5 µL) was added to bacterial cells, 

gently mixed and put on ice. After 30 min, the cell and plasmid were heat shock by 

placing in a water bath at 42ᵒC for 30 seconds. The mixture was immediately put on 

ice after removing from bath and 450 µL LB media was added. The reaction was 

incubated in shacking incubator (225 rpm) at 37ᵒC for 1 hour. The bacteria (200 µL) 

were dropped on selective LB agar plate and spread the medium around the plate 

with bacterial spreader. The plates was incubated overnight (around 16 hours) in 
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shacking incubator (225 rpm) at 37ᵒC. The colonies growth on plate is transformed 

pCU19 plasmid (containing antibiotic sequence) in bacteria.        

 Plasmid extraction  

pUC19 plasmid DNA was purified from E. coli cultures using a QIAprepspin 

miniprep kit according to the manufacturer’s manual (Santa Clarita, USA). The 

transformation plasmid colonies were picked up and streaked on selective LB agar in 

shacking incubator (225 rpm) at 37ᵒC overnight. The next day, a single colony was 

picked, inoculated a culture of 5 mL selective LB medium and incubated for 12 

hours at 37ᵒC with vigorous shaking. The bacterial cells were harvested by 

centrifugation at 6800g for 3 min at room temperature. The supernatant was 

removed and the pelleted bacterial cells was suspended in buffer P1 (250 µL) and 

transferred to microcentrifuge tube. Buffer P2 (250 µL) was added and mixed by 

inverting the tube. Then Buffer N3 (350 µL) was added, repeatly mixed by inverting 

the tube and centrifuged for 10 min at 17,900g. The supernatant (800 µL) was 

applied to QIAprep spin column and then centrifuged for 1 min at 17,900g. The flow-

through was discarded. Buffer PB (0.5 mL) was added to wash the spin column and 

centrifuged again for 1 min at 17,900g. The spin column was washed with Buffer PE 

(0.75 mL), centrifuged for 1 min at 17,900g to remove buffer. To remove residual 

wash buffer, the spin column was centrifuged with full speed for additional 1 min. To 

elute DNA, Buffer EB (50 µL) was added to the center of each column placed on 

microcentrifuge tube, stand for 1 min and centrifuged for 1 min to collect the eluted 

DNA. The concentration of DNA was determined using NanoDrop™ 

Spectrophotometer.     
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 DNA strand break analysis 

The cleavage of plasmid DNA was analyzed according to a previous report 

(Kang, 2003). Plasmid DNA pUC19 (250 ng) was incubated in 0.1 M phosphate buffer 

saline (PBS), pH 7.4 for 10 µL final volume by adding difference volumes of chemicals 

as shown in table 6. The final concentration the chemicals were 50 mM lysine, 50 

mM methylglyoxal, and 0.125-1 mM C3R with or without 300 µM Cu2+
.
 The reactions 

was incubated at 37oC for 3 h. Samples were frozen immediately at -20ºC to stop 

reactions. After 90 min, the plasmid DNA was mixed with DNA loading dye and then 

resolved by 0.8% agarose gel electrophoresis at 80V in TBE buffer for 60 min. Plasmid 

DNA fragments were visualized and photographed by a Gel Doc imager (Syngene, UK). 

The relative amounts of supercoiled (SC) and open circular (OC) DNA was quantified 

by the intensities of the band obtained using GeneTools software (Syngene, UK) and 

the percentage of opened circular DNA (% OC) was calculated using the following 

equation. The results were expressed as relative % OC after subtracting by %OC of 

control (DNA alone).   

% OC = 
Intensity of OC

Intensity of OC SC
 ×100 
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Table 6 Chemicals were presented in the analysis of DNA strand break (total volume 
10 µL) 
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Determination of superoxide anions  

The level of superoxide anions was determined by measurement of 

cytochrome c reduction assay according to a previous method (Kang, 2003). The 

reactions were prepared in 0.1 M phosphate buffer saline (PBS), pH 7.4 for 1 mL final 

volume by adding difference volumes of chemicals as shown in table 7. The 

chemicals at final concentration included 10 mM lysine, 10 mM methylglyoxal, 10 

µM cytochrome c and 0.125-1 mM C3R. The reduction rate of cyctochrome c was 

measured at room temperature using a spectrophotometer at 550 nm at 10 min 

intervals for 50 min and subtracted with the absorbance of sample blank at each 

time point. The level of reduced cytochrome c was calculated based on the 

extinction coefficient for cytochrome c (ɛ = 27,700 M−1cm−1). 
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Table 7 Chemicals were presented in the determination of superoxide anion 
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Determination of hydroxyl radicals 

Thiobarbituric acid reactive substances (TBARS) assay was used to evaluate 

the level of hydroxyl radical according to a previously described method (Chan and 

Wu, 2006). The reaction mixture (0.2 mL total volume) containing 10 mM lysine, 10 

mM methylglyoxal, and 20 mM 2-deoxy-d-ribose (DR) was incubated at 37oC with or 

without C3R (0.125-1 mM) for 3 hours in 0.1 M phosphate buffer saline (PBS), pH 7.4. 

The difference volumes of chemicals were showed in table 8. After incubation 

period, 0.2 mL PBS and 0.2 mL TCA (2.8% w/v) was added to the reaction mixture, 

followed by 0.2 mL thiobarbituric acid (TBA; 1% w/v). The solution was boiled at 

100oC for 10 min and then cooled to room temperature. The degradation of 2-

deoxy-d-ribose was measured at a wavelength 532 nm using a spectrophotometer 

and the absorbance of sample blank was used to subtract. Hydroxyl radicals were 

expressed as the level of TBARS which was quantified by using standard curve of 

malondialdehyde (concentration range 0-50 µM).  
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3.2.4 Determination of protective effect of cyanidin-3-rutinoside on 

methylglyoxal-mediated vascular abnormalities in isolated vascular 

preparations 

Animals 

Male Wistar-Kyoto (WKY) rats were obtained from Animal Resource Centre 

(Canning Vale, WA, Australia). Animal were maintained on AIN93M standard diet at 22 

± 2 οC on 12 h light/12 dark cycle with free access to food and tap water. All animal 

work was carried out in accordance with the Australian code of practice for the care 

and use of animals for scientific purposes, 8th edition 2013 (AEC number: 798-03/16). 

Aortic ring and mesenteric arterial bed preparation 

 Rats (250-350g) were anesthetized for all experiments by intraperitoneal 

injection with single bolus dose of sodium pentobarbital (60 mg/kg). The vascular 

tissue preparation and isolation was described by previous report (Runnie et al., 

2004). The descending thoracic aorta were isolated, cleared of adhering tissue and 

cut into rings approximately 3 mm in length. Endothelium was removed by gently 

rubbing the intimal surface of the vessels for a few seconds. Endothelium-intact and 

–denuded aortic rings were mounted in stainless steel stirrups and placed in 20 mL 

modular tissue bath (EMKA Technologies, Paris, France) containing physiological 

Krebs-Henseleit buffer solution, bubbled with carbogen gas (95% O2:5% CO2) and 

maintained at 37οC. The Krebs-Henseleit buffer solution consisted of the following: 

113 mM NaCl, 4.8 mM KCl 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 2.5 mM 

CaCl2, 11.2 mM glucose and 0.57 mM ascorbic acid in ultrapure water. The aortic 

rings were equilibrated for 60 min under 4 g of resting tension. Before testing, the 

viability of tissue was assessed by contracting with 20 mM KCl until plateau maximal 
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contraction (30 min). Then, the aortic rings were washed with Krebs solution and re-

equilibrated for 30 min before starting the experiment.  

 The mesenteric arterial beds were isolated from anesthetized rats and 

prepared according to previous study (Longhurst et al., 1986). Briefly, the superior 

mesentery artery was cannulated and flushed with heparin-saline. The intestinal tract 

was removed from entire mesenteric bed. The preparation was mounted in 50 mL 

perfusion bath (EMKA Technologies, Paris, France) and continuously perfused with 

oxygenated Krebs solution. After 30 min of equilibration, the viability of tissue was 

assessed by cumulative intraluminal injection of KCl (10-2 to 10-1 M), and then the 

tissue was continuously perfused with Kreb solution to re-equilibrate for 10 min 

before starting the experiment. The changed in tension of aortic ring and pressure of 

mesenteric arterial bed were monitored and analyzed by using iox2 software (EMKA 

Technologies, Paris, France).    

Determination of vasorelaxant effect in rat aorta 

 After re-equilibration period, cumulative concentration of noradrenaline 

(9×10-11 to 6×10-7) was assessed. noradrenaline was continuously added to the 

chamber when the maximum contraction response to previous concentration was 

observed. The percent contraction response to noradrenaline was calculated by 

using the maximal contraction response to KCl as 100% contraction. Half maximal 

effective concentration (EC50) of noradrenaline was established and used to induce 

pre-contraction the rings both endothelial-intact and -denuded rings. When the 

contraction to noradrenaline EC50 reached the maximum and maintained that level, 

the cumulative dose of C3R (0.1 nM to 30 µM) were separately added to the bath. 

The further dose of C3R was added when a maximum relaxation response of each 

concentration was observed, as indicated by plateau response. The viability of tissue 
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was repeated by adding 20 mM KCl after C3R relaxation response study. DMSO was 

used as solvent for C3R in this study with final concentration 0.1% in chamber. 

 The contraction response curve of noradrenaline was assessed to establish 

noradrenaline EC50 in endothelial-intact ring after pre-treatment with endothelial 

nitric oxide synthase (eNOS) inhibitor, Nɷ-nitro-L-arginine (NOLA; 10 µM) for 30 min. 

Noradrenaline EC50 at concentration 5 nM was used to induce pre-contraction for the 

rings pre-treatment with NOLA. The response curve to cumulative concentration of 

C3R (0.1 nM-30 µM) was measured when the maximal steady contraction to 

noradrenaline EC50 was reached. 

Determination of endothelial nitric oxide synthase expression in aortic tissue 

 The thoracic aorta from WKY rats (300 g) were isolated, cleared of adhering 

tissue and cut into rings approximately 1.5 cm in length. The EC50 of C3R to induce 

relaxation in isometric tension study was selected for eNOS gene expression study. 

The preparation aorta was placed in Kreb solution contained C3R for different 

concentration (3 and 10 µM) and incubation periods (0.5 and 24 hours) in 6-wells 

plate and DMSO (0.1%) was used as control. The vessel was incubated at 37ᵒC in a 

5% atmosphere incubator. After incubation period, aortic tissue was storage in 

RNAlater® solution. 

 RNA extraction 

 Total RNA was isolated from tissue using RNeasy fibrous tissue mini kit (Qiagen 

Science Inc, MD, USA). Tissue was removed from RNAlater® solution and placed in 

1.5 mL microcentrifuge tube containing Buffer RLT (300 µL) and three stainless steel 

bead (2.5 mm mean dianeter). The tissue was immediately disrupted and 

homogenized using Mini-Beadbeater 30 second for 3 times. RNase-free water (590 µL) 
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was added to the lysate, and then proteinase K solution (10 µL) was added, mixed 

thoroughly by pipetting and incubated 55ᵒC. After 10 min, the lysate was centrifuged 

at 10,000g for 3 min at room temperature. The supernatant was transferred to new 

microcentrifuged tube and EtOH (450 uL) was added and mixed by pipetting. The 

samples (700 µL) was transferred to RNase Mini spin column placed in a 2 mL 

collection tube and centrifuged at 8,000g for 30 second at room temperature. The 

flow-through was discarded and the remainder of sample was transferred to the 

same column and repeated the step before. Buffer RW1 (350 µL) was added to the 

column and then centrifuged at 8,000g for 30 second at room temperature to wash 

the membrane. The flow-through was discarded and 80 µL DNase I incubation mix 

(10 µL DNase stock solution and 70 µL Buffer RDD) was directly added to the 

membrane and stranded for 20 min at room temperature. Buffer RW1 (350 µL) was 

added to the column after incubation period and centrifuged at 8,000g for 30 second 

at room temperature. After discard the flow-through, Buffer RPE (500 µL) was added 

and centrifuged at 8,000g for 30 second at room temperature (repeat this step for 2 

times). The flow-through was discarded and centrifuged with highest speed for 1 min 

at room temperature. The column was carefully removed from collection tube and 

placed in microcentrifuge tube. RNase-free water (20 µL) was added directly to 

membrane, stranded for 1 min and then centrifuged at 8,000g for 1 min. this step 

was repeated for 1 time. The RNA in flow-through was collected. The RNA 

concentration and qualification  was analyzed using by Qubit® fluorometer (Life 

Technology, USA) and Experion RNA Analysis Kits (Bio-RAD Labolatories Inc., 

California, USA), respectively.   

 Reverse transcription and PCR reaction 

 The 1 µg of total RNA was reverse transcribed to cDNA using iScript cDNA 

synthesis kit for RT-qPCR (Bio-RAD Labolatories Inc., California, USA) by C1000 thermal 



 

 

72 

Cycler (Bio-RAD) at a final volume 20 µL. Rat primers (Nitric oxide synthase-NOS3 and 

40S ribosomal 60S ribosomal protein L13a-Rpl 13a) were provided by PrimePCR assay 

(Bio-RAD). RT-PCR was carried out in CFX384 Touch™ Real-Time PCR Detection 

system (Bio-RAD) using SYRB green detection. A master-mix of the following reaction 

components was prepared to indicate final concentrations (10 µL): 2.5 ng cDNA 

template, 1x primers, 1x SsoAdvanced Universal SYRB Green supermix (Bio-RAD). The 

difference volumes of chemicals were showed in table 9. All samples were carried 

out in triplicate. The following RT-PCR protocol was employed: activation for 2 min 

at 95ᵒC, 40 cycles of at 95ᵒC for 5s and 60ᵒC for 30s, followed by malting step with 

slow heating from 65ᵒC-95ᵒC with a rate of 0.5ᵒC/s. The reference gene ribosomal 

protein L13a (Rpl13a) data were used to normalize the amount of RNA. 

Table 9 Chemicals were presented in the determination of gene expression 

 

Determination of vasorelaxation response in rat mesenteric arterial bed 

 The EC50 of noradrenaline was established by cumulative intraluminal injection of 

noradrenaline (10 nM-100 µM). To monitor vasorelaxation effect of C3R, the EC50 of 

noradrenaline was applied for Krebs solution perfusate to induce a partial pressure 

development state. The cumulative concentration of C3R (1 nM-1 mM) was 

intraluminally injected and the changed pressure was recorded. The pressure was 

allowed to re-equilibrate to half maximal contraction before injecting further dose of 

C3R. The vasorelaxation response to cumulative dose of C3R in mesenteric arterial 
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bed was repeated in the presence of either NOLA (10 µM) or indomethacin (10 µM) in 

the perfusat for 30 min before adding noradrenaline at the EC50 in Kreb perfusate to 

induce pre-contraction. 

Determination of vascular reactivity of isolated thoracic aorta in acute methylglyoxal 

treatment  

 After tissue viability testing with KCl, the rings was washed out with Krebs solution 

for 30 min, and then incubated in the 0.1% DMSO (control), methylglyoxal (500 µM) 

or methylglyoxal (500 µM)/C3R (3 µM) for 30 min. The cumulative dose response to 

N noradrenaline was analyzed after incubation period. All rings were washed out for 

60 min and stabilized at resting tension of 4 g. Then, the rings were pre-contracted 

with half maximal dose of noradrenaline EC50. When reached the maximum 

contraction (20 min), the relaxation response curves of cumulative application of Ach 

or SNP was evaluated in endothelial-intact or endothelial-denuded. The relaxation 

curve to SNP was repeatedly determined in endothelial-intact ring pre-contraction 

with noradrenaline EC50 after washout and stabilized period.  

Determination of vascular reactivity of mesenteric arterial bed-perfusated by acute 

methylglyoxal treatment  

After washout period by perfusing Krebs solution for 20 min, tissues were 

perfusated with Krebs solution containing 0.1% DMSO as control, Krebs solution 

containing methylglyoxal (500 µM) or methylglyoxal (500 µM)/C3R (3 µM) for 30 min. 

After washout for 20 min, the cumulative intraluminal injection of noradrenaline (10-8 

to 10-4 M) was determined. The tissue was re-equilibrated for 20 min and then the 

half maximal dose of noradrenaline was included in Krebs solution perfusate to 

induce a partial pressure development state. To monitor vasorelaxation response, 
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cumulative dose of Ach were intraluminally injected. Change in mesenteric pressure 

was recorded. 

 

3.2.4 The effect of effect of cyanidin-3-rutinoside on alleviating vascular 

abnormalities in methylglyoxal-treated rats 

Animals, diets and experimental design 

A total of 24 Wistar-Kyoto (WKY) rats were obtained from Animal Resource 

Centre (Canning Vale, WA, Australia) at 8 weeks of age. After arrival in the Animal 

House, they were maintained on AIN93M standard diet at 22 ± 2 οC on 12 h light/12 

dark cycle with free access to food and tap water. The diet composition of AIN93M 

was shown in table 10. The vehicle was prepared by 1 g white bread spread with 0.5 

g peanut butter as control. Methylglyoxal was treated by dropping 125 µL of 40% 

methylglyoxal (200 mg/rat/day) on control vehicle, while C3R was mixed with peanut 

butter before spread on the bread. After 2 weeks of acclimatization period, the 

feeding practice was daily provided for the all animals with control vehicle in the 

morning. At the age of 12 weeks, the rats were divided into 4 groups and started 

supplementation: control, methylglyoxal, methylglyoxal with C3R at 30 mg/kg/day 

and methylglyoxal with C3R at 100 mg/kg/day groups. The rats were fed with the 

vehicle daily for 3 weeks. Then, the feeding was fed twice a day for 5 weeks. After 8 

weeks of feeding period, the animal was anesthetized by intraperitoneal injection of 

sodium pentobarbital (60 mg/Kg). Animal weight was recorded weekly during study 

period. Blood and tissues were collected from analysis. A part of descending thoracic 

aorta was used for isometric tension study. Remain thoracic aorta from isometric 

tension study was placed in liquid nitrogen and then transferred to -80ᵒC for further 

experiments. Liver and left kidney was collected, placed in liquid nitrogen and 
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transferred to -80ᵒC for further experiments. All animal work was carried out in 

accordance with the Australian code of practice for the care and use of animals for 

scientific purposes, 8th edition 2013 (AEC number: 796-06/16). 

Table 10 Diet composition of AIN93M 

 

Blood biochemical analysis 

Blood was collected from abdominal aorta using lithium heparin 

anticoagulant blood collection tube and centrifuged for 3,000g at 4ᵒC. The level of 

blood glucose, blood urea nitrogen (BUN), creatinine, aspartate aminotransferase 

(AST), alanine aminotransferase (ALT) were analyzed using commercial kit from 

Beckman coulter (Brea, CA, USA). 

Determination of plasma and tissue methylglyoxal level 

Blood was collected from abdominal aorta of anesthetized rats in EDTA 

anticoagulant blood collecting tube. Plasma was separated by centrifugation at 

3,000g for 10 min and kept at -80ᵒC before starting experiment. Liver and left kidney 

was removed from anesthetized and was frozen in liquid nitrogen. The tissue 
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samples were homogenized in liquid nitrogen and weighted for 100 mg. The 

homogenized samples were reconstituted in sodium phosphate in buffer (500 µL), 

pH 4.5 and sonicated for 5 min. The samples were centrifuged at 12,000g at 4ᵒC for 

10 min. The supernatant was collected for methylglyoxal level measurement. The 

samples (plasma and tissues) were incubated with difference volumes of chemicals 

(final volume = 0.7 mL) as shown in table 11. The chemicals at final concentration 

included 0.45N perchloric acid, 10 mM O-phenylenediamine (O-PD), 0.005% 5-

methylquinoxaline (5-MQ). The reaction was stranded at room temperature for 24 

hours in dark. After incubation period, all samples were filtered with 0.45 µm PES 

syringe filter and transferred to HPLC vial for injection. The quantification of 

methylglyoxal was based on the determination of its derivative compound (2-MQ). 

An Inersil-ODS3V C18 column (150×4.6 mm i.d.; 5-µm particle size) was used along 

with a LC-10AD pump, SPD-10A UV-Vis detector and LC-Solution software (Shimadzu 

Corp., Kyoto, Japan). The absorbance was recorded at 315 nm and the injection 

volume was 10 µL. An isocratic program was performed with 50% HPLC grade water 

and 50% methanol (v/v) with a constant flow rate set at 1 mL/min. The total running 

time was 14 min. The level of methylglyoxal was calculated compared to standard 

curve of methylglyoxal (concentration range 0-20 µM). The results were expressed as 

µmol/mg protein. 

Table 11 Chemicals were presented in the determination of plasma and tissue 

methylglyoxal level  
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Determination of non-fluorescent AGE, N-(carboxymethyl) lysine (Nɛ-CML) formation 

in aorta 

The aorta was weighted for 30 mg and placed in 2 mL microcentrifuge tube 

containing 1 mL 1X RIPA Buffer (10X RIPA Buffer was diluted to a 1X solution using 

distilled water). The samples were chopped into small piece and homogenized using 

homogenizer. The samples were process on ice. The lysate tissues were sonicated for 

5 min, and then centrifuged 14,000g for 10 min at 4ᵒC. The supernatant was 

collected and kept at -20ᵒC for Nɛ-CML measurement. 

Nɛ-CML was determined by using enzyme linked immunosorbant assay (ELISA) 

kit according to the manufacturer’s manual (OxiSelect™ Nɛ-(carboxymethyl)lysine 

(CML) ELISA Kit, Cell Biolabs , CA, USA). The lysate tissues 50 µL were placed into 96 

well plates which pre-coated with CML conjugated solution overnight before use. 

The plate was incubated at room temperature for 10 min on orbital shaker, and then 

100 µL of diluted anti-CML antibody (1:1000 anti-CML antibody in assay dilutant) was 

added and incubated for 1 hour at room temperature on orbital shaker. The solution 

was discarded and the wells were washed each well with 250 µL wash buffer for 3 

times. 100 µL diluted anti-HRP conjugated antibody (1:1000 anti- HRP conjugated 

antibody in assay dilutant) was added and then incubated at room temperature on 

orbital shaker for 1 hour. The wells were discarded and washed again by using 250 

µL wash buffer for 5 times and 100 µL of substrate solution (warmed at room 

temperature) was placed to each wells for 20 min (time can be different depend on 

Nɛ-CML concentration) on orbital shaker. The reaction was stopped by adding 100 µL 

stop solution. The absorbance was immediately measured at 450 nm with 

spectrophotometer. The concentration of Nɛ-CML was calculated from the standard 

curve of Nɛ-CML-BSA (0-12.5 ng/mL). The results were expressed as µg/mg protein.  
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Determination of vascular function 

 Aortic ring preparation 

  The aortic rings were prepared according to previous study (Runnie et al., 

2004). Rats (250-350g) were anesthetized for all experiments by intraperitoneal 

injection with single bolus dose of sodium pentobarbital (60 mg/kg). The descending 

thoracic aorta were isolated, cleared of adhering tissue and cut into rings 

approximately 3 mm in length. Endothelium was removed by gently rubbing the 

intimal surface of the vessels for a few seconds. Endothelium-intact and –denuded 

aortic rings were mounted in stainless steel stirrups and placed in 20 mL modular 

tissue bath (EMKA Technologies, Paris, France) containing physiological Krebs-

Henseleit buffer solution, bubbled with carbogen gas (95% O2:5% CO2) and 

maintained at 37°C. The Krebs-Henseleit buffer solution consisted of the following: 

113 mM NaCl, 4.8 mM KCl 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 2.5 mM 

CaCl2, 11.2 mM glucose and 0.57 mM ascorbic acid in ultrapure water. The aortic 

rings were equilibrated for 60 min under 4 g of resting tension. Before testing, the 

viability of tissue was assessed by contracting with 20 mM KCl until plateau maximal 

contraction (30 min). Then, the aortic rings were washed with Krebs solution and re-

equilibrated for 30 min before starting the experiment.  

The viability of tissue was assessed by testing contraction response to KCl (20 

mM). When the maximal contraction to KCl was reached, the rings were washed out 

with Krebs solution for 30 min, and the cumulative dose response to noradrenaline 

(9×10-11 to 6×10-7) was analyzed. All rings were washed out for 60 min and stabilized 

at resting tension of 4 g. Then, the rings were pre-contracted with half maximal dose 

of noradrenaline EC50. When reached the maximum contraction (20 min), the 

relaxation response curves of cumulative application of Ach or SNP was evaluated in 



 

 

79 

endothelial-intact or endothelial-denuded. The relaxation curve to SNP was 

repeatedly determined in endothelial-intact ring pre-contraction with noradrenaline 

EC50 after washout and stabilized period. 

 Mesenteric arterial bed preparation 

The mesenteric arterial beds were isolated from anesthetized rats and 

prepared according to previous study (Longhurst et al., 1986). Briefly, the superior 

mesentery artery was cannulated and flushed with heparin-saline. The intestinal tract 

was removed from entire mesenteric bed. The preparation was mounted in 50 mL 

perfusion bath (EMKA Technologies, Paris, France) and continuously perfused with 

oxygenated Krebs solution. After 30 min of equilibration, the viability of tissue was 

assessed by cumulative intraluminal injection of KCl (10-2 to 10-1 M), and then the 

tissue was continuously perfused with Kreb solution to re-equilibrate for 10 min 

before starting the experiment. The changed in tension of aortic ring and pressure of 

mesenteric arterial bed were monitored and analyzed by using iox2 software (EMKA 

Technologies, Paris, France).    

After washout period by perfusing Krebs solution for 20 min, the cumulative 

intraluminal injection of noradrenaline (10-8 to 10-4 M) was determined. The tissue 

was re-equilibrated for 20 min and then the half maximal dose of noradrenaline was 

included in Krebs solution perfusate to induce a partial pressure development state. 

To monitor vasorelaxation response, cumulative dose of Ach were intraluminally 

injected. Change in mesenteric pressure was recorded. 

Determination of gene expression in aorta 

 The frozen thoracic aorta was weighted for 30 mg, placed in cold RNAlater®-

ICE frozen tissue solution (300µL) and kept at -20ᵒC for 24 hours before experiment. 
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Total RNA was isolated from tissue using RNeasy fibrous tissue mini kit (Qiagen 

Science Inc, MD, USA). Tissue was removed from RNAlater®-ICE frozen tissue solution 

and placed in 1.5 mL microcentrifuge tube containing Buffer RLT (300 µL) and three 

stainless steel bead (2.5 mm mean dianeter). The tissue was immediately disrupted 

and homogenized using Mini-Beadbeater 30 second for 3 times. RNase-free water 

(590 µL) was added to the lysate, and then proteinase K solution (10 µL) was added, 

mixed thoroughly by pipetting and incubated 55ᵒC. After 10 min, the lysate was 

centrifuged at 10,000g for 3 min at room temperature. The supernatant was 

transferred to new microcentrifuged tube and ethanol (450 uL) was added and mixed 

by pipetting. The samples (700 µL) was transferred to RNase Mini spin column placed 

in a 2 mL collection tube and centrifuged at 8,000g for 30 second at room 

temperature. The flow-through was discarded and the remainder of sample was 

transferred to the same column and repeated the step before. Buffer RW1 (350 µL) 

was added to the column and then centrifuged at 8,000g for 30 second at room 

temperature to wash the membrane. The flow-through was discarded and 80 µL 

DNase I incubation mix (10 µL DNase stock solution and 70 µL Buffer RDD) was 

directly added to the membrane and stranded for 20 min at room temperature. 

Buffer RW1 (350 µL) was added to the column after incubation period and 

centrifuged at 8,000g for 30 second at room temperature. After discard the flow-

through, Buffer RPE (500 µL) was added and centrifuged at 8,000g for 30 second at 

room temperature (repeat this step for 2 times). The flow-through was discarded and 

centrifuged with highest speed for 1 min at room temperature. The column was 

carefully removed from collection tube and placed in microcentrifuge tube. RNase-

free water (20 µL) was added directly to membrane, stranded for 1 min and then 

centrifuged at 8,000g for 1 min. this step was repeated for 1 time. The RNA in flow-

through was collected. The RNA concentration and qualification  was analyzed using 
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by Qubit® fluorometer (Life Technology, USA) and Experion RNA Analysis Kits (Bio-

RAD Labolatories Inc., California, USA), respectively.   

 The 1 µg of total RNA was reverse transcribed to cDNA using iScript cDNA 

synthesis kit for RT-qPCR (Bio-RAD Labolatories Inc., California, USA) by C1000 thermal 

Cycler (Bio-RAD) at a final volume 20 µL. Rat primers (Nitric oxide synthase-NOS3 and 

40S ribosomal 60S ribosomal protein L13a-Rpl 13a) were provided by PrimePCR assay 

( Bio-RAD). RT-PCR was carried out in CFX384 Touch™ Real-Time PCR Detection 

system (Bio-RAD) using SYRB green detection. A master-mix of the following reaction 

components was prepared to indicate final concentrations (10 µL): 2.5 ng cDNA 

template, 1x primers, 1x SsoAdvanced Universal SYRB Green supermix kit (Bio-RAD). 

The difference volumes of chemicals (final volume = 0.7 mL) are shown in table 9. 

All samples were carried out in triplicate. The following RT-PCR protocol was 

employed: activation for 2 min at 95ᵒC, 40 cycles of at 95ᵒC for 5s and 60ᵒC for 30s, 

followed by malting step with slow heating from 65ᵒC-95ᵒC with a rate of 0.5ᵒC/s. 

The reference gene ribosomal protein L13a (Rpl13a) data were used to normalize the 

amount of RNA. 

3.2.6 Statistical analysis 

The results were expressed as mean±standard error of mean (SEM). The 

statistical significant of the results was evaluated by using one-way ANOVA. The 

significant difference of superoxide anion generation was analyzed by two-way 

repeated measures ANOVA, while methylglyoxal trapping ability was determined by a 

two-way ANOVA. Statistical significant of the vasorelaxation response to C3R was 

analyzed by Student’s t test. Differences between treatments were analyzed by 

Tukey post hoc for in vitro data and Duncan post hoc test for ex vivo and in vivo 



 

 

82 

data. These analyses were performed using SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, 

USA). A p value of less than 0.05 was taken as the criterion of significance. 
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CHAPTER IV 

RESULTS 
 
4.1 The effect of cyanidin-3-rutinoside (C3R) on protein glycation mediated by 

monosaccharide, including ribose, fructose, glucose and galactose, and reactive 

dicarbonyls molecule, methylglyoxal, in vitro.  

4.1.1 Fluorescent AGEs formation 

 The formation of fluorescent and non-fluorescent AGEs in four 

monosaccharide and methylglyoxal-mediated protein glycation was monitored during 

2 weeks of incubation. As shown in figure 16, ribose showed the highest glycation 

mediator than fructose, galactose and glucose caused a 25.5-fold, 15.5-fold, 5.1-fold 

and 3.7-fold increase in the fluorescence intensity, respectively when compared with 

BSA for 2 weeks. The results demonstrated that the addition of C3R (0.125–1 mM) 

into the solution significantly reduced the formation of fluorescent AGEs in a 

concentration-dependent manner throughout the study period as shown in figure 17-

20. At week 2 of incubation, the percentage reduction of AGEs formation by C3R 

(0.125–1 mM) was 2%–52% for BSA/ribose, 81%–93% for BSA/fructose, 30%–74% for 

BSA/glucose and 6%–79% for BSA/galactose. Similar to the effect of C3R (1 mM), a 

significant inhibition of fluorescent AGEs was observed in glycated BSA plus AG (1 

mM). The results showed that AG inhibited the formation of fluorescent AGEs in 

BSA/ribose (32%), BSA/fructose (47%), BSA/glucose (25%) and BSA/galactose (21%). 

However, AG showed less potent than C3R at the equal concentration by 1.6-fold, 

2.0-fold, 2.9-fold and 3.8-fold for BSA/ribose, BSA/fructose, BSA/glucose and 

BSA/galactose, respectively. 
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The glycating action of methylglyoxal on fluorescent AGEs formation in BSA 

was also determined. It was found that the addition of methylglyoxal to BSA in the 

BSA/methylglyoxal assay caused a 5-fold increase in the formation of fluorescent 

AGEs (figure 21). This methylglyoxal induced glycation of BSA was reduced when C3R 

was added at a level of 0.25 mM or above (p<0.05) and the reduction was greatest 

when C3R was added at 1 mM (65%) such that glycation levels were similar to BSA 

alone. The addition of AG was used as a positive control to inhibit the formation of 

fluorescent AGEs (63%) by a similar amount as 1 mM C3R.    
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Figure 16 The effects of monosaccharides (ribose, fructose, glucose and galactose) 

and methylglyoxal on the formation of fluorescent AGEs in BSA.  

The results are expressed as mean ± SEM (n = 3). *p<0.05 when compared 

to BSA at week 1 and **p<0.05 when compared to BSA at week 2. 
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Figure 17 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fluorescent glycated protein in the 

BSA/ribose (Rib) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 18 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fluorescent glycated protein in the 

BSA/fructose (Fruc) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 19 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fluorescent glycated protein in the 

BSA/glucose (Glu) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 20 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fluorescent glycated protein in the 

BSA/Galactose (Gal) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 21 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fluorescent glycated protein in the 

BSA/Methylglyoxal (MG) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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4.1.2 Non-fluorescent AGEs Nε-(carboxymethyl) lysine (Nε-CML) formation 

The level of Nɛ-CML was assessed in glycated BSA after 2 weeks of 

incubation. It was found that the level of Nɛ-CML increased in the order of glucose 

(3-fold) < galactose (4-fold) < fructose (29-fold) < ribose (46-fold) as shown in figure 

22-25. The addition of C3R (1 mM) to BSA/monosaccharide solution reduced the 

formation of Nɛ-CML approximately 56% in BSA/ribose, 68% in BSA/fructose, 81% in 

BSA/glucose and 86% in BSA/galactose. At equal concentration with C3R (1 mM), AG 

had more effective reduction of Nɛ-CML level in BSA/fructose system and showed 

the same potent as C3R in BSA/ribose, BSA/glucose and BSA/galactose assay. The 

percentage inhibition of AG was 68% for BSA/ribose, 92% for BSA/fructose and 89% 

for BSA/glucose and BSA/galactose. 

The results showed that methylglyoxal caused a significant increase in the 

levels of Nε-CML in BSA about 20-fold compared with BSA (Figure 26). The presence 

of C3R (1 mM) in the same solution resulted in a significant decrease in the level of 

Nɛ-CML level (71%). However, C3R showed less potent than AG (82%) at the equal 

concentration. The Nɛ-CML formation was similar to control when C3R or AG were 

added.  
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Figure 22 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of non-fluorescent glycated protein Nε-

(carboxymethyl) lysine (Nε-CML) in the BSA/Ribose (Rib) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 23 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of non-fluorescent glycated protein Nε-

(carboxymethyl) lysine (Nε-CML) in the BSA/Fructose (Fruc) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 24 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of non-fluorescent glycated protein Nε-

(carboxymethyl) lysine (Nε-CML) in the BSA/Glucose (Glu) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 25 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of non-fluorescent glycated protein Nε-

(carboxymethyl) lysine (Nε-CML) in the BSA/Galactose (Gal) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 26 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of non-fluorescent glycated protein Nε-

(carboxymethyl) lysine (Nε-CML) in the BSA/Methylglyoxal (MG) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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4.1.3 Amadori products formation 

The highest rate of production of fructosamine formation was observed in 

ribose-mediated BSA glycation by 72.1-fold, followed by a 54.9-fold in fructose, 14.3-

fold in galactose and 9.5-fold in glucose when compared with BSA. As shown in 

figure 27-30, the addition of C3R into the solution effectively reduced the level of 

fructosamine in a concentration dependent manner. The results showed that C3R at 

concentration 0.25 or above significantly decreased the level of fructosamine in 

BSA/ribose (27%–43%) and BSA/fructose (15%–20%) as concentration dependent 

manner. However, only concentration of 1 mM C3R markedly decreased 

fructosamine level in BSA/glucose (37%), and BSA/galactose (32%), and the equal 

concentration of AG inhibited by 6% for BSA/ribose, 19% for BSA/fructose, 20% for 

BSA/glucose and 18% for BSA/galactose. At the end of the experimental period, C3R 

(1 mM) was more effective to reduce the level of fructosamine than AG by 7.0-fold, 

1.1-fold, 1.9-fold and 1.8-fold in BSA/ribose, BSA/fructose, BSA/glucose and 

BSA/galactose system, respectively. However, the formation of Amadori product 

fructosamine was not detected in the BSA glycation system mediated by 

methylglyoxal.  
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Figure 27 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fructosamine in the BSA/Ribose (Rib) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 28 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fructosamine in the BSA/Fructose (Fruc) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 29 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fructosamine in the BSA/Glucose (Glu) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 30 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of fructosamine in the BSA/Galactose (Gal) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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4.1.5 Protein oxidation 

 Protein carbonyl content 

The oxidation of protein in glycation reaction mediated by monosaccharides 

and methylglyoxal was determined using carbonyl content and thiol group. The 

following order of increased protein carbonyl content in BSA could be established: 

glucose (3.7-fold) < galactose (2.9-folds) < fructose (8.2-fold) < ribose (18.5-fold). After 

2 weeks of incubation, the BSA/monosaccharide solution containing C3R (0.125–1 

mM) reduced carbonyl content in ribose-glycated BSA (15%–25%), fructose-glycated 

BSA (60%-63%), glucose-glycated BSA (3%–25%), and galactose-glycated BSA (10%–

23%). The addition of AG (1 mM) into the solution decreased protein carbonyl 

formation by 25% in BSA/ribose, 13% in BSA/fructose, 51% in BSA/glucose and 30% 

in BSA/galactose (figure 31-34). The level of protein carbonyl content was also 

investigated in BSA/methylglyoxal system. The result showed that BSA incubated 

with methylglyoxal increased the level of protein carbonyl content by 4.1-fold 

compared with BSA alone (figure 35). The presence of C3R (0.125-1 mM) in 

BSA/methylglyoxal solution reduced carbonyl content in range 3% to 15% whereas 

AG (1 mM) showed the higher potent than C3R by lowering carbonyl content for 69% 

when compared with BSA/methylglyoxal.  

 Protein thiol group 

The content of thiol group is a common indicator of the redox state of 

protein. At week 2, the depletion of protein thiol group was found in 

BSA/monosaccharide solution to be in the following order: galactose < glucose < 

fructose < ribose (figure 36-39). The results demonstrated that C3R (0.125–1 mM) 

prevented the depleting thiol group in ribose-glycated BSA (3%–42%), fructose-

glycated BSA (12%–69%), glucose-glycated BSA (14%–87%), galactose-glycated BSA 
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(8%–34%), whereas AG (1 mM) had the ability to prevent the depleting thiol group 

approximately 63% in BSA/ribose and 47% in BSA/glucose. However, AG could not 

markedly prevent the loss of thiol level in BSA/fructose and BSA/galactose. In 

addition, the loss of protein thiol group was observed in BSA incubated with 

methylglyoxal by 95% after 2 week of incubation as shown in figure 40. C3R (0.125-1 

mM) markedly diminished the loss of protein thiol group in BSA/methylglyoxal 

solution by a maximum of 33% prevention, while AG (1 mM) showed 23% 

prevention. 
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Figure 31 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein carbonyl content in the BSA/Ribose 

(Rib) assay.  

  The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 32 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein carbonyl content in the BSA/Fructose 

(Fruc) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 33 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein carbonyl content in the BSA/Glucose 

(Glu) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 34 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein carbonyl content in the BSA/Galactose 

(Gal) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 35 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein carbonyl content in the 

BSA/Methylglyoxal (MG) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 36 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein thiol group in the BSA/Ribose (Rib) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 37 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein thiol group in the BSA/Fructose (Fruc) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 38 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 
modulating the level of protein thiol group in the BSA/Glucose (Glu) 
assay.  
The results are presented as mean ± SEM (n=3). Groups without a 
common letter are significant difference (p<0.05). 
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Figure 39 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein thiol group in the BSA/Galactose (Gal) 

assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 40 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the level of protein thiol group in the BSA/Methylglyoxal 

(MG) assay.  

  The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 

  



 

 

114 

4.1.4 Protein aggregation 

The protein aggregation was measured as the level of β–amyloid cross 

structure as shown in figure 41-44. The highest rate production of β–amyloid cross 

structure was seen in ribose (1.8-fold) and followed by fructose (1.6-fold), galactose 

(1.3-fold), and glucose (1.3-fold) when compared with BSA without monosaccharide. 

At week 2, the addition of C3R (0.125-1 mM) significantly ameliorated the level of β-

amyloid cross structure in ribose-glycated BSA (22%–48%), fructose-glycated BSA 

(52%–81%), glucose-glycated BSA (38%–66%) and galactose-glycated BSA (38%–75%). 

In the meantime, AG (1 mM) also reduced the formation of cross β-amyloid structure 

in BSA/ribose (15%), BSA/fructose (24%), BSA/glucose (3%), and BSA/galactose (11%). 

Nevertheless, AG showed lower efficacy than C3R by 3.3-fold, 3.4-fold, 23.7-fold and 

6.6-fold for ribose-, fructose-, glucose- and galactose-induced BSA glycation, 

respectively. 

As shown in figure 45, the level of β-amyloid cross structure was also 

investigated in BSA/methylglyoxal system. The result showed that the incubation of 

BSA with methylglyoxal increased β-amyloid cross structure level by 1.3-fold when 

compared with BSA alone. The addition of C3R at concentration 0.25 or above 

markedly decreased β-amyloid crosses structure. C3R (1 mM) inhibited β-amyloid 

cross structure formation by 56% whereas AG at equal concentration has only 25% 

inhibition. 
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Figure 41 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of β-amyloid cross structure in the 

BSA/Ribose (Rib) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 42 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of β-amyloid cross structure in the 

BSA/Fructose (Fruc) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 43 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of β-amyloid cross structure in the 

BSA/Glucose (Glu) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 44 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of β-amyloid cross structure in the 

BSA/Galactose (Gal) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 45 The effects of cyanidin-3-rutinoside (C3R) and aminoguanidine (AG) 

modulating the formation of β-amyloid cross structure in the 

BSA/Methylglyoxal (MG) assay.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05).  
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4.1.5 Methylglyoxal trapping ability 

An evaluation of direct methylglyoxal-trapping capacity was carried out in 

order to investigate whether C3R could directly scavenge methylglyoxal. The 

percentage of methylglyoxal-trapping efficiency of C3R was consistent with the 

increased concentration of C3R and time of incubation (p<0.001).  The increase in 

incubation time from 1 to 24 hours increased efficiency of C3R to scavenge 

methylglyoxal by 2-fold. In addition, the methylglyoxal trapping ability of C3R was 

increased as the molar ratio of C3R to methylglyoxal increased. The equal molar 

ratio of C3R to methylglyoxal resulted in 21% and 45% methylglyoxal-trapping 

capacity after 1 and 24 h of incubation as shown in figure 46. AG showed a higher 

trapping capacity compared to C3R as it trapped 90 and 95% of methylglyoxal when 

incubated with methylglyoxal (1:1 molar ratio) for 1 and 24 hours, respectively (Table 

12). 
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Figure 46 The HPLC chromatogram of methylglyoxal after reaction with cyanidin-3-

rutinoside (C3R) and aminoguanidine (AG) at 1 hour (A) and 24 hours (B). 

Methylglyoxal was detected as 2-methylquinoxaline (2-MQ) after 

derivatization using o-phenylenediamine at 315 nm. 5-methylquinoxaline 

(5-MQ) was used as the internal standard. 
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4.2 The effect of cyanidin-3-rutinoside (C3R) on methylglyoxal-induced 

oxidative DNA damage, in vitro.  

4.2.1 DNA strand breakage 

The addition of lysine, methylglyoxal, Cu2+ or C3R (1mM) to plasmid DNA did 

not cause DNA cleavage, as plasmid DNA remained in the supercoiled (SC) form 

(figure 47a). The addition of methylglyoxal together with lysine to plasmid DNA 

caused 69% strand breakage of plasmid DNA when compared to plasmid DNA alone 

which was indicated by increasing intensity of the open circular (OC) band (figure 

47b). The lysine/methylglyoxal-induced DNA damage was markedly reduced by 26% 

at the highest dose of C3R (1 mM) as shown in figure 48. In the presence of Cu2+, the 

cleavage of plasmid DNA was 6-fold higher than lysine/methylglyoxal without Cu2+ 

(figure 47c) and was markedly reduced by 12% and 18% at 0.5 and 1 mM of C3R, 

respectively (figure 49).  
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Figure 47 The effects of cyanidin-3-rutinoside (C3R) on DNA cleavage-mediated by 

glycation of lysine with methylglyoxal (MG) in the absence or presence of 

Cu2+.  

The major band corresponds to supercoiled form (SC), and damaged plasmid DNA 

is represented as opened circular form (OC). pUC19 DNA (0.25 µg) was incubated 

with the following: (a) Lane 1, DNA alone; Lane 2, 50 mM lysine; Lane 3, 50 mM MG; 

Lane 4, 300 µM CuSO4; Lane 5, 1 mM C3R. (b) Lane 1, DNA alone; Lane 2, 50 mM 

lysine + 50 mM MG; Lane 3, 50 mM lysine + 50 mM MG + 0.125 mM C3R; Lane 4, 50 

mM lysine + 50 mM MG + 0.25 mM C3R; Lane 5, 50 mM lysine + 50 mM MG + 0.5 

mM C3R; Lane 6, 50 mM lysine + 50 mM MG + 1 mM C3R. (c) Lane 1, DNA alone; 

Lane 2, 50 mM lysine + 50 mM MG + 300 µM Cu2+; Lane 3, 50 mM lysine + 50 mM 

MG + 300 µM Cu2+ + 0.125 mM C3R; Lane 4, 50 mM lysine + 50 mM MG + 300 µM 

Cu2+ + 0.25 mM C3R; Lane 5, 50 mM lysine + 50 mM MG + 300 µM Cu2+ + 0.5 mM 

C3R; Lane 6, 50 mM lysine + 50 mM MG + 300 µM Cu2+ + 1 mM C3R. 
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Figure 48 The effect of cyanidin-3-rutinoside (C3R) modulating % open circular (OC) 

form of plasmid DNA in lysine/methylglyoxal (MG)-induced DNA strand 

breakage in the absence of Cu2+.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 49 The effect of cyanidin-3-rutinoside (C3R) modulating % open circular (OC) 

form of plasmid DNA in lysine/methylglyoxal (MG)-induced DNA strand 

breakage in the presence of Cu2+.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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4.2.2 Reactive oxygen species generation 

The level of superoxide anion was represented by reduced cytochrome c 

level. Superoxide anion formation significant increased during the incubation period 

as time dependent manner in methylglyoxal alone and lysine-incubated with 

methylglyoxal. The reduced cytochrome c was increased from 0.38±0.02 in lysine to 

3.09±0.09 in methylglyoxal alone and 6.82±0.36 nmol/mL lysine/methylglyoxal 

system (p<0.05). As shown in figure 50, the elevation of superoxide anion production 

caused by methylglyoxal or methylglyxal–incubated with lysine was prevented by all 

concentrations of C3R (0.125-1 mM). The addition of C3R at all concentration 

maintained the level of superoxide anion at the same level after 10 min until the 

end of experimental period at 50 min.    

The lysine/methylglyoxal generated hydroxyl radicals as measured by TBARS 

at the level 16.30±0.28 µM after 3 hours of incubation. The addition of C3R at 

concentration 0.5 mM or greater markedly reduced hydroxyl radicals formation 

(figure 51). The highest concentration of C3R (1 mM) resulted in a 16% inhibition of 

hydroxyl radical generation. 
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Figure 50 The effects of cyanidin-3-rutinoside (C3R) modulating the production of 

superoxide anion in lysine/methylglyoxal (MG)-induced glycation.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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Figure 51 The effects of cyanidin-3-rutinoside (C3R) modulating the production of 

hydroxyl radicals in lysine/methylglyoxal (MG)-induced glycation.  

The results are presented as mean ± SEM (n=3). Groups without a 

common letter are significant difference (p<0.05). 
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4.3 The effect of cyanidin-3-rutinoside (C3R) on methylglyoxal (MG)-mediated 

vascular abnormalities in isolated vascular preparation 

4.3.1 Direct vascular relaxation effect of C3R in thoracic aorta  

 Vascular relaxation 

The relaxation response curve demonstrated that C3R began to dilate the 

vessel at 1 nM for endothelial-intact and at 0.3 µM for endothelial-denuded aorta 

(p<0.05). The vessel reached the maximum relaxation rate at 91.6±4.2% 

(EC50=2.43±0.57 µM) and 90.5±4.5% (EC50=2.56±0.65 µM) in the aorta with and 

without endothelium, respectively (Figure 52). The low concentration range of C3R 

(1-100 nM) showed endothelium-dependent vasodilation effect in endothelial-intact 

ring which was attenuated when endothelium was removed in endothelial-denuded 

ring. Treatment with NOLA (eNOS inhibitor) reduced vasodilation effect of C3R by 

increasing EC50 of C3R from 2.43±0.57 µM in untreated rings to 9.25±2.60 µM in NOLA-

treated rings (p<0.05). The vessel relaxing mediated by C3R was attenuated at the 

concentration of 3 µM in NOLA-treated rings, but there are no differences for the 

maximum relaxation rate.   

 Endothelial nitric oxide synthase (eNOS) mRNA expression 

The C3R induced eNOS mRNA expression in isolated thoracic aorta as shown 

in figure 53. There were no significant differences observed in the aorta incubated 

with C3R at concentration 3 µM for 30 min incubation, while a higher concentration 

of C3R at 10 µM significantly increased eNOS mRNA expression by 1.3-fold when 

compared to control. The longer incubation time (30 min to 24 hours) caused a 

marked increase in eNOS mRNA expression by C3R (p<0.05). It was noted that C3R (3 

µM) significantly caused eNOS mRNA expression as compared to control. 
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Figure 52 The cumulative concentration response curve of cyanidin-3-rutinoside 

(C3R) in endothelial-intact (+E) and endothelial-denuded (-E) thoracic 

aorta isolated from WKY rats.  

The results are presented as mean ± SEM (n=6). *p<0.05 is significantly 

different when compared to +E. 
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Figure 53 The effect of cyanidin-3-rutinoside (C3R) on endothelial nitric oxide 

synthase (eNOS) mRNA expression in isolated thoracic aorta from WKY 

rats after incubation for 0.5 and 24 hours.  

The results are presented as mean ± SEM (n=6). Groups without a 

common letter are significant difference (p<0.05). 
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4.3.2 Direct vascular relaxation effect of C3R in mesenteric arterial bed 

The vasodilation effects of C3R in the mesenteric vascular bed preparation 

perfused with noradrenaline EC50 are shown in figure 54. Whilst the maximum 

relaxation effect of C3R reached up to 91.6±4.2% in the aortic rings, the maximal 

relaxation effect in the mesenteric bed preparation was only 61.3±6.4% (EC50 = 

25.0±1.26 µM). Incubation with endothelial nitric oxide synthase (eNOS), Nɷ-nitro-L-

arginine (NOLA), to inhibit the production of nitric oxide caused the loss of C3R 

activity to 32.5±6.32% (p<0.05) at concentration of 10 nM or above.  
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Figure 54 The cumulative concentration response curve of cyanidin-3-rutinoside 

(C3R) in mesenteric arterial bed isolated from WKY rats with and without 

endothelial nitric oxide synthase (eNOS) inhibitor, Nɷ-nitro-L-arginine 

(NOLA).  

The results are presented as mean ± SEM (n=6). *p<0.05 is significantly 

different when compared to control. 
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4.3.3 Vascular functions of isolated thoracic aorta after acute methylglyoxal 

treatment 

 Vascular contraction response to noradrenaline 

Pretreatment of aortic ring with methylglyoxal for 30 min significantly 

increased contraction response to noradrenaline in endothelial-intact ring when the 

concentration of noradrenaline at a level 60 nM or above was provided. As shown in 

figure 55, maximum contraction induced by noradrenaline (600 nM) increased from 

100 to 125.1 ± 3.6% in methylglyoxal-treated rings (p<0.05) but there were no 

differences in the level of noradrenaline EC50. Methylglyoxal (500 µM) significantly 

reduced vascular contraction when co-incubation with C3R (3 µM). The treatment of 

C3R markedly abolished the contraction response to noradrenaline at concentration 

6 nM or higher and changed the noradrenaline EC50 from 7.91±1.02 nM in 

methylglyoxal to 12.01±1.54 nM in methylglyoxal/C3R. The maximum contraction in 

methylglyoxal/C3R treatment was similar to control. However, no significant 

difference of contraction response to noradrenaline was observed in endothelial-

denuded rings when methylglyoxal and methylglyoxal with C3R were treated (figure 

56).  

 Vascular relaxation response to acetylcholine 

The relaxation response to acetylcholine was determined in endothelial-

intact rings (figure 57). Methylglyoxal (500 µM) significantly impaired acetylcholine-

induced endothelium dependent relaxation by increasing EC50 of acetylcholine from 

4.95±1.01 nM (the control) to 22.12±4.58 nM (methylglyoxal-treated rings). The 

concentration of acetylcholine for initial relaxation response was observed at 3 nM in 

the control ring while it was increased to 10 nM in methylglyoxal-treated rings. As 

similar to control, the presence of C3R (3 µM) markedly prevented methylglyoxal-
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impaired relaxation (p<0.05). However, the maximum relaxation was not affected by 

all treatments. 

 Vascular relaxation response to sodium nitroprusside 

The endothelium-independent relaxation in aortic ring was determined by 

cumulative concentration response to sodium nitroprusside in both endothelial-

intact and –denuded ring (figure 58). In endothelial-intact ring, methylglyoxal 

increased sodium nitroprusside-induced relaxation at concentration 0.5 nM or above 

by shifting the concentration response curve to the left and markedly decreasing the 

sodium nitroprusside EC50 from 1.59±0.33 nM (the control) to 0.69±0.12 nM 

(methylglyoxal-treated rings). The lower EC50 value of sodium nitroprussode 

represented the higher portent to induce relaxation in methylglyoxal-treated rings. 

The enhancing effect of methylglyoxal on sodium nitroprusside-induced relaxation 

was reversed as similar to control when 3 µM C3R was co-incubated (p<0.05). The 

maximum relaxation was observed at the concentration of 10 nM sodium 

nitroprusside or above for methylglyoxal-treated ring while the higher concentration 

of sodium nitroprusside (50 nM or greater) was used to induced maximum relaxation 

in the control and methylglyoxal/C3R rings. However, all treatments did not affect to 

alter the maximal relaxation to sodium nitroprusside. 

In endothelial-denuded ring, methylglyoxal significantly increased the 

relaxation response to sodium nitroprusside (0.5 nM) when compared to control 

(figure 59). Treatment with C3R prevented the enhancing effect of methylglyoxal on 

vasorelaxation response to sodium nitroprusside, but the maximal relaxation and 

sodium nitroprusside EC50 were not changed by the treatments. 
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Figure 55 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of noradrenaline (NA) in endothelial-intact (+E) thoracic 

aorta isolated from WKY rats after incubation with 0.1% DMSO as control, 

methylglyoxal (MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG. 
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Figure 56 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of noradrenaline (NA) in endothelial-denuded (-E) thoracic 

aorta isolated from WKY rats after incubation with 0.1% DMSO as control, 

methylglyoxal (MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6).  
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Figure 57 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of acetylcholine (Ach) in endothelial-intact (+E) thoracic 

aorta isolated from WKY rats after incubation with 0.1% DMSO as control, 

methylglyoxal (MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG. 
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Figure 58 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of sodium nitroprusside (SNP) in endothelial-intact (+E) 

thoracic aorta isolated from WKY rats after incubation with 0.1% DMSO as 

control, methylglyoxal (MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG. 
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Figure 59 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of sodium nitroprusside (SNP) in endothelial-denuded (-E) 

thoracic aorta isolated from WKY rats after incubation with 0.1% DMSO as 

control, methylglyoxal (MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG. 
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4.3.4 Vascular functions of mesenteric arterial bed after acute perfusion of 

methylglyoxal  

 Vascular contraction response to noradrenaline 

After 30 min of perfusion of methylglyoxal to mesenteric vascular bed, there 

was significant reduction of noradrenaline-induced vasoconstriction at the 

concentration of 30 µM noradrenaline or above (figure 60). In addition, maximum 

contraction in response to noradrenaline was decreased from 100 to 85.3±5.6% but 

there was no difference change in the EC50 of noradrenaline. When C3R (3 µM) was 

added into the perfusate together with methylglyoxal, the impairment of vascular 

contraction was restored at noradrenaline concentration 30 µM or higher (p<0.05). 

C3R caused the change of maximum contraction to 119.5±2.0% but it was not 

altered the EC50 of noradrenaline. 

 Vascular relaxation response to acetylcholine 

The effects of methylglyoxal and together with C3R on the relaxation 

response to acetylcholine isolated mesenteric arterial bed are shown in figure 61. 

The endothelium dependent relaxation response to acetylcholine (20 nM or above) 

was significantly decreased when methylglyoxal was treated. The maximum 

relaxation in response to 2 µM acetylcholine was attenuated from 89.2 ± 2.1% to 

79.8 ± 2.3% (p<0.05). The presence of C3R markedly prevented methylglyoxal-

impaired the relaxation to acetylcholine at concentration 10 nM or greater. The 

increasing maximum response by C3R was 86.5 ± 1.2% when C3R was incubated with 

methylglyoxal without the change in the EC50 of acetylcholine (p<0.05).  
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Figure 60 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of noradrenaline (NA) in mesenteric arterial bed isolated 

from WKY rats after perfused with 0.1% DMSO as control, methylglyoxal 

(MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG.  
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Figure 61 The effect of cyanidin-3-rutinoside (C3R) on the cumulative concentration 

response curve of acetylcholine (Ach) in mesenteric arterial bed isolated 

from WKY rats after perfused with 0.1% DMSO as control, methylglyoxal 

(MG; 500 µM) and MG/C3R (3 µM) for 30 min.  

The results are presented as mean ± SEM (n=6). *p<0.05 compared to 

control and **p<0.05 compared to MG.  
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4.4 The effect of cyanidin-3-rutinoside (C3R) on alleviating vascular 

abnormalities in methylglyoxal-treated rats. 

4.4.1 Biochemical parameters 

No significant differences were observed in the body weight between control 

and methylglyoxal groups (table 13). The 9% weight loss was observed in the rats 

treated with methylglyoxal/C3R (30 and 100 mg/kg/day) at the end of treatment 

when compared to control groups. The level of BUN and creatinine were not 

changed in methylglyoxal group but it increased in methylglyoxal/C3R groups when 

compared to control group (p<0.05). However, the level of parameter for the kidney 

function test of all groups was still in the normal range. In addition to kidney 

function, the treatments both methylglyoxal and methylglyoxal with C3R was not 

caused damage to liver function as represented by liver enzymes test. No significant 

differences were observed in the level of AST and ALT all treatment groups. 
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4.4.2 The concentration of methylglyoxal in plasma and tissues  

As shown in table 14, the treatment of methylglyoxal (60-120 mg/kg/day) for 

8 weeks caused 1.2-fold increase in plasma methylglyoxal concentration (the control 

group= 10.02±0.17 µM and methylglyoxal groups = 11.66±0.18 µM). The elevation of 

plasma methylglyoxal concentration was decreased in methylglyoxal-treated rats 

when C3R was treated at concentration 30 and 100 mg/kg/day. The plasma 

methylglyoxal concentrations of C3R groups were 9.72±0.41 and 9.79 ±0.28 µM, 

respectively. They were similar concentration range to control group. However, there 

were no significant differences observed in the concentration of methylglyoxal in the 

kidney and the liver between the different groups. 
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4.4.3 Glyoxalase I (GLO1) mRNA expression in aorta 

The mRNA expression of GLO1 in aortic tissues is shown in figure 62. 

Methylglyoxal did not alter the mRNA expression of GLO1 in methylglyoxal group 

when compared with the control group. In addition, the rats treated with 

methylglyoxal plus C3R (100 mg/kg/day) trended to increase GLO1 mRNA expression 

compared to methylglyoxal group.  
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Figure 62 Glyoxalase I (GLO1) mRNA expression of aorta in methylglyoxal (MG)-

treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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4.4.4 Nɛ-(carboxymethyl)lysine (Nɛ-CML) level in thoracic aorta  

The accumulation of Nɛ-CML in aortic tissue is shown in figure 63. After 8 

weeks of methyglyoxal treatment (60-120 mg/kg/day), Nɛ-CML level significantly 

increased in aortic tissue of methylglyoxal-treated rats by 1.7-fold when compared to 

control. Methylglyoxal supplemented with C3R significantly reduced Nɛ-CML 

accumulation in vessel as concentration dependent manner. The reduction of Nɛ-

CML level in methylglyoxal plus C3R at 30 and 100 mg/kg/day was demonstrated by 

59% and 69%, respectively. 
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Figure 63 The level of Nɛ-(carboxymethyl)lysine (Nɛ-CML) in of aorta in methylglyoxal 

(MG)-treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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4.4.5 Vascular functions of isolated thoracic aorta 

 Vascular contraction response to noradrenaline 

The aortic ring preparation from methylglyoxal-treated rats significantly 

decreased contraction response to noradrenaline in endothelial-intact ring when the 

concentration of noradrenaline at a level 1.5 nM or above was provided. As shown in 

figure 64, maximum contraction induced by noradrenaline (600 nM) was decreased 

from 100 to 94.3±2.1% in methylglyoxal group whereas the level of noradrenaline 

EC50 was increased from 6.64±0.54 nM in control group to 9.64±1.25 nM in 

methylglyoxal group (p<0.05). Treatment of methylglyoxal impaired contraction was 

significantly prevented when co-treatment with C3R (30 and 100 mg/kg/day). C3R 

prevented the inhibitory effect of methylglyoxal on contraction response to 

noradrenaline at concentration 6 nM or higher and changed the noradrenaline EC50 

from 9.64±1.25 nM in methylglyoxal group to 5.97±0.71 nM in methylglyoxal/C3R (30 

mg/kg/day) and 6.23±0.73 nM in methylglyoxal/C3R (100 mg/kg/day) The 

noradrenaline EC50 and maximum contraction in methylglyoxal/C3R treatment were 

similar to control group. However, no significant difference of contraction response to 

noradrenaline was observed in endothelial-denuded rings isolated from 

methylglyoxal-treated rats when compared to control group (figure 65).  

 Vascular relaxation response to acetylcholine 

The relaxation response to acetylcholine was determined in endothelial-

intact rings isolated from all treatment groups (figure 66). Methylglyoxal-treated rats 

significantly impaired of acetylcholine-induced endothelium-dependent relaxation 

when the concentration of actylcholine at concentration 68 nM or higher was 

provided. The maximum relaxation was decreased from 94.3±1.2% (control group) to 

87.4±1.7% (methylglyoxa-treated rats). As similar to control, methylglyoxal 
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supplemented with C3R (30 and 100 mg/kg/day) markedly improved the relaxation 

response to acetylcholine at concentration 68 nM or above. The maximum 

contraction in methylglyoxal/C3R treatment was similar to control group. The 

acetylcholine EC50 was no difference in all treatment groups.  

 Vascular relaxation response to sodium nitroprusside  

The endothelium-independent relaxation in aortic rings isolated from feeding 

rats was determined by cumulative concentration response to sodium nitroprusside 

(figure 67).  Methylglyoxal-treated rats increased sensitivity to sodium nitroprusside-

induced relaxation at concentration 5 nM or above in endothelial-intact rings. The 

concentration response curve was shifted to the left and markedly decreasing 

sodium nitroprusside EC50 from 3.07±0.56 nM (control group) to 1.92±0.28 nM 

(methylglyoxal-treated rats). However, no significant difference of relaxation response 

to sodium nitroprusside was observed between methylglyoxal group and 

methylglyoxal/C3R groups (30 and 100 mg/kg/day).  

In endothelial-denuded ring, methylglyoxal group significantly increased the 

relaxation response to sodium nitroprusside at concentration 0.5 nM or above when 

compared to control group (figure 68). The sodium nitroprusside EC50 was reduced 

from 2.01±0.18 nM in control group to 1.09±0.33 nM methylglyoxal group (p<0.05). 

Treatment of C3R at 30 mg/kg/day significantly prevented the enhancing effect of 

methylglyoxal on vascular relaxation response to sodium nitroprusside at 

concentration 0.5-50 nM. The maximal relaxation of all rings was not affected by the 

treatments. 
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Figure 64 The cumulative concentration response curve of noradrenaline (NA) in 

endothelial-intact (+E) thoracic aorta isolated from methylglyoxal (MG)-

treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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Figure 65 The cumulative concentration response curve of noradrenaline (NA) in 

endothelial-denuded (-E) thoracic aorta isolated from methylglyoxal 

(MG)-treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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Figure 66 The cumulative concentration response curve of acetylcholine (Ach) in 

endothelial-intact (+E) thoracic aorta isolated from methylglyoxal (MG)-

treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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Figure 67 The cumulative concentration response curve of sodium nitroprusside 

(SNP) in endothelial-intact (+E) thoracic aorta isolated from methylglyoxal 

(MG)-treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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Figure 68 The cumulative concentration response curve of sodium nitroprusside 

(SNP) in endothelial-denuded (-E) thoracic aorta isolated from 

methylglyoxal (MG)-treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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4.4.6 Vascular functions of isolated mesenteric arterial bed  

 Vascular contraction response to noradrenaline 

The mesenteric arterial bed preparation isolated from methylglyoxal-treated 

rats significantly decreased noradrenaline-induced contraction at concentration 15-60 

µM (figure 69) but there were no differences in the maximum contraction and the 

level of noradrenaline EC50. The impairment of vascular contraction was restored 

when methylglyoxal plus C3R (30 and 100 mg/kg/day) was treated. The treatment of 

C3R markedly increased the contraction response to noradrenaline concentration 1.5 

µM or greater (p<0.05) and changed the noradrenaline EC50 from 9.10±1.48 µM in 

methylglyoxal group to 2.31±0.07 µM and 3.28±0.77 µM in methylglyoxal/C3R at 

concentration 30 and 100 mg/kg/day, respectively. 

 Vascular relaxation response to acetylcholine 

The effects of methylglyoxal-treated rat and together with C3R 

supplementation on relaxation response to acetylcholine in isolated mesenteric 

arterial bed are shown in figure 70.  The endothelium-relaxation response to 

acetylcholine (0.2 µM or above) was significantly decreased in methylglyoxal-treated 

rats when compared to control group. The maximum relaxation response at 2 µM 

acetylcholine was reduced from 80.9±5.2% to 69.8±3.7% (p<0.05). Methylglyoxal 

plus C3R (30 and 100 mg/kg/day) markedly prevented methylglyoxal-impaired the 

relaxation to acetylcholine at concentration 0.2 µM or greater. The increasing 

maximum response by C3R (30 and 100 mg/kg/day) was 86.9±3.1% and 86.7±1.7% 

when treated together with methylglyoxal without the change in the EC50 of 

acetylcholine (figure 4.54).  
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Figure 69 The cumulative concentration response curve of noradrenaline (NA) in 

mesenteric arterial bed isolated from methylglyoxal (MG)-treated WKY 

rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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Figure 70 The cumulative concentration response curve of acetylcholine (Ach) in 

mesenteric arterial bed isolated from methylglyoxal (MG)-treated WKY 

rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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4.4.6 Endothelial nitric oxide synthase (eNOS) mRNA expression in aorta  

The mRNA expression level of eNOS in aortic tissue from all treatment groups 

is shown in figure 71. The treatment of methylglyoxal (60-120 mg/kg/day) for 8 weeks 

caused a decrease in the relative level of eNOS gene expression by 30% when 

compared to control group. C3R supplementation in methylglyoxal-treated rats (100 

mg/kg/day) significantly ameliorated the changes in the mRNA level of eNOS which 

was similar to control. The enhancing of the relative eNOS mRNA expression in 

methylglyoxal plus C3R at 30 and 100 mg/kg/day was observed by 13% and 34%, 

respectively relative to methylglyoxal group. 
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Figure 71 Endothelial nitric oxide synthase (eNOS) mRNA expression of aorta in 

methylglyoxal (MG)-treated WKY rats.  

Groups of 12 weeks old male WKY rats were treated for 8 weeks with MG 

(60-120 mg/day) in vehicle. Cyanidin-3-rutinoside (C3R; 30 and 100 

mg/kg/day) were used as supplementation. The results are presented as 

mean ± SEM (n=6). Groups without a common letter are significant 

difference (p<0.05). 
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CHAPTER V 

DISCUSSION 
 

5.1 The effect of C3R on protein glycation in BSA mediated by 

monosaccharides, including ribose, fructose, glucose and galactose, and reactive 

dicarbonyl compound, methylglyoxal in vitro 

 The development of macrovascular and microvascular diabetic complications 

is associated with the formation and accumulation of advanced glycation end 

products (AGEs) (Jakus and Rietbrock, 2004, Goldin et al., 2006). Chronic consumption 

of dietary monosaccharides has been associated with accelerating the aging process 

via the formation of non-enzymatic glycation between the carbonyl group of 

reducing sugars (glucose, fructose, ribose, and galactose) and the amino group of 

protein, leading to generate AGEs, commonly described as protein glycation (Ulrich 

and Cerami, 2001). The present study demonstrated that aldopentose (ribose) was 

the most effective inducer of protein glycation among other monosaccharides 

(fructose, galactose and glucose) after 2 weeks of incubation. Our findings are 

consistent with previous reports suggesting that aldose sugars have higher reactivity 

than ketose sugars to induce glycated BSA and glycated hemoglobin (Bunn and 

Higgins, 1981, Syrovy, 1994). This can be explained by the chemical structure of 

ribose which exists as a more open structure than others. This leads to a puckered 

conformation, resulting in an unstable structure which easily reacts with the amino 

group of protein (Wei et al., 2009, Wei et al., 2012).  

 In addition to reducing sugars, reactive dicarbonyl compounds such as 

methylglyoxal that generates endogenously via carbohydrate, protein and lipid 

metabolism and also produces from the amadori product rearrangement, schiff base 



 

 

166 

oxidation and glyoxidation, can reacts with free amino group of protein to generate 

AGEs at the late stage of glycation process (Wu et al., 2011).  It has been reported 

that methylglyoxal induced protein glycation with the greater rate than the parent 

compounds, reducing sugar (Westwood and Thornalley, 1995). The current showed 

that 1 mM methylglyoxal causes an increased in fluorescent AGEs formation and N-ɛ-

CML at the same rate with galactose at concentration 0.5 M but less than level of 

AGEs formation induced by 0.1 M ribose and 0.5 M fructose.  

 Schiff base is generated during the early stage of protein glycation, and 

spontaneously rearranges to form Amadori product such as Heys rearrangement 

products or fructoselysine when fructose or glucose are inducer, respectively. The 

degradation of Amadori product by oxidative and non-oxidative fragmentation causes 

the formation of AGEs at the late stage of glycation process (Hinton and Ames, 2006). 

On the other hand, the reaction between diacarbonyl compounds and amino group 

of protein also produces AGEs without Amadori product formation. The recent 

findings indicated that ribose induced the greatest level of fructosamine and 

followed by galactose, glucose and fructose. Studies have shown the higher potent 

of fructose to induce AGEs formation when compared to glucose in glycated BSA 

model (Meeprom et al., 2013, Sompong et al., 2013). Therefore, fructose was much 

more prone to produce Amadori product than glucose.  However, in the present 

study, the level of fructosamine in fructose-glycated BSA is lower than glucose-

glycated BSA. This result was consistent with previous studies (Ahmed and Furth, 

1992, Sompong et al., 2013) that has explained by the limitation of fructosamine 

determination assay to detect the different of aldehydic Amadori production from 

aldose sugar and ketonic Amadori production from ketose sugar. Nitroblue 

tetrazolium (NBT), a choromogenic compound, commonly used to determine 

fructosamine, but it has disadvantage to partially react with aldehydic Amadori 
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product (Ahmed and Furth, 1992). This might be explained the lower level of 

fructosamine in glycated BSA-mediated by fructose than glucose.   

 Protein oxidation causes the alteration of protein structure and its biological 

properties. It results from ROS overproduction during protein glycation process. The 

auto-oxidation reaction of glucose, catalyzed by transition metal ion, causes the 

formation of hydrogen peroxide and reactive carbonyl compounds. The carbonyl 

compounds sequentially attacks with lysine and arginine residues to produce AGEs 

(Wolff and Dean, 1987). The oxidative protein degradation is mediated by highly 

reactive hydroxyl radicals that generate via Fenton reaction. Superoxide anions are 

also continuously generated via oxidation of early glycation products such as 1,2- 

and 2,3-enolization of the Schiff’s base (Smith and Thornalley, 1992). A thiol group of 

amino acid (Cys and Met) plays a role in the oxidative defense of protein which is the 

key target molecules for free radical-mediated modification of protein (Aćimović et 

al., 2009). The direct oxidation of amino acid (Lysine, Arginine, Threonine) or 

secondary reaction of amino acid residues (Cysteine and Histidine) with reactive 

carbonyl compounds leads to generate protein carbonyl derivatives (Berlett and 

Stadtman, 1997, Lee et al., 1998). Therefore, protein thiol group and protein carbonyl 

content have been used as a marker of ROS mediated protein oxidation associating 

with ageing and oxidative stress. The present study indicated that BSA-incubated with 

monosaccharides and methylglyoxal increased the level of protein carbonyl content 

whereas decreased the level of protein thiol goups after 2 week of incubation 

period. 

 Protein glycation directly induces protein aggregation and alters the 

conformation and stability of protein. Protein aggregation further forms insoluble 

amyloid fibrils comprising β-amyloid cross structure (Bouma et al., 2003). The 

accumulations of β-amyloid cross structure in specific organs or tissues may 
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contribute to amyloidosis which plays a role in the pathological progression. For 

instance, the islet amyloid polypeptide deteriorated the islet function in type 2 

diabetes (Clark et al., 1996). Moreover, the accumulation of amyloid plaques 

represents a major breakthrough in neurodegenerative diseases (Vidal and Ghetti, 

2011). The present study demonstrated that the incubation of BSA with 

monosaccharides and methlyglyoxal significantly increased the level of β-amyloid 

cross structure after 2 week of incubation.  

 Scientists have attempted to search for anti-glycation agents from 

phytochemical compounds in order to inhibit the glycation process (Wu et al., 2011, 

Adisakwattana et al., 2012). For example, cinnamic acid and its derivatives, naturally 

occurring phenolic acids, have been shown to inhibit the generation of AGEs in 

models of glycated BSA (Adisakwattana et al., 2012). Other phytochemical 

compounds such as curcumin and silymarin have been recognized as powerful 

antioxidants. They have been found to inhibit AGEs formation in in vitro and diabetic 

animal models (Sajithlal et al., 1998, Wu et al., 2011, Hu et al., 2012). In this regard, 

the proposed mechanisms of their actions may be related to scavenge free-radicals 

and reactive dicarbonyl intermediates during the glycation process (Sajithlal et al., 

1998, Wu et al., 2011, Hu et al., 2012). Recent data indicate that anthocyanin-

enriched red grape skin extract demonstrates the ability to reduce the formation of 

AGEs and glycation-induced protein oxidation in BSA model (Jariyapamornkoon et al., 

2013). In the present study, we firstly investigated the effect of C3R on different 

types of monosaccharide induced protein glycation. The results clearly indicated that 

C3R effectively inhibits the formation of fluorescent and non-fluorescent AGEs Nɛ-

CML correlated with the reduction of fructosamine in BSA. The underlying 

mechanisms of flavonoids have been recently proposed to act as Amadori product 

inhibitors, AGE inhibitors, reactive dicarbonyl scavengers, and free-radical scavengers. 
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Moreover, it has been reported that anthocyanins could bind to human serum 

albumin (HSA) with high affinity at physiological pH (Cahyana and Gordon, 2013). 

Cyanidin-3-glucoside (C3G) belongs to anthocyanins and is widely found in fruits and 

vegetables. Data regarding the intermolecular interactions of C3G with BSA has been 

obtained through fluorescence spectroscopy and molecular docking methods. The 

observations indicate that C3G spontaneously binds and insert into the hydrophobic 

cavity in Site II (subdomain IIIA) of BSA, recognized as the same binding site of 

aminoguanidine (Joglekar et al., 2013, Shi et al., 2013). The interactions of C3G are 

mainly involved in hydrophobic, polar, and charge residues in BSA with Van der 

Waals and hydrogen bonding interactions. After the binding of C3G, BSA retains the 

secondary α-helical structure of BSA (Shi et al., 2013). Joglekar et al. reported that 

monosaccharide-induced protein glycation reduced the proportion of α-helical 

structure of BSA, with a parallel increase in the β-sheet structure. These structural 

alterations were reversed in the presence of antiglycating agents (Joglekar et al., 

2013). Although the chemical structure of C3R and C3G are very similar, differences 

exist in the type of sugar at the β-glycosidic linkage. The interaction of albumin might 

be explained for the mechanisms of C3R to inhibit protein glycation. Therefore, it 

could be hypothesized that the binding of C3R might bind at the same site specificity 

of subdomain IIIA in BSA and help stabilize protein structure leading to prevent the 

proportional changes between α-helical and β-sheet structure during the glycation 

process. Further studies are needed to substantiate this hypothesis.  

 This study also shows for the first time that C3R effectively inhibited 

dicarbonyl intermediate methylglyoxal-derived AGEs formation at a propagation stage 

of the glycation process. C3R finally suppressed the formation of fluorescent AGEs 

and non-fluorescent AGEs Nɛ-CML in advanced stage of glycation process. These 

findings extend previous part which showed that C3R inhibited ribose-, fructose-, 
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glucose- and galactose-induced AGEs formation during the initial stage of glycation 

(Thilavech et al., 2015). Furthermore, berry and grape extracts containing anthocyanin 

also inhibited the formation of AGEs in an in vitro model involving fructose, 

methylglyoxal and BSA (Wang et al., 2011). It is likely that these protein glycation 

protective effects of the fruit extracts may be largely due to C3R content as it is the 

predominant anthocyanin component (Jakobek et al., 2007, Hassimotto et al., 2008). 

These findings, taken together, suggest that C3R potentially impairs initiation and 

intermediate stages of protein glycation and supports the need for efficacy and 

bioavailability studies of C3R in animals and humans. 

 Anti-oxidative agents have shown the ability to inhibit protein glycation and 

oxidative damage (Jariyapamornkoon et al., 2013). Many studies have reported strong 

positive correlation between antioxidant activity of flavonoids and the abilities to 

inhibit protein glycation and oxidation (Harris et al., 2011, Ramkissoon et al., 2013). 

Anthocyanin-rich extract containing high concentration of C3R also exhibits potent 

antioxidant activity (Tulio et al., 2008, Li et al., 2012). According to these supporting 

data, the C3R mediated inhibition of protein glycation and oxidation is related to its 

antioxidant activity (Feng et al., 2007, Watanabe, 2007). 

 Anthocyanins have been shown to reduce β-amyloid aggregation (Riviere et 

al., 2008). Concerning the chemical structure, the fibril inhibitory activity of 

anthocyanins is due to the chalcone which has C6-linker-C6 structure in aqueous 

solution. Hydrogen bond might play an important role in fibril inhibition of 

anthocyanin by reinforcing the hydrophobic interaction between the aromatic rings 

(Riviere et al., 2008). As a result, the present study demonstrated the ability of C3R to 

reduce the level of β-amyloid cross structure in BSA mediated by monosaccharides 

and methylglyoxal. It has been reported that C3R also markedly decreased the level 

of thioflavin T fluorescence which is a marker of amyloid aggregation and fibril 
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formation in amyloid peptide model (Wong et al., 2013). Therefore, it can be 

speculated that C3R may help to decrease the risks of debilitating neurodegenerative 

disorders.  

The current study demonstrated that C3R was able to directly trap 

methylglyoxal. This can be explained its action in preventing of methylglyoxal-

mediated the formation of AGEs and oxidative protein damage. The percentage of 

methylglyoxal-trapping ability increased in a concentration dependent manner and 

these findings are supported by a previous study which showed that a purified C3R 

from blackcurrant extract trapped nearly 50% of methylglyoxal when it was 

incubated at a 1:1 ratio. The C3R-mono-methylglyoxal adduct was identified as 

product from the reaction by using liquid chromatography electrospray ionization 

mass spectrometer (LC-ESI-MS) (Chen et al., 2014). The molecular weight difference 

between the adduct (667 m/z) and the original C3R (595 m/z) is 72 which is same as 

the molecular weight of one molecule of methylglyoxal. It has been reported the 

addition of methylglyoxal on anthocyanin may probably form tautomers with 

transformation of carbonyl group of methylglyoxal to hydroxyl group (Lv et al., 2010). 

In the previous study, the methylglyoxal addition reaction reacted with phenolic 

compounds at carbon atom with negative electron charge more than -0.24. 

Therefore, carbon number 2, 6, 7 and 15 of C3R is the possible location for 

methylglyoxal addition reaction (Chen et al., 2014). Chen et al demonstrated the 

C3R/ methylglyoxal reaction for only 1 h (Chen et al., 2014) but the different molar 

ratio and incubation time between C3R and methylglyoxal was evaluated in the 

current study. The reaction rate between C3R and methylglyoxal at 1:1 molar ratio 

was nearly 2-fold higher when the incubation time was increased from 1 to 24 h. It 

suggests that the trapping ability of C3R is dependent on the concentration and time 

of incubation. In addition, flavonoids have also been shown to inhibit AGEs formation 
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via methylglyoxal-trapping ability (Sang et al., 2007, Peng et al., 2008, Wang et al., 

2011, Hu et al., 2012, Li et al., 2014) which may be due their chemical structure that 

consists of phenyl ring (A- and B-ring) and heterocyclic ring (C-ring). The major sites to 

conjugate with methylglyoxal are the carbon positions at 6 and 8 on the A-ring (Li et 

al., 2014) which is the same structure present in C3R and may explain their 

effectiveness in trapping methylglyoxal (Chen et al., 2014).  

  According to the findings of present study, the proposed inhibitory 

mechanisms of C3R on protein glycation in BSA model are shown in figure 5.1.  

  1) C3R might have the molecular interaction with BSA at animo groups, and 

then prevented monosacchrides and methylglyoxal-induced alteration of protein 

structure.  

  2) C3R act as antioxidant to scavenge ROS, resulting in the inhibition of 

dicarbonyl compounds production and the reduction of AGEs formation via Amadori 

product fructosamine. The antioxidant activity of C3R caused the prevention of loss 

of protein thiol group and the reduction of protein carbonyl content. C3R might have 

the fibril inhibitory activity leading to inhibition of protein aggregation.  

3) C3R has the ability to trap methylgyoxal and consequently decreases to 

formation of AGEs in BSA/methylglyoxal model. 
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Figure 5.1 The proposed inhibitory mechanism of C3R on protein glycation mediated 

by monosaccharides (ribose, fructose, glucose and galactose) and methlyglyoxal in 

bovine serum albumin (BSA) model    
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5.2 The effect of C3R on methylglyoxal-induced oxidative DNA damage in vitro 

Protein cross-linking mediated by methylglyoxal generates free radicals during 

this reaction including the methylglyoxal-radical anion and cross-linked radical cation 

(methylglyoxal-protonated cation) (Yim et al., 1995).  The methylglyoxal-protonated 

cation is a precursor of fluorescent AGEs while methylglyoxal-radical anions could 

donate an electron to oxygen molecule to generate a superoxide anion and hydroxyl 

radical resulting in oxidative damage of plasmid DNA (Kang, 2003, Wu and Yen, 2005, 

Suji and Sivakami, 2007). The presence of a transition metal ion such as copper or 

iron could stimulate the Fenton-like reaction to produce more highly reactive 

hydroxyl radicals that play an important role in mechanism of oxidative DNA strand 

breakage (Cooke et al., 2003). These findings are consistent with previous studies that 

have demonstrated the reaction between methylglyoxal and lysine caused the 

oxidative DNA damage as presented by increasing OC form of plasmid DNA. In the 

presence of transition metal ion copper, the strand breakage of plasmid DNA was 

enhanced. The results confirmed that the formation of superoxide anion and 

hydroxyl radicals was generated from lysine and methylglyoxal by increasing 

cytochrome c reduction and TBARS.   

  The ability of phytochemical compounds on the prevention of methylglyoxal-

induced protein glycation and DNA damage related to free radical scavenging activity 

has been reported (Wu and Yen, 2005, Chan and Wu, 2006, Meeprom et al., 2015). 

Anthocyanin-rich extract containing high concentration of C3R also exhibits potent 

antioxidant activity (Beaulieu et al., 2010, Li et al., 2012). As shown in figure 5.2, the 

effectiveness of C3R in prevention of oxidative damage of DNA can be explained in 

part by the effect of C3R on scavenging superoxide anion and hydroxyl radicals, 

subsequently prevented oxidative DNA damage. the presence of lysine and 

methylglyoxal, C3R reduced the level of TBARS formation at concentrations of 0.25 
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mM or greater and maintained the reduced form of cytochrome c at background 

levels. These studies are consistent with previous reports that C3R inhibited the 

production of a secondary product of oxidation malonaldehyde from the 

degradation of 2-deoxyribose unit in DNA mediated by Fenton’s reagent as well as 

decreased ROS production and DNA damage in hydrogen peroxide-simulated RAW 

264.7 murine macrophage cell (Matsufuji et al., 2006, Jung et al., 2014). As above 

mentioned, C3R was able to directly trap methylglyoxal and reduced the generation 

of ROS to induce oxidative DNA damage.  

 
Figure 5.2 The proposed mechanism of C3R to prevent oxidative DNA damage 

mediated by methylgyoxal in lysine/methylglyoxal system. 
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5.3 The effect of C3R on methylglyoxal-mediated vascular abnormalities 

in isolated vascular preparation and methylglyoxal-treated rats.  

It has been reported that a significant increase in blood methylglyoxal 

concentration are positively correlated with the level of plasma glucose and 

hemogloginA1C in diabetic patient (Lu et al., 2011). In case cohort study with 10 years 

follow-up, a rise in methylglyoxal-derived AGEs formation has been associated with 

incident of cardiovascular events in type 2 diabetes (Hanssen et al., 2015) such as 

diabetic nephropathy (Lu et al., 2011), neuropathy (Huang et al., 2016), retinopathy 

(Wang et al., 2014) and hypertension (Mukohda et al., 2012). In arterial walls, 

accumulation of methylglyoxal and methylglyoxal-derived AGEs may play a role in 

the development of hypertension related to vascular contractile dysfunction in 

spontaneous hypertensive rat (SHR) with aging (Wang et al., 2005, Mukohda et al., 

2012).  

The aorta is a large conductance vessel that is the critical tissue for 

atherosclerotic changes, while mesenteric artery is resistance artery that is 

responsible for local blood flow regulation (Mizutani et al., 1999). Therefore, they are 

frequently investigated for the pathogenesis of cardiovascular diseases (Lee, 1985, 

Alexander, 1995, Oparil et al., 2003). In the present study, acute treatment of 

methylglyoxal resulted in vascular abnormalities by significantly enhanced 

noradrenaline-induced vasoconstriction in endothelial-intact aorta, but no 

augmentation of contraction was observed in endothelial-denuded aorta. The 

findings suggest that methylglyoxal might be an endothelial-dependent vascular 

dysfunction mediator in aortic tissues. Methylglyoxal-mediated vasoconstriction has 

previously reported in the endothelium of rat carotid artery related to increase the 

formation of ROS such as superoxide anion and hydrogen peroxide. The 

overproduction of ROS increased intracellular calcium concentration, activated 
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thromboxane A2 receptor and inhibited nitric oxide activity leading to 

vasoconstriction (Miyazawa et al., 2010). In contrast to methylglyoxal-mediated 

vasoconstriction in aortic rings, the impairment of contraction was observed in 

methylglyoxal treated-mesenteric arterial bed. The opening of vascular smooth 

muscle calcium-activated potassium (BKCa) channel has been proposed as the 

mechanism of methylglyoxal-inhibit vasoconstriction (Mukohda et al., 2009). In 

endothelial cells, methylglyoxal triggered protein expression of NADPH oxidase and 

nuclear factor NF-κB resulting in oxidative stress and endothelial dysfunction (Goldin 

et al., 2006, Miyazawa et al., 2010, Dhar et al., 2012). The methylglyoxal-mediated 

contraction was reversed by nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase inhibitor apocynin and gp91ds-tat (Mukohda et al., 2010). It has reported that 

acute methylglyoxal treatment caused vascular contractile dysfunction and disrupted 

autoregulation system of blood pressure. In peripheral resistance mesenteric artery, 

the contraction impairment may interrupt local blood flow that plays an important 

role in blood pressure regulation (Heagerty et al., 2010). In addition, increased aortic 

pressure leads to elevate systolic and diastolic blood pressure (Klabunde, 2011). This 

alteration may affect the elevation of systematic blood pressure and renal perfusion 

pressure leading to the development of diabetic nephropathy (Van Buren and Toto, 

2011). 

In endothelial cells, binding of acetylcholine with G-protein linked receptor 

activates eNOS through phosphoinositide signaling pathway, eventually leading to 

the generation of nitric oxide. Nitric oxide rapidly diffuses into vascular smooth 

muscle cell and activates the enzyme guanylate cyclase which produces the 

secondary messenger cGMP resulting in smooth muscle relaxation (Hodgson and 

Marshall, 1989). The recent findings demonstrated that endothelium-dependent 

vascular relaxation response to acetylcholine was reduced sensitivity in 
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methyglyoxal-treated vessels both aortic ring and mesenteric arterial bed. The results 

are consistent with previous reports in vascular isolation (Brouwers et al., 2010, Dhar 

et al., 2010). The impairment of endothelium-dependent vasorelaxation is a major 

characteristic of endothelial dysfunction. Under hyperglycemia condition, 

methylglyoxal is an important factor for endothelial dysfunction. It has been 

reported to decrease nitric oxide and cGMP production via the reduction of eNOS 

activity. Methylglyoxal also activated NADPH oxidase and NF-κB signaling cascade to 

produce ROS and inflammatory cytokines in endothelial cells (Dhar et al., 2010, Dhar 

et al., 2012, Turkseven et al., 2014). Sequentially, the stability of nitric oxide was also 

decreased in oxidative stress condition via the reaction with superoxide anion to 

produce highly reactive peroxynitrite which is considered as an atherosclerotic factor 

(Chang et al., 2005). Therefore, methylglyoxal-impaired endothelial dysfunction may 

associate with development of cardiovascular diseases in diabetic patient, especially 

hypertension and arteriosclerosis because of the accumulation of methylglyoxal in 

vascular tissue of SHR and arteriosclerotic plaque (Wang et al., 2005, Mukohda et al., 

2012, Hanssen et al., 2014). 

In the present study, C3R was firstly established vasorelaxing action in 

isolated thoracic aorta in vitro. Under physiological condition, there are three 

important factors that regulate blood pressure including blood volume, total 

peripheral resistance and cardiac output. The total peripheral resistance contributed 

by mesenteric arterial bed is responsible for the blood flow in systematic circulation. 

The increased peripheral vascular resistance is the major pathology of established 

hypertension (Johnson, 1986, Mayet and Hughes, 2003). Moreover, the raised blood 

pressure also possibly results from the elevation of cardiac output linked to the 

changed in aortic blood flow. Our finding demonstrated that C3R-induced vascular 

relaxation of thoracic aorta was greater in than that of mesenteric arterial bed. At low 
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concentration, C3R (10 nM or above in mesenteric arterial bed and 1-100 nM in 

thoracic aorta) acts directly on nitric oxide-mediated vasodilation involving in the 

upregulation of endothelial nitric oxide synthase (eNOS) gene expression. The 

concentration ranges of C3R in the present study were in the nanomolar range which 

corresponds with their plasma concentrations following consumption of anthocyanin-

rich foods in animal and human (Pojer et al., 2013). For example, consumption of 

black currant anthocyanin drink (2.08 µmol/kg body weight of C3R) increased plasma 

concentration of C3R (36.1±14.2 nmol/L) after intake for 2 h in volunteers 

(Matsumoto et al., 2001). Therefore, an intake of C3R-endriched diet reached the 

effective concentration in the circulatory system which may be responsible for the 

vasodilation effect on thoracic aorta. 

One of underlying mechanisms of vasorelaxation of anthocyanin is the up-

regulation of eNOS expression that has been reported by natural anthocyanins from 

black currant and synthetic anthocyanin cyanidin-3-glucoside (C3G) (Xu et al., 2004, 

Edirisinghe et al., 2011). Treatment of bovine artery endothelial cells with C3G (100 

nM) increased eNOS protein expression by 6-fold, subsequently escalate nitric oxide 

production by 2-fold after 8 h of incubation period (Xu et al., 2004). Our present 

study demonstrated that C3R had ability to enhance eNOS gene expression of aortic 

tissue in dose- and time-dependent manners. In general, vascular endothelial cell 

culture is a useful and easy model for studying vascular function. Due to lacking 

ultrastructural support and association with cell interactions, the endothelium cells 

may contribute more different response in cell culture model than intact organs and 

create uncertainly in extrapolating data to endothelial function in vivo (Gillis et al., 

1989). Therefore, C3R activated eNOS mRNA expression in aortic tissues which may 

represent the role of C3R in the regulation of vascular function in vivo. The 

generation of vasodilator nitric oxide from L-arginine by eNOS plays an important role 
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in the maintaining cardiovascular homeostasis. The released nitric oxide from 

endothelial cells rapidly diffuses into smooth muscle to activate guanylyl cyclase 

which generates signaling molecule cGMP, responsible for smooth muscle relaxation 

in vasculature (Tousoulis et al., 2012). However, nitric oxide has a short half-life in a 

few second. It reacts rapidly with superoxide anion to form peroxynitrite. The 

reaction was prevented by superoxide dismutase which is a superoxide anion 

scavenger (Fukai and Ushio-Fukai, 2011). The previous study revealed that the 

superoxide anion scavenging activity of red wine polyphenols contribute an increased 

vascular relaxation response to acetylcholine via the improvement of nitric oxide 

stability in normotensive rats after intragastric administration for 7 days (Diebolt et 

al., 2001). Interestingly, C3R has been reported to be an effective superoxide anion 

scavenger in vitro (Chun et al., 2003, Watanabe, 2007). These evidences strongly 

support the current study that C3R might act as a superoxide anion scavenger leading 

to the increased stability of nitric oxide and promote its function on vascular 

relaxation. 

The current findings firstly revealed that treatment with C3R prevented 

methylglyoxal-mediated vascular abnormalities. The results showed that C3R (3 µM) 

attenuated methylglyoxal-induced vasoconstriction response to noradrenaline, -

impaired vasorelaxation response to acetylcholine and -induced vasorelaxation 

response to sodium nitroprusside in rat isolated tissues. As mentioned above, C3R at 

concentration 3 µM caused an increase eNOS mRNA expression in aortic tissue after 

24 hours. However, the eNOS mRNA upregulation was not affected by this 

concentration for 30 min of incubation. It is possible that C3R may play other 

signaling pathways by stimulating eNOS activity. It revealed that C3R (30 µM) 

increased eNOS activity via phosphatidylinositol-3 (PI3)/protein kinase B (Akt) signaling 

in human umbilical vein endothelial cell (HUVEC) after 10 min of incubation 
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(Edirisinghe et al., 2011). In addition to other mechanisms of action, C3R might act as 

a superoxide anion scavenger that ROS are generated through methylglyoxal-

activated NADPH oxidase and NF-κB (Chun et al., 2003, Watanabe, 2007). The 

overproduction of superoxide anions rapidly reacts with nitric oxide to yield highly 

reactive peroxynitrite causing the degradation of nitric oxide (Diebolt et al., 2001). A 

decrease in available nitric oxide affects the abnormal regulation of vascular 

homeostasis leading to developing chronic hypertension (Rajendran et al., 2013). C3R 

may help stabilize the available nitric oxide in the vascular system and prevent the 

abnormal regulation of vascular homeostasis. The present findings also found the 

methylglyoxal-trapping ability of C3R with the effective molar concentration ratio of 

0.25:1 (C3R:MG). However, a significant effect of methylgyloxal-mediated vascular 

abnormalities was seen at the molar concentration ratio of 0.006:1 (C3R:MG) 

suggesting that C3R is not act in this manner. 

In animal study, the results demonstrated that oral administration of 

methylglyoxal (60-120 mg/day) increased plasma concentration of methylglyoxal 

(11.66±0.18 µM) at week 8. It had 1.2-fold higher plasma concentration of 

methylglyoxal than normal rats. This was the similar range to the presence of plasma 

methylglyoxal concentration in diabetic rats (5 nM-15 µM) and type 2 diabetic 

patients (2-400 µM)  (Phillips et al., 1993, McLellan et al., 1994, Lapolla et al., 2003, 

Sena et al., 2012, Kong et al., 2014, Scheijen and Schalkwijk, 2014). In agreement with 

a previous study, the plasma concentration of methylglyoxal was ~1.3-fold increase 

in type 2 diabetic patients (Lu et al., 2011, Scheijen and Schalkwijk, 2014). In addition, 

the liver and kidney functions was not affected by chronic methylglyoxal treatment 

as represented by the normal range of liver enzymes (aspartate aminotransferase 

and alanine aminotransferase) and kidney function indicators (blood urea nitrogen 

and creatinine) after 8 week. 
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Under physiological condition, methylglyoxal can be detoxified by glyoxalase 

system as the major pathway. In the cytoplasm of all mammalian cells, 

methylglyoxal is converted to D-lactate using glyoxalase I and II enzymes.    

Glyoxalase I is the rate-limiting step enzyme for this reaction and the system requires 

glutathione as a cofactor (Maessen et al., 2015). In arterial tissues, downregulation of 

glyoxalase I has been found in hyperglycemia concomitant with higher level of 

methylglyoxal causing an increased risk of developing cardiovascular diseases 

(Brouwers et al., 2010). In the current finding, no significant differences of glyoxalase I 

mRNA expression were observed in aortic tissues from methylglyoxal-treated rats. 

This results might be explained by two-pronged effect of methylglyoxal on 

glyoxalase I activity (Beisswenger et al., 2005). With low concentration of 

methylglyoxal, the cells induce compensatory activation to detoxify methylglyoxal 

by upregulating glyoxalase I activity. The consistent data has been reported in nerve 

cells that methylglyoxal at low concentration (300 µM) caused glyoxalase system 

activation, whereas the higher concentration (750 µM) markedly inhibited and 

downregulated glyoxalase system (Beisswenger et al., 2005). It found that the rats 

treated with methylglyoxal plus C3R (100 mg/kg/day) trended to insignificantly 

increase glyoxalase I mRNA expression. The action of C3R may not involve in the 

detoxification system of GLO1 mRNA expression.  

Many studies have shown that the development of hypertension strongly 

associated with increased the accumulation of methylglyoxal and methylglyoxal-

derived AGEs (Nɛ-CEL and Nɛ-CML) in serum and vascular tissues of high fructose-fed 

rats and SHR (Wang et al., 2008, Dhar et al., 2013). In the present study, an increase 

of Nɛ-CML accumulation was found in aortic tissue after treatment of methylglyoxal 

for 8 weeks. Nɛ-CML, the most active AGEs, has been reported to increase in animal 

tissues with chronic methylglyoxal treatment related to the progression of several 
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pathologies (Guo et al., 2009, Dhar et al., 2011, Sena et al., 2012). In aortic tissues, 

the accumulation of methylglyoxal-derived AGEs has been linked to the upregulation 

of receptor for AGEs (RAGE) (Sena et al., 2012). When Nɛ-CML binds with RAGE and 

consequently triggers multiple signaling pathways of NF-κB activation. Finally, the 

interaction stimulates the generation of ROS and proinflammatory cytokines resulting 

the damage of aortic tissues (Chavakis et al., 2004, Goldin et al., 2006). Moreover, 

methylglyoxal-derived AGEs formation may also associated with intermolecular 

collagen cross-linking in arterial wall leading to diminish arterial compliance, increase 

vascular stiffness, and then increase diastolic dysfunction and systolic hypertension 

(Cooper et al. 2001). Therefore, methylglyoxal-mediated ROS production and AGEs 

formation might be responsible for the vascular dysfunction in aorta and mesenteric 

arterial bed of methylglyoxal-treated rats. The present study revealed that co-

administration of methylglyoxal with C3R effectively decreased plasma methylglyoxal 

concentration and the accumulation of Nɛ-CML in aortic tissue. Apart from 

methylglyoxal-trapping ability, the reduction of Nɛ-CML level might be accompanied 

by anti-glycation activity of C3R as described previously in in vitro study. The 

inhibitory activity of C3R on the formation of AGEs supports the preventive 

mechanisms on methylglyoxal-induced abnormality of vascular structures and 

functions. The proposed mechanism also found in a previous report that 

administration of AGEs inhibitor, aminoguanidine, was effective in preventing 

formation of AGEs and cross-linking of arterial wall in diabetic rat and aging rats 

(Brownlee et al., 1986) (Li et al., 1996).      

The present study also revealed that methylglyoxal mediated the impairment 

of vascular reactivity that may represent early cardiovascular abnormalities in 

methylglyoxal-treated rats. In rat aorta and mesenteric artery, chronic methylglyoxal 

treatment significantly impaired contraction and relaxation response to noradrenaline 
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and acetylcholine, respectively. In addition, methylglyoxal enhanced sodium 

nitroprusside-induced relaxation in rat aorta. According to methylglyoxal-impaired 

relaxation response to acetylcholine, these results are linked to the downregulation 

of eNOS mRNA expression in aortic tissue. These results are consistent with 

previously report regarding to impairment of vascular reactivity in rat mesenteric 

artery after long-term exposure of methylglyoxal (42 µM for 3 days) (Mukohda et al., 

2012, Mukohda et al., 2013). Chronic methylglyoxal treatment induced prolonged 

ROS production and subsequent apoptotic morphological change in the arterial wall 

of rat mesenteric artery (Mukohda et al., 2012, Mukohda et al., 2013). Many studies 

have shown that anthocyanins are potent natural compounds to promote 

endothelial functions and maintain vascular homeostasis by increasing nitric oxide 

production and bioavailability (Wallace, 2011, Speciale et al., 2014). In diabetic 

animal model with apolipoprotein E-deficient, anthocyanin cyanidin-3-glucoside 

supplementation improved endothelial function and prevented accelerated 

atherogenesis in streptozotocin–induced diabetic rats (Zhang et al., 2013). The 

epidemiological studies suggested that high intake of anthocyanin enriched fruits has 

been associated with a reduced risk of cardiovascular diseases including hypertension 

and myocardial infarction (Jennings et al., 2012, Cassidy et al., 2013). In type 2 

diabetic patients, 160 mg of anthocyanin supplementation decreased systolic blood 

pressure after 24 weeks compared with placebo (Li et al., 2015). In dietary sources, 

C3R predominantly comprises 20%–70% of total anthocyanin in fruits (Watanabe, 

2007, Hassimotto et al., 2008, Li et al., 2012). Administration of C3R (30, 100 and 300 

mg/kg body weight) has shown anti-hyperglycemia activity by reducing postprandial 

glucose in normal rats. The inhibitory activity of C3R on intestinal α-glucosidase and 

pancreatic α–amylase has been proposed as the underlying antidiabetic mechanisms 

(Akkarachiyasit et al., 2010, Adisakwattana et al., 2011, Akkarachiyasit et al., 2011). 

According to a previous study, the doses of C3R (30 and 100 mg/kg/day) was 
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selected for co-administration with methylglyoxal in long-term feeding study. The 

proposed preventive mechanisms of dietary C3R on cardiovascular abnormalities-

mediated by methylglyoxal in isolated vascular preparation and methylglyoxal-

treated rat are shown in figure 5.3.  

1) C3R might directly trap to methylglyoxal resulting in the reduction of 

plasma methylglyoxal and methylglyoxal-derived AGEs Nɛ-CML accumulation in 

aortic tissues.  

2) C3R might act as anti-glycation agent to inhibit the formation of AGEs 

and protein cross-linking in arterial wall resulting in the preservation vascular 

function.  

3) C3R might act as antioxidant to scavenge ROS, resulting in the 

inhibition of methylglyoxal-mediated vascular smooth muscle damage and 

endothelial dysfunction via NADPH oxidase activation. Moreover, C3R also improves 

the stability of nitric oxide and then promotes its function on vascular relaxation. 

4) C3R might have the ability to improve endothelial function by 

upregulating eNOS mRNA expression leading to escalate nitric oxide production. 

However, the extrapolation of health effects has been concerned because of 

low bioavailability of anthocyanins (Gao et al., 2012). For example, in a human study, 

the oral ingestion of black currant containing C3R (1.24 mg/kg body weight) caused 

an increase the level of plasma C3R level (36.1±1.43 nM) with maximum at 2 hours 

postintake. The absorption rate is supposed to be very low (less than 1%) 

(Matsumoto et al., 2001). Therefore, further clinical studies are needed to clarify 

whether dietary C3R improves cardiovascular health in human. 
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Figure 5.4 The proposed mechanism of C3R to alleviating cardiovascular 

abnormalities in isolated vascular preparation and methylglyoxal-treated rats. 
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CHAPTER VI  

CONCLUSION 
 

Firstly, C3R could inhibit against monosaccharides (ribose, fructose, glucose 

and galactose) and methylglyoxal-induced protein glycation in bovine serum 

albumin. It reduces the formation of β-amyloid cross structure and prevents 

oxidative protein damage by decreasing protein carbonyl content and depleting thiol 

group in bovine serum albumin.  

In plasmid DNA model, C3R prevents lysine/methylglyoxal-induced oxidative 

DNA damage. The inhibitory effect of C3R is attributed in part to its ability to 

scavenge superoxide anion and hydroxyl radicals generated during protein glycation 

process. In addition, C3R directly traps reactive dicarbonyl methylglyoxal.  

In isolated vascular preparation model, C3R prevented methylglyoxal-

mediated vascular abnormalities in rat isolated thoracic aorta and mesenteric arterial 

bed by normalizing vascular functions in vasoconstriction response to noradrenaline 

and vasorelaxation response to nitric oxide production through acetylcholine and 

nitric oxide donor sodium nitroprusside. 

In methylglyoxal-treated rats, dietary intake of C3R prevents the pathogenesis 

of cardiovascular abnormalities by decreasing plasma methylglyoxal concentration 

and accumulation of AGEs in aortic tissues. Moreover, C3R improves endothelial 

dysfunction by increasing endothelial nitric oxide synthase mRNA (eNOS) expression 

in aortic tissues. 

Based on these findings, C3R could be a potential compound to prevent or 

ameliorate methylglyoxal-derived AGEs mediated vascular complications.  
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