
Citation: Zhang, D.; Li, X.; He, X.;

Xing, Y.; Jiang, B.; Xiu, Z.; Bao, Y.;

Dong, Y. Protective Effect of

Flavonoids against

Methylglyoxal-Induced Oxidative

Stress in PC-12 Neuroblastoma Cells

and Its Structure–Activity

Relationships. Molecules 2022, 27,

7804. https://doi.org/10.3390/

molecules27227804

Academic Editor: Andrea Ragusa

Received: 17 October 2022

Accepted: 9 November 2022

Published: 12 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Protective Effect of Flavonoids against Methylglyoxal-Induced
Oxidative Stress in PC-12 Neuroblastoma Cells and Its
Structure–Activity Relationships
Danyang Zhang 1, Xia Li 1, Xiaoshi He 1, Yan Xing 1 , Bo Jiang 1, Zhilong Xiu 1, Yongming Bao 1,2,*
and Yuesheng Dong 1,*

1 School of Bioengineering, Dalian University of Technology, Dalian 116024, China
2 School of Ocean Science and Technology, Dalian University of Technology, Panjin 124221, China
* Correspondence: biosci@dlut.edu.cn (Y.B.); yshdong@dlut.edu.cn (Y.D.)

Abstract: Methylglyoxal-induced oxidative stress and cytotoxicity are the main factors causing
neuronal death-related, diabetically induced memory impairment. Antioxidant and anti-apoptotic
therapy are potential intervention strategies. In this study, 25 flavonoids with different substructures
were assayed for protecting PC-12 cells from methylglyoxal-induced damage. A structure–activity
relationship (SAR) analysis indicated that the absence of the double bond at C-2 and C-3, substitutions
of the gallate group at the 3 position, the pyrogallol group at the B-ring, and the R configuration
of the 3 position enhanced the protection of flavan-3-ols, and a hydroxyl substitution at the 4′ and
meta-positions were important for the protection of flavonol. These SARs were further confirmed by
molecular docking using the active site of the Keap1–Nrf2 complex as the receptor. The mechanistic
study demonstrated that EGCG with the lowest EC50 protected the PC-12 cells from methylglyoxal-
induced damage by reducing oxidative stress via the Nrf2/Keap1/HO-1 and Bcl-2/Bax signaling
pathways. These results suggested that flavan-3-ols might be a potential dietary supplement for
protection against diabetic encephalopathy.

Keywords: flavonoids; methylglyoxal; PC-12 cells; structure–activity relationship; oxidative stress;
molecular docking

1. Introduction

Diabetic encephalopathy, a serious diabetic complication of a microvascular nature,
is chiefly a consequence of central nervous system disease [1]. It is characterized by mild
cognitive decline, which can progress to dementia in severe cases [2]. As reported in the lit-
erature, people with diabetes have a 60% higher risk of developing dementia [3]. Moreover,
diabetic encephalopathy is tightly associated with long-term hyperglycemia in diabetic
patients, owing to oxidative stress [4], inflammation [5], and an abnormal accumulation
of advanced glycation end products (AGEs) [6]. Methylglyoxal (MG) is recognized as the
most likely AGE precursor contributing to intracellular AGE formation [7].

In vivo, MG is derived from glucose metabolism, amino acid metabolism, fat metabolism,
and, most importantly, the glycolysis pathway [8], with a low level under normal circum-
stances. However, an excessive MG level can be cytotoxic, leading to irreversible cell
death [9] owing to an increase in oxidative stress [10]. As we know, it has already been
reported that the concentration of MG is abnormally elevated in diabetics [11]. It is also
implied that an over accumulation of MG caused by abnormal glucose metabolism is
a major cause of diabetic encephalopathy [12]. Therefore, the intervention of oxidative
stress is considered an effective strategy for preventing diabetic encephalopathy. Nuclear
factor erythroid 2-related factor2 (Nrf2) is described as a master redox-related transcription
factor, maintaining intracellular redox homeostasis [13]. When oxidative stress occurs,
the binding of Nrf2 and Keap1 becomes unstable, and Nrf2 is released, transferring from
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the cytoplasm to the nucleus. This, in turn, can activate the expression of downstream
antioxidant enzymes, including HO-1, a kind of phase II enzyme [14]. It was verified that
the expression of Nrf2 decreased and that of Keap1 increased in HLECs after a treatment of
MG [9]. As a result, the damage induced by MG can be alleviated by interventions in the
Nrf2/Keap1 pathway.

Recently, it has been accepted that dietary supplementation has become a notewor-
thy intervention for improving glucose metabolism disorders and cognitive impairment.
Flavonoids, a group of phenolic compounds, can be found in many fruits and vegetables,
such as apples, scutellaria, celery, and so on [15], which are composed of two aromatic rings
(A and B) connected to each other through a central three-carbon chain, generally with
C6–C3–C6 as the basic skeleton. Increasing evidence has highlighted that flavonoids have
abundant properties, including those anti-diabetic [15], anti-dementia [16], anti-tumor [17],
anti-osteoporosis [18], anti-arteriosclerosis [19], antioxidant [15], and so on. The SAR of
flavonoids has been studied in a cellular antioxidant activity assay using HepG2 cells [20].
The study clarified that a 3′,4′-O-dihydroxyl group in the B-ring, a 2,3-double bond com-
bined with a 4-keto group in the C-ring, and a 3-hydroxyl group enhanced antioxidant
capacity to treat cancer. It was also reported that the SAR of grape seed procyanidins
against H2O2-induced oxidative stress in PC-12 cells could be used to treat neurodegen-
erative disorders [21]. The authors claimed that there was a positive correlation between
the procyanidins’ polymerization degree and the protective effect against oxidative stress
in PC-12 cells and that the presence of 3-galloylated groups increased the protective ac-
tivity. However, procyanidins are a kind of flavan-3-ols polymer and the research on the
SAR of the flavna-3-ols monomer and other flavonoids in diabetic encephalopathy is not
comprehensive.

To the best of our knowledge, a systematic evaluation of the protection offered by
flavonoids with different substructures against damage induced by MG in nerve cells has
not been reported, and the SAR between the flavonoids and the protective activities against
the toxicity of MG in neurons is also scarcely documented. Consequently, the design of
dietary supplements for protection against diabetic encephalopathy is urgently required. It
was indicated that hesperitin resisted oxidative stress via ER- and TrkA-mediated actions
in PC-12 cells [22]. Prior research also showed that dihydromyricetin ameliorated oxidative
stress via the AMPK/GLUT4 signaling pathway in MG-induced PC-12 cells [23].

In this study, the protective effects of different kinds of flavonoids against the damage
induced by MG in PC-12 cells were determined. The SARs of these flavonoids were also
analyzed and summarized. Furthermore, to understand the mechanism, the effects of the
flavonoids with the highest activity on the signaling pathway related to oxidative stress
were also investigated in the PC-12 cells.

2. Results
2.1. Cytotoxicity of Flavonoids to PC-12 Cells

In order to eliminate the effect of cytotoxicity in the activity assay of the flavonoids,
the cytotoxicity test was initially performed using an MTT assay. The results showed that
the flavonoid concentrations below 100 µM exhibited no cytotoxicity to PC-12 cells. The
consequent protective activity was assayed and the concentration ranged below 100 µM for
each flavonoid without apparent cytotoxicity to the PC-12 cells.

2.2. The Protective Activities and SAR Analysis of Different Flavonoids With Respect to the
Damage Induced by MG

Concentrations from 0.25 to 4 mM of MG were added to PC-12 cells after they had
incubated for 48 h and dose-responses of MG were detected by the MTT assay concerning
the effect of MG on the damage to the PC-12 cells. Finally, the IC50 value of MG was selected
as 0.5 mM after 48 h (Figure S1 in the Supplementary Material), which was chosen based on
the PC-12 cells in order to examine the protective effect of the flavonoids in the following
study. Curcumin was selected as the positive control (EC50 = 1.31 ± 0.42 µM) (Figure S2 in
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the Supplementary Material). A total of 25 flavonoids consisting of five types—5 flavan-
3-ols, 5 flavonols, 2 flavanones, 8 flavones, and 5 isoflavones (Figure 1 and Figure S3 in
the Supplementary Material)—were assayed to evaluate their protective effects on the cell
viability of the PC-12 cells stimulated by MG using the MTT method. The activities were
expressed as EC50 [24], and the data were summarized in Table 1. The compounds whose
EC50 values were less than 100 µM were regarded as active compounds.
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Figure 1. The main flavonoids tested in protective activities against MG-induced PC-12 cells.

Table 1. The protection activities and molecular-docking data of main flavonoids.

Compound EC50 (µM) Binding Energy (kJ/mol) Number of H-Bonds

Flavan-3-ol
(+)-Catechin >100 −24.811 3

EC 52.34 ± 3.99 −35.313 3
EGC 43.06 ± 1.18 −35.439 4
ECG 34.52 ± 2.69 −39.790 5

EGCG 11.98 ± 0.49 −40.041 8

Flavanone
Naringenin 13.35 ± 1.92 −35.271 3
Hesperitin 48.14 ± 2.31 −34.058 3

Flavonol
Kaempferol >100 −32.719 3
Quercetin 28.83 ± 2.76 −34.351 4

Morin 14.83 ± 1.70 −34.895 6
Isoquercitrin >100 −22.175 3

Rutin >100 −29.079 4

Flavone
Luteolin >100 −33.932 3
Apigenin >100 −33.639 3

The values shown are the means ± standard deviation of triplicate assays.

The results indicated that the skeleton structure of the flavonoids had a crucial impact
on their protective activities. Generally, most of the compounds in the flavan-3-ol subtypes
exhibited the strongest protective activities, followed by the flavanone subtype, and the
protective activity of most compounds under the flavonol subtype were weaker than the
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former two subtypes. In contrast, neither the compounds in the flavonoid subtype nor the
isoflavone subtype showed protective activity.

For the subtype of the flavan-3-ols, EGCG and ECG showed stronger protective activi-
ties than those of EGC and EC (11.98 ± 0.49 µM vs. 43.06 ± 1.18 µM, and 34.52 ± 2.69 µM
vs. 52.34± 3.99 µM), suggesting that the gallate group substitution enhanced the protective
activity of the MG-treated PC-12 cells. Moreover, it was also crucial for the presence of the
pyrogallol substitution on B-ring, since the protective effect of EC was weaker than EGC
(52.34 ± 3.99 µM vs. 43.06 ± 1.18 µM) on the MG-induced PC-12 cells. Interestingly, it was
found that the configuration of the 3 position in the flavan-3-ols played an important role in
their protective activity. All the substitutions at the 3 position with an R configuration (EC,
EGC, ECG, and EGCG) showed relatively strong protective activities; that is, no obvious
protective activity was found for the (+) catechin, whose substitution at the 3 position was
in the S configuration. A previous study also indicated that flavan-3-ols with the galloyl
moiety substation and an R configuration at the 3 position had improved antioxidant activ-
ity in HepG2 tumor cells [20], suggesting that the substitution of the galloyl moiety and the
R configuration at the 3 position are important for the protective activity of flavan-3-ols in
different cell lines.

Regarding the flavanone subtype, both tested compounds showed protective activities.
In addition, the naringenin showed relatively strong activities (EC50 = 13.35 ± 1.92 µM),
whereas no obvious activity was observed in apigenin, whose structure is almost identical
with naringenin, wherein the only difference is the existence of a double bond between C-2
and C-3. These data were consistent with the result obtained for the flavan-3-ols subtype
wherein the absence of a double bond at the C-2 and C-3 position was important to their
protective activities. However, it was reported that naringenin did not show obvious
activity in a cellular antioxidant activity (CAA) assay of HepG2 cells [20]. These data
indicated that the influence of the double bond between C-2 and C-3 in flavanone on
its cell protective activity is cell-line-specific. Of course, as the commercially available
flavanone subtypes are limited, only two of them were tested for their protective activities.
In the future, other SARs—besides the importance of the bond type between the C-2 and
C-3—need to be summarized after the assaying of more flavanones with respect to their
protective activities in the MG-treated PC-12 cells.

For the flavonol subtype, quercetin showed higher activities (EC50 = 28.83 ± 2.76 µM)
than luteolin (EC50 > 100 µM). Meanwhile, the substitution of the hydroxyl group at the
3 position with a glycosyl group weakened flavonol’s protective activities; for example,
the substitutions of the hydroxyl group at the 3 position in quercetin with either glu-
cosidase (isoquercitrin) or rutinosidase (rutin) nullified flavonol’s protective activities.
These results demonstrated the importance of the hydroxyl group substitution at the 3
position on the C-ring. The hydroxyl group substitution on the other position also in-
fluenced its protective activities: higher activities of quercetin (EC50 = 28.83 ± 2.76 µM)
than kaempferol (EC50 > 100 µM) indicated that the 4′-hydroxyl group played an impor-
tant part when the 3′-hydroxyl group was present. Moreover, it was clarified that meta-
hydroxyl groups are stronger than the ortho-hydroxyl groups on the B-ring by comparing
morin (EC50 = 14.83 ± 1.70 µM) to quercetin (EC50 = 28.83 ± 2.76 µM). However, quercetin
showed stronger activity than morin in the CAA assay [20]; thus, its mechanism needs to
be further explored.

2.3. Molecular Docking Study

To further explain the SARs of the flavonoids, in silico docking studies were per-
formed using Autodock software. Consequently, it was suggested that the Keap1–Nrf2
complex was the target protein that the drug interacted with in the antioxidative signaling
pathway [25]; therefore, the Keap1–Nrf2 complex (PDB ID: 2FLU [25]) was selected as
the receptor in the docking study. For the subtype of the flavan-3-ols, the binding energy
and the hydrogen bonds of the major flavonoids with the complex were calculated and
summarized in Table 1. For the binding energy, EGCG showed the lowest binding energy
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(−40.041 kJ/mol), followed by ECG, EGC, and EC, and (+)-Catechin showed the highest
binding energy. The protective activities and binding energy showed the same tendency,
which supported the importance of the gallate and pyrogallol groups’ substitution as well
as the 3 position in the flavan-3-ols found in the SAR analysis. The results of the SAR
analysis in the assay could also be confirmed by hydrogen bond data (Table 1). In the
best conformation of EGCG (Figure 2A), a gallic acid substituent formed five of the eight
hydrogen bonds (H-bond) with three amino acids in the binding pocket (Val 561, Arg 326,
and Val 369), and the hydroxyl groups on the basic skeleton formed the rest of the three
hydrogen bonds with the other three amino acids in the binding pocket (Val 467, Val 418,
and Val 420). Similarly, compared with EGCG, EGC, whose structure lacked a gallic acid
substituent, was predicted to only form four H-bonds between the hydroxyl groups in the
3 position and B ring and with Val 418, Leu 557, and Val 604, which demonstrated that the
presence of a gallic acid substituent could increase the activities in question (Figure 2A).
The actual EC50 and predicted binding energy are presented in Figure S4, and a good linear
correlation (R2 = 0.7084) was observed. The binding energy reflected the neuroprotective
activity against MG-induced damage and provided information for further drug screening.
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Figure 2. EGCG ((A) in green), EGC ((A) in purple), Naringenin ((B) in green), Apigenin ((B) in
purple), Quercetin ((C–F) in green), Luteolin ((C) in purple), Kaempferol ((D) in purple), Morin ((E) in
purple), and Rutin ((F) in purple) in the binding site of Keap1–Nrf2 complex. (PDB ID: 2FLU). The
figure was generated using PyMol (http://pymol.sourceforge.net/) (accessed on 5 July 2022).

For the flavanone subtype, the binding energies of naringenin and apigenin were
calculated as −35.271 kJ/mol and −33.639 kJ/mol, respectively, which also showed the
same tendency with the assay. The H-bond data indicated that both the two compounds
formed three H-bonds with the amino acids. Naringenin formed H-bonds with Gly 367,
Val 606, and Leu 557 (Figure 2B), while apigenin formed H-bonds with Val 514, Gly 367,
and Val 418(Figure 2B). It was supposed that a single bond in naringenin could be twisted,
thus alternating the docked position, which affected the binding energy.

For the flavonol subtype, quercetin showed a relatively lower binding energy of
−34.351 kJ/mol, forming four H-bonds between hydroxyl groups and amino acid residue;
for instance, the 3′-hydroxyl group formed two hydrogen bonds with Val 465 and Val 512,
the 3-hydroxyl group formed one hydrogen bond with Val 606, and another hydrogen

http://pymol.sourceforge.net/
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bond formed between the 4′- hydroxyl group and Val 418 (Figure 2C). On the contrary,
both luteolin (Figure 2C) and kaempferol (Figure 2D), which lack the 3-hydroxyl and 3′-
hydroxyl groups, respectively, only formed three H-bonds and, consequently, showed
higher binding energy. Moreover, it was calculated that morin had a lower binding energy
than quercetin, namely, −34.895 kJ/mol, which might be because morin formed two key
H-bonds between the 2′- hydroxyl group with Val 606 and Gly 367 (Figure 2E). On the other
hand, compared with quercetin, the docking data indicated that the binding energies were
higher in rutin (Figure 2F) and isoquercitrin, which might be due to the glycoside group
substitution that blocked the entry of the compounds into the binding pocket. All these
docking results were consistent with the assay data, and further confirmed the importance
of the substitution of hydroxyl groups in the 2′, 3′, and 3 positions in the flavonol subtype.

In this study, the use of MG-induced PC-12 cells through an in vitro method were
established to test the neuroprotective activity of the flavonoids, and a silicon molecular-
docking method using the Keap1–Nrf2 complex as the receptor was used to further verify
the SAR analysis. The in vitro assay and the silicon showed almost the same tendency.
These results suggested that the docking of the test compounds with the Keap1–Nrf2
complex prior to the in vitro assay might constitute an alternative method for the neuropro-
tective assay, which could lower costs and greatly increase efficiency. On the other hand,
only 25 flavonoids were tested in our study; thus, more flavonoids need to be tested to
verify the results of the SAR analysis.

2.4. The Mechanism of EGCG on MG-Induced Oxidative Stress and Apoptosis in PC-12
Neuroblastoma Cells

Previous studies and our docking experiments demonstrated that the Nrf2-Keap1
complex and antioxidants play an important role in the protective activities of the flavonoids
against the nerve cell damage induced by MG. Thus, the mechanism of the flavonoids
against MG-induced oxidative stress in PC-12 neuroblastoma cells was studied through
a Western blot analysis of the Nrf2/Keap1/HO-1 signaling pathway. As it was shown,
after the MG treatment, the expression of HO-1 decreased, while the expression of Keap1
noticeably increased. However, EGCG significantly promoted the expression of HO-1 and
inhibited the expression of Keap1 in a dose-dependent manner (Figure 3A–D). Meanwhile,
the results showed that EGCG induced the nuclear translocation of Nrf2 (Figure 3E,F). This
suggested that the intervention of the Nrf2/Keap1/HO-1 pathway, which is closely related
to oxidative stress, is one of the key mechanisms of EGCG-mediated neuroprotection
against MG-induced PC-12 cells.

Oxidative stress can cause neuronal apoptosis [26]. To investigate the effect of EGCG
on the MG-induced PC-12 cells’ apoptosis, PC-12 cells were co-cultured with EGCG in
an MG-containing medium. The flow cytometry results showed that MG-induced PC-12
cells’ apoptosis was markedly rescued by EGCG (Figure 4A). Moreover, the Bcl-2 family
members are also of importance in oxidative stress-mediated neuronal death, especially the
ratio of Bcl-2 to Bax [7,27]. It is the crucial marker of differentiating anti- or pro-apoptotic
effects. Thus, the effects of EGCG on Bcl-2 and Bax were also investigated. The results
showed that, after being treated with MG for 48h, the expression of Bax increased and
that of Bcl-2 decreased. Moreover, the quantitative analysis implied that EGCG increased
the ratio of Bcl-2 to Bax in a dose-dependent manner (Figure 4B,C). This was a strong
indication that the decrease in the ratio of Bax and Bcl-2 caused by EGCG contributed to
the prevention of MG-induced cell death.
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Oxidative stress, caused by hyperglycemia and accelerating neuronal apoptosis, is also
a major event in neurodegenerative disorders, which is usually a noticeable cause of diabetic
complications [28]. Quercetin has been reported to reduce oxidative stress levels, activate
SIRT1, and inhibit ER pathways from potentiating cognitive dysfunction [29]. Morin
exhibited neuroprotective effects via the TrkB/Akt pathway against diabetes-mediated
oxidative stress and apoptosis in neuronal cells. Therefore, an intervention addressing
oxidative stress and neuronal apoptosis [30] is considered an essential strategy to prevent
diabetic encephalopathy.
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Figure 4. Effects of EGCG on MG-induced PC-12 cells’ apoptosis. (A) Analysis of cell apoptosis
by flow cytometry. (B) Western blot results of the expression levels of Bcl2 and Bax. (C) Statistical
analysis of the expression levels of the ratio of Bcl2 and Bax. Data shown are the mean ± SD of
three independent experiments. ## p < 0.01 compared with the control.** p < 0.01 compared with the
MG group.

3. Materials and Methods
3.1. Reagents and Antibodies

All flavonoids (≥98% Purity) were purchased from Sichuan Weikeqi Biological Tech-
nology (Chengdu, China), and were dissolved at a concentration of 100 mM in DMSO as
a stock solution (stored at −20 °C). The solution was then further diluted in cell culture
medium to create working concentrations. Methylglyoxal was obtained from Aladdin.
Antibodies against Bcl-2, Bax, HO-1, β-actin, and Lamin B1 were purchased from Protein-
tech (Wuhan, China). Antibodies against Nrf2 and Keap1 were purchased from Beyotime
Biotechnology (Beijing, China). The secondary anti-rabbit or anti-mouse HRP-conjugated
antibodies were purchased from Proteintech (Wuhan, China).

3.2. Cell Culture and Treatment

Rat pheochromocytoma PC-12 cells were provided by Chinese Academy of Sciences
Cell Bank (Shanghai, China) and cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 100 g/mL streptomycin, and 100 IU/mL penicillin in a humidified 5%
CO2 atmosphere at 37 ◦C. Cells were co-cultured with 0.5 mM MG and flavonoids for 48 h.

3.3. Analysis of Cell Viability

The proliferative activity of flavonoids on PC-12 cells was determined by 3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cells were
cultured in 96-well plates with 1 × 104 cells per well for overnight incubation and were
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treated with flavonoids co-cultured with methylglyoxal for 48 h. Then, the old medium was
removed and the residual medium with drugs was washed away using sodium phosphate
buffer (PBS). Afterwards, 100 µL of MTT solution diluted in fresh medium was added per
well and the cells were incubated at 37 ◦C for another 4 h. After removal of the medium,
100 µL DMSO was added per well to dissolve the formazan crystals. When fully dissolved,
the absorbance at 570 nm was measured by a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) and absorbance at 630 nm as reference.

3.4. Western Blot Analysis

Cells were lysed in RIPA buffer with protease inhibitor cocktail (MedChemExpress)
after the treatment with MG and EGCG. Protein concentration was determined by BCA
protein assay kit (Solarbio, Beijing, China). Same amounts of proteins were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes (Merck
Millipore, Darmstadt, Germany). The membranes were blocked with 5% skim milk for 2 h,
followed by overnight incubation at 4 ◦C with primary antibodies Nrf2, Keap1, HO1, Bcl-2,
Bax, β-actin, and Lamin B1. The membranes were washed with TBST three times, and then
incubated with secondary antibodies (1:2000 dilution) for 1 h at room temperature. Finally,
the bands were visualized using an ECL kit (Solarbio, China).

3.5. Molecular Docking

Molecular docking was performed to predict the binding sites and efficacy between
Keap1–Nrf2 complex and EGCG using AutodockTools1.5.6. The crystal structure of Keap1–
Nrf2 complex (PDB: 2FLU) was downloaded from the Protein Data Bank (www.rcsb.org,
accessed on 16 October 2022). Before docking, water molecules were removed from protein
file 2FLU. A grid box size of 166 × 140 × 134 points with a spacing of 0.431 Å between grid
points was generated to cover almost the entire favorable protein binding site. The X, Y,
and Z centers were 16.401, 16.672, and 7.238, respectively. In addition, the settings are as
follows: maximum energy evaluation number = 25,000,000; number of generations = 27,000;
mutation rate = 0.02.

3.6. Flow Cytometry

Cell apoptosis was detected by flow cytometry (BD Accuri C6, USA), wherein PC-12
cells were placed in 60mm plates and stained with PI and Annexin V-fluorescein isothio-
cyanate (FITC) according to manufacturer’s protocols (Elabscience Annexin V-FITC/PI
Apoptosis Kit). The apoptotic PC-12 cells were analyzed with FlowJo_V10.8.1.

3.7. Statistical Analysis

All experiments were performed three times. Data are presented as mean ± standard
deviation (SD). SPSS 22.0 software was used for statistical analysis, and the significant dif-
ference was determined by one-way analysis of variance (ANOVA). p < 0.05 was considered
statistically significant.

4. Conclusions

In conclusion, 25 flavonoids were evaluated for their protective activity of MG-induced
PC-12 cells, and the SARs analyses obtained from the assay and molecular docking data
indicated that gallate and pyrogallol groups, the configuration of the 3 position in flavan-
3-ol, and some positions of the hydroxyl group’s substitution in flavonol were crucial
for their activities. The mechanistic study demonstrated that EGCG, the most active
compound among the test flavonoids, showed neuroprotective effects that were mediated
by antioxidant and anti-apoptotic activities induced via the Nrf2/Keap1/HO-1 and Bcl-
2/Bax pathways. Our studies may provide a method for rapidly screening neuroprotective
antioxidants, which would contribute to the development of diabetic encephalopathy
treatments.

www.rcsb.org
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227804/s1, Figure S1: Cell viability of PC-12 cells
treated by MG. * p < 0.05 and ** p < 0.01 compared with the control; Figure S2: Cell viability of
MG-induced PC-12 cells treated by curcumin. * p < 0.05 and ** p < 0.01 compared with the MG group;
Figure S3: Other flavonoids tested in protective activities on MG-induced PC12 cells; Figure S4: The
linear correlation between binding energy of main flavan 3-ols (EC, EGC, ECG, EGCG) and the EC50
for MG-induced PC-12 cells.

Author Contributions: Conceptualization, Y.D. and Y.B.; methodology, D.Z. and Y.X.; validation,
X.L. and X.H.; investigation, D.Z.; resources, Y.B. and B.J.; writing—original draft preparation, D.Z.;
writing—review and editing, Y.D.; supervision, Z.X.; project administration, Y.D.; funding acquisition,
Y.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundamental Research Funds for the Central Universities
(No. DUT21ZD208, DUT22YG203 and DUT22YG129).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Northam, E.A.; Rankins, D.; Lin, A.; Wellard, R.M.; Pell, G.S.; Finch, S.J.; Werther, G.A.; Cameron, F.J. Central Nervous System

Function in Youth with Type 1 Diabetes 12 Years After Disease Onset. Diabetes Care 2009, 32, 445–450. [CrossRef] [PubMed]
2. Kuhad, A.; Chopra, K. Curcumin attenuates diabetic encephalopathy in rats: Behavioral and biochemical evidences. Eur. J.

Pharmacol. 2007, 576, 34–42. [CrossRef] [PubMed]
3. Chatterjee, S.; Peters, S.; Woodward, M.; Arango, S.M.; Huxley, R.R. Type 2 Diabetes as a Risk Factor for Dementia in Women

Compared with Men: A Pooled Analysis of 2.3 Million People Comprising More Than 100,000 Cases of Dementia. Diabetes Care
2016, 39, 300–307. [CrossRef] [PubMed]

4. Liu, D.; Chan, S.L.; de Souza-Pinto, N.C.; Slevin, J.R.; Wersto, R.P.; Zhan, M.; Mustafa, K.; de Cabo, R.; Mattson, M.P. Mitochondrial
UCP4 mediates an adaptive shift in energy metabolism and increases the resistance of neurons to metabolic and oxidative stress.
Neuromol. Med. 2006, 8, 389–413. [CrossRef]

5. Kierdorf, K.; Wang, Y.; Neumann, H. Immune-mediated CNS damage. Results Probl. Cell Differ. 2009, 51, 173–196.
6. Sugimoto, K.; Nishizawa, Y.; Horiuchi, S.; Yagihashi, S. Localization in human diabetic peripheral nerve of Nε-carboxymethyllysine-

protein adducts, an advanced glycation endproduct. Diabetologia 1997, 40, 1380–1387. [CrossRef] [PubMed]
7. Arriba, S.; Stuchbury, G.; Yarin, J.; Burnell, J.; Münch, G. Methylglyoxal impairs glucose metabolism and leads to energy depletion

in neuronal cells–protection by carbonyl scavengers. Neurobiol. Aging 2007, 28, 1044–1050. [CrossRef]
8. Maessen, D.E.M.; Stehouwer, C.D.A.; Schalkwijk, C.G. The role of methylglyoxal and the glyoxalase system in diabetes and other

age-related diseases. Clin. Sci. 2015, 128, 839–861. [CrossRef]
9. Palsamy, P.; Bidasee, K.R.; Ayaki, M.; Augusteyn, R.C.; Chan, J.Y.; Shinohara, T. Methylglyoxal induces endoplasmic reticulum

stress and DNA demethylation in the Keap1 promoter of human lens epithelial cells and age-related cataracts. Free Radic. Biol.
Med. 2014, 72, 134–148. [CrossRef]

10. Ota, K.; Nakamura, J.; Li, W.; Kozakae, M.; Watarai, A.; Nakamura, N.; Yasuda, Y.; Nakashima, E.; Naruse, K.; Watabe, K.; et al.
Metformin prevents methylglyoxal-induced apoptosis of mouse Schwann cells. Biochem. Biophys. Res. Commun. 2007, 357,
270–275. [CrossRef] [PubMed]

11. Thornalley, P.J.; Langborg, A.; Minhas, H.S. Formation of glyoxal, methylglyoxal and 3-deoxyglucosone in the glycation of
proteins by glucose. Biochem. J. 1999, 344, 109–116. [CrossRef]

12. Liu, P.; Yin, Z.; Chen, M.; Huang, C.; Wu, Z.; Huang, J.; Ou, S.; Zheng, J. Cytotoxicity of adducts formed between quercetin and
methylglyoxal in PC-12 cells. Food Chem. 2021, 352, 129424. [CrossRef] [PubMed]

13. Mmk, A.; Smh, B.; Ams, C.; Ay, A. Ameliorate impacts of scopoletin against vancomycin-induced intoxication in rat model
through modulation of Keap1-Nrf2/HO-1 and IκBα-P65 NF-κB/P38 MAPK signaling pathways: Molecular study, molecular
docking evidence and network pharmacology analysis. Int. Immunopharmacol. 2021, 102, 108382.

14. Su, J.; Yen, J.; Li, S.; Weng, C.; Lin, M.; Ho, C.; Wu, M. 3′,4′-Didemethylnobiletin induces phase II detoxification gene expression
and modulates PI3K/Akt signaling in PC12 cells. Free. Radic. Biol. Med. 2012, 52, 126–141. [CrossRef] [PubMed]

15. Hoyer, S. Oxidative metabolism deficiencies in brains of patients with Alzheimer’s disease. Acta Neurol. Scand. 2015, 94, 18–24.
[CrossRef]

16. Spencer, J.P.E.; Vafeiadou, K.; Williams, R.J.; Vauzour, D. Neuroinflammation: Modulation by flavonoids and mechanisms of
action. Mol. Asp. Med. 2012, 33, 83–97. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27227804/s1
https://www.mdpi.com/article/10.3390/molecules27227804/s1
http://doi.org/10.2337/dc08-1657
http://www.ncbi.nlm.nih.gov/pubmed/19151204
http://doi.org/10.1016/j.ejphar.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17822693
http://doi.org/10.2337/dc15-1588
http://www.ncbi.nlm.nih.gov/pubmed/26681727
http://doi.org/10.1385/NMM:8:3:389
http://doi.org/10.1007/s001250050839
http://www.ncbi.nlm.nih.gov/pubmed/9447944
http://doi.org/10.1016/j.neurobiolaging.2006.05.007
http://doi.org/10.1042/CS20140683
http://doi.org/10.1016/j.freeradbiomed.2014.04.010
http://doi.org/10.1016/j.bbrc.2007.03.140
http://www.ncbi.nlm.nih.gov/pubmed/17418096
http://doi.org/10.1042/bj3440109
http://doi.org/10.1016/j.foodchem.2021.129424
http://www.ncbi.nlm.nih.gov/pubmed/33706136
http://doi.org/10.1016/j.freeradbiomed.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22064360
http://doi.org/10.1111/j.1600-0404.1996.tb05868.x
http://doi.org/10.1016/j.mam.2011.10.016


Molecules 2022, 27, 7804 11 of 11

17. Ponte, L.; Pavan, I.; Mancini, M.; Silva, L.D.; Morelli, A.; Severino, M.; Bezerra, R.; Simabuco, F. The Hallmarks of Flavonoids in
Cancer. Molecules 2021, 26, 2029. [CrossRef]

18. Xie, C.L.; Park, K.H.; Kang, S.S.; Cho, K.M.; Lee, D.H. Isoflavone-enriched soybean leaves attenuate ovariectomy-induced
osteoporosis in rats by anti-inflammatory activity. J. Sci. Food Agric. 2020, 101, 1499–1506. [CrossRef] [PubMed]

19. Xue, X.; Deng, Y.; Wang, J.; Zhou, M.; Liao, L.; Wang, C.; Peng, C.; Li, Y. Hydroxysafflor yellow A, a natural compound from
Carthamus tinctorius L with good effect of alleviating atherosclerosis. Phytomedicine 2021, 91, 153694. [CrossRef]

20. Wolfe, K.L.; Liu, R.H. Structure-activity relationships of flavonoids in the cellular antioxidant activity assay. J. Agric. Food Chem.
2008, 56, 8404–8411. [CrossRef] [PubMed]

21. Luo, L.X.; Bai, R.F.; Zhao, Y.Q.; Li, J.; Wei, Z.M. Protective Effect of Grape Seed Procyanidins against H2O2 -Induced Oxidative
Stress in PC-12 Neuroblastoma Cells: Structure-Activity Relationships. J. Food Sci. 2018, 83, 2622–2628. [CrossRef]

22. Hwang, S.L.; Yen, G.C. Effect of Hesperetin against Oxidative Stress via ER- and TrkA-Mediated Actions in PC12 Cells. J. Agric.
Food Chem. 2011, 59, 5779–5785. [CrossRef] [PubMed]

23. Jiang, B.; Liang, L.; Pan, H.; Hu, K.; Xiao, P. Dihydromyricetin ameliorates the oxidative stress response induced by methylglyoxal
via the AMPK/GLUT4 signaling pathway in PC12 cells. Brain Res. Bull. 2014, 109, 117–126. [CrossRef] [PubMed]

24. Zhang, R.R.; Hu, R.D.; Lu, X.Y.; Ding, X.Y.; Zhang, S.J. Polyphenols from the flower of Hibiscus syriacus Linn ameliorate
neuroinflammation in LPS-treated SH-SY5Y cell. Biomed. Pharmacother. 2020, 130, 110517. [CrossRef] [PubMed]

25. Jnoff, E.; Albrecht, C.; Barker, J.J.; Barker, O.; Beaumont, E.; Bromidge, S.; Brookfield, F.; Brooks, M.; Bubert, C.; Ceska, T. Inside
Cover: Binding Mode and Structure-Activity Relationships around Direct Inhibitors of the Nrf2-Keap1 Complex. ChemMedChem
2014, 9, 674. [CrossRef]

26. Chen, Z.; Zhong, C. Oxidative stress in Alzheimer’s disease. Neurosci. Bull. 2014, 30, 271–281. [CrossRef]
27. Song, J.H.; Shin, M.; Hwang, G.S.; Oh, S.T.; Hwang, J.J.; Kang, K.S. Chebulinic acid attenuates glutamate-induced HT22 cell

death by inhibiting oxidative stress, calcium influx and MAPKs phosphorylation. Bioorganic Med. Chem. Lett. 2018, 28, 249–253.
[CrossRef]

28. Xu, Y.; Hua, Z.; Zhu, Q. The Impact of Microbiota-Gut-Brain Axis on Diabetic Cognition Impairment. Front. Aging Neurosci. 2017,
9, 106. [CrossRef]

29. Hu, T.; Shi, J.J.; Fang, J.; Wang, Q.; Chen, Y.B.; Zhang, S.J. Quercetin ameliorates diabetic encephalopathy through SIRT1/ER
stress pathway in db/db mice. Aging 2020, 12, 7015–7029. [CrossRef]

30. Shyma, R.L.; Mini, S. Neuroprotective effect of Morin via TrkB/Akt pathway against diabetes mediated oxidative stress and
apoptosis in neuronal cells. Toxicol. Mech. Methods 2022, 32, 695–704. [CrossRef]

http://doi.org/10.3390/molecules26072029
http://doi.org/10.1002/jsfa.10763
http://www.ncbi.nlm.nih.gov/pubmed/32851642
http://doi.org/10.1016/j.phymed.2021.153694
http://doi.org/10.1021/jf8013074
http://www.ncbi.nlm.nih.gov/pubmed/18702468
http://doi.org/10.1111/1750-3841.14349
http://doi.org/10.1021/jf104632a
http://www.ncbi.nlm.nih.gov/pubmed/21486081
http://doi.org/10.1016/j.brainresbull.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25451453
http://doi.org/10.1016/j.biopha.2020.110517
http://www.ncbi.nlm.nih.gov/pubmed/32688141
http://doi.org/10.1002/cmdc.201490011
http://doi.org/10.1007/s12264-013-1423-y
http://doi.org/10.1016/j.bmcl.2017.12.062
http://doi.org/10.3389/fnagi.2017.00106
http://doi.org/10.18632/aging.103059
http://doi.org/10.1080/15376516.2022.2065225

	Introduction 
	Results 
	Cytotoxicity of Flavonoids to PC-12 Cells 
	The Protective Activities and SAR Analysis of Different Flavonoids With Respect to the Damage Induced by MG 
	Molecular Docking Study 
	The Mechanism of EGCG on MG-Induced Oxidative Stress and Apoptosis in PC-12 Neuroblastoma Cells 

	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture and Treatment 
	Analysis of Cell Viability 
	Western Blot Analysis 
	Molecular Docking 
	Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

