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Abstract: Oxidative stress in the brain is highly related to the pathogenesis of Alzheimer’s disease
(AD). It could be induced by the overproduction of reactive oxygen species (ROS), produced by
the amyloid beta (Aβ) peptide and excess copper (Cu) in senile plaques and cellular species, such
as ascorbic acid (AA) and O2. In this study, the protective effect of 5-hydroxy-7-(4′-hydroxy-3′-
methoxyphenyl)-1-phenyl-3-heptanone (DHPA) on Aβ(1–42)/Cu2+/AA mixture-treated SH-SY5Y
cells was investigated via in vitro and in silico studies. The results showed that DHPA could inhibit
Aβ/Cu2+/AA-induced SH-SY5Y apoptosis, OH· production, intracellular ROS accumulation, and
malondialdehyde (MDA) production. Further research demonstrated that DHPA could decrease
the ratio of Bax/Bcl-2 and repress the increase of mitochondrial membrane potential (MMP) of
SH-SY5Y cells, to further suppress the activation of caspase-3, and inhibit cell apoptosis. Meanwhile,
DHPA could inhibit the Aβ/Cu2+/AA-induced phosphorylation of Erk1/2 and P38 in SH-SY5Y
cells, and increase the expression of P-AKT. Furthermore, DHPA could bind to Keap1 to promote the
separation of Nrf2 to Keap1 and activate the Keap1/Nrf2/HO-1 signaling pathway to increase the
expression of heme oxygenase-1 (HO-1), quinone oxidoreductase-1 (NQO1), glutathione (GSH), and
superoxide dismutase (SOD). Thus, our results demonstrated that DHPA could inhibit Aβ/Cu2+/AA-
induced SH-SY5Y apoptosis via scavenging OH·, inhibit mitochondria apoptosis, and activate the
Keap1/Nrf2/HO-1 signaling pathway.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that causes memory loss,
cognitive impairment, and behavioral dysfunction [1]. In AD brains, high concentrations
of Cu2+ are detected (about 0.4 mM) in amyloid beta (Aβ)-accumulated senile plaques [2,3].
Moreover, the Aβ–Cu2+ complex could react with ascorbic acid (AA) (500 µM–10 mM) in
the brain to continuously generate excessive hydroxyl radicals (OH·) and reactive oxygen
species (ROS) via Fenton and Haber–Weiss reactions [4,5]. These ROS radicals will further
induce oxidative damage to neurons and aggravate the progression of AD [6].

Mitochondria are important sources of ROS [7,8]. Excess ROS could influence the
expression of B-cell lymphoma 2 (Bcl-2) and Bcl2-associated X (Bax), changing the mito-
chondrial membrane potential (MMP), inducing the expression of caspase-3 (cleaved), and
inducing neuronal apoptosis [9].
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The Kelch-like ECH-associated protein 1-nuclear factor-E2-related factor 2 (Keap1-
Nrf2) signaling pathway, together with the antioxidant response element (ARE), is
an important pathway for cells to resist oxidative stress [10]. Under normal physiological
conditions, Nrf2 binds to Keap1 in an inactive state in the cytoplasm. If it has not been
activated, Nrf2 will be ubiquitinated and then degraded [10,11]. When the cells are stim-
ulated by internal or external oxidative stress and electrophilic or chemical substances,
Nrf2 is activated [12]. There are two main ways to activate Nrf2. One is to mutate two
cysteine residues, Cys273 and Cys288, in the intervening region (IVR) of Keap1, result-
ing in reduced Keap1-dependent ubiquitination of Nrf2, increased intracellular stability,
and translocation of Nrf2 into the nucleus [13,14]. The other is to phosphorylate Nrf2
through multiple protein kinase pathways, such as mitogen-activated protein kinases
(MAPKs), phosphatidylinositol-3-kinase (PI3K), and protein kinase C (PKC) to separate
it from Keap1 [12]. After activation, Nrf2 is released and transferred to the nucleus [15],
and the ARE promotes the expressions of antioxidant enzymes, such as heme oxygenase-1
(HO-1) and quinone oxidoreductase-1 (NQO1) [16]. Meanwhile, Keap1-Nrf2 can also
induce the decomposition of superoxide and superoxide by inducing the expressions of
superoxide dismutase (SOD), superoxide reductase, glutathione peroxidase, etc. [17,18].

As Keap1 plays an important role in the ubiquitination and degradation of Nrf2, it
is commonly considered the target for molecular docking (MD) simulations to interrupt
the Keap1/Nrf2 protein interactions and activate Nrf2 antioxidative signaling [19]. Several
natural compounds have been reported to activate Nrf2 via in vitro, in vivo, and MD
simulation experiments [20,21]. Research shows that sargahydroquinoic acid, which is
extracted from algae, could bind to Keap1 via hydrogen bonds and van der Waals forces,
and induce Nrf2 activation (to mediate the antioxidant defense system in Aβ-induced
oxidative stress) [22]. Phlorizin, which is extracted from apple peel, is also reported to bind
to the Keap1 protein to separate the Nrf2 protein from Keap1 and activate Nrf2 (to enter
the nucleus and promote the expressions of antioxidant-related genes) [23].

Alpinia officinarum Hance is a traditional medicine in China; it mainly contains diarylhep-
tanoids, flavonoids, essential oils, and other bioactive components [24]. It has been reported
that diarylheptane (DAH) extracted from Alpinia officinarum Hance has various biological activi-
ties, such as anticancer–antibacterial [25], anti-inflammatory, and antioxidant properties [26,27].
Moreover, 5-hydroxy-7-(4′-hydroxy-3′-methoxyphenyl)-1-phenyl-3-heptanone (DHPA), is one
of the DAHs extracted from the rhizome of Alpinia officinarum Hance [28]. It can be used as
a pancreatic lipase inhibitor [29]; it also has anti-Helicobacter pylori [30] and antitubercular
abilities. Meanwhile, it has been reported that DHPA has significant antioxidant and
anti-inflammatory abilities [27], but the study on AD is rare. In this study, the protective
effect of DHPA on SH-SY5Y cells against Aβ(1–42)/Cu2+/AA-induced oxidative stress was
investigated. The potential mechanism was also studied with in vitro and in silico methods.

2. Materials and Methods
2.1. Materials and Solution Preparation

Materials: 5-hydroxy-7-(4′-hydroxy-3′-methoxyphenyl)-1-phenyl-3-heptanone (DHPA)
(purity ≥ 98%) was purchased from Shanghai Yansheng Industrial Co., Ltd. (Shanghai,
China). Dulbecco’s Modified Eagle Media: Nutrient Mixture F-12 (DMEM/F12) (v:v, 1:1)
cell culture medium (cat. no. C11330500BT), fetal bovine serum (FBS) (cat. no. 10270-106),
and 0.25% trypsin (cat. no. 25200-056) were purchased from Gibco Co. (Grand Island, NY,
USA). Aβ(1–42) (cat. no. 107761-42-2) was purchased from the American Peptide Company
Co., Inc. (Sunnyvale, CA, USA). Annexin V-FITC(PI) (cat. no. AO2001-02P-H) Apoptosis
Analysis Kit was obtained from Sungene Biotech Co., Ltd. (Tianjin, China). BeyoECL Plus
(cat. no. P0018S), active oxygen detection kit (cat. no. S0033S), and mitochondrial mem-
brane potential detection kit JC-1 (cat. no. C2006) were obtained from Beyotime Biological
Co., Ltd. (Shanghai, China). The BCA protein quantification assay kit (cat. no. P001B-1)
was obtained from Labgic Technology Co., Ltd. (Hefei, China). Coumarin-3-carboxylic
acid (CCA) (cat. no. C85603) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) (cat. no. M2003), CuSO4 (cat. no. 209198) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Ascorbic acid (cat. no. A800296) and NaOH (cat. no.
10019718) and other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China).

Bcl2 (1:1000, cat. no. A19693), Bax (1:1000, cat. no. A12009), Nrf2 (1:1000, cat. no.
A0674), Keap1 (1:1000, cat. no. A1820), HO-1 (1:1000, cat. no. A1346), and NQO1 (1:1000,
cat. no. A0047) were bought from ABclonal Technology Co., Ltd. (Wuhan, Hubei, China).
Cleaved caspase-3 (1:1000, cat. no. ARG57512) and P-P38 (1:500, cat. no. ARG51850)
were obtained from Arigo Biolaboratories (Hsinchu City, Taiwan, China). P38 (1:1000,
cat. no. 9212), Erk1/2 (1:1000, cat. no. 4695), P-Erk1/2 (1:2000, cat. no. 4370), AKT
(1:1000, cat. no. 9272), and P-AKT (1:2000, cat. no. 4060) were bought from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Additionally, malondialdehyde (MDA; cat. no.
A003-4-1), GSH (cat. no. A061-1-2), and superoxide dismutase (SOD; cat. no. A001-3-2) test
kits were bought from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Aβ(1–42) stock was freshly prepared by dissolving Aβ(1–42) (0.5 mg) in 20 mM NaOH
(220 µL) solution. Copper stock was prepared by dissolving CuSO4 (0.25 g) in 100 mM
H2SO4 (10 mL), diluted with 1 mM H2SO4 to 1 mM CuSO4, and diluted with deion-
ized (DI) water (100 µM). Solutions of AA (10 mM) were freshly prepared with DI water
(for the CCA assay) or complete media (cell assays). The DHPA (2 mM) stock was pre-
pared with dimethyl sulfoxide (DMSO). To prepare the Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA
(1 mM)/DHPA mixture, different stock volumes were added into the DI water (for the
CCA assay) or complete media (cell assays) to obtain the desired concentrations. The
final concentration of NaOH was 0.4 mmol/L, and the final concentration of DMSO was
less than 0.1%. The control group solution was prepared with the same formula as the
experimental group, except Aβ(1–42), Cu2+, AA, or DHPA.

2.2. Cell Culture

Human neuroblastoma SH-SY5Y cells were purchased from the American Type Cul-
ture Collection (Washington, DC, USA). SH-SY5Y cells were routinely grown in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
and 1% streptomycin/penicillin–streptomycin at 37 ◦C in a humidified incubator (S111,
Thermo Fisher Scientific, Waltham, MA, USA) with 5% CO2.

2.3. Cell Viability Assay (MTT Assay)

When SH-SY5Y cells grew to the log phase, they were digested with trypsin for
counting, the cell densities were adjusted to 1 × 104 cells/mL (100 µL), and added to a 96-
well plate, 100 µL per well. Then, the plated 96-well plate was placed in an incubator for 6 h.
Afterward, the cells were stably adhered to the wall, cultured with Aβ(1–42) (10 µM)/Cu2+

(5 µM)/AA (1 mM) mixtures in the absence or presence of different concentrations of DHPA
(0, 0.5, 2, 4, 6, 8, 10 µM) for 24 h; 100 µL of 10% MTT was added to each well, incubated
for 4 h, were carefully removed, and 100 µL of DMSO was added. The absorbance value
was detected at 490 nm with an automated microplate spectrophotometer (Spectra Max
i3X, Sunnyvale, CA, USA). Cell viability is expressed as a percentage of the control.

2.4. Morphological Observations

SH-SY5Y cells in the logarithmic growth at a density of 1 × 104 cells/mL (1 mL)
were cultured onto a 6-well plate for 6 h. Then SH-SY5Y cells were cultured with Aβ(1–42)
(10 µM)/Cu2+ (5 µM)/AA (1 mM) mixtures in the absence or presence of different concen-
trations of DHPA (0, 0.5, 4, 10 µM) for 24 h. Cell morphology was obtained and images
were captured with an inverted fluorescence microscope (Ti2-E, Tokyo, Japan).

2.5. Flow Cytometry Assay

SH-SY5Y cells (1 × 104 cells/mL, 1 mL) were placed on a 6-well plate for 6 h, and
treated with Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM) mixtures in the absence or presence
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of different concentrations of DHPA (0, 0.5, 4, 10 µM) for 24 h at 37 ◦C. Cell apoptosis
was detected with the Annexin V-FITC(PI) Apoptosis Analysis kit. The cells were washed
and centrifuged 3 times, resuspended in a flow tube, and incubated with fluorescein
isothiocyanate-(FITC-)-coupled annexin V (AV) and propidium iodide (PI) solution for
15 min. The fluorescence signal was detected with a NovoCyte flow cytometer (Agilent
Technologies Inc., Palo Alto, CA, USA) and analyzed by NovoExpress software.

2.6. Detection of Hydroxyl Radical

CCA was used as a fluorescence probe for OH· determination [31] with a Hitachi
F-4600 spectrofluorometer from Hitachi High-Tech Corporation (Tokyo, Japan). CCA
fluorescence was recorded at 540 nm, with an excitation wavelength of 390 nm. The widths
of the entrance and exit slits were both 5 nm. The OH· amounts in the solutions of the
Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM) mixtures in different concentrations of DHPA
(0.5, 4, 10 µM) were detected with a CCA probe. The fluorescence ratio was calculated
as follows:

Ratio (%) = 100 × F/F0 (1)

where F is the CCA fluorescence intensity in each solution and F0 is the CCA fluorescence
intensity of the Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM) mixture.

2.7. Intracellular Reactive Oxygen Species Determination

SH-SY5Y cells (1 × 104 cells/mL, 1 mL) were placed on a 6-well plate for 6 h, and then
treated with Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM) at different concentrations of DHPA
(0, 0.5, 4, 10 µM) for 24 h at 37 ◦C, and then were treated according to the DCFH-DA kit
instructions. The fluorescent pictures were taken with an inverted fluorescence microscope
(Ti2-E, Tokyo, Japan). The fluorescence intensity was recorded with the Hitachi F-4600
spectrofluorometer from Hitachi High-Tech Corporation (Tokyo, Japan) with the excitation
and emission wavelengths at 485 and 525 nm. The fluorescence ratio was calculated
as follows:

Ratio (%) = 100 × F/F0 (2)

where F is the DCFH-DA fluorescence intensity of Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA
(1 mM)/DHPA (0.5, 4, 10 µM) mixture-treated SH-SY5Y cells and F0 is the DCFH-DA fluo-
rescence intensity of the Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM)-treated SH-SY5Y cells.

2.8. Intracellular SOD, GSH, and MDA Content Determination

SH-SY5Y cells (1 × 104 cells/mL, 1 mL) were grown on a 6-well plate for 6 h and
then treated with Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM) at different concentrations
of DHPA (0, 0.5, 4, 10 µM) for 24 h at 37 ◦C. Glutathione (GSH), superoxide dismutase
(SOD), and malondialdehyde (MDA) were measured following the kit instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The absorbance value was detected
with a microplate reader.

2.9. Mitochondrial Membrane Potential Determination

A fluorescent probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine (JC-1)
was used to detect mitochondrial membrane potential (MMP) of SH-SY5Y cells. The cell
treatment method is the same as the description in Section 2.7. The cells were treated
with JC-1 dye following the JC-1 kit instructions. The fluorescence intensity was recorded
with a microplate reader and the MMP was obtained as the ratio of the JC-1 monomer
(FI 530)/JC-1 aggregate (FI 590) fluorescence intensity.

2.10. Western Blot Analysis

Cytosolic protein and nuclear protein samples were collected from DHPA (0, 0.5,
4, 10 µM) and Aβ(1–42) (10 µM)/Cu2+ (5 µM)/AA (1 mM)-treated cells. Protein levels
were measured with a BCA protein quantification assay kit (Labgic Technology Co., Ltd.
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(Hefei, China). Proteins were separated by polyacrylamide/sodium dodecyl sulfate gel
electrophoresis and transferred onto polyvinylidene fluoride membranes. Membranes
were blocked with 5% bovine albumin in Tris-buffered saline containing 0.05% Tween 20
(TBST), followed by incubation with the respective primary antibodies diluted in 5% (M/V)
bovine albumin overnight at 4 ◦C. After washing with Tris-buffered saline with 0.05%
Tween 20 (TBST), the membranes were incubated with an HRP-secondary antibody for 1 h.
Immunoreactive bands were visualized with a chemiluminescent substrate kit and imaged
with Gel Imager 721-BR10883 from BIO-RAD Co., Ltd. (Hercules, CA, USA). Bands were
detected using Image-J software.

2.11. Molecular Docking

The interaction between the DHPA and Keap1 protein (PDB:1X2J, origin: Mus mus-
culus) was investigated with a similar method reported by Liu and co-workers [23]. The
molecular structure of the Keap1 protein was downloaded from the Protein Data Bank
(http://www.rcsb.org (accessed on 23 May 2022)). The molecular structures of DHPA and
curcumin were downloaded from http://www.chemicalbook.com (accessed on 23 May
2022). The molecular docking experiments were performed with AutoDock Vina. Moreover,
the binding energies and interaction sites were analyzed by Discover Studio 2019.

2.12. Statistical Analysis

The results were calculated by using the SPSS 22.0 statistical analysis, and Origin
2018 was used for drawing. Adobe Illustrator software was used to combine graphics and
draw a schematic diagram of the mechanisms. Each experiment and each group of data
were repeated three times, and the results are expressed by mean ± standard deviation
(mean ± SD).

3. Results

3.1. Effects of DHPA on Aβ(1–42)/Cu2+/AA-Treated SH-SY5Y Cells Viability

Amyloid beta (Aβ) peptides aggregated with redox-active metal ions (such as Cu2+

and Fe3+) have been found to exist in senile plaques in the brains of AD patients [32]. These
metal ions can easily bind Aβ peptides to form complexes [32,33] and react with substances
such as ascorbic acid (AA) and O2 in cells to promote the production of OH [33]. Thus,
in this study, the Aβ(1–42)/Cu2+/AA system was used as the OH production model to
simulate the OH-producing process in the senile plaques of AD patients.

To investigate the cytotoxicity of the 5-hydroxy-7-(4′-hydroxy-3′-methoxyphenyl)-
1-phenyl-3-heptanone (DHPA) to SH-SY5Y neuroblastoma cells, the cell viabilities were
detected with the MTT assay. When the concentration of DHPA was at 10 µM, the cell
viability was 89.9%. When the concentration of DHPA increased, the cell viability decreased.
Moreover, when the concentration of DHPA was at 40 µM, the cell viability decreased to
65.7% (Figure 1B). As shown in Figure 1C, concentrations of Cu2+ (5 µM) and AA (1 mM)
at lower levels showed almost no cell toxicity to SH-SY5Y cells. Aβ(1–42) (10 µM) reduced
the cell viability to 92.3% (Figure 1C). However, when the same concentrations of Aβ(1–42),
Cu2+, and AA were mixed, the cell viability decreased to 52.2%. This may have been due to
the oxidative damage from OH·, which was produced by the Aβ(1–42)/Cu2+/AA system,
and the cell toxicities from Aβ(1–42) toxic aggregates.

To investigate the protective effect of DHPA on the Aβ(1–42)/Cu2+/AA mixture-treated
SH-SY5Y cells, the cells were incubated with Aβ(1–42)/Cu2+/AA/DHPA mixtures. As
shown in Figure 1D, when the DHPA concentration increased from 0 to 10 µM, the cell
viability of the Aβ(1–42)/Cu2+/AA-treated SH-SY5Y cells increased from 52.2% to 87.6%.
Moreover, when the concentration of DHPA increased to 20 µM, the cell viability decreased
to 79.6%. These results indicated that a concentration of DHPA below 10 µM could inhibit
the Aβ(1–42)/Cu2+/AA system-induced cytotoxicity.

http://www.rcsb.org
http://www.chemicalbook.com
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3.2. Effects of DHPA on Aβ(1–42)/Cu2+/AA-Induced SH-SY5Y Cell Apoptosis

As shown in Figure 2A, cells in the control group (untreated cells) showed normal cell
morphology, were well-adhered, and had clear edges. The cells in the Aβ(1–42)/Cu2+/AA-
treated group showed ‘shrunken atrophy’ and blurred ruptured boundaries; most cells were
apoptotic. When the cells were treated with DHPA, the morphological damage and density
reduction caused by Aβ(1–42)/Cu2+/AA were restored in a DHPA dose-dependent manner.
The shapes of the cells gradually became normal, and the edges were gradually clear, but
a small number of suspended cells could still be observed. Annexin V/PI staining was also
used to verify the effect of DHPA on Aβ(1–42)/Cu2+/AA-induced cell apoptosis. As shown
in Figure 2B, with the addition of DHPA, the apoptosis rate of Aβ(1–42)/Cu2+/AA-treated
SH-SY5Y cells decreased from 47.23% to 22.41%, which indicated that DHPA could inhibit
Aβ(1–42)/Cu2+/AA-induced cell apoptosis in a dose-dependent manner.
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3.3. Scavenging Effect of DHPA on Aβ(1–42)/Cu2+/AA-Produced OH

To investigate the reason behind the inhibition effect of DHPA on Aβ(1–42)/Cu2+/AA-
induced cell apoptosis, the scavenging effect of DHPA on OH·, produced by the Aβ(1–42)/
Cu2+/AA mixture, was detected with the CCA method. With the increase in the DHPA
concentration (0, 0.5, 4, 10 µM), the amount of OH· decreased from 100% to 54.82%
(Figure 3). The results indicate that DHPA could inhibit the production of OH· by the
Aβ(1–42)/Cu2+/AA mixture in a dose-dependent manner.
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3.4. Effect of DHPA on the Accumulation of ROS and Malondialdehyde, and the Activities of
Antioxidant Enzymes in Aβ(1–42)/Cu2+/AA-Treated SH-SY5Y Cells

OH· could be produced by the Aβ(1–42)/Cu2+/AA system and induce oxidative dam-
age to SH-SY5Y cells. Oxidative damage could influence the accumulation of intracellular
ROS and malondialdehyde (MDA), as well as the activities of SOD and glutathione (GSH)
in cells [34]. Thus, the amount of intracellular ROS and MDA, and the activities of SOD and
GSH, were detected. As shown in Figure 4A,B, the level of intracellular ROS increased with
the incubation of the Aβ(1–42)/Cu2+/AA mixture, while it reduced with the addition of
DHPA (0.5, 4, 10 µM). To investigate whether the repression effect of DHPA on intracellular
ROS production was only caused by a chemical reaction to the oxidants outside the cell,
further experiments were performed. As shown in Figure 4C, DHPA solutions were added
to cells after removing the Aβ(1–42)/Cu2+/AA mixture, the level of intracellular ROS was
also decreased by DHPA. These results indicate that DHPA can reduce ROS production
outside the cell, reduce intracellular ROS levels by its antioxidant abilities, or activate the
endogenous antioxidant system in the cells. Meanwhile, the amount of MDA in SH-SY5Y
was also decreased by DHPA (Figure 4D). Furthermore, the activities of SOD and GSH
in SH-SY5Y cells were improved by DHPA (Figure 4E,F). These results indicated that
DHPA could reduce intracellular ROS, lipid peroxidation, and increase the activities of
SOD and GSH.
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Figure 4. The effects of DHPA on the related antioxidant indices in SH-SY5Y cells. Intracellular
ROS fluorescence images (A), intracellular ROS production (B,C), the content of MDA (D), and the
activities of SOD (E) and GSH (F). For (C), the cells were pre-treated with Aβ/Cu2+/AA for 6 h,
and washed afterward, with different concentrations of DHPA added. For the other experiments,
Aβ/Cu2+/AA and DHPA were mixed for cell incubation. ## p < 0.01 compared to the control group,
** p < 0.01 compared to the Aβ/Cu2+/AA-treated group.

3.5. Effects of DHPA on Mitochondrial Apoptosis in Aβ(1–42)/Cu2+/AA-Induced SH-SY5Y Cells

The mitochondrion is the sensitive organelle to oxidative damage, which could induce
pro-apoptotic factor expression and cell apoptosis [7]. As shown in Figure 5, with the incu-
bation of Aβ(1–42)/Cu2+/AA, the ratio of the pro-apoptotic protein Bax to the anti-apoptotic
protein Bcl-2 (Bax/Bcl-2) increased, and the mitochondrial membrane potential (MMP)
significantly increased, resulting in an increase of caspase-3 (cleaved) expression. When
DHPA was added to the Aβ(1–42)/Cu2+/AA-treated cells, the Bax/Bcl-2 ratio decreased,
the MMP reduced, and the caspase-3 (cleaved) expression decreased. These results indicate
that DHPA could inhibit Aβ(1–42)/Cu2+/AA-induced cell apoptosis via the mitochondrial
apoptosis pathway.
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Figure 5. Effects of DHPA on the mitochondrial apoptosis pathway in Aβ(1–42)/Cu2+/AA-induced
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presence of different concentrations of DHPA. * p < 0.05 and ** p < 0.01 compared to the control group.

3.6. Effects of DHPA on the Phosphorylation of MAPKs and AKT in Aβ(1–42)/Cu2+/AA-Induced
SH-SY5Y Cells

The MAPK signaling pathway plays an important role in oxidative stress-induced
neuronal cell death [35]. To investigate the effects of DHPA on the MAPK pathway, the
expression of Erk and P38-related proteins were studied. As shown in Figure 6, phosphory-
lation of Erk1/2 and P38 was significantly enhanced by Aβ(1–42)/Cu2+/AA stimulation,
while DHPA markedly decreased the expressions of P-Erk and P-P38. Moreover, the ex-
pressions of P-AKT decreased with the incubation of Aβ(1–42)/Cu2+/AA but increased
significantly after DHPA treatment.

3.7. Effects of DHPA on the Keap1/Nrf2/HO-1 Signaling Pathway in Aβ(1–42)/Cu2+/AA-Treated
SH-SY5Y Cells

The Keap1/Nrf2/HO-1 signaling pathway is considered an important pathway in the
endogenous antioxidant system, and it is highly sensitive to oxidative stress [10]. To verify
whether DHPA activated the Keap1/Nrf2/HO-1 signaling pathway in SH-SY5Y cells, some
protein expressions were detected with the WB experiment. As shown in Figure 7, the
amount of detectable Keap1 increased in Aβ(1–42)/Cu2+/AA-treated SH-SY5Y cells but
decreased with the DHPA addition. The expression of Nrf2 in the cytoplasm (cyto-Nrf2)
slightly increased by the Aβ(1–42)/Cu2+/AA treatment, and DHPA has a minor effect on
cyto-Nrf2 expression. However, Aβ(1–42)/Cu2+/AA treatment could decrease the amount
of Nrf2 in the nucleus (nucl-Nrf2), while DHPA could increase the nucl-Nrf2 amount, and
result in an increase of HO-1 and NQO-1 expressions.
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Figure 6. Effects of DHPA on the phosphorylation of MAPKs and AKT in Aβ(1–42)/Cu2+/AA-induced
SH-SY5Y cells. (A) Representative Western blot were shown for P-Erk1/2, Erk1/2, P-P38, P38, P-AKT
and AKT proteins. P-Erk1/2 (B), P-P38 (C), and P-AKT (D) protein expressions were detected by WB
analysis. * p < 0.05 and ** p < 0.01 compared to the control values.

3.8. Results from Molecular Docking

Molecular docking (MD) techniques are commonly used to investigate the interactions
between small molecules and the protein target [36]. To investigate the interaction between
DHPA and Keap1, 1X2J (PDB ID) was selected as the crystal structure of Keap1 for the
MD simulation. Compared with well-studied curcumin [21], the binding energy for the
DHPA–Keap1 complex (−9.1 kcal/mol) is even lower than the one of the curcumin–Keap1
complex (−8.8 kcal/mol) (Table 1), which indicated higher binding stability of the DHPA–
Keap1 complex than the curcumin–Keap1 complex [36]. At the same time, we found
that the residues, namely VAL418 (bond length: 2.2 Å), VAL465 (bond length: 2.3 Å),
VAL512 (bond length: 2.0 Å), ARG415 (bond length: 2.2 Å), and GLY364 (bond length:
2.4 Å), were observed to form five hydrogen bonds between DHPA and the Keap1 protein.
Moreover, VAL418 (bond length: 2.2 Å), VAL465 (bond length: 2.1 Å), VAL512 (bond length:
2.5 Å), and ARG415 (bond length: 2.3 Å) were observed to form four hydrogen bonds
with curcumin and the Keap1 receptor (Figure 8C). In addition, both DHPA and curcumin
can form a hydrophobic Pi-Alkyl interaction between amino acid residues ALA366 and
ALA556 and Keap1, but DHPA can also form a Pi–Pi stacked with Keap1 and TYR334
(Figure 8C,D), which may also be one of the reasons why the DHPA–Keap1 complex is
more stable.
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Figure 7. Effects of DHPA on the Keap1/Nrf2/HO-1 signaling pathway in Aβ(1–42)/Cu2+/AA-
induced SH-SY5Y cells. (A) Representative Western blot were shown for Keap1, cyto-Nrf2, Nucl-Nrf2,
Histone H3, HO-1 and NQO1 proteins. Keap1 (B), cyto-Nrf2 (C), Nucl-Nrf2 (D), HO-1 (E), and
NQO1 (F) protein expressions were evaluated by the WB analysis. * p < 0.05 and ** p < 0.01 compared
to control values.

Table 1. Docking information of the interaction of Keap1 and small molecules.

Compound Binding Energy
(kcal/mol)

Hydrophobic
Interactions Hydrogen Bonding

DHPA −9.1 TYR334, ALA366,
ALA556

VAL418, VAL465,
VAL512, ARG415,

GLY364

Curcumin −8.8 ALA366, ALA556 VAL418, VAL465,
VAL512, ARG415
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pose, site view, and interaction graph between DHPA, curcumin, and active sites of Keap1 (C,D).

4. Discussion

According to the experimental results, we believe that DHPA has an inhibition effect on
Aβ/Cu2+/AA-induced SH-SY5Y cell apoptosis, which is mainly caused by anti-oxidation
activity (Figure 9). In the brains of AD patients, aggregated Aβ and an excess amount of Cu
(~0.4 mM) were found in the senile plaque [37,38]. Moreover, research shows that toxic Aβ

aggregates and oxidative stress, produced by the Aβ/Cu mixture/complex, play important
roles in AD pathogenesis [33]. The Aβ–Cu2+ complex can promote the production of H2O2
by reacting with substances (e.g., ascorbic acid, AA, and O2) in cells [39–41]. In the cellular
milieu, any unbounded Cu2+ will also react with H2O2 to produce hydroxyl radicals via
the Haber–Weiss reaction [33].

The imbalance of redox homeostasis could increase ROS levels and result in cell lipid
peroxidation and cell apoptosis. [42]. In the present study, the Aβ(1–42)/Cu2+/AA system
produced hydroxyl radicals (Figure 3). Moreover, DHPA could inhibit hydroxyl radical
production and protect the SH-SY5Y cells from oxidation damage induced by hydroxyl
radicals (Figure 1). The amounts of intracellular ROS and MDA in SH-SY5Y cells, incubated
with the Aβ(1–42)/Cu2+/AA system, were reduced by the DHPA treatment (Figure 4A,B).
The activities of SOD and GSH increased with the DHPA treatment (Figure 4C,D). Moreover,
the cell apoptosis of SH-SY5Y induced by the Aβ(1–42)/Cu2+/AA system was also inhibited
by the DHPA treatment (Figure 2).
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Apoptosis is a complex, precise, and protease-dependent molecular cascade process [43].
The Bcl-2 protein family is mainly located in the outer membrane of mitochondria, including
pro-apoptotic members (Bax, etc.) and anti-apoptotic proteins (Bcl-2, etc.) [44]. Upon cell
stimuli by oxidative stress, the ratio of Bax/Bcl-2 increased, which changed the MMP,
activated caspase-3, and resulted in cell apoptosis [45]. Thus, the ratio of Bax/Bcl-2 and
the expression level of cleaved caspase-3 play major roles in cell apoptosis [46]. Our
experiments showed that Aβ(1–42)/Cu2+/AA stimulation increased the ratio of Bax/Bcl-
2 proteins in SH-SY5Y cells, which reduced the MMP and increased the expression of
cleaved caspase-3. However, the addition of DHPA provided significant protection against
Aβ(1–42)/Cu2+/AA-induced damage by downregulating the ratio of Bax/Bcl-2 and cleaved
caspase-3, alleviating MMP loss (Figure 5). These results indicate that DHPA could protect
the SH-SY5Y cells from Aβ(1–42)/Cu2+/AA-induced cell apoptosis via the mitochondrial
apoptotic pathway.

PI3K/Akt is an important regulatory pathway of cells; it is involved in regulating
cell growth, metabolism, apoptosis, etc. [47]. Akt can be activated by phosphorylation
and subsequently activate multiple downstream targets to enhance cell survival. In this
study, DHPA can significantly increase the expression of the P-Akt protein (Figure 6C),
suggesting that DHPA protects SH-SY5Y cells from Aβ(1–42)/Cu2+/AA-induced oxidative
damage by inhibiting ROS accumulation, activating the PI3K/Akt pathway, and regulating
the expressions of apoptosis-related proteins.

Mitogen-activated protein kinases (MAPKs) include JNK, P38, and ERK, among which,
P38 can be stimulated by a variety of cytokines to produce corresponding effects and partic-
ipate in regulating cell proliferation, differentiation, migration, invasion, and death [35]. In
AD brains, phosphorylated (active) P38 (P-P38) levels are increased [48]. Moreover, many
studies have shown a relationship between the activation of the P38/Erk pathway and
programmed cell death [49,50]. In our study, DHPA significantly enhanced the expressions
of P-P38 and P-Erk proteins (Figure 6B,D). Moreover, activated P38 induces Bax transloca-
tion and mediates the activation of caspases family proteins, which induce mitochondrial
apoptosis. At the same time, PI3K/Akt and MAPKs regulate Keap1/Nrf2/HO-1 signaling
pathway activation and promote nuclear translocation of Nrf2 [51].

The Keap1/Nrf2/HO-1 signaling pathway is considered the “switch” for the en-
dogenous antioxidant system. Under normal physiological conditions, the Nrf2 signaling
pathway is negatively regulated by the binding of Keap1 to the Nrf2 protein [52,53]. When
the cells are stimulated with oxidative stress, Nrf2 is activated, separates from Keap1, is
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translocated from the cytoplasm to the nucleus, and induces the expressions of NQO1 and
HO-1 [19,54]. In our study, DHPA could significantly activate Nrf2 in a dose-dependent
manner and increase the expressions of NQO1 and HO-1 (Figure 7), which resulted in
protective activity against oxidative stress induced by Aβ(1–42)/Cu2+/AA in SH-SY5Y cells.
The molecular mechanism of the activation effect of DHPA on the Keap1/Nrf2/HO-1
signaling pathway was investigated with MD. MD could provide the binding modes and
affinities between the compounds and proteins [55]. As reported in another study, curcumin
could bind to the Keap1 protein to separate the binding between Keap1 and Nrf2, promote
the entrance of Nrf2 to the nucleus, and activate the antioxidant system [21]. In the present
study, the binding of Keap1 to curcumin and DHPA was detected. Moreover, the results
show that DHPA, similar to curcumin, could bind to Keap1 via hydrogen bonds (Figure 8)
(Table 1); the binding could promote the separation of Nrf2 to Keap1, which could result in
the activation of the Keap1/Nrf2/HO-1 signaling pathway.

5. Conclusions

To summarize, DHPA can be considered an inhibitor for Aβ(1–42)/Cu2+/AA-induced
oxidative damage by scavenging OH, regulating mitochondria apoptosis, and activating
the Keap1/Nrf2/HO-1 signaling pathway. Our results indicate that DHPA could decrease
Aβ(1–42)/Cu2+/AA-induced OH production, intracellular ROS accumulation, and MDA
production. It could also repress the ratio of Bax/Bcl-2, MMP increase, activated caspase-3
expression, and the phosphorylation of Erk1/2 and P38. Furthermore, DHPA could increase
the expression of P-AKT and bind with Keap1 to promote the separation of Nrf2 to Keap1
and activate the Keap1/Nrf2/HO-1 signaling pathway to increase the expressions of HO-1,
NQO1, GSH, and SOD. Therefore, the results suggest that DHPA has high antioxidative
abilities and might be considered a potential drug for AD.

Author Contributions: Y.C. performed the experiments, wrote the manuscript, and conducted the
statistical analysis. R.X., Y.Z. (Yadan Zhang), D.X., N.W., M.H. and Y.Z. (Yili Zhang) performed parts
of the experiments. L.Z. and W.Z. designed and modified the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Hunan Province (no.
2022JJ31009, 2022JJ50260), the Natural Science Foundation of Changsha (kq2202282), a Program for
Science and Technology of Education Department of Hunan Province (20B620), a Popular Science
Program of Hunan Province (2021ZK4227), the National Natural Science Foundation of China
(81501619), the Hunan Key Research and Development Plan Project (2020NK2020), a Program for
Science and Technology of Changsha, China (kq1907096), a Program for the Science & Technology
Innovation Platform/Talents of Hunan Province (2017TP1021, 2019TP1029).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data is contained within the article.

Conflicts of Interest: Ran Xiao works as a medical dietician at SINOCARE, Inc., but all authors
declare no conflicts of interest. Figure 9 was drawn with Genuine software Adobe Illustrator 2022
from Adobe Systems Incorporated (San Jose, CA, USA).

References
1. Syarifah-Noratiqah, S.-B.; Naina-Mohamed, I.; Zulfarina, M.S.; Qodriyah, H.M.S. Natural Polyphenols in the Treatment of

Alzheimer’s Disease. Curr. Drug Targets 2018, 19, 927–937. [CrossRef] [PubMed]
2. Garai, K.; Sengupta, P.; Sahoo, B.; Maiti, S. Selective destabilization of soluble amyloid beta oligomers by divalent metal ions.

Biochem. Biophys. Res. Commun. 2006, 345, 210–215. [CrossRef] [PubMed]
3. Akanji, M.A.; Rotimi, D.E.; Elebiyo, T.C.; Awakan, O.J.; Adeyemi, O.S. Redox Homeostasis and Prospects for Therapeutic

Targeting in Neurodegenerative Disorders. Oxid. Med. Cell. Longev. 2021, 2021, 9971885. [CrossRef]
4. Tinker-Mill, C.; Mayes, J.; Allsop, D.; Kolosov, O.V. Ultrasonic force microscopy for nanomechanical characterization of early and

late-stage amyloid-beta peptide aggregation. Sci. Rep. 2014, 4, 4004. [CrossRef] [PubMed]

http://doi.org/10.2174/1389450118666170328122527
http://www.ncbi.nlm.nih.gov/pubmed/28356027
http://doi.org/10.1016/j.bbrc.2006.04.056
http://www.ncbi.nlm.nih.gov/pubmed/16678130
http://doi.org/10.1155/2021/9971885
http://doi.org/10.1038/srep04004
http://www.ncbi.nlm.nih.gov/pubmed/24500006


Antioxidants 2022, 11, 1794 15 of 17

5. Su, X.-Y.; Wu, W.-H.; Huang, Z.-P.; Hu, J.; Lei, P.; Yu, C.-H.; Zhao, Y.-F.; Li, Y.-M. Hydrogen peroxide can be generated by tau in
the presence of Cu(II). Biochem. Biophys. Res. Commun. 2007, 358, 661–665. [CrossRef] [PubMed]

6. Lovell, M.A.; Robertson, J.D.; Teesdale, W.J.; Campbell, J.L.; Markesbery, W.R. Copper, iron and zinc in Alzheimer’s disease senile
plaques. J. Neurol. Sci. 1998, 158, 47–52. [CrossRef]

7. Pohanka, M. Oxidative stress in Alzheimer disease as a target for therapy. Bratisl. Lek. Listy 2018, 119, 535–543. [CrossRef]
[PubMed]

8. Cai, Q.; Tammineni, P. Mitochondrial Aspects of Synaptic Dysfunction in Alzheimer’s Disease. J. Alzheimer’s Dis. 2017,
57, 1087–1103. [CrossRef]

9. Zafeer, M.F.; Firdaus, F.; Ahmad, F.; Ullah, R.; Anis, E.; Waseem, M.; Ali, A.; Hossain, M.M. Perillyl alcohol alleviates amyloid-beta
peptides-induced mitochondrial dysfunction and cytotoxicity in SH-SY5Y cells. Int. J. Biol. Macromol. 2018, 109, 1029–1038.
[CrossRef]

10. Zamponi, E.; Zamponi, N.; Coskun, P.; Quassollo, G.; Lorenzo, A.; Cannas, S.A.; Pigino, G.; Chialvo, D.R.; Gardiner, K.; Busciglio,
J.; et al. Nrf2 stabilization prevents critical oxidative damage in Down syndrome cells. Aging Cell 2018, 17, e12812. [CrossRef]

11. Cloer, E.W.; Siesser, P.F.; Cousins, E.M.; Goldfar, D.; Mowrey, D.D.; Harrison, J.S.; Weir, S.J.; Dokholyan, N.V.; Major, M.B.
p62-Dependent Phase Separation of Patient-Derived KEAP1 Mutations and NRF2. Mol. Cell. Biochem. 2018, 38, e00644-17.
[CrossRef]

12. Lee, S.; Hu, L. Nrf2 activation through the inhibition of Keap1-Nrf2 protein-protein interaction. Med. Chem. Res. 2020, 29, 846–867.
[CrossRef]

13. Thiruvengadam, M.; Venkidasamy, B.; Subramanian, U.; Samynathan, R.; Ali Shariati, M.; Rebezov, M.; Girish, S.; Thangavel, S.;
Dhanapal, A.R.; Fedoseeva, N.; et al. Bioactive Compounds in Oxidative Stress-Mediated Diseases: Targeting the NRF2/ARE
Signaling Pathway and Epigenetic Regulation. Antioxidants 2021, 10, 1859. [CrossRef]

14. Paunkov, A.; Chartoumpekis, D.V.; Ziros, P.G.; Sykiotis, G.P. A Bibliometric Review of the Keap1/Nrf2 Pathway and its Related
Antioxidant Compounds. Antioxidants 2019, 8, 353. [CrossRef]

15. Richardson, B.G.; Jain, A.D.; Potteti, H.R.; Lazzara, P.R.; David, B.P.; Tamatam, C.R.; Choma, E.; Skowron, K.; Dye, K.;
Siddiqui, Z.; et al. Replacement of a Naphthalene Scaffold in Kelch-like ECH-Associated Protein 1 (KEAP1)/Nuclear Factor
(Erythroid-derived 2)-like 2 (NRF2) Inhibitors. J. Med. Chem. 2018, 61, 8029–8047. [CrossRef]

16. Kerr, F.; Sofola-Adesakin, O.; Ivanov, D.K.; Gatliff, J.; Perez-Nievas, B.G.; Bertrand, H.C.; Martinez, P.; Callard, R.; Snoeren, I.;
Cocheme, H.M.; et al. Direct Keap 1-Nrf2 disruption as a potential therapeutic target for Alzheimer’s disease. PLoS Genet. 2017,
13, e1006593. [CrossRef]

17. Nguyen, T.; Sherratt, P.J.; Pickett, C.B. Regulatory mechanisms controlling gene expression mediated by the antioxidant response
element. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 233–260. [CrossRef]

18. Fao, L.; Mota, S.I.; Rego, A.C. Shaping the Nrf2-ARE-related pathways in Alzheimer’s and Parkinson’s diseases. Ageing Res. Rev.
2019, 54, 100942. [CrossRef]

19. Hassanein, E.H.M.; Sayed, A.M.; Hussein, O.E.; Mahmoud, A.M. Coumarins as Modulators of the Keap1/Nrf2/ARE Signaling
Pathway. Oxid. Med. Cell. Longev. 2020, 2020, 1675957. [CrossRef]

20. Kumar, H.; Kim, I.-S.; More, S.V.; Kim, B.-W.; Choi, D.-K. Natural product-derived pharmacological modulators of Nrf2/ARE
pathway for chronic diseases. Nat. Prod. Rep. 2014, 31, 109–139. [CrossRef]

21. Shin, J.W.; Chun, K.-S.; Kim, D.-H.; Kim, S.-J.; Kim, S.H.; Cho, N.-C.; Na, H.-K.; Surh, Y.-J. Curcumin induces stabilization of Nrf2
protein through Keap1 cysteine modification. Biochem. Pharmacol. 2020, 173, 113820. [CrossRef]

22. Yoon, J.-H.; Youn, K.; Jun, M. Protective effect of sargahydroquinoic acid against A beta(-)(25-35)evoked damage via PI3K/Akt
mediated Nrf2 antioxidant defense system. Biomed. Pharmacother. 2021, 144, 112271. [CrossRef]

23. Liu, Y.; Liu, Y.; Guo, Y.; Xu, L.; Wang, H. Phlorizin exerts potent effects against aging induced by D-galactose in mice and PC12
cells. Food Funct. 2021, 12, 2148–2160. [CrossRef]

24. Basri, A.M.; Taha, H.; Ahmad, N. A Review on the Pharmacological Activities and Phytochemicals of Alpinia officinarum (Galangal)
Extracts Derived from Bioassay-Guided Fractionation and Isolation. Pharmacogn. Rev. 2017, 11, 43–56. [CrossRef]

25. Rani, Y.G.; Lakshmi, B.S. Structural insight into the antagonistic action of diarylheptanoid on human estrogen receptor alpha.
J. Biomol. Struct. Dyn. 2019, 37, 1189–1203. [CrossRef]

26. Jitoe, A.; Masuda, T.; Tengah, I.; Suprapta, D.N.; Gara, I.W.; Nakatani, N. Antioxidant activity of tropical ginger extracts and
analysis of the contained curcuminoids. J. Agric. Food Chem. 1992, 40, 1337–1340. [CrossRef]

27. Honmore, V.S.; Kandhare, A.D.; Kadam, P.P.; Khedkar, V.M.; Sarkar, D.; Bodhankar, S.L.; Zanwar, A.A.; Rojatkar, S.R.; Natu, A.D.
Isolates of Alpinia officinarum Hance as COX-2 inhibitors: Evidence from anti-inflammatory, antioxidant and molecular docking
studies. Int. Immunopharmacol. 2016, 33, 8–17. [CrossRef]

28. Liu, Z.; Sang, S.; Hartman, T.G.; Ho, C.-T.; Rosen, R.T. Determination of diarylheptanoids from Alpinia officinarum (Lesser
Galangal) by HPLC with photodiode array and electrochemical detection. Phytochem. Anal. PCA 2005, 16, 252–256. [CrossRef]

29. Shin, J.-E.; Han, M.J.; Song, M.-C.; Baek, N.-I.; Kim, D.-H. 5-hydroxy-7-(4′-hydroxy-3′-methoxyphenyl)-1-phenyl-3-heptanone:
A pancreatic lipase inhibitor isolated from Alpinia officinarum. Biol. Pharm. Bull. 2004, 27, 138–140. [CrossRef]

30. Lee, H.-B.; Lee, H.-K.; Kim, J.-R.; Ahn, Y.-J. Anti-Helicobacter pylori Diarylheptanoid Identified in the Rhizome of Alpinia officinarum.
J. Korean Soc. Appl. Biol. Chem. 2009, 52, 367–370. [CrossRef]

http://doi.org/10.1016/j.bbrc.2007.04.191
http://www.ncbi.nlm.nih.gov/pubmed/17498655
http://doi.org/10.1016/S0022-510X(98)00092-6
http://doi.org/10.4149/BLL_2018_097
http://www.ncbi.nlm.nih.gov/pubmed/30226062
http://doi.org/10.3233/JAD-160726
http://doi.org/10.1016/j.ijbiomac.2017.11.082
http://doi.org/10.1111/acel.12812
http://doi.org/10.1128/MCB.00644-17
http://doi.org/10.1007/s00044-020-02539-y
http://doi.org/10.3390/antiox10121859
http://doi.org/10.3390/antiox8090353
http://doi.org/10.1021/acs.jmedchem.8b01133
http://doi.org/10.1371/journal.pgen.1006593
http://doi.org/10.1146/annurev.pharmtox.43.100901.140229
http://doi.org/10.1016/j.arr.2019.100942
http://doi.org/10.1155/2020/1675957
http://doi.org/10.1039/C3NP70065H
http://doi.org/10.1016/j.bcp.2020.113820
http://doi.org/10.1016/j.biopha.2021.112271
http://doi.org/10.1039/D0FO02707C
http://doi.org/10.4103/phrev.phrev_55_16
http://doi.org/10.1080/07391102.2018.1453378
http://doi.org/10.1021/jf00020a008
http://doi.org/10.1016/j.intimp.2016.01.024
http://doi.org/10.1002/pca.827
http://doi.org/10.1248/bpb.27.138
http://doi.org/10.3839/jksabc.2009.065


Antioxidants 2022, 11, 1794 16 of 17

31. Cheignon, C.; Jones, M.; Atrian-Blasco, E.; Kieffer, I.; Faller, P.; Collin, F.; Hureau, C. Identification of key structural features of the
elusive Cu-A beta complex that generates ROS in Alzheimer’s disease. Chem. Sci. 2017, 8, 5107–5118. [CrossRef] [PubMed]

32. Everett, J.; Lermyte, F.; Brooks, J.; Tjendana-Tjhin, V.; Plascencia-Villa, G.; Hands-Portman, I.; Donnelly, J.M.; Billimoria, K.;
Perry, G.; Zhu, X.; et al. Biogenic metallic elements in the human brain? Sci. Adv. 2021, 7, eabf6707. [CrossRef] [PubMed]

33. Jiang, D.; Li, X.; Liu, L.; Yagnik, G.B.; Zhou, F. Reaction Rates and Mechanism of the Ascorbic Acid Oxidation by Molecular
Oxygen Facilitated by Cu(II)-Containing Amyloid-beta Complexes and Aggregates. J. Phys. Chem. B 2010, 114, 4896–4903.
[CrossRef]

34. Dong, H.; Liu, M.; Wang, L.; Liu, Y.; Lu, X.; Stagos, D.; Lin, X.; Liu, M. Bromophenol Bis (2,3,6-tribromo-4,5-dihydroxybenzyl)
Ether Protects HaCaT Skin Cells from Oxidative Damage via Nrf2-Mediated Pathways. Antioxidants 2021, 10, 1436. [CrossRef]
[PubMed]

35. Gao, J.; Liu, S.; Xu, F.; Liu, Y.; Lv, C.; Deng, Y.; Shi, J.; Gong, Q. Trilobatin Protects Against Oxidative Injury in Neuronal PC12 Cells
Through Regulating Mitochondrial ROS Homeostasis Mediated by AMPK/Nrf2/Sirt3 Signaling Pathway. Front. Mol. Neurosci.
2018, 11, 267. [CrossRef] [PubMed]

36. Maiti, P.; Manna, J.; Thammathong, J.; Evans, B.; Dubey, K.D.; Banerjee, S.; Dunbar, G.L. Tetrahydrocurcumin Has Similar
Anti-Amyloid Properties as Curcumin: In Vitro Comparative Structure-Activity Studies. Antioxidants 2021, 10, 1592. [CrossRef]
[PubMed]

37. Matheou, C.J.; Younan, N.D.; Viles, J.H. Cu2+ accentuates distinct misfolding of A beta(1–40) and A beta(1–42) peptides, and
potentiates membrane disruption. Biochem. J. 2015, 466, 233–242. [CrossRef]

38. Meng, J.; Zhang, H.; Dong, X.; Liu, F.; Sun, Y. RTHLVFFARK-NH2: A potent and selective modulator on Cu2+-mediated
amyloid-beta protein aggregation and cytotoxicity. J. Inorg. Biochem. 2018, 181, 56–64. [CrossRef]

39. Hewitt, N.; Rauk, A. Mechanism of Hydrogen Peroxide Production by Copper-Bound Amyloid Beta Peptide: A Theoretical Study.
J. Phys. Chem. B 2009, 113, 1202–1209. [CrossRef]

40. Huang, X.; Atwood, C.S.; Hartshorn, M.A.; Multhaup, G.; Goldstein, L.E.; Scarpa, R.C.; Cuajungco, M.P.; Gray, D.N.; Lim, J.;
Moir, R.D.; et al. The A beta peptide of Alzheimer’s disease directly produces hydrogen peroxide through metal ion reduction.
Biochemistry 1999, 38, 7609–7616. [CrossRef]

41. Huang, X.; Cuajungco, M.P.; Atwood, C.S.; Hartshorn, M.A.; Tyndall, J.D.; Hanson, G.R.; Stokes, K.C.; Leopold, M.; Multhaup, G.;
Goldstein, L.E.; et al. Cu(II) potentiation of alzheimer abeta neurotoxicity. Correlation with cell-free hydrogen peroxide production
and metal reduction. J. Biol. Chem. 1999, 274, 37111–37116. [CrossRef]

42. Butterfield, D.A.; Lauderback, C.M. Lipid peroxidation and protein oxidation in Alzheimer’s disease brain: Potential causes and
consequences involving amyloid beta-peptide-associated free radical oxidative stress. Free Radic. Biol. Med. 2002, 32, 1050–1060.
[CrossRef]

43. Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015,
24, 325–340. [CrossRef]

44. Knudson, C.M.; Korsmeyer, S.J. Bcl-2 and Bax function independently to regulate cell death. Nat. Genet. 1997, 16, 358–363.
[CrossRef]

45. Zhang, J.; Xia, Y.; Xu, Z.; Deng, X. Propofol Suppressed Hypoxia/Reoxygenation-Induced Apoptosis in HBVSMC by Regulation
of the Expression of Bcl-2, Bax, Caspase3, Kir6.1, and p-JNK. Oxid. Med. Cell. Longev. 2016, 2016, 1518738. [CrossRef]

46. Li, H.; Han, W.; Wang, H.; Ding, F.; Xiao, L.; Shi, R.; Ai, L.; Huang, Z. Tanshinone IIA Inhibits Glutamate-Induced Oxidative Toxic-
ity through Prevention of Mitochondrial Dysfunction and Suppression of MAPK Activation in SH-SY5Y Human Neuroblastoma
Cells. Oxid. Med. Cell. Longev. 2017, 2017, 4517486. [CrossRef]

47. Yan, T.; Zhao, Y.; Zhang, X. Acetaldehyde Induces Cytotoxicity of SH-SY5Y Cells via Inhibition of Akt Activation and Induction
of Oxidative Stress. Oxid. Med. Cell. Longev. 2016, 2016, 4512309. [CrossRef]

48. Hensley, K.; Floyd, R.A.; Zheng, N.Y.; Nael, R.; Robinson, K.A.; Nguyen, X.; Pye, Q.N.; Stewart, C.A.; Geddes, J.;
Markesbery, W.R.; et al. p38 kinase is activated in the Alzheimer’s disease brain. J. Neurochem. 1999, 72, 2053–2058. [CrossRef]

49. Hugon, J.; Paquet, C. The PKR/P38/RIPK1 Signaling Pathway as a Therapeutic Target in Alzheimer’s Disease. Int. J. Mol. Sci.
2021, 22, 3136. [CrossRef]

50. Germann, U.A.; Alam, J.J. P38 alpha MAPK Signaling-A Robust Therapeutic Target for Rab5-Mediated Neurodegenerative
Disease. Int. J. Mol. Sci. 2020, 21, 5485. [CrossRef]

51. Lu, W.; Zhao, Y.; Kong, Y.; Zhang, W.; Ma, W.; Li, W.; Wang, K. Geniposide prevents H2O2-induced oxidative damage in
melanocytes by activating the PI3K-Akt signalling pathway. Clin. Exp. Dermatol. 2018, 43, 667–674. [CrossRef] [PubMed]

52. Katsuda, Y.; Sasase, T.; Tadaki, H.; Mera, Y.; Motohashi, Y.; Kemmochi, Y.; Toyoda, K.; Kakimoto, K.; Kume, S.; Ohta, T.
Contribution of hyperglycemia on diabetic complications in obese type 2 diabetic SDT fatty rats: Effects of SGLT inhibitor
phlorizin. Exp. Anim. 2015, 64, 161–169. [CrossRef] [PubMed]

53. Son, T.G.; Camandola, S.; Arumugam, T.V.; Cutler, R.G.; Telljohann, R.S.; Mughal, M.R.; Moore, T.A.; Luo, W.; Yu, Q.-S.; Johnson,
D.A.; et al. Plumbagin, a novel Nrf2/ARE activator, protects against cerebral ischemia. J. Neurochem. 2010, 112, 1316–1326.
[CrossRef] [PubMed]

http://doi.org/10.1039/C7SC00809K
http://www.ncbi.nlm.nih.gov/pubmed/28970897
http://doi.org/10.1126/sciadv.abf6707
http://www.ncbi.nlm.nih.gov/pubmed/34108207
http://doi.org/10.1021/jp9095375
http://doi.org/10.3390/antiox10091436
http://www.ncbi.nlm.nih.gov/pubmed/34573068
http://doi.org/10.3389/fnmol.2018.00267
http://www.ncbi.nlm.nih.gov/pubmed/30104959
http://doi.org/10.3390/antiox10101592
http://www.ncbi.nlm.nih.gov/pubmed/34679727
http://doi.org/10.1042/BJ20141168
http://doi.org/10.1016/j.jinorgbio.2018.01.012
http://doi.org/10.1021/jp807327a
http://doi.org/10.1021/bi990438f
http://doi.org/10.1074/jbc.274.52.37111
http://doi.org/10.1016/S0891-5849(02)00794-3
http://doi.org/10.5607/en.2015.24.4.325
http://doi.org/10.1038/ng0897-358
http://doi.org/10.1155/2016/1518738
http://doi.org/10.1155/2017/4517486
http://doi.org/10.1155/2016/4512309
http://doi.org/10.1046/j.1471-4159.1999.0722053.x
http://doi.org/10.3390/ijms22063136
http://doi.org/10.3390/ijms21155485
http://doi.org/10.1111/ced.13409
http://www.ncbi.nlm.nih.gov/pubmed/29512905
http://doi.org/10.1538/expanim.14-0084
http://www.ncbi.nlm.nih.gov/pubmed/25736710
http://doi.org/10.1111/j.1471-4159.2009.06552.x
http://www.ncbi.nlm.nih.gov/pubmed/20028456


Antioxidants 2022, 11, 1794 17 of 17

54. Ren, J.; Yuan, L.; Wang, W.; Zhang, M.; Wang, Q.; Li, S.; Zhang, L.; Hu, K. Tricetin protects against 6-OHDA-induced neurotoxicity
in Parkinson’s disease model by activating Nrf2/HO-1 signaling pathway and preventing mitochondria-dependent apoptosis
pathway. Toxicol. Appl. Pharmacol. 2019, 378, 114617. [CrossRef]

55. Fu, Y.-S.; Chen, T.-H.; Weng, L.; Huang, L.; Lai, D.; Weng, C.-F. Pharmacological properties and underlying mechanisms of
curcumin and prospects in medicinal potential. Biomed. Pharmacother. 2021, 141, 111888. [CrossRef]

http://doi.org/10.1016/j.taap.2019.114617
http://doi.org/10.1016/j.biopha.2021.111888

	Introduction 
	Materials and Methods 
	Materials and Solution Preparation 
	Cell Culture 
	Cell Viability Assay (MTT Assay) 
	Morphological Observations 
	Flow Cytometry Assay 
	Detection of Hydroxyl Radical 
	Intracellular Reactive Oxygen Species Determination 
	Intracellular SOD, GSH, and MDA Content Determination 
	Mitochondrial Membrane Potential Determination 
	Western Blot Analysis 
	Molecular Docking 
	Statistical Analysis 

	Results 
	Effects of DHPA on A(1–42)/Cu2+/AA-Treated SH-SY5Y Cells Viability 
	Effects of DHPA on A(1–42)/Cu2+/AA-Induced SH-SY5Y Cell Apoptosis 
	Scavenging Effect of DHPA on A(1–42)/Cu2+/AA-Produced OH 
	Effect of DHPA on the Accumulation of ROS and Malondialdehyde, and the Activities of Antioxidant Enzymes in A(1–42)/Cu2+/AA-Treated SH-SY5Y Cells 
	Effects of DHPA on Mitochondrial Apoptosis in A(1–42)/Cu2+/AA-Induced SH-SY5Y Cells 
	Effects of DHPA on the Phosphorylation of MAPKs and AKT in A(1–42)/Cu2+/AA-Induced SH-SY5Y Cells 
	Effects of DHPA on the Keap1/Nrf2/HO-1 Signaling Pathway in A(1–42)/Cu2+/AA-Treated SH-SY5Y Cells 
	Results from Molecular Docking 

	Discussion 
	Conclusions 
	References

