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Abstract 

 Adipocytes play a crucial role in the regulation of systemic energy homeostasis by 

responding to hormones which activate metabolic signalling pathways regulating adipocyte 

glucose and lipid metabolism. While hormones play a large role in dictating adipocyte 

metabolic processes, it is becoming apparent that certain metabolites, such as adenosine 

monophosphate, also trigger signalling cascades that influence various aspects of metabolism. 

Methylglyoxal (MG), a natural metabolite derived from glycolysis, has been implicated in 

metabolic disorders such as obesity and diabetes, which may be attributed to its impairment of 

systemic glucose and lipid homeostasis. MG has also been implicated in adipose tissue 

dysfunction and insulin resistance. However, the full effects of MG on adipocyte metabolic 

functions remain unclear. Since MG has been found to contribute to the activation of signalling 

transduction pathways, this study investigated if the potential mechanism by which MG acts 

on adipocyte glucose and lipid metabolism is through its effects on signalling transduction. In 

the first part of the study, the effect of MG on adipocyte glucose metabolism was elucidated 

by its effects on insulin-stimulated glucose uptake. It was found that MG inhibited insulin-

induced activation of one of the primary mediators of the insulin signalling pathway, insulin 

receptor substrate (IRS)-1, by activating mammalian target of rapamycin complex (mTORC)-

1 via the inflammatory transforming growth factor-β-activated kinase (TAK)-1–p38 signalling 

pathway. In the second part of the study, the effect of MG on adipocyte lipid metabolism was 

elucidated by its effects on adrenergic-stimulated lipolysis and thermogenic gene expression. 

MG was found to have no effect on isoproterenol-induced free fatty acid release, but was 

instead found to attenuate the isoproterenol-induced gene expression of uncoupling protein 1 

(UCP1), a thermogenic protein in adipocytes, via c-Jun N-terminal kinase (JNK). Altogether, 

these findings elucidate MG as a metabolite capable of modulating metabolic processes 

through its effect on signalling pathways in adipocytes.   
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Chapter 1 

 

General Introduction 

 

The rise of worldwide diabesity 

 There are currently more people who are obese than underweight globally [1]. Yet, the 

total number of obese and severely obese people are projected to still increase across all 

continents, especially in Europe, Latin America and Asia [1]. According to the latest statistics 

provided by the World Obesity Atlas 2022 [2] which was published by the World Obesity 

Federation, it is estimated that one in five women and one in seven men will be obese, 

amounting to one billion obese people by 2030. Obesity is a significant risk factor for a number 

of other non-communicable diseases such as type two diabetes (T2D), heart disease and cancer 

[2]. Seeing that obesity has been thought to account for about 80–85% of the risk of developing 

T2D, and that more than 90% of patients with T2D have a body mass index (BMI) ≥25.0 kg/m2 

[3], it is undeniable that obesity is strongly associated with T2D, so much so that the term, 

Diabesity, has been used to describe diabetes in the context of obesity [4].  

Diabetes, a disease characterized by hyperglycaemia, is one of the top ten leading 

causes of death in adults aged between 20 and 79 years old worldwide, corresponding to 12.2% 

of global deaths from all causes in 2021, which amounts to up to 6.7 million deaths [5]. As of 

2021, the International Diabetes Federation estimated that globally, there were 537 million 

people, aged 20-79 years old with diabetes, and this number is projected to increase to 783 

million by 2045 [5]. While global age-standardized rate of mortality and disability-adjusted 

life-years (DALYs) for type one diabetes (T1D) has declined, total diabetes (including both 

T1D and T2D) continues to increase, reflecting the fact that most of the global burden of 

diabetes falls on T2D, which affects 90% of diabetic patients [6]. Globally, high BMI and 



 2 

behavioural factors such as inappropriate diet, smoking, and low physical activity contributed 

the most attributable death and DALYs of diabetes; but as of 2017, the leading three risk factors 

have been narrowed down to high BMI, dietary risks (diet low in whole grains, diet low in nuts 

and seeds, diet low in fruits, diet high in sugar-sweetened beverages, diet high in processed 

meat, diet high in red meat) and ambient particulate matter pollution [6]. In more detail, high 

BMI, dietary risk, and ambient particulate matter pollution was responsible for 30.8%, 24.7%, 

and 13.4% deaths respectively, and 45.8%, 34.9%, 15.4% of DALYs respectively [6]. These 

data solidify the strong correlation between obesity, diet, and diabetes.  

 

The adipose tissue and its contribution towards insulin resistance and T2D 

Obesity is characterised by ectopic accumulation of white adipose tissues (WATs). The 

strong correlation between obesity and T2D [6] is observed through the aforementioned fact 

that 90% of patients with T2D have a high BMI≥25.0 kg/m2 [3]. This correlation between 

ectopic WAT accumulation and T2D is further strengthened through findings that the hallmark 

T2D symptoms, insulin resistance and high blood glucose levels, can be improved through 

increasing physical activity [7] and weight reduction via calorie restriction [8] or bariatric 

surgery [9], all of which promote the reduction of WAT. These findings make WAT a 

significant organ to study the pathology of T2D.  

WATs comprise 20–25% of body mass in healthy adult humans, and may go above 

50% of body mass in cases of obesity [10,11]. WATs play a crucial role in the maintenance of 

systemic energy homeostasis, functioning mainly as an energy depot by storing excess glucose 

and fatty acids from the periphery as triacylglycerols (TAGs) during times of energy abundance, 

and releasing the stored energy by breaking down the stored TAGs to glycerol and fatty acids 

for release during times of energy deprivation [12]. The adipose tissues comprise of a variety 

of cells, but it is the adipocytes, which consist of the majority of its cellular makeup, making 
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up more than 50% of the adipose tissue [12], that confer these metabolic functions. To perform 

these functions, adipocytes respond to hormones such as insulin and catecholamines which 

activate the corresponding metabolic signalling pathways to ultimately induce metabolic 

processes such as glucose uptake or free fatty acid (FFA) release, respectively [13]. Apart from 

the passive release of energy, adipocytes are also capable of actively converting chemical 

energy as heat via uncoupling protein 1 (UCP1), a mitochondrial transporter protein located at 

the inner mitochondrial membrane which generates heat by catalysing the dissipation of the 

mitochondrial proton motive force. Ucp1 gene expression is activated upon catecholamine 

stimulation, and adipocytes with high expression of UCP1 within the WATs are termed “beige” 

adipocytes due to their possession of a high number of mitochondria [14]. Dysregulation of 

these metabolic signalling pathways often lead to adipocyte dysfunction which ultimately 

impact systemic metabolism negatively. 

Insulin activates the insulin signalling pathway in adipocytes which gears cellular 

processes towards increasing cellular glucose uptake for de novo lipogenesis [15,16]. The 

insulin signalling pathway (Fig. 1-1; [15,16]) involves the binding of insulin to the insulin 

receptor (IR), which activates its tyrosine kinase to phosphorylate multiple tyrosine residues in 

IR substrate (IRS)-1. This activates IRS-1, which transduces the signal downstream which 

sequentially induce the activation of phosphatidyl-inositol-3-kinase (PI3K), PI3-dependent 

kinase (PDK)-1, Akt and so on, ultimately promoting the translocation of glucose transporter 

(GLUT)-4 to the cellular membrane for glucose uptake into cells [15]. The insulin signalling 

pathway also has a negative feedback control mechanism via Akt involving mammalian target 

of rapamycin complex (mTORC)-1, among others, that terminates its activation to avoid 

excessive signalling by increasing the phosphorylation of serine residues in IRS-1, which 

impairs the ability of IRS-1 to activate downstream PI3K-dependent pathways by blocking 

IRS-1 tyrosine phosphorylation [16].  
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On the other hand, the protein kinase A (PKA) signalling pathway (Fig. 1-1; [17]) is 

triggered by β-adrenergic receptor stimulation through catecholamines. This leads to the 

activation of PKA, which in addition to phosphorylating perilipin (PLIN), also phosphorylate 

downstream lipolytic proteins, such as adipose triglyceride lipase (ATGL), hormone sensitive 

lipase (HSL), to initiate lipolysis [17]. Apart from lipolysis, PKA signalling also activates 

thermogenesis, which is mainly conferred by UCP1. PKA-induced activation of UCP1 

involves p38 mitogen-activated protein kinase (MAPK) as well as cAMP response element-

binding protein (CREB), which work together to promote Ucp1 gene expression as well as 

subsequent beiging and thermogenesis [18,19]. Altogether, the above illustrates the core role 

PKA plays in the regulation of the energy expending lipolysis and thermogenesis in adipocytes.  

 

Figure 1-1. The insulin (left) and PKA (right) signalling pathway in coordinating the respective 
energy storage and expenditure processes in adipocytes 
3-PG, 3-phosphoglycerate; ATGL, adipose triglyceride lipase; CREB, cAMP response element-
binding protein; DAG, diacylglycerol; DHAP, dihydroxyacetone phosphate; FFA, free fatty acid; 
G-3-P, glyceraldehyde-3-phosphate; GLUT4, glucose transporter 4; HSL, hormone sensitive lipase; 
IRS1, insulin receptor substrate 1; MAG, monoacylglycerol; mTORC1, mammalian target of 
rapamycin complex 1; PDK1, PI3-dependent kinase 1; PI3K: phosphatidyl-inositol-3- kinase; PKA, 
protein kinase A; PLIN1, perilipin 1; TAG, triacylglycerol; TCA, tricarboxylic acid cycle; UCP1, 
uncoupling protein 1 
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While hormones play a large role in dictating these adipocyte metabolic processes, it is 

becoming apparent that certain metabolites like adenosine monophosphate (AMP), 

nicotinamide-adenine dinucleotide (NAD), acetyl-CoA, and ⍺-ketoglutarate (2-

oxopentanedioic acid; ⍺-KG), which are produced by glycolysis and the tricarboxylic acid 

cycle also play a profound role in the metabolic state of adipocytes [20,21] which subsequently 

contribute to systemic energy homeostasis (Fig. 1-2).  Metabolites such as NAD+, AMP and 

lactate influence the metabolic state of adipocytes by means such as the initiation of signalling 

cascades [22], or the regulation of the expression of certain genes including those which may 

also dictate immune responses [23,24,25]. For example, NAD+ acts as a cofactor for sirtuins 

which regulates AMP-activated protein kinase (AMPK); while AMP also allosterically 

activates AMPK [21,22]. Increased AMPK activity subsequently triggers a phosphorylation 

cascade which culminates in a synergistic response that inhibits anabolic pathways while 

stimulating catabolic pathways to replenish cellular ATP levels and restore energy homeostasis 

Figure 1-2. Metabolites that interact with intracellular modulators to influence energy 
homeostasis 
AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; ATP, adenosine 
triphosphate; HAT, histone acetyltransferase; KG, ketoglutarate; NAD, nicotinamide adenine 
dinucleotide; NADH, reduced NAD; PHD2, prolyl hydroxylase domain-containing 2; TCA, 
tricarboxylic acid; TET, ten-eleven translocation 



 6 

[22]. On the other hand, lactate directly targets and inhibits prolyl hydroxylase domain-

containing (PHD)-2 activity by binding to its catalytic domain, blocking the access of PHD2 

to its natural substrate, α-KG [23]. The inhibition of PHD2 prevents the destabilization of 

hypoxia inducible factor (HIF)-1α via hydroxylation by PHD2, consequently increasing HIF1α 

protein levels which drives the mRNA expression of HIF1α downstream genes which include 

inflammatory cytokines [23]. These examples highlight that metabolites also possess regulatory 

functions in influencing adipocyte metabolism in addition to their innate nutritional function. 

Contrarily, this also shows that metabolic imbalance may also be a factor which contributes to 

the pathophysiology of diseases such as inflammation, obesity as well as T2D. These suggest 

that diet components, upon being broken down into their simplest metabolites, may also 

significantly affect systemic metabolism, possibly explaining why certain types of food are 

considered worse than others. While it is still not fully clear how metabolic disturbances that 

accompany the onset of obesity or T2D contribute to the pathophysiology of the disease, 

analyses of these metabolic changes have led to the recognition that certain metabolite 

biomarkers may have the potential to be used as diagnostic criteria for pre-diabetes [26,27].  

 It is still not fully understood how obesity and diet is linked to the development of T2D. 

Although obese individuals have higher chances in progressing to T2D compared to healthy 

ones, in reality, not all obese and morbidly obese patients progress to T2D. These individuals 

are referred to as metabolically healthy obese (MHO), and among the traits that they possess 

which differ them from their unhealthy counterparts are: higher insulin sensitivity, lower levels 

of inflammatory markers and normal adipose tissue function [28,29]. These traits point out the 

possibility of inflammation and adipocyte dysfunction as the link connecting the 

pathophysiology of obesity and insulin resistance, which have been substantiated by many 

studies about T2D that confirm so [16,17,30,31].  
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Inflammation has been found to be a major determinant for adipocyte dysfunction, 

negatively affecting both anabolic and catabolic metabolic processes in adipocytes, 

consequentially affecting whole body metabolism. Inflammation negatively regulates insulin 

signalling in adipocytes, impairing glucose metabolism and causing consequent systemic 

insulin resistance [16,17]. This impairment of insulin signalling by proinflammatory cytokines 

such as tumour necrosis factor (TNF)-⍺, interleukin (IL)-1β and IL6 is mainly attributed to the 

inhibitory phosphorylation of IRS by serine kinases such as inhibitor of nuclear factor kappa-

B kinase subunit (IKK)-β, c-Jun N-terminal kinase (JNK), ribosomal protein S6 kinase (S6K) 

and mTOR [16,32,33], which reduce adipocyte sensitivity towards insulin stimulation. Aside 

from their negative effect on insulin signalling, inflammation has also been correlated with 

catecholamine resistance [34,35]. Among the mechanisms involved in catecholamine resistance 

include increased lipolysis upon inflammatory cytokine stimulation [30], which increases 

intracellular fatty acids to reduce adenylyl cyclase activity [36]. Fasting fatty acid 

concentrations in the circulation are estimated at 0.4–0.8 mM in the lean state, and the 

abnormally increased circulatory FFA levels during chronic inflammation has also been 

reported to mediate insulin resistance in other organs such as the muscle and pancreas [30, 37]. 

Also, seeing that many studies on the association of UCP1 with obesity and T2D till the present 

have negatively correlated UCP1 activity to those diseases [38,39,40], the reduction in Ucp1 

expression caused by inflammation-induced catecholamine resistance [36] may also exacerbate 

T2D under conditions of obesity as the adipose tissues are unable to rid excess circulating 

glucose and fatty acids via energy expending thermogenesis. Altogether, increased 

inflammation under metabolically unhealthy obese conditions contributes towards adipocyte 

dysfunction by resulting in both insulin and catecholamine resistance. This consequent 

derangement of metabolism due to the dulled response of adipocytes towards hormonal 

stimulation may eventually lead towards the progression towards T2D; still, it is not known 



 8 

what is the trigger for adipocyte inflammation in metabolically unhealthy obesity, which 

subsequently manifests as T2D after full blown systemic metabolic dysregulation.  

 

The metabolite, methylglyoxal, in the pathophysiology of T2D 

The levels of the dicarbonyl compound, methylglyoxal (MG), are found to be 

significantly higher in the blood and tissues of obese and diabetic patients compared to healthy 

individuals [41,42,43]. MG levels determined from the plasma and tissues of healthy individuals 

range from 60 nM to 400 μM, the large variation in MG concentration being most likely due 

to pre-analytical sample processing [43]. By utilising ultra-performance liquid chromatography 

tandem mass spectrometry (UPLC-MS/MS), the current state-of-the art technique for 

measuring MG, it has been estimated that typical plasma levels of MG in healthy individuals 

are at ~60–250 nM, whilst cellular MG levels are at ~1–5 µM [43], which is higher than 

extracellular MG. Plasma levels of MG in obese and newly diagnosed T2D patients have been 

reported to be 1.5-fold that of control individuals [41], while higher stage T2D patients with 

diabetic complications such as diabetic nephropathy have been reported to have up to six-fold 

higher plasma levels of MG than control individuals [43,44], showing that plasma MG levels 

increase with the stage of disease. Since cellular MG levels are higher than extracellular MG 

levels, it can therefore be expected that cellular levels of MG during obesity and diabetes also 

increase beyond the typical concentrations of ~1–5 µM. This correlation between MG and the 

pathophysiology of diabetes also extends to the development of other diabetic complications 

such as diabetic retinopathy and neuropathy [43]. Upon studying if MG contributed to the 

pathogenesis of T2D, MG accumulation through a diet enriched with the MG precursor, 

fructose; or MG supplementation in high fat diet have been found to contribute to adipose tissue 

dysfunction and insulin resistance in rats [45,46]. More recently, functional genome analyses in 

various animal models including fruit flies and zebrafish elucidate that dysfunctional MG 
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metabolism is correlated with impaired glucose and lipid homeostasis as well as the 

development of diabetic complications [47,48,49]. Altogether, these findings demonstrate the 

potential pathogenic role of MG in diabetes, making MG a metabolite of interest in the study 

of the pathophysiology of T2D. However, the mechanisms underlying the role of MG in 

altering adipose tissue and adipocyte function in the pathogenesis of metabolic syndrome is 

still not fully elucidated. 

MG is a highly reactive α-oxoaldehyde metabolite derived mostly from glucose that is 

produced both exogenously as well as endogenously. MG is up to 20,000-fold more reactive 

than glucose with regard to glycation, despite low levels of MG in plasma when compared to 

glucose (~25,000-fold lower) [50]. Exogenously, sources of MG include food products as well 

as beverages, and within these, MG originates from sugars, the products of the Maillard 

reaction, lipids, and metabolic products of microorganisms formed during industrial processing, 

cooking, and prolonged storage [51]. Endogenously, one of the most important ways of MG 

production is from glycolysis, the central metabolic pathway used by all cells for the oxidation 

of glucose to generate energy. Glucose, the most significant source of endogenous MG, 

contributes to systemic MG levels both from its nonenzymatic breakdown (autoxidation) and 

from the triose phosphate isomerase reaction in glycolysis, the latter playing a more significant 

role in endogenous MG production from glucose. Approximately 0.1% of the glycolytic flux 

gives rise to MG, translating to approximately 125 μmol/kg cell mass per day [43,52]. This 

means that for an adult human of 70 kg body mass with 25 kg body cell mass, the predicted 

whole-body rate of MG formation would be 3.125 mmol per day. Since endogenous MG is 

generated from the triose phosphate isomerase reaction in glycolysis, other nutrients such as 

fructose that directly feed into this reaction would incur a further increase in cellular MG levels. 

Other than glycolysis, MG is also produced during glyceroneogenesis and lipid peroxidation. 

The contribution of exogenous sources of MG towards systemic MG levels are reported to be 



 10 

much lower (< 1%) compared to the contribution of MG that has been generated endogenously 

(> 90%) [43,53]. This higher contribution of endogenous MG to systemic MG levels may be 

one explanation as to why cellular MG levels are found to be more than four times higher than 

plasma MG levels. There is a dynamic exchange of the membrane-permeable MG between 

intracellular and extracellular compartments [43]. Seeing that MG is generated both 

exogenously and endogenously, both high sugar and high fat diets, as well as diseased states 

including dysfunctional MG metabolism, high glucose flux, or obesity-induced 

glyceroneogenesis inevitably lead to the increment of systemic MG levels accompanying the 

accumulation of intracellular MG [47].  

The pathology of MG may involve its high reactivity, as evidenced by the fact that in 

the presence of protein (e.g., albumin), only 1% of MG was in the free form, whereas more 

than 90% was bound to proteins [51]. MG is capable of covalently modifying DNA and protein 

to form various types of advanced glycation end products (AGEs), and MG is considered one 

of the most important precursors of AGEs in vivo [43]. Within proteins, MG irreversibly 

modifies arginine and lysine residues forming adducts like hydroimidazolone Nδ-(5-hydro-5-

methyl-4-imidazolon-2-yl)-ornithine (MG-H1) and carboxyethyllysine (CEL), respectively 

[51,52]; while in DNA, MG modifies deoxyguanosine (dG) to form N2-(1-carboxyethyl)-2’-

deoxyguanosine (CEdG) [52]. These covalent MG-adducts on protein directly alter their 

structure and function, and may also activate inflammatory pathways and generate oxidative 

stress via activation of the receptor for advanced glycation end products (RAGE), contributing 

to the pathogenesis of diabetes and its related complications [52,54]. Among the intracellular 

protein glycation by MG which has been reported to cause pathological changes in particular 

include proteins such as haemoglobin, lens proteins, mitochondrial proteins, and histones [43]. 

Small increases of modifications of mitochondrial proteins by MG have been linked to a two- 

to three-fold increase in oxidative stress, and overexpression of Glo1 which encodes the MG 
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metabolic enzyme, Glyoxalase (GLO)-1, prevented hyperglycaemia-induced formation of MG 

as well as oxidative stress in a rat model of diabetes, confirming the link between MG and 

oxidative stress [43,55]. 

Under normal conditions, more than 99% of MG within the cell is detoxified primarily 

by the GLO system (Fig. 1-3), which consists of GLO1, the rate limiting enzyme in MG 

metabolism which catalyses the formation of D-lactoylglutathione from hemithioacetal 

(formed non-enzymatically from MG and reduced glutathione) and GLO2, which hydrolyses 

D-lactoylglutathione to D-lactate [43,56]. As the half-life of the permeability of MG across cell 

membranes is less than 15 minutes, detoxification of extracellular MG is expected to occur as 

and when the metabolite enters the cells [57]. This is observed by a nearly directly proportional 

conversion of MG to D-lactate by the cytosolic GLO system when MG is added to cells in 

culture; and when intra- and extracellular concentrations of MG decrease as the enzymatic 

detoxification of MG is increased [58]. However, despite the efficiency of the GLO system, a 

minor fraction of MG that is not metabolized still proceeds to react with proteins and DNA to 

form AGEs.  

High fat and high sugar diets not just promote ectopic lipid accumulation and increase 

blood glucose levels which, if left unchecked, leads to obesity and diabetes; these diets also 
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Figure 1-3. The glyoxalase system. 
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fuel the generation of endogenous MG. On the other hand, obesity and diabetes are associated 

with increased inflammation, hypoxia, and hyperglycaemia, and these conditions have been 

reported to invoke increased glycolysis which consequently increases MG formation [43]. 

Furthermore, decreased Glo1 expression and activity are also associated with obesity and 

diabetes [43,56], further implying the involvement of MG in the pathogenesis of T2D under 

obese conditions. In spite of current knowledge that MG is associated with adipose tissue 

dysfunction and subsequent insulin resistance, the mechanism by which MG provokes these 

phenomena at the cellular level, i.e., in adipocytes, is still not sufficiently investigated.  

 

Objectives of this study 

To summarise the above, obesity is highly correlated with T2D, especially when 

adipocyte dysfunction is involved. Typical plasma levels of MG in healthy individuals are at 

~60–250 nM [43], but 1.5–6-fold higher systemic MG levels have been reported in both obese 

and diabetic conditions [41,43,44], where disease severity corresponded with higher levels of 

systemic MG. It has also been reported that Western diet, i.e., a diet high in sugar and fat, is a 

major contributor to systemic MG levels [52]. This is because both high sugar and high fat diets 

feed the MG-producing glycolytic and the glyceroneogenic metabolic processes respectively. 

Although MG accumulation has been implicated in the impairment of adipose tissue metabolic 

function leading to systemic glucose and lipid metabolic dysregulation and the development of 

T2D, the underlying molecular mechanism behind MG’s involvement in adipocyte dysfunction 

during metabolic disorders is still not clearly understood.  

Adipocytes contribute to the regulation of systemic energy homeostasis by exhibiting 

acute metabolic responses to hormonal stimulation, such as glucose uptake which is followed 

by increased glucose metabolism upon insulin stimulation; as well as lipid catabolism which is 

followed by FFA release and initiation of thermogenesis by increased Ucp1 expression upon 
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catecholamine stimulation. These hormone-stimulated adipocyte metabolic responses are 

brought about through a variety of cellular signalling, and dulled adipocyte metabolic responses 

to hormones due to diminished hormone-induced cellular signalling can be one cause of 

adipocyte metabolic dysfunction. Meanwhile, MG has been implicated in the activation of 

several cellular signalling transduction pathways such as the inflammatory and oxidative stress 

pathways [52,54], and these pathways are known to contribute towards the pathophysiology of 

metabolic disorders like obesity and diabetes [16,17,30,31,43]. This involvement of MG in 

initiating cellular signalling transduction pathways underscores the possibility that MG may 

provoke adipocyte metabolic dysfunction through asserting a negative influence on hormone-

induced cellular signalling transduction pathways that are crucial in regulating adipocyte 

metabolism.  

In this study, to elucidate the molecular mechanisms by which MG contributes to the 

dysregulation of adipocyte glucose and lipid metabolism, the author investigated the effects of 

MG on the acute metabolic responses of adipocytes to hormones. More specifically, the effects 

of MG on hormone-induced metabolic signalling pathways in adipocytes were explored. Since 

MG accumulation has been implicated in impaired glucose metabolism through adipose tissue 

insulin resistance, Chapter 1 of this study focuses on investigating the pathological effect of 

MG on insulin-induced glucose uptake via elucidating its effects on the insulin signalling 

pathway (Fig. 1-4 (left)). On the other hand, since metabolic disorders have also been attributed 

to the impairment of lipid catabolism, Chapter 2 of this study focuses on investigating the 

pathological effect of MG on lipid catabolism by focusing on β-adrenergic receptor-stimulated 

FFA release as well as Ucp1 expression. To elucidate the involvement of MG on the metabolic 

signalling pathways involved in lipid catabolism, the effects of MG on the PKA signalling 

pathway will be explored (Fig. 1-4 (right)). Altogether, the findings of this study may elucidate 
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the potential of MG as a pathological metabolite which is capable in contributing towards the 

pathophysiology of metabolic disorders such as diabetes and obesity. 

 

Figure 1-4. The objective of this study is to investigate the effects of MG on metabolic responses 
of adipocytes by focusing on: the effect of MG on insulin-stimulated glucose uptake (The first 
study; left) as well as the effect of MG on isoproterenol-induced FFA release and Ucp1 
expression (The second study; right). 
β-AR, β-adrenergic receptor; FFA, free fatty acid; GLUT, glucose transporter; IRS, insulin receptor 
substrate; PKA, protein kinase A; TAG, triacylglycerol; Ucp1, uncoupling protein 1 
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Chapter 2 

 

The first study: The effect of methylglyoxal on  

insulin-stimulated glucose uptake in adipocytes 

 

Introduction 

 Some metabolites produced during energy metabolism are not merely metabolic 

intermediates, but also affect cellular functions. MG is a natural metabolite derived from 

glycolysis and is mainly formed from the triose-phosphate isomerase reaction [59]. MG is a 

highly reactive carbonyl compound that non-enzymatically forms various kinds of AGEs such 

as MG-H1 and CEL [51,52,60]. The accumulation of these AGEs, among others, is associated 

with accelerated aging and various chronic degenerative diseases, such as diabetes and 

Alzheimer’s disease [61,62]. For example, plaques extracted from the brains of patients with 

Alzheimer’s disease show a three-fold increase in AGE content compared to age-matched 

healthy individuals [61]. MG detoxification is mainly carried out by the glyoxalase system, 

where MG is metabolized by GLO1 and GLO2 to D-lactate in a glutathione-dependent manner 

(Fig. 1-3) [56,63]. MG has been shown to negatively influence metabolism by inducing glucose 

intolerance, insulin resistance, and diabetic complications [64,65,66,67]. Plasma and tissue MG 

levels are 1.5–6-fold higher in patients with diabetes than in healthy individuals [41,42,43]. 

Additionally, functional genome analyses revealed the association between glyoxalase system 

*The content described in this chapter was originally published in Biochemical Journal. Su-Ping Ng, 

Wataru Nomura, Haruya Takahashi, Kazuo Inoue, Teruo Kawada, Tsuyoshi Goto and 

Yoshiharu Inoue (2022). Methylglyoxal induces multiple serine phosphorylation in insulin receptor 

substrate 1 via the TAK1–p38–mTORC1 signaling axis in adipocytes. Biochem J. 479(21):2279-2296. 

doi: 10.1042/BCJ20220271. © 2022 The authors. 
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deficiency and the development of diabetic complications [47,48,68]. These observations 

suggest that MG plays a role in the development and progression of diabetic complications. 

Adipocytes play an important role in the metabolism of lipids and glucose, and several 

hormones and cytokines, such as catecholamines, insulin, and TNFα, modulate their metabolic 

functions by activating intracellular signalling pathways [69,70,71]. Insulin activates the insulin 

signalling pathway by targeting the IR tyrosine kinase and regulating the IRS [72]. Since the 

activation of the insulin signalling pathway promotes glucose uptake into cells and modulates 

the metabolism of glucose and lipids, defects in its activation (i.e. insulin resistance) are closely 

associated with the development and progression of T2D [72]. Prolonged exposure of 

adipocytes to AGEs formed by synthetic MG derivatives of a single protein induces insulin 

resistance [73], suggesting that MG attenuates the insulin-stimulated activation of insulin 

signalling. However, the molecular mechanisms linking MG to insulin resistance are not yet 

fully understood. 

MG is associated with the regulation of intracellular signalling pathways, including 

inflammatory and oxidative stress signalling pathways [74,75,76,77], indicating that MG 

functions as a signalling molecule that activates signal transduction. As MG increases the levels 

of intracellular reactive oxygen species (ROS) [78,79,80], ROS production is suggested to be 

involved in MG-induced activation of signalling pathways in some cell lines [78,79,80]. 

Meanwhile, the mTOR is a Ser/Thr protein kinase that controls cell growth and metabolism by 

forming two distinct complexes: mTORC1 and mTORC2 [81]. In the insulin signalling 

pathway, mTORC2 contributes to Akt activation in response to insulin stimulation, and 

mTORC1 is up-regulated via Akt activation [82]. It has previously been reported that MG 

activates mTORC2 signalling and increases Akt phosphorylation in 3T3-L1 adipocytes [83]. 

mTORC2 signalling was activated within 30 minutes following treatment of cells with MG, 

strongly suggesting that MG acts as an initiator of mTORC2 signalling [83].  
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To further understand the molecular mechanisms linking MG to insulin resistance, the 

physiological and molecular details of MG as a signalling molecule will be explored in this 

chapter. The effect of MG on the insulin signalling pathway involving IRS and mTOR was 

investigated in adipocytes. MG was demonstrated to activate mTORC1 signalling, increasing 

the phosphorylation of p70 S6K1 and IRS-1 at various serine residues which are downstream 

effectors of mTORC1, in 3T3-L1 adipocytes. Akt activation by mTORC2 was not required for 

MG-induced activation of mTORC1. Instead, it was found that activation of p38 MAPK via 

the transforming growth factor-β-activated kinase 1 (TAK1), which is an indispensable 

signalling intermediate in proinflammatory signalling [84], was involved in MG-induced 

activation of mTORC1. Furthermore, it was found that MG-induced activation of the TAK1–

p38–mTORC1 signalling axis negatively regulated IRS-1 via multiple serine phosphorylation. 

Activation of the inflammatory pathway in response to proinflammatory cytokines, such as 

TNFα, is known to promote insulin resistance [85]. It was shown that the TAK1–p38–mTORC1 

signalling axis identified in this study also contributed to TNFα-induced IRS-1 multiple serine 

phosphorylation, which may provoke insulin resistance. 

 

Materials and Methods 

Materials 

 Dulbecco’s modified Eagle’s medium (DMEM)-high glucose (Cat. No. 08458-16), 

penicillin-streptomycin mixed solution (Cat. No. 26253-84), 3-isobutyl-1-methylxanthine 

(IBMX) (Cat. No. 19624-31), dexamethasone (Cat. No. 50-02-2), dimethyl sulfoxide (Cat. No. 

08904-14), 2-deoxyglucose (2-DG) (Cat. No. 10722-11), dihydroxyacetone (DHA) (Cat. No. 

12438-62), and all chemicals used to prepare phosphate-buffered saline (PBS), lysis buffer, 

sample buffer, immunoprecipitation buffer, and Krebs Ringer Phosphate HEPES (KRPH) 

buffer were purchased from Nacalai Tesque (Kyoto, Japan). Foetal bovine serum (FBS) (Cat. 
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No. 10270-106) was purchased from Gibco (CA, U.S.A.). Insulin (Cat. No. 097-06474), 

SB203580 (IUPAC name: 4-[4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-1H-imidazol-5-

yl]pyridine; Cat. No. 199-16551), N-acetyl-L-cysteine (NAC) (Cat. No. 017-05131), H2O2 (Cat. 

No. 084-07441) and cytochalasin B (Cat. No. 034-17554) were purchased from Wako Pure 

Chemical Industries (Osaka, Japan). MG (Cat. No. 67028), rapamycin (Cat. No. R0395), and 

S-p-bromobenzylglutathione cyclopentyl diester (BBGC) (Cat. No. SML1306) were purchased 

from Sigma-Aldrich (MO, U.S.A.). AKT Inhibitor VIII (AKTi) (IUPAC name: 3-[1-[[4-(6-

phenyl-8H-imidazo[4,5-g]quinoxalin-7-yl)phenyl]methyl]piperidin-4-yl]-1H-benzimidazol-

2-one; Cat. No. 124018) was purchased from Calbiochem (CA, U.S.A.). BIRB796 (IUPAC 

name: 1-[5-tert-butyl-2-(4-methylphenyl)pyrazol-3-yl]-3-[4-(2-morpholin-4-

ylethoxy)naphthalen-1-yl]urea; Cat. No. ab142166) was purchased from Abcam (Cambridge, 

U.K.). SP600125 (IUPAC name: 14,15-diazatetracyclo[7.6.1.02,7.013,16]hexadeca-

1(15),2,4,6,9(16),10,12-heptaen-8-one; Cat. No. BML-EI305) was purchased from Enzo Life 

Sciences (NY, U.S.A.), while (5Z)-7-oxozeaenol (IUPAC name: (4S,6Z,9S,10S,12E)-9,10,18-

trihydroxy-16-methoxy-4-methyl-3-oxabicyclo[12.4.0]octadeca-1(14),6,12,15,17-pentaene-

2,8-dione; Cat. No. 17459) was purchased from Cayman Chemical Company (MI, U.S.A.). 

TNF-α (Cat. No. 410-MT) was purchased from R&D Systems (MN, U.S.A.). 

 

Cell Culture 

 The 3T3-L1 cells were purchased from American Type Culture Collection (VA, 

U.S.A.). These cells were maintained in a humidified 5% CO2 atmosphere at 37°C in basic 

medium (DMEM-high glucose supplemented with 10% (v/v) FBS, 100 units/ml penicillin, and 

100 μg/ml streptomycin). To differentiate the pre-adipocytes into mature adipocytes, two days 

post-confluent cells were stimulated with 0.5 mM IBMX, 0.25 μM dexamethasone, and 10 

μg/ml insulin in basic medium for 48 hours. The medium was then replaced with a growth 
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medium (basic medium with 5 μg/ml insulin). This step was repeated every two days until the 

adipocytes reached the sixth day after the induction of differentiation. Unless indicated, the six 

days post-differentiated adipocytes were incubated in a serum-free medium for three–five 

hours before the start of the experiment. 

 

Cell Viability Assay 

 Cell viability was determined by using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay by Promega, WI, USA (Cat. No. G3581) according to manufacturer’s 

instructions. Briefly, 1/5 the volume of cell culture medium of MTS (3-(4,5-dimethylthiazol-

2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay solution was 

added to the wells. The plate was then incubated at 37°C for two hours in a humidified, 5% 

CO2 atmosphere before the absorbance at 490 nm was obtained using iMark™ Microplate 

Absorbance Reader (Bio-Rad, CA, USA). 

 

Determination of Cellular Glucose Uptake 

 The cell culture medium of six days post-differentiated adipocytes was either changed 

to FBS-free medium after serum starvation of three–five hours, or to basic medium with or 

without 20 nM rapamycin or 0.5 μM (5Z)-7-oxozeaenol. The cells were incubated with the 

inhibitors for 30 minutes before treatment with 2.5 mM MG for 24 hours. Then, the glucose 

concentration of the cell culture medium was determined using a glucose detection kit, Glucose 

CII Test (Cat. No. 439-90901) from Wako Pure Chemical Industries, following the 

manufacturer’s instructions. Absorbance levels were determined using a microplate reader 

(iMark; Bio-Rad, CA, U.S.A.) at a main wavelength of 490 nm and sub-wavelength of 600 nm 

for the bichromatic assay. The amount of glucose taken into the cells was calculated by 

subtracting the remaining glucose in the cell culture medium at 24.5 hours timepoint from that 
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in the medium at time zero and normalized to the corresponding cell lysate protein 

concentration. 

 
Glucose Uptake Assay 

 Six days post-differentiated adipocytes were first starved of serum for three–five hours. 

Then, they were washed with warm KRPH buffer (1.2 mM KH2PO4, 1.2 mM MgSO4, 1.3 mM 

CaCl2, 118 mM NaCl, 5 mM KCl, 30 mM HEPES, pH 7.5) thrice before being incubated at 

37°C in KRPH buffer containing 2% bovine serum albumin with either 20 nM rapamycin or 

0.5 μM (5Z)-7-oxozeaenol for 30 minutes. The cells were treated with 2.5 mM MG for four 

hours prior to stimulation with 1 μM insulin for 18 minutes. The cells were then incubated with 

1 mM 2-DG in KRPH buffer for 20 minutes, allowing for cellular 2-DG uptake. Cellular 2-DG 

uptake was stopped by washing the cells with ice-cold PBS containing 50 μM cytochalasin B. 

Cells were collected in 1× sample diluent buffer and lysed via sonication. The cell lysates were 

then heated at 80°C for 15 minutes before centrifugation at 15 000×g for 20 minutes at 4°C. 

The supernatants were collected, and the 2-DG uptake value was determined by the levels of 

intracellular 2-DG 6-phosphate using the Glucose Cellular Uptake Measurement Kit (Cat. No. 

MBR-PMG-K01) from Cosmo Bio (Tokyo, Japan), according to the manufacturer’s 

instructions. Fluorescence levels were measured using a Tecan Infinite F-200 microplate reader 

at excitation/emission wavelengths of 540/590 nm. These values were normalized to the 

corresponding cell lysate protein concentration. 

 

Western Blotting 

 Cells were washed with PBS and lysed with lysis buffer containing 20 mM Tris-HCl 

buffer (pH 7.5), 1% (v/v) Triton X-100, 10% (v/v) glycerol, 137 mM NaCl, 2 mM EDTA (pH 

8.0), a phosphatase inhibitor cocktail (Nacalai Tesque; Cat. No. 07575-51), and a protease 

inhibitor cocktail (Nacalai Tesque; Cat. No. 03696-21). The lysate was centrifuged at 16,700×g 
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for 10 minutes and the resulting supernatant was collected. Protein concentration was measured 

using the DC Protein Assay (Bio-Rad, Hercules, CA, USA; Cat. No. 500016) according to the 

manufacturer’s protocol. Protein loading samples were prepared by homogenising four parts 

of the lysate supernatant with one part of 5x concentrated sample buffer containing 250 mM 

Tris-HCl (pH 6.8), 10% (w/v) sodium dodecyl sulphate (SDS), 25% (w/v) sucrose, 0.02 % 

(w/v) bromophenol blue (BPB), and 10% β-mercaptoethanol. 10 μg protein load per sample 

was separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a 

polyvinylidene difluoride transfer (PVDF) membrane (Millipore, Burlington, MA, U.S.A.; Cat. 

No. IPVH00010). The membrane was then blocked, washed, and incubated with appropriate 

dilutions of the primary antibodies. The primary antibodies used in this study are listed in Table 

1-1 below. All primary antibodies were purchased from Cell Signaling Technology, MA, 

U.S.A., except for anti-phosphotyrosine PY20 which was purchased from ICN Biomedicals 

(CA, U.S.A.). Immunoreactive bands were detected using either anti-rabbit horseradish 

peroxidase (HRP) secondary antibody, (Cat. No. NBP1-75297) from Novus Biologicals (CO, 

U.S.A.), or anti-mouse HRP secondary antibody, (Cat. No. sc-2005) from Santa Cruz 

Biotechnology (TX, U.S.A.) with Immobilon Western Chemiluminescent HRP Substrate 

(Millipore; Cat. No. WBKLS0100) and an LAS-4000 mini-imaging system (Fujifilm, Tokyo, 

Japan). All antibodies were used at a dilution of 1:4000. 

 

Table 1-1. Primary antibodies used in this study. 

Primary antibody Catalog number (manufacturer) 

Phosphotyrosine PY20 #69-137 (ICN Biomedicals) 

Phospho-IRS-1 (Ser307) #2381 (Cell Signaling) 

Phospho-IRS-1 (Ser318) #5610 (Cell Signaling) 

Phospho-IRS-1 (Ser612) #3203 (Cell Signaling) 
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IRS-1 #3407 (Cell Signaling) 

Phospho-Akt (Ser473) #4060 (Cell Signaling) 

Akt #4691 (Cell Signaling) 

Phospho-p70 S6K (Thr389) #9234 (Cell Signaling) 

p70 S6K #2708 (Cell Signaling) 

Phospho-TSC2 (Thr1462) #3617 (Cell Signaling) 

TSC2 #4308 (Cell Signaling) 

Phospho-CREB (Ser133) #9198 (Cell Signaling) 

CREB #9197 (Cell Signaling) 

Phospho-p38 (Thr180/Tyr182) #9215 (Cell Signaling) 

p38 #9212 (Cell Signaling) 

Phospho-JNK (Thr183/Tyr185) #9251 (Cell Signaling) 

JNK #9252 (Cell Signaling) 

Phospho-ERK (Thr202/Tyr204) #9101 (Cell Signaling) 

ERK #9102 (Cell Signaling) 

 

Immunoprecipitation 

 Cells were washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 

mM KH2PO4) and lysed with immunoprecipitation buffer containing 25 mM Tris–HCl buffer 

(pH 7.5), 150 mM NaCl, 1% (v/v) NP-40, 0.1% SDS, 1 mM EDTA (pH 8.0) and the same 

phosphatase inhibitor cocktail and protease inhibitor cocktail from Nacalai Tesque as written 

above. The lysate was centrifuged at 16 700×g for ten minutes, and the resulting supernatant, 

that is, the protein extract, was collected. Approximately 800 μg of the protein extract was 

immunoprecipitated with an anti-IRS-1 antibody for 30 minutes before incubation with protein 

A/G PLUS-Agarose (Cat. No. sc-2003) immunoprecipitation reagent from Santa Cruz 
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Biotechnology (TX, U.S.A.) for 90 minutes. Immunoprecipitated proteins were then denatured, 

and western blotting was performed as mentioned above. Membranes were incubated with anti-

phosphotyrosine PY20 or anti-phospho-IRS-1 Ser307 antibodies and then stripped and 

reblotted with an anti-IRS-1 antibody for total protein (Table 1-1). 

 

Intracellular ROS Assay 

 Intracellular ROS levels were determined using the fluorescent probe, 2’,7’-

dichlorofluorescein diacetate (DCFDA; Cat. No. D6883) from Thermo Fisher Scientific (MA, 

U.S.A.). The three–five-hour serum-starved, six days post-differentiated adipocytes were 

incubated with 2 μM DCFDA in either the presence or absence of 10 mM NAC for 30 minutes 

at 37°C in the dark, followed by treatment with either 500 μM H2O2 for 30 minutes or 2.5 mM 

MG for one hour. Fluorescence levels were then measured in the fluorescence reader, Tecan 

Infinite F-200 microplate reader (Tecan Inc., Maennedorf, Switzerland) with 

excitation/emission at 485/535 nm. These values were normalized to the cell number of the 

corresponding samples, as indicated by fluorescence levels from 30 minutes of 2 μg/ml of 

Hoechst 33342 (Nacalai Tesque; Cat. No. 23491-52-3) staining with excitation/emission at 

360/465 nm. 

 

RNA Preparation and Quantification of Gene Expression 

 Total RNA was isolated from cultured cells using Sepasol Super-I (Nacalai Tesque; 

Cat. No. 09379-84) following the manufacturer’s protocol. Total RNA was reverse-transcribed 

using M-MLV reverse transcriptase (Promega; Cat. No. M1708) according to the 

manufacturer’s instructions using a thermal cycler (Takara PCR Thermal Cycler SP, Takara, 

Shiga, Japan). mRNA expression was quantified by real-time PCR using the SYBR® Green I 

assay system performed with a LightCycler (Roche Diagnostics, Mannheim, Germany). The 
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protocol for amplification was as follows: denaturation at 95°C for 15 seconds, annealing at 

60°C for 15 seconds, and extension at 72°C for 45 seconds. The expression levels of these 

genes were normalized to those of Rplp0. The primer sequences are listed in Table 1-2. 

 

Table 1-2. Oligonucleotide primers used for mRNA analysis in this study. 

Gene Forward Primer (5'à3') Reverse Primer (5'à3') 

Rplp0 TCCTTCTTCCAGGCTTTGGG GACACCCTCCAGAAAGCGAG 

Pai1 CGCCTTCATTTGGACGAAACT CAGGGAGAAGGCTCGCTATTG 

Ptgs2 CAGTTTTTCAAGACAGATCATAAGCG TGCTCCTGGTTGAGTATGTCG 

Il6 CTGATGCTGGTGACAACCAC TTTTCTGCAAGTGCATCATCGT 

Ccl2 GACCCCAAGAAGGAATGGGT ACCTTAGGGCAGATGCAGTT 

 

Statistical Analysis 

 Statistical analyses were performed using the GraphPad Prism software (version 9.3.1; 

CA, U.S.A.). Statistical significance was determined using one-way analysis of variance 

followed by Tukey’s multiple comparison test. Differences were considered statistically 

significant at P < 0.05. 
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Results 

MG reduced insulin-stimulated glucose uptake and attenuated insulin signalling 

Adipocytes play a crucial role in the regulation of physiological energy balance, and its 

dysfunction results in the onset of diabetes. This makes it a suitable cell model to study the 

involvement of MG in diabetes. Insulin is a major endocrine hormone which plays a major role 

in the regulation of glucose metabolism in adipocytes, increasing the rate of glucose transport 

across the cell membrane from two to ten-fold as well as increasing the rate of glycolysis via 

the enhancement of glycolytic enzymes such as hexokinase and 6-phosphofructokinase activity 

[86,87]. To investigate if MG contributes to insulin resistance via its effect on adipocytes, the 

changes to adipocyte glucose uptake and insulin response upon exposure to MG was 

investigated. Prior to the start of that investigation, MTS assay was first performed under short-

term (two hours) and long-term (24 hours) MG treatment at different doses to determine the 

maximum dose by which MG did not affect adipocyte viability. This was to ease the assessment 

of the effects of MG on adipocyte physiology. As can be observed by the results in Fig. 2-1(A) 

and Fig. 2-1(B), the maximum concentration of MG which posed no significant threat to cell 

viability after both short (two hours) and long (24 hours) term treatments was at 2.5 mM. 

Therefore, the concentration of MG for treatment of adipocytes was set at 2.5 mM. Next, to 

investigate the effect of MG on adipocyte glucose metabolism, the effect of MG on adipocyte 

glucose uptake was assessed by measuring the remaining glucose in the cell culture medium 

after adipocytes were incubated with MG in FBS-free medium or basic medium under normal 

culture conditions for 24 hours. FBS already contains insulin, and additional insulin did not 

increase glucose uptake into the cells (Fig. 2-1(C)). Meanwhile, cells incubated in basic 

medium which contains FBS exhibited significantly increased glucose uptake compared to 

those incubated in FBS-free medium (Fig. 2-1(D)).  On the other hand, it was found that 

adipocytes incubated in basic medium with MG present had significantly reduced glucose 
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uptake compared to the control FBS group (Fig. 2-1(D)), suggesting that MG inhibited insulin-

stimulated glucose uptake. However, this inhibitory effect of MG on insulin-stimulated glucose 

uptake was found to be not permanent, but was instead reversible. This was observed through 

adipocytes that were first incubated with MG in FBS-free medium for four hours before culture 

in basic medium in the absence of MG for 24 hours. Unlike the result observed in Fig. 2-1(D), 

the adipocytes previously treated with MG showed no significant decrease in glucose uptake 

when compared to the control group when both were cultured in basic medium (Fig. 2-1(E)). 

Although glucose uptake did not seem to be completely recovered in MG-treated adipocytes, 

this phenomenon suggests that adipocytes are capable of reverting back to a more insulin-

sensitive state upon the removal of MG.  

Next, to further confirm that MG induced a decrease in adipocyte glucose uptake (Fig. 

2-1(D)) through its negative effects on insulin-stimulation, insulin-induced glucose uptake was 

tested using a glucose cellular uptake measurement kit which utilizes 2-DG as a means to 

identify glucose uptake into the cells. Since serum contains insulin, mature 3T3-L1 adipocytes 

were first starved of serum for three–five hours to completely remove insulin as well as its 

remaining metabolic effects on the adipocytes. Only then were the adipocytes pre-treated with 

MG before stimulation by insulin and subsequent assay for cellular glucose uptake. As seen by 

the results in Fig. 2-1(F), while insulin induced a cellular 2-DG uptake of approximately two 

times in the adipocytes, pre-treatment with MG completely abolished insulin-induced 2-DG 

uptake as the adipocytes exhibited a 2-DG uptake that did not significantly differ from the 

unstimulated control. This result confirmed the results in Fig. 2-1(D) that MG exerted negative 

effects on the insulin signalling pathway in adipocytes.  

Many insulin responses require IRS-1 and IRS-2 to regulate metabolism [88]. The IRS 

proteins, IRS-1 and IRS-2 are one of the major targets of insulin receptor tyrosine kinase and 

are necessary for hormonal control of glucose metabolism due to its role as the primary 
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mediator of the insulin signalling pathway. Because IRS-1 plays an important role in the 

metabolic actions of insulin and insulin-like growth factor (IGF)-1 mainly in adipose tissues 

and skeletal muscles, as opposed to IRS-2 which plays an important role in the metabolic 

actions of these hormones in the liver [89], IRS-1, rather than IRS-2, is the main focus in this 

research. During insulin stimulation, IRS-1 is phosphorylated by the insulin receptor tyrosine 

kinase on several tyrosine residues which induces the activation of the insulin signalling 

pathway, leading to the activation of downstream proteins such as Akt. Akt is yet another key 

effector within the insulin signalling pathway as it mediates critical metabolic processes, such 

as glucose and lipid metabolism, in insulin-responsive tissues. Specifically, Akt is responsible 

in promoting glucose uptake via activation of its direct target, a substrate of 160 kDa (AS160), 

also known as TBC1 domain family member (TBC1D)-1, a Rab-GTPase activating protein 

implicated in insulin-stimulated glucose transporter 4 (GLUT4) translocation for increasing 

cellular glucose uptake [90]. In addition, Akt is also responsible for increased conversion of 

glucose to glucose 6-phosphate by its stimulatory effect on hexokinase in intracellular 

compartments [90]. Phosphorylation of Akt at Ser473 is considered crucial for the full 

activation of Akt [91]. Hence, to examine the effect of MG on the insulin signalling pathway 

in adipocytes, the insulin-stimulated phosphorylation levels of both IRS-1 tyrosine residues as 

well as Akt at Ser473 were examined in serum-starved 3T3-L1 adipocytes that were pre-treated 

with MG. Insulin-stimulation increased the phosphorylation levels of IRS-1 tyrosine residues 

and Akt at Ser473, by approximately three-fold (Fig. 2-1(G)) and five-fold (Fig. 2-1(H)), 

respectively, when compared with the unstimulated control. However, in the MG pre-treatment 

group, insulin-induced phosphorylation of these sites was attenuated at two-fold for IRS-1 

tyrosine residues (Fig. 2-1(G)), and 2.5-fold for Akt at Ser473 (Fig. 2-1(H)), upon comparison 

with the basal control. Meanwhile, MG did not seem to have a significant impact on basal 

levels of IRS-1 tyrosine phosphorylation (Fig. 2-1(G)). By these results, MG negatively 
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affected the insulin signalling pathway as hypothesised, evidenced by significantly reduced 

levels of insulin-stimulated IRS-1 multiple tyrosine phosphorylation (Fig. 2-1(G)) and Akt 

phosphorylation (Fig. 2-1(H)). Altogether, these results imply that the negative influence that 

MG had exerted on glucose uptake (Fig. 2-1(D)), and by extension, glucose metabolism, is 

attributed to the negative regulatory effects of MG on the insulin signalling pathway (Fig. 2-

1(G–H)) and subsequent insulin-stimulated glucose uptake (Fig. 2-1(F)).   
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Figure 2-1. MG reduced insulin-stimulated glucose uptake and attenuated insulin signalling 
(A-B) 3T3-L1 adipocytes were treated with 1, 2.5, or 5 mM MG for 2 h (A) or 24 h (B). MTS assay 
was then conducted. (C–E) 3T3-L1 adipocytes were incubated under ordinary cell culture conditions 
in basic medium with or without 0.86 μM insulin (Ins) for 48 h (C), or in either FBS-free medium 
or basic medium with or without 2.5 mM MG for 24 h (D), or in FBS-free medium with or without 
2.5 mM MG for 4 h before switching to basic medium without MG for 24 h (E). Glucose uptake 
into the cells was then determined by measuring glucose remaining in the cell culture medium. (F) 
3T3-L1 adipocytes were treated with or without 2.5 mM MG for 4 h before glucose cellular uptake 
assay was then conducted. (G) 3T3-L1 adipocytes were treated with or without 2.5 mM MG for 4 
h. The cells were then stimulated with 1 μM Ins for 15 min before immunoprecipitation (IP) was 
conducted with monoclonal antibodies against IRS-1. (H) Adipocytes were treated with 2.5 mM 
MG for 30 min before 30 min of 10 nM Ins stimulation. Levels of phosphorylated tyrosine (p-Y) 
and IRS-1 (G); phosphorylated Akt (p-Akt) and Akt (H) were determined using anti-
phosphotyrosine, anti-IRS-1, anti-phospho Akt Ser473 and anti-Akt antibodies, respectively. p-IRS-
1 and p-Akt levels were quantified by measuring the intensity of the immunoreactive bands using 
the ImageJ software. The ratio of p-IRS-1/IRS-1 and p-Akt/Akt in the non-treated vehicular control 
group was assigned a relative value of 100. Quantitative data are presented as the mean ± standard 
error of the mean (SEM) (error bars), with n = 3 (A,B), 4 (D,F), 5 (G) or 6 (C,E,H) per group. 
Student’s t-test (C) or one-way ANOVA followed by Tukey’s post-hoc test was conducted to 
determine the statistical significance (A–F). *, P < 0.05 between the non-treated vehicular control 
group and respective groups. #, P < 0.05 between the indicated groups. ns, non-significant 
differences between the indicated groups. 
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MG caused multiple serine phosphorylation on IRS-1 

 While multiple tyrosine phosphorylation IRS proteins is required to activate several 

downstream effectors of the insulin signalling, multiple serine or threonine phosphorylation 

leads to the impairment of insulin response and insulin resistance [72,92]. This negative 

regulation of IRS proteins may involve the phosphorylation of more than 50 serine/threonine 

residues within the IRS proteins, with different serine/threonine sites being phosphorylated by 

different serine/threonine kinases which respond to different stimuli [72,92]. Stimuli such as 

TNFα, FFAs and cellular stress activate IRS serine/threonine kinases including JNK, protein 

kinase C (PKC), mTOR, S6K, IKK, ERK that phosphorylate the IRS proteins on their 

corresponding serine or threonine residues which inhibits IRS activity. Depending on the 

phosphorylation status of serine/threonine at particular sites, or the combination of 

simultaneous phosphorylation of a number of specific serine/threonine residues, IRS is 

negatively regulated by different mechanisms, which may involve tyrosine dephosphorylation 

of IRS, IRS dissociation from the insulin receptor, IRS intracellular localisation and eventual 

degradation [72,92]. However, neither the role of serine/threonine phosphorylation, nor 

molecular mechanisms responsible for their activation are fully understood. As observed in Fig. 

2-1(D,F), MG significantly reduced levels of insulin-stimulated IRS-1 multiple tyrosine 

phosphorylation, suggesting that MG may play a role in its inhibition by affecting IRS-1 

serine/threonine phosphorylation. Since IRS is regulated by multiple phosphorylation, and that 

proteins exhibit a phosphorylation dependent electrophoretic mobility shift (PDEMS) in SDS-

PAGE [93], the possibility that MG affects IRS-1 serine/threonine phosphorylation was first 

investigated by observing if PDEMS can be observed in IRS-1 from adipocytes treated by MG. 

Treatment of 3T3-L1 adipocytes with MG increased PDEM of IRS-1, starting at 15 minutes, 

and peaking by 60 minutes (Fig. 2-2(A)). Investigation into the phosphorylation of relatively 

well-investigated negative regulatory serine sites of IRS1 such as Ser307, 318 and 612 revealed 



 31 

that MG treatment significantly increased the phosphorylation of all those sites (Fig. 2-2(B–

D)). These results imply that MG attenuated insulin-stimulated glucose uptake (Fig. 2-1(D,F)) 

via its negative effect on insulin-induced IRS-1 activity.  

  

Figure 2-2. MG caused multiple serine phosphorylation on IRS-1 
(A) The 3T3-L1 adipocytes were treated with 2.5 mM MG for the indicated durations. (B-D) Cells 
treated with 2.5 mM MG for 60 min.  Immunoprecipitation (IP) was conducted with monoclonal 
antibodies against IRS-1 (B). Levels of phosphorylated IRS-1 (p-IRS-1) at the serine residues-307 
(B), 318 (C), and 612 (D); and IRS-1 were determined using anti-phospho IRS-1 Ser307, Ser318, 
Ser612 and anti-IRS-1 antibodies, respectively. p-IRS-1 levels were quantified by measuring the 
intensity of the immunoreactive bands using the ImageJ software, the ratio of p-IRS-1/IRS-1 in the 
non-treated vehicular control group being assigned a relative value of 100. Quantitative data are 
presented as the mean ± SEM (error bars), with n = 6 (B–D) per group. Welch’s (B–C) or Student’s 
(D) t-test were conducted to determine the statistical significance. *, P < 0.05 between the non-
treated vehicular control group and respective groups. 
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MG activated the mTORC1 signalling pathway 

 As aforementioned, various stimuli could activate IRS serine/threonine kinases to 

negatively regulate it. Apart from extracellular stimuli, the insulin signalling pathway, itself is 

also structured to terminate its own activation to prevent prolonged activation. This is mainly 

done via the activation of Akt in response to insulin, which simultaneously propagates insulin 

signalling while also activating the negative feedback loop which promotes the 

phosphorylation of IRS1 on serine residues in order to terminate continuous insulin signalling. 

In more detail, the negative feedback loop of the insulin signalling pathway involves the control 

of Akt over Rheb GTPase activity via regulation of the Tuberous Sclerosis Complex (TSC)-1–

TSC2 complex, a GTPase-activating protein (GAP) [81], and it is this activation of the Rheb 

GTPase which induces mTORC1 activity, subsequently contributing towards the negative 

regulation of IRS-1 by phosphorylation its serine/threonine residues. Since mTORC2 is a direct 

modulator upstream of Akt, mTORC2 is also a component of the insulin signalling pathway 

involved in the regulation of mTORC1 activity; in other words, mTORC1 is one of the 

downstream effectors of mTORC2 signalling [81]. It has previously been reported that MG 

activates mTORC2 signalling and enhances the phosphorylation levels at Ser473 of Akt in 

3T3-L1 adipocytes [83]. Therefore, the effect of MG on the negative feedback loop of the 

insulin signalling pathway, mTORC1 signalling, was first examined by monitoring the 

phosphorylation levels of the mTORC1 effector, p70 S6K1, as an indicator. The 

phosphorylation levels at Thr389 of p70 S6K1 in 3T3-L1 adipocytes were enhanced within 60 

min of the addition of 2.5 mM MG (Fig. 2-3(A)), and this MG-induced increase in 

phosphorylation levels of p70 S6K1 within 60 min of MG treatment was found to start at MG 

concentrations of 0.5 mM, suggesting that MG induced mTORC1 activity at concentrations 

from as low as 0.5 mM (Fig. 2-3(B)). Furthermore, this effect of MG on the phosphorylation 
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levels of p70 S6K1 was completely abolished by rapamycin, an mTORC1 inhibitor, confirming 

that MG activated mTORC1 signalling (Fig. 2-3(C)).  

The phosphorylation of serine residues on IRS-1 at Ser307, 318, and 612 are also 

modulated by mTORC1 and its effector, p70 S6K1 [72,92,94,95,96]. Upon further investigation 

to see if the MG-induced phosphorylation on IRS-1 at these serine residues were nullified by 

mTORC1 inhibition, it was found that rapamycin pre-treatment in MG treated-adipocytes also 

exhibited significantly reduced phosphorylation of all three of those serine residues (Fig. 2-

3(D–E)). Hence, the MG-induced multiple serine phosphorylation of IRS-1 as seen in Figs. 2-

2; 2-3(D–E), at least pertaining to the IRS-1 serine residues of Ser307, 318, and 612, could be 

attributed to MG-induced mTORC1 activation.  
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Figure 2-3. MG activated the mTORC1 signalling pathway 
(A) The 3T3-L1 adipocytes were treated with 2.5 mM MG for the indicated durations. (B) The 
adipocytes were treated with the indicated concentrations of MG for 60 min. (C-E) The adipocytes 
were treated with or without 20 nM rapamycin (Rap) for 30 min, followed by treatment with 2.5 
mM MG for 60 min. Immunoprecipitation (IP) was also conducted with monoclonal antibodies 
against IRS-1 (D). Phosphorylated p70 S6K1 (p-p70 S6K1) and p70 S6K1 (A-C); phosphorylated 
IRS-1 (p-IRS-1) at the serine residues-307 (D), 318 and 612 (E) and IRS-1 were determined using 
the anti-phospho p70 S6K Thr389 and anti-p70 S6K; anti-phospho IRS-1 Ser307, Ser318, Ser612, 
and anti-IRS-1 antibodies, respectively. p-p70 S6K1 and p-IRS-1 levels were quantified by 
measuring the intensity of the immunoreactive bands using the ImageJ software, the ratio of p-p70 
S6K1/ p70 S6K1 and p-IRS-1/IRS-1 in the non-treated vehicular control group being assigned a 
relative value of 100. Quantitative data are presented as the mean ± SEM (error bars), with n = 4 
(D–E) per group. One-way ANOVA followed by Tukey’s post-hoc test was conducted to determine 
the statistical significance (D–E). *, P < 0.05 between the non-treated vehicular control group and 
respective groups. #, P < 0.05 between the indicated groups. 
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mTORC1 inhibition recovered MG-inhibited insulin signalling and glucose uptake 

 Seeing that inhibition of mTORC1 by rapamycin could suppress multiple 

phosphorylation on IRS-1 serine residues (Fig. 2-3(D–E)), the investigation proceeded towards 

whether or not pre-treatment of adipocytes with rapamycin could recover the attenuated insulin 

signalling as well as reduced glucose uptake that was caused by MG treatment (Fig. 2-1). Pre-

treatment of 3T3-L1 adipocytes with rapamycin not just completely recovered the inhibited 

insulin-induced IRS-1 multiple tyrosine phosphorylation in the MG-treated group (Fig. 2-4(A)), 

it also returned the inhibited insulin-induced phosphorylation levels of Akt at Ser473 back to 

phosphorylation levels that is comparable to that of the stimulated control (Fig. 2-4(B)). The 

magnitude of increase in insulin-stimulated phosphorylation levels of Akt at Ser473 in 

adipocytes pre-treated with rapamycin alone (Fig. 2-4(C)) did not compare to the magnitude 

of increase in insulin-stimulated phosphorylation levels of Akt at Ser473 in adipocytes pre-

treated with both rapamycin and MG (Fig. 2-4(B)). This suggests that insulin signalling 

attenuated by MG that was recovered through rapamycin pre-treatment was not due to the 

isolated positive effects of rapamycin to insulin signalling. 

Next, the effect of mTORC1 inhibition on MG-inhibited insulin-stimulated cellular 

glucose uptake was assessed. Contrary to expectations, pre-treatment of adipocytes with 

rapamycin had no effect on the inhibition of MG on insulin-stimulated cellular 2-DG uptake 

(Fig. 2-4(D)). However, upon measuring glucose uptake after 24 hours of incubation with MG 

under normal cell culture conditions, pre-treatment of adipocytes with rapamycin could recover 

glucose uptake that was inhibited by MG treatment back to levels that was similar to the 

untreated group (Fig. 2-4(E)). Therefore, despite unexpected results on insulin-stimulated 

cellular glucose uptake, these data suggest that inhibition of mTORC1 could recover MG-

inhibited insulin signalling and glucose uptake.  
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Figure 2-4. mTORC1 inhibition recovered MG-inhibited insulin signalling and glucose uptake 
(A) 3T3-L1 adipocytes were treated with or without 20 nM rapamycin (Rap) for 30 min, followed 
by treatment with 2.5 mM MG for 4 h. The cells were then stimulated with 1 μM insulin (Ins) for 
15 min before immunoprecipitation (IP) was conducted with monoclonal antibodies against IRS-1. 
(B–C) Adipocytes were pre-treated with or without 20 nM Rap for 30 min, followed by treatment 
with or without 2.5 mM MG for 30 min. Then, the cells were stimulated by 10 nM Ins for 30 min. 
Levels of phosphorylated tyrosine (p-Y) and IRS-1 (A); phosphorylated Akt (p-Akt) and Akt (B–
C) were determined and quantified as described in the legend of Figure 2-1. (D) 3T3-L1 adipocytes 
were treated with or without 20 nM Rap for 30 min, followed by treatment with 2.5 mM MG for 4 
h. Glucose cellular uptake assay was then conducted. (E) 3T3-L1 adipocytes were treated with or 
without 20 nM Rap for 30 min in basic medium, followed by treatment with 2.5 mM MG for 24 h. 
Glucose uptake into the cells was then determined by measuring glucose remaining in the cell culture 
medium. Quantitative data are presented as the mean ± SEM (error bars), with n = 3 (A) or 4 (B,D,E) 
per group. One-way ANOVA followed by Tukey’s post-hoc test was conducted to determine the 
statistical significance (A,B,D,E). *, P < 0.05 between the non-treated vehicular control group and 
respective groups. #, P < 0.05 between the indicated groups. ns, non-significant differences between 
the indicated groups. 
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MG induced mTORC1 activity independently of AKT 

The negative feedback loop of the insulin signalling pathway involves the positive 

control of Akt over Rheb GTPase activity via the removal of the inhibitory action of TSC1–

TSC2 complex [81] on Rheb GTPase. This Akt-dependent inhibition of TSC1–TSC2 complex 

activity activates Rheb GTPase which induces mTORC1 activity, subsequently contributing 

towards the negative regulation of IRS-1 by phosphorylation its serine/threonine residues. To 

examine whether Akt is necessary for MG-induced activation of mTORC1 signalling, the effect 

of an Akt inhibitor on the phosphorylation levels of p70 S6K1, as well as IRS-1 were 

determined. While Akt inhibitor inhibited the insulin-stimulated increase in mTORC1 activity, 

as evidenced by significantly reduced insulin-stimulated p70 S6K1 phosphorylation (Fig. 2-

5(A)); unexpectedly, the Akt inhibitor neither abrogated the increased phosphorylation of p70 

S6K1 nor the PDEMS on IRS-1 that were induced by MG treatment (Fig. 2-5(B–C)). Akt 

phosphorylates TSC2 at Thr1462 to inhibit its inhibitory activity on mTORC1 [97]; in other 

words, Akt phosphorylation of TSC2 induces mTORC1 activity. To further show that Akt is 

uninvolved in MG-induced mTORC1 activity, the phosphorylation status of TSC2 at Thr1462 

was confirmed to show no significant increase upon MG treatment (Fig. 2-5(D)). These results 

altogether suggest that MG activates mTORC1 signalling through a pathway different from the 

Akt–mTORC1 axis.   



 38 

     

  Figure 2-5. MG induced mTORC1 activity independently of Akt 
(A) 3T3-L1 adipocytes were pre-treated with 5 μM AKT inhibitor VIII (AKTi) for 30 min before 
15 min of 10 nM insulin (Ins) stimulation. (B–D) 3T3-L1 adipocytes were treated with or without 5 
μM AKT Inhibitor VIII (AKTi) for 30 min, followed by treatment with 2.5 mM MG for 60 min. 
Phosphorylated p70 S6K1 (p-p70 S6K1) and p70 S6K1 (A–B); IRS-1 (C); and phosphorylated 
TSC2 (p-TSC2) and TSC2 (D) were determined using the anti-phospho p70 S6K Thr389, anti-p70 
S6K, anti-IRS-1, anti-phospho TSC2 Thr 1462, and TSC2 antibodies, respectively. p-p70 S6K1 
levels were quantified by measuring the intensity of the immunoreactive bands using the ImageJ 
software, and the ratio of p-p70 S6K1/p70 S6K1 in the non-treated vehicular control group being 
assigned a relative value of 100. Quantitative data are presented as the mean ± SEM (error bars), 
with n = 3 (A–B) per group. One-way ANOVA followed by Tukey’s post-hoc test was conducted 
to determine the statistical significance (A–B). *, P < 0.05 between the non-treated vehicular control 
group and respective groups. ns, non-significant differences between the indicated groups. 
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MG activated the mTORC1 signalling pathway via p38 MAPK 

 Next, the mechanism by which MG activated mTORC1 signalling, as observed in Fig. 

2-3, was explored. In addition to TOR signalling, MG is known to induce the activation of the 

JNK, p38 MAPK, and extracellular receptor kinase (ERK) MAPK signalling pathways in 

various cultured cells [67,98,99,100]. MAPK signalling pathways are essential for regulating 

many cellular processes through the modulation of various target proteins. Several studies have 

shown that JNK, p38 MAPK, and ERK are involved in mTORC1 activation via direct or 

indirect machineries [101,102,103,104,105,106,107]. As shown in Fig. 2-6(A), the phosphorylation 

levels of JNK and p38 MAPK increased following treatment with MG in 3T3-L1 adipocytes, 

although MG did not significantly affect ERK phosphorylation. Activation of JNK induces 

Pai1 expression [108,109,110] while p38 MAPK activation leads to downstream CREB 

phosphorylation [111,112]. Both Pai1 expression and CREB phosphorylation have been 

confirmed in MG-treated cells (Fig. 2-6(B–D)); and both Pai1 expression and CREB 

phosphorylation were inhibited by their respective MAPK inhibitors, further showing that MG 

treatment increased JNK and p38 MAPK activity (Fig. 2-6(B–D)). After that, whether or not 

JNK and p38 MAPKs contribute to MG-induced activation of mTORC1 signalling were 

investigated using their respective inhibitors. SB203580, a selective inhibitor of p38 MAPK, 

attenuated MG-induced phosphorylation of p70 S6K1; this inhibitory effect was also 

confirmed with yet another p38 MAPK inhibitor, BIRB796 (Fig. 2-6(E–F)). However, 

SP600125, a selective inhibitor of JNK, did not attenuate the MG-induced phosphorylation of 

p70 S6K1 (Fig. 2-6(G)). Extending the investigation to MG-induced IRS-1 phosphorylation at 

the serine residues, Ser318 and 612, it was confirmed that p38 MAPK inhibition via SB203580 

inhibited MG-induced phosphorylation at both serine sites on IRS-1 (Fig. 2-6(H)). Thus, these 

results suggest that MG activated the mTORC1–IRS-1 signalling via p38 MAPK activation, 

and not via JNK.  



 40 

  

 

       

0

100

200

300

p-
p7

0 
S

6K
1 

(T
38

9)
/T

ot
al

 p
70

 S
6K

1
(%

 o
f C

on
t)

MG
SB

*

#

63

63

kDa

p-p70 S6K1
(T389)

SB
MG

p70 S6K1

0

100

200

300

p-
p7

0 
S

6K
1 

(T
38

9)
/T

ot
al

 p
70

 S
6K

1
(%

 o
f C

on
t)

MG
BIRB

*

#

63

63

kDa

p-p70 S6K1
(T389)

BIRB
MG

p70 S6K1

0

100

200

300

400

p-
p7

0 
S

6K
1 

(T
38

9)
/T

ot
al

 p
70

 S
6K

1
(%

 o
f C

on
t)

MG
SP

* *

ns

kDa

63

63

p-p70 S6K1
(T389)

p70 S6K1

SP
MG

0

100

200

300

400

500
p-

C
R

E
B

 (S
13

3)
/T

ot
al

 C
R

E
B

(%
 o

f C
on

t)

MG
BIRB

*

#

kDa

BIRB
MG

p-CREB
(S133)

CREB 35

35

0

100

200

300

p-
C

R
E

B
 (S

13
3)

/T
ot

al
 C

R
E

B
(%

 o
f C

on
t)

MG
SB

*

#

35

kDa

35

SB
MG

p-CREB
(S133)

CREB

48

48

48

48

48

48

p-ERK
(T202/Y204)

ERK

0 1 5 15 30 60 90 120

p-JNK
(T183/Y185)

JNK

p-p38
(T180/Y182)

p38

MG(min)
kDa

(A) 

0

50

100

150

200

Pai1

R
el

at
iv

e 
G

en
e 

Ex
pr

es
si

on
 (%

)

*

#

MG
SP

*

(B) (C) (D) 

(E) (F) (G) 



 41 

 

  

Figure 2-6. MG activated the mTORC1 signalling pathway via p38 MAPK 
(A) The 3T3-L1 adipocytes were treated with 2.5 mM MG for the indicated durations. (B) 3T3-L1 
adipocytes were pre-treated with 10 μM SP600125 (SP) for 30 min before 2 h of 2.5 mM MG 
treatment. mRNA expression levels of Pai1 in the cells was then determined by real-time PCR. (C–
H) The adipocytes were treated with or without 10 μM SB203580 (SB) (C,F,H); 0.1 μM BIRB796 
(BIRB) (D,G); or 10 μM SP600125 (SP) (E) for 30 min, followed by treatment with 2.5 mM MG 
for 60 min. Levels of phosphorylated extracellular signal-regulated kinase (ERK) (p-ERK), ERK, 
phosphorylated p38 (p-p38), p38, phosphorylated JNK (p-JNK), and JNK (A); and levels of 
phosphorylated CREB (p-CREB) and CREB (C–D), were determined using anti-phospho ERK 
Thr202/Tyr204, anti-ERK, anti-phospho p38 Thr180/Tyr182, anti-p38, anti-phospho JNK 
Thr183/Tyr185, and anti-JNK (A); and anti-phospho CREB Ser133 and anti-CREB antibodies (C–
D), respectively. Meanwhile, phosphorylated p70 S6K1 (p-p70 S6K1) and p70 S6K1 (E-G); 
phosphorylated IRS-1 (p-IRS-1) at the serine residues- 318 and 612; and IRS-1 (H) were determined 
as described in the legend of Figure 2-3. p-CREB levels were quantified by measuring the intensity 
of the immunoreactive bands using the ImageJ software, and the ratio of p-CREB/CREB in the non-
treated vehicular control group being assigned a relative value of 100. p-p70 S6K1 and p-IRS-1 
levels were quantified as described in the legend of Figure 2-3. Data are presented as the mean ± 
SEM (error bars), with n = 3 (C–D, F–G), 4 (B) or 5 (E,H) per group. One-way ANOVA followed 
by Tukey’s post-hoc test was conducted to determine the statistical significance (B–H). *, P < 0.05 
between the non-treated vehicular control group and respective groups. #, P < 0.05; ns, non-
significant differences between the indicated groups. 
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MG did not activate p38 MAPK via ROS production 

 An increase in ROS levels can adversely affect cellular function and homeostasis, 

leading to oxidative stress [113]. Small increases of modifications of mitochondrial proteins by 

MG have been linked to a two- to three-fold increase in oxidative stress [43], and in some cell 

lines, such as rat pheochromocytoma, human vascular endothelial, mouse glomerular 

mesangial, and pancreatic β-cells, MG has been reported to activate the JNK and p38 MAPK 

signalling pathways through ROS generation [78,79,80,114]. To determine if MG also increases 

ROS production in adipocytes, the effect of MG on intracellular ROS levels in 3T3-L1 

adipocytes were examined. H2O2 treatment of 60 minutes could increase intracellular ROS 

levels and induce both p38 MAPK and p70 S6K1 phosphorylation in adipocytes (Fig. 2-7(A–

C)). While short-term MG treatment of about 60 min was also sufficient to increase p38 MAPK 

and p70 S6K1 phosphorylation in adipocytes (Fig. 2-6(A)), the same duration of MG treatment 

in adipocytes had no significant effect on adipocyte intracellular ROS levels (Fig. 2-7(A)). The 

pre-treatment of cells with NAC, a ROS scavenger, significantly decreased the intracellular 

levels of ROS to below basal levels, regardless of subsequent H2O2 or MG treatment (Fig. 2-

7(A)). However, while NAC attenuated H2O2-induced phosphorylation of both p38 MAPK and 

p70 S6K1, it was unable to attenuate MG-induced phosphorylation of both p38 MAPK and 

p70 S6K1 (Fig. 2-7(B–C)). These results suggest that in adipocytes, MG is not involved in 

ROS generation and therefore, the mechanism behind the MG-induced activation of p38 

MAPK and mTORC1 did not involve ROS production.  
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Figure 2-7. MG did not activate p38 MAPK via ROS production 
(A) The 3T3-L1 adipocytes were pre-treated with 2 μM 2’,7’-dichlorofluorescein diacetate 
(DCFDA) with or without 10 mM N-acetyl-L-cysteine (NAC) for 30 min, followed by treatment 
with either 500 μM H2O2 for 30 min or 2.5 mM MG for 60 min. Intracellular ROS assay was then 
performed. (B–C) adipocytes were pre-treated with or without 10 mM NAC for 30 min, followed 
by treatment with either 500 µM H2O2 for 30 min or 2.5 mM MG for 60 min. Levels of 
phosphorylated p38 (p-p38) and p38 (B), phosphorylated p70 S6K1 (p-p70 S6K1) and p70 S6K1 
(C) were determined as described in the legends of Figure 2-6 and Figure 2-3, respectively. (B–C) 
p-p38 and p-p70 S6K1 levels were quantified by measuring the intensity of the immunoreactive 
bands using the ImageJ software, the ratio of p-p38/p38 as well as p-p70 S6K1/p70 S6K1 in the 
non-treated vehicular control group being assigned a relative value of 100. Data are presented as the 
mean ± SEM (error bars), with n = 4 (A) or 5 (B–C) per group. One-way ANOVA followed by 
Tukey’s post-hoc test was conducted to determine the statistical significance (A–C). *, P < 0.05 
between the non-treated vehicular control group and respective groups. #, P < 0.05; ns, non-
significant differences between the indicated groups. 
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MG activated p38 MAPK via TAK1 

 p38 MAPK and JNK are known to be activated through TAK1 in response to 

proinflammatory cytokines, such as TNFα and IL1β [84]. TAK1 is a member of the MAPK 

kinase kinase (MAPKKK) family and plays crucial roles in the development and homeostasis 

of multiple tissues, including adipose tissues [115,116]. MG has been reported to induce 

inflammatory responses in endothelial cells and adipose tissues [117,118]. In addition, 

dysfunction of MG metabolism is associated with a proinflammatory profile, as knockdown of 

GLO1 results in the up-regulation of several genes involved in the inflammatory pathway 

[74,119]. It was found that MG treatment in adipocytes also significantly increased 

inflammatory gene expression, and this increase in gene expression was suppressed by TAK1 

inhibition by (5Z)-7-oxozeaenol, a selective inhibitor of TAK1 [120] (Fig. 2-8(A)). To examine 

if the proinflammatory signalling pathway is involved in the activation of p38 MAPK in 

response to MG, the effect of TAK1 inhibition on MG-induced phosphorylation of p38 MAPK 

was assessed. As shown in Fig. 2-8(B–D), (5Z)-7-oxozeaenol attenuated MG-induced 

phosphorylation of p38 MAPK at Thr180 and Tyr 182 (Fig. 2-8(B)); this inhibitory effect was 

also confirmed in the case of p70 S6K1 phosphorylation at Thr389 (Fig. 2-8(C)) and IRS-1 

serine phosphorylation at Ser318 and 612 (Fig. 2-8(D)). Therefore, these results show that the 

MG-induced activation of mTORC1–IRS-1 signalling is attributed to TAK1–p38 signalling. 

Finally, the effect of inhibition of the TAK1–p38–mTORC1–IRS-1 signalling axis on MG-

suppressed glucose uptake was investigated. The use of the TAK1 inhibitor, (5Z)-7-oxozeaenol, 

was found to significantly recover glucose uptake that was inhibited by MG treatment to the 

extent that it did not significantly differ from the untreated control (Fig. 2-8(E)), confirming 

that the TAK1–p38–mTORC1 signalling axis is responsible for the inhibitory effect of MG on 

glucose uptake in adipocytes.  
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Figure 2-8. MG activated p38 MAPK via TAK1 
(A) 3T3-L1 adipocytes were pre-treated with 0.5 μM (5Z)-7-oxozeaenol (Oxo) for 30 min before 2 
h of 2.5 mM MG treatment. mRNA expression levels of Ptgs2 (Gene encoding COX2), Il6 and Ccl2 
(Gene encoding MCP1) in the cells were then determined by real-time PCR. (B–E) Adipocytes were 
pre-treated with or without 0.5 μM Oxo for 30 min, followed by treatment with or without 2.5 mM 
MG for 60 min. Levels of phosphorylated p38 (p-p38) and p38 (B), phosphorylated p70 S6K1 (p-
p70 S6K1) and p70 S6K1 (C); phosphorylated IRS-1 (p-IRS-1) at the serine residues- 318 and 612; 
and IRS-1 (D) were determined as described in the legends of Figure 2-6 and Figure 2-3. p-p38, p-
p70 S6K1, p-IRS-1 levels were quantified by measuring the intensity of the immunoreactive bands 
using the ImageJ software. The ratio of p-p38/p38, p-p70 S6K1/p70 S6K1 and p-IRS-1/IRS-1 in the 
non-treated vehicular control group was assigned a relative value of 100. (E) 3T3-L1 adipocytes 
were treated with or without 0.5 μM Oxo for 30 min in basic medium, followed by incubation with 
2.5 mM MG for 24 h under normal cell culture conditions. Glucose uptake into the cells was then 
determined by measuring glucose remaining in the cell culture medium. Data are presented as the 
mean ± SEM (error bars), with n = 4 (A), 5 (B–D) or 6 (E) per group.  One-way analysis of variance 
(ANOVA) followed by Tukey’s post-hoc test was conducted to determine the statistical significance 
(A–D). *, P < 0.05 between the non-treated vehicular control group and respective groups. #, P < 
0.05 between the indicated groups. 
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MG enhanced the phosphorylation of IRS-1 at various serine residues 

The main investigations up to this point focused on the effects of extracellular MG 

treatment on adipocytes. However, whether or not MG works extracellularly or intracellularly 

in these adipocytes to activate the TAK1–p38–mTORC1 signalling axis is not really known. 

MG has been reported to be fully membrane permeable [43,121], which hints at the possibility 

that MG diffuses across the cellular membrane to activate TAK1, which is localised in the 

cytosol. To confirm if endogenously produced intracellular MG could also induce the 

activation of the TAK1–p38–mTORC1 signalling axis, as seen in Figs. 2-3–2-8, the 

investigation then shifted to investigate if conditions of increased intracellular MG levels could 

also induce p38 MAPK and p70 S6K1 phosphorylation. GLO1 is the main metabolic enzyme 

for intracellular MG, and therefore the use of the cell permeable BBGC, an inhibitor of GLO1, 

increases the concentration of intracellular MG [122]. In addition to that, the concentration of 

intracellular MG can also be increased via the use of DHA, a metabolite which is non-

enzymatically converted to MG within cells [123,124]. Usage of either BBGC or DHA on the 

adipocytes increased both p38 MAPK and mTORC1 activity, as seen by significantly increased 

p38 MAPK and p70 S6K1 phosphorylation, respectively (Fig. 2-9(A–D)); and pre-treatment 

of the cells with (5Z)-7-oxozeaenol to inhibit TAK1 significantly suppressed both BBGC and 

DHA-induced phosphorylation of both those proteins (Fig. 2-9(A–D)). Altogether, these data 

suggest that MG that has been generated intracellularly could activate the TAK1–p38–

mTORC1 signalling axis in adipocytes.  
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Figure 2-9. MG enhanced the phosphorylation of IRS-1 at various serine residues 
(A–D) 3T3-L1 adipocytes were pre-treated with 0.5 μM (5Z)-7-oxozeaenol (Oxo) for 30 min, 
followed by treatment with 20 μM S-p-bromobenzylglutathione cyclopentyl diester (BBGC; A–B) 
or 200 mM dihydroxyacetone (DHA; C–D) for 2 h. Phosphorylated p38 (p-p38) and p38 (A,C); 
phosphorylated p70 S6K1 (p-p70 S6K1) and p70 S6K1 (B,D) were determined as described in the 
legends of Figure 2-6 and Figure 2-3, respectively. p-p38 and p-p70 S6K1 levels were quantified 
as described in the legend of Figure 2-7. Data are presented as the mean ± SEM (error bars), with n 
= 4 (A–D) per group. One-way ANOVA followed by Tukey’s post-hoc test was conducted to 
determine the statistical significance (A–D). *, P < 0.05 between the non-treated vehicular control 
group and respective groups. #, P < 0.05 between the indicated groups. 
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TNFα-induced IRS-1 phosphorylation is contributed by the TAK1–p38–mTORC1 signalling 

axis 

 Inflammation is well-known to be associated with metabolic dysregulation, including 

T2D [125,126]. Activation of the inflammatory pathway in response to proinflammatory 

cytokines induces insulin resistance, which is partly attributed to the negative regulation of 

IRS-1 [70,71]. Previous studies on 3T3-L1 adipocytes have shown that proinflammatory 

cytokines, such as TNFα, enhances the phosphorylation of serine residues (Ser307 and 

Ser636/639) in IRS-1 in a JNK- or ERK-dependent manner to impair insulin signalling 

[127,128,129]. The involvement of p38 MAPK in proinflammatory cytokine-induced IRS-1 

phosphorylation is not well understood in adipocytes, while TNFα-induced activation of p38 

MAPK contributes to the phosphorylation of serine residues in IRS-1 in skeletal muscle [130]. 

Seeing that the MG-induced TAK1–p38–mTORC1 signalling axis is elicited by the 

proinflammatory effect of MG (Fig. 2-8), whether or not this was a signalling axis unique to 

MG, or whether or not other proinflammatory cues could also activate the same signalling axis 

were investigated. Just as was observed under MG treatment in Fig. 2-8(A), TNFα treatment 

significantly increased the gene expression of the proinflammatory cytokines, Il6 and Ccl2 

(which encodes MCP1 protein) (Fig. 2-10(A–B)). TNFα also increased the phosphorylation 

levels of p70 S6K1, which was attenuated by rapamycin, SB203580, or (5Z)-7-oxozeaenol, 

indicating that TNFα activated the TAK1–p38–mTORC1 signalling axis (Fig. 2-10(C–E)). 

Lastly, the effect of the TAK1–p38–mTORC1 signalling axis on the TNFα-induced 

phosphorylation levels of the Ser318 and 612 serine residues in IRS-1 was examined, both of 

which are regulated by mTORC1. The phosphorylation levels of Ser318 and Ser612 were 

enhanced following treatment with TNFα, and the enhanced phosphorylation at these serine 

residues were attenuated by rapamycin or (5Z)-7-oxozeaenol (Fig. 2-10(F–G)). These results 
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suggest that not just MG, but also TNFα induced the activation of the TAK1–p38–mTORC1 

signalling axis which enhanced IRS-1 phosphorylation at various serine residues.  
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Figure 2-10. TNFα-induced IRS-1 phosphorylation is contributed by the TAK1–p38–
mTORC1 signalling axis 
(A–B) Adipocytes were treated with 50 ng/ml TNFα for 2 h. mRNA expression levels of Il6 (A) and 
Ccl2 (B) in the cells were then determined by real-time PCR. (C–G) The 3T3-L1 adipocytes were 
treated with or without 20 nM rapamycin (Rap) (C,F), 10 μM SB203580 (SB) (D), or 0.5 μM (5Z)-
7-oxozeaenol (Oxo) (E,G) for 30 min, followed by treatment with 100 ng/ml of TNFα for 30 min. 
Levels of phosphorylated p38 (p-p38) and p38 (C,E); phosphorylated p70 S6K1 (p-p70 S6K1) and 
p70 S6K1 (C–E) were determined and quantified as described in the legend of Figure 2-7; whereas 
levels of phosphorylated IRS-1 (p-IRS-1) at Ser318 and Ser612, and IRS-1 (F–G) were determined 
and quantified as described in the legend of Figure 2-2. Data are presented as the mean ± SEM 
(error bars), with n = 3 (A–B), 4 (C) or 5 (D–G) per group. Welch’s t-test (A–B) or one-way 
ANOVA followed by Tukey’s post-hoc test (C–G) were conducted to determine the statistical 
significance. *, P < 0.05 between the non-treated vehicular control group and respective groups. #, 
P < 0.05; ns, non-significant differences between the indicated groups. 

0

50

100

150

200

p-
IR

S
-1

 (S
61

2)
/T

ot
al

 IR
S

-1
(%

 o
f C

on
t)

TNFα
Rap

*

*

#

0

50

100

150

200

p-
IR

S
-1

 (S
31

8)
/T

ot
al

 IR
S

-1
(%

 o
f C

on
t)

TNFα
Rap

*

#

180

180

180

kDa

p-IRS-1
(S612)

Rap
TNFα

IRS-1

p-IRS-1
(S318)

0

50

100

150

200

p-
IR

S
-1

 (S
61

2)
/T

ot
al

 IR
S

-1
(%

 o
f C

on
t)

TNFα
Oxo

*

#

180

180

180

kDa

p-IRS-1
(S612)

Oxo
TNFα

IRS-1

p-IRS-1
(S318)

0

50

100

150

200

p-
IR

S
-1

 (S
31

8)
/T

ot
al

 IR
S

-1
(%

 o
f C

on
t)

*

#

TNFα
Oxo

(F) 

(G) 



 51 

Discussion 

The possible mechanism through which MG induces the TAK1–p38–mTORC1 signalling 

axis in adipocytes 

 Although MG is a dicarbonyl metabolite derived from glycolysis, it does not contribute 

to cellular energy production. Rather, MG contributes to aging and disease by inducing 

carbonyl stress when its concentrations increase beyond the typical concentrations of 50–250 

nM in human plasma and 1–5 μM in cells [43,131]. In particular, MG is associated with the 

development and progression of diabetic complications in adipose tissues and kidneys, and the 

involvement of AGEs formed by MG may be a possible mechanism of action [43,52,54]. Since 

AGEs are produced by non-enzymatic glycation, which is a relatively slow process, via the 

Maillard reaction that targets arginine and lysine residues in proteins and peptides, the 

association of MG with diabetic complications is mainly focused on the chronic effects of MG. 

In the present study, which viewed MG as a signalling molecule that initiates signal 

transduction, the short-term effects of MG were focused on, and it was demonstrated that MG 

activated mTORC1–IRS-1 signalling in adipocytes within one hour of the addition of MG (Figs. 

2-2–2-3) and within two hours of the addition of either BBGC or DHA, which have been 

reported to increase intracellular MG (Fig. 2-9). These results imply that MG activates the 

TAK1–p38–mTORC1 signalling axis intracellularly. Furthermore, since p38 MAPK and 

TAK1 were necessary for the MG-induced activation of mTORC1 signalling (Figs. 2-6, 2-8, 

and 2-9), the TAK1–p38–mTORC1 signalling axis was identified as a signalling pathway that 

enhances IRS-1 phosphorylation at serine residues, which negatively affects insulin signalling. 

It has been found recently that MG has the ability to form methylimidazole crosslink between 

proximal cysteine and arginine residues (MICA) in kelch-like ECH-associated protein 

(KEAP)-1 [132]. MICA modification in KEAP1 results in its dimerization at a region necessary 

for proper nuclear factor erythroid 2-related factor (NRF)-2 binding and ubiquitination, which 
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consequently removes the inhibitory effect of KEAP1 on NRF2 and allows NRF2 to 

accumulate and activate signalling [132]. Like other AGEs, the formation of MICA is 

unspecific, occurring in any protein with accessible proximal cysteine and arginine residues; 

and is formed rapidly, increasing by the hour [132,133]. There is a possibility that TAK1 itself, 

and/or upstream regulators of TAK1 also have susceptible amino acid residues that are key to 

their function that could be subjected to, and influenced by MG modification. One potential 

group of proteins upstream of TAK1 which may be influenced by MG through MICA 

modification of proteins is the tumour necrosis factor receptor-associated factor (TRAF) family 

of proteins which are E3 ubiquitin ligases that play a crucial role in immune signalling 

[134,135,136]. TRAF family members form trimers to become a functional unit of TRAF, and 

the really interesting new gene (RING) domain which is commonly associated with ubiquitin 

transfer can also dimerise to form a network of TRAF trimers [135,136]. The RING domain is 

conserved among different TRAF proteins, and dimerization of the RING domain is required 

for ubiquitin transfer by TRAF6 [135,136]. While Phe118 forms the core of the dimerization 

interface [135,136], Arg88 was also found to be necessary for RING domain dimerization [136]. 

Mutation of Arg88 to Ala disrupted TRAF6 dimerization and severely impaired polyubiquitin 

synthesis, leading to residual and delayed downstream IKK activation [136]. Located two, three, 

and five amino acids away from the arginine residue of the RING domain dimerization 

interface are cysteine residues, and these residues are conserved across TRAF2, 3, 5 and 6. It 

is likely that MG may promote dimerization of TRAF proteins through the formation of MICA 

at inter-protein RING domains. Dimerization of the RING domains through MICA formation 

may promote increased TRAF ubiquitin ligase activity, which consequently contributes to the 

activation of the downstream TAK1–p38–mTORC1 signalling axis. 

In 3T3-L1 adipocytes, prolonged MG treatment (24 hours), which induces intracellular 

AGEs formation, has been reported to diminish insulin signalling with increased ROS 
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production [137]. Another study has also reported that AGEs increased the intracellular ROS 

generation in 3T3-L1 adipocytes, and the negative effects of AGEs on glucose uptake were 

completely reversed by the treatment with NAC [138]. In contrast, no significant increase in 

ROS production following treatment with MG was observed during the MG-treatment period 

in which the TAK1–p38–mTORC1 signalling axis was activated in this study (Fig. 2-7), and 

the MG-induced activation of the TAK1–p38–mTORC1 signalling axis was not affected by 

treatment with NAC (Fig. 2-7). Therefore, while there is a possibility that AGEs may have 

been formed in 3T3-L1 adipocytes during the one-hour MG treatment which activated the 

TAK1–p38–mTORC1 signalling axis, ROS generation as a result from AGEs production may 

not function as a signalling cue in the MG-induced activation of the TAK1–p38–mTORC1 

signalling axis. A previous study about the involvement of MG in insulin resistance has shown 

that the insulin-stimulated activation of insulin signalling is attenuated by prolonged treatment 

(16 hours) with MG in an ERK-dependent manner in mouse aortic endothelial cells [66]. An 

increase in ERK phosphorylation following MG treatment in 3T3-L1 adipocytes was not 

observed in this study (Fig. 2-6). Thus, the mechanism by which MG induces insulin resistance 

may differ depending on the target cells and the duration of MG action. 

 

The TAK1–p38–mTORC1 signalling axis may not be solely responsible for MG-induced 

IRS-1 serine phosphorylation 

 While the MG-activated TAK1–p38–mTORC1 signalling axis was identified as a 

signalling pathway which negatively affects insulin signalling by enhancing IRS-1 

phosphorylation at serine residues, inhibition of mTORC1, p38 MAPK, or TAK1 via their 

respective inhibitors could not completely block MG-induced signalling to IRS-1 serine 

residues (Figs. 2-3, 2-6, and 2-8). This phenomenon could have occurred because these 

phosphorylation sites are not exclusive to mTORC1 phosphorylation, and other kinases such 
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as JNK [139], IKK [140], as well as several isoforms of PKC [141,142,143,144,145] have been 

reported to be also involved in their phosphorylation. Therefore, there remains the possibility 

that JNK and PKC signalling may also influence MG-induced IRS-1 multiple phosphorylation 

in 3T3-L1 adipocytes under our experimental conditions, and further investigations are 

necessary to examine the involvement of MG-induced serine phosphorylation of IRS-1 via 

signalling pathways other than the TAK1–p38–mTORC1 signalling axis in adipocytes. 

 

Lower exogenous MG concentrations may also induce IRS-1 serine phosphorylation and 

inhibit glucose uptake in adipocytes 

 On the other hand, since MG induced p70 S6K1 phosphorylation from concentrations 

of 0.5 mM (Fig. 2-3(B)), it is likely that MG could also induce mTORC1 to increase IRS-1 

serine phosphorylation at Ser307, 318, and 612 at that concentration, subsequently provoking 

resistance towards insulin-stimulated glucose uptake. However, additional experiments may be 

necessary to confirm if the MG concentration of 0.5 mM are also capable of affecting IRS-1 

multiple serine phosphorylation and insulin-stimulated glucose uptake in adipocytes. Still, even 

if that were to be the case, it is thinkable that the MG-induced inhibition on glucose uptake 

would be shorter-lived at lower doses of MG than at higher doses, considering that the 

inhibitory effects of MG on glucose uptake were found to be reversible (Fig. 2-1(E)). More 

than 99% of MG within the cell is detoxified primarily by the GLO system, and it was observed 

that in 50% (v/v) red blood cell suspensions, there was a nearly directly proportional conversion 

rate of ~0.5 mmol/h/L to D-lactate when 0.5 mM MG was added to the culture [58]. Although 

the conversion rate of MG to D-lactate in adipocytes is not known, it can be expected that at 

lower concentrations of MG, insulin-stimulated glucose uptake would start to recover as soon 

as MG is completely metabolised and removed by the GLO system in adipocytes. 
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Negative IRS-1 regulation via the TAK1–p38–mTORC1 signalling axis may not be the sole 

contributor towards MG-inhibited glucose uptake  

MG-induced repression of glucose uptake during acute stimulation with insulin was not 

cancelled by the mTORC1 inhibitor (Fig. 2-3), rapamycin, despite mTORC1 inhibition being 

able to attenuate MG-enhanced serine phosphorylations of IRS-1 (Fig. 2-3) as well as to restore 

insulin-stimulated tyrosine phosphorylation of IRS-1 in the presence of MG (Fig. 2-4). It was 

previously reported that MG attenuates the glucose uptake activity of human GLUT1 or rat 

GLUT4 in a system that exogenously expresses mammalian hexose transporters in yeast [146], 

suggesting that MG directly inhibits these transporters. The mechanism by which MG directly 

inhibits these hexose transporters may influence short-term insulin-stimulated glucose uptake. 

In contrast, the repression of glucose uptake under steady-state culture conditions in the 

presence of MG was cancelled by inhibition of the TAK1–p38–mTORC1 signalling axis (Figs. 

2-4, and 2-8). The inhibitory effect of MG on hexose transporter activity is reversible, not 

irreversible [146]. Although the molecular mechanism of hexose transporter inhibition by 

extracellular MG is not clear, the inhibitory effect on hexose transporters may be exerted more 

under acute insulin stimulation than under steady-state culture conditions. Therefore, the 

contribution of MG-induced activation of the TAK1–p38–mTORC1 signalling axis on glucose 

uptake activity was also confirmed under steady-state culture conditions. However, while the 

inhibitory effect of MG on insulin-stimulated glucose uptake was also found to be reversible 

(Fig. 2-1(E)), more investigations into the mechanisms of how IRS-1 multiple serine 

phosphorylation caused by MG-induced TAK1–p38–mTORC1 signalling axis affects 

downstream IRS-1 signalling are necessary. 
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MG treatment may result in attenuated insulin-stimulated GLUT4 translocation, which is 

downstream of IRS-1 signalling, leading to inhibited glucose uptake 

 IRS-1 phosphorylation at multiple serine residues, which negatively affects insulin 

signalling, was found to be increased in MG-treated adipocytes via the TAK1–p38–mTORC1 

signalling axis (Figs. 2-3, 2-6, 2-8, and 2-9). mTORC1 inhibition using rapamycin beforehand 

recovered insulin signalling that was inhibited in MG-treated adipocytes, as seen in Fig. 2-4 

which shows that both insulin-stimulated IRS-1 Tyr phosphorylation as well as Akt Ser473 

phosphorylation were comparable to control adipocytes stimulated with insulin. However, 

whether or not insulin signalling at proteins most closely linked to glucose transport, such as 

TBC1D1; or better yet, whether or not GLUT4 translocation were affected by MG in the first 

place were not addressed in this study. Akt is responsible in promoting glucose uptake via 

direct activation of TBC1D1 which is implicated in insulin-stimulated GLUT4 translocation 

for increasing cellular glucose uptake [84], and since insulin-induced Akt phosphorylation was 

found to be reduced in MG-treated adipocytes, it is quite likely that the insulin-induced 

TBC1D1 activation was similarly reduced in MG-treated adipocytes in this study. In Chinese 

hamster ovary cells stably expressing IR and GLUT4 fused with green fluorescent protein, MG 

pre-treated cells were not just found to display a significant decrease in insulin-stimulated Akt 

phosphorylation, a phenomenon which was similar to was found in this study, these cells were 

also found to have impaired insulin-stimulated GLUT4 translocation to the cell membrane [147]. 

Therefore, it is quite likely that in the adipocytes used in this study, insulin-induced GLUT4 

translocation to the cell membrane may have been impaired as well. 
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The possible mechanisms by which MG-induced p38 MAPK activation may regulate 

mTORC1 activity 

 Crosstalk between p38 MAPK and mTORC1 signalling exists, and it has been reported 

that p38 MAPK contributes to the activation of mTORC1 signalling. The involvement of the 

p38 MAPK-activated kinase, MAPK-activated protein kinase (MK)-2, which is also known as 

MAPKAPK2, and the direct involvement of p38 MAPK in mTORC1 activity have been 

proposed as activation mechanisms for the p38–mTORC1 signalling axis [103,104,105,106]. It 

has been suggested that MK2 which is activated by p38 MAPK in the presence of FBS 

phosphorylates TSC2 to negatively regulate its GAP function [103], whereas p38 MAPK has 

been proposed to directly phosphorylate raptor, a regulatory component of mTORC1, which 

subsequently activates mTORC1 in cells treated with arsenite [105]. As such, p38 MAPK may 

contribute to the activation of mTORC1 signalling via multiple mechanisms, depending on the 

signalling input. It would be interesting to further investigate the mechanism by which p38 

MAPK regulates mTORC1 in the TAK1– p38–mTORC1 signalling axis identified in this study. 

 

MG is a metabolite capable of modulating proinflammatory signalling in adipocytes 

 Both MG and TNFα induced a proinflammatory response, as seen by an increase in 

proinflammatory cytokine gene expression (Figs. 2-8(A), 2-10(A–B)). In addition to MG, 

increased phosphorylation of IRS-1 at serine residues via the TAK1–p38–mTORC1 signalling 

axis was observed when adipocytes were treated with the proinflammatory cytokine, TNFα 

(Fig. 2-10). TNFα and other proinflammatory stimuli activate TAK1, which is a central player 

in inflammatory signal transduction, thereby inducing inflammatory responses [84]. Adipose 

tissue inflammation in obesity is a factor that contributes to insulin resistance, and increased 

TNFα levels are related to the combined effects of obesity and diabetes [148,149]. It is known 

that TNFα-promotes insulin resistance, and the development of diabetic complications is 
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mediated by several kinases, such as JNK and IKKβ [85]; therefore, TNFα negatively regulates 

insulin signalling through various pathways. In this regard, the finding that the TAK1–p38–

mTORC1 signalling axis activated by TNFα enhanced serine phosphorylations of IRS-1 

suggests that the TAK1–p38–mTORC1 signalling axis contributes to the mechanisms of 

insulin resistance induced under inflammatory conditions. Meanwhile, it has been reported that 

GLO1 expression and its enzymatic activity are decreased under inflammatory conditions 

[125,126], suggesting an increase in intracellular MG levels. The initial inflammatory trigger in 

adipose tissues during obesity remains largely unknown [150]. The finding in this study that 

MG activates TAK1, an indispensable signalling intermediate in proinflammatory signalling, 

suggests that MG acts as a modulator of proinflammatory signalling, which provides insight 

into the association of MG with inflammation in adipocytes. 
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Chapter 3 

 

The second study: The effect of methylglyoxal on  

isoproterenol-induced free fatty acid release and 

uncoupling protein 1 expression in adipocytes 

 

Introduction 

 Adipocytes, which play an important role in lipid metabolism, are generally classified 

into white and brown adipocytes according to their function [151]. White adipocytes store 

excess energy in the form of TAGs and release the stored energy in the form of FFAs, while 

brown adipocytes are specialised in producing heat associated with energy consumption 

through the degradation of TAGs, which plays a vital role in regulating systemic metabolism 

and thermogenesis [151]. UCP1, a proton carrier located in the inner membrane of the 

mitochondria, is involved in the thermogenic function of brown adipocytes [152,153]. UCP1 

activation causes dissipation of the electro-chemical proton gradient and a decrease in the 

proton motive force used to synthesize ATP. Proton leakage induced by UCP1 uncouples the 

proton gradient from ATP synthesis, releasing the free energy as heat [152,153]. Recently, some  

white adipocytes located in subcutaneous fat, such as the inguinal white adipose tissue (iWAT), 

have been shown to increase Ucp1 gene expression under cold exposure or adrenergic 

stimulation (i.e., brown-like “beige” adipocytes) [154,155]. Beige adipocytes also expend 

energy through UCP1-mediated thermogenesis [154,155]. Therefore, the elucidation of the 

*The content described in this chapter was originally published in Biochemistry and Biophysics 

Reports. Su-Ping Ng, Wataru Nomura, Haruya Takahashi, Kazuo Inoue, Teruo Kawada, and Tsuyoshi 

Goto (2021) Methylglyoxal attenuates isoproterenol-induced increase in uncoupling protein 1 

expression through activation of JNK signaling pathway in beige adipocytes. Biochem Biophys Rep. 

28:101127. doi: 10.1016/j.bbrep.2021.101127. © 2021 The authors. 
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molecular mechanisms underlying the regulation of thermogenesis in both brown and beige 

adipocytes is of interest because it can provide novel insights into approaches to control and 

treat obesity and obesity-related metabolic diseases such as T2D and diabetic complications 

[154,155]. 

 The metabolically unhealthy obese state is a state of chronic inflammation, which plays 

a role in negatively affecting adipocyte response towards hormonal stimulation such as 

catecholamines [30]. Inflammatory cytokine stimulation increases lipolysis [30,156], which 

increases circulatory FFA which continue to positively feed inflammation [156], creating a 

vicious cycle of FFA production and inflammatory response. Increased circulatory FFA during 

chronic inflammation not just mediates insulin resistance in other organs such as the muscle 

and pancreas [30,37], increased accumulation of intracellular fatty acids also causes 

catecholamine resistance via reduced adenylyl cyclase activity [36]. This resistance towards 

catecholamine stimulation represses energy expenditure processes such as lipolysis and 

thermogenesis under obese conditions, which may further exacerbate insulin resistance and 

contribute towards the development of T2D. This is especially when many studies have 

negatively correlated UCP1 activity to obesity and T2D [38,39,40]. Although the development 

of diabetes and its complications are the result of a highly complex process, the accumulation 

of AGEs, the synthesis of which is initiated by a non-enzymatic reaction between the aldehyde 

groups of glucose and amino groups of proteins, is recognized as one of the major factors linked 

to it [157]. MG is a ubiquitous 2-oxoaldehyde derived from glycolysis [56,67,158]. Although 

MG is a natural metabolite, it is highly reactive because it contains two carbonyl groups and 

has a higher potential than glucose to produce AGEs. Plasma and tissue MG levels are higher 

in patients with diabetes than in healthy individuals, suggesting that MG plays a role in the 

development and progression of diabetic complications [42,159,160]. MG is mainly metabolized 

to D-lactate within cells through a ubiquitous glutathione-dependent glyoxalase system 
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consisting of GLO1 and GLO2 (Fig. 1-3) [56,67]. Functional genome analyses suggest a 

relationship between a deficiency in this system, which implies increased MG and the 

development of diabetes and its complications [47,48,68]. Whilst MG is implied to function as 

a signalling molecule due to its association with the regulation of intracellular signalling 

pathways like inflammatory and oxidative stress signalling pathways [74,75,76,77], it remains to 

be determined if high MG levels are involved in the development of T2D via repressive effects 

on energy expending processes in adipocytes. 

In this chapter, the effect of MG on lipolysis as well as Ucp1 expression induced by 

treatment with the β-adrenergic receptor agonist, isoproterenol, were investigated in 

differentiated immortalized iWAT-derived pre-adipocytes. Although MG had no significant 

effect on isoproterenol-induced FFA and glycerol release, isoproterenol-induced expression of 

Ucp1 was significantly inhibited by MG. Downregulation of the PKA pathway, which is the 

core regulator for Ucp1 expression by isoproterenol, was not responsible for this inhibitory 

effect. Instead, it was found that MG enhanced the phosphorylation of JNK MAPK, and an 

inhibitor of JNK suppressed the inhibitory effect of MG on Ucp1 expression. These results 

indicate that activation of JNK is necessary for the MG-induced inhibition of Ucp1 expression. 

This inhibitory effect of MG on Ucp1 expression and subsequent thermogenesis in adipocytes 

may contribute towards the provocation insulin resistance. 

 

Materials and Methods 

Materials 

 DMEM-high glucose (Cat. No. 044-29765), insulin (Cat. No. 097-06474), 

indomethacin (Cat. No. 093-02473), SB203580 (Cat. No. 199-16551), and NAC (Cat. No. 017-

05131) were purchased from Wako (Osaka, Japan). FBS (Cat. No. 10270-106) was purchased 

from Gibco (FBS; Grand Island, NY, USA). Penicillin-Streptomycin mixed solution (Cat. No. 
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26253-84), IBMX (Cat. No. 19624-31), dexamethasone (Cat. No. 50-02-2), DHA (Cat. No. 

12438-62), and all chemicals used to prepare PBS, lysis buffer, and sample buffer were 

purchased from Nacalai Tesque (Kyoto, Japan). Rosiglitazone (IUPAC name: 5-[[4-[2-

[methyl(pyridin-2-yl)amino]ethoxy]phenyl]methyl]-1,3-thiazolidine-2,4-dione; Cat. No. 

R5773) was purchased from LKT Laboratories (Minneapolis, MN, USA). 3,3’,5’-Triiodo-L-

thyronine (T3; Cat. No. T2877), BBGC (Cat. No. SML1306), MG (Cat. No. 67028), and 

isoproterenol (IUPAC name: 4-[1-hydroxy-2-(propan-2-ylamino)ethyl]benzene-1,2-diol; Cat. 

No. I6504-1G) were purchased from Sigma-Aldrich (MO, USA). SP600125 (Cat. No. BML-

EI305) was purchased from Enzo Life Sciences (NY, USA). 

 

Cell Culture 

 Immortalized primary pre-adipocytes from mouse iWAT were a kind gift from Dr. 

Shingo Kajimura (Harvard Medical School, MA, USA). C3H10T1/2 cells were purchased from 

the American Type Culture Collection (Manassas, VA, USA). These cells were maintained in 

a humidified 5% CO2 atmosphere at 37°C in basic medium (DMEM-high glucose 

supplemented with 10% (v/v) FBS, 10,000 units/ml penicillin, and 10,000 μg/ml streptomycin). 

To differentiate the pre-adipocytes into mature adipocytes, cells were cultured to confluence 

before stimulation with 1 nM T3, 5 μg/ml insulin, 0.5 μM rosiglitazone, 2 μg/ml dexamethasone, 

0.5 mM IBMX, and 125 μM indomethacin in a basic medium for 48 hours. The medium was 

then replaced with a growth medium (basic medium supplemented with 1 nM T3, 5 μg/ml 

insulin, and 0.5 μM rosiglitazone). This step was repeated every two days until the adipocytes 

reached the sixth day after the induction of differentiation. After six days of differentiation, the 

matured adipocytes were incubated in a serum-free medium for three–five hours before being 

subjected to 1 μM isoproterenol. The cells were pre-treated with either MG, BBGC or DHA in 

serum-free medium for 30 minutes before isoproterenol stimulation. The use of 10 μM 
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SP600125 (JNK inhibitor), 10 μM SB203580 (p38 inhibitor), or 10 mM NAC (ROS scavenger) 

precedes MG or BBGC treatment by 30 minutes. 

 

Lipolysis Assay 

 Mature adipocytes (six days post-differentiation induction) were starved of serum for 

three–five hours before adrenergic stimulation with 1 μM isoproterenol in serum-free medium 

containing 2% bovine serum albumin (Nacalai Tesque; Cat. No. 08587-84) for three hours. 

FFA, also known as non-esterified fatty acids (NEFA), and glycerol levels within the cell 

culture medium were measured using NEFA C (Wako; Cat. No. 279-75401) and triglyceride 

E (Wako; Cat. No. 432-40201) assay kits, respectively. FFA and glycerol levels were then 

normalized to the cellular protein levels. 

 

Western Blotting 

 Cells were washed with PBS and lysed with lysis buffer containing 20 mM Tris-HCl 

buffer (pH 7.5), 1% (v/v) Triton X-100, 10% (v/v) glycerol, 137 mM NaCl, 2 mM EDTA (pH 

8.0), a phosphatase inhibitor cocktail (Nacalai Tesque; Cat. No. 07575-51), and a protease 

inhibitor cocktail (Nacalai Tesque; Cat. No. 03696-21). The lysate was centrifuged at 16,700×g 

for ten minutes and the resulting supernatant was collected. Protein concentration was 

measured using the DC Protein Assay (Bio-Rad, Hercules, CA, USA; Cat. No. 500016) 

according to the manufacturer’s protocol. Protein loading samples were prepared by 

homogenising four parts of the lysate supernatant with one part of 5x concentrated sample 

buffer containing 250 mM Tris-HCl (pH 6.8), 10% (w/v) SDS, 25% (w/v) sucrose, 0.02 % 

(w/v) BPB, and 10% β-mercaptoethanol. 10 μg protein load per sample was separated by SDS- 

PAGE and transferred to a PVDF membrane (Millipore, Burlington, MA, U.S.A.; Cat. No. 

IPVH00010). The membrane was then blocked, washed, and incubated with the primary 
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antibodies listed in Table 2-1 below. All primary antibodies were purchased from Cell 

Signaling Technology (Danvers, MA, USA) and used at a dilution of 1:5000. Immunoreactive 

bands were detected using 1:5000 diluted anti-rabbit HRP secondary antibody, Cat. No. NBP1-

75297 (Novus Biologicals, CO, USA) with Immobilon Western Chemiluminescent 

Horseradish Peroxidase Substrate (Millipore; Cat. No. WBKLS0100) and an LAS-4000 mini-

imaging system (Fujifilm, Tokyo, Japan). 

 

Table 2-1. Primary antibodies used in this study. 

Primary antibody Catalog number (manufacturer) 

Phospho-HSL (Ser660) #4126 (Cell Signaling) 

HSL #4107 (Cell Signaling) 

Phospho-PKA substrate #9624 (Cell Signaling) 

Perilipin #9349 (Cell Signaling) 

Phospho-CREB (Ser133) #9198 (Cell Signaling) 

CREB #9197 (Cell Signaling) 

Phospho-p38 (Thr180/Tyr182) #9215 (Cell Signaling) 

p38 #9212 (Cell Signaling) 

Phospho-JNK (Thr183/Tyr185) #9251 (Cell Signaling) 

JNK #9252 (Cell Signaling) 

Phospho-ERK (Thr202/Tyr204) #9101 (Cell Signaling) 

ERK #9102 (Cell Signaling) 

 

RNA Preparation and Quantification of Gene Expression 

 Total RNA was isolated from cultured cells using Sepasol Super-I (Nacalai Tesque; 

Cat. No. 09379-84) following the manufacturer’s protocol. Total RNA was reverse-transcribed 
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using M-MLV reverse transcriptase (Promega, WI, USA; Cat. No. M1708) according to the 

manufacturer’s instructions using a thermal cycler (Takara PCR Thermal Cycler SP, Takara, 

Shiga, Japan). mRNA expression was quantified by real-time PCR using the SYBR® Green I 

assay system performed with a LightCycler (Roche Diagnostics, Mannheim, Germany). The 

protocol for amplification was as follows: denaturation at 95°C for 15 seconds, annealing at 

60°C for 15 seconds, and extension at 72°C for 45 seconds. The expression levels of these 

genes were normalized to those of Rplp0. The primer sequences are listed in Table 2-2. 

 

Table 2-2. Oligonucleotide primers used for mRNA analysis in this study. 

Gene Forward Primer (5'à3') Reverse Primer (5'à3') 

Ucp1 CAAAGTCCGCCTTCAGATCC AGCCGGCTGAGATCTTGTTT 

Rplp0 TCCTTCTTCCAGGCTTTGGG GACACCCTCCAGAAAGCGAG 

Fgf21 CACCGCAGTCCAGAAAGTCT ATCCTGGTTTGGGGAGTCCT 

Ppargc1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC 

Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT 

Dio2 AGCCCATGTAACCAGCACCGGA CAGTCGCACTGGCTCAGGAC 

Ccl2 GACCCCAAGAAGGAATGGGT ACCTTAGGGCAGATGCAGTT 

Il6 CTGATGCTGGTGACAACCAC TTTTCTGCAAGTGCATCATCGT 

 

Luciferase Reporter Assay 

 4.5 μg pUCP1-pro-Luc, a tk-LUC luciferase reporter plasmid containing the 3.8-kb 

portion of the 5’-flanking region of the mouse Ucp1 gene [161], was transfected into 90% 

confluent C3H10T1/2 cells growing on a 100-mm culture dish along with 500 ng pGL4.74 

(hRluc/TK) vector as an internal control using Lipofectamine 2000 (Thermo Fisher Scientific, 

MA, USA; Cat. No. 11668-019). Four hours after transfection, the cells were seeded in 96-
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well-plates overnight. The next day, after three–five hours of serum starvation, cells were 

treated with 1 mM MG for 30 minutes before 1 μM isoproterenol stimulation for six hours. The 

cells were lysed and luciferase assay was performed using a Dual-Luciferase Reporter Gene 

Assay system (Promega, WI, USA) in accordance with the manufacturer’s protocol. 

Luminescence was measured using the Centro XS3 LB 960 Microplate Luminometer (Berthold 

Technologies, Bad Wildbad, Germany). 

 

Intracellular ROS Assay 

 The intracellular levels of ROS were detected using the fluorescent probe DCFDA 

(Thermo Fisher Scientific; Cat. No. D6883). The adipocytes were incubated with 2 μM of the 

dye in either the presence or absence of 10 mM NAC for 30 minutes at 37°C in the dark, 

followed by treatment with either 500 μM H2O2 (Wako; Cat. No. 084-07441) or 1 mM MG for 

three hours. Fluorescence levels were then measured in the fluorescence reader, Tecan Infinite 

F-200 microplate reader (Tecan Inc., Maennedorf, Switzerland) with excitation/emission at 

485 nm/535 nm. 

 

Statistical Analysis 

 Statistical analyses were conducted using GraphPad Prism (version 9.2; San Diego, CA, 

USA). Statistical significance was determined using one-way ANOVA followed by Sidak’s or 

Dunnett’s multiple comparison test, as indicated in the figure legends. Differences were 

considered significant at P < 0.05. 
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Results 

MG did not affect isoproterenol-induced lipolysis 

Stimulation of β-adrenergic receptors on adipocytes by adrenergic agonists increases 

the intracellular level of cAMP, which in turn activates PKA [162]. Activated PKA then directly 

phosphorylates its target proteins, including hormone-sensitive lipase (HSL) and perilipin (a 

protein located on the lipid droplet surface), which are crucial for the activation of lipolysis 

[163,164]. To assess if extracellular MG, or intracellularly generated MG had any effect on 

isoproterenol-induced lipolysis in adipocytes, differentiated immortalized iWAT-derived pre-

adipocytes were pre-treated with either MG or BBGC, the inhibitor of the GLO1, the rate-

limiting MG metabolic enzyme. Activation of PKA signalling by β-adrenergic agonists 

enhances adipocyte lipolysis and sequentially increases the release of FFA and glycerol into 

the medium [165]. Increased lipolytic activity was observed in this study when adipocytes were 

stimulated with the non-selective β-adrenergic receptor agonist, isoproterenol, as observed by 

markedly increased levels of both FFA (Fig. 3-1(A)) and glycerol within the cell culture 

medium (Fig. 3-1(B)). Pre-treatment of adipocytes with either MG or BBGC was not observed 

to significantly alter either FFA or glycerol levels in the cell culture medium (Fig. 3-1(A–B)). 

Isoproterenol induces the phosphorylation of PKA target proteins that are related to lipolysis, 

such as HSL at Ser660 [163], and perilipin at multiple sites, the phosphorylation levels of which 

can be detected using an anti-phospho-PKA substrate antibody [166,167]. Further assessment 

on isoproterenol-induced phosphorylation of HSL and perilipin after adipocytes were pre-

treated with either MG or BBGC also did not yield any significant changes in phosphorylation 

levels compared to the stimulated control (Fig. 3-1(C)). These results illustrate that acute 

treatment of adipocytes with either MG or BBGC did not have any effect on isoproterenol-

induced PKA activation of lipolytic proteins and subsequent FFA and glycerol release.  
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Figure 3-1. MG did not affect isoproterenol-induced lipolysis 
(A–B) Adipocytes were treated with 1 mM MG or 20 μM BBGC for 30 min before stimulation with 
1 μM isoproterenol (Iso) for 3 h. NEFA (A) and glycerol (B) levels in the culture medium were 
measured and normalized to cellular protein levels. (C) Adipocytes were treated with 20 μM BBGC 
or 1 mM MG for 30 min before stimulation with 1 μM isoproterenol (Iso) for 30 min. 
Phosphorylation of HSL (p-HSL), protein levels of HSL, phosphorylation of perilipin (p-perilipin) 
and protein levels of perilipin were determined using anti-phospho HSL Ser660, anti-HSL, anti-
phospho-PKA substrate, and anti-perilipin antibodies respectively. Data are presented as the mean 
± SEM (error bars), with n = 4 (A–B) per group. One-way ANOVA followed by Sidak’s (A–B) 
post-hoc tests were done to determine statistical significance. *, P < 0.05 between the non-treated 
vehicular control group and respective groups. #, P < 0.05; ns, non-significant differences between 
the indicated groups. 
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MG attenuated the isoproterenol-induced expression of Ucp1 

 Other than lipolysis, the PKA signalling pathway is also the most classical pathway in 

thermogenesis and has been studied in depth. Like lipolysis, the expression of Ucp1, the protein 

considered the origin of adaptive thermogenesis, is regulated by β-adrenergic stimulation and 

subsequent PKA activation. However, after PKA, downstream thermogenic pathways differ 

from those of lipolysis in a manner whereby Ucp1 expression is upregulated by PKA in a p38 

MAPK-dependent manner [19]. p38 MAPK controls the expression of the Ucp1 by activating 

two important downstream substrates which are also nuclear transcription factors, peroxisome 

proliferator-activated receptor gamma (PPARγ) coativator 1α (PGC1α, encoded by the 

Ppargc1α gene) and activating transcription factor-2 (ATF2), allowing their interactions with 

a cAMP response element and a PPAR response element that both reside within a critical 

enhancer motif of the Ucp1 gene [18,19]. Independent from p38 MAPK activation, CREB is 

phosphorylated by PKA and binds with cAMP to directly promote Ucp1 and Ppargc1α 

expression, promoting the occurrence of beige fat and enhancing thermogenesis [19]. To 

examine whether MG affects Ucp1 expression, Ucp1 expression was determined following 

stimulation by isoproterenol, in differentiated immortalized iWAT-derived pre-adipocytes. As 

shown in Fig. 3-2(A), pre-treatment with MG decreased Ucp1 expression induced by three 

hours of isoproterenol treatment. Using the range of 0–2 mM MG that was found to not affect 

cell viability (Fig. 2-1(A–B)), the inhibitory effect of MG on the isoproterenol-induced Ucp1 

expression was found to be dose-dependent (Fig. 3-2(B)). In addition, usage of a luciferase 

reporter system show that MG significantly decreased the luciferase activity of the mouse Ucp1 

gene promoter reporter plasmid under isoproterenol stimulation, which suggests that MG 

attenuates the isoproterenol-induced expression of Ucp1 through decreasing its promoter 

activity (Fig. 3-2(C)). Treatment with BBGC, an inhibitor of GLO1, the main metabolic 

enzyme for MG, increases the concentration of intracellular MG [122]. It was confirmed that 
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BBGC pre-treatment also negatively affected the isoproterenol-induced expression of Ucp1 

(Fig. 3-2(D)). DHA is the smallest ketotriose that is utilized by many organisms as an energy 

source. It has been previously reported that DHA is non-enzymatically converted to MG [123], 

and intracellular MG levels in yeast are increased by cultivation under presence of DHA [124]. 

It was also confirmed that the isoproterenol-induced expression of Ucp1 was attenuated by 

treatment with DHA (Fig. 3-2(E)). These results suggest that intracellular MG negatively 

influences the expression of Ucp1 induced by adrenergic stimulation. Next, the mechanism by 

which intracellular MG affects Ucp1 expression was then examined. 

 

MG did not affect isoproterenol-induced activation of CREB  

 As stated above, the PKA signalling pathway is one of the major contributors towards 

the increased gene expression of Ucp1 which is induced by adrenergic stimulation via 

activation of the transcription factor, CREB, by phosphorylation at Ser133 in adipocytes [168]. 

Since MG inhibited isoproterenol-induced Ucp1 promoter activity, the phosphorylation levels 

of CREB at Ser133 was examined to validate if MG negatively affected the activation of PKA 

signalling. As shown in Fig. 3-3(A), the isoproterenol-stimulated increase in the 

phosphorylation levels of CREB was not significantly decreased by pre-treatment with MG or 

BBGC. Interestingly, MG and BBGC pre-treatment was instead observed to significantly 

increase basal levels of CREB phosphorylation (Fig. 3-3(A)). Isoproterenol stimulation not 

only increases the expression of Ucp1, but also genes related to beige adipocyte function 

including Fgf21, Ppargc1α, Cidea, and Dio2 by activating PKA signalling [169,170,171,172]. As 

shown in Fig. 3-3(B), MG did not significantly decrease the isoproterenol-induced expression 

of these genes. This observation is consistent with the analysis of PKA signalling activity by 

western blotting in Fig. 3-3(A) and Fig. 3-1(C), suggesting that MG may specifically inhibit 

Ucp1 expression without affecting PKA signalling in response to isoproterenol stimulation.    
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Figure 3-2. MG attenuated the isoproterenol-induced expression of Ucp1 
(A–B) Adipocytes were treated with 1 mM MG (A) or 0.5, 1, or 2 mM MG (B) for 30 min, followed 
by stimulation with 1 μM isoproterenol (Iso) for 3 h. mRNA expression levels of Ucp1 in the cells 
were then determined by real-time PCR. (C) C3H10T1/2 fibroblasts were transfected with the Ucp1 
promoter reporter plasmid, pUCP1-pro-Luc. After that, the cells were treated with 1 mM MG for 30 
min, followed by stimulation with 1 μM isoproterenol for 6 h. Cells were lysed and luciferase assay 
was then performed. (D–E) 20 μM BBGC (C), or 25 mM DHA (D) were pre-treated in adipocytes 
for 30 min, followed by stimulation with 1 μM isoproterenol for 3 h. Then, mRNA expression levels 
of Ucp1 in the cells were determined by real-time PCR. Data are presented as the mean ± SEM 
(error bars), with n = 4 (A,B,E), 3-4 (D), or 5 (C) per group. One-way ANOVA followed by 
Dunnett’s (A,D) or Sidak’s (B,C,E) post-hoc tests were done to determine statistical significance. 
*, P < 0.05 between the non-treated vehicular control group and respective groups. #, P < 0.05 
differences between the indicated groups. 
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Figure 3-3. MG did not affect isoproterenol-induced activation of CREB 
(A) Adipocytes were treated with 20 μM BBGC or 1 mM MG for 30 min before stimulation with 1 
μM isoproterenol (Iso) for 30 min. Phosphorylation of CREB (p-CREB) and protein levels of CREB 
were determined using anti-phospho CREB Ser133 and anti-CREB, respectively. Levels of p-CREB 
were quantified by measuring the intensity of the immunoreactive bands using ImageJ. The ratio of 
p-CREB/CREB in the non-stimulated vehicular control group was assigned a relative value of 100. 
(B) Expression levels of thermogenic genes (Fgf21, Ppargc1a, Cidea and Dio2) in cells treated with 
1 mM MG for 30 min before stimulation with 1 μM Iso for 3 h. Data are presented as mean ± SEM 
(error bars), with n = 5 (A) or 4 (B) per group. One-way ANOVA followed by Dunnett’s (A) or 
Sidak’s (B) post-hoc tests were done to determine statistical significance. *, P < 0.05 between the 
non-treated vehicular control group and respective groups. #, P < 0.05; ns, non-significant 
differences between the indicated groups.  
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 TAK1 inhibition did not recover MG-induced inhibition of Ucp1 expression 

 The results seen in Chapter 1 show that MG treatment significantly increased 

proinflammatory gene expression (Fig. 2-8(A)). In the study for this chapter, differentiated 

immortalized iWAT-derived pre-adipocytes were used instead of the 3T3-L1 adipocytes that 

were used in Chapter 1. However, they also display a similar phenotype to what can be 

observed in Fig. 2-8(A), i.e., MG treatment in these adipocytes also elicited an inflammatory 

response, as evidenced by increased expression of the proinflammatory genes, Ccl2 (gene 

encoding MCP1) and Il6, upon MG treatment as shown in Fig. 3-4(A–B). However, the extent 

of the increase in expression of these genes after MG treatment was not as high when compared 

to what can be observed in Fig. 2-8(A) (less that 1.5-fold increase for both Ccl2 and Il6 in Fig. 

3-4(A–B) compared to ~three-fold increase for Ccl2 and ~12.5-fold increase for Il6 in Fig. 2-

8(A)). Still, the increased expression of proinflammatory cytokines suggests that TAK1 was 

activated in these adipocytes as well. Inflammation has been reported to negatively regulate β-

adrenergic stimulated Ucp1 expression [36]. To examine if the proinflammatory signalling 

pathway is involved in the suppression of isoproterenol-induced Ucp1 expression that was 

caused by both MG as well as BBGC treatment, TAK1 in these differentiated immortalized 

iWAT-derived pre-adipocytes were first inhibited via pre-treatment using the same TAK1 

inhibitor, (5Z)-7-oxozeaenol, as had been used in Fig. 2-8(A), before subsequent MG or BBGC 

treatment. This is later followed by isoproterenol stimulation. Despite inhibition of TAK1 by 

(5Z)-7-oxozeaenol, the suppressed isoproterenol-induced Ucp1 expression by either MG or 

BBGC treatment did not recover (Fig. 3-4(C)). This result suggests that MG-induced activation 

of TAK1 may not be involved in the decrease in isoproterenol-induced Ucp1 expression that 

was caused by either exogenous or endogenous MG.  
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Figure 3-4. TAK1 inhibition did not recover MG-induced inhibition of Ucp1 expression 
(A–B) Adipocytes were treated with 1 mM MG for 3 h. mRNA expression levels of Il6 (A) and 
Ccl2 (B) in the cells were then determined by real-time PCR. (C) Adipocytes were pre-treated with 
0.5 μM Oxo for 30 min. The cells were then treated with either 1 mM MG or 20 μM BBGC for an 
additional 30 min before stimulation with 1 μM isoproterenol (Iso) for 3 h. mRNA expression levels 
of Ucp1 in the cells was determined by real-time PCR. Data are presented as the mean ± SEM (error 
bars), with n = 4 (A–C) per group. Student’s t-test (A–B) or one-way ANOVA followed by Dunnet’s 
post-hoc test (C) was done to determine statistical significance. *, P < 0.05 between the non-treated 
vehicular control group and respective groups. #, P < 0.05; ns, non-significant differences between 
the indicated groups. 
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MG attenuated Ucp1 expression through the activation of JNK signalling pathway 

 Although TAK1 MAPKKK was found to not be involved in the isoproterenol-induced 

Ucp1 expression that was suppressed by MG, the downstream ERK, JNK and p38 MAPKs 

have been reported to modulate Ucp1 expression [18,19,173,174,175,176,177]. MG is involved in 

the activation of signalling pathways as a signalling molecule in diverse organisms from yeast 

to mammalian cells [56,67]. This extends to cultured cells in vitro, where MG has been reported 

to induce the activation of ERK, JNK, and p38 MAPK signalling pathways [98,99,100]. As has 

been observed in 3T3-L1 cells in Fig. 2-6(A–D) in Chapter 1, MG treatment in differentiated 

immortalized iWAT-derived pre-adipocytes also enhanced phosphorylation of the stress 

activated protein kinases (SAPKs), JNK and p38 MAPKs (Fig. 3-5(A)). An increase in the 

phosphorylation levels of JNK and p38 MAPK was also observed following treatment with 

BBGC, the inhibitor of the MG metabolic enzyme, GLO1 (Fig. 3-5(B)). In contrast, ERK 

phosphorylation levels were not significantly affected by either MG or BBGC treatment (Fig. 

3-5(A–B)), and this result is also consistent with the ERK phosphorylation results found in Fig. 

2-6(A) that was conducted in 3T3-L1 adipocytes. 

 To determine whether the activation of JNK and p38 MAPK participates in the negative 

effect of MG on Ucp1 expression, the effect of the respective MAPK inhibitors on the MG-

induced inhibition of Ucp1 expression were examined. Although the p38 MAPK inhibitor, 

SB203580, did not affect the decrease in the isoproterenol-induced expression of Ucp1 by MG 

or BBGC treatment, the JNK inhibitor, SP600125, recovered the isoproterenol-induced 

expression of Ucp1 that was decreased by MG or BBGC treatment (Fig. 3-5(C–D)). These 

results suggest that MG attenuates the isoproterenol-induced expression of Ucp1 through the 

activation of the JNK signalling pathway. 
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Figure 3-5. MG attenuated Ucp1 expression through the activation of JNK signalling pathway 
 (A–B) Adipocytes were treated with 1 mM MG for 5, 15, 30, or 60 min (A) or 20 μM BBGC for 
30 min (B). Phosphorylation of p38 (p-p38), protein levels of p38, phosphorylation of JNK (p-JNK), 
protein levels of JNK, phosphorylation of ERK (p-ERK), and protein levels of ERK were 
determined as described in the legend of Figure 2-6. (C–D) Adipocytes were pre-treated with 10 
μM SB203580 (SB), a p38 inhibitor, or 10 μM SP600125 (SP), a JNK inhibitor, for 30 min. The 
cells were then treated with either 1 mM MG (C) or 20 μM BBGC (D) for an additional 30 min 
before stimulation with 1 μM isoproterenol (Iso) for 3 h. mRNA expression levels of Ucp1 in the 
cells was determined by real-time PCR. Data are presented as the mean ± SEM (error bars), with n 
= 4 (A–D) per group. One-way ANOVA followed by Sidak’s (C) or Dunnett’s (D) post-hoc test 
was done to determine statistical significance. *, P < 0.05 between the non-treated vehicular control 
group and respective groups. #, P < 0.05; ns, non-significant differences between the indicated 
groups. 
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ROS generation was not involved in the MG-induced inhibition of Ucp1 expression 

 MAPKs react to diverse extracellular stimuli by eliciting intracellular responses which 

coordinately regulate multiple cellular programs such as cell proliferation, differentiation, 

motility, and survival [178]. An increase in ROS levels can adversely affect cell function and 

homeostasis, leading to oxidative stress which also activates certain MAPKs [178,179]. MG has 

been reported to increase the levels of intracellular ROS [78,79,80,114], and in some cell lines, 

such as human umbilical vascular endothelial cells and pancreatic β-cells, MG has been 

reported to activate the JNK signalling pathway through ROS generation [180,181]. Therefore, 

whether or not the MG-induced phosphorylation of JNK is due to ROS generation in 

differentiated immortalized iWAT-derived pre-adipocytes were examined using the ROS 

inhibitor, NAC. Similar to the other reported cell lines [180,181], three-hour treatment of 

differentiated immortalized iWAT-derived pre-adipocytes with MG also generate ROS, which 

could be inhibited by NAC pre-treatment, in the adipocytes (Fig. 3-6(A)). These results differ 

from the results found in Fig. 2-7(A) that was from 3T3-L1 adipocytes treated with MG for an 

hour. H2O2 treatment before isoproterenol stimulation significantly inhibits Ucp1 expression, 

and pre-treatment with the ROS scavenger, NAC, prior to H2O2 treatment could recover the 

reduced isoproterenol-induced Ucp1 expression that was caused by H2O2 treatment (Fig. 3-

6(B)). In contrast, neither the MG-induced inhibition of isoproterenol-induced Ucp1 expression 

(Fig. 3-6(C)), nor the increase in JNK phosphorylation following treatment with MG (Fig. 3-

6(D)) could be significantly affected by the presence of NAC. These results suggest that while 

ROS was generated in differentiated immortalized iWAT-derived pre-adipocytes upon MG 

treatment, it was not involved in the MG-induced phosphorylation of JNK and the MG-

inhibited isoproterenol-induced Ucp1 expression.  
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Figure 3-6. ROS generation was not involved in the MG-induced inhibition of Ucp1 expression 
 (A) Adipocytes were pre-treated with 2 μM H2DCFDA with or without 10 mM NAC for 30 min, 
followed by treatment with either 500 μM H2O2 or 1 mM MG for 3 h. Intracellular ROS assay was 
then performed. (B–C) After pretreatment of cells with 10 mM NAC and 500 μM H2O2 (B) or 1 
mM MG (C) for 30 min each, cells were stimulated with 1 μM isoproterenol (Iso) for 3 h, and 
mRNA expression levels of Ucp1 was determined by real-time PCR. (D) Adipocytes were pre-
treated with 10 mM NAC, a ROS inhibitor, for 30 min before treatment with 1 mM MG for 1 h. 
Phosphorylation of JNK (p-JNK) and protein levels of JNK were determined as described in the 
legend of Figure 2-6. Phosphorylation levels of JNK were quantified by measuring the intensity of 
the immunoreactive bands using ImageJ. The ratio of p-JNK/JNK in the non-stimulated vehicular 
control group was assigned a relative value of 100. Data are presented as the mean ± SEM (error 
bars), with n = 4 (A–B), 3-4 (C), or 6 (D) per group. One-way ANOVA followed by Sidak’s (A,C,D) 
or Dunnet’s (B) post-hoc test were done to determine statistical significance. *, P < 0.05 between 
the non-treated vehicular control group and respective groups. #, P < 0.05; ns, non-significant 
differences between the indicated groups. 
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Discussion 

Acute MG treatment attenuated isoproterenol-stimulated Ucp1 expression without 

contributing towards catecholamine resistance 

Many studies have shown that UCP1 activity is inversely correlated to obesity and T2D 

[38,39,40], and there is increasing evidence that proinflammatory signals directly alter 

thermogenic activity in brown and beige adipocytes [182]. Induction of inflammation by LPS 

or IL1β have been found to downregulate Ucp1 expression in immortalized brown adipocytes 

[183]. Conversely, deletion of IKKε or interferon regulatory factor-3 (IRF3), which are among 

the main inflammation regulators in obesity, results in enhanced WAT browning with increased 

Ucp1 expression and energy expenditure [184,185]. One possible explanation for this 

phenomenon of inflammation-suppressed Ucp1 expression could be the provocation of 

catecholamine resistance, or dulled response towards adrenergic stimulation, during 

inflammation in adipocytes [34,35,36]. This is especially so when the main regulator of Ucp1 

expression is PKA signalling that has been activated by cAMP, whose levels increase during 

adrenergic stimulation [18,19]. MG is a dicarbonyl metabolite derived from glycolysis that 

contributes to aging and disease by inducing carbonyl stress when MG concentrations exceed 

typical concentrations of 50–250 nM in human plasma and 1–5 μM in cells [43,131]. It is also 

a metabolite that is associated with inflammation and oxidative stress [74,75,76,77], both of 

which have been demonstrated in this study (Figs. 3-4(A–B), 3-6(A)). In this study, it was 

found that both MG treatment and inhibition of MG metabolism via the use of the GLO1 

inhibitor, BBGC, repressed isoproterenol-induced Ucp1 expression due to reduced Ucp1 

transcription which can be observed from reduced Ucp1 promoter activity when adipocytes 

were treated with exogenous MG (Fig. 3-2). However, despite an increment of 

proinflammatory gene expression induced by MG treatment (Fig. 3-4(A–B)), there was no 

effect on PKA signalling (Figs. 3-1(C), 3-3(A)) and subsequent FFA and glycerol release (Figs. 
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3-1(A–B)). As such, the suppressed isoproterenol-induced Ucp1 expression in adipocytes by 

MG treatment in this study was not caused by catecholamine resistance. This absence of 

catecholamine resistance in the adipocytes in this study could perhaps be explained by the fact 

that the experiment system in this study focuses more on acute treatment of MG (total MG or 

BBGC treatment time is three–four hours), rather than chronic, meaning that the inflammation 

induced in this study is also acute inflammation, rather than chronic inflammation. Therefore, 

whether or not inflammation that is induced by MG is responsible for catecholamine resistance, 

or increased circulatory FFA [30] under conditions of chronic inflammation warrants another 

investigation using lengthier MG treatment durations. 

 

The potential mechanism by which MG increased basal CREB phosphorylation and other 

thermogenic genes 

Treatment of adipocytes with MG or BBGC increased basal levels of CREB 

phosphorylation (Fig. 3-3(A)). Ser133 in CREB is known as a phosphorylation target site of 

various kinases such as mitogen- and stress-activated protein kinase (MSK)-1 [111], TAK1 

[186,187], and apoptosis signal-regulating kinase (ASK)-1 [188] in addition to PKA. Since MG 

did not activate PKA signalling, MG might have enhanced CREB phosphorylation through the 

activation of either of those kinases.  

Meanwhile, apart from Cidea, MG treatment increases the expression of all other 

thermogenic marker genes (Fig. 3-3(B)). The p38 MAPK signalling pathway has been reported 

to lead to the upregulation of Dio2 [196], as well as the phosphorylation of ATF2 [18] which 

promotes downstream target genes including Ppargc1a and Fgf21 [197,198]. Therefore, the 

increment in most of the other thermogenic genes by MG treatment could be attributed to 

increased MG-induced p38 activity. 
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Possible molecular mechanisms underlying the JNK-dependent inhibition of isoproterenol-

stimulated Ucp1 expression in MG-treated adipocytes 

CREB and p38 phosphorylation is necessary for Ucp1 expression. Despite increased 

phosphorylation of both CREB and p38 by MG treatment (Figs. 3-3(A), 3-5(A–B)), basal Ucp1 

expression was unaffected by either MG or BBGC treatment (Fig. 3-2). This may be due to the 

inhibitory effects of JNK-activated activator protein (AP)-1 complexes upon MG treatment, 

which competitively represses transcriptional activity at the CREB binding site at the proximal 

regulatory region near the transcription start site of Ucp1 [170,177]. AP1 might also have 

contributed to the inhibition of isoproterenol-induced Ucp1 expression under MG treatment as 

a transcriptional repressor. Nevertheless, further study is needed to elucidate if MG activates 

AP1 through JNK to inhibit Ucp1 expression via inhibitory binding at the CREB binding site 

at the proximal regulatory region near the transcription start site of Ucp1 under both basal and 

isoproterenol-stimulated conditions in adipocytes.  

The number of mitochondria and UCP1 protein in beige adipocytes strongly depends 

on the activity of mitophagy [189,190], which is repressed in response to thermogenic activation 

[191,192]. Meanwhile, MG was recently shown to increase mitophagy in brain endothelial cells 

[193], and the involvement of JNK as an upstream regulator of mitophagy has been reported 

[194,195]. Hence, another one of the possible molecular mechanisms underlying the MG-

induced inhibition of Ucp1 expression may involve altered mitophagy activity through the 

activation of the JNK signalling pathway. However, further investigations of the involvement 

of alterations to mitochondria homeostasis by MG treatment are necessary. 
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Further studies are necessary to understand the effect of MG on UCP1 protein levels as well 

as its thermogenic functionality 

 Thermogenesis in adipose tissue is related to metabolic diseases such as obesity and 

T2D [40]. Thermogenesis mediated by UCP1 is an important component of total energy 

expenditure and contributes to the overall energy balance [40]. Based on the findings of this 

study, the analysis of MG on the thermogenic function in adipose tissues regarding the 

inhibitory effect of MG on Ucp1 expression may lead to further understanding of the 

relationship between MG and diabetes mellitus. However, since this study especially focused 

on the regulatory mechanisms of Ucp1 mRNA expression, further investigations into MG’s 

effect on UCP1 protein levels as well as its thermogenic functionality are needed to understand 

the physiological functions on adipocytes. 

 

The extent by which exogenous MG is incorporated intracellularly in adipocytes to reflect 

pathological levels found in obesity and diabetes 

 In both Chapter 1 and 2, the concentrations of MG used to treat the cells are beyond the 

physiological concentrations of MG, which has been reported to be 50–250 nM in human 

plasma if the method of quantification is by UPLC-MS/MS, and up to 400 μM if quantified by 

other methods [43,131]. Chapter 1 used a concentration of 2.5 mM, while Chapter 2 used a 

concentration of 1 mM, which can be up to 50000-fold and 20000-fold, respectively, of what 

is found physiologically in blood plasma when MG is quantification by UPLC-MS/MS. 

Intracellular levels of MG that is estimated at ~1–5 µM have been found to be higher than 

extracellular levels of MG found in the blood plasma [43]. Thus, for the increment of 

intracellular MG levels to match pathological cellular levels found in patients with obesity or 

diabetes, the addition of yet higher extracellular levels of MG may be necessary to increase 

MG accumulation within the cell. Within the cell, > 99% of MG is detoxified primarily by the 
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GLO system, and it was observed that 0.5 mM of extracellular MG had a nearly directly 

proportional conversion rate of ~0.5 mmol/h/L to D-lactate in 50% (v/v) red blood cell 

suspensions [58]. This suggests that MG is freely cell permeable, and at the concentration of 

0.5 mM, most MG are metabolised to D-lactate within the hour in the case of erythrocytes. On 

the other hand, using radiolabelled MG added to the conditioned medium, only 3.1 ± 0.39% of 

the 2.5 mM of MG was found to be incorporated into L6 cells within 10–30 minutes [199]; 

while only 1.8% of the 160 μM MG was found to be incorporated into rat aortic smooth muscle 

cells after 15 minutes of extracellular MG addition [200]. This discrepancy between 

intracellular incorporation of MG into erythrocytes and muscle cells may perhaps be due to a 

difference in cell size, where a typical myotube diameter of up to 25 μm [201] is approximately 

three-fold larger than the typical red blood cell diameter of 8 μm [202]. This difference in cell 

size potentially affects the surface area for MG incorporation into the cell. Considering that the 

typical size for adipocytes has been reported to be up to 300 μm in diameter [203], which is 12-

fold larger than the diameter of myotubes, it is implied that MG incorporation into adipocytes 

may be even lesser when compared to the 1.8–3.1% MG incorporation in muscle cells [199,200]. 

Therefore, taking into account the efficiency of the GLO system as well as the cell size of 

adipocytes, a supraphysiological concentration of extracellular MG may be necessary to 

increase intracellular levels in adipocytes to reflect pathological cellular levels of MG found in 

metabolic disorders. Decreased Glo1 expression and activity have been associated with obesity 

and diabetes [43,56,125,126], so the use of the GLO1 inhibitor, BBGC, may have better reflected 

the pathophysiological state found in metabolic disorders, where endogenously produced MG 

are implied to accumulate intracellularly. The use of BBGC elicited similar p38 or JNK MAPK 

signalling to what was elicited after extracellular MG addition (Figs. 2-6, 2-9(A), 3-5(A–B)). 

Hence, although extracellular levels of MG used in this study were supraphysiological, 
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substantiation of the data with the more physiologically relevant BBGC data show that the 

findings in this study are physiologically plausible.  

 

Other reactive dicarbonyl metabolites may also induce the same phenomena as MG in 

adipocytes 

 The dicarbonyl, methylglyoxal, which is derived from glycolysis was the main focus 

of this study. MG is up to 20,000-fold more reactive than glucose [50], and the pathology of 

MG may involve the modification of arginine, lysine, and/or cysteine amino acid residues to 

form products which include MG-H1, CEL [51,52], and the more recently discovered MICA 

[132,133]. The generation of these amino acid modifications are based on the high reactivity of 

the dicarbonyl group of MG. However, apart from MG, other highly reactive dicarbonyl 

metabolites such as glyoxal, 3-deoxyglucosone also provoke dicarbonyl stress in physiological 

systems [131]. Like MG, glyoxal reacts with arginine and cysteine residues to form Nδ-(5-

hydro-4-imidazolon-2-yl)ornithine (G-H1) and Nε-carboxymethyl-lysine (CML) respectively; 

glyoxal also reacts with dG in DNA to form N2-carboxymethyl-deoxyguanosine (CMdG) [131]. 

Meanwhile, 3-deoxyglucosone also reacts with arginine to produce 3-deoxyglucosone-derived 

hydroimidazolone isomers (3DG-H) [131]. While MG is formed mainly from the degradation 

of G-3-P and DHAP in anaerobic glycolysis and glyceroneogenesis, glyoxal is formed mainly 

from lipid peroxidation and the degradation of glycated proteins; and 3-deoxyglucosone is 

formed mainly from the enzymatic repair of glycated proteins [131]. Like for MG, the GLO 

system is also the major metabolic system for glyoxal [131]. In the meantime, aldoketo 

reductases play the main role in metabolizing 3-deoxyglucosone [131]. Using UPLC-MS/MS, 

plasma levels of MG, glyoxal and 3-deoxyglucosone from patients with T2D vs healthy 

controls are measured to be as follows: 277 ± 9 vs 212 ± 8 nmol/L; 514 ± 49 vs 406 ± 26 

nmol/L and 2217 ± 81 vs 1046 ± 37 nmol/L [204]; while plasma levels of MG and glyoxal 
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plasma levels from patients with T1D vs healthy controls determined using liquid 

chromatography-mass spectrophotometry were as follows: 841.7± 237.7 vs 439.2± 90.1 

nmol/L and 1051.8± 515.2 vs 328.2± 207.5 nmol/L [205]. Like MG, it has been found that these 

elevated levels of glyoxal and 3-deoxyglucosone contribute towards the pathophysiology of 

diabetes [200,206,207,208]. MG and glyoxal differ only by MG possessing an additional methyl 

group compared to glyoxal, which causes a difference in reactivity. Despite that, considering 

that both of these metabolites react with the same amino acid residues in the same way, it is 

possible that glyoxal might also elicit similar phenomena in adipocytes as found in this study. 

This is especially so when both metabolites have been reported to induce the phosphorylation 

of both JNK and p38 MAPK in human endothelial cells [98]. Moreover, when taking into 

account that both MG and glyoxal are metabolised by the GLO system, there is a possibility 

that the data from BBGC (Figs. 2-6, 2-9(A), 3-5(A–B)) may also be due to the production of 

glyoxal during GLO1 inhibition. This is especially when glyoxal levels are found to be higher 

in plasma [204,205], and if like MG, glyoxal intracellular levels are higher than extracellular 

levels, it can be implied that GLO1 inhibition may lead to higher accumulation of intracellular 

levels of glyoxal compared to MG as well. However, at this point of time, there are no literature 

reporting the differences between the concentration of glyoxal extracellularly and 

intracellularly. Meanwhile, as for whether or not 3-deoxyglucosone may reproduce similar 

phenomena to the findings of this study, while there is a possibility, it may be lesser compared 

to glyoxal due to its smaller reactivity which causes it to react mostly with arginine residues 

only [131].  
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MG may affect different aspects of metabolism in adipocytes through the activation of 

different signalling pathways and cellular events 

 MG induced the phosphorylation of JNK and p38 MAPKs (Figs. 2-6, 3-5(A–B)). 

However, the inhibitory effect of MG on insulin-stimulated glucose uptake was dependent on 

p38, whilst the inhibitory effect of MG on catecholamine-stimulated Ucp1 expression relied 

on JNK. This reliance of MG on different MAPKs for its inhibitory action may in a large part 

be due to the opposing functions of p38 MAPK during different hormone-stimulated adipocyte 

metabolic responses. In the context of insulin-stimulated glucose uptake, insulin stimulation in 

3T3-L1 adipocytes was found to increase p38 phosphorylation, and human adipocytes from 

T2D subjects were found to exhibit increased phosphorylation of p38 which contributed 

towards the downregulation of GLUT4 expression [209]. These phenomena links p38 to the 

negative regulation of the insulin-stimulated glucose uptake response. Contrarily, p38 

activation is necessary for facilitating catecholamine-stimulated thermogenesis as it actively 

partakes in the control of Ucp1 gene expression [18,19]. Therefore, because of the differing 

effects of p38 MAPK on adipocyte physiology, i.e., an inhibitory effect on insulin-stimulated 

glucose uptake vs an activating effect on catecholamine-stimulated Ucp1 gene expression, MG 

may work through different MAPKs to display inhibitory effects on hormone-induced 

metabolic responses of adipocytes. However, since MG is known to promiscuously modify 

proteins through accessible arginine, lysine and cysteine amino acid residues, it is entirely 

thinkable that MG may affect adipocyte physiology through means other than the cellular 

signalling pathways found in this study. For example, MG has been found to activate NRF2 

signalling by directly affecting the NRF2-regulator, KEAP1 [132]. This MG-induced NRF2 

signalling was also confirmed in Caenorhabditis elegans, but through transient receptor 

potential (TRP)A1-modulated MG-induced Ca2+ flux [210]. MG has also been found to modify 

histones, H2B, H3 and H4 in particular [211,212]. MG-induced glycation of histones disrupts 
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chromatin architecture and DNA accessibility especially at transcription start sites by affecting 

nucleosome core particle through histone-histone and histone-DNA cross-linking [211,212], 

suggesting that MG could affect epigenetic regulation as well. MG has additionally been 

implicated in mitochondrial dysfunction by means such as increasing mitophagy and 

decreasing the mitochondrial membrane potential which subsequently decreases intracellular 

ATP [193,213,214,215]. This MG-induced mitochondrial dysfunction may affect insulin-induced 

glucose uptake as the consequent increase in intracellular AMP may activate AMPK to trigger 

a phosphorylation cascade which culminates in cellular events that inhibits anabolic pathways 

[21,22]. The mitochondrial dysfunction induced by MG may also affect thermogenesis as 

mitochondrial dynamics have been implicated in the regulation of thermogenesis in adipocytes 

[189,190,191,192]. Therefore, while this study investigated the negative effects of MG on 

hormone-stimulated adipocyte metabolic responses by heavily focusing on the effects of MG 

on metabolic signalling pathways, it cannot be denied that the effects of MG on hormone-

stimulated adipocyte metabolic responses may also be attributed to the potential effects of MG 

on other cellular events. 

 

The biological function of MG in multicellular organisms remains unknown 

 Altogether the findings of this study show that MG, the metabolite derived mainly from 

glycolysis, is capable of negatively affecting adipocyte metabolic events. All cells inevitably 

generate MG as a product of glucose metabolism, and they possess the MG detoxifying GLO 

system to adapt to the resulting dicarbonyl stress. Despite MG being a metabolite that is 

generated in virtually all cells, limited studies have shown the functionality of MG. Due to the 

growth inhibitory nature of MG, situation-dependent MG production and tolerance have been 

reported to be a virulence mechanism utilised by bacteria to survive and proliferate in the 

infected host [216]. For example, MG production in Mycobacterial infection sites cause 
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apoptosis of the macrophages via activation of the JNK signalling [217]. On the other hand, 

Brucella abortus and Salmonella Typhimurium induce the expression of their respective 

lactoylglutathione lyase genes which confers tolerance to MG to aid the intracellular bacteria 

to survive and proliferate in macrophages [218,219]. While bacteria have utilised both MG 

production and metabolism for host-specific adaptation, the main role of MG in the biological 

system of multicellular organisms still remain a mystery, and questions such as whether a host 

cell environment has the ability to induce MG generation in intracellular pathogens, whether 

host cells themselves are capable of producing MG in order to curb microbial activities or their 

proliferation, and whether MG derived by bacterial pathogens has the ability to modulate host 

signalling remain unanswered. Instead, current knowledge regarding MG in multicellular 

organisms is its association with aging and disease [43,131]. Interestingly, despite the 

involvement of MG in disease pathogenesis, low doses of MG have also been reported to 

prolong lifespan in Drosophila melanogaster and Caenorhabditis elegans [47,220,221], 

suggesting a hormetic potential of MG. However, this hormetic potential of MG is also utilised 

by cancer cells to survive, grow and metastasise [222,223], indicating a pro-tumoural role of 

MG. Hence, whether or not MG is a metabolite that possesses particular functions or beneficial 

properties in multicellular organisms is still subjected to debate, and further investigations are 

necessary to determine and elucidate the functions of MG in organisms. 
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Chapter 4 

 

Summary 

 

Obesity is highly correlated with T2D, especially when adipocyte dysfunction is 

involved. In both obese and diabetic conditions, systemic levels of the glycolytic intermediate, 

MG, are 1.5–6-fold higher, and a diet high in sugar and fat is a major contributing factor to the 

significantly increased systemic MG levels. MG accumulation and its metabolic dysregulation 

have been implicated in adipose tissue dysfunction, leading to systemic metabolic dysfunction 

and the development of T2D, and the involvement of MG in insulin resistance could be one of 

the candidate mechanisms of action. Additionally, MG is linked to the activation of 

inflammatory and oxidative stress pathways, which are major determinants for metabolic 

dysfunction. In this study, the author has attempted to elucidate the underlying mechanism 

behind MG’s involvement in dysfunction at the cellular level, i.e., in adipocytes.  

 

The first study: The effect of methylglyoxal on insulin-stimulated glucose uptake in 

adipocytes 

 Insulin-stimulated glucose uptake is a physiological response of the insulin signalling 

pathway where IRS-1 is the primary mediator. MG-treated adipocytes show significantly 

inhibited glucose consumption and insulin-stimulated glucose uptake, and the insulin-induced 

IRS-1 tyrosine phosphorylation which is necessary for its activation of downstream signalling 

was found to be significantly reduced. IRS-1 is negatively regulated by serine phosphorylation 

via the negative feedback loop of the insulin signalling pathway which is regulated by 

mTORC1. MG was found to induce serine phosphorylation on IRS-1 through mTORC1; and 

the inhibition of mTORC1 recovered insulin-induced IRS-1 tyrosine phosphorylation and 
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glucose consumption in MG-treated adipocytes. Although Akt is the nodal point between 

insulin receptor and mTORC1 signalling, inhibition of Akt had no effect on MG-induced 

mTORC1 signalling, suggesting that MG activated mTORC1 independently of the insulin 

signalling pathway. Instead, MG was found to increase inflammatory gene expression via the 

activation of TAK1, which activates the SAPKs, p38 and JNK. Among them, only p38 

inhibition neutralized MG-induced mTORC1 activation. This TAK1–p38–mTORC1 

signalling axis is also recapitulated in proinflammatory cytokine, TNFα, treatment, suggesting 

that this signalling axis occurs during inflammation. Meanwhile, MG treatment in this study 

did not significantly increase oxidative stress in adipocytes. Altogether, these results indicate 

that MG negatively affects insulin-signalling and subsequent glucose consumption in 

adipocytes via inflammatory TAK1–p38–mTORC1 signalling, which induces insulin 

resistance and possibly contribute to the provocation of T2D. The schematic summary of this 

study is shown in Fig. 4-1 (left). 

 

The second study: The effect of methylglyoxal on isoproterenol-induced free fatty acid 

release and uncoupling protein 1 expression in adipocytes 

 Catecholamine-induced FFA release in adipocytes is mediated by the PKA pathway 

which activates multiple lipolytic proteins upon the binding of catecholamine to β-adrenergic 

receptors. Stimulation of MG-treated adipocytes with the β-adrenergic receptor agonist, 

isoproterenol, was found to not significantly affect the isoproterenol-induced phosphorylation 

of PKA-activated proteins as well as subsequent FFA and glycerol release, suggesting that MG 

has did not induce catecholamine resistance upon acute MG treatment as observed by the 

absence of any effect on isoproterenol-induced adipocyte lipolysis. Apart from lipolysis, PKA 

signalling also contributes to adipocyte thermogenesis which is conferred by increased 

expression of the Ucp1 gene upon β-adrenergic receptor activation. MG-treatment significantly 
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reduced the isoproterenol-induced expression of Ucp1 without affecting other thermogenic 

gene markers, confirming that MG suppressed isoproterenol-induced Ucp1 expression 

independently of PKA. Inflammation has been reported to downregulate Ucp1 expression, and 

the adipocytes used in this study also exhibited increased inflammatory gene expression. 

Among the SAPKs activated by MG, MG was found to suppress isoproterenol-stimulated Ucp1 

expression via JNK and not p38 MAPK. Altogether, these findings elucidate MG as a 

metabolite which is capable of modulating adipocyte Ucp1 expression via JNK, possibly 

leading to reduced energy expenditure and eventual exacerbation of T2D symptoms. The 

schematic summary of this study is shown in Fig. 4-1 (right).  

 

  

Figure 4-1. Schematic summary of the findings in this study. 
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