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Rapid formation of N®-(carboxymethyl)lysine
(CML) from ribose depends on glyoxal production
by oxidationt

Hikari Sugawa,” Tsuyoshi Ikeda,” Yuki Tominaga,® Nana Katsuta“ and
Ryoji Nagai (2 *@

N°?-(Carboxymethyl)lysine (CML) is a major advanced glycation end-product (AGE) involved in protein
dysfunction and inflammation in vivo. Its accumulation increases with age and is enhanced with the
pathogenesis of diabetic complications. Therefore, the pathways involved in CML formation should be
elucidated to understand the pathological conditions involved in CML. Ribose is widely used in glycation
research because it shows a high reactivity with proteins to form AGEs. We previously demonstrated that
ribose generates CML more rapidly than other reducing sugars, such as glucose; however, the underlying
mechanism remains unclear. In this study, we focused on the pathway of CML formation from ribose. As a
result, glyoxal (GO) was the most abundant product generated from ribose among the tested reducing
sugars and was significantly correlated with CML formation from ribose-modified protein. The coefficient
of determination (R%) for CML formation between the ribose-modified protein and Amadori products or
the ribose degradation product (RDP)-modified protein was higher for the RDP-modified protein. CML
formation from ribose degradation products (RDP) incubated with protein significantly correlated with
CML formation from GO-modified protein (r; = 0.95, p = 0.0000000869). GO and CML formation were
inhibited by diethylenetriaminepentaacetic acid (DTPA) and enhanced by iron chloride. Additionally,
flavonoid compounds such as isoquercetin, which are known to inhibit CML, also inhibited GO formation
from ribose and CML formation. In conclusion, ribose undergoes auto-oxidation and oxidative cleavage
between C-2 and C-3 to generate GO and enhance CML accumulation.

Introduction

Post-translational modifications (PTMs) are biochemical reac-
tions that involve one or more amino acid residues in proteins.
These reactions alter protein function through covalent
modification by adding functional groups to proteins. Phos-
phorylation, glycosylation, methylation, and acetylation are
enzymatic PTMs that play important roles in regulating biolo-
gical systems, such as enzymatic activity and the three-
dimensional structure of proteins. In contrast, glycation is a
non-enzymatic PTM that occurs between the amino acid resi-
dues of proteins and the carbonyl group of reducing sugars,
such as glucose and ribose. This leads to the formation of
advanced glycation end-products (AGEs), resulting in the
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induction of protein dysfunction via conformational changes in
proteins.’

N°-(Carboxymethyl)lysine (CML), a major antigenic AGE,’
accumulates in the body with aging® and is involved in the
pathogenesis of diabetic complications, such as neuropathy*
and vascular disease.> Zhang et al. reported that plasma CML
levels in patients with type 2 diabetes mellitus (DM) are
inversely correlated with cognitive function.® Southern et al.
reported that CML accumulation in cortical neurons and
cerebral vessels is related to cognitive impairment or ana-
mnesis in patients with DM, suggesting that its accumulation
may contribute to dementia in individuals with cerebrovascular
disease.” Ribose is a component of ATP, which is used as an
energy source in organisms. Ribose is widely used in supple-
ments, sports drinks, and medicine as it promotes ATP synth-
esis and contributes to the treatment of congestive heart
failure.® Moreover, ribose has been used in glycation research
as it shows high reactivity with proteins to form AGEs.’ Ribose
levels in the serum are highly correlated with glycated serum
protein levels, indicating that ribose contributes to the glyca-
tion of proteins in vivo.'® Furthermore, a recent study reported
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that ribose levels in older adult urine were inversely correlated
with cognitive function, suggesting that abnormal ribose meta-
bolism was involved in the early stages of cognitive
impairment."* Yu et al. suggested that serum ribose levels are
increased in type 1 DM cases and may be involved in cognitive
impairment.'” These findings indicate that glycation by ribose
may contribute to decreased cognitive function.

Ribose-modified proteins generate AGEs more rapidly than
glucose-modified proteins do. Ribose readily forms an open-chain
structure compared with that of glucose because the reactivity of
reducing sugars depends on the presence of a carbonyl group in
the structure.™® Nevertheless, little is known about the mechanism
by which ribose generates more CML than glucose.

Glyoxal (GO), a key intermediate in AGE formation, demon-
strates higher reactivity with proteins than with reduced sugars.
This reactivity is significant because CML is formed from
reducing sugars and dicarbonyl compounds, such as GO."
Wells-Knecht et al. and Thornalley et al. reported that GO is
formed by glucose autoxidation.'®'® This understanding led us
to hypothesize that ribose is prone to form GO because it
degrades more rapidly than reducing sugars, such as glucose.
Here, we aimed to delineate the pathway by which ribose
contributes to CML formation.

Results and discussion
CML formation is derived from reducing sugars

Collagen is the most abundant structural protein, constituting
approximately 30% of the total protein mass in humans.'” CML
accumulates with age in human skin.?> Therefore, the underlying
mechanism of CML formation on collagen is important; however,
investigating this mechanism has proven difficult because of the
water-insolubility of collagen. This study focused on gelatin
because it is a water-soluble protein obtained from collagen via
the destruction of cross-links between polypeptide chains along
with partial degradation of the polypeptide bonds."”

CML formation was evaluated in three steps: (i) mixture of
reducing sugars and proteins, (ii) Amadori rearrangement
products, and (iii) mixture of reducing sugar degradation
products and proteins (Fig. 1A). CML formation on ribose-
modified proteins was the highest among the reducing sugar-
modified proteins (Fig. 1B). Ribose tends to be more open-
chain than glucose;"? therefore, it is more likely to react with
proteins to form CML. Consistent with this observation, a non-
competitive enzyme-linked immunosorbent assay (ELISA)
revealed that ribose-derived Amadori rearrangement products
had the highest CML levels among the reducing sugar-derived
products (Fig. 1C). CML formation was observed when the
ribose degradation product was incubated with gelatin. In
contrast, when proteins were incubated with other reducing
sugar degradation products, the CML level remained
unchanged under the same conditions (Fig. 1D). These results
suggest that ribose generates CML not only from Amadori
rearrangement products but also from sugar degradation
products.
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Fig. 1 Evaluation of CML formation derived from reducing sugars. CML
formation was evaluated using ELISA with a monoclonal CML antibody. (A)
This study aimed to evaluate the pathways involved in CML development.
(B) Comparison of CML formation using various reducing sugars mixed
with gelatine. Different superscripts indicate statistically significant differ-
ences between groups (P < 0.01). (C) CML formation on the Amadori
rearrangement products derived from each reducing sugar. CML for-
mation was evaluated via oxidation of each sugar with 0.4 mM anhydrous
FeCl, in the absence or presence of 5 mM H,O,. The different reducing
sugars are indicated as follows: ribose: A, glucose: M, galactose: x,
mannose: @, and fructose: ®. Data obtained before and after oxidation
are indicated by open and closed symbols, respectively (** p < 0.01 vs.
before oxidation). (D) RDP was prepared by incubating each reducing
sugar solution with a mixture of gelatin. The different reducing sugars are
indicated as follows: ribose: A, glucose: M, galactose: x, mannose: @,
and fructose: #. Different superscripts indicate statistically significant
differences between groups (P < 0.01). All data are presented as the
mean + SD (n = 3).

Comparison contents of Amadori rearrangement product by
protein modification of glucose and ribose

Evaluation of CML formation in Amadori products by oxidation
shows that ribose-derived Amadori products generate more
CML than other reducing sugar-derived products, including
glucose (Fig. 1C). In the next step, the protein modification rate
was evaluated by the TNBS method to clarify the formation of
the Amadori product by ribose. As a result, the protein mod-
ification rate of 30 mM glucose and ribose increased in an
incubation time-dependent manner. However, the rate of
ribose modification was not significantly different from that
of glucose (Table 1). Nevertheless, CML formation in ribose-
derived Amadori rearrangement products by oxidation was
higher than that in glucose-derived products (Fig. 1C). These
results indicate that ribose-derived Amadori is more likely to
generate CML than glucose-derived Amadori.

The Amadori product contents in the modified gelatin
preparations (20 pg protein) were determined using TNBS, as
described in the Experimental section. Amadori products were
prepared as described in the Experimental section using redu-
cing sugar-modified proteins (n = 3).

Correlation between ribose-derived CML and GO formation

CML formation in the ribose-modified protein plateaued for
only three days (Fig. 2A). Because CML is rapidly formed from
GO," we investigated the formation of GO from ribose. The
predicted structure of derivatized GO is illustrated in Fig. 2B.
The derivatized GO in ribose solution or standard was analyzed
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Table 1 The modification rate of gelatin with glucose or ribose
Incubation (day) 0 1 3 5 7
Lys (nmol) Glucose-gelatin 52.8 (£0.9) 46.7 (£1.0) 37.7 (£0.8) 35.9 (£1.5) 29.1 (£2.9)
Ribose-gelatin 57.4 (£1.2) 50.3 (£0.4) 44.0 (+0.7) 39.9 (£2.0) 32.2 (£1.2)
Modification (%) Glucose-gelatin 0 (£1.6) 11.6 (£1.8) 28.6 (£1.5) 32.0 (£2.8) 45.0 (£5.5)
Ribose-gelatin 0 (£2.2) 12.3 (£0.7) 23.4 (£1.1) 30.4 (£3.4) 44.0 (£2.1)
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Fig. 2 GO formation from ribose. (A) Time course of CML formation in
ribose gelatine. Different superscripts indicate statistically significant dif-
ferences between the groups (p < 0.001). (B) Predicted structure of
derivatized GO. The asterisk indicates carbon-13 in the internal standard.
(C) GO formation was evaluated using LC-ESI-QTOF. Fragment pattern of
derivatized GO. MS/MS spectra of GO standard (i), GO in ribose solution (i),
and GO in C; ribose solution (iii). (D) GO formation in reducing sugar
solutions. The different reducing sugars have been indicated as follows:
ribose: A, glucose: M, galactose: x, mannose: @, and fructose: . (E)
Extracted ion chromatogram (+0.01) of derivatized GO. Different super-
scripts indicate statistically significant differences between the groups (p <
0.001). All data are presented as the mean & SD (n = 3).

in MS/MS analysis (derivatized GO: m/z 181.0756 + 0.1, deriva-
tized GO derived from '*C; ribose: m/z 182.0790 + 0.1) using
liquid chromatography-electrospray ionization-quadrupole time-
of-flight mass spectrometry (LC-ESI-QTOF; Bruker Daltonics,
Germany) as described in the Materials and methods section.
The fragmentation pattern of GO derived from ribose and *C,
ribose is consistent with that of the GO standard (Fig. 2C). In
addition, the retention times of GO in the ribose solution are
consistent with those of GO in the standard solution (Fig. 2E)
These results demonstrate that GO is formed from ribose,
suggesting that it is composed of C-1 and C-2 of ribose.
In addition, the intermediate (ribosone) was also detected
from ribose and **C; ribose (Fig. S1A and B, ESIY).
Furthermore, the GO content in the ribose solution was the
highest among the tested reducing sugars and was approximately
100-fold higher than that in the glucose solution (Fig. 2D).
Ribosone formation also increased in a time-dependent manner
(Fig. S1C, ESIf). In contrast, GO formation did not increase
significantly compared to the other reducing sugars (Fig. 2D).
GO formation in the ribose solution also plateaued for only
three days, similar to CML formation on ribose-modified
gelatin. Fig. 3A shows that CML formation on ribose-modified
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Fig. 3 Correlation of GO-derived CML with CML and GO formation from
ribose. CML formation was evaluated using ELISA. The GO content was
measured using LC-ESI-QTOF. (A) Correlation between CML formation on
ribose—gelatin and GO content in the ribose solution (r; = 0.87, p =
0.0000275). (B) Correlation between CML formation on ribose—gelatin
and CML formation on RDP—-gelatin (R? = 0.8378). (C) Correlation between
CML formation on ribose—gelatin and CML formation on ribose-derived
Amadori rearrangement products (R? = 0.6871). (D) Time course of CML
formation on the GO-gelatin. Different superscripts indicate statistically
significant differences between groups (P < 0.01). (E) Correlation between
CML formation on GO-gelatin and CML formation on RDP-gelatin (rs =
0.95, p = 0.0000000869).

proteins was significantly correlated with GO formation in
ribose solution (g = 0.87, p = 0.0000275). The determination
coefficient (R?) between CML formation on ribose- and ribose
degradation product (RDP)-modified proteins (R* = 0.8378) was
higher than that between CML formation on ribose-modified
proteins and Amadori rearrangement products (R> = 0.6871)
(Fig. 3B and C). CML formation on GO- and RDP-modified
proteins showed a significant correlation (rs = 0.95, p =
0.0000000869) (Fig. 3D and E).

These results suggest that CML on ribose-modified proteins
is not only formed by the oxidation of Amadori rearrangement
products, which is generated by the direct modification of
proteins by ribose, but also by the modification of proteins
via GO generated from ribose. Although the ribose concen-
tration in the physiological environment is lower than that of
other reducing sugars such as glucose,'® it could still signifi-
cantly contribute to CML formation in vivo because it shows
higher reactivity with proteins and generates GO more rapidly
than other reducing sugars.

Ribose-derived CML formation pathway

We next investigated whether ribose-derived GO formation is
mediated by an oxidation reaction, as observed for GO derived
from glucose."'® We found that GO and CML formation was
inhibited by a metal chelator (antioxidative condition) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ribose-derived GO was produced in an oxidation-dependent
manner. (A) To elucidate the mechanism of GO formation from ribose,
50 mM ribose was incubated with or without DTPA or FeCls, followed by
LC-ESI-QTOF analysis (n = 3). (B) A mixture of 30 mM ribose and gelatin
was incubated with or without DTPA or FeCls followed by ELISA (n = 3).
Data are presented as the mean + SD. Different superscripts indicate
statistically significant differences between groups (P < 0.01).

enhanced in the presence of iron chloride (enhanced oxidative
condition) (Fig. 4). Ribosone formation was regulated by the
presence or absence of oxidation conditions as well as by GO
(Fig. S1D, ESIY).

Our previous study revealed that flavonoid compounds in
Eucommia ulmoides Oliver (E. ulmoides) leaf extract (ELE) inhib-
ited ribose-derived CML formation.'® However, the mechanism
underlying this inhibition remains unclear. Flavonoids exhibit
antioxidant activity via chelate metals, such as free iron."’

Therefore, the inhibitory effects of flavonoid compounds
from ELE on ribose-derived GO and CML formation were
evaluated to determine whether the oxidation reaction led to
their generation. As shown in Table 2, compounds 1-6 were
found in ELE, whereas 7 and 8 were the aglycones of these
compounds. Compounds 1-3 were quercetin glycosides and
compounds 4-6 were kaempferol glycosides.

Compounds in ELE, such as isoquercetin, inhibited ribose-
derived GO and CML formation (Fig. 5B and C). These results
indicate that CML rapidly forms from ribose-modified proteins
because ribose generates GO via oxidation.

Previous studies have reported the benefits of inhibiting
CML formation. Bautista-Pérez et al. reported that administer-
ing methanol extract of spinach to diabetic rats prevented
retinal degeneration by inhibiting CML-RAGE interaction and
reducing CML accumulation.?® We previously reported that co-

Table 2 List of ELE-related compounds

Chemical name

—
o

Isoquercetin

Rutin

Quercetin-3-O-sambubioside
Astragalin
Kaempferol-3-O-rutinoside
Kaempferol-3-O-(6-acetyl)-glucoside
Quercetin

Kaempferol

N WN =

Compounds 1-6 contained quercetin glycosides and kaempferol glyco-
sides in E. ulmoides leaf extract (ELE). Compounds 7 and 8 were the
aglycones of these compounds.
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Fig. 5 Inhibitory effect of ELE-related compounds on GO and CML
formation. Ribose was incubated with/without (control) the ELE-related
compounds. (A) Inhibitory effect on GO formation was evaluated using
LC-ESI-QTOF. Gelatin and ribose were incubated in the presence or
absence (control) of the ELE-related compounds. (B) The inhibitory effect
on CML formation was then evaluated using ELISA (absorbance 492 nm).
Data are expressed as formation (%) relative to that of the control (without
ELE-related compounds). The ELE related compounds used are shown in
Table 1. 1, isoquercetin; 2, rutin; 3, quercetin-3-O-sambubioside; 4,
astragalin; 5, kaempferol-3-O-rutinoside; 6, kaempferol-3-O-(6"-
acetyl)-glucoside; 7, quercetin; 8, kaempferol. Data are presented as
mean + SD (n = 3). Different superscripts indicate statistically significant
differences between groups (p < 0.05).

administration of Trapa bispinosa Roxb. extract and lutein in
diabetic rats decreased serum CML levels and prevented the
pathogenesis of diabetic cataract.>' Considering these findings,
we believe that research on inhibiting CML formation is
important from the perspective of preventive medicine. How-
ever, few studies have clarified the mechanisms underlying
AGE formation. In this study, we identified a new pathway of
AGE formation and found that compounds in E. ulmoides, such
as isoquercetin, suppress CML formation by inhibiting this
pathway. Therefore, our findings provide a reference for novel
therapeutic strategies for CML-related diseases.

Quercetin glycosides had a greater inhibitory effect on GO
and CML formation than kaempferol glycosides, suggesting
that the inhibitory activity of E. ulmoides depends on their
skeletal structure. However, it is important to note that glyco-
sides are converted to aglycones by hydrolysis during intestinal
absorption.”” Thus, we also evaluated the aglycones of
these compounds. Quercetin inhibited the formation of GO
and CML more potently than kaempferol did, which could be
attributed to the number of hydroxyl groups in the compounds.
Quercetin is used for the treatment of lifestyle diseases, such as

RSC Chem. Biol.,, 2024, 5, 1140-1146 | 1143
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diabetes, owing to its antioxidant and anti-inflammatory
activities.”>?* Although we elucidated the mechanism by
which natural compounds such as quercetin inhibit CML
formation in vitro in this study, this should be verified in vivo
in future studies.

Experimental
Preparation of reducing sugar-modified proteins

p-Ribose (Fuji Film Wako Pure Chemical, Japan), p-glucose
(Kanto Chemical, Japan), pb-galactose (Fuji Film Wako
Pure Chemical, Japan), p-mannose (Kanto Chemical, Japan),
and p-fructose (Kanto Chemical, Japan) were incubated with
2 mg mL " gelatin (Sigma-Aldrich, USA) in 200 mM phosphate
buffer (pH 7.2) at 37 °C for up to 7 days. After incubation,
unreacted sugars were removed by dialysis. Protein concentra-
tions were determined using the Pierce™ bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Fischer Scientific, USA).

Preparation of reducing sugar degradation product-modified
proteins

Reducing sugars (glucose, mannose, galactose, fructose, or ribose;
all 60 mM) were incubated in 200 mM phosphate buffer (pH 7.2) at
37 °C for 5 days. In this study, reducing sugar degradation products
were defined as reducing sugar solutions that were incubated
alone. Then, 30 mM reducing sugar degradation products were
mixed with 2 mg mL " gelatin in 10 mM sodium phosphate buffer
(pH 7.2) in the presence of 1 mM diethylenetriaminepentaacetic
acid (DTPA) at 37 °C for 3 days, followed by the removal of
unreacted sugars by dialysis. To prevent the production of reactive
oxygen species that catalyze oxidation reactions, the proteins and
reducing sugar degradation products were incubated with DTPA, a
metal-chelating agent. The protein concentrations of the samples
were determined using a BCA Protein Assay Kit.

Preparation of reducing sugar-modified proteins

Reducing sugars (ribose, glucose, galactose, mannose, and fruc-
tose, all 30 mM) were incubated with 2 mg mL ™" gelatin solution
in 10 mM sodium phosphate buffer (pH 7.2) in the presence of 1
mM DTPA and 0.1 mM aminoguanidine, and the solution was
subsequently dialyzed against PBS at 4 °C for 24 h. Additionally,
aminoguanidine was incorporated during the incubation to spe-
cifically trap any carbonyl compounds produced by sugar degra-
dation, thus preventing their potential conversion into CML
during the assay process. The protein concentrations of the
samples were determined using a BCA protein assay kit. Amadori
protein oxidation was performed as described previously.>®
Briefly, the samples (0.1 mg) were incubated at 37 °C for 1 h with
0.4 mM anhydrous FeCl, in the absence or presence of 5 mM
H,0,, and CML formation was measured by ELISA.

Measurement of glyoxal content in sugar solution

Sugar solutions (50 mM ribose, glucose, galactose, mannose,
and fructose) were incubated with 200 mM phosphate buffer
(pH 7.2) at 37 °C for up to 7 days. Subsequently, 50 pL of sugar
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solutions or GO standards were incubated with 200 uM 2,3-
diaminonaphthalene (DAN; Tokyo Chemical Industry, Japan) at
37 °C for 2 h. As described previously, the GO content in the
sugar solutions was measured using LC-ESI-QTOF.*® Briefly,
the samples were injected into a Strata-X-C column and eluted
with 2 mL of 7% ammonia in 75% acetonitrile (ACN). The
pooled elution fractions were dried and resuspended in 80%
ACN (0.5 mL) containing 0.1% formic acid. The samples (5 puL)
were subjected to LC-ESI-QTOF analysis. "*C; p-ribose was
purchased from Cambridge Isotope Laboratories (Cambridge,
UK) and incubated in a manner similar to that described above.
Fragment patterns were analyzed using LC-MS/MS to confirm
GO formation.

Evaluation of ribose-derived CML formation pathway

To evaluate CML formation, 30 mM ribose was incubated with
2 mg mL~' gelatin in 200 mM sodium phosphate buffer
(pH 7.2), in the presence of 2 mM DTPA or 1 mM FeCl;, at
37 °C for 24 h. Subsequently, unreacted sugars were removed by
dialysis. The protein concentrations of the samples were deter-
mined using a BCA protein assay kit. CML formation was mea-
sured by ELISA. To evaluate GO formation, 50 mM ribose was
incubated in 200 mM sodium phosphate buffer (pH 7.2) in the
presence of 2 mM DTPA or 1 mM FeCl; at 37 °C for 24 h, followed
by mixing of incubated samples with 200 uM DAN at 37 °C for 2 h.
The GO content was determined using LC-ESI-QTOF-MS.

Evaluation of the inhibitory effect of flavonoid compounds on
GO and CML formation

Natural compounds were isolated as described previously.'®
To evaluate GO formation, 50 mM ribose was incubated in
200 mM sodium phosphate buffer (pH 7.2) in the presence of
purified compounds (100 uM) at 37 °C for 24 h. The incubated
samples were mixed with 200 uM DAN at 37 °C for 2 h and the
GO content was determined using LC-ESI-QTOF. To evaluate
CML formation, 30 mM ribose was incubated with 2 mg mL™*
gelatin in the presence of purified compounds (100 uM) at 37 °C
for seven days. Subsequently, unreacted sugars were removed by
dialysis, and CML formation was measured using ELISA.

Measurement of CML formation by ELISA

ELISA was performed as described previously.'® Briefly, each
well of a 96-well immuno-plate (Thermo Fischer Scientific, USA)
was coated with 100 uL of 1 ug mL~" modified gelatin in PBS at
25 °C for 2 h. After incubation, the wells were washed thrice
with PBS containing 0.05% Tween 20 (washing buffer), blocked
with blocking solution (0.5% gelatin hydrolysate in PBS), and
incubated at 25 °C for 1 h. The wells were washed and
incubated at 25 °C for 1 h with 100 pL of 0.1 ug mL™" anti-
CML monoclonal antibody (6D12)*’ dissolved in washing buffer
at 1 ug mL ™ *. This antibody is confirmed a stoichiometric
correlation for CML content in BSA as determined by HPLC
analysis.>”

The wells were washed and incubated at 25 °C for 1 h with
100 pL of 1 ug mL~" HRP-conjugated goat anti-mouse IgG (H+L)
antibody (KPL, USA) diluted in the washing buffer. Following

© 2024 The Author(s). Published by the Royal Society of Chemistry
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this incubation period, the wells were rewashed and treated
with 100 pL of 500 ug mL ™" O-phenylenediamine dihydrochlor-
ide (Fuji Film Wako Pure Chemical, Japan) in citrate-phosphate
buffer (pH 5.0) containing 5.9 mM hydrogen peroxide for 5 min.
The reaction was stopped with 100 pL of 1.0 M sulfuric acid,
and the absorbance was measured at 492 nm using a micro-
plate reader (TECAN, Switzerland).

We previously demonstrated that glycated human serum
albumin generates CML when incubated at temperatures above
70 °C for 40 minutes, while CML formation is negligible at
room temperature.”®

TNBS method

The modification rate of gelatin with glucose or ribose was
determined using 2,4,6-trinitrobenzenesulfonic acid (TNBS),>
with N*-acetyl-i-lysine (Tokyo Chemical Industry Co., Ltd, Japan)
as the calibration standard. Briefly, 50 pL of 0.2 mmol L™ borate
(pH 9.0) and 20 uL of 15 mmol L' TNBS were added to 50 pL of
each sample (20 pg protein). After incubation at 37 °C for
15 minutes, the reaction was terminated by adding 200 pL of
90% formic acid, and the absorbance was measured at 420 nm.
The modification ratio for each sample is expressed as a percen-
tage of modification relative to modified gelatin on day 0, which
serves as the control.

LC-MS system

LC was performed using ZIC-HILIC columns packed with 5 pm
particles (2.1 x 150 mm, Merck Millipore, Billerica, MA, USA).
The column oven temperature was maintained at 40 °C. The
mobile phases were prepared using distilled water containing
0.1% formic acid (solvent A) and ACN containing 0.1% formic
acid (solvent B). The flow rate was set to 0.2 mL min~'. MS was
performed in the positive ion mode with an ionization source
temperature of 200 °C. The capillary voltage was operated at
4.5 kv. Collision-induced dissociation was performed using
nitrogen. The nebulizer pressure was set to 1.6 bar. Data were
acquired with a stored mass ranging from 50 to 1000 (m/z). The
collision energy in MS/MS analysis was set to 40 eV.

Statistical analysis

All data are expressed as the mean + standard deviation (SD),
and statistical significance was determined using one-way
analysis of variance with Bonferroni’s post-hoc test. The corre-
lation between GO and CML formation was examined for
statistical significance using the Spearman’s rank correlation
coefficient (rg). Statistical analyses were performed using the
EZR software.*’

Conclusions

CML, the most widely studied structure among AGEs, is asso-
ciated not only with diabetes but also with various other
conditions. The present study provides the first evidence of a
novel CML formation pathway from ribose and clarifies the
mechanism by which E. ulmoides-related flavonoids inhibit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed mechanism of GO formation from ribose.

CML formation (Fig. 6). These findings are essential for under-
standing the Maillard chemistry.
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