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Dietary Advanced Glycation End e
Products as Mediators of Obesity:

Cellular and Molecular Mechanisms

of Action
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Abstract Obesity, a disorder of body weight regulatory systems that is charac-
terized by the accumulation of excess body fat is increasingly becoming a global
pandemic. Despite several approaches that have been applied to mitigate obesity,
they have not been able to totally reverse the obesity and its mediated complication.
Advanced glycation end products (AGESs) refer to a group of prooxidant heteroge-
nous compounds whose formation results from nonenzymatic reactions between
reactive sugars and proteins, lipids and nucleic acids. While supporting evidence
has suggested that AGEs may have contributory roles in the pathogenesis of obesity,
there are indications that increased consumption of dietary AGEs increases the circu-
lating AGEs levels and their deposition in the tissues including the adipose tissue,
increasing the risk of development of obesity and its comorbidities. Identification of
the underlying mechanism may provide an important strategy for novel therapeutic
approaches against obesity. This chapter therefore provided novel insights into the
role of dietary AGEs in the pathogenesis of obesity and the purported mechanisms
of action.
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Abbreviations

Akt Protein kinase B

ALI Arginine-lysine imidazole
BMI Body mass index

IRS-1 Insulin receptor substrate 1

IRS-2 Insulin receptor substrate 2

PI3K Phosphatidylinositol 3-kinase

RAGE  Receptor for Advanced Glycation End products

ROS Reactive Oxygen Species

SRAGE Soluble receptors for advanced glycation end products

Introduction

Obesity is a disorder of body weight regulatory systems that is characterized by the
accumulation of excess body fat [1]. According to the World Health Organization
[2], obesity is an abnormal or excessive fat accumulation that presents a risk to
human health. The development of obesity involves both adipocyte hypertrophy and
hyperplasia. Obesity in childhood has been reported to involve adipocyte hyperplasia
and hypertrophy while adipocyte hypertrophy arising from imbalanced energy intake
was generally suggested to be responsible for most adult-onset obesity. However,
adipocyte hyperplasia has also been suggested to contribute to the development of
adult-onset obesity, especially morbidly obese patients [3].

Advanced glycation end products (AGEs) refer to a group of prooxidant hetero-
geneous compounds whose formation results from nonenzymatic reactions between
reactive sugars and proteins, lipids and nucleic acids in a reaction that is otherwise
known as ‘the Maillard reaction’. Recent studies have revealed that consumption of
foods that are rich in these AGEs could play fundamental roles in the pathogenesis
of chronic diseases including obesity [4]. Given the inability of the current thera-
peutic approaches for obesity to totally reverse it [5], identification of the underlying
mechanism involved in the contribution of AGEs to obesity may provide an impor-
tant strategy for novel therapeutic approaches against obesity. In line with the above,
this chapter discussed the role of dietary AGEs in the pathogenesis of obesity. The
mechanisms of action deriving from preclinical and clinical studies that were carried
out were also reported.
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Global Prevalence of Overweight and Obesity

In current report, the global prevalence of overweight and obesity doubled since 1980
to such an extent that about one third of the world’s population is now classified as
being overweight or obese [6]. Additionally, studies that were carried out revealed
that a total of 1.9 billion and 609 million adults were estimated to be overweight
and obese in 2015, respectively, representing approximately 39% of the world’s
population [6]. The prevalence of obesity was generally higher in women than in
men in all age groups, with sex differences being maximal between 50 and 65 years
old [6]. Obesity adversely affects nearly all the physiological functions of the body
and has become a significant public health threat [6].

Measurement of Obesity

The body mass index (BMI) usually expressed as weight (kg) divided by the square of
height (meters)? is the most acceptable index of measurement of obesity. This index
measures the relative weight, adjusted for height which makes for comparisons both
within and between populations [1]. Based on BMI cut off point, individuals with
BMI values of 18.5 and 24.9 are regarded to have normal weight; individuals with
a BMI value between 25 and 29.9 are considered overweight, those with a BMI
value equal to or greater than 30 are classified as obese, while BMI values above 40
are regarded as extremely/morbidly obese. Measurement of the waist circumference
using a tape has also been found to be diagnostic of obesity as it reveals the amount
of fat (visceral fat) in the central abdominal region of the body [1]. This approach
has also been reported to reduce the risk of developing cardiovascular diseases,
independent of BMI [1, 5, 7].

Advanced Glycation End Products—Overview

AGEs are a group of heterogeneous compounds whose formation results from nonen-
zymatic reactions between reactive sugars and proteins, lipids and nucleic acids
in a reaction that is otherwise known as Maillard reaction as earlier stated [4, 8].
In this reaction, the carbonyl group of a reducing sugar reacts with the amino
group of a protein, lipid or nucleic acid, generating Schiff bases which rearrange
to Amadori products. Since the Amadori products are relatively unstable, further
reactions occur, which eventually lead to the formation of irreversible AGEs [9].
Examples of AGEs include: glycated hemoglobin (HbA 1¢), Ne-carboxymethyllysine
(CML), Ne-carboxyethyl-lysine (CEL), ALI, pentosidine, methylglyoxal, pyrraline
and imidazolone, N-fructosyl-lysine, Alkyl formyl glycosyl pyrroles, and others
[10, 11].
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With respect to their chemical structure, AGEs can be classified as: non-
fluorescent crosslinked (e.g. glucosepane, imidazolium dilysine), fluorescent
crosslinked (e.g. crossline, pentosidine) and non-crosslinked molecules (e.g.
pyralline, CML) [11]. These AGEs exert their effects through their receptors (RAGE)
(described in detail in our review, [5] and book chapter [7]).

Sources of AGEs

Based on the differences in their origins, AGEs are categorised into two major
classes namely: biologically derived AGEs (biological-AGEs) and environmentally
derived AGEs. Biologically derived AGEs are produced endogenously (in vivo)
during normal body metabolism, aging, prolonged oxidative stress or due to hyper-
glycemia [11]. On the other hand, environmentally derived AGEs are obtained exoge-
nously (in vitro) while cigarette smoke and diet (food) are two major sources of
environmentally derived AGEs.

Cigarette smoke contains glycation products that are highly reactive (AGEs) which
may contribute to the increased AGEs accumulation in serum and tissue as observed
in cigarette smokers. Cigarette smoke derived AGEs have been shown to increase
the risk of developing cancers and cardiovascular diseases in former smokers [10].
Dietary AGEs constitute a class of pro-oxidant foods and their formation depends
directly on the protein, lipid and carbohydrate content of the food as well as on
the temperature and conditions of cooking, especially time used for cooking and
moisture [12].

Heat treatment of food results in the generation of AGEs and other Maillard reac-
tion products that improve the aroma and flavour of food products. Therefore, dietary
AGEs are commonly found in processed foods with their levels being increased by
food processing at high temperatures [13, 14]. In fact, foods may contain up to 200
times the initial AGEs content after cooking depending on the cooking method [10].
Food processing and cooking techniques that utilise dry heat (frying, roasting, baking,
grilling, barbecuing) result in greater AGEs formation compared with techniques that
use lower temperatures for longer periods of time with higher water content, such as
boiling or steaming [4, 15, 16].

Higher pH levels have also been reported to increase the formation of AGEs, as the
alkaline conditions promote the amino groups to be in their basic deprotonated form,
increasing their reactivity. Pre-treating foods with acidic solutions before cooking
(to lower their pH) such as marinating with vinegar or lemon has been reported to
decrease the formation of dietary AGEs in food products [15]. Animal-derived foods
cooked at high temperature, for a prolonged time and under dry conditions have the
highest content of AGEs [12]. Other examples of such foods that contribute to high
amounts of dietary AGESs include processed cereal products such as biscuits, bakery
products and extruded breakfast cereals [15].

In contrast, dairy products, fruits, and vegetables have lower AGEs content. Higher
humidity, lower temperatures, and low pH also make minor contributions to the
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Table 9.1 Factors that affect the levels of AGEs in foods

Type of food Method of cooking
High AGEs Low AGEs High AGEs Low AGEs
Dairy eg. red meat Boiled grains eg. rice High temperature Low temperature
and oatmeal
Fried foods Vegetables Barbecuing Steaming
Cheese Fruits Grilling Poaching
Processed foods Dairy soups Baking Stewing
Bakery products eg. Frying Braising
biscuits
Breakfast cereals Searing Boiling
Butter Broiling Marinating
with vinegar before
cooking
Magarine Toasting Marinating
with lemon before
cooking
Mayonnaise Roasting Poaching
Oils Sauteing
Nuts Prolonged cooking | Lesser cooking time
time
High pH Low pH
Low moisture High moisture

Sources Uribarri et al. [18]; Tessier and Birlouez-Aragon [19]; Barbosa et al. [20]; Ribeiro et al.
[4]; Snelson and Coughlan [15]. AGEs: advanced glycation end products

formation of AGEs [17]. Table 9.1 shows the differences between food groups and
cooking methods that contribute to low or high levels of AGEs [4, 18-21].

Digestion, Absorption, Distribution and Excretion of Dietary
AGEs

Digestion

Protein and peptide bound AGEs are the major AGEs in the diet [8]. It has been
suggested that the structural features of AGEs may have a significant effect in the
digestion of glycated proteins and peptides. For instance, reports have shown that
AGEs with non-crosslinked structures result in a considerable decrease in glycated
protein digestibility. In addition, the digestibility of CML-casein (60% modification
of target lysine) was reported to be significantly lower than that of native casein [8].
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Absorption

AGEs can exist in either free form as a single amino acid or a free low-molecular-
weight peptide, or bound to proteins, forming high-molecular-weight compounds.
Dietary AGE:s are reportedly absorbed in circulation mostly in the form of free AGEs
eg. CML (by simple diffusion) and peptide bound AGEs following gastrointestinal
digestion [8] and thereafter, they can get deposited in various tissues [17].

Approximately 10-30% of dietary AGEs are absorbed into the systemic circu-
lation [8], one third of which is excreted by the kidneys while two-thirds linger in
the body, contributing to the body’s AGEs pool and which binds to several tissues
[17, 22]. Therefore, decreased intake of dietary AGEs has been associated with
approximately 40% decreases in the levels of AGEs in the body [8]. On the other
hand, intestinal absorption of pyrraline is considered to happen mostly as a dipeptide
rather than a free amino acid, with the dipeptide form of pyrraline absorbed across
the intestinal epithelium using peptide transporter 1 [15].

Distribution of Dietary AGEs

After crossing the epithelial cells of the digestive tract, dietary AGEs enter into
circulation and merge with the biological AGEs [8]. Dietary AGEs are distributed in
most tissues following their absorption and supporting evidence has shown that intake
of dietary AGEs can cause AGEs accumulation throughout the body, including the
tissues (gastrointestinal tract, liver, kidneys, lungs, adipose tissue, heart and spleen),
serum, urine and faeces [8]. The distribution of dietary AGEs in the body is driven by
their higher affinity for some tissues on the basis of covalent or noncovalent binding
interactions [8].

Metabolism

It has been reported that AGEs may not act as substrates for detoxification by phase I
and phase II enzymes of xenobiotic metabolism [8, 23]. According to the hydrophile-
lipophile balance, hydrophilic AGEs do not act as substrates for phase I enzymes
in the fatty membranes of the endoplasmic reticulum and due to the glycation of
side groups, most AGEs have insufficient typical side groups for phase II coupling
reactions, except acidic groups for esterification [8].
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Excretion

The renal excretion of dietary AGEs has been estimated to be approximately 30% of
the absorbed amount in healthy adults, but less than 5% in patients with renal disease
[8]. Between 20 and 50% of ingested CML are reportedly excreted in the faeces,
suggesting that there is a proportion of ingested AGEs that are not absorbed and not
defecated, and may be metabolised intraluminally by the microbiome [15].

Dietary AGEs and Human Health

Consumption of dietary AGEs have been reported to contribute to oxidative stress
and inflammation in animal models, although results were less consistent in human
studies [15, 24]. Excessive dietary AGEs consumption in mice was implicated in
the development of hepatic inflammation in the absence of steatosis. In a rat model
of non-alcoholic fatty liver disease, high dietary AGEs were reported to exacerbate
liver injury, inflammation and liver fibrosis while chronic dietary AGEs intake was
suggested to cause cognitive decline and Alzheimer’s disease [15]. Furthermore,
regular consumption of dietary AGEs in healthy individuals was reported to promote
the accumulation of CML in some organs such as kidneys, heart, liver, tendons
and lungs [8]. On the contrary, consumption of low dietary AGEs was reported to
improve markers of inflammation and oxidative stress in haemodialysis patients and
those with stage 3 chronic kidney disease [15].

Dietary AGEs and Obesity

Supporting evidence from studies that were carried out have implicated dietary AGEs
in the pathogenesis of obesity [17, 25, 26]. In fact, it has been suggested that increased
consumption of processed foods in the last 50 years may have favoured increased
consumption of dietary AGEs, leading to increased development of obesity, and its
mediated complications in the world’s population [4, 27].

In a study that was conducted in rats, high-AGEs diet reportedly increased
serum levels of AGEs and upregulated ovarian RAGE. These effects were reversed
following consumption of a low-AGE diet, administration of an AGE blocker and the
use of orlistat (obesity suppressing drug) [17, 28, 29]. To examine the relationship
between methylglyoxal accumulation and the development of obesity, Jia et al. [3]
compared methylglyoxal accumulation in the white fat tissues from Zucker lean and
obese rats. The authors found significantly increased methylglyoxal accumulation in
the kidney, fat tissue and serum of the obese rats at age of 16 weeks relative to the
lean rats.
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Earlier studies by Koyama et al. [30] showed that plasma levels of SRAGE were
inversely correlated with BMI. Additionally, SRAGE levels were shown to be signif-
icantly reduced in obese women compared to their normal weight counterparts.
Furthermore, short-term weight loss programs in the obese women were reported
to significantly increase their plasma sRAGE levels [31]. Since sSRAGE (acts as a
decoy receptor for AGEs that decreases their circulating levels) was inversely asso-
ciated with obesity [26], these studies are further pointers to the role of AGEs in the
pathogenesis of obesity.

Later experimental studies that were conducted by Sayej et al. [10] showed that
mice that were fed high-AGEs high-fat diet accumulated more fat than those fed low-
AGE:s high-fat diet and low-AGEs low-fat diet, respectively. This was evidenced by
their larger weight gain and larger epididymal fat pad, indicating the role of dietary
AGEs in the pathogenesis of obesity [10]. The authors further reported that the mice
that were fed high-AGEs low-fat diet had similar outcomes to those that were fed
high-AGEs high-fat diet in terms of weight gain and epididymal fat pad but milder
development of hepatosteatosis compared to the group fed high-AGEs high-fat diet
[10], further affirming the role of dietary AGEs in the pathogenesis of obesity.

Studies conducted by Uribarri et al. [12], showed a positive relationship between
visceral fat and elevated serum concentration of AGEs, suggesting a contributory
role of exogenous AGEs in the development of obesity and metabolic syndrome.
This statement was further buttressed by the decreased circulating and urinary AGE
markers and the improved anthropometric indices that were reported in overweight
and obese individuals placed on low-AGEs diets [4, 32]. Additionally, a low-AGEs
diet was reported to decrease circulating and urinary AGEs markers, and was further
associated with improved anthropometric, glycemic, and cardiometabolic indices,
as well as overall decrease in body weight compared with a high-AGEs diet [4].

Since these studies revealed that consumption of foods rich in AGEs play a funda-
mental role in the pathogenesis of obesity, reduced intake of AGEs is suggested to
be beneficial in the management of obesity, independent of consumption of standard
energy-restricted diets [4].

Evidence from Pre-clinical and Clinical Studies
on the Mechanism of AGEs Mediated Pathogenesis
of Obesity

AGEs act as appetite stimulating agents that simultaneously stimulate excessive food
intake and inflammation, increasing the risk of obesity [4, 27]. The report by these
authors was affirmed by the study that was carried out by Sayej et al. [10] in mice
which found increased leptin levels in high-AGEs high-fat diet fed mice compared
to other groups, suggesting leptin desensitization, leading to excessive food intake
as a potential mechanism of obesity development following feeding of diets high in
AGE:s.
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Leptin is an adipose tissue derived protein hormone that plays important roles in
regulating food intake and energy expenditure, including appetite and metabolism
[10, 33]. Leptin levels control food intake and energy expenditure by acting on
receptors in the mediobasal hypothalamus [34]. Therefore, desensitization of this
leptin hormone will lead to its increased plasma levels due to decreased negative
feedback control mechanism that regulates adipocyte leptin production [35] leading
to increased food intake, decreased energy expenditure and obesity.

The PI3K/Akt signaling pathway is another pathway that has been implicated in
dietary AGEs mediated pathogenesis of obesity. The pathway is required for normal
body metabolism, regulation of cell proliferation, promotion of lipid biosynthesis,
inhibition of lipolysis, etc. [36]. PI3Ks refer to a family of lipid kinases composed of
regulatory and catalytic subunits that are activated by phosphorylating the 3-hydroxyl
group of the inositol ring of phosphatidylinositol lipids in the plasma membrane [37,
38]. PI3K is activated by various stimuli, including growth factors (epidermal growth
factor, platelet-derived growth factor and insulin-like growth factor), cytokines and
hormones [38].

A number of polymerization targets receive signals generated by the PI3K down-
stream cascade. However, the most important mediator is Akt [38]. Akt refers to a
class of serine/threonine protein kinase B which controls several cellular functions
such as modulation of growth, survival, proliferation and metabolism. Akt has 3
isoforms namely Akt 1 (PKBa), Akt2 (PKBp) and Akt3 (PKBy). Akt is phosphory-
lated at two sites: the catalytic domain by phosphatide-dependent kinase 1 and the
carboxy domain by the mammalian target of rapamycin complex2 [39]. Akt 1 is the
isoform that contributes to cell proliferation and cell growth, Akt2 is involved in the
regulation of glucose transport and uptake by fat and muscle cells while Akt3 is crit-
ical in neuronal development [3, 39]. The different functions of these Akt isoforms
have been suggested to contribute to Akt signaling diversity [39].

A mutation in the catalytic domain of Akt2 causes severe insulin resistance and
T2DM in humans. Additionally, targeted deletion of Akt2 in mice but not Aktl
or Akt3, reportedly led to insulin insensitivity, hyperglycemia, hyperinsulinemia,
glucose intolerance, and impaired glucose uptake by the muscle and adipose tissue
[39], further affirming the role of Akt2 in glucose homeostasis and glucose uptake
by the muscle and adipose tissue.

Activation of insulin receptor causes phosphorylation of tyrosine residues in
insulin receptor substrate (IRS)-1 and IRS-2, leading to the activation of the PI3K
complex. Activation of PI3K further activates Akt and phosphoinositide-dependent
kinase-1, which then convey most of the intracellular effects induced by insulin [36,
37], one of which is the regulation of food intake at the hypothalamus through leptin
regulation. Therefore, the PI3K/Akt signaling pathway integrates the effect of insulin
and leptin in the regulation of food intake and studies have shown that this pathway
is required for the acute effects of leptin, such as leptin mediated reduction in food
intake [37].

There are indications that interaction between AGEs and their receptors in
the adipose tissue, trigger insulin insensitivity in the adipocytes. These could be
evidenced in these two studies:
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(a) In an in vitro study that was conducted on 3T3-L1 adipocytes, the pres-
ence of AGEs inhibited glucose uptake in the presence or absence of insulin.
Additionally, it increased the generation of ROS and the expression of
monocyte-1-chemoattractive protein [40].

(b) The study by Monden et al. [41] showed that increased RAGE expression
increases adipocyte hypertrophy, suppression of glucose transporter type 4
(GLUT-4), attenuation of insulin-stimulated glucose uptake, and reduction of
IRS-1 phosphorylation.

These studies and more, reveal that AGEs/RAGE interactions in the adipocytes,
inhibit glucose uptake through increased generation of ROS, cytokines, and other
inflammatory mediators, decreased phosphorylation of IRS-1, thereby inhibiting the
PI3K-Akt signaling pathway [4]. These lead to increased food intake, adipocyte
hypertrophy and obesity [26]. Since Akt2 is the Aktisoform thatis involved in glucose
uptake in the muscle and adipose tissue, the implication is that AGEs/RAGE inter-
actions in the adipocytes inhibit PI3K/Akt2 signaling, thereby leading to adipocyte
hypertrophy. Although PI3K is required in the activation of Akt, Akt activation has
also been reported to be mediated by a P13K independent mechanism [36].

In the study by Jia et al. [3] that reported the role of methylglyoxal in adipocyte
proliferation using Zucker rat models, the authors found that methylglyoxal accu-
mulation in the white fat tissue of obese Zucker rats aged 16 weeks old (relative to
lean Zucker rats), stimulated the phosphorylation of Aktl and its targets including
P21 and P27, leading to adipocyte proliferation and adipogenesis, an action that was
reversed by the administration of the AGEs breaker, alagebrium and Akt inhibitor.

Since Aktl is the Akt isoform that contributes to cell proliferation and cell growth,
the authors studied the phosphorylation of Aktl isoforms from the Zucker lean and
obese rats at the age of 16 weeks and found significantly elevated levels of phospho-
rylated Aktl compared to Zucker lean rats. The authors further found that methyl-
glyoxal promoted faster cell cycle progression in 3T3-LI cells by increasing the cell
number in the S and G1 phases of the cell cycle. Their study therefore suggested that
phosphorylation of Aktl by methylglyoxal promotes phosphorylation of the down-
stream targets (P21 and P27), enhancing cell cycle, leading to adipogenesis. Since
the increased Aktl phosphorylation associated with methylglyoxal accumulation in
obese rats was found in the obese rats aged 16 weeks old, these authors suggested
that methylglyoxal stimulated adipogenesis by the up-regulation of Akt signaling
pathway could contribute to the development of adult-onset morbid obesity [3].

The findings from these studies as reported above, therefore reveal that consump-
tion of dietary AGEs, increases the circulating AGEs levels and the deposition of
AGE:s in the tissues (including the adipose tissue). AGEs/RAGE interaction in the
adipocytes, inhibits glucose uptake through increased generation of ROS, cytokines
and inflammatory mediators, decreases phosphorylation of IRS-1, inhibits PI3K-
Akt2 signaling, leading to increased food intake, adipocyte hypertrophy and obesity.
Additionally, increased deposition of AGEs in the adipocytes can stimulate phos-
phorylation of Aktl and its targets including p21 and p27, leading to adipocyte
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Fig. 9.1 The summary of the mechanisms that explain the role of dietary AGEs in the pathogen-
esis of obesity. Increased consumption of dietary AGEs leads to increased deposition of AGEs in
the tissues including the adipose tissue. This ultimately leads to desensitization of leptin in the
hypothalamus, leading to increased food intake and obesity. Increased AGEs in the adipose tissue
also increases AGEs/RAGE interaction in the adipocytes leading to increased generation of ROS,
cytokines and other inflammatory mediators which causes decreased glucose uptake. Then, this
can cause decreased phosphorylation of IRS-1 and inhibition of PI3K-Akt2 signaling, leading to
increased food intake and obesity. Additionally, the increased deposition of AGEs in the adipocytes
can stimulate phosphorylation of Aktl and its targets including p21 and p27, leading to adipocyte
proliferation and adipogenesis, resulting to obesity

|

proliferation and adipogenesis. The summary of the mechanisms that explain the
role of dietary AGEs in the pathogenesis of obesity is shown in Fig. 9.1.

Conclusions

Preclinical and clinical studies that were conducted have supported the contributory
role of dietary AGEs in the pathogenesis of obesity. Three key mechanisms such as:
AGEs mediated leptin dysregulation, AGEs/RAGE mediated inhibition of PI3K/Akt2
signaling and AGEs mediated upregulation of Aktl have been implicated in this
pathogenesis. Therefore, decreased consumption of foods that are high in dietary
AGE:s could be helpful in the prevention of obesity.
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