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On 20-24 September 2021, leading researchers in the field of glycation met online at
the 14th International Symposium on the Maillard Reaction (IMARS-14), hosted by the
authors of this introductory editorial, who are from Doha, Qatar. The conference was
well-attended, with presentations from 22 countries in the Middle East, Asia, Europe, and
North, Central, and South America. The keynote speaker was Lasker Laureate Professor
Kazutoshi Mori, speaking on the unfolded protein response, and there were sessions on:
glycation in obesity, diabetes, and diabetic complications; glycation in food; glycation
through the life course—from maternal bonding to aging; glycation in plants—physiology,
function, and food security; glycation in the COVID-19 response; glycation analytics and
chemistry; glycation in kidney disease, cancer, and mental health; glycation-related imaging,
diagnostic algorithms, and therapeutics; and methods and models in glycation research.
The IJMS Special Issue on “Protein Glycation in Food, Nutrition, Health and Disease”
brings together papers on some of the key issues covered in the virtual conference. We
also introduced to the conference the “Doha Glycation declaration”—an outline of areas of
glycation research which will likely be fruitful to pursue to future studies, which gained
widespread support. In this editorial, we give a brief introduction to this Special Issue, the
development of glycation research, the papers presented, and the declaration. We hope
that you enjoy this Special Issue on glycation research.

Established in 2005, the International Maillard Reaction Society (IMARS) brings to-
gether scientists, clinicians, and technologists involved in the field of research on glycation
reactions in foods, biology, and medicine. It promotes research on glycation, the Maillard
reaction, and its many and diverse applications. It has organized regular international
conferences on this theme since 1979. IMARS is the professional society for the glycation
research community, the “home of glycation research” [1].

Glycation is an omnipresent non-enzymatic modification of proteins, DNA, and basic
phospholipids [2]. Itis a complex process of multiple sequential and parallel reactions called
the Maillard reaction. Many advances have been made in glycation research, and some key
contributions, as highlighted in the IMARS Presidents’ opening address at IMARS-14, are
given in Table 1. The most widely studied glycating agent is glucose, with investigations of
the reactive dicarbonyl metabolite methylglyoxal (MG) becoming of increasing interest [3].
Widely studied glycation adducts include fructosamine derivatives—early stage glycation
adducts derived from glucose (particularly fructosamine derivatives of hemoglobin in
glycated hemoglobin HbA;. or A1C)—which have been recently reviewed [4], and ad-
vanced glycation end products (AGEs)—particularly MG-derived AGE, hydroimidazolone
MG-H1 [5], fructosamine degradation product, N¢-carboxymethyl-lysine (CML) [6], and
the trace-level pentose-derived crosslink and intense fluorophore pentosidine [7]. Our own
research, spanning over 40 years, has focused mainly on MG—its formation, metabolism by
glyoxalase 1 (Glol) of the glyoxalase system, and as a precursor of AGEs. MG is a precursor
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of the quantitatively major protein and nucleotide AGEs, arginine-derived MG-H1 and
deoxyguanosine-derived imidazopurinone MGdG, respectively [8,9]. Increased MG is a
contributing factor to aging and pathological mechanisms of disease, and may be phar-
macologically modified for therapeutic outcomes [10]. In this Special Issue, Nagai and
coworkers found that MG-H1 was also formed in albumin glycated by ribose in processes
inhibited by the chelation of redox active metal ions [11]. This may be mediated by Namiki
pathway fragmentations of the ribose moiety, similar to those found in the formation of
MG-H1 in albumin glycated by glucose [12,13].

In biomedical applications, it is well-established that protein glycation impacts physio-
logical function in health, aging, and disease [4,10,14,15]. In food science and nutrition, it is
also recognized that protein glycation impacts food, influencing taste, texture, processing,
stability, digestibility, nutritional value, and the intestinal microbiome [16,17]. Glycation can
be compared with spontaneous oxidative modifications increased in oxidative stress [18].
It is also linked to oxidative stress since some glycation processes are oxidative and some
glycating agents, such as MG, are metabolized by the antioxidant glutathione (GSH). Ox-
idative stress and glycation are thereby linked inextricably [10]. Glycation research now has
its own stress nomenclature: “dicarbonyl stress”, defined as the abnormal accumulation of
dicarbonyl metabolites, leading to increased protein and DNA modifications, contributing
to cell and tissue dysfunction in ageing and disease—in which the accumulation of MG
often has an important role [19].

In proteins, glycation occurs on amino acid residues with the highest predicted prob-
abilities of being located in functional domains: arginine and lysine [20]. Therefore, gly-
cation has great potential for functional impairment. Indeed, in the proteome of human
subjects, homo sapiens, and the higher plant, Arabidopsis thaliana, amino acids susceptible to
oxidation—cys, met, tyr, and trp—are sparse or negatively enriched in function domains of
proteins [21,22], which, if generally applicable, suggests that proteomes tend to be resistant
to functional impairment by oxidative damage in oxidative stress but are susceptible to
functional impairment by glycation—particularly arginine-directed glycation in dicarbonyl
stress. In the formation of hydroimidazolone MG-H1 from an arginine residue, there is
a loss of positive charge and an increase in hydrophobicity [23]. This produces protein
misfolding and the activation of the unfolded protein response (UPR) [24]. Indeed, there is
now increasing evidence that MG-modified proteins may be key physiological substrates
of the UPR and exert inflammatory effects through the inositol-requiring enzyme-1« of the
UPR [25]. In model dicarbonyl stress we found an increase in ubiquitin ligases that likely
catalyze the ubiquitination and degradation of MG-modified proteins; and chaperones
themselves are susceptible to MG modification [24,25]. Therefore, dicarbonyl stress likely
has a key role in stimulating the UPR and related increased proteolysis as well as low-grade
inflammation in both mammals and higher plants.

The glycation of DNA in vivo provides the highest level of damaging adducts formed
spontaneously in the genome, and is linked to mutagenesis and cancer. Glol, which
suppresses levels of MG and MGdG, is also a tumor suppressor protein [9,26]. In this
Special Issue, Donnellan et al. [27] describe how high levels of exogenous MG impair sister
chromatid separation in lymphocytes, which may be related to the tumorigenesis activity
of MG and is consistent with the tumor suppressor activity of Glo1 [26]. Glo1 inhibitors
have been developed for cancer chemotherapy to induce an increase in cellular MG for
cytotoxic effects. The lead compound is a cell-permeable prodrug diester of the Glol
inhibitor, S-p-bromobenzylglutathione cyclopentyl diester (BBGD) [28]. BBGD antitumor
activity was enhanced 60-fold in hypoxia, where increased anerobic glycolysis is associated
with the increased formation of MG [29,30]. An increase in cellular MG to cytotoxic levels
was also involved in the mechanism of action of multiple classes of clinical antitumor
drugs: DNA alkylators—mechlorethamine and mitomycin C; topoisomerase inhibitors—
camptothecin, doxorubicin, and etoposide; antitubulins—paclitaxel and vincristine; and
an antimetabolite, methotrexate. The overexpression of Glo1 contributed to resistance to
the antiproliferative cytotoxic activity of these drugs in vitro, and high Glo1 expression
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is associated with multidrug resistance in clinical cancer chemotherapy [29,31]. The Glo1
inhibitor was active against multiple types of tumor cell lines—leukemia, non-small-cell
lung cancer, colon, central nervous system, melanoma, ovarian, renal, prostate, and breast
cancer cell lines—and was most potent against the glioblastoma SNB-19 cell line [32,33].
Recently, BBGD was found to have potent antitumor activity in glioblastoma multiforme
tumor-bearing mice [34]. Tumors of this type, with a high expression of Glol, are likely the
most suitable ones for clinical evaluation of BBGD [28,29]

In studies on the mechanism of action of the cytotoxicity induced by MG, a decrease
in spliceosomal and ribosomal proteins in addition to increased MG modification of the
spliceosomal proteins were involved in the commitment to apoptosis after 6 h of treat-
ment [29]. Independent proteomics studies on the WIL2-NS lymphoblastoid cell line,
treated for 24 h with MG, reported herein by Donnellan et al. [35] found evidence of MG
modification of glycolytic enzymes: glucose-6-phosphate isomerase, aldolase, triosephos-
phate isomerase, glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase,
enolase, and pyruvate kinase. Marked advances have been made recently in the proteomics
of dicarbonyl stress. We now have proteomic signatures indicative of the MG-induced
activation of the UPR [24], activation of ubiquitin ligases [25], and commitment to apop-
tosis [29] as well as histone proteins [36]; a mass increment on arginine residues of +54 is
now included in the PRIDE proteomics identification database [37], reflecting the detection
of MG-H1 [5,38,39]. The new finding of the susceptibility of the spliceosome to MG modifi-
cation [29], corroborated independently by Donnellan et al. [28], identifies the spliceosome
as a target of glycation in cytotoxicity in cancer chemotherapy. Interestingly, dicarbonyl
stress may also contribute to the dysfunction of the spliceosome in diabetes [40,41], chronic
kidney disease [42], and Alzheimer’s disease [43].

Protein glycation has long been proposed to have a role in the development of vascular
complications in diabetes. In the Special Issue, there are contributions on the hexokinase-2-
linked glycolytic overload initiation of processes leading to dicarbonyl stress in vascular
cells in hyperglycemia [44], the physiological consequences of dicarbonyl stress [45], the
involvement of the receptor for advanced glycation adducts (RAGE) [46], including the
role of AGE-RAGE signalling as a modulator of gut permeability in diabetes [47], and the
emergence of Glo1 inducer therapeutics for the prevention of type 2 diabetes and treatment
of vascular complications of diabetes [28]. The remarkable emerging role of RAGE in early
life nurturing as well as the mother-infant bond and the role of glycation in organelle stress
as well as metabolic derangement in kidney disease are also described [48,49]. The clinical
diagnostics of glycation is now advancing from the role of A1C and glycated albumin in the
assessment of glycemic control in diabetes [4] to the application of machine learning for the
development of diagnostic algorithms with combinations of plasma and urinary AGEs as
features for the risk prediction of diabetic kidney disease and other clinical conditions [50].
The health benefits of decreasing the clinical exposure of dietary AGEs to the microbiome
were tested robustly in the “deAGEing Trial”—a 4-week diet low or high in AGEs in obese
subjects. A limited impact on the gut microbial composition was found [51].
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Table 1. Key events in the history of glycation research—a personal view.

Year Events in the History of Glycation Research (Investigators and Events) Ref.
1912 Maillard. Studied the reaction between glucose and glycine on heating—"“Maillard reaction”. [52]
1913 Neuberg, Dakin, and Dudley. Discovery of the glyoxalase system. [53,54]
1937  Kuhn and Weygand. Formation of N-substituted 1-amino-1-deoxy-2-ketose—"“Amadori rearrangement”. [55]
1953  Hodge. Dehydrated foods: chemistry of browning reactions. [56]
1960  Kato. 3-Deoxyglucosone and 3-deoxypentosone from the browning reactions of glucose and ribose. [57]
1969  Rahbar et al. Discovery of glycated hemoglobin. [58]
1980  Hayashi and Namiki. Fragmentation of the saccharide moiety early in the Maillard reaction. [59]
1984  Cerami et al. First structure proposed for an advanced glycation end product—AGE. [60]
1986 Baynes et al. N-carboxymethyllysine (CML) as a degradation product of 6]

fructoselysine.
1989  Sell and Monnier. Structure elucidation of a senescence crosslink—"Pentosidine”. [7]
1992 Schmidt et al. Isolation and characterization of receptor of advanced glycation end products—RAGE. [61]
1992 Lo and Thornalley. Cell-permeable glyoxalase 1 inhibitor with anticancer activity—BBGD. [32]
1994 Bolton et al. and Freedman et al. Clinical trials of aminoguanidine in diabetic nephropathy—ACTION I and

II trials. [62,63]
1994  Henle et al. Detection and identification of a protein-bound hydroimidazolone—MG-H1. [64]
2000  Delpierre et al. Identification of a mammalian fructosamine-3-kinase. [65]
2003  Thornalley et al. Application of LC-MS/MS for the robust quantitative assessment of glycation adducts. [5]
2008  Morcos et al. Extension of lifespan in nematode Caenorhabditis elegans via the overexpression of glyoxalase 1. [66]
2016  Thornalley et al. Clinical trial of an optimized glyoxalase 1 inducer. [67]
2016 Rabbani et al. Application of artificial intelligence machine learning for the development of clinical diagnostic [68]

algorithms with features including FL and AGEs (diagnosis and classification of early stage arthritis).

In focusing on glycation in food, the wealth of glycation adducts present in food
are still to be fully characterized, with the benefits and adverse effects of glycation on
food remaining continuing interests. Reported herein, Xing and Yaylayan investigated
the isomeric diversity of glycated amino acids in the Maillard reaction and found that,
in a glucose and glycine model system, monoglycated glycine had equal proportions of
Amadori and Schiff’s base forms of early glycation adducts, whereas diglycated glycine
was a mixture of the three isomers containing two Schiff’s base adducts, two Amadori
adducts, and a Schiff’s base-Amadori adduct combination. Glycation processes were
stimulated by a mechanochemical reaction, where samples were prepared through ball
milling at an ambient temperature and by hydrothermal reactions by heating the mixture
in water [69]. It remains uncertain as to whether dietary dicarbonyl compounds may
influence the microbiome, have significant bioavailability, and modify endogenous proteins.
Furthermore, 3,4-dideoxyglucosone-3-ene (3,4-DGE) is a reactive dicarbonyl compound
and glucose degradation product found in processed foods and medicinal products, such as
heat-sterilized dialysis fluids containing glucose as osmolyte [70], and may also be formed
endogenously. Audiore et al. [71] describe the reaction of 3,4-DGE with human serum
albumin, GSH, and immunoglobulin G under physiological conditions.

There were many other leading contributions to glycation research presented at the
IMARS-14 conference, and we thank the presenters for their efforts, insights, and ingenuity.

In looking forward to areas of ongoing and future glycation research likely to produce
key advances, we signed and invited conference delegates to sign a declaration, the 2021
Doha Glycation declaration. This stated:

“We, the undersigned—_glycation researchers at IMARS-14, identify the following areas for
priority advance in glycation research:

1. Research in glycation-related analytical techniques and chemistry

2. Research in food processing for safe and nutritious food

3. Research in glycation-resistant crops for improved food security in climate change

4. Research on clinical diagnostics for improved diagnosis, risk prediction and therapeutic
monitoring of health conditions and disease

5. Research on therapeutics for improved treatment of disease—including COVID-19”.
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The declaration was signed and supported by the conference delegates, and we look
forward to key advances in glycation research in this and other areas in the years to come.
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