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O-demethyl galantamine alters protein expression in cerebellum of 5xFAD mice
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Background/aim: Alzheimer’s disease (AD), one of the most common health issues, is characterized by memory loss, severe behavioral
disorders, and eventually death. Despite many studies, there are still no drugs that can treat AD or stop it from progressing. Previous in
vitro tests showed that O-demethyl galantamine (ODG) might have therapeutic potential owing to its 10 times higher acetylcholinesterase
inhibitory activity than galantamine (GAL).

Materials and methods: We aimed to assess the effect of ODG at the molecular level in a 12-month-old 5xFAD Alzheimer’s mouse
model. To this end, following the administrations of ODG and GAL (used as a positive control), protein alterations were investigated in
the cortex, hippocampus, and cerebellum regions of the brain. Surprisingly, GAL altered proteins prominently in the cortex, while ODG
exclusively exerted its effect on the cerebellum.

Results: GNB1, GNB2, NDUFS6, PAK2, and RhoA proteins were identified as the top 5 hub proteins in the cerebellum of ODG-treated
mice. Reregulation of these proteins through Ras signaling and retrograde endocannabinoid signaling pathways, which were found to
be enriched, might contribute to reversing AD-induced molecular changes.

Conclusion: We suggest that, since it targets specifically the cerebellum, ODG may be further evaluated for combination therapies for

AD.

Key words: Alzheimer’s disease, 5XFAD, o-demethyl galantamine, sanguinine, neurodegeneration, label-free proteomics

1. Introduction

Alzheimer’s disease (AD) is a prevalent neurodegenerative
disorder characterized by amyloid-p (AP) plaques and
neurofibrillary tangles (NFTs). Pathologic signs of AD
include atrophy, neuroinflammation, and synaptic failure.
Memory loss, confusion about time and location, speaking
and writing issues, mood and personality changes, and
other clinical indications of AD effectively disrupt daily
activities, and patients finally become bedridden (Yamada
and Nabeshima, 2000). In 2021, AD was the seventh
leading cause of death, and dementia is now considered
a global epidemic, affecting 55 million people, with
projections reaching 78 million by 2030. Along with the
number of patients, the social and economic burden is
increasing year after year. Efforts to discover and develop
viable treatments for AD have continued worldwide
for many years. However, there are currently no drugs
available to treat or halt the progression of AD (Gauthier
etal., 2021). FDA-approved drugs only provide temporary

* Correspondence: ahmet.baykal@acibadem.edu.tr

relief and/or slow the progression of the illness from mild
to moderate stages.

O-demethyl galantamine (ODG), also called
sanguinine, has been studied using TLC-bioautography
and HPLC/HR-MS (Mroczek, 2009, 2016; Mroczek et
al., 2020). It exhibited prominent acetylcholinesterase
inhibitory activity, approximately 10 times higher than
galantamine (GAL), which has been used as an FDA-
approved AD drug (Bores et al., 1996; Lopez et al., 2002).
This might be caused by the extra hydroxyl group in the
ring (Figure 1) (Lépez et al., 2002). Even though it is not
often encountered in plant materials, based on our studies,
small amounts (<0.01 %) have been found in Narcissus cv.
Hawera bulbs (Mroczek, 2016; Mroczek et al., 2020). Our
promising results in in vitro testing led us to investigate
ODG?s effects at the molecular level on mice with AD.

To do so, we used a 5xFAD mouse with 5 Familial
AD mutations, a well-known transgenic AD model. Most
pathologic abnormalities seen in human AD, such as AB-
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Figure 1. Chemical structure of (A) Galantamine (GAL) and (B) O-demethyl galantamine (ODG).
ODG is formed from GAL by the removal of the methyl group, from the ring (highlighted as green).
(GAL and ODG’s PubChem CID: 9651 and 443722, respectively).

plaques, gliosis, synaptic degeneration, neuronal loss, and
progressive cognitive impairments, are manifested in these
transgenic mice (Forner et al.,, 2021). Furthermore, studies
pointed out that a large number of differentially expressed
genes in 12-month-old 5xFAD are strongly connected
to AD patients, particularly to pathways associated with
cognitive impairment. Although 5xFAD mice did not
show the tau pathology seen in humans, they did show
a variety of biochemical and behavioral characteristics
associated with AD. Therefore, based on the available
data, 12-month-old 5xFAD mice are an appropriate
model for studying the effects of a potential therapeutic
(Oakley et al., 2006; Bouter et al., 2014; Gurel et al., 2019).
The underlying mechanism of ODG in the brain’s cortex,
hippocampus, and cerebellum regions was investigated
via proteomic analyses. This powerful and widely used
technique identifies changes in protein expression, aiding
in the understanding of how protein levels vary under
various chemical, physical, and biological conditions.

In summary, this study aimed to reveal the working
mechanism of ODG in 5xFAD mice through proteomic
alterations analyzed via LC-MS/MS.

2. Materials and methods

2.1. ODG and GAL isolation

GAL and ODG were isolated from bulbs of Narcissus
jonquilla ‘Pipit, and Narcissus cv. ‘Hawerd’, respectively,
according to the procedure described in our previous
papers, using comprehensive chromatographic techniques
like VLC and PLC (Mroczek et al., 2020; Kiris et al., 2021).
2.2. Animals and natural compound administration

The 5xFAD transgenic mice (Tg6799, The Jackson
Laboratory, Stock no: 034840-JAX) were housed at a
constant temperature (22 + 2 °C) with a 12 h day/12 h
night cycle. Food and water were available ad libitum.
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GAL and ODG were dissolved in DMSO and diluted
with saline solution. The amount of DMSO injected to the
mice was kept below 1%. As a positive control, 2 mg/kg
of galantamine (GAL, n = 8) was administered. For the
treatment groups, 1 mg/kg (low dose of ODG, LODG, n
= 6) or 2 mg/kg (high dose of ODG, HODG, n = 6) of
ODG was intraperitoneally administered to 12-month-old
5XxFAD mice. To eliminate the possible effects of DMSO,
1% DMSO in saline solution was injected to the AD
control group (ALZ) (n = 8).

After 7 days of administration, the mice were
anesthetized with isoflurane and sacrificed by decapitation.
The brains were then removed, quickly sectioned into
the cortex, hippocampus, and cerebellum regions, and
preserved at -80 °C.

2.3. Nano LC-MS/MS analysis
Sample preparation, LC-MS/MS instrument, and data
processing parameters were previously reported in detail
(Kiris et al., 2022). Briefly, tissues were ground with steel
beads, dissolved in UPX (Expedeon) containing protease
inhibitor cocktail (Thermo Scientific) using an ultrasonic
processor (VialTweeter, HielsScher), and then heated in a
thermoshaker at 95 °C for 10 min and centrifuged at 14000
x g for 10 min. Samples in each group were pooled into
3 samples. Peptides were prepared using the filter-aided
sample preparation (FASP) method. Buffer exchange
and alkylation were achieved using 8M urea and 50 mM
iodoacetamide (IAA), respectively. The proteins were
then kept in trypsin (enzyme-to-substrate ratio: 1:100)
overnight at 37 °C. Finally, 200 pug/mL of peptide with
0.1% FA was prepared for LC-MS/MS analysis.

An ACQUITY UPLC M-Class connected to a
SYNAPT Xevo G2-XS instrument (Waters) was used for
the LC-MS/MS study. Peptides were initially trapped on a
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trap column (Symmetry C18, 5 um, 180 um i.d. x 20 mm)
and then separated using gradient elution on an analytic
column (CSH C18, 1.7 um, 75 ym id. x 250 mm). A
lock mass reference of 100 fmol/uL. Glu-1-fibrinopeptide
B was utilized. The device was operated in positive ion
mode. SONAR, an independent data acquisition mode,
was used for MS data gathering, with a 24 Da quadrupole
transmission width. Allions in the 50-1950 m/z range were
fragmented collectively in the absence of any precursor
ion preselection insensitivity mode. Progenesis-QI for
proteomics software (V.2.0 Waters) was used to analyze
the data by using Mus musculus database (UniProt,
18.01.2022). For low and high energy, peak intensity
thresholdswere chosenat60and 10 counts, respectively. The
maximum number of missed cleavages allowed for tryptic
digestion was set to 1. Carbamidomethyl modification of
cysteine residues (C) was specified as a fixed modification.
Additionally, oxidation of methionine residues (M)
and deamidation of asparagine (N) and glutamine (Q)
residues were considered as variable modifications. A
false discovery rate (FDR) of 1% was applied. The total
ion intensity normalization was performed. Progenesis QI
for proteomics’ statistical program was used to calculate
expressional changes, as well as p and q values. Proteins
were accepted as differentially expressed (DEP) if only
met these criteria: ANOVA p-value < 0.05, q-value < 0.05,
unique peptide > 2, and fold change > 1.5.

2.4. Bioinformatic analysis

Various software tools were utilized for the analysis
and visualization of the LC-MS/MS data, as previously
reported (Kiris et al., 2023). The online Clustvis program
was used for principal component analysis (PCA) and
hierarchical clustering (HC). For PCA, rows were subjected
to unit variance scaling, and principal components were
calculated using singular value decomposition (SVD) with
imputation. Prediction ellipses are designed so that a new
observation from the same group will fall inside the ellipse
with a probability of 0.95. For HC, rows were centered,
and unit variance scaling was applied to rows. Both rows
and columns are clustered using Euclidean distance and
complete linkage.

1 http://www.bioinformatics.com.cn/en

2 www.inkscape.org

The Database for Annotation, Visualization, and
Integrated Discovery (DAVID v 6.8) tool was used for GO
functional enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis. Bubble
plots were created by using obtained data on an online
platform'. Additionally, the final arrangements of figures
were prepared using Inkscape software’.

Protein-protein interaction analysis was performed
with Cytoscape software (3.8.2) with medium stringency.
The top 5 hub proteins were identified using the local-
based density of maximum neighborhood component
(DMNC) method within the CytoHubba plug-in.

3. Results

3.1. Characterization of compounds

GAL was isolated with a purity higher than 95%. Its
chemical structure was established using the LC/HR-MS
method. ODG was isolated from Narcissus cv. Hawera
bulbs with purities higher than 90%. The chemical
structure has been confirmed with the HPLC-ESI-QTOF-
MS method. The retention times and MS spectral data of
both compounds matched those determined for standard
compounds. However, only a few milligrams of ODG could
be isolated; therefore, it was purchased from American
Custom Chemicals (San Diego, USA) for biological tests.

3.2. Proteome analysis of the brain regions

Label-free nano LC-MS/MS was used to reveal ODG-
driven molecular changes in the Alzheimer’s mouse model
brains. Additionally, we analyzed GAL-injected mice
brains to compare and contrast with the ODG effects on
a protein basis. In ODG groups, 1597, 1653, and 1334
proteins were identified in the cortex, hippocampus, and
cerebellum, respectively (Table). GAL only affected the
proteins in the cortex with 81 DEPs (Table). However,
ODG led to differential alterations only in the cerebellum,
with only one DEP detected in the cortex in HODG. All
identified proteins and DEPs were presented in detail in
Supplementary Table. As shown in Table, 43 proteins were
altered in LODG, while 54 proteins were altered in the
cerebellum. Since the main focus of this research is ODG,

Table. Number of identified and differentially expressed proteins (DEPs) in cortex, hippocampus, and cerebellum of GAL, LODG and

HODG groups.
Cortex Hippocampus Cerebellum
Identified DEPs Identified DEPs Identified DEPs
GAL 2556 83 2275 0 2454 0
LODG 0 0 43
1597 1653 1334
HODG 1 0 54
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further bioinformatics analyses were carried out on the
cerebellum only.

Firstly, unbiased principle component analysis (PCA)
revealed that the proteome of all groups in the cerebellum
was greatly altered with PC1 (77.1%) and PC2 (14.9%)
(Figure 2A). Additionally, the stringency of the circles,
calculated by the Clustvis program, indicated that the
results are highly reproducible, with a high probability
that a new sample from the group would fall within the
same circle. HC also confirmed these results via clustering
the samples from the same group together (Figure 2B).
The Venn diagram revealed common and specific protein
changes in LODG and HODG. It showed that low and
high doses of ODG caused highly similar changes in the
cerebellum of 5xFAD mice. 32 DEPs were common to
both groups, while 11 and 22 DEPs were specific to LODG
and HODG, respectively (Figure 2C).

A. B.

PC2 (14.9%)

)

@ALZ B
B HODG i
A LODG -
I 1 0 :
PC1 (77.1%)
C.
LODG HODG

11 32 22

To understand the biological functions of these
DEPs, GO enrichment and KEGG pathway analyses
were performed, and the results are presented in Figure
3. In comparison to ALZ, DEPS in LODG were enriched
in biological processes related to negative regulation of
neuron apoptotic process, cellular response to cadmium
ion, and positive regulation of cell adhesion. Conversely,
the biological processes enriched in DEPs in HODG
compared to ALZ were exclusively related to the response
to drugs, mitochondrial respiratory chain complex I
assembly, and mitochondrial ATP synthesis coupled
proton transport. Commonly, LODG and HODG proteins
were enriched in cellular iron homeostasis and aging
biological processes. It has been known that there is an
imbalance in iron homeostasis in the AD brain resulting in
cognitive, memory, motor, and other nerve damages (Peng
et al, 2021). FTHI Ferritin heavy chain (FTH1), V-type

EEF1A1
AHCYL2
ENO3
FTH1
NCALD
CCDC186
| PPP3CA
| MAPK3
NDUFB5
COX6B1
GLUL
EIF5A
VATIL
SLC25A4
GNB2
— GNB1
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MGST3

ATP&VOD1

€2V
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Figure 2. Differential expression of proteins in ODG-administered cerebellum regions. (A) PCA analysis, (B) Heatmap of
the DEPs, (C) Venn diagram representing the distribution of DEPs in LODG and HODG compared to the ALZ group.
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Figure 3. Enrichment analyses of LODG and HODG compared to ALZ are represented in bubble plots. (A) GO analysis and (B) KEGG
pathway analysis of DEPs in LODG. (C) GO analysis and (D) KEGG pathway analysis of DEPs in HODG. The GO/KEGG terms are
represented on the y-axis. The x-axis showed the fold of enrichment. In the GO analysis plot, circle, triangle, and square represent
biological process (BP), cellular component (CC), and molecular function (MF), respectively. The size of the symbol denotes the
number of protein-coding genes associated with a given term. The color represents the altered p-value (-log10).

proton ATPase subunit d 1 (ATP6VOD1), Superoxide
dismutase [Cu-Zn] (SOD1) proteins, which were altered
in both LODG and HODG, were found to be enriched
in this pathway. Aging is one of the most profound risk
factors for AD (Liu et al., 2024). In this study, serine/
threonine-protein phosphatase 2B catalytic subunit alpha
isoform (PPP3CA), mitogen-activated protein kinase 3
(MAPK3), eukaryotic translation initiation factor 5A-1
(EIF5A), and SODI1 proteins that were altered in LODG
and 4-aminobutyrate aminotransferase (ABAT), Beta-
enolase (ENO3), EIF5A, and SOD1 proteins, which
were altered in HODG, were found to be enriched in the
aging pathway. Most DEPs in LODG and HODG were
found to play a role in binding, namely macromolecular

complex binding, protein binding, and identical protein
binding. In addition, calmodulin binding and G-protein
gamma-subunit binding were observed in LODG, while
RNA binding and GTPase activity were seen in HODG in
molecular functions. Localization sites of the DEPs in both
groups were detected as the myelin sheath, cytoplasm,
neuron projection, and mitochondrion.

Additionally, KEGG pathways revealed that DEPs
in LODG were enriched in axon guidance, circadian
entrainment,  cholinergic ~ synapse,  glutamatergic
synapse, and Ras signaling pathways. HODG proteins
were specifically enriched in beta-alanine metabolism,
GABAergic synapse, valine, leucine, and isoleucine
degradation, nonalcoholic fatty liver disease, Huntington’s
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disease (HD), amyotrophic lateral sclerosis (ALS), and AD
pathways, whereas DEPs in both groups are commonly
enriched in pathways of neurodegeneration, such as
multiple diseases, chemical carcinogenesis that lead to
the formation of reactive oxygen species, prion disease,
(OXPHOS),
endocannabinoid signaling, and Parkinsons disease
(PD). As expected, most of the pathways that DEPs
were enriched in had been previously associated with
neurodegenerative diseases. However, they were enriched
most significantly in the OXPHOS pathway. Dysregulation
of OXPHOS leads to decrease in ATP synthesis and
elevated ROS. In the long run, this increases the rate
of apoptotic cell death in the central nervous system,
affecting neurons along with other cell types. The increase
in cell death related to the disease results in significant
damage to the patients’ brains (Atlante et al., 2022). We
have found that NADH dehydrogenase [ubiquinone] 1
alpha subcomplex subunit 11 (NDUFA11), inorganic
pyrophosphatase 2 (PPA2), NADH dehydrogenase
[ubiquinone] iron-sulfur protein 6 (NDUEFS6), V-type
proton ATPase subunit d 1 (ATP6VO0D1), cytochrome ¢

oxidative  phosphorylation retrograde

oxidase subunit 6B1 (COX6B1), Cytochrome c oxidase
subunit 5A (COX5A) (altered only in LODG) and NADH
dehydrogenase [ubiquinone] 1 beta subcomplex subunit
5 (NDUFB5) (altered only in HODG) proteins, which
were differentially expressed in LODG and HODG, were
enriched in OXPHOS pathway.

To analyze the interactions between DEPs and identify
core regulatory genes, PPI analyses were performed
(Athanasios et al., 2017). All DEPs found to be regulated
by LODG and/or HODG were subjected to the PPI
analysis with STRING. Using Cytoscape, the fold changes
were appointed to each protein for respective groups
(Figure 4). GNB1, GNB2, NDUES6, PAK2, and RhoA
were detected as the top 5 hub proteins. Surprisingly,
they were found to be altered in both LODG and HODG.
Moreover, their effects on the expression were in the same
direction in both groups. Hence, these proteins might be
the key to enlightening the ODG’s working mechanism
on AD. Further pathway analysis via KEGG detected that
GBB1, GBB2, PAK2, and RhoA proteins are involved
in the Ras signaling pathway (Figure S1), while GBBI,
GBB2, and NDUEFS6 proteins play a role in retrograde
endocannabinoid signaling pathway (Figure S2).
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Figure 4. The protein-protein interaction network map of the DEPs in the LODG and HODG groups in comparison to
the ALZ group, individually. Each node represents a DEP. The left and right side of the rectangle represents the LODG vs.
ALZ, and HODG vs. ALZ, respectively. The upregulation of a DEP is represented in red, and downregulation in blue. The
lightness and darkness of the color change gradually due to the fold change (min:-5, max: 5). The white color indicates
that protein is not differentially expressed in the given group. The top 5 hub DEPs are indicated with light green circles.
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3.3. Discussion

In previous in vitro studies, ODG has shown greater
cholinesterase inhibitor activity compared to GAL (utilized
as a positive control in this study due to its structural
similarity). However, there is currently no information
available regarding its in vivo effects and the underlying
mechanism. Therefore, this study aims to evaluate
its biological effects and elucidate possible working
mechanisms on AD using the powerful proteomics tool
LC-MS/MS.

Regional proteomic studies provide more focused
results compared to analyzing whole brain tissue, making
it easier to extract biologically relevant information. In
this study, proteomic analyses were performed in 3 brain
regions: the cortex, hippocampus, and cerebellum. We
found that GAL affected the expression of proteins in the
cortex, while, surprisingly, most of the altered proteins in
ODG groups were detected in the cerebellum. Previously,
the cerebellum was regarded to be a passive bystander
in AD. Recent research has revealed that the cerebellum
plays a role in AD by enduring structural, functional,
and degenerative changes (Dos Santos et al., 2011; Guo
et al., 2016; Gellersen et al., 2021). Cerebellar volume has
been linked to cognitive function, memory, and thinking
structure (Wassink et al., 1999; Picard et al., 2008; Dos
Santos et al., 2011), and it decreases with the severity of
dementia (Baldagara et al.,, 2011). Two recent genome-
wide association studies found that genes associated with
intelligence and cognitive function were predominantly
expressed in the cerebellum, as well as the cortex (Lam et
al., 2017; Savage et al., 2018).

To identify the potential key regulators of the ODG
in the AD mouse cerebellum, a PPI network analysis
was carried out. The top 5 detected hub proteins (GNB1,
GNB2, NDUEFS6, PAK2, RhoA) were found to be similarly
altered by both low and high dose ODG administration
(Figure 4), supporting their involvement in the mechanism
of ODG action. To elucidate the mechanism in which
they are involved, hub proteins were further analyzed.
KEGG analysis revealed that GBB1, GBB2, PAK2, and
RhoA proteins are involved in the Ras signaling pathway,
whereas GBB1, GBB2, and NDUFS6 proteins play a role
in the retrograde endocannabinoid signaling pathway. The
relevance of these proteins to AD through the pathways
in which they are involved and their reported expression
changes in neurodegenerative diseases are briefly discussed
below.

The Ras protein superfamily consists of small
GTPases that act as molecular switches. They play various
critical roles in cellular processes such as neurogenesis,
differentiation, gene expression, membrane and protein
trafficking, vesicular trafficking, and synaptic plasticity
(Sastre et al., 2020). Small GTPases of the Ras family are

implicated in neurodegenerative diseases such as AD,
PD, and ALS. Ras and Rho families are the most studied
families involved in neurodegeneration (Qu et al., 2019).

Transforming protein RhoA (RhoA) belongs to the
Rho GTPase family and mediates the formation of stress
fibers and focal adhesions. RhoA is involved in several
neurodegenerative disorders, including AD, PD, HD,
and ALS (Fujita and Yamashita, 2014). Dysregulation
of RhoA is thought to contribute to AD pathogenesis
by increasing neurite retraction, AP aggregation, tau
hyperphosphorylation, neuroinflammation, and synaptic
damage (Cai et al, 2021; Schmidt et al., 2022). RhoA
expression differs with subcellular location; it is decreased
in synapses and increased in neurites. RhoA levels are
reported to be reduced in the hippocampus of AD patients
and AD mice (Huesa et al., 2010). Moreover, A treatment
on human neuroblastoma cells led to an increase in RhoA
activation and a decrease in Racl activation (Petratos et
al., 2008; Stankiewicz and Linseman, 2014).

Serine/threonine-protein kinase PAK2 (PAK2), a
Racl effector, functions in neuronal migration, supports
actin formation, and promotes dendritic spine formation
(Bokoch 2003; Shin et al., 2009). PAK2 is prominently
located in the clusters of cholinergic and monoaminergic
and enteric neurons (Zhang et al., 2022). Activation of
PAK2 along with other family members is essential to the
long-term synaptic plasticity of glutamatergic synapses
(Santini et al., 2017). Neurological illnesses linked to
PAK2 mutations include autism spectrum disorder, 3q29
microdeletion syndrome, and AD. In in vitro AD models,
PAK family proteins have been linked to defective dendritic
spine formation (Marlin et al., 2011). The double negative
knock-out PAK mice showed memory impairments and
PAK2 dysfunction led to autistic-like behaviors, reduced
LTP, and decreased synaptic densities, implicating its
increase might be beneficial in AD (Wang et al., 2018).
Moreover, PAK2 levels were reported to be reduced in the
severe AD mice (Nguyen et al., 2008; Civiero and Greggio,
2018).

Guanine nucleotide-binding protein G(I)/G(S)/G(T)
subunit beta-1 (GBB1) and guanine nucleotide-binding
protein G(I)/G(S)/G(T) subunit beta-2 (GBB2) proteins
are P subunits that, together with a and y subunits,
form heterotrimeric G-proteins. G-proteins act as a
molecular switch and mediate the signal transduction of
G-protein-coupled receptors (GPCRs) (Syrovatkina et al.,
2016). GBBI1 has been linked to a variety of neurological
disorders, including developmental delay, dystonia, growth
retardation, and seizures (Petrovski et al., 2016; Hemati et
al., 2018). GBB2 also has been associated with neurological
diseases such as schizophrenia and neurodevelopmental
disorder with hypotonia and dysmorphic facies (Lansdon
et al, 2021). GBB1 was found to be decreased in
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mitochondria of AD mice brains (Martins-de-Souza et
al., 2010; Fukuda et al., 2020). GBB2 was reported to be
increased in microglial extracellular vesicles in human AD
brain tissues (Cohn et al., 2021), whereas it was decreased
in entorhinal cortices (Pang et al., 2017).

Endocannabinoids are retrograde messengers that
regulate synaptic eflicacy and neuronal activity by
adjusting the timing of neurotransmitter release from
the presynapse (Katona 2006; Ludanyi et al., 2011). Even
though cannabinoid functions have primarily been seen
in the hippocampus, their receptors are mainly located in
the cerebellum, brainstem, and microglia (Sinchez et al.,
2001; D’Addario et al., 2013). GBB1, GBB2, and NDUFS6
were involved in this pathway; however, since we already
discussed GBB1 and GBB2 above, only NDUFS will be
mentioned here.

NADH dehydrogenase [ubiquinone] iron-sulfur
protein 6 (NDUEFS6) is a subunit of the NADH: ubiquinone
oxidoreductase (complex I). This complex functions in the
transfer of electrons from NADH to the respiratory chain.
This protein has been previously reported to be involved in
schizophrenia, and Complex I (CI) deficiency, where one of
the clinical presentations is neurodegeneration (Martins-
De-Souza et al., 2009). However, to our knowledge, there
is no publication in the literature regarding expression
levels of NDUEFS6.

The hub proteins were significantly altered in both
high and low doses of ODG, which supports our findings
regarding their involvement in the working mechanism
of ODG. Specifically, GBB1, GBB2, RhoA, and PAK2
proteins were found to be upregulated, while NDUFS6
was downregulated following ODG administration in
the cerebellum. Due to differential expression levels of
proteins between different brain regions, and to the best
of our knowledge, no study has reported on these specific
protein alterations in this particular region. Therefore,
we choose not to compare their alterations. However, we
speculate that the reregulation of these proteins through
retrograde endocannabinoid and Ras signaling pathways
might contribute to reversing AD-induced molecular
changes.

In conclusion, this is the first in vivo study that evaluates
ODG's potential as a therapeutic agent in AD owing its
remarkably higher AChE inhibitory activity than an FDA-
approved drug, galantamine. Surprisingly, we revealed that
ODG exclusively affected cerebellum proteins whereas
galantamine altered cortical proteins. Studies have shown
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that combination therapies are much more successful in
AD than single-target therapies due to the complex nature
of the disease (Tanvir Kabir et al., 2020; Uddin et al., 2021).
Therefore, we also suggest ODG as a valuable compound
for future combination therapy research.
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Figure S1. KEGG pathway enrichment analysis of hub proteins. Three out of the top 5 hub proteins, which are indicated with
a star, are enriched in the ‘RAS signaling’ KEGG pathway. Boxes with stars represent hub proteins as follows: Gpy: GBB1 and
GBB2, PAK: PAK2, Rho: RhoA.
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Figure S2. KEGG pathway enrichment analysis of hub proteins. Three out of the top 5 hub proteins, which are indicated with
a star, are enriched in the ‘Retrograde endocannabinoid signaling’ KEGG pathway. Boxes with stars represent hub proteins as

follows: Gi/o: GBB1 and GBB2, Complex1: NDUFS6.
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