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Abstract 

Context: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by cognitive decline, memory loss, and impairment of daily functioning. 

Current treatments for AD offer symptomatic relief but do not address the disease progression, highlighting the need for new therapeutic approaches. Water 

kefir, a fermented beverage, has been studied for its antioxidant and anti-inflammatory properties, but its potential in Alzheimer’s disease management 

remains underexplored. 

Aims: To evaluate the neuroprotective potential of water kefir metabolites through in vivo behavioral assessments and in silico molecular modeling targeting 

acetylcholinesterase (4EY7) and butyrylcholinesterase (8CGO). 

Methods: The in vivo procedures consist of behavioral and memory evaluations conducted on male albino Wistar rats, which were administered 100 mg/kg BW 

of AlCl3, leading to the manifestation of Alzheimer-like symptoms. The biological evaluation was performed using the Hebb-Williams Maze and the Morris 

Water Maze method. Molecular modeling was utilized to explore the behavior, stability, and interactions of the water kefir metabolites. 

Results: The whole filtrate of water kefir with dose of 25 and 50 mL/kg rat BW significantly improved learning and memory abilities, as well as reduced latency 
time and the number of errors in the maze (p<0.05). In histopathology, the group given water kefir showed normal cell conditions, whereas the positive 

control group demonstrated cellular damage. The molecular modeling showed that [1]benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione, one of the 

water kefir compounds, exhibited better overall stability for both 4EY7 and 8CGO.  

Conclusions: The highest effectiveness of water kefir was found at a dose of 25 mL/kg, indicating its potential as a preventative for Alzheimer's. These findings 

support the use of water kefir as an intervention to address the impact of dementia and improve the quality of life for Alzhe imer’s patients, particularly in the 

elderly population.  
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Resumen 

Contexto: La enfermedad de Alzheimer (EA) es un trastorno neurodegenerativo que se caracteriza por deterioro cognitivo, pérdida de memoria y deterioro del 

funcionamiento diario. Los tratamientos actuales para la EA ofrecen alivio sintomático, pero no abordan la progresión de la enfermedad, lo que resalta la 

necesidad de nuevos enfoques terapéuticos. El kéfir de agua, una bebida fermentada, se ha estudiado por sus propiedades antioxidantes y antiinflamatorias, 

pero su potencial en el manejo de la enfermedad de Alzheimer sigue sin explorarse.  

Objetivos: Evaluar el potencial neuroprotector de los metabolitos del kéfir de agua mediante evaluaciones conductuales in vivo y modelado molecular in silico 

dirigido a la acetilcolinesterasa (4EY7) y la butirilcolinesterasa (8CGO). 

Métodos: Los procedimientos in vivo consisten en evaluaciones conductuales y de memoria realizadas en ratas Wistar albinas macho, a las que se les 

administró 100 mg/kg de peso corporal de AlCl₃, lo que provocó la manifestación de síntomas similares a los de la enfermedad de Alzheimer. La evaluación 

biológica se realizó mediante el método del laberinto de Hebb-Williams y el método del laberinto acuático de Morris. Se utilizó modelado molecular para 

explorar el comportamiento, la estabilidad y las interacciones de los metabolitos del kéfir de agua. 

Resultados: El filtrado completo de kéfir de agua, con dosis de 25 y 50 mL/kg de peso corporal de la rata, mejoró significativamente las capacidades de 

aprendizaje y memoria, además de reducir el tiempo de latencia y el número de errores en el laberinto (p<0,05). En la histopatología, el grupo tratado con 

kéfir de agua mostró condiciones celulares normales, mientras que el grupo control positivo mostró daño celular. El modelado molecular mostró que la 

[1]benzofuro[2,3-a]pirrolo[3,4-c]carbazol-5,7(6H,13H)-diona, uno de los compuestos del kéfir de agua, presentó una mejor estabilidad general tanto para 

4EY7 como para 8CGO. 

Conclusiones: La mayor eficacia del kéfir de agua se observó con una dosis de 5 mL/kg, lo que indica su potencial como preventivo del Alzheimer. Estos 

hallazgos respaldan el uso del kéfir de agua como intervención para abordar el impacto de la demencia y mejorar la calidad de vida de los pacientes con 

Alzheimer, especialmente en la población de edad avanzada. 

Palabras Clave: Alzheimer; demencia; kéfir de agua; in silico; neurodegenerativo; perfil de metabolitos. 
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INTRODUCTION 

Alzheimer's disease (AD) is a progressive neuro-
degenerative disorder that primarily affects the elder-
ly population, leading to cognitive decline, memory 
loss, and impaired daily functioning (Zvěřová, 2019). 
The disease is characterized by the accumulation of 
amyloid plaques and neurofibrillary tangles in the 
brain, along with a significant reduction in acetylcho-
line (ACh) levels, which impairs neurotransmission 
(Chen et al., 2022). Acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE) are key enzymes in-
volved in the hydrolysis of acetylcholine, and their 
dysregulation is considered a hallmark of Alzheimer's 
disease pathology (Jasiecki et al., 2021). Traditional 
treatments for AD, such as cholinesterase inhibitors 
(e.g., donepezil, rivastigmine), aim to increase acetyl-
choline levels by inhibiting these enzymes (Walczak-
Nowicka and Herbet, 2021). However, these treat-
ments provide only symptomatic relief and do not 
stop the progression of the disease. Therefore, there is 
an increasing need to explore alternative therapeutic 
agents, particularly from natural sources, which may 
offer novel approaches to manage or treat Alzhei-
mer's disease more effectively. 

Water kefir is a fermented beverage known for its 
diverse microbial composition and bioactive proper-
ties (Aligita et al., 2023). It is made by fermenting 
sugar water with a symbiotic culture of bacteria and 
yeast (SCOBY), which leads to the production of vari-
ous bioactive metabolites such as organic acids, pep-
tides, and polysaccharides (Pihurov et al., 2024). Wa-
ter kefir has been studied for its antioxidant, anti-
inflammatory, and antimicrobial effects (Guzel-
Seydim et al., 2021), but its potential therapeutic bene-
fits in neurodegenerative diseases like Alzheimer's 
have not been fully explored. Our study expanded on 
this by focusing on the lesser-studied water kefir and 
its unique metabolite composition. 

Some studies suggest that fermented foods like 
kefir can influence gut-brain interactions and exert 
neuroprotective effects (Cai et al., 2020), which makes 
water kefir an interesting candidate for further inves-
tigation as a functional food with potential benefits in 
managing Alzheimer’s disease. Despite increasing 
evidence of gut-brain axis modulation by fermented 
products, the neurochemical pathways modulated by 
kefir metabolites in AD pathology remain underex-
plored. 

The metabolite profile of water kefir is diverse and 
includes various metabolites such as phenolic com-
pounds, flavonoids, organic acids, and peptides (Az-
izi et al., 2021). These bioactive compounds have been 
shown to possess antioxidant, anti-inflammatory, and 

neuroprotective properties, which could contribute to 
their ability to mitigate oxidative stress, a key factor in 
the development and progression of Alzheimer's dis-
ease. Recent advancements in high-throughput tech-
niques, including liquid chromatography-mass spec-
trometry (LC-MS), have enabled a more comprehen-
sive analysis of the metabolite composition of water 
kefir. By profiling the metabolites in water kefir, it is 
possible to identify compounds that could potentially 
interact with molecular targets involved in Alzhei-
mer's disease, such as AChE and BChE. 

In silico molecular modeling offers a powerful tool 
to predict the binding affinity and interaction mecha-
nisms between bioactive compounds and target pro-
teins (Asnawi et al, 2023; Febrina et al, 2021; Febrina 
and Asnawi, 2023), such as enzymes involved in Alz-
heimer's disease. Using software tools like AutoDock 
and Gromacs, researchers can model the interaction of 
metabolites with target enzymes and assess their po-
tential as inhibitors. These computational techniques 
provide a cost-effective and time-efficient method for 
screening large numbers of compounds and identify-
ing potential leads for drug development. Recent 
studies have successfully applied molecular docking 
to identify natural compounds that can inhibit AChE 
and BChE, highlighting the relevance of these meth-
ods in Alzheimer’s drug discovery. 

The objective of this research was to profile the 
metabolites of water kefir and evaluate their potential 
inhibitory effects on the behavior and memory of 
male albino Wistar rats through in vivo studies. Addi-
tionally, the study aimed to assess the inhibitory ef-
fects of these metabolites on AChE and BChE using in 
silico molecular modeling for Alzheimer’s disease. 
The methodology employed in this study included 
the preparation of water kefir metabolites, followed 
by high-resolution liquid chromatography-mass spec-
trometry (LC-MS/MS) analysis to profile the bioac-
tive compounds present. In silico molecular modeling 
was then conducted to predict the binding affinities of 
these metabolites with the active sites of AChE (PDB 
ID 4EY7) and BChE (PDB ID 8CGO). This approach 
combined experimental and computational tech-
niques to provide a comprehensive understanding of 
the neuroprotective potential of water kefir metabo-
lites and their interactions with key enzymes involved 
in Alzheimer's disease. 

MATERIAL AND METHODS 

Chemicals 

Adult male albino mice (25–30 g) were obtained 
from the animal facility in Bandung, Indonesia. Kefir 
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grain was obtained from Yogyakarta, Indonesia. Oth-
er chemicals and reagents, unless otherwise specified, 
were obtained from Sigma–Aldrich Chemical Co. (St. 
Louis, MO, USA). 

Preparation of water kefir 

A total of 100 grams of kefir grains were weighed 
and put into 1000 mL of water in a glass bottle cov-
ered with a cloth (not tightly). Six grams of sucrose 
were added to the bottle and shaken until homogene-
ous. The solution was incubated at 21°C for 24 hours. 
After that, the solution was filtered using Whatman 
paper. Evaluation for standardization of water kefir 
included organoleptic properties, pH, lactic acid level, 
and alcohol level. 

Spatial memory and learning evaluation 

Animal preparation and adaptation phase 

Male albino Wistar rats were used for this experi-
ment. The rats were allowed to adapt to their new 
environment for seven days before the evaluation 
began. During this adaptation period, the rats were 
placed in special cages to minimize human interaction 
and ensure they were safe from predators. The cages 
were kept in a room with a controlled temperature of 
20-25°C. Each cage contained six rats, and the dimen-
sions of the cage were 40 cm (length) × 35 cm (width) 
× 15 cm (height). The base of the cage was covered 
with rice husks, which were replaced every 2-3 days. 
The rats had access to standard feed and drinking 
water ad libitum. All procedures relating to animals 
and their care conformed to the international guide-
lines, Principles of Laboratory Animal Care (NIH 
publication no. 85-23, revised 1985), with the ethical 
approval number 301/UN6.KEP/EC/2021. 

The evaluation of spatial learning and memory, 
particularly in the context of studying neurological 
disorders like Alzheimer's disease, was measured by 
the Hebb-Williams Maze and Morris Water Maze 
methods. In order to develop an animal model with 
Alzheimer’s Disease, the rats received AlCl3 at 100 
mg/kg BW for 28 days via a gavage tube (Shunan et 
al., 2021). Animals were randomly assigned to treat-
ment groups using a random number generator, and 
behavioral assessments were conducted by blinded 
evaluators to minimize bias and improve the rigor of 
the study. 

Hebb Williams Maze method (Shunan et al., 2021) 

Acquisition phase 

In the acquisition phase, the male albino Wistar 
rats were not given any treatment. They were placed 
in the Hebb-Williams maze for two days to familiar-

ize them with the maze environment. The rats were 
subjected to six different maze configurations. Laten-
cy time was recorded, which was defined as the time 
from when the barrier in the starting area was raised 
until the rat took its first bite of food. Additionally, an 
error was recorded every time the rat touched an 
error zone of the maze. The average travel time was 
calculated for each rat. If the travel time exceeded 1 
minute, the test was repeated for the rat. Once the rats 
were able to reach a latency time of less than 1 mi-
nute, they were tested in mazes 1-12 to record the 
baseline T0 before treatment began. 

Evaluation phase 

The evaluation phase was conducted using 12 
standard mazes based on the Hebb-Williams Maze. 
The mazes were arranged from the easiest to the 
hardest, with the rats tested on each maze in se-
quence. Each maze was tested twice for each rat. Dur-
ing the testing, latency time was recorded from the 
moment the rat's front paws left the start area until it 
reached the finish area. Errors were recorded each 
time the rat touched any area designated as an error 
zone. The average latency time and error time were 
calculated for each rat across the two trials for each 
maze. The results were presented in graphical form 
for comparison. 

Treatment groups 

The rats were divided into six treatment groups, as 
follows: 

Group I (negative Control): NaCl (normal saline) 
solution, no treatment.  

Group II (positive Control): AlCl₃ 100 mg/kg rat 
BW (oral administration). 

Group III (standard drug): AlCl₃ 100 mg/kg rat 
BW (oral administration) + piracetam 400 mg/kg rat 
BW (oral administration). 

Group IV (Dose 1): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 15 mL/kg rat BW (oral 
administration). 

Group V (Dose 2): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 25 mL/kg rat BW (oral 
administration). 

Group VI (Dose 3): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 50 mL/kg rat BW (oral 
administration). 

The doses of 15, 25, and 50 mL/kg BW were se-
lected based on preliminary pilot studies and sup-
ported by literature on kefir dosing in rodents, aiming 
to cover a safe and potentially therapeutic range 
aligned with human equivalent doses (Aligita et al., 
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2023). Treatment was administered daily for 28 days. 
AlCl3 and drug administration occurred at 2-hour 
intervals, with a maximum oral volume of 5 mL each 
time, followed by a 3-hour break before subsequent 
administration. The assessed parameters included the 
number of errors and latency time. Parameter meas-
urements were conducted on days 0, 14, and 28 of 
treatment (T0, T14, and T28). 

Morris Water Maze method (Vorhees and Williams, 2006) 

The Morris Water Maze (MWM) test was used to 
assess spatial learning and memory. Testing occurred 
weekly, starting before treatment and continuing for 
28 days after the treatments were administered. 

A circular pool (diameter: 150 cm, height: 40 cm) 
was used for the MWM test. It was placed in a labora-
tory and filled with water up to a height of 40 cm, just 
below the top of the pool walls. The pool was divided 
into four quadrants, each of equal area. A transparent 
platform (diameter: 10 cm, height: 11 cm) was placed 
in one of the quadrants. The water was made opaque 
by adding milk powder or other non-toxic substances, 
ensuring that the platform was invisible to the rats. 
The platform was submerged just below the water 
surface. The rats were placed into the water at the 
correct water height (not dropped), facing the pool 
wall. Each rat was randomly released into one of 
three quadrants and allowed to find the hidden plat-
form. Escape latency (time taken to find and climb 
onto the platform) was recorded using a stopwatch. 
The rats underwent training from week 0 to week 4, 
with each rat completing three trials per week. 

After the training period, the probe test was con-
ducted to assess memory retention. On Day 30, the 
rats underwent four consecutive trials: 

- On Day 1, the rat was tested in Quadrant 1. 

- On Day 2, the rat was tested in Quadrant 2. 

- On Day 3, the rat was tested in Quadrant 3. 

- On Day 4, the rat was tested in Quadrant 4. 

Each test lasted for 60 seconds. If the rat failed to 
find the platform within this time, it was guided to 
the platform, and the escape latency was recorded as 
60 seconds. 

For the probe test, the platform was removed from 
the pool, and the rats were allowed to swim freely. 
The number of times the rat crossed the area where 
the platform had been was recorded within the 60-
second interval. This data was used to assess the rat’s 
spatial learning and memory retention. The same 
procedures for handling and placing the rats in the 
pool were used for the probe test as during the Morris 
Water Maze trials. The only difference was that the 

platform was removed for the probe test to assess 
memory retention. The key parameter recorded was 
the number of platform crossings during the 60-
second test period, which provided an indication of 
the rats' ability to remember the platform's location. 

The escape latency and number of platform cross-
ing parameters were measured and recorded. Escape 
latency represents the time it took the rat to find the 
hidden platform. The number of platform crossings 
represents the number of times the rat passed over 
the location where the platform was previously hid-
den during the probe test. 

Treatment groups 

The rats were divided into six treatment groups, as 
follows: 

Group I (negative Control): NaCl (normal saline) 
solution, no treatment. 

Group II (positive Control): AlCl₃ 100 mg/kg rat 
BW (oral administration). 

Group III (standard drug): AlCl₃ 100 mg/kg rat 
BW (oral administration) + donepezil 3 mg/kg rat 
BW (oral administration). 

Group IV (Dose 1): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 15 mL/kg rat BW (oral 
administration). 

Group V (Dose 2): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 25 mL/kg rat BW (oral 
administration). 

Group VI (Dose 3): AlCl₃ 100 mg/kg rat BW (oral 
administration) + water kefir 50 mL/kg rat BW (oral 
administration). 

Treatment was administered daily for 28 days. 
AlCl3 and drug administration occurred at 2-hour 
intervals, with a maximum oral volume of 5 mL each 
time, followed by a 3-hour break before subsequent 
administration. The assessed parameters included the 
number of errors and latency time. Parameter meas-
urements were conducted on days 0, 7, 14, 21, and 28 
of treatment (T0, T7, T14, T21, and T28). 

LC-MS/MS analysis 

The procedure for LC-MS/MS analysis of metabo-
lites in water kefir was performed as follows (Atalay 
and Şahingil, 2022): First, 10.00 mg of water kefir was 
carefully weighed and dissolved in methanol in a 10 
mL measuring flask. A 5 µL aliquot of the methanol 
extract was then taken with a microsyringe and in-
jected into the sample location. High-resolution mass 
spectrometry experiments were conducted using an 
ultra-performance liquid chromatography (UPLC) 
system (ACQUITY UPLC® H-Class System, Waters, 
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USA) coupled with a mass spectrometer (Xevo G2-S 
QTof, Waters, USA). A C18 column (1.8 μm, 2.1 × 100 
mm, ACQUITY UPLC® HSS, Waters, USA) was used 
for the chromatographic separation at a column tem-
perature of 50°C and a room temperature of 25°C. 

The LC analysis employed a step gradient with a 
mobile phase consisting of water with 5 mM ammo-
nium formate (Phase A) and acetonitrile with 0.05% 
formic acid (Phase B), and a flow rate of 0.2 mL/min 
was maintained throughout the 23-minute run. The 
sample injection volume was 5 µL, and the sample 
was filtered through a 0.2 µm syringe filter prior to 
injection. The mass spectrometry (MS) analysis was 
performed using electrospray ionization (ESI) in posi-
tive mode, with a mass range of 50–1200 m/z. Source 
and desolvation parameters were adjusted for opti-
mal ionization. The separation results were then ana-
lyzed by the QToF-MS detector, which generated 
chromatogram peaks. The chromatogram data were 
interpreted using the MassLynx application (Choi et 
al., 2000) to identify and quantify the metabolites 
present in the water kefir sample, and the most abun-
dant metabolites were selected for molecular docking 
analysis. 

Molecular docking  

The molecular docking simulation procedure of 
water kefir metabolites to enzymes responsible for 
human AChE (PDB ID 4EY7) and human BChE (PDB 
ID 8CGO) was carried out as follows (Asnawi et al., 
2024): First, the 3D structures of the metabolites of 
water kefir, which adhered to Lipinski’s rules (Kara-
mi et al., 2022), were downloaded from the PubChem 
database in *.sdf format. These structures were then 
geometrically optimized using the Avogadro applica-
tion, and the output files were saved in *.pdb format. 
Next, the 3D structures of the enzymes AChE (PDB ID 
4EY7) and BChE (PDB ID 8CGO) were downloaded 
from the Protein Data Bank (www.rcsb.org). The 
downloaded protein structures were prepared by 
removing water molecules, adding hydrogen atoms, 
and ensuring proper protonation states to optimize 
them for docking simulations. 

Before performing the molecular docking simula-
tions, the docking procedures for both enzymes, 
AChE and BChE, were validated to ensure accurate 
and reliable results by redocking their co-crystallized 
ligands, which yielded RMSD values below 2.0 Å, 
confirming the validity of the docking protocol 
(Asnawi et al., 2024). The molecular interactions be-
tween the water kefir metabolites and the AChE and 
BChE enzymes were evaluated using AutoDock 4.2 
(Huey et al, 2012). During the docking process, the 
binding sites of the enzymes were selected, and the 
metabolites were docked into these sites to analyze 

their potential interaction. The docking results, in-
cluding binding energy and binding mode, were then 
analyzed using the Discovery Studio Visualizer 2021 
application. This analysis provided a detailed under-
standing of the binding affinity, mode of interaction, 
and key amino acid residues involved in the interac-
tions between the water kefir metabolites and the two 
enzymes. 

Molecular dynamics simulation 

The molecular dynamics simulations were carried 
out using Gromacs 2023 (Kutzner et al, 2022) to inves-
tigate the interactions of Water kefir metabolites with 
human AChE (PDB ID 4EY7) and human BChE (PDB 
ID 8CGO) over a 100 ns simulation period. The sys-
tem was prepared by solvating the complexes of me-
tabolites and enzymes in a water box, followed by 
adding appropriate ions to neutralize the system. The 
simulation setup involved energy minimization to 
remove any steric clashes, followed by equilibration 
in both NVT (constant volume and temperature) and 
NPT (constant pressure and temperature) ensembles 
to stabilize the system. The production run was per-
formed at 300 K with periodic boundary conditions, 
using the PME (Particle Mesh Ewald) method for 
electrostatics and the LINCS algorithm for bond 
length constraints. 

The simulations were conducted on a high-
performance computing setup, utilizing a Xeon E5 
2690 V3 processor with 32 GB of RAM and an RTX 
3060 GPU to accelerate the computations. The 100 ns 
production run provided detailed trajectory data, 
which was analyzed to assess the stability of the pro-
tein-ligand interactions over time. The root mean 
square deviation (RMSD) and root mean square fluc-
tuation (RMSF) analyses were performed to evaluate 
the structural stability of the enzyme-ligand complex-
es, while the radial distribution function (RDF) and 
potential energy analysis were used to gain insight 
into the interactions at the atomic level. This compre-
hensive molecular dynamics study provided valuable 
information on the behavior and binding affinity of 
the metabolites within the active sites of AChE and 
BChE. 

ADME 

Chemical structures of the most important com-
pounds were entered into the SwissADME web plat-
form for pharmacokinetic profiling (Bakchi et al., 
2022). The tool calculated various ADME-related pa-
rameters, including gastrointestinal absorption, 
blood-brain barrier permeability, and cellular perme-
ability through Caco-2 and MDCK models. Special 
attention was given to interactions with cytochrome 
P450 enzymes (CYP), identifying each compound’s 
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potential as a substrate or inhibitor for specific 
isoforms such as CYP3A4, CYP2C9, and CYP2C19. 
Predictions also included P-glycoprotein (P-gp) inter-
actions, which are important for understanding drug 
transport and efflux. The resulting data allowed for a 
comparative interpretation of the compounds’ meta-
bolic behaviors and their suitability for further devel-
opment. 

Statistical analysis 

Statistical analysis was conducted using R version 
4.2.1 (R Foundation for Statistical Computing, Vienna, 
Austria). Data variation was expressed as either the 
standard error of the mean (SEM) or the standard 
deviation (SD), along with the number of observa-
tions (n) for each dataset. The specific statistical tests 
used in the analysis, as well as the level of signifi-
cance, include one-way ANOVA with Tukey’s post 
hoc test for multiple group comparisons with signifi-
cance set at p<0.05 throughout. If more than one sta-
tistical test was employed, it is indicated which 
groups and parameters were analyzed using each 
test. All statistical tests were considered significant at 
a p<0.05, unless otherwise specified. 

RESULTS  

Characteristics of water kefir 

Water kefir is a fermented beverage known for its 
distinct characteristics, both in terms of organoleptic 
properties and standardization measures (Tzavaras et 
al., 2022). Water kefir typically had a sour and slightly 
sweet flavor. This balance of tastes was a defining 
feature, influenced by the fermentation process, 
where sugars were converted into organic acids and a 
small amount of alcohol. The characteristics of water 
kefir, including its texture, color, flavor, volatile pro-
file, and nutritional and microbial makeup, can be 
influenced by the source materials, fermentation set-
tings, and storage circumstances. Water kefir general-
ly possesses a slightly thick consistency resulting 
from the polysaccharides generated during fermenta-
tion. The texture may vary from thin and aqueous to 
somewhat denser and gel-like, influenced by factors 
such as fermentation duration and strain selection 
(Tireki, 2024). The pharmacochemical characteristics 
of water kefir were meticulously quantified (Table 1). 

Table 1. Characteristics of the water kefir. 

Parameter Value  

pH 3.28 

Alcohol (%) 0.70 

Acid level (%) 1.08  

The pH of water kefir was recorded at 3.28, indi-
cating that it was slightly acidic, which is typical for 
fermented beverages. This low pH helped inhibit the 
growth of harmful microorganisms and contributed 
to the overall tangy taste. Like many fermented 
drinks, water kefir contained lactic acid, contributing 
to its tart flavor. These characteristics helped define 
water kefir as a refreshing, slightly sour beverage 
with unique organoleptic qualities, while its charac-
teristic results provided insight into its chemical com-
position (Cufaoglu and Erdinc, 2023). Water kefir 
generally possessed a minimal alcohol level, a natural 
consequence of fermentation, with an alcohol by vol-
ume (ABV) normally under 1%, but potentially vary-
ing from approximately 0.02% to 2.0%, alongside a 
significant lactic acid concentration (up to 2%) (Fiorda 
et al., 2017; Pidoux, 1989). Prior research indicated 
that water kefir fermentation yielded a pH of 2.88, an 
alcohol concentration of 0.43%, and a lactic acid con-
centration of 0.5%, consistent with the findings of this 
study (Aligita et al., 2023).  

Spatial memory and learning evaluation 

Hebb-Williams Maze method  

The Hebb-Williams maze is a behavioral assess-
ment utilized to evaluate spatial learning and 
memory in mice, especially in the research of neuro-
logical illnesses such as Alzheimer's disease. This 
labyrinth is constructed to evaluate problem-solving 
abilities and necessitates that animals traverse a vari-
able maze environment with distinct internal configu-
rations for each trial. This method involved measur-
ing data such as the time latency for an animal to 
locate the destination and the number of errors com-
mitted during navigation (Shunan et al, 2021). The 
number of errors is shown in Table 2. At T0, the nega-
tive control group had an average of 0.0129 ± 0.0049 
mistakes, indicating no significant variations among 
treatments. The positive control group exhibited 
somewhat elevated errors (0.0148 ± 0.0021). The pi-
racetam group (200 mg/kg rat BW) demonstrated a 
greater baseline mistake rate (0.0166 ± 0.0050), indicat-
ing initial difficulties in maze navigation relative to 
the other groups. The water kefir group with doses of 
15, 25, and 50 mL/kg rat BW exhibited baseline error 
rates of 0.0129 ± 0.0029, 0.0134 ± 0.0045, and 0.0106 ± 
0.0029, respectively. 

By T14, the number of errors increased marginally 
across most groups, indicating a transient deteriora-
tion in maze ability. All doses of water kefir exhibited 
results equivalent to the piracetam group. At T28, the 
positive control group exhibited an increase in the 
number of errors (0.0171 ± 0.0695), which was statisti-
cally different from the negative control group. 
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Table 2. Number of error zones by group and treatment over time. 

Group 
Number of errors 

T0 T14 T28 

Negative control 0.0129 ± 0.0049 0.0217 ±0.0044 0.0140 ±0.0035b 

Positive control 0.0148 ±0.0021 0.0152 ±0.0049* 0.0171 ±0.0695 

Piracetam 200 mg/kg  0.0166 ± 0.0050 0.0180 ± 0.0041 *# 0.0111 ± 0.0049*# 

Water kefir 15 mL/kg rat BW 0.0129 ± 0.0029#$ 0.0194 ± 0.0036* 0.0129 ± 0.0021*# 

Water kefir 25 mL/kg rat BW  0.0134 ± 0.0045#$ 0.0250 ± 0.0014 0.0129 ± 0.0021*# 

Water kefir 50 mL/kg rat BW 0.0106 ± 0.0029#$ 0.0282 ± 0.007 0.0134 ± 0.0021*# 

*Significantly different result when compared to the negative control group; #significantly different result when compared to the 

positive control group; $significantly different result when compared to the piracetam group; p<0.05; n = 4 mice in each group. 

 
 

Table 3. Time latency by group and treatment over time. 

Group 
Time latency (s) 

T0 T14 T28 

Negative control 51.5560 ± 2.7175 68.458 ± 5.3082b,c 80.1689 ± 1.972b 

Positive control 54.2680 ± 2.8573 73.0878 ± 12.0237 98.4201 ± 15.872 

Piracetam 200 mg/kg  46.0180 ± 1.6816 54.5234 ± 0.1427a,b 48.258 ± 1.184a,b 

Water kefir 15 mL/kg rat BW 51.6780 ± 1.0214 58.176 ± 0.3181a,b 61.574 ± 5.506a,b 

Water kefir 25 mL/kg rat BW 48.0980 ± 5.6935 61.3060 ± 1.3394a,b 59.676 ± 2.130a,b 

Water kefir 50 mL/kg rat BW 52.6090 ± 6.9669 70.4160 ± 6.8287  52.052 ± 2.639a,b 

aSignificantly different result when compared to the negative control group; bsignificantly different result when compared to the positive 

control group; csignificantly different result when compared to the piracetam group; p<0.05; n = 4 mice in each group.  

 
Both the piracetam and water kefir groups demon-
strated a decrease in the number of errors. The high-
est significant enhancements were observed in the 
piracetam group (0.0111 ± 0.0049), and the water kefir 
group at all doses showed comparable results with 
the piracetam group. The results indicated that water 
kefir might improve cognitive performance similarly 
to piracetam. 

Statistical analysis showed that water kefir treat-
ments had significant effects (p<0.05) when compared 
to both the positive and negative control groups, es-
pecially at T28. The results highlight the potential of 
water kefir as a natural intervention for dementia-
related cognitive deficits (Atlante et al., 2020). 

The latency time is shown in Table 3. At T0, the 
time latency for all groups was not statistically differ-
ent. At T14, the piracetam and water kefir groups at 
doses of 15 and 25 mL/kg rat BW exhibited markedly 
reduced latency time in comparison to the positive 
control group. The water kefir group at this dosage 
exhibited no significant difference as compared to the 

piracetam group. However, the 50 mL/kg rat BW 
group showed higher latency, which might suggest a 
dose-dependent effect. At T28, all groups exhibited 
markedly reduced latency time in comparison to the 
positive control group. The groups administered pi-
racetam and water kefir at all dosages exhibited sub-
stantial differences as compared to the negative con-
trol group. This signified an enhancement in cognitive 
capacity in mice receiving treatment. The water kefir 
group, at all dosages, exhibited no significant differ-
ences as compared to the piracetam group. These 
results highlighted a significant improvement in cog-
nitive performance in the water kefir groups compa-
rable with the piracetam (p<0.05). 

Statistical analysis revealed significant differences 
among groups. Overall, the data suggested that water 
kefir, particularly at doses of 15 and 25 mL/kg rat 
BW, improved cognitive performance and mitigated 
the effects of cognitive decline over time (Fu et al., 
2024). Its effectiveness was comparable to that of pi-
racetam, making it a promising candidate for further 
antidementia studies. 
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Table 4. Escape latency by group. 

Group 
Rat escape latency (s) 

T0 T7 T14 T21 T28 

Negative control 15.889 ± 2.837 12.333 ± 2.674 10.111 ± 3.162 7.667 ± 1.836# 3.111 ± 0.484# 

Positive control 15.000 ± 5.419 20.444 ± 2.312 20.556 ± 3.673 16.556 ± 2.111* 17.000 ± 3.683* 

Donepezil 3 mg/ kg BW 17.889 ± 2.119 17.167 ± 3.087 6.111 ± 1.503# 10.222 ± 1.629 6.222 ± 1.419# 

Water kefir 15 mL/kg rat BW 20.889 ± 3.346 22.583 ± 3.863* 14.444 ± 3.492 16.222 ± 3.227 14.444 ± 1.237* 

Water kefir 25 mL/kg rat BW 19.889 ± 2.119 20.889 ± 2.320 21.778 ± 9.625 11.000 ± 2.849 14.556 ± 5.279* 

Water kefir 50 mL/kg rat BW 14.556 ± 2.225 21.111 ± 2.146* 13.889 ± 1.556 0.444 ± 4.523* 13.556 ± 2.391* 

All values are expressed as mean ± SD, n = 4. *p<0.05 significant difference with negative control group, #p<0.05 significant difference with positive 

control group. 

 
 

Table 5. Average escape latency for each quadrant by group. 

Group 
Escape latency (s) 

Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4 

Negative control 4.583 ± 0.300# 7.083 ± 1.596 3.250 ± 0.382# 3.528 ± 0.646# 

Positive control 20.000 ± 2.268* 23.917 ± 9.192 11.167 ± 0.846* 19.833 ± 5.49* 

Donepezil 3 mg/ kg BW 4.750 ± 0.661# 8.417 ± 1.210 5.083 ± 0.961# 5.750 ± 0.803# 

Water kefir 15 mL/kg rat BW 14.347 ± 0.770*# 12.917 ± 1.828 13.833 ± 1.310* 15.417 ± 1.176* 

Water kefir 25 mL/kg rat BW 6.500 ± 0.629# 7.500 ± 1.233 6.167 ± 1.424# 7.333 ± 1.372# 

Water kefir 50 mL/kg rat BW 9.500 ± 1.146*# 11.083 ± 1.839 8.000 ± 0.144* 17.833 ± 3.465* 

All values are expressed as mean ± SD, n = 4 mice in each group. *p<0.05 significant difference with negative control group, #p<0.05 significant 

difference with positive control group. 

 
Morris Water Maze method 

The Morris Water Maze method measured escape 
latency and the number of platform crossings 
(Vorhees and Williams, 2006). Escape latency meas-
urement results are presented in Tables 4 and 5. The 
escape latency indicated the rats' ability to locate the 
concealed platform. 

In T0, the negative control group (saline solution) 
recorded an average escape latency of 15.889 ± 2.837 
seconds, showing no significant differences compared 
to other groups. By T7, the negative control group 
showed improvement, reducing its latency to 12.333 ± 
2.674 seconds. However, the positive control group 
exhibited a significant increase in latency (20.444 ± 
2.312 seconds), reflecting cognitive impairment. Wa-
ter kefir-treated groups also showed an increase in 
latency, particularly at doses of 15 mL/kg rat BW and 
50 mL/kg rat BW, both significantly different from 
the negative control (p<0.05). The 25 mL/kg rat BW 
group showed a moderate increase, while the pirace-
tam-treated group-maintained latency stability. 

In T14, the negative control group continued to 
improve, with latency decreasing to 10.111 ± 3.162 

seconds. The positive control group maintained a 
high latency (20.556 ± 3.673 seconds), indicating per-
sistent cognitive deficits. Water kefir-treated groups 
began to show reductions in latency, particularly the 
50 mL/kg rat BW group, nearing the performance of 
the negative control. The standard drug group 
demonstrated the most improvement, achieving a 
latency of 6.111 ± 1.503 seconds (significantly different 
compared to the positive control). 

By T21, the negative control group achieved a la-
tency of 7.667 ± 1.836 seconds, significantly lower 
than the positive control group (16.556 ± 2.111 sec-
onds; p<0.05). The donepezil group showed a slight 
increase to 10.222 ± 1.629 seconds but remained sig-
nificantly better than the positive control (p<0.05). 
Water kefir-treated groups exhibited mixed results: 
the 25 mL/kg rat BW group showed the best im-
provement (11.000 ± 2.849 seconds), while the 15 
mL/kg rat BW and 50 mL/kg rat BW groups had 
latencies of 16.222 ± 3.227 and 20.444 ± 4.523 seconds, 
respectively. 

In T28, the negative control group further reduced 
its latency to 3.111 ± 0.484 seconds, outperforming all 
other groups. The positive control group maintained 
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a high latency of 17.000 ± 3.683 seconds, confirming 
sustained cognitive impairment. Water kefir groups 
exhibited modest improvements, with latencies of 
14.444 ± 1.237 seconds (15 mL/kg rat BW), 14.556 ± 
5.279 seconds (25 mL/kg rat BW), and 13.556 ± 2.391 
seconds (50 mL/kg rat BW), all significantly different 
from the negative control (p<0.05). The donepezil 
group maintained a low latency of 6.222 ± 1.419 sec-
onds, showing its effectiveness as a standard treat-
ment. 

Overall, water kefir treatments showed potential 
to mitigate AlCl3-induced cognitive deficits, particu-
larly at the 50 mL/kg rat BW dose, which demon-
strated progressive latency reduction. However, its 
effects were not as potent as donepezil (Genton and 
Van Vleymen, 2000), suggesting further optimization 
or combination treatments may enhance its antide-
mentia potential. The escape latency at T28 for each 
quadrant was presented in Table 5. 

In Quadrant 1, the negative control group (saline 
solution) displayed an average escape latency of 4.583 
± 0.300 seconds, which was significantly shorter com-
pared to the positive control group, which showed 
20.000 ± 2.268 seconds (p<0.05). The standard drug 
group achieved a similar performance to the negative 
control, with a latency of 4.750 ± 0.661 seconds 
(p<0.05 compared to the positive control). Among the 
water kefir-treated groups, the 25 mL/kg rat BW 
showed a latency of 6.500 ± 0.629 seconds, significant-
ly faster than the positive control (p<0.05). In contrast, 
the 15 mL/kg rat BW and 50 mL/kg rat BW doses 
showed longer latencies of 14.347 ± 0.770 seconds and 
9.500 ± 1.146 seconds, respectively, indicating moder-
ate improvement over the positive control. 

In Quadrant 2, the negative control group record-
ed a latency of 7.083 ± 1.596 seconds, while the posi-
tive control group exhibited a significantly prolonged 
latency of 23.917 ± 9.192 seconds. The standard drug 
group displayed a latency of 8.417 ± 1.210 seconds, 
which was comparable to the negative control. Water 
kefir at 25 mL/kg rat BW showed a latency of 7.500 ± 
1.233 seconds, closely resembling the performance of 
the negative control. However, the 15 and 50 mL/kg 
rat BW doses recorded latencies of 12.917 ± 1.828 sec-
onds and 11.083 ± 1.839 seconds, respectively, which 
were longer but not significantly different from the 
negative control. 

In Quadrant 3, the negative control group showed 
a latency of 3.250 ± 0.382 seconds, significantly shorter 
than the positive control group, which had a latency 
of 11.167 ± 0.846 seconds (p<0.05). The standard drug 
group performed similarly to the negative control, 
with a latency of 5.083 ± 0.961 seconds. The water 
kefir-treated groups demonstrated varying perfor-

mances: the 25 mL/kg rat BW achieved a latency of 
6.167 ± 1.424 seconds, significantly different from the 
positive control, while the 15 and 50 mL/kg rat BW 
mL/kg showed longer latencies of 13.833 ± 1.310 sec-
onds and 8.000 ± 0.144 seconds, respectively, though 
with some improvement over the positive control. 

In Quadrant 4, the negative control group had an 
escape latency of 3.528 ± 0.646 seconds, significantly 
faster than the positive control group, which showed 
a latency of 19.833 ± 5.490 seconds (p<0.05). The 
standard drug group recorded a latency of 5.750 ± 
0.803 seconds, demonstrating its effectiveness. Water 
kefir treatments showed varying results: the 25 
mL/kg rat BW dose exhibited a latency of 7.333 ± 
1.372 seconds, similar to the negative control, while 
the 15 mL/kg 50 mL/kg rat BW doses showed longer 
latencies of 15.417 ± 1.176 seconds and 17.833 ± 3.465 
seconds, respectively, indicating less effectiveness in 
this quadrant. 

Overall, the 25 mL/kg rat BW water kefir dose 
consistently showed the most promising results 
across all quadrants, with escape latencies closest to 
the negative control group. This suggested that the 25 
mL/kg rat BW dose of water kefir might have a po-
tential antidementia effect, although its efficacy was 
not as potent as the standard drug (donepezil) 
(Wojszel, 2021). The higher dose (50 mL/kg rat BW) 
showed some improvement but was less effective in 
Quadrants 1 and 4, indicating a potential dose-
dependent response that warrants further investiga-
tion.  

The probe test in the Morris Water Maze was used 
to evaluate the effects of water kefir on spatial 
memory retention in male Wistar albino rats induced 
with AlCl3. The number of platform crossings was 
recorded as an indicator of memory performance (Fig. 
1). 

The normal group exhibited the highest number of 
platform crossings, with an average of 8.33 crossings, 
indicating intact spatial memory. In contrast, the 
AlCl3-induced group (positive control) showed a sig-
nificantly reduced average of 3.67 crossings, high-
lighting memory impairment caused by AlCl3 expo-
sure. 

The water kefir-treated groups demonstrated 
varying levels of improvement. The 15 mL/kg rat BW 
dose group showed an average of 4.00 crossings, 
while the 25 mL/kg rat BW dose group achieved 
slightly better performance with 4.67 crossings. The 
50 mL/kg rat BW dose group recorded an average of 
4.33 crossings. Although all water kefir doses im-
proved memory performance compared to the posi-
tive control, the results were not as potent as those of 
the normal group. The standard drug group treated
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Figure 1. Probe Trial Performance in the Morris Water Maze: Dose-dependent Effect on Platform 

Crossings.  

*p<0.05 significant difference with the positive control group. 

 

with donepezil (3 mg/kg BW) showed an average of 
5.67 crossings, indicating a notable improvement in 
spatial memory retention compared to the AlCl3 
group and slightly better performance than the water 
kefir-treated groups. Donepezil's known antidementia 
effects appeared more effective than water kefir in 
this test. 

Overall, the probe test results suggested that water 
kefir, particularly at the 25 mL/kg rat BW dose, had a 
mild protective effect on memory retention in AlCl3-
induced rats. However, its effectiveness was lower 
than that of the standard antidementia drug, 
donepezil (Kumar et al., 2023). These findings sup-
ported the potential of water kefir as a complemen-
tary intervention for cognitive decline but empha-
sized the need for further investigation into optimal 
dosing and mechanisms of action. 

Histopathological examination 

Histopathological examination of the hippocam-
pus using hematoxylin and eosin (H&E) staining (El-
Beltagi et al., 2022) at 400× magnification revealed 
distinct differences between the groups in the brain 
tissue of male Wistar albino rats induced with AlCl3 

(Fig. 2). 

In the AlCl3 group (positive control), the hippo-
campus exhibited noticeable areas of tissue damage, 
including empty spaces (indicated by black arrows). 
This finding suggested significant neuronal degenera-
tion and cell loss due to the toxic effects of AlCl3, con-
firming that aluminum chloride exposure resulted in 
brain tissue impairment. 

In the normal group (negative control), the hippo-
campal tissue appeared relatively normal. Neurons 
exhibited healthy morphology, with no signs of cell 
death. There was a prominent presence of glial cells 
interspersed among the neurons, indicated by yellow 
arrows. The lack of damage and cell death in this 
group indicated that the normal condition of the brain 
was maintained, with well-preserved tissue structure. 

The standard drug group (piracetam 200 mg/kg 
rat BW) showed normal neuronal cells (blue arrows), 
similar to the normal group. However, there were 
areas of lysed cells, seen as empty spaces (black ar-
rows), which indicated some level of neuronal dam-
age or cell death despite the treatment. The presence 
of glial cells (yellow arrows) was also prominent, 
suggesting an ongoing response to the damage and 
repair processes. 

In the water kefir 15 mL/kg group, brain tissue al-
so appeared largely normal, with healthy neurons 
(blue arrows) and abundant glial cells (yellow ar-
rows). However, there were areas with lysed cells 
(black arrows), necrotic cells (brown arrows), and the 
formation of vacuoles (purple arrows), which sug-
gested mild neuronal damage despite the protective 
effects of water kefir at this dose. The findings indi-
cated that although water kefir might offer some pro-
tection, it was not fully effective in preventing cell 
damage at this dose. 

The water kefir 25 mL/kg group showed im-
proved results, with neurons appearing largely nor-
mal (blue arrows) and a significant presence of glial 
cells (yellow arrows).  
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Figure 2. Histopathological examination of brain tissue. 

AlCl3 (A), normal group (B), standard drug group (C), water kefir 15 mL/kg rat BW group (D), water kefir 25 mL/kg BW group (E), and water kefir 50 mL/kg 

BW group (F). Black arrow indicates empty spaces, yellow arrow indicates glial cell, blue arrow indicates normal neuronal cell, brown arrow indicates 

necrotic cell, purple arrow indicates vacuole. 

 
This group exhibited the most favorable histo-

pathological features, suggesting that the 25 mL dose 
of water kefir provided better neuronal protection 
compared to the 15 mL dose, with minimal signs of 
cell damage or necrosis. 

Finally, in the water kefir 50 mL/kg group, while 
neurons remained generally normal (blue arrows) 
and glial cells were present (yellow arrows), there 
was a notable reduction in the number of glial cells, 
indicating less pronounced tissue repair or response. 
The reduced glial cell presence might suggest a lower 
degree of tissue regeneration or a less robust protec-
tive effect at this higher dose of water kefir. The ab-
sence of a linear dose-response effect, particularly the 
reduced benefit at 50 mL/kg, may reflect hormetic 
behavior, saturation of metabolic pathways, or even 
mild adverse effects that counteract therapeutic out-
comes at higher doses. 

In summary, the histopathological examination 
indicated that water kefir, particularly at the 25 
mL/kg dose, showed potential for protecting hippo-
campal neurons from AlCl3-induced damage. How-
ever, the 15 mL dose still exhibited some cellular 
damage, while the highest dose (50 mL) showed less 
effective neuronal repair, as evidenced by the reduced 

glial cell response. These findings highlighted the 
varying levels of efficacy of water kefir as an anti-
dementia treatment.  

LC-MS profiling 

The analysis of water kefir's metabolite profile us-
ing LC-MS/MS revealed a variety of compounds with 
distinct retention times, as shown in the chromato-
gram (Figs. 3, S1 and Table 6) and further detailed in 
Table 1. Each compound's retention time (ranging 
from 1.74 to 17.56 minutes) offered insight into the 
molecular complexity and diversity present in the 
sample (Arrieta-Echeverri et al., 2023). For example, 
the earliest compound, ethyl 2,4-dioxo-1,2,3,4-
tetrahydro-pyrimidine-5-carboxylate hydrate, ap-
peared at 1.74 minutes, indicating it was one of the 
more polar molecules. In contrast, compounds with 
longer retention times, such as the unknown com-
pounds at 16.35, 16.87, and 17.56 minutes, likely rep-
resented more hydrophobic metabolites. 

Identified compounds included both known me-
tabolites, such as caprolactam, lidocaine, and piper-
ine, as well as unknowns that may contribute unique 
bioactive properties to water kefir. Piperine, which 
appeared at 11.50 minutes, is known for its bioactive
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Figure 3. LC-MS chromatogram showing the retention time of metabolites. 

 
 

Table 6. LC-MS profiling of metabolites: retention time, MS-MS fragment ions, and molecular formulas. 

Retention 

time (min) 

MS-MS 

fragment ions 

(m/z) 

Molecular formula Identified metabolite 

1.74 203.0705 C7H11N2O5 Ethyl 2,4-dioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate hydrate 

5.19 114.0919 C6H12NO Caprolactam 

6.31 235.1812 C14H23N2O Lidocaine 

7.48 245.1296 C10H13N8 3,5-Bis(1H-imidazol-1-ylmethyl)-4H-1,2,4-triazol-4-amine 

9.39 313.1350 C11H13N12 Unknown 

10.17 327.1500 C22H19N2O 2-(o-methoxy)-4,5-diphenylimidazole 

10.46 297.1394 C13H21N4O2S 4-(1-Piperidinyl)-1,2,5-thiadiazol-3-yl 1-piperidinecarboxylate 

11.50 286.1452 C17H20NO3 Piperine 

12.13 295.1125 C14H19N2O3S N,N-Dimethylpyridin-4-amine 4-methylbenzenesulfonate 

12.90 327.0789 C20H11N2O3 [1]Benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione 

13.30 403.1550 C21H19N6O3 N-(1-Benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-

yl)methyl]benzamide 

13.96 403.1553 C25H23O5 Inophyllum E 

14.13 383.1865 C19H23N6O3 (2S)-2-{[2-(1-Isopropyl-1H-1,2,4-triazol-5-yl)-5,6-

dihydroimidazo[1,2-d][1,4]benzoxazepin-9-yl]oxy}propanamide 

15.36 792.5628 C41H74N7O8 1,1-Dimethylethyl 4-[11-[[(2S)-5-(1,1-dimethylethoxy)-2-[4-[5-[[(1,1-

dimethylethoxy)carbonyl]amino]pentyl]-1H-1,2,3-triazol-1-yl]-1,5-

dioxopentyl]amino]-1-oxoundecyl]-1-piperazinecarboxylate 

15.91 714.5505 C36H72N7O7 Unknown 

16.35 714.5514 C36H72N7O7 Unknown 

16.87 716.5670 C36H74N7O7 Unknown 

17.30 932.6398 C44H86N9O12 Unknown 

17.56 934.6501 C41H80N19O6 Unknown 

 
potential, commonly associated with antioxidant and 
neuroprotective effects. Its presence suggested that 
water kefir might possess some neuroprotective quali-
ties relevant to Alzheimer’s treatment, aligning with 
the research goal of exploring water kefir as a func-
tional beverage for neuroprotection. 

Notably, several unidentified compounds with 
substantial molecular weights were observed at the 
higher end of the retention spectrum (between 15.91 
and 17.56 minutes). The compounds at 17.30 and 

17.56 minutes, with high molecular weights of 
932.6398 and 934.6501 g/mol, respectively, might 
signify the presence of complex polyamine or peptide 
structures. These complex compounds could indicate 
a previously uncharacterized group of macromole-
cules in water kefir, potentially with therapeutic or 
neuroprotective effects, meriting further investiga-
tion. 

The identified metabolites highlight water kefir's 
potential as a source of diverse bioactive molecules, 
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Table 7. Binding energy and inhibition constants of ligands for AChE and BChE. 

Ligand 
AChE* BChE** 

ΔG (kcal/mol) Ki (nm) ΔG (kcal/mol) Ki (nm) 

Native ligand -11.2 6.16 -10.2 33.4 

Ethyl 2,4-dioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 

hydrate 

-6.02 38.510 -5.1 181.580 

Caprolactam -4.86 273.110 -5.02 208.800 

Lidocaine -7.4 3.740 -7.27 4.710 

3,5-Bis(1H-imidazol-1-ylmethyl)-4H-1,2,4-triazol-4-amine -7.17 5.510 -5.63 74.370 

4-(1-Piperidinyl)-1,2,5-thiadiazol-3-yl 1-piperidinecarboxylate -8.82 343.42 -8.1 1.160 

Piperine -9.86 59.58 -7.42 3.670 

[1]Benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione -10.85 11.13 -9.27 154.49 

N-(1-Benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-

yl)methyl]benzamide 
-11.86 2.04 -9.94 51.32 

Inophyllum E -11.16 6.62 -9.19 182.22 

1,1-Dimethylethyl 4-[11-[[(2S)-5-(1,1-dimethylethoxy)-2-[4-[5-

[[(1,1-dimethylethoxy)carbonyl]amino]pentyl]-1H-1,2,3-triazol-
1-yl]-1,5-dioxopentyl]amino]-1-oxoundecyl]-1-

piperazinecarboxylate 

-9.98 48.19 -8.42 673 

Rivastigmin -8.09 1.180 -7.03 7.000 

*Human acetylcholinesterase (AChE) has the native ligand of E20 for PDB ID 4EY7. **Human butyrylcholinesterase (BChE) has the native ligand of XB8 for PDB ID 8CGO. 

 
some of which, like caprolactam and piperine, may 
have synergistic neuroprotective effects. The interpre-
tation of this metabolite profile provides a foundation 
for future studies to explore the bioactivity of indi-
vidual compounds, particularly the unknowns, which 
may reveal novel properties contributing to water 
kefir’s efficacy in Alzheimer’s treatment. 

Molecular docking 

Binding energy 

The binding energy analysis for the identified me-
tabolites from water kefir was conducted on the active 
sites of human AChE and human BChE (Temiz-
Arpaci et al., 2016) using a validated docking proce-
dure (Table 7). This analysis provided insight into the 
potential inhibitory strength of each compound 
against these enzymes, which are linked to Alz-
heimer’s disease. The docking simulations excluded 
compounds that did not comply with Lipinski’s rule 
of five to focus on molecules with favorable drug-like 
properties. 2-(o-methoxy)-4,5-diphenylimidazole; 
N,N-dimethylpyridin-4-amine 4-methylbenzene-
sulfonate; and (2S)-2-{[2-(1-isopropyl-1H-1,2,4-triazol-
5-yl)-5,6-dihydroimidazo[1,2-d][1,4]benzoxazepin-9-
yl]oxy}propanamide had not meet Lipinski's rules. 
For comparison, rivastigmine, a known Alzheimer’s 
treatment, served as a standard, with binding energy 

values of -8.09 kcal/mol for AChE and -7.03 kcal/mol 
for BChE. 

Among the docked compounds, N-(1-benzyl-1H-
pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide demonstrated the strongest binding affini-
ty to both AChE and BChE, with binding energies of -
11.86 kcal/mol and -9.94 kcal/mol, respectively. 
These values surpassed those of the native ligands 
(NL) and rivastigmine, suggesting a potential for high 
inhibition. Similarly, inophyllum E and [1]benzofuro 
[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione also 
exhibited strong binding affinities with AChE, with 
respective binding energies of -11.16 kcal/mol and -
10.85 kcal/mol, which were close to that of the native 
ligand, indicating that these compounds may act as 
effective AChE inhibitors. 

Additionally, lidocaine, piperine, and 4-(1-
piperidinyl)-1,2,5-thiadiazol-3-yl 1-piperidine-
carboxylate showed moderate binding affinities to 
AChE and BChE. Piperine’s binding energy of -9.86 
kcal/mol for AChE and -7.42 kcal/mol for BChE was 
notable and close to rivastigmine's. These values indi-
cate that piperine could have a comparable interac-
tion strength and potential inhibitory effect. Lido-
caine, with binding energies of -7.4 kcal/mol for 
AChE and -7.27 kcal/mol for BChE, showed a slightly 
lower affinity but still indicated potential for inhibi-
tion, especially given its relatively low inhibition con-
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stant (Ki) values, suggesting moderate interaction 
with the enzyme active sites. 

Some of the identified compounds, such as capro-
lactam and ethyl 2,4-dioxo-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate hydrate, demonstrated rela-
tively low binding energies and high inhibition con-
stants for both AChE and BChE, suggesting limited 
inhibitory activity. These findings highlighted that 
while several water kefir-derived metabolites showed 
promise as enzyme inhibitors, others may lack the 
binding strength necessary to significantly inhibit 
AChE and BChE. Overall, the docking results pointed 
to specific water kefir compounds with potential neu-
roprotective effects, warranting further investigation 
into their therapeutic applications in Alzheimer’s 
disease management. 

Binding interaction 

The binding interactions (Fig. 4) of [1]benzofuro 
[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione with 
human AChE indicated a strong affinity, with a bind-
ing energy of -10.85 kcal/mol and an inhibition con-
stant (Ki) of 11.13 nM. This compound formed four 
hydrogen bonds with the active site residues Phe295, 
Arg296, Ala204, and Gly122, stabilizing its position 

within the enzyme's binding pocket. Additionally, it 
established a hydrophobic interaction with Val294, 
which likely contributed to its stable binding configu-
ration. The combination of hydrogen bonding and 
hydrophobic interactions suggested that this com-
pound effectively occupied the active site of AChE, 
potentially inhibiting the enzyme's function. 

N-(1-Benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-
pyrazol-1-yl)methyl]benzamide demonstrated an 
even stronger binding affinity with AChE, showing a 
binding energy of -11.86 kcal/mol and a Ki of 2.04 
nM. It formed three hydrogen bonds with residues 
Ser293, Phe295, and Arg296, essential for a strong 
interaction with the active site. Furthermore, it en-
gaged in hydrophobic interactions with Tyr341, 
Trp286, and Val294, contributing to the binding stabil-
ity within the enzyme. The combination of hydrogen 
bonds and multiple hydrophobic interactions sug-
gested that N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-
1H-pyrazol-1-yl)methyl]benzamide could act as a 
potent AChE inhibitor, potentially more effective than 
[1]benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H, 
13H)-dione due to its stronger binding energy and 
lower Ki value. 

 

A B 

 

 

C D 

 

 

Figure 4. 3D interaction of [1] benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione and N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-
nitro-1H-pyrazol-1-yl)methyl]benzamide into binding site of human acetylcholinesterase (PDB ID 4EY7) (A and B) and human 

butyrylcholinesterase (PDB ID 8CGO) (C and D). Part of the 4EY7 and 8CGO was omitted for better visualization. 
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Figure 5. RMSD fluctuation of [1] benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione (lig1201 and 
lig1202) and N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl]benzamide dione (lig1101 and 

lig1102) into binding site of human acetylcholinesterase (PDB ID 4EY7) (lig1101 and lig1201) and human 

butyrylcholinesterase (PDB ID 8CGO) (lig1102 and lig1202). 

 

The binding of [1]benzofuro[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H,13H)-dione to human BChE (PDB 
ID 8CGO) revealed a binding energy of -9.27 
kcal/mol with an inhibition constant (Ki) of 154.49 
nM. This compound formed four hydrogen bonds 
with key active site residues Gly116, Gly117, Ser198, 
and His438, which likely contributed to its stable in-
teraction with BChE (Sun et al., 2024). Additionally, it 
engaged in four hydrophobic interactions involving 
Trp82, Ala328, Phe329, and Leu286, further stabilizing 
its binding within the enzyme’s pocket. The combina-
tion of hydrogen bonding and hydrophobic interac-
tions suggested that [1]benzofuro[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H,13H)-dione effectively occupied 
the binding site of BChE, potentially inhibiting its 
enzymatic activity. 

On the other hand, N-(1-benzyl-1H-pyrazol-3-yl)-
3-[(4-nitro-1H-pyrazol-1-yl)methyl]benzamide 
showed a slightly stronger binding affinity for BChE, 
with a binding energy of -9.94 kcal/mol and a Ki of 
51.32 nM. Interestingly, this compound did not form 
hydrogen bonds with any of the active site residues, 
but it did establish three hydrophobic interactions 
with Trp231, Gly116, and Leu286. The presence of 
these hydrophobic contacts implied that N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide relied primarily on non-polar interactions 
for binding stability within BChE’s active site. These 
interactions highlighted the compound's potential as 
a BChE inhibitor despite the absence of hydrogen 
bonding, underscoring its ability to inhibit BChE 
through strong hydrophobic interactions alone. 

Molecular dynamics 

RMSD 

The molecular dynamics simulation over 100 ns 
provided insights into the stability of the interactions, 
RMSD (Fig. 5) between [1]benzofuro[2,3-a]pyrrolo 
[3,4-c]carbazole-5,7(6H,13H)-dione and N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide within the binding site of AChE (PDB ID 
4EY7). Analysis of the RMSD data revealed that N-(1-
benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl) 
methyl]benzamide generally displayed lower RMSD 
values throughout the simulation, indicating a rela-
tively stable binding conformation within the AChE 
active site. For instance, RMSD values for this ligand 
began at 0.0004832 nm and rose gradually, with only 
minor fluctuations around 0.28–0.31 nm in the mid-
simulation period (50–70 ns), reaching 0.3889 nm at 
100 ns. This relatively stable RMSD trajectory sug-
gested that N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-
1H-pyrazol-1-yl)methyl]benzamide maintained a 
stable interaction profile, indicating its strong poten-
tial as a ligand for AChE. 

In contrast, [1]benzofuro[2,3-a]pyrrolo[3,4-c] car-
bazole-5,7(6H,13H)-dione exhibited greater fluctua-
tions in RMSD values over the course of the simula-
tion, reflecting a less stable binding within the AChE 
binding site (Asnawi et al., 2024; Liao et al., 2022; 
Nursamsiar et al., 2025). Initial RMSD values started 
close to those of N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-
nitro-1H-pyrazol-1-yl)methyl]benzamide, but by 30 
ns, [1]benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H, 
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13H)-dione’s RMSD had risen to 0.5461 nm and con-
tinued to fluctuate more dramatically, reaching peaks 
of 0.6032 nm at 45 ns and ending at 0.5216 nm at 100 
ns. These larger variations indicated a less consistent 
interaction with AChE, suggesting that this ligand’s 
binding conformation was less stable than that of N-
(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-
yl)methyl]benzamide. The comparative RMSD analy-
sis thus highlighted the greater binding stability of N-
(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-
yl)methyl]benzamide within the AChE active site, 
potentially making it a more effective candidate for 
inhibiting the enzyme. 

The molecular dynamics simulation of 
[1]benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H, 
13H)-dione and N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-
nitro-1H-pyrazol-1-yl)methyl]benzamide within the 
binding site of BChE (PDB ID 8CGO) over 100 ns 
revealed distinct patterns in interaction stability. N-(1-
Benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl) 
methyl]benzamide displayed relatively stable RMSD 
values with minor fluctuations, suggesting that it 
maintained a stable binding conformation. Starting 
with an RMSD of 0.0005129 nm, it exhibited slight 
variations over time, remaining below 0.22 nm for 
most of the simulation. Notably, RMSD values 
dropped around 55 ns, reaching a minimum of 0.0769 
nm, before slightly rising towards the end at 0.2038 
nm. This stable profile indicated that N-(1-benzyl-1H-
pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide had favorable interaction stability within 
the BChE binding site. The ligand RMSD exhibited a 
local minimum near 55 ns, indicating transient stabili-
zation. 

In contrast, [1]benzofuro[2,3-a]pyrrolo[3,4-c] car-
bazole-5,7(6H,13H)-dione exhibited greater fluctua-
tions in RMSD values, indicating a less stable interac-
tion within the BChE binding site. The RMSD began 
similarly at 0.0005133 nm but increased significantly, 
peaking at 0.6883 nm by 55 ns. This peak, along with 
other fluctuations, suggested that [1]benzofuro[2,3-a] 
pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione struggled 
to maintain a stable conformation. By the end of the 
simulation, its RMSD reached 0.4494 nm, which re-
mained higher than that of N-(1-benzyl-1H-pyrazol-3-
yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl]benzamide. 
These observations highlighted that N-(1-benzyl-1H-
pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide had a more stable binding profile within 
BChE, suggesting it might serve as a more effective 
ligand candidate compared to [1]benzofuro[2,3-
a]pyrrolo[3,4-c]carbazole-5,7(6H, 13H)-dione. 

Energy component 

The energy components (Fig. 6) calculated during 
the molecular dynamics simulation for N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide and [1]benzofuro[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H,13H)-dione in the binding site of 
human AChE (PDB ID 4EY7) provided insight into 
their respective binding affinities. For N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide, the van der Waals interaction energy 
(ΔVDWAALS) was -45.63 kcal/mol, which was 
slightly lower than [1]benzofuro[2,3-a]pyrrolo[3,4-
c]carbazole-5,7(6H,13H)-dione's value of -55.55 
kcal/mol, indicating a weaker interaction in this re-
spect. The electrostatic energy (ΔEEL) for N-(1-
benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl) 
methyl]benzamide was significantly more negative   
(-9.53 kcal/mol) than that of [1]benzofuro[2,3-
a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione (-5.19 
kcal/mol), suggesting that electrostatic interactions 
were more favorable for the pyrazole-based ligand. 
The total free energy of binding (ΔTOTAL) for N-(1-
benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl) 
methyl]benzamide was -37.58 kcal/mol, which was 
marginally more favorable than [1]benzofuro[2,3-
a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione’s value 
of -44.76 kcal/mol, indicating a slightly better overall 
binding efficiency. 

In comparison, the total free energy (ΔTOTAL) re-
vealed that N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-
1H-pyrazol-1-yl)methyl]benzamide was slightly less 
stable with a ΔTOTAL of -35.20 kcal/mol compared 
to [1]benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H, 
13H)-dione's ΔTOTAL of -38.64 kcal/mol. This indi-
cates that, despite having more favorable electrostatic 
and van der Waals interactions in some components, 
the pyrazole-based ligand was less stable overall 
when considering the entirety of the energy contribu-
tions (Aroua et al., 2025). The higher solvation energy 
and less favorable binding in the context of other en-
ergy components contributed to the less stable inter-
action for N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-
1H-pyrazol-1-yl)methyl]benzamide in the binding site 
of 8CGO. On the other hand, the furocarbazole deriv-
ative maintained a more balanced and favorable en-
ergy profile across all components, reflecting its high-
er overall stability in the 8CGO binding site. 

ADMET 

In this analysis, we compared the metabolic pro-
files of two compounds using SwissADME data to 
evaluate their pharmacokinetic behaviors, particularly 
focusing on P-gp interactions and other ADME-
related parameters (Table 8).  
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Figure 6. Energy components of [1] benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione and N-(1-benzyl-1H-pyrazol-3-yl)-3-

[(4-nitro-1H-pyrazol-1-yl)methyl]benzamide into binding site of human acetylcholinesterase (PDB ID 4EY7) (A) and human 

butyrylcholinesterase (PDB ID 8CGO) (B); the native ligands of  4EY7 and 8CGO (coloured in blue), N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-
nitro-1H-pyrazol-1-yl)methyl]benzamide (coloured in orange), and [1]-benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H,13H)-dione 

(coloured in grey). 

 
 

Table 8. Comparison of key pharmacokinetic parameters for two compounds based on SwissADME analysis, including absorption, 

permeability, interactions with P-glycoprotein (P-gp), and metabolism by CYP enzymes.  

Parameter 
Benzofuro[2,3-a]pyrrolo[3,4-

c]carbazole-5,7(6H,13H)-dione 

N-(1-Benzyl-1H-pyrazol-3-yl)-3-[(4-

nitro-1H-pyrazol-1-

yl)methyl]benzamide 

Blood-brain barrier (BBB) 1.48547 0.323418 

Human intestinal absorption (HIA) 94.20% 97.52% 

MDCK permeability 120.06 0.760277 

Caco-2 permeability 14.6407 3.1639 

P-glycoprotein (P-gp) inhibition No Yes 

P-gp substrate No Yes 

CYP3A4 substrate Yes Yes 

CYP3A4 inhibition Yes No 

CYP2C9 inhibition Yes Yes 

CYP2D6 inhibition No No 

CYP2D6 substrate No No 

Plasma protein binding (%) 89.51 93.09 

Skin permeability (Log Kp) −4.80544 −2.84868 

LogP (lipophilicity) 4.12453 3.24942 

LogS (solubility) in buffer −5.28986 −5.12109 

LogS (solubility in water) −8.25895 −4.9804 

This data provides valuable insights into potential bioavailability, tissue distribution, and possible drug–drug interactions. 

 
The first compound, benzofuro[2,3-a]pyrrolo[3,4-

c]carbazole-5,7(6H,13H)-dione, demonstrated high 
intestinal absorption (HIA: 94.20%) and strong per-
meability across MDCK cells (120.06), suggesting 
favorable absorption and blood-brain barrier (BBB) 
penetration (BBB: 1.49). Despite these advantages, it 
did not inhibit P-gp, a key efflux transporter that can 
limit drug absorption and brain penetration. Its status 
as a substrate and inhibitor for CYP3A4, along with 

inhibition of CYP2C9 and CYP2C19, indicated a po-
tential for drug-drug interactions during metabolism. 

In contrast, the second compound, N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-
yl)methyl]benzamide, showed slightly better human 
intestinal absorption (HIA: 97.52%) but significantly 
lower MDCK permeability (0.76), suggesting limited 
BBB penetration (BBB: 0.32). However, this compound 
inhibited P-gp, which could enhance its intracellular 
accumulation and potentially lead to altered distribu-
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tion or reduced efflux from target tissues. Although 
this compound was not a CYP3A4 inhibitor, it was a 
substrate of CYP3A4 and an inhibitor of CYP2C9, 
which may still present some metabolic concerns, 
especially when co-administered with other drugs 
metabolized by these enzymes. SwissADME analysis 
also indicated that several identified metabolites, 
including piperine and lidocaine, possess high BBB 
permeability, suggesting their capability to reach the 
brain and exert direct neuroprotective actions. 

From a pharmacokinetic standpoint, the interplay 
between P-gp interactions and CYP-mediated metab-
olism played a crucial role in differentiating the two 
compounds. The first compound’s lack of P-gp inhibi-
tion might make it more vulnerable to efflux, especial-
ly in the brain, potentially reducing therapeutic effi-
cacy for CNS targets. On the other hand, the second 
compound's P-gp inhibition could improve tissue 
retention but also raises concerns about transporter-
mediated drug interactions. Therefore, while both 
compounds showed decent absorption, their differing 
profiles in transporter and enzyme interactions may 
significantly influence their suitability depending on 
the therapeutic context. 

DISCUSSION 

Water kefir comprises various microorganisms as-
sociated with health benefits, including the probiotics 
L. paracasei and B. cereus (Fijan, 2014). This activity is 
associated with an increase in antioxidants such as 
glutathione and catalase, alongside a reduction in 
pro-inflammatory transcription factors, including 
nuclear factor kappa B, lipopolysaccharide, and Toll-
like receptor 4 (TLR-4). Enhancements in intestinal 
barrier function and histological integrity were noted. 
The simultaneous restoration of the p38 MAPK path-
way is associated with increased expression of clau-
din-1 and occludin-1, which are components of tight 
junctions (Fijan, 2014; Tsai et al., 2020; Yao et al., 
2019). Bacillus is an endospore-forming bacterium 
capable of surviving extreme cold and prolonged 
storage. Its spores can withstand the acidic conditions 
of the stomach and reach the small intestine (El-
shaghabee et al., 2017). 

Probiotics are viable microorganisms that confer 
health benefits when ingested in sufficient amounts. 
They maintain the integrity of the intestinal lining, 
regulate body pH levels, enhance brain-derived neu-
rotrophic factor, and function as antibiotics (Larroya-
García, 2019). Neurotrophic factors consist of proteins 
in the brain that promote the survival and differentia-
tion of neurons. Thus, it is essential for neurological 
development. Memory impairments and learning 
disabilities frequently occur when these factors are 
absent from the brain (Bathina and Das, 2015). The 

impact of probiotics on the central nervous system 
(CNS) occurs through modifications in gut microbio-
ta, enhancing the diversity of beneficial bacterial 
composition, which in turn improves CNS functions. 
In addition to brain neurotrophic factor, probiotics are 
associated with positive outcomes in the treatment of 
memory deficits and psychiatric disorders through 
direct alterations of brain biochemical components, 
including dopamine, γ-aminobutyric acid (GABA), 
and serotonin (Wang et al., 2016). 

Probiotics have been demonstrated to restore gut 
microbiota homeostasis and impede the advancement 
of Alzheimer's disease, mainly by mitigating inflam-
matory responses and oxidative stress, therefore im-
proving cognitive decline (Wong et al., 2018). The 
most often utilized probiotic bacteria are from the 
genera Lactobacillus and Bifidobacterium. Being devoid 
of lipopolysaccharides, they do not provoke any in-
flammatory response upon consumption (Markowiak 
and Śliżewska, 2017). 

The precise pathogenesis of Alzheimer's disease 
remains ambiguous. Nonetheless, there is increasing 
evidence indicating the role of gut microbiota in the 
neuropathology of Alzheimer's disease. The gut mi-
crobiota influences the etiology of Alzheimer's disease 
by multiple mechanisms: oxidative stress, neuroin-
flammation, tau phosphorylation, amyloid-beta ab-
normalities, and neurotransmitter dysregulation. 
These pathways are disrupted due to alterations in 
microbiota composition, which correlate with height-
ened blood-brain barrier permeability, fostering neu-
roinflammation, neuronal cell degeneration, and ul-
timately Alzheimer's disease (Rutsch et al., 2020). 

Neuroinflammation is crucial to Alzheimer's dis-
ease pathogenesis, according to extensive research. 
The brain consists of neurons and their supporting 
cells, such as astrocytes, oligodendrocytes, endothelial 
cells, and microglia. Abnormal buildup of inflamma-
togenic chemicals activates innate and acquired im-
munity to cause brain inflammation. Several experi-
ments have shown that gut bacteria affect central 
immune cell expression (Erny et al., 2015; Sun et al., 
2020). This inflammatory milieu can increase neuroin-
flammation and brain dysfunction via systemic proin-
flammatory cytokines. 

In steady state, host microbiota maintains micro-
glia, the brain's main myeloid cell, to prepare for the 
CNS's innate immune response. Loss of a diverse host 
microbiome affects microglia characteristics, and acti-
vated microglia have the ability to shield amyloid 
deposits, inhibiting fresh Aβ buildup on plaques 
(Erny et al., 2015; Minter et al., 2016). In chronic in-
flammation, some microglial activity becomes stag-
nant, inhibiting amyloid clearance. In addition, path-

https://jppres.com/


Aligita et al. In vivo and in silico water kefir for Alzheimer’s disease 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S260 

 

ogen-secreted Aβ causes the release of pro-
inflammatory cytokines, including IL-17A and IL-22, 
which can pass the BBB, drive immunological activi-
ty, and contribute to chronic neurodegenerative dis-
eases like Alzheimer's disease (Lin et al., 2019). This 
explanation is comparable to the histopathological 
examination result. The water kefir group showed an 
improved number of microglia, qualitatively, com-
pared to the positive control group. Based on stand-
ard body surface area conversions, the most effective 
dose (25 mL/kg BW in rats) corresponded to an ap-
proximate intake of 4 mL/kg in humans, suggesting 
feasibility for incorporation into functional food or 
nutraceutical strategies targeting cognitive health 
(Finnegan et al., 2022). 

Neurotransmitters such as acetylcholine, GABA, 
dopamine, histamine, noradrenaline, and serotonin 
can modulate immune system pathways that affect 
behavior, memory, and learning in neurodegenerative 
disorders. Gut bacteria are capable of producing neu-
rotransmitters and play a significant role in modulat-
ing the gut-brain axis (Chen et al., 2021; Strandwitz, 
2018; Sun et al., 2020). Beyond cholinesterase inhibi-
tion, water kefir might exert neuroprotective effects 
through multiple complementary pathways, includ-
ing antioxidant defense enhancement, mitochondrial 
function support, reduction of neuroinflammation, 
and gut-brain axis modulation—mechanisms previ-
ously linked to fermented foods and probiotics (Qiao 
et al., 2024). 

Probiotics have demonstrated efficacy in improv-
ing Alzheimer's disease, although the precise mecha-
nisms underlying their effects remain inadequately 
understood. The mechanism of action by which pro-
biotics regulate brain function is through endocrine 
mechanisms, immune modulation, and neuronal reg-
ulation. SCFAs, the major metabolites produced by 
gut microbiota fermentation, inhibit pro-
inflammatory mediators and upregulate anti-
inflammatory mediators. Probiotics activate the hypo-
thalamic-pituitary-adrenal (HPA) axis, releasing corti-
sol, the strongest anti-inflammatory hormone. Intesti-
nal enteroendocrine L-cells produce GLP-1 and PYY 
hormones in response to probiotics. Probiotics also 
produce glutamate (GLU) or alter serotonin (5-HT) 
secretion via enterochromaffin cells (EC). Neuropro-
tective neurotransmitters and metabolites prevent 
neuronal death (Naomi et al., 2021). 

Aside from probiotics that directly provide anti-
Alzheimer effects, the metabolites produced by these 
microbes might also have anti-Alzheimer properties. 
The fermentation process of water kefir produced a 
significant amount of organic acids, amino acids, and 
micronutrients, such as vitamins, all of which provid-
ed various health benefits to the human body 

(Pendón et al., 2022). Research had explored the met-
abolic roles of lactic acid bacteria (LAB) and yeasts 
during the different stages of water kefir fermenta-
tion. Additionally, a previous study revealed changes 
in the concentrations of various sugars—sucrose, 
glucose, and fructose—and alcohols throughout the 
fermentation process (Martínez‐Torres et al., 2017). 
This indirectly highlighted the microbial community's 
preference for different carbon sources in the water 
kefir system. It was important to note that fermenta-
tion systems with complex microbial populations 
often led to changes in metabolic networks, adding 
another layer of complexity (Kehe et al., 2021). It is 
important to note that the metabolite profile of water 
kefir varies depending on the origin of kefir grains, 
microbial community structure, and fermentation 
parameters, which may influence its bioactivity and 
consistency across studies. 

AChE inhibitors function by inhibiting the enzyme 
acetylcholinesterase, which is responsible for break-
ing down acetylcholine in the brain. This inhibition 
led to increased levels of acetylcholine, thereby en-
hancing cognitive performance and alleviating symp-
toms associated with Alzheimer’s disease. Further-
more, an in silico study reported that, beyond the role 
of secondary metabolites, bioactive peptides also 
demonstrated the ability to interact synergistically 
with acetylcholinesterase, suggesting an additional 
therapeutic potential in the context of Alzheimer’s 
treatment (Silva et al., 2024). 

To strengthen the comparative analysis, we evalu-
ated the binding interactions and molecular structures 
of selected water kefir metabolites in relation to 
donepezil, a standard cholinesterase inhibitor widely 
used in the treatment of Alzheimer's disease. 
Donepezil exerted its effect by binding reversibly to 
the active site of AChE, occupying both the catalytic 
anionic site and the peripheral anionic site, thus pre-
venting acetylcholine breakdown and enhancing cho-
linergic signaling (Jovičić, 2024). Among the identified 
metabolites, N-(1-benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-
1H-pyrazol-1-yl)methyl]benzamide demonstrated a 
binding affinity and interaction profile comparable to 
donepezil. Structurally, donepezil featured a rigid 
indanone-piperidine backbone that supported its 
stable binding within the enzyme’s active site. In con-
trast, the water kefir metabolite contained multiple 
aromatic rings linked by flexible bonds, allowing it to 
adopt different conformations and potentially engage 
in more diverse binding interactions. Compared with 
[1]-benzofuro[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H, 
13H)-dione, which had a more fused polycyclic struc-
ture and limited conformational flexibility, the kefir 
metabolite appeared structurally intermediate be-
tween the planar rigidity of this compound and the 
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semi-flexible nature of donepezil. These structural 
and functional comparisons suggested that although 
the kefir metabolite differs in scaffold from donepezil, 
it might emulate a similar binding mechanism 
through key interactions at the active site of AChE, 
highlighting its potential as a natural alternative or 
complementary neuroprotective agent. 

These in silico predictions, particularly the strong 
binding affinities of compounds such as N-(1-benzyl-
1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide and [1]-benzofuro[2,3-a]pyrrolo[3,4-c] 
carbazole-5,7(6H,13H)-dione to AChE/BChE, sup-
ported the observed behavioral improvements in 
treated rats. Given their reported oral bioavailability, 
these metabolites might plausibly reach effective con-
centrations in vivo, contributing to cognitive benefits 
through cholinergic modulation. It was also possible 
that certain bioactive components in water kefir might 
influence general activity levels, arousal, or anxiety-
like behavior, which could indirectly affect maze per-
formance. This represented a limitation that should be 
explored in follow-up studies. 

In addition to individual bioactive properties, we 
considered the potential synergistic effects among the 
water kefir metabolites, which might have contribut-
ed collectively to the observed neuroprotective activi-
ty. Fermented products like kefir were known to con-
tain complex mixtures of metabolites—such as phe-
nolics, organic acids, peptides, and polysaccharides—
that interacted synergistically to enhance antioxidant, 
anti-inflammatory, and cholinesterase-inhibiting ef-
fects (Obrenovich et al., 2023). This metabolic inter-
play could result in more pronounced biological out-
comes than those of single compounds alone. Fur-
thermore, given kefir's established impact on gut 
health, it was plausible that the metabolites also 
played a role in modulating the gut microbiota. Pre-
vious studies suggested that gut-brain axis interac-
tions influenced cognitive function, and that probi-
otic-rich foods like kefir supported neuroprotection 
indirectly by promoting a healthy microbial balance 
(Meher et al., 2024). Although gut microbiota analysis 
was beyond the scope of this study, the potential for 
metabolite synergism and microbiota-mediated ef-
fects provided an important direction for future re-
search on the holistic benefits of water kefir in neuro-
degenerative disease models. 

According to the findings of this study, water kefir 
had the potential to treat Alzheimer's disease by im-
proving spatial memory and learning ability. This 
was consistent with earlier investigations. Water kefir, 
which was high in probiotics and their metabolites, 
had an advantage as an anti-Alzheimer's treatment 
over single medications since it was naturally able to 
ameliorate Alzheimer's conditions through many 

mechanisms of action. Future studies should investi-
gate the effects of individual bioactive metabolites on 
cholinergic neuron viability and function, assess their 
pharmacokinetics and bioavailability, and utilize 
knock-out models to validate mechanisms such as 
cholinergic modulation, oxidative stress response, 
and gut-brain communication. 

CONCLUSION 

The in vivo and in silico approaches to investigating 
the neuroprotective effects of water kefir for Alz-
heimer’s disease have been presented. Water kefir 
exhibits anti-dementia activity, potentially reducing 
cell damage caused by free radicals and improving 
cognitive function, as indicated by the percentage 
change, which shows a decrease. The best dose with 
high potential as an antidementia is the Dose 3 with a 
dose of 50 mL/kg. It was concluded that water kefir 
has the ability to reduce memory deficits and increase 
learning ability in mice with Alzheimer's disease in-
duced by AlCl3. Water kefir is able to prevent Alz-
heimer's disease, with the most effective dose of 25 
mL/kg. In silico, the results from both molecular 
docking and molecular dynamics simulations high-
lighted the differences in binding stability of N-(1-
benzyl-1H-pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl) 
methyl] benzamide and [1]benzofuro[2,3-a] pyr-
rolo[3,4-c] carbazole-5,7(6H,13H)-dione with the bind-
ing sites of 8CGO and 4EY7. Despite N-(1-benzyl-1H-
pyrazol-3-yl)-3-[(4-nitro-1H-pyrazol-1-yl)methyl] 
benzamide having a slightly more favorable docking 
binding energy in both cases, the molecular dynamics 
simulations showed that [1]benzofuro[2,3-a] pyr-
rolo[3,4-c]carbazole-5,7(6H,13H)-dione exhibited bet-
ter overall stability, with lower ΔTOTAL values for 
both 8CGO and 4EY7. These findings suggest that the 
furo-pyrrolo-carbazole compound is a more stable 
candidate for interaction with these targets, indicating 
its potential as a more reliable ligand for further de-
velopment. 
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Figure S1. LC-MS chromatogram showing the retention time of metabolites from water kefir.  

Applied volume 10 μL, mobile phase: water with 5 mM ammonium formate (Phase A) and acetonitrile with 0.05% formic acid (Phase  B), and a flow rate 

of 0.2 mL/min was maintained throughout the 23-minute run. 
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