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A B S T R A C T

Diabetes Mellitus (DM) is one among the supreme metabolic issues observed in history since 3000 BCE and has
gained much interest recently due to the increasing number of diabetic cases every year. Glucose is considered as
the most iconic biomarker for diabetes detection, and fluctuations in its levels are related to different stages of
DM. However, methylglyoxal (MG) is evolving as a diabetes marker since it plays a significant role in biological
processes Apart from DM, MG causes several metabolic irregularities like hypertension, neuropathy, nephro-
pathy, oxidative stress. Besides, MG is a predominant precursor of advanced glycation end products (AGEs),
which result in protein dysfunction, glycation of vascular tissues and aging. In this background, detection of MG
has much importance, and the design of smart models is desirable. MG formation, detoxification, and its gly-
cation effects have paved the way for the development of detection strategies which are described in detail here.
The direct and indirect methods of MG measurement have been established in the past. At present, techniques
like high-performance liquid chromatography, gas chromatography-mass spectrometry, enzyme-linked im-
munosorbent assay, capillary electrophoresis, electrochemical biosensors have been used to quantify MG present
in the samples. Here, we have tried to correlate the function of MG and detection strategies to explain the major
challenges posed towards implementation of easy, efficient and accurate standardization.

1. Introduction

Diabetes is the most iconic issue in the health industry irrespective
of age and vegetation. It is a major non-communicative metabolic dis-
order, having a devastating impact on the healthcare and economy
(Dall et al., 2014). DM is broadly classified as type 1 (T1DM), type 2
(T2DM) and gestational diabetes (GDM). The reason behind T1DM and
T2DM are lack of insulin production due to β- cell destruction and
ability to intake insulin by cells due to insulin resistance, respectively
(American Diabetes Association, 2018; Nichols et al., 2013; Zarkogianni
et al., 2015). GDM is the condition of glucose intolerance during
pregnancy (Goldenberg and Punthakee, 2013). Proper therapeutic in-
tervention through the external supply of insulin and systematic med-
ication can be the remedies of type 1 and 2 diabetes respectively
(Ransom et al., 2013). Also, great efforts are taken for the treatment of
diabetic complications and the discovery of new biomarkers, which
have significant relation with diabetes. Huge rise in the number of

diabetes cases reported each year to imply the need for preventive ra-
ther than reactive approach (Zarkogianni et al., 2015) along with de-
ployment of point of care devices across the nations. Knowledge about
the origin, diagnosis, and treatment of DM must be spread to implement
preventive measures to fight this count effectively (Ekoé et al., 2013).
In this scenario, the International Diabetes Federation has been trying
to draw the attention of countries towards early diagnosis of diabetes to
ensure the diabetes-free lifecycle of future generations.

At present, diagnosis of DM and its categorization is mainly based
on the identification and quantification of biomarkers like glycated
hemoglobin and glucose in blood, urine (Gu et al., 2016; Radhakumary
and Sreenivasan, 2011), sweat (Chen et al., 2017; Liu et al., 2018), tears
(Park et al., 2018), saliva, etc. Also, parameters like fasting plasma
glucose, oral glucose tolerance, postprandial plasma glucose criteria,
are executed for DM diagnosis (The Expert Committee on the Diagnosis
and Classification of Diabetes Mellitus, 2002). Moreover, food and
lifestyle highly influence glucose levels, which lead to more
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complications in the assessment of diabetic conditions.
In this scenario, new biomarkers (independent of the glucose levels)

and techniques for accurate and early diagnosis (prediabetic stage) of
diabetes having immense importance. The identification of prediabetes
as well as prediction of associated complications has been a field, under
keen observation by many researchers and physicians across the globe.
Methylglyoxal (MG) is emerging as a biomarker of diabetes mellitus
(DM) as it has a close association with protein glycation and insulin
resistance. As a biomarker, MG investigated for several other ailments.
Now, the identification of the root cause of diabetes and its complica-
tions brings MG’s potential for diabetes diagnosis into the limelight.

Keeping this as the background, we have presented the major types
of diabetes and their causes influenced by glucose levels and insulin
resistance. The biomarker MG and its origin, sources, formation, de-
toxification and a major contribution to the onset of diabetic compli-
cations are discussed briefly. Also, deliberately explained the different
detection methodologies and the current scenario of MG research and
its future perspectives.

2. Types of Diabetes Mellitus

DM is commonly classified as Type 1, Type 2, gestational and others
based on specific criteria are shown in Table 1 (The Expert Committee
on the Diagnosis and Classification of Diabetes Mellitus, 2002). Insulin-
dependent diabetes or TIDM occurs primarily due to autoimmune de-
struction of β-cells caused to lack of insulin secretion which results in
ketoacidosis and hyperglycemia. The exogenous insulin injections
might help to maintain the level for the routine process. (Epstein et al.,
1994). In certain cases, autoimmunity is not observed, and such pa-
tients are classified as type 1 idiopathy (American Diabetes Association,
2005). Non-insulin-dependent diabetes or T2DM arises due to insulin
resistance or insulin deficiency. The major cause of this type of diabetes
is lack of physical activity. Since the function of β-cells and insulin
levels have been abnormal, T2DM results in spontaneous ketoacidosis
and gradual occurrence of hyperglycemia condition. The other specific
types of diabetes associated with several reasons like genetic defects
(Bell and Polonsky, 2001; Edghill and Hattersley, 2008; Stekelenburg
and Schwitzgebel, 2016), dysfunction of hormones (Fu et al., 2013;
Hage et al., 2011), drugs or chemicals (Chan et al., 1996; Izzedine et al.,
2005; O^Byrne and Feely, 1990; Pandit et al., 1993), infections, syn-
dromes (Doyle et al., 1982; Schwartz et al., 1978; Soffer et al., 1961;
Taylor, 1992) and immunity (The Expert Committee on the Diagnosis
and Classification of Diabetes Mellitus, 2002) affected the function of β-
cells and insulin. GDM is often related to glucose intolerance during
pregnancy period. The screening and treatment of GDM are very im-
portant; else it may lead to T1DM or T2DM in the future. Overall, the
synergic effect of β-cell and insulin against the glucose level cause
metabolic abnormality, micro- and macrovascular complications
(Ogawa et al., 2010) and casualty (O^Byrne and Feely, 1990). However,

brief reports on the types of diabetes and their effects are available in
the references (Bell et al., 1991; Bell and Polonsky, 2001; Epstein et al.,
1994; Ross et al., 2004; Smushkin and Vella, 2010; The Expert
Committee on the Diagnosis and Classification of Diabetes Mellitus,
2002).

3. DM diagnosis and biomarkers

The explicit symptoms of the early stages of DM are imperceptible
due to many factors like lifestyle, physical condition, food. However, it
has led to severe casualties such as vascular complications, chronic
disorders, hyperglycemia and so on. The WHO expert committee de-
fined the diagnostic criteria of glucose level in the blood (mg/dL or
mmol/L) for normal and diabetic subjects based on epidemiological
studies (The Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus, 2002).

Glucose is considered as the predominant biomarker for hypergly-
cemia (Dall et al., 2014). From 1962 onwards, there has been extensive
research focused on developing methods for the measurement of glu-
cose in various matrices such as blood, urine, and saliva (Liu et al.,
2018). Furthermore, the measurement of glucose is classified into dif-
ferent categories for the identification of the exactness of diabetic
condition. The tests like Fasting Plasma Glucose (FPG), 2-h Plasma
Glucose (2hPG), Oral Glucose Tolerance Test (OGTT), Random Plasma
Glucose test (RPG), Glycated Hemoglobin (HbA1C) have been regulated
for diagnosis and confirmation of DM. Besides, researchers have tried to
establish close relations with alternative biomarkers such as glutamic
acid decarboxylase autoantibodies (GADA), insulin autoantibodies
(IAA), insulinoma-associated-2-autoantibodies (IA-2A), islet cell cyto-
plasmic autoantibodies (ICA), C-peptide (Bingley, 2010; Bonifacio,
2015; Regnell and Lernmark, 2017; Wasserfall and Atkinson, 2006),
methylglyoxal (MG) (Beisswenger, 2014), amino acids, lipid metabo-
lomics, palmitoleate (Roberts et al., 2014) for the prediction of types of
DM.

Identifying a particular type of DM is the major issue due to its
specificity and several exogenous and endogenous factors which are
interlinked with the onset of DM. Generally, DM is closely associated
with autoantibodies (Bingley, 2010). In particular, the T1DM auto-
immune disorder can be characterized by the presence of ICA and
GADA (Bingley, 2010; Bonifacio, 2015; Regnell and Lernmark, 2017;
Wasserfall and Atkinson, 2006). Similarly, these autoantibodies are
used to determine T2DM, but C-peptide secretion and age factor may
lead to uncertainty (Bingley, 2010). Roberts et al. demonstrated that
the branched-chain amino acids could be a screening biomarker for
T2DM (Roberts et al., 2014). However, at present HbA1C and FPG are
considered for T2DM diagnosis. But, HbA1C levels are dependent on
hemoglobin count and in-turn erythrocyte turnover which may vary
due to anemia and renal diseases (Bloomgarden, 2017). Moreover,
HbA1C is shown to be unreliable recently, as it varies according to age,
ethnicity, and is imprecise (Bloomgarden et al., 2008). Thus, identifi-
cation of biomarkers and their related etymological studies and clinical
endpoints are required for standardization.

Nevertheless, screening of prediabetic state and association of bio-
markers with a specific type of diabetes is a real challenge. Except for
T1DM, all other types of DM take prolonged duration to show hy-
perglycemia and related problems including severe damage to the in-
ternal organs and metabolic dysfunction well before the diabetic state.
Subjects have a high risk for the development of DM and cardiovascular
diseases within 5–10 years screening of prediabetic state. Besides the
risk of prediabetes, various challenges make identification of DM
cumbersome. The prediabetic condition is above the average of normal
blood glucose level and below diabetic condition and referred to as
impaired glucose tolerance (IGT) or impaired fasting glucose (IFG).

Metabolomics is the study of metabolite level related to certain
diseases. Rui et al. have successfully displayed a significant variation in
the metabolites of prediabetic and T2DM subject. The concentration of

Table 1
Types and sub-types of diabetes mellitus (The Expert Committee on the
Diagnosis and Classification of Diabetes Mellitus, 2002).

Types Classification

1 Type 1 diabetes
2 Type 2 diabetes
3 Gestational diabetes
4 Other specific types

– Genetic defects of β-cell function
– Genetic defects in insulin action
– Diseases of the exocrine pancreas
– Endocrinopathies
– Drug- or chemical-induced
– Infections
– Uncommon forms of immune-mediated diabetes
– Other genetic syndromes sometimes associated with diabetes
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metabolites such as glycine, lysophosphatidylcholine and acet-
ylcarnitine have significantly varied for IGT individuals (Wang-Sattler
et al., 2012). Indeed, the prevailing understanding of the biological
pathways induced by excess glucose in the blood and other related
compounds (fatty acids, amino acids, proteins) might be helpful for the
identification of new biomarkers. Furthermore, the credentials of clin-
ical research, analysis time, cost, sampling convenience, stability, re-
producibility must satisfy the choice of new biomarkers. Relatively, MG
favored all the parameters to be considered as a new biomarker. PJ
Beisswenger, in his groundbreaking study, identified that MG (the
specific precursor of advanced glycation end products (AGEs)) as a
highly stable chemically reactive biomarker for prediabetes, T1DM, and
T2DM (Beisswenger, 2014). In this background, the significance of
AGEs, research insights of MG on diabetes, sources and formation of
MG, detoxification of MG, the relation between MG and insulin re-
sistance, and detection methods of MG have explained in the following
sections.

4. AGEs

AGEs are the complex and heterogeneous group of chemical com-
pounds (glycotoxins) (Goldin et al., 2006; Singh et al., 2001) formed
non-enzymatically through the interaction of carboxyl group of redu-
cing sugars and amino groups in the biomolecules like proteins, nucleic
acids, lipids, peptides (Goh and Cooper, 2008). This reaction called as
Maillard reaction produces the intermediate compounds like Schiff
bases and Amadori products (Kiho et al., 2005; Singh et al., 2001;
Talukdar et al., 2009). Mostly, long-lived and stable proteins are tar-
geted by glycating agents via covalent cross-link formation results in
AGEs which, promote hardening and permanent dysfunction of tissues
through the process of tissue remodeling (Singh et al., 2001). Briefly,
intracellular AGEs interfere with the cytological signaling pathways and
their levels, which are dependent on glycolysis process. Endogenous
AGEs production and accumulation is naturally a gradual process as
glucose is the least reactive sugar residue that promotes glycation.
However, both the long-lived and short-lived proteins are involved the
glycation reaction during hyperglycemic condition. Also, exogenous
AGEs originated from processed food products, smoke, beverages, etc.
(Goldberg et al., 2004; Uribarri et al., 2010) also induce an in-
flammatory response at a higher rate. Dietary exposure to foods con-
taining higher amounts of carbohydrates, proteins, and fat accompanies
with greater quantities of AGEs resulting in severe damage to the body
tissue. As a result, the insoluble and long-lasting AGEs contribute sig-
nificantly to the development and progression of aging (Desai et al.,
2010; Thornalley, 2008), metabolic disorders like oxidative stress
(Chang and Wu, 2006; Desai et al., 2010; Rondeau et al., 2008), cancer
(Bellahcène et al., 2018), cardiovascular disorders (Kilhovd et al.,
2009), diabetes-related retinopathy (Murata et al., 1997), nephropathy
(Goh and Cooper, 2008; Rabbani and Thornalley, 2014; Schmidt,
2018), neuropathy (Krautwald and Münch, 2010), micro and macro-
angiopathy (Ogawa et al., 2010; Vlassara et al., 2002), Alzheimer’s
disease (Angeloni et al., 2014) and hypertension (Chang and Wu,
2006). In this scenario, one would imagine that measurement and
analysis of AGEs will decipher/unfold the issue and provide direction
for therapeutic interventions towards metabolic complexities. But the
major issue is the identification of a particular compound (AGEs) to-
wards the pathological cause. Secondly, AGEs are found in free, as well
as bound form in the blood and tissues. In a social perspective, there is
no standardized/recognized method for AGEs measurement [35] and
hence, comparison and follow up of clinical effects of AGEs is chal-
lenging.

Indeed, high levels of early glycation products (EGP) and AGEs re-
sulted in the acceleration of diabetic complications (Beisswenger,
2014). The α-oxoaldehydes are formed as EGP during the Maillard re-
action (Fig. 1) as a precursor of AGEs (Thornalley, 2005). The α-ox-
oaldehydes are chemically reactive up to 20,000 times than glucose

with amino groups of biomolecules (Beisswenger, 2014; Singh et al.,
2001; Thornalley, 2005). Thus, the α- oxoaldehydes compounds
mediated glycation is several orders rapid than glucose directed gly-
cation (Brownlee, 2001; Mittelmaier and Pischetsrieder, 2011; Tauer
et al., 2001). Fig. 2 depicts the formation of α-oxoaldehydes through
the different reaction process including the classical Maillard reaction.
These α-oxoaldehydes are highly potent even in the unfavorable con-
ditions and retain the glycating activity (Thornalley, 2005).

Nevertheless, an electrophilic nature of AGEs precursors attract
themselves towards nucleophilic biomolecules and lead to condensation
reactions (Vistoli et al., 2013). Amongst these dicarbonyl compounds,
MG, glyoxal, and 3-DG are found to be playing a significant role
(Thornalley et al., 1999) in the development and progression of diabetic
angiopathy (Ogawa et al., 2010), chronic kidney and cardiovascular
diseases (Nakayama et al., 2008). AGEs derived by different glycating
agents cross-react with antibodies designed for MG-derived AGEs,
which indicates that MG might be the common mid-way in the AGE
formation process (Vander Jagt and Hunsaker, 2003). MG is more re-
active than acetol and a much better substrate for aldose reductase
(Vander Jagt et al., 1992). Also, MG is found to be an independent risk
factor for many metabolic parameter changes including blood pressure,
glomerular filtration rate, etc. (Ogawa et al., 2010). Besides, MG is
considered as the most dangerous dicarbonyl compound due to its high
rate of endogenous flux inside our human body (Moraru et al., 2018).
So, identification and removal of such deleterious precursors would
help in retardation of AGEs precipitation in body tissues.

In general, AGEs and their precursors have been identified as bio-
markers for diabetes-associated complications. Clinical studies have
confirmed the presence of AGEs and their precursors in complicated
diabetic subjects (Beisswenger, 2014). The detection of AGEs exhibited
5–15-fold enhanced observations between normal and diabetic than
other biomarkers (Beisswenger, 2014; Brings et al., 2017). Especially,
AGEs formed from certain α-oxoaldehydes (MG and 3-deoxyglucosone
(3-DG)) are directly proportional to postprandial glucose fluctuations in
T1DM and T2DM whereas, the standard biomarker HbA1C does not
match with these variations. The predictive measurement of AGEs re-
lated to MG, 3-DG, and glyoxal, which uniquely respond to the level of
glycemia than HbA1C towards the development of biomarkers for early
prediction of DM (Beisswenger, 2014). However, dicarbonyl stress re-
lated issues (Rabbani and Thornalley, 2015), oxidative products, and
AGEs precursor (MG) are associated with diabetic complications
(Moraru et al., 2018). Hence, detection of AGEs and other precursors
could lead to exploring several functions behind the metabolic path-
ways associated with glucose concentrations.

5. Methylglyoxal

MG is an electrophilic α,β-dicarbonyl compound (Desai et al.,
2010), produced as an intermediate in the glycolysis process (Kalapos,
2008; Thornalley, 1996) in living organisms (Vander Jagt and
Hunsaker, 2003). The strong interaction of MG with active functional
arginine groups in the proteins influences its highly reactive nature
during the glycolysis process than glucose whereas, glucose reacts with
lysine groups (Thornalley and Rabbani, 2011a). The production
pathway of AGEs and formation mechanisms of MG demonstrate the
significance of MG detection over AGEs for the diabetes diagnosis
(Fig. 2). Simultaneously, the endogenous and exogenous sources could
trigger excessive production of MG. This significantly increases the MG
concentration inside and outside the cells during hyperglycemia. The
studies using incubated human red blood cells with normal and hy-
perglycemic condition exhibited the characteristic increase in the con-
centration and metabolic flux of the formation of MG (Thornalley et al.,
2001). In specific, MG and AGEs production increase 2–4 folds in hy-
perglycemic conditions (Rabbani and Thornalley, 2014). Mostly, MG
can be detoxified through the glyoxalase system (GLO I and GLO II
enzymes) in normal conditions. In hyperglycemic condition, the GLO
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enzymes were not elevated corresponding to the increased production
of MG (Thornalley, 1988; Thornalley et al., 1989). Type 1 diabetes
mellitus (T1DM) subjects exhibited a higher GLO I activity and lower
GLO II activity (Thornalley et al., 1989). This might be the reason for
the higher threshold of MG in T1DM subjects. MG forms adducts such as
hydroimidazolones (MG-H1) which later cross-link and form AGEs
(Rabbani and Thornalley, 2014). Moreover, MG-derived AGEs levels
vary disproportionately according to the GLO levels. On the other hand,
studies revealed that MG could increase the glucose concentration,
through direct reduction and conversion of D-lactate from detoxifica-
tion process (acetone metabolism –MG pathway) (Casazza et al., 1984).

Overall, the production rate of MG and its associated adduct for-
mation or detoxification process is comparatively higher than other
precursors and AGEs. In this regard, MG is highlighted as a biomarker
for diabetes diagnosis next to AGEs.

5.1. Discovery and follow up

Synthesis, characterization and chemical interactions of MG have
been an interest among scientists since the last two decades of the 19th
century (Baumann, 1885; Witt et al., 1987). However, MG has driven
much attention only after 20–30 years of its discovery. On the complete

establishment of the Embden-Meyerhof-Parnas pathway (EMP), MG
regained interest in the research community, especially among biolo-
gists because of its wide distribution and high reactivity. The detailed
timeline of MG related workflow towards diabetes and detection is
given in Table 2.

The investigation of MG is widespread in different applications from
biology to chemistry such as cell culture, tissue culture, aquaculture,
and agriculture. It is noteworthy that, MG is closely associated with
internal and external functions of organisms (Kalapos, 1999a; Nemet
et al., 2006).

Other areas: MG acts as an inhibitor for cell growth (Egyud and
Szent-Gyorgyi, 1966). It is categorized as “retina” substance, as it re-
tarded growth and observed to stop the proliferation of cancer cells in
albino mice (Egyuud and Szent-Gyorgyi, 1968), and quahog (Merce-
naria mercenaria) (Schmeer, 1964). Various chemical and biological
substances such as limonene (Suh et al., 2017), nuclear factor erythroid
2-related factor 2 (Nrf2), carnosic acid with 1-(2-Cyano-3,12,28-triox-
olane-1,9(11)-died-28-yl)-1H-imidazole (CDDO-Im) (Nishimoto et al.,
2017), honokiol (Suh et al., 2016), fisetin (Maher et al., 2011) are
discovered to be alleviating MG accumulation by enhancing its detox-
ification. Also, CHOP deficiency (Choi et al., 2016; Nam et al., 2015)
and the pivotal role of cytochrome c peroxidase (Ccp1) in the enzymatic

Fig. 1. Formation of 11 α-oxoaldehydes (α-dicarbonyl compounds) - precursors of AGEs (early glycation products) during the glycation reaction.

Fig. 2. Glycation reaction and pathways of advanced glycated end-products (redrawn from ref. (Singh et al., 2001)). Reprinted from Singh et al. (2001) with
permission of Springer-Verlag © 2001.
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activity of D-erythroascorbate peroxidase (EAPX1) (Shin et al., 2017)
have been investigated to deteriorate MG levels in cells. Although MG
was ascribed as growth inhibitor (Egyud and Szent-Gyorgyi, 1966), Lin
et al. (Lin et al., 2018) have recently reported the cancer-promoting
properties of MG and proved that MG-induced oxidative stress leads to
colon cancer progression. Similarly, reduction in the cadmium toxicity
through stimulation of glutathione reductase and gamma-gluta-
mylcysteine synthetase (γ-ECS) in wheat seedlings by MG has been
reported to highlight MG’s beneficial roles (Li et al., 2018).

Though the controversy of MG as a beneficial or harmful metabolite
is continuing; it is necessary to study the effects of MG through clinical
trials for better understanding.

Diabetes: At present, PJ Thornalley (Rabbani et al., 2018; Rabbani
and Thornalley, 2018, 2014; Thornalley, 1996, 1995), MP Kalapos
(Kalapos, 1999b, 1999a, Kalapos, 2008, 2013), DL Vander Jagt (Vander
Jagt, 2008; Vander Jagt et al., 2001, 1992; Vander Jagt and Hunsaker,
2003), and their teams are pioneering in understanding and exploiting
the physiological significance of glyoxalase (GLO) system, MG and their
roles in metabolic disorders after AS Gyorgyi (Egyud and Szent-
Gyorgyi, 1966).

In specific, Thornalley et al. have investigated the role of glyoxal
and MG in aging (Thornalley, 2008), arginine directed glycation
(Thornalley, 2005), the role of MG and AGEs in nephropathy (Rabbani
and Thornalley, 2018, 2014). Kalapos has reported the origin of MG
(Kalapos, 2013), its implications in living organisms (Kalapos, 1999a)
and the role of α-oxoaldehydes in diabetes mellitus (Kalapos, 1992).
Beisswenger et al. studied the effect of metformin on MG levels in T2DM
patients (Beisswenger et al., 1999) and reflection of α-dicarbonyls
during hyperglycemia (Beisswenger et al., 2001). In this regard, several
approaches have been undertaken to relate MG and its associated

products with diabetes.

5.2. Formation and detoxification of MG

Generally, adult human produces ~3 mmol MG per day, which in-
creases depending on the glucose concentration and endo- and exo-
genous sources (Rabbani and Thornalley, 2014). In specific, the normal
level of MG in human blood plasma is 100–120 nM (Beisswenger et al.,
1999; Talukdar et al., 2009; Thornalley, 2008). It is evident that higher
levels of MG cause accelerated glycation of proteins, which, lead to
metabolic irregularities in the human body (Fig. 3). The main sources of
MG can be classified as exogenous and endogenous (Frischmann et al.,
2005). However, the body cells have an efficient enzymatic system for
the detoxification of MG (Fig. 3). The dysfunction of MG detoxification
system, due to higher production of MG endogenously or excess intake
of MG exogenously may lead to critical situations wherein, MG level
increases unconditionally and contribute to faster and severe compli-
cations. To reduce and control the MG level, understanding its forma-
tion and detoxification pathways is vital.

5.2.1. Formation
The exogenous sources such as food, beverages, smoke contain

micromolar concentration of MG and tend to promote the internal re-
actions towards endogenous productions (Chatterjee and Chen, 2012;
Frischmann et al., 2005; Nemet et al., 2006; Uribarri et al., 2010). The
endogenous sources like fragmentation of triose phosphates from gly-
colysis, catabolism of ketone bodies/threonine, lipid peroxidation re-
sulted in the formation of MG (Bellahcène et al., 2018; Kalapos, 1999a;
Singh et al., 2001; Vander Jagt, 2008). However, glucose is the major
contributor of MG production. Fig. 3 depicts the simplest scheme of

Table 2
Significant Milestones in MG evolution in association with DM.

Year Researcher Research establishment Ref.

1885 E. Baumann Reported the reaction of benzenethiol with pyruvic acid to form hemithioketal (Baumann, 1885)
1912 L C Maillard Observed browning of amino acids by sugars and hypothesized its significance in diabetes (Maillard, 1912)
1913 Neuberg Explained physiological significance of MG (Neuberg, 1913)
1913 Dakin & Dudley Identified MG as a vital intermediate in the glycolysis pathway (Dakin and Dudley, 1913)
1927 Theodore E. Friedemann Determination of MG using alkali and hydrogen peroxide (Friedemann, 1927)
1928 N Ariyama Colorimetric determination of glyoxals using cyanide (Ariyama, 1928)
1931 Barrenscheen & M Dregruss Determination of MG by an alcoholic solution of potassium hydroxide (Owens and Belcher, 1965)
1932–1939 G Embden, O Meyerhof, and JK

Parnas
The complete development of the EMP pathway and identified the MG production from
DHAP, the intermediate of the glycolysis pathway

(Racker, 1951)

1932 Lohmann Identified the importance of reduced GSH in GLO activity (Lohmann, 1932)
1933 M Jowett & JH Quastel GLO system: Proposed the formation of an intermediate compound between the reaction

of MG and GSH
(Jowett and Quastel, 1933)

1936 K Nagaya, S Yamazoye & S
Nakamura

GLO system: Equimolar concentrations of GSH and MG react to form lactic acid, and later
GSH is retained concomitantly

(Nagaya, Yamazoye and Nakamura,
1936)

1936 S Yamanote Described the co-enzyme action of GSH (Yamazoye, 1936)
1951 E Racker GLO system: Identified the intermediate compound, S-D-lactoylglutathione (SDL) and two

enzymes namely glyoxalase I and glyoxalase II
(Racker, 1951)

1966 LG Egyud & AS Gyorgyi Described the Retina and Promise nature of MG and GLO (Egyud and Szent-Gyorgyi, 1966)
1968 S Rahbar Observed glycation of hemoglobin in red blood cells (Rahbar, 1968)
1979 Kirk et al. Found that GLO allele is increased in T1DM patients (Kirk et al., 1979)
1981 McCann et al. Emphasized that GLO gene polymorphism is linked with diabetic complications (McCann et al., 1981)
1984 Brownlee et al. Reported nonenzymatic glycosylation and AGEs formation through glucose (Brownlee et al., 1984)
1986 Monnier et al. Proposed that fluorescence of glycosylated collagen might be due to glucose-derived

protein cross-link 2-furoyl−4(5) -(2-furanyl) imidazole
(Monnier et al., 1986)

1988 PJ Thornalley Suggested that the glyoxalase pathway is related to diabetic complications during
hyperglycemia

(Thornalley, 1988)

1992 Vander Jagt et al. Proposed an integrative model of diabetic complications, which combines the non-
enzymatic glycation and aldose reductase/sorbitol theories

(Vander Jagt et al., 1992)

1992 AC McLellan et al. Developed D-lactate dehydrogenase enzymatic assay to detect D-lactate levels in diabetic
patients

(McLellan et al., 1992)

1993 MR Montoya, MA Zon & JMR
Mellado

First electrochemical analysis of MG using linear sweep voltammetry (Montoya et al., 1993)

2003 Annunziata Lapolla et al. MG levels correlated with glycated hemoglobin and fasting plasma glucose levels (Lapolla et al., 2003)
2005 Ina Nemet et al. MG level variation studied simultaneously in whole blood and plasma of normal and

diabetic subjects
(Nemet et al., 2005)

2013 S Chatterjee, J Wen & A Chen Detection of MG for diabetes diagnosis in human plasma (Chatterjee et al., 2013)
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formation, glycation and detoxification reaction process of MG.
MG is formed enzymatically and non-enzymatically from different

origins, which makes it different from other precursors of AGEs and
more suitable for diabetes diagnosis.

Enzymatic: Glycolysis process of glucose resulted in the formation of
glyceraldehyde-3- phosphate (G3P) and dihydroxyacetone phosphate
(DHAP). MG is produced from G3P by acid-catalyzed reactions and
iodoacetate poisoning (Entner and Doudoroff, 1952). Methylglyoxal
synthase produces MG along with inorganic phosphate from DHAP
(Hopper and Cooper, 1971; Murata et al., 1985b). Catabolic pathway of
threonine leads to the formation aminoacetone, which further produces
MG by the enzymatic action of monoamine oxidase in Saccharomyces
cerevisiae, whereas, plasma amine oxidase catalyzes the MG formation
in goat plasma. It confirms that, the formation of MG is actively de-
pendent on the sources of enzyme like mitochondrial monoamine oxi-
dase (Katz et al., 1984; Nara et al., 1966), aminoacetone oxidase (Ray
and Ray, 1987), plasma amine oxidase (Ray and Ray, 1983) and dia-
mine oxidases (Pegg and McGill, 1978) and their location in organisms
(Inoue and Kimura, 1995). MG is tautomerized from enolaldehyde,
which is an intermediate of isomerization of DHAP to G3P by triose-
phosphate isomerase (Iyengar and Rose, 1981; Richard, 1991). Though
this reaction is relatively slow, MG formation through triosephosphate
isomerase enzyme is considered as the major origin of MG in mammals.
Fructose 1,6-bisphosphate aldolase incubation helped in the production
of MG and inorganic phosphate (Pi) from DHAP (in rabbit muscles)
(Grazi and Trombetta, 1978). Myeloperoxidase catalyzed acetoacetate
oxidation in neutrophils (Aleksandrovskii, 1992), metabolic reaction of
ketone bodies (Reichard et al., 1986), semicarbazide-sensitive amine
oxidase (SSAO) catalysis of acetone (Lyles and Chalmers, 1992) and
oxidative decomposition of carbohydrates and lipids (Shamsi et al.,
1998) also produce MG. The in-vivo study using rats suggested that
enzymes: acetone monooxygenase and acetol monooxygenase converts
acetone to acetol and acetol to MG, respectively in the presence of
oxygen and nicotinamide adenine dinucleotide phosphate (NADPH)
(Casazza et al., 1984). Similarly, other enzymes like cytochrome P-450
monooxygenase (Reichard et al., 1986) and acetol dehydrogenase
(Taylor et al., 1980) in the presence of NAD converts acetone and acetol
to MG, respectively. Also, autoxidation of glucose (Bellahcène et al.,
2018) and the degradation of glycated proteins (Vander Jagt, 2008) are

also contributed as a minor source for the production of MG.
Non-enzymatic: The elimination reaction of G3P and DHAP spon-

taneously through enediolate and enolaldehyde intermediates lead to
the formation of MG and inorganic phosphate (Pi) (Richard, 1984). MG
formation from DHAP and dihydroxyacetone are favorable in high
glycerol environments. Certain biomolecules like glucose 6-phosphate,
fructose 6-phosphate and fructose 1,6-bisphosphate were reduced non-
enzymatically as MG. Apart from these pathways, MG is suggested to be
derived from lipid hydroperoxide. But, it is again linked to the acetone
metabolism (Dhar et al., 2008). Alternatively, the non-enzymatic for-
mation of MG confirmed through DHAP and G3P with the chemical
reaction of Ringer’s bicarbonate buffer (Needham and Lehmann, 1937)
or tris and polyvalent anions like tetraborate, phosphate (Riddle and
Lorenz, 1968).

5.2.2. Detoxification
MG is mainly degraded by glyoxalase (GLO) system, which has two

enzymes namely GLO 1 and GLO 2. In this enzymatic reaction, glu-
tathione (GSH) act as a catalyst which binds with MG to form hemi-
thioacetal (HTA) for the reaction of GLO 1. Here, GLO 1 converts HTA
to SDL later GLO 2 converts SDL to D-lactate. Another enzymatic re-
action is oxidation of MG to pyruvate through methylglyoxal dehy-
drogenase with NAD+ as a cofactor (Taylor et al., 1980) and aldehyde
dehydrogenases (Bellahcène et al., 2018). These enzymes in-
dependently oxidize MG irrespective of the GLO system. The reductase
like α-dicarbonyl/L-xylulose reductase (Odani et al., 2008) and MG
reductase (Inoue et al., 1988; Murata et al., 1985a; Ray and Ray, 1984)
reduces MG to lactaldehyde. The species Clostridia utilizes two en-
zymes, i.e., aldose reductase and glycerol dehydrogenase to convert MG
to acetol and acetol to 1,2-propanediol (Liyanage et al., 2010). How-
ever, cofactors like GSH and NADPH are essential for the action of al-
dose reductase and oxidoreductase, respectively, for the conversion of
MG (Aguilera and Prieto, 2001; Ko et al., 2005; Vander Jagt et al.,
2001).

5.3. Impact of MG on insulin (resistance/secretion)

Insulin glycation results in insulin resistance, reduces the glucose
uptake and insulin clearance in the cells. MG directly modifies the

Fig. 3. MG formation, glycation and detox-
ification pathways. (DHAP – Dihydroxyacetone
phosphate; G3P – Glyceraldehyde 3-phosphate;
SSAO - Semicarbazide-Sensitive Amine
Oxidase; P450 - Cytochrome P4502E1; MP –
Myeloperoxidase; ALDH – Aldehyde dehy-
drogenases; SDL – S-D-Lactoylglutathione;
HTA – hemithioacetal; GLO – Glyoxalase; GSH
– Glutathione).
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functions of insulin molecules and affect its signaling pathway.
Recently, it has been discovered that MG inhibits the insulin receptor
substrate (IRS) – 1 and phosphatidylinositol 4,5- bisphosphate 3-kinase
(PI3K) pathway (Jia, 2010), insulin triggered phosphorylation of pro-
tein kinase B (PKB) (Matafome et al., 2017) and extracellular signal-
regulated protein kinase ½ (ERK ½) (Cantero et al., 2007; Riboulet-
Chavey et al., 2006). The inhibition affects the IRS-1/PI3K pathway
redox independently ending up in decreased insulin secretion (Fiory
et al., 2011). In Sprague-Dawley rats, it is demonstrated that MG affects
the IRS - 1 phosphorylation and glucose transporter (GLUT4) levels in
the adipocytes plasma membrane and results hyperglycemia by the
action of insulin resistance (Guo et al., 2009).

Insulin secretion is a function of β-cell towards the response of
glucose. The interaction of MG on β-cells and endothelial cells results in
swelling and apoptosis towards dysfunction of cell functions (Bo et al.,
2016; Vulesevic et al., 2016). Similarly, accumulation of MG on adipose
tissue causes severe damage (Guo et al., 2009). In the β-cells, MG
promoted the generation of reactive oxygen species and lead to de-
crease the insulin secretion (Pi et al., 2007). Also, MG reduced the PDX-
1 (pancreatic and duodenal homeobox 1) levels, which is the main
transcription factor influencing the insulin synthesis (Dhar et al., 2011).
MG binds to arginine residues of insulin β-chain adducts and dysfunc-
tions them (Jia et al., 2006). Such MG-insulin adducts disrupt the
feedback mechanism of insulin and diminish the hepatic MG release. As
a result, autocrine maintenance and removal of insulin are imbalanced
(Jia et al., 2006).

Indeed, the external sources of MG could affect insulin secretion/
resistance. For instance, Lin et al. and Guo et al. have shown that 1%
MG in drinking water resulted in insulin resistance, which was observed
in the animal models (Guo et al., 2009; Lin et al., 2018). Similarly,
exposure to AGEs and MG rich diet caused for glucose and insulin
tolerance (Hofmann et al., 2002).

6. MG detection

In general, detection of MG followed direct and indirect methods
based on its high-reactive tendency with chemicals. MG can be mea-
sured directly through the reaction with derivatization agents, nano-
materials. In the other case, the MG derived products such as AGEs, D-
lactate are quantified and correlated to MG levels indirectly. For ex-
ample, the interaction of MG with o-phenylenediamine (OPD) results in
2-methylquinoxaline (2-MQ), the formation of 2-MQ prevents the ag-
gregation of gold nanoparticles and led to color change which confirms
the presence of MG (S.-T. Wang et al., 2015). Similarly, MG was
quantified indirectly through the determination of quinoxalines peak
from differential pulse polarography method based on the reaction of
MG with OPD to form 2-MQ (quinoxalines) (Rodrigues et al., 1999).
Colorimetric, capillary electrophoresis, High performance liquid chro-
matography (HPLC), gas chromatography-mass spectrometry (GCMS),
enzyme-linked immunosorbent assay (ELISA), colorimetric, and elec-
trochemical methods were demonstrated successfully as major techni-
ques to detect MG in different samples like food, beverages, biological
entities (Chatterjee and Chen, 2012; Hayashi and Shibamoto, 1985;
Ohmori et al., 1987a; Serrano et al., 2017).

From literature, one can observe the detection of MG and related
studies compared with other biomarkers like HbA1C in the hypergly-
cemic conditions have gained significant focus. For example, Han et al.
(2007) reported that, MG in T1DM and normal subjects as
841.7± 237.7 nmol/l and 439.3±90.1 nmol/l, respectively and ob-
served a significant correlation between MG and HbA1C level (r =
0.635, P<0.001) in plasma of TIDM subjects. In another study re-
ported that, mean plasma MG level of 65.2± 19.2 and 40.1±11.1 ng/
mL in newly diagnosed T2DM subjects and controls, respectively, and
MG levels correlated positively to FPG (r = 0.354, P<0.05) and
HbA1C (r = 0.670, P<0.01) (Kong et al., 2014). The analyze of MG
simultaneously in whole blood and plasma of normal (409± 131 and

338± 62 nmol/L), and diabetic subjects (742± 141 and 520±42
nmol/L) (Nemet et al., 2005) showed that ratio of MG concentration
varied between whole blood and plasma. In these reports, MG levels
were assessed at different stages of diabetes in the different conditions
of diabetic complications (e.g., psoriasis, diabetic nephropathy, etc.).
Though the relation between MG and glucose levels is assumed and
tested, the exact proportions and standard levels of MG in different
stages of diabetes are yet to be established with the help of smart de-
tection technologies. The different MG detection methods and their pros
and cons are listed in Table 3.

6.1. Colorimetric

Colorimetric detection of MG using different reagents has gained
significant interest among chemists and biologists. In this analytical
method, the presence and absence of any chemical compound are
identified using a reagent dye or enzyme. Initially, Noboru Ariyama
(Ariyama, 1928) used cyanide with arsenophosphotungstic acid under
basic conditions whereas, Friedemann’s titration (Friedemann, 1927)
was carried out by hydrogen peroxide to identify MG. Recently, the
surface plasmonic coupling of Au nanoparticles with MG resulted in a
visible color change from red to blue due to aggregation and size-de-
pendent optical properties (S.-T. Wang et al., 2015). The Maillard re-
action is well-known for the interaction of lysine with reactive MG
towards Schiff base (MG-lysine dimers) (Fig. 4a). Based on this reac-
tion, the assays were developed with an ortho-amine group of OPD to
form 2-MQ for MG sensing. (Fig. 4b). S.-T. Wang et al. (2015), have
showed MG detection using OPD modified Au nanoparticles, where
presence of MG results in conversion of OPD to 2-MQ leading to gain its
stability by removal of OPD. Fig. 4c shows the schematic of OPD-Au
aggregation and anti-aggregation characteristics in the absence and
presence of MG respectively. MG can interact with OPD to form 2-MQ,
which act as an anti-aggregation agent of Au nanoparticles. The se-
lectivity of this assay results in a specific reaction towards MG than the
other dicarbonyl compounds. Similar to this method, fluorescent-based
MG detection developed by Wang et al. showed unique advantage of
mapping MG in living cells as well in plasma medium (Wang et al.,
2013). The methyl diaminobenzene-BODIPY (MBo) as a fluorescent
molecule selective over other dicarbonyls reacted with MG resulted in
faster response even at 50 nM in complex environments. The desired
energy transfer between MG and MBo significantly favored stronger
fluorescence response for selective detection.

6.2. Capillary electrophoresis

Capillary electrophoresis (CE) is an analytical technique performed
in liquids for separation of the constituents. In CE, the analyte liquid
passing through the micron-sized capillaries under a constant electric
field, where the basic constituents separates according to their elec-
trophoretic mobility. The electrophoretic and electroosmotic forces
influences the separation of constituents in the liquid mixture (Yu et al.,
2012). CE is advantageous over other chromatographic methods as it
requires very less quantity of sample and reagent solutions and provides
high separation efficiency. The selection of activity assays is important
to quantify the separated MG from the samples. For example, Ma et al.
(2008) and Langmaier et al. (2016) showed the separation process of
MG in the complex environment and optimization of separation process
to avoid the influence of cross reaction between biological molecules
like biguaninde drugs, tiopronin. Since MG is non-electroactive and
lacks chromophore characteristics, the derivatization step becomes es-
sential to obtain better results using CE or any other optical detection
method (Álvaro do Rosário et al., 2005). In this line, OPD was used as
derivatizing agent to determine MG in the free-solution mode with
diode array detection (Álvaro do Rosário et al., 2005). The 2-thio-
barbituric acid (TBA) converts MG and GO for amperometric detection
of MG-TBA and GO-TBA adducts in water and urine samples (Fig. 5)
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(Zhang et al., 2010). The TBA derivatization agent and associated op-
timized instrumental conditions exhibited low limit of detection 0.2 μg
L−1 (Zhang et al., 2010) compared with 7.2 μg L−1 of OPD based CE
(Álvaro do Rosário et al., 2005). Finally, optimization of derivatization
agent, working electrode, running buffer, pH, separation voltage, and
electrokinetic injection time determines the sensitivity and limit of MG
detection.

6.3. HPLC

Identification and separation of components according to their mass

or flow rates when passed through a pressurized setup containing ad-
sorbent made of particles describes the high-performance liquid chro-
matographic (HPLC) operation. The analyte molecules were split and
quantified based on the interaction of the compounds present in sample
mixture with the solid adsorbent. So, one could assess the amount of a
chemical group of interest existing in a mixture. Features to provide a
mixture of solvents, specific temperature, detector or to create a com-
position gradient of the liquids are available in the market nowadays.
HPLC of α-oxoaldehydes is carried out using derivatizing agents like
1,2-diamino-4,5-dimethoxybenzene (McLellan et al., 1992), 3,4-diami-
nopyridine (Rodríguez-Cáceres et al., 2015), dichloro-1,2-

Fig. 4. (a) The formation of MG-lysine dimers (MOLD) from the Maillard reaction of protein lysine residues with MG (b) The chemical reaction of MG and o-
phenylenediamine (OPD) to form 2-methylquinoxaline (2-MQ). (c) Schematic view of the colorimetric MG sensing based on the anti-aggregation mechanism of
citrate-capped Au and OPD. The reaction of MG with OPD results in 2-MQ, which prevents the aggregation. In the absence of MG, OPD favors the aggregation of
citrate-capped Au nanoparticles via bidentate binding to gold. (S.-T. Wang et al., 2015). Reprinted from (S.-T. Wang et al., 2015) with permission of the Royal Society
of Chemistry © 2015.

Fig. 5. Structural diagrams of the reaction of MG and GO with 2-thiobarbituric acid (TBA) to form MG-TBA (glyoxal-TBA) (Zhang et al., 2010). Reprinted from
(Zhang et al., 2010) with permission of Elsevier © 2010.
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phenylenediamine (Ohmori et al., 1987a) and detect the quinoxalines
arising out of the reaction (Kalapos, 1999a). In the case of MG, 2-MQ is
formed as a result of the reaction between MG and OPD (Moree-Testa
and Saint-Jalm, 1981; Ohmori et al., 1987b) (Fig. 4a). Derivatization
process is mostly performed under acidic conditions to avoid sponta-
neous production of MG from G3P and DHAP (McLellan et al., 1992).
Liquid chromatography combined with mass spectrometry has gained
enough momentum in detecting MG. Although, in a recent report,
Ogasawara et al. have described 1,2 – diaminobenzene (DMB) as
fluorescent pre-labeling agent and 1,2-Diamino-4,5-dimethoxybenzene
(DDB) as the derivatizing reagent of MG before HPLC determination
(Ogasawara et al., 2016). Chemiluminescence property of lucigenin
(Karasawa et al., 2017), peroxyoxalate followed by fluorescence la-
beling with 4-(N, N-dimethylaminosulfonyl)-7-hydrazino-2,1,3-ben-
zoxadiazole (Ali et al., 2014) was employed for MG determination in
manuka honey and human blood plasma. Besides, HPLC technique has
been utilized to check MG quenching or trapping ability of chemical
compounds such as catechin, ethyl acetate, n-butanol (Yang et al.,
2018), carnosine derivatives (Vistoli et al., 2017), etc. For this purpose,
extracts of different plant species including Blackcurrant (Chen et al.,
2014) and Annona muricata Linn. were tried (Justino et al., 2018).

6.4. GCMS

Gas chromatographic detection of MG were carried out using dif-
ferent derivatizing agents like stilbenediamine (Mirza et al., 2007), 2,3-
diaminonaphthalene (Pastor-Belda et al., 2017), o-(2,3,4,5,6-penta-
fluorobenzyl) hydroxylamine (PFBHA) (Saison et al., 2009), O-
(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBOA) (Lapolla et al.,
2003), N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA), 2,3-di-
methyl-6,7-dimethoxyquinoxaline (2,3-DAN) (Wu et al., 2008), N,O-bis
(trimethylsilyl)-trifluoroacetamide (BSTFA) (Ortiz et al., 2006), 4,5-
dichloro-1,2-phenylenediamine (Ohmori et al., 1987a), and 2-acet-
ylthiazolidine (Hayashi and Shibamoto, 1985). These analyses were
made to assess MG content in food, beverages, human plasma, tumor
extract, mouse brain cells (as diabetes marker), and flavoring agents
(Chen et al., 2013; Hayashi and Shibamoto, 1985). In a recent report,
two static headspaces GCMS was employed for analysis of 15 aldehydes
present in canned vegetables (Serrano et al., 2017). Variation in the
derivatizing agent, extraction, and analysis methodologies have influ-
enced the linearity of MG detection. Salting out of the derivatizing
agent resulted in improved sensitivities.

Similarly, in-solution or on-fiber derivatization could influence the
analyte quantification (Saison et al., 2009). For example, among 41
chemically diverse carbonyl compounds in beer, MG and (E)-2-nonenal
extracted better from in-solution and on-fiber derivatization. Next,
derivatization methodologies like two-step derivatization process (Wu
et al., 2008) and overnight derivatization at lower temperatures
(Pastor-Belda et al., 2017) have helped the separation of carbonyl
compounds and amplify the signals, respectively. However, Chen et al.
(2013) have demonstrated the contributing factors like internal stan-
dards (synthesis of deuterated MG), reiteration approaches, deprotei-
nization, and chemical derivatization for accurate quantification of MG
in complex biological specimens.

6.5. ELISA

Enzyme based detection technique followed the basic principle of
attraction between antigen and antibody. The designing of antigen and
antibody referred to different types of ELISA namely direct, indirect,
sandwich and competitive. The determination of antigen-antibody
complex is based on chemiluminescence or fluorescence or colorimetric
reaction. Mostly, competitive and sandwich models are used for MG
detection. Fig. 6 depicts the schematic of sandwich ELISA for the de-
tection of MG, where MG is bound with low-density protein (Sakharov
et al., 2013). In this method, quantification of MG is based on the

measurement of MG bound proteins. The antibodies like bovine serum
albumin (BSA), histone (Mir et al., 2016), hydroimidazolone (T. Wang
et al., 2015) are used for the detection of MG bound proteins. This
method provided a platform for the detection of MG in a free or bound
state. In a larger group of 267 non-demented people, serum methyl-
glyoxal derivatives were assessed to know their significant relation with
diabetes, kidney diseases, age, sex, etc. (Beeri et al., 2011). MG mod-
ified human serum albumin (HSA) was detected by using its binding
and corresponding immunogenicity assessment through Im-
munoglobulin G (IgG) levels (Islam et al., 2018, 2017). To analyze the
role of oxidative products of lipid peroxidation in alcohol-induced liver
diseases, other aldehydes were tested along with MG. However, 4-hy-
droxynonenal and malondialdehyde showed higher immunogenicity,
and in-turn depicted their significance in liver pathogenesis (Mottaran
et al., 2002). An AGE Nε– (carboxymethyl lysine) specified antibody
(CEL SP) peculiarly reacted with MG modified HSA over glyoxal and 3-
DG implying its remarkable association with CEL. It was confirmed by
measuring the Horseradish peroxidase (HRP) conjugated anti-mouse
IgG antibody (Nagai et al., 2008). The recent studies showed that MG
modified low-density lipoprotein (LDL) is fourfold higher in diabetic
patients than normal of 5% (Thornalley and Rabbani, 2011b). The
immunoassay developed using 3-(10ꞌ-phenothiazinyl) propionic acid
(PPA) determined MG-LDL with a detection limit of 0.5 ng mL−1

through the chemiluminescent sandwich format of ELISA (Sakharov
et al., 2013). The detection limit of the developed assay using the
conjugate of streptavidin and HRP for colorimetric ELISA was 1.6 ng
mL−1 (Sakharov et al., 2013). Interestingly, assay developed for che-
miluminescent-ELISA (PPA) is sensitive and active than the colori-
metric-ELISA detection of MG-LDL (Sakharov et al., 2013).

6.6. Electrochemical

MG detection through electrochemical techniques such as cyclic
voltammetry, square wave voltammetry, amperometry have gained
momentum from the last decade. The sensitive, portable and user-
friendly features of MG detection in different samples like blood
plasma, beverages, and food products demonstrated it as an advanta-
geous method. In recent times, electrochemical MG sensors were de-
signed using electrocatalytic nanomaterials as an interface to promote
the MG interaction through enzymatic/non-enzymatic manner.

6.6.1. Enzymatic MG detection
The enzyme-based chemical interaction between nanointerface and

MG induce a variation in the signal due to condensation, hydrolysis,
oxidation or reduction depending upon the functional groups present in
the substrate or the enzyme. However, the ultimate change occurs in
the number of electrons flow and its direction. As discussed in detox-
ification of MG (Section 5.2.2), MG decomposed to D-Lactate through
the presence of GLO enzyme (Fig. 3). This GLO system mimicked to
detect MG in the enzymatic electrochemical approach.

In the electrochemical system, the chemical compounds reduce at
their specific reduction potential. Due to the non-electroactive nature of
MG, the co-factor (GSH) was used to reduce. The cyclic voltammetry
study revealed the MG detection based on GLO 1 enzyme with the co-
factor GSH (Ramachandra et al., 2016). The co-factor GSH oxidized to
glutathione disulfide (GSSH) at a certain potential. Further, GSSH re-
acted with MG to form HTA, which is an intermediate product turned to
SDL with the reaction of GLO 1 enzyme from the bioelectrode (Eqs.
(1)–(4)). The potentials −0.764 and −0.597 V were applied for the
reaction of MG to HTA and HTA to SDL, respectively, in the cyclic
voltammograms study using platinum (Pt) working electrode modified
with GLO 1, ceria nano-interface and chitosan binder (Ramachandra
et al., 2016).

In the presence of GSH

⇌ + +
+ −Glutathione Glutathione disulfide H e2 2 2 (1)
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In the presence of MG and GSH

→ + +
+ −Glutathione Glutathione disulfide H e2 2 2 (2)

+ + + →
+ −Methylglyoxal Glutathione disulfide H e Hemithioacetal2 2

(3)

+ →Hemithioacetal Glyoxalase 1 S-D-lactoylglutathione (4)

In enzymatic MG detection, the issues like maintaining the enzyme
(GLO 1) stability without leaching and observing reactions of GSH, GLO
1 with MG in a complex environment make this approach cumbersome.
However, the different nanointerfaces like zinc oxide (ZnO) flakes
[203], and ZnO sepals [204], were reported to enhance the detection
characteristics of MG. But still, attention required in the optimization of
bioelectrode design, electrolyte, pH, sampling process for the determi-
nation of MG.

6.6.2. Non-enzymatic MG detection
In the non-enzymatic approach, the detection of MG is dependent

mainly on the properties of nano-interface materials. The nano-inter-
face modified working electrode, electrolyte medium, and sampling
process determine the quantification of MG. In comparison with the
complex enzymatic system, the parameters of the non-enzymatic
system are easy and simple to optimize for better sensing performance
and accurate measurement. Also, nano-interface aided decomposition
of MG follows the detoxification process. For example, the catalytic
property of V2O5 induces the decomposition of MG to lactate
(Ramachandra Bhat. et al., 2018).

Initially, Montoya et al. have shown the possibilities for the reduc-
tion of MG on mercury electrodes via linear-sweep voltammetry where,
MG undergoes a chemical-electrochemical-chemical (CEC) process with
a quasi-reversible electron transfer (Montoya et al., 1993). After a
decade, Chatterjee et al. (2013) demonstrated the detection of MG
through square wave voltammetric study in human plasma using single-
walled carbon nanotubes (SWCNT) modified glassy carbon electrode
and correlated as a biomarker for diabetes. Fig. 7a shows the cyclic
voltammograms with reduction peak at 864 mV for SWNT-GCE, which
confirmed the electrocatalytic activity of SWNT. Interestingly, square-
wave voltammograms (SWV) exhibited an enhanced reduction of MG at
SWNT-GCE electrode (Fig. 7b). The well-defined reduction peak for
SWNT-GCE in SWV showed the enhanced electrochemical reaction due
to the accelerated electron transfer rate. The observed significant im-
provement in SWV method suggested the importance of the voltam-
metric characterization. Following that, modification of nano-interface
SWNT-GCE with platinum nanoparticles (Pt) (Pt/SWNT/GCE) resulted
in a significant sensing performance with the low detection limit of 2.8
nM of MG (Chatterjee and Chen, 2012). The Pt nanoparticles on SWNT
facilitates the electroactive surface area, stability, and rapid electron

transfer rate towards catalytic activity for electroreduction of MG to
acetol. Significantly, we have demonstrated the role of nanointerface
and electrode on the internal decomposition reaction of MG
(Ramachandra Bhat. et al., 2018). As reported previously, Pt/SWNT/
GCE decomposed MG to acetol (Chatterjee and Chen, 2012), but V2O5

modified gold working electrode (Au) exhibited the conversion of MG
to lactic acid through the intermediate product of pyruvate. In general,
MG reduced to lactic acid through the intermolecular Cannizzaro re-
action (Chadderdon et al., 2015). Fig. 8 depicted the schematic of the
internal reduction of MG via deprotonation and protonation reaction.

Fig. 6. Schematic representation of sandwich ELISA for the
detection of methylglyoxal-modified low-density lipoprotein
(MG – Methylglyoxal, LDL – low-density lipoprotein, mAB –
monoclonal antibodies, HRP - horseradish peroxidase, Stv –
streptavidin) (Sakharov et al., 2013). Reprinted from
(Sakharov et al., 2013) with permission of Elsevier © 2013.

Fig. 7. (a) Cyclic voltammograms graph of SWNT modified GCE in the absence
and presence of 10 μM MG (0.1 M PBS (pH 7.4) and 20 mV/s scan rate). (b)
Square-wave voltammograms of bare GCE and SWNT modified GCE in the
presence of 5 μM MG (in PBS at pH 7.4). (MG – methylglyoxal, SWNT – single-
walled carbon nanotube, GCE – glassy carbon electrode, PBS – phosphate buffer
solution) (Chatterjee et al., 2013). Reprinted from (Chatterjee et al., 2013) with
permission of Elsevier © 2012.
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The two-step reduction reaction of MG is due to the electrocatalytic and
electron shuttling property of V2O5/Au electrode (Ramachandra Bhat
et al., 2018). Similarly, the MG detection using V2O5 nanoparticles with
GSH in the absence of GLO enzyme, exhibited the catalytic property of
V2O5 nanoparticles for the oxidation of GSH to GSSG and reduction of
MG to HTA (Alagappan et al., 2017). Overall, the parameters such as
nano-interface, binder, and the electrode in the non-enzymatic MG
detection provide an insight into the possibilities of different pathways
of internal reaction. Thus, deep knowledge of nano-interface and their
optimization process may lead to the key for the futuristic need in MG
determination.

7. Outlook and future perspectives

The stamp of diabetes is hyperglycemia, and hence, the determi-
nation of glucose and its effects on either onset and progress of diabetic
complications has been the main line of research for years. Extended
work has been carried out in establishing glucose as a major cause of
diabetes, and the “metabolic memory” concept may also be an im-
portant link to diabetes-associated issues (Ceriello et al., 2009). But, the
recent reports say that despite maintaining tight glycemic control
(HbA1C<6.5%), diabetic complications arise and make life detri-
mental (Schalkwijk, 2015). Also, it is suggested that targeting HbA1C to
address diabetes would not solve the issues (Hirsch, 2015).

Moreover, the dependency of HbA1C on race and age restricts it from
being a reliable marker (Bloomgarden, 2017; Riddle et al., 2017) for
DM diagnosis. So, it is very well evident that we need to focus on the
fundamental cytological and physiological processes to prevent and
rehabilitate people with diabetes. As both endogenous secretions and
exogenous food products contribute to the advancement of many me-
tabolic disorders, the predominant chemical moieties should be as-
sessed in detail. In this line, MG is considered as a biomarker for as-
sessment of diabetic complexities because of its close relation with
glycation reaction, β-cells dysfunction, obesity, and insulin resistance.
However, recent observations obtained of MG related studies have
opened a new door for therapeutic and diagnostic interventions. The
elevated levels of MG could be linked to an alternate pathway of T2DM

initiation (Moraru et al., 2018). Also, dicarbonyls present in food pro-
ducts play a significant role in nucleating tumors and cancers (Hellwig
et al., 2018). In short, recent reports insist on understanding the in-
volvement of MG and other dicarbonyls in body metabolism. This
knowledge would reveal the vulnerability of humankind towards MG
derived metabolic disorders. The detection methods of dicarbonyls
must be validated so that MG and AGEs measurement can be standar-
dized for disease confirmation.

The major challenges posed towards the establishment of MG de-
tection strategies and have been focused as a potential trend in the MG
research are listed below:

• The in vitro, in vivo and clinical studies to identify MG present in
different organs and tissues and correlate to distinguishing the
specific type of DM.

• The standardization of AGEs, MG and other oxoaldehydes mea-
surement.

• Distinguishing free and associated MG levels in the blood, plasma,
serum towards the diagnosis and development of relation between
diabetes and other diseases.

• Overwhelming sampling and methodological complexities for the
development of easy, accurate and efficient smart MG measurement
devices.

• Specific and selective identification and classification of similar
structured dicarbonyl compounds and biomolecules present in body
fluids and tissues.

• Establishing close relationship between HbA1C and MG levels and
their correlation with DM related associated complications for
simple clinical sampling.

• Identification of MG levels during gestation and the related onset of
DM would reveal the chances of preventing DM in offspring.

The long-term and systemic investigation of normal and diabetic
subjects with measurement of MG levels with other biomarkers such as
HbA1C, cholesterol, hormones, antigens to figure out the potential cause
and core solution are required. Indeed, due to the significant effect of
exogenous AGEs and MG containing food products must be considered

Fig. 8. The two-step electrochemical reaction (oxidation and reduction) of MG turning into lactic acid at V2O5 nano-interface immobilized on the Au electrode
(Ramachandra Bhat et al., 2018). Reprinted from (Ramachandra Bhat et al., 2018) with permission of Elsevier © 2017.
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during the clinical samplings to improve the reliability of MG mea-
surement and so on.

8. Conclusion

In this review, we discussed the specific importance of MG as a
biomarker among the different DM-related biomarkers and state of the
art detection methodologies. The development of detection strategies of
MG is based on its highly reactive chemical property and deep under-
standing of different pathways like formation, adducts formation, de-
toxification and decomposition mechanisms. The need for derivatiza-
tion agents for MG detection makes techniques like GCMS, HPLC, etc.
cumbersome and expensive. However, the other direct and indirect
methods for MG measurement have unfolded deep-lying relations of
MG with body metabolism, especially, the influence of MG in LDL
glycation. Nevertheless, challenges are existing to achieve specificity in
MG assessment concerning various factors, due its close association
with other metabolic activities. Also, the influence of MG on DM must
be studied and used for therapeutic interventions and rehabilitation. It
is noteworthy that MG possesses positive properties, which can be
scrutinized by in-depth analysis of real-time clinical studies.
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