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Abstract: The anti-stress potential of dietary L-arginine (Arg) was assessed in psychosocially stress-
loaded senescence-accelerated (SAMP10) mice. Although this strain of mouse is sensitive to stress,
daily administration of Arg at 3 mg/kg significantly suppressed aging-related cognitive decline and
behavioral depression at nine months of age and counteracted stress-induced shortened lifespan.
To investigate the mechanism of the anti-stress effect of Arg in the brain, early changes in oxidative
damage and gene expression levels were measured using SAMP10 mice that were stress-loaded for
three days. Increased lipid peroxidation in the brains of stressed mice was significantly lowered by
Arg intake. Several genes associated with oxidative stress response and neuronal excitotoxic cell
death, including Nr4al, Arc, and Cyr61, remarkably increased in response to psychosocial stress;
however, their expression was significantly suppressed in mice that ingested Arg even under stress
conditions. In contrast, the genes that maintain mitochondrial functions and neuronal survival,
including Hba-a2 and Hbb-b2, were significantly increased in mice that ingested Arg. These results
indicate that Arg reduces oxidative damage and enhances mitochondrial functions in the brain. We
suggest that the daily intake of Arg plays important roles in reducing stress-induced brain damage
and slowing aging.

Keywords: aging; arginine; brain; chronic psychosocial stress; depression; oxidative damage; short-
ened lifespan

1. Introduction

We have conducted research on the anti-stress effect of theanine, an amino acid that is
mainly found in the leaves of Camellia sinensis L. (green tea) [1-8]. In our previous studies
wherein the anti-stress effects of other amino acids in green teas were examined, L-arginine
(Arg) was found to exert an excellent anti-stress effect that is similar to or better than
that exerted by theanine [4]. Almost the same anti-stress effect of Arg was observed at
0.032-3.2 mg/kg/day. Arg is the second most abundant amino acid, after theanine, in high-
grade green teas [4]. Chronic psychosocial stress has been demonstrated to shorten lifespan
and accelerate age-related alterations such as cerebral atrophy, oxidative damage, cognitive
dysfunction, and behavioral depression in stress-loaded senescence-accelerated mouse
prone 10 (SAMP10) [1,2]. Mice of this strain have been reported to exhibit a short lifespan,
aging-related brain atrophy, and cognitive decline even under normal conditions [8-11]
and are sensitive to stress [8]. Therefore, we aimed to further elucidate whether Arg has
anti-stress potential against chronically-stressed SAMP10 mice in the present study.

Fundamentally, Arg, one of the 20 basic natural amino acids, is functionally classified
as an essential amino acid in birds, carnivores, and young mammals and semi-essential
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for adults, and has been identified to play critical roles in health, including immune
response [12], wound healing [13], growth hormone release [14], and cell proliferation [15].
Dietary sources of Arg include meat, wheat, sea foods, milk, cheese, corn, soy, nuts, and
others [16]. In Japanese green tea, Arg is contained in the range from 0.85 to 3.14 mg/g
as a free amino acid [17]. In previous studies, dietary Arg has been reported to suppress
oxidative stress [18] and inflammatory responses [19]. Ingested Arg via the gastrointestinal
tract is absorbed in the small intestine. Thereafter, approximately 40% of the ingested Arg
is circulated systemically [20]. Dietary Arg is degraded by arginase, which converts Arg
into urea, ornithine, proline, polyamines, glutamate, and glutamine [21]. In addition, nitric
oxide, which can be converted from Arg by nitric oxide synthase [21], acts as a precursor of
signaling molecules [22] and is involved in several functions, including the vasodilation
of blood vessels [21], synaptic plasticity [23], learning and memory processing [24], and
modulation of neuronal function during stress and anxiety [25]. Therefore, Arg and its
metabolites play many important roles in health.

Chronic psychosocial stress has been associated with various mental disorders such
as depression and anxiety [26]; it elevates the risk of neurodegenerative diseases, including
Alzheimer’s disease, dementia [27], and cardiovascular diseases, accelerates aging, and
shortens lifespan [28]. Numerous animal and human studies have shown the deleterious
effects of stress on the brain, behavior, and cognitive function [1,8,29-31]. The brain is
highly susceptible to stress during both early childhood and old age [32]. Stress activates the
hypothalamic—pituitary—adrenal axis which leads to the secretion of glucocorticoids from
the adrenal glands [32,33]. Increased levels of glucocorticoids have been associated with
neuronal loss [34,35], cognitive impairment, and Alzheimer’s disease development [36].

In the present study, to elucidate the anti-stress potential of Arg on stress-loaded
SAMP10 mice, the long-term effect of stress was observed by measuring the cognitive
function and depressive-like behavior of mice at nine months of age. Furthermore, the
lifespan of these mice was measured. Next, to elucidate the mechanism of Arg in the brain,
the initial responses of SAMP10 mice loaded with stress for three days were used to observe
the changes in lipid peroxidation (LPO) and gene expression levels in the hippocampus
and prefrontal cortex.

2. Results
2.1. Long-Term Effect of Stress
2.1.1. Improving Effect of Arg on Learning Ability and Behavioral Depression

The learning ability of mice was measured at nine months of age using a step-through
passive avoidance test. A longer learning time implies lower learning ability. The mice
that ingested Arg under both confrontation and group housings showed a significantly
shortened learning time than the control mice that consumed only water under both
housing conditions (Figure 1A). The group-housed mice were defined as mice under a
low-stress condition; however, the group-housed mice used in this experiment sometimes
fought and might have been stressed similarly as the mice that were confrontationally
housed. Therefore, no difference in terms of learning ability between the mice that were
group-housed and confrontationally housed was observed in this experiment.

The effect of Arg intake on behavioral depression was investigated using a tail sus-
pension test at nine months of age. The immobility duration was significantly shorter in
the confrontationally housed and group-housed mice that ingested Arg than the control
mice that were also confrontationally and group-housed (Figure 1B).

2.1.2. Improving Effect of Arg Intake on Lifespan

Many among the confrontationally housed mice died earlier than the group-housed
mice (Figure 2A). The median survival time (MST) of the confrontationally housed mice
that consumed only water was 10.5 months, whereas that of the mice administered Arg
at 3 mg/kg under confrontational housing was 16.6 months (Figure 2B,D); this MST was
1.58 times longer (p = 0.032) than the MST of confrontationally housed mice that consumed
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only water. In contrast, no difference in MST was observed in the group-housed mice by
Arg intake (Figure 2C) (p = 0.75) and between confrontational and group housing control
mice (Figure 2A) (p = 0.17).
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Figure 1. Effect of Arg intake on learning ability and behavioral depression in SAMP10 mice. The
step-through passive avoidance test (A) and the tail suspension test (B) were performed using
9-month-old mice. Mice ingested Arg (3 mg/kg, closed column) or only water (control, open column)
(the number of mice in each group = 12; * p < 0.05).
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Figure 2. Effect of Arg intake on longevity in SAMP10 mice. Effect of housing condition (A), effect
of Arg intake on confrontation housing (B), effect of Arg intake on group housing (C), and median
survival time of each group (D). Four groups of mice, the number of mice in each group, n = 12
(6 mice were housed per cage for group housing and 2 mice per cage for confrontation housing). Mice
ingested Arg at 3 mg/kg or only water (control) freely from 1 month of age. Arg-water (10 pg/mL)
was freshly prepared twice a week. * p < 0.05.
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2.2. Initial Response to Stress
2.2.1. Oxidative Damage in the Brain

The LPO levels in the cerebral cortex, a marker for oxidative damage, were measured
using the mice that were confrontationally housed for three days. Same-aged group-housed
mice were used as a reference. LPO levels were significantly higher in the confrontationally
housed control mice than those of the group-housed control mice and the mice that ingested
Arg under confrontational housing (Figure 3). No difference in LPO levels due to Arg
intake was observed in group-housed mice (Figure 3).
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Figure 3. Levels of oxidative damage in the brain. Lipid peroxidation (LPO) in the brain was
measured using the cerebral cortex. Mice were housed confrontationally for 3 days after single
housing for 1 month. Mice ingested Arg (3 mg/kg, closed column) or only water (control, open
column) (n = 5~6, * p < 0.05, Fisher’s least significant differences).

2.2.2. Effect of Arg Intake on Gene Expression in the Hippocampus of Stressed SAMP10 Mice

To investigate the mechanism of action of Arg in the brain, we performed microarray
analysis to assess the comprehensive changes in gene expression using the hippocampus
of mice. The early changes in gene expression on the third day of stress loading were
examined. In the microarray analysis, all four groups of mice’s hippocampus tissues were
used including group-control, group-Arg, confrontation-control, and confrontation-Arg.
As a result of principal component analysis (PCA), changes due to Arg intake appeared
along with the PC1 axis. Meanwhile, changes due to Arg intake under the stress condition
coincided with the PC3 axis. The data are shown simultaneously in a biplot (Figure 4).
The top 10 genes that were significantly downregulated and upregulated in the mice that
ingested Arg are listed in Table 1. Among these genes, nuclear receptor subfamily 4, group
A, member 1 (Nr4al), also known as Nur77, was the most downregulated gene after Arg
intake. Nr4al is a potent pro-apoptotic member of the nuclear receptor superfamily and is
associated with neuronal excitotoxicity and neuronal cell death [37-39]. Activity-regulated
cytoskeleton-associated protein (Arc) has been shown to induce neuronal cytotoxicity
and cell death [40]. Membrane-spanning 4-domains, subfamily A, member 6 D (Ms4a6d)
is a transmembrane protein involved in inflammatory signaling [41] and Alzheimer’s
disease [42,43]. Moreover, midline 1 (Mid1) has been reportedly expressed in the brains of
patients with Alzheimer’s disease [44]. Cysteine rich protein 6 (Cyr61) has been associated
with neuronal cell death [45].
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Figure 4. Principal component analysis of gene expression. Hippocampal samples were obtained
from mice housed confrontationally for three days. Group-housed mice were kept in a cage for
one month. The principal component (PC) ordination of ANOVA-positive genes is based on the
transcriptome of hippocampal gene expression in mice of GC: group-control; GA: group-Arg; SC:
confrontation stress-control, SA: confrontation stress-Arg (n = 2 for each group).

Table 1. Top 10 significantly downregulated and upregulated genes in the hippocampus of mice that ingested Arg under
confrontational housing.

Symbol Full Name AZ p
Nr4al Nuclear receptor subfamily 4, group A, member 1 —0.2726 351 x 10710
Arc Activity regulated cytoskeleton-associated protein —0.2345 2.51 x 1077
Olfr1384 Olfactory receptor 1384 —0.2446 0.00702
Crybal Crystallin, beta Al —0.2270 0.00280
Downregulated Msda6d Membrane-spanning 4-domains, subfamily A, member 6D —0.2371 0.00674
Mid1 Midline 1 —0.2399 293 x 107°
Cyr61 Cysteine rich protein 61 —0.2591 8.73 x 10710
Prss2 Protease, serine 2 —0.2197 0.00620
H2-Q6 Histocompatibility 2, Q region locus 6 —0.2550 0.00548
Mir1983 MicroRNA 1983 —0.1860 0.00375
Mela Melanoma antigen 0.3509 142 x 107°
Olfr2 Olfactory receptor 2 0.3302 0.00402
Slitrk6 SLIT and NTRK-like family, member 6 0.1712 0.00023
Hbb-b2 Hemoglobin, beta adult minor chain 0.3780 3.55 x 108
Upregulated Itih2 Inter-alpha trypsin inhibitor, heavy chain 2 0.2867 742 x 107°
Olfr535 Olfactory receptor 535 0.3544 0.00262
Zicl Zinc finger protein of the cerebellum 1 0.0703 4.38 x 1077
LOC666331 Uncharacterized LOC666331 0.2908 0.00262
Hba-a2 Hemoglobin alpha, adult chain 2 0.3284 6.38 x 10717
Tcf712 Transcription factor 7 like 2, T cell specific, HMG box 0.1181 127 x 10~ 1

AZ = expression level (confrontation Arg-confrontation control).



Int. J. Mol. Sci. 2021, 22, 508

6 of 14

In contrast, melanoma antigen (Mela), whose function is unknown, is the most up-
regulated gene in the hippocampus of mice that ingested Arg. Hemoglobin is the iron-
containing protein that carries oxygen in vertebrate erythrocytes. Hemoglobin x- and
-chains (Hba and Hbb) were found to be expressed in several brain regions, including
the cortex and hippocampus of rats [46]. Furthermore, these proteins have been identified
within the mitochondrion of neurons [47] and are important in maintaining mitochondrial
functions and neuronal survival.

2.2.3. Effect of Arg Intake on Nr4al, Arc, and Cyr61 Levels in the Brain

As the Nr4al, Arc, and Cyr61 genes are the most significantly downregulated genes
after Arg intake (detected using microarray analysis), we focused on these genes and
compared their expression levels in both the hippocampus and prefrontal cortex tissues of
group-housed mice using quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR) (Figure 5). Arg intake exerted no effect on these genes in group-housed
mice; however, the gene expression levels of Arc in confrontationally housed mice were
significantly higher than those of group-housed mice. Furthermore, the expression levels
of Nr4al and Cyr61 in confrontationally housed mice tended to be higher than those in
group-housed mice (Figure 5A). In the mice that ingested Arg at 3 mg/kg under the
stressed condition, the expression of these genes was significantly suppressed (Figure 5A).
In the prefrontal cortex, the expression levels of Nr4al, Arc, and Cyr61 between the control
mice that were group-housed and confrontationally housed did not differ (Figure 5B). The
expression levels of these genes were significantly suppressed in mice that ingested Arg
under confrontational housing (Figure 5B).

2.2.4. Effect of Arg Intake on Hba-a2 and Hbb-b2 Levels in the Brain

As Hba-a2 and Hbb-b2 are the most significantly upregulated genes in the hippocam-
pus after Arg intake and are important factors in maintaining the function of neuronal
mitochondria, we focused on these genes. qRT-PCR results indicate that Hba-a2 levels in
the hippocampus of confrontationally housed mice were similar to those of group-housed
mice (Figure 5A); however, in the mice that ingested Arg, Hba-a2 levels were significantly
increased in both group-housed and confrontationally housed mice (Figure 5A). Similarly,
in the prefrontal cortex, Hba-a2 expression levels were significantly increased in mice that
ingested Arg under group housing (Figure 5B). The levels of Hbb-b2 expression in the
hippocampus (Figure 5A) and prefrontal cortex (Figure 5B) were significantly increased in
mice that ingested Arg under group housing and tended to increase in mice that ingested
Arg under confrontational housing.
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Figure 5. (A) Expression of Nr4al, Arc, Cyr61, Hba-a2, and Hbb-b2 in the hippocampus of mice
under group and confrontation housing. Mice ingested Arg (3 mg/kg, closed column) or only water
(control, open column) (n = 5~6, * p < 0.05, Fisher’s least significant differences). (B) Expression of
Nr4al, Arc, Cyr61, Hba-a2, and Hbb-b2 in the prefrontal cortex of mice under group and confrontation
housing. Mice ingested Arg (3 mg/kg, closed column) or only water (control, open column) (n = 5~6,
* p < 0.05, Fisher’s least significant differences).
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3. Discussion

In this study, we found that Arg exerts a remarkable anti-stress effect on the brain as a
new function. A significant increase in oxidative damage was observed in the brain of stress-
loaded SAMP10 mice, and these mice exhibited cognitive decline as well as a shortened
lifespan as they aged. No lifespan-shortening effect due to confrontational housing was
observed in WT mice such as ddY and C57BL/6 (data unpublished). Oxidative stress plays
a crucial role in the aging process, particularly in cognitive dysfunctions [48]. Previous
data suggested that dietary Arg supplementation ameliorated oxidative stress and that
oral administration of Arg at a dose of 1.6 g/day for three months substantially reduced
LPO levels in patients with senile dementia [49]. Our Arg dose administered to SAMP10
mice (3 mg/kg) was lower than the dose in the above report, but it supports that Arg has
an inhibitory effect on LPO.

Next, we looked at the molecular target of Arg in the brain to elucidate its mechanism
in suppressing oxidative damage. The expression of several immediate-early genes (IEGs)
such as Nr4al, Arc, and Cyr61 significantly increased in the hippocampus of stressed mice
and was suppressed in mice that ingested Arg (Figure 5A). Nr4al is associated with adrenal
stress response and excessive neuronal excitotoxicity [37] and is known to be a potent
pro-apoptotic molecule that induces nerve cell death [38,39]. Most importantly, Nr4al
activated in response to oxidative stress has been reported to translocate from the nuclei to
the mitochondria and induce mitochondrial damage and cell death [50]. Arc reportedly
plays a critical role in the neuronal excitotoxicity mediated by glutamate receptor signaling.
Moreover, an elevated mRNA and protein expression of Arc has been detected in rat
cortical neurons via neurotoxic stimulation [40]. Cyr61 induction has been associated with
neuronal cell death [45], and Cyr61 elevation has been reported to be associated with
oxidative stress as it was markedly upregulated at both the gene and protein levels against
reactive oxygen species induction in human dermal fibroblasts cells [51].

Arg incorporated into the brain has been shown to completely block glutamate-
induced neuronal excitation in the ventromedial hypothalamus of rats [52]. Our data
suggest that dietary Arg incorporated into the brain suppresses the stress-induced elevation
of Nr4al, Arc, and Cyr61 in the hippocampus and that the suppression of these genes may
be involved in preventing neuronal cell death through the regulation of excessive neuronal
excitotoxicity and mitochondrial damage via the suppression of oxidative damage in
the brain.

Contrarily, Hba-a2 and Hbb-b2 expression levels were increased in the hippocampus
and prefrontal cortex of mice that ingested Arg under both group and confrontational
housing. As both Hba and Hbb are co-localized within the mitochondrion of neurons
and are closely associated to maintain the neuronal mitochondrial function as well as sur-
vival of neurons [47], we speculate that Arg protects neurons by maintaining the neuronal
mitochondrial function. An increase in the expression of Hba and Hbb reportedly has
therapeutic effects against neurodegenerative disease, and increasing evidence suggests
that a deficiency in these chains in the brain is associated with neurodegenerative dis-
ease [53,54]. Our results suggest that Arg may also be important in protecting the brain
from neurodegenerative diseases such as Alzheimer’s disease.

Arg revealed a similar protective effect to that of theanine on stress-induced shortened
lifespan, cognitive decline, and depression in SAMP10 mice. We have shown that theanine
significantly altered the gene expression of neuronal PAS domain protein 4 (Npas4) and
lipocalin 2 (Lcn2) in the hippocampus of stressed SAMP10 mice [8]. Therefore, theanine
and Arg suppress stress in different ways.

In the present study, we demonstrated that orally administered Arg modulates psy-
chosocial stress-induced gene expression in the hippocampus and prefrontal cortex of
SAMP10 mice. Further study is necessary to elucidate how dietary Arg modulates the
gene expression of Hba-a2, Hbb-b2, and IEGs (Nr4al, Arc, and Cyr61) in the brain. It may
be necessary to determine by immunofluorescence study that which cell types in the hip-
pocampus and frontal cortex, namely, glial or neuron, is primarily reduce lipid peroxidation
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by Arg. In addition, the effect of Arg on mitochondrial morphology and function needs to
be elucidated.

4. Materials and Methods
4.1. Animals, Arg Preparation, and Housing Condition

Four-week-old male SAMP10/TaSlc (SAMP10) mice were purchased from Japan SLC
Co., Ltd. (Shizuoka, Japan), and bred under conventional conditions in a temperature-
and humidity-controlled room with 12/12 h light-dark cycle (light period, 08:00-20:00;
temperature, 23 £ 1 °C; relative humidity, 55 £ 5%). Female mice were not used in this
experiment because females are not as territorial as males. The mice were fed a normal diet
(CE-2; Clea Co., Ltd., Tokyo, Japan). Arg (Wako Pure Chemical Co., Ltd., Osaka, Japan)
was dissolved in water at 10 ug/mL. The volume of water containing Arg consumed by
the mice was measured. Forty-eight mice were divided into four groups and observed
to determine the long-term effects of Arg on their cognitive function and depression at
nine months of age. Thereafter, the mice were fed continually to measure their lifespan.
To study the effect of Arg on the brain, another group of 24 mice was used: 12 mice
ingested Arg by drinking water ad libitum at 10 pg/mL (3 mg/kg) from one month of
age. The remaining 12 mice ingested water as a control. Arg solution was freshly prepared
twice a week. All experimental protocols were approved by the University of Shizuoka
Laboratory Animal Care Advisory Committee (approval No. 166197, 5 April 2016) and
were in accordance with the guidelines of the US National Institutes of Health for the care
and use of laboratory animals.

4.2. Housing Condition for Confrontation

To induce psychosocial stress in mice, confrontational housing was used, as previously
described [1,2,4,8]. To build territoriality, two mice were housed for one month in a standard
polycarbonate cage that is equally divided into two units by a stainless-steel partition.
Next, the partition was removed, and the mice were co-housed confrontationally to induce
psychosocial stress (Figure 6). Group housing was used as a model of the low-stressed
condition. Two experiments in a linear diagram are shown including each experimental
step for long term and short term (Figure 6).

Housing Condition

N

Single Housing

Long-term experiment  Short-term experiment

One-month of age One-month of age

one [ Single housing One Single housing
month Arg administration start month Arg administration start

Group Housing
One Month @ Two-months of age Two-months of age

Seven lConfrontation housing Three Confrontation housing
months days Start stress
s A
Microarray analysis
@ Behavioral test Measurfgén;:;;quT-PCR
Confrontation Housing

Measurement of
lifespan

Figure 6. Two mice were housed in a cage with a stainless-steel partition (single housing) for one
month. The partition was withdrawn, and mice were co-housed confrontationally in the same cage
(confrontation housing) to load psychosocial stress. Group housing mice were kept with six in a cage.
For the long-term experiment, after confrontationally housing mice for seven months, a behavioral
test was performed at nine months of age; thereafter, their lifespan was measured. For the short-term
experiment, after confrontationally housing mice for three days, microarray analysis, qRT-PCR, and
LPO assay were performed.
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4.3. Memory Acquisition Test

To measure the learning ability of mice, a step-through passive avoidance task was
tested on 9-month-old mice, as previously described [2]. Briefly, when a mouse enters
a dark chamber from a light chamber, the door in the chamber is closed and an electric
foot-shock is delivered at 50 pnA for 1 s (SGS-003, Muromachi Kikai. Co., Ltd., Tokyo,
Japan). The acquisition of the avoidance response was considered successful if the mouse
remained in the light chamber for 300 s. The trial was repeated until the mouse satisfied the
acquisition criterion within five trials. For each trial, the time spent by the mice in the light
chamber was subtracted from 300 s; the results from the successive trials were summed up
for each mouse to determine the time required for learning (“learning time”).

4.4. Measurement of Immobility in the Tnil Suspension Test

To examine behavioral depression, mice were individually suspended by their tails
at a height of 30 cm using a clip for tail suspension (MSC2007, YTS Yamashita Giken,
Tokushima, Japan). The duration of immobility was recorded for 15 min, as previously
described [1]. The mice were considered immobile only when they were both passively
hanging and completely motionless. The duration during which the mice were immobile
was measured.

4.5. Measurement of Oxidative Damage in the Brain

Mice that were confrontationally housed for three days after being singly housed for
one month were used for the quantification of LPO. LPO in the brain of SAMP10 mice was
measured using a lipid hydroperoxide assay kit (Cayman Chemical Company, Ann Arbor,
MI, USA) according to the manufacturer’s instructions. Briefly, approximately 50 mg of
the cerebral cortex was homogenized in 500 uL of HPLC-grade water. An equal volume of
methanol solution saturated with Extract R® was added following the addition of 1 mL
chloroform-methanol (2:1, v/v) solvent. After centrifugation at 1500x g for 5 min, the
bottom layer of the chloroform was collected, and the lipid hydroperoxide content was
measured via redox reactions with ferrous ions. The resulting ferric ions produced from
the reaction of hydroperoxide with the ferrous ions were detected using thiocyanate ion as
the chromogen. The absorbance of each sample at 500 nm was obtained (1 = 6/group).

4.6. Measurement of DNA Microarray and gRT-PCR

The mice that were confrontationally housed for three days after being singly housed
for one month were used for DNA microarray analysis. The mice were provided 10 ug/mL
(3 mg/kg) Arg-water ad libitum. RNeasy Mini Kit (NucleoSpin® RNA, 740955, Takara Bio
Inc., Shiga, Japan) was used to extract total RNA from the hippocampus. To synthesize
biotinylated cRNA, total RNA was processed using One-Cycle Target Labeling and Control
Reagents (Affymetrix, Santa Clara, CA, USA) and hybridized to a Total RNA Mouse Gene
2.0 ST Array (Affymetrix) using three biological repeats per group. The significance of Arg
intake was statistically tested using two-way ANOVA at p < 0.001 [55,56].

For the measurement of qRT-PCR, group-housed same-aged mice were used as the ref-
erence. Total RNA was isolated from the homogenized hippocampus and prefrontal cortex
as described above. cDNA was prepared from the obtained RNA using PrimeScript® RT
Master Mix (RR036A, Takara Bio Inc.). qRT-PCR analysis was performed using PowerUp "
SYBR™ Green Master Mix (A25742, Applied Biosystems Japan Ltd., Tokyo, Japan) and
automated sequence detection systems (StepOne, Applied Biosystems Japan Ltd., Tokyo,
Japan). Previously validated primers for Nr4al, Arc, Cyr61, Hba-a2, and Hbb-b2 [37,57-60]
(Table 2) were used to quantify their relative gene expression. (3-actin was used as the
internal control.
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Table 2. Primer sequences for qRT-PCR.

Gene Forward Sequence (5'-3) Reverse Sequence (5'-3') Ref.
Nrdal CTGCCTTCCTGGAACTCTTCA CGGGTTTAGATCGGTATGCC [37]

Arc ACGATCTGGCTTCCTCATTCTGCT AGGTTCCCTCAGCATCTCTGCTTT [57]
Cyro61 CCCCCGGCTGGTGAAAGTC ATGGGCGTGCAGAGGGTITGAAAAG [58]
Hba-a2 GAAGCCCTGGAAAGGATGTT GCCGTGGCTTACATCAAAGT [59]
Hbb-b2 CACCTGACTGATGCTGAGAAGT CCCTTGAGGTTGTCCAGGTTT [60]

4.7. Statistical Analysis

Statistical data are presented as the mean =+ standard error of the mean. Statistical
analysis was performed using one-way ANOVA followed by Tukey-Kramer’s honest
significant difference method for cognition activity and a tail suspension test. Fisher’s
least significant differences were used for qRT-PCR and the LPO assay. After calculating
survival rates using the Kaplan-Meier method, the difference in survival rate was tested
using the log-rank test. p < 0.05 was considered statistically significant.

5. Conclusions

The present study revealed that the daily intake of Arg at a dose of 3 mg/kg sup-
pressed cognitive decline and depression-like behavior and counteracted shortened lifespan
in chronic stress-loaded SAMP10 mice. We speculate that Arg reduces stress by suppress-
ing oxidative damage in the brain, resulting in slowed aging. The suppression of Nr4al,
Arc, and Cyr61, which are associated with oxidative damage and nerve cell death, and an
increase in Hba-a2 and Hbb-b2, which protect neuronal mitochondrial dysfunction, were
observed in mice that ingested Arg. Arg may be a potential candidate for the suppression
of the deleterious effects of chronic psychosocial stress.
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Arg Arginine

Arc Activity regulated cytoskeletal-associated protein
Cyrél Cysteine rich protein 61

Hba-a2 Hemoglobin alpha, adult chain 2
Hbb-b2 Hemoglobin, beta adult minor chain

IEGs Immediate-early genes

LPO Lipid peroxidation

MST Median survival time

Nr4al Nuclear receptor subfamily 4, group A, member 1

gRT-PCR  Quantitative real-time reverse transcription polymerase chain reaction
SAMP10 Senescence-accelerated mouse prone 10



Int. J. Mol. Sci. 2021, 22, 508 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

Unno, K,; Fujitani, K.; Takamori, N.; Takabayashi, F.; Maeda, K.; Miyazaki, H.; Tanida, N.; Iguchi, K.; Shimoi, K.; Hoshino, M.
Theanine intake improves the shortened lifespan, cognitive dysfunction and behavioural depression that are induced by chronic
psychosocial stress in mice. Free Radic. Res. 2011, 45, 966-974. [CrossRef] [PubMed]

Unno, K.; Iguchi, K.; Tanida, N.; Fujitani, K.; Takamori, N.; Yamamoto, H.; Ishii, N.; Nagano, H.; Nagashima, T.; Hara, A.; et al.
Ingestion of theanine, an amino acid in tea, suppresses psychosocial stress in mice. Exp. Physiol. 2013, 98, 290-303. [CrossRef]
[PubMed]

Unno, K; Tanida, N.; Ishii, N.; Yamamoto, H.; Iguchi, K.; Hoshino, M.; Takeda, A.; Ozawa, H.; Ohkubo, T.; Juneja, L.R.; et al.
Anti-stress effect of theanine on students during pharmacy practice: Positive correlation among salivary x-amylase activity, trait
anxiety and subjective stress. Pharmacol. Biochem. Behav. 2013, 111, 128-135. [CrossRef]

Unno, K.; Hara, A.; Nakagawa, A.; Iguchi, K.; Ohshio, M.; Morita, A.; Nakamura, Y. Anti-stress effects of drinking green tea with
lowered caffeine and enriched theanine, epigallocatechin and arginine on psychosocial stress induced adrenal hypertrophy in
mice. Phytomedicine 2016, 23, 1365-1374. [CrossRef]

Unno, K,; Furushima, D.; Hamamoto, S.; Iguchi, K.; Yamada, H.; Morita, A.; Horie, H.; Nakamura, Y. Stress-reducing function of
matcha green tea in animal experiments and clinical trials. Nutrients 2018, 10, 1468. [CrossRef]

Unno, K.; Furushima, D.; Hamamoto, S.; Iguchi, K.; Yamada, H.; Morita, A.; Pervin, M.; Nakamura, Y. Stress-reducing effect of
cookies containing matcha green tea: Essential ratio among theanine, arginine, caffeine and epigallocatechin gallate. Heliyon 2019,
5, €01653. [CrossRef]

Unno, K.; Noda, S.; Kawasaki, Y.; Yamada, H.; Morita, A.; Iguchi, K.; Nakamura, Y. Reduced stress and improved sleep quality
caused by green tea are associated with a reduced caffeine content. Nutrients 2017, 9, 777. [CrossRef]

Unno, K.; Sumiyoshi, A.; Konishi, T.; Hayashi, M.; Taguchi, K.; Muguruma, Y.; Inoue, K.; Iguchi, K.; Nonaka, H.; Kawashima, R.;
et al. Theanine, the main amino acid in tea, prevents stress-induced brain atrophy by modifying early stress responses. Nutrients
2020, 12, 174. [CrossRef]

Shimada, A.; Keino, H.; Satoh, M.; Kishikawa, M.; Seriu, N.; Hosokawa, M. Age-related progressive neuronal DNA damage
associated with cerebral degeneration in a mouse model of accelerated senescence. J. Gerontol. A Biol. Sci. Med. Sci. 2002, 57,
415-421. [CrossRef]

Shimada, A.; Keino, H.; Satoh, M.; Kishikawa, M.; Hosokawa, M. Age-related loss of synapses in the frontal cortex of SAMP10
mouse: A model of cerebral degeneration. Synapse 2003, 48, 198-204. [CrossRef]

Unno, K.; Takabayashi, F,; Kishido, T.; Oku, N. Suppressive effect of green tea catechins on morphologic and functional regression
of the brain in aged mice with accelerated senescence (SAMP10). Exp. Gerontol. 2004, 39, 1027-1034. [CrossRef] [PubMed]

Kim, S.H.; Roszik, J.; Grimm, E.A.; Ekmekcioglu, S. Impact of 1-Arginine metabolism on immune response and anticancer
immunotherapy. Front. Oncol. 2018, 8, 67. [CrossRef] [PubMed]

Debats, I.B.].G.; Wolfs, T.G.A.M.; Gotoh, T.; Cleutjens, ] PM.; Peutz-Kootstra, C.J.R.; van der Hulst, R W.J. Role of Arginine in
superficial wound healing in man. Nitric Oxide 2009, 21, 175-183. [CrossRef] [PubMed]

Forbes, S.C.; Harber, V.; Bell, G.J. Oral L-arginine before resistance exercise blunts growth hormone in strength trained males.
Int. J. Sport Nutr. Exerc. Metab. 2014, 24, 236-244. [CrossRef] [PubMed]

Fujiwara, T.; Kanazawa, S.; Ichibori, R.; Tanigawa, T.; Magome, T.; Shingaki, K.; Miyata, S.; Tohyama, M.; Hosokawa, K. L-arginine
stimulates fibroblast proliferation through the GPRC6A-ERK1/2 and PI3K/ Akt pathway. PLoS ONE 2014, 9, €92168. [CrossRef]
Sanini, R.; Badole, S.I.; Zanwar, A.A. Arginine derived nitric oxide: Key to healthy skin. In Bioactive Dietary Factors and Plant.
Extracts Dermatology; Watson, R.R., Zibadi, S., Eds.; Springer: New York, NY, USA; Berlin/Heidelberg, Germany; Dordrecht, The
Netherlands; London, UK, 2013; pp. 73-82, ISBN 978-1-62703-167-7.

Goto, T.; Horie, H.; Ozeki, Y.; Masuda, H.; Warashina, J. Chemical composition of Japanese green teas on market. Tea Res. |. 1994,
80, 23-28. (In Japanese) [CrossRef]

Qiu, Y,; Yang, X.; Wang, L.; Gao, K,; Jiang, Z. L-Arginine inhibited inflammatory response and oxidative stress induced by
lipopolysaccharide via Arginase-1 signaling in IPEC-]2 cells. Int. |. Mol. Sci. 2019, 20, 1800. [CrossRef]

Tan, J; Liu, S.; Guo, Y.; Applegate, T.J.; Eicher, S.D. Dietary L-arginine supplementation attenuates lipopolysaccharide-induced
inflammatory response in broiler chickens. Br. J. Nutr. 2014, 111, 1394-1404. [CrossRef]

Wu, G.; Morris, S.M.,, Jr. Arginine metabolism: Nitric oxide and beyond. Biochem. J. 1998, 336, 1-17. [CrossRef]

Tong, B.C.; Barbul, A. Cellular and physiological effects of arginine. Mini Rev. Med. Chem. 2004, 4, 823—-832. [CrossRef]
Forstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart ]. 2012, 33, 829-837. [CrossRef] [PubMed]
Gibbs, S.M. Regulation of neuronal proliferation and differentiation by nitric oxide. Mol. Neurobiol. 2003, 27, 107-120. [CrossRef]
Paul, V.; Ekambaram, P. Involvement of nitric oxide in learning & memory processes. Indian |. Med. Res. 2011, 133, 471-478.
[PubMed]

Gulati, K.; Ray, A. Differential neuromodulatory role of NO in anxiety and seizures: An experimental study. Nitric Oxide 2014, 43,
55-61. [CrossRef]

Yang, L.; Zhao, Y.; Wang, Y.; Liu, L.; Zhang, X.; Li, B.; Cuia, R. The effects of psychological stress on depression. Curr. Neuropharmacol.
2015, 13, 494-504. [CrossRef]

Byers, A.L.; Yaffe, K. Depression and risk of developing dementia. Nat. Rev. Neurol. 2011, 7, 323-331. [CrossRef]


http://doi.org/10.3109/10715762.2011.566869
http://www.ncbi.nlm.nih.gov/pubmed/21425911
http://doi.org/10.1113/expphysiol.2012.065532
http://www.ncbi.nlm.nih.gov/pubmed/22707502
http://doi.org/10.1016/j.pbb.2013.09.004
http://doi.org/10.1016/j.phymed.2016.07.006
http://doi.org/10.3390/nu10101468
http://doi.org/10.1016/j.heliyon.2019.e01653
http://doi.org/10.3390/nu9070777
http://doi.org/10.3390/nu12010174
http://doi.org/10.1093/gerona/57.12.B415
http://doi.org/10.1002/syn.10209
http://doi.org/10.1016/j.exger.2004.03.033
http://www.ncbi.nlm.nih.gov/pubmed/15236762
http://doi.org/10.3389/fonc.2018.00067
http://www.ncbi.nlm.nih.gov/pubmed/29616189
http://doi.org/10.1016/j.niox.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19638312
http://doi.org/10.1123/ijsnem.2013-0106
http://www.ncbi.nlm.nih.gov/pubmed/24225560
http://doi.org/10.1371/journal.pone.0092168
http://doi.org/10.5979/cha.1994.80_23
http://doi.org/10.3390/ijms20071800
http://doi.org/10.1017/S0007114513003863
http://doi.org/10.1042/bj3360001
http://doi.org/10.2174/1389557043403305
http://doi.org/10.1093/eurheartj/ehr304
http://www.ncbi.nlm.nih.gov/pubmed/21890489
http://doi.org/10.1385/MN:27:2:107
http://www.ncbi.nlm.nih.gov/pubmed/21623030
http://doi.org/10.1016/j.niox.2014.08.008
http://doi.org/10.2174/1570159X1304150831150507
http://doi.org/10.1038/nrneurol.2011.60

Int. J. Mol. Sci. 2021, 22, 508 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Razzoli, M.; Nyuyki-Dufe, K.; Gurney, A.; Erickson, C.; McCallum, ].; Spielman, N.; Marzullo, M.; Patricelli, J.; Kurata, M.;
Pope, E.A.; et al. Social stress shortens lifespan in mice. Aging Cell 2018, 17, €12778. [CrossRef]

Han, B.; Wang, ].H.; Geng, Y.; Shen, L.; Wang, H.L.; Wang, Y.Y.; Wang, M.W. Chronic stress contributes to cognitive dysfunction
and hippocampal metabolic abnormalities in APP/PS1 Mice. Cell Physiol. Biochem. 2017, 41, 1766-1776. [CrossRef]

Marin, M.F,; Lord, C.; Andrews, |.; Juster, R.P,; Sindi, S.; Arsenault-Lapierre, G.; Fiocco, A.].; Lupien, S.]. Chronic stress, cognitive
functioning and mental health. Neurobiol. Learn. Mem. 2011, 96, 583-595. [CrossRef]

Olver, ].S.; Pinney, M.; Maruff, P.; Norman, T.R. Impairments of spatial working memory and attention following acute
psychosocial stress. Stress Health 2015, 31, 115-123. [CrossRef]

Lupien, S.J.; McEwen, B.S.; Gunnar, M.R.; Heim, C. Effects of stress throughout the lifespan on the brain, behaviour and cognition.
Nat. Rev. Neurosci. 2009, 10, 434-445. [CrossRef] [PubMed]

Hartmann, J.; Dedic, N.; P6hlmann, M.L.; Hausl, A.; Karst, H.; Engelhardt, C.; Westerholz, S.; Wagner, K.V.; Labermaier, C;
Hoeijmakers, L.; et al. Glutamatergic, but Not GABAergic, neurons mediate anxiogenic effects of the glucocorticoid receptor.
Mol. Psychiatry 2017, 22, 466-475. [CrossRef] [PubMed]

Sapolsky, R.M. Stress, Glucocorticoids, and Damage to the Nervous System: The Current State of Confusion. Stress 1996, 1, 1-19.
[CrossRef] [PubMed]

Sorrells, S.F.; Munhoz, C.D.; Manley, N.C.; Yen, S.; Sapolsky, R.M. Glucocorticoids increase excitotoxic injury and inflammation in
the hippocampus of adult male rats. Neuroendocrinology 2014, 100, 129-140. [CrossRef] [PubMed]

Tatomir, A.; Micu, C.; Crivii, C. The impact of stress and glucocorticoids on memory. Clujul Med. 2014, 87, 3—6. [CrossRef]
Helbling, J.C.; Minni, A.M.; Pallet, V.; Moisan, M.P. Stress and glucocorticoid regulation of NR4A genes in mice. J. Neurosci. Res.
2014, 92, 825-834. [CrossRef]

Dai, Y.; Jin, W.; Cheng, L.; Yu, C.; Chen, C.; Ni, H. Nur77 is a promoting factor in traumatic brain injury-induced nerve cell
apoptosis. Biomed. Pharmacother. 2018, 108, 774-782. [CrossRef]

Dai, Y.; Zhang, W.; Sun, Q.; Zhang, X.; Zhou, X.; Hu, Y.; Shi, ]. Nuclear receptor nur77 promotes cerebral cell apoptosis and
induces early brain injury after experimental subarachnoid hemorrhage in rats. J. Neurosci. Res. 2014, 92, 1110-1121. [CrossRef]
Chen, T.; Zhu, J.; Yang, L.K.; Feng, Y.; Lin, W.; Wang, Y.H. Glutamate-induced rapid induction of Arc/Arg3.1 requires NMDA
receptor-mediated phosphorylation of ERK and CREB. Neurosci. Lett. 2017, 661, 23-28. [CrossRef]

Deng, ].; Yang, X.; Zhang, B. MS4a6D exacerbates immunological pathology in experimental viral fulminant hepatitis. Int. J. Sci.
2019, 8, 98-104. [CrossRef]

Matarin, M.; Salih, D.A.; Yasvoina, M.; Cummings, D.M.; Guelfi, S.; Liu, W.; Solim, M.A.N.; Moens, T.G.; Paublete, RM.; Ali, S.S.; et al.
A genome-wide gene-expression analysis and database in transgenic mice during development of amyloid or tau pathology. Cell.
Rep. 2015, 10, 633-644. [CrossRef] [PubMed]

Lambert, J.C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis, J.C.; Beecham, G.W.;
Grenier-Boley, B.; et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat. Genet.
2013, 45, 1452-1458. [CrossRef] [PubMed]

Schweiger, S.; Matthes, E; Posey, K.; Kickstein, E.; Weber, S.; Hettich, M.M.; Pfurtscheller, S.; Ehninger, D.; Schneider, R.; KrauSs, S.
Resveratrol induces dephosphorylation of tau by interfering with the MID1-PP2A complex. Sci. Rep. 2017, 7, 13753. [CrossRef]
[PubMed]

Kim, K.H.; Min, Y.K,; Baik, ].H.; Lau, L.F.,; Chaqour, B.; Chung, K.C. Expression of angiogenic factor Cyr61 during neuronal cell
death via the activation of c-Jun N-terminal kinase and serum response factor. J. Biol. Chem. 2003, 278, 13847-13854. [CrossRef]
[PubMed]

Richter, F.; Meurers, B.H.; Zhu, C.; Medvedeva, V.P.; Chesselet, M.F. Neurons express hemoglobin alpha- and beta-chains in rat
and human brains. J. Comp. Neurol. 2009, 515, 538-547. [CrossRef]

Shephard, F.; Greville-Heygate, O.; Marsh, O.; Anderson, S.; Chakrabarti, L. A mitochondrial location for haemoglobins—Dynamic
distribution in ageing and Parkinson’s disease. Mitochondrion 2014, 14, 64-72. [CrossRef]

Tan, B.L.; Norhaizan, M.E.; Liew, W.P.P; Rahman, H.S. Antioxidant and oxidative stress: A mutual interplay in age-related
diseases. Front. Pharmacol. 2018, 9, 1162. [CrossRef]

Ohtsuka, Y.; Nakaya, ]J. Effect of oral administration of l-arginine on senile dementia. Am. J. Med. 2000, 108, 439. [CrossRef]

Xu, A.; Liu, J.; Liu, P; Jia, M.; Wang, H.; Tao, L. Mitochondrial translocation of Nur77 induced by ROS contributed to cardiomyocyte
apoptosis in metabolic syndrome. Biochem. Biophys. Res. Commun. 2014, 446, 1184-1189. [CrossRef]

Qin, Z; Robichaud, P; He, T.; Fisher, G.J.; Voorhees, J.].; Quan, T. Oxidant exposure induces cysteine-rich protein 61 (CCN1) via
c-Jun/AP-1 to reduce collagen expression in human dermal fibroblasts. PLoS ONE 2014, 9, e115402. [CrossRef]

Kondoh, T.; Kameishi, M.; Mallick, H.N.; Ono, T.; Torii, K. Lysine and Arginine reduce the effects of cerebral ischemic insults and
inhibit glutamate-induced neuronal activity in rats. Front. Integr. Neurosci. 2010, 4, 18. [CrossRef] [PubMed]

Ferrer, I.; Gomez, A.; Carmona, M.; Huesa, G.; Porta, S.; Riera-Codina, M.; Biagioli, M.; Gustincich, S.; Aso, E. Neuronal
hemoglobin is reduced in Alzheimer’s disease, argyrophilic grain disease, Parkinson’s disease, and dementia with Lewy bodies.
J. Alzheimers Dis. 2011, 23, 537-550. [CrossRef] [PubMed]

Vanni, S.; Zattoni, M.; Moda, F.; Giaccone, G.; Tagliavini, F; Haik, S.; Deslys, ].P.; Zanusso, G.; Ironside, ].W.; Carmona, M.; et al.
Hemoglobin mRNA Changes in the Frontal Cortex of Patients with Neurodegenerative Diseases. Front. Neurosci. 2018, 12, 8.
[CrossRef] [PubMed]


http://doi.org/10.1111/acel.12778
http://doi.org/10.1159/000471869
http://doi.org/10.1016/j.nlm.2011.02.016
http://doi.org/10.1002/smi.2533
http://doi.org/10.1038/nrn2639
http://www.ncbi.nlm.nih.gov/pubmed/19401723
http://doi.org/10.1038/mp.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27240530
http://doi.org/10.3109/10253899609001092
http://www.ncbi.nlm.nih.gov/pubmed/9807058
http://doi.org/10.1159/000367849
http://www.ncbi.nlm.nih.gov/pubmed/25228100
http://doi.org/10.15386/cjm.2014.8872.871.at1cm2
http://doi.org/10.1002/jnr.23366
http://doi.org/10.1016/j.biopha.2018.09.091
http://doi.org/10.1002/jnr.23392
http://doi.org/10.1016/j.neulet.2017.09.024
http://doi.org/10.18483/ijSci.1916
http://doi.org/10.1016/j.celrep.2014.12.041
http://www.ncbi.nlm.nih.gov/pubmed/25620700
http://doi.org/10.1038/ng.2802
http://www.ncbi.nlm.nih.gov/pubmed/24162737
http://doi.org/10.1038/s41598-017-12974-4
http://www.ncbi.nlm.nih.gov/pubmed/29062069
http://doi.org/10.1074/jbc.M210128200
http://www.ncbi.nlm.nih.gov/pubmed/12576482
http://doi.org/10.1002/cne.22062
http://doi.org/10.1016/j.mito.2013.12.001
http://doi.org/10.3389/fphar.2018.01162
http://doi.org/10.1016/S0002-9343(99)00396-4
http://doi.org/10.1016/j.bbrc.2014.03.089
http://doi.org/10.1371/journal.pone.0115402
http://doi.org/10.3389/fnint.2010.00018
http://www.ncbi.nlm.nih.gov/pubmed/20589237
http://doi.org/10.3233/JAD-2010-101485
http://www.ncbi.nlm.nih.gov/pubmed/21157025
http://doi.org/10.3389/fnins.2018.00008
http://www.ncbi.nlm.nih.gov/pubmed/29403351

Int. ]. Mol. Sci. 2021, 22, 508 14 of 14

55.
56.

57.

58.

59.

60.

Konishi, T. Principal component analysis for designed experiments. BMC Bioinform. 2015, 16, 7. [CrossRef] [PubMed]

Konishi, T. Three-parameter lognormal distribution ubiquitously found in cDNA microarray data and its application to parametric
data treatment. BMC Bioinform. 2004, 5, 5. [CrossRef]

Shandilya, M.C.V.; Gautam, A. The temporal effect of hippocampal Arc in the working memory paradigm during novelty
exploration. Brain. Res. Bull. 2020, 158, 51-58. [CrossRef] [PubMed]

Kurumaji, A.; Ito, T.; Ishii, S.; Nishikawa, T. Effects of FG7142 and immobilization stress on the gene expression in the neocortex
of mice. Neurosci. Res. 2008, 62, 155-159. [CrossRef]

Choi, Y.G.; Yeo, S.; Hong, Y.M.; Kim, S.H.; Lim, S. Changes of gene expression profiles in the cervical spinal cord by acupuncture
in an MPTP-intoxicated mouse model: Microarray analysis. Gene 2011, 481, 7-16. [CrossRef]

Mansergh, F.C.; Wride, M.A.; Walker, VE.; Adams, S.; Hunter, S.M.; Evans, M.]. Gene expression changes during cataract
progression in Sparc null mice: Differential regulation of mouse globins in the lens. Mol. Vis. 2004, 10, 490-511.


http://doi.org/10.1186/1471-2105-16-S18-S7
http://www.ncbi.nlm.nih.gov/pubmed/26678818
http://doi.org/10.1186/1471-2105-5-5
http://doi.org/10.1016/j.brainresbull.2020.02.013
http://www.ncbi.nlm.nih.gov/pubmed/32114002
http://doi.org/10.1016/j.neures.2008.08.001
http://doi.org/10.1016/j.gene.2011.03.006

	Introduction 
	Results 
	Long-Term Effect of Stress 
	Improving Effect of Arg on Learning Ability and Behavioral Depression 
	Improving Effect of Arg Intake on Lifespan 

	Initial Response to Stress 
	Oxidative Damage in the Brain 
	Effect of Arg Intake on Gene Expression in the Hippocampus of Stressed SAMP10 Mice 
	Effect of Arg Intake on Nr4a1, Arc, and Cyr61 Levels in the Brain 
	Effect of Arg Intake on Hba-a2 and Hbb-b2 Levels in the Brain 


	Discussion 
	Materials and Methods 
	Animals, Arg Preparation, and Housing Condition 
	Housing Condition for Confrontation 
	Memory Acquisition Test 
	Measurement of Immobility in the Tail Suspension Test 
	Measurement of Oxidative Damage in the Brain 
	Measurement of DNA Microarray and qRT-PCR 
	Statistical Analysis 

	Conclusions 
	References

