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targeting acetylcholinesterase for Alzheimer’s
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Research Centre, Dokki, Cairo, Egypt

Abstract

Millions of elderly people worldwide have Alzheimer’s disease (AD), a complex and
progressive neurological illness. AD can only be definitively diagnosed postmortem
by examining brain tissue obtained during autopsy, which makes detection and
intervention challenging. Therefore, identifying specific metabolites as potential
metabolic biomarkers associated with AD risk is crucial. For a comprehensive
understanding of the role of metabolic biomarkers in AD etiology, we performed
metabolomics-based gas chromatography-mass spectrometry to characterize
serum metabolite alterations in rats with AICl,-induced AD-like neurotoxicity. We
evaluated metabolite levels across five experimental groups (10 rats per group). We
further conducted metabolic profiling to identify metabolomic features associated
with AD risk and to assess the therapeutic effects of newly synthesized compounds,
including benzofuran-derivative-7 (MP19) and coumarin-3 (MP27). Four metabolites
identified in this study provided strong discriminative power for AD diagnosis,
offering a potential approach for biomarker detection that may enhance patient
diagnosis and prognosis in the future. This study provides new insights into the
etiology, early detection, and potential therapy for AD, involving blood-based
metabolic biomarkers that warrant further investigation.

Keywords: Alzheimer; Metabolomics; Gas chromatography—mass spectrometry;
Metabolic biomarkers; Benzofuran; Coumarin derivatives

1. Introduction

Dementia is a clinical syndrome that primarily affects the elderly.! One of the primary
types of dementia, Alzheimer’s disease (AD), is characterized by a progressive decline
in cholinergic neurotransmission, which leads to brain dysfunction, loss of reasoning,
communication, or learning abilities. It is also characterized by memory loss and
neuropsychiatric symptoms, along with progressive impairment in behavioral and
daily functioning.> AD and other neurological conditions cause progressive and
permanent neuronal deterioration, which leads to the loss of cognitive abilities.” The
World Health Organization also projected a future increase in the number of patients
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with neurodegenerative diseases.* Although the exact
sequences of these events are unknown, the formation of
neurofibrillary tangles by hyperphosphorylated tau protein,
the amyloid-P hypothesis, and the cholinergic hypothesis
are key pathological features of brain injury in AD. The
primary cause of AD is the reduction of acetylcholine,
which is associated with increased acetylcholinesterase
(AChE) activity and alterations in neurotransmitter
synthesis and levels in the brain, leading to progressive
cognitive impairment’

There is currently no cure for senile dementia due to
its complex etiology, gradual progression, hidden course,
and other features.® There are several signaling pathways
involved in the intricate pathophysiology of AD; however,
the precise cause of AD remains unknown.” Metabolomics
serves as a promising new method for comprehending
the biology of dementia and identifying biomarkers for
dementia risk.® Metabolomics can also be used to monitor
therapy response and disease progression, as well as to
discover biomarkers for early AD diagnosis and new
therapeutic targets.’

Additionally, given the similarities between human and
experimental animal metabolisms, metabolomics offers
a convenient way to facilitate the translation of findings
from animal models to human studies and may support
drug-development efforts.” Investigating the role of
metabolism in AD pathogenesis can be facilitated by large-
scale metabolomics approaches, which may help provide
a more thorough understanding of AD pathology and the
underlying processes of disease symptoms.!® Currently,
little is known about the metabolic factors that underlie
AD pathology and the ensuing cognitive loss in AD."*?

A polypharmacological strategy based on the creation
of a single molecular entity, such as coumarins, intended
to concurrently modulate multiple validated biological
targets, could improve current therapies, which are largely
symptomatic. This approach primarily relies on molecular
hybridization, ~which involves combining several
chemical moieties through complementary or synergistic
interactions. Benzofuran (BF) derivatives have shown
promise as neurotherapeutic agents and were therefore
considered as candidate scaffolds in the present study.

Our research team has recently identified nitrogen-
containing heterocyclic compounds, such as indole and
benzimidazole derivatives, as potential therapeutic agents
for AD."'¢ AChE inhibition was assessed in all analogs
using donepezil, a common medication, as a positive
control. Numerous bioactive natural and synthetic
heterocyclic compounds contain the BF scaffold; these
compounds exhibit a wide range of biological activities,
such as anti-inflammatory effects, AChE inhibitory

activity, and blood-brain barrier permeability. Since
the naturally occurring BF scaffold can be considered a
structural mimic of the indanone moiety of donepezil,
compounds generated from BF have shown potential in
the development and identification of neurotherapeutic
agents. Therefore, the design and synthesis of BF-based
compounds could provide a valuable library of molecules
to explore the multitarget potential of this scaffold,
thereby facilitating the development of potent anti-AD
therapeutics.

Additionally, the coumarin scaffold (2H-1-benzopyran-
2-one) exhibits a range of biological functions, and its
multiple sites for chemical substitution'* make coumarins
attractive candidates for drug development, particularly as
AChE inhibitors. Coumarin scaffolds also demonstrated
the capacity to influence several pathological pathways
and targets, such as AChE, butyrylcholinesterase, beta-
site amyloid precursor protein cleaving enzyme 1,
cyclooxygenase-2, lipoxygenase, cannabinoid receptors,
fatty acid amide hydrolase enzyme, gamma-aminobutyric
acid receptors, and monoamine oxidases, all of which are
thought to be implicated in the pathogenic mechanisms
of AD. It is most likely connected to the production of
harmful byproducts during catalyzed metabolic reactions,
specifically aldehydes, ammonia, and hydrogen peroxide.

Based on preliminary docking studies, we designed and
synthesized a series of BF and coumarin compounds as
analogs of the reference drug donepezil. The compounds
were synthesized and evaluated for their AChE inhibitory
activity, and from each series, the most promising molecule
was chosen. The chemical synthesis, analytical information,
and docking studies of these compounds were conducted
in compliance with previous publications."

Previous studies'*’® demonstrated that both
benzofuran-derivative-7 (BF-7; MP19) and coumarin-3
(Cou-3; MP27) were selected over other analogs due to
their superior inhibitory activity compared to the standard
drug, donepezil. Furthermore, MP19 and MP27 showed
inhibitory activity with half-inhibitory concentrations of
0.058 pg/mL" and 0.0802 pg/mL,' respectively, compared
to donepezil (0.049 pg/mL).”

Since aluminum is associated with the development
of numerous neurological disorders, including AD, the
current study used aluminum chloride (AICL) to generate
AD-like dementia in rat models. Aluminum accumulation
in the brains of test animals is believed to compromise
the blood-brain barrier, thereby increasing the risk of
neurological damage. This occurs because aluminum can
induce brain damage,” disrupt brain neurochemistry,
damage brain DNA, and interfere with the action of
antioxidant enzymes."* Chronic aluminum exposure has
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been shown to cause neurological signs and symptoms
that closely resemble advanced neurodegeneration.
Additionally, aluminum-induced AD in animal models
has been associated with neurofilament abnormalities and
metabolic alterations in the hippocampus and cerebral
cortex.'®

The present study examined the metabolomic profiles
of the sera of rats intoxicated with AICI, and administered
a BF derivative, namely, 3-((3-acetylphenyl) amino)-
1-(benzofuran-2-yl) prop-2-en-1-one, and a coumarin
derivative, namely, N’-(2,3-dihydro-1H-inden-1-ylidene)-
2-((4-methyl-2-oxo0-2H-chromen-7-1)oxy)acetohydrazide,
known as MP19 and MP27, respectively. These molecules
were administered to identify metabolites that could
serve as potential novel biomarkers against brain
neurodegeneration.

2. Materials and methods
2.1. Chemical analyses

Chemical analyses, namely melting points, elemental
microanalyses, infrared spectra, and 'H and "*C nuclear
magnetic resonance spectra, were evaluated at the National
Research Centre, Cairo, and the Faculty of Pharmacy,
Cairo University, Egypt. MP19 and MP27 were synthesized
as previously reported.'*'¢

2.2. Drugs and chemicals

Aluminum  chloride, methoxamine hydrochloride,
pyridine, N-methyl-N (trimethylsilyl) trifluoroacetamide
(MSTFA) with 1% (vol/vol) trimethylchlorosilane, methyl-
tert butyl ether, methanol (high-performance liquid
chromatography grade), and n-alkane C8-C40 standard
were purchased from Sigma-Aldrich (United States).

2.3. Animals and experimental design

Based on our previous toxicity study, the dosage of the
test substance was selected with reference to standard
medications, specifically donepezil at 10 mg/kg body
weight per day."”

2.3.1. Aluminum chloride-induced Alzheimer’s disease
rat model

Aluminum chloride solutions were prepared freshly in
distilled water immediately before use and were given daily
for two months to rats orally at a dosage of 100 mg/kg/day
(0.5 mL per day).” Fifty mature male Wistar rats weighing
200 + 30 g were acquired from the National Research
Centre animal house in Egypt. Rats were allowed free
access to food and water and kept in housing with light/
dark cycles of 12 hours (7:00 a.m. to 7:00 p.m.). Following
two weeks of acclimatization, the rats (n = 10) were split

into five groups at random as follows:

(i) Group I: Negative control group. Rats were given
distilled water orally as a vehicle.

(ii) Group II: AlCl,-induced AD rats. Rats were
administered AICI, intragastrically at a dose of 100
mg/kg body weight for eight weeks.

(iii) Group III: AD + MPI19-treated group. Rats were
given AICI, for eight weeks. Treatment was started
immediately with MP19 (10 mg/kg body weight/day)
intragastrically for six weeks.

(iv) Group IV: AD + MP27-treated group. Rats were
given AICL, for eight weeks and then intra-gastric
administration of MP27 (10 mg/kg body weight/day)
for six weeks.

(v) Group V: AD + donepezil-treated group. Rats
were given AICI, for eight weeks before receiving
intragastric administration of donepezil (10 mg/kg
body) for six weeks.!

2.3.2. Blood sampling

After AICI, intoxication and subjection to both treatments,
blood was drawn from the orbital plexus of the eyes,
collected, and centrifuged using a bench-top centrifuge
(Hettich, Germany) at 4,000 rpm for 10 min. To completely
remove cellular components, the supernatant was separated
and centrifuged at 13,000 rpm, using a cooling centrifuge
at 4 °C for 10 min (Sigma-Aldrich, Germany). Samples
were stored at —80 °C until further use.

2.4. Ethics and permissions

All procedures were designed in accordance with the
ethical principles for medical research involving animal
subjects. The study protocol was ethically reviewed and
approved by the Ethics Review Committee of the National
Research Center in Cairo (Approval no: 12010114).

2.5. Serum metabolome analysis using gas
chromatography-mass spectrometry

The extraction of metabolites from serum samples was
conducted in accordance with the method described by
Ammar et al® For serum gas chromatography-mass
spectrometry (Turbomass, United States) analysis, 100 uL
of serum was mixed with 200 pL of cold acetonitrile (100%)
containing 5 uL xylitol (1 mg/mL, internal standard) and
centrifuged at 11,000 x g for 15 min to precipitate the
proteins. After centrifugation, the supernatant was dried
using a nitrogen dryer. For metabolite derivatization, 50
uL of methoxyamine hydrochloride dissolved in 20 mg/
mL pyridine was added to the dried pellet, which was
then incubated at 60 °C for two hours. In the second
derivatization step, 100 uL of MSTFA containing 1%
trimethylchlorosilane was added to the mixture and
incubated at 60 °C for one hour.
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2.6. Gas chromatography-mass spectrometry
analysis conditions

A Trace Ultra Gas Chromatograph (Thermo Scientific
Corp., United States) coupled to a mass spectrometer
detector (ISQ Single Quadrupole Mass Spectrometer;
PerkinElmer, United States) was used to analyze serum
metabolites. Chromatographic separation was achieved
on a TG-5MS column (30 m x 0.25 mm i.d., 0.25 pm film
thickness) to analyze derivatized serum samples. Analysis
was carried out using helium as the carrier gas at a flow rate
of 1.0 mL/min and a split ratio of 1:10 using the following
temperature program: 80 °C for two minutes; rising at 5 °C/
min to 300 °C and held for five minutes. The injector and
detector were held at 280 °C. Mass spectra were obtained
by electron ionization at 70 eV, using a spectral range of
m/z 35-500.

For data preprocessing, we used XCMS (version
3.23) and MZmine (version 3.9.0). Data processing was
performedin three steps: (i) peak picking: this step identifies
individual ion signals in each sample by separating them
from background noise; (ii) alignment (correspondence):
this step accounts for variations in retention time and mass-
to-charge ratio (m/z) across different samples or batches
to ensure that the same metabolite is grouped correctly;
and (iii) filtering and refinement: this step removes low-
quality features, artifacts, or redundant signals to improve
downstream statistical power.

For metabolite identification, the detected mass spectra
were deconvoluted and matched against reference libraries
from Wiley and the National Institute of Standards and
Technology to identify measured peaks based on similarity
to previously registered reference compounds. Standard
fatty acid mixture (Sigma-Aldrich, United States) was
injected to confirm peak assignments. Retention indices
were calculated relative to n-alkanes (C8-C40) standards.?!

2.7. Data processing for multivariate analysis

The multivariate analysis of identified metabolites was
performed using MetaboAnalyst 6.0, a comprehensive tool
for metabolic data analysis (http://www. metaboanalyst.
ca).”? Metabolites mass spectrometry signals were
normalized using the reference sample feature. Data
transformation was performed using log transformation,
specifically the Pareto scaling option, prior to multivariate
data analysis. Subsequently, both unsupervised principal
component analysis and supervised partial least squares-
discriminant analysis (PLS-DA) were performed using this
program.?

2.8. Statistical analysis

Nonparametric tests (Mann-Whitney and Kruskal-

Wallis) were conducted using Statistical Package for the
Social Sciences version 17, and p < 0.05 was considered
significant. Additionally, we performed a permutation and
accuracy test using MetaboAnalyst (version 6.0) to assess
the model’s fit, yielding p < 0.05, confirming stability.
Metabolites contributing to group segregation were
identified from the variable importance in projection (VIP)
plot of the PLS-DA model (VIP score > 1) to determine the
key metabolites and their concentrations in each studied
group.

Analysis of variance was performed for all metabolites
using the Statistical Package for Social Sciences (version
6.0) and MetaboAnalyst 6.0 software, with post hoc
analysis (Fisher’s least significant difference) and p-value
< 0.05. A classical ROC curve using the MetaboAnalyst
6.0 software was performed using the area under the curve
(AUC) values.

3. Results

3.1. Profiling of serum metabolites using
multivariate data analytics and gas
chromatography-mass spectrometry analysis

Serum metabolites were efficiently extracted, isolated, and
analyzed using gas chromatography-mass spectrometry. A
total of 31 metabolites, including sugars, free fatty acids,
sterols, and organic acids, were identified, as shown in
Table 1.

For a multivariate statistical method for discriminant
analysis, principal component analysis and supervised
PLS-DA models were constructed from metabolomics
profiling data obtained from the healthy (=), AD (+),
and treated groups, as shown in Figure 1A and 1B,
respectively. The first two principal components (PC),
namely PC1 (41.8%) and PC2 (31.4%), were obtained
from the PLS-DA model. The AD group displayed clear
separation from the healthy and other groups along PC1.
The model parameters, R? and Q* (cumulative), were 0.78
and 0.59, respectively, indicating acceptable fitting and
predictive power. These results suggest that the PLS-DA
model is reliable and suitable for identifying potential AD
biomarkers. Additionally, we performed a permutation test
and an accuracy test to assess the models fit, yielding p <
0.05, confirming its stability (Figure 2A and 2B).

Metabolites contributing to group segregation were
identified from the VIP plot of the PLS-DA model (VIP
score > 1) to determine the key metabolites and their
concentrations in each studied group (Figure 1D). These
metabolites included octadecanoic acid (stearic acid),
hexadecanoic acid (palmitic acid), galactose, oleic acid, and
glucose. The levels of these metabolites in rats’ sera varied
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Table 1. Serum metabolites derived from gas chromatography-mass spectrometry

Eft:?::‘i‘loil:l) Compounds Control l:z;itt:z; Re(f;rlf;ce MP27 MP19
5.71 Propanoic acid, 2-[(trimethylsilyl)oxy]-, trimethylsilyl ester 0.75 0.59 0.46 0.44 0.45
6.04 Glycine, N,N-bis(trimethylsilyl)-, methyl ester 0.64 0.69 0.80 0.67 0.58
7.89 Ethanedioic acid, bis(trimethylsilyl) ester 2.50 2.33 2.25 3.25 235
8.19 Butanoic acid, 3-[(trimethylsilyl)oxy]-, trimethylsilyl ester 8.59 8.85 8.25 8.70 9.12
8.65 Pentasiloxane, dodecamethyl- 0.28 0.41 0.28 0.47 0.22
9.38 Naphthalene (2,3-dimethyl-1-(trimethylsilyl)) 1.29 1.56 1.40 1.73 1.57
9.85 Urea, N,N’-bis(trimethylsilyl) 4.65 3.50 4.04 10.29 1.43
11.41 Silanol, trimethyl-, phosphate (3:1) 4.04 4.65 3.75 5.60 4.35
14.2 Phenol, 2,4-bis(1,1-dimethylethyl)- 1.15 1.21 1.36 1.25 1.01
16.74 Xylitol, 1,2,3,4,5-pentakis-O-(trimethylsilyl) 6.39 6.99 3.25 291 1.50
18.28 Galactose,1,2,3,5,6-pentakis-O-(trimethylsilyl)- 1.84 12,51 7.08 11.45 10.24
18.81 Galactopyranose 0.76 0.78 0.71 1.10 0.64
19.71 D-Glucose 9.28 13.13 10.76 12.38 11.23
20.06 Hexadecanoic acid, trimethylsilyl ester 1.86 15.94 3.95 15.00 11.26
20.44 Oleanitrile 4.80 5.05 5.85 0.63 4.75
21.18 Octadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester 9.92 25.12 11.00 20.82 15.87
21.71 11-cis-octadecenoic acid, trimethylsilyl ester 8.25 9.15 8.35 7.95 9.20
21.93 S}Ierll: :}f;fls’illjl-iitriethYISHYI_) or hexadecanoic acid, 6.30 3.50 579 3.92 476
3391 D-Glucose, 2,3,4,5,6-pentakis-O-(trimethylsilyl)-, 139 L10 115 129 139
o-methyloxyme,
23.25 Octadecanamide (Z)- 1.44 0.50 1.06 1.94 2.23
23.48 Scl:;,TL‘li:&i:;iiﬁ?’lsnyl'7'meth°Xy'heptan°ic acid, 10.56 18.95 9.76 8.89 9.52
23.54 Linoleic acid ethyl ester or 9-octadecenamide, 12-hydroxy- 2.27 1.85 2.50 2.00 2.40

2412 Oleanitrile, trans-13-docosenamide, 9-hexadecenoic acid, 1.00 105 130 109 170
9-octadecenyl ester

24.66 Dinonanoin monocaprylin 7.82 3.36 7.90 4.82 2.29
24.77 Cis-11-eicosenamide trans-11-icosenamide 1.01 1.24 1.15 2.14 5.24
26.40 13-docosenamide, (Z)-N methyl 9.67 5.52 2.99 12.76 2.63

Myo-inositol,1,3,4,5,6-pentakis-o-(trimethylsilyl)-,

26.65 bis(trimethylsilyl)phosphate 0.28 0.47 0.42 0.41 0.48
30.90 Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy] propyl ester 1.17 1.52 1.55 1.30 1.35
32.60 Octadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester 0.71 0.71 0.79 1.35 0.72
37.95 Cholesterol trimethylsilyl ether, silane 4.23 227 4.40 5.05 5.21

Note: Metabolomic profiling data that were produced from healthy (-), Alzheimer’s disease (+), and treated groups.
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Figure 1. Plots of PLS-DA scores acquired from rats’ sera gas chromatography—mass spectrometry data by modeling healthy control (I), Alzheimer’s
disease group (II), reference drug (V), MP27 (IV), and MP19 (III) against each other. (A, B) PC1 and PC2 score plots. (C) The three-dimensional plot
shows the actual separation of the studied groups. (D) VIP score plot for key metabolite identification (VIP score > 1). The relative concentrations of the
related metabolites in each study group are shown by the colored boxes on the right.

Abbreviations: PC: Principal component; PLS-DA: Partial least squares-discriminant analysis; VIP: Variable importance in projection.

across all studied groups. Figure 1D shows an elevation of
stearic acid, palmitic acid, galactose, and glucose, along
with a decrease in oleic acid levels in Group II compared
to the healthy control group (Group I). This alteration was
ameliorated in the reference drug group (Group V) and the
treated groups MP19 (Group III) and MP27 (Group 1IV),
indicating that treatment with MP19 improves disease-
associated metabolic changes.

The hierarchical clustering/dendrogram analysis
(Figure 2) further segregated the groups and illustrated
their relationships based on metabolite levels. According
to this dendrogram, the normal group (Group I) was the
most distant from the AD group (Group II) and other
groups (standard drug and treated groups). Among the

treated groups, the reference drug (Group V) and MP19
(Group III) groups were closest to the normal group,
whereas the MP27 group (Group IV) remained closer to
Group II, suggesting lower efficacy in disease amelioration.

Additionally, the PLS-DA model and the VIP score plot
generated by it were used to identify metabolite markers
associated with AD by comparing healthy controls with
AD patients (Figure 3A-C). The R* and Q* values of the
PLS-DA model were 0.99 and 0.98, respectively, indicating
excellent discrimination between control and AD groups.
In the AD group, oleic acid and 13-docosenamide were
decreased, whereas glucose, galactose, hexadecanoic acid
(palmitic acid), and eicosanoic acid (arachidic acid) were
elevated compared to healthy controls.
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Figure 2. Hierarchical clustering/dendrograms of three rats’ sera metabolites in all studied groups. The Alzheimer’s disease group displayed disassociation

from the normal control group in serum samples.

Note: (I) Normal control, (IT) Alzheimer group, (V) Standard drug, (IV) MP27-treated group, and (III) MP19-treated group.

From multivariate analysis, common metabolites
derived from VIP (PLS-DA) across all groups, including
healthy and AD groups (Figure 1D), were octadecanoic
acid (stearic acid), hexadecanoic acid (palmitic acid),
galactose, oleic acid, glucose, and eicosanoic acid.

For the univariate analysis, analysis of variance was
performed for all metabolites using the Statistical Package
for Social Sciences and MetaboAnalyst 6.0 software, with
post hoc analysis (Fisher’s least significant difference)
and p-value (<0.05). The results confirmed significant
differences in stearic acid, palmitic acid, galactose, oleic
acid, and glucose levels (Table 2). Violin plots (Figure 4)
were also generated to illustrate the significance of these
metabolic biomarkers across the five groups.

From multivariate and univariate analyses of the
groups under study, we indicated that hexadecanoic acid
(palmitic acid), galactose, glucose, and oleic acid may
serve as vital biomarkers to distinguish and diagnose AD

and measure the ameliorative effect of different treatment
groups by restoring these metabolites to their normal
levels. To provide additional scientific evidence on these
diagnostic biomarkers, we conducted a receiver operating
characteristic (ROC) analysis. In this analysis, we generated
aclassical ROC curve using MetaboAnalyst 6.0, as shown in
Figure 5. Galactose, hexadecanoic acid, glucose, and oleic
acid exhibited different AUC values: 0.054 (1, 1), 0.044 (1,
1), 0.039 (1, 1), and 0.0059 (1, 1), respectively (Figure 5).
These findings indicate that galactose, hexadecanoic acid,
and glucose offered the highest discriminating ability for
diagnosing AD.

The features identified in this analysis were ranked
based on the area under the ROC curve, t-statistics, and
log, fold change. The results indicate that these metabolic
parameters achieved AUC values of 1.0, suggesting
excellent discriminatory performance. The metabolites
that showed the greatest differences between AD-induced
rats and normal controls are summarized in Table 3.
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Figure 3. Plots of PLS-DA scores acquired from rats’ sera gas chromatography-mass spectrometry data by modeling healthy control (I) and Alzheimer’s
disease group (II) against one another. (A, B) Score plot of PC1 and PC2. (C) VIP score plot for determination of key metabolites (VIP score > 1): glucose
(1.3), oleic acid (1.09), galactose (1.08), hexadecanoic acid (1.05), and eicosanoic acid (1.03). The relative concentrations of the related metabolites in each
study group are shown by the colored boxes on the right.
Abbreviations: PC: Principal component; PLS-DA: Partial least squares-discriminant analysis; VIP: Variable importance in projection.

Table 2. The most significant biomarkers for Alzheimer’s disease diagnosis

Compounds F-values p-values —log p-values False discovery rate
Stearic acid 1,221.0 2.13x 107 12.67 2.34 %107
Glucose 603.55 7.14 x 1012 11.15 3.93x 107"
Oleic acid 306.52 2.06 x 10710 9.69 7.57 x 10710
Palmitic acid 134.21 1.21x 107 7.92 3.32x10°®
Galactose 97.22 5.82 x 10°* 7.23 1.28 x 1077
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Figure 4. Violin plots showing concentrations and significant metabolic biomarkers across experimental groups. (A) Octadecanoid acid, (B) D-glucose,
(C) oleic acid, (D) hexadecenoic acid, and (E) galactose.
Note: (I) Normal control, (IT) Alzheimer group, (V) Standard drug, (IV) MP27-treated group, and (III) MP19-treated group.
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Figure 5. Receiver operating characteristic curves of (A) palmitic acid (hexadecanoic acid), (B) galactose, (C) glucose, and (D) oleic acid with different

area under the curve values

According to the p-values of the t-test, the most
significant biomarkers were glucose, galactose, and
palmitic acid. Multivariate ROC curve analysis was also
conducted to validate these findings and to evaluate the
performance of biomarker models generated through
automated metabolite selection. The concentrations and
statistical significance of each metabolite are presented in
Table 4.

4, Discussion

Globally, AD is the most common neurological illness. It is
challenging to forecast when a patient will transition from
the prodromal stage to dementia due to the wide variation
in disease progression and the lack of comprehensive
knowledge of the molecular mechanisms causing AD. We
speculate that metabolic changes at the brain level may be
mirrored systemically in patients’ blood serum and serve
as prognostic indicators.**

Our previous results' illustrated that AD rats treated
with  MP19 mitigated AICl -induced neurotoxicity by
improving motor function, attenuating apoptosis, and
modulating cholinergic pathways. In addition, insulin 1
expression was significantly upregulated in AD-induced
rats treated with BF-7."* Additionally, our previous results'*
showed that MP19 did not induce histopathological

damage to normal liver, kidney, heart, or brain tissues.
It also reduced tissue malondialdehyde levels, increased
glutathione levels, and reduced the expression levels of the
App and Tau genes in AD rats.

In this study, we observed elevations in three biomarkers
(galactose, glucose, and palmitic acid, a saturated fatty
acid) and a decrease in oleic acid (a monounsaturated fatty
acid) in the Alzheimer group compared to the healthy
group. The pathophysiology and course of AD profoundly
affect metabolites and associated metabolic pathways,
such as fatty acid and energy metabolism, as shown by
metabolomic investigations.”

Generally, AD brains exhibit abnormalitiesin membrane
lipids in neurogenerative diseases.” These conditions are
linked to abnormal phospholipid metabolism resulting
from a complex series of biological processes in hypoxic
neurons, including glutamate release and a significant
calcium influx. Consequently, pathological overactivation
of catabolic enzymes is induced, principally phospholipase
A2 With the release of free fatty acids, this enzymatic
stimulation degrades phosphatidylcholine to produce
lyso-phosphatidylcholines, which quickly hydrolyze to
glycerophosphocholine, phosphocholine, and ultimately
choline (free fatty acids).?®

Volume 5 Issue 4 (2026)

10

doi: 10.36922/AN025510129


https://doi.org/10.36922/AN025510129

Advanced Neurology

Metabolic profiling in Alzheimer’s disease

Table 3. The common metabolites derived from the receiver operating characteristic analysis

Metabolites Area under the curve p-value Log, fold change
Palmitic acid 0.91 4.682 x 107 -1.79
Galactose 0.87 3.95x 10 -1.76
Glucose 0.77 5.419 x 107 +3.89
Oleic acid 0.53 7.614 x 107 +1.5

Table 4. The most effective biomarkers across the studied groups
Compound Healthy control Alzheimer’s disease MP19 MP27 (Group Reference drug

P (Group I) (Group II) (Group III) V) (Group V)

Galactose 1.84 + 0.60* 12.51 £ 0.37 10.24 + 0.69* 11.45+0.33 7.08 + 0.96*
Glucose 9.28 + 0.23* 13.13 +0.55 11.23 + 0.44* 1238 +0.14 10.76 + 0.39*
Oleic acid 6.30 + 0.45* 3.50+0.43 4.76 £ 0.06* 3.92+0.27 5.61 +0.32*
Palmitic acid 1.86 + 0.59*% 15.94 % 0.42 11.26 + 0.82* 15.00 £ 0.28 3.95 + 1.00*

Notes: Data is expressed as mean + standard deviation. * indicates that the metabolites are significant compared to the Alzheimer group at p < 0.05.

This suggests that, in addition to the overactivation of
well-known membrane-destabilizing processes mediated
by phospholipases, an imbalance in the ratio of saturated
to unsaturated fatty acids within phospholipid structures
contributes to this aberrant state, ultimately leading to cell
death. Given that polyunsaturated and monounsaturated
fatty acid-containing phospholipids are abundant in the
easily oxidizable oleic, arachidonic, and docosahexaenoic
acids, their decline may indicate a role for oxidative stress
in the progressive deterioration of brain phospholipids in
AD. However, as polyunsaturated fatty acids are crucial for
membrane structure and permeability, their substitution
with saturated fatty acids, such as palmitic acid, may
contribute to the destabilization of neuronal membranes.?*
These facts are consistent with our experiments, which
show low levels of oleic acid (a monounsaturated fatty
acid) in AD and high levels of palmitic acid (a saturated
fatty acid). Consequently, it has been shown that blood

serum samples can be used to examine these alterations in
brain chemistry.’

Palmitic acid is a saturated fatty acid that has been
linked to the development of type II diabetes and obesity. It
is yet unknown how high neuronal palmitic acid levels and
higher expression of AD markers are related. Among other
effects, Gonzalez-Dominguez et al.*® reported that palmitic
acid decreases the activity of the deacetylase sirtuinl in
neurons by causing insulin resistance, raising intracellular
calcium and reactive oxygen species generation, and
decreasing the nicotinamide adenine dinucleotide+/
reduced nicotinamide adenine dinucleotide ratio. These
processes could affect signaling pathways that regulate
post-translational modifications of the tau protein. Several
AD-related sites, including $199/202 and S214, exhibited
altered phosphorylation states driven by dysregulated
activity of the kinases mammalian target of rapamycin and
glycogen synthase kinase-3 beta. Prolonged exposure to
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palmitic acid also increased total tau levels and enhanced
acetylation at residue K280. These findings provide insight
into the mechanisms by which saturated fatty acids
induce tau post-translational modifications and mirror
biochemical alterations observed in AD.*!

The brain has exceptionally high energy demands,
relying primarily on glucose (and, under certain conditions,
galactose), as neurons have limited energy reserves and
depend on a continuous supply of circulating substrates.
Oxidative phosphorylation serves as the primary energy
source for maintaining ion gradients across the plasma
membrane. However, AD causes a decrease in brain glucose
metabolic rate due to depletion of energy-generating
metabolism*? and mitochondrial dysfunction.

However, this aberrant energy metabolism has also been
linked to reduced levels of creatine and carnitine. Through
the creatine kinase/phosphocreatine system, which
facilitates the movement of energy from mitochondria to
the cytosol, creatine plays a crucial part in energy buffering
and overall cellular bioenergetics. Several physiological
processes can be emphasized in the case of carnitine,
including the oxidation of pyruvate and the transport
of fatty acids into mitochondria for B-oxidation.* Low
concentrations of these substances may therefore be
interpreted as a sign of mitochondrial dysfunction.

The most prevalent age-related dementia is AD. The
prognosis is determined by the change in metabolic
parameters. Reduced cerebral glucose uptake is seen in
at-risk patients. Furthermore, as people age, type 2 diabetes
mellitus raises their risk of AD. The histological diagnosis
of AD may therefore be predicted by alterations in glucose
uptake in the cerebral cortex. The pathophysiology of
AD syndrome is advanced by changes in glucose uptake
and metabolism, insulin resistance, oxidative stress, and
aberrant autophagy.™

One pathological characteristic of AD is impaired
cerebral glucose metabolism; new proteomic investigations
have shown that AD is associated with disturbed glial
metabolism. Inhibition of indoleamine-2,3-dioxygenase
1, which catalyzes the conversion of tryptophan to
kynurenine, rescues hippocampal memory function in
preclinical mouse models of AD by restoring astrocyte
metabolism. In an aryl hydrocarbon receptor-dependent
way, amyloid-B and tau oligomers activate astrocytic
indoleamine-2,3-dioxygenase 1, which raises kynurenine
and inhibits glycolysis. Indoleamine-2,3-dioxygenase 1
inhibition restores hippocampal long-term potentiation
and enhances hippocampal glucose metabolism in
amyloid and tau models in a monocarboxylate transporter-
dependent manner.*®

5. Conclusion

Four metabolites identified in this study demonstrated
strong discriminative power for AD diagnosis, offering
a method for detecting biomarkers that could enhance
patient diagnosis and prognosis in the future. This study
provides new insights into the etiology, early detection,
and potential therapy of AD involving blood metabolic
biomarkers, warranting further investigation.
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