
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Mairuae et al. BMC Complementary Medicine and Therapies          (2024) 24:162 
https://doi.org/10.1186/s12906-024-04458-6

BMC Complementary 
Medicine and Therapies

*Correspondence:
Nut Palachai
nut.p@msu.ac.th
1Faculty of Medicine, Mahasarakham University, Mahasarakham  
44000, Thailand
2School of Biotechnology, Institute of Agricultural Technology, Suranaree 
University of Technology, Nakhon Ratchasima 30000, Thailand

Abstract
The incidence of dementia is rising, with neuronal cell death from oxidative stress and apoptosis recognized as 
a significant contributor to its development. However, effective strategies to combat this condition are lacking, 
necessitating further investigation. This study aimed to assess the potential of an anthocyanin-rich extract from Zea 
mays L. var. ceratina (AZC) in alleviating neuronal cell death.

Neurotoxicity was induced in SH-SY5Y cells using hydrogen peroxide (H2O2) at a concentration of 200 µM. 
Cells were pretreated with varying doses (31.25 and 62.5 µg/mL) of AZC. Cell viability was assessed using the MTT 
assay, and molecular mechanisms including reactive oxygen species (ROS) levels, antioxidant enzyme activities 
(catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px)), malondialdehyde (MDA) levels 
for oxidative stress, and the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2), cAMP response 
element-binding protein (CREB), and apoptotic factors (B-cell lymphoma 2 (Bcl-2), caspase 3) were explored.

Results showed that AZC significantly improved cell viability, reduced ROS production and MDA levels, and 
downregulated caspase 3 expression. It enhanced CAT, SOD, and GSH-Px activities, activated ERK1/2 and CREB, and 
upregulated Bcl-2 expression. These findings support the neuroprotective effects of AZC, suggesting it activates 
ERK1/2, leading to CREB activation and subsequent upregulation of Bcl-2 expression while suppressing caspase 3. 
AZC may mitigate neuronal cell death by reducing ROS levels through enhanced scavenging enzyme activities.

In conclusion, this study underscores the potential of AZC as a neuroprotective agent against neuronal cell 
death. However, further investigations including toxicity assessments, in vivo studies, and clinical trials are necessary 
to validate its benefits in neuroprotection.
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Introduction
Dementia, a broad term used to describe a group of 
cognitive disorders characterized by memory decline, 
impaired thinking, behavioral changes, and reduced 
ability to perform daily activities, is a significant global 
health concern [1]. Its prevalence is increasing, exerting 
a substantial impact on patients, families, caregivers, and 
societies worldwide [2]. The underlying mechanisms of 
dementia are complex, involving various factors such as 
oxidative stress, inflammation, mitochondrial dysfunc-
tion, and neuronal damage [3, 4].

Oxidative stress, characterized by an imbalance 
between the generation of reactive oxygen species (ROS) 
and the body’s antioxidant defenses, plays a central role 
in dementia’s pathogenesis [5]. The brain’s heightened 
metabolic rate, coupled with its lipid-rich composition 
and limited antioxidant capacity, renders neurons espe-
cially susceptible to oxidative harm. This imbalance leads 
to lipid peroxidation, protein oxidation, and DNA dam-
age within neurons, culminating in cellular dysfunction 
and neuronal death [6].

Simultaneously, chronic neuroinflammation exacer-
bates the neurodegenerative process seen in dementia 
[7]. Activated microglia, the brain’s resident immune 
cells, release pro-inflammatory cytokines and other 
mediators in response to pathological stimuli. These mol-
ecules further damage neurons, disrupt synaptic con-
nections, and perpetuate neurodegeneration, hastening 
cognitive decline [8].

Mitochondrial dysfunction further compounds the 
pathological landscape of dementia, resulting in impaired 
energy production, ROS overproduction, and compro-
mised cellular resilience [9]. Mitochondria, crucial for 
ATP synthesis, malfunction under pathological condi-
tions, compromising cellular energy production and 
rendering neurons vulnerable to oxidative stress and 
apoptosis. Consequently, mitochondrial dysfunction not 
only contributes to oxidative stress but also accelerates 
neuronal death, exacerbating dementia’s progression [10].

Moreover, the cumulative impact of oxidative stress, 
inflammation, and mitochondrial dysfunction compro-
mises neuronal integrity, leading to widespread neuronal 
damage and synaptic dysfunction [11]. Neurons, critical 
for cognitive function, succumb to pathological insults, 
resulting in synaptic loss, dendritic atrophy, and eventual 
neuronal death. As neuronal networks deteriorate, cog-
nitive decline ensues, underscoring the profound reper-
cussions of neurodegeneration on cognitive function in 
dementia [12].

Current treatment strategies primarily focus on symp-
tom management, disease progression deceleration, and 
improvement of individuals’ quality of life [13]. Unfortu-
nately, targeted treatments are presently unavailable, and 
the effectiveness of existing therapies remains limited. 

Consequently, there is an urgent need to explore preven-
tive approaches.

In recent years, there has been a growing interest in 
the potential health benefits of anthocyanins, a group 
of natural pigments belonging to the flavonoid family. 
Anthocyanins are commonly found in various parts of 
plants. They have attracted attention for their potential 
role in brain health and their ability to prevent or manage 
dementia [14, 15]. Several preclinical studies explored 
the protective effects of anthocyanins against dementia 
and cognitive decline. These studies revealed that antho-
cyanins possess a wide range of beneficial properties, 
including antioxidant, anti-inflammatory, and anti-apop-
totic effects [16–18]. These findings suggest that antho-
cyanins may possess neuroprotective properties and 
could contribute to the prevention or delay of cognitive 
impairment. As a result, the neuroprotective potential of 
anthocyanins against hydrogen peroxide-induced cyto-
toxicity has gained significant attention.

Zea mays L. var. ceratina is a variety of corn character-
ized by its purple-colored husk and kernels. It is highly 
regarded for its abundant anthocyanin content, which 
makes it a valuable source of bioactive compounds, 
particularly those belonging to the anthocyanin group. 
Numerous studies have demonstrated that Zea mays L. 
var. ceratina extract contains a diverse array of antho-
cyanins, including derivatives of cyanidin, peonidin, and 
pelargonidin [19]. These anthocyanins have been exten-
sively investigated for their potential health benefits and 
medicinal properties [20, 21].

Based on the aforementioned information regarding 
the positive modulation effects of the anthocyanin-rich 
extract from Zea mays L. var. ceratina (AZC) against 
neuronal cell death, it has been hypothesized that the 
extract should possess biological activities associated 
with the pathophysiology of dementia and may enhance 
neuronal cell survival in the presence of hydrogen perox-
ide-induced cytotoxicity in SH-SY5Y cells. To investigate 
the potential underlying mechanisms, various param-
eters were evaluated, including the activity of scaveng-
ing enzymes such as CAT, SOD, and GSH-Px, levels of 
MDA and ROS production, as well as the expression lev-
els of ERK1/2, CREB, and apoptotic factors, including 
Bcl-2 and caspase 3.

Materials and methods
Preparation of anthocyanin-rich extract from Zea mays L. 
var. ceratina
The Zea mays L. var. ceratina (voucher specimen KKU 
25979) hereafter referred to as AZC utilized in this study 
was sourced from the Faculty of Agriculture at Khon 
Kaen University in Khon Kaen province, Thailand. Fol-
lowing authentication, the AZC underwent a meticu-
lous cleaning and drying procedure at 60  °C for 48 h in 
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a Memmert GmbH oven (USA). Subsequently, the dried 
material was finely pulverized into a powder. From this 
powdered material, extracts were prepared through 
a maceration process involving distilled water, a 50% 
hydro-alcoholic solution, and a 95% hydro-alcoholic 
solution. The resulting extract underwent centrifuga-
tion at 3,000 revolutions per minute (rpm) for 10  min 
and was then filtered using Whatman No. 1 filter paper. 
The solvent from the filtrate was removed employing a 
rotary evaporator and a freeze dryer from Labconco Cor-
poration (Kansas City, MO, USA). These extracts were 
employed for the determination of phenolic compounds, 
flavonoids, anthocyanins, as well as their assessment of 
antioxidant and anti-inflammatory activities.

Determination of the fingerprint chromatogram
The fingerprint chromatogram of AZC was established 
through high-performance liquid chromatography 
(HPLC) employing a Waters® system equipped with a 
Waters® 2998 photodiode array detector. Separation was 
achieved using Purospher® STAR, C-18 encapped (5µM), 
LiChro-CART® 250 − 4.6, and HPLC-Cartridge, Sorbet 
Lot No. HX255346 (Merck, Germany).

In this study, the mobile phase gradient comprised 
100% methanol (solvent A) (Fisher Scientific, USA) and 
2.5% acetic acid (solvent B) (Fisher Scientific, USA) in 
deionized (DI) water. The gradient elution was con-
ducted at a flow rate of 1.0 mL/min, with the following 
gradient profile: 0–17 min, 70% A; 18–20 min, 100% A; 
20.5–25  min, 10% A. Before administration, the sample 
underwent filtration (0.45 μm, Millipore), and a 20 µL ali-
quot of the sample was directly utilized. The chromato-
gram was assessed at 280  nm using a UV detector, and 
data analysis was carried out employing EmpowerTM3 
[22].

Determination of the total content of phenolic 
compounds, flavonoids, and anthocyanins
The total phenolic compounds content was assessed 
using the Folin-Ciocalteu colorimetric method with 
a microplate reader (iMark™ Microplate Absorbance 
Reader). In brief, 20 µL of the extract was mixed with 
a freshly prepared reagent containing 20 µL of 50% v/v 
Folin-Ciocalteu reagent (Sigma-Aldrich, USA) and 158 
µL of distilled water. After an 8-minute incubation, 30 
µL of 20% Na2CO3 (Sigma-Aldrich, USA) was added. The 
mixture was further incubated in a dark room at 25 °C for 
2  h, and the absorbance was measured at 765  nm [23]. 
The results were expressed as milligrams of gallic acid 
equivalent (GAE) per gram of extract. A standard calibra-
tion curve was constructed using various concentrations 
of gallic acid (Sigma-Aldrich, USA).

The total flavonoid content in the extract was deter-
mined using the aluminum chloride method. In short, 

100 µL of the extract at different concentrations were 
mixed with 100 µL of 2% methanolic aluminum chloride 
(Sigma-Aldrich, USA). The mixture was incubated at 
25  °C in a dark room for 30 min, and the absorbance at 
415 nm was measured against an appropriate blank [24]. 
The results were expressed as µg quercetin equivalent/g 
extract. Various concentrations of quercetin (Sigma-
Aldrich, USA) were used to prepare a standard calibra-
tion curve.

The assessment of total anthocyanin content was car-
ried out using a pH-differential method. To summarize, 1 
mL of the extract was mixed with 2 mL of 0.025 M potas-
sium chloride pH 1.0 and 2 mL of 0.4 M sodium acetate 
pH 4.5. The mixed solutions were incubated at 25 °C for 
10  min, and then the absorbance was measured at 520 
and 720  nm using a UV-spectrophotometer (Pharma-
cia LKB-Biochrom 4060). The anthocyanin content was 
calculated and expressed as mg of cyanidin-3-glucoside 
equivalents/g extract. This calculation utilized a molar 
extinction coefficient (ɛ) of cyanidin-3-O-glucoside 
(26,900 L mol− 1 cm− 1) and a molecular weight (MW) of 
449.2 g mol− 1) [25].

Determination of biological activities
Antioxidant activities
DPPH For the measurement of free radical-scaveng-
ing activity, the 1,1-diphenyl-2-picrylhydrazyl radical 
(DPPH) was employed. A methanolic solution of DPPH 
at a concentration of 0.1 mM was prepared. Then, 2 mL 
of this solution was mixed with 0.3 mL of various extract 
concentrations (ranging from 1 to 100 mg/mL) and incu-
bated for 30  min at 25  °C. After incubation, the absor-
bance at 517 nm was measured against a blank (without 
the extract) using a microplate reader (iMark™ Microplate 
Absorbance Reader) [26]. The results were expressed as 
EC50, representing the concentration in µg/mL required 
to inhibit radical formation by 50%.

FRAP The ferric tripyridyltriazine (Fe3+-TPTZ) to 
ferrous tripyridyltriazine (Fe2+-TPTZ) conversion was 
utilized for the determination of ferric reducing anti-
oxidant power (FRAP) of the extract. A freshly prepared 
FRAP solution containing 20 mM ferric chloride (FeCl3) 
(Sigma-Aldrich, USA), 300 mM acetate buffer (Sigma-
Aldrich, USA), and 10 mM TPTZ (Sigma-Aldrich, USA) 
was mixed at a ratio of 1:10:1, respectively. 90 µL of the 
FRAP reagent was mixed with 10 µL of the extract and 
incubated at 37 °C for 10 min. The absorbance at 593 nm 
was measured against a blank [27]. The results were 
expressed as EC50 values.

ABTS The determination of free radical-scavenging 
activity using 2,2-Azinobis-3-ethylbenzothiazoline-
6-sulfonic acid (ABTS) involved the preparation of an 
ABTS•+ solution by mixing 7 mM ABTS (Sigma-Aldrich, 
USA) and 2.45 mM potassium persulfate (K2S2O8) 
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(Sigma-Aldrich, USA) at a ratio of 2:3. For assays, 30 µL 
of the extract at various concentrations was mixed with 
120 µL of distilled water and 30 µL of ethanol. The mix-
ture was reacted with 3 mL of ABTS•+ solution, and the 
absorbance was measured at 734 nm using a spectropho-
tometer (Pharmacia LKB-Biochrom 4060) [28]. The radi-
cal scavenging activity was expressed as EC50 value.

Cyclo-oxygenase-II (COX-II) inhibition
To assess the cyclo-oxygenase-II (COX-II) inhibition, a 
colorimetric COX-II inhibitor screening assay kit (Cay-
man Chemical, USA) was employed. The extract’s anti-
inflammatory effect on COX-II inhibition activity was 
determined following the manufacturer’s protocol. A 
COX-II working solution was prepared by dissolving the 
COX-II substance in 100 mM Tris-HCl buffer with a pH 
of 8.0, at a ratio of 1:100. In summary, a mixture contain-
ing 150 µL of assay buffer, 10 µL of the extract, 10 µL of 
heme (Cayman Chemical, USA), 10 µL of COX-II work-
ing solution, 20 µL of 10 µM TMPD (N, N,N’,N’-Tetra-
methyl-p-phenylenediamine dihydrochloride) (Sigma, 
USA), and 20 µL of 100 µM arachidonic acid (Cayman 
Chemical, USA) was added to 96-well microliter plates. 
The plates were then incubated at 25 °C for 30 min. Sub-
sequently, the absorbance at 590 nm was measured, with 
indomethacin used as the reference standard [29]. The 
results were expressed as EC50 value.

Cell culture and cell viability assay
Cell culture
The SH-SY5Y cell line used in this study was derived 
from a neuroblastoma bone marrow biopsy and was of 
neuronal origin, exhibiting neuronal cell properties. The 
cell line was obtained from the American Type Culture 
Center (ATCC Manassas, Virginia, USA) under the cata-
log number CRL-2266. To maintain the SH-SY5Y cells, 
they were cultured in DMEM medium (Gibco, USA) 
supplemented with 10% FBS, 1% penicillin-streptomycin, 
and 1% non-essential amino acids. The cells were incu-
bated at 37 °C in a humidified atmosphere containing 5% 
CO2 [30].

For each experiment, the cells were plated at an appro-
priate density. Prior to the start of the experiment, the 
culture medium in each well was completely removed, 
and fresh medium containing hydrogen peroxide, with or 
without AZC, was added.

Cell viability assay
The MTT assay was performed to evaluate the in vitro 
cytotoxicity of hydrogen peroxide and AZC. SH-SY5Y 
cells were seeded in 96-well plates at a density of 1 × 104 
cells/well and cultured according to the previously 
described conditions. The cells were treated with vari-
ous concentrations of hydrogen peroxide (ranging from 

50 µM to 1,000 µM) and AZC (ranging from 0  µg/mL 
to 1,000 µg/mL) in serum-free DMEM for a duration of 
24  h. The concentration of hydrogen peroxide-induced 
cytotoxicity used in this study was optimized to match 
the concentrations utilized in our previous study [30].

To investigate the potential protective effects of AZC 
against hydrogen peroxide-induced neurotoxicity, the 
cells were pre-treated with extract for 18 h. Subsequently, 
the media was removed, and fresh medium containing 
hydrogen peroxide, with or without AZC, was added. 
After a total treatment duration of 24  h, the culture 
medium was replaced with MTT reagent obtained from 
Sigma, USA. The final concentration of MTT reagent 
was 0.5  mg/mL. The cells were then incubated at 37˚C 
for 1 h in a humidified atmosphere containing 5% CO2. 
Following the incubation period, the MTT reagent was 
aspirated, and 100 µL of dimethyl sulfoxide (DMSO) was 
added to dissolve the insoluble purple formazan product. 
The absorbance of the resulting solution was measured at 
570 nm using a suitable microplate reader (BioTek Syn-
ergy H1 Multimode Reader, USA) [30].

Determination of intracellular reactive oxygen species 
levels
The measurement of intracellular reactive oxygen species 
(ROS) levels was performed using CM-H2DCFDA, a cell-
permeable fluorescent probe. SH-SY5Y cells were seeded 
in a 96-well plate and cultured according to the afore-
mentioned protocol. After a 24-hour incubation, the cells 
were pretreated with or without AZC. Subsequently, the 
cells were exposed to 10 µM CM-H2DCFDA and main-
tained at 37 °C for 30 min in a 5% CO2 incubator in the 
darkness. Following this, the cells were washed with PBS 
and subjected to H2O2 treatment in serum-free medium 
for 24  h. Within the cells, CM-H2DCFDA underwent 
conversion by intracellular esterases in the presence of 
ROS, leading to the formation of the fluorescent com-
pound 2’,7’-dichlorofluorescein (DCF). The fluorescence 
intensity of DCF, which acted as an indicator of ROS 
levels, was quantified using a Synergy HT Multi-Mode 
microplate reader (BioTek instruments, Winooski, VT) 
with an excitation wavelength of 488 nm and an emission 
wavelength of 520 nm [31].

Determination of oxidative stress status
To assess the alterations of oxidative stress markers, the 
cell homogenates were prepared by homogenizing the 
cells with 0.1 M potassium phosphate buffer solution at 
pH 7.4. The homogenization was performed by diluting 
10  mg of sample in 50 µL of PBS. The protein concen-
tration in the cell homogenates was determined using a 
Thermo Scientific NanoDrop 2000c spectrophotometer 
by measuring the optical absorbance at 280 nm.
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CAT activity was determined based on its ability to 
break down hydrogen peroxide. A total of 10 µL of the 
prepared sample was mixed with a solution containing 25 
µL of 4 M H2SO4, 50 µL of 30 mM hydrogen peroxide (in 
50 mM phosphate buffer at pH 7.0), and 150 µL of 5 mM 
KMnO4. Subsequently, the absorbance at 490  nm was 
measured. CAT enzyme was used as a reference stan-
dard, with concentrations ranging from 10 to 100 units/
mL. The results were expressed as units/mg protein [32].

For the determination of superoxide dismutase (SOD) 
activity, the method described by Sun and colleagues was 
followed. A mixture solution of 0.5 mM xanthine (pH 
7.4), 0.2  M phosphate buffer solution (KH2PO4) at pH 
7.8, 0.01 M EDTA, and 15 µM cytochrome C (50:25:1:1 
(v/v)) was prepared. The prepared sample (20 µL) was 
mixed with 200 µL of the mixture solution and 20 µL of 
xanthine oxidase (0.90 mU/mL). The absorbance was 
measured at 415 nm. SOD enzyme activity, ranging from 
0 to 25 units/mL, was used as the reference standard. The 
results were expressed as units/mg protein [33].

The activity of glutathione peroxidase (GSH-Px) was 
assessed by mixing 20 µL of the prepared sample with a 
mixed solution containing 10 µL of 1 mM dithiothreitol 
(DTT), 10 mM monosodium phosphate (NaH2PO4) in 
distilled water, 1 mM sodium azide in 40 mM potassium 
phosphate buffer at pH 7.0, 10 µL of 50 mM glutathione 
solution, and 100 µL of 30% hydrogen peroxide. The reac-
tion mixture was incubated at 25 °C for 10 min, followed 
by the addition of 10 µL of 10 mM DTNB. The absor-
bance at 412 nm was measured. GSH-Px enzyme activity, 
ranging from 1 to 5 units/mL, was used as the reference 
standard. The GSH-Px activity was expressed as units/mg 
protein [34].

To measure the level of malondialdehyde (MDA), an 
indicator of lipid peroxidation, the thiobarbituric acid 
reaction was employed. Briefly, 50 µL of the prepared 
sample was combined with a mixture solution consist-
ing of 50 µL of 8.1% sodium dodecyl sulfate, 375 µL of 
0.8% thiobarbituric acid, 375 µL of 20% acetic acid, and 
150 µL of distilled water. The resulting mixture was then 
heated and maintained at 95 °C for 60 min. Subsequently, 
the reaction mixture was cooled using tap water and 
mixed with a solution comprising 1,250 µL of n-butanol 
and pyridine (at a ratio of 15:1) and 250 µL of distilled 
water. This mixture was subjected to centrifugation at 
4,000 rpm for 10 min. The upper layer was collected, and 
the absorbance at 532  nm was measured. 1,1,3,3-tetra-
methoxypropane (TMP) at concentrations ranging from 
0 to 15 µM, was used as a reference standard. The results 
were expressed as ng/mg protein [35].

Western blotting analysis
To extract proteins from the SH-SY5Y cells, 1/5 (w/v) 
RIPA (radioimmunoprecipitation assay) buffer (Cell 

Signaling Technology, USA) was used. The buffer con-
sisted of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1  µg/mL leupeptin, 
and 1 mM phenylmethanesulfonyl fluoride (PMSF) 
(Cell Signaling Technology, USA). The prepared sample 
was centrifuged at 12,000 × g at 4 °C for 10 min and the 
supernatant collected. The protein concentration was 
determined using a Thermo Scientific NanoDrop 2000c 
spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, Delaware, USA). Subsequently, 20  µg of cell lysate 
was mixed with Tris-Glycine SDS-PAGE loading buf-
fer and heated at 95 °C for 10 min. Protein isolation was 
performed using sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) by loading 20 µg of cell 
lysate onto an SDS-polyacrylamide gel. The separated 
protein bands were then transferred to a polyvinylidene 
fluoride (PVDF) membrane, washed with 0.05% TBS-T, 
and blocked with blocking buffer (5% skim milk in 0.1% 
TBS-T) at 25  °C for 1  h. The nitrocellulose membrane 
was subsequently incubated with the following anti-
bodies at 4  °C overnight: anti-ERK1/2 (Cell Signaling 
Technology, USA; dilution 1:1,000), anti-CREB (Affinity 
Biosciences, UK; dilution 1:1,000), anti-Bcl-2   (Affinity 
Biosciences, USA; dilution 1:1,000), anti-caspase 3 (Cell 
Signaling Technology, USA; dilution 1:1,000), and anti-β-
actin (Cell Signaling Technology, USA; dilution 1:2000). 
Following incubation, the membrane was washed with 
TBS-T (0.05%) and incubated with anti-rabbit IgG, HRP-
linked antibody (Cell Signaling Technology, USA; dilu-
tion 1:2,000) at 25  °C for 1  h. The protein bands were 
visualized and quantified using the ECL detection sys-
tem (GE Healthcare) and LAS-4000 luminescent image 
analyzer (GE Healthcare). ImageQuant TL v.7.0 image 
analysis software (GE Healthcare) was used to measure 
the band intensities for statistical analysis. The expres-
sion levels were normalized using anti-β-actin. The mem-
branes were incubated and visualized with each antibody, 
followed by the internal control. Representative Western 
blot images were cropped to remove irrelevant portions 
and present only the proteins of interest, while the full-
length blots are provided in the supplementary material. 
The data were presented as relative density compared to 
the naïve control group [36].

Statistical analysis
The data is presented as the mean ± standard error of the 
mean (SEM). Statistical significance was evaluated using 
one-way analysis of variance (ANOVA), followed by 
the post hoc Tukey test. For comparisons between two 
groups, the student’s t-test was applied. A p-value of less 
than 0.05 was regarded as statistically significant. All sta-
tistical analyses were performed utilizing SPSS version 27 
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(IBM Corp., Released 2020, IBM SPSS Statistics for Mac 
OS).

Results
Bioactive compounds and their corresponding biological 
activities
The findings presented in Table  1 demonstrate that 
the aqueous extract of Zea mays L. var. ceratina 
contained active compounds, including total phe-
nolic compounds, total flavonoids, and total antho-
cyanins, at concentrations of 121.13 ± 1.44  mg GAE/g 
of extract, 83.78 ± 2.94  mg quercetin/g of extract, and 
29.67 ± 1.09  mg C3G/g of extract, respectively. The 
50% hydroalcoholic extract boasts even higher lev-
els of these bioactive compounds, with concentrations 
of 183.43 ± 2.12  mg GAE/g of extract, 118.17 ± 5.58  mg 
quercetin/g of extract, and 48.50 ± 3.75  mg C3G/g of 
extract. Similarly, the 95% hydroalcoholic extract also 
contained substantial levels of these bioactive com-
pounds, with concentrations of 129.02 ± 1.94  mg GAE/g 
of extract, 90.18 ± 6.54  mg quercetin/g of extract, and 
31.73 ± 2.41 mg C3G/g of extract.

These results clearly demonstrate that the extrac-
tion of Zea mays L. var. ceratina using a 50% hydroal-
coholic solution results in the highest concentration of 
total phenolic compounds, total flavonoids, and total 
anthocyanins. This difference is statistically significant 
(p < 0.001 for total phenolic compounds, p < 0.01 for total 
flavonoids, and p < 0.01 for total anthocyanins) when 
compared to the aqueous extract, and also significant 
(p < 0.001 for total phenolic compounds, p < 0.05 for total 
flavonoids, and p < 0.05 for total anthocyanins) when 
compared to the 95% hydroalcoholic extract.

Given the considerable potential demonstrated by 
the 50% hydroalcoholic extract, we opted to identify 
and quantify primary anthocyanin derivatives based 
on previous reports detailing major or primary antho-
cyanin derivatives [19, 37, 38]. The results, presented 
in Table 1; Fig. 1, reveal that each milligram of the 50% 
hydroalcoholic extract of Zea mays L. var. ceratina 

contains concentrations of 6.75 ± 0.16 µg/mg of cyanidin-
3,5-diglucoside, 15.10 ± 0.01  µg/mg of cyanidin-3-glu-
coside, 4.09 ± 0.03  µg/mg of peonidin-3-glucoside, and 
13.98 ± 1.20  µg/mg of cyanidin-3-dimalonylglucoside. 
These findings suggest that the primary anthocyanin 
derivative prevalent in the 50% hydroalcoholic extract of 
Zea mays L. var. ceratina is cyanidin-3-glucoside, which 
is consistent with previous findings [19, 37, 38].

To validate the beneficial effects of the anthocyanin-
rich substance derived from the 50% hydroalcoholic 
extract, we assessed its biological activities relevant to 
dementia, including antioxidant and anti-inflammatory 
effects. The results in Table 2 reveal that the 50% hydroal-
coholic extract exhibited significantly lower EC50 values 
in antioxidant assays (DPPH, FRAP, and ABTs) (p < 0.001, 
0.01, and 0.05, respectively) compared to the aqueous 
extract, as well as lower EC50 values (p < 0.001, 0.01, and 
0.05, respectively) compared to the 95% hydroalcoholic 
extractions. Moreover, the 50% hydroalcoholic extract 
displayed the lowest EC50 values for COX-2 suppression 
activity, although no significant difference was observed 
among the various extracts. Consequently, the 50% 
hydroalcoholic solution was selected for the preparation 
of the anthocyanin-rich extract from Zea mays L. var. 
ceratina (AZC) for further investigative experiments.

Cytotoxicity of hydrogen peroxide and AZC on the viability 
of SH-SY5Y cells
The study findings revealed that treatment of SH-SY5Y 
cells with hydrogen peroxide had deleterious effects, 
including decreased cell viability, induced apoptosis, and 
impaired scavenging enzyme activity [30]. To establish a 
cytotoxic model using hydrogen peroxide, SH-SY5Y cells 
were exposed to various concentrations (25, 50, 100, 200, 
400, and 800 µM) for 24 h, and cell viability was assessed 
using the MTT assay. Based on our prior publication 
[30], we determined that the optimal concentration for 
subsequent experiments was 200 µM of hydrogen perox-
ide treatment for a duration of 24 h.

Table 1 Main active compounds and primary anthocyanin derivatives of Zea mays L. var. ceratina extracts
Parameters Units Aqueous

extract
50% hydro-alcoholic extract 95% hydro-alcoholic extract

Active compounds
Total phenolic content mg Gallic acid/g 121.13 ± 1.44 183.43 ± 2.12aaa, *** 129.02 ± 1.94
Total flavonoid content mg Quercetin/g 83.78 ± 2.94 118.17 ± 5.58aa, * 90.18 ± 6.54
Total anthocyanins content mg C3G /g 29.67 ± 1.09 48.50 ± 3.75aa, * 31.73 ± 2.41
Primary anthocyanin derivatives
Cyanidin-3,5-diglucoside µg /mg extract - 6.75 ± 0.16 -
Cyanidin-3-glucoside µg /mg extract - 15.10 ± 0.01 -
Peonidin-3-glucoside µg /mg extract - 4.09 ± 0.03 -
Cyanidin-3-dimalonylglucoside µg /mg extract - 13.98 ± 1.20 -
Data are presented as mean ± SEM. aa, aaa p < 0.01 and 0.001, respectively; compared with aqueous extract, *, **, ***p < 0.05, 0.01 and 0.001, respectively; compared 
with 95% hydro-alcoholic extract
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To assess the cytotoxicity of AZC, SH-SY5Y cells were 
exposed to various concentrations of extract (15.625, 
31.25, 62.5, 125, 250, 500, and 1,000  µg/mL) for 24  h, 
and the results are depicted in Fig. 2. The data indicated 
a decrease in cell viability with increasing concentra-
tion: 98.60 ± 0.64, 92.84 ± 4.03, 89.41 ± 2.86, 86.99 ± 2.54, 
83.74 ± 3.45, 72.69 ± 1.77, and 66.65 ± 3.91, respec-
tively. Notably, significant reductions in cell viability 
were observed at concentrations of 125, 250, 500, and 
1,000 µg/mL (p < 0.05, 0.01, 0.001, and 0.001, respectively; 
compared to the control group). Consequently, the doses 
of 31.25 and 62.5  µg/mL were identified as the maxi-
mum non-toxic doses of AZC for SH-SY5Y cells. These 
doses were chosen for further investigation to determine 
the protective effect of AZC against hydrogen peroxide-
induced cytotoxicity.

Effects of AZC on the viability of SH-SY5Y cells
Figure  3 illustrates the neuroprotective effect of AZC. 
The data demonstrates that when SH-SY5Y cells were 
exposed to hydrogen peroxide and received the vehicle, 
a significant reduction in cell viability was observed 
(p < 0.001 compared to the naïve control group). Addi-
tionally, the cell morphology displayed shorter processes 
and adopted a round shape, as indicated by the white 
arrows in Fig.  3(a). In contrast, treatment with AZC at 
concentrations of 31.25 and 62.5 µg/mL effectively coun-
tered this decrease in cell viability (p < 0.05 and 0.01, 
respectively, when compared to the group treated with 
hydrogen peroxide + vehicle).

Effects of AZC on intracellular ROS production
Given the crucial role of oxidative stress in the develop-
ment of various neurodegenerative disorders, including 
dementia such as Alzheimer’s disease, Parkinson’s dis-
ease, and vascular dementia, elevated levels of reactive 

Table 2 Biological activities of various extracts of Zea mays L. var. ceratina
Parameters Units Aqueous

extract
50% hydro-alcoholic extract 95% hydro-alcoholic extract Standard reference

Antioxidant 
activities
DPPH EC50 (µg/mL) 76.28 ± 5.46 33.41 ± 0.57aaa, *** 68.99 ± 3.57 43.33 ± 0.02, Trolox
FRAP EC50 (µg/mL) 56.24 ± 4.34 24.18 ± 2.55aa, ** 54.72 ± 2.50 30.32 ± 0.01, Trolox
ABTS EC50 (µg/mL) 52.62 ± 0.32 39.96 ± 0.05a, * 48.35 ± 0.18 41.73 ± 0.02, Trolox
Inflammatory 
marker
COX-II EC50 (µg/mL) 117.67 ± 2.13 98.72 ± 5.06a 104.69 ± 4.58 32.47 ± 0.01, Indomethacin
Data are presented as mean ± SEM. a, aa, aaa  p < 0.05, 0,01 ,and 0.001, respectively; compared with aqueous extract, *, **, ***  p < 0.05, 0,01 ,and 0.001, respectively; 
compared with 95% hydro-alcoholic extract

Fig. 1 The chromatographic fingerprinting of primary anthocyanin derivatives of AZC. AZC: the anthocyanin-rich extract derived from Zea mays L. var. 
ceratina
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oxygen species (ROS) can contribute to neuronal damage 
and cognitive decline [39]. Our study aimed to investi-
gate the impact of AZC on ROS production in SH-SY5Y 
cells exposed to hydrogen peroxide-induced cytotoxicity. 
The findings, as depicted in Fig. 4, indicate a significant 
increase in ROS production in SH-SY5Y cells treated 
with hydrogen peroxide and the vehicle (p < 0.001; com-
pared to the naïve control group). Interestingly, all doses 
of AZC treatment effectively alleviated the rise in ROS 
production (p < 0.001 for all; compared to the group 
treated with hydrogen peroxide + vehicle).

Effects of AZC on the oxidative stress status
The protective effects of AZC on oxidative stress sta-
tus, including MDA levels and the levels of key scaven-
ger enzymes (CAT, SOD, and GSH-Px), are presented in 
Table 3. It was observed that SH-SY5Y cells treated with 
hydrogen peroxide and receiving the vehicle displayed a 
significant increase in MDA levels (p < 0.001; compared 
to the naïve control group) and a decrease in CAT, SOD, 
and GSH-Px levels (p < 0.05, 0.01, and 0.01, respectively; 
compared to the naïve control group).

However, SH-SY5Y cells treated with hydrogen per-
oxide and AZC at a dose of 31.25  µg/mL exhibited a 
significant decrease in MDA levels, accompanied by an 
increase in CAT and GSH-Px levels (p < 0.01, 0.05, and 
0.05, respectively; compared to the group treated with 
hydrogen peroxide + vehicle). Nevertheless, no signifi-
cant change in SOD levels was observed in SH-SY5Y cells 
treated with hydrogen peroxide and AZC at a dose of 
31.25 µg/mL.

Similarly, treatment with AZC at a dose of 62.5 µg/mL 
resulted in a significant decrease in MDA levels (p < 0.01; 

compared to the group treated with hydrogen perox-
ide + vehicle) and a significant increase in all scavenging 
enzymes, including CAT, SOD, and GSH-Px (p < 0.05 
for all; compared to the group treated with hydrogen 
peroxide + vehicle).

Effects of AZC on the alteration of ERK1/2 signal 
transduction
Considering the pivotal role of ERK1/2 signal transduc-
tion in neuronal cell death, we investigated the impact 
of AZC on ERK1/2 phosphorylation in hydrogen perox-
ide-induced SH-SY5Y cytotoxicity, and the results are 
presented in Fig. 5. The data indicate that SH-SY5Y cells 
treated with hydrogen peroxide and the vehicle exhib-
ited a significant decrease in the expression of ERK1/2 
phosphorylation (p < 0.01; compared to the naïve con-
trol group). However, all doses of AZC treatment effec-
tively reversed the decrease in ERK1/2 phosphorylation 
induced by hydrogen peroxide (p < 0.05 and 0.01, respec-
tively; compared to the hydrogen peroxide + vehicle 
group).

Effects of AZC on the alteration of CREB
To confirm the neuroprotective effects of AZC, we exam-
ined CREB, a transcription factor crucial for neuropro-
tection. The results are depicted in Fig. 6. SH-SY5Y cells 
treated with hydrogen peroxide and receiving the vehi-
cle exhibited a significant decrease in CREB expression 
(p < 0.01; compared to the naïve control group). Interest-
ingly, AZC treatment at doses of 31.25 and 62.5  µg/mL 
effectively mitigated the reduction in CREB expression 
induced by hydrogen peroxide (p < 0.05 for both; com-
pared to the hydrogen peroxide + vehicle group).

Fig. 2 Effect of the AZC on the viability of SH-SY5Y cells. Data are presented as mean ± SEM. *, **, ***p < 0.05, 0.01 and 0.001, respectively; compared with 
naïve control. AZC: the anthocyanin-rich extract derived from Zea mays L. var. ceratina
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Effects of AZC on markers of apoptosis
Undesired apoptosis performs a role in various condi-
tions, including neurodegenerative diseases. To inves-
tigate how AZC exerts its neuroprotective effects, we 
examined the levels of Bcl-2  , a marker of anti-apop-
totic inhibition, and caspase 3, a marker of apoptotic 
induction. The results shown in Figs.  7 and 8 indicate 
that SH-SY5Y cells treated with hydrogen peroxide 
and the vehicle experienced a significant reduction in 

Bcl-2  expression and an increase in caspase 3 expression 
(p < 0.001 for both; compared to the naïve control group).

Importantly, all doses of AZC treatment effectively 
reversed the decrease in Bcl-2 expression (p < 0.05 for 
31.25  µg/mL, and p < 0.01 for 62.5  µg/mL; compared to 
the group treated with hydrogen peroxide + vehicle). 
Furthermore, all AZC treatments also significantly sup-
pressed the expression of caspase 3 (p < 0.05 for 31.25 µg/
mL, and p < 0.01 for 62.5 µg/mL; compared to the group 
treated with hydrogen peroxide + vehicle).

Fig. 3 Effect of AZC on hydrogen peroxide induced cytotoxicity in SH-SY5Y cells. (a) Light microscopy of SH-SY5Y cell morphology at 40x magnification. 
(b) % cell viability of SH-SY5Y cells. Data are presented as mean ± SEM. aaap < 0.001; compared to naïve control, *, **p < 0.05 and 0.01, respectively; com-
pared to SH-SY5Y cells treated with hydrogen peroxide, and which had received the vehicle. hydrogen peroxide: hydrogen peroxide at dose of 200 µM; 
AZC low dose and AZC high dose: the anthocyanin-rich extract derived from Zea mays L. var. ceratina at doses of 31.25 and 62.5 µg/mL, respectively
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Table 3 The effect of the AZC on oxidative stress markers in SH-SY5Y cell toxicity induced by hydrogen peroxide
Treatment groups MDA

(ng/mg protein)
CAT
(units/mg protein)

SOD
(units/mg protein)

GSH-Px
(units/mg protein)

Naïve control 11.44 ± 1.22 28.88 ± 1.75 41.77 ± 0.77 25.41 ± 1.28
Hydrogen peroxide + Vehicle 27.70 ± 2.27aaa 15.73 ± 1.74a 25.70 ± 0.36aa 16.81 ± 0.49aa

Hydrogen peroxide + AZC low dose 16.74 ± 0.11** 29.61 ± 2.15* 30.15 ± 1.69 22.02 ± 0.85*

Hydrogen peroxide + AZC high dose 16.71 ± 0.68** 27.71 ± 3.15* 35.55 ± 2.03* 21.27 ± 0.82*

Data are presented as mean ± SEM. a, aa, aaap < 0.05, 0.01 and 0.001, respectively; compared to naïve control, *,**p < 0.05 and 0.01, respectively; compared to SH-SY5Y 
cells which received hydrogen peroxide and vehicle. AZC low dose and AZC high dose : the anthocyanin-rich extract obtained from Zea mays L. var. ceratina at doses 
of 31.25 and 62.5 µg/mL, respectively

Fig. 5 Effect of AZC on the expression of ERK1/2 in the hydrogen peroxide induced SH-SY5Y cell toxicity was detected by Western blotting. (a) Represen-
tative Western blot showing the levels of total p-ERK1/2/ERK1/2. (b) Relative density of total p-ERK1/2/ERK1/2. Data are presented as mean ± SEM. aap < 
0.01; compared to naïve control, *, **p < 0.05 and 0.01, respectively; compared to SH-SY5Y cells treated with hydrogen peroxide, and which had received 
the vehicle. ERK1/2: extracellular signal-related kinases 1 and 2; H2O2: hydrogen peroxide at dose of 200 µM; AZC low dose and AZC high dose: the 
anthocyanin-rich extract derived from Zea mays L. var. ceratina at doses of 62.5 and 125 µg/mL, respectively

 

Fig. 4 Effect of AZC on reactive oxygen species generation in SH-SY5Y cell toxicity induced by hydrogen peroxide. Data are presented as mean ± SEM. 
aaap < 0.001; compared to naïve control, ***p < 0.001; compared to SH-SY5Y cells treated with hydrogen peroxide, and which had received the vehicle. 
hydrogen peroxide: hydrogen peroxide at dose of 200 µM; AZC low dose and AZC high dose: the anthocyanin-rich extract derived from Zea mays L. var. 
ceratina at doses of 31.25 and 62.5 µg/mL, respectively
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Discussion
Anthocyanins, natural pigments belonging to the fla-
vonoid family, are widely recognized for their presence 
in various fruits, vegetables, and plants, contributing to 
their distinct colors. In recent years, they have gained 
significant attention for their potential health benefits, 
particularly in the field of neuroprotection [14, 15, 40]. 
Several studies have explored anthocyanins’ neuropro-
tective properties, yielding promising results. These 

compounds possess potent antioxidant capabilities, 
enabling them to neutralize harmful free radicals and 
ameliorate oxidative stress within neuronal cells [41, 42]. 
Additionally, anti-inflammatory effects of anthocyanins 
have been demonstrated through inhibition of inflam-
matory pathways and by reducing the production of 
pro-inflammatory molecules [16]. Both oxidative stress 
and inflammation are common features of various neu-
rological conditions and can lead to neuronal cell death 

Fig. 7 Effect of AZC on the expression of Bcl-2  in the hydrogen peroxide induced SH-SY5Y cell toxicity was detected by Western blotting. (a) Representa-
tive Western blot showing the levels of total Bcl-2 . (b) Relative density of total Bcl-2 . Data are presented as mean ± SEM. aaap < 0.001; compared to naïve 
control, *, **p < 0.05 and 0.01, respectively; compared to SH-SY5Y cells treated with hydrogen peroxide, and which had received the vehicle. Bcl-2 : B-cell 
lymphoma 2; H2O2: hydrogen peroxide at dose of 200 µM; AZC low dose and AZC high dose: the anthocyanin-rich extract derived from Zea mays L. var. 
ceratina at doses of 62.5 and 125 µg/mL, respectively

 

Fig. 6 Effect of AZC on the expression of CERB in the hydrogen peroxide induced SH-SY5Y cell toxicity was detected by Western blotting. (a) Represen-
tative Western blot showing the levels of total CREB. (b) Relative density of total CREB. Data are presented as mean ± SEM. aap< 0.01; compared to naïve 
control, *p < 0.05; compared to SH-SY5Y cells treated with hydrogen peroxide, and which had received the vehicle. CREB: cAMP response element-binding 
protein; H2O2: hydrogen peroxide at dose of 200 µM; AZC low dose and AZC high dose: the anthocyanin-rich extract derived from Zea mays L. var. ceratina 
at doses of 62.5 and 125 µg/mL, respectively
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and cognitive decline [43]. Through their ability to reduce 
oxidative stress and inflammation, anthocyanins may 
help protect against neurodegenerative processes.

Our findings align with prior studies in the literature, as 
we have observed that the 50% hydroalcoholic extract of 
Zea mays L. var. ceratina contained a significant quantity 
of phenolics and flavonoids, particularly anthocyanins 
and their derivatives. Furthermore, this extract exhib-
ited remarkably low EC50 values for antioxidant activi-
ties, including DPPH, FRAP, and ABTS. Additionally, it 
demonstrated noteworthy suppressive effects on COX-2. 
These discoveries provide further substantiation for the 
existing body of evidence regarding the advantageous 
properties of anthocyanins.

The current results have demonstrated the cytoprotec-
tive effect of AZC against hydrogen peroxide-induced 
SH-SY5Y cytotoxicity. Additionally, reductions in ROS 
production, MDA level, and caspase 3 expression were 
observed, accompanied by increased scavenging enzymes 
such as CAT, SOD, and GSH-Px, along with the upregu-
lation of ERK1/2, CREB, and Bcl-2  expression.

Hydrogen peroxide is widely recognized as a toxic 
agent that induces oxidative stress, generating highly 
reactive hydroxyl radicals that inflict damage to cells. 
Several studies have indicated that hydrogen peroxide-
induced oxidative stress can activate signaling pathways 
involved in apoptotic cell death [44, 45]. The interplay 
between oxidative stress and apoptosis in the context of 
dementia is complex. Oxidative stress can trigger apop-
tosis, and in turn, apoptosis can exacerbate oxidative 
stress by releasing reactive oxygen species and disrupting 
antioxidant defense mechanisms [46]. Excessive oxidative 
stress can also disrupt the balance between pro-apoptotic 

and anti-apoptotic factors, leading to heightened apop-
totic signaling and neuronal cell death [47].

Our results validate that hydrogen peroxide treatment 
increases oxidative stress by reducing the activities of 
catalase (CAT), superoxide dismutase (SOD), and gluta-
thione peroxidase (GSH-Px), while elevating malondial-
dehyde (MDA), an indicator of oxidative stress, and ROS 
levels. However, treatment with AZC effectively reversed 
these changes, suggesting that it may enhance the activi-
ties of scavenger enzymes and reduce MDA and ROS lev-
els. The reduction in oxidative stress, as evidenced by the 
decrease in MDA and ROS, contributed to the mitigation 
of neuronal cell injury and the promotion of neural cell 
survival. These findings agree with previous studies doc-
umented in the literature.

Furthermore, our findings demonstrate that hydrogen 
peroxide treatment induced apoptosis, as substantiated 
by elevated caspase 3 levels and diminished Bcl-2  levels 
[30, 48]. These outcomes are consistent with previous 
investigations indicating that oxidative stress influences 
undesirable apoptotic mechanisms, ultimately leading to 
cell death [49]. Considering these findings, we propose 
that AZC’s positive modulation effect on SH-SY5Y cell 
viability may be partly attributed to its ability to improve 
oxidative stress, resulting in the downregulation of cas-
pase 3 expression and the upregulation of Bcl-2 expres-
sion. Consequently, AZC suppresses undesired apoptosis 
and promotes increased cell viability.

It has been extensively documented that the ERK1/2-
CREB- Bcl-2 pathway plays a pivotal role in cell survival 
and neuroprotection [50, 51]. This signaling cascade 
entails the activation of extracellular signal-regulated 
kinases 1 and 2 (ERK1/2), which subsequently activate 

Fig. 8 Effect of AZC on the expression of caspase 3 in the hydrogen peroxide induced SH-SY5Y cell toxicity was detected by Western blotting. (a) Rep-
resentative Western blot showing the levels of total caspase 3. (b) Relative density of total caspase 3. Data are presented as mean ± SEM. aaap < 0.001; 
compared to naïve control, **p< 0.01; compared to SH-SY5Y cells treated with hydrogen peroxide, and which had received the vehicle. H2O2: hydrogen 
peroxide at dose of 200 µM; AZC low dose and AZC high dose: the anthocyanin-rich extract derived from Zea mays L. var. ceratina at doses of 62.5 and 
125 µg/mL, respectively
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the transcription factor known as cAMP response ele-
ment-binding protein (CREB). Upon activation, CREB 
initiates the expression of various target genes, including 
Bcl-2, a protein well-known for its anti-apoptotic proper-
ties [52].

ERK1/2 can be stimulated by a range of extracellular 
factors, including therapeutic agents and phytochemi-
cal substances. Once activated, ERK1/2 translocates 
to the nucleus, where it phosphorylates and activates 
CREB [53]. The activation of CREB, a transcription fac-
tor with the ability to bind to specific DNA sequences 
and regulate the transcription of target genes, leads to 
the increased expression of Bcl-2  [54]. Dysregulation of 
the ERK1/2-CREB- Bcl-2 pathway has been implicated in 
numerous neurodegenerative conditions, such as demen-
tia [55]. Diminished pathway activation can render neu-
rons more vulnerable to stress, impair cell survival, and 
heighten apoptosis, thereby contributing to the progres-
sion of neurodegeneration.

Our data substantiate these existing findings. The 
results emphasize that AZC treatment may exert a neu-
roprotective influence by activating the ERK1/2 signaling 
pathway, which subsequently triggers CREB activation 
and the consequent upregulation of Bcl-2  expression. 

Consequently, apoptosis is suppressed, leading to an 
enhancement in neuronal cell viability.

Collectively considering all the data, this study presents 
compelling evidence of the neuroprotective properties 
of AZC against hydrogen peroxide-induced cytotoxicity 
in SH-SY5Y cells. The potential mechanism underlying 
this effect involves the mitigation of undesired apoptotic 
processes and improvement of the oxidative stress status, 
ultimately resulting in enhanced cell viability.

Conclusion
This study represents the first investigation demonstrat-
ing the neuroprotective effects of AZC. The underly-
ing mechanisms potentially involve multitarget actions, 
including the alleviation of oxidative stress and the sup-
pression of excessive apoptosis mediated through the 
ERK1/2-CREB- Bcl-2  pathway, as illustrated in Fig.  9. 
Consequently, AZC exhibits substantial potential as a 
functional ingredient for the development of neuropro-
tective agents, particularly in the context of neurode-
generative disorders such as dementia. However, toxicity 
studies are imperative to ensure the safety of AZC con-
sumption before proceeding to in vivo and clinical 
investigations.

Fig. 9 The schematic diagram demonstrated the neuroprotective effect of AZC in the hydrogen peroxide induced SH-SY5Y cytotoxicity. AZC: the an-
thocyanin-rich extract derived from Zea mays L. var. ceratina; ERK1/2: extracellular signal-related kinases 1 and 2; Bcl-2: B cell lymphoma 2; CREB: cAMP 
response element-binding protein; MDA: malondialdehyde; SOD: superoxide dismutase; CAT: catalase; GSH-Px: glutathione peroxidase; ROS: reactive 
oxygen species
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