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Neuroprotective effects of green tea
(Camellia sinensis) and broccoli (Brassica
oleracea) extracts against Cuprizone-induced
cytotoxicity in neuroblastoma (SH-SY5Y) cells

Sara Fathallah' and Ahmed Abdellatif'**

Abstract

Background Natural antioxidants are crucial in slowing the progression of nervous system disorders such as multiple
sclerosis (MS), primarily by counteracting oxidative stress and neuroinflammation-two central drivers of neuronal
injury. Green tea (EGCG) and broccoli (sulforaphane, SF) extracts are rich in potent antioxidant and anti-inflammatory
compounds, yet their comparative neuroprotective efficacy against cuprizone (CPZ)-induced toxicity has not been
thoroughly investigated.

Methods GC-MS confirmed catechins and caffeine as the main green tea constituents, and sulforaphane with
flavonoids as predominant in broccoli. SH-SY5Y neuroblastoma cells were exposed to CPZ (750 or 1000 uM) with or
without extract pretreatment (EGCG, 5 or 10 uM; SF, 10 or 20 uM). Cell viability (MTT, trypan blue), membrane/nuclear
morphology (light and fluorescence microscopy), and expression of MMP-3, IL-1(3, NF-kB1, HIF-1a, and miR-124-3p
were assessed.

Results CPZ (750 uM) reduced viability by >80% and induced marked structural damage. Optimal doses—EGCG
5uM and SF 10 uM—significantly preserved cell viability and morphology. CPZ elevated MMP-3 and suppressed
NF-kB1, HIF-1a, and miR-124-3p, with no change in IL-13. EGCG alone markedly reduced MMP-3 and IL-1(3; SF alone
lowered IL-13 and moderated miR-124-3p loss. SF+CPZ broadly attenuated CPZ effects, significantly reducing MMP-3
and IL-1B and restoring NF-kB1 and HIF-1a. EGCG + CPZ conferred selective protection but increased MMP-3 relative
to EGCG alone.

Conclusion Both extracts mitigate CPZ-induced neurotoxic signaling via distinct yet overlapping pathways—EGCG
through targeted suppression of matrix degradation, SF through broader anti-inflammatory and gene-restorative
effects. The current findings support their potential as complementary neuroprotective strategies, warranting further
in vivo validation.

Keywords Neurotoxicity, Green tea, Camellia sinensis, Broccoli, Brassica oleracea, Neuroprotection

*Correspondence: 'Biotechnology Program, The American University in Cairo, Cairo
Ahmed Abdellatif 11835, Egypt
Ahmed.abdellatif@aucegypt.edu ’Department of Biology, School of Sciences and Engineering, The

American University in Cairo, Cairo 11835, Egypt

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
@ Sprlnger O pen 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/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s40816-025-00407-z
http://orcid.org/0000-0003-0486-348X
http://crossmark.crossref.org/dialog/?doi=10.1186/s40816-025-00407-z&domain=pdf&date_stamp=2025-11-5

Fathallah and Abdellatif Clinical Phytoscience (2025) 11:19

Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating
disease of the central nervous system (CNS), character-
ized by the infiltration of T-cells, B-cells, and monocytes
into the CNS as well as oligodendrocyte damage [1], lead-
ing to demyelination and CNS functional changes includ-
ing, cognitive impairment, anxiety, depression, and other
neurological symptoms [2, 3]. Current MS treatment is
aimed at alleviating the disease’s symptoms and delaying
its progression. Available therapies have significant side
effects [4, 5]. For example, Aubagio and Ocrevus inhibit
de novo pyrimidine synthesis, therefore affecting T and
B cell function and negatively impacting the immune
system, in addition to causing liver failure, seizures, and
depression [6, 7].

Natural antioxidants play a pivotal role in mitigating
the progression of nervous system disorders, particu-
larly multiple sclerosis (MS), by counteracting oxidative
stress and neuroinflammation, two key drivers of neu-
ronal damage. Compounds such as curcumin (from tur-
meric), green tea polyphenols, and vitamins C and E have
demonstrated neuroprotective effects by scavenging free
radicals and modulating inflammatory pathways. Cur-
cumin, for instance, inhibits pro-inflammatory cytokines
like TNF-a and IL-1p [8], while enhancing antioxidant
enzymes such as superoxide dismutase and glutathi-
one peroxidase, thereby preserving myelin integrity and
reducing neurodegeneration in MS. Additionally, vita-
min D and B12 supplementation have shown promise in
supporting immune regulation and myelin repair, both
critical in MS management. These natural agents, when
integrated thoughtfully into treatment plans, may com-
plement conventional therapies and improve the quality
of life for individuals with MS [9].

Green tea (Camellia sinensis) and Broccoli (Bras-
sica oleracea) are potent antioxidants due to the pres-
ence of Epigallocatechin gallate (EGCQ) in the former
and sulforaphane (SF) in the latter. Both SF and EGCG
exert their antioxidant activity by activating endog-
enous antioxidative enzymes such as Glutathione (GSH)
and Nuclear response factor 2 (Nrf2) pathway, and by
inducing resistance to mitochondrial permeability. They
also reduce the expression of inducible nitric oxide syn-
thase (iNOS) [10]. SF is neuroprotective in experimental
models of MS [11, 12]. Therefore, these naturally occur-
ring substances are of great potential as neuroprotective
agents and can be used to improve the quality of life in
MS patients.

In this study, we used the human neuroblastoma
SH-SY5Y cell line, a widely used in vitro model exten-
sively utilized to investigate neuroinflammation, neu-
rodegeneration, neurotoxicity, oxidative stress, and
neuroprotection [13]. These cells have also served as a
platform for examining the effects of cuprizone (CPZ)

Page 2 of 14

on neural cells in vitro [14] and as a model for neuro-
toxic and neurodegenerative disorders, including Parkin-
son’s and Alzheimer’s diseases [15] de [16]. Importantly,
SH-SY5Y cells offer human-specific relevance and repro-
ducibility that are difficult to achieve with primary rodent
neurons, making them a robust and efficient system for
exploring cellular responses to CPZ and plant-derived
neuroprotective agents [17-19].

Cuprizone (CPZ) is a copper chelator that has been
used to induce demyelination and to create both in vitro
and in vivo models of MS [20]. CPZ exerts its toxicity
by causing mitochondrial damage [21] and by triggering
inflammation and inducing inflammatory cytokines that
cause the damage [22]. Previous reports [23] analyzed
the effect of CPZ in neuronal cellular models, showing
that CPZ did not cause loss of cell viability in neuroblas-
toma (SH-SY5Y) and Mouse GnRH Neuronal Cell Line
(GN11) [23]. Later studies showed that the proliferative
and survival rates of SH-SY5Y, microglia, astrocytes,
and oligodendrocyte precursor cells were not affected
by short-term treatment with different concentrations of
CPZ [24]. Recently, CPZ was also found to induce a dose-
dependent reduction in cell viability, mitochondrial func-
tion, and aerobic cell respiration, thus compromising cell
metabolism in neural cells and neuron-glia co-cultures
[20]; [25]. These discrepancies in cytotoxicity may be due
to variations in methodology, concentration, or exposure
time to CPZ.

The nervous system normally has low or undetermined
levels of MMP-3, IL-1f3, and MicroRNA-124-3p [26] Ris-
tori and Stefania [27]. IL-1p contributes to the inflamma-
tory response in the nervous tissue and is correlated with
both the number and volume of demyelinating lesions
in the brain cortex (Lin and Edelson [27-29]). Some of
the drugs used to treat MS affect IL-1p levels, such as
Glatiramer acetate (GA), type 1 IFN, and Natalizumab
(anti-VLA-4). Furthermore, MMP-3 expression was also
increased in the MS animal model induced by CPZ [30].
MiR-124 is also greatly downregulated in neurotoxicity
[31]. While its overexpression enhanced cell viability and
inhibited neuronal apoptosis, and improved the neuro-
logical function in rats [32].

Nuclear factor KB (NF-kB1) has a major role in the
control of physiological processes in the CNS and is asso-
ciated with the development of spatial memory, synaptic
transmission, and neuroplasticity. Many CNS diseases,
such as epilepsy, cerebral ischemia, Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease, have all
been linked to NF-«xB1 [33, 34].

HIF-la expression is also associated with the patho-
physiology of inflammatory demyelination because it
controls the transcription of a large number of genes
involved in neuroprotection and neuroinflammation [35,
36]. HIF-1a gene expression has also been reported to
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be dramatically downregulated in the Cuprizone-treated
neurons. Suppression of HIF-1a also reduced the Experi-
mental autoimmune encephalomyelitis (EAE) symptoms
because it affected the oligodendrocytes and T-cells. So,
the action of HIF-1a depends on the cell type, but further
studies are needed to fully understand the role of HIF-1a
in MS [37].

In the current study, we examined the expression of
MMP-3, IL-1B, HIF-1a, and NF-kB1 genes as well as
miRNA 124-3p in a Cuprizone-induced neurotoxicity
model using a single cell culture of neuroblastoma (SH-
SY5Y) cells, since these markers (MMP-3, IL-1f, HIF-1a,
and NF-«kB1 genes as well as miRNA 124-3p) may be
valuable in MS diagnosis and prognosis. The neuropro-
tective effects of Broccoli and Green tea extracts were
also assessed on neuroblastoma cells since Broccoli and
green tea plant extracts have been reported to reduce the
expression of MMP-1, MMP-2, MMP-3, NF-kB1, and
IL-1p.

Materials and methods

Plant extraction and characterization

Broccoli extract (Brassica oleracea) was prepared from
natural supplement capsules (Best Naturals, NJ, USA).
Each 1000mg capsule contained 0.3% sulforaphane
(molecular weight 177.29 g/mol), equivalent to 3 mg [38].

Green tea extract (Camellia sinensis) was similarly
obtained from natural supplement capsules (SilverOnyx,
UT, USA). Each 1000 mg capsule contained 98% EGCG
(molecular weight 458.375g/mol), corresponding to
980 mg [39].

For experimental use, 1mM stock solutions were
prepared by dissolving 17.7mg of broccoli extract and
46.77mg of green tea extract separately in 100mL of
phosphate-buffered saline (PBS) [38, 39]. EGCG dis-
solved readily in PBS, whereas the broccoli extract con-
tained insoluble impurities and was centrifuged at 3000
rpm for 10min. The resulting supernatant from each
extract was sterilized by filtration through a 0.2pm
syringe filter. Prepared stock solutions were aliquoted
and stored at - 20 °C until use.

For further analysis, one gram of the dry powder
(Green tea and Broccoli) was weighed and mixed with
50mL of ethanol for 9 hrs, and the solution was gently
refluxed and then allowed to cool. The mixture was fil-
tered and evaporated to dryness in a rotary evaporator
system. The extract yield was dissolved again in ethanol
and transferred to a GC-MS vial [40]. Both solutions
were analyzed using a Trace GC-TSQ mass spectrometer
(Thermo Scientific, Austin, TX, USA) with a direct cap-
illary column TG-5MS (30m x0.25mm x0.25pm film
thickness) to identify the structure and abundance of the
active ingredients.
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In vitro studies

Human neuroblastoma SH-SY5Y cells (ATCC CRL-2266)
were grown in RPMI media with 2mM L-glutamine, 5%
100 units/mL streptomycin/penicillin, 1% nonessential
amino acids, and 10% (v/v) heat-inactivated FBS, which
can be called complete RPMI media. Cells were main-
tained at 37 °C with 5% CO,. Cells were treated with
plant extracts (SF 5 -100uM, and EGCG 2.5 - 100 uM)
and CPZ 500 - 1500uM (CPZ, Sigma Aldrich, USA,
molecular weight is 278.35g) [21]. Control cells were
treated with complete RPMI media only.

Cell viability was assessed using a 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduc-
tion assay. The absorbance was measured at 570 nm using
a SPECTROstar® Nano plate reader. Cell viability was
plotted as the percentage of the controls [14]).

For cell counting, cells were collected and resuspended
in complete RPMI media. Twenty microliters of the cell
suspension was mixed with 20 microliters of trypan blue
(0.4%) and counted using a hemocytometer under a light
microscope.

DAPI (4',6-diamidino-2-phenylindole) was used to
assess the morphological changes in SH-SY5Y cells. Neu-
roblastoma cells were treated with green tea, broccoli,
and CPZ at 5uM, 10uM, and 750 uM, respectively. Cells
were collected after 24hours and fixed with 100pl of
methanol for 10 minutes. Cells were washed with 100 pl
of PBS and 20 pl of 300nM DAPI solution and incubated
for 20 minutes, followed by washing with PBS. Cells were
examined under a fluorescent microscope (Leica Micro-
systems, Germany).

Quantitative reverse transcription PCR (QRT-PCR)

Cells treated with plant extracts (SF 5 -100uM, and
EGCG 2.5 - 100 uM) and Cuprizone (500 - 1500 uM) were
harvested, and RNA was extracted using the RNeasy
mini kit (Qiagen, catalog number: 74104). RNA concen-
tration (OD) was measured using a SPECTROstar® Nano
plate reader. The 260/280 ratio ranged from 1.9-2.0, con-
firming the purity of RNA. miRNA was extracted from
the RNA using the miRNeasy mini kit (Qiagen, catalog
number 217004).

An Omniscript kit (Qiagen, catalog number: 205111)
was used for reverse transcription of the mRNA. The
condition was set for 60 minutes at 37.0 °C, and storage
at 4.0 °C forever. The product was stored immediately
at -20.0 °C. miRCURY LNA RT Kit (catalog number:
339340) was used for the reverse transcription of miRNA.
c¢DNA was stored at —20.0 °C until use.

Quantitative reverse transcription PCR (qRT-PCR) was
conducted to measure the expression levels of 4 genes,
MMP-3, IL-1f, HIF-1a, and NF-kB1, and miRNA 124-3p
in the six different conditions: Control cells, CPZ-treated
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cells, EGCG-treated cells, SF-treated cells, and the
EGCG/CPZ and SF/CPZ combinations.

Gene-specific primers (supplementary material, Tables
sl & s2) were designed using the NCBI BLAST primer
designing tool. The miRNA primers were extracted from
QIAGEN GeneGlobe. Hera Plus SYBR Green (Willow-
fort, UK, catalog number: WF10308001) was used for
qRT-PCR (Applied Biosystem 7500). GAPDH was used
as a housekeeping gene to normalize the CT values and
obtain the fold change in the gene expression according
to the 2"24¢t method [41]. For miRNA, the miRCURY
LNA SYBR Green PCR Kit (Qiagen, catalog number:
339345) was used. Endogenous control SNORD38B was
used for the normalization of CT values and to obtain the
fold change in the gene expression according to the 244
method [41].

Statistical analysis

GraphPad Prism version 9 (San Diego, CA, USA) was
used to analyze the data. A one-way ANOVA test was
used for multiple comparisons. Data are represented as
mean + standard deviation. P-values<0.05 were consid-
ered significant. One-way ANOVA test was used to ana-
lyze the results of the trypan blue assay, MTT assay, and
the values of the qRT-PCR.

Results

Plant extraction and characterization

GC-MS analysis

identified catechins—epigallocatechin gallate (EGCQG),
epigallocatechin (EGC), epicatechin gallate (ECG), and
epicatechin (EC)—along with caffeine as the major con-
stituents of the green tea extract. These compounds
possess well-documented neuroprotective, anti-inflam-
matory, anticancer, antibacterial, and immunomodula-
tory properties.

The broccoli extract was rich in sulforaphane (SF), a
potent activator of the Nrf2 pathway that stimulates the
expression of endogenous antioxidant enzymes, thereby
counteracting oxidative stress and inflammation. In
addition to SE, the extract contained rutin and glucosyl
luteolin, both recognized for their strong antioxidant and
anti-inflammatory activities.

The key constituents of the green tea and broccoli
extracts are summarized in Tables 1 and 2, respectively.

Determination of ICs, and extract safety

The half-maximal inhibitory concentration (ICs,) of
cuprizone (CPZ) and the safety profile of broccoli sprout
extract (SF) and green tea extract (EGCG) were evaluated
using the MTT cell viability assay (Supplementary Fig. 1).
SH-SY5Y neuroblastoma cells were treated for 24 h with
SF (10 or 20uM) or EGCG (5 or 10 uM), while CPZ was
applied at 750 or 1000 pM.
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At the tested concentrations, SF and EGCG did not
significantly affect cell viability compared with untreated
controls. In contrast, CPZ at 750 uM caused a marked
reduction in viability (p<0.0001; Supplementary Figure
S1).

Cytotoxicity and trypan blue exclusion assays con-
firmed that CPZ (750 uM) induced approximately 80%
cell death (p<0.0001). Treatment with either SF or EGCG
significantly increased cell viability above control levels
(p<0.0001), and pre-treatment with either extract effec-
tively reversed CPZ-induced damage. EGCG conferred
greater protection than SF (p<0.0001 and p=0.0064,
respectively, Fig. 1).

Protective effects of extract pretreatment

Pretreatment with EGCG (5uM) or SF (10uM) before
CPZ exposure (750puM) significantly increased cell
viability compared to CPZ alone (p<0.0001, Fig. 1). In
contrast, SF (20uM) and EGCG (10puM) did not confer
significant protection. EGCG 5uM and SF 10puM were
identified as the most effective concentrations for pre-
venting CPZ-induced cytotoxicity and were selected for
further experiments.

Microscopy and trypan blue assay findings

Microscopic and viability assay assessment of SH-SY5Y
neuroblastoma cells following cuprizone (CPZ) and
extract treatments. Light microscopy revealed that CPZ
(750 uM) induced extensive cell death, which was pre-
vented by pretreatment with broccoli extract (SF, 10 uM)
or green tea extract (EGCG, 5uM). Trypan blue exclu-
sion confirmed>80% cell death with CPZ (p<0.0001).
Both extracts significantly improved cell viability
(p<0.0001), with EGCG providing greater protection
than SF (p<0.0001 and p = 0.0064, respectively).

Dapi staining observations

Fluorescence microscopy of DAPI-stained cells showed
that Control cells exhibited intact membranes and nuclei
with preserved cell-cell contacts (Figs. 2 CPZ treatment:
loss of membrane integrity and nuclear structure (Fig. 2).
In the Broccoli and green tea treatment, preserved mem-
brane integrity and promoted cell growth, with green tea
demonstrating greater protection. Pretreatment with SF
10puM or EGCG5uM prevented CPZ-induced damage,
with EGCG offering stronger protection (Fig. 2).

The MTT assay, microscopy, and trypan blue exclu-
sion collectively demonstrate that EGCG (5uM) and SF
(10 uM) effectively protect SH-SY5Y neuroblastoma cells
from CPZ-induced cytotoxicity. Both extracts preserved
membrane integrity, nuclear morphology, and cell—cell
contacts, with EGCG exhibiting a greater protective
effect than SE. These concentrations were optimal for



Fathallah and Abdellatif Clinical Phytoscience (2025) 11:19

Table 1 Active ingredients in the green tea extract
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RT (Retention Mol. weight Compound Biological use Pubchem ID
time min)
458 Epigallo-catechin gallate EGCG* (C22H18011) Antioxidant, Anti- 65064
) inflammatory [42]
o
o~
9.74 110 Benzene- diol Catechol (C6H602) Antioxidant [43] 289
10.99 140 Pyrocatechol ( C7H803 Antioxidant [44] 13622
o o
|~ \é/ B H
14.24 126 Benzenetriol (C6H603) Antioxidant 10787
H
o
.0 %
H
o
\
2438 194 Caffeine C8H 0N402) Antioxidant & 2519
neuro-protective
)t (45]
26.99 256 Palmitic acid (C16H3202) Antioxidant and 985
H 0o neuroprotective
0o
30.29 282 Oleic acid (C18H3402) Antioxidant 445639

H
(o]

*Epigallocatechin gallate EGCG is the combination of benzene diol-catechol, benzentriol, and pyrocatechol
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Table 2 Active ingredients in the broccoli extract
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RT (retention Mol. weightg Formula Biological use Pub-
time min) chem ID
18.71 177 Sulforaphane (C6H11NOS2) Antioxidant [46] 5350
N
[~ /\/\/ \c
N
[
o
29.32 294 Sterculic acid, methyl linoleate C19H3402 Antioxidant and 5284421
antifungal [47]
H
/0 H
5 H
29.98 298 methyl stearate C19H3802 Antioxidant [48] 8201
(o]
&= Y\/\/\/\/\/\/\/\/
30.53 308 Linoleic aC|d ethyl ester C20H3602 Antioxidant [47] 5282184
H
H
~ 0
38.63 282 Oleic aC|d C18H3402 Antioxidant 445639
V\/\/\/\)/(H/ h
o
H
41.55 610 Glucosyl Luteolln Rutin (C27H30016 Anti-tumor, 5280805
anti-oxidant, Anti-
inflammatory, and
neuroprotective
[50, 51]
4254 496 Palmitic acid (C32H6403) Antioxidant and neu- 71384704
' o WMN roprotective 157
(o}

4575 414 Sitosterol (C29H500)

Antioxidant [53] 222284
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Fig. 1 Assessment of the neuroprotective effects of the plant extracts. Cytotoxicity and trypan blue exclusion assays assessing the protective effects of
broccoli extract (SF) and green tea extract (EG) against cuprizone (CPZ)-induced cell death in SH-SY5Y neuroblastoma cells. Exposure to cuprizone (CPZ,
750 uM) for 24 h resulted in ~80% cell death (p <0.0001). Treatment with sf (10 uM) or eg (5 uM) significantly increased cell viability above control levels
(p<0.0001). Pre-treatment with either extract markedly reversed CPZ-induced cytotoxicity, with eg providing greater protection than sf (p<0.0001 and

p=0.0064, respectively). Data are presented as mean+SD; n=4



Fathallah and Abdellatif Clinical Phytoscience (2025) 11:19

Page 8 of 14

‘ B. Control

D. CPZ 750 uM

F. Broccolil0 uM

E. Broccoli 10 uM
Y 2

gt

A R RS <
DR R /.
N
3 -
5 »
o 558
N "t -~ 50 uM 1
5 X
¥ e’ )

J. Broccoli 10uM~+CPZ 750uM

I.Broccqli 10uM~+CPZ 750uM

K.Green Tea5SuM+CPZ750uM

Fig. 2 Microscopic examination of neuroblastoma cells (SH-SY5Y). microscopic analysis of SH-SY5Y neuroblastoma cells following 48 h treatment. Con-
trol cells displayed normal morphology with intact membranes and nuclei (A, B). Exposure to cuprizone (CPZ, 750 uM) induced pronounced cell death
and structural alterations in the plasma membrane and nucleus (C, D). Treatment with broccoli extract (10uM; E, F) or green tea extract (5uM; G, H)
promoted cell growth and preserved morphology relative to control and CPZ-treated cells. Combined treatments of broccoli 10u M+CPZ 750 uM (1, J) or
green tea 5 uM+CPZ 750 uM (K, L) mitigated CPZ-induced cytotoxicity, with the broccoli+ CPZ combination showing greater cell survival than the green

tea+CPZ combination. Images captured at 400x magnification; n=4

mitigating CPZ-driven cell death and will serve as the
basis for subsequent mechanistic investigations.

Gene and microRNA expression analysis

MMP-3 - Matrix metalloproteinase-3 levels were sig-
nificantly elevated in CPZ-treated cells compared to con-
trol (Fig. 3, p=0.0006). Green tea extract (EGCG) alone
significantly reduced MMP-3 expression relative to both
control (p=0.01) and broccoli extract (SF) (p=0.0011),
while SF alone showed no significant difference from
control. Combination treatments—EGz (EGCG + CPZ)
and SFz (SF + CPZ)—significantly downregulated MMP-3
compared with CPZ alone (p=0.0226 and p<0.0001,
respectively). SFz also significantly decreased MMP-3
expression compared to SF alone (p=0.0002), whereas

EGz significantly increased MMP-3 compared to EGCG
alone (p=0.0004) (Fig. 3).

IL-1B - No significant difference was observed
between CPZ-treated and control cells. However,
SF or EGCG treatment alone significantly reduced
IL-1p expression compared to control (p=0.0021 and
p=0.0003, respectively). In combination treatments, SFz
significantly decreased IL-1p levels compared to CPZ
(p=0.0337) and control (p=0.005) (Fig. 3), while no sig-
nificant change was seen between CPZ and EGz.

NF-kB1 — Expression was significantly downregulated
in CPZ-treated and EGCG-treated cells compared with
control (p=0.0014 and p=0.002, respectively). In con-
trast, SFz significantly upregulated NF-kB1 compared to
CPZ alone (p=0.0086) (Fig. 3). No significant changes
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Fig. 3 Quantitative pcr (qRT-PCR) of MMP-3, IL1-B, HIF-1a, and NF-kB mRNA. Quantitative RT-PCR analysis of mmp-3, IL-13, HIF-1a, and NF-kB1 mRNA
expression in SH-SY5Y neuroblastoma cells following cuprizone (CPZ) and extract treatments. CPZ (750 uM) significantly upregulated mmp-3 (p=0.0006)
without altering IL-1(3 expression. The green tea extract (eg, 5 uM) markedly reduced mmp-3 levels compared with control and broccoli extract (sf, 10 uM)
(p=0.0011), while both SF and EG significantly decreased IL-1( relative to control (p=0.0021 and p=0.0003, respectively). The SF10/ CPZ 750 combina-
tion significantly lowered IL-13 compared with CPZ 750 (p=0.0337) and control (p=0.005). No significant differences in mmp-3 or IL.-13 were observed
between SF10 and control. HIF-1a expression was significantly reduced by CPZ, eg, and sf (p=0.0002, p=0.0006, and p=0.0063, respectively). NF-kB1
was downregulated in CPZ- and EG-treated cells (p=0.0014 and p=0.002, respectively). SF10/CPZ 750 significantly upregulated both HIF-1a and NF-kB1
compared with CPZ (p=0.0054 and p=0.0086), whereas EG5/CPZ 750 showed no significant change. Data are presented as mean+SD; n=4

were found between EGz and CPZ, EG and EGz, or con-  SFz significantly upregulated HIF-1la relative to CPZ

trol and SF. (p=0.0054) (Fig. 3). No significant changes were detected
HIF-1a — Expression was significantly decreased in  between EGz and CPZ, EG and EGz, or SF and SFz.
CPZ-, EGCG-, and SF-treated cells compared with con- miR-124-3p — Expression was markedly downregu-

trol (p=0.0002, p=0.0006, and p=0.0063, respectively). lated in CPZ-, SF-, and EGCG-treated cells compared
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Fig. 4 Quantitative pcr (GRT-PCR) of miR-124-3p quantitative RT-PCR anal-
ysis of miR-124-3p expression in SH-SY5Y neuroblastoma cells following
cuprizone (CPZ) and extract treatments. miR-124-3p levels were signifi-
cantly downregulated in CPZ-treated (p < 0.0001), green tea extract-treated
(eg, p=0.0025), and broccoli extract-treated (sf, p=0.0001) cells compared
with control. sf treatment significantly increased miR-124-3p expression
relative to CPZ (p=0.022). No significant differences were observed be-
tween SF and EG treatments, nor among SF10/ CPZ 750, EG5/ CPZ750, and
CPZ 750 groups. Data are presented as mean+SD; n=4

to control (p<0.0001, p=0.0025, and p=0.0001, respec-
tively). SF treatment significantly increased miR-124-3p
compared to CPZ (p=0.022) (Fig. 4). No significant
changes were observed between SF and EG treatments,
or among SFz, EGz, and CPZ groups. The amplification
plot (Fig. S2) of miR-124-3p, plotted as ARn versus cycle,
showed that the endogenous control SNORD38B reached
threshold earlier (cycle 22) than miR-124-3p (cycle 29).
CPZ exposure induced marked molecular alterations in
SH-SY5Y cells, notably elevating MMP-3, downregulat-
ing NF-kB1, HIF-1a, and miR-124-3p, while leaving IL-1f3
unchanged. Both broccoli (SF) and green tea (EGCQG)
extracts exerted modulatory effects, with SF showing
broader anti-inflammatory and gene-restorative activ-
ity—particularly in combination with CPZ—while EGCG
demonstrated strong enzymatic suppression. SF+CPZ
(SFz) most consistently attenuated CPZ-driven changes,
significantly reducing MMP-3 and IL-1p, and restoring
NF-kB1 and HIF-1a levels, whereas EGCG + CPZ (EGz)
conferred selective protection but also unexpectedly
increased MMP-3 compared to EGCG alone.
Collectively, these findings suggest that both extracts
can mitigate CPZ-induced neurotoxic signaling through
overlapping yet distinct molecular pathways, supporting
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their further evaluation as complementary neuroprotec-
tive strategies.

Discussion

This study demonstrates that green tea extract (EGCGQG)
and broccoli extract (SF) protect SH-SY5Y neuroblas-
toma cells from cuprizone (CPZ)-induced cytotoxic-
ity, with optimal efficacy at 5pM EGCG and 10uM SE.
Across MTT, trypan blue exclusion, and microscopy
assays, both extracts maintained viability, membrane
integrity, and nuclear morphology, with EGCG showing
greater acute protection. Although monoculture mod-
els cannot fully capture CNS complexity, SH-SY5Y cells
retain relevant inflammatory and neuroprotective mark-
ers, making them a useful first-line mechanistic platform
for screening neuroprotective agents [15, 19].

Phytochemical profiling confirmed catechins and caf-
feine as the primary bioactive compounds in green tea,
and sulforaphane with flavonoids in broccoli. Sulfora-
phane—a potent Nrf2 activator with high bioavailabil-
ity—has been shown in vivo to reduce demyelination,
inflammation, and blood-brain barrier (BBB) disruption.
These bioactive profiles support the observed ability of
both extracts to counter CPZ-induced oxidative stress,
mitochondrial dysfunction, and inflammatory signaling.

CPZ exposure upregulated MMP-3. EGCG strongly
inhibited MMP-3, consistent with its known matrix-sta-
bilizing effects, whereas broccoli extract (SF) preferen-
tially reduced IL-1f and partially restored miR-124-3p.
SE+CPZ broadly normalized inflammatory and sur-
vival-associated markers—including MMP-3, IL-1j,
NF-xB1, and HIF-la—indicating a multi-target,
pro-resilience profile. EGCG+CPZ provided selective
benefits but paradoxically increased MMP-3 relative to
EGCG alone, potentially reflecting feedback in matrix
remodeling pathways [19] de [15, 16]).

MMP-3 and IL-1p were both reduced by SF + CPZ, and
MMP-3 was strongly suppressed by EGCG. IL-1p tran-
scription is mediated by NF-kB [54]. It has been shown
that activation of the Nrf2 pathway suppresses IL-1p
expression by binding directly to it [55]. Sulforaphane
reduces neuroinflammation via the Nrf2/HO-1 pathway,
supporting our findings. Notably, SF uniquely enhanced
NF-«xB1 and HIF-1a expression compared to CPZ, sug-
gesting a broader modulation of inflammatory and sur-
vival pathways.

The role of NF-kB1 in neuroinflammation is cell-type
dependent and context specific. For example, NF-kB1-
deficient mice develop normally but resist EAE, poten-
tially via altered T-cell function, whereas neuronal
NF-kB1 inactivation can exacerbate disease [56, 57]. In
contrast, Lee et al. [58] reported that NF-kB ablation in
mice showed no difference in the EAE disease progres-
sion, suggesting that NF-«B activity may not be required
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for neuroprotection. These contradictory findings may
reflect the context-dependent function of NF-kBl. As
highlighted previously [59], NF-kB can play either pro-
apoptotic or neuroprotective roles in the same neuronal
cell type depending on the nature of the stimulus. More-
over, NF-kB1 can promote neuronal survival under stress
conditions by enhancing the expression of anti-apoptotic
genes such as Bcl-2, and by supporting synaptic plas-
ticity and axon regeneration (Dresselhaus et al., 2019).
Furthermore, in oligodendrocytes, NF-kB1 suppres-
sion impairs remyelination in male mice and increases
EAE susceptibility in females, suggesting cytoprotective
roles under certain inflammatory conditions [58, 60, 61].
Accordingly, our CPZ model revealed NF-kB1 down-
regulation following toxin exposure, whereas treatment
with broccoli extract restored its expression, suggesting
that NF-kB1 activation may contribute to cytoprotective
responses against oxidative and metabolic stress.
Similarly, in neuroinflammation, HIF-1a has a para-
doxical role in addition to its function as the master regu-
lator under hypoxic conditions. It can respond adaptively
to cellular stress by promoting glycolytic metabolism,
reducing mitochondrial production of reactive oxygen
species (ROS), and supporting neuronal survival under
toxic conditions. This may explain why HIF-1la expres-
sion was upregulated with SF+CPZ compared to CPZ
only. However, HIF-la cannot be considered purely
neuroprotective because it can enhance the expression
of other inflammatory mediators, in addition to being
stabilized by IL-1p and TNF-a under normoxia [62, 63].
Therefore, its upregulation should be considered as an
adaptive response to stress and not solely as a neuro-
protective signal. Furthermore, it has been reported that
HIF-1a is not necessary for autoimmune demyelination
in astrocytes or myeloid cells [35], which again highlights
the context-dependent nature of HIF-1a signaling.
HIF-1a has been described as neuroprotective in
neurons, as it supports survival under hypoxic stress
by enhancing glycolysis and overall energy metabo-
lism. It also upregulates neuroprotective factors such as
VEGF and erythropoietin (EPO), and attenuates apop-
tosis triggered by oxidative or metabolic stress, and
helps curb excitotoxicity and preserve mitochondrial
function. While in Microglia & Astrocytes, it is fre-
quently pro-inflammatory as it drives the transcription
of pro-inflammatory cytokines (e.g., IL-1p, TNF-«), and
elevates production of reactive oxygen species (ROS) and
nitric oxide (NO). It also contributes to tissue damage,
particularly in demyelinating pathologies [64, 65]. This
dichotomy underscores a key challenge for intervention:
targeting HIF-1a in MS or other demyelinating diseases
requires precision approaches that amplify its neuropro-
tective programs in neurons while restraining its inflam-
matory signaling in glial cells. Such cell-type—specific
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modulation could enhance tissue preservation without
inadvertently worsening inflammation.

miR-124-3p, typically low in neurons but rising dur-
ing neurogenesis, supports neuronal survival, suppresses
apoptosis, and improves recovery after hypoxic injury
[32]. It is downregulated in EAE and other neurode-
generation models [31]. Here, CPZ markedly reduced
miR-124-3p, consistent with these reports. While
some phytochemicals such as resveratrol can restore
miR-124-3p and alleviate disease [66], neither broccoli
nor green tea significantly affected its expression in this
study—possibly due to the low concentrations used or
model-specific factors.

CPZ exposure produced a pro-degenerative molecular
signature—elevating MMP-3, suppressing NF-kB1 and
HIF-1a, and downregulating miR-124-3p—while leav-
ing IL-1p unchanged. Both extracts mitigated elements
of this response via distinct yet overlapping mechanisms:
EGCQG acted predominantly on matrix degradation path-
ways, while SF demonstrated broader anti-inflammatory
and gene-restorative effects, particularly in combination
with CPZ. These complementary profiles suggest that
broccoli and green tea extracts merit further investiga-
tion as adjunct or combinational strategies for mitigat-
ing demyelination-associated neurotoxicity in MS and
related disorders.

Given the translational relevance of CPZ as a demyelin-
ation model, these findings have potential implications
for neurodegenerative conditions such as multiple scle-
rosis, where oxidative stress, inflammation, and matrix
remodeling converge. Future studies should investigate
the downstream signaling pathways—particularly Nrf2,
NF-«B, and hypoxia-responsive elements—that mediate
these protective effects, and assess whether combined
or staged extract administration offers additive or syn-
ergistic benefits. In vivo validation and pharmacokinetic
profiling will also be critical to determine therapeutic
feasibility.

Limitations
This study represents an in vitro proof-of-concept, with
several limitations that define the scope of its conclu-
sions and point toward future investigative needs. The
SH-SY5Y neuroblastoma cell line, while widely used in
neurotoxicity research, cannot fully reproduce the cellu-
lar diversity, myelination, and microenvironment of the
human CNS, thereby limiting direct translational appli-
cability. Furthermore, CPZ served as the sole inducer of
injury, capturing oxidative and inflammatory aspects of
demyelination but not the autoimmune or multifactorial
mechanisms characteristic of disorders such as multiple
sclerosis.

Although multiple molecular targets were profiled,
upstream signaling pathways—such as Nrf2 activation,
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MAPK cascades, and apoptotic regulators—were not
directly examined, leaving gaps in mechanistic under-
standing. The experimental design also tested only two
concentrations of each extract over a single 24-hour
exposure, which restricts insight into optimal dosing,
temporal dynamics, and potential biphasic effects. While
GC-MS identified key bioactive constituents, the rela-
tive contributions of individual compounds, as well as
possible synergistic or antagonistic interactions, remain
unresolved.

To address these limitations, future studies should
incorporate more complex in vitro systems, such as
co-cultures of neuronal cells and oligodendrocytes,
alongside in vivo models and eventual clinical investiga-
tions. Pharmacokinetic analyses will be essential to deter-
mine bioavailability and blood—brain barrier penetration.
Additionally, mapping both upstream and downstream
signaling networks—including oxidative stress responses,
inflammatory transcription factors, and apoptosis path-
ways—will help pinpoint mechanistic drivers and refine
extract-based neuroprotective strategies.
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