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Abstract: Reactive carbonyl species (RCS) such as methylglyoxal (MGO) or glyoxal (GO) are the main
precursors of the formation of advanced glycation end products (AGEs). AGEs are a major factor in
the development of vascular complications in diabetes. Vasoprotectives (VPs) exhibit a wide range of
activities beneficial to cardiovascular health. The present study aimed to investigate selected VPs and
their structural analogs for their ability to trap MGO/GO, inhibit AGE formation, and evaluate their
antioxidant potential. Ultra-high-performance liquid chromatography coupled with an electrospray
ionization mass spectrometer (UHPLC-ESI-MS) and diode-array detector (UHPLC-DAD) was used to
investigate direct trapping capacity and kinetics of quenching MGO/GO, respectively. Fluorimetric
and colorimetric measurements were used to evaluate antiglycation and antioxidant action. All tested
substances showed antiglycative effects, but hesperetin was the most effective in RCS scavenging.
We demonstrated that rutin, diosmetin, hesperidin, and hesperetin could trap both MGO and GO by
forming adducts, whose structures we proposed. MGO-derived AGE formation was inhibited the
most by hesperetin, and GO-derived AGEs by diosmetin. High reducing and antiradical activity was
confirmed for quercetin, rutin, hesperetin, and calcium dobesilate. Therefore, in addition to other
therapeutic applications, some VPs could be potential candidates as antiglycative agents to prevent
AGE-related complications of diabetes.

Keywords: methylglyoxal trapping; reactive carbonyl species; vasoprotective; antiglycation activity;
advanced glycation end products; antioxidant activity; diabetes complications

1. Introduction

In patients with long-term uncontrolled hyperglycemia in diabetes, pathological
structural-functional changes in the vascular endothelium are observed [1]. These are
mainly associated with increased non-enzymatic glycation of proteins and consequently
with excessive formation and deposition of advanced glycation end products (AGEs) in
the extracellular space and within cells of the blood vessel wall [2]. Vascular complications
are the main cause of morbidity and mortality in type 2 diabetes mellitus (T2DM) [3].
Currently, there are no effective pharmacological strategies known to prevent vascular
endothelial damage in diabetic patients [4]. AGE formation in vivo is mostly attributed to
the reaction of carbonyl groups of 1,2-dicarbonyl compounds (reactive carbonyl species,
RCS) such as methylglyoxal (MGO) or glyoxal (GO) with the free amino groups of proteins
and other biomacromolecules, resulting in the formation of covalently cross-linked aggre-
gates [5]. Chemically, the mechanism of this reaction is based on nucleophilic addition to
the carbonyl group, and the resulting products are intermediates that further undergo trans-
formation by various other chemical reactions to the advanced glycation end products [6].
In diabetic patients, the concentration of RCS is elevated by up to 6-fold; it enhances
the non-enzymatic process of protein glycation and subsequent formation of AGEs [7].
RCS-mediated AGEs affect the stability of blood vessel walls by reducing their integrity
and consequently increasing permeability [8]. They induce local inflammation through
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the activation of protein kinase C and nuclear factor NF-kB, which leads to increased
synthesis and secretion of proinflammatory cytokines and stimulation of macrophages and
neutrophils [9]. They also contribute to excessive secretion of prothrombotic factors and
decreased sensitivity to vasodilatory agents [10]. However, 1,2-dicarbonyl compounds,
particularly methylglyoxal, adversely affect the vascular wall not only indirectly through
induction of AGE formation, but also directly [11]. MGO promotes oxidative stress by
inducing the formation of hydrogen peroxide (H,O;), superoxide anion radical (O%*7), and
peroxynitrite anion (ONOO™), impairing the antioxidant defense system and reducing
the intracellular level of glutathione [12]. Methylglyoxal is also able to induce apoptosis
by increasing the Bax/Bcl-2 ratio, activation of caspase-9 and caspase-3, and promoting
the mitochondrial apoptosis pathway [13]. The proven participation of RCS and AGEs
in the development of endothelial damage has prompted research on the potential use of
RCS-trapping, antiglycative, and antioxidant compounds as protective agents in diabetic
complications [14]. Among several mechanisms that may potentially reduce the levels of
RCS and AGEs in the system, one is direct trapping of 1,2-dicarbonyls, resulting in the
formation of specific adducts [15]. This activity has already been proven in several in vitro
studies for quercetin [16], catechin [17], epicatechin [18], genistein [19], luteolin, kaempferol,
and naringenin [20]. The in vitro studies also revealed that the trapping mechanism occurs
under physiological conditions—the formation of adducts of methylglyoxal and myricetin
in mice as well as methylglyoxal and metformin in humans has been demonstrated [21,22].

According to the Anatomical Therapeutic Chemical Classification System (ATC code),
drugs in the vasoprotective category (C05) can be divided into several groups including
antivaricose therapy agents (CO5B) such as calcium dobesilate (CO5BX01) and capillary
stabilizers (C05C), which include bioflavonoids (C05CA) such as rutin (CO5CA 01), diosmin
(CO5CA 03), and troxerutin (CO5CA 04). They are most often used in conditions such as
hemorrhoids, varicose veins, and poor circulation (venous stasis) [23]. However, many
scientific studies over the years have demonstrated the protective, multidirectional effects
of flavonoids on the cardiovascular system [24,25]. It has been shown that flavonoids
can benefit vascular health through antioxidant activity, inhibiting the reactions leading
to the production of reactive oxygen species (ROS) [26]. Moreover, flavonoids show
spasmolytic activity by inhibiting cyclic adenosine monophosphate (cAMP), which results
in vascular smooth muscle relaxation [27]. The inhibition of proteolytic enzymes exhibited
by bioflavonoids leads to the strengthening of connective tissue in the blood vessel wall,
increasing its sealing and flexibility [28,29]. Nevertheless, the chemical structure of selected
compounds from the C05 category may also suggest their potential trapping activity toward
reactive carbonyl compounds.

Despite the therapeutic use of vasoprotective (phlebotropic) medicines over the past
few decades, little attention has been paid to the molecular mechanisms underlying their
potential protective effects in vascular endothelial damage induced by RCS. Therefore, the
aim of this study was to verify whether selected substances used as vasoprotective agents
(bioflavonoids CO5CA and calcium dobesilate used in the treatment of varicose veins
C05BX) and their structural analogs (hesperidin and aglycones, except quercetin not used
in therapy) have methylglyoxal and glyoxal trapping potential, capacity to inhibit RCS-
induced non-enzymatic protein glycation, and exhibit antioxidant activity. Furthermore,
for compounds demonstrating the ability to trap RCS, the reaction of methylglyoxal and
glyoxal scavenging was studied over time. The antiglycation and antioxidant effects of
phlebotropic substances were compared to analogous properties of metformin, the primary
oral antidiabetic drug. The findings may shed new light on the potential prospective use of
VPs in preventing vascular endothelial damage caused by reactive carbonyl compounds
and non-enzymatic glycation.



Int. J. Mol. Sci. 2021, 22, 10026

30f22

2. Results and Discussion
2.1. Antiglycation Assay in RCS-BSA Model In Vitro

Several studies over the years have documented that the process of non-enzymatic
protein glycation contributes to the onset and progression of many chronic diseases in-
cluding diabetes [30]. A great effort has been dedicated to identifying clinically relevant
agents able to inhibit AGE formation to delay or prevent the consequences of the glycation
process [31]. Aminoguanidine (AG), which is effective at inhibiting glycation, has been
tested in clinical trials to alleviate diabetes-related complications. These trials showed that
AG provided some beneficial effect on diabetic complications, but severe side effects ruled
it out as a drug candidate [32]. Therefore, the search for compounds that can effectively
inhibit glycation is still ongoing.

Under in vivo conditions, reactive dicarbonyl compounds are the main inducers
of the formation of advanced glycation end products; hence, we decided to investigate
compounds with vasoprotective potential and their structural analogs (troxerutin, rutin,
quercetin, hesperidin, hesperetin, calcium dobesilate) for RCS-mediated AGE inhibitory
activity. Inhibition of their formation was measured using an in vitro biological model
where bovine serum albumin (BSA) served as the protein target and methylglyoxal (MGO-
BSA-model) or glyoxal (GO-BSA-model) as the glycating agent. The chemical structures
of the tested compounds are shown in Figure 1. Aminoguanidine proved to be one of the
compounds with the strongest antiglycation activity and was used as a known reference
inhibitor of the glycation process. For comparison, metformin used as an antidiabetic
agent, whose glycation-inhibiting effect has also been shown in several studies [33,34], was
also examined.
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Figure 1. Chemical structures of rutin, quercetin, troxerutin, diosmin, diosmetin, hesperidin, hesperetin, calcium dobesilate,

and metformin.
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This study found beneficial effects of all tested VPs and their structural analogs
(aglycones) on the inhibition of AGE formation as observed in MGO-BSA and GO-BSA
models. Nevertheless, their activity varied. Results expressed as percentage of inhibition
of RCS-mediated AGEs are shown in Figure 2.
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Figure 2. Anti-glycation activity after seven days of incubation of bovine serum albumin with
glycative agents (5 mM) and tested compound (1 mM) expressed as % inhibition of: (a) MGO-
mediated-AGE formation, (b) GO-mediated-AGE formation. The results are representative of three
experiments performed in triplicate = SD. Data were analyzed by one-way analysis of variance
ANOVA (p < 0.0001) followed by Tukey’s multiple comparison test; only significant differences are
displayed: * p < 0.05, ** p < 0.01. Abbreviations: AG, aminoguanidine; R, rutin; Q, quercetin; TRX,
troxerutin; DM, diosmin; DMT, diosmetin; HD, hesperidin; HT, hesperetin; CaD, calcium dobesilate;

M, metformin.

In the MGO-BSA-model, hesperetin (56.50 = 1.93%), hesperidin (51.52 £ 0.51%),
calcium dobesilate (49.67 £ 4.08%), and quercetin (46.62 + 1.75%) were found to be the
most potent inhibitors of AGE formation. The activity of aminoguanidine used as the
reference inhibitor was lower (40.46 £ 1.17%) than for the above-mentioned substances
and comparable to the activity of diosmin (41.19 £ 3.78%), metformin (40.00 £ 2.86%),
and troxerutin (39.05 £ 1.08%). Activity of the reference inhibitor used was higher only
than the activity of rutin (33.46 + 1.66%) and diosmetin (31.30 & 5.07%). The results
were slightly different for the GO-BSA-model, where diosmetin (38.82 £ 1.08%) and hes-
peridin (31.13 & 3.58%) were the most potent inhibitors of glycation, their activity exceed-
ing the activity of aminoguanidine (30.62 & 1.28%). Hesperetin (26.74 £ 1.93%), quercetin
(26.21+ 2.00%), rutin (21.33 4+ 0.85%), and next calcium dobesilate (19.94 4+ 3.89%) and
diosmin (19.96 & 3.51%) showed similar, slightly less potent activity, while the poorest
glycation inhibitory capacity was exhibited by troxerutin (7.85 & 1.41%) and metformin
(6.39 £ 1.63%).

In our study, hesperetin and hesperidin showed the most potent antiglycation activity
in the model with MGO and a moderately strong effect in the model with GO. A study
by Li et al. [35] reported the relatively strong activity of hesperetin (inhibition rate 56.7%)
in a BSA model with glucose as the glycating agent and was more potent than its 7-O-
rutinoside derivative, hesperidin (46.8%). This indicates that the free hydroxyl group at
C-7 in ring A contributes to the antiglycative effect. Our observations are in agreement
with reports of Matsuda et al. [36] where blocking of the 7-hydroxyl group reduced the
antiglycation action. We observed a similar relationship for quercetin and troxerutin
(3’ A/, 7-tris[O-(2-hydroxyethyl)]Jrutin). In both biological models, the quercetin aglycone
exhibited greater AGE inhibitory activity compared with troxerutin. Rutin (quercetin-3-O-
rutinoside) also inhibited the process of protein glycation to a lesser extent than quercetin.
Matsuda et al. [36] suggested that methylation of the hydroxyl group at the C-4’ position
of the B ring of flavonoids increases the antiglycative effect. Indeed, in the model with
MGO as the glycating agent, hesperetin had the highest activity, and in the GO-BSA-
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model it was diosmetin; both compounds have a methoxyl group at the C-4’ position. The
obtained results also showed that 7-O-rutinoside/aglycone pairs like diosmin/diosmetin
and hesperidin/hesperetin showed different relationships in both tests. Flavones (with
a double bond at C-2/C-3 of the C ring) were characterized by higher aglycone activity
in the GO-BSA assay, and flavanones (without a double bond at C-2/C-3 of the C ring)
by higher aglycone activity in the MGO-BSA assay. However, this observation requires
further explanation. Among quercetin derivatives, the aglycone showed a higher effect
than glycosides in both models.

Calcium dobesilate (CaD) is particularly noteworthy among the non-flavonoid com-
pounds we studied. CaD is an angioprotective agent proposed to treat diabetic retinopathy
(DR) by protecting against retinal vascular damage [37]. It can slow progression of DR
during long-term oral treatment and prevent intravascular and extravascular retinal hemor-
rhages, reduce the frequency of exudate formation, and enhance visual acuity by reducing
microvascular permeability [38]. Our study suggests that CaD also possesses potent activity
to inhibit MGO- and GO-induced AGE formation.

In the antiglycation assays, we used aminoguanidine as a reference with well-known
glycation inhibitory activity. We also decided to test metformin, a first-line drug for the man-
agement of diabetes type 2 because both compounds have a guanidine-derived structure.
We found that the glycation inhibitory activity of both compounds in the methylglyoxal
model was very similar at about 40%. However, in the model with glyoxal as the glycation
agent, we observed that aminoguanidine exceeded the inhibitory activity of metformin
by more than 6-fold. In a study by Mehta et al. [39], aminoguanidine and metformin were
used as RCS scavengers to investigate the prevention of glyoxal toxicity in isolated rat
hepatocytes. The authors observed that at comparable concentrations, metformin failed
to prevent glyoxal-induced protein carbonylation, whereas aminoguanidine reduced the
carbonylation of proteins. These observations may support, at least partially, our findings
on the poor effects of metformin on inhibiting non-enzymatic glycation induced by glyoxal.

The process of non-enzymatic protein glycation is tightly linked to the enhanced
production of free radicals and non-enzymatic glucose oxidation [37]. The formation of
advanced glycation end products is a major source of reactive oxygen species, and the
oxidative microenvironment triggered by the accumulation of AGEs can also promote
their enhanced production [38]. Therefore, compounds inhibiting the formation of AGEs
may act not only through direct quenching of RCS, but also through antioxidant or metal
ion chelating activity [39,40]. The results of our experiment indicate that, indeed, in vitro
antiglycative action is not only associated with RCS trapping activity. Compounds such
as calcium dobesilate, diosmin, and troxerutin lacking the ability to trap methylglyoxal
and glyoxal nevertheless exhibited antiglycation activity through other mechanisms. A
more in-depth investigation of the relationship between structure and activity, with both
quantitative and mechanistic aspects, is necessary to explain and fully understand the
experimental observations.

2.2. Non-Enzymatic Antioxidant Activity

It is well known that oxidative stress can lead to cell and tissue damage, contributing
to vascular endothelial dysfunction. Oxidative stress is also known to play a primary role
in methylglyoxal-induced endothelial damage, and it is closely linked to the process of
protein glycation [40]. Since restriction of the production of free radicals in the glycation
process can decrease the formation of AGEs [41], we decided to investigate VPs and their
structural analogs for antioxidant-reducing and antiradical activity.

ABTS (2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid assay) and FRAP (ferric
reducing antioxidant power assay) are frequently used methods to assess the antioxidant
capacity of a biological material, pure compound, or mixture of substances. Both are
spectrophotometric techniques based on a single electron transfer mechanism (SET) [42,43].
FRAP allows one to directly determine the reducing ability of the sample [44]. The use of
the ABTS assay enables measurement of the total antioxidant activity of the samples [45].
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Vasoprotective substances and their structural analogs were tested for antioxidant
activity using FRAP and ABTS assays. Metformin was examined to determine whether gen-
erally the first-line medication prescribed for type 2 diabetes has a reducing or antiradical
activity. Trolox was used to plot the calibration curve in the ABTS test, and iron(II) sulfate
solution was used in the FRAP test. Table 1 summarizes the antioxidant activity values
expressed as percent inhibition and concentration required for a 50% reduction in radical
activity (ICsp, uM) in the ABTS assay and as an FeZ* iron ion equivalent (Fe(I), uM) in the
FRAP assay. In order to clearly show the differences in the activity of the studied com-
pounds in scavenging free radicals and reducing Fe?* ions, we chose the results obtained
for concentrations of 4.6 uM and 9.1 uM, respectively.

Table 1. Antioxidant activity of selected vasoprotectives and their structural analogs compared
to metformin.

Sample FRAP ABTS

Fe(ID)  [uM] IC50 [uM] Inhibition [%]
Rutin 30.14 £ 0.20 2.41 £0.05 69.17 4+ 0.24
Quercetin 133.29 £ 0.30 3.81 £ 0.04 66.40 +-1.12°
Troxerutin 1.68 £ 0.43 2412 +2.42 17.63 +0.93P
Diosmin 5.77 £ 0.20 11.10 + 1.44 30.41 4+ 1.86°
Diosmetin 25.62 + 0.41 7.05 £ 0.05 39.92 +0.26°
Hesperidin 53.08 + 0.51 521+ 0.07 48.94 + 0.57°
Hesperetin 99.27 4+ 0.92 5.67 £0.13 49.80 +0.73 P
Calcium dobesilate 54.98 £ 0.65 513 +£0.19 51.35 + 0.88 P
Metformin n.a. n.a. na.
Trolox n.t. 11.29 £ 091 29.04 +0.81°¢

Values are mean triplicate (1 = 3); ? calculated for samples at final concentration ~4.9 uM; b calculated for samples
at final concentration ~9.1 uM; € calculated for samples at final concentration ~7.9 uM; n.a., no activity; n.t.,
not tested; FRAP assay antioxidant activity values were expressed as Fe?* iron ion equivalent; ABTS assay
antioxidant activity values were expressed as percent inhibition and concentration required for a 50% reduction
of radical activity.

The current in vitro assays demonstrated the concentration-dependent antioxidant
activity of the tested compounds, as shown in Figure 3. The higher the concentration
of the sample used, the analogously greater the antiradical activity. In the FRAP assay,
the most potent reducing ability was found for quercetin (133.3 uM Fe?*) and hesperetin
(99.3 uM FeZ"), followed by calcium dobesilate (55.0 uM Fe?*), hesperidin (53.1 Fe?*),
rutin (30.1 uM Fe?*), and diosmetin (25.6 uM Fe?*). In contrast, the lowest activity was
recorded for diosmin (5.8 uM Fe?*) and troxerutin (1.7 uM Fe?*), while metformin showed
no reducing action.

The ABTS assay showed the greatest antioxidant potential expressed as % inhibition
for rutin (69.2%) and quercetin (66.4%), followed by similar inhibitory activity for calcium
dobesilate (51.4%), hesperetin (49.8%), and hesperidin (48.9%). Slightly lower inhibition
percentage values were observed for diosmetin (37.5%), diosmin (27.6%), and Trolox (29.0%)
used as a positive control. The lowest inhibition activity was noted for troxerutin (10.8%),
while metformin showed no scavenging activity in this assay. The ICsy values for the
different tested compounds showed a similar trend as the percent inhibition values. The
lowest ICs5p, and consequently the highest antioxidant activity, was demonstrated by rutin
(2.4 uM), followed by quercetin (3.8 pM), calcium dobesilate (5.1 uM), hesperidin (5.2 uM),
hesperetin (5.7 uM), and diosmetin (7.1 uM). Slightly higher IC5, values and thus lower
antioxidant activity were shown by diosmin (11.1 uM) and Trolox (11.3 M), and the lowest
by troxerutin (24.1 uM).
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Figure 3. Concentration-dependent antioxidant activity of investigated vasoprotectives in (a) ABTS
assay expressed as percent of radical inhibition; (b) FRAP assay expressed as Fe?* iron ion equivalent
(Fe(II) uM); all measurements were performed in triplicate in the concentration range of 5-1000 pM
of tested compounds; results are presented as means + SD (n = 3).

The FRAP assay indicated that the reducing activity of aglycones was higher than
that of rutinosides—the effect of quercetin/diosmetin/hesperetin was more potent than
troxerutin and rutin/diosmin/hesperidin. This pattern has been previously reported, for
example, for kaempferol glycosides exhibiting about 30-40% lower antioxidant activity than
the kaempferol aglycone [46]. Our study also indicated that glycosylation or ethylation
of hydroxyl groups, exemplified by quercetin derivatives, significantly decreased the
reducing potential of the compound (quercetin >>> rutin > troxerutin). Blocking the
flavonoid phenolic group at C-4" also diminished the reducing properties (quercetin >
hesperetin > diosmetin). In contrast, saturation of the double bond at C-2/C-3 (flavanones
vs. flavones) increased activity (hesperidin >>> diosmin, hesperetin >>> diosmetin). These
relationships showed that the reducing ability depends mainly on the number of free
hydroxyl groups in the molecule and the degree of oxidation of the three-carbon linker in
the C-ring. A similar clear structure-activity relationship was not demonstrated using the
ABTS test. In both antioxidant assays and the MGO-BSA antiglycation test, hesperidin and
calcium dobesilate showed comparable effects.

Interestingly, metformin showed no antioxidant activity in either the FRAP assay or
the ABTS assay, however, there are reports that it has the ability to inhibit intracellular
formation of ROS [47]. A study by Logie et al. [48] showed that metformin can chelate metal
ions, which may be directly responsible for its antioxidant effect. A similar conclusion
emerges for troxerutin, which showed very low activity in both antioxidant assays, but
some publications have reported its antiradical activity in vivo [49]. This effect can also be
explained by chelating activity, confirmed in several studies [50].

It should be noted that high in vitro activity does not necessarily reflect in vivo activ-
ity [51]. An important limitation is the bioavailability of vasoprotective flavonoids. Ruti-
nosides are known to have low bioavailability due to their poor solubility and lipophilic-
ity [52]. Although quercetin and hesperetin have shown high reducing and antiradical
activity, it should be taken into account that their bioavailability is around 20%; only this
amount of orally administered dose reaches the bloodstream [53]. Quercetin taken at
500 mg reaches a plasma concentration of about 1.4 uM [54], and hesperetin (500 mg) about
2.7 uM [55], so they were lower than the ICsy concentrations for which the activities were
specified in our study. In comparison, calcium dobesilate, whose radical inhibitory capacity
was comparable to that of hesperetin (at ~5 uM), reached a plasma concentration of about
19 uM after 500 mg administration [56].

2.3. Direct Methylglyoxal/Glyoxal Trapping Capacity

RCS trapping is one of the mechanisms that potentially reduce plasma concentration
of methylglyoxal and glyoxal [57]. Therefore, selected VPs and their structural analogs have
been examined for their ability to trap reactive carbonyl species. After 1 h incubation of
each test compound (rutin, troxerutin, diosmin, diosmetin, hesperidin, hesperetin, calcium
dobesilate) with methylglyoxal or glyoxal under simulated physiological conditions, the
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reaction mixture was further analyzed by UHPLC-MS to detect potentially formed adducts
of the test compound with MGO/GO. In the study, quercetin and metformin were used
as reference compounds with recognized activity for direct trapping of 1,2-dicarbonyls.
The extract ion chromatogram (EIC) mode was used to search for pseudomolecular ions
increased by 72 Da/144 Da for mono-MGO/di-MGO adducts or by 58 Da/116 Da for
mono-GO/di-GO adducts. All compounds except metformin, for which the positive ion
mode was used, were analyzed in negative electrospray ionization mode.

The study revealed that under the experiment conditions quercetin, rutin, dios-
metin, hesperetin, hesperidin, and metformin showed activity toward direct trapping
of methylglyoxal, whereas glyoxal was directly trapped only by rutin, diosmetin, hes-
peretin, and hesperidin. The products of the reaction between MGO and GO with tested
compounds and the fragmentation pattern of each product are listed in Tables 2 and 3,
respectively. Troxerutin and calcium dobesilate did not trap RCS, probably due to chemical
structure differences.

Table 2. Adducts of methylglyoxal and investigated compounds formed after 1 h of incubation in pH 7.4 of phosphate

buffer solution at 37 °C.
[M — H]- or [M + H]* _
. MS/MS . [M — HJ or [M + HJ*
Compound Peak Rt [min] Mono-l\:[rsl(z)) Adduct (nlz) Peak Rt [min] Di-MGO Adduct (m/2) MS/MS (in/z)
a 8.69 681.1698 663, 609, 301 a 7.90 753.1885 681, 644, 609, 301
Rutin ! b 8.84 681.1701 663, 609, 301 b 8.26 753.1890 681, 644, 609, 301
C 8.85 681.1684 663, 609, 301 C 8.44 753.1840 681, 644, 609, 301
10. 73.0567
Quercetin 2 . 1(1) gz §7§ gggz nd. a 10.01 445.0779 nd.
Troxerutin - n.d. n.d. - - n.d. n.d.
Diosmin - - n.d. n.d. - - n.d. n.d.
i .3 a 12.19 371.0758 353, 338, 299 a 11.24 443.0970 425,410, 299
Diosmetin b 12.36 371.0766 353, 338, 299
a 8.97 681.1972 609, 373, 301
b 9.19 681.1981 609, 373, 301
At C 9.82 681.1966 609, 373, 301 _ _
Hesperidin d 9.95 681.1979 609,373, 301 nd. nd
e 10.88 681.1965 609, 373, 301
f 10.98 681.1960 609, 373, 301
12.04 73.091 4 1
Hesperetin 5 g 12 83 372 8398 ggg’ g 48’ 381 a 10.80 445.1103 427,409
Calcium
dobesilate - - n.d. n.d. - - n.d. n.d.
6 a 1.48 184.1158 d a 1.57 256.1297 d
Metformin b 1.20 202.1229 n.d. b 1.64 256.1300 n.d.

Pseudomolecular ion (11/z): T 609;2 301; 3 299; 4 609; 5 301; © 130; Rt, retention time; n.d., not detected; letters of the alphabet (a—f) represent
different isomers of the same compound.

In the reaction of rutin with methylglyoxal, after one hour of incubation, the appear-
ance of three major peaks with pseudomolecular ion masses at m/z 681 and retention
times of 8.69, 8.84, 8.85 min, respectively, were observed (Table 2). They corresponded
to the molecular weight of mono-MGO-rutin adduct (Mr 682 Da). All of them produced
fragment ions at m/z 663, indicating elimination (neutral lost) of a water molecule [M—
18-H]~ and at 609, which suggests loss of one MGO molecule [M-72-H] ™. Three other
peaks a—c with m/z 753 (Rt 7.90, 8.26, 8.44 min) were also present, and were identified as
di-MGO-rutin adducts as they gave fragments at m/z 681, representing the mass of the
di-MGO adduct minus one methylglyoxal moiety [M-72-H]~, and 609, indicating the loss
of two methylglyoxal molecules [M-144-H]~. With glyoxal, rutin formed only mono-GO
adducts. Two peaks appeared on the chromatogram with pseudomolecular ions of 667
characterized by retention times of 8.09 and 8.41 min, and since their masses were greater
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than that of rutin by the mass of a single glyoxal molecule, they were further characterized
as mono-GO-rutin adducts (Table 3). The ability of rutin to trap methylglyoxal has been
previously reported in several studies [58,59]. Mass spectra of the adducts formed by rutin
and MGO/GO and proposed chemical structures are shown in Figure 4.

Table 3. Adducts of glyoxal and investigated compounds formed after 1 h of incubation in pH 7.4 phosphate buffer solution

at 37 °C.
. [M — H]- or [M + H]* . [M — H]~ or [M + HI* MS/MS
Compound Peak  Rt[min] Mono-GO Adduct (1/z) MS/MS (in/z) Peak Rt[min] Di-GO Adduct (m/2) (mlz)
. a 8.09 667.1445 n.d. _ B d d
Rutin b 8.41 667.1448 n.d. n.d. n.d.
Quercetin 2 - - n.d. n.d. - - n.d. n.d.
Troxerutin - n.d. n.d. - - n.d. n.d.
Diosmin - - n.d. n.d. - - n.d. n.d.
. 3 a 11.64 357.0605 324, 313, 299, 284 B ~ d d
Diosmetin b 12.1 357.0602 324, 313,299, 284 n.d. n.d.
R a 11.05 677.1861 609, 301 B B
Hesperidin b 11.37 677.1844 609, 301 nd. nd.
a 11.28 359.0771 341, 326, 301
Hesperetin ° b 12.37 359.0762 341, 326, 301 a 12.99 417.0808 399, 301
c 13.78 359.0768 341, 326, 301
Calcium
dobesilate - - n.d. n.d. - - n.d. n.d.
Metformin - - n.d. n.d. - - n.d. n.d.

Pseudomolecular ion (m/z): 1 609; 2 301; 3 299;  609; ® 301; Rt, retention time; n.d., not detected; letters of the alphabet (a—c) represent
different isomers of the same compound.

Rel. Int. (a)

1_
100% 681.1696

OH O rutinose

Rel. Int. 1 _
100% 1 (b) 753.1890 :

EJ..L.aJL_ A JL .L J.A.L
Rel. Int. (c)

=
100% 667.1445

rutinose

OH O rutinose
1 Al " - w - .

200 400 600 800 1000 1200 m/z

Figure 4. Mass spectra of methylglyoxal and glyoxal adducts with rutin after 1 h incubation in pH
7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-rutin;
(b) di-MGO-rutin; (c) mono-GO-rutin; other isomeric forms are also possible.
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Incubation of diosmetin with MGO resulted in three chromatographic peaks at 11.24,
12.09, and 12.36 min with m/z values of 443 and 371 (a and b, Table 2). The first was
described as di-MGO-diosmetin because the pseudomolecular ion mass corresponding
to diosmetin increased by two methylglyoxal molecules (144 Da) and MS/MS analysis
confirmed this—a fragment ion with m/z 299 corresponding to diosmetin was noted.
The other two peaks with m/z at 371 were 72 Da greater than the pseudomolecular ion
of diosmetin; therefore, they were proposed as mono-MGO-diosmetin adducts. The
fragmentation pattern indicated that di-MGO-diosmetin and mono-MGO-diosmetin lost
a water molecule to form daughter ions at m/z 425 and 353 [M-18-H]~, followed by a
methyl group (15 Da) in the B ring resulting in ions at m/z 410 and 338 [M-18-15-H] ",
respectively. The reaction of diosmetin and glyoxal led to the formation of two main
peaks in the UHPLC chromatogram with pseudomolecular ions at m/z 357 (Rt 11.64 and
12.10 min), both heavier by 58 Da than the pseudomolecular ion of diosmetin (11/z 299),
and therefore were assigned as mono-GO-diosmetin adducts (Table 3). The fragment ions
observed in the MS/MS analysis similarly showed that both mono-MGO-diosmetin and
mono-GO-diosmetin first lost the water and then the methyl group [M-18-15-H] . Mass
spectra of the adducts formed by diosmetin and MGO/GO and the proposed chemical
structures are shown in Figure 5.

Rel. Int. | (a) i
100% 371.0758
. HO H on
| (0]
Al 1
Rel. |:lt. (b) 1-
100% 443.0970 HO H on
A e L
Rel. I:tA (c) 1
100% 3 357.0605
] HO H oy
3 (0]
- hl' wR Aadl

200 400 600 800 1000 1200  m/z
Figure 5. Mass spectra of methylglyoxal and glyoxal adducts with diosmetin after 1 h incubation in

pH 7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-
diosmetin; (b) di-MGO-diosmetin; (¢) mono-GO-diosmetin; other isomeric forms are also possible.

Hesperidin and methylglyoxal after 1 h of incubation produced six chromatographic
peaks with the pseudomolecular ions at m/z 681, and retention times 8.97, 9.19, 9.82, 9.95,
10.88, and 10.98 min (Table 2). The fragmentation pattern was the same for each ion; three
principal daughter ions were produced with masses at m/z 609, 373, and 301. The molecular
weight of the resulting ions (682 Da) was greater than the molecular weight of hesperidin
by 72 Da, and were therefore identified as mono-MGO-hesperidin adducts. The presence of
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fragment ions at m/z 609 (the hesperidin pseudomolecular ion) further confirmed this. The
fragmentations with m/z 373 and 301 suggest the loss of the rutinose moiety by mono-MGO-
hesperidin [M-308-H]~ and methylglyoxal [M-308-72-H]~, respectively. After incubation
of hesperidin with glyoxal, two major peaks appeared on the chromatogram at 11.05 and
11.37 min with m/z at 677 (Table 3). Both were recognized as mono-GO-hesperidin adducts
as their pseudomolecular ion values were greater than the ion for hesperidin (m/z 609) by
58 Da. This was later supported by MS/MS data where a daughter ion was observed with
the m/z value of 609 [M-58-H] . A 301 ion was also observed, suggesting, as described
above, the loss of rutinose by the hesperidin molecule [609-308-H] ™. Mass spectra of the
adducts formed by hesperidin and MGO/GO and proposed chemical structures are shown
in Figure 6.

Rel. Int. |

100% 1@ 6811972
] HO
1 | S nl l Ak
g [0 -
6 ] 667.1844
3 A'LL L' v L' A . v ’ ' ' . .
200 400 600 800 1000 1200 m/z

Figure 6. Mass spectra of methylglyoxal and glyoxal adducts with hesperidin after 1 h incubation in
pH 7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-
hesperidin; (b) mono-GO-hesperidin; other isomeric forms are also possible.

After one-hour incubation of hesperetin and methylglyoxal, three major peaks were
detected with pseudomolecular ion masses and retention times, respectively: 373 (12.04 and
12.93 min) and 445 (10.80 min). Peaks with an anion at 371, greater than the ion of hesperetin
(m/z 301) by 72 Da, corresponding to the coupling of one molecule of methylglyoxal, were
identified as mono-MGO-hesperetin adducts (Table 2). The loss of one water molecule
resulted in the most abundant fragment ion of m/z 355 [M-18-H]~. The peak at m/z
445 was labeled as di-MGO-hesperetin as its molecular weight equaled the mass of the
hesperetin plus two MGO molecules (Mr 446 Da). Similarly, loss of one molecule of water
by the di-MGO-hesperetin adduct led to the formation of the most abundant daughter ion
with m/z 427 [M-18-H] . The elimination of the second water molecule resulted in the ion
at m/z 409. Four major peaks with molecular ions at 359 (a—c) and 417 with retention times
of 11.28,12.37,13.78, 12.99 were observed after 1 h incubation of hesperetin and glyoxal
(Table 3). Peaks with m/z at 359 having pseudomolecular ions heavier than the hesperetin
ion (m/z 301) by 58 Da were considered as mono-GO-hesperetin adducts, as confirmed by
MS/MS data. A peak with m/z 417 greater than the ion for hesperetin by 116 Da (mass
corresponding to two glyoxal molecules) was analogously identified as a di-GO-hesperetin
adduct. Its fragment ion at 409, reduced by 18 Da (after water loss), was noted on the
MS/MS spectrum. Previous studies have demonstrated the ability of hesperetin to form
similar adducts with acrolein [60]. Mass spectra of the adducts formed by hesperetin and
MGO/GO and the proposed chemical structures are shown in Figure 7.
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Figure 7. Mass spectra of methylglyoxal and glyoxal adducts with hesperetin after 1 h incubation in
pH 7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-
hesperetin; (b) di-MGO-hesperetin; (c) mono-GO-hesperetin; (d) di-GO-hesperetin; other isomeric
forms are also possible.

Quercetin incubated with methylglyoxal resulted in two peaks characterized as mono-
MGO-quercetin and one as di-MGO-quercetin; their pseudomolecular ions were at m/z
373 (a-b) for the mono-adducts (quercetin precursor ion m/z 301 increased by 72 Da) and
445 (quercetin precursor ion m/z 301 increased by 144 Da) for the di-adduct (Table 2).
Li et al. [16] reported that quercetin has the potential to trap glyoxal; however, this activity
was not observed under the conditions of our study. Mass spectra of the adducts formed
by quercetin and MGO and the proposed chemical structures are shown in Figure 8.

Incubation of metformin and methylglyoxal led to four chromatographic peaks with
pseudomolecular ions [M+H]* with 202 at Rt 1.20 min, 184 at 1.46 min, 256 at 1.57 min, and
1.67 min (Table 2). The first ion was described as mono-MGO-metformin due to the ion
mass corresponding to metformin increased by one methylglyoxal molecule (72 Da). Based
on the literature reports on structural studies of metformin and methylglyoxal adducts [22],
the second peak at m/z 184 was identified as (E)-1,1-dimethyl-2-(5-methyl-4-oxo-4,5-dihy-
dro-1H-imidazol-2-yl)guanidine (metformin-MG imidazolinone) and was formed by elimi-
nating one water molecule from mono-MGO-metformin (Mr, 129 + 72 - 18 = 183 Da). The
other two peaks with the ions at m/z about 256 were attributed to metformin conjugated
with two methylglyoxal molecules as their mass, corresponding to the pseudomolecular ion
of metformin-MG imidazolinone (1/z 184), increased by another 72 Da (184 + 72 = 256 Da).
The peak with the ion at 184 was dominant compared to the peak with the ion at 202, which
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may suggest that the monoadduct of metformin with methylglyoxal is more stable after the
elimination of one water molecule. However, after 1 h of incubation, both chemical struc-
tures of the metformin mono-adduct formed by the reaction were observed. Metformin
and glyoxal did not form adducts under conditions of the experiment. Mass spectra of the
adducts formed by metformin and MGO and the proposed chemical structures are shown
in Figure 9.

Rel. Int. | (@) 1-
100% 373.0567
] (o}
Rel. |:\t. ] (b) 1-
100% 445.0779

200 400 600 800 1000 1200  m/z
Figure 8. Mass spectra of methylglyoxal adducts with quercetin after 1 h incubation in pH 7.4
phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-quercetin;
(b) di-MGO-quercetin; other isomeric forms are also possible.
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Figure 9. Mass spectra of methylglyoxal adducts with metformin after 1 h incubation in pH 7.4
phosphate buffer solution at 37 °C and their proposed chemical structure (isomers): (a) mono-MGO-
metformin; (b) di-MGO-metformin; other isomeric forms are also possible.

2.4. Time Course Study of RCS Scavenging Reaction

For compounds demonstrating the ability to directly trap methylglyoxal (rutin, quercetin,
diosmetin, hesperidin, hesperetin, metformin) and glyoxal (rutin, diosmetin, hesperidin,
hesperetin), a time course study of the trapping reaction was performed. To determine
the amount of MGO/GO remaining after incubation at each time point, samples were
derivatized with PDA. This method of measuring RCS concentration in various samples is
often used in both in vitro and in vivo studies [61].
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Activity over time expressed as a percentage of remaining MGO/GO after reacting
with the tested compounds for 1, 2, 4, 8, and 24 h is shown in Figure 10. Data points
represent the mean % of remaining MGO/GO with the standard deviation from two
independent experiments.

o= Rutin 100 _' Rutin
E\: —&— Quercetin g Diosmetin
3 Diosmetn o 807} Hesperidin
2 i o | —+— Hesperetin
= Hesperidin > 60}
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£ Metformin g 40
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& & 20- —
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Figure 10. RCS trapping efficiency of tested compounds in pH 7.4 phosphate buffer solution at
37°Cfor1,2,4,8, and 24 h expressed as % of remaining MGO/GO; (a) reaction with methylglyoxal;
(b) reaction with glyoxal. All data are presented as means £ SD (1 = 2).

The study showed that methylglyoxal scavenging activity varied among the tested
compounds, while glyoxal was scavenged by all tested compounds with quite similar
efficacy. Within 24 h, hesperetin, rutin, quercetin, and diosmetin succeeded in trapping
85.41 £ 2.71%, 74.67 £ 2.69%, 73.01 & 1.89%, and 68.17 + 2.71% of MGO, respectively,
and were found to be the most effective of the tested compounds. At the same time,
hesperidin (39.48 + 5.47%) and metformin (17.42 4 3.57%) showed the lowest efficiency.
Among the most potent compounds, differences in the kinetics of the MGO trapping
reaction were evident. Hesperetin and quercetin trapped 50% of methylglyoxal in as little
as two hours. In contrast, diosmetin and rutin were only able to trap less than 15% of the
MGO at the same time, and both compounds took more than 8 h to quench 50% of the
methylglyoxal. Metformin is used in diabetes, for which the ability to trap methylglyoxal
was demonstrated in vitro and in vivo. However, the results of our study suggest that its
activity in trapping MGO compared to flavonoid substances was relatively low.

After 24 h of incubation, hesperetin and rutin were found to be the most effective in
trapping glyoxal by quenching 81.17 =+ 4.66% and 75.12 & 3.11% of GO, respectively. Only
slightly less effective was hesperidin with 67.44 & 4.64% and diosmetin with 66.76 + 4.76%.
Glyoxal seems to be trapped more rapidly in comparison to methylglyoxal. Both hesperetin
and rutin were able to quench nearly 50% of glyoxal in just one hour, and diosmetin and
hesperidin within 2 h.

The results indicated that among the tested compounds, hesperetin was the most
efficient in trapping both methylglyoxal and glyoxal. The weak activity of hesperidin
(hesperetin-7-O-rutinoside) compared to hesperetin is probably due to the substitution
of the hydroxyl group at C-7, resulting in changes in charge distribution in the molecule
and therefore decrease general trapping activity [62]. Despite a very similar structure, the
quenching ability of MGO and GO was higher for hesperetin than for diosmetin, which is
probably attributed to the presence of a double bond at C-2 and C-3 in the heterocyclic ring
C of diosmetin. Its presence has been reported to decrease the trapping activity of RCS [63],
which is in agreement with our results. The B ring is not thought to play a prominent role
in trapping activity. The same study reported that the number of hydroxyl groups in the B
ring does not significantly affect the trapping effect [63]. However, the findings of our study
suggested that the presence of a substituted hydroxyl group in the B ring at C-4’ stabilizes
the molecule, prevents quinone formation, and further C-ring cleavage, thereby preserving
the original structure and the consequent trapping activity. This structural feature has also
been shown to favorably affect antiglycation potential, possibly via enhancing the RCS
trapping activity.
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Although our results suggest that selected vasoprotective flavonoids have the ability to
trap both methylglyoxal and glyoxal, previous studies have indicated that methylglyoxal is
preferred in the trapping reaction. An in vitro study by Li et al. [16] in a model simulating
physiological conditions showed that quercetin reduced methylglyoxal concentrations
more than twice as efficiently as glyoxal when both compounds were present in solution at
the same initial concentration. An in vivo study in humans, on the other hand, showed that
although quercetin significantly reduced MGO plasma concentrations in patients (~10%),
it had no statistically significant effect on glyoxal concentrations [64]. It should also be
noted that according to some studies, compounds sharing the same trapping mechanism
can act synergistically; the study of Shao et al. [62] showed that a mixture of quercetin and
phloretin traps methylglyoxal more effectively than each compound alone.

The efficiency of RCS trapping in plasma by the investigated substances under in vivo
conditions may vary greatly due to the metabolism. Most substances during phase II reac-
tions are conjugated with, for example, glucuronic acid, sulfuric acid, or amino acids [65].
The form to which the drug is metabolized is individual for a given substance and may
depend on many factors including the composition of the gut microbiota if absorption
occurs in the large intestine (for rutinosides, e.g., hesperidin, diosmin, rutin, troxerutin) [66].
During the phase II reaction, any hydroxyl group of flavonoids can be substituted includ-
ing those responsible for the trapping activity in ring A (C-5 and C-7), which is likely
to reduce the activity of these compounds in plasma [67]. A series of studies related to
metabolism is required to assess the exact trapping activity of individual compounds in
humans. However, in vitro studies provide the background for clinical trials and are crucial
for the selection of potentially useful molecules.

In summary, quercetin, rutin, diosmetin, hesperetin, hesperidin, and metformin were
shown to be able to directly trap methylglyoxal, and rutin, diosmetin, hesperetin and
hesperidin were shown to trap glyoxal. Hesperetin was found to be the most effective
among VPs tested in trapping both methylglyoxal and glyoxal. After 24 h, it scavenged the
highest percentage of both RCS.

Additionally, to the best of our knowledge, this is the first time direct RCS trapping
activity has been confirmed for hesperetin, hesperidin, and diosmetin. Our study also
confirmed the following structure and flavonoid activity relationships: (a) substitution of
the hydroxyl group at the C-7 position results in a decrease in the trapping of methylglyoxal
and glyoxal, as well as reducing activity; and (b) the double bond in the ring C decreases
the MGO/GO trapping and reducing ability. Furthermore, we put forward our hypothesis
that the B ring is essential in the trapping activity of flavonoids, which is contrary to earlier
reports. Zhu et al. [63] previously claimed that it does not play a significant role in this
activity. The findings of our study suggest that the substitution of a phenol group at the
C-4" position of the phenyl ring B stabilizes the molecule, preventing the formation of
semiquinone and quinine methide structures, and further cleavage of the heterocyclic
C ring. Thus, the original flavonoid structure is preserved and the trapping activity
is maintained.

All of the investigated compounds inhibited the formation of RCS-induced AGEs,
most likely through several different mechanisms. We observed that the capacity to directly
trap RCS was not the only determinant of a potent antiglycative effect, since the ability
to inhibit the non-enzymatic process of protein glycation is also greatly influenced by
reducing and antiradical (antioxidant) activity. Calcium dobesilate as a potent antioxidant
without RCS trapping action showed high antiglycation potential in the MGO-BSA model.
In addition, it is characterized by high bioavailability compared to other tested phlebotropic
compounds. Among the investigated chemicals with RCS trapping potential, hesperetin
was the most potent antiglycative agent in the MGO-BSA model, and in the GO-BSA model,
it was shown to be diosmetin.

The antioxidant activity assays showed that the compounds with high reducing and
antiradical potential were quercetin, rutin, hesperetin, and calcium dobesilate, and their
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activities were concentration dependent. It was also confirmed that the activity of flavonoid
aglycones was higher than that of glycosides.

3. Methods
3.1. Chemicals and Standards

Methylglyoxal (40% in water), glyoxal (40% in water), 2,2-diphenyl-1-picrylhy-drazyl,
2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid), methanol (HPLC grade), acetonitrile
(HPLC gradient grade and LC-MS grade), water (LC-MS grade), diosmin, diosmetin,
hesperidin, hesperetin, Trolox, metformin hydrochloride, bovine serum albumin, DMSO,
98-100% formic acid, 2-methylquinoxaline, quinoxaline, o-phenylenediamine, 2, 4, 6-
tripyridyl-s-triazine, iron(III) chloride hexahydrate, and iron(Il) sulfate heptahydrate were
purchased from Merck-Sigma-Aldrich (Sigma-Aldrich Sp. z 0.0., Poznan, Poland); NaCl,
KCl, NapHPOy, and KHyPO4 (reagent grade) were obtained from Chempur (Piekary
Slaskie, Poland); quercetin and rutin were from Extrasynthese (Genay Cedex, France);
calcium dobesilate was purchased from PPF Hasco-Lek S. A. (Wroclaw, Poland). Water
used in the study was glass-distilled and deionized. The stock solutions of standards (3 mM)
were prepared by dissolving the appropriate amount of a reference compound in 5 mL of
methanol or DMSO. Working standard solutions for the derivatization experiment in the
range of 5-210 uM were made by mixing with 50% aq. (aqueous) methanol (v/v), filtered
through hydrophilic Millex Syringe Filters (Durapore 0.22 pm; Millipore, Burlington, MA,
USA) and stored at —20 °C.

3.2. Antiglycation Assay in BSA-RCS In Vitro Model

The formation of advanced glycation end products was measured following a slightly
modified method proposed by Liu et al. [68]. In brief, 90 pM bovine serum albumin
was incubated with methylglyoxal and glyoxal at 5 mM in sodium phosphate buffer
at 100 mM and pH 7.4, with 0.02% sodium azide (to prevent microbial growth). The
compounds investigated for inhibition of non-enzymatic glycation were added at a final
concentration of 1 mM. Then, the reaction solution was incubated at 37 °C, shaken at
40 revolutions per minute for seven days in closed vials away from light. Measurement
of the fluorescent intensity of total AGEs after incubation was carried out using a Cary
Eclipse 500 spectrophotometer (Agilent, Santa Clara, CA, USA) at a wavelength of 350 nm
for excitation and 450 nm for emission. Data acquisition was obtained with the Cary
Eclipse Control Software (Agilent, Santa Clara, CA, USA). The measurements from three
experiments were all performed in triplicate, and the percent inhibition of AGE formation
was calculated using the following equation:

Inhibition of RCS-mediated AGES [%] = {1 — [(FI;)/(FIy)]} x 100

where Flj is mean fluorescence intensity of the blank sample and FI; is the mean fluores-
cence intensity of the sample.

3.3. Antioxidant Activity
3.3.1. ABTS Assay

The ABTS radical scavenging activity was determined according to the slightly modi-
fied method described by Chen and Kang [69]. The ABTS®** stock solution was prepared by
mixing equal quantities of aqueous solutions of 2,2-diphenyl-1-picrylhydrazyl,2,2-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS, 7.0 mM) and potassium persulfate (K;S,Osg,
2.45 mM) and incubating the mixture in the dark at 25 °C for 12 h. The stock solution of
ABTS and K,5,0g was then diluted with methanol to reach absorbance at 734 nm. In a
96-well microplate, 200 puL of ABTS®" reagent was mixed with 20 pL of each tested sample
at different concentrations. The plate was incubated for 15 min in the dark at ambient
temperature and the absorbance was taken at 517 nm using a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). All measurements
were performed in triplicate using the concentration range of 5-1000 uM of the tested
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compounds. The standard curve was prepared using different concentrations of Trolox in
the range of 100-1000 pM. The ABTS radical scavenging activity was calculated as follows:

ABTS radical inhibition [%] = (Ag — A1)/Ay x 100

where Ay is the mean absorbance of the control and A; is the mean absorbance of the
sample with ABTS. The ICsy values were calculated using linear regression analysis and
used to express the antioxidant capacity.

3.3.2. FRAP Assay

The ferric reducing antioxidant power assay (FRAP) was performed according to the
method proposed by Benzie and Strain [70] with slight modification. The stock solution of
FRAP reagent was obtained by mixing 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM
hydrochloric acid with 20 mM iron(IlI) chloride hexahydrate and 300 mM acetate buffer
(pH 3.6) at 1:1:10 (v/v/v). The freshly prepared FRAP reagent (200 pL) was added to
solutions of tested compounds at different concentrations (20 pL) and thoroughly mixed
in a 96-well microplate. The absorbance of a blue ferrous tripyridyltriazine complex
(Fe?* /TPTZ) was read after 4 min of incubation in the dark at 593 nm using a Multiskan GO
microplate spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). Results were
expressed in Fe?* uM. All measurements were performed in triplicate in the concentration
range 5-1000 uM of the analyzed compounds.

3.4. Direct Methylglyoxal and Glyoxal Trapping Capacity

Methylglyoxal and glyoxal direct trapping capacity was investigated according to
the slightly modified Sang et al. [71] method. Briefly, 0.6 mM methylglyoxal (MGO) or
glyoxal (GO) was incubated for 1 h with 0.2 mM of rutin, troxerutin, diosmin, diosmetin,
hesperidin, hesperetin, calcium dobesilate, metformin hydrochloride, and quercetin in
100 mM phosphate buffer saline (PBS; pH 7.4) at 37 °C to equal physiological conditions
and shaken at 40 revolutions per minute. The incubation reaction was terminated by adding
2.5 pL of acetic acid (>99%) and placing the collected samples in an ice water bath. The
samples were further filtered through hydrophilic Millex Syringe Filters (Durapore 0.22 um;
Millipore, Burlington, MA, USA) and analyzed using UHPLC-ESI-MS to investigate their
ability to form adducts with methylglyoxal and glyoxal. The trapping agent solutions were
freshly prepared before each series of experiments was begun, and the pH of the sodium
phosphate buffer was determined immediately before use.

3.5. Time Course Study of MGO and GO Scavenging Reaction

The time course of the MGO and GO scavenging reaction was investigated for the
compounds’ indicated activity in methylglyoxal and glyoxal direct quenching assay in
UHPLC-ESI-QqTOF-MS analysis. The study was carried out according to the method of
Shao et al. [62] with slight modification. The direct trapping study found using an excess of
MGO and GO allows compounds to form both mono- and di-adducts with o-oxoaldehydes.
Therefore, methylglyoxal or glyoxal at a final concentration of 0.6 mM and each selected
compound at 0.2 mM were incubated in 100 mM phosphate buffer saline (PBS; pH 7.4) at
37 °C with a speed of 40 revolutions per minute to simulate physiological conditions for 1,
2,4, 8, and 24 h. Afterward, 500 pL of reaction mixtures were collected at each time point
and placed in an ice water bath, then 2.5 uL of acetic acid (>99%) was added to stop the
reaction. The derivatization of the remaining MGO and GO in an aliquot amount of each
sample was carried out by adding 1,2-phenylenediamine (PDA) at 100 mM and shaken by
vortex for 5 s. The mixtures were kept at ambient temperature for 30 min for derivatization
of the remaining methylglyoxal or glyoxal to complete. The UHPLC analysis was used to
measure the amount of methylquinoxaline and quinoxaline formed through the reaction
of methylglyoxal and glyoxal with PDA, respectively. The stock solutions of MGO, GO,
and PDA were prepared immediately before the beginning of the study. The pH of the
phosphate buffer was also determined shortly before the experiment.
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3.6. UHPLC-ESI-QqTOF-MS Analysis

The study of the formation of methylglyoxal and glyoxal adducts was performed
using the same UHPLC system configured as above (Section 4), interfaced with Compact
ESI-QqTOEF-MS (Bruker Daltonics; Bremen, Germany). Mobile phases consisted of A (0.1%
formic acid in water) and B (0.1% acetic acid in 100% acetonitrile). The following gradient
mobile phase program at a flow rate of 0.3 mL/min was used: 0-12 min, 97-65% A in
B; 12-14 min, 65% A in B; 14-17 min, 65-20% A in B; 17-19 min 20% A in B. Then, the
system returned to the initial setting and washed with 97% A in B until the system was
stabilized before the next analysis. Both positive and negative ion modes were used for
data acquisition. As a nebulizing and drying gas, nitrogen was used at temperature 210 °C,
2.0 bar pressure, and flow 0.8 L/min. For internal calibration sodium formate clusters
(10 mM) were used. The injection volume was 1 mL. Additional operating conditions
of the mass spectrometer were as follows: capillary voltage was set at 5 kV (ESI*, ESI7),
collisional energy was 8.0 eV, and for the MS/MS mode, it was 35 and 40 eV. The data
acquisition and processing were carried out with Compass Data Analysis software (Bruker
Daltonics; Bremen, Germany:.

3.7. UHPLC-DAD Analysis

Derivatized methylglyoxal and glyoxal were analyzed by the Thermo Scientific Dionex
UltiMate 3000 UHPLC system (Thermo Fisher Scientific; Waltham, MA, USA) incorporated
with a quaternary pump (LPG-3400D), UltiMate 3000 RS autosampler (WPS-3000), and fast
separation photodiode array detector (DAD-3000). Derivatives were separated on a Kinetex
C18 column (150 x 2.1 mm X 2.6 um) (Phenomenex; Torrance, CA, USA) and a temperature-
controlled column compartment (TCC-3000) was used to maintain its temperature at 40 °C.
The binary mobile phase system consisted of 0.1% (v/v) formic acid in water (solvent C)
and 0.1% (v/v) formic acid in acetonitrile (solvent D). The column eluted with a binary
gradient system at a flow rate of 400 pL/min: 100% C from 0 to 4 min, 100-77% C in D
from 4 to 25 min, and held at 77% C in D for 0.5 min, 77-100% C in D from 25.5 to 30 min,
and then 100% C from 30 to 32 min. The injection volume was 10 pL. The peak areas of
methylquinoxaline and quinoxaline were monitored at wavelengths of 316 and 314 nm,
respectively. Data acquisition was carried out with the Chromeleon Chromatography Data
System (Thermo Fisher Scientific; Waltham, MA, USA).

3.8. Linearity and Calibration of UHPLC-DAD Method

The applied UHPLC-DAD method was validated by the determination of linearity,
LOD, and LOQ. Calibration equations for quantified metylquinoxaline and quinoxaline
were assessed at seven concentration levels, and triplicate injections were performed for
each concentration. The values of LOD were established at a signal-to-noise ratio (S/N) of
0.3 and LOQ was calculated at S/N of 1. Results of the method validation for standards
are shown in Table 4.

Table 4. Validation parameters of the UHPLC-DAD method.

A

Compound Method [nm] Linear Equation R? Range [uM] LOD [uM] LOQ [uM]
Methyloquinoxaline UHPLC-DAD 316 y = 2739.8843x + 5.0076  0.9995 5-210 0.29 0.96
Quinoxaline UHPLC-DAD 314 y =325.4515x + 1.7417 0.9998 5-210 0.19 0.64

A, wavelength; y = ax + b; y, peak area; R?, coefficient of determination; LOD, limit of detection; LOQ, limit of quantitation; n =3 x 7.

3.9. Statistical Analysis

Data were analyzed using the Shapiro-Wilk test to assess normality of distribution,
followed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test using the GraphPad Prism 9 software. p values equal or less than 0.05 were consid-
ered significant.
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4. Conclusions

To conclude, in addition to other therapeutic applications, some vasoprotective
medicines and their structural analogs such as hesperetin, diosmetin, quercetin, and
calcium dobesilate could be considered as potential antiglycative agents against glycation-
related complications of diabetes. While the current study has clearly indicated that tested
VPs and their structural analogs can effectively trap MGO and GO or reduce RCS-mediated
glycation, a key limitation that must be considered is that the results presented here are
only from in vitro models. The relevance of these results to humans must be experimentally
proven using in vivo models. Although RCS trapping and reducing are simple, direct
chemical reactions, which may suggest that the in vitro results have a high probability of
being confirmed in vivo, the bioavailability of individual substances should also be taken
into account.
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