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Introduction: Emerging evidence highlights the gut-brain axis as a pivotal 
pathway linking gastrointestinal health with cognitive function, particularly in 
neurodegenerative conditions such as Alzheimer’s disease (AD).
Methods: This study investigated the cognitive-enhancing effects of the probiotic 
strain Lacticaseibacillus rhamnosus CBT LR5 (LR5), alone or in combination with 
skim milk, in a mouse model of scopolamine-induced cognitive impairment. 
The cognitive functions were evaluated using the novel object recognition test 
(NOR) and the passive avoidance test (PAT).
Results: The results demonstrated that the oral administration of LR5, especially 
when combined with skim milk, significantly ameliorated scopolamine-induced 
cognitive deficits. Mechanistically, treatment with LR5 combined with skim milk 
restored the diversity and composition of the gut microbiota increased the 
abundance of beneficial genera, such as Muribaculaceae and enhanced intestinal 
barrier integrity by increasing the expression of tight junction proteins, including 
claudin-1, occludin, and zonula occludens-1. Additionally, this combination 
reduced systemic inflammation by lowering serum TNF-α and PGE2 levels and 
promoted increased expression of BDNF by activating the CREB-BDNF-TrkB 
signaling pathway in hippocampal and cortical tissues. Furthermore, correlation 
analyses revealed significant associations between specific gut bacterial genera, 
such as Lacticaseibacillus, Turicibacter, Cryptobacteroides, Ruminococcus, and 
Muribaculaceae, and cognitive or inflammatory biomarkers.
Discussion: Collectively, these findings suggest that the synergistic effects of L. 
rhamnosus CBT LR5 combined with skim milk may represent an effective dietary 
intervention for cognitive enhancement, potentially through gut microbiota 
modulation, improved barrier integrity, reduced inflammation, and enhanced 
neurotrophic signaling.
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1 Introduction

The gastrointestinal tract is increasingly recognized as a critical 
regulator of systemic health, influencing immune responses, 
metabolism and neurocognitive processes, particularly within the 
context of neurodegenerative diseases such as Alzheimer’s disease 
(AD) (Loh et al., 2024; Rob et al., 2025). Central to this regulatory role 
is the intestinal epithelium, a single-cell layer maintained by 
specialized tight junction complexes composed of proteins, including 
claudins, occludin, and zonula occludens-1 (ZO-1) (Ghosh et  al., 
2021; Chelakkot et al., 2018). These tight junction complexes regulate 
paracellular permeability, selectively restricting the passage of luminal 
antigens, the gut microbiota, and toxins into the host circulation. 
Disruption of tight junction integrity, often termed “leaky gut,” allows 
bacterial components and proinflammatory cytokines to translocate 
into systemic circulation, potentially exacerbating systemic 
inflammation (Barbara et  al., 2021; Schoultz and Keita, 2020). In 
addition, increasing evidence suggests that chronic systemic 
inflammation resulting from impaired gut barrier function 
significantly contributes to AD pathology by promoting 
neuroinflammation and accelerating cognitive decline (Xie et  al., 
2021; Liu et al., 2020).

Lacticaseibacillus rhamnosus has garnered considerable attention 
because of its beneficial roles in modulating the gut microbiota, 
reducing systemic inflammation, and producing neuroactive 
compounds (Tette et  al., 2022), in part through enhancing tight 
junction protein expression and thus reinforcing intestinal barrier 
integrity (Zheng et  al., 2022; Bhat et  al., 2020). Recent evidence 
indicates that supplementation with L. rhamnosus may improve 
mental health outcomes, including reducing anxiety and enhancing 
memory by promoting neurogenesis and synaptic plasticity, both of 
which are fundamental for learning and memory (Feng et al., 2025; 
Isik et al., 2025; Guimaraes et al., 2025). Notably, Xiao-Hang et al. 
(2024) reported significant cognitive improvements following the 
administration of multistrain probiotics containing Bifidobacterium 
lactis and L. rhamnosus in SAMP8 and SAMP1 mice, which are 
animal models of AD. Clinical studies have further supported these 
findings, showing beneficial effects of L. rhamnosus supplementation 
on cognitive function in patients diagnosed with AD or mild cognitive 
impairment (Aljumaah et  al., 2022; Akhgarjand et  al., 2022). 
Additionally, animal studies have demonstrated that cognitive 
enhancement by L. rhamnosus GG in models of noise-induced 
cognitive deficits and sepsis can be  attributed primarily to the 
modulation of the systemic inflammatory response (Wang et al., 2024; 
Li X. et al., 2023). These findings highlight the therapeutic potential of 
L. rhamnosus for cognitive impairments associated with AD.

On the other hand, milk is rich in nutrients and bioactive 
compounds capable of positively influencing the gut microbiome 
(Gallo et al., 2024; Zheng et al., 2024). Milk-derived proteins, lipids, 
and natural prebiotics, such as lactose and oligosaccharides, selectively 
promote the growth of beneficial gut microbiota (Walsh et al., 2020). 
Additionally, immunomodulatory components including lactoferrin 
help maintain a balanced gut microbiome by regulating microbial 
composition and enhancing host immunity (Demir et al., 2025). These 
characteristics underscore the integral role of milk in shaping a 
healthy intestinal environment. Therefore, we hypothesized that the 
combination of L. rhamnosus and milk would exert synergistic effects, 
enhancing cognitive function by beneficially altering the gut 

microbiota composition, reinforcing intestinal barrier integrity, 
attenuating systemic inflammation and modulating critical 
determinants of brain health. However, the mechanisms underlying 
these beneficial effects of L. rhamnosus combined with milk in animal 
models of AD remain unexplored.

In this study, we  investigated whether supplementation with 
L. rhamnosus in combination with milk could mitigate the cognitive 
impairment induced by scopolamine, a commonly utilized model 
reflecting the cognitive deficits and pathophysiological features 
observed in patients with AD. Behavioral assessments, including novel 
object recognition (NOR) and passive avoidance tests, were conducted 
to evaluate cognitive outcomes. Additionally, molecular analyses 
employing Western blot, polymerase chain reaction, and enzyme-
linked immunosorbent assays (ELISAs) were performed to elucidate 
the underlying mechanisms through which the combination of 
L. rhamnosus and milk influences cognitive function.

2 Materials and methods

2.1 Animals

Male C57BL/6 mice (18–20 g) were obtained from Orient Co., Ltd., 
a subsidiary of Charles River Lab. (Seongnam-si, Gyeonggi-do, Korea). 
The animals were housed in groups of five per cage under controlled 
conditions (temperature: 23 ± 1 °C; humidity: 60 ± 10%; 12 h light/
dark cycle with lights on from 07:00 to 19:00) at the Animal Care Unit 
of Kangwon National University. Food and water were provided ad 
libitum. The mice were acclimatized to laboratory conditions for 1 week 
prior to experimentation. All experimental procedures complied with 
the Animal Care and Use Guidelines established by Kangwon National 
University. The study protocol received approval from the Institutional 
Animal Care and Use Committee of Kangwon National University 
(Approved No. KW-220830-1).

2.2 Materials

All chemical reagents and materials used in this study were of 
analytical grade or higher. Scopolamine and donepezil were purchased 
from Sigma-Aldrich Co. (St. Louis, MO, United States). The probiotic 
strain Lacticaseibacillus rhamnosus CBT LR5 (LR5, KCTC 12202BP), 
which was isolated from human fecal samples in Korea, was provided 
by Cell Biotech (Gimpo-si, Gyeonggi-do, Korea) and is listed as 
Generally Recognized As Safe (GRAS) by the U.S. Food and Drug 
Administration (FDA). Skim milk (non-fat dry milk) including lactose 
contents 40–60% was used in this study. The antibodies used included 
anti-phospho-CREB (#9198), anti-CREB (#9197), anti-GAPDH 
(#2118), and anti-rabbit IgG antibodies purchased from Cell Signaling 
Technology (Danvers, MA, United States) and anti-BDNF (#ab108319) 
antibody purchased from Abcam (Cambridge, MA, United States).

2.3 Treatment and the experimental 
schedule

After a one-week acclimatization period, the mice were weighed 
and evenly assigned to six experimental groups to ensure comparable 
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average body weights. The groups included vehicle-treated control 
(Con), scopolamine-treated (Sco), scopolamine-treated with skim 
milk (SK), scopolamine-treated with L. rhamnosus CBT LR5 (LR5), 
scopolamine-treated with combination of L. rhamnosus CBT LR5 and 
skim milk (LR5 + SK) and scopolamine-treated with donepezil (DNZ).

Treatment with the test substances was initiated and continued for 
4 weeks. To induce memory impairments, scopolamine (1 mg/kg) was 
intraperitoneally (i.p.) treated to the mice. The mice in the LR5 and 
LR5 + SK groups received daily oral administration of L. rhamnosus 
CBT LR5 at a dose of 1 × 109 CFU/day. The DNZ group, which served 
as a positive control, received donepezil (5 mg/kg/day, p.o.). The 
vehicle-treated control and Sco groups were administered 0.9% saline 
solution. Throughout this treatment period, body weights were 
monitored every 5 days to detect any adverse reactions or toxicity 
(Supplementary Figure S1). Following the 4-week treatment regimen, 
cognitive impairment was induced by scopolamine administration in 
all groups except the vehicle-treated control group. Subsequently, 
behavioral tests were conducted sequentially over a two-week period, 
progressing from the least to the most stressful conditions as follows, 
the open field test, novel object recognition test, and passive avoidance 
test (Figure 1).

After the behavioral assessments, intestinal and brain tissues, as 
well as blood samples, were collected from each animal for 
biochemical and molecular analyses. Fecal samples were collected at 
three time points, including prior to treatment initiation, following the 
treatment period but before scopolamine administration, and 
immediately before tissue collection.

2.4 Behavioral tests

2.4.1 Novel object recognition test
The NOR test was performed to evaluate recognition memory, 

following previously established protocols with minor 
modifications (Bae et al., 2023). The apparatus consisted of a black 
polyvinyl plastic square box (30 × 30 × 30 cm) with an open top. 
The test comprises three phases, habituation, training and probe 
trials. Each mouse was first habituated to the empty box for 10 min 
a day. During the training session, the mice were allowed to 
explore the empty box for 5 min before being introduced to two 
identical objects placed symmetrically within the apparatus for an 
additional 5 min. After a 24 h retention interval, the probe trial 
was conducted by replacing one familiar object with a novel object. 
Each mouse was then reintroduced into the apparatus and allowed 

to explore freely for 5 min. All the objects used were similar in 
size, texture and color to prevent bias. The apparatus and objects 
were cleaned thoroughly with 70% ethanol between trials to 
eliminate olfactory cues. Behavioral activity was recorded using an 
Etho-Vision video-tracking system (Noldus, Wageningen, 
Netherlands) and analyzed by a person who was blinded to the 
treatment. The exploration times spent on the novel object (Tnovel) 
and the familiar object (Tfamiliar) were recorded. Recognition 
memory was assessed using the discrimination ratio, which was 
calculated as follows:

	 ( ) ( ) ( )novel familiar novel familiarDiscrimination ratio, T T / T T 100 %− + ×

Object preference ratio, the percentage of exploration time 
directed toward either the novel or familiar object, calculated as

	 ( ) ( )+ ×object novel familiarT / T T 100 %

Total exploration time, the sum of exploration times for both 
objects (Tnovel + Tfamiliar).

2.4.2 Passive avoidance test
The passive avoidance test (PAT) was employed to assess long-

term memory retention and was conducted over two consecutive 
days, including acquisition and retention trials (Bae et al., 2020). The 
apparatus consisted of two connected chambers (each 20 × 20 × 20 cm) 
separated by a sliding door (5 × 5 cm). One chamber was brightly 
illuminated (light chamber) with a 50 W white LED bulb, and the 
entire adjacent chamber remained dark (dark chamber). The floors of 
both chambers were composed of stainless-steel bars (2 mm diameter) 
spaced 1 cm apart, which delivered a mild foot shock.

During the acquisition trial, each mouse was placed individually 
into the illuminated chamber, and after 10 s, the connecting door was 
opened. When the mouse completely entered the dark chamber, the 
door closed automatically, and the mouse received a single mild foot 
shock (0.5 mA, 3 s). If a mouse failed to enter the dark chamber within 
60 s, it was gently guided into the dark chamber, and the latency was 
recorded as 60 s. Thereafter, the retention trial was conducted 24 h 
later, where each mouse was placed again into the illuminated 
chamber. The latency to enter the dark chamber was measured, similar 
to the acquisition trial. However, during the retention trial, no foot 
shock was delivered. Mice that did not enter the dark chamber within 

FIGURE 1

Scheme of the experiment. The experimental schedule employed in the present study is illustrated.
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the maximum latency period (300 s) were recorded, with a latency 
of 300 s.

2.5 16S rRNA extraction and analysis

Fecal samples were collected from the mice to analyze microbiota 
composition changes induced by scopolamine or LR5 treatment via 
16S rRNA sequencing, as previously described (Jung et al., 2025). 
Genomic DNA was extracted using a SPINeasy DNA Pro Kit for Soil 
(MP Biochemicals, Santa Ana, CA, United States) according to the 
manufacturer’s protocol. Sequencing libraries targeting the V4–V5 
hypervariable region of the bacterial 16S rRNA gene were prepared 
following the Illumina 16S metagenomic sequencing library 
preparation guidelines. Polymerase chain reaction (PCR) amplification 
was performed with forward (5′-CCA GCMGCC GCG GTA ATW 
C-3′) and reverse (5′-CC GTC AAT TYY TTT RAG TTT-3′) primers 
targeting the V4–V5 region. A Nextera XT v2 Index Kit (Illumina, San 
Diego, CA, United States) was used for indexing PCR. Next-generation 
sequencing (NGS) was conducted using the Illumina MiSeq platform 
(Illumina, San Diego, CA, United  States) with paired-end reads 
(2 × 250 bp) and a MiSeq Reagent Kit V2. The sequencing data were 
processed and analyzed using QIIME2 software (version 2024.5, 
viewed on May 3, 2024), and sequence quality filtering was performed 
with the DADA2 plugin.

2.6 Enzyme-linked immunosorbent assay

The levels of inflammatory mediators and neurotrophic 
biomarkers in the serum were quantified by ELISA following the 
manufacturer’s instructions. The concentration of tumor necrosis 
factor-alpha (TNF-α, Cat. NO_MTA00B-1, R&D systems, 
Minneapolis, MN, United States), prostaglandin E2 (PGE2, Cat. NO_
KGE004B, R&D systems, Minneapolis, MN, United States), brain-
derived neurotrophic factor (BDNF, Cat. NO_DBNT00, R&D systems, 
Minneapolis, MN, United States), and acetylcholinesterase (AChE, 
Cat. NO _BM-ACH-100, BIOMAX, Korea) were measured in the 
serum samples according to the manufacturers’ instructions. Optical 
densities were measured using a microplate reader (SpectraMax 
iMark™, Molecular Devices, CA, United States). The concentrations 
of each biomarker were determined according to standard curves 
provided by the manufacturers.

2.7 Real-time quantitative PCR analysis

Total RNA from mouse brain and ileal tissues were isolated using 
TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to 
the manufacturer’s protocol. The purity and concentration of the 
extracted RNA were quantified using a SpectraMax® QuickDrop™ 
UV–Vis Spectrophotometer (Molecular Devices, San Jose, CA, 
United  States). Complementary DNA (cDNA) synthesis was 
performed using a PrimeScript™ RT reagent Kit (Takara Bio Inc., 
Shiga, Japan) following the manufacturer’s instructions. Real-time 
quantitative PCR analysis (RT-qPCR) was conducted on a CFX Opus 
96 Real-Time PCR System (Bio-Rad Laboratories, Hercules, CA, 
United  States) under the following cycling conditions: initial 

denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation 
at 95 °C for 5 s, annealing at 58 °C for 25 s, and extension at 72 °C for 
3 s. Each reaction mixture was prepared with SYBR Green-containing 
master mix (Takara Bio Inc.), primers specific for the target genes 
(Table 1), and a cDNA template. Relative gene expression levels were 
normalized to those of GAPDH, a housekeeping gene, and analyzed 
using the comparative 2−ΔΔCT method (Turabelidze et al., 2010).

2.8 Western blotting assay

Brain tissue samples were homogenized in protein extraction 
buffer consisting of PRO-PREP™ Protein Extraction Solution 
(iNtRON Biotechnology, Seongnam, Korea) supplemented with 
protease and phosphatase inhibitors, according to the manufacturer’s 
guidelines and previous studies (Bae et al., 2023; Bae et al., 2020). 
Protein concentrations were quantified by the Bradford assay. 
Subsequently, 30 μg of total protein from each sample was separated 
via sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in 10% acrylamide gels under reducing conditions and 
transferred to polyvinylidene difluoride (PVDF) membranes. The 
membranes were blocked for 1 h at room temperature with 5% skim 
milk in Tween 20/Tris-buffered saline (TTBS) and then incubated 
overnight at 4 °C with primary antibodies (1:1,000 dilution). After 
being washed three times for 10 min each with TTBS, the membranes 
were incubated for 2 h at room temperature with appropriate 
horseradish peroxidase-conjugated secondary antibodies (1:2,500 
dilution). The protein bands were visualized using Clarity™ Western 
ECL Substrate (Bio-Rad Laboratories, CA, United  States) and 
quantified by densitometric analysis using a ChemiDoc™ Touch 
Imaging System (Bio-Rad Laboratories, CA, United States).

2.9 Statistics

All the data are presented as the means ±standard error of the mean 
(S.E.M.). Statistical analyses were performed using GraphPad Prism 8.0 
(GraphPad Software Inc., San Diego, CA, United States). The behavioral 
data were analyzed using one-way analysis of variance (ANOVA), 
followed by post-hoc analysis with Turkey’s multiple comparisons test. 
Molecular data obtained from Western blot analysis, qPCR, and ELISA 

TABLE 1  RT-qPCR primers.

Gene Primer sequences Reference

ZO-1
F: GTTGGTACGGTGCCCTGAAAGA

Dong et al. (2022)
R: GCTGACAGGTAGGACAGACGAT

Occludin
F: TGGCAAGCGATCATACCCAGAG

R: CTGCCTGAAGTCATCCACACTC

Claudin-1
F: GGACTGTGGATGTCCTGCGTTT

Pang et al. (2022)
R: GCCAATTACCATCAAGGCTCGG

Gapdh
F: CATCACTGCCACCCAGAAGACTG Kurland et al. 

(2016)R: ATGCCAGTGAGCTTCCCGTTCAG

L. rhamnosus
F: CTAGCGGGTGCGACTTTGTT

Ansari et al. (2023)
R: GCGATGCGAATTTCTATTAT
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were analyzed by one-way ANOVA followed by Dunnett’s T3 multiple 
comparisons test. Differences with a p-value of less than 0.05 (p < 0.05) 
were considered statistically significant.

3 Results

3.1 LR5 combined with milk 
supplementation attenuated object 
recognition memory in 
scopolamine-induced cognitive deficit 
mice

To investigate the potential beneficial effects of chronic 
supplementation with LR5 or LR5 + SK on scopolamine-induced 
cognitive impairment, the NOR test was performed. Statistical 
analyses revealed significant differences among the experimental 
groups in terms of the object preference ratio (two-way ANOVA, 
treatment, F5,118 = 0, p > 0.05; object, F1,118 = 6.242, p < 0.05; interaction 
treatment × object, F5,118 = 14.01, p < 0.0001, Figure 2A) and discrimination 
ratio (one-way ANOVA, F5,59 = 7.007, p < 0.001, Figure  2B). 
Specifically, treatment with LR5 or LR5 + SK significantly increased 
the discrimination ratio compared with that of the scopolamine-
treated group (p < 0.01), effectively reversing scopolamine-induced 
deficits in the discrimination ratio. These effects were comparable to 
those observed in the donepezil-treated group. Additionally, no 
significant differences in the total exploration time among the groups 
were noted (Figure 2C), which is consistent with the results obtained 
from open filed test (Supplementary Figure S2), indicating that 
locomotor activity did not confound cognitive performance outcomes. 
Collectively, these results suggest that supplementation with LR5, 
particularly in combination with skim milk, enhances recognition 
memory in mice subjected to cholinergic deficits induced 
by scopolamine.

3.2 LR5 combined with milk mitigated 
contextual long-term memory impairment 
in scopolamine-induced cognitive deficit 
mice

The PAT was conducted to evaluate the effects of LR5 or LR5 + SK 
on contextual long-term memory. Significant differences among the 
experimental groups were detected during the retention trial (one-way 
ANOVA, F5,59 = 4.914, p < 0.0001; Figure 3B), whereas no significant 
differences were detected during the acquisition trial (one-way 
ANOVA, F5,59 = 1.024, p > 0.05; Figure 3A). Compared with vehicle-
treated control mice, scopolamine-treated mice presented significantly 
shorter latency times, which is indicative of impaired memory 
retention. Compared with scopolamine alone, treatment with LR5 and 
LR5 + SK significantly prolonged the latency to enter the dark 
chamber, suggesting improved memory retention. Notably, the latency 
in the LR5 + SK group was greater than that in the LR5-only group, 
suggesting a potential synergistic effect between LR5 and skim milk. 
Collectively, these results indicate that LR5 supplementation, 
particularly when combined with skim milk, effectively ameliorates 
scopolamine-induced contextual long-term memory deficits.

FIGURE 2

Effects of L. rhamnosus CBT LR5 combined with skim milk on 
the impaired novel object recognition memory induced by 
scopolamine in the novel object recognition test. The 
preference ratios of novel and familiar objects (A), 
discrimination ratios (B), and total exploration times (C) are 
presented. Statistical analysis was performed using one-way 
ANOVA followed by Turkey’s multiple comparisons test. The 
data represent the means ± S.E.M. (n = 9–10/group) (*p < 0.05, 
**p < 0.01, ***p < 0.001; A: versus the other groups). Con, 
control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus 
CBT LR5; DNZ, donepezil.
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3.3 Quantitative analysis of 
Lacticaseibacillus abundance in the gut 
microbiota

To investigate whether oral administration of LR5 colonized 
the gut, microbiome analysis was performed, specifically to 
quantify the relative abundance of the genus Lacticaseibacillus in 
the fecal samples (Supplementary Figure S3). At baseline (0 weeks), 
Lacticaseibacillus was undetectable. However, it was prominently 
detected following 4 weeks of LR5 administration. Notably, after 
an additional 2 weeks of scopolamine treatment (6 weeks), which 
induced gut microbiota dysbiosis, the relative abundance of 
Lacticaseibacillus decreased. Complementary qPCR analysis 
confirmed a significant increase in the abundance of 
Lacticaseibacillus in LR5 after treatment, with a peak observed at 
week 4, followed by a decrease after scopolamine administration at 
week 6 (Table 2). These findings suggest that the colonization and 
sustained abundance of LR5  in the gut may be associated with 
cognitive enhancement in mice subjected to scopolamine-induced 
cognitive impairment.

3.4 LR5 ameliorated scopolamine-induced 
gut dysbiosis in mice

To elucidate whether the cognitive-enhancing effects of LR5 
supplementation were linked to gut microbiota modulation, 
microbiome analyses via 16S rRNA sequencing were conducted after 
4 weeks of probiotic supplementation and a subsequent 2 weeks of 
scopolamine-induced dysbiosis. The alpha-diversity, assessed by the 
Shannon diversity index, was significantly lower in the scopolamine-
treated group than in the vehicle-treated control group (p < 0.01, 
Figure  4A). However, the administration of LR5 and LR5 + SK 
significantly attenuated this reduction, effectively restoring microbial 
diversity (Figure 5A).

Taxonomic profiling at the genus level revealed significant 
microbiota alterations induced by scopolamine. Specifically, the 
relative abundances of beneficial genera such as Muribaculaceae_
UBA3263 and Clostridiaceae_222000_Dwaynesavagella were notably 
greater in the groups receiving LR5 + SK than in the scopolamine-
treated groups. In contrast, administration of scopolamine only 
markedly reduced the relative abundance of genera including 

FIGURE 3

Effects of L. rhamnosus CBT LR5 combined with skim milk on the impaired contextual long-term memory induced by scopolamine in the passive 
avoidance test. The latencies of the acquisition trial (A) and retention trial (B) are presented. Statistical analysis was performed using one-way ANOVA 
followed by Turkey’s multiple comparisons test. The data represent the means ± S.E.M. (n = 9–10/group) (*p < 0.05, **p < 0.01, ***p < 0.001; A: versus 
the other groups). Con, control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil.

TABLE 2  LR5 level in fecal samples.

Group LR5 (log CFU: means ± SD)

0 day 4 weeks 6 weeks

Con 1.90 ± 0.37 1.75 ± 0.46 2.42 ± 0.52

Sco 2.06 ± 0.52 2.36 ± 0.32 2.17 ± 0.54

SK 2.02 ± 0.66 2.29 ± 0.51 2.31 ± 0.31

LR5 1.98 ± 0.49 6.46 ± 0.77***,### 4.16 ± 0.55***,###

LR5 + SK 1.92 ± 0.37 5.99 ± 0.96***,### 4.37 ± 0.56***,###

DNZ 1.54 ± 0.66 2.14 ± 0.33 1.96 ± 0.72

*Represents comparison to the 0 day in same group (***p < 0.001). #Represents comparison with Sco group in same time (###p < 0.001). The data represent the means ± S.E.M. (n = 10 per 
group). Con, control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil. The bold valuses provided the significant differences between the control gorups.
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FIGURE 4

Lacticaseibacillus rhamnosus combined with skim milk alleviated scopolamine-induced disturbances in gut permeability and inflammation in mice. 
The mRNA expression levels of tight junction proteins, including claudin-1 (A), occludin (B), and ZO-1 (C), in ileum tissues are presented. The levels of 
inflammatory biomarkers, such as PGE2 (D), TNF-α (E), and BDNF (F), in the serum are presented. The mRNA expression levels of tight junction 
proteins, including claudin-1 (G), occludin (H), and ZO-1 (I), in hippocampal tissues are presented. Statistical analysis was performed using one-way 
ANOVA followed by Dunnett’s T3 multiple comparisons test. The data represent the means ± S.E.M. (n = 4–5/group) (*p < 0.05, **p < 0.01, 
***p < 0.001; A: versus the other groups). Con, control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil.
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FIGURE 5

Lacticaseibacillus rhamnosus ameliorated scopolamine-induced gut dysbiosis in mice. The Shannon alpha diversity (A) and taxonomic profile 
heatmaps at the genus level (B) are presented. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s T3 multiple 
comparisons test. The data represent the means ± S.E.M. (n = 9–10/group) (*p < 0.05, **p < 0.01, ***p < 0.001; A: versus the other groups). Con, 
control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil.
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Muribaculaceae_JAGBWK01, Oscillospiraceae_88309_Dysosmobacter, 
CAG.508_CAG.269, and Muribaculaceae_Duncaniella, all of which 
tended toward recovery following treatment with LR5. Furthermore, 
genera such as Marinifilaceae_Butyricimonas, UBA660_Unassigned, 
Clostridiaceae_222000_Dwaynesavagella, Acutalibacteraceae_
Eubacterium_R, CAG.239_CAJLXD01, Bacteroidaceae_
Bacteroides_H_857956, and Tannerellaceae_Parabacteroides_B_862066 
exhibited elevated abundances exclusively in the scopolamine-treated 
groups without probiotic intervention (Figures 5B,C). Taken together, 
these data strongly suggest that LR5 supplementation mitigates 
scopolamine-induced gut dysbiosis, thereby potentially contributing 
to the observed cognitive improvements via the modulation of gut 
microbiota-mediated mechanisms underlying 
cognitive improvements.

3.5 LR5 in combination with milk alleviated 
scopolamine-induced disturbances in gut 
permeability and inflammation in mice

Previous studies have shown that scopolamine-induced gut 
microbiome dysbiosis disrupts intestinal barrier function and blood–
brain barrier (BBB) integrity, thereby exacerbating cognitive 
impairment via systemic inflammation (Zhang L. et al., 2024; Ni et al., 
2024). To explore whether the administration of LR5 or LR5 + SK 
mitigates these disruptions, we measured the expression levels of tight 
junction proteins, including claudin-1, occludin, and ZO-1, in ileal 
and hippocampal tissues (Figures 4A–C). In ileal tissue, qPCR analysis 
revealed significant group differences in the expression levels of 
claudin-1 (F5,24 = 15.75, p < 0.001, Figure 4A), occludin (F5,24 = 3.275, 
p < 0.05, Figure  4B) and ZO-1 (F5,24 = 3.222, p < 0.05, Figure  4C). 
Scopolamine administration significantly reduced claudin-1 
expression, whereas treatment with LR5 or LR5 + SK significantly 
reversed this reduction. Notably, occludin expression was significantly 
elevated only with LR5 + SK administration, suggesting potential 
synergistic protective effects on intestinal permeability.

To further investigate the systemic inflammation potentially 
induced by the disruption of gut permeability, the serum levels of the 
inflammatory biomarkers PGE2, and TNF-α, as well as the peripheral 
levels of BDNF, were quantified by ELISA (Figures 4D–F). Significant 
differences among treatment groups were observed for PGE2 (one-way 
ANOVA, F5,48 = 4.029, p < 0.01, Figure 4D), TNF-α (one-way ANOVA, 
F5,34 = 3.841, p < 0.01, Figure  4E), and BDNF (one-way ANOVA, 
F5,48 = 5.349, p < 0.001, Figure  4F). Scopolamine treatment 
significantly elevated the serum PGE2 and TNF-α levels, while the 
administration of LR5 or LR5 + SK effectively attenuated these 
inflammatory responses, with the combined treatment resulting in a 
greater reduction in TNF-α. Additionally, scopolamine significantly 
decreased serum BDNF levels, which were normalized by the LR5 and 
LR5 + SK treatments.

Furthermore, BBB integrity was assessed by RT-qPCR in 
hippocampal tissue for tight junction-related gene expression 
(Figures 4G–I). One-way ANOVA revealed significant differences in 
the hippocampal expression of claudin-1 (F3,24 = 17.29, p < 0.001, 
Figure 4G), occludin (F3,24 = 3.589, p < 0.01, Figure 4H) and ZO-1 
(F3,24 = 1.218, p < 0.01, Figure 4I). Compared with scopolamine, the 
administration of LR5 + SK significantly elevated the expression levels 
of all tight junction proteins, indicating enhanced BBB integrity.

Collectively, these results demonstrate that LR5 combined with 
skim milk exerts synergistic protective effects on gut and BBB 
integrity, along with attenuating systemic inflammation, potentially 
mediating the cognitive improvement observed in individuals with 
scopolamine-induced cognitive impairment.

3.6 LR5 combined with skim milk alleviated 
the scopolamine-induced reduction in 
BDNF and related signaling molecules in 
the brain

To elucidate the molecular mechanisms underlying the cognitive 
improvements induced by LR5 + SK treatment, we  evaluated the 
mRNA and protein levels of BDNF, CREB, and TrkB in the 
hippocampal and cortical tissues (Figures 6, 7).

In the hippocampal tissues, qPCR analysis revealed significant 
group differences for CREB (F3,28 = 4.28, p < 0.05; Figure  6A), 
BDNF (F3,28 = 6.02, p < 0.01; Figure  6B) and TrkB (F3,28 = 2.226, 
p < 0.05; Figure 6C). Compared with the scopolamine group, the 
LR5 + SK group presented significantly restored expression levels 
of CREB, BDNF, and TrkB. We obtained similar findings in cortical 
tissues for CREB (F3,28 = 6.096, p < 0.01; Figure  6D), BDNF 
(F3,28 = 10.69, p < 0.001; Figure  6E) and TrkB (F3,28 = 8.368, 
p < 0.001; Figure  6F), with LR5 + SK treatment significantly 
increasing their expression.

Western blot analysis further confirmed these results, revealing 
significant increases in the phosphorylation of CREB (p-CREB, 
F3,8 = 121.3, p < 0.001, Figure 7B) and BDNF (F3,8 = 26.80, p < 0.001, 
Figure 7C) proteins in the hippocampus and cortex (CREB, one-way 
ANOVA, F3,8 = 119.6, p < 0.001, Figure  7D; BDNF, one-way 
ANOVA, F3,8 = 15.98, p < 0.001, Figure  7E) following LR5 + SK 
treatment. These findings indicate that LR5 combined with skim 
milk activates the CREB-BDNF signaling pathway in the brain, 
suggesting that this mechanism contributes significantly to its 
cognitive-enhancing effects under scopolamine-induced 
hypocholinergic conditions.

3.7 Correlation analysis between dominant 
fecal microbiota and cognitive 
deficit-related factors

To further elucidate potential gut microbiota and brain 
interactions, correlations between the dominant fecal microbiota and 
cognitive factors were analyzed and visualized as a heatmap (Figure 8). 
The relative abundance of the genus Lacticaseibacillus was significantly 
and positively correlated with the serum BDNF level. Conversely, the 
genera including Turicibacter, Cryptobacteroides, 
Ruminococcus_C_59129, JAGBWK01 and Tidjanibacter presented 
significant negative correlations with cognitive performance metrics, 
including the discrimination ratio from the NOR test, latency from 
the PAT, and BDNF expression. Additionally, these genera were 
positively correlated with systemic inflammatory markers, such as 
PGE2 and TNF-α. These results suggest that specific gut microbiota 
genera are strongly associated with cognitive performance and 
systemic inflammation, supporting the hypothesis that microbiota 
modulation via LR5 combined with skim milk would 
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be  mechanistically involved in alleviating scopolamine-induced 
cognitive deficits.

4 Discussion

Numerous studies have demonstrated associations between 
probiotic or milk consumption and improved central nervous system 
(CNS) functions, including cognitive performance. However, the 
combined cognitive effects of probiotics with milk remain relatively 
unexplored. In the present study, we evaluated the effects of LR5 + SK 
treatment on cognitive performance and gut health in a scopolamine-
induced animal model of AD. Our findings revealed that the 
administration of LR5, especially when combined with skim milk, 
effectively ameliorated scopolamine-induced cognitive deficits in both 
the NOR and the PAT. This improvement involves the modulation of 

the gut microbiota composition, the restoration of intestinal and BBB 
integrity through tight junction proteins, the attenuation of systemic 
inflammation, and the enhancement of BDNF-related 
signaling pathways.

Scopolamine is widely utilized to induce cognitive impairment in 
animal models due to its ability to cross the BBB and competitively 
inhibit muscarinic acetylcholine (ACh) receptors (Shim et al., 2022). 
This action leads to increased acetylcholinesterase (AChE) activity 
and reduces cholinergic neurotransmission, resulting in cognitive 
deficits that resemble the pathological features of AD (Chen et al., 
2022; Zhang J. et al., 2024). Moreover, scopolamine acts as a vagal 
blocking agent, disrupting the vagus nerve, which is a critical 
anatomical structure that mediates communication between the gut 
and the brain, and is involved in regulating gut immunity, 
inflammation through the cholinergic anti-inflammatory pathway, 
and intestinal barrier function (Bonaz et al., 2019; Bonaz et al., 2018). 

FIGURE 6

Effects of L. rhamnosus combined with skim milk on BDNF, CREB, and TrkB mRNA expression levels in hippocampal and cortical tissues. The mRNA 
expression levels of CREB (A), BDNF (B), and TrkB (C) in hippocampal tissues are presented. The mRNA expression levels of CREB (D), BDNF (E), and 
TrkB (F) in cortical tissues are presented. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s T3 multiple comparisons test. 
The data represent the means ± S.E.M. (n = 4–5/group) (*p < 0.05, **p < 0.01, ***p < 0.001; A: versus the other groups). Con, control; Sco, 
scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil.
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Furthermore, scopolamine administration results in decreased 
expression levels of critical cognitive-related signaling molecules, such 
as BDNF and CREB (Yu et al., 2025; Qi et al., 2025). Notably, the 
peripheral reductions in BDNF levels correlate with 
neuroinflammation and impaired neuronal function (Lima Giacobbo 
et  al., 2019; Ibrahim et  al., 2022). Our results align with those of 

previous reports, demonstrating that chronic scopolamine 
administration significantly induced gut microbiota dysbiosis, 
disrupted intestinal barrier function, increased systemic inflammation, 
and decreased serum and brain BDNF levels, thereby validating the 
utility of this animal model for investigating probiotics and milk-
based interventions for cognitive deficits.

FIGURE 7

Effect of L. rhamnosus combined with skim milk on CREB-BDNF signaling pathway activation in hippocampal and cortical tissues. Representative 
Western blot images of phosphorylated CREB and BDNF (A) are presented. The protein expression levels of phosphorylated CREB (B) and BDNF (C), in 
the hippocampus are presented. The protein expression levels of phosphorylated CREB (D) and BDNF (E), in the cortex are presented. Statistical 
analysis was performed using one-way ANOVA followed by Dunnett’s T3 multiple comparisons test. The data represent the means ± S.E.M. (n = 4–5/
group) (*p < 0.05, **p < 0.01, ***p < 0.001; A: versus the other groups). Con, control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; 
DNZ, donepezil.
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LR5 has garnered substantial attention due to its diverse health-
promoting effects, including the modulation of gastrointestinal 
function, metabolic improvements, immune regulation, and 

neuropsychological benefits (Shin et al., 2016; Kim et al., 2015). 
Previous clinical studies have demonstrated cognitive 
enhancements, including improvements in Alzheimer’s Disease 

FIGURE 8

Heatmap illustrating correlations between the fecal microbiota and cognitive performance or inflammatory biomarkers. Red indicates positive 
correlations, and blue indicates negative correlations. Significant correlations (*p < 0.05, **p < 0.01) are shown, highlighting associations between gut 
microbiota genera, cognitive performance indices (NOR discrimination ratio, PAT latency time), and serum biomarkers (AChE, PGE2, TNF-α, and BDNF). 
Con, control; Sco, scopolamine; SK, skim milk; LR5, L. rhamnosus CBT LR5; DNZ, donepezil.
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Assessment Scale-Cognitive 13 (ADAS-Cog13) and Montreal 
Cognitive Assessment-Korea (MoCA-K) scores, and reduced 
plasma amyloid-beta (Aβ1-40/42) levels following LR5 
supplementation combined with milk (Jung et al., 2025). Moreover, 
altered plasma Aβ40/Aβ42 ratios and tau phosphorylation levels are 
critical biomarkers associated with AD progression, with elevated 
ratios correlating positively with increased cognitive impairment 
severity (Scholl et al., 2024; Lee et al., 2019; Janelidze et al., 2016). 
Consistent with these reports, our study revealed that, compared 
with LR5 alone, LR5 combined with skim milk significantly 
improved recognition memory in the NOR and enhanced 
contextual long-term memory in the PAT, suggesting synergistic 
cognitive enhancement. Our results are consistent with emerging 
evidence that dietary prebiotic-probiotic combinations exert 
synergistic effects on gut-brain axis function. Skim milk, which 
contains lactose and oligosaccharides, serves as a natural probiotic 
substrate that enhances the survival and metabolic activity of 
probiotics such as LR5. In this context, recent work with 
Lactiplantibacillus plantarum MWFLp-182 demonstrated 
significant improvements in cognitive ability in a D-galactose-
induced aging model, mediated by restoration of gut microbiota 
diversity and activation of the CREB-BDNF signaling pathway (Nie 
et al., 2024). These parallels suggest that the observed cognitive 
improvements with co-treatment of LR5 and skim milk may reflect 
a conserved mechanism whereby probiotic substrates potentiate 
probiotic efficacy to support neurocognitive health.

To elucidate the potential mechanisms underlying cognitive 
improvement, the diversity and composition of the gut microbiota 
were examined. Consistent with recent studies, we confirmed that 
scopolamine administration significantly reduced microbiota diversity 
(Zhang L. et al., 2024; Zheng et al., 2023; Ji et al., 2021). Importantly, 
LR5 treatment effectively restored microbiota diversity, an effect that 
was not observed with treatment with donepezil, a commonly used 
cholinesterase inhibitor in patients with AD (Li Y. et al., 2023; Jo et al., 
2022). Specifically, scopolamine-induced reductions in beneficial 
bacterial genera, such as Muribaculaceae_JAGBWK01 and 
Muribaculaceae_Duncaniella, were significantly reversed by LR5 
supplementation, particularly when combined with skim milk. 
Notably, Muribaculaceae_UBA3263 is a beneficial genus associated 
with improved gut barrier integrity, metabolite production, anti-
inflammatory, antioxidant and antistress properties and longevity 
(Shenghua et al., 2020; Ormerod et al., 2016). Whereas, a decrease in 
Muribaculaceae abundance has been linked to several diseases. 
Clinical studies have demonstrated that the abundance of 
Muribaculaceae is reduced in various inflammatory diseases, including 
IBD and type 1 diabetes (Krych et al., 2015; Rooks et al., 2014). These 
microbiota alterations likely contribute to improved intestinal barrier 
function and reduced inflammation, thereby supporting 
cognitive function.

Correlation analysis further revealed an association between 
microbiota composition and cognitive biomarkers. The abundance 
of Lacticaseibacillus was positively correlated with the serum 
BDNF level, suggesting direct or indirect beneficial effects on 
neuronal health. In contrast, genera such as Turicibacter, 
Cryptobacteroides, Ruminococcus_C_59129, Muribaculaceae_
JAGBWK01, and Tidjanibacter were negatively correlated with 
cognitive performance metrics, including the discrimination ratio 
from NOR, latency from PAT and BDNF expression, whereas they 

were positively correlated with inflammatory biomarkers, such as 
AChE, PGE2 and TNF-α levels in serum. Previous clinical and 
preclinical studies have reported elevated levels of Turicibacter in 
individuals with autism spectrum disorder (Gerges et al., 2024) 
and AD (Vogt et al., 2017), while decreased levels of Ruminococcus 
are associated with amyloid-positive mild cognitive impairment 
(MCI) compared with healthy controls (Hung et al., 2023). The 
observed increase in BDNF expression following administration of 
LR5 combined with skim milk is likely mediated through multiple, 
converging mechanisms. Restoration of gut microbiota 
composition, including enrichment of beneficial genera such as 
Muribaculaceae and Lacticaseibacillus, may directly promote 
neurotrophic signaling via microbial metabolites and vagal 
pathways. At the same time, attenuation of systemic inflammation 
(reduced TNF-α and PGE₂) and oxidative stress likely provides an 
indirect but complementary route for preserving neuronal health 
and facilitating CREB–BDNF–TrkB activation. In particular, 
oxidative stress is a critical driver of neurodegeneration, as excess 
ROS production exacerbates synaptic dysfunction and accelerates 
neuronal loss (Wen et al., 2025). Probiotic interventions have been 
shown to mitigate oxidative damage by enhancing endogenous 
antioxidant defenses and modulating gut-derived metabolites. In 
line with this, recent work on Lactiplantibacillus plantarum 
MWFLp-182 demonstrated protective effects against oxidative 
deficits induced by 2,2′-Azobis (2-methylpropionamidine) 
dihydrochloride, accompanied by regulation of key antioxidant-
related genes (Nie et  al., 2025). These findings suggest that the 
cognitive improvements observed with LR5 + skim milk may also 
involve attenuation of oxidative stress, acting synergistically with 
the restoration of gut microbiota balance and reduction of 
systemic inflammation.

Notably, our results revealed significant improvements in gut 
barrier integrity upon LR5 supplementation, particularly in 
combination with skim milk, as demonstrated by elevated expression 
of tight junction proteins, including claudin-1, occludin and ZO-1, in 
ileum and hippocampal tissues. These effects corresponded with 
decreased systemic inflammation, as evidenced by reduced serum 
levels of PGE2 and TNF-α. Simultaneously, enhanced BBB integrity 
may reduce neuroinflammation and neuronal damage, ultimately 
improving cognitive outcomes (Hung et al., 2023; Zhang et al., 2023). 
Furthermore, molecular analysis of hippocampal and cortical tissues 
revealed that LR5 combined with skim milk significantly enhanced 
the CREB- BDNF–TrkB signaling pathway, which is essential for 
synaptic plasticity, neurogenesis, and cognitive function (Li et  al., 
2022; Amidfar et al., 2020). These data align with previous reports 
highlighting the importance of CREB-BDNF signaling in 
neuroprotection and cognitive resilience under conditions of 
neurodegeneration and cholinergic dysfunction. Our findings that 
LR5 combined with skim milk significantly activated CREB–BDNF–
TrkB signaling in hippocampal and cortical tissues are consistent with 
previous reports highlighting the neuroprotective roles of probiotics 
in cognitive decline. Recent studies have demonstrated that probiotic 
supplementation enhances neurogenesis and synaptic plasticity via 
upregulation of CREB–BDNF pathways, thereby improving memory 
performance in neurodegenerative and aging models (Olajide and 
Ijomone, 2025; Prajapati et al., 2025). These data reinforce the notion 
that probiotics can serve as modulators of neurotrophic signaling and 
cognitive resilience.
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5 Conclusion

Collectively, our findings provide comprehensive mechanistic 
insights supporting the efficacy of combined LR5 and milk 
supplementation in ameliorating cognitive impairment through the 
modulation of the gut microbiome, enhancement of barrier integrity, 
attenuation of systemic inflammation, and stimulation of 
neurotrophic signaling. Therefore, the combination of LR5 with milk 
represents a promising therapeutic strategy to improve cognitive 
function in patients with AD and potentially other neurodegenerative 
conditions characterized by gut-brain axis dysregulation.
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