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Abstract.
Background: Tripeptide Met-Lys-Pro (MKP), a component of casein hydrolysates, has effective angiotensin-converting
enzyme (ACE) inhibitory activity. Brain angiotensin II enzyme activates the NADPH oxidase complex via angiotensin II
receptor type 1 (AT1) and enhances oxidative stress injury. ACE inhibitors improved cognitive function in Alzheimer’s disease
(AD) mouse models and previous clinical trials. Thus, although undetermined, MKP may be effective against pathological
amyloid-� (A�) accumulation-induced cognitive impairment.
Objective: The current study aimed to investigate the potential of MKP as a pharmaceutical against AD by examining MKP’s
effect on cognitive function and molecular changes in the brain using double transgenic (APP/PS1) mice.
Methods: Experimental procedures were conducted in APP/PS1 mice (n = 38) with a C57BL/6 background. A novel object
recognition test was used to evaluate recognition memory. ELISA was used to measure insoluble A�40, A�42, and TNF-�
levels in brain tissue. Immunohistochemical analysis allowed the assessment of glial cell activation in MKP-treated APP/PS1
mice.
Results: The novel object recognition test revealed that MKP-treated APP/PS1 mice showed significant improvement in
recognition memory. ELISA of brain tissue showed that MKP significantly reduced insoluble A�40, A�42, and TNF-� levels.
Immunohistochemical analysis indicated the suppression of the marker for microglia and reactive astrocytes in MKP-treated
APP/PS1 mice.
Conclusion: Based on these results, we consider that MKP could ameliorate pathological A� accumulation-induced cognitive
impairment in APP/PS1 mice. Furthermore, our findings suggest that MKP potentially contributes to preventing cognitive
decline in AD.
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INTRODUCTION

According to a 2021 report from Alzheimer’s Dis-
ease International, 55 million people worldwide have
dementia. The number of affected patients will con-
tinue to increase and is estimated to reach about
78 million in 2030 [1, 2]. The high prevalence of
dementia leads to physical, psychological, social, and
economic burden, not only on those with dementia,
but also on their families and society [2]. Against this
background, it would be important to take efforts to
prevent dementia in an aging society.

Alzheimer’s disease (AD) is the most common
type of dementia, accounting for about 60–70%
of patients with dementia [2]. Pathophysiological
changes in AD, including the formation of amyloid-�
(A�) plaques and neurofibrillary tangles, are thought
to begin years before clinical symptoms appear,
which bring on a very long “preclinical” phase of AD
[3]. Currently, the amyloid hypothesis that A� accu-
mulation in the brain is the trigger for AD progression
has been proposed based on the studies in familial AD
(FAD) cases [4, 5]. In addition, according to the amy-
loid hypothesis, A� deposition is thought to cause
pathological changes leading to inflammation, synap-
tic malfunctioning, and synaptic degeneration [6].

The renin-angiotensin system (RAS) is considered
an essential circulating fluid system for controlling
blood pressure and maintaining sodium and water
homeostasis. Angiotensin II (Ang II), which plays
a primary role in RAS, affects cell function via
Ang II receptor types 1 (AT1) and 2 (AT2) [7]. All
RAS components have been found locally in the
brain, indicating the presence of brain local RAS
independent from circulating RAS [8, 9]. Further-
more, local Ang II reportedly activates the NADPH
oxidase complex via AT1 and enhances oxidative
stress injury [10]. Thus, modulation of angiotensin-
converting enzyme (ACE) activity, which converts
angiotensin I to angiotensin II, would be useful for
neuroprotection against Ang II-mediated oxidative
stress injury in the brain [11, 12]. Histopathologi-
cal studies have reported increased ACE expression
in the cerebrums of AD patients [13–15] and elevated
hippocampal ACE activity in the aged rats subjected
to chronic mild stress and the Tg2576 transgenic AD
model mice [16, 17]. In contrast, ACE inhibitors and
angiotensin II receptor blockers (ARBs) improved
cognitive function in mouse models of AD [17–20]
and clinical trials [21–24]. Furthermore, AbdAlla
et al. reported that an ACE inhibitor captopril normal-
ized hippocampal ACE activity and delayed the sign

of neurodegeneration in AD mice [17]. Several obser-
vational and clinical studies also support that ACE
inhibitors with blood-brain barrier (BBB) permeabil-
ity can reduce the rate of functional deterioration in
AD patients and decelerate AD progression [25, 26].

Tripeptide Met-Lys-Pro (MKP) is a component of
casein hydrolysates with effective ACE inhibitory
activity (IC50 = 0.43 �M). MKP has shown antihy-
pertensive effects in spontaneously hypertensive rats
and people with mildly high blood pressure [27, 28].
Furthermore, MKP has been shown to inhibit brain
injury in stroke-prone spontaneously hypertensive
rats [29] and improve cognitive function, specifically
orientation as measured by the respective ADAS-cog
subscale, in subjects whose range of cognitive func-
tion was healthy to mild cognitive impairment (MCI)
[30]. Additionally, MKP has shown beneficial effects
on cognitive function, inflammation, and oxidative
stress in mice with an intracerebroventricular injec-
tion of A�42 [31]. However, the effect of MKP on
preclinical pathological changes in AD, such as A�
accumulation, has not yet been examined. Therefore,
to elucidate the effects of MKP on cognitive impair-
ment induced by pathological A� accumulation and
examine its potential as preventive medicine, we con-
ducted experiments using an APP/PS1 transgenic
mouse model of AD.

MATERIALS AND METHODS

Animals

We obtained APPswe/PS1dE9 double transgenic
(APP/PS1) mice with a C57BL/6 background from
Jackson Laboratory (Bar Harbor, ME, USA) and bred
the mice at the Shiga University of Medical Science.
Mice were housed in standard cages (2 to 5 mice
per cage), with the temperature controlled at 23◦C
and maintained on a 12-h light/dark cycle (lights on
8:00–20:00) with free access to food and water. Het-
erozygous (n = 38) mice at 6 months of age were
per os (p.o.) given a standard chow diet (AIN-93M;
Oriental Yeast, Tokyo, Japan) with or without MKP
(Peptide Institute, Osaka, Japan; 10 ppm, which is
equivalent to 0.83 mg/kg body weight/day) ad libi-
tum for 9 months. Behavioral tests were performed at
14.5 months of age, and the mice were sacrificed at
15 months under deep anesthesia with sodium pen-
tobarbital (50 mg/kg, i.p.). The brains of each mouse
were separated into two hemispheres in the sagittal
plane. One hemisphere was prepared for immunohis-
tochemistry by immersing in 4% paraformaldehyde
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in 0.1 M phosphate buffer (PB) for 24 h at 4◦C
followed by 15% sucrose in 0.1 M PB with 0.1%
sodium azide. The other hemisphere was snap-frozen
in liquid nitrogen and further processed for biological
examination.

All experimental procedures in this study were
approved by the Animal Care and Use Commit-
tee of Shiga University of Medical Science (Ethical
committee approval number: 2018-7-9H3) and the
Institutional Animal Care and Use Committee of
Morinaga Milk Industry Co., Ltd. (Ethical committee
approval number: 18-023).

Novel object recognition test

The novel object recognition (NOR) test was per-
formed as previously described [32]. The test was
performed in a 25 cm radius circular chamber with
40 cm high walls. The test was conducted on two
consecutive days and consisted of habituation, train-
ing, and testing. On day 1, for habituation, mice were
placed in the open chamber without any object for
20 min. On day 2, each mouse was given a training
trial followed by a testing trial. During the training
trial, the mouse was placed in the chamber with two
identical objects and allowed to explore the objects
for 10 min. To exclude the effects of location pref-
erence on object familiarity/novelty, the proportion
of exploration times of the two identical objects was
measured. After 1 h, the test trial was performed, for
which the mice were again placed in the same cham-
ber with one previous object and one novel object for
10 min. The chamber and all objects were cleansed
after each testing. Exploration was defined as sniff-
ing (within 2 cm), pawing, or biting the object, while
leaning against and standing on the object were not
included. Exploration time around each object was
counted, and a recognition index was calculated as the
ratio of time spent exploring the novel object. Loca-
tion preference and recognition index were calculated
using the formulas described below.

Location preference = Time spent exploring one of
the identical objects/Total time spent exploring both
identical objects × 100%

Recognition index = Time spent exploring novel
object/(Time spent exploring novel object + Time
spent exploring familiar object) × 100%

Morris water maze test

The Morris water maze (MWM) test was con-
ducted as previously described [32]. The test was

performed in a 60 cm radius, 36 cm deep pool filled
with temperature-controlled water (20 ± 1◦C) cov-
ered with white non-toxic poster paint to maintain
the opacity. The pool was practically separated into
four quadrants with a clear platform of 5 cm radius
submerged approximately 1 cm beneath the surface
in a defined target quadrant. The MWM experiment
included three parts: place navigation, a probe test,
and cued navigation, and several performance param-
eters were recorded using CompACT VAS Ver.3.0x
software. The place navigation test was performed for
six consecutive days. Each mouse performed 5 trials
per day with 30 min inter-trial intermissions. During
the test period, a mouse was placed into the pool fac-
ing the wall and was given 90 s to find and climb onto
the hidden platform. Any mouse that could not locate
the platform within the allotted time was gently led to
it. After reaching the platform, the mouse was given
a 20-s rest period on the platform to orientate itself to
the visual cues in the room. In the next trial, the mouse
was released in a different quadrant facing the wall.
After finishing the test, the escape latency and swim
speed (cm/s) were analyzed. After the place naviga-
tion test, a probe test was performed. In the probe test,
the platform was withdrawn, and mice were placed in
the pool and allowed to swim freely for 90 s. Then the
time spent in the objective quadrant and the number of
platform points were counted. In the cued navigation
test, the platform was moved to the other quadrant and
raised from the surface. The mark was placed on the
platform, and the optical features on the walls were
removed to confirm mice were using cues to identify
the platform. Mice that did not reach the platform in
the last three trials were excluded from all analyses.

RNA sequencing (RNA-seq) analysis

Total RNA was extracted from the hippocampus
with the RNeasy Plus Universal Mini Kit (Qiagen,
Venlo, Netherlands) according to the manufacturer’s
instructions. All samples met RIN numbers of 8.3
or higher. Library generation and sequencing were
performed at Takara Bio Inc (Kusatsu, Japan). RNA-
seq libraries were prepared with the SMART-Seq v4
Ultra Low Input RNA Kit for Sequencing (Takara Bio
USA, San Jose, CA, USA), and 150-bp paired-end
sequencing was performed on NovaSeq 6000 (Illu-
mina, San Diego, CA, USA). The DRAGEN Bio-IT
Platform (version 3.7.5, Illumina) was used to align
the reads from each sample to the Mus musculus
genome GRCm38 assembly. Transcripts per million
(TPM) was used as the normalization method. Differ-
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entially expressed genes (DEG) were identified using
a combination of p < 0.05 and transcript abundance
>2-fold cut-offs. To determine functional annotations
of the DEG list and perform statistical assessment of
annotations, the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) was utilized.

Immunohistochemical analysis

Immunohistochemical analysis was conducted as
described previously [33]. Briefly, 20-�m free-
floating sagittal sections of the brain were washed
with 0.1 M phosphate-buffered saline (PBS) con-
taining 0.3% Triton X-100 (PBS-T, pH 7.4) and
subsequently soaked in 0.3% hydrogen peroxide in
PBS-T for 20 min at room temperature (RT) to inacti-
vate endogenous peroxidase. The sections were then
washed three times for 10 min in PBS-T and then
blocked with 2% bovine serum albumin (BSA) in
PBS-T for 30 min at RT. Afterward, the blocked
sections were incubated with rabbit polyclonal anti-
human amyloid � (N) (1:500; Immuno-Biological
Laboratories, Fujioka, Japan), rabbit polyclonal anti-
GFAP (1:10,000; Dako, Glostrup, Denmark) or
rabbit polyclonal anti-Iba1 (1:4,000; FUJIFILM
Wako, Osaka, Japan) antibodies in PBS-T contain-
ing 0.2% BSA overnight at 4◦C. The following
day, after washes with PBS-T, the immunolabeled
sections were incubated with biotinylated goat poly-
clonal anti-rabbit IgG antibody (1:1,000; Vector
Laboratories, Burlingame, CA, USA) for 60 min
at RT. After three PBS-T washes, sections were
soaked in avidin-biotin complex solution (Vectas-
tain ABC Elite kit, 1:3,000; Vector Laboratories)
for 60 min at RT. Finally, after several washes with
PBT-T, 3,3’-diaminobenzidine (Dojindo Laborato-
ries, Kumamoto, Japan) with nickel ammonium
sulfate was used to visualize the immunolabeling.
Immunohistochemistry images were captured with a
camera (DP27, Olympus) and analyzed using ImageJ
software to measure the immunoreactive areas.

Enzyme-linked immunosorbent assay (ELISA)

Tissues collected from the cerebral cortex were
homogenized in cold tris-buffered saline (TBS)
(1 mL/150 mg wet tissue weight) with a protease
inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). After sonicated, the homogenates were
centrifuged at 104,300× g for 60 min at 4◦C. The
supernatant was collected as a TBS-soluble frac-
tion, while the pellet was resuspended in 70% formic

acid (FA) in water, sonicated, and centrifuged at
104,300× g for 60 min at 4◦C. After neutraliz-
ing with 1 M Tris base, the supernatants were
collected as FA fractions containing the insoluble
A�. These samples were then stored at –80◦C until
further processing. Protein concentration was mea-
sured using a Protein Assay BCA Kit (Nacalaitesque,
Kyoto, Japan). Commercially available ELISA kits
were used to determine A�40 (FUJIFILM Wako),
A�42 (FUJIFILM Wako), IL-1� (RayBiotech, San
Diego, GA, USA), IL-6 (RayBiotech), and TNF-�
(RayBiotech).

Statistical analysis

All data are presented as mean ± SEM. Student’s
unpaired t-test was conducted for single comparisons,
and Mann-Whitney U-test was used as a nonpara-
metric method. The escape latency in MWM test
was assessed with two-way repeated measures anal-
ysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test and one-way repeated
measures ANOVA followed by Dunnett’s multiple
comparison test. p-value of <0.05 was considered sta-
tistically significant. Analyses were performed using
SPSS 25.0 for Windows (SPSS Inc., Chicago, IL,
USA). Statistics for RNA-seq analysis are described
in the “RNA sequencing (RNA-seq) analysis”
section.

RESULTS

MKP improves recognition memory in APP/PS1
mice

To evaluate the recognition memory of APP/PS1
mice, NOR test was conducted. In the training period,
mice of each group spent almost the same time
exploring identical objects, suggesting no location
bias (U = 187, p = 0.92; Fig. 1A). Subsequently, for
the testing period on day 2, one of the identical
objects was exchanged for a novel object, and the
time spent exploring the novel object was calculated
as the recognition index (Fig. 1B). There was a sig-
nificant difference in the recognition index between
MKP-treated APP/PS1 mice and control APP/PS1
mice (57.8 ± 5.9% and 46.1 ± 5.0%, respectively;
t = –2.20, df = 36, p < 0.05), suggesting that the MKP
group showed a better preference for the novel
object.



A. Matsuzaki Tada et al. / MKP Improves Cognition in APP/PS1 Mice 839

Fig. 1. Met-Lys-Pro (MKP) p.o. administration prevents working memory deficit in APP/PS1 mice as measured by the novel object recogni-
tion task. A) Both groups spent approximately the same time exploring two identical objects during the training trial, indicating no inherent
place preference. B) MKP-treated APP/PS1 mice spent a significantly longer time exploring the novel object compared to control APP/PS1
mice, as indicated by the higher mean recognition index in 10 min measurement. Data are presented as mean ± SEM. Data were analyzed
with the Student’s t-test or Mann–Whitney U-test. ∗p < 0.05 compared to Control. (Control, n = 19; MKP, n = 19).

Effect of MKP on spatial learning and memory of
APP/PS1 mice

The MWM test was performed to evaluate the
effects of MKP on the spatial learning and mem-
ory deficiency of APP/PS1 mice. In Fig. 2A, we
found a significant main effect of time [F (5,
90) = 8.90, p < 0.001], but no effect of treatment [F
(1, 18) = 0.837, p = 0.372] and an interaction between
treatment and time [F (5, 90) = 0.559, p = 0.731] using
two-way repeated measures ANOVA. In the main
effect of time, we detected significant differences
in the latency in the MKP group on day 5 (df = 90,
p < 0.05) and day 6 (df = 90, p < 0.01) compared to
day 1 by post hoc Tukey’s test. In addition, we
detected significant differences in the latency in the
MKP group between day 1 and 6 [df = 2.37, F = 5.70,
p < 0.05] using one-way repeated measures ANOVA
followed by post hoc Dunnett’s test, although there
were no difference in the control APP/PS1 group
at any time point [df = 2.76, F = 2.23, p = 0.102]. A
probe trial conducted on day 7 in which the platform
was withdrawn from the pool showed no statisti-
cally significant difference in time spent in the target
quadrant between the groups (U = 182.5, p = 0.95;
Fig. 2B). On the cued navigation test (visible plat-
form test), no significant differences were detected
between groups (U = 178, p = 0.95; Fig. 2D). There
were no group differences in the swimming speed for
place navigation training on day 6 (t = –1.40, df = 36,

p = 0.17; Fig. 2C) and in the cue navigation tests
(t = –0.74, df = 36, p = 0.46; Fig. 2E).

MKP-related changes in Aβ levels in the cerebral
cortex

Insoluble A�40 levels in the FA fraction were
502.2 ± 43.8 nmol/g protein and 325.9 ± 24.5 nmol/g
protein in MKP-treated APP/PS1 mice and control
APP/PS1 mice, respectively. Insoluble A�42 levels
in the FA fraction were 703.9 ± 36.6 nmol/g pro-
tein and 584.2 ± 40.8 nmol/g protein, respectively.
Both the species in the FA fraction were significantly
decreased in MKP-treated APP/PS1 mice compared
with control mice (U = 84, p < 0.01; Fig. 3A and
t = 2.17, df = 36, p < 0.05; Fig. 3B, respectively). In
contrast, there were no significant differences in solu-
ble A�40 and A�42 levels in the TBS fraction between
control APP/PS1 mice and APP/PS1 mice treated
with MKP (U = 130, p = 0.22; Fig. 3C and t = 1.12,
df = 36, p = 0.27; Fig. 3D), while A�42 levels showed
a slight reduction in MKP-treated APP/PS1 mice.

Additionally, we performed immunohistochem-
istry to evaluate the A� burden in the hippocampus
and cerebral cortex of the mice (Fig. 4). Immuno-
histochemistry for A� in the hippocampus showed
a downward trend in the MKP-treated mice, but
it was not statistically significant (t = 1.71, df = 36,
p = 0.096; Fig. 4C). Similarly, in the frontal cortex,
no significant difference was observed in A�-
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Fig. 2. Met-Lys-Pro (MKP) p.o. administration enhances spatial learning in APP/PS1 mice as measured by the Morris water maze test at
14.5 months of age. A) Each mouse performed 5 trials per day for 5 consecutive days to locate and climb onto the hidden platform in training
trials. MKP-treated APP/PS1 mice showed significant reductions in latencies to the platform from day 5 to day 6, compared with day 1.
Data are presented as mean ± SEM. Significance (Tukey’s multiple comparison test after two-way repeated measures ANOVA): ∗p < 0.05,
∗∗p < 0.01 versus day 1; (Dunnett’s multiple comparison test after one-way repeated measures ANOVA): †p < 0.05 versus day 1. (Control,
n = 19; MKP, n = 19). B) Probe test 1 day after the last trial. The time spent in the target quadrant in both groups was approximately the
same. C) On day 6 of place navigation training, no significant differences in the swim speed were observed between groups. D) The cued
navigation test (visible platform test) was conducted. No significant differences were detected between groups. E) On the cued navigation
test, no significant differences in the swim speed were observed between groups. Data are presented as mean ± SEM. Data were analyzed
with the Student’s t-test or Mann–Whitney U-test. ∗p < 0.05 compared to Control. (Control, n = 19; MKP, n = 19).

immunoreactivity between control and MKP-treated
APP/PS1 mice (t = 0.70, df = 36, p = 0.49; Fig. 4F).

MKP-related alterations in hippocampal gene
expression

To evaluate the gene expression changes in
response to oral MKP administration, transcriptional
profiling was conducted on hippocampal tissues. In
total, 135 genes (45 upregulated, 90 downregulated)
were significantly altered in mice that had consumed
MKP compared with control mice. GO enrichment
analysis of the RNA-seq data using DAVID sug-
gested that the DEGs were involved in immune
response-related processes, such as “interleukin-1
production” and “negative regulation of defense
responses” (Table 1).

MKP treatment attenuated glial cell activity

Immunoreactivities for GFAP and Iba1 were used
to assess the activities of astrocyte and microglia

in the brain, respectively (Figs. 5 and 6). The
percentages of GFAP-immunoreactive areas in the
hippocampus and the cerebral cortex were sig-
nificantly reduced in MKP-treated APP/PS1 mice
compared with control APP/PS1 mice (t = 3.47,
df = 36, p < 0.005; Fig. 5C and t = 2.59, df = 36,
p < 0.05; Fig. 5F, respectively). In addition, the lev-
els of Iba1-immunoreactive area in the hippocampus
and cerebral cortex in MKP-treated APP/PS1 mice
were significantly ameliorated, compared to control
APP/PS1 mice (t = 3.44, df = 36, p < 0.005; Fig. 6C
and t = 3.48, df = 36, p < 0.005; Fig. 6F, respectively).

MKP treatment attenuated inflammatory
cytokine production in the brain

We also investigated neuroinflammation in the
brain of APP/PS1 mice after oral MKP adminis-
tration. The expression of inflammatory mediators,
IL-1�, IL-6, and TNF-�, in APP/PS1 mice was deter-
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Fig. 3. Changes in A� levels in the brains of APP/PS1 mice after Met-Lys-Pro (MKP) p.o. administration. One hemisphere of the forebrain
was homogenized and sequentially extracted with TBS (TBS fraction) and FA (FA fraction) in APP/PS1 mice. Levels of A�40 (A) and A�42
(B) in the FA fraction. Levels of A�40 (C) and A�42 (D) in the TBS fraction. MKP-treated APP/PS1 mice showed significant reductions in
A�40 and A�42 levels in the FA fraction. Data are presented as mean ± SEM. Data were analyzed using the Student’s t-test or Mann–Whitney
U-test. ∗p < 0.05 compared to Control. (Control, n = 19; MKP, n = 19).

mined using ELISA (Fig. 7). The results showed that
oral MKP administration did not affect IL-1� and
IL-6 levels (t = 1.56, df = 36, p = 0.13; Fig. 7A and
U = 159, p = 0.73; Fig. 7B). In contrast, the TNF-�
levels in MKP-treated APP/PS1 mice were signif-
icantly decreased, compared to control APP/PS1
mice, with the MKP-treated and control groups show-
ing 537.9 ± 29.6 pg/g protein and 437.3 ± 15.9 pg/g
protein, respectively (U = 82, p < 0.01; Fig. 7C).

DISCUSSION

In this study, we investigated the effects of tripep-
tide MKP on cognitive impairment induced by
pathological A� accumulation in an AD mouse
model. We found that MKP significantly improved
the recognition memory in APP/PS1 mice in the
NOR test. Oral MKP administration decreased the

level of insoluble A�40 and A�42 in the cerebral
cortex, while there were no significant differences
in soluble A�40 and A�42 between groups. Gene
expression analysis indicated a change in immune
response-associated processes. In addition, immuno-
histochemical analysis demonstrated that the markers
for microglia and reactive astrocytes were decreased
in the MKP group. Furthermore, changes in the lev-
els of cytokines also reflected the anti-inflammatory
effect of MKP. Based on the present study findings,
we considered that MKP could improve the cognitive
impairment induced by pathological A� accumula-
tion in APP/PS1 mice.

In the present study, MKP was effective for recog-
nition memory in the NOR test and partly for spatial
learning and memory in the MWM test (Figs. 1 and 2).
It has been shown that the ACE inhibitor perindopril
improved recognition memory in A�25–35-injected
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Fig. 4. A�42-immunoreactivities in APP/PS1 mice after Met-Lys-Pro (MKP) p.o. administration. Free-floating brain sections in the sagittal
plane were immunostained with Abeta (N) antibodies in the hippocampus (A, B, and C) and frontal cortex (D, E, and F). Immunohisto-
chemistry images of control (A) and MKP (B) in the hippocampus. Percentage of immunoreactive areas in each group in the hippocampus
(C). Immunohistochemistry images of control (D) and MKP (E) in the frontal cortex. Percentage of immunoreactive areas in each group in
the frontal cortex (F). Scale bar: 1 mm. Data represent mean ± SEM. Data were analyzed using the Student’s t-test. ∗p < 0.05 compared to
Control. (Control, n = 19; MKP, n = 19).

mice [20]. Further, the angiotensin-(1–7)/Mas axis,
which includes RAS components that compete with
Ang II and mainly exert a tissue-protecting effect,
has been reported to be important for maintaining
object recognition memory [34]. On the other hand, in
the MWM test, two-way repeated measures ANOVA
showed a significant main effect of time between day
1 and 5 and between day 1 and 6 in the MKP group,
but no significant difference was found in the con-
trol group at any time point. In addition, one-way
repeated measures ANOVA showed that there was a
significant difference in the latency in the MKP group
between day 1 and 6, while there was no difference
in the control APP/PS1 group. These results suggest
that the MKP group learned by trial, but not the con-
trol group. However, the effect of MKP on special
learning and memory deficiency is likely to be lim-
ited, as there were no differences between groups.
Although we used this statistical approach to avoid
missing potential beneficial effects of MKP treatment
on behavior, the risk of overinterpretation of data
should be considered. A study by Durani et al. [32]

indicated that the reduction in the latency times was
less than approximately 55% in the wild type after 6
days of consecutive training. However, the reduction
in latency times was less than approximately 25% on
day 6 versus day 1 in both control APP/PS1 mice and
MKP-treated APP/PS1 mice in our study (Fig. 2A).
Although the MWM test is demonstrated to evaluate
mouse cognitive function, the radial-arm maze task
was more demanding than the water maze in disori-
ented models [35]. Thus, these results suggested that
oral MKP administration improved the recognition
memory in the AD model and had little effect on spa-
tial and learning memory. However, to elucidate the
effects of MKP on cognitive function, a future study
in a comprehensive cognitive decline model should
be conducted.

In the present study, both A�40 and A�42 in the
FA fraction were decreased in MKP-treated mice
(Fig. 3). In addition, A�42 in the TBS fraction tended
to decrease in the MKP group (Fig. 3D). These results
indicate that MKP significantly reduced hydropho-
bic A� in APP/PS1 mice. In a previous study, ACE
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Table 1
List of top 10 GO terms for DEGs

GO Term
(GOTERM BP 4)

Count Gene Name % p

regulation of epithelial
cell proliferation

8 OVOL2, SNAI2, IQGAP3, EAF2, HPN, SCN5A,
MMP12, CDKN2B

8.99 0.00

organ morphogenesis 13 OVOL2, RS1, EYA4, SNAI2, FGFR4, HPN, ISL1,
SLITRK6, PLAG1, GRHL2, SCUBE2, CRB1,
ACP5

14.61 0.00

extracellular matrix
organization

6 COL6A4, FGFR4, COL4A6, HPN, RXFP1, MMP12 6.74 0.00

interleukin-1 production 4 NLRP1B, NLRC4, ISL1, ACP5 4.49 0.00
negative regulation of

epithelial cell
proliferation

4 SNAI2, EAF2, HPN, CDKN2B 4.49 0.02

positive regulation of
macromolecule
metabolic process

19 PLA2G5, OVOL2, LRRC32, EYA4, NLRC4, SNAI2,
IQGAP3, FGFR4, EAF2, EBF3, HPN, ISL1,
NLRP1B, PLAG1, GRHL2, PIWIL2, ARHGEF5,
HJV, RBPJL

21.35 0.02

negative regulation of
response to external
stimulus

5 PLA2G5, MILL2, SNAI2, ISL1, ACP5 5.62 0.02

negative regulation of
defense response

4 PLA2G5, MILL2, ISL1, ACP5 4.49 0.03

sensory organ
morphogenesis

5 RS1, EYA4, CRB1, HPN, SLITRK6 5.62 0.03

animal organ
development

22 OVOL2, RS1, LGR5, BGLAP3, EYA4, SNAI2,
IQGAP3, FGFR4, EAF2, HPN, LY9, ISL1,
SLITRK6, PLAG1, GRHL2, SCUBE2, CRB1,
SCN5A, RXFP1, CDKN2B, ACP5, MYLK3

24.72 0.03

was reported to act as an A� degrading enzyme
in vitro, and ACE inhibition possibly aggravated
AD symptoms by increasing A� accumulation [36].
However, in vivo studies did not support increased
A� generation by ACE inhibition [37]. For example,
ACE inhibition by a BBB-penetrating ACE inhibitor,
such as captopril, ameliorated central AD symp-
toms and prevented signs of neurodegeneration in
AD mice [16, 17]. Several studies suggested that
ACE inhibitors prevented AT1 activation by inhibit-
ing Ang II production, leading to decreasing brain
reactive oxygen species (ROS) levels [11, 17]. Brain
ROS enhances the activation of enzymes, such as �-
and �-secretases, related to A� generation [38–40].
Thus, ACE inhibition in the brain may decelerate
AD progression via ROS reduction. In our previous
study, we reported that radioactivity was detected by
autoradiography in the brain of spontaneously hyper-
tensive rats after oral administration of 14C-labeled
MKP, which suggested that MKP may reach the
brain via BBB [31]. In addition, this previous study
also showed that bovine casein-derived peptide with
MKP treatment markedly reduced A�42-induced
gene expression related to oxidative stress. There-
fore, in elucidating the mechanism of action of MKP,
it will be important to examine the possibility that

MKP accesses the brain and reduces A�42 via the AT1
cascade and ROS inhibition. Interestingly, Khayer
et al. reported that “positive regulation of macro-
molecule metabolic process,” which was identified
in their study, could be ascribed to oxidative stress-
related processes that are differentially regulated in
AD-like pathology in transgenic AD mice [41]. The
mechanism of action of MKP in the brain due to
modulation of oxidative stress needs to be carefully
examined in future studies. Furthermore, the effects
of AT1 receptor blockers (ARBs) and ACE-inhibitors
on A�-degrading enzymes have been reported [42,
43], and the possible involvement of A�-degradation
as a mechanism of action of MKP should be consid-
ered. A previous study by Drews et al. [42] reported
that intranasal losartan in spontaneously hypertensive
stroke-prone rats reduced mortality, neuroinflam-
mation, and perivascular A� content by enhancing
key moderators of A� metabolism and clearance,
such as insulin-degrading enzyme, neprilysin, and
transthyretin. In addition, the oral administration
of perindopril, a brain-penetrating ACE inhibitor,
to AD-induced rats significantly decreased hip-
pocampal ACE1 expression and increased ACE2,
neprilysin (NEP), and insulin-degrading enzyme
(IDE) expression [43]. Perindopril treatment induced
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Fig. 5. GFAP-immunoreactivity in APP/PS1 mice after Met-Lys-Pro (MKP) p.o. administration. Free-floating brain sections in the sagittal
plane immunostained with GFAP antibodies for activated astrocytes in the hippocampus (A, B, and C) and frontal cortex (D, E, and F).
Immunohistochemistry images of control (A) and MKP (B) in the hippocampus. Percentage of immunoreactive areas in each group in the
hippocampus (C). Immunohistochemistry images of control (D) and MKP (E) in the frontal cortex. Percentage of the immunoreactive area
in each group in the frontal cortex (F). Scale bar: 1 mm. To calculate GFAP-immunoreactive area (C and F), the areas outlined in yellow
(A, B, D, and E) were normalized. High-magnification images revealed single astroglial cell morphology in the cortex and hippocampus of
the APP/PS1 mice (A, B, D, and E). Scale bars: 20 �m (insets). Data represent mean ± SEM. Data were analyzed using the Student’s t-test.
∗p < 0.05 compared to Control. (Control, n = 19; MKP, n = 19).

a significant decrease in A�42; improved lipid profile;
and ameliorated histopathological damage, cognitive
impairment, and depressive behavior. This previ-
ous study indicated that improvement of cognitive
impairment with an ACE inhibitor may involve
the activation of ACE2/NEP/IDE and inhibition
of ACE1, followed by the modulation of amy-
loidogenesis/hyperlipidemia/lipid raft signaling and
oxido-nitrosative stress.

In this study, MKP intake may have regulated
glial cell activation in APP/PS1 mice. In AD pathol-
ogy, one of the most meaningful functions of glial
cells is thought to be the regulation of A� levels
in the brain [44]. The changes in gene expres-
sion in the hippocampus indicated that MKP intake
induced modulation of immune response genes
(Table 1). Regarding glial cells, we found that Iba-
1-immunoreactive area and GFAP-immunoreactive
area were decreased in the MKP group compared
to that in the control APP/PS1 group (Figs. 5 and
6), implying that MKP suppressed the prolifera-

tion in microglia and reactive astrocytes. According
to previous studies, RAS regulation can modulate
microglia activation and polarization [45, 46]. Cap-
topril decreased lipopolysaccharide (LPS)-induced
microglial activation, both primary glial cells and the
BV2 microglial cell line, and nitric oxide and TNF-�
production regulation, whereas IL-10 was upreg-
ulated. Furthermore, activated astrocytes produced
pro-inflammatory cytokines and aggravated the self-
destructive environment [47, 48], while another
study indicated that brain-penetrating ACE inhibitors
improved cognition in APP/PS2-transgenic mice,
which was associated with inhibition of astrocyte
activation and superoxide production [11]. In addi-
tion, it is reported that astrocytes could interact
with microglia and affect their activation, including
phagocytic capacity and ability to produce inflam-
matory mediators [49–52]. Therefore, MKP may
suppress glial cell activation, which is related to
the induction of neurodegenerative processes and
A� clearance disorder. However, in future studies,
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Fig. 6. Iba1-immunoreactivities in APP/PS1 mice after Met-Lys-Pro (MKP) p.o. administration. Free-floating brain sections in the sagittal
plane were immunostained with Iba1 antibodies for activated microglia in the hippocampus (A, B, and C) and frontal cortex (D, E, and F).
Immunohistochemistry images of control (A) and MKP (B) in the hippocampus. Percentage of the immunoreactive area in each group in the
hippocampus (C). Immunohistochemistry images of control (D) and MKP (E) in the frontal cortex. Percentage of the immunoreactive area
in each group in the frontal cortex (F). Scale bar: 1 mm. To calculate Iba1-immunoreactive area (C and F), the area outlined in yellow (A,
B, D, and E) were normalized. High-magnification images revealed a single microglial cell morphology in the cortex and hippocampus of
the APP/PS1 mice (A, B, D, and E). Scale bars: 20 �m (insets). Data represent mean ± SEM. Data were analyzed using the Student’s t-test.
∗p < 0.05 compared to Control. (Control, n = 19; MKP, n = 19).

Fig. 7. Changes in the levels of cytokines in the brain of APP/PS1 mice after Met-Lys-Pro (MKP) p.o. administration. One hemisphere of
the forebrain was homogenized and sequentially extracted with TBS (TBS fraction) in APP/PS1 mice. Levels of IL-1� (A), IL-6 (B), and
TNF-� (C) in the TBS fraction. MKP-treated APP/PS1 mice showed a significant decrease in TNF-� in the TBS fraction. Data represent
mean ± SEM. Data were analyzed using the Student’s t-test or Mann–Whitney U-test. ∗p < 0.05 compared to Control. (Control, n = 19; MKP,
n = 19).

it would be necessary to explore the underlying
mechanisms, including glial cell activation, the mor-
phological changes occurring in glial cells, and
interactions among different cell types. Especially
since approximately 40% of DEGs were involved
in organ development and morphogenetic processes

(Table 1), the examination of morphological changes
and related factors would be important.

Increased A� concentration is related to an
increase in inflammatory cytokines, including TNF-
�, in aged transgenic AD model mice [53].
Meanwhile, several studies have indicated that RAS



846 A. Matsuzaki Tada et al. / MKP Improves Cognition in APP/PS1 Mice

modulation potentially suppresses TNF-� produc-
tion by microglia [45, 54]. In this study, MKP
significantly suppressed the production of TNF-�
(Fig. 7C). On the other hand, despite the identification
of DEGs associated with interleukin-1 production
by RNA-seq (Table 1), IL-1� did not show signifi-
cant differences in protein-level expression (Fig. 7A).
Considering the earlier findings, our data showing
that MKP suppressed the production of inflammatory
cytokines in MKP-treated APP/PS1 mice suggest that
the anti-inflammatory effect of MKP is involved in the
improvement of cognitive decline in the AD model.

The present data suggest that MKP improved cog-
nitive impairments, decreased brain A� levels, and
suppressed inflammatory responses, such as glial
cell activity and production of pro-inflammatory
cytokines in APP/PS1 mice, indicating its potential
as a prophylactic medicine. However, some limita-
tions of this study should be noted. First, although
the present study indicated the inhibitory effect of
MKP on the expression of markers for microglia
and reactive astrocytes, it remains unclear whether
MKP mediates glial cell activation and the com-
plicated interactions among glial cells. We need to
evaluate more detailed features of microglia and
astrocytes when affected by MKP in the AD patho-
logical state. Secondly, the underlying mechanisms of
A� reduction remain unclear, and whether they are
controlled through clearance by glial cells or other
systems such as the expression of enzymes related
to A� production or degradation remains undeter-
mined. For improving the cognitive function, the
effect on cholinergic activity is also an important tar-
get for elucidating the mechanism of action of MKP.
Several studies suggest the augmentation of choliner-
gic neurotransmission by ACE inhibitors and ARBs
[55, 56]. Yamada et al. reported that oral administra-
tion of perindopril inhibited ACE activity in the rat
brain and increased extracellular levels of ACh in the
perirhinal cortex, suggesting enhanced cholinergic
neurotransmission [55]. Losartan has been reported
to induce changes in the expression of choliner-
gic markers, indicating that AT1-receptor blockade
favors increased cholinergic activity and decreased
inflammation in the AD brain [18]. Also, treatment
with losartan or enalapril reportedly increases cere-
brovascular reactivity to acetylcholine, calcitonin
gene-related peptide, and endothelin-1 [56]. Thus,
cholinergic activity may be a potential mechanism
for cognitive improvement in RAS regulation. Fur-
thermore, the actions of MKP, including its peripheral
mechanisms, warrant a closer examination. Zhuang

et al. [57] reported that patients in moderate-severe
AD stages showed significantly higher ACE in com-
parison to MCI and controls. Their study also showed
that age was associated with ACE activities, which
suggests that serum ACE activity correlated with
age is a potential risk factor for AD. The possibil-
ity that ACE inhibitors, including MKP, may inhibit
the progression of AD by suppressing plasma ACE
activity via peripheral RAS modulation needs to be
looked into. In addition, an association between ACE
inhibitor use and elevated plasma A�42 levels and
A�42/A�40 ratio has been reported in patients with
dementia [58]. This previous study discussed the pos-
sibility that decreased clearance of A� from the brain
due to reduced cerebral blood flow could be amelio-
rated by maintaining cerebral blood flow with ACE
inhibitors. Although additional validation is needed
to support this mechanism, the ACE inhibitors used
in the study included those non-permeant through the
brain. Therefore, we believe that improved A� clear-
ance may be a candidate mechanism for decreasing
AD risk through peripheral RAS modulation of MKP.
These issues might be related to the essential mech-
anisms by which MKP improves cognitive functions
in this AD model; therefore, it is necessary to verify
this in a future study.

In conclusion, this study demonstrated that long-
term MKP ingestion improved recognition memory
in an AD mouse model and that it mediated the
expression of markers for microglia and reactive
astrocytes and the production of inflammatory media-
tors, such as TNF-�. Our findings, therefore, suggest
that MKP potentially contributes to preventing cog-
nitive decline in AD as a prophylactic medicine.
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