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Abstract
This review presents insights on the suppres-
sion of specific factors of host defense mecha-
nisms with an emphasis on the effects of
exogenous AGEs. The data are derived from
studies of humans and mice. We propose that
the loss of these defenses is the driving force
behind the increased oxidative stress and the
pathogenesis of both T1DM and T2DM and
their complications. Two components of a
complex and powerful homeostasis system
that provide cell-protective liaisons between
cellular AGE receptors (AGER1) and the
NAD + -dependent deacetylase sirtuin
1 (SIRT1) are highlighted. An imbalance
between host defenses and increased oxidant
challenges from the environment appear to
form the basis of cell injury that underlies
diabetes mellitus. We introduce the concept
that reduced levels of AGEs, either by restric-
tion in the diet or by the use of agents block the
action(s) of uptake of AGEs as novel cost-

efficient strategies in the prevention and treat-
ment of the current diabetes epidemic.
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Introduction

Background

AGEs are prooxidant molecules that were initially
thought to arise primarily from endogenous
sources. Their presence in excess amounts was
only thought to be seen in patients with diabetes
mellitus or in aging [1, 2]. It is now clear that the
diet is a principal source of AGEs in normal sub-
jects [3], as well as those with diabetes mellitus
[4–6]. AGEs are present in the body as a part of
normal metabolism, but their levels are tightly
controlled. It is only when their levels become
high and remain chronically elevated, as in diabe-
tes and aging, that they are associated with organ
damage.

Relationship Between AGEs
and Diabetes

It has long been recognized that patients with
diabetes (both type 1 and type 2) have high circu-
lating and tissue levels of AGEs [7, 8]. Further-
more, the levels of AGEs have been shown to be
associated with both the development of compli-
cations and mortality in experimental models [9]
and possibly in humans. A large study of patients
in Canada and Great Britain showed that the num-
ber of individuals with diabetes increased by
approximately 50%, and when they compared
mortality in a population with and without diabe-
tes, there was an excessive risk of mortality in
those with diabetes, but over a period of 13 years
that risk had decreased [10]. This was interpreted
to be partly due to earlier detection of diabetes that
contributed to higher prevalence of prediabetes
and to improvements in the management of dia-
betes. Increased prevalence of diabetes has also
been found in the USA and other parts of the
world [11], and parallels the increase in obesity
(Fig. 1). With respect to AGEs, it should also be
noted that the increase in obesity is associated
with the change in food habits in the developed
world. Namely, there has been an increase in the
consumption of foods that are high in AGES: red

meat, “fast food,” and heat-processed foods
[12]. In fact, AGEs may be a significant factor
underlying both the risk of developing both T1
and T2 diabetes, and their complications [12], as
will be emphasized below. One particularly
disturbing fact is that T2D is becoming more
frequent in the young, where it has been found
to be much more aggressive, and the early loss of
beta cell function appears to be more rapid
[11]. The fact that AGEs have been shown to
directly injure beta cells [13] potentially gives
them a key role in the induction of both T1D and
T2D. Also, the fact that AGEs can be controlled
by dietary modifications or drugs makes the con-
trol of AGEs a high priority across the age
spectrum.

The appearance of insulin-dependent T1D
(and latent T1D) in aging, while not as frequent
as T2D, is now a recognized phenomenon [14]
and may be related to a loss of beta cell function.
While the mechanisms are surely complex, the
fact that AGEs are directly toxic to the beta cells
and that there is a documented increase in AGEs
with aging suggests that AGEs may be one under-
lying contributing factor.

For instance, insulin resistance in patients with
T2D can be reduced by the restriction of AGE
intake [15]. Finally, the excess of AGEs in
ingested food may play a role in changes in the
gut microbiome, which may influence the devel-
opment of beta cell injury. Namely, AGE restric-
tion reduces the incidence of T1D in NOD mice
[16–18] and, although the gut microbiome was
not investigated in these studies, the importance
of both the microbiome and gender was recently
explored [17].

In this review, we present insights from stud-
ies of AGEs in humans and mice. While we will
emphasize the effects of exogenous AGEs and
the suppression of specific host defense mecha-
nisms, it should be noted that AGEs are also
formed intracellularly, where they are critical
for several normal intracellular functions. It is
only when the overall levels of AGEs in the
extracellular and the intracellular spaces exceed
the ability of the native antioxidant (and AGE)
defenses that they pose a problem. This outcome
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is most evident in chronic disease conditions in
which high levels of oxidative stress (OS) are
sustained.

Insights from studies of humans and mice are
therefore discussed with an emphasis on the
effects of chronic AGEs and the chronicity as the
major factor underlying the suppression of spe-
cific host defense mechanisms and factors
(Fig. 2). Loss in defenses is very likely a driving
force behind the increased oxidative stress and the
pathogenesis of both T1DM and T2DM and their
complications [3]. We have found new links
between cellular AGE receptors (AGER1) and the
NAD+-dependent deacetylase sirtuin 1 (SIRT1),
two components of a complex and powerful
homeostasis system that has cell-protective effects.
Thus, one potential cause of the “epidemic” nature
of diabetes and obesity may be the imbalance
between depleted host defenses and overt exposure
to oxidants (AGEs) from the environment, mainly
the diet [12] (Fig. 3). The results include beta cell
injury that predisposes to the clinical syndrome, i.
e., diabetes mellitus. Therefore, restricting or
blocking the effects of sustained exposure to
AGEs in the diet could be a novel and cost-efficient
strategy in the prevention and treatment of diabetes.

Over the past decade, it has become apparent
that the interactions between AGEs, advanced
lipoxidation endproducts (ALEs), and oxidized
lipids are far more prevalent in vivo than previ-
ously estimated. Substantial amounts of oxidized
lipids are generated by AGE precursors [19]. Oxi-
dized lipids were studied in T2D patients, in
whom consumption of a test meal containing
either a low or high oxidized fatty acid content
showed that the levels of conjugated dienes in
serum chylomicrons were increased in those
with poor glycemic control and remained elevated
for longer periods of time, compared to those with
better glycemic control (HbA1c <10). Interest-
ingly, the levels in T2D with good control did
not differ from nondiabetic controls. While unsat-
urated fatty acids from exogenous sources can act
as major donors of reactive carbonyls and are
more efficient catalysts of AGE or ALE produc-
tion than is glucose, this fact appears to have
escaped serious attention. However, Staprans
et al. [20] showed that oxidized cholesterol in
the diet can accelerate atherosclerosis by increas-
ing oxidized cholesterol levels in circulating LDL
and chylomicron remnants. Oxidized fatty acids
were not found to play a role in the formation of
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Fig. 1 Evolution of Man and Changes in Body Habitus
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oxidized cholesterol fractions in this study. It is
important to note, however, that since ALEs can
also interact with AGE receptors, these com-
pounds could underlie processes currently attrib-
uted to free fatty acids, such as beta cell injury,
insulin resistance, and atherosclerosis [21]. Also
while fatty acids like AGEs are thought to play a
major part in atherosclerosis [19, 22], the fact that
fatty acids have a very low affinity for certain
receptors (including toll-like receptor 4 [TLR4])
suggests that free fatty acids at circulating levels
may play a lesser role, whereas TLR4 could
directly interact with AGEs [21, 23]. Intracellular

AGE formation is usually tightly controlled,
partly by the balance between nascent oxidants
and antioxidants, and by the glyoxalase
system and other enzymes that reduce OS and
inhibit AGE formation [24]. Extracellular
AGE-modified proteins, including those liberated
from tissues, are sequestered by AGE receptors
[25], internalized, and degraded by proteolytic
digestion. The resulting products are normally
excreted by the kidneys [26, 27]. Therefore, the
levels of AGEs in tissues and cells are increased
when renal function is decreased. Another reason
for delayed AGE detoxification is that proteins

HOST 
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EXCESSIVE
BODY BURDEN
OF AGEs

CHRONIC
INFLAMMATION

Fig. 2 Relationship
between AGEs, Host
Defenses and Inflammation
Responses

OBESITY

NUTRIENTS

Neuro-Endo-
Axis

CARDIOVASCULAR,  
KIDNEY,  BRAIN, BONE, 

SKIN

OXIDANTS 

DIABETES

AGEs
[FLAVORFUL TOXINS]

OVER-EATING

INFLAMMATION

Fig. 3 Contribution of
AGEs to Obesity, Diabetes
and Their Complications
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and lipids modified by AGEs are resistant to deg-
radation, which delays their turnover and inter-
feres with tissue repair.

We will focus on methylglyoxal (a reactive
AGE) and two new aspects of the cellular anti-
OS host (innate) defense system: AGE receptor-
1 (AGER1) and the NAD + -dependent
deacetylase sirtuin 1 (SIRT1). These two com-
ponents are part of a complex and powerful
cellular antioxidant defense system that controls
cellular oxidative stress at physiological levels.
The major prooxidant AGE receptor (RAGE)
mediates increased cellular inflammation and
oxidative stress, and a secreted form circulates
and is able to bind circulating AGEs [28]. As
host defenses are breached by a chronic excess
of oxidants from the environment and AGEs are
allowed to accumulate in tissues and cells, the
result is a sustained increase of oxidative stress,
leading to cell injury. This sustained change in
homeostasis could underlie the increased sus-
ceptibility to diabetes mellitus and its
complications.

Thus, AGEs may play a central role in the
induction of diabetes and its complications
(Fig. 3), and their control may need to be
reassessed in the management of both T1 and T2
diabetes mellitus.

Brief Definition of Bioreactive AGEs

General Comments

The term AGEs is given to a series of prooxidant
metabolic derivatives of nonenzymatic reactions
between reducing sugars and free amines of
proteins, largely α-NH2 or ε-NH2 groups, as
well as of aminolipids and nucleic acids
[29–31]. When AGEs are initially formed, they
have high oxidant potential; however, as they
progressively decay, they become less active.
Extracellular and intracellular reactive carbonyl
precursors (i.e., glyoxal, 3-deoxyglucosone,
or methylglyoxal) generate AGEs orglycoxidants;
including; (N-; epsilon-carboxymethyl-lysine,
CML), MG-imidazolone-H1 (MG-H1 or crosslink-
forming endproducts such as pentosidine [32, 33].

The chemical process of glycation, initially identi-
fiedbyProf.Maillard (1912), is sensitive to pH, high
temperature, hydration, type of sugar, and acid or
base buffering conditions [34]. This reaction is slow
and strictly regulated in vivo. However, under
supraphysiological conditions, AGE formation
may occur at vastly accelerated rates. It is important
to note that the amount ofAGEs formed depends on
the substrate source (animal or plant), temperature
applied, the amount of available water (hydration),
and the time of exposure to the increased
temperature [35].

AGEs are formed by the nonenzymatic inter-
action of hydroxyl groups (typically from
sugars) and amino groups, preferably lysine or
arginine. These intermediates are unstable and
spontaneously degrade or undergo redox cycli-
zation reactions, releasing reactive oxygen spe-
cies which can modify proteins, lipids, or
nucleic acids either in the intracellular or extra-
cellular spaces, as well as in mixtures of nutri-
ents, under high temperature. This review will
focus on one of the active AGE precursors
(methylglyoxal, MG) which readily modifies
proteins containing arginine residues to form
derivatives MG-imidazolone-H1 (MG-H1).
The modification of proteins by MG is particu-
larly important since it is directed to arginine
residues, which have a high probability of loca-
tion at functional sites [36]. Unlike some of the
earlier AGE precursors, MG derivatives are rel-
atively stable, but still quite reactive. For these
reasons, MG-H1 modification of proteins and
lipids may be quantitatively one of the more
important modifications in the pathogenesis of
diseases, especially diabetes and diabetes-
associated complications.

AGE Targets

Rather than consider each individual organ/cell
type targeted by AGEs, we here will provide
representative examples and direct the reader to
the literature. The examples serve mainly to famil-
iarize the reader with the broad clinical signifi-
cance of AGEs and the importance of keeping
their levels as low as possible.
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Metabolism of Intracellular
Methylglyoxal

General Comments

There are two glyoxalase enzymes, glyoxalase-1
(Glo-1) and glyoxalase 2. Since methylglyoxal is
the major substrate for Glo-1, if Glo-1 levels are
reduced, the intracellular levels of methylglyoxal
increase to cytotoxic levels. Thus, Glo-1 is an
important part of the intracellular antioxidant sys-
tem, especially glutathione and the control of
MG-derived AGEs [4]. Glo-1 has an antioxidant
response element in its promoter region, which
binds Nrf2 [37]. Therefore when Nrf2 is
upregulated acutely by increased OS, due to
MG, it could bind to the Glo-1 promoter and
induce the translation of Glo-1. The result would
be reduced intracellular MG levels. While this
feedback mechanism may control acute changes
in MG levels, we have found that Nrf2 levels are
decreased in chronic high OS conditions, such as
diabetes. The net result of this downregulation of
an important regulator of intracellular MG levels
promotes cell injury and eventually cell death.

Cell Surface AGE Receptors

General Comments

There are two general types of AGE receptors.
One class serves to bind, internalize, and degrade
AGEs. AGER1 is the best example in this class
[12]. This receptor also serves to control excessive
intracellular OS and is therefore a major part of the
cellular antioxidant defense system. There is a
second group of receptors that also bind AGEs,
but instead of detoxifying AGEs, these receptors
increase OS and inflammation [12]. Thus, as a
group they are classified as prooxidant receptors.
RAGE is the classic example of this class.

A complete description of these receptors is
beyond the scope of this review, but suffice it to
say that elucidation of AGE interactions with
AGE receptors has proven to be complicated.
This is because the prooxidant receptors, i.e.,
those other than AGER1, have a relatively low

AGE affinity. They bind molecules other than
AGEs, and their primary structure is quite varied.
The fact that AGEs, like other oxidant species, can
signal through non-AGE receptors, such as scav-
enger receptors, G-protein-coupled receptors,
pattern-recognition receptors, and toll-like recep-
tors, as well as via receptor-independent path-
ways, is underappreciated and has led to
considerable confusion in the field. For these rea-
sons, we will focus on AGER1 and RAGE.

Receptors that bind AGEs are differentially
regulated by ambient levels of both AGEs and
OS. For instance, AGER1 is upregulated by
acute rises in AGEs, but is depleted, suppressed,
or unresponsive in the presence of chronically
high levels of OS (as in diabetes or chronic kidney
disease). Importantly, intracellular antioxidant
systems and some of the extracellular host
defenses, such as lysozyme and defensins are
also depleted under high OS. On the other hand,
RAGE, which is also upregulated by AGEs,
remains upregulated in the continued presence of
high AGE levels. Thus, it perpetuates high oxida-
tive stress states.

AGER1 – Defense Against AGE Toxicity

AGER1, which is encoded by the gene DDOST, is
an evolutionarily conserved type 1 transmembrane
protein present on the cell surface, the inner mem-
brane of the endoplasmic membranes, and in
mitochondria [12]. AGE-specific receptors were
first recognized on peripheral monocytes
[38–40]. AGER1 expression increases after acute
exposure to increased levels of AGEs, like many
other receptors. Thus, under normal conditions,
AGER1 levels inversely correlate with intracellu-
lar AGEs and directly with serum AGEs. How-
ever, AGER1 becomes downregulated when
exposed to persistently elevated levels of AGEs,
arising largely from ingestion of food containing
large amounts of AGEs and/or the presence of
diabetes. Since the kidneys are the major site of
AGE disposal and AGER1 removes AGEs from
the blood, AGER1 levels usually directly correlate
with the amount of AGEs present in the urine. The
removal of circulating AGEs promotes cell
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stability and protects the entire body against overt
OS. The mechanisms of AGER1 action include
inhibition of the activation of NADPH oxidases
p47phox (also known as neutrophil cytosol
factor 1) and gp91 by suppression of Tyr311 and
Tyr332 phosphorylation of PKCδ [41]. These
actions prevent NFκB p65 97 activation and
nuclear translocation, two processes that are pro-
moted by AGE binding to RAGE. AGER1 also
prevents AGE-initiated transactivation of EGFR
due to high oxidative stress [42]. Thus, AGER1
may also restrict hyperactivity of other G-protein-
coupled receptor kinases. Since increased levels
of p66Shc are linked to diabetes mellitus, athero-
sclerosis, and kidney disease, it should be
noted that AGER1 inhibits AGE-induced Ser36
phosphorylation of the p66Shc isoform of
SHC-transforming protein 1, a major oxidative
stress and apoptosis-promoting adaptor protein.
AGER1 also inhibits AGE-mediated suppression
of the antioxidant effect of FOXO3 on superoxide
dismutase 2 (SOD2) expression, perhaps because
of its role in the negative regulation of p66Shc
activity. These in vitro data were confirmed in
mice transgenic for AGER1 which had decreased
formation of occlusive atheromas caused by wire-
injury, a high fat diet or T2DM [43]. If these
findings in mice apply to humans, the significance
of reduced levels of AGER1 in diabetes mellitus
may explain the increased incidence of athero-
sclerosis in these patients.

Very recently, a potentially important protec-
tive synergism between AGER1 and SIRT1 has
been identified [86]. SIRT1 is thought to play a
major part in insulin signaling and secretion, insu-
lin resistance, inflammation, lifespan, as well as
tissue fibrosis, affecting the cardiovascular system
and kidneys in diabetes. Unfortunately, both
SIRT1 and AGER1 are suppressed in patients
with diabetes mellitus, especially those with com-
plications characterized by high levels of AGEs
and oxidative stress, such as diabetes. We recently
found that AGER1 overexpression blocks
AGE-induced suppression of SIRT1 [44], thereby
inhibiting NFκB p65 hyperacetylation and inflam-
matory events. AGER1 also prevents
AGE-induced impaired signaling via the insulin
receptor and insulin receptor substrate 1 (IRS1) in

adipocytes, and results in prevention of an
AGE-induced decrease in glucose uptake
[45]. These data indicate that AGER1 provides
SIRT1 with a shield against a high external oxi-
dant load. This may mitigate inflammation while
preserving the metabolic actions of insulin. This
conclusion is reinforced by the observation that
AGER1 protein levels in peripheral blood mono-
nuclear cells of healthy humans correlate with
circulating AGE levels [3].

Thus, since the level of AGER1 expression
normally correlates directly with those of intracel-
lular antioxidant systems (e.g.,SIRT1, NAMPT,
SOD2, and GSH) and negatively with prooxidant
pathways (e.g., RAGE, NADPH oxidase, and
p66shc), AGER1 may be important in the main-
tenance of normal homeostasis. An obvious cor-
ollary is that reduced AGER1 expression levels
may be a marker of compromised host defenses in
patients.

RAGE – Propagation of AGE Toxicity

In contrast to AGER1, RAGE activation promotes
both ROS and inflammation in acute and chronic
diseases. Whereas, AGER1 is relatively specific
for AGEs, RAGE binds multiple ligands, includ-
ing high mobility group protein B1 (HMGB1),
amyloid β protein, and members of the calcium-
binding S100 protein group. RAGE is a promi-
nent member of a family of low-affinity, pattern-
recognition receptors that function at the interface
of innate and adaptive immunity [46]. While the
binding characteristics for AGEs by AGER1 are
well-understood, those for multiligand RAGE are
not as clear. Activation of full-length, cell-associ-
ated RAGE induces an array of signaling events,
including MAPK p38–JNK and JAK–STAT,
CDC42–RAC and others, many of which may
act as both the result and the cause of ROS.
Whereas full-length RAGE does not contribute
to the endocytosis or removal of AGEs, the extra-
cellular domains of RAGEmay be shed as soluble
variants possibly contributing to AGE clearance
[47]. Even though an association between RAGE
and diabetic complications has been reported, it
has been difficult to assign a primary role to this

22 Advanced Glycation Endproducts (AGEs) and Chronic Complications in Diabetes 391



receptor other than that of an ROS transducer.
RAGE may be principally modulated by ambient
OS. The best evidence for this supposition is that
low OS, as after restricting external AGEs, mark-
edly suppresses RAGE mRNA and protein levels
in diabetic mice and after sevelamer carbonate in
T2DM with kidney disease [9, 48]. Similarly,
AGE restriction in either healthy humans or
those with diabetes mellitus to levels markedly
below their baseline (>60%) reduces RAGE
levels in peripheral blood mononuclear cells, indi-
cating that RAGE is regulated by AGEs entering
from the external environment. In fact, RAGE
mRNA and protein levels, in peripheral blood
mononuclear cells from healthy individuals,
directly correlate with serum levels of AGEs and
oxidative stress, as well as with ingested AGE
levels [3]. It is important to note that RAGE levels
are only modestly elevated in patients with diabe-
tes mellitus without complications. One can con-
clude that both AGER1 and RAGE respond to the
presence of AGEs in the environment, but in
discordant directions. Findings in both animals
and humans offer new perspectives on the role
of RAGE in diabetes mellitus. As with other sig-
nal transduction molecules that regulate
proinflammatory events, the often noted
upregulation of RAGE may constitute the result
rather than a cause of increased OS. When host
defenses are compromised and basal OS
increases, RAGEmay be upregulated and amplify
OS. Other prooxidant scavenger receptors that
bind AGEs, as well as galectin-3 also seem to
function in this manner [49].

Examples of Conditions in Which AGEs
May Play a Pathogenic Role

AGEs and the Induction of T1D
in Children

A rising incidence of type 1 diabetes in children
has been noted throughout the world prompting
calls for new prognostic indicators [50]. In a large
study, islet cell antibody-positive children were
evaluated for predictors of T1D [51]. An assay
for an AGE (CML) was included, based on

evidence implicating the environment in the
development of T1D in twins [51]. The authors
studied 7,287 unselected school children, of
whom 115were ICA positive and 32monozygotic
and 32 dizygotic twins discordant for diabetes,
and followed them for 7 years. They found that
CML was increased in ICA+ and prediabetic chil-
dren as well as in diabetic and nondiabetic twins
and that elevated levels of CML were a persistent
and independent predictor of diabetes progres-
sion. Thus, AGEs are another risk factor, in addi-
tion to ICA and HLA risk. The familial
environment explained 75% of the CML variance,
confirming their previous data. Thus, it could be
concluded that CML is a potential therapeutic
target in ICA+ children.

AGEs and the Induction of T1D
in Adults

Recently, it has been recognized that autoim-
mune diabetes also occurs in adults [14]. A
study of 6,156 adults attending adult diabetes
clinics in Europe revealed that 541 had auto
antibodies, of which most recognized GADA
(~90%). Of the total population, ~10% did not
require insulin (latent autoimmune diabetes). The
majority of those with high GADA levels
(403/541) were female, lean, and treated with
insulin. Overall, LADA is much more frequent
than adult-onset autoimmune type diabetes.
While AGEs were not examined in these patients,
the data from the autoimmune diabetes in chil-
dren would suggest that presence of high AGEs is
a reasonable possibility and should be examined
in the LADA population, since this is a modifi-
able risk factor.

AGEs and Pancreatic Beta Cells

The role of β-cell responses to AGEs was exam-
ined in mice treated with AGE-BSA (bovine
serum albumin modified by AGEs) [13]. The
investigators found that treated mice had higher
glucose levels and lower insulin levels in response
to a glucose challenge than controls, despite
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normal insulin sensitivity and normal islet mor-
phology. Isolated islets from these mice also had
lower glucose-stimulated insulin secretion. In
addition, ATP production in isolated islet cells
was reduced by AGEs, while the glucose-
stimulated insulin secretion was restored by a
sulfonylurea derivative. AGEs also inhibited
nitric oxide activity by activating inducible nitric
oxide synthase (iNOS) activity. Aminoguanidine
reversed the inhibitory effects on ATP production
and insulin secretion, leading the authors to con-
clude that AGEs inhibit cytochrome c oxidase and
ATP production, which leads to impaired glucose-
stimulated insulin secretion, mediated by iNOS-
dependent nitric oxide production.

AGEs as Initiators of Insulin Resistance
and T2D

This question was studied in several different
models of T2DM (db/db, or C57B6 mice fed a
high fat diet as well as C57B6 mice with
age-related T2DM) [12]. The role of AGEs was
evaluated using AGE restriction. The results show
that there was a decrease in oxidative stress and an
improvement in insulin resistance (IR), despite
persistent hyperglycemia or obesity, high fat
intake, or advanced age. The direct role of food
AGEs in IR was further supported by study in
which a low-AGE diet was supplemented with
methylglyoxal-modified albumin (MG+) and
compared to the low AGE diet (MG�). Mice fed
an MG+ diet, as well as mice fed regular mouse
chow, but not pair-fed, age-matched MG� mice,
had an early onset of age-associated insulin resis-
tance [52], increased adiposity, and inflammatory
changes, which could not be attributed to
advanced age or overnutrition. MG+ mice, in
addition to impaired insulin receptor signaling
and low insulin-stimulated glucose uptake, had
suppressed tissue expression of key defense fac-
tors such as SIRT1, AGER1, and plasma
adiponectin [52]. The marked acceleration of
T2DM onset in MG+ mice over five generations
cannot be attributed to genetic effects, neither can
the doubling of obesity in humans in the last
generation.

However, the loss of anti-AGE and
OS-regulatory genes function across generations
could reflect epigenetic changes, because of the
gradual increase in oxidant levels over several gen-
erations in both mice and humans. Although fur-
ther investigation is required, impaired host
defenses could gradually result in hyper-
responsiveness to inflammatory stimuli and, thus,
increased susceptibility to disease. For instance,
offspring of obese or diabetic parents are at higher
risk of developing these phenotypes as adults.

That AGEs can influence insulin sensitivity
was also explored in human subjects with T2DM
and insulin resistance, who were exposed to AGE
restriction for 4 months [15]. Compared to a con-
trol group, there were substantial reductions in
plasma insulin, leptin, and pro-inflammatory
TNF and RAGE in patients exposed to AGE
restriction. In contrast, AGER1, SIRT1, and
adiponectin were increased. These responses
were accentuated in peripheral monocytes by
NFκB p65 hyperacetylation, which was likely
due to SIRT1 suppression. Further, gene transfer
and silencing studies showed that SIRT1 actions
were under the control of AGER1 in monocytes/
macrophages, where SIRT1 exerts anti-
inflammatory functions, or in adipocytes, where
it regulates glucose utilization [53, 54].

Further studies exploring this new link
between AGEs and diabetes may help explain
how the modern environment depletes host
defenses and contributes to the metabolic syn-
drome and diabetes type 2.

Brain

Diabetes is associated with increased risk of clin-
ically verified Alzheimer’s disease, especially if
diagnosed in mid-life [55]. This has led to the
search for modifiable factors in diabetic and pre-
diabetic individuals. Insulin resistance in an
asymptomatic, late middle-aged cohort was
found to be associated with progressive atrophy
in brain regions associated with Alzheimer’s dis-
ease [55, 56]. Since insulin resistance is respon-
sive to lowering AGEs, this could be an
interesting area to explore as a novel therapeutic
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approach [15]. After initially proposing that
AGEs could be involved in the pathogenesis of
Alzheimer’s disease, it was then hypothesized that
methylglyoxal could be a major contributor to this
disease [56]. This postulate was supported by the
observation that higher levels of methylglyoxal in
267 serially followed older adults with normal
cognitive function at baseline were associated
with a faster rate of cognitive decline [57]. Since
methylglyoxal levels can be modulated by diet
and/or drugs, this result could have pathogenetic
implications and a potential therapeutic strategy.
A study of the toxicity of methylglyoxal in neural
cell types revealed that neurons are sixfold more
susceptible to methylglyoxal injury compared to
astrocytes, which could be due to the fact that the
methylglyoxal degrading enzyme (Glo-1) had a
ninefold higher expression level in astrocytes
compared to neurons [58]. Finally, methylglyoxal
led to glycation of occludin in cerebral
microvessels, making them more permeable,
which could contribute to dysfunction of the
blood-brain barrier [59].

Recent transgenerational studies from our
group mice fed an MG-supplemented diet
(MG+) showed that age-related brain dysfunction
and SIRT1 deficiency are associated with elevated
brain MG [60]. Cognitive decline was promoted
by AGEs, which also promoted the metabolic
syndrome, via SIRT1 deficiency. AGEs and Aβ,
which are known to be toxic to the brain were
increased to levels similar to those found in old
mice. These changes, however, could not be
attributed to aging, since they were absent in
pair-fed, genetically identical, and age-matched
MG- mice. These findings were consistent with,
and supported, new clinical findings, which
suggested that abnormally high levels of circulat-
ing MG was a determinant of cognitive decline in
older humans, as well as young elderly, who were
cognitively intact at baseline [57, 61]. Serum
levels of MG, a marker associated positively
with high dietary AGE intake and negatively
with SIRT1 levels, also predicted impaired insulin
sensitivity over time in this population. In sum-
mary, these findings point to AGEs as a new
environmental risk factor for the new complex of

dementia and the metabolic syndrome in older
adults.

Brain dysfunction, as well as IR, is associated
with dietary factors, especially since modern diets
are replete with prooxidant AGEs in addition to
calories or specific nutrients. Furthermore, it has
been suggested that the benefits derived from
calorie restriction on cognition are related to the
increase in SIRT1 expression in the brain and a
decrease in the consumption of AGEs, because of
the restriction of food intake. This postulate is
supported by observations on our recent study in
mice, where we found that the MG+ diet
reproduced age-related metabolic changes, insulin
receptor defects, and inflammation [52]. These
changes, however, were absent in mice fed the
low MG diet (MG�), despite identical caloric
intake by both groups. These data provide evi-
dence that age-related changes, which had previ-
ously been attributed to calorie restriction, could
be partly due to AGE restriction. We have shown
that changes in the SIRT1 pathway are linked to
AGE receptor levels and that AGE receptors are
expressed in brain neurons, microglia, and endo-
thelium. In the current experiments AGER1, an
anti-AGE receptor, was downregulated in the
brain of MG+ mice [60]. However, RAGE, a sig-
naling receptor linked to neurotoxicity, was
enhanced. We reasoned that since AGER1 can
prevent the suppression of systemic SIRT1, it
could have a similar effect in the brain. This was
supported by the finding that low intracellular
AGEs and ROS in neurons isolated from MG-

mice were associated with higher AGER1 and
SIRT1 levels, compared to neurons from regular
diet and MG+ mice. Furthermore, it is possible
that AGER1 depletion could delay the clearance
of AGE-modified molecules. This may be the
cause of higher AGE deposits, such as AGE-Aβ,
SIRT1 suppression, and glial activation in the
brains of MG+ but not MG� mice. The chronic
and sustained nature of these effects was reflected
in behavioral changes in MG+ mice, which mir-
rored the early cognitive changes seen in older
humans. Importantly, these changes were absent
in mice on the low-AGE diet (MG� mice).
Together with the animal data, the clinical
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findings indicate that chronic exposure to exoge-
nous AGEs can result in a gradual depletion of
host defenses before clinical evidence of cognitive
or metabolic disturbances appear. A critical and
novel finding afforded by the animal studies is that
a reduced exposure to oral AGEs preserved key
brain gene function and also averted cognitive
decline, as well as metabolic derangements and
changes in motor function. These data in mice
must be examined in clinical trials.

AGEs are also involved in abnormalities of
peripheral nerves in diabetes; macrophages were
found to ingest glycated myelin from the periph-
eral nerves of patients with T2D [21], which may
contribute to the neuropathy in diabetes. This is
also an area deserving of further investigation,
especially since AGEs are a modifiable risk factor.

Estrogen has been shown to have protective
effects against the development of Alzheimer’s
disease in both men and women [62]. Studies in
mice reveal that estradiol protects against
postischemic hippocampal neurodegeneration
[63]. Since estrogen is derived from testosterone
by aromatase action, several investigators have
examined the levels and expression of aromatase
in brain and brain injury [62, 64]. While aroma-
tase is not expressed in neurons, in the presence
of OS, aromatase is expressed in astrocytes and
this is associated with neuroprotection in animals
[64]. Studies in the hippocampus of both men and
women have shown estradiol-mediated
neuroprotection [65], and a recent study of single
nucleotide polymorphism in the gene coding for
aromatase shows that the genotype associated
with the greatest levels of estradiol was associ-
ated with greater hippocampal gray matter in
males [62]. Thus, estrogen has neuroprotective
effects in both men and women, and could be
important in the development of Alzheimer’s
disease.

In summary, AGE-induced reductions in estro-
gen receptor function and estradiol production
may be associated with cognitive and peripheral
nerve dysfunction. In this context, both
methylglyoxal and Glo-1 have both been shown
to play significant roles in the function of brain
cell types and the blood-brain barrier.

Kidney

AGE EXCRETION
The kidneys are a major site for the disposal of
oxidants from the circulation, especially AGEs.
The kidneys receive 10% of the cardiac output. In
addition, other than the brain and heart, they are
the only organs in which blood flow is determined
by cardiac output, rather than vasocontraction.
Low molecular weight AGE-modified peptides
may pass into the glomerular filtrate and be
presented to the cells lining the tubules. After
passing the glomerulus, this large amount of
blood enters a rich capillary bed around the
tubules. Thus, the tubules are directly exposed
to higher molecular weight AGE modified mole-
cules in the blood on both their luminal and
abluminal sides. Therefore, they are exposed to
AGE-modified molecules of varied molecular
weight. Because of their large exposure to circu-
lating AGEs and their role in the removal of
AGEs, the kidneys are a target for AGE-induced
oxidative stress. The exact mechanism for the
disposal of AGEs in the kidneys remains incom-
pletely understood, but since very reactive AGEs
(such as methylglyoxal) are highly charged, they
are unlikely to be filtered in large amounts
through a normal glomerular barrier; however,
an AGE-modified barrier might be more perme-
able. The fact that albuminuria is a sign of dia-
betic kidney disease suggests that the glomerular
filter may be altered before there are other
changes in kidney function [66]. However, if
large amounts of AGEs are to be removed by
the kidneys, they must be actively excreted.
This conclusion is supported by the observation
that when the levels of AGEs in the circulation
are reduced by either dietary restriction or drugs,
the kidneys excrete an increased amount of AGEs
[6, 15]. This suggests that the kidneys are injured
by high circulating levels of oxidants, such as
those present in T2D. On the other hand, rela-
tively inactive AGEs (such as CML modified
peptides) are not highly charged and may more
easily pass the glomerular filter and would be less
dependent on intact glomerular or tubular
function.
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AGE Renal Toxicity (Animal Studies)
Direct evidence of the toxicity of AGEs for nor-
mal kidney structure and function was obtained in
normal mice who received AGEs intravenously
for 4 weeks [67]. These animals developed
deposits of AGEs in the kidneys, in association
with both glomerular and interstitial fibrosis,
suggesting that circulating AGEs can be deposited
in the kidneys and cause kidney disease. Specifi-
cally, AGEs induced an increase in glomerular
extracellular matrix alpha 1(IV) collagen, laminin
B1, and transforming growth factor beta 1 mRNA
levels, as well as glomerular hypertrophy. The
AGE response was specific because the
coadministration of an AGE inhibitor,
aminoguanidine, reduced all these changes.
Recently, it was found that TGFβ-induced
changes in mir-192 and p53 that resulted in a
fibrotic response in glomerular mesangial
cells [68].

AGE Removal (Clinical Studies of Normal
Subjects and Diabetic Patients
with Kidney Disease)
The importance of the excretion of circulating
AGEs could be inferred from a study of nearly
1,500 participants without cardiovascular disease
or type 2 diabetes mellitus. They found that
increased cystatin C (a marker of decreased kid-
ney function) carried a threefold increased risk of
progression from normoglycemia to prediabetes
[69]. This suggests that abnormalities in kidney
function, possibly due to an ability to excrete
excess amounts of ingested oxidants (AGEs,
ALEs) result in the initiation of a series of events
that carry a high risk of developing frank diabetes
in an otherwise normal population.

Two recent studies of adult T2DM patients
with established kidney disease revealed that
reduction of AGEs, using a drug that binds
AGEs in the intestine and places them in the
stool, showed that there was a reduction of
HbA1c and albuminuria (in women and blacks),
in concert with reduced prooxidants and increased
antioxidant mechanisms [70]. Namely, serum and
cellular AGEs, TNFR1, and RAGEwere reduced.
Adiponectin, AGER1, Nrf2, SIRT1, and ERα are
among the antioxidants there were increased.

AGEs and the Induction Diabetic Kidney
Disease (DKD)
High levels of AGEs and chronic inflammation in
T2D may predispose to the development of DKD.
AGEs induce inflammation (especially TNFα) in
patients and in animal models [4, 15, 71, 72]. The
association between high methylglyoxal levels
and progression of DKD was confirmed in type
1 diabetes in a longitudinal study of T1D children
whose follow-up included a kidney biopsy
[73]. Another study of long-term survivors of
T1D followed at the Joslin clinic revealed that
DKD was present only in those with high levels
of AGEs [74]. Finally, another group of investi-
gators at the Joslin clinic found that increased
TNF receptors were a better predictor of progres-
sive CKD in both T1D and T2D in the USA
[75, 76]. These data were confirmed in a study
of 106 nonobese Japanese with T2D, where it was
found that circulating TNF receptor 2 was associ-
ated with the development of stage 3 CKD (GFR
~30) [77]. Since AGEs enhance the expression of
TNF receptors [78] and AGEs are increased in
T2D, these studies suggest that AGEs could be a
significant contributor to the progression of DKD
in patients with either T1 or T2 diabetes. In this
regard, as noted above, TNF receptors can be
lowered by currently available drugs, as well as
by reducing the intake of amount of
AGE-rich food.

Finally, a recent review suggests that AGEs are
uremic toxins and proposes both
nonpharmacologic and pharmacologic interven-
tions to reduce AGEs in patients with CKD [79].

AGEs Toxicity in Hemodialysis Patients
AGEs levels are often several folds higher in
hemodialysis patients than in normal controls
[80]. These patients have a very high incidence
of complications and a high mortality rate, espe-
cially those who also have diabetes (USRDS).
Reduction of AGEs by a drug that sequesters
AGEs in the gut, thereby preventing them from
being taken into the body, led to a substantial
reduction of both AGEs and other risk factors
for CVD [63]. These changes were apparent
after only 3 weeks of treatment. In a cross-
sectional study of 189 dialysis patients [64],

396 H. Vlassara and G.E. Striker



139 hemodialysis and 50 peritoneal dialysis
patients showed that serum CML level correlated
significantly with dietary AGE intake, based on
3-day food records (P = 0.003). While no corre-
lation was observed with protein, fat, saturated fat,
or carbohydrate intake, both serum CML and MG
levels correlated with blood urea nitrogen
(P = 0.03 and P = 0.02, respectively) and
serum albumin levels (P = 0.04 and P = 0.02,
respectively). The authors confirmed the fact that
dietary AGE content, independently of other diet
constituents, is an important contributor to the
high serum AGE levels in patients with renal
failure. Moreover, the lack of correlation between
serum AGE levels and dietary protein, fat, and
carbohydrate intake indicates that a reduction in
dietary AGE content can be obtained safely with-
out compromising the content of obligatory nutri-
ents in these very ill patients who are generally
malnourished.

Toxicity of AGEs in Peritoneal Dialysis
Patients
The fact that reduction of AGEs by dialysis is
independent of dialysis method was shown in an
intervention trial conducted in 26 renal failure
patients on maintenance peritoneal dialysis who
were randomized to either a high or a low AGE
diet for 4 weeks. Those on the low dietary AGE
intake had decreased serum CML (P < 0.002)
and serum MG (P < 0.008) and lowered levels
of two glycated lipid molecules which induce
inflammatory responses in several cell types:
CML-LDL (P < 0.011) and CML-apoB
(P < 0.028) [81]. On the other hand, patients on
the regular diet were found to have increased
serum CML (P < 0.028), serum MG
(P < 0.09), CML-LDL (P < 0.011), and
CML-apoB (P < 0.028). Other findings related
to metabolic changes that are directly related
with cardiovascular risk were serum AGE corre-
lated with BUN (CML, P < 0.002, MG,
P < 0.05), serum creatinine (CML, P < 0.05;
MG, P < 0.004), total serum protein (CML,
P < 0.05, MG, P < 0.05 for MG), serum albu-
min (P < 0.02 for CML; r = 0.4; P < 0.05 for
MG), and serum phosphorus (CML; P < 0.006;
MG, P < 0.01). The authors concluded that

dietary glycotoxins contribute significantly to the
elevated AGE levels in renal failure patients, and
that dietary AGE restriction is an effective and
feasible method to reduce excess toxic AGEs,
and possibly associated cardiovascular mortality,
and favorably alter several metabolic parameters.

Mortality in T2D Patients Admitted
to the ICU, and the Effects of the Levels
of AGEs and Diabetic Kidney Disease
on Outcome in Acute Trauma Patients
The presence of T2D has been associated with
increased 1-year mortality in patients who had
been admitted to an ICU (36%) compared to
29.1% in nondiabetic patients [82]. However, the
presence of kidney disease was associated with a
1-year mortality of 54.6%, again emphasizing the
importance of kidney function in controlling oxi-
dative stress. Another study of AGEs in acute
trauma patients admitted to the ICU revealed
that those with the most severe trauma had ele-
vated levels of AGEs that persisted, whereas the
levels defervesced within one week in those with
less severe injuries.

These data show that restricted exposure to
AGEs is important to prevent diabetic kidney
disease, progression of established nephropathy,
and to better control responses to acute injury.

AGEs in Cardiovascular Disease

General Comments
While there have been many experimental animal
studies showing that chronic, high levels of AGEs
promote the induction and progression of cardio-
vascular disease [12], a recent study of 7,447
Mediterranean region subjects showed that a
low-AGE diet reduced the incidence of major
cardiovascular events in persons at high cardio-
vascular risk [83]. This study was a randomized
prospective trial of three diets, two Mediterranean
diets (one supplemented with virgin olive oil and
one supplemented with nuts) and a regular diet.
This study confirms a number of previous trials
and suggests that a low-AGE diet is cardio-
protective in a European population. Small studies
in more diverse populations [3] suggest that these
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data may apply more broadly. The latter study
points out the fact that it is not only the amount
and type of food ingested, but that the method of
food preparation plays a major role. Namely, food
that is rich in animal protein and is cooked at high
temperature for prolonged periods contains a large
amount of cytotoxic AGEs.

Studies in rat models of hypertension revealed
that methylglyoxal-mediated changes in arterial
wall medial/intimal thickness were associated
with hypertension [11]. Importantly, these
changes were attenuated by metformin.

The question of the effects of
AGE-crosslinking on large blood vessels was
studied in rats with streptozotocin-induced diabe-
tes treated with the AGE-breaker, alagebrium for
1–3 weeks [63]. The diabetes-induced increase of
large artery stiffness was reversed as measured by
systemic arterial compliance, aortic impedance,
and carotid artery compliance and distensibility.
These findings could be important in the treatment
of patients with diabetes-related complications.

Estrogen in Men with Diabetes
and the Risk of Peripheral Vascular
Disease
Our recent unpublished data show that monocytes
of aged men with T2D have suppressed levels of
ERα mRNA, which is reversed by removal of
AGEs. Thus AGEs may play a role in the effects
of estradiol on peripheral vascular disease. While
there have been few studies of estrogen and the
risk of aging-related diseases in men, a recent
cross-sectional study of Framingham Heart
Study participants revealed that there was a 62%
increased risk of incident diabetes in per cross-
sectional doubling of estradiol levels [84]. This
risk was 40% for estrone, which associated with
impaired fasting glucose at visit 7. In follow-up
over a period of 6.8 years, there was an increasing
risk of diabetes with increasing quartiles of both
estradiol and estrone and an increased incidence
of diabetes with increasing quartiles of estrone.
Thus, at the last visit, in those with a twofold
increase in total estrone at visit 7, there was a
77% increase in the risk of incident diabetes. An
analysis of the same study subjects showed that

the age-related increase in total estrone was
greater than that in total estradiol. Estrone was
positively associated with smoking, BMI, and
testosterone.

Total and free estradiol were associated with
diabetes, BMI, testosterone, and comorbid condi-
tions. Additionally, free estradiol was associated
negatively with smoking. Finally, an investigation
of a middle-aged community-based sample sug-
gests that lower free testosterone and higher
estrone concentrations may be associated with
peripheral vascular disease and ankle-brachial
index change in men, but sex hormones did not
affect these parameters in women. Finally, periph-
eral vascular disease may also be related to AGEs
and their influence on estrogen levels.

In summary, there is now considerable evi-
dence that the amount of AGEs provided in the
food environment can have a profound effect on
cardiovascular disease. However, AGEs can be
controlled by modifying the diet or by introducing
drugs that modify uptake or inhibit AGEs.

Liver

Nonalcoholic Fatty Liver Disease
Visceral fat is a risk factor for both T2D and
nonalcoholic fatty liver disease (NAFLD) and
the two diseases are often seen together
[14]. Both diseases may be preceded by the met-
abolic syndrome, and both have been associated
with elevated AGE levels (JCEM/Plos1). A recent
study in animals to address the relationship
between high AGE intake and NAFLD [85]
showed that chronically increased levels of die-
tary AGEs were associated with the initiation of
inflammation, in the absence of steatosis. The
authors concluded that high levels of dietary
AGEs could be a precipitating factor for the initi-
ation and progression of NAFLD.

Estrogen and Liver Disease
Since estrogen receptor alpha (the major ER iso-
form in the liver) is downregulated in high OS
conditions, such as T2D, and estrogen has been
shown to be protective against the induction of
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inflammation in the liver, an investigation of
models of steatosis in mice was conducted
[86]. Both estradiol and tamoxiphen (which
mimics estradiol effects in the liver) had
hepatoprotective effects against steatosis and
NAFLD. These data were confirmed in men with
obesity and NAFLD [87]. Finally, in a study of
251 postmenopausal women, of whom 37% had
NAFLD, those with hormone replacement ther-
apy had a low frequency of metabolic syndrome
and insulin resistance, compared to those who did
not have hormone replacement therapy [88]. The
authors suggested that hormone replacement ther-
apy could be a protective factor against liver dis-
ease, but cautioned that this remains as an area of
investigation.

These studies in mice and humans suggest that
AGEs can be hepatotoxic and that restriction of
AGEs can have positive effects on NAFLD.

AGEs at Different Chronological Ages

Gestation and Infants
Since maternal diabetes has been associated with
an elevated risk of diabetes and obesity in their
offspring, and the transmission of AGEs from
mother to fetus was unknown, AGEs were exam-
ined in sera of healthy mothers in labor (n = 60),
their infants, and in infant foods [89]. Significant
correlations were found between newborn and
maternal serum CML (sCML) (P = 0.001),
serum methylglyoxal derivatives (sMGs)
(P = 0.001), and 8-isoprostanes (P = 0.001).
High maternal sMGs predicted higher infant insu-
lin or homeostasis model assessment (P = 0.027)
and CML and adiponectin levels in infants nega-
tively correlated with maternal sCML
(P = 0.011). Importantly, the levels of sAGEs
significantly increased with the initiation of
processed infant food intake, raising daily AGE
consumption by ~7.5-fold in a year, suggesting
that the high content of AGEs in processed food
could not be handled by the infants’ kidneys.
These data are consistent with the observations
that processed food commercially available for
infants often has a very high content of AGEs

and suggest that AGE exposure in infants may
predispose to the later development of
diabetes [90].

Adults
While it has generally been believed that oxida-
tive stress (OS) inevitably increases with aging
and underlies the increased incidence of cardio-
vascular (CVD) or kidney (CKD) disease in this
period, it is now a subject of active debate as to
whether unopposed OS is an obligatory process of
normal aging in humans. Furthermore, with the
rapid rise in the number of aging persons, it is of
concern whether OS is principally the cause or the
result of chronic diseases of late adulthood and
whether it can be modified. Importantly, it is crit-
ical to understand if increased OS is an inevitable
component of normal aging, the age of onset of
such an increase, whether it can be reduced in
healthy adults, and whether increased OS in
patients with chronic diseases can be reduced.
AGEs play a significant role in the pathogenesis
of many chronic diseases in middle age and the
aged, including CVD, CKD, and diabetes. In a
recent study, the levels of AGEs and OS in
345 healthy urban adults 18–45 years old or
older than 60 years were examined to determine
if they were correlated with dietary AGEs, if
AGEs and OS could be modified by restricting
the amount of AGEs in the diet, and if the levels of
AGEs correlated with changes in AGER1 levels
[3]. Both serum (s) CML and sMGwere higher on
average in healthy participants older than 60 years
than in 18–45-year-olds and as a group indepen-
dently correlated with dietary AGEs
(P = 0.0001). Somewhat surprisingly, some of
the 18–45-year-old participants had sCML values
in the range found in participants older than
60 years. These findings clearly established that
the intake of dietary AGEs strongly affects the
levels of circulating AGEs, OS, and
proinflammatory markers at all ages. In addition,
the levels of AGER1 in PMNC positively corre-
lated with serum and urine AGEs and oxidant
stress markers in healthy participants. One of the
most important findings in this study was that
reducing dietary AGE intake significantly
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decreased OS in healthy adults. This suggests that
increased OS is not an obligate correlate of aging,
that reduction of AGEs in the diet could be a safe
and efficient intervention in normal aging, and
that it may improve outcomes in age-related
diseases.

Drugs That Influence AGEs

General Comments
There are at least three classes of drugs that may
reduce the amount of AGEs presented to the GI
tract. One approach is to bind AGEs in the gut and
eliminate them in the stool. Sevelamer carbonate
fits into this category [63]. This effectively
reduces circulating and cellular AGEs in patients
with diabetic kidney disease, increases antioxi-
dant defenses, and decreases prooxidant mole-
cules. The second group of oral drugs include
those that bind or chelate AGEs in both food and
after they have been absorbed into the body. They
are soluble and pass both the intestinal barrier and
enter most cells. There are a number of drugs in
this category (listed in general order of efficacy of
binding AGEs): metformin, vitamin B analogues
such as pyridoxamine and benfotiamine, and
aminoguanidine. In addition to these drugs, a
drug that breaks formed AGE complexes in tis-
sues makes them more available for degradation.
Finally, a third category is an injectable form of
soluble RAGE which has become available.
There are animal study reports on this drug, but
none in humans.

Oral Drugs Directly Influencing
the Degradation of AGEs
1. Metformin: In a study of 57 subjects with

T2D, of whom 30 were treated with metfor-
min, methylglyoxal levels were elevated in all
T2D, compared to 28 controls
[10]. Methylglyoxal levels correlated with ris-
ing HbA1c levels in the nonmetformin treated
patients and low-dose metformin patients
(<1,000 mg/day), but not in the high dosage
(1,500–2,000 mg/day). The authors concluded
that metformin reduces methylglyoxal levels
in a dose-dependent fashion and that this effect

is independent of its effects on glycemic
levels.

2. Aminoguanidine: There is a rich literature
showing that aminoguanidine decreases
nephropathy, cardiac hypertrophy, and aortic
lesions in various animal models. Age-related
cardiac hypertrophy has been prevented in
both Sprague-Dawley and Fischer 344 rats by
aminoguanidine treatment. While AGE clear-
ance declined in untreated aged rats, this was
blunted by aminoguanidine treatment, and loss
of renal mass with aging was prevented in
Sprague-Dawley rats. Aminoguanidine treat-
ment was also shown to reduce aortic accumu-
lation of injected AGEs, reduce mononuclear
cell infiltration, and improve vasodilatory
responses to acetylcholine and nitroglycerin.
The metabolic turnover of food-derived reac-
tive orally absorbed advanced glycation
endproducts (AGEs) or glycotoxins may be
delayed in patients with diabetes and kidney
disease. Another study asked whether pharma-
cologic inhibition of dietary AGE bioreactivity
by aminoguanidine (AG) improved the turn-
over and renal excretion of radio-labeled AGEs
in normal Sprague-Dawley rats. The radio-
labeled AGE diet produced serum absorption
and urinary excretion peaks kinetically distinct
from those of free [14C]glucose or [125I]oval-
bumin. Namely, 26% of the orally absorbed
AGE ovalbumin was excreted in the urine,
whereas after AG treatment, urinary excretion
of dietary AGEs increased markedly (to>50%
of that which was absorbed). More than 60% of
tissue-bound radioactivity was found to be
covalently deposited in kidneys and liver,
whereas after treatment with AG, tissue AGE
deposits were reduced to <15% of the amount
found in untreated AGE-fed controls. Thus,
reduction of dietary bioreactive AGEs by
aminoguanidine improves their renal elimina-
tion and prevents tissue deposition of AGEs
derived from the food. The authors concluded
that this may protect against excessive tissue
AGE toxicity in diabetic patients, especially
those with renal disease [6]. A clinical trial
was conducted, using two doses of
aminoguanidine, in 691 T1D subjects with
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nephropathy and retinopathy. The primary end
point was doubling of serum creatinine, and
secondary end points included proteinuria, ret-
inopathy, and kidney function. After a follow-
up of 2–4 years, the primary end point was not
reached. However, in the aminoguanidine
group, the estimated GFR fell more slowly,
proteinuria was decreased, and fewer subjects
reached a three-step or greater progression of
retinopathy.

3. Pyridoxamine: Hudson and colleagues have
shown that pyridoxamine scavenges
methylglyoxal and related pathogenic reactive
carbonyl species, which keeps them from
interacting with proteins [91]. Since pyridox-
amine is an oral drug with a good safety profile,
it has been the subject of clinical trials in dia-
betic kidney disease, of which none reached
the study goal of reducing the doubling of
serum creatinine. However, the study showed
that those with the lowest serum creatinine at
entrance appeared to have more benefit than
either the middle or upper third suggesting
there might be some benefit in early stages of
DKD. A third trial is now in progress and will
be reported in the future.

4. Benfotiamine: In a study of 20 inpatients with
T2DM in a randomized crossover design, the
effects of a low-AGE (LAGE) and high-AGE
(HAGE) meal on flow-mediated dilatation
(FMD) and laser-Doppler flowmetry, serum
E-selectin, intracellular adhesion molecule
1, and vascular cell adhesion molecule 1, oxi-
dative stress, and serum AGE were assessed at
baseline and 2, 4, and 6 h after each meal.
While the meals had identical ingredients,
they had different amounts of AGEs (15,100
compared with 2.750 kU AGE or the HAGE
and LAGE meals, respectively). The differ-
ences were obtained by varying the cooking
temperature and time. Flow-mediated dilation
decreased by 36.2% (P < 0.01 for all com-
pared with baseline) after the HAGE meal.
After the LAGE meal, FMD decreased by
20.9% (P < 0.01) (P < 0.001 for all com-
pared with the HAGE meal) [92]. After the
HAGE meal, both macrovascular function
and microvascular function were impaired

(�67.2%), and serum AGE and markers of
endothelial dysfunction and oxidative stress
were increased. The authors concluded that a
HAGEmeal in patients with T2DM can induce
a more pronounced acute impairment of vas-
cular function than a LAGE meal that is other-
wise identical. They suggested that chemical
modifications of food during cooking may play
a major role in influencing the extent of acute
postprandial vascular dysfunction. This study
was followed by an analysis of the effect of
benfotiamine on the same parameters in this
population in 13 type 2 diabetes patients given
a meal with a high AGE content before and
after a 3-day therapy with benfotiamine
(1,050 mg/day). The same measures as in the
first study were repeated [93]. They found that
the effects of HAGE on both FMD and reactive
hyperemia were completely prevented by
benfotiamine. While serum markers of endo-
thelial dysfunction and oxidative stress, as well
as AGE, increased after HAGE, these effects
were significantly reduced by benfotiamine
treatment.

5. Alagebrium: Alagebrium was developed as a
compound that had the capability of breaking
preformed AGE links with proteins. A large
number of animal studies have been published,
but there are no clinical trials showing efficacy.

Summary

The current diabetes epidemic coincides with a
series of environmental changes. A major shift
over the past half century is the enrichment of
nutrients by AGEs. Importantly, AGEs are highly
palatable and appetite-enhancing, prooxidant sub-
stances that simultaneously drive overnutrition
and oxidant overload. The result of this sustained
oxidant overload is that host defenses are
overwhelmed and basal levels of oxidative stress
are increased, factors recognized as “chronic
inflammation.” These changes can impair both
insulin production and insulin sensitivity and
lead to diabetes mellitus. Evidence from
transgenerational animal studies and human trials
indicates that high basal oxidative stress precedes
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both T1DM and T2DM. These changes are the
result of increased levels of AGEs that are both
externally derived as well as endogenously
derived and present themselves as altered host
defenses. However, they can be reduced or even
eradicated by relatively straightforward changes
in the way food is prepared (as well as the amount
and types of foods) and can be supplemented with
currently available drugs that are also quite inex-
pensive. Thus, the techniques and approaches are
currently available to manage the burgeoning
population of diabetes mellitus and the complica-
tions that accompany this disease. There is suffi-
cient basic science information and results from
clinical trials to conclude that this is a manageable
health issue that can and should become a part of
everyday clinical care.
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