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Boosting proteolytic pathways as a 
treatment against glycation-derived 
damage in the brain?

The worldwide adaptation of a Western 
lifestyle is associated with the increased 
consumption of high glycemia diets and an 
increased prevalence of obesity, metabolic 
syndrome, and diabetes.  These diets 
increase the risk for a plethora of age-
related diseases including cerebrovascular, 
cardiovascular, and eye-related disorders, 
which all share a common pathogenic factor: 
the accumulation of advanced glycation end-
products (AGEs) (Semba et al., 2010; Aragno 
and Mastrocola, 2017). AGEs are a diverse 
group of pathogenic compounds formed via 
a non-enzymatic process called glycation in 
which dietary sugars, or reactive dicarbonyls 
formed during carbohydrate metabolism, 
are  cova lent ly  attached to  d i fferent 
biomolecules, inactivating them (Rabbani 
and Thornalley, 2015). A growing literature 
indicates that AGEs impact brain function 
and contribute to initiate and accelerate 
neurodegeneration and also interfere with 
the process of neuroregeneration (Li et al., 
2012; Vicente Miranda et al., 2017; Fleitas et 
al., 2018; Bao et al., 2020). In order to avoid 
AGEs-derived toxicity, our cells have different 
anti-AGEs defense mechanisms including the 
clearance of these detrimental compounds 
through different proteolytic pathways. To 
date, the lysosomal system (autophagy) and 
the ubiquitin-proteasome system (UPS) have 
been identified as proteolytic routes able to 
degrade AGEs. Unfortunately, the proteolytic 
capacity declines with age, making tissues 
more vulnerable to AGEs-derived damage 
(Uchiki et al., 2012; Rowan et al., 2017; 
Aragonès et al., 2020). AGEs-modification 
also compromises the proteolytic machinery, 
leading to double jeopardy due to the 
higher glycemia diets or diabetes. Boosting 
proteolytic pathways might represent a 
therapeutic strategy to counteract the 
deposition of toxic, glycated, proteinaceous 
aggregates in the brain and other tissues 
with limited regeneration capacity, those 
most vulnerable to glycation-derived 
damage.

Glycation-derived damage in molecular 
ag ing  and bra in  d isease:  Aging  i s  a 
mult ifactorial  biological  phenomenon 
controlled by both genetic and environmental 
factors. The aging process is accompanied by 
gradual changes in multiple molecular and 
cellular processes whose malfunction leads 
to age-related diseases. Recent research on 
the biology of aging stresses diet as one the 
most profound environmental determinants 

for health, and a better understanding of 
the interactions between diet composition, 
physiology, biochemistry, and genetics 
is imperative for developing anti-aging 
interventions to prevent age-related 
disorders.

Glycation is a non-enzymatic process that 
plays a pathogenic role in the progression 
of molecular and cellular aging. AGEs are 
toxic compounds formed during glycation, 
a chemical process in which reducing 
sugars react with different biomolecules, 
impacting their function, location, and/or 
solubility (Uchiki et al., 2012; Aragonès et 
al., 2020). Due to the age-related decline of 
different anti-AGEs defense mechanisms, 
glycated biomolecules accumulate during 
normal aging in our bodies in a tissue-
dependent manner. Highly differentiated 
tissues with a low regenerative capacity, 
such as brain or ocular tissues, cannot dilute 
the AGEs-derived cellular damage through 
cellular division and are more susceptible 
to glycative-stress induced toxicity (Uchiki 
et al., 2012; Rowan et al., 2017; Bejarano 
and Taylor, 2019; Aragonès et al., 2020). 
Diabetes or consumption of high glycemia 
diets leads to increased blood glucose levels 
and triggers the aberrant production of AGEs 
and associated stress. Thus, hyperglycemia 
accelerates the age-associated accumulation 
of glycated proteins and exacerbates the 
detrimental consequences of AGE deposition 
on organ function.

The  depos i t ion  o f  ex t race l lu la r  and 
intracellular AGEs contributes to molecular 
aging and is  a  molecular  mechanism 
underpinning age-related cellular and 
tissue deterioration. Extracellular AGEs 
trigger signaling pathways involved in 
inflammation, production of reactive oxygen 
species, changes in vasopermeability, and 
angiogenesis. Intracellular AGEs modify 
protein structure and induce conformational 
changes, leading to a loss of function. These 
changes include cross-linking of proteins, 
thereby decreasing their solubility, and 
accumulation of insoluble aggregates. 
Different age-related disorders are causally 
associated with AGEs production including 
ocular disorders such as cataract, diabetic 
retinopathy, and age-related macular 
degeneration (AMD), and neurodegenerative 
diseases (Semba et al., 2010; Rabbani and 
Thornalley, 2015; Bejarano and Taylor, 2019).

Regarding brain function, glycation seems 
to play a role in the pathogenesis of central 
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nervous system debilities such as peripheral 
diabetic polyneuropathies, Alzheimer ’s 
disease, Parkinson’s disease, Huntington’s 
disease, Creutzfeldt-Jakob disease, and 
amyotrophic lateral sclerosis (Münch et al., 
2012). AGEs are found in intracytoplasmic 
inclusions in Lewy bodies in subcortical 
neurons of Parkinson’s patients, and it has 
been suggested that AGEs trigger Lewy body 
formation. Also, the AGEs content in plaques 
extracted from Alzheimer’s disease patients 
is higher compared to age-matched control 
individuals (Münch et al., 2012). 

Accumulat ion  of  AGEs  i s  thought  to 
contribute to diabetes-associated cognitive 
decline by inducing neuronal differentiation 
defects in neural stem cells. Glycation is 
proposed to participate in the aggregation 
of different neuropathological proteins and 
also impacts on neurite regeneration. For 
example, recent literature highlights the 
ability of AGEs to cross-link neuropathological 
proteins such as α-synuclein, amyloid β, 
and tau, promoting aggregation and limiting 
the clearance of toxic oligomers. Multiple 
experiments in different cellular and animal 
models, including dopaminergic neurons, 
SHSY5Y cells, C. elegans and D. melanogaster, 
support the hypothesis that lowering AGEs 
accumulation is neuroprotective. 

The pathways by which AGEs-derived 
stress contribute to neurodegeneration 
are complex and it remains unclear how 
g lycat ion-der ived  damage promotes 
pathology. Extracellular AGEs bind AGEs-
receptors in the membrane of microglial 
c e l l s ,  t r i g g e r i n g  i n f l a m m a t i o n  a n d 
apoptosis of different brain cells including 
dopaminergic neurons. One of the major 
concerns regarding glycative stress is that 
glycation leads to decreased proteostasis, 
which can drive neuronal  cel l  death. 
Also, glycation can take place directly on 
neurotransmitters such as dopamine, leading 
to toxic metabolites that are enriched both 
in diabetic animal models and in Parkinson’s 
disease patients.

Feeding animals high glycemic index diets, a 
dietary manipulation that leads to glycative 
stress and development of AMD, was shown 
to cause enhanced AGEs accumulation in 
the brain, and ocular tissue toxicity (Uchiki 
et al., 2012; Rowan et al., 2017; Aragonès et 
al., 2020). Finding AGEs in both tissues is not 
unexpected since the retina is considered an 
extension of the brain. Demonstrating the 
impact of dietary interventions, it has been 
reported that changing from high glycemic 
index to lower glycemic index diets slows 
the deposition of AGEs in ocular tissues and 
protects against AMD (Rowan et al., 2017). 
The impact of this high glycemic index diet 
on glycation-derived damage in brain tissues 
is still unknown. Importantly, every human 
clinical epidemiologic study published to 
date documents a relationship between 
consuming higher glycemia diets and 
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enhanced risk for AMD and progress of AMD 
to clinically significant stages. These human 
and mouse study results are consistent 
with the formation of AGEs being enhanced 
when sugar levels are high. But, AGEs also 
accumulate when the proteolytic pathways 
that target and remove them are insufficient. 
Clearly, limiting the accumulation of AGEs 
might be a therapeutic avenue to preserve 
brain function during aging.

Different pharmaceutical agents including 
aminoguanidine and pyridoxamine limit AGEs 
formation and were tested in animal models 
to counteract glycative burden. Despite the 
largely successful results in preclinical studies 
with those drugs, most of the clinical trials 
were discontinued due to unanticipated 
complications and drug toxicity. Recently, 
different publications highlighted the 
possibility of enhancing proteolytic capacities 
as a means of lowering AGEs levels, but 
limited information about AGEs clearance 
is available. A better understanding of the 
degradation of AGEs is imperative to design 
strategies that could be exploited for clinical 
application in order to extend healthspan.

Proteolytic pathways as the last line of 
defense against glycation-derived damage: 
Exogenous AGEs, those directly ingested 
in the food and released into the blood 
circulation upon digestion, only represent 
30% of the total AGEs content in our bodies 
due to inefficient absorption in the digestive 
system and efficient renal secretion. The 
major source of AGEs is the endogenous 
production of reactive dicarbonyls during 
glycolysis. Glycation is proportional to blood 
sugar concentration, particularly in tissues in 
which glucose transporters are constitutively 
open, such as most parts of the eye. 

Among the mechanisms protecting against 
the formation of AGEs are the glyoxalase 
system and the DJ-1/Park7 deglycases. 
These detoxify glycation intermediates such 
as aldehydes formed from sugars or fats. 
Unfortunately, the efficiency of these anti-
glycation activities declines with age, leading 
to accelerated accumulation of AGEs in older 
tissues (Uchiki et al., 2012; Rowan et al., 
2017). To date, there is no effective way to 
enhance these systems to more efficiently 
clear glycation intermediates.

A major concern with glycative stress is 
the irreversibility of this non-enzymatic 
process. The only alternative to avoid the 
accumulation of AGEs, and associated 
tissue malfunction, is the efficient removal 
of AGEs. In summary, the accumulation of 
AGEs depends on both the rate of biogenesis 
and the rate of  AGEs removal  by the 
proteolytic systems. Thus, the proteolytic 
pathways represent the last line of defense 
against glycation-derived damage. Recent 
literature indicates that both the UPS and 
the autophagy-lysosome pathway (ALP), the 
two major intracellular proteolytic pathways, 

contribute to the efficient clearance of these 
toxic glycated proteins. Each pathway can 
degrade some AGEs, and their activities are 
complementary (Figure 1). The UPS operates 
primarily on soluble substrates, while 
autophagy can clear insoluble substrates, 
aggregates, and glycated organelles that 
cannot be degraded in the proteasome. Both 
pharmacological and genetic inhibition of 
these pathways boosts the accumulation 
of AGEs in vitro and in vivo, and enhanced 
autophagic activity reduces both AGEs 
deposition and the development of AGEs-
derived damage such as retinal degeneration 
(Uchiki et al., 2012; Aragonès et al., 2020). 
In spite of the coordinated action of the UPS 
and ALP in maintaining homeostatic levels 
of AGEs, AGEs accumulate over time due to 
the age-related decline of these proteolytic 
capacities.

Enhancing the UPS and ALP could be 
beneficial to preserving tissue fitness. The 
UPS recognizes and degrades damaged or 
obsolete soluble proteins. UPS substrates 
a re  ta g ge d  w i t h  u b i q u i t i n  a n d  t h e n 
degraded in the proteasome, a barrel-like 
structure containing multiple proteolytic 
enzymes. While it was shown that AGEs 
are ubiquitinated (Uchiki et al., 2012), 
the mechanistic details including AGEs 
recognition, which ubiquitin ligases are 
involved, and the process of AGEs targeting 
to the proteasome remain an enigma. 
Strategies that facilitate the proteasomal 
degradation of misfolded proteins such 
as PDE1 inhibition or activation of cGMP-
dependent protein k inase have been 
reported to protect against proteinopathies. 
Of note, these strategies were shown 
to enhance the degradation of proteins 

related to neurodegenerative diseases. It 
is unknown if glycated neuropathological 
proteins could be efficiently destroyed via 
the UPS or if enhanced proteasomal activity 
could accelerate the degradation of glycated 
proteins.

The ALP is an intracellular catabolic process 
that mediates the degradation of different 
biomolecules in the lysosomal lumen. We can 
subdivide the autophagic process into 3 types 
depending on how the autophagic cargoes are 
delivered into the lysosome: macroautophagy 
(autophagic cargo is sequestered into double-
membrane structures called autophagosomes 
that fuse with the lysosomal compartment 
where cargo is degraded), microautophagy 
(autophagic cargo is engulfed directly by 
invagination of lysosomal membranes) and 
chaperone-mediated autophagy (soluble 
cytosolic proteins with lysosomal targeting 
motifs are translocated across the lysosomal 
membrane). To date, only macroautophagy 
has been linked to the targeting of AGEs 
for degradation. The mechanisms of this 
recognition and degradation remain to be 
elucidated (Figure 1). A significant effort to 
identify novel targets should be revealing 
s ince recent l i terature demonstrates 
that enhanced autophagy ameliorates 
the neuronal degeneration associated 
with aging in rodent models. Natural and 
pharmacological compounds that accelerate 
the formation of autophagosomes through 
changes in signaling cascades such as the 
AMPK/mTOR/ULK1 axis were reported 
to protect against neurodegeneration. 
However, the information about the role of 
macroautophagy in the clearance of AGEs is 
scanty. 

Figure 1 ｜ Schematic representation of how glycation promotes cellular toxicity.
(Left) High glycemia diets or diabetes lead to accelerated formation of AGEs, which induces protein 
aggregation and contributes to the onset of multiple age-related disorders. (Right) In order to avoid the 
glycation-derived proteotoxicity, AGEs are targeted to the proteasome or nascent autophagosome for 
degradation via the UPS or autophagy, respectively. The age-related decline of proteolytic pathways 
contributes to increased AGEs accumulation and AGEs-derived malfunction over time. The enhancements 
of these proteolytic routes (green arrows) could provide a therapeutic strategy against glycation-
derived damage. AGES: Advanced glycation end products; AMD: age-related macular degeneration; UPS: 
ubiquitin-proteasome system.
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Macroautophagy is a proteolytic pathway 
that transports a highly diverse set of 
cargoes into autophagosomes, degradative 
vesicles that engulf portions of the cytosol. 
The engulfment of cytosolic cargo into 
autophagosomes can take place randomly, 
but there is also a dedicated set of receptors 
that enrich the forming autophagosomes 
with selectively ubiquitinated cargoes. This 
seems to be the case for the autophagic 
degradation of AGEs. A recent report from 
our laboratory revealed a protective role for 
the autophagic receptor p62 (Aragonès et al., 
2020). The presence of p62 diminishes AGEs 
accumulation, and blocking p62-selective 
autophagy leads to accumulation of AGEs 
and increased vulnerability to glycative stress. 
Thus, our study identified, for the first time, 
an autophagy-related protein that could be 
a therapeutic target against AGEs-associated 
disorders. It remains to be clarified if other 
autophagic receptors contribute to the 
clearance of AGEs or if tissue-dependent 
expression of those receptors determines 
the ability of the tissue to clear toxic AGEs. 
We found that different cell types including 
retinal, lens, and fibroblasts or different 
tissues such as brain, retina, heart or liver 
showed different capacities to deal with 
glycative stress damage (Uchiki et al., 
2012; Rowan et al., 2017; Aragonès et al., 
2020), suggesting that cell- and tissue-
dependent differences should be considered 
for future interventions. Furthermore, it 
has been reported that chronic glycative 
stress or high levels of acute glycative stress 
can compromise proteolytic pathways by 
glycating components of these degradative 
ro u t e s  a n d  p ro m o t i n g  p ro t e o s ta t i c 
impairment. This places the aging organism 
in double jeopardy. 

In sum, deficits in proteolytic pathways 
during aging or in diabetic conditions 
contribute to enhanced accumulation of 
glycated proteins and AGEs deposition, 
which ultimately leads to AGEs-derived tissue 
malfunction. We propose that boosting 
the UPS and autophagy might represent a 
useful strategy to limit glycation-derived 
proteotoxicity in older individuals.

C o n c l u d i n g  r e m a r k s :  I n s o l u b l e 
proteinaceous aggregation is accelerated 
through glycation and is associated with 
multiple age-related diseases, including 
neurological disorders. Therefore, the 
identification of a means to lower AGEs could 
provide enormous benefits to human health. 
Due to the lack of suitable pharmacological 
tools to reduce the formation of AGEs 
or reverse this process, the potential of 
boosting proteolytic capacities remains 
attractive and should be val idated in 
a human context.  Pharmacological  or 
nutritional compounds could be helpful to 
enhance proteolytic capacity along with 
lifestyle changes (healthy diet and regular 
exercise) (Figure 1). Dietary management 

might represent the cheapest and safest 
alternative to modulate blood sugar levels 
and prolong the proteolytic capacities with 
age. Even two isocaloric diets with the 
same carbohydrate content can impact our 
bodies differently: a diet with a more readily-
digested branched carbohydrate will increase 
circulating blood sugar faster, triggering 
the production of AGEs and leading to 
detrimental consequences. Nutritional 
interventions might be implemented to 
boost the proteolytic capacities involved 
in AGEs clearance. In this regard, research 
indicates that fasting can promote autophagy 
within the brain. A better understanding 
of how AGEs are targeted to degradative 
compartments  wi l l  provide essent ia l 
molecu lar  c lues  towards  deve lop ing 
therapeutic  interventions to prevent 
glycation-derived damage and improve 
tissue and organ function. Further research 
should be conducted to establish nutritional 
recommendations/interventions to enhance 
proteolytic capacities.
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