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Abstract: The accumulation of advanced glycation end products (AGEs) is associated with the
complications of diabetes, kidney disease, metabolic disorders and degenerative diseases. It is
recognized that the pool of glycation products found in the human body comes not only from an
endogenous formation, but also from a dietary exposure to exogenous AGEs. In recent years, the
development of pharmacologically-active ingredients aimed at inhibiting endogenous glycation has
not been successful. Since the accumulation of AGEs in the human body appears to be progressive
throughout life, an early preventive action against glycation could be effective through dietary
adjustments or supplementation with purified micronutrients. The present article provides an
overview of current dietary strategies tested either in vitro, in vivo or both to reduce the endogenous
formation of AGEs and to limit exposure to food AGEs.
Keywords: glycation; Maillard; advanced glycation end products; carboxymethyllysine; calorie
restriction; fructose; probiotics; vitamins; diabetes; ageing

1. Introduction
Advanced glycation end-products (AGEs) are a complex group of molecules that have been
found almost everywhere among tissues and organs of the human body [1]. Their concentration
increases with age, but is also closely related to renal failure and diabetes [2]. Whether they are
just a consequence of some metabolic and chemical disorders or etiologically responsible for some
age-related diseases is still being debated. However, data have been accumulating for the last 20 years
demonstrating more convincingly the pathophysiological role of AGEs mainly in relation to ageing
and metabolic disorders.
AGEs are formed in the human body essentially by glycation [3]. This non-enzymatic reaction
condenses a molecule of glucose or other reducing sugars with an amine from free amino acids or
proteins, to form a Schiff base that rearranges into a ketoamine called the Amadori product. This
relatively stable product can undergo further chemical reactions, such as oxidation and dehydration,
to give rise to diverse AGEs. These are found on the long-lived proteins of the extracellular matrix,
on short-lived plasma proteins, such as serum albumin, and on intra-cellular proteins. In all of those
cases, the glycation is classified as a non-enzymatic post-translational modification of proteins. AGEs
are also found as free adducts in the circulation and in the urine [4]. In this latter situation, they derive
either from the proteolysis of in vivo proteins or from the absorption of dietary AGEs [5].
Helen Vlassara and her group were among the first scientists who postulated that the total
load of AGEs of the human body could derive from both in vivo synthesis and dietary exposure [6].
Since then, glycation products have been classified as endogenous and exogenous AGEs, respectively.
The contribution of the dietary AGEs to the total AGE load in vivo and their potentially deleterious
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effect on health have recently attracted considerable interest. The chemical structures of AGEs and
other Maillard reaction products formed in foods during processing (mainly during heat treatment)
are more heterogeneous and more complex than those formed in physiological conditions [7]. Because
of this chemical diversity and other issues, estimating the contribution of dietary AGEs has been
difficult. Based on a rodent study, Koschinsky et al. have estimated that 10% of the orally-ingested
AGEs was absorbed, and only 30% of that was eliminated in the urine [6]. This first study revealed
that a significant part of the dietary AGEs is likely to be retained in the body. Our recent studies based
on exposures to dietary carboxymethyllysine (CML), one of the best studied AGEs, indicate that its
chronic intake leads to an increase of its content in most organs and tissues tested [8–10]. Therefore,
there is no doubt that exogenous AGEs contribute to the pool of AGEs found in vivo.
The term “glycotoxin” was created when the new link between the fields of the Maillard reaction
in medicine (i.e., glycation) and in food science was first detected [6]. This term, which defines any
reactive glycation products having a potential toxic effect in vivo, includes essentially the precursors
of AGEs, among which are diverse dicarbonyl compounds. Although some reactive dicarbonyls have
been found in significant amounts in foods [11], recent data revealed that it is unlikely that they can
reach the circulation [12]. For instance, a study on methylglyoxal, one of the most studied intermediates,
indicates that methylglyoxal coming from the diet is rapidly degraded in the gastrointestinal tract [12].
It is therefore unlikely that the exposure to food dicarbonyls will influence the methylglyoxal level
in vivo or contribute to the formation of endogenous AGEs.
2. How Can the Presence of AGEs Be Reduced in the Human Body?
Since the discovery that the presence of AGEs in the human body could be involved in the ageing
process [13], many studies have been conducted to find dietary ways to limit the accumulation of early
and advanced glycation products throughout the body and eventually to slow down the potentially
associated degenerative diseases.
Figure 1 shows that several constituents of foods can affect the in vivo AGE load. First of all,
an overall caloric restriction was found to affect the accumulation by different amounts, some greater,
some smaller, of both early and advanced glycation products. The reduction of the exposure to
dietary AGEs and the reactive precursors was also found to limit the accumulation or the formation
of AGEs in vivo. As a result of this, food scientists and technologists have long been exploring how
potentially deleterious AGEs and other Maillard reaction products (MRPs) could be mitigated in
processed foods. A more adapted heat treatment during food processing and a better selection of
the raw food ingredients are known to be the two main courses of action for limiting the exposure to
dietary AGEs. Special attention was given in particular to the selection of raw foods because of the
influence of their carbohydrate composition on the in vivo AGE load (e.g., the amount of fructose or
the proportion of complex carbohydrates in food).
Figure 1 also shows that another strategy to lessen the accumulation of AGEs was to use active
ingredients derived from foods or other biological material. Numerous molecules isolated from foods
(e.g., vitamins, amino acids, antioxidants) and generally tested at pharmacological doses seem to
provide protection against the in vivo formation of AGEs.
The current review will not attempt to provide an exhaustive overview of the anti-AGE strategies.
Instead, a couple of examples will be considered in depth.
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None of the studies presented above established a causal relationship between CR intervention
and the reduction of AGEs throughout the body. At present, it remains important to understand
whether the effects observed in animals were related only to an indirect better control of blood glucose
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None of the studies presented above established a causal relationship between CR intervention
and the reduction of AGEs throughout the body. At present, it remains important to understand
whether the effects observed in animals were related only to an indirect better control of blood glucose
or if other actions of the CR, such as a decrease in oxidative stress, were involved. Furthermore, there
is no evidence that a DR lower than the ones that have been tested in animals, which would be more
representative of a life-long diet suitable for humans, would significantly slow down glycation and
delay associated complications in humans.
A typical DR diet is likely to be a diet that will also result in a low exposure to dietary AGEs.
In addition, it is known that both DR intervention [14,15] and dietary AGE restriction intervention
increase lifespan [22]. In light of these observations, it has become important to study the link between
DR and AGE restrictions. For instance, Cai et al. [23] found that increasing the intake of AGEs in
calorie-restricted mice erases the advantages of the CR intervention, such as a longer lifespan and
lower tissue and circulation AGE levels. This observation suggests that the glycation-lowering effect
of DR in the body may be partly due to a low exposure to dietary AGEs.
Studies on dietary AGEs and their impact on the in vivo AGE load are numerous. Some of the
most important ones will be presented in the next paragraph.
4. Exposure to Dietary AGEs and Their Precursors
AGEs such as pyrraline and CML have been found at the same time in food and in vivo [24–26].
It was then believed, therefore, that AGEs originating from food, also called exogenous or dietary
AGEs, could be partly responsible for their presence in serum and tissues. One of the first studies on
this subject was conducted by He et al. [27] who fed rats with protein-bound labeled AGEs using an
AGE model system with 14C and 125I. The radioactive measurement proved that the orally-absorbed
AGEs, derived from an ovalbumin-glucose mixture, were distributed in several organs and tissues. Our
more recent studies, based either on exposures to dietary CML or its 13C-isotopologue, indicate that the
chronic intake of this AGE by mice leads to an increase of its content in the kidneys, gut, lungs, brain,
heart, blood vessels and other tissues [8–10]. The use of a specific isotopologue of CML confirmed
unequivocally the causal relationship between the CML supplied via foods and its accumulation in
organs and tissues.
Apart from animal studies, some observational or interventional human studies have been
conducted to confirm the contribution of exogenous AGEs to the in vivo pool of AGEs [28]. For instance,
an increased serum level of AGEs was observed after the intake of a meal composed of egg white
glycated with glucose [6]. Another intervention study on 64 healthy subjects confirmed that the plasma
CML was slightly higher (+7%) when the volunteers ate a high MRP diet compared to a low one [29].
Although statistically significant, this increase of plasma CML was lower than expected. In addition, an
observational study found an absence of correlation between dietary intake and circulating CML [30].
The low correlation or lack thereof found in those last two studies may be accounted for by the fact
that the analyses were performed on fasting blood samples instead of postprandial blood samples and
have, in addition, detected and quantified protein-bound CML rather than free CML. We believe, on
the basis of the existing data and our own studies, that only the meals consumed within 24 h before a
test will affect the level of free CML in the serum of healthy subjects.
While the influence of dietary intake of AGEs on human serum level has been proven, the same
cannot be said for the relationship between dietary AGEs and tissue accumulation. Since the use of
research biopsies is highly limited in clinical trials, it will be difficult to prove a causal relationship
between AGE consumption and their level in the major organs and tissues. The different dietary AGE
restriction studies recently published can at best only estimate the biological consequences of an oral
exposure to AGEs, but not their long- or even short-term retention in the body [28,31].
Unlike the findings on AGEs derived from food, the contribution of dietary methylglyoxal and
other oxoaldehydes to the neo-formation of AGEs in the body appears to be negligible. As presented
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in the Introduction, recent data from Degen et al. [12] revealed that methylglyoxal cannot reach the
circulation, probably because of its high reactivity with amino groups in the intestinal tract.
What creates a great deal of confusion in the literature is the misuse of terms, such as
“methylglyoxal-supplemented diet” [23] or “methylglyoxal+ -diet” [32], which do not define diets
supplemented directly with methylglyoxal, but diets high in BSA glycated with methylglyoxal. In this
case, the terms “methylglyoxal derivatives” or “methylglyoxal-derived AGEs” would have been
more appropriate.
Strategies to reduce the intake of AGEs and other MRPs have been presented in the literature
pending confirmation that a dietary AGE restriction is beneficial to health. For healthy or diseased
individuals who cook, it is recommended “to use mild cooking techniques instead of high-heat
cooking” [33]. They may also select foods low in AGEs using available databases. There are two
drawbacks here: their validity, in certain cases [34], and their accessibility to the general public, among
others [35].
A better control of the Maillard reaction in products from the food industry allows desirable
neoformed compounds, such as aromas and colors, to be maintained while limiting the formation
of unwanted AGEs and other potentially toxic neoformed compounds [36]. Different strategies are
currently being used depending on the food concerned and on the available means of improvement.
These means to limit the formation of unwanted AGEs/MRPs depend as much on the selection of new
raw ingredients as on the process parameters that are used [37,38].
5. Dietary Glycemic Index and Tissue Levels of AGEs
The glycemic index (GI) is a scale that ranks foods according to how much they raise the blood
glucose level after consumption [39]. It depends not only on the quantity of carbohydrates present in a
food, but also on the quality of the carbohydrates (proportion of simple and complex carbohydrates),
on the overall composition of the food and on its cooking level. To put it simply, the intake of a low GI
food will induce a lower increase in the blood glucose level than the intake of a high GI food. A low
glycemic diet then is a diet that selects a high proportion of foods on the basis of their low GI.
Taylor and his colleagues have postulated recently that a low GI diet could limit spikes in blood
glucose and consequently lower the AGE levels in vivo [40] in the same way as a long-term good
glycemic control decreases AGE levels in patients with type 1 diabetes [41]. This group found that
11-month-old mice fed a high GI diet, compared to mice fed a low GI diet, had an impaired glucose
tolerance. However, more importantly for our concern, these mice had at least a three-fold higher
accumulation of AGEs (using protein-bound methylglyoxal-derived hydroimidazolone, MG-H1, as
a marker of AGEs) in the retina, liver lens and brain [42]. The authors concluded that a high GI diet
can induce what they termed a “systemic glycative stress” with pathological consequences. More
work needs to be done to confirm the association between the accumulation of AGEs in the body
and the intake of high-GI foods, especially with the quantification of different AGEs using accurate
analytical methods. Other aspects of the carbohydrate quality should also be investigated, such as
the glycemic load, the presence of dietary fibers and the proportion of sucrose, fructose and other
simple carbohydrates in foods. The ability of fructose to produce more AGEs in vivo than other simple
carbohydrates will be discussed in the next paragraph.
6. Fructose Consumption and AGE Accumulation In Vivo
The regulation of the factors that affect the Maillard reaction in food has been considered and
studied for a long time. One major factor affecting the rate of the reaction is the type of carbohydrates
selected in food preparation. It is well known that not all sugars have the same reactivity and lead
to the formation of various MRPs in different proportions. The relationship between the type of
sugars and the kinetics of the Maillard reaction has been studied in model systems to understand
the formation of MRPs in foods. At least two studies found that fructose was no more reactive than
glucose when browning development and sugar degradation were considered as markers of the
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reaction [43,44]. Another study by Kwak et al. [45], who tested the sugar reactivity on 12 amino acids,
found that fructose was the least reactive among the five sugars compared.
The same research has been carried out to compare the reactivity of glucose and fructose with
proteins under physiological conditions [1]. Among 12 aldoses and four ketoses tested, Bunn and
Higgins found that glucose was the least reactive [46]. Compared to glucose, the authors measured a
seven-fold increase in the reactivity of fructose to form Schiff bases with amino groups of hemoglobin.
Another in vitro comparative study found that the fructation (i.e., glycation by fructose) of bovine
serum albumin generated 10-times more fluorescence than the glycation of the same protein with
glucose [47]. Since fluorescence is a marker of the advanced stage of the chemical reaction in vivo, it is
was then suggested that the fructation could push forward the chemical reaction to advanced products
more rapidly than glycation with glucose.
The question that we would like to address here is not only whether fructose is more reactive than
glucose in physiological conditions, but more importantly, whether a high consumption of fructose is
an important factor contributing to the accumulation of AGEs in vivo.
It is commonly assumed that fructose consumption has increased in the Western diet over the past
five decades, mainly in the U.S., where high-fructose corn syrup (HFCS) is frequently used to replace
sucrose in beverages and foods. However, Anderson explained in 2007 that the replacement of sucrose
by HFCS in many products did not necessarily change the ratio of glucose and fructose consumed
from sugars. Indeed, HFCS used in beverages contributes 55% percent of fructose compared with 50%
of fructose from sucrose [48].
Regardless of the real situation, the belief in a high intake of fructose has gained an interest among
epidemiologists and other scientists who have attempted to prove a causal correlation between dietary
fructose and metabolic disorders, such as obesity, diabetes and metabolic syndrome. Some studies
have confirmed a risk associated with the intake of fructose, whereas other have not reached such a
conclusion [49].
The effect of a high consumption of fructose on the accumulation of AGEs in vivo was tested on
rodents. The first study published in 1998 found that rats fed for one year with a normal diet and
water enriched with fructose (250 g/L) had no elevated plasma glucose concentration compared to rats
fed without extra fructose in the water [50]. However, the fructose-fed rats showed higher glycated
hemoglobin, fructosamine and fructose levels in blood, and the collagen-linked fluorescence (a marker
of AGEs) in bones was also found to be elevated in those rats compared to the control group. This was
one of the first animal studies that presented evidence that a long-term intake of fructose increases the
level of early glycation products in the circulation and the accumulation of AGEs in tissue. This study
is nevertheless open to criticism on one particular point, which is the high dose of fructose provided in
drinking water for the animals. Even so-called regular soda does not contain such a high concentration
of fructose (usually <60 g/L, far below 250 g/L).
A second study aiming to understand the effects of caloric restriction also focused on the effect
of different simple carbohydrates on the formation and accumulation of AGEs in vivo [51]. Tested at
different ages of the animals, with or without food restriction, the source of carbohydrate was found to
have almost no effect on serum glucose, glycated hemoglobin and pentosidine in collagen. It was then
concluded that the total caloric intake, but not the type of carbohydrate used, had an influence on the
accumulation of AGEs.
Three recent mice studies conducted by Mastrocola et al. reopened the debate about the potential
toxic effect of dietary fructose. The exposure to free fructose was either via drinking water (150 g/L) [52]
or animal food enriched with fructose (60% of energy coming from fructose instead of corn starch and
maltodextrin for the standard food) [53,54]. Here, again, the relevance of such a high fructose dietary
intake in mice to human exposure may be questioned. Bearing this limitation in mind, those studies
showed a larger accumulation of CML in plasma, liver, muscle and hippocampus for the mice fed a
high-fructose diet compared to mice fed a standard diet. This high CML synthesis in vivo was partly
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inhibited when the mice received an oral dose of pyridoxamine, an anti-glycative compound that will
be described in the last paragraph of this review.
The intake of foods for which fructose is the main sugar produces a low glycemic response.
For that reason, dietary fructose is often used as an alternative to other carbohydrates despite the
controversy around the effect of the intake of fructose on lipemia [55]. There can be little doubt that a
moderate intake of fructose significantly limits early glycation. A meta-analysis of intervention studies
confirmed that the intake of fructose below 90 g per day can improve glycated hemoglobin (HbA1c)
concentration in a dose-response manner [56]. With respect to the control of early glycation, a moderate
substitution of fructose for sucrose or other simple sugars appears to be beneficial. A recent dietary
intervention study showed that a moderate consumption of a fructose drink (60 g fructose/day) for
four weeks in overweight women did not affect the urinary levels of CML and MG-H1 [57]. However,
the effect of a long-term intake of fructose on the accumulation of AGEs in tissues remains to be studied
on healthy volunteers.
7. Effects of Probiotic Supplementation on Glucose Metabolism and Glycation
The gastrointestinal tract is one of the most important interfaces between the external environment
and the internal human environment. It consists of a truly integrated ecosystem named the microbial
flora or microbiota. This flora consists of various microorganisms, among which are the bacteria,
archaea, viruses and bacteriophages [58]. These microorganisms are known to be involved in many
physiological processes, such as (1) the intake of nutrients and their metabolism; (2) the protection
against any pathogen invasion; (3) the synthesis of vitamins and (4) the stimulation of the immune
system [59].
Many studies have shown the importance and influence of the gut microbiota on human
health [60]. A disruption of this microbiota, also called dysbiosis, can lead to physiological disorders
and promote the development of some metabolic diseases, such as obesity and type 2 diabetes [61].
In recent years, studies have shown that a dysbiosis is frequently observed among people with diabetes.
This is characterized by a decrease in butyrate-producing bacteria and an increase in opportunistic
bacteria (Bacteroides and Clostridium) [61]. This observation led scientists to develop new antidiabetic
therapies using bacterial strains, also called probiotics, such as Lactobacillales. Probiotics can actually
induce changes in the gut microbiota, stabilize microbial communities and exert beneficial effects on
the health of the host.
Studies show that the ingestion of some bacterial strains, mainly lactic acid bacteria, can
reduce blood glucose levels in rodent models, such as Leprdb/db mice (mice homozygous for the
diabetes spontaneous mutation which is a result of a mutation in the leptin receptor gene lepr) [62],
streptozotocin (STZ)-induced diabetic mice fed a high-fat diet [63], STZ-induced diabetic rats [64]
and rats fed a high-fructose diet [65]. Some of these studies have also demonstrated an effect of the
probiotics on the early glycation since the HbA1c content was decreased after a long-term exposure
to Lactobacillus strains. Similar results were reported in clinical trials where volunteers consumed
probiotics over a period of four to eight weeks [66,67]. These clinical studies showed a decrease in
blood sugar level, oxidative stress and early glycation (HbA1c concentration). However, none of them
attempted to study the potential protective effect of probiotics against the accumulation of AGEs
in vivo.
8. Inhibition of Glycation with Isolated Products from Foods
A number of AGE inhibitor compounds have been discovered in the last 20 years of which perhaps
the best known is aminoguanidine (pimagedine, AG) (Figure 2). This pharmaceutical agent was the
first to prove its effectiveness in inhibiting the AGE formation in vitro and in rats [68]. There are now
more than 570 publications referenced in the MEDLINE database of life sciences publications when
the search is based on the two keywords “glycation and AG”. This clearly demonstrates the active
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research around this AGE inhibitor and the high expectations created by this discovery. Unfortunately,
Foodshas
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5, 84 to be unsuitable for clinical use due to adverse side effects [69].
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inhibitors of glycation in vivo (Figure 2). By increasing transketolase activity, both of them can increase
the
conversion of fructose-6-phosphate and glyceraldehyde-3-phosphate into ribose-5-phosphate [74]
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course of ageing. Clinical trials using a thiamine therapy for slowing down the accumulation of AGEs
in normal subjects without apparent thiamine deficiency are now required to test the therapy fully.
Another vitamin derivative tested for its anti-glycation activity is pyridoxamine (PM) (Figure 2).
This B6 vitamer [75] is found in human plasma at low concentrations (<0.03 µM) and is found in food
in the form of PM-5’-phosphate. Booth et al. found that PM could prevent the transformation of
Amadori products into AGEs [76,77]. Different protective effects have been attributed to PM when
STZ-diabetic rats were pharmacologically supplied, and at least three mechanisms of PM’s action
may explain its anti-AGE property. First of all, PM like AG can trap dicarbonyl compounds (such as
methylglyoxal). It can also neutralize reactive oxygen species and inhibit the oxidative degradation of
the Amadori products. Although it appears that PM can limit the formation and the accumulation of
AGEs in diabetic animal models, clinical evidence of its anti-AGE effect on healthy volunteers and sick
patients is still lacking [69].
A recent breakthrough is a clinical trial showing that pharmaceutical doses of two natural
compounds could decrease glycation intermediates in vivo [78]. The innovative co-formulation was
made of trans-resveratrol found in red grapes and hesperetin derived from hesperidin, which is itself
found in citrus fruits (Figure 2). While inefficient when tested individually, those two compounds
administrated together at high doses were found to improve metabolic health in an overweight
population. They were found to decrease methylglyoxal efficiently in plasma, but surprisingly not
MG-H1. This apparent lack of effect of the co-formulation on circulating AGEs may however be due
to a rapid elimination of MG-H1 in the urine. A rough estimation of the urinary elimination of the
endogenously-formed MG-H1 seems to indicate that the co-formulation was not only effective in
reducing glycation intermediates, but also in limiting the endogenous formation of AGEs.
The efficacy of the co-formulation of trans-resveratrol and hesperetin was apparently due to
an elimination of methylglyoxal, which resulted, indirectly, from an enhancement of the glyoxalase
system (i.e., glyoxalase-1 inducer activity). Other polyphenols have been found to have a direct
effect of scavenging methylglyoxal and other dicarbonyl compounds. The latter chemical property
of polyphenols has been not only found at high temperature during food processing [79], but also
in physiological conditions at 37 ◦ C [80]. This preliminary observation suggests therefore that a
regular intake of polyphenols from plant foods may not only sequester reactive oxygen species and the
associated oxidative stress, but also trap reaction carbonyl species (i.e., dicarbonyls) and the associated
glycation of proteins.
9. Conclusions
It is clear that preventing the formation of endogenous AGEs and the accumulation of exogenous
AGEs could limit their pathophysiological effects in the human body. Besides curative pharmaceutical
interventions, which are under investigation, dietary adjustments or supplementation have emerged
as promising preventive therapies to slow down the accumulation of AGEs in the human body.
Decreasing the glucose uptake and controlling the blood glucose level are options that can be
applied with a “slow carb” diet. Since the carbonyl stress involved in the formation of endogenous
AGEs is closely linked to oxidative stress, any diet that will improve the oxidative status of humans
will potentially have the additional benefit of reducing the formation of endogenous AGEs. Trapping
endogenous dicarbonyl compounds, such as methylglyoxal, appears also to be a high priority in the
fight against glycation. In this regard, certain natural compounds extracted from foods have been
found to be good candidates, either because of their chemical affinity with the dicarbonyl compounds
or their indirect action in stimulating the dicarbonyl detoxification system. While promising, the
natural compounds derived from foods have been found to be effective only when extracted, purified
and administrated at pharmacological dosages.

Foods 2016, 5, 84

10 of 14

Acknowledgments: The authors would like to thank the Metropole Europeenne de Lille and the DigestScience
Foundation for their support.
Author Contributions: All authors contributed equally to this review. All authors read and approved the
final manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.

6.

7.
8.

9.

10.

11.
12.
13.
14.
15.
16.
17.
18.

Tessier, F.J. The Maillard reaction in the human body. The main discoveries and factors that affect glycation.
Pathol. Biol. (Paris) 2010, 58, 214–219. [CrossRef] [PubMed]
Singh, R.; Barden, A.; Mori, T.; Beilin, L. Advanced glycation end-products: A review. Diabetologia 2001, 44,
129–146. [CrossRef] [PubMed]
Henning, C.; Glomb, M.A. Pathways of the Maillard reaction under physiological conditions. Glycoconj. J.
2016, 33, 499–512. [CrossRef] [PubMed]
Alamir, I.; Niquet-Leridon, C.; Jacolot, P.; Rodriguez, C.; Orosco, M.; Anton, P.M.; Tessier, F.J. Digestibility of
extruded proteins and metabolic transit of Nε-carboxymethyllysine in rats. Amino Acids 2013, 44, 1441–1449.
[CrossRef] [PubMed]
Karachalias, N.; Babaei-Jadidi, R.; Rabbani, N.; Thornalley, P.J. Increased protein damage in renal glomeruli,
retina, nerve, plasma and urine and its prevention by thiamine and benfotiamine therapy in a rat model of
diabetes. Diabetologia 2010, 53, 1506–1516. [CrossRef] [PubMed]
Koschinsky, T.; He, C.J.; Mitsuhashi, T.; Bucala, R.; Liu, C.; Buenting, C.; Heitmann, K.; Vlassara, H. Orally
absorbed reactive glycation products (glycotoxins): An environmental risk factor in diabetic nephropathy.
Proc. Natl. Acad. Sci. USA 1997, 94, 6474–6479. [CrossRef] [PubMed]
Tessier, F.J.; Niquet, C. The metabolic, nutritional and toxicological consequences of ingested dietary Maillard
reaction products: A literature review. J. Soc. Biol. 2007, 201, 199–207. [CrossRef] [PubMed]
Tessier, F.J.; Niquet-Leridon, C.; Jacolot, P.; Jouquand, C.; Genin, M.; Schmidt, A.M.; Grossin, N.; Boulanger, E.
Quantitative assessment of organ distribution of dietary protein-bound 13C-labeled Nε-carboxymethyllysine
after a chronic oral exposure in mice. Mol. Nutr. Food Res. 2016, 60, 2446–2456. [CrossRef] [PubMed]
Roncero-Ramos, I.; Delgado-Andrade, C.; Tessier, F.J.; Niquet-Leridon, C.; Strauch, C.; Monnier, V.M.;
Navarro, M.P. Metabolic transit of N(ε)-carboxymethyl-lysine after consumption of AGEs from bread crust.
Food Funct. 2013, 4, 1032–1039. [CrossRef] [PubMed]
Grossin, N.; Auger, F.; Niquet-Leridon, C.; Durieux, N.; Montaigne, D.; Schmidt, A.M.; Susen, S.; Jacolot, P.;
Beuscart, J.B.; Tessier, F.J.; et al. Dietary CML-enriched protein induces functional arterial aging in a
RAGE-dependent manner in mice. Mol. Nutr. Food Res. 2015, 59, 927–938. [CrossRef] [PubMed]
Degen, J.; Hellwig, M.; Henle, T. 1,2-dicarbonyl compounds in commonly consumed foods. J. Agric.
Food Chem. 2012, 60, 7071–7079. [CrossRef] [PubMed]
Degen, J.; Vogel, M.; Richter, D.; Hellwig, M.; Henle, T. Metabolic transit of dietary methylglyoxal. J. Agric.
Food Chem. 2013, 61, 10253–10260. [CrossRef] [PubMed]
Monnier, V.M. Toward a Maillard reaction theory of aging. Prog. Clin. Biol. Res. 1989, 304, 1–22. [PubMed]
Roth, G.S.; Ingram, D.K.; Lane, M.A. Caloric restriction in primates and relevance to humans. Ann. N. Y.
Acad. Sci. 2001, 928, 305–315. [CrossRef] [PubMed]
Pallavi, R.; Giorgio, M.; Pelicci, P.G. Insights into the beneficial effect of caloric/dietary restriction for a
healthy and prolonged life. Front. Physiol. 2012, 3, 318. [CrossRef] [PubMed]
Masoro, E.J.; Katz, M.S.; McMahan, C.A. Evidence for the glycation hypothesis of aging from the
food-restricted rodent model. J. Gerontol. 1989, 44, B20–B22. [CrossRef] [PubMed]
Masoro, E.J.; McCarter, R.J.; Katz, M.S.; McMahan, C.A. Dietary restriction alters characteristics of glucose
fuel use. J. Gerontol. 1992, 47, B202–B208. [CrossRef] [PubMed]
Cefalu, W.T.; Bell-Farrow, A.D.; Wang, Z.Q.; Sonntag, W.E.; Fu, M.X.; Baynes, J.W.; Thorpe, S.R. Caloric
restriction decreases age-dependent accumulation of the glycoxidation products, Nε-(carboxymethyl)lysine
and pentosidine, in rat skin collagen. J. Gerontol. A Biol. Sci. Med. Sci. 1995, 50, B337–B341. [CrossRef]
[PubMed]

Foods 2016, 5, 84

19.

20.

21.

22.

23.

24.
25.
26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

11 of 14

Sell, D.R.; Monnier, V.M. Age-related association of tail tendon break time with tissue pentosidine in DBA/2
vs C57BL/6 mice: The effect of dietary restriction. J. Gerontol. A Biol. Sci. Med. Sci. 1997, 52, B277–B284.
[CrossRef] [PubMed]
Sell, D.R. Ageing promotes the increase of early glycation Amadori product as assessed by
epsilon-N-(2-furoylmethyl)-L-lysine (furosine) levels in rodent skin collagen. The relationship to dietary
restriction and glycoxidation. Mech. Ageing Dev. 1997, 95, 81–99. [CrossRef]
Sell, D.R.; Lane, M.A.; Obrenovich, M.E.; Mattison, J.A.; Handy, A.; Ingram, D.K.; Cutler, R.G.; Roth, G.S.;
Monnier, V.M. The effect of caloric restriction on glycation and glycoxidation in skin collagen of nonhuman
primates. J. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, 508–516. [CrossRef] [PubMed]
Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Wallenstein, S.; Striker, G.E.; Vlassara, H. Reduced oxidant stress and
extended lifespan in mice exposed to a low glycotoxin diet. Association with increased AGER1 expression.
Am. J. Pathol. 2007, 294, 145–152.
Cai, W.; He, J.C.; Zhu, L.; Chen, X.; Zheng, F.; Striker, G.E.; Vlassara, H. Oral glycotoxins determine the
effects of calorie restriction on oxidant stress, age-related diseases, and lifespan. Am. J. Pathol. 2008, 173,
327–336. [CrossRef] [PubMed]
Buser, W.; Erbersdobler, H.F. Carboxymethyllysine, a new compound of heat damage in milk products.
Milchwiss 1986, 41, 780–785.
Ahmed, M.U.; Thorpe, S.R.; Baynes, J.W. Identification of N epsilon-carboxymethyllysine as a degradation
product of fructoselysine in glycated protein. J. Biol. Chem. 1986, 261, 4889–4894. [PubMed]
Henle, T. Protein-bound advanced glycation endproducts (AGEs) as bioactive amino acid derivatives in
foods. Amino Acids 2005, 29, 313–322. [CrossRef] [PubMed]
He, C.; Sabol, J.; Mitsuhashi, T.; Vlassara, H. Dietary glycotoxines: Inhibition of reactive products by
aminoguanidine facilitates renal clearance and reduces tissue sequestration. Diabetes 1999, 48, 1308–1315.
[CrossRef] [PubMed]
Tessier, F.J.; Birlouez-Aragon, I. Health effects of dietary Maillard reaction products: The results of ICARE
and other studies. Amino Acids 2012, 42, 1119–1131. [CrossRef] [PubMed]
Birlouez-Aragon, I.; Saavedra, G.; Tessier, F.J.; Galinier, A.; Ait-Ameur, L.; Lacoste, F.; Niamba, C.N.; Alt, N.;
Somoza, V.; Lecerf, J.M. A diet based on high-heat-treated foods promotes risk factors for diabetes mellitus
and cardiovascular diseases. Am. J. Clin. Nutr. 2010, 91, 1–7. [CrossRef] [PubMed]
Semba, R.D.; Ang, A.; Talegawkar, S.; Crasto, C.; Dalal, M.; Jardack, P.; Traber, M.G.; Ferrucci, L.; Arab, L.
Dietary intake associated with serum versus urinary carboxymethyl-lysine, a major advanced glycation end
product, in adults: The Energetics Study. Eur. J. Clin. Nutr. 2012, 66, 3–9. [CrossRef] [PubMed]
Vlassara, H.; Cai, W.; Tripp, E.; Pyzik, R.; Yee, K.; Goldberg, L.; Tansman, L.; Chen, X.; Mani, V.; Fayad, Z.A.;
et al. Oral AGE restriction ameliorates insulin resistance in obese individuals with the metabolic syndrome:
A randomised controlled trial. Diabetologia 2016, 59, 2181–2192. [CrossRef] [PubMed]
Cai, W.; Ramdas, M.; Zhu, L.; Chen, X.; Striker, G.E.; Vlassara, H. Oral advanced glycation endproducts
(AGEs) promote insulin resistance and diabetes by depleting the antioxidant defenses AGE receptor-1 and
sirtuin 1. Proc. Natl. Acad. Sci. USA 2012, 109, 15888–15893. [CrossRef] [PubMed]
Handelsman, Y.; Mechanick, J.I.; Blonde, L.; Grunberger, G.; Bloomgarden, Z.T.; Bray, G.A.; Dagogo-Jack, S.;
Davidson, J.A.; Einhorn, D.; Ganda, O.; et al. AACE Task Force for Developing Diabetes Comprehensive
Care Plan. American Association of Clinical Endocrinologists Medical Guidelines for Clinical Practice for
developing a diabetes mellitus comprehensive care plan. Endocr. Pract. 2011, 17, 1–53. [CrossRef] [PubMed]
Uribarri, J.; Woodruff, S.; Goodman, S.; Cai, W.; Chen, X.; Pyzik, R.; Yong, A.; Striker, G.E.; Vlassara, H.
Advanced glycation end products in foods and a practical guide to their reduction in the diet. J. Am.
Diet. Assoc. 2010, 110, 911–916. [CrossRef] [PubMed]
Scheijen, J.L.; Clevers, E.; Engelen, L.; Dagnelie, P.C.; Brouns, F.; Stehouwer, C.D.; Schalkwijk, C.G. Analysis
of advanced glycation endproducts in selected food items by ultra-performance liquid chromatography
tandem mass spectrometry: Presentation of a dietary AGE database. Food Chem. 2016, 190, 1145–1150.
[CrossRef] [PubMed]
Poulsen, M.W.; Hedegaard, R.V.; Andersen, J.M.; de Courten, B.; Bugel, S.; Nielsen, J.; Skibsted, L.H.;
Dragsted, L.O. Advanced glycation endproducts in food and their effects on health. Food Chem. Toxicol. 2013,
60, 10–37. [CrossRef] [PubMed]

Foods 2016, 5, 84

37.

38.

39.

40.
41.

42.

43.
44.
45.
46.
47.

48.
49.

50.
51.

52.

53.

54.

55.

12 of 14

Loaec, G.; Niquet-Leridon, C.; Henry, N.; Jacolot, P.; Jouquand, C.; Janssens, M.; Hance, P.; Cadalen, T.;
Hilbert, J.L.; Desprez, B.; et al. Impact of Variety and Agronomic Factors on Crude Protein and Total Lysine
in Chicory; N(ε)-Carboxymethyl-lysine-Forming Potential during Drying and Roasting. J. Agric. Food Chem.
2015, 63, 10295–10302. [CrossRef] [PubMed]
Helou, C.; Gadonna-Widehem, P.; Robert, N.; Branlard, G.; Thebault, J.; Librere, S.; Jacquot, S.; Mardon, J.;
Piquet-Pissaloux, A.; Chapron, S.; et al. The impact of raw materials and baking conditions on Maillard
reaction products, thiamine, folate, phytic acid and minerals in white bread. Food Funct. 2016, 7, 2498–2507.
[CrossRef] [PubMed]
Jenkins, D.J.; Wolever, T.M.; Taylor, R.H.; Barker, H.; Fielden, H.; Baldwin, J.M.; Bowling, A.C.; Newman, H.C.;
Jenkins, A.L.; Goff, D.V. Glycemic index of foods: A physiological basis for carbohydrate exchange. Am. J.
Clin. Nutr. 1981, 34, 362–366. [PubMed]
Whitcomb, E.A.; Chiu, C.J.; Taylor, A. Dietary glycemia as a determinant of health and longevity.
Mol. Asp. Med. 2015, 46, 14–20. [CrossRef] [PubMed]
Kostolanska, J.; Jakus, V.; Barak, L. HbA1c and serum levels of advanced glycation and oxidation protein
products in poorly and well controlled children and adolescents with type 1 diabetes mellitus. J. Pediatr.
Endocrinol. Metab. 2009, 22, 433–442. [CrossRef] [PubMed]
Uchiki, T.; Weikel, K.A.; Jiao, W.; Shang, F.; Caceres, A.; Pawlak, D.; Handa, J.T.; Brownlee, M.; Nagaraj, R.;
Taylor, A. Glycation-altered proteolysis as a pathobiologic mechanism that links dietary glycemic index,
aging, and age-related disease (in nondiabetics). Aging Cell 2012, 11, 1–13. [CrossRef] [PubMed]
Ashoor, S.H.; Zent, J.B. Maillard browning of common amino acids and sugars. J. Food Sci. 1984, 49,
1206–1207. [CrossRef]
Laroque, D.; Inisan, C.; Berger, C.; Vouland, E.; Dufosse, L.; Guerard, F. Kinetic study on the Maillard reaction.
Consideration of sugar reactivity. Food Chem. 2008, 111, 1032–1042. [CrossRef]
Kwak, E.J.; Lim, S.I. The effect of sugar, amino acid, metal ion, and NaCl on model Maillard reaction under
pH control. Amino Acids 2004, 27, 85–90. [CrossRef] [PubMed]
Bunn, H.F.; Higgins, P.J. Reaction of monosaccharides with proteins: Possible evolutionary significance.
Science 1981, 213, 222–224. [CrossRef] [PubMed]
Suarez, G.; Rajaram, R.; Oronsky, A.L.; Gawinowicz, M.A. Nonenzymatic glycation of bovine serum albumin
by fructose (fructation). Comparison with the Maillard reaction initiated by glucose. J. Biol. Chem. 1989, 264,
3674–3679. [PubMed]
Anderson, G.H. Much ado about high-fructose corn syrup in beverages: The meat of the matter. Am. J.
Clin. Nutr. 2007, 86, 1577–1578. [PubMed]
Sun, S.Z.; Anderson, G.H.; Flickinger, B.D.; Williamson-Hughes, P.S.; Empie, M.W. Fructose and non-fructose
sugar intakes in the US population and their associations with indicators of metabolic syndrome.
Food Chem. Toxicol. 2011, 49, 2875–2882. [CrossRef] [PubMed]
Levi, B.; Werman, M.J. Long-term fructose consumption accelerates glycation and several age-related
variables in male rats. J. Nutr. 1998, 128, 1442–1449. [PubMed]
Lingelbach, L.B.; Mitchell, A.E.; Rucker, R.B.; McDonald, R.B. Accumulation of advanced glycation
endproducts in aging male Fischer 344 rats during long-term feeding of various dietary carbohydrates.
J. Nutr. 2000, 130, 1247–1255. [PubMed]
Mastrocola, R.; Collino, M.; Rogazzo, M.; Medana, C.; Nigro, D.; Boccuzzi, G.; Aragno, M.
Advanced glycation end products promote hepatosteatosis by interfering with SCAP-SREBP pathway
in fructose-drinking mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 305, G398–G407. [CrossRef]
[PubMed]
Mastrocola, R.; Nigro, D.; Chiazza, F.; Medana, C.; Dal Bello, F.; Boccuzzi, G.; Collino, M.; Aragno, M.
Fructose-derived advanced glycation end-products drive lipogenesis and skeletal muscle reprogramming
via SREBP-1c dysregulation in mice. Free Radic. Biol. Med. 2016, 91, 224–235. [CrossRef] [PubMed]
Mastrocola, R.; Nigro, D.; Cento, A.S.; Chiazza, F.; Collino, M.; Aragno, M. High-fructose intake as risk
factor for neurodegeneration: Key role for carboxy methyllysine accumulation in mice hippocampal neurons.
Neurobiol. Dis. 2016, 89, 65–75. [CrossRef] [PubMed]
Bantle, J.P. Dietary fructose and metabolic syndrome and diabetes. J. Nutr. 2009, 139, 1263S–1268S. [CrossRef]
[PubMed]

Foods 2016, 5, 84

56.

57.
58.

59.
60.
61.
62.
63.

64.

65.

66.

67.

68.
69.
70.

71.

72.

73.
74.

75.

13 of 14

Livesey, G.; Taylor, R. Fructose consumption and consequences for glycation, plasma triacylglycerol, and
body weight: Meta-analyses and meta-regression models of intervention studies. Am. J. Clin. Nutr. 2008, 88,
1419–1437. [PubMed]
Mackie, R.I. Mutualistic fermentative digestion in the gastrointestinal tract: Diversity and evolution.
Integ. Comp. Biol. 2002, 42, 319–326. [CrossRef] [PubMed]
Mark, A.B.; Poulsen, M.W.; Andersen, S.; Andersen, J.M.; Bak, M.J.; Ritz, C.; Holst, J.J.; Nielsen, J.;
de Courten, B.; Dragsted, L.O.; et al. Consumption of a diet low in advanced glycation end products
for 4 weeks improves insulin sensitivity in overweight women. Diabetes Care 2014, 37, 88–95. [CrossRef]
[PubMed]
Mc Farland, L.V. Normal flora: Diversity and functions. Microb. Ecol. Health Dis. 2000, 12, 193–218. [CrossRef]
Mikelsaar, M.; Zilmer, M. Lactobacillus fermentum ME-3—An antimicrobial and antioxidative probiotic.
Microb. Ecol. Health Dis. 2009, 21, 1–27. [CrossRef] [PubMed]
Carding, S.; Verbeke, K.; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease.
Microb. Ecol. Health Dis. 2015, 26, 26191. [CrossRef] [PubMed]
Yun, S.I.; Park, H.O.; Kang, J.H. Effect of Lactobacillus gasseri BNR17 on blood glucose levels and body
weight in a mouse model of type 2 diabetes. J. Appl. Microbiol. 2009, 107, 1681–1686. [CrossRef] [PubMed]
Chen, P.; Zhang, Q.; Dang, H.; Liu, X.; Tian, F.; Zhao, J.; Chen, Y.; Zhang, H.; Chen, W. Antidiabetic effect of
Lactobacillus casei CCFM0412 on mice with type 2 diabetes induces by a high-fat diet and streptozotocine.
Nutrition 2014, 30, 1061–1068. [CrossRef] [PubMed]
Tabuchi, M.; Ozaki, M.; Tamura, A.; Yamada, N.; Ishida, T.; Hosada, M.; Hosono, A. Antidiabetic effect of
Lactobacillus GG in streptozotocine-induced diabetic rats. Biosci. Biotechnol. Biochem. 2014, 67, 1421–1424.
[CrossRef] [PubMed]
Hsieh, F.C.; Lee, C.L.; Chai, C.Y.; Chen, W.T.; Lu, Y.C.; Wu, C.S. Oral administration of Lactobacillus
reuteri GMNL-263 improves insulin resistance and ameliorates hepatic steatosis in high fructose-fed rats.
Nutr. Metab. 2013, 10, 35. [CrossRef] [PubMed]
Ejtahed, H.S.; Mohtadi-Nia, J.; Homayouni-Rad, A.; Niafar, M.; Asghari-Jafarabadi, M.; Mofid, V. Probiotic
yogurt improves antioxidant status in type 2 diabetes patients. Nutrition 2012, 28, 539–543. [CrossRef]
[PubMed]
Moroti, C.; Souza Magri, L.F.; de Rezende Costa, M.; Cavallini, D.C.U.; Sivieri, K. Effect of the consumption
of a new symbiotic shake on glycemia and cholesterol levels in elderly people with type 2 diabetes mellitus.
Lipids Health Dis. 2012, 11, 29. [CrossRef] [PubMed]
Brownlee, M.; Vlassara, H.; Kooney, A.; Ulrich, P.; Cerami, A. Aminoguanidine prevents diabetes-induced
arterial wall protein cross-linking. Science 1986, 232, 1629–1632. [CrossRef] [PubMed]
Borg, D.J.; Forbes, J.M. Targeting advanced glycation with pharmaceutical agents: Where are we now?
Glycoconj. J. 2016, 33, 653–670. [CrossRef] [PubMed]
Lobner, J.; Degen, J.; Henle, T. Creatine is a scavenger for methylglyoxal under physiological conditions
via formation of N-(4-methyl-5-oxo-1-imidazolin-2-yl)sarcosine (MG-HCr). J. Agric. Food Chem. 2015, 63,
2249–2256. [CrossRef] [PubMed]
Stegen, S.; Sigal, R.J.; Kenny, G.P.; Khandwala, F.; Yard, B.; De Heer, E.; Baelde, H.; Peersman, W.; Derave, W.
Aerobic and resistance training do not influence plasma carnosinase content or activity in type 2 diabetes.
Am. J. Physiol. Endocrinol. Metab. 2015, 309, E663–E669. [CrossRef] [PubMed]
Javadi, S.; Yousefi, R.; Hosseinkhani, S.; Tamaddon, A.M.; Uversky, V.N. Protective effects of carnosine on
dehydroascorbate-induced structural alteration and opacity of lens crystallins: Important implications of
carnosine pleiotropic functions to combat cataractogenesis. J. Biomol. Struct. Dyn. 2016, 19, 1–19. [CrossRef]
[PubMed]
Abdelkader, H.; Longman, M.R.; Alany, R.G.; Pierscionek, B. Phytosome-hyaluronic acid systems for ocular
delivery of L-carnosine. Int. J. Nanomed. 2016, 11, 2815–2827. [CrossRef] [PubMed]
Bitsch, R.; Wolf, M.; Moller, J.; Heuzeroth, L.; Gruneklee, D. Bioavailability assessment of the lipophilic
benfotiamine as compared to a water-soluble thiamin derivative. Ann. Nutr. Metab. 1991, 35, 292–296.
[CrossRef] [PubMed]
Voziyan, P.A.; Hudson, B.G. Pyridoxamine as a multifunctional pharmaceutical: Targeting pathogenic
glycation and oxidative damage. Cell. Mol. Life Sci. 2005, 62, 1671–1681. [CrossRef] [PubMed]

Foods 2016, 5, 84

76.

77.

78.

79.
80.

14 of 14

Booth, A.A.; Khalifah, R.G.; Hudson, B.G. Thiamine pyrophosphate and pyridoxamine inhibit the formation
of antigenic advanced glycation end-products: Comparison with aminoguanidine. Biochem. Biophys.
Res. Commun. 1996, 220, 113–119. [CrossRef] [PubMed]
Booth, A.A.; Khalifah, R.G.; Todd, P.; Hudson, B.G. In vitro kinetic studies of formation of antigenic advanced
glycation end products (AGEs). Novel inhibition of post-Amadori glycation pathways. J. Biol. Chem. 1997,
272, 5430–5437. [CrossRef] [PubMed]
Xue, M.; Weickert, M.O.; Qureshi, S.; Kandala, N.B.; Anwar, A.; Waldron, M.; Shafie, A.; Messenger, D.;
Fowler, M.; Jenkins, G.; et al. Improved Glycemic Control and Vascular Function in Overweight and Obese
Subjects by Glyoxalase 1 Inducer Formulation. Diabetes 2016, 65, 2282–2294. [CrossRef] [PubMed]
Totlani, V.M.; Peterson, D.G. Epicatechin carbonyl-trapping reactions in aqueous Maillard systems:
Identification and structural elucidation. J. Agric. Food Chem. 2006, 54, 7311–7318. [CrossRef] [PubMed]
Lo, C.Y.; Li, S.; Tan, D.; Pan, M.H.; Sang, S.; Ho, C.T. Trapping reactions of reactive carbonyl species with
tea polyphenols in simulated physiological conditions. Mol. Nutr. Food Res. 2006, 50, 1118–1128. [CrossRef]
[PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

