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Abstract. Mild cognitive impairment (MCI) is an early 
stage that can result in dementia. MCI can be reversed, and 
diagnosis at an early stage is crucial to control the progres‑
sion to dementia. Dementia is currently diagnosed based on 
interviews and screening tests; however, novel biomarkers 
must be identified to allow early MCI detection. Therefore, 
the present study aimed to identify novel biomarkers in the 
form of blood microRNAs (miRNAs/miRs) for the diagnosis 
of MCI or early dementia. Blood samples were collected 
from C57BL/6NJcl male mice at four time points, including 
4‑week‑old (4W), 8‑week‑old (8W), 36‑week‑old (36W) and 
58‑week‑old (58W), and serum was isolated. Body weight 
and blood total cholesterol levels were increased, and blood 
alkaline phosphatase was decreased with aging. The 8W mice 
exhibited the highest cognitive ability in the Morris water 
maze test, whereas the 58W mice demonstrated decreased 
cognitive ability. The serum RNA concentrations of the 4W, 
8W, 36W and 58W mice demonstrated no significant differ‑
ences. Furthermore, small RNA levels were detected in the 
serum of all mice. miRNA microarray analysis revealed a 
>1.5‑fold increase in the serum expression of two miRNAs 
(miR‑21a‑5p and miR‑92a‑3p) and a >1.5‑fold decrease in the 
serum expression of two other miRNAs (miR‑6769b‑5p and 
miR‑709) in 58W mice compared with those in 8W mice. In 
the future, we aim to further analyze aged mice to discover 
novel MCI biomarkers.

Introduction

The global prevalence of dementia has exponentially increased 
due to prolonged life expectancy and an aging population. 
Currently, >55 million people are suffering from dementia 
globally (1). The syndrome of dementia is caused by a various 
diseases that eventually destroy nerve cells, thereby damaging 
the brain, and causing cognitive ability deterioration compared 
with that expected from the normal biological aging course (1,2). 
Mild cognitive impairment (MCI), can be considered the ‘tran‑
sitional zone’ between normal cognition and dementia and has 
become a novel topic in clinical research (3).

MCI is an early stage that can result in dementia. MCI can 
be reversed and diagnosis at an early stage is crucial to control 
the progression to dementia. Currently, neuropsychological 
testing (4), transcranial ultrasonography (5), near‑infrared 
spectroscopy that enables measurement of hemoglobin 
concentration changes in the brain (6), magnetic resonance 
imaging (7), detection of cerebrospinal fluid biomarkers, 
detection of such as amyloid beta and phosphorylated tau 
protein in spinal fluid (8,9), electroencephalography (10), 
and olfaction tests (11) are the diagnostic modalities used to 
diagnose dementia. However, all of these testing methods are 
useful in diagnosing dementia, but they cannot detect MCI 
with sensitivity.

MicroRNAs, which are small RNA molecules that regulate 
gene expression in cells, are found in blood and are mainly 
encapsulated in extracellular vesicles such as exosomes (12,13). 
In recent years, many researchers have revealed serum 
microRNAs as biomarkers for early disease detection (14,15). 
This study aimed to clarify changes in serum microRNAs in 
cognitively impaired mice.

Materials and methods

Mice. We purchased male C57BL/6NJcl mice from CLEA 
Japan. All mice were provided solid diet CE‑2 (CLEA Japan) 
and water ad libitum and were housed in a conventional animal 
room with 12‑h light/dark cycles. Mice were housed up to 5 
mice per gauge, and bedding, feed, and water were changed 
weekly. In this study, 10 4‑week‑old (4W), 9 8‑week‑old (8W), 
5 36‑week‑old (36W) and 6 58‑week‑old (58W) mice were used. 
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We consulted the report of Ackert‑Bicknell et al in determining 
the age groups (16). The weight of each mouse was measured 
using an electronic balance and is shown in the results. Mice 
were observed 2‑3 times per day for monitoring, and no abnor‑
malities in mouse health or behavior were observed during the 
rearing period. Blood samples from all mice were collected by 
cardiac blood sampling was collected under anesthesia with 
the inhalation anesthetic solution isoflurane (Pfizer) at the end 
of the 4W, 8W, 36W and 58W time points. Small animal anes‑
thesia machines (Muromachi Kikai) were used to anesthetize 
the mice, and isoflurane vaporized to a concentration of 4‑5% 
was inhaled into the mice and maintained at 2‑3% throughout 
the experiment, and blood was drawn from the mouse hearts. 
After anesthesia, approximately 0.5‑1.0 ml of blood was drawn 
from the heart, and mice were promptly cervically dislocated 
to minimize distress as a humane endpoint. From the start of 
anesthesia to the end of blood collection took less than 10 min 
per animal. Death was confirmed by respiratory arrest and 
cardiac arrest. All mice used were euthanized immediately 
after the experiment. Blood samples were then placed in a 
Microtainer (Becton Dickinson), and the coagulated blood 
was centrifuged at 6000 G for 3 min for serum separation. 
The Hirosaki University Ethics Committee for Animal 
Experiments approved this experiment which was conducted 
under the Hirosaki University Guidelines for Animal 
Experiments (Approval No. AE01‑2023‑004).

Biochemical examination. Serum alkaline phosphatase 
(ALP) and total cholesterol levels were measured to evaluate 
age‑related biochemical changes. LabAssay™ ALP (Fujifilm 
Wako Shibayagi Co., Ltd.) was used to measure ALP, following 
the kit protocol. LabAssay™ Cholesterol (Fujifilm Wako 
Shibayagi Co., Ltd.) was used to measure total cholesterol 
following the kit protocol.

Morris water maze test. The Morris water maze test, which 
was conducted in a circular pool of 120 cm in diameter 
and 80 cm high, was used to assess the cognitive ability of 
mice (17,18). Markers were placed around the pool, and the 
mice were allowed to swim in the pool filled with water with a 
platform for evacuation under the water surface at one location 
only. The maximum time to reach the platform was 60 sec. 
Mice that reached the platform were returned to the gauge 
after letting them stay on the platform for 20 sec. Mice which 
failed to reach the platform within 60 sec were led to the plat‑
form and allowed to stay for 20 sec to memorize the platform 
location. This was repeated for five days, starting with three 
locations per day, and the reduced time taken to reach the 
platform was used to evaluate cognitive ability.

Total RNA extraction. Isogen II reagent and ethachinmate 
(Nippongene) were used to extract total RNAs from 200‑µl 
of sera following the manufacturer's instructions. A Qubit 
4 Fluorometer (ThermoFisher Scientific) and Qubit™ 
microRNA Assay kits (ThermoFisher Scientific) were used to 
measure the total RNA concentration extracted from sera. An 
Agilent 2100 Bioanalyzer and an Agilent RNA 6000 Pico Kit 
(Agilent Technologies) were used to determine and confirm 
the peaks characteristic of the total RNAs, following the 
manufacturer's instructions.

Microarray analysis. SurePrint G3 Mouse miRNA 8 x 60‑K 
Microarray (Agilent Technologies) was used to analyze serum 
microRNA expression. Cyanine 3 labeling was conducted 
with 1 ng of serum microRNA using the miRNA Complete 
Labeling and Hyb kit (Agilent Technologies), following the 
manufacturer's instructions. Hybridization, microarray slide 
washing, and fluorescence image scanning were performed 
using the procedure described in our previous report (19). 
MicroRNAs whose expression varied >1.5‑fold (P<0.05) 
were screened using fold change analysis and Student's t‑test 
(unpaired) at 58W compared with 8W using GeneSpring 14.9 
software (Agilent Technologies). The obtained microarray data 
were registered with Gene Expression Omnibus (GSE249248).

Statistical analysis. Statcel 3 software (OMS Publishing Inc.) 
was used for statistical analyses. One‑way analysis of variance 
was performed to compare the results of the three groups and 
the Tukey‑Kramer test was used for multiple comparisons. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Changes in body weight, serum ALP, serum total cholesterol 
and cognitive ability during aging. An electronic balance was 
used to weigh 4, 8, 36 and 58W mice. The weight of the mice 
increased with aging, with a statistically significant difference 
in body weight between 8W and 58W (each n=4) (P<0.01) 
(Fig. 1A). The mice underwent serum biochemical tests serum 
was conducted on the mice, which demonstrated highest serum 
ALP in 4W mice and decreased with aging, with a statistically 
significant difference in ALP between 4W or 8W and 58W 
mice (each n=3‑4) (P<0.05) (Fig. 1B). Serum total choles‑
terol was highest in 58W mice and was observed to increase 
with aging, with a statistically significant difference in total 
cholesterol between 8W and 58W mice (each n=3‑4) (P<0.01) 
(Fig. 1C). The other parameters, including red blood cell count, 
white blood cell count, hemoglobin concentration, hematocrit, 
mean corpuscular volume, mean corpuscular hemoglobin, 
mean corpuscular hemoglobin concentration, neutrophil count, 
lymphocyte count, and monocyte count, between the groups did 
not demonstrate statistically significant differences (Fig. S1).

The Morris water maze test revealed a significantly 
delayed case reaching the platform in 58W compared to 8W 
on the third and fourth day (each n=5‑6) (P<0.05) (Fig. 1D). 
These results indicated that the 58W mice demonstrated signs 
of aging and were beginning to decline in cognitive ability.

Changes in microRNA expression in mouse serum with 
aging. The total RNA was extracted from the serum and 
analyzed to identify the aging‑associated changes occurring 
in serum RNA. Serum RNA concentrations in 4W, 8W, 36W 
and 58W mice were evaluated, and statistically significant 
differences were not noted in serum RNA concentrations 
respectively (each n=4) (Fig. 2A). Next, RNA electrophoresis 
was conducted to determine the size of RNA in the serum of 
4W, 8W, 36W and 58W mice using an Agilent bioanalyzer. 
A single peak of small RNA ranging from 25 to 200 nucleo‑
tides in size was detected in the serum RNA of all 4W, 8W, 
36W and 58W mice (Fig. 2B).
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We then performed miRNA microarrays using serum RNA 
from 8W and 58W mice (each n=4). The results indicated that 
the serum of the 58W mice demonstrated 1.5 times greater 
expression of two microRNAs (miR‑21a‑5p and miR‑92a‑3p) and 

1.5 times lowered expression of two microRNAs (miR‑6769b‑5p 
and miR‑709) compared with the serum of 8W mice (Fig. 2C). 
These results indicate the presence of microRNAs in serum with 
altered expression corresponding to a decline in cognitive ability.

Figure 1. Changes in body weight, serum ALP, serum total cholesterol, and cognitive ability with aging in male C57BL/6NJcl mice. We measured the following 
parameters in 4W, 8W, 36W and 58W male C57BL/6NJcl mice: (A) Body weight (each n=4); (B) serum ALP (each n=3‑4); (C) serum total cholesterol 
(each n=3‑4); (D) Morris water maze test (each n=5‑6). Values are presented as mean ± 2 standard deviation. *P<0.05, **P<0.01. ALP, alkaline phosphatase; 
W, weeks‑old.

Figure 2. Changes in microRNA expression in mouse serum with aging. (A) Serum RNA concentrations in 4W, 8W, 36W and 58W mice (each n=4). Values 
are presented as mean ± 2 standard deviation. (B) RNA electrophoresis by Agilent bioanalyzer. (C) Volcano plot. miRNA microarray was conducted using 
serum RNA from 8W and 58W mice (each n=4). miRNAs whose expression varied more than 1.5‑fold (P<0.05) were screened using fold change analysis and 
Student's t‑test (unpaired) at 58W compared to 8W. miR/miRNA, microRNA; W, weeks‑old.
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Discussion

This study revealed microRNAs whose expression was altered 
in the serum of middle‑aged 58W mice, which demonstrated 
reduced cognitive ability compared with young 8W mice with 
normal cognitive ability.

In general, women are at higher risk of developing 
dementia than men, but we used male mice in this study to 
examine changes in blood composition during aging because 
of the article by Hahm et al (20). Although not included in the 
present data, we conducted experiments using mice older than 
58W, but because we could not obtain sufficient samples of 
older mice due to spontaneous mouse death and other factors, 
we used mice up to 58W in this study for this study.

Changes in body weight, serum biochemistry, and 
cognitive performance with aging were examined in 4W, 
8W, 36W and 58W mice. A statistically significant increase 
in body weight was found among each mouse as they aged 
(Fig. 1A). Previous reports revealed that the body weight of 
mice increased with age (21). Further, serum ALP is higher 
in young age, and serum total cholesterol is higher in old 
age (21,22). Hence, serum ALP and serum total cholesterol 
were measured to infer the age of the mice used. Serum 
ALP was statistically significantly lower in the 58W group 
than in the 4W or 8W group (Fig. 1B). Furthermore, serum 
total cholesterol was significantly higher in the 58W group 
than in the 8W group (Fig. 1C). These results are consistent 
with those of previous studies. A decrease in cognitive 
ability was observed in 58W mice compared with 8W 
mice when the cognitive abilities of 8W and 58W mice 
with statistically significant differences in serum ALP and 
serum total cholesterol were confirmed (Fig. 1D). We then 
examined the difference in serum microRNA expression 
between 8W and 58W mice with significant differences 
in cognitive ability (Fig. 2C). We identified miR‑21a‑5p 
and miR‑92a‑3p as microRNAs that were upregulated 
and miR‑6769b‑5p and miR‑709 as microRNAs that were 
downregulated in the serum of 58W mice compared with 
8W mice. In this study, swimming time was assessed in the 
Morris water maze test. In order to fully evaluate cogni‑
tive function, it is necessary to measure and evaluate swim 
path, swim speed, and crossing number. In the future, we 
would like to evaluate cognitive function using mice aged 
more than 58W as well as various measurement methods in 
the Morris water maze test.

This study revealed elevated serum miR‑21a‑5p expression 
in mice with impaired cognitive ability (Fig. 2C). Very few 
studies have revealed the association between cognitive ability 
and serum miR‑21a‑5p levels. Yuan et al revealed an increased 
expression of serum miR‑21 in patients with cognitive impair‑
ment following the incidence of stroke compared with patients 
with normal cognition following stroke (23). Other previously 
conducted studies have revealed that miR‑21 plays a crucial 
role in cognitive ability regulation because an increase in 
miR‑21 in the brains of Alzheimer's model mice was observed 
to restore cognitive ability (24,25). This result indicates that 
the loss of miR‑21 in the brain and its leakage into the serum is 
a factor associated with cognitive decline. Further studies that 
explore the relationship between cognitive ability and miR‑21 
expression should be conducted in the future.

Several studies reported on the association between serum 
miR‑92a‑3p levels and dementia, and several investigators have 
reported an association between miR‑92a‑3p levels and cogni‑
tive ability. Siedlecki‑Wullich et al demonstrated a statistically 
significant increase in serum miR‑92a‑3p in the patient group with 
Alzheimer's disease compared with the group with normal cogni‑
tive abilities and indicated an increasing trend in the incidence of 
this serum in the MCI group (26). However, Peña‑Bautista et al 
contradicted this claim by revealing a decrease in plasma 
miR‑92a‑3p levels in patients with early Alzheimer's disease (27).

This study revealed that a decrease in serum miR‑709 
levels reduces in mice with cognitive decline. This is a novel 
result because previous reports of an association between 
serum miR‑709 levels and cognitive ability are limited. Further 
studies are warranted to confirm and elaborate the association 
between serum miR‑709 levels and cognitive ability. In the 
future, we would like to further analyze aged mice to reveal 
novel MCI biomarkers.
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