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ABSTRACT: Methylglyoxal (MGO) has driven interest as a major
precursor of advanced glycation end products due to it being
closely implicated in the pathogenesis of diabetic kidney disease
(DKD). Therefore, it is critical for seeking active scavenger-
targeted MGO to mitigate the development of DKD. Previous
studies demonstrated that naringenin (Nar) has a remarkable
therapeutic effect on DKD. However, whether Nar could scavenge
MGO in diabetic mice remains virtually unknown. This work aims
to investigate the effect and mechanism of scavenging MGO by Nar
in diabetic mice. Liquid chromatography coupled to tandem mass
spectrometry (LC—MS/MS) was applied for investigating the
scavenging capacity and mechanism of Nar on MGO in diabetic
mice. The results indicated that Nar could significantly scavenge
MGO in diabetic mice based on the formation of mono-MGO-Nar. In addition, two mono-MGO-Nar nanoparticles were purified,
and their structures were deduced as 3-MGO-Nar using LC—MS/MS and NMR spectroscopic analyses. Furthermore, the dose-
dependent scavenge effect of Nar on MGO in diabetic mice was elucidated by quantifying mono-MGO-Nar in urine and feces using
LC—-MS/MS. In summary, our results first demonstrated that targeting the MGO burden may be the new mechanism of Nar
combating DKD.
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B INTRODUCTION To confirm the above hypothesis, the content of this study

Diabetic kidney disease (DKD) as the major complication of can be summarized as follows: (1) the scavenging effect and
diabetic patients is a significant risk for public health.'™ mechanism of Nar on MGO in diabetic mice was investigated
Higher plasma levels of methylglyoxal (MGO) were detected by liquid chromatography coupled to tandem mass spectrom-
in diabetic patients than that in healthy people because of etry (LC—MS/MS). (2) Phytochemical analysis of reaction
endogenous production from the pathway of glucose between Nar and MGO in vitro yielded two mono-MGO-Nar,
glycolysis, which led to increased formation of advanced for which the structures were elucidated by 1D and 2D NMR
glycation end products (AGEs)."™® Numerous studies have experiments. (3) The scavenging ability of Nar on MGO was

demonstrated that MGO and MGO—de(rived AGE:s play pivotal further investigated based on quantification of mono-MGO-
roles in the pathogenesis of DKD.”™? Therefore, there is a Nar by LC—MS/MS.

critical need for diabetic patients to alleviate DKD by seeking
MGO scavengers. The flavonoids,"”"" as the major MGO
scavengers, have been uncovered by Professor Shengmin

B RESULTS AND DISCUSSION

Sang’s research group based on the C6 and C8 of the A ring Evaluation of MGO Scavenging Capacity and Mech-
reacted with MGO to form the mono-MGO or di-MGO anism by Nar In Vitro. The experimental results in this paper
adducts, which were excreted by the urine and feces of mice showed that as time increased, the scavenging capacity of
and humans.'*~*" Thus, flavonoids are worth further exploring MGO by Nar also increased, with a capture rate of up to

to combat DKD by scavenging MGO.*>

Naringenin (Nar) belonging to the flavanone subclass, is
widely distributed in citrus fruits and herbals, which has been
reported to exhibit a significant therapeutic effect on DKD
with respect to anti-inflammatory, antifibrotic, and antioxidant
properties.”> *° A study indicated that Nar could react with
MGO in vitro.”” Therefore, we proposed the hypothesis that
Nar showed a significant therapeutic effect on DKD by
reducing MGO stress.

72.34% after reaction for 8 h (Figure 1A).
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Figure 1. Scavenging effect and mechanism of MGO by Nar in vitro. (A) The percentage of scavenging MGO (0.4 mM) by Nar (1.2 mM) at
different incubation times (data are shown as means + SD, n = 3). (B) The MS/MS spectra of mono-MGO-Nar, di-MGO-Nar, and Nar identified

in the reaction mixture between Nar and MGO at 8 h.

The retro-Diels—Alder (RDA) fragmentation on the C ring
of Nar with the formula of C;sH,,0; (retention time (RT) =
24.02 min) based on retrocyclization cleavages yielded
characteristic fragment ions (CFIs) m/z 151.0037 and m/z
119.0502 as the main fragmentation process, which was used
for identification of reaction products between Nar and MGO
(Figure S1). Seven peaks at 18.61 (Ml1), 18.98 (M2), 19.67
(M3), 19.91 (M4), 29.41 (MS), 29.59 (M6), and 29.87 min
(M7) with precursor ion m/z 343.0823 and the formula of
C,sH 60, had CFI m/z 271.0612 (Nar) resulted from neutral
loss (NL) of MGO (C3H,0,, 72 Da). These seven peaks were
further identified as mono-MGO adducts of Nar due to CFIs

18616

m/z 151.0037 and m/z 119.0502 observed in the MS/MS
spectra. Theoretically, RDA on the C ring of flavonoids could
be applied for differentiating the reaction ring of MGO on Nar.
Unfortunately, similar fragmentation patterns of mono-MGO-
Nar were found (Figure 1B), which indicated that it was
difficult to distinguish the reaction ring of MGO on Nar. Peaks
at 14.84 (D1), 1523 (D2), 15.87 (D3), 20.22 (D4), 20.39
(DS), 20.62 (D6), 20.98 (D7), and 21.45 min (D8) (m/z
415.1077, [M — H]™) with the formula of C,;H,,0, yielded
CFIs m/z 343.0823 (mono-MGO-Nar) and m/z 271.0612
(Nar) by continuous NL of MGO (C3H,0,, 72 Da). Peaks at
14.84, 15.23, 15.87, 20.22, 20.39, 20.62, 20.98, and 21.45 min

https://doi.org/10.1021/acsomega.4c11440
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Table 1. Structures and 'H (600 MHz) and *C (150 MHz) NMR Data of Nar, M2, and M4 in DMSO-d, (§ in ppm)

No.
3u (ppm) dc(ppm) Om(ppm) Oc(ppm) Su(ppm) Sc(ppm)
l — — — — — —
2 5.44 dd 7840  539d 8048  533d  81.80
3 270dd/327dd 4244  3.71dd 5386  3.90dd  54.67
4 - 196.30 - 196.27 - 195.45
5 - 163.5 - 163.91 - 163.93
6 5.89s 96.80  5.85d  95.41 586d  96.41
7 - 166.70 - 167.40 - 167.40
8 5.89s 9500  590d 9541  589d 954l
9 - 162.90 - 163.10 - 163.07
10 - 101.70 - 102.16 - 102.29
11 - - - 21233 339d  73.59
12 - - 459dd  73.01 - 211.26
13 - - 1.62s 2599  220s 2647
I - 128.80 - 127.40 - 127.80
2! 732d 12820 7204 13057  7.39d  129.80
3 6.79d 11510  671d 11523  682d 11575
4 - 157.70 - 158.45 - 158.53
5 6.79 d 11510  671d 11523  6.82d 11575
6' 732d 12820 7204 13057  7.39d  129.80
no Sy (ppm) ¢ (ppm) Sy (ppm) ¢ (ppm) u (ppm) Jc (ppm)
1
2 5.44 dd 78.40 539d 80.48 533d 81.80
3 2.70 dd/3.27 dd 42.44 3.71 dd 53.86 3.90 dd 54.67
4 196.30 196.27 195.45
5 163.5 163.91 163.93
6 5.89's 96.80 5.85d 95.41 5.86 d 96.41
7 166.70 167.40 167.40
8 5.89 s 95.00 5.90 d 95.41 5.89 d 95.41
9 162.90 163.10 163.07
10 101.70 102.16 102.29
11 212.33 3.39d 73.59
12 459 dd 73.01 211.26
13 1.62 s 25.99 220 s 26.47
1 128.80 127.40 127.80
2 7.32.d 128.20 720d 130.57 739 d 129.80
3 6.79 d 115.10 6.71d 115.23 6.82 d 115.75
4 157.70 158.45 158.53
5 6.79 d 115.10 6.71 d 11523 6.82 d 115.75
6 7.32.d 128.20 720d 130.57 7.39 d 129.80

were further identified as di-MGO adducts of Nar by the CFls
m/z 151.0037 and m/z 119.0502 (Figure 1B). According to
the reported literature,”® we found that flavonoids can capture
MGO at the same reaction site to form two isomeric products.
Therefore, Nar can react with MGO to produce seven mono-
MGO adducts and eight di-MGO adducts.

Structural Elucidation of Isolated Reaction Products
from the System of Nar and MGO In Vitro. As shown in
Table 1, the "H NMR spectrum of M2 and M4 was similar to
Nar. The major difference was the extra signals at 5 4.59 (1H,
dd) and 6y 1.62 (3H, s) for M2 and at §y; 3.39 (1H, d) and &y

2.20 (3H, s) for M4, which were assigned to the MGO residue.
M2 had only one proton signal on C3 at §y 3.71 (1H, dd)
instead of two proton signals at 5y 2.70 (1H, dd) and &y 3.27
(1H, dd) on Nar (Figure S2). The "*C NMR spectra showed
that M2 had 6¢ 53.86 (C3) instead of 5 42.44 (C3) on Nar
(Figure S3), suggesting that MGO conjugated with Nar at
position C3 of the C ring. Furthermore, HMBC correlations
were found between the proton at &y 4.59 (H12) and the
carbons at 6 53.86 (C3) and & 196.27 (C4), which indicated
the MGO group was connected to the C3 position of the C
ring (Figure S4). In addition, one proton signal on C3 at &y
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Figure 2. Extracted ion chromatograms (EICs) of identified reaction products between Nar and MGO at 8 h and mono-MGO-Nar in urine and

fecal samples of diabetic mice after oral administration of Nar.

3.90 (1H, dd) of M4 instead of two proton signals at & 2.70
(1H, dd) and &8y 3.27 (1H, dd) on Nar was observed (Figure
S5). M4 had 8 54.67 (C3) instead of 5 42.44 (C3) on Nar
(Figure S6), suggesting that MGO conjugated with Nar at
position C3 of the C ring. Furthermore, HMBC correlations
between the proton at 5y 3.39 (H11) and the carbons at &
54.67 (C3) and 6 195.45 (C4), & 2.20 (H13) and ¢ 73.59
(C-11), indicated the MGO group was connected to the C3
position of the C ring (Figure S7). "H—"H COSY correlation
(Figure S8) between H11 and H3 was observed. The HSQC
spectrum correlation of M4 indicated that the carbons at ¢
73.59 (C-11) and the protons at 5 3.39 (1H, d), 6¢ 26.47 (C-
13), and 8y 2.20 (3H, s) were directly connected (Figure S9).
Thus, M2 and M4 were characterized as 3-MGO-Nar.
Scavenging Mechanism of Nar on MGO in Diabetic
Mice. The four mono-MGO adducts of Nar (RT = 18.65,
19.08, 19.73, and 19.97 min) were identified as M1, M2, M3

18618

and M4 in feces by comparing RT and MS/MS spectra of
reaction products between Nar and MGO in vitro (Figure
$10), and high contents of two M3 and M4 adducts were also
found in urine. The extracted ion chromatograms (EICs) of
identified reaction products between Nar and MGO at 8 h and
mono-MGO-Nar in urine and fecal samples of diabetic mice
after oral administration of Nar were presented in Figure 2.
The results indicated that Nar could significantly scavenge
MGO in diabetic mice.

Method Validation. The standard curves of M2 and M4 in
mice urine displayed superior linearity ranging from 1 to 1000
ng/mL (M2 in the db/db urine: y = 0.1301x + 0.9371, R* =
0.9929; M4 in the db/db urine: y = 0.1762x + 3.548, R* =
0.9949), where y is the peak area ratio (observed peak area
against that of IS) and « is the concentration (ng/mL). The
limit of detection (LOD) and limit of quantification (LOQ) of
M2 in db/db urine were determined as 0.12 ng/mL and 0.37

https://doi.org/10.1021/acsomega.4c11440
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ng/mL, respectively. The LOD and LOQ of M4 in db/db
urine were determined as 0.19 and 0.45 ng/mL, respectively.
The standard curves of M2 and M4 in mice feces displayed
superior linearity ranging from 0.1 to 500 ng/mL (M2 in the
db/db feces: Y = 0.2088X — 1.6344, R* = 0.9940; M4 in the
db/db feces: Y = 0.3931X — 3.5809, R* = 0.9935), where Y is
the peak area ratio (observed peak area against that of IS) and
X is the concentration (ng/mL). The LOD of M2 and M4 in
db/db feces was determined as 0.089 and 0.031 ng/mlL,
respectively. And the LOQ of M2 and M4 in db/db feces was
determined as 0.215 and 0.067 ng/mL, respectively. Due to the
lack of standards, the concentration of M1 and M3 was
expressed as M4 equivalent.

Dose-Dependent Scavenging of MGO by Nar in
Diabetic Mice. In order to further investigate the scavenging
ability of Nar on MGO in diabetic mice, mono-MGO-Nar in
urine and feces was quantified by LC—MS/MS. As shown in
Figure 3, there was a trend that Nar dose-dependently

Mono-MGO-Nar

. - — M3
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Figure 3. Quantification of mono-MGO-Nar in urine and fecal

samples of diabetic mice after oral administration of Nar (data are
shown as means + SD, n = 3).

scavenged MGO in diabetic mice. The quantification analysis
further confirmed that dose of Nar plays a significant role in
scavenging capacity of MGO in diabetic mice.

B CONCLUSIONS

It is worth mentioning that Nar has captured the interest of
scientists due to its significant anti-DKD effects through anti-
inflammatory, antifibrotic, and antioxidant properties. How-
ever, it is worth considering whether Nar has scavenged MGO
capacity to combat DKD. The experimental results in this
paper demonstrated that Nar could scavenge MGO by the
formation of mono-MGO-Nar in diabetic mice. This study

revealed a new mechanism for the anti-DKD effect of Nar,
supported Nar as a lead compound of new anti-DKD drugs,
and laid a foundation for its subsequent clinical research of
new drugs. Although M2 and M4 have been purified and
identified, future work should also continue to isolate, purify,
and identify structures of M1 and M3. To the best of our
knowledge, active compounds could reduce plasma MGO
concentration by inhibiting MGO formation, scavenging
MGO, and inducing Glo 1 expression. This project found
that Nar could scavenge MGO to form monoadducts of Nar in
diabetic mice. Whether Nar could inhibit MGO formation and
induce Glo 1 expression should be focused on in future
research. In addition, an approach should be developed in
future work for studying the inhibitory capacity of Nar on the
AGEs and AGEs-induced renal inflammatory injury.

B METHODOLOGY

Chemicals. Nar (525634) with purity 98% were purchased
from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai,
China). Detailed manufacturers and batch information on
MGO, 1,2-diaminobenzene (DB), 2,3-butanedione, 2,3-
dimethylquinoxaline, 2-methylquinoxaline, dimethyl sulfoxide-
dg (DMSO-dg), taxifolin, f-glucuronidase, sulfatase, formic
acid, acetonitrile, and pure distilled water have been depicted
in our previous study.”’ Unless specified, all analytical grade
reagents were bought from Shanghai Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Scavenging Capacity of MGO by Nar In Vitro.
Scavenging capacity of MGO by Nar under simulated
physiological conditions with molar ratios (Nar:MGO = 3:1)
was assessed as previously reported.”” The detailed exper-
imental procedures are given in the Supporting Information.
The reaction sample of Nar and MGO for 8 h was used as a
mixture standard for identification of mono-MGO adduct of
Nar in urine and feces.

Purification of Two Mono-MGO-Nar. Nar (0.136 g, 0.1
M) and MGO (0.1 M, 1:1) were dissolved in 10 mL of a
mixture of DMSO and PBS (5/5, v/v) and then kept at 37 °C
for 24 h. After the reaction, the supernatant was lyophilized
and reconstituted with methanol, which was loaded onto a
Sephadex LH-20 column and eluted with 100% methanol to
obtain successively two mono-MGO-Nar (M2 6.56 mg; M4,
13.1 mg).

Scavenging MGO by Nar in Diabetic Mice. All animal
studies were conducted with the approval of the Animal Ethical
and Welfare Committee of the Jiangxi University of Chinese
Medicine. Twelve male six-weeks-old C57BL/KsJ-db/db mice
were purchased from GemPharmatech Co. Ltd. (Nanjing,
China), which was bred according to ref 20. In order to study
the scavenging effect of Nar on plasma MGO in diabetes mice,
the experimental design was as follows: after fasting overnight,
db/db mice were divided into four groups (n = 3 per group):
(i) db/db mice in the treatment group were treated with Nar
at the dose of 100, 200, and 400 mg/kg via oral gavage based
on their body weight. (ii) db/db mice in the control group
received an oral administration of 0.5% CMC-Na depending
on their body weight. 24 h urine and feces of all mice were
collected for each mouse separately by an individual metabolic
cage. Clean urine samples were achieved by centrifuging at
10,000g for 10 min. In addition, dried feces were obtained in a
freeze-dryer (FD-1C-80, Shanghai, China). All samples were
stored at —80 °C before further analysis.
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Sample Preparation. Preparation of urine and feces was
performed based on previous studies.”

Preparation of Calibration Samples. The M2, M4, and
IS were prepared separately at a concentration of 1 mg/mL
with menthol. The working solution of IS (300 ng/mL) was
obtained by the dilution of menthol. The mixed standard
solution, including M3 and M4, was prepared with menthol at
the concentrations of 1, 5, 10, 200, 500, 1000, 2000, 5000,
8000, and 10000 ng/mL. For calibration standards preparation
in urine, 100 L blank urine samples were incubated with S yL
of f-glucuronidase and 4 yL of sulfatase for 2 h at 37 °C. 10 uL
of IS (300 ng/mL) and 10 uL of mixed standard solution of
M2 and M4 (10, 200, 500, 1000, 2000, 5000, 8000, and 10000
ng/mL) were mixed and vortexed for 2 min. After adding 290
p#L of methanol to the reaction solution to precipitate the
proteins, the solutions were vortexed for 3 min and centrifuged
at 13,000g for 10 min at 4 °C to obtain the supernatant, which
was transferred to a new clean centrifugal tube and dried under
a nitrogen stream. The dried residue was reconstituted with
methanol (100 L) and centrifuged at 13,000g for 10 min to
obtain the supernatant, which was analyzed using UHPLC-
QQQ-MS/MS. For calibration standards preparation in feces,
100 mg homogenized blank fecal samples were sonic extracted
with 1 mL of methanol, subsequently centrifuged at 13,000¢
for 10 min to obtain the supernatant. 100 uL of supernatant
was added to 10 uL of IS (300 ng/mL), and 10 yL mixed
standard solutions of M2 and M4 (1, S, 10, 200, 500, 1000,
2000, and S000 ng/mL) were dried under a nitrogen stream,
reconstituted with methanol (100 pL), and centrifuged at
13,000¢g for 10 min to obtain the supernatant, which were
analyzed using UHPLC-QQQ-MS/MS.

Instrumentation and Analytical Conditions. The
qualitative analysis of mono-MGO-Nar from the reaction
between MGO and Nar, urine, and feces was carried out on a
Shimadzu LC-3AD system (Shimadzu, Kyoto, Japan) coupled
to an AB SCIEX Triple TOF 5600+ system mass spectrometer
(AB SCIEX, Concord, Canada) with a Halo-C,g column (2.1
X 100 mm, 2.7 um). Solvent A consisted of 0.1% formic acid
water and solvent B consisted of acetonitrile. The temperature
of the column compartment was set at 30 °C with the
chromatographic conditions as follows: starting at 5% solvent
B and increasing to 10% B in 2 min, then increased to 14% B in
10 min, keeping 14% B for 3 min. For 16 min, %B was
increased to 30%, then increased to 60% in 37 min and
increased to 95% in 45 min, held at 95% B for 2 min, changed
back to 5% in 0.1 min, and was finally isocratic until S0 min.
The quantitative analysis of mono-MGO-Nar in urine and
feces was carried out on the Shimadzu LC-30AD combined
with an AB SCIEX QTRAP 4500 system mass spectrometer.
Separation was performed using a Halo-C 4 column (2.1 mm X
100 mm, 2.7 ym) and 0.1% formic acid (v/v) in water and
acetonitrile as mobile phases A and B, respectively (flow rate:
0.35 mL/min). The following gradient elution program was
used: 0—1 min, 15% to 30% B; 1—6 min, 30% to 30% B; 6—8
min, 30% to 100% B; 8 to 10 min, 100% to 15% B; 10—12 min,
15% to 15% B. For the MS part, the turbo ion spray source
temperature was 550 °C. The ion spray voltage was assigned at
4500 V. The curtain gas was 50 psi. The ion source gas was set
at 50 psi. The detection was performed in multiple reaction
monitoring (MRM). The MRM transitions m/z 342.9 — m/z
271.0 and m/z 303.0 — m/z 125.0 were applied to quantify
M2, M4, and IS, respectively. The declustering potential (DP)
and collision energy (CE) of M2 and M4 were optimized as

4621 V and 20.03 eV. And the DP and CE of IS were
optimized as 108.35 V and 25.41 eV.

NMR Analysis. M2 and M4 were dissolved in DMSO-d;,
and 'H NMR, ®C NMR, and 'H-'H COSY and HMBC
spectra were recorded on a Bruker AVANCE 600 MHz
spectrometer (Bruker, Inc., Billerica, MA), which were
processed by MestReNova (v11.0.4) software.

Statistical Analysis of Data. Data were reported as the
mean =+ standard deviation (SD) of at least three independent
experiments. Statistical significance was analyzed using Graph-
Pad Prism S software (San Diego, CA, USA) by analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
test. The significant differences between different groups (p <
0.05) were marked by different letters.
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