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ABSTRACT

Garlic is a horticultural product highly valued for its culinary and medicinal attributes. The aim of this study was to evaluate the
composition of a garlic hydrophilic extract as well as the influence on redox biology, Alzheimer's Disease (AD) markers and
aging, using Caenorhabditis elegans as experimental model. The extract was rich in sulfur compounds, highlighting the presence
of other compounds like phenolics, and the antioxidant property was corroborated. Regarding AD markers, the acetylcholin-
esterase inhibitory capacity was demonstrated in vitro. Although the extract did not modify the amyloid S-induced paralysis
degree, it was able to improve, in a dose-dependent manner, some locomotive parameters affected by the hyperphosphorylated
tau protein in C. elegans. It could be related to the effect found on GFP-transgenic stains, mainly regarding to the increase in the
gene expression of HSP-16.2. Moreover, an initial investigation into the aging process revealed that the extract successfully
inhibited the accumulation of intracellular and mitochondrial reactive oxygen species in aged worms. These results provide
valuable insights into the multifaceted impact of garlic extract, particularly in the context of aging and neurodegenerative
processes. This study lays a foundation for further research avenues exploring the intricate molecular mechanisms underlying
garlic effects and its translation into potential therapeutic interventions for age-related neurodegenerative conditions.
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1 | Introduction

Diet is one of the key modifiable factors for maintaining health
and preventing diseases, with a balanced diet rich in fruits and
vegetables widely proven to have positive effects on overall
health (Liu 2013; Rosi et al. 2024). Bioactive compounds derived
from plant-based foods, such as phenolic compounds, terpe-
noids, tannins, and organosulfur compounds, contributes to the
prevention of oxidative stress, inflammation, metabolic and
cardiovascular disorders, or cancer (Godos et al. 2024; Qi
et al. 2024; Regolo et al. 2024; Saz-Lara et al. 2024). In this
context, garlic (Allium sativum L.) stands out as a notable
source of bioactive compounds. Garlic is an horticultural
product original from Western Asia and the Mediterranean
coast, highly valued throughout history for its culinary and
medicinal attributes (Ansary et al. 2020; Jang et al. 2017). Its
nutritional profile includes rich amount of carbohydrates, fiber,
aminoacids, and essential minerals (phosphorus, potassium,
zinc, sulfur, calcium) along with vitamins (A and C) (Ansary
et al. 2020; Ceccanti et al. 2021). Additionally, garlic contains
bioactive compounds such as phenolics and the typical sulfur
compounds (including alliin, s-allyl cysteine (SAC), or allyl-
propyl disulfide), attributing several health benefits to this food
product (Ansary et al. 2020; Rauf et al. 2022). A wealth of lit-
erature supports the health benefits of garlic and its by-
products, associated with cardiovascular health, anti-cancer
properties, anti-inflammatory conditions, antioxidant capacity
or neuroprotective effects (Ansary et al. 2020; Ghazimoradi
et al. 2023; Rauf et al. 2022; Tedeschi et al. 2022).

Garlic is particularly intriguing for its potential neuroprotective
benefits, as the increasing incidence of neurodegenerative dis-
eases, especially Alzheimer's disease (AD), poses significant
challenges for contemporary society (World Health Organiza-
tion 2022). Both in AD and aging processes, the modulation on
redox biology and the presence of oxidative stress are pivotal
factors (Navarro-Hortal et al. 2023). Moreover, AD is charac-
terized by disruptions on cholinergic system and proteostasis. In
this latter case, this leads to the accumulation of aggregated
amyloid-f (AB) and the formation of neurofibrillary tangles of
hyperphosphorylated tau protein (Nasb et al. 2024). Given the
aging population, the increasing incidence of AD, and the lack
of effective treatments, the quest for preventive and therapeutic
strategies has intensified, and garlic could be an excellent
approach. Although certain compounds in garlic, notably alli-
cin, have been quite extensively studied, exploring the effects of
the entire food may yield interesting outcomes due to syner-
gistic effects between the components. As far as we know, there
are no studies investigating the effects of a garlic extract on the
Caenorhabditis elegans model.

C. elegans has become a valuable model organism for investi-
gating the pathophysiology of diseases such as AD, owing to the
highly conserved neurological pathways with mammals. Several
models have been developed to study Tau- and Af-induced
toxicity, the two main components associated with AD pathol-
ogy, facilitating the identification of numerous therapeutic
targets. Research using these models has demonstrated that
many natural products can positively impact key AD hallmarks,
suggesting their potential for promoting health and mitigating
the effects of the disease (Navarro-Hortal et al. 2022).

Therefore, the initial objective of this study was to analyze the
qualitative and quantitative profile of bioactive compounds,
along with the total antioxidant capacity (TAC), in a hydrophilic
extract from garlic. Furthermore, the study employed C. elegans
for in vivo assessments to explore the potential toxicity of the
extract, its impact on expression of redox biology-related genes
and the effect on several pathological features of AD. In addition,
a preliminary study on aging have been performed.

2 | Materials and Methods
2.1 | Plant Material and Extraction Procedure

White garlic variety BARI Roshun-1 was obtained from Ban-
gladesh Agricultural University and the extraction process
began with dried garlic powder. An amount of 80 g of sample
was extracted with 800 mL of extraction solution composed of
ethanol/water (80:20, v/v). The suspension was stirred (ARE
Magnetic stirrer, VELP Scientifica, Usmate, Italy) for 1 day at
room temperature. Then, it was filtered using a Whatman grade
1 qualitative filter paper. The obtained garlic ethanolic extract
(GAR) was concentrated and dried using a rotary evaporator,
then stored in aliquots at —80°C. For use, the dry extract (DE)
was appropriately diluted in Milli-Q water.

2.2 | Extract's Characterization
2.2.1 | Evaluation of the TAC

TAC was evaluated using three different techniques:
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) and 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical as-
says, along with ferric reducing antioxidant power (FRAP), in
accordance with previously established protocols (Navarro-
Hortal et al. 2022; Rivas-Garcia et al. 2022; Romero-Marquez
et al. 2022a). Results were reported as umol trolox equivalent
(TE)/g of DE.

2.2.2 | Total Phenolic Content (TPC) and Total
Flavonoids Content (TFC) Measurement

The determination of TPC was conducted using the Folin-
Ciocalteu method, following the procedure outlined by Romero-
Marquez et al. (Romero-Marquez et al. 2022b). TFC quantifi-
cation was performed in accordance with previously published
protocols (Romero-Marquez et al. 2023). Results were expressed
as mg of gallic acid or catechin equivalent/g DE.

2.2.3 | Chromatographic Operating Conditions for
Identification and Quantification of Individual
Compounds

2.2.31 | HPLC-ESI-QTOF-MS/MS Analysis. The sam-
ples were analyzed using methodologies previously described in
the bibliography (Ceccanti et al. 2021; Molina-Calle et al. 2017).
All samples were analyzed in triplicate using an Agilent 1260
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series liquid chromatograph equipped with a microvacuum
degasser, binary pump, thermostatted autosampler and column
compartment, and diode array detector (Agilent Technologies,
Santa Clara, CA, USA). For the separation of the components of
the samples, an Agilent Zorbax Eclipse Plus C18 column with
dimensions of 4.6 X 150 mm and a particle size of 1.8 um (Agi-
lent Technologies, Santa Clara, CA, USA) was used. The mobile
phases used were water with 0.1% formic acid (A) and ACN
with 0.1% formic acid (B), with the following gradient: 0 min,
5% phase B; 5min, 10% phase B; 23 min, 95% phase B; 24 min,
5% phase B, and finally, 8 min conditioning cycle with the ini-
tial analysis conditions to equilibrate the system. The flow rate
used was 0.5 mL/min, the column temperature was maintained
at 25°C, and 5 uL of sample stored at 4°C was injected into the
thermostatted sample compartment.

Compound detection was performed with an Agilent 6540 Ultra
High Definition (UHD) Accurate Mass Q-TOF detector equipped
with a dual electrospray interface (ESI) Jet Stream interface (Agilent
Technologies, Santa Clara, CA, USA). Detection by QTOF was
performed in positive and negative ionization mode, in a mass
range of m/z 50-1700. Ultrapure N, was used as ionization and
drying gas at a temperature of 325°C and 400°C, respectively, and
flows of 10 and 12 L/min, respectively. Other parameters used were:
capillary voltage, +4000V; N, pressure in nebulizer, 20 psig; Q1
voltage, 130 V; nozzle voltage, 500 V; skimmer, 45V and octopole 1
RF, 750V. To assure the desired mass resolution, continuous
internal calibration was performed during analyses by using the
signals at m/z 121.0509 (protonated purine) and m/z 922.0098
[protonatedhexakis(1H,1H,3H-tetrafluoropropoxy) phosphazine| in
the positive ion mode; while in the negative ion mode, m/z
112.985587 (trifluoroacetate anion) and m/z 1033.988109 (hexakis
(1H,1H,3H-tetrafluoropropoxy) phosphazine adduct were used.
Additionally, MS/MS analyzes were performed in automatic frag-
mentation mode, isolating and fragmenting the two most intense
mass peaks, with the following collision energy values: 10, 20, and
40 eV. MS/MS data were acquired using the centroid mode at a rate
of 2.5 spectra/s in the extended dynamic range mode (2 GHz).

2.2.3.2 | Data Processing, Tentatively Identification,
and Quantification of Metabolites of Compounds.
MassHunter Workstation software (version B7.00 Qualitative
Analysis, Agilent Technologies) was used to process all data
obtained by LC-QTOF in data-dependent acquisition MS/MS
mode. Treatment of raw data files started by extraction of
potential molecular features (MFs) with the suited algorithm
included in the software. For this purpose, the extraction
algorithm considered all ions exceeding 5000 counts for both
polarities with a single charge state. This cut-off value was es-
tablished considering the chromatographic background noise.
Additionally, the algorithm considered that a MF should have a
valid isotopic distribution defined by two or more ions (with a
peak spacing tolerance of m/z 0.0025, plus 7.0 ppm in mass
accuracy). Ions and adducts formation in positive (*H, *Na)
and negative ionization (TH, *Cl) modes, as well as neutral loss
by dehydration were included to identify features correspond-
ing to the same potential metabolite. Identification of metabo-
lites was supported on MS and MS/MS information that was
searched in the METLIN databases (http://metlin.scripps.edu),
the Human Metabolome Database (HMDB, 3.6 version), the
LIPID MAPS website (http://www.lipidmaps.org) and scientific

literature related to garlic, using in all cases the MFs obtained
from the previous step.

A database with all identified metabolites was used to perform a
targeted compound extraction analysis using a tolerance window
of 0.5min and 6 ppm mass accuracy. This step was performed
with MassHunter software. A table with the peak area of all
identified compounds in the different samples injected was
obtained as a result. The data of peak area were used for quan-
titative analysis. The compounds identified were quantified will
be carried out using commercially available analytical standards.
Compounds for which commercial standards were not available
were quantified with surrogate standards. Calibration curves
with 7 concentration levels (n=7) were prepared in triplicate
and the calibration range was 0.5-15 pg/mL for all standards.

2.3 | In vitro Assessment of the
Acetylcholinesterase (AChE) Inhibitory Capacity

AChE inhibitory potential of the GAR was determined using a
modified version of Ellman's colorimetric method (Ellman
et al. 1961) adapted for spectrophotometric plate reading
(Romero-Maérquez et al. 2024). The procedure involved incu-
bating 10mU/mL AChE with 150uM 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) and varying concentrations of the
GAR extract, the inhibition control physostigmine, or Milli-Q
water for 15min at 30°C. Following this, 150 uM acet-
ylthiocholine iodide (substrate) was added, and the change in
absorbance at 405nm was recorded over a 25-min period at
30°C to determine AChE activity. AChE inhibitory activities
were expressed as a percentage of inhibition relative to the
positive control, and the concentration of the extract required to
achieve 50% inhibition of AChE activity (ICsy) was calculated
using regression analysis.

2.4 | Caenorhabditis Elegans Experiments

24.1 | Caenorhabditis Elegans Strains and
Maintenance

The C. elegans strains utilized in this study included N2 Bristol,
LD1, TJ356, TJ375, 0S3062, CF1553, CL2166, CL4176, CL802, and
BR5706. Except for CL4176 and CL802, which were kept at 16°C,
all other strains were maintained in an incubator (VELP Scienti-
fica FOC 120 E, Usmate, Italy) at a constant temperature of 20°C.
The nematodes were cultured on nematode growth media (NGM)
plates spread with Escherichia coli OP50, which serves as their
food source. Both the worms and bacteria were procured from the
Caenorhabditis Genetics Center (CGC) (Minneapolis, MI, USA).
For all experiments, unless otherwise noted, age-synchronized
nematodes were used. These nematodes were prepared by treating
gravid hermaphrodite adults with a bleaching solution.

2.42 | Lethality Test

The mortality rate of N2 worms exposed to various concentra-
tion of GAR (0, 100, 500, 1000 pug/mL) was utilized to evaluate
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the acute toxicity. Animals in L3 larval stage were treated for
24 h at 20°C in absence of food. Then, the survival percentage
was determined using a microscope (Motic Inc., LTD., Hong
Kong, China). Each independent assay involved a minimum of
three NGM plates, each hosting at least ten worms. The 24 h
survival results were expressed as a total percentage of worm
survival.

2.43 | Egg Viability Evaluation

An indicator of the effectiveness of developmental processes in
toxicological assessments is the evaluation of egg viability. The
N2 strain was used and a minimum of 40 eggs per group were
placed in plates containing E. coli OP50 plus the treatments
(0, 100, 500, 1000 ug/mL). The subsequent day, the count of
larvae was conducted using a microscope, and the findings were
expressed as the percentage of hatched eggs per group com-
pared to the control (CTL) group.

2.4.4 | Growth Assessment

The impact of the treatments on worm development was
assessed through a growth test. Egg-synchronized N2 worms
were placed in NGM plates with GAR (100, 500, 1000 pg/mL) or
without the treatments and bacteria and incubated at 20°C.
Four days after the synchronization, the adult worms were
washed off the plates using M9 medium and passed through the
Multi-Range Large Particle Flow Cytometer Biosorter (Union
Biometrica, Massachusetts, USA) to measure the time of flight
(TOF), which indicates their length. At least 100 animals were
measured for each treatment. The results were expressed as a
percentage of the length compared to the CTL group.

2.4.5 | Survival Curves

N2 strain was used to assess the potential long-term toxic effect of
GAR on the worms and, as such, survival curves were performed
(Navarro-Hortal et al. 2023). One hundred and twenty synchronized
L3 worms were transferred to fresh plates containing either the
treatments or CTL along with E. coli OP50 and maintained at 20°C.
The GAR concentrations tested were 100, 500, and 1000 ug/mL. To
prevent egg-laying, it was used 5-Fluoro-2'deoxyuridine (FUDR)
(Sigma-Aldrich, St. Louis, Missouri, USA). Survival of the worms
was monitored daily, and they were transferred to fresh plates twice
weekly. Death was recorded when there was no response to a
mechanical stimulus. Worms removed from the dish or dead from
progeny in utero were excluded from the death count (considered
censored data). Survival data were plotted as Kaplan—Meier curves
for each dosage.

2.4.6 | Quantification of Intracellular Reactive Oxygen
Species (ROS) Levels Under Oxidative Stress Conditions

Intracellular ROS levels were quantified using the di-
chlorodihydrofluorescein diacetate (DCFDA) technique in N2
worms. Synchronized eggs were placed on plates with or without

the treatments (GAR at 0, 100, 500, and 1000 pug/mL). After 48 h at
20°C, the worms were washed with M9 medium and then exposed
to 2.5 mM 2,2’-Azobis-2-amidinopropane dihydrochloride (AAPH)
for 15 min (excluding CTL basal group). Subsequently, the worms
underwent additional M9 washes and were further incubated for
2h at 20°C with 25 uM DCFDA. The fluorescence intensity of at
least 300 worms per group was measured using the Multi-Range
Large Particle Flow Cytometer Biosorter (Union Biometrica,
Massachusetts, USA). The results were expressed as a percentage
relative to the CTL group, based on the average yellow fluores-
cence intensity, which reflects the level of ROS present.

2.4.7 | Green Fluorescent Protein (GFP)-Reporter
Transgenic Strains for Redox Biology-Related Genes

To explore de molecular mechanisms influenced by GAR in the
context of redox biology, various strains including CF1553,
TJ375, 0S3062, CL2166, TJ356, and LD1 were employed. The
focus was on studying specific genes, namely superoxide dis-
mutase (sod)-3, heat shock protein (hsp)-16.2, hsf-1:hsp-
16.2:hsp-16.41, glutathione-S-transferase (gst)-4, and the tran-
scription factors dauer formation (daf)-16 and skinhead (skn)-1.
Transgenic LD1 and TJ356 nematodes express GFP-fused SKN-
1 and DAF-16 transcription factors, respectively. This allows for
the study of the translocation of those genes to the nucleus
through fluorescence microscopy. In ASI chemosensory neu-
rons the skn-1 is constitutively present, and it shows accumu-
lation in intestinal nuclei under oxidative stress conditions.
TJ375 and OS3062 strains exhibit GFP-fused hsp-16.2 and the
combination of hsf-1:hsp-16.2:hsp-16.41 genes, respectively,
predominantly in the anterior pharynx bulb. The sod-3 gene is
fused with GFP in the transgenic CF1553, while gst-4 is fused
with GFP in the strain CL2166.

Synchronized eggs of each strain were cultured on plates containing
either CTL or GAR at concentration 100, 500, and 1000 ug/mL for
48 h at 20°C. Following incubation, nematodes were immobilized
using sodium azide on glass slides, and images were captured using
a Nikon epi-fluorescence microscope (Eclipse Ni, Nikon, Tokyo,
Japan) equipped with a Nikon DS-Ri2 camera (Tokyo, Japan) and
the GFP filter. Worms were observed at 10X magnification except
for TJ375 and 0S3062, which were examined at x40 magnification.
Image analysis was conducted using NIS-Elements BR software
(Nikon, Tokyo, Japan). For the TJ356 strain, a semi-quantitative
scoring system was utilized: worms displaying cytosolic DAF-
16::GFP expression were assigned a score of ‘1’, those with inter-
mediate status received a 2’, and worms exhibiting nuclear local-
ization were given a score of ‘3’. Fluorescence intensity across the
entire worm body was measured for strains LD1, CF1553, and
CL2166. The area anterior to the pharyngeal bulb was measured to
quantify the HSP16.2:GFP and the HSF-1:HSP-16.2:HSP-
16.41::GFP expression in TJ375 and OS3062 worms, respectively.

2.4.8 | A Toxicity Evaluation Through the
Paralysis Test

The paralysis assay followed established protocol (Romero-Marquez
et al. 2023). The CLA4176 strain carries a temperature-sensitive
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mutation causing the expression of human A, 4, peptide in muscle
cells, leading to a paralysis phenotype. Synchronized eggs from
CL4176 were distributed on plates containing different GAR
concentrations (0, 100, 500, and 1000 pug/mL) with E. coli OP50
as food source. The non-paralyzable strain CL802 served as
negative CTL in the experiment. Plates were first incubated at
16°C for 48 h and then shifted to 25°C to induce AP expres-
sion. Paralysis was monitored from 20 to 32 h after the tem-
perature shift. Each group and replicate included at least 25
worms, and the results are graphically presented as percentage
(%) of non-paralyzed worms over time.

2.4.9 | Staining of Af Plaques

Thioflavin T staining procedure was employed to visualize AR
aggregates in the following a previously published protocol
(Navarro-Hortal et al. 2022). CL4176 worms and plates under-
went the same treatment as in the paralysis test and, approxi-
mately at the time corresponding to 50% paralysis of the CTL,
nematodes were collected by washing with M9. Animals were
fixed with for 24 h at 4°C and permeabilized for 24 h at 37°C.
Then, the permeabilization buffer was removed by washing
with M9 and the worms were stained with 0.125% thioflavin T
for 30 min. Subsequently, they were then destained with
sequential ethanol washes (50%, 75%, 90%, 75%, and 50% V/v),
each for 2min. Thioflavin T-stained worms were visualized
using a Nikon epi-fluorescence microscope (Eclipse Ni, Nikon,
Tokyo, Japan) at x40 magnification. Images were captured with
a Nikon DS-Ri2 camera (Tokyo, Japan) using the GFP filter.
The untreated CL802 was considered as negative CTL and the
CL4176 without GAR was the positive CTL.

2.4.10 | Tau Proteotoxicity Assessment

The influence of GAR at different concentrations (100, 500, and
1000 pg/mL) on locomotive parameters was investigated using a
C. elegans model of tauopathy, providing valuable insights into
the pathophysiology of AD. The BR5706 strain, known for its
pan-neuronal expression of Tau protein aggregates, exhibits
locomotion impairments in adulthood. After a 72-h incubation
at 20°C with or without treatments, the worms’ movement was
assessed using swimming assays. The WormLab Imaging Sys-
tem (MBF Bioscience, Williston, Vermont, USA) was utilized to
record, track, and analyze worm locomotion, focusing on
parameters such as activity index, wavelength, and dynamic
amplitude as indicators of locomotive behavior.

2.411 | Measurement of Intracellular and
Mitochondrial ROS Content in Aging

For young (5 days old) and aged (12 days old) worms, N2 worms
at L3 stage were exposed to either 100 ug/mL GAR or the
respective control (CTL). The worms were then incubated at
20°C until the endpoint. After the incubation period, intra-
cellular ROS levels were quantified using DCFDA, as previously
described in section 2.4.6. Mitochondrial ROS levels were
measured using 10 uM Mitotracker Red CM-H2 XRos dye. A

CTL group consisting of young worms (5 days old) was included
in the study. To prevent egg laying during the fertile phase,
15 pg/mL FUDR (Sigma-Aldrich, St. Louis, Missouri, USA) was
applied.

Additionally, aging groups were transferred to new plates with
fresh treatment and food twice per week for the aged groups,
whereas the young group was transferred once (Navarro-Hortal
et al. 2024). Multi-Range Large Particle Flow Cytometer Bio-
sorter (Union Biometrica, Massachusetts, USA) was used for
the measurement of the fluorescence intensity of a minimum of
300 worms per group. Results were expressed as a percentage of
the CTL, based on the mean fluorescence intensity for
both yellow (intracellular ROS) and red (mitochondrial ROS)
fluorescence.

2.4.12 | Lipofuscin Content Measurement

CTL worms at 5 days old and 12-day-old adult worms, treated or
untreated with 100 ug/mL GAR, were mounted on glass slides
using M9 medium and sodium azide to immobilize them. Flu-
orescence images were captured with an epi-fluorescence
microscope (Eclipse Ni, Nikon, Tokyo, Japan) equipped with
a camera. The images were acquired with a x10 objective lens
and the worms’ autofluorescence was analyzed using NIS-
Elements BR software (Nikon, Tokyo, Japan) (Navarro-Hortal
et al. 2023). A minimum of 30 worms per group were measured.
The results were expressed as percentage of CTL using the
average of the total blue (DAPI) fluorescence intensity for
each worm.

2.4.13 | Statistical Analysis

To evaluate the normality and homogeneity of variables, the
Kolmogorov-Smirnov and Levene tests were employed,
respectively. For variables that did not follow a normal distri-
bution, non-parametric tests were utilized. Variables with nor-
mal distribution were analyzed using t-tests or one-way
ANOVA, followed by Bonferroni post hoc tests for multiple
comparisons. Non-normally distributed data were assessed with
the Kruskal-Wallis and Mann-Whitney U tests. Results are
expressed as mean =+ standard error of the mean (SEM) from at
least three independent experiments, unless stated otherwise.
Statistical significance was determined at p <0.05. Lifespan
curves were analyzed using the Log-rank test. All statistical
analyses were carried out using IBM SPSS version 24.0
(Armonk, NY, USA).

3 | Results and Discussion
3.1 | Characterization of GAR

Consuming garlic has been connected to a range of health ad-
vantages and offers protection against various chronic condi-
tions such as diabetes, cancer, metabolic and cardiovascular
diseases, and hypertension (Ansary et al. 2020; S. Li et al. 2022;
Tudu et al. 2022). Many of the observed effects have been
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attributed to their great content of micronutrients and phyto-
chemicals. Thereby, the investigated GAR in the present study
was characterized from the point of view of the TAC, TPC, and
TFC through colorimetric methods. Furthermore, liquid chro-
matography coupled to mass spectrometer was used to deter-
mine the qualitative profile and the quantification of
compounds in all the samples. Supporting Information S1:
Table S1 provides extended information about identification,
including the MS/MS fragments of each compound.

Data for all the colorimetric techniques are collected in Table 1.
The TAC evaluated by FRAP and DPPH methods was in the
same range, finding the values of 54.2 +1.31 uM trolox/g DE

TABLE1 |
total antioxidant capacity of garlic extract (GAR).

Total phenolic content, total flavonoid content, and

Mean + SEM

Total phenolic content 10.3+1.31
(mg gallic acid/g DE)

Total flavonoid content 0.71 +£0.11
(mg catechin/g DE)

FRAP (uM TE/g DE) 542+1.31
DPPH (uM TE/g DE) 33.1+3.83
ABTS (uM TE/g DE) 167 +6.69

Abbreviations: ABTS = 2,2'-azinobis (3-ethylbenzothiazoline-6 sulfonic acid),
DE =dry extract, DPPH = 2,2-diphenyl-1-picryl-hydrazyl-hydrate, FRAP = ferric
reducing antioxidant power, TE = trolox equivalent.

A) ;‘1046

+ESITIC

0.5: !

and 33.1 +3.83uM trolox/g DE, respectively. However, GAR
exerted higher ability to counteract the ABTS free radical, ex-
pressed as 167 +6.69 uM trolox/g DE. That ability could be
related to the TPC and TFC found in the extract. The TPC was
found to be 10.3 +1.31 mg gallic acid/g DE and the TFC was
0.71 + 0.11 mg catechin/g DE. That contents were similar to the
values from lipid-soluble extract of black garlic assessed by Lu
et al. (2023), but our sample possessed higher flavonoids con-
tent comparing to the sample analyzed by Jang et al. (2017).

The positive and negative chromatograms obtained by HPLC-
ESI-QTOF-MS/MS are shown in Figure 1. The compounds
identified were tentatively characterized using compound da-
tabases and scientific literature specific to garlic. This identi-
fication was based on the molecular formulas derived from the
exact mass and isotopic distribution data, along with the
recorded retention times and fragmentation patterns. Most of
the compounds have been previously identified in garlic ex-
tracts in bibliography (Ceccanti et al. 2021; Liu et al. 2020;
Matsutomo et al. 2018; Molina-Calle et al. 2017). The com-
pounds tentatively identified are listed in Table 2 classified
according to family/class. A total of 53 compounds have been
tentatively identified, among which amino acids and organo-
sulfur compounds stand out. To a lesser extent, compounds of
the family of nucleosides, peptides and derivatives were also
identified, as well as few phenolic compounds (e.g., coumaric
acid or propyl gallate). Among found amino acids in GAR,
some of them are considered essential for humans like iso-
leucine/leucine, lysine, tryptophan, phenylalanine, and valine,
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FIGURE1 |

Chromatograms of garlic extract (GAR). (A) Positive polarity mode. (B) Negative polarity mode.
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TABLE 2 | Individual compounds identified in garlic extract (GAR).

Tentative identification Formula Ion mode [M]*~(m/z)
Amino acids and derivatives
2’-Deoxymugineic acid/deoxyfructosazine Cyi2 Hyy N, O + 305
2-Furoylmethyl-arginine Cys Hig Ny Oy + 283
Asparagine C; Hg N, O3 + 133
Isoleucine/leucine Cs Hiz N O, + 132
Lysine Cs His N, O, + 147
N-(4-Nitrophenyl)ethylenediamine Cg Hyy N3 O, + 182
N-Acetyl-L-arginine Cg Hig N4y O3 + 217
Phenylalanine isomer 1 Co Hi; N O, + 166
Phenylalanine isomer 2 Co Hy; N O, + 166
Pipecolic acid Cs Hi1 N O, + 130
Piperidine CsH;y N + 86
Proline Cs Ho N O, + 116
Tryptophan Cy; Hiz N, O, + 205
Tyrosine Co Hy; N O3 + 182
Valine Cs Hi; N O, + 118
Glycerophospholipids
Glycerophosphocholine Cg Hyy N Og P + 258
Hydroxycinnamic acids
Coumaric acid Cy Hg O; + 165
Indolines and derivatives
1-Acetylindole-3-carboxaldehyde C;1 Ho N O, + 188
Indoline/6,7-Dihydro-5H-pyrindine Cs Hg N + 120
Spirobrassinin C;1 HogN; O S, + 251
Lactones
4-Methyl-2H-thiopyran-3,5(4H,6H)-dione Cs Hg O, S + 145
Dihydro-3-(1-thioxoethyl)-2(3H)-furanone isomer 1 C¢ Hg O, S + 145
Dihydro-3-(1-thioxoethyl)-2(3H)-furanone isomer 2 Cs Hg O, S + 145
L-cysteine derivatives
Allyl-L-cysteine sulfoxide (Alliin) C¢ H; N O3S + 178
y —Glutamyl-S-allyl-L-cysteine isomer 1 Cyp Hig N, Os5 S + 291
— 289
y —Glutamyl-S-allyl-L-cysteine isomer 2 Cy1 Hig Ny O5 S + 291
— 289
y —Glutamyl-S-allylthio-L-cysteine Cyp Hig N, Os S, + 323
— 321
y-Glutamyl-S-methyl-L-cysteine Co Hig Ny O5 S + 265
L-y-Glutamyl-S-2-propen-1-yl-L-cysteinylglycine Cy3 Hy; N3 Og S + 348
N-(1-Deoxy-p-fructos-1-yl)-L-y-glutamyl-S-(1E)-1-propen-1-yl-L-cysteine Cy7 Hg N, Oy S + 453
isomer 1
N-(1-Deoxy-p-fructos-1-yl)-L-y-glutamyl-S-(1E)-1-propen-1-yl-L-cysteine Cy17 Hyg N, Oy S + 453
isomer 2
S-Allyl thiopropanoate CsHi;pOS + 131
(Continues)
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TABLE 2 | (Continued)

Tentative identification Formula Ion mode [M]*~(m/z)

S-Allyl-L-cysteine/S-(1-Propenyl)-L-cysteine CsH;1; NO,; S + 162

Nucleoside/peptides

Cytidine/y-glutamyl-f-cyanoalanine Cy Hy3 N3 O5 + 487

Nucleoside derivatives

2’-0-(N-Acetylphenylalanyl)adenosine C51 Hay Ng Og + 457
— 455

Nucleosides

Cytosine C4HsN; O + 112

Deoxyadenosine Cyo Hiz N5 O5 + 252

Guanosine Cyo Hi3 N5 O5 + 284

Peptides and derivatives

(2S,5S)-5-Methyl-3,6-dioxo-2-piperazinepropanamide Cs Hy3 N3 O; + 200

(Cyclo (Ala-Gln))

Gluconoyl-alanine Co Hi7 N Og + 268

Glutamyl-leucine/leucyl-glutamic acid Cy1 Hyg N, Os + 261

Glutamylphenylalanine Cy4 Hig N, Os + 295
— 293

L-Alanine, N-[(1,1-dimethylethoxy)carbonyl]-L-alanyl-, Ci» Hy N, O + 275

methyl ester/L-a-Glutamyl-L-valine 1,2-dimethyl ester

y-Glutamylmethionine Cyo Hig N, O5 S + 279

Phenols and derivatives

2-Hydroxybenzamide C; H; N O, + 138

Propyl gallate Cyo Hi2 O5 + 213

Pyrazines

Deoxyfructosazine Cys Hyo N, O + 305

Pyrrolizines

N,N-Diethyl-2,5-dioxo-1-pyrrolidinecarboxamide Co His N, O3 + 199

Sulfoxides

y —Glutamyl-S-(1-propenyl)-L-cysteine sulfoxide Cyp Hig Ny Og S + 307

Other compounds

1-Amino-1-deoxy-4-O-f3-p-galactopyranosyl-p-fructose Cy2 Hy3 N Oy + 342

3-(Dimethylamino)-1-propanol/2-(dimethylamino)-1-propanol CsH;3 NO + 104

Note: References: (Ceccanti et al. 2021; Liu et al. 2020; Matsutomo et al. 2018; Molina-Calle et al. 2017).

but also not essential type was identified such as asparagine,
arginine derivate, proline, and tyrosine. The organosulfur
compounds are L-cysteine derivatives, highlighting the allyl-L-
cysteine sulfoxide (alliin), y —Glutamyl-S-allyl-L-cysteine,
y —Glutamyl-S-allylthio-L-cysteine, or -Glutamyl-S-methyl-L-
cysteine. The concentration of all the compounds tentatively
identified in GAR is collected in Table 3, expressed as mg of
compound/g DE. The compounds more concentrated in
this sample were dimethylamino-propanol (182 %+ 5mg/g),
proline (132.2 + 2.9 mg/g), glutamyl-S-allyl-L-cysteine isomer 1
(35.6 £0.7 mg/g) and 2 (22.5 + 0.2 mg/g), 2-hydroxybenzamide
(22.4+0.5), propyl gallate (15.9+0.6 mg/g), and coumaric
acid (16.3 +0.2mg/g). They belong to the abovementioned
most abundant compound families/classes in this sample, i.e.

amino acids and sulfur compounds derived from L-cysteine,
although an outstanding concentration was found for phenolic
compounds such as coumaric acid. Although the profile was in
line with the literature (Ceccanti et al. 2021; Liu et al. 2020;
Matsutomo et al. 2018; Molina-Calle et al. 2017), typically
found compounds such as diallyl disulfide or allyl methyl
sulfide were not identified in our sample (H. K. Kim 2016; Lu
et al. 2023; Molina-Calle et al. 2017; Recinella et al. 2022). It
could be due to the fact that the type of compounds and
content are different depending on the garlic variety and
growing stage (Liu et al. 2020). Though the main compounds
are sulfur compounds, also some phenolics were present. For
instance, the presence of coumaric acid in garlic cloves extract
was also described by Recinella et al. (Recinella et al. 2022).
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TABLE 3 | Quantification of compounds tentatively identified in

garlic extract (GAR).

TABLE 3 | (Continued)

Proposed compound Mean + SD
1-Acetylindole-3-carboxaldehyde 0.32+0.01
1-Amino-1-deoxy-4-O-p- 0.629 + 0.004
galactopyranosyl-p-fructose

2’-Deoxymugineic acid/ 0.97 +0.04
Deoxyfructosazine

2-Furoylmethyl-arginine 0.25+0.01
2-Hydroxybenzamide 22.4+0.5
2-O-(N-Acetylphenylalanyl)adenosine 0.19 +0.00
3-(Dimethylamino)-1-propanol/2- 182+5
(Dimethylamino)-1-propanol

5-Methyl-3-6-dioxo-2- 0.44+0.03
piperazinepropanamide (Cyclo

(Ala-Gln))

Allyl-L-cysteine sulfoxide (Alliin) 1.99 +0.05
Asparagine 0.64 +0.01
Coumaric acid 16.3+0.2
Cytidine/Glutamyl-cyanoalanine 0.019 + 0.002
Cytosine 0.44 +0.02
Deoxyadenosine 0.06 + 0.01
Deoxyfructosazine 0.21+0.01
4-Methyl-2H-thiopyran-3,5(4H,6H)-dione 1.48 +0.02
Dihydro-3-(1-thioxoethyl)-2(3H)- 9.7+0.5
furanone isomer 1

Dihydro-3-(1-thioxoethyl)-2(3H)- 2.6+0.1
furanone isomer 2

Gluconoyl-alanine 1.22+0.03
Glutamyl-Leucine/Leucyl-Glutamic acid 0.216 + 0.005
Glutamylmethionine 0.130 + 0.002
Glutamylphenylalanine 44403
Glutamyl-S-(1-propenyl)-L-cysteine 1.6 +0.1
sulfoxide

Glutamyl-S-allyl-L-cysteine isomer 1 35.6 +0.7
Glutamyl-S-allyl-L-cysteine isomer 2 22.5+0.2
Glutamyl-S-allylthio-L-cysteine 59+0.2
Glutamyl-S-methyl-L-cysteine 2.6+0.1
Glycerophosphocholine 1.9+0.2
Guanosine 0.79 +0.04
Indoline/6-7-Dihydro-5H-pyrindine 1.7+0.1
Indoline/6-7-Dihydro-5H-pyrindine 0.30+0.02
Isoleucine/Leucine 0.33+0.04
L-Alanine-N-[(1-1-dimethylethoxy) 0.191 + 0.004
carbonyl]-r-alanyl-methyl ester

Leucine/Isoleucine 0.59 +0.03
L-Glutamyl-S-2-propen-1-yl-L- 0.73 +0.02

cysteinylglycine

Proposed compound Mean + SD
Lysine 0.58 +0.02
N-(1-Deoxy-p-fructos-1-yl)-L-glutamyl-S- 1.55+0.04
(1E)-1-propen-1-yl-L-cysteine isomer 1
N-(1-Deoxy-p-fructos-1-yl)-L-glutamyl-S- 0.92 +0.03
(1E)-1-propen-1-yl-L-cysteine isomer 2
N-(4-Nitrophenyl)ethylenediamine 0.94 +0.02
N-Acetyl-L-arginine 0.25+0.01
N-N-Diethyl-2-5-dioxo-1- 0.49 +0.01
pyrrolidinecarboxamide

Phenylalanine isomer 1 1.22 +0.05
Phenylalanine isomer 2 0.23+0.02
Pipecolic acid 6.4+0.2
Piperidine 0.52+0.05
Proline 132.2+29
Propyl gallate 159+0.6
S-Allyl thiopropanoate 0.74 +0.02
S-Allyl-L-cysteine 1.1+0.1
Spirobrassinin 0.69 +0.02
Tryptophan 0.289 + 0.005
Tyrosine 51+0.3
Valine 1.36 £ 0.03

Note: Results are expressed as mg of compound/g of dry extract.
Abbreviation: SD = standard deviation.

3.2 | Evaluation of Toxic Effects of GAR on the
C. Elegans Model

Potential toxicity of GAR on the C. elegans model was evaluated
through several tests, including lethality, growth and egg via-
bility for acute toxicity, and survival curves for long-term tox-
icity. The N2 wild type strain was used in all the performed tests
and concentrations of 100, 500, and 1000 ug/mL were applied.
To the best of our knowledge, no studies have investigated the
effect of garlic ethanolic extract on C. elegans. Therefore, the
selection of dosages was based on previously published studies
using a horticultural matrix (Navarro-Hortal et al. 2024), with
the aim of ensuring efficacy while minimizing potential toxicity.
The 24-h-survival test and viability eggs did not show any toxic
effect (Figure 2A,B). Similarly, garlic toxicity was evaluated in
Drosophila melanogaster through the percentage of individuals
born with respect to the negative CTL and the results showed a
complete absence of toxicity in that sense (Toledano Medina
et al. 2019). On contrast, our GAR treatment led to higher worm
length comparing to the CTL group (Figure 2C).

Regarding the long-term toxic effect assessment, results from
survival curves demonstrated that all the GAR concentrations
exerted a negative effect on lifespan, according to the Long-Rank
test (p <0.05) (Figure 3). In fact, 100, 500, and 1000 ug/mL
reduced the maximal survival in 3, 6, and 7 days, respectively,
compared to non-treated worms (Table 4). The effect could be
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FIGURE 2 | Acute toxicity evaluation of garlic extract (GAR) in the
Caenorhabditis elegans model using the N2 strain. (A) Lethality test.
(B) Egg viability test. (C) Growth test. Results are expressed as
mean + SEM. Lower-case letters, when different, represent statistically
significant differences (p < 0.05).

promoted by the high content in sulfur compounds. In that
sense, it has been described that dietary thiols (N-acetylcysteine
and GSH) shortened lifespan in C. elegans by inhibiting anti-
aging gene expressions such as DAF-16/Forkhead box protein O
(FOXO0O) and SKN-1/Nuclear factor erythroid 2-related factor
(Nrf) 2 (Gusarov et al. 2021).

3.3 | Evaluation of the Influence of GAR on
Redox Biology Markers

Aging and age-related diseases are highly influenced by the
cellular redox status. In the particular case of AD, oxidative
stress is considered a critical event in AD pathogenesis and
related to AP aggregation and the phosphorylation and
polymerization of tau, two hallmarks of the disease (H. Li
et al. 2021). Therefore, the capacity of the extract to modulate
oxidative stress and redox biology-related gene expression was
evaluated in different C. elegans transgenic strains. Oxidative
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FIGURE 3 | Long-term toxicity evaluation through Kaplan-Meier
survival curves of garlic extract (GAR). (A) 100 ug/mL. (B) 500 ug/mL.
(C) 1000 ug/mL. Statistically significant differences were considered
when p < 0.05 using the Long-Rank test. A minimum of 120 worms was
used per group. CTL = control group.

stress was induced by AAPH, and the ROS content was mea-
sured through the DCFDA probe in the N2 strain. As exposed in
Figure 4, AAPH led to a higher ROS content, that was coun-
teracted by the three dosages of GAR. The lowest concentra-
tions (100 and 500 ug/mL) exerted a similar effect between
them whereas the highest one was more powerful, even leading
to less content than the CTL baseline group. In the same line,
several experiments performed in cell cultures demonstrated
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TABLE 4 | Mean, median, and maximal survival of N2 worms
treated with GAR.

Mean Median Maximal
Treatment survival survival survival
CTL 13.9+04 13.0+0.4 29
GAR100 11.6 +0.5 12.0+04 26
GARS500 124+0.3 12.0+0.2 23
GAR1000 11.8+0.3 12.0+0.2 22
Note: 100, 500, and 1000 pg/mL.
Abbreviations: CTL = control group, GAR = garlic extract.
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FIGURE 4 | Effect of garlic extract (GAR) on total reactive oxygen

species (ROS) content in the N2 strain damaged with 2,2’-azobis-2-
amidinopropane dihydrochloride (AAPH). Results are expressed as
mean + SEM. Lower-case letters, when different, represent statistically
significant differences (p <0.05). A minimum of 300 worms was used
per group. CTL = control group.
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the potential effect of garlic to reduce ROS content (H. K.
Kim 2016; Lv et al. 2017; Manral et al. 2016; Peng et al. 2002),
also reducing oxidative damage in rodents (Kaur et al. 2021;
Manral et al. 2016; Zhang et al. 2018).

The mentioned ROS preventive effect could be attributed to
the scavenger activity of GAR, as demonstrated by the in vitro
antioxidant techniques, and/or due to the modulation of
signaling pathways in vivo. Among the main antioxidant
pathways in C. elegans, it is highlighted the insulin/insulin-
like growth factor 1 (IGF-1) signaling (IIS) through the DAF-
16/FOXO transcription factor and the SKN-1/Nrf2, which
induce the expression of multiple genes involved in the an-
tioxidant response such as mitochondrial sod-3, gst-4 and the
small HSPs (S.-H. Kim et al. 2019; Meng et al. 2017; Murphy
et al. 2003; Ze¢i¢ and Braeckman 2020). In that context, GFP-
tagged reporter strains were used for further understanding
the effect of GAR treatments on signaling pathways and
proteins related to redox biology. Thus, the location of DAF-
16/FOXO and the expression of SKN-1/Nrf2, SOD-3, GST-4,
HSP-16, and HSPs were evaluated.

DAF-16/FOXO nucleation was significantly lower after GAR
treatment, as reflects the graph (Figure 5A) and the represent-
ative images of the worms (Figure 5B). SKN-1/Nrf2 gene ex-
pression was not modulated by 100 and 500 ug/mL of GAR, but
the highest concentration led to a higher fluorescence intensity
compared to the CTL group (Figure 5C,D). In the same line,
authors found that p-coumaric acid, an hydroxycinnamic acid
found in our extract (Yue et al. 2019), as well as thioallyl
compounds (Ogawa et al. 2016), increased SKN-1 nucleation
and expression, respectively, in C. elegans without affecting

CTL  GAR100

GARS500  GAR 1000

CTL  GAR100 GAR500  GAR 1000

Effect of garlic extract (GAR) on GFP-reporter strains of transcription factors related to redox biology. (A) Quantification of the

DAF-16::GFP nucleation (TJ356 strain). (B) Representative images of TJ356 for each group. (C) Quantification of SKN1::GFP expression (LD1 strain).
(D) Representative images of LD1 for each group. Images were acquired at xX10 magnification. Results are expressed as mean + SEM. Lower-case
letters, when different, represent statistically significant differences (p < 0.05). CTL = control group.
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DAF-16 pathway. The observed effects on the transcription
factors were related to the modulation of downstream gene
expressions, such as SOD-3 and GST-4 enzymes. The expression
of SOD-3, which is mainly modified by DAF-16, was also lower
in treated groups (Figure 6A,B). Consistently, other authors
have found the inhibition of DAF-16/FOXO signaling pathway
by that dietary thiols (N-acetylcysteine) (Gusarov et al. 2021).
The disruption in sod-3 expression could be related to the
aforementioned lifespan shortening effect of GAR (Harris-
Gauthier et al. 2022; Van Raamsdonk and Hekimi 2012). Fur-
thermore, GST-4, which is a downstream of SKN-1/Nrf2, was
slightly higher in 1000 ug/mL group although it was not sta-
tistically significant (Figure 6C,D). Regarding heat shock pro-
teins, the HSP-16.2 expression was higher in the three treated
groups (Figure 7A,B), but it did not modified the HSF-
1:HSP16.2:HSP16.41 expression in the transgenic strain 0S3062
(Figure 7C,D). As mentioned, the highest dose (1000 pg/mL is
the more powerful reducing AAPH-induced ROS content,
which is also the concentration able to modulate more redox-
related transcription factors and proteins. Therefore, those

results may suggest that the lower ROS content observed in the
AAPH-induced stress could be due to the scavenger activity of
the treatments, which was also demonstrated by the colori-
metric assays, the activation of SKN-1 and HSP-16.2, and/or the
activation of other signaling pathways.

3.4 | Evaluation of GAR Effects on Alzheimer's
Disease Markers

The impact of GAR on AD was investigated by assessing three
distinct markers: the in vitro inhibitory capacity of AChE, and its in
vivo effects on AB- and tau-induced proteotoxicity. Regarding the
ACHE inhibition, GAR demonstrated an ICs, of 1145 ppm, deter-
mined from a dose-response curve and calculated using the equa-
tion y = —3E-05x* 4 0.086x — 9.1318 (R* = 0.9957). Garlic or its
compounds such as the SAC or allicin also possessed that
property, as reflected by both in vitro (Kumar 2015; Yoshioka
et al. 2021) and in vivo (Baluchnejadmojarad et al. 2017; Kaur
et al. 2021; Zarezadeh et al. 2017) experiments.
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FIGURE 8 | Effect of garlic extract (GAR) on toxicity induced by amyloid 8 in the CL2176 transgenic strain. (A) Phenotype paralysis curve

presented as non-paralyzed worms (%) over time following temperature increase. (B) Representative images of the thioflavin T staining in worms

collected 26 h after the temperature upshift (x40 magnification) for negative and positive controls and treated worms. Af3 aggregates are indicated
with white arrows. Results are expressed as mean + SEM. Lower-case letters, when different, represent statistically significant differences (p < 0.05).

A minimum of 25 worms was used per group.
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The effect of GAR on the A toxicity, evaluated by the
paralysis test, is reflected in Figure 8. As can be seen in the
graph (Figure 8A), treatment with GAR at a dose of 100, 500,
or 1000 ug/mL did not modify the development of the paral-
ysis phenotype: during the entire experiment, there were no
differences between the percentage of paralyzed worms in the
positive CTL and the treated groups. In that line, similar
amount of aggregated protein was observed in both CTL and
GAR-treated worms (Figure 8B). Conversely, garlic extract
showed A anti-aggregation potential in in vitro experiments
(Gupta et al. 2009; Gupta and Rao 2007) and compounds like
allicin modulated the A@ precursor protein (APP) processing
pathways (Zhang et al. 2018) and reduced the A4, levels
(Kaur et al. 2021) in a murine AD model. However, con-
cerning the GAR extract assayed in the present study, it did
not exert any benefit against the AB-induced paralysis phe-
notype. This lack of effectivity of GAR might be attributed to
the different concentrations of sulfur compounds present in
the extract applied to the worms compared to those ad-
ministered to rodents.

The influence of GAR on tau-induced proteotoxicity was assessed
by using the C. elegans strain BR5706. It expresses the pro-
aggregant human tau protein in a pan-neuronal and constitutive
manner, leading to locomotion defects. In this study, the animals
were induced to swim to encourage movement (Navarro-Hortal
et al. 2022) and the effects of GAR on tau-induced locomotion
impairment were evaluated. WormLab system and software were
utilized to analyze locomotive behavior, focusing on three param-
eters: the activity index, wavelength, and dynamic amplitude
(stretching effort). The activity measures the normalized brush
stroke frequency over time; wavelength assesses the extent of the
body's waviness; and the dynamic amplitude estimates the type of
body bend (deep or flat) and the intensity of the “stretching” effort
during movement. The activity index was not modulated by the
treatment (Figure 9A), but the other two parameters were im-
proved in a dose-dependent manner (Figure 9B,C). GAR led to
higher values of wavelength and lower stretching effort compared
to the CTL group: 100 ug/mL decreased the stretching effort by
about 28%; 500 pg/mL modulated the wavelength by about 13%
and the stretching effort by 37%; 1000 ug/mL modulated the wa-
velength by 18% and the stretching effort by 40%. Therefore,
although the impaired activity caused by tau was not affected, GAR
improved the waviness and the effort necessary for that movement.
The literature about garlic or its compounds and tau-induced
toxicity is very scarce, but some authors found that aged garlic
extract (AGE) and SAC decreased the Tau2 immunoreactivity
(Chauhan 2006) and allicin reduced the tau phosphorylation (Y.-F.
Zhu et al. 2015) in rodents. In addition, other natural extracts such
as strawberry methanolic extract (Navarro-Hortal et al. 2023),
oleuropein-rich olive leaves extract (Romero-Marquez et al. 2022a),
hydroxytyrosol-rich olive fruit extract (Romero-Mérquez et al.
2022b), or broccoli extract (Navarro-Hortal et al. 2024) improved
the locomotive behavior in the same transgenic strain.

3.5 | Evaluation of GAR Influence on Oxidative
Stress-Related Markers in Aging

Given the significant implications for both social well-being and
health in the context of aging and acknowledging that AD is a
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FIGURE 9 | Effect of garlic extract (GAR) on toxicity induced by
tau protein aggregates in the BR5706 transgenic strain. (A) Activity
index. (B) Wavelength. (C) Dynamic amplitude. Results are expressed
as mean + SEM. Lower-case letters, when different, represent statisti-
cally significant differences (p < 0.05).

condition inherently linked to aging, it has been conducted a
preliminary assessment of GAR within this physiological sce-
nario, with a specific focus on oxidative status. Therefore, we
assessed the influence of GAR on the content of intracellular and
mitochondrial ROS, as well as lipofuscin, in aged wild type N2
nematodes. Based on the previous experiments, 100 pg/mL was
the selected dose for applying in aging experiments. The intra-
cellular ROS content was measured by using DCFDA and, the
mitochondrial level, through the Mitotracker dye. One charac-
teristic of aging is the elevated production of ROS, leading to
increased oxidative damage (Korovesis et al. 2023). Here, the age-
related effect in both intracellular and mitochondrial ROS con-
tent was demonstrated, observing higher values in aged worms
from the CTL group compared to their younger counterparts
(Figure 10A,C). Treatment with 100 ug/mL GAR led to a lower
level of ROS in both parameters. It is also reflected in dot panels
obtained from the Biosorter cytometer (Figure 10B,D). That effect
is in line with the antioxidant power observed in vitro and in
vivo. In situations of stress, whether induced by exposure to an
external agent (AAPH) or as part of the natural aging process, the
evident antioxidant properties of the GAR (or its potential as a
modulator of cell signaling) became apparent.
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Lipofuscin content is widely used in the C. elegans model as a
marker for evaluating healthspan in aging (J. Zhu et al. 2023).
It is formed by cross-linked lipid and protein residues due to
iron-catalyzed oxidative processes, being indicative of both
oxidative stress and aging. The accumulation of this auto-
fluorescent pigment was quantified from images captured with
the blue filter in an epi-fluorescence microscope. Age-induced
lipofuscin accumulation was proven. However, GAR-treated
worms reached higher values than the old CTL group
(Figure 10E,F). The downregulation of the transcription factor
DAF-16/FOXO and its downstream gene SOD-3 by GAR could
lead to the increase of this oxidative by-product with negative
effects. The previously described GAR effects on longevity may
be associated with results found for lipofuscin content. Fur-
thermore, the lipofuscin accumulation is linked to various
processed unrelated to ROS, including a reduction in lyso-
somal function and disturbances in both phagocytosis and
autophagy. As a result, these processes could undergo changes
in aging worms and such alterations might not be influenced
by GAR, explaining the observed effects in lipofuscin content
(Navarro-Hortal et al. 2024).

Although the results obtained are promising and open the door to
future investigations, the study presents certain limitations and
weaknesses. The model, while sharing similarities with mam-
mals, remains a nematode, which may limit the direct applica-
bility of the findings to higher organisms. Therefore, it would be
crucial to conduct further experiments using mammalian models
before advancing to clinical trials. Additionally, the mechanisms
underlying the observed effects have not been fully elucidated, as
other pathways beyond those studied may be involved.

4 | Conclusions

The garlic extract studied in the present report was rich in sulfur
compounds, highlighting the presence of other compounds like
phenolics. The in vitro and in vivo antioxidant capacity have been
demonstrated. The acute non-toxic nature of GAR is noteworthy,
offering a promising safety profile for potential therapeutic appli-
cations. However, our findings reveal a nuanced aspect in the long-
term exposure scenario, where three concentrations of GAR led to a
reduction in survival rates. This phenomenon is attributed to the
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intricate interplay involving the nucleation of DAF-16/FOXO
transcription factor and the downregulation of SOD-3 gene ex-
pression. Furthermore, its ability to inhibit the AChE was demon-
strated in vitro and, although GAR does not modulate the paralysis
induced by the Af aggregation, it exhibits a significant ameliorative
effect on locomotion impairment associated with tau proteotoxicity.
It could be related to the effect found on GFP-transgenic stains,
mainly regarding to the increase in the gene expression of HSP-16.2.
Moreover, an initial investigation into the aging process revealed
that the extract successfully inhibits the accumulation of intra-
cellular and mitochondrial ROS in aged worms.

Overall, results from the present research provided valuable
insights into the multifaceted impact of garlic extract, particu-
larly in the context of aging and neurodegenerative processes.
This study lays a foundation for further research avenues ex-
ploring the intricate molecular mechanisms underlying GAR's
effects and its translation into potential therapeutic interven-
tions for age-related neurodegenerative conditions.
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