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The glyoxalase system was discovered over a hundred years ago and since then it has been claimed to provide the role
of an indispensable enzyme system in order to protect cells from a toxic byproduct of glycolysis.
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| 1. Introduction

The glyoxalase system, which was first described over a hundred years ago, consists of two cooperating enzymes named
Glyoxalase 1 (Glol) and Glyoxalase 2 (Glo2) W2, |t s a highly conserved enzyme system, which exists in every living cell
from crude single prokaryotes up to complex mammalian organisms Bl The initial enzyme of the glyoxalase system is
glyoxalase 1 and its substrate, hemithioacetal, is formed by a spontaneous reaction of methylglyoxal (MG) and glutathione
(GSH) (Figure 1). MG is highly reactive and therefore a toxic compound, but also an inevitable by-product of glycolysis
and gluconeogenesis during the conversion of triose phosphate isomers (dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate) 2. Interestingly, the glyoxalase system has an extremely narrow substrate specificity among
dicarbonyl metabolites. In fact, it detoxifies mostly MG via the hemithioacetal, which is converted to S-D-lactoylglutathione
and then hydrolyzed by Glo2 to D-lactate (Figure 2). Within this context, Glol represents the rate-limiting step for the
detoxification of MG and is therefore of highest interest because it is believed to maintain the intracellular concentration of
harmful MG in a low range. As the prevention of increased intracellular MG concentration is mandatory for the viability of a
cell, in order to maintain physiological functions, it is no surprise that in eukaryotic organisms, the abundancy of Glol is in
the top 10% of cytosolic proteins B,

Glo2 is encoded by the hydroxyacylglutathione hydrolase gene and, like Glol, it is expressed in nearly all living cells in
order to hydrolyze S-D-Lactoylglutathione, the intermediate product of the glyoxalase cycle, into D-Lactate and (recycled)
GSH B8 |nterestingly, S-D-Lactoylglutathione has been reported to be potentially cytotoxic, inducing growth arrest, and
decreasing cellular viability, but further studies are needed to confirm this, because of the non-physiological doses used in
this study 9. In comparison to Glo1, Glo2 has not been located solely in the cytosol, but also in the mitochondria [&. The
amount of research conducted and therefore, available literature regarding Glo2 is far less compared to its counterpart
Glol. This may be the result of the fact that Glo1 is the rate-limiting enzyme of the glyoxalase system and seems to be
more important [€l. Nevertheless, it is surprising that Glo2 is regulated by members of the tumor suppressor gene p53. In
fact, Glo2 is up-regulated by p63 and p73, which are members of the p53 family, and therefore Glo2 is believed to have a
role as a pro-survival factor 1. Fortunately, recent investigations about the role of mitochondrial Glo2 have revealed new
and very interesting content. Antognelli et al. suggested a pro-apoptotic role of Glo2 in non-small-cell lung cancers, and
this effect is mediated by a bioactive plant compound called Oleuropein. Another study from the same group revealed that
Glo2 can be viewed as a driving force of prostate tumorigenesis and therefore, may represent a novel marker of
progression in prostate cancer diagnosis 1213l |t is a nice illustration, showing that Glo2 may have been overlooked in
the context of malignancies and that there is still a lot of space for further studies.

Increased levels of MG can lead to an intracellular accumulation of advanced glycation end products (AGEs) and to
increased amounts of glycated DNA adducts. Both events are associated with many pathological events in humans, such
as obesity and diabetes, atherosclerosis, various cancer types and neurodegenerative diseases [4I15][16]117][18][19](20]

Regarding protein glycation, the preferred targets of MG are the amino acids arginine and, to a much lesser extent, lysine.
This mainly results in MG-derived hydroimidazolones called MG-H1, MG-H2 and MG-H3 (structure displayed in Figure 1).
Based upon quantitative measurements, MG-H1 is the dominant type of all AGEs found within a physiological context [24]
(22123] Two other modifications should be mentioned herein, the arginine modification argpyrimidine and the most
abundant lysine modification N-(1-carboxyethyl)lysine (CEL) 24[23], Regarding the modifications of nucleic acids the most
reactive nucleotide is deoxyguanosine, resulting in NZ2-carboxyethyl-2-deoxyguanosine (CedG) and 3-(2™-



deoxyribosyl)-6,7-dihydro-6,7-dihydroxy-6/7-methylimidazo-[2,3-b]purin-9(8)one (MG-dG) [28. CedG has been found to be
elevated in animal models and in human tissue samples, especially within the context of diabetes, but further studies are
still needed to confirm its relevance (Figure 1) 22,
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Figure 1. Aspects of methylglyoxal metabolism and its possible implications.

The regulation of Glol activity and expression is complex and still not well understood. However, what we know is that
Glol has a metal responsive element, an insulin-responsive element, an antioxidant responsive element, and it is a
hotspot of copy number variation 2812929 pownregulation of Glo1 via hyperglycemic or hypoxic conditions induces MG
stress, whereas an upregulation via Nrf2 increases Glo1 activity and therefore can alleviate intracellular MG stress 22311,
Many experimental data suggest that the modulation of Glo1l has a high impact towards the phenotype of healthy cells
exposed to cellular stress, and also of malignant cells with an increased energy demand ISILAB2SSIBAISS] |y cruder
model organisms for instance, such as Caenorhabditis elegans (C. elegans), an overexpression of Glol results in an
increase in mean and maximum lifespan by ~40% 8. In bovine endothelial cells, the overexpression of Glo1 reduces the
intracellular accumulation of AGEs under hyperglycemic conditions BZ. Consistently, overexpression in rat models of
diabetes was reported to be protective regarding ateriogenesis and renal impairment driven by microvascular alterations
[35]38] On the other hand, the partial loss of Glol is associated with detrimental kidney damage in a murine Glo1 knock-
down model B2, Hyperglycemic episodes and therefore diabetes related late complications, such as nephro-, retino- and
neuropathy, have been frequently linked to increased MG levels due to a lower Glol expression in humans [L4I17I18][40]
Furthermore, in a recent clinical trial, a Glo1 inducer (resveratrol-hesperetin) improved metabolic and vascular health in a
small cohort of overweight and obese humans 1. Last but not least, the naturally occurring decrease in Glo1 during
aging seems to be associated with an increased risk of age-related cardiovascular diseases 42,

As already mentioned, in many types of cancer the situation is quite different. Due to the vast amounts of glucose
consumption resulting from the increased proliferation rates of most tumors, Glol is necessary to protect the cell from
harmful MG. In malignant cells with a high proliferation rate, it is undoubtedly proven that Glol1 protects those cells from
the increased formation of MG due to a high glycolytic flux within the context of the Warburg effect 3441451 Therefore, it
is no surprise that Glol is generally overexpressed in numerous cancers potentially as a part of a survival strategy 22!,
This is the case in urological malignancies, different breast cancer types, gastric cancer cells, bladder, colon and
hepatocellular carcinomas as well as leukemia [48[47](48]149][501(51][52][53]

In prostate cancer, Glol is also linked to the maintenance of the metastatic phenotype by controlling the epithelial to
mesenchymal transition 24, The association of Glo1 with tumor growth could suggest its role as an oncogene, but this
seems to be more an adaption to protect the tumor proteome against an increased intracellular flux of MG formation 31,
The inhibition of Glol, therefore, may represent a potential target for anticancer therapeutics, although compounds such
as bromobenzylglutathione cyclopentyl ester, which has been used in vitro, have to prove their therapeutic capacity in
humans also 58!,



| 2. Glo1 is not Indispensable for Crude and Complex Organisms

Due to its highly conserved role, the glyoxalase system has been viewed as a crucial enzyme system to maintain cellular
viability [Bl8lI24] This is a consequence of the necessity to detoxify the highly reactive dicarbonyl MG as fast as possible, in
order to prevent glycation of proteins and DNA 4. This has been proven in plants, crude prokaryotic microorganisms and
many animals such as nematodes, arthropods, as well as chordates 4IEIE8IE7I5E]59],

Unfortunately, the first attempts to abolish Glol activity failed, due to a high amount of copy number variants using the
approach of gene trapping mutations 7. The first global Glo1l KO in mice was established in 2017 8. Surprisingly, the
effect of the complete global Glol KO was rather mild, at least in fish and mammals. Obviously, compensatory pathways
for the glyoxalase system were underestimated in earlier studies. This is supported by the findings that in mammalian
models a complete loss of Glol does not result in basal MG and MG-HL1 elevations, even under high glucose conditions
[2274] |t has to be pointed out that most of the in vitro studies about MG-derived AGEs and DNA adducts had to use
exogenously added MG in a supraphysiological range in order to achieve obvious molecular effects BAIZ2ZSITEII7]
Certainly, Glol KO studies can be contradictory and provoking to the scientific dogma that silencing or inhibiting Glo1 has
detrimental effects. Previously, this merged into the assumption of a cause-and-effect model between Glo1 activity and
the levels of MG. If this is true, diseases associated with a complete inherited loss of Glol and therefore increased MG
levels would have been described. As of yet, no known diseases have been attributed to Glo1l mutations in humans.

One reason for the development of late diabetic complications is the increase in MG-derived AGEs and DNA
modifications, which is mainly due to the fact that Glol is downregulated in diabetes. Consequently, MG cannot be
detoxified efficiently LA2ARLISAII7 |f this were true, then a diabetic Glol KO model would reflect a heavy damage of
tissues which are prone to hyperglycemic conditions, such as kidneys, nerves and the eyes. However, recent data support
the idea that the development of late diabetic complications due to increased AGEs and MG-derived DNA damage cannot
be a result of one single downregulated enzyme. The data suggest that it is a multifactorial enzymatic system of high
complexity, which is responsible for the detoxification of increased amounts of MG.

In summary, and to put the new findings into context, various in vivo studies of Glol KO models show that Glo1 is not an
indispensable enzyme and thus, the glyoxalase system is neither. It is also a fascinating example that with increasing
complexity and advanced evolution, nature may establish a backup system, which can compensate and substitute genetic
mutations of highly conserved enzymes. This may not be perfectly the case in crude organisms, such as yeast and worm,
but to some degree in flies and fish, and finally with perfection in a mammalian organism (Figure 2). This leads
consequently to the question of why the glyoxalase system is not mandatory for a complex organism, despite it being a
highly conserved and abundant system. The next part of this review tries to find answers to that essential question.
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Inoue et al.

J Biol Chem 1996
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Zemva et al.
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Figure 2. Consequences of a total loss of glyoxalase 1 in various model organisms.



| 3. Modifications of Glo1 and Other Possible Intracellular Implications

Despite the extensive research on the glyoxalase system, and in particular Glol, investigating PTMs of Glol in mammals
have not been a focus in the field. Studies regarding the PTMs of Glol are rare and the consequences of those are
unfortunately not well understood 2. However, PTMs of Glol have been described in yeast and plants, which suggest
that such regulatory mechanisms are as highly conserved as the glyoxalase system itself.

The most studied PTM of Glol is the phosphorylation. There are five different putative phosphorylation sites identified for
Glo1, whereas Thrt% is the only one which has been identified as the one with physiological consequences S84, A recent
study was able to shed more light on the molecular consequences of the phosphorylation of Thr%7. It was revealed by a
pharmacological and genetic approach that the driving kinase is Ca?*/Calmodulin-dependent Kinase Il delta (CamKIId)
(871, Moreover, phosphorylated Glol has an elevated catalytic efficiency (lower Kp; higher Vimax) and it is also protected
from rapid proteasomal degradation by ubiquitination BZ. Given the background that other studies have shown that an
acetylation enforces the proteasomal degradation, it is a valid hypothesis to claim that the phosphoryl group could prevent
the acetylation of Glol in a competitive way 3. Interestingly, the reduced state of Glol-phosphorylation, and therefore
reduced Glol activity in vitro and in vivo, was associated with only mild changes regarding the phenotype. Only MG-
specific DNA adducts (MG-dG) were increased and this was linked to increased nuclear damage markers such as p53
and yH2Ax. This effect was more pronounced in isolated murine endothelial cells as compared to the in vivo mouse model
[87] An important finding of this recent study was the association of phosphorylated Glol with diabetes, ageing and
malignant cells. In fact, decreased Glol phosphorylation has been associated with a decline in Glo1 activity in diabetes or
ageing, whereas the opposite effect seems to take place in human tumor cells, in which Glol activity is usually
upregulated 7. This could provide an explanation for the altered Glol status in different intracellular environments,
described by many other studies [ALSIAGIA727]128][33[34)[41]  Although these recent findings regarding the driving kinase of a
Glo1 phosphorylation only scratch the surface of the underlying mechanisms, it might help to clarify the precise role of the
glyoxalase system and Glol in particular. At this point it cannot be excluded that there are other kinases too, besides
CamKiIId, which are able to phosphorylate Glo1 efficiently. For instance, it has been shown that TNFa can induce multiple
phosphorylation events at Glo1 [88],
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