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Melittin - the main component of bee et

venom: a promising therapeutic agent
for neuroprotection through keap1/Nrf2/HO-1
pathway activation
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Abstract

The Nuclear factor erythroid 2-related factor (Nrf2)/ Heme oxygenase-1 (HO-1) pathway, known for its significant role

in regulating innate antioxidant defense mechanisms, is increasingly being recognized for its potential in neuroprotection
studies. Derived from bee venom, melittin's neuroprotective effects have raised interest. This study confirmed that melittin
specificity upregulated the weakened Nrf2/HO-1 signaling in mice brain. Interestingly, we also revealed melittin's efficient
tactic, as it was suggested to first restore redox balance and then gradually stabilized other regulations of the mouse
hippocampus. Using a neuro-stress-induced scopolamine model, chromatography and mass spectrometry analysis
revealed that melittin crossed the compromised blood—brain barrier and accumulated in the hippocampus, which
provided the chance to interact directly to weakened neurons. A wide range of improvements of melittin action were
observed from various tests from behavior Morris water maze, Y maze test to immune florescent staining, western blots. As
we need to find out what is the focus of melittin action, we conducted a careful observation in mice which showed that:
the first signs of changes, in the hippocampus, within 5 h after melittin administration were the restoration of the Nrf2/
HO-1 system and suppression of oxidative stress. After this event, from 7 to 12.5 h after administration, a diversity of con-
ditions was all ameliorated: inflammation, apoptosis, neurotrophic factors, cholinergic function, and tissue ATP level.

This chain reaction underscores that melittin focus was on redox balance’s role, which revived multiple neuronal func-
tions. Evidence of enhancement in the mouse hippocampus led to further exploration with hippocampal cell line HT22
model. Immunofluorescence analysis showed melittin-induced Nrf2 translocation to the nucleus, which would initiat-

ing the translation of antioxidant genes like HO-1. Pathway inhibitors pinpointed melittin's direct influence on the Nrf2/
HO-1 pathway. 3D docking models and pull-down assays suggested melittin's direct interaction with Keap1, the regulator
of the Nrf2/HO-1 pathway. Overall, this study not only highlighted melittin specifically effect on Nrf2/HO-1, thus rebalanc-
ing cellular redox, and also showed that this is an effective multi-faceted therapeutic strategy against neurodegeneration.
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Introduction

In the realm of neuroscience, addressing neurodegenera-
tion remains a critical objective. Neuroprotection, which
involves pharmacological strategies to prevent or mitigate
biochemical damage and cellular death in the nervous
system, is central to these efforts [1]. Recent studies sug-
gest that neutralizing oxidative stress and restoring cellu-
lar redox balance offer a more comprehensive approach to
neuroprotection than focusing solely on anti-inflammatory
strategies [2, 3]. Genes that regulate antioxidant defenses
and detoxification processes play a vital role in maintain-
ing cellular homeostasis and preventing inflammatory
triggers [3—5]. Emerging research underscores the role of
imbalanced reactive oxygen species (ROS) and excessive
electrophiles as primary drivers of neuroinflammation,
which leads to neuronal dysfunction.The transcription fac-
tor Nrf2 is pivotal in this context, as it regulates the expres-
sion of antioxidant genes by binding to the antioxidant
response element (ARE) and initiating the transcription of
key antioxidants and detoxifying enzymes [6]. Once cel-
lular redox is rebalanced, it facilitates cellular homeostasis
and helps prevent an inflammatory chain reaction from
occurring [7, 8]. Also, a reduced Nrf2/HO-1 state has been
known to be associated with neurodegenerative diseases,
and reactivating this pathway is recognized as a promising
strategy in neurodegeneration prevention [2, 9-14]. This
suggests a key and holistic strategy to utilize Nrf2 activa-
tors to reduce oxidative stress as a multi-purpose anti-neu-
rodegeneration approach.

Nrf2 activator compounds, which stimulate antioxi-
dant enzymes such as HO-1 production, emerging as
new a-rounded medications strategy [15]. Compounds
such as sulforaphane and dimethyl fumarate, both potent
Nrf2 activators, have shown considerable promise in
clinical trials for reducing oxidative stress and inflam-
mation—key factors in neurodegenerative diseases. Sul-
foraphane, derived from cruciferous vegetables, has been
demonstrated to upregulate Nrf2, thereby enhancing
antioxidant and detoxification enzyme expression, which
is crucial in preventing neuronal apoptosis and mitigat-
ing cognitive decline [16]. Dimethyl fumarate has already
been approved as a treatment for relapsing-remitting
multiple sclerosis, is also effective in modulating immune
responses and reducing neuroinflammation, this pro-
tects neurons from oxidative stress and supporting
cognitive function [16]. Moreover, Nrf2 activators like
bardoxolone and bardoxolone methyl have demonstrated
significant antiviral effects, particularly in inhibiting
SARS-CoV-2 replication. This suggests that Nrf2 activa-
tion could provide a multifaceted therapeutic approach,
combining antiviral activity with the cytoprotective
effects of the Nrf2 pathway, offering potential benefits in
treating COVID-19 and other viral infections [17].

Page 2 of 26

Bee venom, a long-implemented medication in Korean
and Chinese traditional medicine, and particularly its
main component melittin, has gained increasing atten-
tion for its neuroprotective effects [18, 19]. Although
previous studies have shown that melittin can restore cel-
lular redox balance via the Nrf2/HO-1 pathway, among
many other cellular signaling pathway enhancements,
and the precise molecular mechanisms, and the sequence
of interactions, that led to the overall therapeutic effects
remain unclear [20-22]. Additionally, to our knowledge,
in neurodegeneration research, no research has yet inves-
tigated whether melittin can upregulate the weaken Nrf2/
HO-1 system in an in vivo level, meaning with a neuro-
degenerative animal model. Thus, clarifying this would
be beneficial to explain melittin anti-neurodegeneration
characteristics and later clinical applications.

The brain’s high oxygen consumption makes it par-
ticularly susceptible to oxidative stress. Its significant
lipid content further exacerbates this vulnerability, mak-
ing lipid peroxidation, as indicated by Malondialdehyde
(MDA), a hallmark of brain oxidative damage and a key
frequently used marker of stress [23-26]. Addition-
ally, glutathione (GSH), the brain’s primary antioxidant,
which plays a crucial role in neutralizing oxidative stress,
with its depletion highlighting the brain’s susceptibility to
damage [23, 27]. Therefore, MDA and GSH were utilized
in this research to indicate brain oxidative stress damage.

Previous studies have demonstrated a wide and dosage-
dependent neuroprotective effects of melittin, though
they did not fully elucidate the underlying mechanisms
[22, 28]. In this research, we selected one dosage of 0.1
mg/kg, administered every other day (within the effective
range of previous studies), to study more intensively how
melittin impacts the brain, particularly focusing on the
hippocampus and its regulatory mechanisms. We utilized
the scopolamine model, a widely employed method to
simulate Alzheimer-like condition by inducing memory
deficits by blocking muscarinic receptors and generat-
ing oxidative stress [29-31]. The intraperitoneal injection
(LP.) of scopolamine also allowed us to assess melittin’s
ability to cross the blood-brain barrier (BBB) without
compromising brain integrity, unlike Intracerebroven-
tricular injection of other neuro stress inducers which a
needle must penetrate the skull and brain [32].

Our in vivo experiments, coupling with mass spec-
trometry analysis, provided strong evidence that melittin
could accumulate in neurodegenerative mice’s hippocam-
pus tissue, and had the chance to directly exhibit neuro-
protective effect onto neurons. Melittin improvement
effects were holistic, this compound reactivates the com-
promised Nrf2/HO-1 pathway among with multiple sig-
nalling’s improvement in hippocampus tissue of plagued
mice. Next, another second in vivo experiment was set up
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to screen which improvement among those mentioned
was first to take place: This showed Nrf2/HO-1 improve-
ment and cellular redox rebalancing were the first to be
detected, which hours later led to downstream improve-
ments in inflammation, apoptosis, neurotrophic factor
regulations, cholinergic function, and tissue ATP level.
This shifted our focus onto investigate how melittin inter-
act with the Nrf2/HO-1 pathway. We utilized the gluta-
mate-stressed HT22 hippocampal cell model, a potent
model in neuro-research [33-37]. This is supported by
the fact that in the neurodegenerative mice group, the
mentioned mass spectrometry analysis confirmed that
melittin could accumulate in the hippocampus and inter-
act directly with neurons. Using pathways inhibitors, this
in vitro experiment on Ht22 cell suggested melittin could
interact directly to Nrf2/HO-1 system, possibly bypass
many intermediates signaling pathways. Further dock-
ing and pulldown assay identified melittin direct physical
interaction with Keap1, which can lead to Nfr2 liberation
in the cytoplasm, and naturally migrate into the nuclear
for antioxidant genes expression, such as HO-1.
Together, these results suggest that melittin holds
promise as a holistic therapeutic agent for conditions
characterized by oxidative stress, supported by robust
evidence from both in vivo and in vitro studies (Fig. 1).
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Material and method

Animal and group segregation

One hundred and twenty-two 6-week-old male BALB/c
mice were obtained from Samtaco (Gyeonggi-do,
Republic of Korea). The mice were housed under con-
trolled conditions, including a 12-hour light-dark cycle
at a temperature of 25+3°C and constant humidity.
Food and water were provided ad libitum. Each mouse
was kept in individual cage. After a 6-day acclimati-
zation period, the mice were randomly divided into
groups for two in vivo experiments. Melittin with 97%
purity was used (M4171, Sigma-Aldrich, MO, USA).
For dosage administration, there was one research
which utilized melittin at 0.1 mg/kg twice per week and
observed significant effects, and another research with
0.15 mg/kg once every two days; therefore, we picked a
dose within this spectrum: 0.1 mg/kg and administered
once every 2 days [22, 28].

1. First In Vivo Experiment (Fig. 2): We adminis-
tered melittin subcutaneously (or sham PSB in
other groups) once before scopolamine (6533—68-2,
Sigma-Aldrich, MO, USA) administration, this helps
identify and exclude mice with adverse reactions,
such as reduced food intake (from food leftover cal-
culation), lethargy, or piloerection. This ensures that
any negative outcomes observed are due to sco-
polamine’s effects, not from melittin (or sham PBS),
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Fig. 1 The proposed action of melittin in combating neurodegeneration involves its interaction with the Keap1/Nrf2/HO-1 pathway. Specifically,
melittin may interact directly with the Keap1 molecule, which is a crucial step in this process. This interaction leads to the activation of the cellular
antioxidant system. Once activated, this system effectively neutralizes harmful reactive oxygen species (ROS) damages, which are known

to contribute to neurodegenerative conditions. This holistic mechanism positions melittin as a potential therapeutic agent for neurodegenerative

diseases by bolstering the body’s natural defense against oxidative
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Fig. 2 In vivo experiment 1 (results shown in Fig. 3-5): The
experimental scheme for melittin effects on behavior amnesia
induced by scopolamine. After sacrifice, analysis was carried
out for parameters: neurogenesis level,

thereby maintaining the integrity of the study’s find-
ings on neuroprotection. The mice were divided into
four groups with eight mice each:

2. Control group: Phosphate-buffered saline (PBS)
intraperitoneally (L.P.) and subcutaneously (S.C.)

3. Melittin-only group: PBS I.P. and Melittin 0.1 mg/kg
S.C.

4. Scopolamine-only group: Scopolamine 1 mg/kg I.P.
and PBS S.C.

5. Scopolamine and Melittin group: Scopolamine 1 mg/
kg I.P. and Melittin 0.1 mg/kg S.C.

Melittin was administered days 0, 2, 4, 6; and
scopolamine was administered day 1 to 6. These groups
underwent treatments, behavioral tests, and were then
sacrificed for biochemical analysis (Figs. 3, 4 and 5).

Second in vivo experiment (Fig. 6 and 7):
This second experiment aimed to evaluate the time-
dependent effects of melittin on multiple signaling
pathways, including Nrf2 activity, HO-1 gene
expression, MDA and Glutathione (GSH) levels,
Inducible nitric oxide synthase (iNOS), Tumor necrosis
factor-alpha (TNF-a), IL-1p (Interleukin-1 beta),
and Interleukin-6 (IL-6) gene expression, as well as
hippocampal Acetylcholine (Ach) and Adenosine
triphosphate (ATP) levels, BDNF (Brain-derived
neurotrophic factor), and Bcl-2 gene expression. On
the day of experiment, at 0, 2.5, 5, 7.5, 10, and 12,5
hours after melittin treatment, five mice from each
group were sacrificed, and hippocampal samples
were analyzed to survey time dependent effect of the
treatment (Fig. 7).

The mice were divided into three groups with thirty
mice each group:

+ Group 1: Received scopolamine 1 mg/kg L.P. from
days 1 to 4.
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+ Group 2: Received scopolamine 1 mg/kg LP. from
days 1 to 4 and additional melittin treatment (0.1 mg/
kg S.C.) on the final day.

+ Group 3: Received 0.1 ml PBS LP. from day 1, serving
as a reference normal group.

This study was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of
the National Research Council (NRC, 1996) and was
approved by the Committee of Animal Care and Experi-
mentation of Dongshin University, Korea (DSU2021-01-
07). Mice were randomly selected for sacrifice and group
assignments using a random number generator (Www.
calculator.net). Scopolamine was administered L.P. at 4:00
am. Melittin was administered S.C. at 9:00 am at a non-
acupoint (Hypochondrium 10 mm above the iliac crest)
to avoid interference from acupuncture effects. PBS
injection served as the placebo. Behavioral experiments
for the assigned group were conducted at 7:00 PM.

Morris water maze test

Ten hours after the scopolamine injection - 5 hours after
melittin injection, the behavior experiment commenced.
The Morris water maze was assembled by filling a black
circular tank with water (diameter: 120 cm & height: 50
cm) decorated by various graphical indicators on a pole
in a fixed position during the whole experiment. Water
temperature was maintained at 22+2°C. The tank area
was virtually split into four quadrants: southeast, north-
east, southwest, and northwest. A white platform with 10
cm diameter and 25 cm height — was placed in the mid-
dle of the northwest quadrant. The swimming movement
of the mice was evaluated using the Any-Maze software
(Stoelting Co., Wood Dale, U.S.A.).

On day 1, an adaptation exercise was accomplished.
The animals were permitted to swim freely for 100 s in
the tank with the observable platform 1 cm above the
water. This was performed three times a day for every
mouse; if a mouse was incapable of finding the platform,
it was manually led to the position.

From day 2 to day 5. The platform was submerged 1
cm below its surface. The mouse was laid at the center
of the northeast quadrant in the first experiment and
at the center of the southwest quadrant in the second
experiment. The mouse was then allowed to find the
platform within 100 s, and if the platform could not be
found within 100 s, the mouse was moved to the platform
and kept for 10 s. The mouse was then gently placed in a
warm water bag and moved back to the cage.

After the above experiment, each mouse was allowed
to swim freely for 120s in the tank, however the platform
was removed. The swimming patterns were collected to
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Fig. 3 Mass spectrometry analysis provided evidence of melittin passing through disrupted blood brain barrier and accumulated in hippocampus
tissue. # p<0.01 compared with the melittin-only treated group. A Total ion chromatography and full mass scan of the commercial standard
melittin peak. B The value m/z=712.44 was used to scan across samples to identify and quantify the melittin signal. These discover melittin peaks
was check again via there full mass scan to fit with the presented full mass characteristic. Data are presented as mean +standard deviation. #

p <0.01 compared with the melittin only treated group

create heatmaps to evaluate each group memory of the this experiment, a spontaneous alternation was defined

platform position[38, 39]. as entries into all three arms consecutively: ABC, CAB,
or BCA, but not BAB, ABA, or CAC. The ANY-maze ani-
Y-maze test mal behavior monitoring software (Stoelting Co., Wood

On day 6, 10 hours after the scopolamine injection - 5 Dale, IL, USA) was used to record and determine the
hours after melittin injection, Y-maze task was executed.  results[40].

The Y-maze is a three-arm maze (40 cm in length, 3 cm

in width, and 12 cm high) in which the three arms, made  Collection of brain hippocampal tissue

of black polyvinyl plastic, are symmetrically separated at  The hippocampus was specifically chosen for its impor-
120°. Mice were initially placed within the same arm, and  tance in the formation and recalling of memory, this
the arm entry order was recorded over a 5 min period. In  organ is also the focus of Alzheimer’s studies [41-43]. For
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(See figure on previous page.)
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Fig.4 Melittin reversed cognitive impairment in scopolamine-treated mice. A Days 3-5, mice were allowed to swim freely for 100 s to find

the platform. The escape latency time to target escape was recorded days 7 to 9. B The platform was removed, and mice were allowed

to swim freely for 120 s. Platform crossing times in the probe test were recorded, the coverage position of where animals swam in each group

was used to generate average heatmap of each group. C This shows the recorded Y-maze track of one representative animal from each group

and spontaneous alternation percentage result. Behavioral score of mice were sharply enhanced by melittin treatment D Histochemical analysis
revealed that the suppression of neurogenesis by scopolamine was significantly reversed by melittin. Areas marked with orange arrows indicate
regions with depleted DCX, representing weakened neurons. The images display the hippocampal dentate gyrus, stained with a DCX antibody.
Data are presented as mean +standard deviation. # p <0.01 compared with the non-treatment group. * p <0.05 compared with scopolamine group;
**p<0.01 compared with scopolamine group. Measurements were carried out triplicated, total animal tested n=5/group

in vivo experiment 1 (Figures 2 to 5) mice were sacrifced
on the 6th day after the Y maze test. For in vivo experi-
ment 2 (Figures 6 and 7) 5 mice from each group were
sacrifced analyzed at each time point.

All mice were anesthetized with isoflurane 3.5% induc-
tion for 3 minutes and 1.5-2.0% maintenance, blood
was collected from left ventricles, each mouse was care-
fully perfused with 7 ml of ice-cold saline and 5 ml ice
cold 5% paraformaldehyde, subsequently, their brains
were collected. The brains were immediately rinsed with
physio- logical saline, and the hippocampus were col-
lected. Subsequently, these samples were subjected to
further biochemical analysis on the same day, where 5
right hemispheres from 5 different animals of each group
were further fixed in ice cold 5% paraformaldehyde again
for immuno-histochemistry analysis.

Extraction for melittin from hippocampal tissue
Hippocampal tissue was homogenized with -20°C cold
methanol (0.25 mL per 50 mg tissue), then -20°C cold
chloroform (0.25 mL per 50 mg tissue) were added,
mixed, and incubated at 2°C for 15 min. Subsequently
ice-cold water (0.25 mL per 50 mg tissue) was added,
then the sample was mixed and incubated once more.
Phase separation was made by centrifuging the mixture
at 13,000 rpm for 5 min at 4°C, the upper aqueous phase
containing melittin was collected, these were then freeze
dried and then solute in 25uL distilled water for Mass
spectrometer analysis.

Mass spectrometry analysis for melittin quantification

and keap1 qualification

For melittin quantification: The melittin after being
extracted from the brain’s hippocampus was then
went through LC-Tandem mass spectrometry for
analysis. Establishment of baseline as well as peak
spiking and quantitative calculations was closely
followed a former publish research [44—-46]. The
system comprised of an Ultimate 3000 Ultra-high-
performance liquid chromatography, and mass
detection was accomplished using an LTQ-Orbitrap
Velos (Thermo Fisher Scientific, San Jose, CA). The

analytical was column Accucore” C18+4 column 1.5
pum particle size, diameter of 2.1 x 100 mm. The flow
rate was set at 0.3 mL/min. Sample injection volume
was set at 2.0 pL. Two eluent solvents: water (A) and
acetonitrile (B) were used with following gradient: 0-3
min: B at 5%; 3—9 min: B to 100%, 9—-9.5 min: hold B at
100. The interface was at the voltage of 4.6 kV and the
temperature of 270°C, the detection voltage was at 1.97
kV. In the positive ionization mode, mass survey scans
were performed in the FT cell with the span of 100 to
1400 m/z. The automatic gain control was 1 x 10° ions.
Melittin with 97% purity was used (M4171, Sigma-
Aldrich, MO, USA) was utilized to define analysis
condition and melittin peak retention time. The
main peak in the total ion chromatography chart was
evaluated by typical un-fragmented mass spectrometry
profile of melittin. This value was then confirmed with
result of other studies; subsequently, this specific mass
data is the indicator to detect melittin the analyzed
samples.

For Keapl qualification: Following the visualization of
suspected Keap1 band at around 60 kDa position, which
will be explained later. To avoid noise in mass analysis
caused by Coomassie staining, another identical mem-
brane to the one exhibited in figure 10 was used, but
it was stained only with Keapl primary and secondary
antibodies. Then, the similar suspected Keapl band
around 60 kDa was marked and excised carefully so it
only contains the suspected band, thus increased purity
after extraction. The membrane section was incubated
in stripping buffer to remove antibodies and staining
reagents. Proteins that attached on this small piece
of membrane were removed by using eluting solution
50% acetonitrile (ACN) and 0.1% trifluoroacetic acid
(TFA), then evaporated to collect only protein in a test
tube before trypsin digestion and MALDI analysis. The
resulting peptides were purified using Zip-tip C18, then
mixed with an a-cyano-4-hydroxycinnamic acid matrix
(2.5 mg/ml) containing 50% ACN and 0.1% TFA, and
dried on stainless steel targets. MALDI-TOF MS analy-
sis was performed using an AXIMA-TOF2 mass spec-
trometer in positive ion mode with settings including
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(See figure on previous page.)

Fig. 5 Melittin effects in hippocampus tissue signaling regulations, including reactivation of intrinsic antioxidant barrier, suppress oxidative

stress, inflammation, stimulate neurotrophic and cholinergic systems. A Westen blot experiment of whole cell, cytoplasm, and nucleus extracts
from hippocampus tissue showed melittin enhanced the migration of Nrf2 into the nucleus, which was weaken with scopolamine treatment.
Thus, the increased presence of Nrf2 in the nucleus upregulated the important HO-1 antioxidant enzyme to neutralize cellular oxidative stress.
Lamin-B was used as the housekeeping marker for nuclear proteins, while 3-Actin served as the housekeeping protein for cytoplasmic proteins.
No detectable lamin-B was found in the cytoplasm, and no detectable 3-Actin was found in the nucleus. This indicates that the extraction process
was successful, resulting in a clear separation of nuclear and cytoplasmic proteins. B After melittin administration, oxidative stress damage, indicated
by MDA lipid peroxidation was suppressed; and GSH level increased which indicated antioxidant capacity recovery. C The figure shows Western
blot results and quantification of markers for multiple regulation system: neurotrophic BDNF and p-CREB, apoptosis Bcl-2 and Bax, inflammation
iNOS, and cholinergic mMAChR1 proteins expressions under different treatments. Scopolamine significantly altered the expression of these proteins,
while co-treatment with Melittin (0.1 mg/kg) restored their levels towards normal. This indicates Melittin's potential neuroprotective effect

in a scopolamine-induced model. D Melittin enhanced cholinergic system, we could see a reduction in AchE activity (fold) and Ach concentration
enhancement (nmol/mg protein). Data are presented as mean +standard deviation. # p <0.01 compared with the non-treatment group; * p <0.05
compared with Scopolamine group; ** p<0.01 compared with Scopolamine group. Measurements were carried out triplicated, total animal tested

n=>5/group

a 19 kV source voltage, 5 kHz laser frequency, and 15
uJ laser energy. We confirmed the presence of Keapl
by matching significant peaks at m/z 1803.95, 2066.79,
and 2135.1 of the commercial standard mice Keapl
(OPCAO03207, Aviva Systems Biology Corporation
6370, San Diego, CA USA).

Doublecortin (DCX) immuno-histochemistry staining

Post-fixed brain hemispheres were incubated in 27%
sucrose for another 24 h at 4°C. After being frozen,
brain hemispheres were sliced into 30 pm sagittal sec-
tions. At room temperature, sections were blocked in
with 6% bovine calf serum for blocking, and then in
doublecortin primary antibody (1:400, 2 h), rinsed
and then incubated with Alexa Fluor 488 secondary
antibody (Ex/Em = 490/525 nm, 1:400, 2 h). After two
additional rinses slides were covered in Fluoromount' "
Aqueous Mounting Medium then topped with glass
coverslips and were sent for microscopic imaging. The
images of hippocampal dentate gyrus area were photo-
graphed using the Invitrogen EVOS FL Auto Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA)

with a 20X objective, DCX positive cell were counted in
a same area and compared between each group.

Extraction of nuclear and cytosolic proteins for Nrf2
determination

To extract both nuclear and cytosolic Nrf2, we started
by homogenizing hippocampus samples using a hypo-
tonic buffer consisting of 10 mM Tris-HCI (pH 7.5),
10 mM NaCl, and 3 mM MgCl2, which allows cellular
swelling while maintaining nuclear integrity, and per-
form this in cold conditions to prevent protein degra-
dation. Then we centrifuged the homogenate at 1,000 x
g for 10 minutes at 4°C to pellet the nuclei; retain the
supernatant as it contains the cytosolic proteins was
stored for western blot analysis. Resuspend the nuclear
pellet in a high-salt nuclear extraction buffer containing
detergents and protease/phosphatase inhibitors. After
a further high-speed centrifugation at 15,000xg for 30
minutes at 4 °C, the supernatant containing nuclear
proteins was collected.

Scopolamine I.P. daily

) |

Day O Day 4

In vivo experiment 2: sections 3.4

Group 1: Only
scopolamine I.P. Survey tme -
treatment dependent
changes of brain
Group 2: Scopolamine biological
I.P. and melittin S.C. indexes

treatment

Fig. 6 In vivo experiment 2 (results shown in Fig. 7): The experimental for the effect of melittin in a time dependent manner on Nrf2 DNA binding
activity; HO-1 gene expression, MDA and GSH levels; iNOS, TNF-a, IL-13, and IL-6 gene expression; Brain Ach and ATP levels, BDNF and Bcl-2 gene
expression. S.C,, subcutaneous injection; |.P, Intraperitoneal injection; Scopolamine L.P: 1 mg/kg; Melittin S.C.: 0.1 mg/kg
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Fig. 7 The findings suggest that the foremost notable impacts, happened in the earlier stage (0 to 5 h) after melittin administration were

the restoration of Nrf2 DNA binding activity, leading to an increase in HO-1 gene expression to maintain cellular redox equilibrium; This first

event was then subsequently followed by the rebalancing of inflammatory, apoptotic, cholinergic, and neurotrophic systems all happened

in the later state (7.5 to 12.5 h). A Early activation and fortification of antioxidant mechanisms by Melittin: Within just 5 h of administration,

a substantial elevation in Nrf2 DNA binding activity was observed. This subsequently triggered a pronounced rise in HO-1 gene expression,
resulting in decreased levels of brain tissue MDA and enhanced GSH levels. (B) The expression of key inflammation regulators, including iNOS,
TNF-q, IL-6, and IL-13, was assessed. The results indicate that the stabilization of the inflammatory state did not become significant until the 10th
hour. (C) Enhancement of acetylcholine neurotransmitters, brain ATP content, as well as Brain-derived neurotrophic factors BDNF and Bcl-2
anti-apoptosis gene expression, all exhibited no significant changes until the 10th hour (to the right of the blue dotted line); Data are presented
as mean +standard deviation. #p <0.01 vs non-treatment group, * p<0.01 compared with scopolamine only treated group; ** p<0.001 compared
with scopolamine only treated group; Five animals from each group were sacrificed at each time point for the analysis. Measurements were carried

out triplicated, total animal tested n=5/group

Western blot analysis

Hippocampus samples were homogenized in a 50 mM
tris aminomethane hydrochloric acid (Tris-HCI, pH 7.4),
solution with phosphate inhibitor and protease inhibitor,
at approximately 2°C. First, samples were centrifuged at
12,000 rpm, at 4°C for 10 min, a BCA protein analysis kit
(ab102536, Abcam, Cambridge, UK) was used to measure
total protein content to normalize across samples. The
protein content was mixed with a 25% volume loading
buffer and heated at 95°C for 5 min. Then, an amount of
20 pg protein was loaded into wells and electrophoresed
via 8% Sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SEMS-PAGE) gel.

Subsequently, separated proteins were transferred
onto a polyvinylidene fluoride membrane (PVDF) mem-
brane. Thereafter, 5% non-fat milk was used to block this
membrane at room temperature for 1 h and incubated
with anti-Lamin B (1:1200, MABS492, MercK KGaA,

Darmstadt, Germany), anti- HO-1 (1:500, ab52947,
Abcam, Cambridge, UK), anti-BDNF (1:1200,MABN79,
MercK KGaA, Darmstadt, Germany), anti- phosphoryl-
ated cAMP response element-binding protein (p-CREB)
(1:500, 06-519, Sigma-Aldrich, MO, U.S.A.), anti-iNOS
(1:1000, ab178945, Abcam, Cam- bridge, UK), anti-
mAchR (1:1000, m1M9808, Merck KGaA, Darmstadt,
Germany) and anti-B- actin (1:1200, ab8226, Abcam,
Cambridge, UK). After initial antibody probing, the
membrane was treated with stripping buffer (62.5 mM
Tris-HCl, pH 6.8, 2% SEMS, 100 mM p-mercaptoethanol)
at 55°C for 30 minutes. The membrane was then washed
with TBS-T three times for 10 minutes each. This allowed
for re-probing with a new antibody or staining with
Coomassie Brilliant Blue to visualize all proteins.
Thereafter, at room temperature, membranes were first
rinsed in phosphate- buffered saline with Tween 20 and
then incubated with Horseradish peroxidase-conjugated
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anti-rabbit secondary antibody (1:500, G-21234, Ther-
mofisher, Massachusetts, USA). Another rinse by PBST,
then membranes were treated with ECL prime kit
(GERPN2236, Sigma-Aldrich, MO, USA). The Amer-
sham" ImageQuant" system (Boston, USA) was used
to capture the proteins signals, quantitative analysis was
carried out via Image] (http://imagej.nih.gov/).

Biochemical assays

The hippocampus was homogenized PBS at 3°C, then
centrifuged at 10,000 X g for 10 min at 4°C with 10%
homogenates, the upper layer, known as tissue’s proteins
extract, was collected, and stored at -80°C for biochemi-
cal assessment.

Total protein content was measured via a BCA Protein
Assay Kit (ab102536, Abcam, Cambridge, UK). Examina-
tions on cholinergic system were carried out via Acetyl-
cholinesterase (AchE) kit (ab138871, Abcam, Cambridge,
UK), Ach kit (STA-603, Cell Biolabs, CA, USA), ATP
level assay kit (ab83355, Abcam, Cam- bridge, UK), GSH
kit (ab239727, Abcam, Cambridge, UK), and Lipid Perox-
idation (MDA) Assay Kit (ab118970, Abcam, Cambridge,
UK).

For DNA binding assay. After the nucleus proteins
were extracted as in the 2.8 section. Assays were car-
ried out using the DNA-binding activity of Nrf2 was val-
ued using the Trans-AM® Nrf2 kit (Catalog Nos. 50296,
Active Motif, Carlsbad, CA, USA). Briefly, in the com-
mercial Enzyme-linked immunosorbent assay (ELISA)
plate, 15 ug of collected nuclear extract was incubated
with the antioxidant response element (ARE) consensus
sequence as well as immobilized mutated or wild-type
competitor oligonucleotides. The detection for bound
Nrf2 was made via anti-Nrf2 primary antibody (1:1000)
and Horseradish peroxidase-conjugated secondary anti-
body (1:1000). This was followed by chromogenic reac-
tion by 3,3,5,5’-Tetramethylbenzidine substrate, and the
absorbance was assessed at 450 nm using a plate reader.

Quantitative polymerase chain reaction (PCR) assay

From the homogenized hippocampus tissue, total RNA
was separated by extraction by Trizol (Thermo Fisher
Scientific, Waltham, MA, USA). cDNA was synthesized
via the PrimeScript RT kit (Takara Bio Inc., Osaka, Japan)
corresponding to the manufacturer guidelines. PCR assay
was executed with 1 puL of cDNA and primer at 0.3 uM.
The instrument was a LightCycler® 480 System (F. Hoff-
mann-La Roche Ltd., Basel, Switzer- land) with the reac-
tion medium as the TB Green Premix DimerEraserTM
(Takara Bio Inc., Shiga, Japan). Sequent setup: initializa-
tion was first for 30 s at 95 °C, then 40 cycles in ampli-
fication were made, subsequently denaturation in 5 s at
95 °C, and for annealing and elongation in 30 s at 72 °C.
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Normalization to those of f-actin gene was made. Primer
sequences:

HO-1:

Forward 5" CCTTCCCGAACATCGACAGCC-3’,
Reverse 5'- GCAGCTCCTCAAACAGCTCAA-3’.
BDNF exon IX:

Forward 5'- GCCTTTGGAGCCTCCTCTAC -3’
Reverse 5'- GCGGCATCCAGGTAATTTT - 3.
Bcl-2:

Forward 5- GCCACCTATCTGAATGACCACC -3’
Reverse 5'- AGGAACCAGCGGTTGAAGCGC -3’.
iNOS:

Forward 5- CACCTTGGAGTTCACCCAGT -3,
Reverse 5'- ACCACTCGTACTTGGGATGC -3’.
TNF-a:

Forward 5- GGTGCCTATGTCTCAGCCTCTT -3’
Reverse 5'- GCCATAGAACTGATGAGAGGGAG
-3

IL-6:

Forward 5- AGACAGCCACTCACCTCTTCAG -3/,
Reverse 5’ - TTCTGCCAGTGCCTCTTTGCTG -3’.
IL-15:

Forward 5- AGACAGCCACTCACCTCTTCAG -3/,
Reverse 5’ - TTCTGCCAGTGCCTCTTTGCTG -3’.
[-actin:

Forward 5'-CCAGAGCAAGAGAGGTATCC-3,
Reverse 5 -CTGTGGTGGTGAAGCTGTAG- 3’.

HT22 mouse hippocampal cell culture and treatment
Mouse hippocampal HT22 cells (SCC129, Sigma-
Aldrich, MO, USA) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with Fetal bovine
serum (FBS) (10%) and penicillin—streptomycin (1%) in
5% CO, environment at 37°C. After 5 passages to obtain
cell stocks, the cell was prepared for seeding. The cells
were cultured in 96-well plates at 1 x 10* cells/well den-
sity in 0.1 mL media. Twenty-four hours after seeding,
cells were subjected to drugs treatments for each experi-
ment: melittin only, or melittin + glutamate, or melittin
+ glutamate + inhibitors. After treatments, these cells
were incubated for another 12 h and then tested with
the WST-8 kit for cell viability determination. Inhibitors
were used to hint out which pathway might be the focus
of melittin: JNK Inhibitor SP600125, HO-1 synthesis
inhibitor SnPP procured from Sigma-Aldrich (St. Louis,
MO, USA). The p38 inhibitor SB203580 from InvivoGen
(San Diego, CA, USA). The Akt inhibitor MK-2206 from
TargetMol (Wellesley Hills, MA, USA).
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Nrf2 nuclear translocation immunohistochemistry of HT22
cell after melittin treatment

After drugs treatments, at 0 hour and 6 hours, cell were
fixed with methanol and were allowed to stand over-
night with anti-Nrf2 primary antibody (1:500, ab31163,
Abcam, Cambridge, UK) at 4 °C, followed by incuba-
tion with GFP secondary antibody (A-11122, Thermo
Fisher Scientific, Waltham, MA, USA) and DAPI (1:500,
D1306, Thermo Fisher Scientific, Waltham, MA, USA)
for another 1 h at room temperature. The cells were pho-
tographed using the Invitrogen EVOS FL Auto Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA)
with a 40X objective. Quantitative analysis was carried
out via Image] (http://imagej.nih.gov/). As Nrf2 nuclear
translocation can happens within 10 hour of stimula-
tion[47]. We picked the 6™ hour after stimulation to
check for this phenomenal.

Molecular modeling and molecular docking

To assess the binding affinities and interaction patterns
of potential inhibitors with the target protein, molecu-
lar modeling and docking were performed. Initially,
melittin structures were converted from Simplified
Molecular Input Line Entry System (SMILES) codes into
three-dimensional (3D) structures using Open Babel, an
open-source tool designed for chemical data manipula-
tion. Then, molecular docking was executed using Auto-
Dock Vina, a recognized software for this purpose[48,
49]. The procedure of performing docking was con-
ducted as previously described[50]. The protein model
for docking was sourced from the RCSB Protein Data
Bank (PDB), specifically using the PDB code 7OFE to
represent the target protein. AutoDock Vina’s parameters
were set to probe for optimal docking poses within a grid
box centered at coordinates (-43.16, 21.16, -11.37) and
sized 38.00 A x 38.00 A x 38.00 A level of 128, ensuring a
thorough exploration of the conformational space. Post-
docking, the results were visualized and analyzed using
Chimera and Discovery Studio Visualizer for highlight-
ing hydrogen bonds, hydrophobic contacts, and the fit of
ligand within the binding site on the protein.

Pull down assay

The pull-down assay was conducted by attaching melit-
tin to Epoxy-activated Sepharose 6B beads (obtained
from Sigma, St. Louis, Missouri, USA). Initially, 1 mg of
melittin was dissolved in 1 mL of a coupling buffer con-
sisting of 0.1 M NaHCOj; and 0.5 M NaCl at a pH of 11.
The Sepharose 6B beads were first allowed to swell and
were then cleansed with 1 mM HCI using a sintered glass
filter. Subsequent washes were performed using the same
coupling buffer. The beads were then combined with the
melittin-infused coupling buffer and incubated at 4 °C
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overnight. To block any non-specific binding sites, 1 M
ethanolamine was used at 4 °C overnight. The beads, now
conjugated with melittin, underwent a series of washes
with buffers alternating in pH—the first buffer contain-
ing 0.1 M acetate and 0.5 M NaCl at pH 4, and the second
containing 0.1 M Tris-HCl and 0.5 M NacCl at pH 8. Post-
washing, the beads were stabilized in a binding buffer
containing 0.05 M Tris-HCl and 0.15 M NacCl at pH 7.5.
Control beads without melittin were prepared using the
same procedure. For the assay, HT22 cell lysates were
prepared using PRO-PREBP lysis buffer and combined
with either the melittin-conjugated Sepharose 6B or the
control beads, followed by an overnight incubation at 4
°C. Afterward, the beads were thoroughly washed three
times with TBST and the proteins bound to the beads
were eluted using SEMS-loading buffer. These proteins
were then separated using SEMS-PAGE and analyzed via
immunoblotting, employing antibodies specific to Keapl
with dilution 1:800 (A80790, Antibodies, Cambridge,
UK), or later with Coomassie Brilliant Blue staining
(6104-58-1, Sigma-Aldrich, MO, USA).

Statistical analysis

SPSS version 18.0 was used for statistical analysis, and
data are expressed as mean * standard deviation (SD).
SEM was chosen to provide an estimate of the precision
of the sample mean as an estimate of the true population
mean. In quantitative measurements, data were analyzed
using two-way ANOVA followed by Tukey’s multiple
comparison test. Differences between results were con-
sidered if the significant with p < 0.05.

Results

Nrf2 DNA binding activity and HO-1 expression, MDA
and GSH index; BDNF, p-CREB, Bcl-2, Bax, iNOS, and
mAchR 1 protein expressions; AchE and Ach levels.

Chemical analysis proved melittin passing

through disrupted BBB and accumulated

within hippocampus tissue:

We first checked if melittin could accumulate in the mice
brain or not, this is important later on to explain melit-
tin directly or indirectly affects the brain tissues. The hip-
pocampus was specifically chosen for its importance in
the formation and recalling of memory, this brain organ
is also the focus of Alzheimer’s studies [41-43].

From the Total Ion chromatogram of commercial
standard melittin (with a high purity of 98%), we detected
a main peak and confirmed to be melittin. The peak
tips’ retention time proximity 7.04 min. The regression
equation was y=63.287x—1101.8 (R?*=0.999) and
was applied to calculate the level of melittin in samples
(Fig. 3A). Specific melittin mass pattern was based on
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signals broken down from this main peak: [M+3H]**
m/z=948.59 (Approximately 1/3 of melittin molecular
weight), [M+4H]*" m/z=712.44 (Approximately 1/4
of melittin molecular weight), Melittin [M+5H]>*
m/z=570.16 (Approximately 1/5 of melittin molecular
weight), and Melittin [M+6H]*" m/z=475.30
(Approximately 1/6 of melittin molecular weight).
Within the mass spectrometer chambers, each melittin
molecules coupled with several H+ ions, resulting in the
multiple m/z values detected. When scanning through
all sample’s chromatograms at the m/z="712.44 value, we
pinpointed the peak with the retention time nearest to
7.04 min. This allowed us to detect and quantify melittin.

As a result, from all mice groups, we detected melit-
tin only in hippocampus of mice co-treated with sco-
polamine and melittin. In the normal group as well as
scopolamine only treated groups there was no detectable
amount of melittin near the suspected retention time of
7.04 min (Fig. 3B).

In scopolamine and melittin co-treated group, there
was a significant amount of melittin detected in hip-
pocampus tissue. As previous research mentioned, the
administration of scopolamine can induce stress in the
brain and clearly disrupt the BBB [51-53]. This creates
an opportunity for large molecules such as melittin to
enter the brain tissue such as hippocampus, and pro-
duce a direct effect on the hippocampal neurons. Such
change is BBB selectivity was reported before: when the
BBB is weakened, even CD4 cells can enter into brain tis-
sues, typically, the size of these cells restricts their entry
through an intact blood-brain barrier (BBB) [54]. This
is the first study to present evidence that melittin can
accumulate in hippocampal tissue of neurodegenerative
brains. (Fig. 3B). The topic is explored in greater detail in
the Discussion section.

We also found weak melittin signals in the melittin only
treated group samples. We explain this as: even though
all mice were carefully perfused, there could still be a
trace amount of melittin in a very small blood volume
left, despite after cleaning by perfusion (Fig. 3B).

Melittin exhibited cognitive protective effect

against scopolamine induced amnesia and recover

in hippocampus neurons neurogenesis:

The flowing first in vivo experiment was about if melit-
tin could enhance cognitive function of scopolamine
neuro stress induced mice. Cognitive function encom-
passes mental processes such as thinking, knowing,
remembering, judging, and problem-solving and was
tested in this experiment via Morri water maze and Y
maze. In the water maze experiment assessing mice’s
long-term learning memory, notable findings emerged.
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Initially, scopolamine hindered cognitive function as
training progressed, but on days 7-9, the scopolamine-
treated group showed minor improvement, reducing
latency from above 60 to around 50 seconds. Adding
melittin treatment to scopolamine treated mice sig-
nificantly reduced escape time, when compared to sco-
polamine only treated group (p<0.01), nearly matching
those without scopolamine. The normal and melittin-
only groups showed little difference (Fig. 4A). In the
probe test, scopolamine impaired mouse memory of
the platform’s location (p<0.01), while melittin treat-
ment improved their performance, as seen in the heat-
map, and increased platform crossing times (p<0.01).
Both the normal and melittin-only groups had similar
high crossing times as they were the fastest to learn
(Fig. 4B).

As the result of observing spontaneous alternation
(%) in Y maze test which indicated short term memory
ability, it was confirmed that scopolamine significantly
decreased the spontaneous alternation index (p<0.01),
whereas melittin treatment significantly enhanced this
suppression (p<0.01) [55]. There was also no signifi-
cant difference between the normal and melittin only
treated group (Fig. 4C).

The brain’s hippocampal physiology is closely tied
to the neuroprocessing abilities of mice. One critical
aspect of hippocampal function, the status of neuronal
genesis in the dentate gyrus, is commonly studied due
to its vital role in the development, recollection, and
assessment of episodic memory. Brain sections were
stained using the DCX antibody, a key marker for
assessing neuronal neurogenesis state as it’s expressed
by developing neurons [41, 42, 56]. The results vividly
illustrated the damage inflicted by scopolamine at an
anatomical level. Neurogenesis involves the growth and
development of nervous tissue, particularly the forma-
tion of new neurons in the brain. In this case we moni-
tor via the expression of Doublecortin-positive neurons
in hippocampus [56]. In the same region, scopolamine
treatment decreased the number of DCX-positive neu-
rons by approximately 60% compared to the normal
group (p<0.01). However, the introduction of melit-
tin significantly increased this count up to 80~90%
(p<0.01), confirming the neuroprotective effect of this
drug against scopolamine-induced stress. Importantly,
the group treated exclusively with melittin exhibited no
significant difference from the normal group (Fig. 4D).
To further elucidate the effect of melittin on the hip-
pocampus, we conducted more closely tests with the
HT22 mouse hippocampal neurons in later in vitro
parts.
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Melittin showed wide-ranging neuroprotection effects

in the examined hippocampus tissue: upregulation

of antioxidant defenses and recovery of neurotrophic,
inflammatory, and cholinergic functions in hippocampus
tissue

After behavior experiment, hippocampus of mice was
collected to study multiple aspect of biological to explore
how melittin performed its’ neuroprotective effect, as
this organ is known to be important to cognitive function
[41, 42]. In prior renal-disorder-related studies, it was
documented that melittin played a role in modulating
the nuclear translocation of the nuclear factor erythroid
2-like 2 (Nrf2), a pivotal transcription factor responsible
for upregulating the expression of important antioxi-
dant genes such as heme oxygenase-1 (HO-1) [20]. This
intrinsic antioxidant barrier is important and is the cor-
nerstone of combating oxidative stress and slowdown
neurodegeneration57.

Despite that, this study is the first report to demon-
strate that melittin could indeed up regulated Nrf2/
HO-1 system within animal brain’s tissue: In the hip-
pocampus samples of scopolamine only treated mice,
we could observe a collapse of the Nrf2/HO-1 system, as
the nucleus Nrf2 level, its DNA binding activity and the
HO-1 expression were only haft of that when compared
to the normal group (p<0.01). When we administered
melittin to recuse this situation, this treatment induced
Nrf2 nuclear translocation (figured by an increase in
nucleus and reduction in cytoplasm Nrf2), which led to
the recovery of Nrf2 DNA binding activity and subse-
quently raising HO-1 production (p<0.01) (Fig. 5A).

As the normal state the Nrf2 protein is mostly kept in
the cytosolic. In neurodegenerative mice, the Nrf2 signal-
ing is inactive due to prolonged stress condition, thus led
to the reduction of Nrf2 nuclear/ Nrf2 cytosolic ratio; the
whole cell Nrf2 level might not change much, but they
are inactive [9, 58]. The key is under melittin stimulation
to group that suffered from scopolamine-induced stress,
Nrf2 from cytosolic translocated into the nuclear, which
led to increase in Nrf2 nuclear/ Nrf2 cytosolic.

As a result of the increased production of antioxi-
dative enzymes such as HO-1, oxidative stress (ROS)
damage, represented via the explained MDA indicator,
was suppressed in the melittin and scopolamine co-
treated group compared to the group treated with sco-
polamine alone(p<0.01). Glutathione (GSH) is crucial
in the oxidative stress defense system as it acts as a pri-
mary antioxidant, neutralizing reactive oxygen species
(ROS) and repairing oxidative damage in cells. By act-
ing as a natural buffer against ROS, GSH helps maintain
cellular integrity and function. Its levels serve as a key
indicator of tissue recovery from oxidative stress, with
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higher GSH concentrations reflecting improved cellular
health and restoration of normal function in damaged
tissues [59] (Fig. 5B).

After proofs of cellular redox re-balancing, we
screened a diverse range of pathways to see if other
cellular regulations also improved by melittin: BDNF
and p-CREB are crucial for neuronal survival and plas-
ticity, and their reduced levels imply impaired neu-
ronal health [60]. Muscarinic acetylcholine receptor
(mAChR1) is essential for cognitive function, and its
decreased expression suggests compromised neuro-
transmission [61]. iNOS was chosen as an inflamma-
tion marker due to its role in producing nitric oxide,
leading to oxidative stresss [62, 63]. Bcl-2 promotes
cell survival, and its reduction indicates increased cell
death, while Bax promotes apoptosis, and its increase
signifies heightened apoptotic activity [64, 65].

With scopolamine-induced stress alone, we observed
significantly decreased expression of key neuronal sign-
aling proteins, including neurotrophic factors BDNF
and p-CREB, and the neurotransmitter receptor pro-
tein mAChR1, indicating reduced both impaired neu-
rotrophic support and cholinergic function (p<0.01).
Scopolamine also increased inflammation, as evidenced
by elevated iNOS protein levels, and promoted apopto-
sis by decreasing the anti-apoptotic protein Bcl-2 and
increasing the pro-apoptotic protein Bax.

When melittin was administered to these dysregu-
lated mice, BDNF and p-CREB levels increased by
approximately twofold, and mAChR1 levels nearly dou-
bled, indicating recovery of neurotrophic support and
cholinergic function (p<0.01). Melittin also reduced
iNOS levels by about half, reflecting decreased inflam-
mation, and normalized apoptotic signaling by increas-
ing Bcl-2 levels by nearly 50% and decreasing Bax levels
by about a third, demonstrating an overall neuropro-
tective effect (p<0.01) (Fig. 5C).

For impact on the neurotransmitter system, an
assessment of acetylcholinesterase activity and ace-
tylcholine concentration in brain tissue revealed sig-
nificant differences between the scopolamine group
and the non-treatment group. Notably, the scopola-
mine only treated group showed an increased in AchE
activity and reduction if Ach levels (p<0.01) which is a
hallmark of neurodegeneration and could explain the
decrease of memory learning ability [66-68]. Com-
pared to scopolamine treated group, melittin and sco-
polamine co-treated group had indeed reduced the
AchE level, as well as increase Ach content in hip-
pocampus tissue(p<0.01).

These findings suggested that melittin effective-
ness is comprehensive across multiple aspects of
neuro-recovery.
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Besides this, the melittin only treated group exhibited
little alternations from the normal group.

Melittin enhance HO-1 gene expression as in the initially
stage of action, prior to inflammation and neurotrophic
factor response:

In this research, a second, more in depth, animal experi-
ment was conducted (Figs. 6, 7). The positive effect of
melittin treatment was holistic across a variety of aspects
as presented above. Previous result until now also showed
melittin enhanced wide aspect of neuro-protective regu-
lations [22, 28]. To explain what the focus of melittin was,
there was a need to examine which direction of improve-
ment might be the initial target. We argued that just
a single first administration onto a neurodegenerative
situation is sufficient to explore the course of action in a
time-dependent manner, providing a foundational under-
standing of its initial effects. Therefore, we performed
a wide range of experiments periodically on mice after
being treated with and/or melittin (Fig. 7). PCR experi-
ments were conducted because Gene transcriptions is
highly sensitive and can reliably pinpoint which gene is
being interacted by melittin effects in a timely prioritized
manner [69-72].

The method of using Nrf2 DNA binding activity and
HO-1 gene expression had been validated to align with
Nrf2 nuclear translocation and HO-1 protein expression
in previous section above, therefore these was applied to
monitor in this experiment in huge quantity.

The results were surprising. After administering
scopolamine, both control and treated groups exhib-
ited a reduction in nucleus Nrf2 DNA binding activity
(which were shown to go hand-in-hand with the rate
of Nrf2 nuclear translocation, explained in section 3.3
above), decreased HO-1 gene expression, elevated hip-
pocampal ROS, and lower GSH levels. However, when
treated with melittin, significant changes in these anti-
oxidant markers were observed as early as the 2.5th
to 5th hour (p<0.01) (Fig. 7A). This was notably ear-
lier than the improvements in inflammation param-
eters, which only became significant around the 10th
hour: iNOS, TNF-«, IL-1p, and IL-6 gene expression
(p<0.01) (Fig. 7B). Additionally, enhancements in
cholinergic parameters like ACh levels, brain neuro-
trophic factor BDNF and anti-apoptosis Bcl-2 gene
expressions, brain ATP levels.

For the first time in our knowledge, a study has revealed
that melittin not only upregulates the weakened Nrf2/
HO-1 pathway in animals at a neurodegenerative stage
but also provides compelling evidence that this pathway
is the initial focus of melittin’s action, among many other
aspects that was improved by melittin after administra-
tion. This discovery opens new avenues for targeting
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neurodegenerative diseases and highlights the profound
potential of melittin in therapeutic interventions.

In vitro experiments provide evidence of melittin’s

initial and directly activation of the Nrf2/HO-1 pathway,
and ignore multiple inflammation and apoptosis related -
ERK, JNK, p38, Akt signaling pathways

After in vivo experiments on the mouse hippocampus
demonstrated positive results, we conducted this fur-
ther in-depth in vitro study using the HT22 mouse hip-
pocampal cell line. This was supported by the fact that
mass spectrometry analysis confirmed that melittin
could accumulate in the hippocampus of plagued mice,
and thus had the chance to interact directly with neu-
rons. We aimed to further investigate the mechanisms
through which melittin exerts its effects. Glutamate
negatively affects HT22 cells by causing oxidative stress,
mitochondrial dysfunction, calcium overload, and apop-
tosis. This widely used in vitro model mimics brain stress,
and replicates mechanisms observed in psychiatric and
neurodegenerative diseases, making it valuable for study-
ing stress-induced neuronal damage and excitotoxicity
[33-37].

In this section, we delved into the intriguing mecha-
nisms by which melittin actively interacts with the
Nrf2/HO-1 pathway to exert a profound neuroprotec-
tive effect. This neuroprotection is of great interest due
to its potential implications for the treatment of neuro-
logical disorders and the understanding of cellular stress
responses.

First, to identify the ideal concentration of melittin.
The objective was to determine the highest melittin
concentration that did not compromise the viability
of HT22 cells, a crucial step to ensure the safety of this
potent compound. It was found that 3 puM of melittin
stood as the threshold concentration, effectively
preserving the viability of HT22 cells (p<0.01) (Fig. 8A).

Building upon this initial screening, we explored the
neuroprotective potential of melittin in a dose-dependent
manner. Concentrations ranging from 0.3 pM to 3 pM
were tested against glutamate-induced stress, a common
stress inducer for HT22 cell line to mimic a neuro-degen-
erative condition in Alzheimer brains[33—35]. Our results
revealed a dose-dependent neuroprotection, with higher
melittin concentrations yielding more robust protective
effects, the cell availability increased from about 50% up
to 80% when treated with melittin (p<0.01) (Fig. 8B).

The pivotal role of the Nrf2/HO-1 pathway in cellular
defense against oxidative stress is well-established.
When this system is activated Nrf2 is detached from
Keapl in the cytosolic and move into the nucleus, attach
to the ARE gene region to activate the transcription
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(See figure on previous page.)
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Fig. 8 In vitro experiment with mouse hippocampal HT22 proposed that melittin directly engages with the Nrf2/HO-1 pathway to elicit

a neuroprotective effect. A Screening for the optimal concentration of bee venom revealed that 3 uM melittin was the highest concentration

that did not compromise HT22 cell viability 12 h after treatment. B Melittin exhibited a dose-dependent neuroprotective effect in the range

of 0.3-3 uM against glutamate-induced stress, results measured 12 h after treatment. C Fluorescent staining revealed Nrf2 translocation

into the nucleus following melittin treatment, with a significant nuclear Nrf2 signal at 1 and 3 uM concentrations. In the red-dotted squares, green,
fluorescent Nrf2 signals overlap with the blue neuron nucleus. Higher melittin concentrations increase Nrf2 accumulation in the nucleus, indicating
melittin promotes Nrf2 nuclear translocation in a concentration-dependent manner4 D, E To elucidate the pathway most closely associated

with melittin activity, various inhibitors targeting ERK, JNK, p38, Akt, and HO-1 synthesis were employed. D Inhibitor concentrations that inhibited
approximately 80% of HT22 cell viability were identified. E Co-treatment of these concentrations with melittin and glutamate revealed

that the HO-1 synthesis inhibitor exhibited the most pronounced reversal of melittin's positive effects. Data are presented as mean =+ standard
deviation. # p<0.01 vs. non-treatment group; * p <0.05 and ** p<0.01 vs. glutamate only treatment group; p > 0.05 Statistical equivalence.

Measurements were carried out triplicated

of antioxidant genes especially HO-1 [15, 73]. To
gain insights into the cellular processes involved, we
conducted fluorescent staining experiments. These
experiments illuminated the dynamic translocation
of Nrf2 into the nucleus following melittin treatment.
Significantly, ~Nrf2 translocation was observed
at concentrations of 1 pM and 3 puM of melittin,
highlighting the engagement of this pathway in melittin-
induced: Groups treated with melittin (despite treatment
with glutamate) showed in the 6™ hour after treatment,
an increase in green florescent signal that overlap
the nucleus (p<0.01) (which is stained in blue DAPI),
especially the groups with 3 pM melittin exhibited very
Nrf2 nuclear translocation that most of Nrf2 in the
cytoplasm disappeared and almost all concentrated into
the oval-shaped nucleus(p<0.01) (Fig. 8C). Nrf2 nuclear
translocation, checking via immune florescence staining
is know as a method to visually confirm Nrf2 activator
ability of a drug, and is implicated in previous research
(74, 75].

To find out which pathway or protein a drug targets, it
is common to use inhibitors that suppress specific cellu-
lar defense responses. These inhibitors help identify the
drug’s target because when the right inhibitor is used
with melittin, the pathway that the drug activates would
now be slowed down, thus the drug healing effect now
has little use because the pathway that the drug works on
has now been suppressed [37, 58].

Melittin can activate antioxidant defenses via directly
upregulation of the Keapl/Nrf2/HO-1 pathway. Or,
indirectly via anti-inflammatory and anti-apoptosis
responses, which in terms are closely modulated by criti-
cal proteins like ERK, JNK, p38, and Akt. Following this
direction, we applied inhibitors of ERK, JNK, p38, Akt,
and HO-1 synthesis proteins with their respectively
concentrations. These inhibitors were used in previ-
ous research to determine target of interaction for Nrf2/
HO-1 activation [37, 58].

We picked these concentrations, after screening with
various dosages before, as they influenced similar cell
availability of around 80% (statistically equivalent in
comparison). This concentration selection is crucial
to achieving consistent and comparable cell growth
performance, serving as a relative indicator of similar
HT22 cell health conditions in each group, which
provides a baseline for subsequent melittin intervention
(Fig. 8D).

After introducing the above inhibitor with melittin, the
treatment of all inhibitors reduced the drug’s protection.
It was feasible since all the pathways broadly contribute
to cellular recovery and every pathway that was slowed
down could hinder melittin protection effect somehow.
However, the inhibitor that reduced the most this pro-
tection effect was HO-1 synthesis inhibitor, which was
much more significant than other inhibitors. This implied
that the most relevance to melittin direct activity might
be a component in the Keapl-Nrf2-HO-1 pathway itself
(Fig. 8E).

Docking affinity and stability of melittin on Keap1:
potential impacts on Keap1/Nrf2 complex formation:

The above in vivo (Fig. 5A) and in vitro (Fig. 8C) experi-
ments all showed an increase translocation of Nrf2 from
the cytoplasm into the nucleus, and in vitro experiments
with pathway inhibitors suggested that melittin did this
while possibly bypass many intermediates signaling path-
ways. Typically, Nrf2 is held hostage within the cyto-
plasm by the Keapl/Nrf2 complex. If melittin perform
a direct interaction with the complex, it can distort this
complex’s stability via an attachment to the Keapl mol-
ecule, then, the intact Nrf2 can have a chance to be lib-
erated from the complex and allow it to move into the
nucleus, where Nrf2 has a natural affinity with the ARE
gene promotion area on the DNA, and acts as the main
promoter of important antioxidant gene expression such
as HO-1 [73, 76-79].
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In the molecular docking analysis, we observed several
configurations of intermolecular interactions between
melittin and Keap1, each exhibiting the highest predicted
affinity of -7.6 kcal/mol across five docking patterns at
the Keap1/Nrf2 interaction site (Fig. 9). The presence of
diverse interaction types across these patterns suggested
compensatory mechanisms that enhance stability and
binding efficiency.

Importantly, the strong affinity and stability of the
melittin-Keapl complexes could disrupt or modulate the
Keapl-Nrf2 interaction, a critical regulator of cellular
responses to oxidative stress.

The interaction density in patterns 2 and 5 (Fig. 9B,
E) showed a significantly high number of van der Waals
interactions, suggesting extensive surface contacts with
Keapl. This is significant, as van der Waals interactions
are highly crucial for the stability of protein-ligand
complexes. Patterns 1, 3, and 5 (Fig. 9A, C, & E) exhib-
ited a greater number of conventional hydrogen bonds,
which are essential for specificity and stability in ligand
binding. This indicated that these patterns might form
particularly stable complexes with Keapl. The unique
pi-donor hydrogen bond in pattern 4 (Fig. 9D) likely
facilitated specific and robust binding to certain Keapl
residues.

Additionally, the carbon-hydrogen bonds in patterns
1 and 5 (Fig. 9A, E) and pi-alkyl interactions in these
patterns may influence the orientation and stability of
melittin within the binding site. While the unfavora-
ble donor-donor interactions noted in patterns 3 and
4 (Fig. 9C, D) might generally be less favorable, their
impact is seemingly neutralized by other stabilizing inter-
actions, as evidenced by the consistent docking energy
across all patterns. All these properties further suggest a
good physical interaction of melittin and Keap1 possible.

Following the 3D docking analysis elucidating the
potential interaction between melittin and Keap1l, a pull-
down assay was conducted to experimentally confirm this
interaction. The Keapl protein is detected approximately
at the 60 kDa position. In this assay, melittin was
employed as the bait, conjugated on the Epoxy-activated
Sepharose 6B beads, to target proteins including Keapl.
In the depicted result (Fig. 10), the first lane showed
the western blot analysis of the whole HT22 cell lysate,
serving as a positive control. The second lane represented
a negative control experiment, where the HT22 cell
lysate was incubated with beads that were not conjugated
with melittin. This lane showed no trace of Keapl,
demonstrating that the beads alone do not cause any
non-specific binding. This ensured that proteins shown
in the third lane are those which specifically bound only
to melittin, not bead’s bare surface. The HT22 cell lysate
was then incubated with melittin-conjugated beads,
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which were subsequently collected, washed thoroughly to
remove non-specifically bound proteins. SEMS loading
buffer, which typically contains sodium dodecyl sulfate
(SEMS), a strong anionic detergent, was employed to
wash proteins like Keapl from melittin-conjugated beads
and analyzed by western blotting.

The third lane showed the proteins released from the
melittin-conjugated beads after washing, with the pres-
ence of Keapl at the 60 kDa, similar to manufacturer
description, then stained with Coomassie Brilliant Blue
to visualize all proteins. The presence of Keapl as the
main protein bound to melittin beads demonstrated
the selectivity of melittin for coupling with Keapl on
a molecular level and thus its potential to activate the
downstream Nrf2/HO-1 pathway.

Additionally, mass spectra analysis was conducted
to compare the commercial standard Keapl with the
extracted protein sample. The spectra showed three sig-
nificant peaks, specifically at m/z 1803.95, 2066.79, and
2135.1. These peaks were selected as the most dominant
due to their high relative abundance and clear definition
in both the commercial standard and the extracted sam-
ple spectra. The exact match between the m/z values in
the standard and extracted samples reinforced the con-
clusion that the extracted protein is indeed Keapl. Sev-
eral peaks appeared exclusively in the extracted sample
and not in the standard Keapl spectra, these peaks are
likely attributable to other proteins western blot co-
eluted during the extraction process. However, their
significantly lower intensity indicates that these pro-
teins presented in much smaller quantities compared
to Keapl, and therefore do not represent major compo-
nents in the sample. This congruence in m/z values sup-
ported the hypothesis of specific interaction and binding
between melittin and Keap1.

The results of the pull-down assay conclusively dem-
onstrated the physical association between melittin and
Keapl, directly supporting the findings from the dock-
ing simulations and providing robust evidence for the
interaction on a molecular level. This comprehensive
approach, combining western blot analysis, Coomassie
staining, stripping and re-probing, and mass spectrom-
etry comparison, ensured the specificity and accuracy of
Keapl1 extraction and identification.

In summary for this invitro section, the study
implemented signalling pathway inhibitors, 3D docking
models, and pull-down assays to show that melittin
activated the Nrf2/HO-1 pathway. Pathway inhibitors
highlighted the key role of HO-1. 3D docking showed
melittin binding to Keapl, disrupting the Keapl-Nrf2
complex and enabling Nrf2 to activate antioxidant genes.
Pull-down assays confirmed this interaction. These
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Fig. 10 The pull-down assay conducted on HT22 cell lysate to confirm the physical interaction between melittin and Keap1. This assay confirmd
the binding of melittin to Keap1 by capturing Keap1 protein complexes using melittin as bait. The presence of Keap1 in the pulled-down samples,
extracted from melittin conjugated beads indicated a direct physical association between Keap1 and melittin. Tandem mass spectroscopy

also confirmed the main attached protein was Keap1. This experimental validation corroborated the docking simulations and biochemical findings,
providing robust evidence for the interaction between melittin and Keap1 at the protein level
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findings demonstrated melittin’s direct interaction with
Keapl, leading to Nrf2 activation.

Discussion

Our research initially focused on examining melittin’s
ability to accumulate in the hippocampus tissue, possi-
bly via penetration of the weakened blood-brain barrier
(BBB). We utilized the well-established mouse scopol-
amine-induced neurodegeneration model, commonly
used to identify potential anti-neurodegenerative drugs
[29-31, 80-82]. In this study, melittin was detected in
the hippocampal tissue only in the group pretreated with
scopolamine to induce neurodegeneration, and not in
normal mice that received melittin alone. BBB is sensi-
tive to stress simulation, in neurodegenerative diseases,
the disruption of the BBB allows external elements to
infiltrate brain tissues [51-53]. For instance, a weakened
BBB permits the passage of large immune cells, such as
CD4, to sever in various immune responses, which nor-
mally cannot cross this barrier due to their huge size [54].
We believe, normally, an intact BBB filters out melittin
and it cannot accumulate much in hippocampus tissue;
but in this experiment, scopolamine induced BBB dam-
age enough so that melittin could pass through as shown
via the chemical analytical analysis, and this facilitated
melittin to interact directly with neurons. Some studies
have indicated that BBB disruption is an early reaction
in neurodegenerative diseases [80], the recovery process
appears to be slow and challenging. This suggests that
after melittin administration, there is a critical window
during which the damaged BBB allows melittin to enter
the brain. This study reveals that melittin selectively pen-
etrates the BBB only in neurodegenerative models, not in
healthy controls. This could inform the development of
self-adjusted and smart therapeutic strategies for neuro-
degenerative diseases.

The brain’s high oxygen consumption—approxi-
mately 20% of the body’s oxygen despite being only 2%
of its mass—makes it particularly susceptible to oxidative
stress, a central concern in neurodegeneration. Brains
also have a considerable amount of lipid content, con-
stituting about 50% of its dry weight. This is essential for
neural function, but also makes it prone to lipid peroxi-
dation [24, 81]. Malondialdehyde (MDA), a byproduct
of lipid peroxidation, is a critical biomarker of oxidative
damage due to its sensitivity and rapid response to oxida-
tive changes. MDA levels rapidly increase following oxi-
dative stress, serving as a real-time indicator of oxidative
status, especially in lipid-rich tissues like the brain [23—
25, 82]. Similarly, glutathione (GSH), the brain’s primary
antioxidant, plays an indispensable role in neutralizing
ROS and maintaining redox balance. GSH levels can
deplete rapidly in response to oxidative stress, making it
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an early marker of the brain’s vulnerability to oxidative
damage[23, 27]. The combined assessment of MDA and
GSH levels provides a trustworthy indicator of the brain’s
oxidative stress status.

In previous cardiology and renal studies melittin could
help restore cellular redox balance via the Nrf2/HO-1
pathway [20—22]. However, to the best of our knowledge,
no research were carried out in vivo level at a neuro-
degenerative stage, if melittin can upregulate the dimin-
ished Nrf2/HO-1 pathway in animals, and find out why
this can happen.

This study is the first to demonstrate that melittin can
upregulate the Nrf2/HO-1 pathway in the animal brain
tissue, namely the hippocampus. The evidence demon-
strated that melittin’s initial action primarily involves
enhancing HO-1 gene expression, occurring much ear-
lier compared to the subsequent improvements in neu-
rotrophic factors (BDNF and p-CREB), anti-apoptotic
protein Bcl-2, inflammation markers (iNOS, TNF-a,
IL-6, and IL-1P), and recovery of Ach and ATP levels.
Additionally, our in vitro study using the HT22 cell line,
along with 3D docking and pulldown assay show strong
evidence that melittin can liberate Nrf2 from the Keapl/
Nrf2 complex, facilitating Nrf2’s translocation into the
nucleus and leading to increased HO-1 production, a
novel finding.

For a more detail discussion, as we can see the Nrf2/
HO-1 pathway showed positive changes before any
observed improvements in inflammatory markers (Fig. 7).
This indicates the specific interaction mechanisms of
melittin prioritized up regulating intracellular antioxidant
barrier rather than anti-inflammatory effect. Reduces
neuroinflammation is a key strategy in to slow down
aging brains [83-86]. Antioxidant and detoxification
genes play a crucial role in maintaining cellular
homeostasis by eliminating toxins before they cause
damage and trigger inflammatory responses. As redox
balance is restored, cell regulation improves, leading
to a reduction in the overexpression of inflammatory
cytokines [3, 15, 79, 87]. In the brain, when inflammation
occurs, Microglia cells which have functions similar
to macrophage-like cells, and astrocytes which cells
offer assistance to neurons, start producing triggering
mediators. The activation of both cell types leads to
extreme secretion of crucial proinflammatory cytokines
such as iNOS, TNF-a, IL-6 and IL-1P. This facilitates
negative consequences for neuronal viability and is a
signature of inflammation mediated neurodegeneration
[88-90]. Therefore, the expressions of TNF-q, iNOS, IL-6
and IL-1p inflammatory substances, were analyzed in this
study. But in mice brain, these inflammatory cytokines
are mostly suppressed after melittin restored the redox
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balance in mice brain, indicating a holistic had therapy
took place.

A similar pattern was seen in the improvement of brain
neurotrophic system signature proteins BDNF and CREB
gene expression, which also happened after oxidative
damage were suppressed. Normalization of brain neu-
rotrophic indicates a normal working neural cell neu-
ronal cell health and functions. Besides, a strengthen
neurotrophic system can also support a more prominent
recovery of cellular redox balance. The restoration of this
key neurotrophic factor not only improved neuronal cell
metabolism but also strengthened the Nrf2-ARE system
by activating vibrant neurotrophic downstream signaling
pathways, including PI3K/Akt, MAPK (Ras/Ref/Erk), and
PLCy (PKC or CaMK) [79].

This enhancement of intrinsic antioxidant factors led
to an overall recovery of neuronal health, positively
restoring ATP levels in the tissue, thereby improving
many neuronal function [91]. The revival of cellular
ATP indicates that the internal metabolic functions of
brain cells are returning to normal. In our experiments,
we observed that cellular energy recovery lagged
behind redox balance restoration, underscoring the
detrimental effects of oxidative stress on mitochondrial
function which led to decreased ATP production, and
cellular survival, as well as its role in initiating apop-
tosis [92, 93]. These findings provide strong evidence
supporting the holistic value of upregulating cellular
antioxidant mechanisms in treating neurodegenerative
disorders. Melittin treatment reduced Bax levels and
increased Bcl-2 levels, indicating an inhibition of apop-
tosis. Bax promotes apoptosis by permeabilizing the
mitochondrial membrane, while Bcl-2 inhibits this pro-
cess. This recovery is crucial for maintaining neuronal
integrity and function, further highlighting melittin’s
neuroprotective effects [94-96].

These improvements are also believed to contribute
to stabilizing cellular signaling matrices, and restor-
ing other neuronal functions, including the cholinergic
and neurotransmitter systems, which showed improve-
ment following melittin treatment. These are key targets
of well-known anti-dementia drugs such as donepezil
[97, 98]. The muscarinic acetylcholine receptor M1
(mAchR1), a subtype of M1-5, is confined to cognitive-
related brain regions such as the hippocampus and cor-
tex [99]. It mediates the metabolic action of acetylcholine
and increases intracellular calcium concentrations, which
activate enzymes related to intracellular signaling sys-
tems [61, 100].

To further investigate the precise cellular signaling
pathways involved, we conducted in vitro experiments
using HT22 mouse hippocampal neurons. This experi-
ment utilized a range of inhibitors to block potential
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pathways associated with Nrf2/HO-1 activation. These
inhibitors help identify the drug’s target because when
the correct inhibitor is used, it shares the same target as
the drug candidate, thus slowing down the pathway that
the drug activates. Consequently, the drug becomes less
effective, indicating that it was acting on the pathway,
which was indicated by the respective inhibitor [37, 58].

The p38, ERK, JNK, and Akt pathways are intricately
interconnected in various cellular defense mechanisms,
encompassing processes such as inflammation, apoptosis,
and cellular regeneration. Importantly, all these pathways
can all upregulate the activity of the Nrf2/HO-1 system as
stress-response reactions [37, 96, 101-103]. Interestingly,
despite their roles, inhibitors of these four pathways fail
to replicate the inhibition effect of the HO-1 synthesis
inhibitor in effectively blocking melittin’s cellular protec-
tion which really emphasize melittin’s direct influent on
the Nrf2/HO-1 activation.

Typically, Nrf2 is held hostage within the cytoplasm by
the Keapl/Nrf2 complex. Melittin action, can disguise as
a natural defense stimulus to distort this complex’s sta-
bility via physical attachments to the Keapl molecule,
which can liberate the intact Nrf2 from the complex and
allow it to naturally move into the nucleus, where Nrf2 is
the main promoter of important antioxidant gene expres-
sion such as HO-1 [73, 76-78].

Molecular docking revealed that melittin binds to
Keapl with multiple high-affinity sites, with binding
energies as favorable as —7.6 kcal/mol in the five dock-
ing patterns analyzed (Fig. 9). These interactions are
predicted to significantly disrupt the Keapl/Nrf2 inter-
action, thereby facilitating the release of Nrf2 from its
inhibitory complex. These results also reveal an interac-
tion profile characterized by a diverse array of van der
Waals forces and hydrogen bonds, which are crucial for
the stability and specificity of melittin’s binding to Keap1
[82]. The presence of unique interaction types, such as pi-
donor hydrogen bonds and pi-alkyl interactions, further
substantiates the hypothesis that melittin induces confor-
mational changes in Keapl. These structural alterations
are likely to weakened the Keap1-Nrf2 binding, enabling
Nrf2 to translocate to the nucleus.

The docking study and pulldown assay results strongly
suggest that melittin directly targets Keapl, facilitat-
ing the release of Nrf2. This release is a critical initiating
event that upregulates the cellular antioxidant defense
system, particularly through the activation of the Nrf2/
HO-1 pathway [15, 76]. This mechanistic insight aligns
well with the observed biochemical and cellular effects in
the in vivo and in vitro experimental results (Figs. 8 and
10), establishing a clear link between melittin’s molecular
interactions and its neuroprotective efficacy.
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Research suggests that disrupting the Keapl/
Nrf2 interaction with small molecules enhances the
expression of ARE-driven genes like HO-1, which are
critical in cellular defense against oxidative stress [76].
This potential makes melittin a promising candidate for
therapeutic applications aimed at diseases characterized
by oxidative stress and inflammation.

Melittin is typically administered via subcutane-
ous injection, a method that can cause adverse effects if
dosages are excessive. While melittin has shown prom-
ise in restoring cognitive function in neurodegenera-
tive models, addressing its potential irritative properties
and establishing optimal human dosages are imperative
[104]. Recent developments in disease research involv-
ing melittin have harnessed recombinant technology
and computational bioinformatics to engineer special-
ized variants with modified amino acid sequences. These
innovations have facilitated more effective augmenta-
tion and enhanced drug delivery, allowing for intrave-
nous injection and targeted action on specific groups of
malaria-infected cells [105]. Such advancements hold the
potential to mitigate melittin’s side effects and bolster its
acceptance as a treatment option.

Conclusion

In conclusion, our investigation demonstrated for the
first time as we know that melittin directly interacts with
and reactivates the compromised Nrf2/HO-1 pathway,
effectively restoring cellular redox balance. This reacti-
vation establishes a foundation for the natural recovery
of various downstream processes, including inflamma-
tion, apoptosis, neurotrophic factor regulation, cho-
linergic function, and mitochondrial performance. At
2,840 Daltons, melittin molecule is huge, and it can have
multiple hinden biomolecular interactions from many
active sides of its structure for future research. But in
this research, under this specific experimental condition,
melittin’s impact on the Keapl-Nrf2 system appeared to
be the most prominent from all the data provided. These
findings highlight melittin’s potential as a holistic thera-
peutic agent for conditions marked by oxidative stress
and inflammation, supporting the need for further clini-
cal research to explore its therapeutic applications in
neurodegenerative diseases.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513020-024-01020-x.

[ Additional file 1 }

Page 23 of 26

Author contributions

CDN, YHJ, and HAH performed the experiment and wrote the manuscript. SJJ
augmented the manuscript. GL, YJH, JCS, and JHK gave directional advice and
managed the whole project.

Funding

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIT)—No.
NRF-2021R1A2C2007041.

Data availability
The data that support the findings of this study will be made available upon
reasonable request.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

This study was conducted in accordance with the Guide for Care and Use of
Laboratory Animals of the National Research Council (NRC, 1996) and was
approved by the Committee of Animal Care and Experiment of Dongshin
University, Korea (DSU2021-01-07).

Consent for publication

The author gives our consent for the publication of identifiable details, which
can include data and content to be published in the above Journal and
Article.

Informed consent statement
Not applicable.

Competing interests
The authors declare no conflicts of interest that are directly relevant to the
content of this manuscript.

Author details

'College of Korean Medicine, Dongshin University, Naju 58245, Republic

of Korea. Faculty of Pharmacy, College of Medicine and Pharmacy, Duy

Tan University, Da Nang 550000, Vietnam. Department of Acupuncture

and Moxibustion Medicine, Dongshin University Gwangju Korean Medicine
Hospital, 141, Wolsan-ro, Nam-gu, Gwangju City 61619, Republic of Korea, 141
Wolsan-Ro Nam-Gu, Gwangju 61619, Republic of Korea.

Received: 25 June 2024 Accepted: 7 October 2024
Published online: 28 November 2024

References:

1. Al Faden, B. Stoica, Neuroprotection Challenges and Opportunities,
nd. http://archneurjamanetwork.com/.

2. Uruno A, Matsumaru D, Ryoke R, Saito R, Kadoguchi S, Saigusa D, Saito
T, Saido TC, Kawashima R, Yamamoto M. Nrf2 suppresses oxidative
stress and inflammation in app knock-in Alzheimer’s disease model
mice. Mol Cell Biol. 2020;40:1. https://doi.org/10.1128/mcb.00467-19.

3. TuW,Wang H, Li S, Liu Q, Sha H. The anti-inflammatory and anti-oxidant
mechanisms of the keap1/Nrf2/ARE signaling pathway in chronic
diseases. Aging Dis. 2019;10(10):637-51. https://doi.org/10.14336/AD.
2018.0513.

4. Kim GH, Kim JE, Rhie SJ, Yoon S. The Role of Oxidative Stress in
Neurodegenerative Diseases. Exp Neurobiol. 2015;24:325-40. https://
doi.org/10.5607/en.2015.24.4.325.

5. Solleiro-Villavicencio H, Rivas-Arancibia S. Effect of chronic oxidative
stress on neuroinflammatory response mediated by CD4+T cells in
neurodegenerative diseases. Front Cell Neurosci. 2018;12:1-13. https://
doi.org/10.3389/fncel.2018.00114.


https://doi.org/10.1186/s13020-024-01020-x
https://doi.org/10.1186/s13020-024-01020-x
http://archneur.jamanetwork.com/
https://doi.org/10.1128/mcb.00467-19
https://doi.org/10.14336/AD.2018.0513
https://doi.org/10.14336/AD.2018.0513
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.5607/en.2015.24.4.325
https://doi.org/10.3389/fncel.2018.00114
https://doi.org/10.3389/fncel.2018.00114

Nguyen et al. Chinese Medicine

20.

21

22.

23.

(2024) 19:166

Cheng X, Ku C-H, Siow RCM. Regulation of the Nrf2 antioxidant
pathway by microRNAs: new players in micromanaging redox
homeostasis. Free Radic Biol Med. 2013;64:4-11. https://doi.org/10.

1016/ freeradbiomed.2013.07.025.

Vargas MR, Johnson JA. The Nrf2-ARE cytoprotective pathway in
astrocytes. Expert Rev Mol Med. 2009;11: e17. https://doi.org/10.1017/
$1462399409001094.

Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling pathway.
Drug Metab Rev. 2006;38:769-89. https://doi.org/10.1080/0360253060
0971974.

Ramsey CP, Glass CA, Montgomery MB, Lindl KA, Ritson GP, Chia

LA, Hamilton RL, Chu CT, Jordan-sciutto KL. Expression of Nrf2 in
neurodegenerative diseases. NIH Public Access. 2007,66:75-85. https://
doi.org/10.1097/nen.0b013e31802d6da9.

Alsiddig-Osama JF, Junmin Z, Juan'Y, Xiaojun Y. Nrf2: a dark horse in
Alzheimer's disease treatment. Ageing Res Rev. 2020;64:1. https://doi.
0rg/10.1016/j.arr.2020.101206.

R. D'’Amico, F. Monaco, R. Fusco, R. Siracusa, D. Impellizzeri, AFF. Peritore,
R. Crupi, E. Gugliandolo, S. Cuzzocrea, R. di Paola, T. Genovese, M.
Cordaro. Atrazine inhalation worsen pulmonary fibrosis regulating the
nuclear factor-erythroid 2-related factor (Nrf2) pathways inducing brain
comorbidities. Cell Physiol Biochem (2021) 55: 704-725. https://doi.org/
10.33594/000000471.

Fusco R, Cordaro M, Siracusa R, Peritore AF, et al. Consumption of
anacardium occidentale L. (Cashew Nuts) Inhibits oxidative stress
through modulation of the Nrf2/HO—1 and NF-kB pathways. Molecules.
2020;25:1. https://doi.org/10.3390/molecules25194426.

Wang H, Wang H, Zhou XM, Wu LY, et al. Aucubin alleviates oxidative
stress and inflammation via Nrf2-mediated signaling activity in
experimental traumatic brain injury. J Neuroinflammation. 2020;17:1.
https://doi.org/10.1186/512974-020-01863-9.

Cordaro M, Amico R, Morabito R, Fusco R, Siracusa R, et al. Physiological
and Biochemical Changes in NRF2 pathway in aged animals subjected
to brain injury. Cell Physiol Biochem. 2021;55:160-79. https://doi.org/10.
33594/000000353.

Satoh T, McKercher SR, Lipton SA. Nrf2/ARE-mediated antioxidant
actions of pro-electrophilic drugs. Free Radic Biol Med. 2013;65:645-57.
https://doi.org/10.1016/jfreeradbiomed.2013.07.022.

Dinkova-Kostova AT, Copple IM. Advances and challenges in
therapeutic targeting of NRF2. Trends Pharmacol Sci. 2023;44:137-49.
https://doi.org/10.1016/j.tips.2022.12.003.

Sun Q,Ye F, Liang H, Liu H, Li C, Lu R, Huang B, Zhao L, Tan W, Lai

L. Bardoxolone and bardoxolone methyl, two Nrf2 activators in

clinical trials, inhibit SARS-CoV-2 replication and its 3C-like protease.
Signal Transduct Target Ther. 2021,6:1. https://doi.org/10.1038/
$41392-021-00628-x.

Lee EJ, Kim BJ, Jeong JE, Chung HL, Yang EK, Kim WT. Bee venom

exerts neuroprotective effects on neuronal cells and astrocytes under
hypoxic conditions through MAPK signaling pathways. Neonatal Med.
2016;23:43. https://doi.org/10.5385/nm.2016.23.1.43.

Hwang DS, Kim SK, Bae H. Therapeutic effects of bee venom on
immunological and neurological diseases. Toxins (Basel). 2015,7:2413~
21. https://doi.org/10.3390/toxins7072413.

Kim JY, Leem J, Hong HL. Melittin ameliorates endotoxin-induced acute
kidney injury by inhibiting inflammation, oxidative stress, and cell death
in mice. Oxid Med Cell Longev. 2021. https://doi.org/10.1155/2021/
8843051.

Zan H, Liu J, Yang M, Zhao H, Gao C, Dai Y, Wang Z, Liu H, Zhang V.
Melittin alleviates sepsis-induced acute kidney injury by promoting
GPX4 expression to inhibit ferroptosis. Redox Report. 2024,29:1. https://
doi.org/10.1080/13510002.2023.2290864.

Nguyen CD, Lee G. Neuroprotective activity of melittin—the main
component of bee venom—Against oxidative stress induced by
AB25-35 inin vitro and in vivo models. Antioxidants. 2021;10:1. https://
doi.org/10.3390/antiox10111654.

Del Rio D, Stewart AJ, Pellegrini N. A review of recent studies on
malondialdehyde as toxic molecule and biological marker of oxidative
stress. Nutr Metab Cardiovasc Dis. 2005;15:316-28. https://doi.org/10.
1016/j.numecd.2005.05.003.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 24 of 26

Pefa-Bautista C, Vento M, Baquero M, Chéfer-Pericas C. Lipid
peroxidation in neurodegeneration. Clin Chim Acta. 2019;497:178-88.
https://doi.org/10.1016/j.cca.2019.07.037.

Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends
Cell Biol. 2016;26:165-76. https://doi.org/10.1016/j.tcb.2015.10.014.
Cordiano R, Di Gioacchino M, Mangifesta R, Panzera C, Gangemi S,
Minciullo PL. Malondialdehyde as a potential oxidative stress marker for
allergy-oriented diseases: an update. Molecules. 2023;28:1. https://doi.
0rg/10.3390/molecules28165979.

Detcheverry F, Senthil S, Narayanan S, Badhwar AP. Changes in levels of
the antioxidant glutathione in brain and blood across the age span of
healthy adults: A systematic review. Neuroimage Clin. 2023;40:1. https://
doi.org/10.1016/j.nicl.2023.103503.

E.J.Yang, H. Kim, S.C. Yang, S.M. Lee, S.-M. Choi, Melittin restores
proteasome function in an animal model of ALS, 2011. http://www.
jneuroinflammation.com/content/8/1/69.

Jafarian S, Ling KH, Hassan Z, Perimal-Lewis L, Sulaiman MR, Perimal EK.
Effect of zerumbone on scopolamine-induced memory impairment
and anxiety-like behaviours in rats. Alzheimer’s Dementia. 2019;5:637-
43, https://doi.org/10.1016/].trci.2019.09.009.

Al-Amin MY, Lahiry A, Ferdous R, Hasan MK, Kader MA, Alam AK, Saud
ZA, Sadik MG. Stephania japonica ameliorates scopolamine-induced
memory impairment in mice through inhibition of acetylcholinesterase
and oxidative stress. Adv Pharmacol Pharm Sci. 2022. https://doi.org/10.
1155/2022/8305271.

Lee JS, Kim HG, Lee HW, Han JM, Lee SK, Kim DW, Saravanakumar A, Son
CG. Hippocampal memory enhancing activity of pine needle extract
against scopolamine-induced amnesia in a mouse model. Sci Rep.
2015;5:1. https://doi.org/10.1038/srep09651.

Lee YY. Neuroprotective effect of dexmedetomidine on autophagy in
mice administered intracerebroventricular injections of Ap25-35. Front
Pharmacol. 2023. https://doi.org/10.3389/fphar.2023.1184776.

Fukui M, Song JH, Choi J, Choi HJ, Zhu BT. Mechanism of glutamate-
induced neurotoxicity in HT22 mouse hippocampal cells. Eur J
Pharmacol. 2009,617:1-11. https://doi.org/10.1016/j.ejphar.2009.06.059.
Lin SP, Li W, Winters A, Liu R, Yang SH. Artemisinin prevents glutamate-
induced neuronal cell death via Akt pathway activation. Front Cell
Neurosci. 2018;12:1. https://doi.org/10.3389/fncel.2018.00108.

Lee JS, Kim WY, Jeon YJ, Lee SK, Son CG. Aquilariae Lignum extract
attenuates glutamate-induced neuroexcitotoxicity in HT22
hippocampal cells. Biomed Pharmacother. 2018;106:1031-8. https://
doi.org/10.1016/jbiopha.2018.07.032.

Park JS, Park JH, Kim KY. Neuroprotective effects of myristargenol

A against glutamate-induced apoptotic HT22 cell death. RSC Adv.
2019;9:31247-54. https://doi.org/10.1039/c9ra05408a.

Yoo JM, Lee BD, Sok DE, Ma JY, Kim MR. Neuroprotective action of
N-acetyl serotonin in oxidative stress-induced apoptosis through the
activation of both TrkB/CREB/BDNF pathway and Akt/Nrf2/Antioxidant
enzyme in neuronal cells. Redox Biol. 2017;11:592-9. https://doi.org/10.
1016/j.redox.2016.12.034.

Vorhees CV, Williams MT. Morris water maze: Procedures for assessing
spatial and related forms of learning and memory. Nat Protoc.
2006;1:848-58. https://doi.org/10.1038/nprot.2006.116.

Lin AS, Qian K, Usami Y, Lin L, Itokawa H, Hsu C, Morris-Natschke SL,

Lee KH. 5-Hydroxymethyl-2-furfural, a clinical trials agent for sickle cell
anemia, and its mono/di-glucosides from classically processed steamed
Rehmanniae Radix. J Nat Med. 2008;62:164-7. https://doi.org/10.1007/
$11418-007-0206-z.

Gotesson J, Ericson M, Séderpalm B, Pickering C. Repeated Ethanol but
not Phencyclidine Impairs Spontaneous Alternation Behaviour in the
Y-Maze. Basic Clin Pharmacol Toxicol. 2012;110:347-52. https://doi.org/
10.1111/j.1742-7843.2011.00819.x.

Anand K, Dhikav V. Hippocampus in health and disease: An overview.
Ann Indian Acad Neurol. 2012;15:239-46. https://doi.org/10.4103/0972-
2327.104323.

Rubin RD, Watson PD, Duff MC, Cohen NJ. The role of the hippocampus
in flexible cognition and social behavior. Front Hum Neurosci. 2014;8:1—
15. https://doi.org/10.3389/fnhum.2014.00742.

Ambrogi-Lorenzini CG, Baldi E, Bucherelli C, Sacchetti B, Tassoni

G. Role of ventral hippocampus in acquisition, consolidation and


https://doi.org/10.1016/j.freeradbiomed.2013.07.025
https://doi.org/10.1016/j.freeradbiomed.2013.07.025
https://doi.org/10.1017/S1462399409001094
https://doi.org/10.1017/S1462399409001094
https://doi.org/10.1080/03602530600971974
https://doi.org/10.1080/03602530600971974
https://doi.org/10.1097/nen.0b013e31802d6da9
https://doi.org/10.1097/nen.0b013e31802d6da9
https://doi.org/10.1016/j.arr.2020.101206
https://doi.org/10.1016/j.arr.2020.101206
https://doi.org/10.33594/000000471
https://doi.org/10.33594/000000471
https://doi.org/10.3390/molecules25194426
https://doi.org/10.1186/s12974-020-01863-9
https://doi.org/10.33594/000000353
https://doi.org/10.33594/000000353
https://doi.org/10.1016/j.freeradbiomed.2013.07.022
https://doi.org/10.1016/j.tips.2022.12.003
https://doi.org/10.1038/s41392-021-00628-x
https://doi.org/10.1038/s41392-021-00628-x
https://doi.org/10.5385/nm.2016.23.1.43
https://doi.org/10.3390/toxins7072413
https://doi.org/10.1155/2021/8843051
https://doi.org/10.1155/2021/8843051
https://doi.org/10.1080/13510002.2023.2290864
https://doi.org/10.1080/13510002.2023.2290864
https://doi.org/10.3390/antiox10111654
https://doi.org/10.3390/antiox10111654
https://doi.org/10.1016/j.numecd.2005.05.003
https://doi.org/10.1016/j.numecd.2005.05.003
https://doi.org/10.1016/j.cca.2019.07.037
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.3390/molecules28165979
https://doi.org/10.3390/molecules28165979
https://doi.org/10.1016/j.nicl.2023.103503
https://doi.org/10.1016/j.nicl.2023.103503
http://www.jneuroinflammation.com/content/8/1/69
http://www.jneuroinflammation.com/content/8/1/69
https://doi.org/10.1016/j.trci.2019.09.009
https://doi.org/10.1155/2022/8305271
https://doi.org/10.1155/2022/8305271
https://doi.org/10.1038/srep09651
https://doi.org/10.3389/fphar.2023.1184776
https://doi.org/10.1016/j.ejphar.2009.06.059
https://doi.org/10.3389/fncel.2018.00108
https://doi.org/10.1016/j.biopha.2018.07.032
https://doi.org/10.1016/j.biopha.2018.07.032
https://doi.org/10.1039/c9ra05408a
https://doi.org/10.1016/j.redox.2016.12.034
https://doi.org/10.1016/j.redox.2016.12.034
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1007/s11418-007-0206-z
https://doi.org/10.1007/s11418-007-0206-z
https://doi.org/10.1111/j.1742-7843.2011.00819.x
https://doi.org/10.1111/j.1742-7843.2011.00819.x
https://doi.org/10.4103/0972-2327.104323
https://doi.org/10.4103/0972-2327.104323
https://doi.org/10.3389/fnhum.2014.00742

Nguyen et al. Chinese Medicine

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

(2024) 19:166

retrieval of rat's passive avoidance response memory trace. Brain Res.
1997,768:242-8. https://doi.org/10.1016/50006-8993(97)00651-3.
Nguyen CD, Yoo J, An EJ, Sung CY, Jeong DH, Park SY, Kim JH, Lee

G. Pharmacokinetic improvement provided by microneedle patch

in delivering bee venom, a case study in combating scopolamine-
induced neurodegeneration in mouse model. Drug Deliv.
2022;29:2855-67. https://doi.org/10.1080/10717544.2022.2116129.
Hematyar M, Soleimani M, Es-haghi A, Rezaei-Mokarram A. Synergistic
co-delivery of doxorubicin and melittin using functionalized magnetic
nanoparticles for cancer treatment: loading and in vitro release study
by LC-MS/MS, Artif Cells Nanomed. Biotechnol. 2018;46:1226-35.
https://doi.org/10.1080/21691401.2018.1536063.

Huang S, Wang J, Guo Z, Wang Y, Liu C. Quantitative measurement of
melittin in Asian honeybee venom using a new method including
UPLC-QgTOF-MS. Toxins (Basel). 2020. https://doi.org/10.3390/toxin
$12070437.

Syu JP, Chi JT, Kung HN. Nrf2 is the key to chemotherapy resistance in
MCF7 breast cancer cells under hypoxia. Oncotarget. 2016;7:14659-72.
https://doi.org/10.18632/oncotarget.7406.

Eberhardt J, Santos-Martins D, Tillack AF, Forli S. AutoDock Vina 1.2.0:
new docking methods, expanded force field, and python bindings.

J Chem Inf Model. 2021;61:3891-8. https://doi.org/10.1021/acsjcim.
1c00203.

Trott O, Olson AJ. AutoDock Vina: Improving the speed and accuracy
of docking with a new scoring function, efficient optimization, and
multithreading. J Comput Chem. 2010;31:455-61. https://doi.org/10.
1002/jcc.21334.

Huang CW, Ha HA, Tsai SC, Lu CC, Lee CY, Tsai YF, Tsai FJ, Chiu YJ, Wang
GK, Hsu CH, Yang JS. In Silico Target Analysis of Treatment for COVID-19
Using Huang-Lian-Shang-Qing-Wan, a Traditional Chinese Medicine
Formula. Nat Prod Commun. 2021. https://doi.org/10.1177/1934578X21
1030818.

Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown
in Alzheimer disease and other neurodegenerative disorders. Nat Rev
Neurol. 2018;14:133-50. https://doi.org/10.1038/nrneurol.2017.188.
Yong-Zhang Z, Jiang M, Fang J, Yang M, Zhang S, Xin-Yin Y, Wei-Li D,
Mao L, Fu X, Hou'Y, Fu X, Fan C, Liang-Sun B. Enhanced therapeutic
potential of nano-curcumin against subarachnoid hemorrhage-
induced blood-brain barrier disruption through inhibition of
inflammatory response and oxidative stress. Mol Neurobiol. 2017;1:1—
14. https://doi.org/10.1007/512035-015-9635-y.

Song K, LiY, Zhang H, An N, Wei Y, Wang L, Tian C, Yuan M, Sun Y, Xing
Y, Gao Y, Santibafez JF. Oxidative stress-mediated blood-brain barrier
(bbb) disruption in neurological diseases. Oxid Med Cell Longev. 2020.
https://doi.org/10.1155/2020/4356386.

Chung ES, Lee G, Lee C, Ye M, Chung H, Kim H, Bae SS, Hwang D-S,
Bae H. Bee Venom Phospholipase A 2, a Novel Foxp3 + Regulatory

T cell inducer, protects dopaminergic neurons by modulating

neuroinflammatory responses in a mouse model of parkinson’s disease.

JImmunol. 2015;195:4853-60. https://doi.org/10.4049/jimmunol.15003
86.

AK. Kraeuter, PC. Guest, Z. Sarnyai, The Y-maze for assessment of spatial
working and reference memory in mice. In: Methods in Molecular
Biology, Humana Press Inc, 2019: pp. 105-111. https://doi.org/10.1007/
978-1-4939-8994-2_10.

Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M,
Weidner N, Bogdahn U, Winkler J, Kuhn HG, Aigner L. Doublecortin
expression levels in adult brain reflect neurogenesis. Eur J Neurosci.
2005;21:1-14. https;//doi.org/10.1111/j.1460-9568.2004.03813.x.
Zgorzynska E, Dziedzic B, Walczewska A. An overview of the nrf2/

are pathway and its role in neurodegenerative diseases. Int J Mol Sci.
2021;22:1. https://doi.org/10.3390/ijms22179592.

Song JH, Lee HJ, Kang KS. Procyanidin C1 activates the Nrf2/HO-1
signaling pathway to prevent glutamate-induced apoptotic HT22 cell
death. Int J Mol Sci. 2019;20:1. https://doi.org/10.3390/ijms20010142.
Fu AL, Dong ZH, Sun MJ. Protective effect of N-acetyl-I-cysteine on
amyloid 3-peptide-induced learning and memory deficits in mice.
Brain Res. 2006;1109:201-6. https://doi.org/10.1016/j.brainres.2006.06.
042.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

Page 25 of 26

LuY, Christian K, Lu B. BDNF: A key regulator for protein synthesis-
dependent LTP and long-term memory? Neurobiol Learn Mem.
2008;89:312-23. https://doi.org/10.1016/j.nlm.2007.08.018.

Hu H, Zhang R, Zhang Y, Xia Z, Hu Y. Role of CREB in the regulatory
action of sarsasapogenin on muscarinic M1 receptor density during cell
aging. FEBS Lett. 2010;584:1549-52. https://doi.org/10.1016/j.febslet.
2010.03.006.

Han SM, Lee KG, Yeo JH, Kweon HY, Woo SO, Lee ML, Baek HJ, Kim

SY, Park KK. Effect of honey bee venom on microglial cells nitric

oxide and tumor necrosis factor-a production stimulated by LPS. J
Ethnopharmacol. 2007;111:176-81. https://doi.org/10.1016/j,jep.2006.
11.008.

Ledo A, Lourengo CF, Cadenas E, Barbosa RM, Laranjinha J.

The bioactivity of neuronal-derived nitric oxide in aging and
neurodegeneration: Switching signaling to degeneration. Free Radic
Biol Med. 2021;162:500-13. https://doi.org/10.1016/j.freeradbiomed.
2020.11.005.

Park HA, Hayden MM, Bannerman S, Jansen J, Crowe-White KM. Anti-
apoptotic effects of carotenoids in neurodegeneration. Molecules.
2020;25:1. https://doi.org/10.3390/molecules25153453.

S. Shimohama, Apoptosis in Alzheimer’s disease-an update, Kluwer
Academic Publishers, 2000.

SF. de A Cavalcante, AB.C. Simas, M.C. Barcellos, V.G.M. de Oliveira, R.B.
Sousa, PA. de M. Cabral, K. Kuéa, T.C.C. Franca, Acetylcholinesterase:
The "Hub"for Neurodegenerative diseases and chemical weapons
convention. Biomolecules 10 (2020) 1-22. https://doi.org/10.3390/
biom10030414.

Hasselmo ME. The role of acetylcholine in learning and memory. Curr
Opin Neurobiol. 2006;16:710-5. https://doi.org/10.1016/j.conb.2006.09.
002.

Wang Y, Wang T, Shi X, Wan D, Zhang P, He X, Gao P, Yang S, Gu J, Xu G.
Analysis of acetylcholine, choline and butyrobetaine in human liver
tissues by hydrophilic interaction liquid chromatography-tandem mass
spectrometry. J Pharm Biomed Anal. 2008;47:870-5. https://doi.org/10.
1016/j,jpba.2008.02.022.

Huang R, Wallgvist A, Thanki N, Covell DG. Linking pathway gene
expressions to the growth inhibition response from the National
Cancer Institute’s anticancer screen and drug mechanism of action.
Pharmacogenomics J. 2005;5:381-99. https://doi.org/10.1038/sj.tpj.
6500331.

de Nadal E, Ammerer G, Posas F. Controlling gene expression in
response to stress. Nat Rev Genet. 2011;12:833-45. https://doi.org/10.
1038/nrg3055.

Spriggs KA, Bushell M, Willis AE. Translational regulation of gene
expression during conditions of cell stress. Mol Cell. 2010;40:228-37.
https://doi.org/10.1016/j.molcel.2010.09.028.

Barbosa C, Peixeiro |, Romdo L. Gene expression regulation by upstream
open reading frames and human disease. PLoS Genet. 2013. https://doi.
org/10.1371/journal.pgen.1003529.

Nguyen T, Sherratt PJ, Nioi P, Yang CS, Pickett CB. Nrf2 controls
constitutive and inducible expression of ARE-driven genes through a
dynamic pathway involving nucleocytoplasmic shuttling by Keap1.

J Biol Chem. 2005,280:32485-92. https://doi.org/10.1074/jbc.M5030
74200.

M. Pilar Valdecantos, PL. Prieto-Hontoria, V. Pardo, T. Médol, B.
Santamaria, M. Weber, L. Herrero, D. Serra, J. Muntané, A. Cuadrado,
M.J. Moreno-Aliaga, J. Alfredo Martinez, AM. Valverde, Essential role

of Nrf2 in the protective effect of lipoic acid against lipoapoptosis in
hepatocytes, Free Radic Biol Med 84 (2015) 263-278. https://doi.org/10.
1016/ freeradbiomed.2015.03.019.

XuY, Duan C, Kuang Z, Hao Y, Jeffries JL, Lau GW. Pseudomonas
aeruginosa Pyocyanin Activates NRF2-ARE-mediated transcriptional
response via the ROS-EGFR-PI3K-AKT/MEK-ERK MAP kinase signaling

in pulmonary epithelial cells. PLoS One. 2013. https://doi.org/10.1371/
journal.pone.0072528.

Keum YS, Choi BY. Molecular and chemical regulation of the keap1-Nrf2
signaling pathway. Molecules. 2014;19:10074-89. https://doi.org/10.
3390/molecules190710074.

Yoshizaki Y, Mori T, Ishigami-Yuasa M, Kikuchi E, Takahashi D, Zeniya M,
Nomura N, Mori Y, Araki Y, Ando F, Mandai S, Kasagi Y, Arai Y, Sasaki E,
Yoshida S, Kagechika H, Rai T, Uchida S, Sohara E. Drug-Repositioning


https://doi.org/10.1016/S0006-8993(97)00651-3
https://doi.org/10.1080/10717544.2022.2116129
https://doi.org/10.1080/21691401.2018.1536063
https://doi.org/10.3390/toxins12070437
https://doi.org/10.3390/toxins12070437
https://doi.org/10.18632/oncotarget.7406
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1177/1934578X211030818
https://doi.org/10.1177/1934578X211030818
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1007/s12035-015-9635-y
https://doi.org/10.1155/2020/4356386
https://doi.org/10.4049/jimmunol.1500386
https://doi.org/10.4049/jimmunol.1500386
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1111/j.1460-9568.2004.03813.x
https://doi.org/10.3390/ijms22179592
https://doi.org/10.3390/ijms20010142
https://doi.org/10.1016/j.brainres.2006.06.042
https://doi.org/10.1016/j.brainres.2006.06.042
https://doi.org/10.1016/j.nlm.2007.08.018
https://doi.org/10.1016/j.febslet.2010.03.006
https://doi.org/10.1016/j.febslet.2010.03.006
https://doi.org/10.1016/j.jep.2006.11.008
https://doi.org/10.1016/j.jep.2006.11.008
https://doi.org/10.1016/j.freeradbiomed.2020.11.005
https://doi.org/10.1016/j.freeradbiomed.2020.11.005
https://doi.org/10.3390/molecules25153453
https://doi.org/10.3390/biom10030414
https://doi.org/10.3390/biom10030414
https://doi.org/10.1016/j.conb.2006.09.002
https://doi.org/10.1016/j.conb.2006.09.002
https://doi.org/10.1016/j.jpba.2008.02.022
https://doi.org/10.1016/j.jpba.2008.02.022
https://doi.org/10.1038/sj.tpj.6500331
https://doi.org/10.1038/sj.tpj.6500331
https://doi.org/10.1038/nrg3055
https://doi.org/10.1038/nrg3055
https://doi.org/10.1016/j.molcel.2010.09.028
https://doi.org/10.1371/journal.pgen.1003529
https://doi.org/10.1371/journal.pgen.1003529
https://doi.org/10.1074/jbc.M503074200
https://doi.org/10.1074/jbc.M503074200
https://doi.org/10.1016/j.freeradbiomed.2015.03.019
https://doi.org/10.1016/j.freeradbiomed.2015.03.019
https://doi.org/10.1371/journal.pone.0072528
https://doi.org/10.1371/journal.pone.0072528
https://doi.org/10.3390/molecules190710074
https://doi.org/10.3390/molecules190710074

Nguyen et al. Chinese Medicine

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

(2024) 19:166

Screening for Keap1-Nrf2 Binding Inhibitors using Fluorescence
Correlation Spectroscopy. Sci Rep. 2017. https://doi.org/10.1038/
s41598-017-04233-3.

Hashimoto K. Essential role of Keap1-Nrf2 signaling in mood disorders:
Overview and future perspective. Front Pharmacol. 2018. https://doi.
0rg/10.3389/fphar.2018.01182.

Hannan MA, Dash R, Sohag AAM, Haque MN, Moon IS. Neuroprotection
Against Oxidative Stress: Phytochemicals Targeting TrkB Signaling and
the Nrf2-ARE Antioxidant System. Front Mol Neurosci. 2020. https://doi.
0rg/10.3389/fnmol.2020.00116.

Baek SY, Li FY, Kim DH, Kim SJ, Kim MR. Enteromorpha prolifera extract
improves memory in scopolamine-treated mice via downregulating
amyloid-f3 expression and upregulating BDNF/TrkB pathway.
Antioxidants. 2020,9:1-16. https://doi.org/10.3390/antiox9070620.
Model A, Retinasamy T, Shaikh MF, Kumari Y, Othman I. Ethanolic extract
of orthosiphon stamineus improves memory in scopolamine-induced.
Front Pharmacol. 2019;10:1-11. https://doi.org/10.3389/fphar.2019.
01216.

Baghel MS, Thakur MK. Vdac1 downregulation causes mitochondrial
disintegration leading to hippocampal neurodegeneration in
scopolamine-induced amnesic mice. Mol Neurobiol. 2019;56:1707-18.
https://doi.org/10.1007/512035-018-1164-z.

Di Pardo A, Amico E, Scalabri F, Pepe G, Castaldo S, Elifani F, Capocci

L, De Sanctis C, Comerci L, Pompeo F, D'esposito M, Filosa S, Crispi S,
Maglione V. Impairment of blood-brain barrier is an early event in R6/2
mouse model of Huntington Disease. Sci Rep. 2017. https://doi.org/10.
1038/srep41316.

Bruce KD, Zsombok A, Eckel RH. Lipid processing in the brain: A key
regulator of systemic metabolism. Front Endocrinol (Lausanne). 2017.
https://doi.org/10.3389/fendo.2017.00060.

YanT, Yuelu T, Yongxin Y. Structural investigation of Keap1-Nrf2
protein—protein interaction (PPI) inhibitors for treating myocarditis
through molecular simulations. New J Chem. 2023. https://doi.org/10.
1039/D2NJ03078K.

Zhang X, Xue X, Xian L, Guo Z, ItoY, Sun W. Potential neuroprotection
of protodioscin against cerebral ischemia-reperfusion injury in

rats through intervening inflammation and apoptosis. Steroids.
2016;113:52-63. https://doi.org/10.1016/j.steroids.2016.06.008.

Diaz A, Limon D, Chavez R, Zenteno E, Guevara J. AB25-35 injection
into the temporal cortex induces chronic inflammation that
contributes to neurodegeneration and spatial memory impairment

in rats. J Alzheimer’s Dis. 2012;30:505-22. https://doi.org/10.3233/
JAD-2012-111979.

Im EJ, Kim SJ, Hong SB, Park JK, Rhee MH. Anti-inflammatory activity

of bee venom in BV2 microglial cells: mediation of MyD88-dependent
NF-B signaling pathway. Evid Based Compl Altern Med. 2016. https://
doi.org/10.1155/2016/3704764.

Kwon HS, Koh SH. Neuroinflammation in neurodegenerative disorders:
the roles of microglia and astrocytes. Transl Neurodegener. 2020.
https://doi.org/10.1186/540035-020-00221-2.

C. Duc Nguyen, J. Yoo, M. Kim, H. Jang, K.O. No, S. Hwang, J. Cheol Shin,
J-H. Kim, G. Lee, Title: Bee venom activates the Nrf2/OH-1 and TrkB/
CREB/BDNF pathways in neuronal cell responses against oxidative
stress induced by AB 1-42, 2022.

AM. Minogue, J.P. Barrett, M.A. Lynch, LPS-induced release of IL-6 from
glia modulates production of IL-1 in a JAK2-dependent manner, 2012.
http://www.jneuroinflammation.com/content/9/1/126.

Pozniak PD, White MK, Khalili K. TNF-a/NF-kB signaling in the CNS:
Possible connection to EPHB2. J Neuroimmune Pharmacol. 2014;9:133—
41. https://doi.org/10.1007/511481-013-9517-x.

K.A. Frankola, N.H. Greig, W. Luo, D. Tweedie, Targeting TNF-alpha to
elucidate and ameliorate neuroinflammation in neurodegenerative
diseases, n.d.

Birks JS, Harvey RJ. Doneperzil for dementia due to Alzheimer’s disease.
Cochrane Database of Systematic Reviews. 2018. https://doi.org/10.
1002/14651858.CD001190.pub3.

F. Nobili, P. Vitali, M. Canfora, N. Girtler, C. De Leo, G. Mariani, A. Pupi,

G. Rodriguez, Effects of long-term Donepezil therapy on rCBF of
Alzheimer's patients, n.d. www.bic.mni.mcgill.ca.

Masaru |, Yoshihisa K. Muscarinic acetylcholine receptors. Curr Pharm
Des. 2006;12:3573-81.

97.

98.

99.

100.

103.

104.

105.

Page 26 of 26

Park DJ. The role and the regulation of phospholipase C. The Role and
the Regulation of Phospholipase C. 2000;15:333-41.

E.M. and T.H. Masasuke Yoshida, ATP SYNTHASE — A
MARVELLOUSROTARY ENGINE OF THE CELL, MOLECULAR CELLBIOLOGY
(2001). https://doi.org/10.1038/35089509.

Szeto HH, Liu S, Soong Y, Wu D, Darrah SF, Cheng FY, Zhao Z, Ganger
M, Tow CY, Seshan SV. Mitochondria-targeted peptide accelerates

ATP recovery and reduces ischemic kidney injury. J Am Soc Nephrol.
2011;2:1041-52. https://doi.org/10.1681/ASN.2010080808.

Jo SM, Zhang KAI, Zhang KAI, Wurm FR, Landfester K. Mimic of the
Cellular Antioxidant Defense System for a Sustainable Regeneration of
Nicotinamide Adenine Dinucleotide (NAD). ACS Appl Mater Interfaces.
2020;12:25625-32. https://doi.org/10.1021/acsami.0c05588.

JD. Ly, DRR. Grubb, A. Lawen, The mitochondrial membrane potential
(A m ) in apoptosis; an update, 2003.

Lugli E, Troiano L, Ferraresi R, Roat E, Prada N, Nasi M, Pinti M, Cooper
EL, Cossarizza A. Characterization of cells with different mitochondrial
membrane potential during apoptosis. Cytometry A. 2005;68:28-35.
https://doi.org/10.1002/cyt0.a.20188.

Xia Q, Gao S, Rapael-Gnanamuthu SR, Zhuang K, Song Z, Zhang Y, Wang
X, Tu P, Li J, Liu K. Involvement of Nrf2-HO-1/JNK-Erk Signaling Pathways
in Aconitine-Induced Developmental Toxicity, Oxidative Stress, and
ROS-Mitochondrial Apoptosis in Zebrafish Embryos. Front Pharmacol.
2021. https://doi.org/10.3389/fphar.2021.642480.

Ma L, Liu J, Zhang X, Qi J, Yu W, Gu Y. p38 MAPK-dependent Nrf2
induction enhances the resistance of glioma cells against TMZ. Med
Oncol. 2015. https://doi.org/10.1007/512032-015-0517-y.

Hu YR, Ma H, Zou ZY, He K, Xiao YB, Wang Y, Feng M, Ye XL, Li XG.
Activation of Akt and JNK/Nrf2/NQO1 pathway contributes to the
protective effect of coptisine against AAPH-induced oxidative stress.
Biomed Pharmacother. 2017;85:313-22. https://doi.org/10.1016/].
biopha.2016.11.031.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1038/s41598-017-04233-3
https://doi.org/10.1038/s41598-017-04233-3
https://doi.org/10.3389/fphar.2018.01182
https://doi.org/10.3389/fphar.2018.01182
https://doi.org/10.3389/fnmol.2020.00116
https://doi.org/10.3389/fnmol.2020.00116
https://doi.org/10.3390/antiox9070620
https://doi.org/10.3389/fphar.2019.01216
https://doi.org/10.3389/fphar.2019.01216
https://doi.org/10.1007/s12035-018-1164-z
https://doi.org/10.1038/srep41316
https://doi.org/10.1038/srep41316
https://doi.org/10.3389/fendo.2017.00060
https://doi.org/10.1039/D2NJ03078K
https://doi.org/10.1039/D2NJ03078K
https://doi.org/10.1016/j.steroids.2016.06.008
https://doi.org/10.3233/JAD-2012-111979
https://doi.org/10.3233/JAD-2012-111979
https://doi.org/10.1155/2016/3704764
https://doi.org/10.1155/2016/3704764
https://doi.org/10.1186/s40035-020-00221-2
http://www.jneuroinflammation.com/content/9/1/126
https://doi.org/10.1007/s11481-013-9517-x
https://doi.org/10.1002/14651858.CD001190.pub3
https://doi.org/10.1002/14651858.CD001190.pub3
http://www.bic.mni.mcgill.ca
https://doi.org/10.1038/35089509
https://doi.org/10.1681/ASN.2010080808
https://doi.org/10.1021/acsami.0c05588
https://doi.org/10.1002/cyto.a.20188
https://doi.org/10.3389/fphar.2021.642480
https://doi.org/10.1007/s12032-015-0517-y
https://doi.org/10.1016/j.biopha.2016.11.031
https://doi.org/10.1016/j.biopha.2016.11.031

	Melittin - the main component of bee venom: a promising therapeutic agent for neuroprotection through keap1Nrf2HO-1 pathway activation
	Abstract 
	Introduction
	Material and method
	Animal and group segregation

	Second in vivo experiment (Fig. 6 and 7):
	Morris water maze test
	Y-maze test
	Collection of brain hippocampal tissue
	Extraction for melittin from hippocampal tissue
	Mass spectrometry analysis for melittin quantification and keap1 qualification
	Doublecortin (DCX) immuno-histochemistry staining
	Extraction of nuclear and cytosolic proteins for Nrf2 determination
	Western blot analysis
	Biochemical assays
	Quantitative polymerase chain reaction (PCR) assay

	HT22 mouse hippocampal cell culture and treatment
	Nrf2 nuclear translocation immunohistochemistry of HT22 cell after melittin treatment
	Molecular modeling and molecular docking
	Pull down assay
	Statistical analysis


	Results
	Chemical analysis proved melittin passing through disrupted BBB and accumulated within hippocampus tissue:
	Melittin exhibited cognitive protective effect against scopolamine induced amnesia and recover in hippocampus neurons neurogenesis:
	Melittin showed wide-ranging neuroprotection effects in the examined hippocampus tissue: upregulation of antioxidant defenses and recovery of neurotrophic, inflammatory, and cholinergic functions in hippocampus tissue
	Melittin enhance HO-1 gene expression as in the initially stage of action, prior to inflammation and neurotrophic factor response:
	In vitro experiments provide evidence of melittin’s initial and directly activation of the Nrf2HO-1 pathway, and ignore multiple inflammation and apoptosis related - ERK, JNK, p38, Akt signaling pathways
	Docking affinity and stability of melittin on Keap1: potential impacts on Keap1Nrf2 complex formation:

	Discussion
	Conclusion
	References


