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Context: Consumption of dietary advanced glycation end products (AGEs) is associated with oxidative stress, inflammation, and other chronic conditions commonly
associated with obesity. Objective: To analyze the effects of dietary AGEs on complications associated with obesity. Data sources: This systematic review was conducted and reported according to PRISMA guidelines. The PubMed, Cochrane, and
Scopus databases were searched, using the terms “advanced glycation end
products,” “overweight,” and “obesity.” The last search was performed in October
2018. Data extraction: Six studies that evaluated the effects of low-AGE and highAGE diets were included in the review. The duration of the studies ranged from
1 day to 12 weeks. A comparison of all the compiled data was conducted by the
authors. Data analysis: Circulating and urinary AGE markers, besides soluble receptor for AGEs, were considered as the primary outcomes. The secondary outcomes were cardiometabolic, inflammatory, glycemic, anthropometric, and renal
markers. Conclusions: AGE-RAGE interactions can activate the NF-jB (nuclear
factor kappa B) signaling pathway and inhibit the PI3K-AKT pathway in adipocytes,
which may explain their association with chronic diseases. This interaction can be
considered as a novel explanation for the pathogenesis of obesity. AGEs can also
be used as a biomarker for monitoring responses to dietary interventions in
overweight and obese people. Systematic Review Registration: PROSPERO
registration no. CRD42018082745.

INTRODUCTION
Obesity has reached epidemic proportions worldwide
and has become a serious public health problem. The
World Health Organization estimated that in 2016
more than 1.9 billion adults were overweight, and of
these, over 650 million were obese.1 Obesity is a risk
factor for the development of chronic diseases, such as
cardiovascular diseases, diabetes, and kidney disease.2–4
Inflammation and oxidative stress are complications

associated with obesity, which in turn are related to the
genesis of chronic diseases.5,6
Changes in lifestyle, especially in dietary patterns,
play a central role in the prevention and control of obesity. Recent studies have revealed that the consumption
of foods rich in advanced glycation end products
(AGEs) are thought to play a fundamental role in the
pathogenesis of chronic disease.7,8 Since dietary AGEs
increase obesity, oxidative stress, and inflammation, a
reduced intake of AGEs appears to be beneficial,
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Correspondence: P.V.M. Ribeiro, Department of Nutrition and Health, Universidade Federal de Viçosa, Ave PH Rolfs s/n, Viçosa, Minas
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Effect of reducing dietary advanced glycation end products on
obesity-associated complications: a systematic review

METHODS
Protocol and registration
This systematic review was conducted and reported
according to the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA)
model19 (Annex I Checklist) and was registered in the
PROSPERO
database
(registration
number:
CRD42018082745).

Table 1 PICOS criteria for inclusion of studies
Parameter
Participants
Intervention or
exposure
Comparison
Outcome

Inclusion criterion
Overweight and obese adults
Consumption of a low-AGE diet

Consumption of a high-AGE diet
Circulating and urinary AGEs;
cardiometabolic, inflammatory, glycemic,
renal, and anthropometric markers
Study design
Clinical trials
Abbreviation: AGEs, advanced glycation end products.

Headings) terms and Descriptors in Health Sciences
(DeHS) using the following search terms:
(“glycosylation end products, advanced” OR “advanced
glycation end products” OR “dietary advanced glycation
end products” OR “circulating advanced glycation end
products”) AND (overweight OR obesity) NOT
review*.
The search strategy was not restricted by date and
language. The last search was conducted on October 9,
2018. A reverse manual-search was also performed to
identify relevant articles cited in the selected studies.

Study selection
The study selection was performed by five authors
(PVMR, JFT, MACC, JBM, and RCGA) in three phases:
analysis of titles, abstracts, and full texts. Included in
the selection were all clinical trials that assessed the
effects of reducing intake of dietary advanced glycation
end products on markers of obesity complications in
overweight and obese individuals.
Comments, reviews, letters, case reports, abstracts,
and unpublished articles were excluded, along with animal studies, in-vitro studies, and epidemiological studies involving subjects with overweight- or obesityrelated diseases (eg, metabolic syndrome, diabetes, and
polycystic ovary syndrome).

Data extraction
Literature search
The participants, intervention comparators, outcomes,
and study design (PICOS) criteria adopted in this study
are shown in Table 1. Four authors (PVMR, JFT,
MACC, and JBM) independently searched for original
articles that investigated the effects of dietary advanced
glycation end products on obesity complications, using
the following electronic databases: MEDLINE
(PubMed, www.pubmed.com), Cochrane (www.
cochrane.org),
and
Scopus
(www.scopus.com).
Keywords were chosen from MeSH (Medical Subject
2

After reading the selected studies, a comparison of all
the compiled data was conducted by the authors
(PVMR, JFT, MACC, JBM, and RCGA) to guarantee
their integrity and reliability. Differences in decisions
regarding the studies selected were settled by consensus.
For each included study, the following information was
extracted: title, author name(s), year of publication,
study purpose, subjects’ characteristics, sample size,
study design, intervention (low/high AGE consumption), and study duration; also extracted were the main
results regarding circulating and urinary AGEs as well
Nutrition ReviewsV Vol. 0(0):1–10
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independently from the consumption of standard energy-restricted diets.
Moreover, some studies have detected a positive association between visceral fat and elevated serum concentration of AGEs, suggesting a causal role of
exogenous AGEs in metabolic syndrome, which in turn
is independent from energy balance.9 AGE formation
results from nonenzymatic reactions between reactive
sugars and proteins (the Maillard reaction), and the formation depends directly on the temperature and the
time used for food preparation. This reaction is activated during frying, roasting, grilling, and baking.10–12
Therefore, the consumption of AGE-rich foods should
be restricted.7
The consumption of low-AGE diets decreases circulating and urinary AGE markers and improves anthropometric, glycemic, cardiometabolic, inflammatory,
and renal function markers in overweight and obese
people.13–18 However, the mechanism of action of molecular AGEs in obesity-associated complications
remains unclear. The amount of AGEs considered safe
for consumption also needs to be established.
Therefore, a systematic review was carried out according to the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) model,19 to analyze the effects of dietary AGEs on complications associated with obesity, as well as to discuss the molecular
mechanisms linked to the effects of these compounds
on the progression of chronic diseases, and to establish
a safe recommendation for AGE consumption.

as cardiometabolic, inflammatory, glycemic, renal, and
anthropometric markers.

Risk of bias was assessed using the Cochrane
Collaboration method.20 The studies were judged on three
levels of bias: high risk, low risk, and unclear (when the information provided was not sufficient to make a clear
judgment). The authors considered the following biases:
random sequence generation and allocation concealment
(selection bias), blinding of participants and staff (performance bias), blinding of results evaluation (detection
bias), and selective reporting (notification bias).20
Data analyses
All studies reviewed in this article are summarized in
Table 2 according to their main characteristics and findings concerning obesity-associated markers. The studies
were organized chronologically by year of publication,
starting with the first published study. Circulating and
urinary advanced glycation end products Ne-(carboxymethyl)lysine (CML), Ne-(carboxyethyl)lysine (CEL),
methylglyoxal (MG), and the soluble receptor for the advanced glycation end product (sRAGE) were considered
as the primary outcomes. The secondary outcomes were
cardiometabolic markers (lipid profile and systemic arterial pressure), inflammatory markers (TNF-a, IL-6,
MCP-1, PCR, NFjB), glycemic markers (insulin sensitivity, HOMA-IR [homeostasis model assessment of insulin
resistance], glycemia, fasting insulin), anthropometric
markers (body mass index, waist circumference, waisthip ratio), and renal markers (GFR, albumin, creatinine).
In addition, the interaction between dietary AGE intake
and the study duration was analyzed.
RESULTS
Study selection
The PubMed, SCOPUS, and Cochrane database
searches identified 679 studies. After the removal of 224
duplicates,455 articles remained, of which 445 studies
were excluded based on their titles since they were considered irrelevant to the topic of interest. After reading
the summary of the remaining 10 studies, 6 met all the
criteria for the systematic review. The reasons for the
inclusion of studies are shown in Figure 1.
Description of the included studies
A total of 172 healthy overweight and obese (mean BMI
31.7 6 2.3 kg/m2) subjects participated in the 6 studies
Nutrition ReviewsV Vol. 0(0):1–10
R

Main results of the studies
The main results obtained in this study were related to the
effects of dietary AGEs on urinary and circulating AGEs,
inflammation and oxidative stress, insulin resistance, and
chronic disease markers. Analyzing the AGE consumption
between the groups, it was observed that low-AGE diets
have an average AGE content of 5304 kU/d13,16 or
32.23 mg/d14,15,17,18 and that high-AGE diets average a
content of 12 656 kU/d13,16 or 43.53 mg/d.14,15,17,18
The consumption of low-AGE diets was found to reduce the urinary excretion of CML,15 methylglyoxalderived hydroimidazolone (MG-H1),15,17 and CEL.17
Similarly, there was a reduction in circulating AGEs
(CML and MG)16 in the participants consuming a lowAGE diet. Regarding metabolic markers, low-AGE diets
reduced plasma triglyceride levels and increased high-density lipoprotein (HDL),16 reduced plasma glucose
levels after an oral glucose tolerance test, and reduced fasting insulin and HOMA-IR levels,15 while insulin sensitivity increased.15,16 Moreover, a restriction in AGE intake
also reduced body weight,15,16 waist circumference,15
waist-hip ratio,15 body mass index (BMI),15,16 and urinary
albumin/creatinine ratios,13 but increased the estimated
glomerular filtration rate (eGFR).17
In contrast, the consumption of high-AGE diets reduced plasma CML levels, increased urinary CML13
and postprandial plasma glucose peak,14 and increased
urinary 8-isoprostans13 and F2-isoprostanes,14 monocytic chemotactic protein-1 (MCP-1), plasma cystatin
C,13 and vascular cell adhesion molecule-1 (marker of
endothelial activation),14 but reduced levels of macrophage migration inhibitory factor (MIF).13
3
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Assessment of risk of bias

included in this review (Table 2).13–18 All studies included both overweight and obese participants.13–18 The
sample sizes in these studies varied from 1113 to 7315 participants. The mean age was 36 6 7.7 years for healthy
overweight and obese subjects. All studies were randomized and controlled, 4 were crossovers,13,14,17,18 and 2
were parallel studies,15 with a duration varying from 1
day14 to 12 weeks.16 The content of the AGEs in the test
diets ranged from 10.7 mg/day15 to 43 mg/day17,18 and
3302 kU/day13 to 7306 kU/day16 in the chronic studies
and 2.8 mg/meal in the acute study.14 In the control diets,
consumption of AGEs varied from 24.6 mg/day15 to
59 mg/day17,18 and 11 223 kU/day to 14 090 kU/day16
and 5 mg in the acute study14 (Table 2). In all studies, a
normocaloric diet was prescribed to participants and a
food menu (low-AGE vs high-AGE content) was provided to accommodate the participants’ preferences and
dietary habits. In addition, the test and control diets were
similar in macronutrient content and total energy, differing only in relation to the AGE content.

Table 2 Studies conducted to assess the effect of reducing dietary advanced glycation end products on overweight- and
obesity-associated complications
Reference

Sample

Intervention

Study design

Duration

Main results

4

11 healthy overweight
and obese men
3069 years old
BMI: 31.864.8 kg/m2

Test: low-AGE diet
(3302 kU/d)
Control: high-AGE
diet (14,090 kU/d)

Randomized, controlled, and
crossed

2 weeks
(4 weeks
washout)
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Test group: # urinary
albumin/creatinine
ratios
Control group: " plasma
cystatin C, # plasma
CML, " urinary CML, "
urinary 8-isoprostanes,
" plasma MCP-1,
# plasma MIF
19 healthy overweight Test: low-AGE diet
Randomized, single- 1 day (2 weeks Test group: # plasma
Poulsen et al
and obese
(2.8 mg/meal)
blind, controlled,
washout)
ghrelin after interven(2014)14
individuals
Control: high-AGE
and crossover
tion, and $ GLP-1
34.8 6 10.0 years old
diet (5.0 mg/meal)
and PYY, compared to
Sex: 16 women and
the control group
3 men
Control group: " peak
BMI: 31.3 6 5.1 kg/m2
of postprandial
plasma glucose,
plasma VCAM-1, and
urinary F2-isoprostane
after intervention
compared to the test
group
Randomized, dou4 weeks
Test group: # weight,
Mark et al (2014)15 73 healthy overweight Test: low-AGE diet
and obese women
(10.7 mg/d)
ble-blind, conBMI, WP, waist-hip
39.661.4 years old
Control: high-AGE
trolled, and
ratio, urinary excreBMI: 32.760.7 kg/m2
diet (24.6 mg/d)
parallel
tion of CML and
MG-H1, 2h glucose,
fasting insulin, and
HOMA-IR, and "
Si0(120), after intervention compared
to the control
group
29 healthy overweight Test: low-AGE
Randomized, con12 weeks
Both groups: # weight,
Macıas-Cervantes
and obese men
diet (7306 6 2811
trolled, and
BMI, and WC
et al (2015)16
43.966.2 years old
kU/d)
parallel
Test group: # triglycerBMI: 28.662.0 kg/m2
Control: habitual
ides and circulating
food intake (11,
AGEs (CML and MG)
223 6 4147 kU/d)
and " HDL-C
20 healthy overweight Test: low-AGE diet
Randomized, dou2 weeks
Test group: Sensitivity
de Courten et al
and obese
(43 [36–51] mg/d)
ble-blind, con(4 weeks
to insulin, MG-H1, and
(2016)17
individuals
Control: high-AGE
trolled, and
washout)
urinary CEL, eGFR
34.0610.0 years old
diet (59 [49–68]
crossed
$ Serum concentraSex: 6 women and
mg/d)
tions of CML, MG-H1,
14 men
CEL, sRAGE, urinary
BMI: 31.363.8 kg/m2
CML, body weight,
and insulin secretion
between diets
Randomized, dou2 weeks
Test group: $ SBP,
Baye et al (2017)18 20 healthy overweight Test: low-AGE diet
and obese
(43 [36–51] mg/d)
ble-blind, con(4 weeks
DBP, MAP, PP, TC,
individuals
Control: high-AGE
trolled, and
washout)
LDL, HDL, triglycer34.0610.0 years old
diet (59 [49–68]
crossed
ides, IL-6, MCP-1,
Sex: 6 women and
mg/d)
TNF-a, PCR, and
14 men
NFjB compared to
BMI: 31.363.8 kg/m2
the control
Abbreviations: AGEs, advanced glycation end products; BMI, body mass index; CEL, Ne-(carboxyethyl)lysine; CML, Ne-(carboxymethyl)lysine; CRP, C-reactive protein; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; GLP-1, glucagonlike-peptide-1;
HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; ICAM-1, intracellular adhesion molecule-1; IL-6, interleukin-6; LDL, low-density lipoprotein; MAP, mean arterial pressure; MCP-1,
monocyte chemoattractant protein-1; MG-H1, methylglyoxal-derived hydroimidazolidine; MIF, macrophage migration inhibitory factor;
NFjB, nuclear factor kappa B; PP, pulse pressure; PYY, peptide YY; SBP, systolic blood pressure; Si0(120), insulin sensitivity index;
sRAGE, soluble receptor for advanced glycation end product; TC, total cholesterol; TNF-a, tumor necrosis factor a; VCAM-1, vascular cell
adhesion molecule-1; WC, waist circumference; $ , unchanged.
Harcourt et al
(2011)13

Identification
Screening

669 articles excluded:
224 duplicate studies
98 review studies
345 did not assess AGE intake
2 included subjects with other diseases

10 articles assessed for eligibility

Inclusion

Eligibility

2 articles excluded after reading the
abstract:
1 animal study
1 cross-sectional study
2 articles excluded after reading full text:
2 did not assess the effects of high-/low-AGE
diets

6 articles selected for the systematic review

Figure 1 Flowchart of the study selection process.

Assessment of risk of bias
The major domains evaluated in the present study were
the random generation allocation sequences and the data
concerning incomplete results; most of the studies presented a low risk of bias, and only 2 studies were unclear
as to how their random allocation sequences were generated.13,15 All studies were randomized; the missing data
were balanced between the intervention groups, and the
ratios between the groups were similar. However, blinding
of treatment allocations was not clearly presented in 2
studies.13,15 Only studies by Harcourt et al13 and MacıasCervantes et al16 presented an unclear risk of bias due to
the blinding of the participants or staff and the method
used to evaluate the results. In addition, Mark et al15 did
not clearly define their selective results report
(Figure 2).13–18
DISCUSSION
Dietary recommendations
Although some studies have indeed examined the
effects of low- or high-AGE diets, owing to the
Nutrition ReviewsV Vol. 0(0):1–10
R

differences between the methods used to determine the
AGE content and the limited number of studies, the
authors of such studies were unable to suggest a cutoff
point to classify the AGE consumption as high or low.
A low-AGE diet was associated with positive effects on
health (improves anthropometric, glycemic, cardiometabolic, inflammatory, and renal function markers) and
better outcomes compared with a high-AGE diet.
Despite the fact that the subjects of the studies included
in this review were prescribed isocaloric diets, a reduction in body weight was observed14,15. However, since
the actual food intake was not evaluated, possible unintended modifications on the caloric or macronutrient
intake cannot be ruled out. Moreover, the results of the
studies suggest a link between a high-AGE diet and adverse impacts on health, evidencing the need to establish the recommended safe dietary AGE intake.21
Harcourt et al13 and Macıas-Cervantes et al16 calculated the consumption of AGEs listed in a database of
almost 550 foods. In that report, AGE content was
assessed as CML, a chemical type of AGE commonly
used for that purpose, and expressed as AGE kU/100 g
of food.21–23 Conversely, the other 4 studies included in
this review expressed the AGE content in
5
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679 articles identified:
244 from PubMed
408 from SCOPUS
27 from Cochrane

Table 3 Factors that influence AGE content of foods
Food characteristic
Low AGEs

Processed
food
Meat group
Fat group
Bakery
products
Dairy

Grains
Vegetables
Fruits
Fat-free
dairy
Soups

High AGEs
High
temperature
Grilling
Searing
Roasting

Low AGEs
Low
temperature
Steaming
Stewing
Boiling

Frying
Poaching
Low humidity
High humidity
Alkaline pH
Low pH
22
et
al
(2016)
;
Source: Uribarri et al (2010)21; Barbosa
Tessier and Birlouez-Aragon (2012).23
Abbreviation: AGEs, advanced glycation end products.

Effect of dietary AGEs on inflammation and oxidative
stress

Figure 2 Risk of bias summary: authors’ judgments about each
risk of bias item for each included study. Circle, low risk; triangle, unclear

milligrams.14,15,17,18 This difference in units of AGE
content did not allow a comparison of AGE consumption between the studies. Thus, establishing a standard
unit that allows determination of cutoffs for low- and
high-AGE diets is recommended. The results of the
studies suggest that restricting dietary intake of AGEs
may be a therapeutic strategy to promote health.
Therefore, it is fundamental to replace AGE-rich foods
with low-AGE foods.
In addition to the concentration of reactants, the
formation of AGEs in foods is influenced by the preparation technique used.21,24 Meat, high-sugar/high-fat
foods, and highly processed foods are likely to develop a
high AGE content.21,25 High temperatures, low humidity, and alkaline pH contribute to the formation of new
AGEs – conditions associated with grilling, searing,
roasting, and frying methods of cooking.21,24
In contrast, dairy products, fruits, and vegetables
have a lower AGE content. Higher humidity, lower
temperatures, and low pH make a minor contribution
to the formation of AGEs. Thus, steaming, stewing,
boiling, and poaching should be the preferred techniques used to prepare foods.21,24 Before cooking, the use
of lemon juice and vinegar may reduce the formation of
AGEs.21 Table 3 shows the differences between food
groups and cooking methods that contribute to a lower
or higher AGE content.21–23
6

Obesity is an inflammatory condition26 associated with
an imbalance between the production of reactive oxygen species and their detoxification through biological
systems that remove or repair the damage caused by
them.27 Oxidative stress and low-grade inflammation
precede the manifestation of chronic diseases such as
diabetes and cardiovascular diseases.5,28 Since obese
people are already at increased risk of developing
chronic diseases, it is imperative to explore and identify
modifiable risk factors for the pathogenesis of chronic
diseases. Food is the major environmental factor in direct contact with host defenses. It is currently suggested
that AGE-producing substances from processed foods
are a source of reactive oxygen species entering the
body.29–31
AGEs constitute a class of pro-oxidant foods, and
their content is increased by processing food at high
temperatures.32,33 Pro-oxidant AGEs also act as
“appetite enhancer” agents that simultaneously stimulate excessive food intake and inflammation and increase the risk of obesity and diabetes mellitus.34
Approximately 10% of dietary AGEs are absorbed
by humans, of which only one-third are excreted in
urine and feces. Plasma concentrations of AGEs appear
to be directly influenced by diet and the ability of the
body to eliminate AGEs.29 Recent evidence suggests
that AGEs can also be formed intraluminally in the
bowel through reactions between unabsorbed excess
free fructose and partially digested proteins.35
AGEs can increase oxidative stress through the receptor for AGEs (RAGE). Activation of RAGE induces
a signaling cascade event involving p38 and JNK MAPK
(p38 and Jun N-terminal mitogen-activated protein kinase), JAK-STAT (Janus kinase–signal transducer and
activator of transcription), and Cdc42/Rac pathways,
many of which are the result of, and cause of further,
Nutrition ReviewsV Vol. 0(0):1–10
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High AGEs

Cooking method

Dietary AGEs
(orexigenic agents)

β-cell injury
AGEs

ROS

Inflammation

Renal injury
RAGE

NFNB

Proinflammatory
cytokines

RAGE

RAGE
Nucleus

Adhesion molecules

Cell membrane

Figure 3 The effect of dietary AGEs on overweight complications, through the increase in RAGE expression and activation of the
NF-jB signaling pathway. Abbreviations: AGEs, advanced glycation end products; NFjB, nuclear factor kappa B; RAGE, receptor for advanced
glycation end product; ROS, reactive oxygen species

oxidative stress. Thus, they modulate global cellular
responses to various stress conditions and increase cellular damage.36 However, the RAGE-ligand interaction
may activate several signaling cascades, which implies
that different RAGE-ligands may induce different pathways (especially in different cell types). The consequences of such mechanisms can be critical in negative
feedback pathways responsible for the return of cellular
behavior to equilibrium.37
Some authors observed that a restriction in dietary
intake of AGEs led to a reduction in oxidative stress
and suppression of RAGE mRNA levels and protein
concentrations in people and rats with diabetes.38,39
Similarly, restricting intake of AGEs reduced RAGE
concentrations in healthy human peripheral blood
mononuclear cells and in people with diabetes to below
their baseline, indicating that RAGE is regulated by
AGEs in the external environment.31,40
Oxidative stress is an inflammatory mediator.
Thus, the binding of AGEs to RAGE during intracellular signaling leads to the activation of the proinflammatory NF-jB (nuclear factor-jB) transcription factor.41
In turn, NF-jB activates the transcription of target
genes, such as proinflammatory cytokines, adhesion
molecules, and RAGE.41–43 Therefore, the expression of
RAGE is induced by NF-jB, and continuous NF-jB
Nutrition ReviewsV Vol. 0(0):1–10
R

activation results in positive receptor regulation and
guarantees the maintenance and amplification of the
signal43 (Figure 3).

AGEs and insulin resistance
The effects of AGEs and their receptors on adipose tissue remain unknown. In vitro and experimental evidence suggests that AGE-RAGE interactions can
attenuate insulin sensitivity in adipocytes.44,45 In one
in-vitro study conducted on 3T3-L1 adipocytes, the
presence of AGEs inhibited glucose uptake in both the
presence and absence of insulin, and increased the generation of intracellular reactive oxygen species (ROS)
and the expression of monocyte-1 chemoattractive protein (MCP-1).44
Monden et al45 demonstrated that increased RAGE
expression is associated with adipocyte hypertrophy,
suppression of glucose transporter type 4 (GLUT-4), attenuation of insulin-stimulated glucose uptake, and reduction of IRS-1 (insulin receptor substrate-1)
phosphorylation. The authors confirmed their results in
cells and rats by demonstrating that RAGE deficiency is
associated with obesity resistance, increased expression
of GLUT-4 and adiponectin, and decreased expression
7
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Endothelial dysfunction

dietary AGEs in the pathogenesis of obesity and associated complications.

GLUT 4

AKT

AGEs

RAGE

TNF
MCP-1
ROS

PI3K

IRS-1

Adipocyte

Figure 4 Proposed AGE-RAGE interaction mechanism associated with increased oxidative stress and inflammation, inducing insulin resistance via the PI3K-AKT signaling pathway in
adipocytes. Abbreviations: AGEs, advanced glycation end products;
GLUT 4, glucose transporter type 4; IRS-1, insulin receptor substrate-1; MCP-1, monocyte chemoattractant protein-1; PI3K, phosphatidylinositol-3 kinase; RAGE, receptor for advanced glycation
end product; ROS, reactive oxygen species; TNF, tumor necrosis
factor

of MCP-1, resulting in increased insulin sensitivity in
adipose tissue.45
The results of these studies suggest that AGERAGE interactions in adipocytes inhibit glucose uptake
via the increased production of ROS, cytokines, and
other inflammatory molecules, as well as via the decreased phosphorylation of IRS-1, thereby inhibiting
the PI3K-AKT signaling pathway.44–48
Thus, based on data gathered from the KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway
database, together with in-vitro and experimental evidence,44,45 the authors hypothesize that AGE-RAGE
interactions may be involved in insulin resistance in adipose tissues through downregulation of the insulin signaling pathway (PI3K-AKT) (Figure 4).
Finally, owing to the use of thermal processes by
the food industry, the increased consumption of processed foods in the last 50 years has favored a greater
consumption of dietary AGEs. Therefore, it is hypothesized that this change in dietary pattern is likely to have
contributed to an increase in obesity, oxidative stress,
and inflammation, which may explain the increase in
the manifestation of overweight-associated complications (diabetes mellitus, cardiometabolic disorders, and
renal diseases) due to a higher consumption of AGEs.34
Thus, this review provides new insights into the role of
8

Once host defenses are compromised and increased oxidative stress occurs, AGE-RAGE interactions may increase and perpetuate the inflammation condition,
leading to obesity, diabetes mellitus, and cardiovascular
and kidney diseases.41,49 The consumption of an AGErich diet appears to lead to pathological consequences,
such as weight gain, obesity, and, consequently, metabolic syndrome.50–52
The kidney is the major organ for AGE detoxification, by both filtration and active secretion and absorption – two processes that result in the net excretion of
urinary AGEs.29,53 The kidneys are directly exposed to a
greater concentration of circulating AGEs than many
other organs – a fact that may render them vulnerable
to circulating lesions of reactive carbonyls and ROS.54
A diet rich in AGEs can lead to renal damage by inducing proteinuria and/or high formation of profibrotic
transforming growth factor b1 (TGF-b1), accelerating
atherosclerosis (through lipid peroxidation).50,52 It has
been shown that chronic ingestion of high-AGE foods
may predispose the kidney to chronic injury in the absence of diabetes mellitus, suppressing local anti-AGE
defenses, and inducing oxidative stress and inflammatory responses.30,31
Furthermore, AGE-RAGE interactions are active in
pathogenic pathways involved in the development and
progression of atherosclerosis. The endothelium neutralizes the effects of different chemical or physical
stimuli to maintain homeostasis. When this balance is
disturbed, the endothelium becomes susceptible to invasion by leukocytes and lipids, representing the key
steps in the formation of atherosclerotic plaque.
However, the bioavailability and activity of the
endothelium-derived vasodilator, nitric oxide (NO),
have been shown to be reduced by AGEs.55 The role of
AGEs in endothelial dysfunction has been verified in
type 2 diabetics, in which serum AGEs were negatively
associated with the degree of endothelium-independent
vasodilatation.56 Some mechanisms have been suggested to explain these associations. One of these is the
induction of AGE-related oxidative stress and NO inactivity.57 In addition, NO synthase can be used to reduce
the activity of endothelial NOS (eNOS) through
receptor-mediated phosphorylation of serine residues
in eNOS and to increase the degradation of eNOS
mRNA.58 Additionally, AGEs may impair endothelial
balance by reducing the production of endothelial prostacyclin (PGI2) and increasing the expression of endothelin-1.59
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AGEs and chronic diseases
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Limitations
The papers included in this review present strong
points. Calorie and macronutrient consumption were
controlled in both the test and control groups, decreasing the risk of biases. However, the papers also had several limitations: (1) the duration of the interventions
varied among the studies, which may have been insufficient to obtain a real conclusion about the effects of
AGEs on health outcomes; (2) the variables analyzed
differed among the studies; (3) none of the studies presented the actual dietary AGE content – only the mean
values were tested; and (4) the AGE units used differed
among the studies. All these factors rendered it difficult
to compare the results obtained by the studies and to
draw up recommendations about AGE consumption.
Several AGEs are formed in food during preparation processes. However, it is difficult to quantify the total AGE content since no standard quantification
method exists. Although the foods with the highest
AGE contents and the food processing methods capable
of increasing AGE content are well known, more studies are needed to identify the food groups that may contribute the most to total dietary AGE intake.

cardiovascular disease (vascular cell adhesion molecule1: marker of endothelial activation) markers.
The results of the chronic studies selected for this
review indicated that dietary intake of AGEs ranging
from 3302 kU/day to 7306 kU/day and from 10.7 mg/
day to 43 mg/day for 2–12 weeks positively affected the
concentration of markers related to overweight complications. However, the uncertain contradictions related
to dosage of AGEs in food make it difficult to establish
a safe level of AGE consumption. Therefore, reducing
the consumption of processed foods and changing food
preparation methods are good strategies to promote
health.
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