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Abstract Protein and DNA-advanced glycation end-products (DNA-AGEs) are
toxic by-products of metabolism and are also assimilated by high temperature
processed foods. AGEs may be generated rapidly or over long times stimulated by
distinct triggering mechanisms, thereby accounting for their roles in multiple set-
tings and disease states. Neurodegenerative diseases (NDDs) are associated with the
misfolding and deposition of specific proteins, DNA adduct formation either intra
or extra-cellularly in the nervous system. There is also evidence that brain tissue in
patients with NDD is exposed to DNA oxidation and glycoxidation during the
course of the disease. Although familial mutations play an important role in protein
misfolding and aggregation, the majority of cases of NDD are sporadic, suggesting
that other factors must contribute to the onset and progression of these disorders.
High levels of refined and carbohydrate enriched diets, hyper caloric diets and
sedentary lifestyles drive endogenous formation of AGEs via accumulation of
highly reactive glycolysis intermediates and activation of the reductase pathway
(polyol/aldose) producing high intracellular reducing sugars are the important
modifiable environmental factors. Some of these modifications might affect proteins
in detrimental ways and lead to their misfolding and accumulation. Reducing sugars
play important roles in modifying proteins, forming AGEs in a non-enzymatic
process named glycation. Several proteins linked to NDDs, such as amyloid b, tau,
prions and transthyretin, were found to be glycated in patients, and this is thought to
be associated with increased protein stability through the formation of crosslinks
that stabilize protein aggregates causing NDDs like Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), familial amyloid
polyneuropathy (FAP), and prion disease (PrD). Moreover, glycation may also be
responsible, via the receptor for AGE (RAGE), for an increase in oxidative stress
and inflammation through the formation of reactive oxygen species (ROS) and the
induction of nuclear factor-jB (NF-jB). Here, we revised the role of protein and
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DNA-AGEs in the major NDDs and highlight the potential value of protein and
DNA-AGEs glycation as a biomarker or target for therapeutic intervention.
Additionally, the chapter covers several new therapeutic approaches that have been
applied to treat these devastating disorders, including the use of various synthetic,
natural and gold and silver conjugated nanoparticles (Au, Ag-NPs).

Keywords Agvanced glycation end products (AGE) � Neurodegenerative diseases
(NDDs) � Environmental toxicity � DNA glycation (DNA-AGE) � Receptor for
AGE (RAGE) � Amyloid b � Tau � Prions � Transthyretin � Nanoparticles (Au,
Ag-NPs)

1 Introduction

The incidence of neurodegenerative diseases (NDDs) increases with extended life
expectancy observed over the last century has led to the emergence of a rope of age
related disorders that pose novel challenges to current societies. Age-related
degenerative diseases including Alzheimer’s, Parkinson’s, amyotrophic lateral
sclerosis (ALS) and the prion diseases (PrD) are growing to epidemic proportions,
are debilitating and so far deadly disorders that require rigorous research. Increased
incidences of mild cognitive impairment due to various environmental factors
toxicity in elderly populations are characterized by a slow and progressive loss of
neuronal cells, and also intra or extracellular deposition of misfolded and aggre-
gated proteins. Modifiable lifestyle factors cover a critical role in these diseases.
The prevalence of rigorous cognitive impairment crucially depends on various
factors which are influencing health like energy balance, micronutrient density of
food, level of physical activity and exposure to tobacco smoke etc. Recent evidence
validates that food production, processing and methods of cooking are
life-threatening to health outcomes as well. Induced glycation and reactive oxygen
species (ROS) formations are important mechanism by which lifestyle influences.
Extracellular and intracellular deposition of amyloid b-peptide (Ab) (amyloid
plaques) and tau protein (neurofibrillary tangles) respectively are the key patho-
logical hallmarks in Alzheimer’s disease (AD). Cytoplasmic proteinaceous inclu-
sions, mainly composed of the protein a-synuclein (a-syn), named Lewy bodies
(LBs), are the pathognomonic inclusions in Parkinson’s disease (PD) (Spillantini
et al. 1997). Indeed, the frequency of neurodegenerative disorders, including AD
and PD, has increased significantly by about four folds from 9.4 million in 1950
(total population 179.5 million) to 40.3 million in 2010 (total population 831.5
million) (Lekoubou et al. 2014). Production of advanced glycation end products
(AGEs) has been regarded as a process of molecular and cellular ageing (Jacobs
et al. 2014). There are several mutations are associated with the amyloidogenesis
behavior of proteins such as Ab, a -syn, LBs and transthyretin are very well known
while the enormous number of cases of NDDs are intermittent (Haass et al. 1994;
Kruger et al. 1998; Polymeropoulos et al. 1997; Zarranz et al. 2004; Saraiva 2001).
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Factors such as oxidative stress, protein cross-linking, the sequelae of RAGE sig-
naling and changes of DNA integrity extrapolate this process from the molecular to
the biological (cellular and tissue) level (Huttunen et al. 2002), leading to the
thrashing of their normal function, to cell dysfunction and death. Various physio-
logical consequences of DNA and protein glycation comprise the development of
diabetes mellitus and their secondary complications like retinopathy, nephropathy
and neuropathy. Glycation has key clinical relevance, since it may be used as a
specific biomarker for several disorders and their secondary complications. AGEs
may be used as markers of tissue damage and may predict long-term complications
of diabetes mellitus like diabetes-neuropathy and cardiomyopathy (Akhter et al.
2016a, b). Non-invasive techniques like auto-fluorescence reader have been
developed to assess the levels of AGE in the skin, which rapidly measures AGE
accumulation (Shimasaki et al. 2011). In view of the emerging knowledge about the
widespread occurrence of DNA and protein-AGEs in various tissues (Peppa et al.
2003) including the central nervous system (Vlassara et al. 1983) we wants to
propose the following hypothesis based on a chapter of recent results and increasing
evidence for a putative role of the various environmental factors induced DNA and
protein-AGEs in NDDs. We are also proposing the probable approaches to stop the
menace of reactions which may open novel avenues for therapeutic intervention.

2 Life Style Dependent Browning Reaction a Deadly
Consequence with Sweets

Despite the 100 or so years that have lapsed since French scientist Louis-Camille
Maillard (1878–1936) (Maillard 1912), the first scientist to investigate the
“browning reaction” in food and in the human body, who reported the story of
glycation reaction in the year 1912 after whom the reaction is also known as the
Maillard reaction (Maillard 1912). The non-enzymatic reaction starts with the
addition of free carbonyl group of a reducing sugar to a nucleophilic free amino
group of proteins, lipids and DNA macromolecule to form early, intermediate and
advance glycation end-products (AGEs). Exogenous AGEs are acquired from
tobacco, brown or high cooked food diet (exogenous sources). Reducing sugars in
basic solutions and lipids by b-oxidation generate formyl (an aldehyde) and ketone
groups. These aldehydes and ketones have a highly polarized carbonyl (C=O)
group, the oxygen atom of which is highly electronegative and may react with
nucleophiles in other biomolecules like protein, DNA and lipids. Under hyper-
glycemic condition (high glucose load), these biomolecules undergo glycation
reaction leading to the formation of a complex series of AGEs. This, in turn, results
in the altering their structural conformation or deprivation of the functions of the
biological macromolecules.
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Figure 1 schematically represents the promising pathway of reaction of
biomacromolecules with reducing sugars to form protein advanced glycation end
products (protein-AGEs) and DNA advanced glycation end products (DNA-AGEs),
which is believed to be involved in the complications associated with several
neuronal disorders through various pathways of glycation reaction (Aldini et al.
2013). There are also various pathways direct or indirect depends upon life style
causing induced toxic effects of AGEs and ROS, involved to cause neuronal dis-
orders as shown in Fig. 2.

Non-enzymatic glycation of proteins is a post-translational modification con-
ventional process between sugars and proteins, occurring in all living systems.
Protein glycation occurs through a complex series of very slow reactions in the
body; it is quite dynamic in nature and starts with the formation of unstable Schiff
base, which undergoes a series of reactions leading to the formation of heteroge-
neous AGEs molecules (Akhter et al. 2013a, b). Glucose and glucose-derived
glyoxal, MG, glucosone and 3-deoxyglucosone (3-DG) dicarbonyls are the major
precursors of AGEs. The levels of these precursors determine the formation of
diverse types of AGEs including fructosyl-lysine (FL), carboxymethyl lysine
(CML), carboxyethyl lysine (CEL) and pentosidine. Hyperglycemic condition
promotes the formation of AGEs in vivo, thus, enhancing the overall accumulation.
AGEs cause cell death at various levels, namely alteration of protein structure and

Fig. 1 Schematic representation of proposed pathway for macromolecules reacting with reduced
sugars to form protein-AGEs and DNA-AGEs respectively
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function; protein aggregation, fibril formation and protease resistance (Wei et al.
2012), aberrant signaling through interaction with the RAGE and dysfunction of
extracellular matrix. AGEs contribute drastically to the progression of diabetic
secondary complications, including retinopathy, neuropathy, nephropathy, car-
diomyopathy, accelerated aging and NDDs.

WhenDNA reacts with a reducing sugar in vitro at a physiological temperature, the
formation of DNA-AGEs is observed (Akhter et al. 2015; Shahab et al. 2014). DNA
glycation significantly alter the structure of DNA macromolecule, which leads to
depurination, strand breaks and mutations such as insertions, deletions and transpo-
sition (Ahmad et al. 2011a, b). Therefore, DNA-AGEs could contribute to the loss of
genomic integrity, which occurs during aging and may contribute to the age-related
complications like NDDs. Few studies on the stability and dynamics of DNA showed
that glycation leads to partial unwinding and/or fragmentation of the DNA dou-
ble helix (Mustafa et al. 2012). The mutagenic potential of the predominant
DNA-glycation adduct carboxy ethyl deoxygunaosine (CEdG) was investigated by
Wuenschell et al. (2010) and exhibited that CEdG within the template DNA and the
corresponding triphosphate possess different syn/anti conformations during replica-
tion which influence base pairing preferences. Some reports have shown in the recent
past that genotoxicity and immunogenicity are incurred in DNA and proteins
by carcinogens and reactive oxygen species (ROS) as well (Ahmad et al. 2014;
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Fig. 2 Schematic representation of direct or indirect modifiable environmental factors dependent
various pathways induced toxic of glycation and their cause in neuronal apoptosis
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Shahab et al. 2012a, b, 2013). Moreover, most recently, it has also been investigated
that glycation-induced oxidative stress leads to the modification of DNA macro-
molecule and results in alteration of its structure (Akhter et al. 2013a, b). The con-
sequence of genotoxic effect is due to the structural perturbations in the glycatedDNA
macromolecules (Ahmad et al. 2011b). Induced levels of theseDNA-AGEs have been
implicated in the pathological complications of diabetes and NDDs.

3 Toxic Role of Various Glycated Protein (Protein-AGEs)
in NDDs

In the world, millions of elder people suffer from NDDs and diagnosis and treat-
ment of these diseases costs millions of dollars per year. Life style dependent
alterations in glycosylated protein have critical role in various human NDDs states,
such as AD, PD and Creutzfeldt-Jakob disease (CJD) (Saez-Valero et al. 2003;
Silveyra et al. 2006). Although the glycoprotein’s structural elucidation is a chal-
lenge because of their inherent complexity and heterogeneity in biological systems,
advances have been made to identify a few proteins where glycosylation appears to
be important in the disease processes of AD and PD (Sihlbom et al. 2004). The role
of a few key proteins involved in AD and PD pathogenesis are discussed below.

3.1 Toxic Effect of Protein-AGEs in AD

Among the NDDs, AD is the most common, touching � 5% of people aged 65–75
and nearly 50% of people over the age of 85 (Grossman et al. 2006). The most
common reason of NDDs is protein misfolding which leads to protein aggregation
and accumulation. The characteristic features of this disease are progressive loss of
memory, speech, ability to recognize people and objects followed by confusion,
disorientation and disordered thinking. The dysfunction involves degeneration of
neurons especially in hippocampus, amygdala, nucleus basalis and entorhinal
cortex. Most AD cases are intermittent, whereas approximately 6% show genetic
origin (Campion et al. 1999). The great majority of genetic cases are allied to the
occurrence of the e4 allele of the apolipoprotein E (APOEe4) and also to mutations
in the amyloid b precursor protein (APP) (Rademakers and Rovelet-Lecrux 2009).
It has already been identified that glycation of amyloid-b peptide, the constituent of
the senile plaques in AD may contribute to its cross-linking. There are some strong
indications that the glycation of amyloid-beta (Ab) peptide and tau protein (s-
protein) occurs in the early stages of AD, although it has been hypothesized that
peptide free radicals generated by Ab would cross-link peptides with sugars
resulting in protein glycation (Mattson et al. 1995).

104 F. Akhter et al.



The diagnosis of AD can only be confirmed through the presence of charac-
teristic pathological signs such as Ab plaques and neurofibrillary tangles (NFTs)
(Cummings et al. 1998). Some studies have suggested that over-expression of
microtubule-associated s-protein, hyper phosphorylation, and mutations is known
to contribute to its aggregation and accumulation of Ab in mitochondria is linked
with the neuronal toxicity observed in this disorder (Andorfer et al. 2005; Sato et al.
2002; Wittmann et al. 2001; Caspersen et al. 2005; Du et al. 2008; Lustbader et al.
2004). However, AGEs are also formed from the reaction of free reactive carbonyl
species with free lysine or arginine side chains of proteins (Munch et al. 1999), and
are believed to play an important role in NFTs formation as well as in the devel-
opment of b-amyloid plaques. Increased levels of AGEs in the Ab plaques and
NFTs play an important role in AD (Vitek et al. 1994; Smith et al. 1994). The
plaque fractions of AD brains hold higher levels of AGEs than samples from
age-matched controls (normal human brain). An immunohistochemically AGEs can
be identified in both SPs and NFTs (Sasaki et al. 1998). Furthermore, neurons,
microglial cells, and astrocytes in the normal human brain express RAGE (Li et al.
1998), while its expression by cortical neurons increases and becomes more
widespread in AD (Yan et al. 1996). Since it was reported that RAGE might be the
nerve cell receptor for Ab protein, the role of RAGE in the pathogenesis of AD has
attracted substantial attention (Yan et al. 1997).

Glycation of s-proteins enhances the formation of paired helical filaments in AD
and in vitro reduces its ability to bind microtubules (Ledesma et al. 1994). In
addition, AGE modified s-proteins are responsible for increased fibrillization of the
protein. Ab aggregation follows a nucleation-dependent polymerization mecha-
nism, which is considerably accelerated by AGE-mediated crosslinking (Munch
et al. 1999). The Ab aggregation consists of two characteristic stages i.e. slow,
reversible nucleus formation step, involving oligomer formation, followed by a
rapid elongation phase. Once the oligomers reach a decisive size, a fast, linear
elongation of the aggregates or fibril formation can occur via the addition of Ab
peptides to the eNDDs. The fibril creation step is an irreversible process. Finally,
these fibrils grow and form amyloid plaques.

Methylglyoxal (MGO) (AGE precursor), is able to activate p38 MAP kinase,
which is able to phosphorylate tau (Liu et al. 2003; Reynolds et al. 2000), a
progression believed to occur in neurons in AD (Zhu et al. 2000). MGO glycated
Ab promotes the development of b-sheets, oligomers and protofibrils and also
increases the size of the aggregates (Chen et al. 2006). Ab is also recognized by
RAGE, an important player in AD (Li et al. 1998). RAGE is expressed in astrocytes
and monocytes across the blood-brain barrier, activating nuclear factor-jB (NF-jB)
which consequently increasing reactive oxygen species (ROS) (Sato et al. 2006;
Takeuchi et al. 2000; Yan et al. 1998). RAGE-mediated GSK-3 activation, leads to
the toxic effect of AGEs, which induces tau protein hyperphosphorylation and
consequently impairs synapse signaling and memory in rats (Li et al. 2012).

Surprisingly, levels of protein-AGEs in AD are three-fold higher than healthy
subjects (Vitek et al. 1994). A paired helical filament of glycated A68 proteins, a
knownprecursor ofNFTs, suggests that it could be an early result (Takeda et al. 2000).
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Although protein-AGEs levels increase with age (37.5%), in AD the increase is much
greater (72.6%) (Luth et al. 2005). ApoE also seems to be modified under glycation
reaction, since in AD the staining patterns of AGEs and ApoE are similar (Dickson
et al. 1996). Presence of these protein-AGEs in the cerebrospinal fluid (CSF) of AD
patients, signifying that this may be explored as a biomarker for AD.

3.2 Role of Protein-AGEs Toxicity in PD

PD is the second most common progressive neurodegenerative disorder, is caused
by a progressive degeneration of the dopaminergic neurons in the substantia nigra
of the midbrain, which are involved in the control of voluntary movements (Izumi
et al. 2011). The prevalence of PD is around 2% in people over age 60 (Burke
1999). Muscular rigidity, tremor, slow movement, loss of balance and coordination
are the most common symptoms of the disease (Forno 1996). Dopaminergic cell
loss, excessive accumulation of iron in midbrain neurons, formation of LBs con-
taining a-syn aggregates, presence of extracellular melanin released from degen-
erating neurons, and increased oxidative stress in substantia nigra region of the
brain, known to induce apoptosis, are the main pathological hallmarks of PD.

Several genes like a-syn, Parkin, DJ-1, and Pink1 have already been identified to
play an important role in the development of PD (Nuytemans et al. 2010; Martin
et al. 2010, 2011) as well as various environmental factors are also lead to the onset
of PD, including brief exposure to herbicides, pesticides, heavy metals, increased
stress and brain injuries (Nuytemans et al. 2010; Martin et al. 2010, 2011; Hegde
et al. 2010; Defebvre 2010). Glycation was first reported to be present in substantia
nigra and locus coeruleus of periphery LB (Vitek et al. 1994). It is suggested to be
involved in chemical crosslinking making the protein resistant to proteolytic
degradation. Glycation of a-syn constitutes a factor that affects the aggregation of
the protein into LBs in PD. a-syn has a total of 15 lysine residues which are all
candidate sites for glycation, influences the nucleation of protein aggregates
(Padmaraju et al. 2011) and induces a-syn oligomerization, thereby stabilizing
oligomers. Glycated a-syn may interact with RAGE and activate the release of
NF-jB. These signaling proteins trigger the signaling cascades in the brain and
damage neuronal cells. By inducing the expression of RAGE proteins, NF-jB also
regulates the expression of RAGE. Glycation is also reported to be found in
cerebral cortex, amygdala, and substantia nigra of healthy subjects, but levels of
glycation are higher in PD patients. The evidence of glycation was first reported in
the substantia nigra and locus coeruleus of peripheral LB. The glycated a-syn is one
of the important factors that affect the aggregation of the protein into LBs in PD
(Guerrero et al. 2013). In comparison to age-matched control induced level of
RAGE are expressed in AD patients (Dalfo et al. 2005), suggesting the key role of
protein-AGEs in the disease (Fig. 3).
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Acute diminish in the levels of cellular glutathione (GSH) in early stage is a
fundamental characteristics of PD, results in a lower activity of the glyoxalase
system. In catabolic pathway methylglyoxal is the important glycation agent in vivo
(Thornalley 1998). The carbonyl content raise oxidative stress will then be
responsible for an increase in AGEs concentrations might be responsible to the cell
damage. Dopamine auto-oxidation and its deprivation by monoamine oxidase is
likely to contribute to an induced level of oxidative stress. Prominently, an in vitro
MGO and GO are able to induce oligomerization of a-syn (Lee et al. 2009). Study
have been suggested that the membrane-binding ability of glycated a-syn was also
decreased (Lee et al. 2009), thus, it is hypothesize that in a glycation-prone envi-
ronment, more cytotoxic a-syn aggregates or oligomers are present in the cyto-
plasm, contributing to the development of PD.
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3.3 Role of Protein-AGEs Toxicity in Other NDDs

3.3.1 Effects of AGEs in ALS

ALS, also known as Lou Gehrig’s disease, is a very common motor neuron disease
affecting 4–6/100,000 people, and shares with other disorders of the ageing nervous
system a polygenic, multifactorial origin (Choonara et al. 2009). ALS is polygenic
and multifactorial in origin, characterized by the degeneration of motor neurons in
the brain and spinal cord leading to progressive muscle weakness, atrophy, and
spasticity (Véronique et al. 2010). It causes selective loss of upper and lower motor
neurons of the brain and spinal cord. The causes of ALS are still unidentified and
most of the cases are sporadic and inherited in nature (Gros-Louis et al. 2006).
Several inherited cases of the disease are related to copper–zinc superoxide dis-
mutase 1 (Cu, Zn-SOD1) (Gros-Louis et al. 2006; Pasinelli and Brown 2006). This
protein catabolizes superoxide radicals, signifying that oxidative stress may partic-
ipate an imperative role in the disease (Kikuchi et al. 2003). Glycation was first
identified in both sporadic and inherited forms of ALS, in the spinal cord and brain of
ALS patients. Firstly it was postulated that glycation could be implicated in the
time-dependent cross-linking of neurofilament protein, subunits contain multiple
Lys–Ser–Pro sequences. Glycation of these lysine residues impairs the self-assembly
process; endorse cross-linking in the neurofilament protein, leads to ALS. Studies
have revealed that AGE levels were higher in the presence of the Cu, Zn-SOD-1
mutation, while in control human and mouse subjects; AGE immunoreactivities
were nearly absent (Shibata et al. 2002). The AGEs presence in astrocytes in the
spinal cord demonstrates that carbonyl stress in SOD1mutant subjects may stimulate
the potentially deleterious effects of AGEs. Remarkably, levels of soluble RAGE
(sRAGE), a C-terminal truncated isoform of RAGE, are significantly lower in the
serum of ALS patients (Ilzecka 2008). sRAGE, deficient the transmembrane-
anchoring domain, found to ameliorate the deleterious effects of RAGE by forming a
complex with the ligand (Sakaguchi et al. 2003; Wendt et al. 2003). Therefore, one
conspicuous role of sRAGE is to protect humans from ALS, indicates that low
sRAGE levels may be a risk factor for ALS.

Arai et al. demonstrated that glycation, modifies Cu, Zn-SOD1, specifically at
Lys3, Lys9, Lys39, Lys36m, Lys122 and Lys128 residues (Arai et al. 1987). Higher
susceptibility of mutated Cu, Zn-SOD1 to glycation was observed at Lys122 and
Lys128 (Arai et al. 1987; Takamiya et al. 2003). Recently, Kaufmann et al. demon-
strated that the concentration of N-e-(carboxymethyl) lysine (CML) significantly
increases in serum and cerebrospinal fluid (CSF) of ALS patients, possibly repre-
senting a novel biomarker for diagnosis (Kaufmann et al. 2004). These results
advocate that glycationmight be accountable for the observed oxidative stress in ALS.
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3.3.2 Effects of AGE Toxicity in FAP

Familial amyloid polyneuropathy (FAP) was first described in 1952 by Andrade, is
a systemic amyloid disease, characterized by the extracellular deposition of fibrillar
transthyretin (TTR), particularly in the peripheral nervous system (PNS) also
affecting the autonomic nervous system. TTR is normally an innocuous protein,
present in the plasma and CSF, responsible for the transport of thyroxin hormone
(T4) and retinol in the blood (Kanai et al. 1968).

More than 80 TTR point mutations are linked with amyloidotic diseases. The
most widely accepted disease model suggests that TTR tetramer instability is
associated to point mutations. Nevertheless, this model fails to elucidate that the
native TTR also forms amyloids in systemic senile amyloidosis, a geriatric disease
and the age onset of disease varies by decades for patients bearing the similar
mutation. Indeed, a few mutation carrying individuals are asymptomatic throughout
their lives. Protein glycation, play an important role in disease development as
methylglyoxal-derived AGE is found in FAP patients (da Costa et al. 2011). The
glycated TTR (TTR-AGE) may contribute to cytotoxicity via a mechanism
involving oxidative stress, or by interaction TTR-AGE with RAGE (Matsunaga
et al. 2002; Sousa et al. 2001; Shorter and Lindquist 2005). Interaction between
TTR-AGE fibrils and RAGE results in the translocation of NF-jB to the nucleus,
where it induce tumor necrosis factor-a (TNFa) and interleukin-1b (IL-1b) (97).
The activations of TNF-a and IL-1b were abrogated by an anti-RAGE antibody or
sRAGE (Sousa et al. 2001). Thus, these studies suggest that glycation plays an
important role in FAP. Thus, these data suggest that glycation plays an important
role in FAP and blocking RAGE may constitute a good target for therapeutic
intervention in FAP.

3.3.3 Effects of AGE Toxicity in Prion Diseases

Prion diseases are a group of NDDs caused by prions, which are “proteinaceous
infectious particles” or abnormally folded cellular prion protein (PrPC). These
diseases affect a lot of different mammals in addition to humans—for instance, there
is scrapie in sheep, mad cow disease in cows, and chronic wasting disease in deer
(Knight and Will 2004). The human forms of prion disease are most often the
names Creutzfeldt-Jakob disease (CJD), Gertsmann-Straussler-Scheinker syndrome
(GSS), variably protease-sensitive prionopathy (VPSPr), kuru and fatal familial
insomnia (FFI) (Prusiner 1998). Prion diseases are mostly age-related in nature that
can be spontaneous, genetic, or infection-related. Spontaneously occurring prion
diseases. All of these diseases are caused by just slightly different versions of the
same protein. The ‘protein only’ hypothesis states that these diseases are caused by
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the conversion of a normally folded prion protein (PrPC) into an abnormal isoform,
which is resistant to degradation by proteinase K (PrPres). However, the precise
mechanism is still the subject of extensive discussion (Soto and Castilla 2004).
Interestingly recent findings indicate that PrP (C) is involved in signal transduction
(Didonna 2013). The presence of AGEs and RAGE in the occipital lobe of CJD
patients in higher amounts than in control individuals were confirmed by Sasaki
et al. (2002) which revealed a co-localization of PrP-positive granule AGEs and
RAGE.

The authors hypothesized that glycation would advance over time and like Ab,
PrP would be degraded through the lysosomal pathway in a RAGE-mediated
process. Choi et al. reported that this post-translational modification occurs in the
N-terminus of the protein, since upon PK digestion. It cleaves approx 90 amino acid
residues from the PrPres N-terminal; glycation was no longer detected (Choi et al.
2004). Although human PrP contains 21 lysine and arginine residues, glycation
does not appear to be an arbitrary process. Only 23rd, 24th, 27th lysines and 37th
arginine of PrPres can be glycated (Choi et al. 2004). Choi et al. reported glycation
in several mouse models infected with 139A, ME7, 22L and 87V scrapie strains, in
hamster adapted 263K and 139H scrapie strains, and in both sporadic and genetic
CJD. Glycated PrP was detected by using western blot analysis, to form oligomeric
species, where immunoreactivity was observed for monomeric and dimeric forms
of PrP (Choi et al. 2004). So the role of AGEs in the formation of PrPSc remains
unknown, but two hypotheses exist i.e. all AGE modification occurs at the time of
PrPSc formation and glycation only occurs after the formation of PrPSc. Hence,
glycation plays a key role in the pathogenesis of prion diseases, because glycation
would provide enhanced protection for the PrPSc molecules against cellular
degradation. Therefore, although the role of glycation in the formation of PrPres
cannot be expelled, some discussions still need to be addressed to better understand
the role of glycation in prion aggregation and disease progress.

4 Effects of Toxic DNA-AGE in NDDs

DNA bases are vulnerable to glycoxidative stress damage involving hydroxylation,
protein carbonylation and nitration (Lovell and Markesbery 2007; Gabbita et al.
1998; Collins et al. 1996). It has been reported that under glycation reaction some
free radicals i.e. superoxides and hydroxyl generates (Akhter et al. 2014) that
caused oxidative damage to DNA molecules that might be caused the neuronal
damaged having direct implication of NDDs. It has been observed in AD that brain
ROS induces calcium influx, via glutamate receptors and triggers an excitotoxic
response leading to cell death (Mattson and Chan 2003). DNA and RNA oxidation

110 F. Akhter et al.



are marked by increased level of 8-hydroxy-2-deoxyguanosine (8OHdG) and
8-hydroxyguanosine (8OHD) (Nunomura et al. 1999, 2001; Lovell et al. 1999).
Furthermore, these markers have been localized in Ab plaques and NFTs (Mecocci
et al. 1994). Increased levels of DNA strand breaks have been found in AD. They
were first considered to be part of apoptosis, but it is now widely accepted that
oxidative damage is responsible for DNA strand breaks and this is consistent with
the increased free carbonyls in the nuclei of neurons and glia in AD. Among all
dicarbonyl intermediates formed in the glycation reaction, MG is a potent and most
reactive AGE precursor, forming adducts on deoxyguanosine (dG) residues.
Furthermore, it has been shown that DNA can be glycated in vitro yielding
N2-carboxyethyl-2′-deoxyguanosine (CEdG) as a major product. In vitro, nucle-
obases and ds-DNA react with sugars in a similar way as proteins (Lee and Cerami
1987; Knerr and Severin 1993; Singh et al. 2001). The exocyclic amino group of 2′-
deoxyguanosine is particularly prone to glycation; leading to the formation of
N2-carboxyethyl, N2-carboxymethyl, as well as cyclic dicarbonyl adducts (Ochs
and Severin 1994). The CEdG is a stable reaction product, formed from a variety of
glycating agents, such as glucose, ascorbic acid, glyceraldehyde, dihydroxyacetone
(DHA) and MG (Frischmann et al. 2005). Apart from in vitro DNA glycation,
under hyperglycemic condition the glycation of DNA (CEdG A and CEdG B)
(Fig. 4) occurs in vivo and is considered to be a pathogenic factor for NDDs
(Padmaraju et al. 2011) (Fig. 5).

Oxygen free radicals as well as possibly signaling of AGEs to the nucleus
through their specific receptor(s) (RAGE) may induce DNA strand scission
(Kashimura et al. 1990; Morita and Kashimura 1990) e.g., by stimulation of nuclear
factor NF-jB (Lander et al. 1997; Li and Schmidt 1997). DNA replication may
become inhibited by intermediate products of the Maillard reaction such as
3-deoxyglucosone, which may lead to impairment of cell proliferation (Shinoda
et al. 1990).

Non-enzymatic glycation with production of AGEs has been regarded as a
process of molecular (Bunn 1981) and cellular (Li et al. 1995) ageing. Factors such
as oxidant stress, molecular cross-linking, the sequelae of RAGE signaling and
changes of DNA integrity extrapolate this process from the molecular to the bio-
logical (cellular and tissue) level (Huttunen et al. 1999, 2000, 2002). This pertains
to ageing (Bjorksten 1977; Monnier et al. 1990) and AD (Heitner and Dickson
1997; Smith et al. 1994).

A few evidences suggests the role of DNA-AGEs in NDDs, yet a comprehen-
sive, potential and prospective study is required to know the deleterious effects of
DNA-AGEs in the assessment of neuronal diseases.
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5 Anti-AGE System to Halt the Menace of Toxicity
of Glycation

5.1 Natural and Synthetic Inhibitor

The deterrence of glycation reaction is one of the strategies to reduce
DNA-AGEs/protein-AGEs. Both synthetic compounds and natural products have

NH

O

OH

N

NH

OH

OH
O

N N

O

OH

H H

H

H

O O

H

OH H

NH

O

N

NH

OH

OH
N N

O

H H
H

O O

H

OH H

(a)

(b)

Fig. 4 A structurally representation of glycated DNA adducts i.e. CEdG A (a) and CEdG B (b) as
DNA-AGEs

112 F. Akhter et al.



been evaluated as inhibitors against the formation of AGEs. The formation of
ketoamine moieties or intermediate products can be inhibited by reacted biomole-
cule that react with the reducing sugars, thereby inhibiting the deleterious reaction.
Anti AGE systems must be able to grasp with preexistent forms and their formation
by scavenging or degrading antiglycation agents. Some protective enzymatic
mechanisms are also involved in the degradation of glycation reaction. Glyoxal
(GO) and methylglyoxal (MGO) are the most reactive species, able to damage
various biomolecules like proteins, DNA and lipoproteins through the Maillard
reaction, which can culminate in cell apoptosis (Akhter et al. 2016b; Maeta et al.
2005). Not only glyoxalase system but also some other oxide reductase and
dehydrogenases like a-oxoaldehyde dehydrogenase, aldehyde dehydrogenase,
aldose reductase, methylglyoxal reductase, and pyruvate dehydrogenase are able to
convert MGO into its oxidized or reduced form (Kalapos 1999). Glyoxalase-I
(GO-I) is evidently decreased in AD, as already stated by Kuhla et al. (2007),
resulting in the accretion of a-dicarbonyls and subsequent deleterious effects. Some
specific natural and synthetic inhibitors may also prevent glycation induced
cross-linking of proteins and DNA adducts formation. The trapping of the reactive
carbonyl intermediates formed in the first stage of Maillard reaction can be carried
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out by using guanidine compound such as aminoguanidine (AG). AG was the first
AGE inhibitor proposed to scavenge the dicarbonyl compounds such as glyoxal,
MG and 3-DG, via its fast reaction with a-dicarbonyl compounds, forms
3-amino-1,2,4-triazine derivatives (Thornalley et al. 2000). Tenilsetam is a known
potent AGEs cross-linking inhibitor (Munch et al. 1994), is successfully used
for the treatment of patients suffering from AD (Choonara et al. 2009). This is
covalently attached to protein-AGEs and blocks the reactive sites for further
polymerization reactions. Interestingly, both AG and Tenilsetam having anti neu-
rodegenerative property as were found to protect against the neurotoxic effects of
methylglyoxal (Webster et al. 2005). Another category of AGE inhibitors,
“Amadorin” (the post-Amadori inhibitors), inhibits the conversion of Amadori
intermediates to AGE (Khalifah et al. 1999). Pyridoxamine was the first Amadorin
identified that showed a great potential for treatment of diseases by inhibiting AGE
formation at different levels. It scavenges carbonyl products of reducing sugars and
lipid degradation, sequestering catalytic metal ions, blocking oxidative degradation
of glycation intermediates and trapping of ROS. Lalezari-Rahbar (LR) compounds
are potent Cu2+ chelator, that is more efficiently than PM and which inhibit
post-Amadori AGE formation in vitro (Rahbar and Figarola 2003). Benfotiamine;
(a lipophilic derivative of vitamin B1), improves the activity of transketolase by
reducing the accumulation of hexose and triose phosphates by shunting these
intermediates to pentose phosphate pathway (Stracke et al. 2001). Animal model
experimental studies have shown that bioactive compounds from therapeutic plant
can reduce diabetic complications like neuropathy (Akhter et al. 2013a). The
presence of specific enzymes like deglycases or amadoriases is also able to degrade
glycated proteins, these include fructosamine 3-kinase enzyme that phosphorylates
protein-bound fructosamines and spontaneously breaks down the Amadori rear-
rangement into inorganic phosphate, along with 3-deoxyglucosone and the amino
compound (Akhter et al. 2014; Ahmad et al. 2013). Delpierre et al. observed this
process in vivo, leading to deglycation of haemoglobin and protein-bound ribu-
losamines and psicosamines in erythrocytes (Collard et al. 2004). fructoselysine
6-kinase and Fructose lysine oxidase are also believed to play a role in deglycation
of protein (Takahashi et al. 1997; Wiame et al. 2002). Several novel inhibitors like
aldehyde, pyridoxal-phosphate, or the acetylating agent aspirin have recently been
discovered, react with and thereby cap the free amino groups of proteins and
prevent sugar attachment. Thiol-based antioxidants also act as a carbonyl scavenger
like glutathione (GSH). Besides this, there are some other dicarbonyl scavengers
including L-arginine that trap glyoxal, glycoaldehyde, and glucosones to form
substituted triazines. These drugs are potent curative agents for treating neurode-
generative maladies. The ROS and free transition metal ions are known to play an
important role in the formation of AGEs. Where, the glycoxidation reactions could
be efficiently inhibited by redox metal chelators (Baynes 1991; Price et al. 2001;
Nagai et al. 2012), including diethylene triamine penta acetic acid, phytate, and
penicillamine. Hence, these redox-metal chelators could be used in the therapy of
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NDDs. Nucleation-dependent polymerization of Ab, the major component of pla-
ques in patients with AD, is significantly accelerated by AGEs in vitro. Drugs like
metformin (Ruggiero-Lopez et al. 1999; Beisswenger and Ruggiero-Lopez 2003;
Beisswenger et al. 1999) and buformin (Kiho et al. 2005) also showed the potential
to protect proteins against in vitro glycation and cross-linking (Bonnefont-
Rousselot 2001; Hipkiss 1998). Furthermore, isoferulc acid (IFA) suppressed the
formation of b-cross-linked amyloid structures of BSA, is a promising
anti-glycation agent, which can be used for the prevention of NDDs. There is one
other significant approach to reduce accumulation of AGE formation is to reverse
the process by AGE cross-link breakers such as N-phenacyl-4,5-dimethyl-
thiazolium chloride (ALT-711/alagebrium) and N-phenacyl thiazolinium bromide.
“RAGE blockers” comprise of agents that trap AGE with soluble RAGE (sRAGE),
block RAGE and inhibit signal transduction mediated by AGE–RAGE interaction.
Administration of recombinant sRAGE in animal models has shown to suppress
neuronal dysfunction (Park et al. 1998). Although the synthetic compounds are
powerful drugs that inhibit AGE formation or break cross-links, they can also have
severe side effects. The importance of anti-AGEs is still divisive, since the resulting
degraded compounds are able to react once more with amino groups of DNA,
proteins and lipoproteins. However, the inhibition of AGEs and intermediate
dicarbonyl compounds formation may correspond to a therapeutic approach also to
be explored in various NDDs.

5.2 Anti-AGE Effect of Bio-conjugated Gold and Silver
Nanoparticles (Au, Ag-NPs)

Anti-AGEs activity of gold nanoparticles (GNPs) was first reported in year 2009,
inhibit the consequence of the glycation reaction (Singha et al. 2009). The pre-
vention of glycation of a-crystalline was done by conjugation with GNPs.
Formation of protein and using bio-conjugated GNPs prevents DNA-AGEs, even if
a strong glycated agent such as fructose is used. In addition, the nano-conjugation
approach can provide some important information on the structural distribution of
any dynamic chaperone protein and DNA. Because GNPs are biocompatible, their
reported antiglycation property may have therapeutic implications.

Furthermore apart from GNPs, silver nanoparticles (Ag-NPs) have also shown to
efficiently diminish the menace of the glycation reaction. It has been determined the
effects of Ag-NPs on AGEs-induced cell permeability. The AGE-bovine serum
albumin (BSA) increased the dextran flux across a PREC monolayer and Ag-NPs
blocked the solute flux induced by AGE-BSA. It was also demonstrated that
Ag-NPs could inhibit the AGE-BSA-induced permeability via Src kinase pathway.
There are reports where researchers have proved that GNPs alone (Seneviratne et al.
2012) and GNPs bio-conjugated with protein (Nowacek et al. 2009) can reduce the
rate of non-enzymatic modification of proteins responsible for glycation. The role

Toxicity of Protein and DNA-AGEs in Neurodegenerative … 115



of GNPs in the targeted delivery of drugs is one of the most promising aspects. For
the bio-conjugation of drug with GNPs a robust and stable protein, albumin was
chosen as a capping agent over GNPs. The role of albumin as a drug carrier for last
several years has emerged wonderfully because it does not only provide the stability
to the drugs but also improves the half-life of drugs/active proteins/peptides. The
conjugation was carried out either by simple physical adsorption of the drugs onto
GNPs or via the use of alkanethiol linkers (Kratz 2008).

In fact, proteins glycated to different extents showed the formation of
nanoparticles of different size and eventually their plasmon intensities were also
different. This implied that glycated proteins cause some attenuation of the particle
formation that led to only smaller nanoparticle formation. One possible example of
such negative control on the particle size formation may arise from proximity of
glycation-prone sites on which GNPs preferentially form on the protein surface.
This as well as other structural studies with nanoparticle protein conjugates,
prompted to explore the possibility of prevention of glycation (Neely et al. 2009).
The origin of such resistance against glycation is intriguing. The amino acids
containing the free amino group (lysine) are potent sites for glycation in addition to
the N-terminal amino acid. Few antiglycating agents have been already reported in
the literature, and apparently a nontoxic agent like gold showing antiglycating
properties may itself have important clinical significance (Rahim et al. 2014).

In the light of the above explanations, this review is aiming to exploit its pre-
ventive effect on glycation by reducing the concentrations of the AG or other drugs
showing toxicity at higher concentrations but has antiglycation effect. These drugs
might be used for nano-conjugation using GNPs, thus reducing the toxic concen-
tration to minimal. The present concern on bio-conjugation of AG with GNPs is the
need of the hour. To enhance activity of the entire above novel drugs at reduced
dozes, such as LR-74, LR-90 and others including AG in bio-conjugation with
GNPs, might prove to be more accurate and specific novel inhibitor of DNA and
protein glycation at reduced doses. Table 1 enlists the several bio-conjugated of
GNPs with various proteins and their association with neurodegenerative disorders.

Table 1 Bio-conjugation of GNPs with different proteins and their association with neurological
disorders

S. No. Conjugation of Au with protein Development of
metabolic disorders

Citation

1. a-Crystallin Neurodegenerative
diseases

Singha et al.
(2009)

2. Serum albumin Alzheimer’s disease Seneviratne et al.
(2012)

3. Trypsin, bovine serum albumin
and transferrin

Neurodegenerative
diseases

Rahim et al.
(2014)

4. Ab peptide Neurodegenerative
diseases

Nowacek et al.
(2009)

5. Anti-tau monoclonal antibody Neurological disorders Neely et al.
(2009)

116 F. Akhter et al.



6 Concluding Interpretation and Future Prospects

Modifiable environmental factors producing toxicity of oxidized DNA and
DNA-AGEs, accumulate in a wide variety of environments and has potential role in
the cause of neurological disorders (Wuenschell et al. 2010). These overall studies
have conclusively verified that AGEs are complex and heterogeneous in nature.
Their mechanism of formation is only partially understood. AGEs play an important
role in various NDDs, including AD, PD, ALS, FAP and PrD. In all of these,
pathological amyloid glycation induces the formation of a-sheet structure in the
amyloid-b- protein, a-synuclein, TTR, SOD1 protein, and prions and causes these
NDD. More recently, it has been suggested that oligomeric species of glycated
a-synuclein and prion are more toxic than fibrils alone. The query of whether
glycation induce protein fibrilization remains unclear and is under intense dispute.
Although it seems to induce Ab fibrilization, a-syn and PrP oligomerization, a
direct relationship between glycation and b-sheet formation in vivo is still mislaid.
Since glycation is understood as a non-enzymatic process, the modifications are
identified to occur at arbitrary. Moreover, only four of the 21 PrPres putative
glycation sites are modified. These results suggest that glycation may modify
specific targets and be understood as a posttranslational modification that alters
protein function, similarly to phosphorylation or acetylation.

A number of AGE-inhibitors have been discovered that inhibit the toxicity of
glycation pathway. These inhibitors are either synthetic or natural. One novel
approach is bio-conjugated nanoparticles as an antiglycating agent i.e. Au-NPs and
Ag-NPs that might be effective at reduced doses for the treatment of NDD. The
inhibitors cap the amino groups of DNA and proteins, scavenge free carbonyls or
dicarbonyls, block Amadori adducts, break existing cross-links, chelate metal ions,
and possess anti-amyloidogenic, anti-oxidative, and anti-inflammatory activities.
Thus, they can inhibit glycation reactions. The AGE–RAGE damaging axis is now
considered to be a promising drug target. Additionally, there are defense enzymes
and protein present in the body, such as glyoxylase systems I and II, fructose-
3-kinase, aldose reductase, and carnosine. These enzymes and protein protect the
neuronal cell from glycation and carbonyl stress. The formation of toxic oligomeric
species could be controlled by blocking conformational changes in monomeric
species of these pathological proteins using theses novel inhibitors. More efficient
drugs could be designed to be more hydrophobic so that it can easily cross the
lipid-bilayer membrane of the brain and prevent efficiently NDD. Using combination
therapies, novel drugs could be designed that simultaneously target multiple path-
ways and may obviously be more efficient than those drugs that modify a single
pathway and thereby decrease the risk of side effects.

Eventually, based on anti neurological disorders characteristics of natural
products, it is hypothesized that these therapeutic compounds might exhibit
antiglycating properties as well with no side effects. AGEs inhibition using
nanoparticles as drug delivery system (Kim et al. 2012; Seneviratne et al. 2012);
therefore, it would be interesting to see the inhibition of AGEs using various
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bio-conjugated inhibitors (IFA, AG and Tenilsetam) with GNPs. In the light of
above explanations, in general, this study holds strong future prospects with the
development of new, more effective and more specific inhibitors. The inhibitors will
be developed based on structure–activity liaison. This study will also help to
identify the new targets for AGEs. Since the above explanations confirm that the
NDDs such as Alzheimer’s and Parkinson’s diseases are associated with toxicity of
glycation intermediate (dicarbonyl compounds and keto-amine moieties) and their
end products (AGEs), which direct or indirect depends on various environmental
factors too; therefore, targeting a site and changes in life styles could result in
prevention or protection against these drowning and dreaded diseases.
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