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1. Introduction

Population aging is a global issue that not only leads to 
a decline in the labor force but also increases the risk 
of various diseases. With advanced age, the likelihood 
of becoming bedridden increases owing to fractures 
and muscle weakness. Among central nervous system 
disorders, dementia is a major concern and is often 
accompanied by behavioral and psychological symptoms, 
such as wandering and delusions, which contribute to 
increasing healthcare costs.
	 Diseases associated with memory impairment include 
Alzheimer's disease and Lewy body dementia. Although 
their etiologies differ, one leading hypothesis is the loss 
of cholinergic neurons projecting to the limbic system, 
including the hippocampus. This neuronal loss reduces 
the amount of acetylcholine released into the synaptic 
clefts. Consequently, drugs inhibiting cholinesterase, the 
enzyme responsible for breaking down acetylcholine, 
are widely used to treat dementia. Nerve cells typically 
degenerate with age; however, a decrease in acetylcholine 
has been reported to increase oxidative stress in neurons 
(1), thereby accelerating neuronal degeneration.

	 Mouse models are essential for evaluating the 
efficacy of compounds against memory impairment. 
While SAMP8 mice exhibit age-related decline, 
scopolamine-induced models enable rapid and 
reproducible impairment through cholinergic blockade, 
making them valuable for pharmacological studies. 
In addition, numerous studies have used memory 
impairment models induced by scopolamine, a 
muscarinic receptor antagonist (2-4). In a previous 
study, we demonstrated that scopolamine administration 
caused memory impairment in the Barnes maze test 
and reported the involvement of oxidative stress 
associated with increased Nos2 levels (5). Considering 
the increasing medical costs associated with the growing 
number of patients, it is important to focus not only on 
the pharmacological treatment of dementia but also on its 
prevention through the daily intake of functional foods 
and bioactive ingredients.
	 Lactoferrin (LF) has multiple biological functions, 
including anti-inflammatory, antibacterial, and 
antiviral activities, as well as beneficial effects on lipid 
metabolism (6-8). LF has been widely utilized as a 
functional food ingredient in Japan (9) and is included 
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SUMMARY: Population aging is increasing worldwide, accompanied by a rising prevalence of cognitive decline and 
dementia, imposing substantial healthcare and socioeconomic burdens. This study evaluated the effects of lactoferrin 
on scopolamine-induced memory impairment in 5-week-old ddY mice using the Barnes maze test and the novel object 
recognition assay to assess cognitive function. Additionally, gene expression levels in the hippocampus were analyzed 
using reverse transcription-quantitative PCR to explore the underlying mechanisms. Scopolamine impaired spatial and 
object recognition memory, whereas lactoferrin markedly improved these deficits, with effects comparable to those of 
donepezil. Scopolamine also increased inflammatory and oxidative stress markers (Tnf and Nos2) and the apoptosis-
related factor (Casp3), all of which were attenuated by lactoferrin. These findings indicate that lactoferrin improved 
scopolamine-induced memory impairment, potentially by suppressing inflammation and oxidative stress, thereby 
inhibiting neuronal apoptosis. Therefore, lactoferrin may represent a promising functional food component for the 
prevention of cognitive decline.
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as a functional component under the Food with Function 
Claims system regulated by the Consumer Affairs 
Agency. In addition to its role in immune regulation (10), 
LF has attracted attention owing to its potential effects 
on the central nervous system. Previous studies have 
shown that LF enhances analgesic responses and exhibits 
antidepressant-like effects (11,12). Furthermore, our 
group has demonstrated that it ameliorates suppression 
of the serotonergic system in ovariectomized mouse 
models (13). At the cellular level, LF has been shown to 
promote neuronal cell growth by activating extracellular 
signal-regulated kinase signaling in PC12 cells (14). 
Moreover, accumulating evidence suggests that LF exerts 
protective effects against tissue damage by suppressing 
inflammation and oxidative stress, as demonstrated 
in a model of nonalcoholic steatohepatitis (NASH) 
(15). Given that oxidative stress is a key contributor to 
memory impairment, including scopolamine-induced 
memory impairment, these findings suggest that LF may 
exert protective effects against cognitive dysfunction.
	 Therefore, we hypothesized that LF would attenuate 
scopolamine-induced cognitive impairment through 
neuroprotective mechanisms that suppress oxidative 
stress, neuroinflammation, and neuronal cell death–
related signaling pathways. To test this hypothesis, we 
investigated the effects of LF on cognitive function and 
markers associated with neuroprotective pathways in a 
scopolamine-induced mouse model.

2. Materials and Methods

2.1. Animals

We employed 5-week-old ddY male mice purchased 
from SLC Inc. (Shizuoka, Japan). The animals were 
housed under controlled conditions (24 ± 1℃ and 55% 
humidity) and maintained on a 12-h light/12-h dark 
cycle (light period, 07:00-19:00, dark period, 19:00-
07:00). The animals were fed a standard rodent diet (Labo 
MR Stock; Nosan, Kanagawa, Japan) and provided tap 
water ad libitum. All experiments were conducted in 
accordance with the Guidelines for the Proper Conduct 
of Animal Experiments (Science Council of Japan) and 
were approved by the Yokohama University of Pharmacy 
(2023-014).
	 The mice were allocated to four experimental groups: 
control (n = 24), scopolamine hydrobromide trihydrate 
(SCOP; n = 24), SCOP + LF (n = 24), and SCOP + 
donepezil hydrochloride (DNP; n = 14). Behavioral 
experiments were conducted in three independent 
experimental batches owing to limitations in the number 
of animals that could be assessed simultaneously. The 
control, SCOP, and SCOP + LF groups were included in 
all three batches, whereas the SCOP + DNP group was 
included only in the second and third batches. As a result, 
the number of animals in the SCOP + DNP group was 
lower than that in the other groups. RT-qPCR analysis 

was performed using hippocampal tissues obtained from 
animals in the second and third experimental batches. 
This strategy enabled all samples to be analyzed under 
identical experimental conditions and minimized inter-
assay variability.
	 After a 7-day acclimation period, behavioral training 
was initiated when the mice were approximately 6 weeks 
old. Following the 3-day training period, mice received 
the assigned treatments for 21 days. Behavioral testing 
and tissue collection were subsequently performed at 
9–10 weeks of age (Figure 1).

2.2. Administration of experimental compounds

SCOP and DNP were purchased from Tokyo Chemical 
Industry Co., Ltd. (Tokyo, Japan). Bovine LF was 
obtained from NRL Pharma, Inc. (Tokyo, Japan). SCOP 
was diluted in physiological saline (0.9% w/v NaCl), 
and LF and DNP were diluted in tap water. Animals 
were administered SCOP (5 mg/kg) via intraperitoneal 
injection, and LF (300 mg/kg) and DNP (3 mg/kg) were 
administered orally. Administration was performed for 
21 consecutive days, beginning the day after completion 
of the Barnes maze training period. On the day of 
behavioral testing or necropsy, experimental compounds 
were administered 1 h before the respective procedure. 
The doses were selected based on our previous 
experimental findings and published evidence (5).

2.3. Barnes maze test

The Barnes maze test was performed as described 
in our previous study (5). The Barnes maze test was 
conducted using an MB-10 apparatus (SHINFACTORY, 
Fukuoka, Japan). The apparatus consisted of a circular 
platform measuring 455 mm in diameter and 920 mm 
in height, with 20 holes (25 mm diameter) located 30 
mm from the edge. The escape box measured 130 mm 
× 95 mm × 50 mm (width × depth × height). The light 
intensity was maintained at 600–700 Lx as a weakly 
aversive stimulus. To prevent interference with learning, 
the maze was enclosed by partitions, and three visual 
cues (stars, triangles, and double-circle shapes) were 
attached to the partitions. To prevent the use of olfactory 
cues and maze orientation for task performance, the 
platform was rotated 90° after each trial. The maze and 
associated apparatus were cleaned with 70% ethanol 
after each trial. All procedures were recorded using a 
high-definition digital camera (HC-W580M; Panasonic, 
Tokyo, Japan). The Barnes maze test consisted of three 
phases: habituation, repeated learning training, and 
probe testing.

2.3.1. Habituation

The habituation phase was conducted one day prior 
to the repeated learning test. During habituation, the 
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The probe test was conducted 21 days after completion of 
repeated learning training. During the probe test, visual 
cues were present, whereas the escape box was removed. 
The mice were confined in the start box at the center 
of the maze for 20 s, after which they were allowed to 
explore the maze freely for 120 s. Behavior was recorded 
using a camera positioned directly above the maze. This 
procedure was performed once for each mouse. Only the 
first 60 s of the recorded behavior were included in the 
analysis. The maze board was divided into four zones: 
the area around the escape box and associated star-shaped 
visual cue was designated ZONE1; the area surrounding 
the triangle-shaped visual cue was designated ZONE2; 
the area surrounding the double-circle visual cue was 
designated ZONE3; and the area without visual cues was 
designated ZONE4. The time spent in each zone and the 
proportion of total distance traveled within each zone 
were measured to evaluate spatial memory.

2.4. Novel object recognition test (NORT)

The NORT was performed as previously described 
(16,17). This experiment was conducted in an open-field 
apparatus (50 × 50 × 30 cm high) under a light intensity 
of 25–50 lx. Two objects of similar height were selected: 
object A (8.2 cm in diameter, 9.7 cm in height; white 
cylinder) and object B (6.5 cm in diameter, 8.9 cm in 
height; gray cylinder), which differed in color and shape. 
The object was placed along the diagonal axis within the 
central 25 × 25 cm area of the open field. To minimize 
the influence of olfactory or positional cues, object 
positions were swapped for each mouse. The maze and 
objects were cleaned with 70% ethanol between trials. 
All procedures were recorded using a high-definition 

maze board was used without visual cues or an escape 
box, allowing the mice to explore freely for 120 s. 
Subsequently, each mouse was placed in the center of 
the maze and confined within a transparent beaker for 
20 s, after which the escape box was introduced. The 
mouse was then guided into the escape box, with the 
hole blocked with an opaque weight, and remained there 
for 60 s. This procedure was performed once for each 
mouse.

2.3.2. Repetitive learning training

Repeated learning training was conducted for three 
consecutive days beginning the day after the habituation 
phase. During repeated learning training, the visual 
cues were displayed, and the escape box was positioned 
beneath the target hole. Mice were confined for 20 s 
in a start box (a light-proof white cylinder; 9.7 cm in 
diameter and 13.2 cm in height) positioned at the center 
of the maze. The start box was then removed, and each 
mouse was allowed to freely explore the maze for up to 
120 s. During this time, the latencies to locate and enter 
the escape box were recorded independently. If a mouse 
did not enter the escape box within the allotted time, it 
was guided to the escape box. Upon entering the escape 
box, the mouse was confined for 60 s. After completion 
of the training period, the learning rate was calculated by 
dividing the mean escape box arrival latency on day 3 by 
that on day 1. Prior to treatment allocation, animals were 
assigned to four groups (control, SCOP, SCOP + LF, and 
SCOP + DNP), and no significant differences in learning 
rate were observed among the groups.

2.3.3. Probe test

Figure 1. Experimental timeline of the study. Timeline of the experimental procedures, including behavioral assessments, experimental compound 
administration, and tissue collection. Following a 1-week acclimation period, 6-week-old male ddY mice were evaluated using the Barnes Maze 
test. The Barnes maze protocol consisted of a 1-day habituation phase followed by 3 days of repeated learning training. Mice were assigned to 
experimental groups based on their performance during the training period. Experimental compound administration began the day after completion of 
the Barnes maze training period and continued for 21 days. A probe test was conducted after the treatment period to assess spatial memory retention, 
followed by the NORT the following day. Hippocampal tissues were subsequently collected for molecular analyses. NORT, novel object recognition 
test; SCOP, scopolamine hydrobromide trihydrate (5 mg/kg); SCOP + LF, SCOP plus lactoferrin (300 mg/kg); SCOP + DNP, SCOP plus donepezil 
hydrochloride (3 mg/kg).



Drug Discoveries & Therapeutics. 2026; 20(3):254-263.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2026; 20(3):254-263.                                  www.ddtjournal.com

(257)

digital camera. The NORT consisted of three phases: 
habituation, familiarization (T1), and testing (T2), with 
experimental compounds administered 1 h before each 
phase.
	 During habituation, mice were allowed to freely 
explore the open field for 10 min in the absence of 
objects. Familiarization (T1) was conducted the day 
after habituation. During T1, two identical objects 
were placed, and each mouse was released into the 
center of the arena and allowed to explore freely for 10 
min. T2 was conducted 1 h after T1. During T2, one 
of the identical objects used in T1 was placed at the 
same location as during T1, whereas the other object 
was replaced with a novel object and positioned at the 
corresponding location. Mice were released into the 
center of the open field and allowed to explore freely for 
10 min. Only the first 5 min of the exploration period 
were included in the analysis. The duration and frequency 
of object exploration were recorded for each object. For 
the novel object, the exploration duration and exploration 
frequency were each divided by the corresponding total 
value for the familiar and novel objects combined, and 
the resulting values were expressed as percentages. Two 
animals in the SCOP + DNP group died during the oral 
administration period owing to an inadvertent gavage-
related technical error and were excluded from the 
NORT analysis.

2.5. Reverse transcription-quantitative PCR (RT-qPCR)

The hippocampus was dissected from mouse brains, and 
total RNA was extracted using ISOGEN (Nippon Gene, 
Tokyo, Japan). Tissue homogenization was performed 
using a Polytron PT 1300 D homogenizer (Kinematica 
AG, Lucerne, Switzerland). Complementary DNA 
(cDNA) was synthesized using PrimeScript™ RT 
Master Mix (Takara Bio Inc., Shiga, Japan) with the 
extracted RNA as a template. The reaction mixture was 
incubated at 37°C for 15 min, followed by incubation at 
85°C for 5 s.

	 RT-qPCR was performed using the LightCycler® 96 
System (Hoffmann-La Roche, Basel, Switzerland) with 
SYBR GREEN I MASTER Mix (Hoffmann-La Roche, 
Basel, Switzerland), and amplification was monitored 
using the intercalation method. The qPCR cycling 
conditions consisted of an initial denaturation step at 
95°C for 10 min, followed by 40‒50 amplification cycles 
of 95℃ for 10 s (denaturation) and 60℃ for 20‒30 s 
(annealing/extension).
	 Gene expression levels were calculated relative to 
those of Gapdh. The PCR primer sequences are listed in 
Table 1.

2.6. Statistical analysis

For group comparisons, data from repeated learning 
training were analyzed using a linear mixed-effects 
model (LMM), whereas other data were analyzed using 
Dunnett's test. Statistical analysis was performed using 
the free statistical software EZR (v.1.68; Jichi Medical 
University, Tochigi, Japan) (18). Significance levels were 
set at p < 0.001, p < 0.05, and p < 0.01.

3. Results

3.1. Barnes maze test

The Barnes maze test was used to evaluate hippocampus-
dependent spatial learning and long-term memory. 
Figure 2 shows the latency to enter the target hole 
during repetitive learning training (Figure 2). LMM 
analysis revealed no significant differences among the 
experimental groups, indicating comparable baseline 
performance prior to treatment allocation.
	 Three weeks after the initiation of experimental 
compound administration, a probe test was conducted. 

Figure 2. Baseline learning performance during the 3-day repeated 
learning training period used for group allocation. Linear mixed-
effects model (LMM) analysis shows no significant between-group 
differences in learning rates during the repeated learning test. Data are 
presented as mean ± SEM (control, SCOP, and SCOP + LF: n = 24, 
SCOP + DNP: n = 14). SCOP, scopolamine hydrobromide trihydrate 
(5 mg/kg); SCOP + LF, SCOP plus lactoferrin (300 mg/kg); SCOP + 
DNP, SCOP plus donepezil hydrochloride (3 mg/kg).

Table 1. Primer sequences

Gene

Gapdh

Tnf

Il1b

Ccl2

Nos2

Trp53

Casp3

Bdnf

Sequences (5'→3')

Forward: AGCTTGTCATCAACGGGAAG
Reverse: TTTGATGTTAGTGGGGTCTCG
Forward: CCTCTTCTCATTCCTGCTTGTG
Reverse: GCCATTTGGGAACTTCTCATCC
Forward: AGTTGACGGACCCCAAAAG
Reverse: AGCTGGATGCTCTCATCAGG
Forward: GGGACACTGGCTGCTTGT
Reverse: GTTGTTAAGCAGAAGATTCACGTC
Forward: CTTTGCCACGGACGAGAC
Reverse: TCATTGTACTCTGAGGGCTGAC
Forward: CCAGGATGTTGCAGAGTTGTT
Reverse: GCAGGAGCTGACACTTGGA
Forward: GAGGCTGACTTCCTGTATGCTT
Reverse: AACCACGACCCGTCCTTT
Forward: AGTCTCCAGGACAGCAAAGC
Reverse: TGCAACCGAAGTATGAAATAACC
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The time spent in each zone and the percentage of 
distance traveled are presented in Figures 3A–3C. In 
ZONE1, where the target hole was located, the time 
spent was significantly decreased in the SCOP group 
(13.4 ± 1.3%) compared with the control group (23.9 
± 1.5%), whereas it was significantly increased in the 
SCOP + DNP group (22.0 ± 2.9%) compared with the 
SCOP group (Figure 3B). These findings support the 
successful establishment of the scopolamine-induced 
memory impairment model. The SCOP + LF group (22.5 
± 2.1%) also exhibited a significant increase compared 
with the SCOP group. In ZONE3, which is located 
diagonally opposite ZONE1, the control and SCOP + 
LF groups spent significantly less time than the SCOP 
group.
	 In ZONE1, the percentage of distance traveled 
was significantly reduced in the SCOP group (25.0 ± 
2.3%) compared with the control group (36.7 ± 2.1%), 
whereas it was significantly increased in the SCOP + 
LF group (35.6 ± 3.0%) compared with the SCOP group 
(Figure 3C). Furthermore, consistent with the findings 
for time spent in each zone (Figure 3B), both the control 
and SCOP + LF groups showed a significantly lower 

percentage of distance traveled in ZONE3 than the 
SCOP group.

3.2. NORT

The NORT was conducted to evaluate short-term 
object recognition memory (Figure 4A). During the 
familiarization phase (T1), in which two identical objects 
were presented, both the object exploration duration 
(%) (Figure 4B) and object exploration frequency (%) 
(Figure 4C) were approximately 50% across all groups, 
indicating no object preference (Figure 4B and 4C). 
These results confirmed that the experimental conditions 
for NORT were appropriately established.
	 During the test phase (T2), conducted 1 h after T1, 
one of the familiar objects was replaced with a novel 
object. The novel object exploration duration (%) was 
significantly lower in the SCOP group than in the control 
group and significantly higher in the SCOP + DNP group 
than in the SCOP group (Figure 4B). In addition, the 
SCOP + LF group exhibited a significant increase in the 
novel object exploration duration (%) compared with 
the SCOP group (Figure 4B). In contrast, novel object 

Figure 3. Effect of 3-week experimental compound administration on Barnes maze performance. (A) Representative movement trajectories 
during the probe test for each group (control, SCOP, SCOP + LF, and SCOP + DNP), illustrating differences in spatial exploration patterns. ZONE1 
(red frame) corresponds to the area surrounding the former location of the escape box. (B) Time spent and (C) percentage of distance traveled in 
each zone during the Barnes maze probe test across experimental groups. Data are presented as box-and-whisker plots. The center line indicates the 
median, the box represents the interquartile range (25th–75th percentiles), and the whiskers indicate the minimum and maximum values (control, 
SCOP, and SCOP + LF: n = 24, SCOP + DNP: n = 14). Statistical analysis was performed using Dunnett's test. *p < 0.05, **p < 0.01, and ***p < 0.001 
versus SCOP. SCOP, scopolamine hydrobromide trihydrate (5 mg/kg); SCOP + LF: SCOP plus lactoferrin (300 mg/kg); SCOP + DNP, SCOP plus 
donepezil hydrochloride (3 mg/kg).
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exploration frequency (%) did not differ significantly 
among the groups (Figure 4C).

3.3. Effects of experimental compound administration on 
hippocampal gene expression

To evaluate the effects of the experimental compounds 
on hippocampal gene expression, mRNA expression 
levels of inflammatory mediators Tnf, Il1b, and Ccl2, as 
well as Nos2, a key enzyme involved in inflammation-
associated nitric oxide production, were analyzed. 
Furthermore, Bdnf, a key regulator of neuronal survival 
and synaptic plasticity, and the apoptosis-related factors 
Trp53 and Casp3 were examined.
	 Tnf expression was significantly elevated in the 
SCOP group compared with the control group, and this 
increase was significantly attenuated in the SCOP + LF 
and SCOP + DNP groups (Figure 5A). In contrast, Il1b 
and Ccl2 expression levels did not differ significantly 
among the groups (Figures 5B and 5C). Similarly, Nos2 
expression was significantly elevated in the SCOP group, 
and this increase was significantly attenuated in the 
SCOP + LF and SCOP + DNP groups (Figure 5D). No 
significant differences were observed in Bdnf expression 
levels among the groups (Figure 6A). In addition, no 
significant differences in Trp53 expression levels were 
observed between the SCOP, control, and SCOP + DNP 

groups. However, Trp53 expression was significantly 
reduced in the SCOP + LF group (Figure 6B). 
Conversely, Casp3 expression was significantly elevated 
in the SCOP group, and this increase was significantly 
attenuated in the SCOP + LF and SCOP + DNP groups 
(Figure 6C).

4. Discussion

Our findings demonstrate that oral LF administration 
ameliorated scopolamine-induced memory impairment. 
This study was performed using a murine model 
of memory impairment induced by scopolamine, a 
muscarinic receptor antagonist. Our previous study 
demonstrated that scopolamine administration after 
repeated training induced memory impairment in the 
Barnes maze test (5). Moreover, we previously reported 
that SAMP8 mice, a model of accelerated aging, exhibit 
impaired performance during repeated learning in the 
Barnes maze test (19). Therefore, in the present study, 
mice were assigned to experimental groups based on 
their performance during the 3-day training period 
to ensure comparable baseline learning ability and 
minimize differences in memory consolidation among 
the groups. Following the 3-day training period, mice 
received scopolamine alone, scopolamine plus donepezil, 
or scopolamine plus LF for three weeks. In the probe test 

Figure 4. Effects of experimental compound administration on short-term object recognition memory assessed 1 h after administration. (A) 
Representative movement trajectories during the T2 in each group (control, SCOP, SCOP + LF, and SCOP + DNP), illustrating differences in spatial 
exploration behavior. Red circles indicate the novel object, while black circles indicate the familiar object used in T1. (B) Novel object exploration 
(%) and (C) novel object exploration frequency (%) in T1 and T2 of the novel object recognition test. Data are presented as box-and-whisker plots. 
The center line indicates the median, the box represents the interquartile range (25th–75th percentiles), and the whiskers indicate the minimum and 
maximum values (control, SCOP, and SCOP + LF: n = 24, SCOP + DNP: n = 14). Statistical analysis was performed using Dunnett's test. *p < 0.05, 
**p < 0.01, and ***p < 0.001 versus SCOP. SCOP, scopolamine hydrobromide trihydrate (5 mg/kg); SCOP + LF: SCOP plus lactoferrin (300 mg/
kg); SCOP + DNP, SCOP plus donepezil hydrochloride (3 mg/kg).
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conducted after the treatment period, the control group 
demonstrated sustained memory retention, spending 
approximately 24% of the test time in ZONE1 even 
two weeks after training. In contrast, the scopolamine-
only group spent only 13% of the test time in ZONE1, 
indicating impaired memory retention.
	 Cholinergic neurons projecting from the Meynert 
basal nucleus to the hippocampus and other brain regions 
are involved in memory processes, and scopolamine 

induces memory impairment by blocking muscarinic 
receptors (20). Accordingly, we postulated that the 
scopolamine-induced memory impairment was mediated, 
at least in part, through this pathway. In this study, 
donepezil, a cholinesterase inhibitor widely used for the 
treatment of Alzheimer's disease, markedly improved 
memory impairment, suggesting that restoration of 
cholinergic neurotransmission can counteract the effects 
of scopolamine-induced muscarinic receptor blockade. 

Figure 5. Effects of experimental compound administration on hippocampal mRNA expression of Tnf, Il1b, Ccl2, and Nos2. Hippocampal 
mRNA expression of inflammation- and oxidative stress-related genes. (A) Tnf, (B) Il1b, (C) Ccl2, and (D) Nos2, as quantified by RT-qPCR. Data 
are presented as box-and-whisker plots. The center line indicates the median, the box represents the interquartile range (25th–75th percentiles), and 
the whiskers indicate the minimum and maximum values (control, SCOP, and SCOP + LF: n = 24, SCOP + DNP: n = 14). Statistical analysis was 
performed using Dunnett's test. *p < 0.05, **p < 0.01, and ***p < 0.001 versus SCOP. SCOP, scopolamine hydrobromide trihydrate (5 mg/kg); 
SCOP + LF: SCOP plus lactoferrin (300 mg/kg); SCOP + DNP, SCOP plus donepezil hydrochloride (3 mg/kg).

Figure 6. Effects of experimental compound administration on hippocampal mRNA expression of Bdnf, Trp53, and Casp3. Hippocampal 
mRNA expression levels of (A) Bdnf, a gene associated with neuronal survival and synaptic plasticity, and the apoptosis-related genes (B) Trp53 
and (C) Casp3, as quantified by RT-qPCR. Data are presented as box-and-whisker plots. The center line indicates the median, the box represents 
the interquartile range (25th–75th percentiles), and the whiskers indicate the minimum and maximum values (control, SCOP, and SCOP + LF: n = 
24, SCOP + DNP: n = 14). Statistical analysis was performed using Dunnett's test. *p < 0.05, **p < 0.01, and ***p < 0.001 versus SCOP. SCOP, 
scopolamine hydrobromide trihydrate (5 mg/kg); SCOP + LF: SCOP plus lactoferrin (300 mg/kg); SCOP + DNP, SCOP plus donepezil hydrochloride (3 
mg/kg).
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Although LF does not possess cholinesterase-inhibitory 
activity, it produced a comparable improvement in 
memory impairment. Analysis of trajectories in each 
region during the probe test revealed that activity in the 
region opposite to the target region was significantly 
reduced in the LF group. In contrast, the donepezil group 
exhibited a more uniform distribution of activity across 
the three non-target regions, suggesting that donepezil 
may improve memory performance through distinct 
underlying mechanisms.
	 In the NORT (T2), the scopolamine-only group 
demonstrated a novel object exploration duration (%) 
of approximately 50%, suggesting impaired short-term 
recognition memory. In contrast, the LF and donepezil 
groups exhibited novel object exploration durations 
of ≥ 70%, suggesting that these treatments improved 
short-term memory impairment. Notably, no significant 
differences were observed in novel object exploration 
frequency (%) among the groups, supporting the validity 
of the object recognition memory test. To investigate 
the mechanisms underlying the LF-mediated effects 
on memory, hippocampal gene expression levels were 
analyzed by RT-qPCR. Scopolamine administration 
has been shown to induce inflammation via muscarinic 
receptor blockade (21,22). In addition, scopolamine 
administration has been reported to markedly increase 
Nos2 levels, which are associated with oxidative stress 
(5). LF has been reported to exert anti-inflammatory 
effects in immune cells (23), and our previous study 
using a NASH mouse model demonstrated its ability 
to suppress hepatic inflammation (15). In addition, LF 
has been reported to possess antioxidant properties 
(24). To investigate the effects of scopolamine-induced 
inflammation in the hippocampus, we examined 
the expression of Tnf, Il1b, and Ccl2. Scopolamine 
administration markedly increased Tnf expression, 
whereas LF and donepezil significantly suppressed this 
increase, suggesting anti-inflammatory effects. TNF-α 
is a proinflammatory cytokine produced primarily by 
macrophages. Liu et al. (2022) reported that LF exerts 
anti-inflammatory effects by modulating macrophage 
function (25), raising the possibility that a similar 
mechanism may also operate in the hippocampus. In 
the central nervous system, microglia perform functions 
analogous to those of macrophages; therefore, LF may 
exert anti-inflammatory effects through the modulation 
of microglial activity. Our previous study using a 
NASH mouse model demonstrated that LF suppresses 
inflammation through effects on hepatic macrophages, 
and the findings of the present study further support 
the anti-inflammatory properties of LF. In contrast, 
although Il1b demonstrated a trend similar to that of 
Tnf, no statistically significant difference was observed. 
Likewise, no significant differences were observed 
in the expression of Ccl2, a chemokine involved in 
macrophage migration. One possible explanation for 
this finding is that hippocampal tissue was collected 24 

h after the final dose. Next, we examined the expression 
of Nos2, which encodes inducible nitric oxide synthase 
(iNOS), a key enzyme involved in inflammation-
associated oxidative stress. iNOS catalyzes the 
production of nitric oxide, which activates soluble 
guanylate cyclases. In turn, reactive oxygen and nitrogen 
species induce Nos2 expression, establishing a positive 
feedback loop. Thus, Nos2 upregulation may contribute 
to the exacerbation of oxidative stress. Scopolamine 
markedly increased the expression of Nos2, whereas 
LF or donepezil substantially inhibited this increase. 
Likewise, our previous study demonstrated that 
scopolamine increases oxidative stress (5). Furthermore, 
scopolamine has been reported to enhance oxidative 
stress by inhibiting superoxide dismutase activity (26); 
however, the mechanisms underlying scopolamine-
induced oxidative stress remain to be fully elucidated. 
Because LF suppressed the scopolamine-induced 
increase in oxidative stress, we next examined the 
expression of Bdnf, a key regulator of neuronal survival 
and synaptic plasticity, as well as the apoptosis-related 
genes Trp53 and Nos2. Although Bdnf expression did 
not differ significantly among the groups, it tended 
to increase in the scopolamine group and decrease 
following LF treatment. Elevated BDNF levels promote 
nerve growth, whereas oxidative stress is generally 
thought to inhibit this process. However, despite the 
increase in oxidative stress induced by scopolamine, 
Bdnf expression tended to increase in the present study. 
One possible explanation is that the relatively young 
age of the mice (approximately 10 weeks old) elicited 
a feedback mechanism. Wu et al. (2020) reported 
that BDNF suppression contributed to neuronal loss 
in 24-week-old mice (27), suggesting that age may 
influence the relationship between oxidative stress 
and Bdnf expression. The scopolamine-treated group 
exhibited a trend toward increased Trp53 expression and 
a significant increase in Casp3 expression. This suggests 
that scopolamine induces inflammation by activating 
macrophages and promotes neuronal cell death by 
increasing oxidative stress. Because LF markedly 
suppressed these changes, it may reduce oxidative 
stress in neurons and exert anti-inflammatory effects by 
modulating microglial activity.
	 The beneficial effects of LF on cognitive function 
have previously been reported in aged mice and APP/
PS1 transgenic mouse models (28,29). Consistent with 
these findings, the present study demonstrated that 
LF improves memory performance. However, unlike 
previous studies, we employed a scopolamine-induced 
cognitive impairment model, which is widely used to 
mimic cholinergic dysfunction–associated memory 
deficits. Furthermore, the beneficial effects of orally 
administered LF were associated with the reduced 
expression of Tnf, Nos2, Trp3, and Casp3. Accordingly, 
LF may ameliorate cognitive impairment by modulating 
neuroinflammatory, oxidative stress-related, and 
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apoptosis-related pathways during cholinergic 
dysfunction.
	 These results indicate that LF improves scopolamine-
induced memory impairment by inhibiting neuronal loss 
via its anti-inflammatory and antioxidant effects.
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