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Table 1. Change in pH, ascorbic acid and folic acid contents during fermentation

Days of fermentation

B & & 00

[ |

OO0 B B B 1

e

Glutamine
Arginine
Serine
Glutamic acid
Aspartic acid

Theanine

0 2 7
pH 5.48 5.48 5.45
Total ascorbic acid (mg/100g) 33 11 4
Folic acid (mg/100g) 0.6 0.46 0.41
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. - Fig. 2. Changes in the proportion of catechins and
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o . . . .
T amino acids in the extract of fermented tea during
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? ae fermentation: (A) Catechins, (B) Amino acids
1] 2 T 14

Days of fermentation

Fig. 1. Changes in catechin, amino acids and

caffeine in the extract of fermented tea during

fermentation: (A) Catechin, (B) Amino acids,

(C) Caffeine

Radleal scavenging activity (%)

-

=2 BEs8T e e

1] 2 T
Days of fermentation

14

Fig.3. Change in antioxidant activity of the fermented tea during fermentation.The antioxidant activity

was determined as DPPH radical scavenging activity of the tea extract. Data shown are mean+SEM

(n=3), *p<0.05
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Srl Lanka TearBoard, Tea Research Institute
0., Ltd. (JlGA Survey lmplementlng company)

EnhancingthelPremitim
Quality/of Ceylon Teats

Agenda Pickup

Thu.
Feb.27
2020

1:00pm~4:30pm
Centre for Banking Studies
Rajagiriya

# Importance of Tea ingredients measurement & Recommendations
@ Fresh leaf evaluation using the analyzer & Mechanized tea cultivation
@ New tea processing machinery for high value-added products

@ Improving the Sales & Branding Power of Tea Products

Black Tea

Ingredients Analyzer

Kawasaki Kiko Co., Ltd.
http://www.kawasaki-kiko.co.jp/en/

Contact:
info@kawasaki-kiko.co.jp

/,

[FE
g I PR univer.ﬂfv of ShizuoKa -
,& . TeaScience center
f ojegf Proféssor ]
CEYLON TEA ‘orivuki NAKAMURA

SYMBOL OF QUALITY

Major issues to be solved in Ceylon tea

The cost of production of made tea has rapidly increased.
However, there has been no increase in export prices

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Changes in export value (x10°US$) Task

*Decline in tea price

*Rising production costs

% Production instability due to
weather fluctuation

% Small holder vulnerability

*Diversification etc.

I -2 R

Enhancement of Ceylon tea brand power

il

PREMIUM CEYLON TEA
SYMBOL OF SUPER QUALITY

Personal idea

GEYLON TEA

SYMBOL OF QUALITY

*100% pure Ceylon tea

*100% packaged in Sri Lanka With a premium lion logo

Need to add value

What can be
considered to
further enhance the
brand power of the
Ceylon tea lion logo

For example,

YcDevelopment of premium lion
logo products

YcDevelopment of functional tea

YcDevelopment of high quality tea

Development of high quality tea using NIR

17 : .
The higher the theaflavin i b0, @ &
content, the better the taste fuu o 0o Qoo
and color, and the higher the . :’ se
quality and price. ue ®
1

Faster analysis
Evaluate numerically Use NIR to measure

chemical components
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6™ ANNUAL COLLOQUIUM
GLOBAL TEA INITIATIVE FOR THE STUDY
OF TEA CULTURE & SCIENCE

The Stories We Tell

Myths, Legends and Anecdotes about Tea

JANUARY 21, 2021
ONLINE EVENT
KEYNOTE SPEAKER

Lisa See, with research partner, Linda Louie
No Coincidence, No Story
How a Trip to Tea Mountains Inspired a Novel

0F

HUMMINGBIRD

) LANE
¥ LISA SEE

thir of

globaltea.ucdavis.edu
facebook.com/ucdavisglobaltea

EVENT DETAILS davis.edu/20:
REGISTER ucdavi I

UCDAVIS

COLLEGE or LETTERS no SCIENCE

GLOBAL TEA INITIATIVE ONE SHIELDS AVE, UC DAVIS, DAVIS, CA 95616, USA

§

COLLEGE of LETTERS ano SCIENCE

Dr. Alexander F. Day, Associate Professor, History: Chair, East Asian Studies,
Occidental College, Los Angeles
Socialist Tea Heritage: Selling China's Largest Tea County

Q&A Student Moderator, Analizabeth Ramirez, Psychology, Managerial
Economics, Spanish, UCD 2021

Lunch Break

1:00 PM  SESSION 3 UC Davis Students Talk about Tea
Introduced by Dr. Joseph Sorensen, East Asian Languages and Cultures

Xinyi (Cassie) Zhang, Food Science and Technology Major; President, Global
Tea Club, University of California, Davis
Report on the Global Tea Club at UC Davis

Dr. Frances E. Dolan, Distingnished Professor, English, University of California,
Davis; Ben Fong, Doctoral Student, Comparative Literature, UC Davis; Grace
Hayes, Doctoral Student, English, UC Davis; Mikhaila Redovian, Doctoral
Student, English; Himali Thakur, Doctoral Student, English

Embracing Tea in Restoration England

Q&A Student Moderator, Gabrielle Tirsell, Economics, UCD 2024

2:00 PM  SESSION 4 Talking about Legendary Teas, New Teas, and
Spiritual Beliefs
Introduced by Dr. Shermain Hardesty, Extension Economist Emerita,

Agricultural and Resource Economics
Dr. Keiko Unno, Visiting Associate Professor, Tea Science Center, University of

Shizuoka, Japan
Japanese Food Culture (WASHOKU) and Green Tea

https://globaltea.ucdavis.edu,

Japanese Food Culture
(WASHOKU) and Green Tea

Keiko Unno and Yoriyuki Nakamura

Tea Science Center,
University of Shizuoka, Japan

1
University of California, Davis and the
University of Shizuoka have signed an
inter-university collaboration
agreement since 2011
University of Shizuoka, UC-Davis,
Tea Science Center founded Global Tea Initiative
2013 “ founded in 2015
»Japan’s leading tea > Aiming to be the #1
functionality research .
X ‘ resource worldwide
achievements for tea information
»Offering a course to learn
comprehensive knowledge
of tea 2

Green Tea,

an Important Ingredient of WASHOKU,
Contributes to a Healthy Life

Reduce the
adverse effect

Suppress the
decline of brain
function

of stress

g
Green tea c;_f?e“i,r-le
green tea

A

hitps:/fwrw.chagacoro,jpyarticle/43 hmi hittpe://www.c-cha.net/english/index. html 29
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ABSTRACT

Tea is a popular drink all over the world and has been attracting attention for its beneficial health
effects. We developed a fermented tea by processing it with an exopolysaccharides-producing
lactic acid bacterium, Lactococcus lactis subsp. cremoris, in order to manufacture high-quality tea
with a physiological function. Lactococcus lactis subsp. cremoriswas added to tea leaves (Camellia
sinensis) and fermented for two weeks. To examine the progress of fermentation, we determined
the change in pH as well as the contents of ascorbic acid and folic acid in the extract of leaves.
Decreases in ascorbic and folic acids were identified, but pH only slightly changed during
fermentation, showing a slower development of fermentation with lactic acid bacteria. Furthermore,
we analyzed the extract's components, such as catechins, amino acids, including theanine as the
major amino acid, and caffeine. Although there were some fluctuations in contents, no significant
change was seen over a period of two weeks. Fermentation had no effect on the degradation of
these components, suggesting that they may be relatively stable. To investigate a potential
physiological function, antioxidant activity was measured using 1,1-Diphenyl-2-picryl-hydrazyl,

*Corresponding author: E-mail: saitok@u-shizuoka-ken.ac.jp;
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(DPPH). Consequently, the results showed that the activity of the extracts was unaffected by
fermentation until the seventh day, when it began to increase. Our results suggested that the
fermented tea developed in this study, which maintained its key components of catechins, theanine
and caffeine, exhibit a physiological function as a processed tea and a novel food material.

Keywords: Fermented tea; Camellia

sinensis;

lactic acid bacteria; antioxidant activity;

Exopolysaccharides (EPS); catechin; theanine.

1. INTRODUCTION

Tea (Camellia sinensis) has been regarded and
used as a medicine since ancient times.
Moreover, its health benefits have recently been
demonstrated scientifically, and thus it is
consumed worldwide [1]. Various types of teas
can be manufactured as products (e.g. drink and
food material) depending on how they are
processed after harvesting. Green tea is non-
oxidized leaves (generally called non-fermented
tea), while oolong tea (generally called semi-
fermented tea) is partially oxidized and black tea
(generally called fermented tea) is fully oxidized
by polyphenol oxidase and peroxidase in the
manufacturing process. Although their
characteristics and ingredients are slightly
different, they are all popular and exhibit their
own individual physiological function [1]. In
addition to these teas, others are fermented by
microorganisms. Among those, the most famous
is Pu-erh tea, also known as post-fermented tea
or dark tea,which originally came from Yunnan,
China. In its production, it undergoes microbial
fermentation with bacteria such as Aspergillus or
Rhizopus [2,3]. Throughout the world, various
fermented teas are made using microorganisms
such as yeast, fungus or lactic acid bacteria
(LAB), with each having its own characteristics
[455]. These fermented teas should be
considered as traditional foods. However, their
contents are often unbalanced, and their quality
is typically not uniform because they may not be
made with a single microorganism, or they may
be made by a method that relies on specific
experience or tradition. One Japanese fermented
tea, Awaban-cha, is fermented with LAB, a
microorganism popular for its health benefits. It is
also, however, fermented by several
microorganisms in addition to the main LAB [4].

Recently, we developed a fermented tea using
only an LAB that is resistant to catechins,
Lactobacillus plantarum, which is derived from a
plant. However, its components, including the
catechins, decomposed during fermentation,
while its antioxidant activity was maintained [5].
To develop a novel fermented tea with high
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quality and health benefits, we focused on using
Lactococcus lactis subsp. Cremoris (L. cremoris),
which was originally isolated from yoghurt
traditionally produced in Scandinavian countries
[6,7]. During its growth and metabolism, L.
cremoris produces exopolysaccharide (EPS), a
water-soluble long-chain polysaccharide that
exhibits  physiological effects such as
antibacterial, anti-mutagenic, and antitumor
activity as well as immune regulation, cholesterol
lowering, and regulation of gastrointestinal
function [8,9]. Moreover, EPS protects cells from
environmental stress through the effects of water
retention, osmotic pressure resistance, and
antimicrobial resistance [10]. In this study, we
employ L. cremoris to develop fermented tea and
determine its main component. In addition, its
antioxidant activity is discussed.

2. MATERIALS AND METHODS
2.1 Chemicals and Materials

The chemicals used in this experiment were
purchased from Sigma-Aldrich, Mo., USA.
Authentic reagents (Wako Pure Chemicals
Industries, Ltd., Japan) were obtained to
determine the concentrations of the main
components of the tea using an automatic amino
acid analyzer and high-performance liquid
chromatography (HPLC, Agilent 1100, Agilent
Technologies, Palo Alto, Calif., USA). Freshly
plucked tea leaves (Camellia sinensis L.
cv.‘Yabukita’) were washed and dried at 50°C for
24 hours.

2.2 Production of Fermented Tea

After autoclaved, 100 g of dried tea leaves were
mixed with 100 mL of distilled water (DW), and
was added an LAB, Lactococcuslactis subsp.
cremoris CF-4 (1.7><108 cells/mL) (Konno Co.,
Ltd., Akita, Japan).Then, the mixture was packed
into an anaerobic airtight container and
fermented at 25°C for 2 weeks under a shaded
condition [5]. At 0, 2, 7, and 14 days, the mixture
was stored at -30°C for analysis.
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2.3 Preparation of Fermented Tea Extract

The fermented tea samples were dried using a
vacuum freeze dryer (FD-80, EYLA, Tokyo,
Japan), finally, the water content of the sample
was less than 1%, and then milled for 30
seconds to make a powder. Next, 1 g of the
powder was added to 100 mL DW, which was
heated and kept at 70°C for 1 hour to make an
extract. The extract was spun down, and the
supernatant was collected and then filtered with
a 0.4-um membrane for use in the following
experiments [5].

2.4 Analysis of pH, Ascorbic Acid and
Folic Acid

The extract of fermented tea leaves was
measured by pH meter (Horiba, Ltd., Japan). To
determine ascorbic acid content, the tea extract
was pretreated and applied to high-performance
liquid chromatography (HPLC) adopting a silica
column (46 id. x 100 mm, 5 pm, Tokyo
Chemical Industry Co. Ltd., Tokyo, Japan). The
mobile phase for the detection was ethyl
acetate:n-hexane:aceticacid:DW (60:40: 5:0.5) at
a flow rate of 1.0 mL/min at 40°C. Each peak
was identified by comparing the UV-Vis spectral
characteristics at 495 nm and retention times
with those of a commercial standard.A
microbiological assay was conducted for analysis
of folic acid using Lactobacillus rhamnosus
ATCC 7469 [11-13]. The microbiological method
was adopted from AOAC method given Official
Status by AOAC (Method 992.05, 2002) and
AACC (AACC Method 86-47).

2.5 Analysis of Catechins, Amino Acids
and Caffeine

We analyzed catechins, amino acids and
caffeine as previously described [5]. Briefly,
Catechins and caffeine were analyzed using
HPLC (Agilent 1100, Agilent Technologies, Palo
Alto, Calif.,, USA) equipped with a C18 column
(4.6 i.d. x 150 mm, 5 pym, Tokyo Chemical
Industry Co. Ltd., Tokyo, Japan). The HPLC
column was maintained at 30°C in an oven. The
mobile phase for the detection was 0.1 M sodium
dihydrogen phosphate buffer:acetonitrile (87:13)
at a flow rate of 1.0 mL/min. The reagents were
purchased from Sigma-Aldrich (St. Louis, Mo.,
USA), and HPLC-grade reagents were used for
the analysis. Each peak was identified by
comparing the UV-Vis spectral characteristics
and retention times with those of commercial
standards. The concentration of amino acids in
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the extract was analyzed using an L-8500
automatic amino acid analyzer (Hitachi Co. Ltd.,
Tokyo, Japan), which is a dedicated instrument
for ion-exchange chromatography via the method
of post-column derivatization using ninhydrin
reagents that contain sodium borohydrate and
propylene glycol monomethyl. The analytical
column was a Hitachi HPLC Packed column (ion-
exchange resin, 4.6 mm i.d., 60 mm length, 3 ym
particle size). Throughout the elution program,
the flow rate for buffer solutions was 0.35
mL/min. The flow rate for ninhydrin solution was
0.30 mL/min. All buffers were purchased from
Wako Pure Chemicals Industries, Ltd., Japan, as
a whole package. Detection was by
spectrophotometry at 570 and 440 nm with the
ninhydrin reaction.

2.6 Determination of Antioxidant Activity

The stable free radical DPPH (1,1-Diphenyl-2-
picryl-hydrazyl, Sigma-Aldrich, St. Louis, MO,
USA) was used to estimate the antioxidant
activity of the fermented tea. 1.5-ml aliquot of
DPPH solution (0.1 mM, in 95% ethanol) was
mixed with 100 pL of tea extract. Standard green
tea extract (Camellia sinensis L. cv.‘Yabukita’)
was used as a control. The mixture was shaken
vigorously and left to stand for 20 min at room
temperature. The absorbance at 517 nm of the
DPPH solution was measured using a
spectrophotometer (Bio-Spec, Shimadzu, Kyoto,
Japan). The antioxidant activity was determined
as DPPH radical scavenging activity, which was
calculated using the following equation:

Scavenging activity (%) = [1- (absorbance of
sample/absorbance of control)] x100

2.7 Statistical Analysis

Data were expressed as the mean + standard
error of the mean (SEM). Statistical analysis was
performed using Student’s t-test and one-way
analysis of variance (ANOVA).

3. RESULTS AND DISCUSSION
3.1 Fermented State

Generally, the progress of fermentation by an
LAB involves a significant decrease in pH due to
the production of lactic acid [14]. In this study,
the pH did not dramatically decrease over 14
days as shown Fig. 1. However, through typical
fermentation processes the amount of ascorbic
acid has dramatically decreased [15,16]. Since it
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was not reported that L. cremoris consumes
ascorbic acid to grow, the result showed that the
fermentation might proceed without extreme
changes in pH. In addition to the ascorbic acid
degradation, folic acid clearly decreased for 14
days in Table 1. Most LABs consume folic acid
as a growth factor. Therefore, a decrease in folic
acid indicates the growth of LAB.

The results in Table 1 showed that the
fermentation with L. cremoris progressed slowly,
at least for 14 days. Mild fermentation may
involve a property of EPS, which is the product of
L. cremoris. It has been reported that the EPS
production is related to fermentation conditions
(pH, temperature, etc.) and it also depends on
bacteria [17]. The pH of yogurt prepared with L.
cremoris is moderate, leading to a soft taste [18].
Again, EPS has very good characteristics that
are useful for LAB as well as human health [19].
The function of L. cremoris with EPS requires
further study, but L. cremoris may exhibit a
unique action during fermentation.

3.2 Stability of Main Components

Analysis of the important components ofthe
extract such as caffeine, catechins, and amino
acids, including theanine, were performed using
samples on 2, 7, and 14 days (Fig. 1). These
components exhibit excellent taste in palatability
as well as having health benefits. Among these
components, catechins account for more than
10% in tea leaves, which gives tea its
astringency, theanine is around 2%, which
provides a delicious taste (called umami), and
caffeine is around 3%, which supplies bitterness.

Since catechins are the most abundant
component in tea leaves, they play an important
role with their many physiological functions [1].
The main catechins are )
Epigallocatechingallate (EGCQG), ()
Epigallocatechin (EGC), (-) Gallocatechin (GC),
O] Gallocatechingallate (GCQG), )
Epicatechingallate (ECG), (-) Epicatechin (EC),
(+) Catechin (C), and (-) Catechingallate (CG). In
addition, there are other various small amounts
of catechin derivatives. EGCG is found in the
highest amounts in tea leaves. Fig. 1 indicated
the change in each catechin content during
fermentation for 14 days. These catechins
decreased slightly on day 2 and increased on
day 7, but no significant change was seen on day
14. Previous studies have reported that catechin
degrades to a smaller molecule by fermentation
[5,20-22]. In particular, it has been reported that
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within a catechin’s structure, the gallate groups
were most easily eliminated [23]. EGCG and
ECG decompose into EGC and EC, respectively,
in the early stages of fermentation.
Consequently, the composition ratio of each
catechin changed; for example, the amount of
EC was greater than that of EGCG. However, in
this study, no obvious degradation was observed
in any catechin, and, moreover, there was no
dramatic decrease in EGCG, which was the most
likely to decompose. Fig. 2.(A) showed the
proportion of each catechin remained almost the
same for 14 days, indicating that the catechins
contained in the extract are extremely stable.
The increase in EGCG on day 7 seems to be due
to other factors, and further investigation is
needed; however, EGCG was maintained in the
content without any reduction in fermentation for
14 days, showing that fermented tea may exhibit
a similar physiological function to that of standard
green tea. EGCG is the most powerful molecule
in tea catechins, and it exhibits antimutagenic,
anticancer, antiarteriosclerotic, antibacterial, and
antiatherosclerotic effects [1]. Consequently,
fermented tea rich in EGCG appears to be
beneficial for human health.

Tea contains a large amount of amino acids that
express themselves in delicious flavor,
contributing significantly to the good taste of tea.
The amount of amino acids fluctuated slightly,
but not dramatically, over 14 days, showing that
each amino acid was relatively stable under
fermentation [Fig. 1.(B)]. In addition, the
proportion of each amino acid remained nearly
the same over the 14 days [Fig. 2.(B)]. In
particular, theanine, consisting of more than 50%
of the amino acids in tea leaves, was quite
stable. Theanine (y-ethylamide-L-glutamic acid)
is an extremely rare amino acid in nature, and it
has psychoactive properties because it is readily
absorbed and permeates the blood-brain barrier
to function in the brain [24]. This function leads to
reduced mental and physical stress and
improved cognition [25-29]. These results
suggest that this fermented tea has the effect of
improving brain function.

Caffeine did not significantly change except for a
slight increase on day 7, thus keeping relatively
stable for 14 days as shown in Fig. 1(C). This
stability of caffeine was consistent with the
results of previous studies [5]. While caffeine has
some side effects, it was reported to enhance the
physiological function of catechins through
synergistic effects [30,31] and to improve
cognition and boost one’s mood in combination
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fermented tea might play a similar role to that of  function.
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Table 1. Change in pH, ascorbic acid and folic acid contents during fermentation

Days of fermentation

0 2 7 14
pH 5.48 5.48 5.45 5.43
Total ascorbic acid (mg/100 g) 33 11 4 2
Folic acid (mg/100 g) 0.6 0.46 0.41 0.36

3.3 Effect of Fermentation on Antioxidant
Activity of the Fermented Tea

We determined the antioxidant activity of the
fermented tea’s extract using a DPPH method
that was accurate and convenient (Fig. 3).
Consequently, this activity did not decrease
during fermentation. On the contrary, a
significant increase was seen on day 7. It is well
known that catechins exhibit a strong antioxidant
activity. The catechins were not decomposed by
fermentation, including the most effective
molecule, EGCG, which also increased on day 7
[Fig. 1.(A)]. The antioxidant activity on day 7 may
be deeply involved in the performance of EGCG.
There was no dramatic decrease in pH for 14
days (Table 1), which may lead to stable
antioxidant  activity = because, generally,
antioxidant activity is inhibited by lower pH [33].
Although the mechanism of EGCG contributing
to the increase on day 7 is unclear, this
phenomenon is definitely interesting for the
antioxidant activity of fermented tea. L. cremoris
could play an important role in increasing other
antioxidants and suppressing degradation, since
microbial fermentation has provided special
qualities and special active compounds that
possess powerful antioxidant activities [34,35]. In
this study, we employed a characteristic LAB, L.
cremoris, that produces EPS and that might
affect a antioxidant activity. Since there is no
report on the effect of EPS derived from LAB on
fermented tea but only on yogurt, further
research is needed to identify the mechanism
that activates antioxidant or the relevant effective
molecules.

4. CONCLUSION

We developed fermented tea using L. cremoris, a
unique lactic acid bacterium that produces EPS.
This tea’s fermentation progressed slowly. Its
main components, i.e. catechins, theanine, and
caffeine, were extremely stable and did not
dramatically degrade over 14 days. The tea’s
antioxidant activity was also maintained stably,
and a significant increase in antioxidant activity
was seen on day 7 of fermentation.
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This fermented tea prepared with L. cremoris
may have many unique functions and multiple
beneficial effects on human health, in addition to
the function provided by standard tea leaves.
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ABSTRACT

We obtained honey from the blooming flowers of tea plants (Camellia sinensis L.) pollinated by
honeybees (Apis mellifera L.). Functional amino acids, theanine, which is a unique ingredient to tea,
was determined using reversed-phase chromatography. We also determined the main ingredients:
caffeine and catechins. The obtained honey contained theanine, which shows that it was derived from
tea flowers. The theanine concentration of the nectar of the tea flowers exceeded that of the honey.
Caffeine was detected (but no catechins) in both the honey and the nectar of the tea flowers. Our
results refute the previously held view that tea nectar is toxic to honeybees. Our new finding reveals
that it is possible to obtain honey from the nectar of tea flowers. The obtained honey and the nectar of
tea flowers contained a very rare amino acid, theanine, indicating that the honey was derived from tea
flowers. Furthermore, the nectar of tea flower contained the best caffeine concentration that activated
the brain function of honeybees to produce the honey.

Keywords: Tea; Camellia sinensis; theanine; flower; honey.

1. INTRODUCTION

Green tea (Camellia sinensis L.) leaves provide beneficial effects for human health, and the functions
of the main components of their leaves have been widely studied [1]. Recently several physiological
functions (e.g. antioxidant, antimicrobial, immunomodulatory and antitumor activities) of tea flowers
have been reported [2-5], and the flowers have received attention as a natural healthy material for food
and cosmetics. The health-promoting effects of green tea are mainly attributed to its polyphenol content
[6], particularly flavanols and flavonols, which represent 30% of fresh leaf dry weight [7]. It is not well
known that the fragrant tea flowers have sweet nectar. The tea nectar may be attractive to honeybees.
One study of bee pollen collected from the flowers of tea plants suggests that honeybees like the pollen
of tea (Camellia sinensis L.) [8]. However, the honey from tea flowers has not been studied, even
though in autumn, many tea fields are filled with blooming flowers in almost all the tea production areas
around the world. The most utilized part of the tea plant is the leaves. Thus, less attention has been
paid to tea flowers. Since the application of asexual propagation to tea plants, tea flowers have become
a “waste resource”, competing with tea leaves for water and nutrients. To promote the yield and quality
of tea leaves, some chemicals, such as ethephon and a-naphthalene acetic acid, have been used to
suppress tea plant blossoming [9], Sharma et al. reported that tea nectar exhibited toxicity to
honeybees (Apis mellifera L.) [10]. Healthy broods and larvae were fed the nectar of tea flowers in the
laboratory and were killed. Sharma’s report discouraged beekeepers from harvesting the honey of tea
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flowers whose nectar might have been toxic to physiologically immature broods and larvae, even
though they could eat the nectar by themselves. Some other workers also reported toxic nature of the
Camellia sinensis nectar [11,12,13].

It remains unclear whether tea nectar is toxic to honeybees. In this study, we took actual tea honey
from the flowers to investigate whether the honeybees collected tea nectar to produce honey. To

Advances and Trends in Agricultural Sciences Vol. 1
Honeybees (Apis mellifera) Produce Honey from Flowers of Tea Plants (Camellia sinensis)

determine whether the honey was derived from tea flowers, theanine (y-ethylamide-L-glutamic acid),
which is a specific amino acid of tea plants [14-17]. Furthermore, we investigated the concentration of
catechin and caffeine, which are the main ingredients in tea plants. We also analyzed the theanine, the
catechin, and the caffeine of the tea nectar to compare them with the obtained honey.

2. MATERIALS AND METHODS

2.1 Beekeeping

We used honeybees (Apis mellifera L.) to obtain honey from tea flowers according to Japan’s
beekeeping association’s manual [18]. The honey was collected from September to November 2013
around tea fields. Samples were obtained from individual beehive cells with pipettes.

2.2 Plant Materials

Tea plants (Camellia sinensis L.) were cultured in hydroponics to obtain the nectar of tea flowers in
quality and quantity [19]. The plants were cultured in a nutrient solution under controlled condition for
several months until the tea flowers bloomed [20]. The nectar of the tea flowers was carefully collected
with pipettes at the bottom of pistil just after blooming and kept at 4°C until it was used.

2.3 Analytical Reversed-phase High-performance Liquid Chromatography (HPLC)

We determined the theanine, catechin, and caffeine content of the honey or nectar using an Agilent
1100 HPLC system (Agilent Technologies, Palo Alto, Calif.) that was equipped with a C18 column (4.6
i.d. x 150 mm, 5 ym, Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) [20]. The HPLC column was
maintained at 30°C in an oven. The mobile phase for the detection was 0.1 M NaH2PO4
buffer/acetonitrile (87:13) at a flow rate of 1.0 ml/min.

Each peak was identified by comparing the UV-Vis spectral characteristics and retention times with
those from commercial standards supplied by Wako Pure Chemicals Industry, Ltd., Japan.

2.4 Statistical Analysis

Data are expressed as mean + standard deviation. Analyses were performed using Student’s t-test
(Microsoft Excel Version 14.5.2) for comparison between honey and nectar.

3. RESULTS AND DISCUSSION

We collected actual honey from tea flowers that contained theanine, which is a very rare amino acid
and ingredient of green tea that has only been found in several camellia species and one mushroom,



Xerocomus badius [21,22]. Bees normally continue flying in a 3 km area to collect flower nectar,
although during this experiment, there were no plants with theanine in the vast area around the
beehives. Theanine was detected from the honey collected in our experiment, and the nectar of the
flowers also included theanine, indicating that it was actually derived from the tea flowers. Honeybees,
especially, Apis mellifera L., tend to collect the nectar of a single species of flower, such as acacia and
lotus. We placed beehives in the middle of a vast expanse of a tea field, so the honeybees could collect
the nectar of tea flowers. Recently, Wright et al. [23] reported that caffeine appears to have a secondary
advantage that attracts honeybees and enhances their long-term memory [24], which suggests that
honeybees learn to seek the nectar of flowers that possess caffeine. They also argued that 0.1 mM
(0.019 mg/mL) of caffeine activated the brains of honeybees, supporting the data of Table 1 where the
tea nectar included about 0.02 mg/mL of caffeine. Such definite evidence suggests that honeybees
collect nectar from tea plants. Caffeine tastes bitter to mammals and is toxic and repellent to pollinators
at high doses; however, tea nectar, which includes a low dose of caffeine, attracts honeybees to it.
Even though Sharma et al. demonstrated the toxicity of tea nectar, they failed to experimentally show
that it affected adult honeybees; it only affected the broods and larvae. In addition, their nectar was
derived from pollen collected by adult honeybees [10]. The tea nectar obtained in this study did not
include catechins (Table 1), but the pollen included catechins (0.5 mg/g) and caffeine (0.345 mg/g) [25],
where the LDsp values fora rat (oral) are 2 g/kg and 192 mg/kg, respectively [26]. Catechins and caffeine
in tea pollen are probably nontoxic for mammals. However, their LDso values in honeybees are unclear
because no data exists for them. Catechins and/or the
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caffeine of the pollen may affect honeybees, especially broods, larvae, and immature bees, even
though the tea nectar did not include catechins. Recent reports suggest that such agricultural chemicals
as pesticides, herbicides, and fungicide pollute pollen and nectar and kill honeybees [2732]. In this
study, after obtaining honey from tea flowers, we conclude that the nectar of tea flowers is attractive to
honeybee, but not toxic. Our new finding, which presents significant information on the relationship of
honeybees (Apis mellifera L.) and tea flowers, might activate tea and beekeeping industry, leading to
develop the production of honey from tea nectar. Moreover, the honey from tea flower might be a novel
honey with additional function.

Table 1. Concentration of main ingredients of the tea nectar and the obtained honey

_ Theanine (mg/mL) ~ Catechins (mg/mL) _ Caffeine (mg/mL)
Honey 0.0747+0.0177 (n=6) ND 0.00657+0.0032 (n=6)
Nectar 0.0990+0.0616 (n=4) ND 0.023+0.00675" (n=4)

ND; Not Detected. “Signiticantly difterent (p=<0.005; nectar vs. honey)

4. CONCLUSION

In this study, we showed honeybees produced honey from flowers of tea plants. The obtained honey
and the nectar of tea flowers contained a very rare amino acid, theanine, indicating that the honey was
derived from tea flowers. Furthermore, the nectar of tea flower contained the best caffeine
concentration that activated the brain function of honeybees to produce the honey.
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ABSTRACT

Caffeine is one of the main components of green tea and has side effects such as sleeplessness.
Senior citizens, children, and pregnant woman should avoid tea despite its known beneficial effects. In
this study, we developed green tea with reduced caffeine content (low caffeine tea) as a palatable tea
that can be offered to everyone. To reduce the tea’s caffeine content, we subjected the plucked tea
leaves to a hot-water spray process, and successfully produced a low caffeine tea infusion with 30%
the caffeine content. The concentrations of other main components, such as catechins and theanine,
in the low caffeine tea infusion did not differ from the control. Further, the physiological function of the
tea was assessed; the anti-oxidative activity was investigated using a stable free radical and the
antilipase activity using an artificial substrate. There were no significant differences between the
infusions of low caffeine tea and green tea in anti-oxidative and anti-lipase activities. The results
showed that our developed low caffeine tea could be an attractive high quality tea with health benefits
for everyone.

Keywords: Camellia sinensis; green tea; reduced caffeine; anti-oxidative activity; anti-lipase activity.

1. INTRODUCTION

Many kinds of tea are produced and consumed worldwide. Tea types, based on processing or
harvested leaf development are black (fermented), green (non-fermented) and oolong (semifermented).
These major tea types differ in how tea is produced and processed according to the different processes
of drying and fermentation that determine its chemical composition [1]. One reason for tea’s popularity
is that it exhibits various physiological functions, such as improvement of brain function as well as
anticancer, anti-obesity, antiallergic and antioxidative activities [2-4]. Green tea (Camellia sinensis (L.)
Kuntze) contains catechins (8-20%), caffeine (2-4%) and theanine (1-8%) as the main components,
with each component imparting a distinct taste [5]. However, caffeine exhibits some side effects,
including sleeplessness. Senior citizens, children, and pregnant woman should avoid tea despite its
known beneficial effects. Several kinds of decaffeinated green tea have been produced [6] and some
have been commercially available. McKay and Blumberg [7] reported a per capita mean consumption
of tea in the world of 120 mL/day. Approximately 76 —78% of the tea produced and consumed is black
tea, 20 —22% is green tea and less than 2% is oolong tea [8]. However, these products were not popular
with consumers because of their altered taste, attributable to the decrease in main ingredients during
the manufacturing process, as well as the high cost. As an effective way to remove caffeine from tea
leaves, Tsushida and Murai reported that fresh green tea leaves were steamed with boiling water for a
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few minutes prior to primary rolling [9]. Hot-water treatment is a simple and economically efficient
method to decrease the caffeine content in tea leaves without chemical toxicity. ‘Benifuuki’ and
‘Benihomare’ green teas, which exhibit anti-allergic activity, were soaked in hotwater to reduce the
caffeine content, and it was demonstrated that the anti-allergic compound was maintained in the
processed tea leaves [10,11]. Thus, hot-water treatment might not decrease the physiological function
of tea leaves. The maximum caffeine levels are always limited to 4 mg g™ for leaf teas and 10 mg g
for instant teas [12].
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In this study, a green tea with reduced caffeine content (low caffeine tea) was manufactured using a
hot-water spray process. Further, the main components of the low caffeine tea infusion as well as its
anti-oxidative and anti-lipase activities were determined in an effort to elucidate its health benefits.

2. MATERIALS AND METHODS
2.1 Reagent

The reagents used in this experiment were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
high performance liquid chromatography (HPLC) grade reagents were used for the HPLC analysis.

2.2 Low Caffeine Tea Manufacturing Process

Fresh tea leaves (Camellia sinensis (L.) Kuntze) were plucked and automatically sprayed with hot water
(95°C, 180 seconds) to reduce the caffeine content of tea leaves [13,14]. A tea processing machine
with regulated temperature and shower time and possessing high-performance efficiency and stability
was used (Terada Co. Ltd. Shizuoka, Japan). After centrifugal dehydration at 3000 rpm for 1 min, the
green tea was prepared through a standard manufacturing process.

2.3 Preparation of Tea Leaf Infusions

Three grams of tea leaves (green tea and low caffeine tea) were infused in 100mL of tap water for 0.5,
1, 2 and 6 hours at room temperature. The infusion was centrifuged for 5 min at 3000 rpm and the
supernatant was filtered (0.45 pm filter, Millipore, Merck kGaA, Darmstadt, Germany).

2.4 Determination of Caffeine, Catechin and Theanine Contents

To determine the caffeine, catechin and theanine contents, the tea leaf infusions were applied to a
reversed-phase high-performance liquid chromatography (Agilent 1100 series HPLC system, Agilent
Technologies, Santa Clara, CA, USA) equipped with a reverse phase C18 column (3 um particle size,
150 x 4.6 mm i.d.; Shiseido, Kyoto, Japan). The HPLC column was maintained at 30°C in an oven. For
detection of compounds, 0.1 M NaH2PO4 buffer/acetonitrile was employed at 87:13 for caffeine and
catechin, and 87:5 for theanine as the mobile phase at a flow rate of 1.0 ml/min. Individual peaks were
identified by comparing their UV-Vis spectral characteristics and retention times with those of
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commercial standards supplied by Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). Green tea
leaves treated without hot water were used as the control.

2.5 Determination of Anti-oxidative Activity

DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma-Aldrich) as a stable free radical was used to determine
the anti-oxidative activity of the tea infusions. A 1.5-ml aliquot of DPPH solution (0.1 mM, in 95%
ethanol) was mixed with 100 yL of tea infusion. The mixture was shaken vigorously and left to stand
for 20 min at room temperature. The absorbance at 517 nm of the DPPH solution was measured using
a spectrophotometer (Bio Spec, Shimadzu, Kyoto, Japan). The radical scavenging activity was
measured as a decrease in the absorbance of DPPH, indicating anti-oxidative activity, and was
calculated using the following equation:

Scavenging activity (%) = [1- (absorbance of sample/absorbance of control)] x 100
2.6 Inhibition of Lipase Activity

Lipase inhibitory activity was determined in the infusions in order to estimate its anti-obesity effect.
4-methylumbelliferyl oleate (4-MUO) was used as a substrate to measure the pancreatic lipase
inhibitory activity. The sample solution (25 L of 3 h infusion) was added to 50 yL of 0.1 mM 4-MUO
solution dissolved in a buffer consisting of 66 mM Tris—HCI (pH 7.4), 7 mM NaCl, 3 mM CacCl2, and
2 mM dimethyl sulfoxide (DMSQO). These were mixed in a 96-well microplate, and then 25 L of lipase
solution (50 U/mL) was added to initiate the enzyme reaction. After incubation at 37°C for 60 min, the
reaction was stopped with 50 pyL of 0.1 mM citric acid, and the amount of 4-methylumbelliferone
(4-MU) released by lipase was measured using a fluorometric microplate reader (Varioskan, Fisher
Scientific, MA, USA) at Aex 355 nm and Aem 460 nm.

3. RESULTS

We manufactured a high quality low caffeine tea with health benefits for everyone. First, we determined
the caffeine, catechin and theanine contents of the low caffeine tea and green tea (control) infusions
at various infusion times (Fig.1). The concentrations of each component in both the low caffeine tea
and green tea infusions were increased in an infusion time-dependent manner. The caffeine in the low
caffeine tea was infused slowly, and the concentration was extremely low compared to the green tea,
i.e., the level was decreased to less than one-third that of green tea at 6 h (Fig. 1A). The caffeine
content differed significantly between all of the low caffeine and green tea samples.

The concentrations of catechin and theanine were also increased in an infusion time-dependent
manner; moreover, there were no significant differences between the low caffeine tea and green tea,
except at the 1 h infusion time (Fig. 1B, C). In other words, the catechin content of the 6 h infusion was
very similar between the low caffeine tea and the green tea. Catechins mainly include epicatechin
gallate (ECG), epigallocatechin gallate (EGCG), epicatechin (EC), catechin (C), and epigallocatechin
(EGC). Among catechins, the most highly infused were EGC, followed by EC, EGCG, C, ECG in both
the low caffeine tea and the green tea, and there was no difference in the rank order of catechins
between the two groups (Fig. 1B). The analysis of theanine revealed the same trend as for catechins,
and there were no significant differences between the low caffeine tea and the green tea at the 0.5, 3
and 6 h infusions (Fig. 1C). The results showed that the low caffeine infusion had reduced caffeine
content; however, both catechin and theanine levels, as the main components, were maintained. Next,
we determined the physiological function of the low caffeine tea. The 3 h infusion was used as the
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sample in this experiment, in reference to the result of Fig. 1. Fig. 2 shows the anti-oxidative activity of
the low caffeine tea infusion in comparison to the green tea. The stable free radical DPPH was used to
determine the radical scavenging activity of the sample. Anti-oxidative activity was indicated by a
decrease in DPPH absorbance. Anti-oxidative activity was increased up to 1 h and was maintained at
the same level until 6 h; further, the activities of the low caffeine tea and green tea did not significantly
differ.

We also determined the anti-obesity function of the low caffeine tea by assessing lipase activity (Table
1). Inhibition of lipase activity did not significantly differ between the low caffeine tea infusions and the
green tea infusions.

4. DISCUSSION

As the popularity of green tea has increased recently, caffeine-free green tea options are also being
marketed. Taking into account physiological function and taste, we produced a green tea with reduced
caffeine content instead of a caffeine-free beverage, and succeeded in reducing the caffeine content
by 70%. While caffeine has some side effects, it was reported to enhance the physiological function of
catechins through synergistic effects [15-17]. In addition, the combination of L-theanine and caffeine
improves brain function in humans [18,19]. It has also been reported that caffeine is necessary for the
characteristic taste of tea [20]. Therefore, by reducing the caffeine of green tea instead of completely
removing it, the taste and physiological function are maintained, enabling the production of a high
quality green tea. The complete removal of caffeine negatively impacts the taste of tea, necessitating
the addition of chemicals to improve the quality and taste, and this is a serious issue for tea as a
functional food and beverage. We treated fresh tea leaves with a hot water process (95°C,

180 seconds) to produce low caffeine tea; the physiological property of caffeine allows it to be easily
eluted by hot water [21]. This is a safe and stable processing method that does not necessitate
contamination by chemical substances and resins. From the viewpoint of functionality and taste, it is
very important that catechin and theanine levels are maintained as the major components besides
caffeine. The total amount of catechins was not reduced in the 6 h infusion compared with the standard
green tea beverage, although EGCG, which is the most abundant catechin in tea leaves, was not highly
contained in the low caffeine tea infusion. This result is in agreement with a report that, due to their
physical properties, EGC is easily dissolved in cold water, while EGCG is difficult to elute [22,21].
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Fig. 2. Comparison of anti-oxidative activity in green tea and low caffeine tea
Table 1. Inhibitory effect of low caffeine tea and green tea on lipase activity

Inhibition (%) of Inhibition (%) of
Infusion time (h) ) Significance*
green tea (control) low caffeine tea
0.5 82.06+0.285 (n=3) 83.12£0.393 (n=3) n.s.
1 86.93+0377 (n=3) 84.34+0938 (n=3) n.s.
3 87.03x0.277 (n=3) 88.19+0.198 (n=3) n.s.
6 87.67+0.320 (n=3) 88.26+0.025 (n=3) ns.

*Low caffeine tea was compared to each control. n.s.: not significant.
Inhibition (%) is normalized to activity in the absence of inhibitor.

Both catechin and theanine levels were much lower in the low caffeine tea than the green tea only for
the 1 h infusion, while no differences were seen for the 3 or 6 h infusions. The manufacturing process
might have an effect on the elution of compounds from tea leaves, resulting in the significant difference
for the 1 h infusion only. Besides, there appeared to be no differences between the low caffeine tea
and the green tea in the contents of catechins and theanine. Moreover, the low caffeine tea exhibited
the same level of anti-oxidative activity as the green tea at any infusion time, even with the decrease
in EGCG as the most abundant anti-oxidant in tea leaves [23]. EGC, which exhibited relatively high
anti-oxidative activity, is easily infused in cold water and might be responsible for the antioxidative
activity instead of EGCG.

In regards to the inhibitory effect of low caffeine tea on lipase activity, despite the decrease in caffeine
content, the low caffeine tea exhibited the same level of lipase activity as the green tea. The role of
caffeine in this function is not clear; however, the lipase inhibitory effect might be enhanced by the
synergistic interaction between catechin and theanine.

The low caffeine tea with the high-quality components produced in this study is suitable for consumption
by everyone, even those avoiding caffeine, and also exhibits the functions of antioxidative and lipase
inhibitory activities.

5. CONCLUSION

We reduced the caffeine content of green tea infusion by 70% to avoid the side effect of caffeine using
a hot-water spray process. However, both catechin and theanine levels, as the main components, were
maintained. The low caffeine tea exhibited the functions of antioxidative and lipase inhibitory activities
at the same level as green tea. We developed more reasonable and high-quality low caffeine tea than
ever.

COMPETING INTERESTS
Authors have declared that no competing interests exist.

REFERENCES

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Advances and Trends in Agricultural Sciences Vol. 1
Development and Properties of Green Tea with Reduced Caffeine

Khan N, Mukhtar H. Tea and health: studies in humans. Current pharmaceutical design. 2013;
19(34): 6141-6147.

Eto H, Tomita I, Shinmura J, Isemura M. Hara M, Yokogoshi H, Yamamoto M, editors. Health
science of tea (Cha no Kinou) ; 2013 No-Bun-Kyo, Tokyo (in Japanese).

Grove KA, Lambert JD. Laboratory, epidemiological, and human intervention studies show that
tea (Camellia sinensis) may be useful in the prevention of obesity. J. Nutr. 2010;140: 446—453.
Bell L, Lamport DJ, Butler LT, Williams CM. A review of the cognitive effects observed in humans
following acute supplementation with flavonoids, and their associated mechanisms of action.
Nutrients 2015;7:10290-10306.

Horie H, Kohata K. General ingredients of tea. In Health Science of Tea, New Possibility for
Physiological Function. Muramatsu K, Oguni |, Isemura M, Sugiyama K, Yamamoto-Maeda M.
Eds.; Gakkai Shuppan Center Tokyo, Japan. 2002;26-31.

Liang H, Liang Y, Dong J, Lu J, Xu H, Wang H. Decaffeination of fresh green tea leaf (Camellia
sinensis) by hot water treatment. Food Chem. 2007;101:1451-1456.

McKay DL, Blumberg JB: The role of tea in human health: Anupdate. J Am Coll Nutr. 2002;21:
1-13,

Wu CD, Wei GX: Tea as a functional food for oral health.Nutrition. 2002;18:443-444.

Tsushida T, Murai T. Selective extraction of caffeine with hot water from intact tea leaves. Nippon
Nogei Kagakukaishi. 1985; 59:917-919.

Yamamoto MM, Nagai H, Suzuki Y, Moriwaki S, Asai K, Manufacturing Method for low caffeine
'‘Benifuki', 'Banihomare' green tea remaining the contents of antiallergic compounds. Nippon
Shokuhin Kagaku Kogaku Kaishi. 2004;51:435-439.

Yamamoto MM, Nagaya H, Mitsumori T, Yamaguchi Y, Horie H, Ema K, et al. A change of
chemical components and effect on anti-allergic activity in “Benifuuki” green tea which was
produced with low caffeine processing machine. Nippon Shokuhin Kagaku Kogaku Kaishi.
2007;8:109-116.

Ye JH, Liang YR, Jin J, Liang HL, Du YY, Lu JL, Lin C. Preparation of partially decaffeinated
instant green tea. Journal of Agricultural and Food Chemistry. 2007;55(9):3498-3502.

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.

Unno K, Nakamura Y. The Ability of Green Tea with Lowered Caffeine to Reduce Stress and
Improve Sleep. Caffeinated and Cocoa Based Beverages 2019;8:209-234.

Kajimoto G. On the Antioxidative Components and Antiseptic Components in Tea. Part Ill. The
synergistic action of caffeine to catechin components. Nippon Shokhin Kogyo Gakkaishi
1963;10:11-14.in Japanese)

Tanno K, Nonomura H. Antibacterial substances in green tea extract. Nippon Shokuhin Kogyo
Gakkaishi. 1974;21:445-449.

Zheng G, Sayama K, Okubo T, Juneja LR, Oguni I. Anti-obesity effects of three major
components of green tea, catechins, caffeine and theanine, in mice. In vivo. 2004;18:55-62.
Giesbrecht T, Rycroft JA, Rowson MJ, de Bruin EA. The combination of L-theanine and caffeine
improves cognitive performance and increases. Nutri. Neurosci. 2010;13: 283-290.

Foxe JJ, Morie, KP, Laud PJ, Rowson MJ, de Bruin EA, Kelly SP. Assessing the effects of caffeine
and theanine on the maintenance of vigilance during a sustained attention task. Neuropharmacol.
2012;62: 2320-2327.

Nakagawa M. Correlation of the constituents with the organoleptic evaluation of green tea liquors.
Nippon Shokuhin Kagaku Kogaku Kaishi. 1969;16: 252-258.

15



21.

22.

23.

Advances and Trends in Agricultural Sciences Vol. 1
Development and Properties of Green Tea with Reduced Caffeine

Unno K, Hara A, Nakagawa A, IguchiK, Ohshiro 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;23:13651374.
Monobe M, Ema K, Tokuda Y, Maeda-Yamamoto M. Effect on the epigallocatechin
gallate/epigallocatechin ratio in a green tea (Camellia sinensis L.) extract of different extraction
temperatures and its effect on IgA production in mice. Biosci. Biotechnol. Biochem. 2010;74:
2501-2503.

Rice-Evans CA, Miller NJ. Paganga, G. Structure-antioxidant activity relationships of flavonoids
and phenolic acids. Free Radic. Biol. Med. 1996;20:933-956.

16



Advances and Trends in Agricultural Sciences Vol. 1
Development and Properties of Green Tea with Reduced Caffeine

Biography of author(s)

Dr. Kieko Saito

School of Food and Nutritional Sciences, University of Shizuoka, Shizuoka 422-8526, Japan and Tea Science Center, University
of Shizuoka, Shizuoka, 422-8526, Japan.

She is the Assistant Professor of School of Food and Nutritional Sciences, University of Shizuoka, Shizuoka, Japan. She received
her master degree from Graduate School of Agriculture, Nihon University in 1990. After working at RIKEN (Saitama, Japan) and
Gerontology Research Center, NIH (USA) as a research associate, she started her career at the University of Shizuoka in 1996.
She is in her present position since 2008. During this period, she received her PhD degree based on the thesis of Oxidative stress
and Aging in 1991 from Nihon University. Her specialization is in Functional Food and Environmental Science. She joined Tea
Science Center of University of Shizuoka in 2014 to assist research related with the tea industry. Her current research interests
center on the physiological function of fermented tea and honey from tea flower (Camellia sinensis).

Dr. Yoriyuki Nakamura
Tea Science Center, University of Shizuoka, Shizuoka, 422-8526, Japan.

He is the project professor and director of Tea Science Center, University of Shizuoka, Shizuoka, Japan. He graduated from
Graduate School of Agriculture, Iwate University in March 1979 and joined the Shizuoka prefectural government in April. Worked
at Shizuoka Tea Research Center and Shizuoka Research Institute of Agriculture & Forestry for 36 years. During this period, he
received his PhD from Gifu University in 2006 and became the director of Shizuoka Tea Research Center in 2008. He is in his
current present position since 2013. He specializes in tea propagation and breeding. He has given the Japanese Society of Tea
Science and Technology Award in 1991 and The Society of Tea Science of Japan Award in 2013. He is also an international expert
commissioner to evaluate tea quality.

© Copyright 2019 The Author(s), Licensee Book Publisher International, This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

DISCLAIMER
This chapter is an extended version of the article published by the same authors in the following journal with CC BY license. Journal
of Experimental Agriculture International, 17(6): 1-6, 2017

Reviewers’ Information

(1) Javan Ngeywo, Kenya.

(2) Elias Ernesto Aguirre Siancas, Universidad Catélica los Angeles de Chimbote, Perd.
(3) Birsa Mihail Lucian, Alexandru loan Cuza University of lasi, Romania.



Advances and Trends in Agricultural Sciences Vol. 1
Roots of Hydroponically Grown Tea (Camellia sinensis) Plants as a Source of a Unique Amino Acid, Theanine

Chapter 7
Print ISBN: 978-81-934224-3-4, eBook ISBN: 978-93-89246-17-9

Roots of Hydroponically Grown Tea (Camellia
sinensis) Plants as a Source of a Unique Amino
Acid, Theanine

Kieko Saito*® and Yoriyuki Nakamura?

DOI:10.9734/bpi/atias/v1

ABSTRACT

The beneficial effects of green tea are well documented. However, most research has reported the
effects of green tea brewed solely from leaves or leaf extracts. We focused on tea roots and developed
a hydroponic system to explore the effect on roots that biosynthesize one of the rarest functional amino
acids, theanine. The level of theanine in tea roots was much higher than in leaves, which was analyzed
using HPLC. Moreover, a higher level of theanine was detected in white rootlets than in lignified roots.
Thus, tea roots cultured hydroponically in a controlled environment might be considered a natural drug
containing theanine, which could lead to synergistic effects with other ingredients of the root. This novel
medicinal material from the roots demonstrates a significant medical function for tea that extends
beyond its leaves.

Keywords: Tea; Camellia sinensis; theanine; roots; hydroponics.
1. INTRODUCTION

Green tea (Camellia sinensis) leaves are used to make a well-known beverage with beneficial
effects on health, and the functions of the main leaf components have been widely studied [1]. Theanine
(y-ethylamide-L-glutamic acid), one of the rarest amino acids and an ingredient of green tea
(also found in Camellia genus, C. assamica, C. taliensis, C. irrawadiensis, C. furfuracea), and has
not been found in any other plantand has only been found in one mushroom, Xerocomus badius

[2,3]. Recently, the biosynthesis of theanine in two species belonging to the genus Schima

(S. wallichii and S. mertensiana) was also investigated [4]. The current research has shown that
theanine has psychoactive properties, because it is readily absorbed and permeates the blood-
brain barrier to function in the brain [5-9], leading to reduced mental and physical stress,

improved cognition, and boosting of mood in a manner that is synergistic to caffeine [10-12].
Thus, tea leaves containing theanine, which can exhibit preventive or ameliorating effects on
brain dysfunction, have begun to attract attention in our aging and stressed society. Though

4 School of Food and Nutritional Sciences, University of Shizuoka, Shizuoka 422-8526, Japan.
5 Tea Science Center, University of Shizuoka, Shizuoka, 422-8526, Japan. *Corresponding
author: E-mail: saitok@u-shizuoka-ken.ac.jp;
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theanine is synthesized from glutamic acid and ethylamine by y-L-glutamylethylamide ligase
in the roots, and accumulates in leaves through stems [13], the roots have not been
extensively studied. Detailed quantitative analysis of roots cultivated in soil is complicated by
the presence of a lignified taproot with very fine lateral roots that are intricately shaped. In
addition, it appears that lignified taproots contain less theanine than leaves. We therefore
employed a modified hydroponic culture system to examine whether the roots of tea plants
could be used as a potential source of theanine. We analyzed the root theanine content and
assessed the potential application of tea roots as a medicine for improving human physiological
function.

2. MATERIALS AND METHODS
2.1 Hydroponic Culture of Tea Plants

In this experiment, we used tea plant (Camellia sinensis var. Yabukita) cuttings that had been grown in
soil until roots were established for approximately 1-2 months in order to conveniently obtain young
plants with roots (Fig. 1B). The plants with fresh roots were moved to plastic pots and cultured in a
nutrient solution with continuous aeration under controlled conditions in a Biotron incubator (Nihonika,
Japan) [14]. Day/night temperatures were kept at 25/18°C, photosynthetic photon flux density (PPFD)
at the plants was 40.0 umol m-2 s-1 during the 12 h day period, and the relative humidity was about
60%. The nutrient solution was changed once a week. The roots were shaded and cultured for several
months to supply materials for this experiment.

2.2 Determination of Theanine

To determine the concentration of theanine, actively growing white roots were washed with distilled
water, dried in a drying oven at 50°C overnight, homogenized with three times the volume of 3%
sulfosalicylic acid solution using an ultrasonic homogenizer, and then centrifuged at 12,000 g for 10
min. The concentration of the amino acids in the filtered supernatant was analyzed using an L-8500
automatic amino acid analyzer (Hitachi Co. Ltd., Tokyo, Japan).

3. RESULTS AND DISCUSSION

We employed hydroponics to allow quantitation of the content of theanine in the roots of tea. Fig. 1A
shows the appearance of a representative plant cultured hydroponically for one month after
transplanting from soil, and thenthe plants were grown for six months to obtain a large amount of fine
whiteroots (Fig. 1B). The yield of roots of the tea plant produced depends entirely on the growth (data
not shown).

Tea roots cultivated hydroponically were ideally suited for the analysis and biosynthesis of theanine;
the white rootlets contained 12 g theanine per 100 g dry weight of roots, a value three times higher
than that of lignified taproots cultivated hydroponically (Table 1); for comparison, the typical theanine
content of leaves from plants cultivated in soil is about 1-2 g/100 g.
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The various biosynthesized substances obtained by hydroponic cultivation (e.g. saccharides,
flavonoids) were present at lower amounts than in plants cultivated in soil due to the effect of PPFD on
photosynthesis in leaves (data not shown). In the presence of sunshine or other light, theanine is
converted to other compounds, such as catechins, so high PPFD inhibits the accumulation of theanine
in leaves [13,14]. In addition, only a trace amount of theanine was detected in roots cultivated in soil,
indicating that roots cultivated in soil are not a suitable source of theanine. However, hydroponically
cultivated tea roots could contain higher amounts of theanine. In addition, the composition and amount
of amino acids contained in the roots are different from those in leaves [15], suggesting that tea root
might be a medicine or remedy effective in treating a disease or part of the body.

Generally, high-quality green tea is cultured in the shade so that it will accumulate theanine, which has
a pleasant flavor; shade inhibits the decomposition of theanine. However, this procedure leads to only
2% theanine in dried leaves, which is inefficient for collection of theanine and is not industrially practical.
Accordingly, a chemical means of synthesis was developed as a method for industrial production of
theanine in large quantities [16]. However, the yield of this organic synthesis is low, and the operation
is complicated by the need for separation and purification of theanine from a mixture of unreacted
materials and byproducts. In addition, recently a synthetic method of theanine using bacteria was
developed, which has now become an important source of theanine [17-20]. However, the product
obtained by this method is not the genuine theanine from Camellia genus. In this study, our findings
suggested that hydroponic culture could be employed as an alternative method to obtain large amounts
of theanine, albeit not in high purity. However, tea roots may offer a new type of drug based not only
on the function of theanine but also possible synergy with other tea root components, which might offer
benefits as a Chinese herbal medicine.

Consequently, hydroponics makes it possible to control environmental conditions during growth of tea
plants. We have already succeeded in rooting cuttings of tea plants in a nutrient solution only. Therefore,
it is likely that this approach to cultivation will facilitate the extraction of theanine from the roots.

Recent demand for theanine has increased due to its use as a food additive for enhancing flavor and
as a supplement for supporting human health, especially mental health [5-9]. Unno demonstrated that
theanine exhibit the stress-reducing function in humans and animals [21-24].

Indeed, we propose that the roots of tea plants, which, may attenuate brain dysfunction.

Further study using animals will likely reveal the effects of tea roots on the brain and other organs [25].
Tea roots hydroponically cultivated, which include phytochemicals might be a novel material for our
health.
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A) T e)

Fig. 1. Tea roots cultivated hydroponically
(A) Tea plant one month after transplanting from soil
(B) Actively growing tips of the roots after six months

Table 1. Concentration of theanine produced by different cultivation systems

Sample Cultivation Conc.
(g/100g)*
Leaves Soil 130+ 061°
Leaves Hydroponics  1.45+0.26
Lignified taproots Hydroponics 333 +1.15
Fine white roots Hydroponics 9.8+ 1.75

*Values represent the means + SEM (n=3).
®Max amount when plants were shaded and cuftivated.

4. CONCLUSION

We determined high amounts of theanine from tea roots, especially fine white roots, which was
hydroponically cultivated under a controlled environment, and suggested tea roots.
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Abstract: Senescence-accelerated mouse prone 10 (SAMP10) exhibits cerebral atrophy and
depression-like behavior. A line of SAMP10 with spontaneous mutation in the Slc5a2 gene encoding
the sodium-glucose cotransporter (SGLT) 2 was named SAMP10/TaSlc-Slc5a25!¢ (SAMP10-ASglt2) and
was identified as a renal diabetes model. In contrast, a line of SAMP10 with no mutation in SGLT2
(SAMP10/TaldrSlc, SAMP10(+)) was recently established under a specific pathogen-free condition.
Here, we examined the mutation effect in SGLT2 on brain function and longevity. No differences
were found in the survival curve, depression-like behavior, and age-related brain atrophy between
SAMP10-ASglt2 and SAMP10(+). However, memory retention was lower in SAMP10-ASglt2 mice
than SAMP10(+). Amyloid beta (A4) precursor-like protein 1 (Aplp1) expression was significantly
lower in the hippocampus of SAMP10-ASGLT2 than in SAMP10(+) at 2 months of age, but was
similar at 12 months of age. CaM kinase-like vesicle association (Camkv) expression was remarkably
lower in SAMP10(+). These genes have been reported to be involved in dendrite function. Amyloid
precursor proteins have been reported to involve in maintaining homeostasis of glucose and insulin.
These results suggest that mutation in SGLT2 results in down-regulation of Aplp1 in young age, which
can lead to poor memory retention in old age.

Keywords: senescence-accelerated mouse prone 10; sodium-glucose cotransporter 2; amyloid beta
(A4) precursor-like protein 1; memory retention; glucosuria
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1. Introduction

Senescence-accelerated mice (SAMs) were developed by a group at Kyoto University in Japan [1].
Moreover, in 1981 it was reported that inbred senescence-prone (SAMP) strains were developed
as models of accelerated senescence and senescence-resistant (SAMR) strains as the normal aging
control [2]. Among SAMP strains, SAMP10 has characteristics of brain atrophy, cognitive decline,
and depression-like behavior [3,4]. Therefore, SAMP10 mice have been used as a model of
neurodegenerative disease similar to SAMP8 [5], which has been widely used as a model for
Alzheimer’s disease [6]. In 2005, SAMP10/TaSlc mice maintained under specific pathogen-free
(SPF) conditions in Japan SLC (Hamamatsu-city, Shizuoka, Japan) [7] were discovered to excrete
glucose in urine. In 2009, a deletion mutation was found in the sodium-glucose cotransporter 2
(SGLT2) of SAMP10/TaSlc. Although there were heterozygous mutant mice in the SAMP10/TaSlc
line until around 2008, the line has had no heterozygous mice since 2010. The mutation site was
identified in 2014 and we previously reported that SAMP10/TaSIc exhibits persistent glucosuria and
lowered expression of Slc5a2 [8]. Based on DNA sequencing, we identified a nucleotide deletion in
the Sicba2 gene of SAMP10/TaSlc. As the Slc5a2 gene encodes SGLT2, we designated this strain as
SAMP10/TaSlc-Slc5a25 (SAMP10-ASglt2). On the other hand, SAMP10/Taldr mice, which had been
bred at Aichi Prefectural Welfare Development Center since 1998, did not develop glucoseuria and had
no mutation in the Slc5a2 gene. Mutations in the Slc5a2 gene were shown to occur spontaneously in
SAMP10/TaSIc. Thereafter, the line of SAMP10/Taldr was reestablished under SPF conditions in Japan
SLC as SAMP10/TaldrSlc (SAMP10(+)).

Using SAMP10/Taldr, which has no mutation in SGLT2, Shimada et al. have reported
that neuronal DNA damage [9], loss of synapse [10], impairment of proteasome activity [11],
and microglial impairment [12] are involved in age-related neurodegeneration. On the other hand,
we have demonstrated additional characteristics in SAMP10/TaSlc (i.e., in SAMP10-ASglt2), including
increased superoxide generation [13], DNA oxidative damage [14], and a decrease in antioxidative
enzymes [15]. We have also reported preventive effects of antioxidative agents such as green tea catechin,
B-cryptoxanthin, green soybean extract, and sesamin on neurodegeneration in SAMP10-ASglt2 [16-21].
Despite these available data, it has not yet been confirmed whether the mutation of SGLT2 has no effect
on age-related brain atrophy, lowered learning and memory abilities, and depressive behavior.

In recent years, an increased number of diabetic patients has become a major problem [22].
Based on the specific expression of SGLT2 in the kidney, SGLT2 inhibitors have been demonstrated to
be effective for the treatment of patients with type 2 diabetes. Other than the appearance of sugar in
urine, there is no particular problem for patients with renal diabetes. However, SGLT2 has recently
been shown to express alfa cells in the pancreas [23], as well as in choroid plexus epithelial cells and
ependymal cells in the brain [24]. These results suggest that there might be new cautions regarding the
use of SGLT2 inhibitors.

In this study, we compared the characteristics between SAMP10-ASglt2 and SAMP10(+) and
examined the effect of mutation of SGLT2 on cognitive function, brain atrophy, and longevity.
As a result, it was found that SAMP10-ASglt2 mice had lower memory retention than SAMP10(+)
mice. We investigated whether or not Sglt2 mutations affected gene expression in the brain. Using
SAMP10-ASglt2 mice, studying the relationship between age-related cognitive decline and glucose
homeostasis could be a new strategy for understanding diabetes.

2. Results

2.1. Characteristics of SAMP10-ASglt2, SAMP10(+) and SAMR1

Although the median survival time (MST) of SAMR1 was 710.5 days, herein the time was 432 days
in SAMP10(+) and 408 day in SAMP10-ASglt2. The lifespan of SAMP10 in both lines—SAMP10-ASglt2
and SAMP10(+)—was almost the same (p = 0.5506) and was significantly (p < 0.0001) shorter than that
of SAMRI1 (Figure 1A). SAMP10-ASglt2 body weight was lower than SAMP10(+) up to eight months
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old. The weight of SAMP10 in both lines was significantly lower than SAMR1 after five months of age,
and their weight decreased after 10 months of age (Figure 1B).
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Figure 1. Survival curves (A) and body weight (B) in male senescence-accelerated mouse pronel0
(SAMP10)/TaSlc mice (SAMP10-ASglt2), SAMP10/TaldrSlc (SAMP10(+)) mice, and SAMR1/TaSlc
(SAMR1) (n = 20 in each group). Data are expressed as mean =+ standard error of the mean (SEM) in (B).
Age-related change in food intake (C), blood glucose levels (D), and age-related change in brain weight
(E) in male SAMP10-ASglt2, SAMP10(+), and SAMR1 at 4, 6, 8, 12, and 15 months of age. SAMR1 mice:
n = 10; SAMP10(+) mice: n = 7-10; SAMP10-ASglt2 mice: n = 8-10. Data are expressed as mean + SEM.
*p < 0.05and ** p < 0.01 versus SAMR1 mice; T p < 0.05 and ** p < 0.01 versus SAMP10(+).

Food intake in SAMP10(+) was significantly lower than in SAMP10-ASglt2 and SAMRI.
By contrast, there was no significant difference in food intake between SAMP10-ASglt2 and SAMR1
except at four months of age (Figure 1C). The blood glucose level of SAMP10-ASglt2 was significantly
lower than in SAMP10(+) and SAMR1 at four and six months of age, but no significant difference was
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observed after 12 months of age (Figure 1D). The brain weight of three lines postnatally increased up to
six months of age and, thereafter, slightly decreased throughout their lifespans. The brain weights in
SAMP10-ASglt2 and SAMP10(+) were lower than in SAMR1 after six months of age and no significant
difference was observed throughout the lifespan between SAMP10-ASglt2 and SAMP10(+) (Figure 1E).
Age-related brain atrophy was quite similar between SAMP10-ASglt2 and SAMP10(+). Urinary glucose
was consistently above 500 mg/dL in mice older than 2 months of age when measured with test strip
for clinical examination. There was no effect of aging on urinary glucose [8].

2.2. Memory Retention and Depression-Like Behavior

Passive avoidance test was used to study the learning and memory of the animals. In the acquisition
trial, three lines showed short response latencies and no significant difference was observed within each
line. In the retention test conducted 24 h after the acquisition trial, there was no significant difference
between SAMP10(+) and SAMR1. On the other hand, SAMP10-ASglt2 had significantly shorter
retention latencies compared with SAMP10(+) and SAMR1 (Figure 2A), indicating that SAMP10-ASglt2
showed lower memory retention than SAMP10(+).
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Figure 2. Passive avoidance response at 12 months of age in male SAMP10-ASglt2, SAMP10(+) and
SAMRI1 (A). Tail suspension at 4 months of age (B) and 12 months of age (C) in male SAMP10-ASglt2,
SAMP10(+) and SAMR1. Data are expressed as mean + SEM. * p < 0.05 and ** p < 0.01 versus SAMRI;
' p <0.01 versus SAMP10(+).

SAMP10-ASglt2 and SAMP10(+) showed a marked increase in immobility as compared with
SAMR1 at four months of age (Figure 2B). In contrast, no significant difference was found in immobility
among each strain at 12 months of age (Figure 2C). Behavioral responses between SAMP10-ASglt2 and
SAMP10(+) was quite similar at 4 and 12 months of age, confirming both lines exhibited significant
behavioral depression even at young age of tail suspension.
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2.3. Transcriptome and the Levels of Gene Expression

The hippocampus of two-month-old mice of SAMP10-ASglt2 and SAMP10(+) was used for analysis.
Transcriptome analysis was performed at this age when no morphological changes were observed yet.
DNA microarray data were obtained using high-density oligonucleotide microarrays. The top 10 genes
that were significantly up- and down-regulated in SAMP10-ASglt2 and SAMP10(+) are listed in Table 1.
The amyloid beta (A4) precursor-like protein 1 (Aplp1) was significantly down-regulated. Aplpl was
essential for proper synapse maintenance [25] and increased neurogenesis [26]. Cysteine rich protein
61 (Cyr61) was needed for dendritic arborization of hippocampal neurons [27] and the expression
level was regulated by methylation [28]. On the other hand, CaM kinase-like vesicle-associated
(Camkv) was up-regulated in SAMP10-ASglt2. The kinase is reported to be required for dendritic
spine maintenance [29,30]. Zinc finger protein of the cerebellum 1 (Zic1) is reported to have function in
maintaining neural precursor cells in an undifferentiated state [31]. Protein kinase C, delta (Prkcd) has

been implicated in regulating hypothalamic glucose homeostasis [32].

Table 1. Down- and up-regulated genes in the hippocampus of SAMP10-ASGLT2 compared with

SAMP10(+) at 2 months of age.

Symbol Full Name AZ p
Aplpl amyloid beta (A4) precursor-like protein 1~ —-1.1688  6.77 x 10748
Olfr716 olfactory receptor 716 -0.4277 0.0013
Trav14-1 T cell receptor alpha variable 14-1 -0.5237 0.0031
Cyr61 cysteine rich protein 61 -0.2115 0.0004
Ifnal2 interferon alpha 12 —-0.3784 0.0004
Down-Regulated sulfotransferase family 2A,
Sult2a2 dehydroepiandrosterone —-0.3743 0.0072
(DHEA)-preferring, member 2
Pth parathyroid hormone -0.2515 0.0014
LOC100043315 uncharacterized LOC100043315 —-0.2768 0.0087
Rpl28-ps4 ribosomal protein L28, pseudogene 4 —0.2998 0.0024
Pri2c1 Prolactin family 2, subfamily ¢, member 1 ~ —0.2691 0.0082
Camkv CaM kinase-like vesicle-associated 15327  6.73x107%
Mir148b microRNA 148b 0.4986 0.0003
Vmnlrl77 vomeronasal 1 receptor 177 0.3498 0.0078
Zicl zinc finger protein of the cerebellum 1 03551  2.67 x 10716
LOC434035 immunoglobulin kappa-chain VK-1 0.3064 0.0069
Up-Regulated Prked protein kinase C, delta 0.3021 1.93 x 10712
Aspn asporin 0.2295 0.0052
Vmn1r8 vomeronasal 1 receptor 8 0.3163 0.0053
Tef712 transcription facIEI(i\r/[ élLkC?XZ, T cell specific, 0.2341 0.0002
Calb2 calbindin 2 02799  473x 1078

AZ = expression level (SAMP10-ASglt2 —

SAMP10(+))

2.4. Effect of Sglt2 Mutation on Gene Expression in Hippocampus

The expression levels of Aplp1, Cyr61, and Camkv were examined by quantitative real-time reverse
transcription PCR (qRT-PCR). The degree of gene expression in the hippocampus of SAMP10-ASglt2
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was compared with SAMP10(+) and SAMR1, and at 2 and 11-12 months of age to compare whether the
changes in the younger ages persist into old age. At two months, the level of Aplp1 was significantly
lower in SAMP10-ASglt2 than SAMP10(+) and SAMR1. However, the level of SAMP10-ASglt2
increased drastically to levels similar to SAMP10(+) at 11-12 months of age (Figure 3). On the other
hand, the level of Camkv was significantly lower in SAMP10(+) than SAMP10-ASglt2 and SAMR1 at
both 2 and 11-12 months. The level of Cyr61 tended to be higher in both SAMP10 than SAMR1 at both
2 and 11-12 months, but there was no difference between SAMP10-ASglt2 and SAMP10(+). Individual
differences affected the transcriptome data of Cyr61 because the analysis was done using each two
samples. Differences in gene methylation may be a cause of individual differences in the expression
level of Cyr61 in SAMP10 [28].
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Figure 3. Expression of genes in hippocampi of in male SAMP10-ASglt2, SAMP10(+) and SAMR1.
The levels of Aplpl, Camkv, Cyr61, PSD95, and Syn were measured at 2 and 11-12 months of age
(n=4-6,*p <0.05).

Since differences in memory retention were observed in both lines of SAMP10, we compared
the expression levels of synaptophysin (Syn) and postsynaptic density 95 (PSD95) as synapse-related
proteins. These levels were not significantly differentamong SAMR1, SAMP10-ASGLT2, and SAMP10(+)
at both 2 and 11-12 months.
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3. Discussion

Lines of SAMP10, SAMP10(+) and SAMP10-ASglt2 were found to exhibit similar shortened
lifespan, age-related brain atrophy, and depression-like behavior. However, there was a difference
in memory retention between SAMP10(+) and SAMP10-ASglt2. Originally, SAMP10 had age-related
decreased memory retention [5], but newly established SPF grade SAMP10 (SAMP10(+)) had a
high memory retention ability, similar to SAMR1. The gene background or epigenetic modification
of SAMP10(+) may be different from the original SAMP10 (SAMP10/Taldr). On the other hand,
SAMP10-ASglt2 showed reduced memory retention ability while aging. The cause of such a difference
in memory retention ability was unknown. SAMP10-ASglt2 mice had lower body weight and blood
glucose levels than SAMP10(+), despite a higher food intake than SAMP10(+). Slight but long-lasting
low levels of blood glucose can have some disadvantageous effects on cognitive function. Hypoglycemia
has been reported to reduce cognitive function [33,34]. Recently, SGLT2 was reported to be expressed in
choroid plexus epithelium epithelial cells and ependymal cells [24], which suggests that glucose uptake
from the cerebrospinal fluid to the brain may be reduced. This can be a reason for poor performance
during the memory retention test.

Aplpl and Aplp2 are members of the amyloid precursor protein (APP), which is the source of
the neurotoxic amyloid beta (Af) peptide involved in Alzheimer’s disease (AD). Although all APP
family members have a role in synapse formation and synaptic plasticity, Aplp1 is reported to be
especially essential for synapse maintenance [35]. In addition, as a novel function for the APP family,
APP and Aplp2 expression has been reported to modulate plasma insulin, glucose concentration, and
body weight [25]. Aplpl may be involved in glucose metabolism as a member of the APP family.
Since Aplpl plays an important role in synapse formation, it is easily predicted that a significant
decrease in expression at an early age has an important effect. Despite the increased food intake in
SAMP10-ASglt2, the blood glucose level was lower in SAMP10-ASglt2 than SAMP10(+) at a young
age. The altered expression of Aplpl with age may be involved in changes in blood glucose levels
and body weight. SAMP10-ASglt2 is a model of renal diabetes. It is possible to easily put mice in
a hypoglycemic state by controlling the food. It also serves as a model for long-term use of SGLT2
inhibitors. In addition, SAMP10-ASglt2 may be a useful model for studying the role of Aplpl in
cognition and glucose homeostasis.

We have previously reported that the expression of Aplpl was suppressed in aged SAMP10-ASglt2
ingested with the green soybean extract. At that time, the decline of cognitive function and Af
accumulation were suppressed [19]. High expression of Aplp1 increased Ap accumulation. However,
similar levels of Aplpl in both lines of aged SAMP10 (Figure 3) suggested that low level of Aplpl
at young age was more important for aging-related cognitive decline than A accumulation. It is
currently unknown why Aplp1 expression changes significantly with age. Some abnormality may be
occurring in the metabolism or gene expression control of APPs, including Aplp1.

Camkv is reported to be an important synaptic protein in maintaining dendritic spines because the
knockdown in hippocampal CA1 impairs synaptic transmission and plasticity [29]. Low expression of
Camkv in SAMP10(+) may be a problem because a precise regulation of Camkv for activity-dependent
synthesis and post-translational phosphorylation is critical for dendritic spine maintenance. The level
in SAMP10-ASGLT?2 tended to be higher than SAMR1. The mutation of SGLT2 may cause abnormal
regulation of Camkv, resulting in high expression and abnormal maintenance of dendrite. The Camkv
gene is reported to be one of the more promising loci for post-traumatic stress disorder [36]. SAMP10(+)
may be a useful PTSD model showing decreased Camkv expression.

Camkv phosphorylated by cyclin-dependent kinase 5 causes activation of RhoA, resulting in
a loss of dendrite spines [30]. Tight regulation of RhoA activity is crucial for maintaining dendritic
spines. The difference between RhoA activity and the expression of Camkv and SGLT2 mutations in
SAMP10 strain still need to be investigated. The reason why Cyr61 increased in both SAMP10 lines is
also a potential topic for future study. Pre- and post-synaptic markers, Syn and PSD95, did not show



Int. ]. Mol. Sci. 2020, 21, 5579 8of 12

any difference in mRNA expression between the two lines of SAMP10, but their protein levels need to
be investigated.

A detailed research on morphological changes of dendrite in SAMP10 has already been conducted
by Shimada et al. [37]. Since SAMP10-ASglt2 and SAMP10(+) showed similar brain atrophy (Figure 1E),
both lines are expected to show similar morphological changes. However, detailed studies of dendritic
morphological changes will be conducted in the near future.

In conclusion, we found that the mutation of SGLT?2 results in down-regulation of Aplp1 during
young age, which can lead to poor memory retention in old age. On the other hand, Camkv was
up-regulated. In the future, it will be necessary to clarify the significance of SGLT2 expression in the
choroid layer in brain and in pancreatic alpha cells, as well as to carefully observe the effect of SGLT2
inhibitors on brain function.

4. Materials and Methods

4.1. Animals

Male SAMP10/TaSlc (SAMP10-ASglt2), SAMP10/TaldrSlc (SAMP10(+)), and SAMR1/TaSlc
(SAMR1) obtained from Japan SLC (Shizuoka, Japan) were bred under SPF conditions in a temperature-
and humidity-controlled room with a 12/12-h light/dark schedule (24 + 1 °C; 45-65% humidity; light
period, 08.00-20.00 h). A normal diet (MR-A1; Nosan Corporation, Kanagawa, Japan) and tap water
were available ad libitum. Male SAMR1 mice as control mice have normal longevity and a similar
genetic background to SAMP10 mice. At the start of the longitudinal study, four-week-old male mice
were selected and housed alone per cage, preventing fights. All mice were inspected at least once a day.
All study procedures were reviewed and approved by Japan SLC Animal Care and Use Committee
and University of Shizuoka Laboratory Animal Care Advisory Committee (approval No. 195241,
9 January 2020). They were in accordance with the guidelines of the US National Institutes of Health
for the care and use of laboratory animals.

4.2. Measurements of Physiological Parameters, Glucose Levels, and Brain Weight

Mice were weighed, food intake was calculated, and blood glucose levels were measured using a
blood glucose meter and test tips (Bayer Yakuhin, Ltd., Osaka, Japan). Measurements of blood glucose
level were done from 2 pm to 4 pm at a fixed time. After decapitation, the brain was weighed at 4, 6, §,
12, and 15 months of age.

4.3. Measurements of Behavioral Task

Learning and memory abilities were assessed by acquisition trials and retention tests, respectively,
using a passive avoidance system. The passive avoidance response procedure was described in a
previous paper [38], wherein a two-compartment step-through passive avoidance apparatus SGS-002
(Muromachi Kikai Co., Ltd., Tokyo, Japan) was used. A 0.5 mA foot shock was applied to the floor
grid for 3 s.

Depression-like behavior was assessed as immobility time by the tail suspension test. Each mouse
was suspended by the tail for 15 min using a tail suspension apparatus BS-TS2 (Brain Science. Idea.
Co., Ltd., Osaka, Japan) and the amount of movement was automatically recorded. Tasks at different
ages were done using different groups of mice.

4.4. Measurement of DNA Microarray and Principal Component Analyses

Each mouse was used at two months of age. AnRNeasy MiniKit (74104, Qiagen, Valencia, CA, USA)
was used for extraction of 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 1.0 ST Array (Affymetrix) with three biological
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repeats per group. Raw data that were parametrically normalized [39] were statistically tested by
two-way ANOVA [40] at p < 0.001.

4.5. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

The hippocampus of mice aged 2 and 11-12 months was used for this analysis. qRT-PCR analysis
was performed using the PowerUp™ SYBR™ Green Master Mix (A25742, Applied Biosystems Japan
Ltd., Tokyo, Japan) and automated sequence detection systems (StepOne, Applied Biosystems Japan
Ltd., Tokyo, Japan). Relative gene expression was measured by previously validated primers for
Aplpl [41], Camkv [29], Cyr61 [42], Syn and PSD95 [43] genes. cDNA derived from transcripts encoding
-actin was used as the internal control.

4.6. Statistical Analyses

Data are expressed as means + standard error of the mean (SEM). Statistical analyses were
performed using GraphPad Prism version 7.0 (GraphPad Software Inc, San Diego, CA, USA). Survival
data were analyzed by the log-rank (Mantel-Cox) test and Kaplan-Meier survival curves. The passive
avoidance response was compared by one-way analysis of variance (ANOVA) followed by the
Kruskal-Wallis test. Other parameters ware analyzed by ANOVA and followed by the Tukey-Kramer
method, where p < 0.05 was considered statistically significant.

5. Conclusions

We found that mutations in SGLT2 cause down-regulation of Aplpl during young age but not old
age for SAMP10-ASglt2 mice. Since Aplp1 is essential for synaptic maintenance, the reduced expression
may lead to reduced memory retention in old age. On the other hand, Camkv was low in SAMP10(+)
and slightly higher in SAMP10-ASglt2 than SAMRI. Since precise regulation of Camkv is important for
maintaining dendritic spines, altered expression of Camkv may be associated with depressive behavior.
Summarized data is shown in Table 2.

Table 2. Characterization of SAMP10-ASglt2 and SAMP10(+) compared to SAMRI.

Mouse Line SAMR1 SAMP10-ASglt2 SAMP10(+)
Lifespan Long Short Short
Cerebral atrophy - + +
Depression - + +
Mutation in SGLT2 - + -
Glucose in urine - + -
Glucose in blood Normal Low in young Normal
Memory retention High Low in aged High
Aplp1 in the hippocampus Normal Low in young Normal in young
Cambkv in the hippocampus Normal Slightly high Low
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Abbreviations

SAMP10 Senescence-accelerated mouse prone 10

SAMP10-ASglt2 SAMP10/TaSlc-Slc5a25'¢, SAMP10 with mutation in SGLT?2
SAMP10(+) SAMP10/TaldrSlc, SAMP10 without mutation

SAMRI1 SAMRI1/TaSlIc, senescence-resistant strain

SGLT2 sodium-glucose cotransporter 2

Aplpl amyloid beta (A4) precursor-like protein 1

Camkv CaM kinase-like vesicle-associated

Cyr61 Cysteine rich protein 61

PSD95 Postsynaptic density 95

Syn Synaptophysin
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Abstract: S-allylcysteine (SAC), a major thioallyl compound contained in mature garlic extract (MGE),
is known to be a neuroactive compound. This study was designed to investigate the effects of
SAC on primary cultured hippocampal neurons and cognitively impaired senescence-accelerated
mice prone 10 (SAMP10). Treatment of these neurons with MGE or SAC significantly increased the
total neurite length and number of dendrites. SAMP10 mice fed MGE or SAC showed a significant
improvement in memory dysfunction in pharmacological behavioral analyses. The decrease of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, N-methyl-p-aspartate
(NMDA) receptor, and phosphorylated «-calcium/calmodulin-dependent protein kinase II (CaMKII)
in the hippocampal tissue of SAMP10 mice fed MGE or SAC was significantly suppressed, especially
in the MGE-fed group. These findings suggest that SAC positively contributes to learning and
memory formation, having a beneficial effect on brain function. In addition, multiple components
(aside from SAC) contained in MGE could be useful for improving cognitive function by acting as
neurotrophic factors.

Keywords: S-allylcysteine (SAC); mature garlic extract (MGE); hippocampal neuron; senescence-accelerated
mice; memory; cognitive function

1. Introduction

In recent years, the consumption of certain foods by aged individuals for the purpose of promoting
and maintaining brain function has attracted much attention, particularly in terms of improving the
accuracy of memory and judgment. Above all, garlic (Allium sativum L. Liliaceae) has been widely used
as a food and medicine for thousands of years [1,2]. Garlic contains S-allylcysteine (SAC), which is
considered to be useful for memory improvement. Mature garlic extract (MGE) made from garlic that
has been aged at a low temperature contains more SAC than aged-garlic extract (AGE) made from
common black garlic. In addition, MGE contains cycloalliin, which is useful for increasing fibrinolytic
activity and preventing hyperlipidemia [3,4], and y-glutamyl-S-allylcysteine, which contributes to
hypotensive effects through angiotensin converting enzyme inhibitory and vasodilating activities [5,6].

SAC, which is an organosulfur compound in garlic, has a high bioavailability of 98.2%
(rat, 50 mg/kg, p.o.) [7]. Therefore, by reaching the systemic circulation and passing through the
blood-brain barrier [8], SAC can have various effects on the brain. SAC has been confirmed to cause a
significant increase in the formation of branching per axon as well as a survival-promoting effect on
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primary cultured hippocampal neurons [9,10]. Since such neurotrophic factors improve learning and
reduce memory impairment [11], SAC is considered to be a beneficial component for brain function.
Also, SAC has been shown to have a selectively neuroprotective effect by reducing cell death caused
by endoplasmic reticulum stress induced by amyloid  (Af) and tunicamycin [12-14]. In addition,
it has been found that SAC inhibits A3 fibrillation, destabilizes preformed A fibrils [15], and reduces
hyperphosphorylation of the tau protein, which induces neurofibrillary tangles and A3 deposition [16].
Therefore, SAC is expected to be applied for the treatment of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases.

Senescence-accelerated mice (SAM) have been established as a model for studying human
aging and age-related disorders. There are several senescence-prone inbred strains (SAMP) and
senescence-resistant inbred strains (SAMR). SAMP mice have a short lifespan and exhibit many
characteristic age-dependent pathologies at an early age [17,18]. Among these strains, the SAMP10
mouse strain was established by Shimada and colleagues [19,20]. The age-related morphological
changes seen in the SAMP10 brain, such as the retraction of dendritic arbors, a decrease in the density
of the dendritic spine [21], a loss of synapses [22], and impairment in learning and memory [23-26],
are more consistent with observations on the aging human brain than those on the brain of mice
with Alzheimer’s disease. Several behavioral tests of brain function using SAMP10 and SAMR1 mice
have been widely used to study the effects of food materials on the prevention of brain senescence,
and materials such as garlic [27,28] and green tea [29-31] have been found to improve learning memory
impairment and suppress brain atrophy.

Regarding the physiological function of SAC and AGE components, the research focus has been
on the antioxidative effects while the neurotrophic factor is poorly understood. Although there
have been many reports that AGE and SAC have useful effects on neuronal morphological changes
and learning behavior [9,10,27,28], the detailed mechanism of how SAC affects memory-related
receptors, such as the o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor and
the N-methyl-p-aspartate (NMDA) receptor, in the hippocampus is not clear. In addition, few reports
have examined the effects of long-term intake of these substances on learning and memory. In this
study, we examined the efficacy of MGE, but not AGE, and SAC for increasing the total neurite length
and the number of dendrites in primary cultured embryonic mouse hippocampal neurons. Next,
we analyzed learning and memory-formation-related behavioral experiments and protein expression
levels in the hippocampal tissue of SAMP10 mice that were continuously fed a diet containing MGE or
SAC for a period of 10 months (from ages 2 to 11 months). Our findings demonstrate strong evidence
that MGE and SAC possess potential neurotrophic properties and also preserve learning and memory
functions to maintain young brain function.

2. Materials and Methods

2.1. Animals and Preparation of Matured Garlic Extract

C57BL/6] mice were obtained from Charles River Laboratory Japan (Yokohama, Japan).

Male SAMP10/TaSIc (SAMP10) and male SAMR1/TaSlc (SAMR1) mice were obtained from Japan
SLC (Shizuoka, Japan) at 4 weeks of age. Mice were housed under a standard 12 h light/dark cycle
(light phase 9:00-21:00) at a constant temperature of 22 + 1 °C with food and water provided ad libitum
throughout the experiments.

SAMP10 and SAMRI1 mice were fed a diet (CE-2; Clea, Tokyo, Japan) containing MGE or SAC
(Tokyo Kasei, Tokyo, Japan) starting at 2 months of age. MGE was manufactured by extracting the
water-soluble fraction of garlic supplied by Takko Kawamura Agri Service Inc. (Aomori, Japan).

In this study, a diet with a low concentration of MGE, i.e., 0.20% of the diet (w/w) (L-MGE)
and one with a high concentration of MGE, i.e., 1.0% of the diet (w/w) (H-MGE) were prepared.
In addition, a diet containing the same amount of SAC as in H-MGE was prepared. In a previous
report, a diet containing 2% AGE or 0.002-0.004% SAC was used [27,32]. Based on that, we set
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the amount of SAC to 0.002% (=20 mg/kg diet) and the amount of H-MGE to 1.0%. L-MGE was
set to 0.2% to investigate the concentration-dependent effect. Since mice consume 150 g of diet/kg
(body weight)/day [33], L- and H-MGE were consumed at 0.30 g and 1.5 g MGE/kg (body weight)/day,
respectively. As a result of quantifying the amount of SAC by high performance liquid chromatography
(HPLC) (Shimadzu, Tokyo, Japan), 1.0 g of MGE contained 2.0 mg of SAC. Therefore, the L-MGE- and
H-MGE-fed groups consumed 0.60 and 3.0 mg of SAC per day, respectively.

2.2. Cell Culture

Primary cultured hippocampal neurons were prepared from C57BL/6] mice on gestational
days 15-16, as described previously with minor modifications [34]. The embryonic hippocampus
was digested with 0.25% trypsin and 0.1 mg/mL DNase for 10 min at 37 °C and then gently
pipetted to mechanically dissociate the cells. Neurons were seeded on poly-p-lysine-coated cell
disks (Sumitomo Bakelite, Tokyo, Japan) in neural basal medium containing B-27 and GlutaMax
supplement (Thermo Fisher Scientific, Waltham, MA, USA), and the cultures were started on day 0
in vitro (DIV 0). Culture medium was exchanged for fresh medium every 3—4 days. MGE or SAC was
added to the culture medium along with 1 uM cytosine (3-p-arabinofuranoside on DIV 2. At DIV 4
(48 h) and 5 (72 h), the total neurite length and number of dendrites treated with MGE or SAC were
measured by immunofluorescence staining.

2.3. Immunofluorescence and Image Quantification

Hippocampal neurons on poly-p-lysine-coated cell disks were fixed with formaldehyde for 10 min
and then incubated with blocking buffer (PBS with 10% goat serum and 1% BSA) for 1 h at room
temperature on DIV 4 and 5. Anti-MAP?2 antibody (dendrite marker, Abcam, Cambridge, UK) was
added to the disks at 1:1000 dilution in Can Get Signal Solution B (Toyobo, Osaka, Japan), which were
then incubated for 1 h at room temperature. After 2 washings with TBS-T solution, each for 10 min,
goat-rabbit IgG antibody coupled to Alexa fluor 568 (Thermo Fisher Scientific, Waltham, MA, USA)
at 1:200 dilution in Can Get Signal Solution B was added, and the cells were incubated for 30 min at
room temperature under shaded conditions. After 3 washings with TBS-T solution for 10 min each
time, nuclear DNA was stained with Hoechst 33342 (Dojindo, Kumamoto, Japan) at 1:1000 dilution in
distilled water. After another 3 washings for 10 min each time, the cell disks were mounted on glass
slides. Images were acquired with a fluorescence microscope (Olympus, Tokyo, Japan). Images of
MAP2-positive cells obtained by immunofluorescence staining were transformed using an IN Cell
Translator (GE Healthcare, Buckinghamshire, UK), and quantification of total neurite length and
number of dendrites per neuron was performed with an IN Cell Analyzer Workstation (GE Healthcare,
Buckinghamshire, UK).

2.4. Behavioral Experiments

SAMP10 mice were randomly divided into four groups (n = 18 mice per group). The mice were
fed a CE-2 diet containing MGE or SAC for a period of 10 months (from ages 2 to 11 months). One
of the SAMP10 groups and the SAMRI group (1 = 12) were fed the CE-2 diet without MGE or SAC
and acted as control mice for the behavioral experiments. Six months after the start of breeding,
additional 4-week-old SAMP10 mice were purchased as Young-SAMP10 mice to allow us to observe
age-related declines in brain function. Learning and memory ability were measured by performing
the Y-maze, step-through passive avoidance, and novel object recognition tests on animals at 11-12
(Old-SAMP10 and Old-SAMRT1) or 5-6 (Young-SAMP10) months of age. The mice were sacrificed at
the age of 12 (Old-SAMP10 and Old-SAMR1) or 6 (Young-SAMP10) months, and tests were carried out
to obtain the hippocampal tissue. The samples were immediately frozen at —80 °C. All protocols for
animal procedures were approved by the University of Shizuoka Laboratory Animal Care Advisory
Committee (approval No. 166197) in accordance with the Internal Regulations on Animal Experiments
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at the University of Shizuoka, which are based on the Law for the Humane Treatment and Management
of Animals (Law No. 105, 1 October 1973).

2.4.1. Working Memory

Spontaneous alternations and exploratory behavior in the Y-maze were used as hippocampal-based
tasks to assess working memory. Immediate working memory was evaluated by recording spontaneous
alternations during a single session in the Y-maze [35,36]. The Y-maze apparatus was made of black
plastic with three arms (40 cm X 15 cm X 35 cm), each extending at 120° from a central platform.
Each mouse was placed on the end of one arm and allowed to move freely through the maze during an
8-min session, and the number of arm entries was counted. Each series of arm entries was visually
recorded, and an arm entry was defined as when the hind paws of the mouse were completely within
the arm. The number of alternations was defined as the number of combinations (i.e., abc, bca, triplets)
of entrances into the three different arms in succession and was considered to reflect the working
memory capacity. The percentage of spontaneous alternations (%) was calculated from the following
formula and used as an index of short-term memory:

Alternation (%) = (number of alternations)/(total arm entries — 2) x 100.

2.4.2. Memory Acquisition Test and Retention Test

A step-through passive avoidance task was carried out according to the protocol method reported
earlier [29]. This test was based on the fact that mice prefer dark places. The apparatus was connected to
a light chamber and a dark chamber with a door between them. The mice in the test were initially placed
in the light chamber. When a mouse entered the dark chamber, the door was closed, and an electric
foot-shock was delivered at 0.05 mA for 1 s (Muromachi Kikai Co. Ltd., Tokyo, Japan). The mouse
was then gently removed and replaced in the bright room. One minute later, the door was opened,
and the time taken for the mouse to enter the dark chamber was measured. The trial was terminated
when the mouse remained in the light chamber for 300 s without entering the dark room, and this
was repeated five times until the mouse had satisfied the acquisition criterion. In such multiple-trial
passive avoidance tests, the number of trials required for the mouse to satisfy the acquisition criterion
is usually regarded as an index of memory acquisition. The total time spent in the light chamber
during each trial was deducted from 300 s and was considered the time needed for learning. The time
taken for each trial was totaled—the shorter the learning time, the higher the learning ability.

One month later, the mice were assessed again to see whether they remained in the light chamber.
The number of mice remaining in the light chamber for 300 s was used as the acquisition criterion for
long-term memory.

2.4.3. Novel Object Recognition Test

This task was performed on days 1-5 according to a previously described protocol with some
modifications [37,38]. The novel object recognition test was based on the characteristic of a preference for
a novel object. The task was divided into three different sessions (habituation, training, and retention).
In the habituation session, each mouse was individually placed in an open box (30 cm X 30 cm X 35 cm
height) without objects for three consecutive days and allowed to explore for 10 min each day. Secondly,
a training session was performed on the day 4. Two novel objects (X and Y) were placed in the open
box, and the mice were allowed to explore the objects freely for 10 min. The total time spent exploring
an object, which was calculated as the total time that a mouse directed their nose toward an object
at a distance of <1 cm and/or touched the object with their nose, was assessed manually for 10 min
using two stopwatches. Thirdly, a retention session was performed on day 5. The mice were allowed
to explore an open field for 10 min in the presence of two objects of different shapes and colors,
i.e., the familiar object X and a novel object, Z.
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The time spent exploring each object was recorded as before. Then, the exploration time for each
object in the training (X or Y) and retention (X or Z) sessions was evaluated against the total exploring
time. Cognitive function was evaluated by exploratory preferences obtained from the time ratio for
each object, e.g., X or Y/(X +Y) x 100 (%) in the training session, and X or Z/(X + Z) x 100 (%) in the
retention session. An exploratory preference index of 50% corresponds to chance, and a significantly
higher exploratory preference index reflects good recognition memory.

2.4.4. Western Immunoblotting

At the end of the behavioral experiments, the hippocampus was removed, placed on an ice-cold
plate, immediately frozen, and stored —80 °C. Hippocampus protein extracts were obtained by
homogenization of the hippocampal tissue in Passive Lysis Buffer (Promega, Madison, WI, USA)
supplemented with proteinase and phosphatase inhibitors. The homogenate was centrifuged at 13,000x g
for 20 min to obtain a supernatant, which was then subjected to protein estimation (Bradford assay),
and a defined volume of the supernatant containing a fixed amount of protein was analyzed by
Western immunoblotting.

For preparation of the tissue lysates for Western blotting, a Laemmli buffer (Bio-Rad Laboratories,
Hercules, CA, USA) was added. Prior to electrophoresis, samples were denatured at 95 °C for 6 min.
An equal amount of total protein (20 pg) from tissue homogenate was loaded onto a 7.5% mini-gel
(Mini-PROTEAN TGX Precast Gel, Bio-Rad Laboratories, Hercules, CA, USA) along with a molecular
weight marker (Bio-Rad Laboratories, Hercules, CA, USA). Protein bands on the separating gel were
transferred to a polyvinylidene difluoride membrane (Trans-Blot Turbo Mini PVDF, 0.2 um, Bio-Rad
Laboratories, Hercules, CA, USA) in accordance with the manufacturer’s instructions. The membranes
were then blocked for 1 h in blocking buffer (PVDF Blocking Reagent for Can Get Signal, Toyobo, Osaka,
Japan) at room temperature and incubated in solution 1 (Can Get Signal Solution, Immunoreaction
Enhancer Solution for primary antibody, Toyobo, Osaka, Japan) and the primary antibodies AMPA
receptor GluR1 subunit (anti-GluR1; molecular weight (MW), 102 kDa; 1:1000 dilution; Abcam,
Cambridge, UK), anti-GluR1 phosphorylated at serine 831 (anti-pGluR1; MW, 106 kDa; 1:1000 dilution;
Abcam, Cambridge, UK), NMDA receptor 2B subunit (anti-NR2B; MW, 166 kDa; 1:1000 dilution;
Abcam, Cambridge, UK), anti-NR2B phosphorylated at tyrosine 1472 (anti-pNR2B; MW, 180 kDa;
1:1000 dilution; Merck, Darmstadt, Germany), and anti-«-calcium/calmodulin-dependent protein
kinase II phosphorylated at threonine 286 (anti-pCaMKII; MW, 50 kDa; 1:1000 dilution; Cell Signaling
Technology, Danvers, MA, USA) overnight at 4 °C. Membranes were washed with Tris-buffered
saline with 0.1% Tween-20 (TBS-T) and then incubated in solution 2 (Can Get Signal Solution,
Immunoreaction Enhancer Solution for secondary antibody, Toyobo, Osaka, Japan) and the secondary
antibody (HRP-Linked Anti-IgG, 1:10,000 dilution, GE Healthcare, Buckinghamshire, UK) for 1 h at
room temperature. After the membrane had been washed with TBS-T, the relative amounts of bound
antibodies were detected with a chemiluminescent substrate (ECL, GE Healthcare, Buckinghamshire,
UK). The specific bands were scanned and quantified with ChemiDoc XRS+ and ImageLab software
(Bio-Rad Laboratories, Hercules, CA, USA).

2.5. Flowchart

The summarized method is provided in the following flowchart (Figure 1).
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in vitro Neural network formation

+ Evaluation of total neurite length and number of dendrites

in primary cultured hippocampal neurons

in vivo Pharmacological behavioral tests
* Evaluation of learning and memory
on senescence-accelerated mice fed a diet for a period of 10 months
* Y-maze test
* Step-through passive avoidance test

* Novel object recognition test

Analysis of the hippocampal proteins

+ Evaluation of memory-related protein

Figure 1. Flowchart of the study.

2.6. Statistical Analyses

The results were analyzed using JMP 8 (SAS Institute Inc., Cary, NC, USA). The data were collected
from at least three independent experiments and are expressed as the mean + standard error of the
mean (SEM). For all results, assuming a Gaussian distribution, data were analyzed by one-way analysis
of variance (ANOVA). To perform multiple comparisons, Dunnett’s test or the Tukey—Kramer test were
used for post-hoc analysis after ANOVA. p < 0.05 was considered statistically significant. The levels of
statistical significance are indicated as follows: *; p < 0.05, **; p < 0.01.

3. Results

3.1. Effects of MGE on the Total Neurite Length and Number of Dendrites in Primary Cultured
Hippocampal Neurons

We first examined whether MGE and SAC induce increases in the total neurite length and number
of dendrites in hippocampal neurons. The total neurite length and number of dendrites per neuron at
0 h (DIV2) were 212.5 + 6.08 um (Table 1) and 3.47 + 0.127 (Table 2), respectively. A typical image of a
MAP2-positive neuron treated with 50 ug of MGE is shown in Figure 2. Primary cultured hippocampal
neurons treated with MGE at 48 and 72 h showed significant increases in the total neurite length and
number of dendrites, and the neurons increased in a concentration-dependent manner at 48 h. In the
case of treating with SAC, the neurite length and number of dendrites increased significantly; however,
no concentration dependency was found. The concentration of SAC that showed the maximum effect
was 10 ng/mL at 72 h. These results suggest that SAC and the multiple other components contained in
MGE have the ability to synergistically enhance the effect of early neurite outgrowth.

Table 1. Effects of increasing the total neurite length with mature garlic extract (MGE) and S-allylcysteine
(SAC) on the morphology of primary cultured hippocampal neurons.

48 h 72 h
Concentration - .
Total Neurite Length, ym  Total Neurite Length, um

0 278.9 +7.24 362.9 + 8.60
MGE (ug/mL) 5 306.7 £9.04 * 419.3 +£ 9.53 **
H& 50 3235 + 8.77 ** 430.7 + 9.40 **
500 392.8 + 8.18 ** 435.2 +9.30 **

0 259.1 + 6.85 3429 + 8.15
*% *3%

SAC (ng/mL) 10 300.3 + 8.04 4458 + 129

100 294.8 + 7.08 ** 4335 +11.3**
1000 303.8 £ 7.56 ** 398.1 + 7.56 **

0h: 212.5 + 6.08 pm. The data are presented as the mean + SEM (n = 102-144 from 3-5 independent experiments).
*,p <0.05,**; p <0.01 compared with the concentration at 0 h at each time point (one-way ANOVA and Dunnett’s
post-hoc test).



Nutrients 2020, 12, 1834 7 of 17

Table 2. Effects of increasing the number of dendrites with MGE and SAC on the morphology of
primary cultured hippocampal neurons.

48 h 72 h
Concentration : -
Number of Dendrites Number of Dendrites

0 5.29 + 0.137 5.29 + 0.186
MGE (ug/mL) 5 5.86 + 0.176 * 7.16 £0.217 **
50 6.06 = 0.166 ** 6.88 = 0.196 **
500 6.81 = 0.207 ** 7.92 +0.226 **

0 5.34 + 0.190 5.32 +£0.148
SAC (ng/mL) 10 6.19 = 0.166 ** 7.35 +0.242 **
100 6.20 = 0.163 ** 6.76 = 0.203 **
1000 5.88 + 0.133 6.46 + 0.180 **

0 h: 3.47 + 0.127. The data are presented as the mean + SEM (n = 102-144 from 3-5 independent experiments).
*;p <0.05,**; p < 0.01 compared with the concentration at 0 h at each time point (one-way ANOVA and Dunnett’s
post-hoc test).
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Figure 2. Images of MAP2-positive primary cultured hippocampal neurons treated with MGE.
The neurons were treated with 0 (control) or 50 ug of MGE for 48 (day in vitro (DIV) 4) or 72 h (DIV 5).
These images of MAP2-positive cells obtained by immunofluorescence staining were subjected to image

conversion using the IN Cell Translator. Bars = 100 pum.

3.2. Y-Maze Test

The Y-maze test was performed to investigate the effects of MGE and SAC on the improvement
of the spatial working memory, which is a kind of short-term memory. As shown in Figure 3A,
old SAMP10 mice showed significantly reduced spontaneous alternations compared with old SAMR1
and young SAMP10 mice (F (2, 33) =17.33, p = 7.17 X 107%). In old SAMP10 mice, the number of
alternations in the MGE- and SAC-fed groups significantly increased compared with that of the control
group (F (3, 57) = 23.99, p = 3.62 x 10~10; Figure 3B). As shown in Figure 3C, young SAMP10 mice
showed a high value for total arm entries (F (2, 33) = 40.35, p = 1.37 X 10_9), although there was no
significant difference in the total arm entries in old SAMR1 and old SAMP10 mice. On the other hand,
there was no significant difference in the total arm entries among the SAMP10 groups (F (3, 57) = 5.868,
p = 1.46 x 1073; Figure 3D). These results suggest that the neural circuit for memory formation in old
SAMP10 mice is stimulated by MGE and SAC intake and has a positive effect on recovery from the
decline in short-term memory ability. In addition, only young SAMP10 mice showed a high rate of
spontaneous locomotor activity, which was calculated from the number of arm entries.
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Figure 3. Effects of MGE and SAC on working memory in senescence-accelerated mice (SAM).
The behavior of SAMP10 (5 and 11 months old) and SAMR1 (11 months old) was observed for 8 min in
a Y-maze. The ratios of alternation (%, (A,B)) and total arm entries (C,D) were measured. (B,D) show
the results for 11-month-old SAMP10. The L- and H-MGE groups consumed 0.20% and 1.0% of MGE
in the diet (w/w), respectively. The SAC and H-MGE groups consumed the same amount of SAC. Each
value represents the mean + SEM (n = 8-17). ®P; p < 0.05 (One-way ANOVA and Tukey—Kramer
post-hoc test), **; p < 0.01 compared with the control group (One-way ANOVA and Dunnett’s post-hoc
test). SAMP: senescence-prone inbred strains; SAMR: senescence-resistant inbred strains.

3.3. Step-Through Passive Avoidance Test

The time taken to learn not to enter the dark chamber was recorded using a step-through passive
avoidance task, in which a shorter learning time implied a higher learning ability. As shown in
Figure 4A, the learning time of old SAMP10 mice fed a normal diet was significantly longer than that
of young SAMP10 and old SAMR1 mice (F (2, 33) = 18.38, p = 4.32 X 107°). In the old SAMP10 mice
fed MGE or SAC, the learning times were significantly shortened (F (3, 56) = 25.99, p = 1.15 X 10710,
Figure 4B), equivalent to the learning ability of young SAMP10 mice. These results suggest that MGE
and SAC contribute to learning acquirement and efficiency in old SAMP10 mice.
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SAMP10 SAMRI ISR

Figure 4. Effects of MGE and SAC on learning in SAM mice. (A) The learning time of SAMP10
(5 and 11 months old) and SAMR1 (11 months old) was examined using a step-through test system.
The time needed for acquisition (A,B) of the avoidance response was measured. (B) Results for
11-month-old SAMP10 mice. The L- and H-MGE groups consumed 0.20% and 1.0% of MGE in the
diet (w/w), respectively. The SAC and H-MGE groups consumed the same amount of SAC. Each value
represents the mean + SEM (1 = 8-16). *P; p < 0.05 (One-way ANOVA and Tukey—Kramer post-hoc
test), **; p < 0.01 compared with the control group (One-way ANOVA and Dunnett’s post-hoc test).
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The memory retention test showing the avoidance response was assessed at 1 month after the
acquisition test. The number of mice that stayed in the light chamber for at least 300 s was only
measured once. As shown in Table 3, all of the young SAMP10 mice succeeded at remembering the
avoidance response (8/8), whereas only 46.7% (7/15) of the old SAMP10 mice remained in the light
chamber. An increased number of old SAMP10 mice in the MGE- or SAC-fed groups satisfied the
acquisition criteria, exceeding the success rate of the old SAMRI mice (Table 4). These findings suggest
that long-term spatial memory retention is possibly due to intake of MGE and SAC.

Table 3. Effects of MGE and SAC on the memory of the avoidance response in the retention test for
SAMP10 (6 and 12 months old) and SAMR1 (12 months old) mice.

Mice Age Number of Animals Success (Left) Failure (Right) Memory Retention (%)
SAMP10 6 M (young) 8 0 100
SAMP10 12 M (old) 7 8 46.7
SAMR1 12 M (old) 7 4 63.6

Table 4. Effects of MGE and SAC on the memory of the avoidance response in the retention test for
12-month-old SAMP10 mice.

Mice Diet Number of Animals Success (Left) Failure (Right) Memory Retention (%)
SAMP10 Control 7 8 46.7
SAMP10 L-MGE 9 4 69.2
SAMP10 H-MGE 10 3 76.9
SAMP10 SAC 11 4 73.3

3.4. Novel Object Recognition Test

The non-spatial memory ability was also evaluated in the novel object recognition test. During
the training session, there was no biased exploratory preference in all groups (Figure 5A,B). When the
retention session was performed 24 h after the training session, old SAMP10 mice fed a normal diet did
not change their level of exploratory preference, whereas young SAMP10 and SAMR1 mice showed
significantly increased preference for novel object C (F(2, 31) = 9.299, p = 6.86 X 107%; Figure 5C).
SAMP10 mice in the MGE- and SAC-fed groups also showed a significantly increased exploratory
preference (F (3, 52) = 6.788, p = 6.00 x 107#; Figure 5D), indicating that a diet containing MGE
and SAC supports non-spatial memory formation in SAMP10 mice. These results suggest that the
diets containing these ingredients reduced age-related memory decline and enhanced long-term
non-spatial memory retention. In addition, the changes in exploratory preference did not show a
concentration-dependent characteristic in the MGE-fed group.
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Figure 5. Effects of MGE and SAC on non-spatial memory in SAM mice. The exploratory preference
(%) of SAMP10 (6 and 12 months old) and SAMRI1 (12 months old) was observed in the novel object
recognition test. The time spent exploring two objects was recorded for 10 min in the training sessions
(A,B) and retention sessions (C,D). (B,D) show the results for 12-month-old SAMP10 mice. The L- and
H-MGE groups consumed 0.20% and 1.0% of MGE in the diet (w/w), respectively. The SAC and H-MGE
groups consumed the same amount of SAC. Each value is presented as the mean + SEM (n = 8-15).
ab. p < 0.05 (One-way ANOVA and Tukey—Kramer post-hoc test), *; p < 0.05, **; p < 0.01 compared
with the control (One-way ANOVA and Dunnett’s post-hoc test).

3.5. Western Immunoblotting

Several studies have indicated that tyrosine phosphorylation of NR2B and serine phosphorylation
of GluR1 can regulate the activity of NMDA and AMPA receptors in neurons and that these
phosphorylation reactions are involved in learning and memory formation [39,40]. It is also well known
that CaMKII-dependent signaling in neurons is involved in survival, brain development, learning,
and memory formation [40-44]. Therefore, the relationship between protein expression and learning
and memory formation was investigated using hippocampal tissue for Western immunoblotting
after completion of the behavioral experiments (Figure 6A). The protein expression levels of learning
and memory-related receptors and the phosphorylation levels (GluR1, pGluR1, NR2B, pNR2B,
and pCaMKII) were reduced in old SAMP10 mice compared with the expression and phosphorylation
levels in young SAMP10 mice (Figure 6B). Old SAMP10 mice fed H-MGE showed significant suppression
of the decrease in the expression levels of all proteins (Figure 6C). On the other hand, the SAC-fed
group only showed suppression of the decrease in the expression of GluR1 and pCaMKI], although no
concentration-dependent actions of MGE and no correlation between the H-MGE and SAC groups
were observed. These results suggest that SAC and the multiple other components contained in MGE
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have the ability to increase protein expression, suggesting that they work to maintain and enhance
learning and memory functions.
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Figure 6. Effects of MGE and SAC on hippocampal proteins in SAMP10 mice. The molecular mechanism
of memory was investigated by Western immunoblotting of hippocampal tissue after completion
of the behavioral experiments (A). Protein levels for 6- and 12-months-old SAMP10 mice (B) and
12-months-old SAMP10 mice (C) are shown. Each value is presented as the mean + SEM (n = 4).
T, p <0.05, Tt p < 0.01 (Student’s t-test), *; p < 0.05, **; p < 0.01 compared with the control group
(One-way ANOVA and Dunnett’s post-hoc test).

4. Discussion

The essence of the brain is the processing of external information and subsequent plastic regulation
of neuronal function. Neurons form networks through synaptic structures and communicate with
each other through neurotransmitters and synaptic receptors [45]. In this study, treatment of primary
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cultured hippocampal neurons with MGE or SAC significantly increased the total neurite length
and number of dendrites. SAC showed a certain neurotrophic effect and further activated neurons
through a synergistic effect with multiple other components contained in MGE. We suggest that the
neurotrophic effects of MGE and SAC are strongly involved in the enhancement of transmission
efficiency and information-processing ability by neural network formation. Furthermore, we propose
that the increase in the number of dendrites plays a role in the ability of the brain to receive a lot of
information. Thus, although SAC showed the maximum effect on the neurons at low concentrations,
these data (Tables 1 and 2) alone do not suggest that it has a useful effect on learning and memory.

Therefore, pharmacological behavioral tests were performed to investigate the inhibitory effects
on memory dysfunction of feeding a diet containing MGE or SAC to SAMP10 and SAMR1 mice.
The Y-maze is considered to be a hippocampus-dependent memory test, since it evaluates spatial
working memory, an index of short-term memory, through assessing the continuous selection of
arms [46,47]. In addition, it has the advantage of providing a measure of locomotor activity of mice by
counting the number of arm entries [48]. The step-through passive avoidance test is closely related
to the amygdala-dependent memory, since it is used as an index of long-term memory to evaluate
avoidance behavior against an aversive stimulus (electric foot-shock) that has been experienced
once [49]. In addition, the novel object recognition test evaluates long-term memory through the
recognition of unique non-spatial information of novel objects by utilizing a characteristic of rodents,
i.e., the preference for novelty. In a previous study, this test was related to olfactory-cortex-dependent
memory, which is considered to be one of the major pathways of neural information related to episodic
memory [50]. It has been suggested that the hippocampus reactivates specific memory representations
of the olfactory cortex and amygdala during memory retrieval [51], and, in particular, the amygdala
and hippocampus collect information from related cortical areas and are deeply involved in the
processes of cognition, memory formation, and emotional expression [52]. In all pharmacological
behavioral tests performed, SAMP10 mice fed MGE or SAC showed significantly reduced learning
and memory dysfunction and significant improvements in learning and short- and long-term memory
formation. In addition, since the locomotor activity obtained from the number of arm entries did
not differ significantly in any group, there were no differences in the amount of exercise, exploratory
behavior, or motivation. Short-term memory formation requires the activity of existing ionotropic
receptors and kinases in neuronal cells, and memory consolidation from short- to long-term memory
requires the induction of de novo protein synthesis in the brain after learning [53,54]. Therefore, it is
suggested that, by improving the above-mentioned process, MGE and SAC enhance learning activity
and memory consolidation.

It is known that synaptic transmission efficiency is not constant and changes following exposure to
a stimulus, a phenomenon called synaptic plasticity [55]. The long-term memory circuit is formed by the
induction of long-term potentiation (LTP), which causes a long-term increase in transmission efficiency
at neuronal synapses and requires activation of NMDA-type receptors and induction of AMPA-type
receptor expression [38,39,56,57]. The AMPA-type receptor has four subunits, GluR1-4 [58], and the
regulation of AMPA-type receptor expression is one of the important mechanisms underlying synaptic
plasticity. Similarly, the NMDA-type receptor is composed of NR1 and NR2 subunits, and the NR2
subunit has four subtypes, NR2A-2D. LTP is induced by the activation of CaMKII caused by Ca?* influx
from NMDA receptors. Activated CaMKII phosphorylates GluR1 at serine 831, increases the channel
conductance states, and is involved in LTP induction [43,59]. LTP is thought to be induced by an increase
in an excitatory postsynaptic current (EPSC) and synaptic plasticity when phosphorylated GluR1 is
recruited onto the postsynaptic membrane to increase the synaptic transmission efficiency [38,39,56,60].
Thus, the AMPA-type receptor containing GluR1 must be expressed on synaptic membranes for memory
formation, and the activation of the NMDA-type receptor that stimulates them is essential for this
process. However, there have been numerous reports of decreases in AMPA- and NMDA-type receptor
expressions in the hippocampus of SAMP10 and aged rodents, suggesting an association with an
age-related decline in learning ability [61-66]. It has also been reported that one of the earliest biological



Nutrients 2020, 12, 1834 13 of 17

manifestations of Alzheimer’s dementia is a decrease in AMPA-type receptors and impaired synaptic
plasticity [67,68], and a reduction of autophosphorylation of CaMKII at threonine 286 in the frontal
cortex and hippocampus of Alzheimer’s disease brains is a key contributor to synaptic dysfunction,
neurodegeneration, and memory impairment [44,69]. We analyzed the hippocampal proteins of
SAMPI10 after the behavioral experiments and found that the expression levels of GluR1, NR2B,
and phosphorylated CaMKII, which are involved in learning and memory abilities, were significantly
increased in the MGE-fed group of SAMP10 mice. On the other hand, the SAC-fed group of SAMP10
mice showed an increase in the expression of proteins, except for NR2B. Although there is some room
for memory consideration regarding the involvement of transcription factors such as the cyclic AMP
response element binding protein (CREB), which is essential for the process of memory consolidation,
the results of behavioral experiments and memory-related protein expression in this study suggest the
importance of GluR1 and phosphorylated CaMKII in maintaining learning and memory functions.
In addition, when memory is consolidated, synaptic changes occur in excitatory neurons that use
glutamate as a neurotransmitter. AMPA- and NMDA- type glutamate receptors, which play important
roles in the memory processes that occur in the postsynaptic membrane, are thought to mediate some
of these changes [60,70].

Although the detailed mechanism of how SAC affects learning memory is not clear, we speculate
that SAC might produce useful changes on the action of AMPA- and NMDA-type receptors in the
postsynaptic membranes and on the mechanism of memory formation. MGE was also found to
contribute to equal or better maintenance of postsynaptic function. As with cultured hippocampal
neurons, this phenomenon is considered to be a synergistic effect of the multiple other components
contained in MGE. Our findings indicate that MGE and SAC are possibly involved in the regulation of
synaptic plasticity through mechanisms that promote hippocampal neuronal differentiation, regulate
the synaptic microenvironment, and suppress a decrease in memory-related proteins.

5. Conclusions

We suggest that MGE and SAC positively contribute to learning, memory formation, and the
maintenance of young brain function. The results of this study were obtained using SAMP10 mice,
which showed morphological changes similar to those in humans with mild memory and cognitive
impairments during aging. Thus, MGE and SAC could be applied in foods to improve the accuracy of
memory and judgment.
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Abstract: By comprehensively measuring changes in metabolites in the hippocampus of stress-loaded
mice, we investigated the reasons for stress vulnerability and the effect of theanine, i.e., an abundant
amino acid in tea leaves, on the metabolism. Stress sensitivity was higher in senescence-accelerated
mouse prone 10 (SAMP10) mice than in normal ddY mice when these mice were loaded with stress
on the basis of territorial consciousness in males. Group housing was used as the low-stress condition
reference. Among the statistically altered metabolites, depression-related kynurenine and excitability-
related histamine were significantly higher in SAMP10 mice than in ddY mice. In contrast, carnosine,
which has antidepressant-like activity, and ornithine, which has antistress effects, were significantly
lower in SAMP10 mice than in ddY mice. The ingestion of theanine, an excellent antistress amino
acid, modulated the levels of kynurenine, histamine, and carnosine only in the stress-loaded SAMP10
mice and not in the group-housing mice. Depression-like behavior was suppressed in mice that had
ingested theanine only under stress loading. Taken together, changes in these metabolites, such as
kynurenine, histamine, carnosine, and ornithine, were suggested to be associated with the stress
vulnerability and depression-like behavior of stressed SAMP10 mice. It was also shown that theanine
action appears in the metabolism of mice only under stress loading.

Keywords: carnosine; histamine; kynurenine; ornithine; SAMP10; stress; theanine

1. Introduction

Under similar circumstances, the stress response is heterogeneous in both humans and
experimental animals. There is a difference in susceptibility to stress, that is, some people de-
velop stress-related disorders such as depression and post-traumatic stress disorder, while
others do not. To elucidate the difference in stress susceptibility, senescence-accelerated
mouse prone 10 (SAMP10) mice are suitable as a stress-vulnerable model. SAMP10 mice
are known to display age-related characteristic brain atrophy and depression-like behav-
ior [1,2]. In addition, when SAMP10 mice were loaded with stress on the basis of territorial
consciousness in males, stressed SAMP10 mice showed accelerated brain atrophy, cognitive
dysfunction, and lifespan shortening [3]. The stress was based on territorial consciousness
as follows: After two male mice were housed in a partitioned cage for one month to es-
tablish territorial consciousness (single housing), the partition was removed to expose the
mice to psychosocial confrontational stress, and the two mice subsequently cohabited in the
same cage (confrontational housing). Volumetric brain changes induced by psychosocial
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stress have been observed one month after confrontational housing in SAMP10 mice, and
atrophy continued thereafter [4]. Cerebral atrophy has also been observed in ddY mice, a
strain that ages normally, but this was temporary. Significant adrenal hypertrophy, a typical
stress response, has been observed at least one week after confrontational housing in ddY
mice [5], and therefore it was considered that SAMP10 and ddY mice felt similar psychoso-
cial stress by confrontational housing. However, stress due to confrontational housing may
not last long in ddY mice. We investigated changes in gene expression in the hippocampus
on the third day of stress loading, and clarified the difference between SAMP10 and ddY
mice, that is, the expression levels of neuronal PAS domain protein 4 (Npas4) and lipocalin
2 (Lcn2) were involved in the brain atrophy and stress vulnerability of SAMP10 ice, and the
changed expression of Npas4 and Lcn2 was prevented by theanine ingestion [4]. Theanine
is a nonprotein amino acid that exists almost exclusively in tea (Camellia sinensis L.) leaves.
Theanine intake suppresses psychosocial stress [6]. Indeed, adrenal hypertrophy, a typical
stress response, has been significantly suppressed in mice that have ingested theanine
even under stress loading [3,5]. In addition, brain atrophy due to chronic stress has been
significantly suppressed in SAMP10 and ddY mice that ingested theanine [3]. Npas4 is a
transcription factor that plays a role in the development of inhibitory synapses [7]. Lcn2,
which is primarily secreted by reactive astrocytes, directly induces neuronal damage and
amplifies neurotoxic inflammation under many brain conditions [8]. These early changes
in gene expression are considered to be one reason for the stress vulnerability of SAMP10
mice. There is a need to investigate how these changes in gene expression subsequently
affect brain metabolism. We focused on the metabolites that have been used to evaluate
the diversity of amine-mediated metabolic patterns and pathways that are a confirmed
diagnosis based on the pathophysiology of the brain in Alzheimer’s disease [9].

The hippocampus is a stress-vulnerable tissue in the brain. Neurogenesis in the
hippocampus occurs throughout the life of a wide range of animal species, and it could
be associated with hippocampus-dependent learning and memory [10-12]. However,
restrained chronic stress has been shown to significantly decrease hippocampal volume
and impair hippocampal neurogenesis in mice [13]. Hippocampal neurogenesis reportedly
plays an important role in the regulation of the inhibitory circuitry of the hippocampus [14].
In addition, the maintenance of a balance between inhibitory and excitatory elements in
the brain is believed to be important for synaptic plasticity and cognitive function [15,16],
and the regulation of inhibitory neuronal activation may be especially important in the
hippocampus during chronic stress [17-20]. Thus, we focused on the hippocampus in both
SAMP10 and ddY mice that were housed confrontationally. Group-housing mice were
used as a model for low-stress conditions.

To examine the reason for the different stress-sensitivity levels between SAMP10 and
ddY mice, brain metabolites have been compared between SAMP10 and ddY mice. In
this study, hippocampal metabolites were analyzed by comparing confrontational and
group-housing SAMP10 and ddY mice that ingested theanine water or control water. From
the obtained results, some factors related to depressive behavior were found. Therefore,
the effects of confrontational housing and theanine ingestion on depression-like behavior
of SAMP10 mice were examined. In addition, the expression of several enzymes involved
in the synthesis of these metabolites was measured.

2. Results
2.1. Effects of Theanine Ingestion on Brain Metabolites in Senescence-Accelerated Mouse Prone 10
(SAMP10) and ddY Mice Stressed by Confrontational Housing

The SAMP10 and ddY mice were divided into two groups, i.e., confrontational and
group-housing, respectively. These mice were further divided into two groups that in-
gested theanine or control water. For confrontational housing, two mice were housed in
a partitioned cage for one month to establish territorial consciousness (single housing).
Then, the partition was removed to expose the mice to confrontational stress, and the two
mice subsequently cohabited in the same cage (confrontational housing) for one month
(Figure 1).
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Figure 1. Experimental protocol.

The effects of theanine intake on metabolites in the hippocampus of mice stressed
by confrontational housing were analyzed by principal component (PC) analysis [21].
The group-housing mice were used as the reference of a low-stress condition. Both PC1
and PC2 displayed differences between SAMP10 and ddY mice, and they both indicated
the difference of housing conditions and theanine treatment (Table 1). Metabolites were
analyzed in both SAMP10 and ddY mice together. Thirty-eight metabolites that were
positive in ANOVA were analyzed by PCA (Table 2). The PC for samples presented
characteristics of the groups on axes of PC1 and PC2. First, PC1 detected the difference
between SAMP10 and ddY mice (Table 1). On both axes, conditions and treatment were
separated differently wfor SAMP10 and ddY mice, which showed that condition and
treatment had different effects on ddY and SAMP10 mice. On the one hand, in ddY mice,
there was a significant difference in conditions on the PC1 axis, and there was not much
change on the PC2 axis. On the other hand, the SAMP10 mice required theanine, as well
as a confrontation to increase PC1, but the direction of change was the same as that of the
ddY mice. This combination also showed a significant difference on the PC2 axis.

PC for metabolites is inextricably linked to PC for samples in a mathematical sense.
Confrontation alone decreases in ddY mice, but in SAMP10, the substances that needed
more theanine were kynurenine (Kyn) and histamine. In addition, it was 5-methoxytryptamine
that decreased only in SAMP10 mice with the combination of confrontation and theanine
(Table 2).

Some metabolites with negative PC1 scores tend to be higher in SAMP10 mice (Table 2
and Figure 2). The levels of Kyn in the group-housing SAMP10 mice were significantly
higher than those of the ddY mice that had ingested theanine or not (Figure 2a). Similarly,
the levels of histamine, 5-methoxytryptamine, 2,4-diamonobutyric acid, and histidinol were
higher in the SAMP10 mice than in ddY mice (Figure 2b—e). However, these levels were
significantly lower in the SAMP10 mice that had ingested theanine under confrontational
housing than in those under group housing. Kyn and 5-metoxytryptamine are tryptophan
(Trp) metabolites, which both present strong signals in PCA (Table 2).

In contrast, guanosine monophosphate (GMP), which showed a positive PC1, showed
significantly higher values for ddY mice in group and confrontational housing than those
of the SAMP10 mice, when theanine had not been ingested (Figure 2f). The level of
carnosine was significantly higher in the ddY mice than in the SAMP10 mice with and
without theanine intake (Figure 2g). Putrescine (Put) was significantly higher in the
ddY mice than theSAMP10 mice for the confrontational-housing mice that ingested no
theanine (Figure 2h). Ornithine (Orn) was significantly higher in the ddY mice than in
the SAMP10 mice for the group and confrontational housing mice that had ingested no
theanine (Figure 2i). In addition, theanine ingestion increased the level of Orn in SAMP10
(Figure 2i). Adenosine was significantly higher in the ddY mice than in the SAMP10
mice for the group and confrontational housing mice that had ingested theanine or not
(Figure 2j).



Int. J. Mol. Sci. 2021, 22, 193 40f 15

Table 1. Data of principal component analysis of metabolites in senescence-accelerated mouse prone

10 (SAMP10) and ddY mice.
Mouse Condition  Treatment PC1 PC2 PC3 PC4
SAMP10 Group Control -0.07338 0.03785 -0.00872 -0.00107
—-0.03254 —-0.00421 —-0.02051 -0.00247
-0.07107 0.03476 -0.00459 -0.00835
-0.03904 -0.00196 -0.00954 -0.01278
Theanine -0.07666 0.02389 0.00652 0.01317
—0.06840 0.02850 -0.00088 0.00442
-0.07974 0.02936 0.01287 0.00789
Confrontation Control -0.04038 0.00882 0.01114 -0.02924
—0.04848 -0.01130 0.00611 -0.01154
-0.06143 0.00294 0.01720 0.00465
-0.00513 -0.06122 0.00394 0.00318
Theanine 0.00952 -0.01076 0.00681
—0.00350 -0.05210 0.01452 0.02649
0.01278 -0.00996 -0.01817
—-0.02355 -0.03912 0.00415 -0.00177
ddy Group Control 0.01670 0.00225 -0.01376 -0.02015
0.01147 0.00520 -0.01819 -0.00116
0.02528 0.00516 -0.01773 0.01430
Theanine -0.00682 0.00349 0.00519 0.01326
-0.04108 -0.01144 -0.00352 0.02319
0.02797 0.00704 0.00463 0.00567
0.17347 0.04502 0.02486 0.01496
Confrontation Control 0.09426 0.02753 —-0.00925 0.01045
0.04019 0.00548 -0.02618 -0.01805
0.09584 0.02586 0.01472 0.00620
-0.01268 -0.03017 -0.02188 0.02948
Theanine 0.07307 0.01096 0.02558 —0.03502
0.06694 0.01848 0.00251 0.00074
0.04413 0.00230 —-0.02052 -0.02141
0.14107 0.03713 0.02662 0.01047

Note, mice were housed in groups of six per cage. After establishing territorial consciousness by
single housing for one month, then, confrontational housing was carried out for one month. These
mice ingested theanine or control water. The color gradient in each column indicates the level of
metabolites. The darker the red, the higher than the overall average, and the darker the blue the
lower than the overall average.
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Table 2. Statistically different metabolites in the hippocampus of SAMP10 and ddY mice.
Metaborites PC1 PC2

Kynurenine

Histamine —0.06985 0.00491
5-Methoxytryptamine —0.03622 —0.08937
2.4-Diaminobutyric.acid —0.03085 —0.00003
Histidinol —0.02561 0.00316
5-Aminovaleric.acid —0.02370 —0.00610
Cadaverine —0.02067 —0.00384
Diacetyl spermidine —0.01859 0.00364
3-Methoxyanthranilate —0.01750 —0.00783
Leucine —0.00513 0.00335
Methionine —0.00364 0.00280
Proline —0.00277 0.00327
Creatinine —0.00269 —0.00184
2-Aminoadipate —0.00263 —0.00433
Aspartic acid —0.00229 —0.00076
Arginine —0.00213 0.00345
Cystine —0.00201 0.00122
2-Aminobutyric.acid —0.00160 0.00033
Valine —0.00124 0.00227
Phenylalanine —0.00119 0.00302
Alanine —0.00084 0.00084
-Alanine —0.00064 0.00208
NC-monomethyl-arginine —0.00028 —0.00849
Isoleucine —0.00019 0.00310
Glutamine —0.00008 —0.00027
Histidine 0.00037 0.00187
Hypoxanthine 0.00103 0.00440
Glutamic acid 0.00132 —0.00123
Spermidine 0.00143 —0.00015
Glutathione reduced 0.00146 —0.00238
Serine 0.00162 —0.00050
CMP 0.00262 0.00253
Adenine 0.00368 —0.01675
Adenosine 0.00482 —0.00904
Ornithine 0.00487 —0.00004
Putrescine 0.00668 —0.01895
Carnosine 0.00901 0.00522
GMP 0.01038 —0.00718

GMP, guanosine monophosphate and CMP, cytidine monophosphate. The color gradient in each
column indicates the level of metabolites. The darker the red, the higher than the overall average,

and the darker the blue the lower than the overall average.
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Figure 2. Metabolite levels in the hippocampus of SAMP10 and ddY mice; (a) Kyn, (b) histamine, (c) 5-methoxytryptamine,
(d) 2,4-diaminobutyric acid, (e) histidinol, (f) GMP, (g) carnosine, (h) Put, (i) Orn, and (j) adenosine. Mice were housed
confrontationally for one month after single housing for one month (closed column). Group-housed mice were keptin a
group of six for two months (open column). Mice ingested theanine (20 ug/mL, 6 mg/kg) or water (control) for two months
(n=3-4,% p<0.05).
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2.2. Effect of Theanine Ingestion on Depression-Like Behavior

To evaluate depression-like behavior in mice, the tail suspension test is used widely
for preclinical screening of antidepressants. Mice are considered to present immobility as
depression-like behavior after they are subjected to inescapable stress and failure in efforts
to free themselves. As a result of determining the depressive behavior of the SAMP10
mice by the tail-suspension test, the effect of theanine intake was not observed in the
group-housing mice, but immobility time was reduced significantly by theanine intake
in mice under confrontational housing (Figure 3). Similarly, in ddY mice, theanine intake
significantly reduced immobility time under confrontational housing. Reduced immobility
time meant that depression-like behavior was improved.

SAMP10 ddy
200 % 250 -
 —— *
*
150 | — o 2001
0 £
=
£ >
A -t
> = 150 [
= Ke)
3 100 g
2 £
E = 100 |
50
50
0 0
Control Theanine .
Control Theanine
OGroup ®mConfrontation OGroup mConfrontation

Figure 3. Effect of theanine intake on depression-like behavior of SAMP10 and ddY under group or
confrontational housing. Mice were housed confrontationally for one month after single housing
for one month (closed column). Group-housed mice were kept in a group of four for two months
(open column). Mice ingested theanine (20 pug/mL, 6 mg/kg) or water (control) for two months
(n=4,%p<0.05).

It was not possible to compare SAMP10 and ddY mice because the optimal obser-
vation time depended on the mouse strain, but it was possible to compare the effects of
confrontational housing on depression-like behavior within the same strain. There was
no significant difference between group and confrontational housing in the control mice,
and the presence or absence of theanine intake had no effect on immobility time. However,
immobility time was shortened only in mice that ingested theanine under confrontational
housing.

2.3. Effect of Theanine Ingestion on the Levels of Indoleamine/Tryptophan-2,3-dioxygenase,
Arginase and Histidine Decarboxylase

Since Kyn is produced from Trp via indoleamine/tryptophan-2,3-dioxygenase (IDO,
TDO), these expression levels in the hippocampus were compared between SAMP10 and
ddY mice (Figure 4a,b). The expression of IDO was significantly higher in the control
SAMP10 mice under confrontational housing than that of the group-housing SAMP10 mice
and that of the control ddY mice under confrontational housing. The IDO levels were also
significantly higher in the SAMP10 mice than in ddY mice that ingested theanine under
confrontational housing. The level of TDO in the control SAMP10 mice was lower than the
control ddY mice. The levels of TDO were not changed significantly in the SAMP10 and
ddY mice when they ingested theanine. These results indicated that the expression of IDO
was increased in the SAMP10 mice but not in the ddY mice under confrontational housing.
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Figure 4. Effect of theanine intake on mRNA expression of SAMP10 and ddY mice under group or
confrontational housing. (a) Indoleamine-2,3-dioxygenase (IDO); (b) Tryptophan-2,3-dioxygenase
(TDO); (c) Arginase; (d) Histidine decarboxylase (HDC). Mice were housed confrontationally for
one month after single housing for one month (closed column). Group-housed mice were kept in a
group of four for two months (open column). Mice ingested theanine (20 pg/mL, 6 mg/kg) or water
(control) for two months (1 =4, *, p < 0.05).

Ornithine is produced from arginine via arginase. The expression level in the hip-
pocampus was compared (Figure 4c) and the expression level was significantly increased
in SAMP10 mice that ingested theanine, but was lowered by confrontational housing. The
levels of arginase in ddY mice were not changed.

Histamine is synthesized from histidine via histidine decarboxylase (HDC), in which
mRNA is expressed exclusively in the posterior hypothalamus. The expression levels in the
hypothalamus were compared (Figure 4d). The expression of HDC in the hypothalamus
was higher in ddY mice that ingested theanine under group housing than in the SAMP10
mice. The level in ddY mice was significantly suppressed by confrontational housing.

3. Discussion

Changes in hippocampal metabolites were compared among mice with different stress
susceptibilities. The levels of Kyn, histamine, 5-metoxytryptamine, 2,4-diaminobutyric
acid, and histidinol were significantly higher in the SAMP10 mice than in the ddY mice.
However, these levels were suppressed in the SAMP10 mice that had ingested theanine
under confrontational housing. The Kyn level did not decrease in the group-housing
SAMP10 mice that had ingested theanine, suggesting that theanine began to act only
when some metabolism changes occurred due to stress loading. Kyn has been reported to
increase in chronically stressed rats [22]. In addition, the Kyn pathway plays a key role in
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depression-like behavior in mice [23,24]. Kyn levels were lower in the ddY mice than in the
SAMP10 mice, but even lower when the ddY mice ingested theanine under confrontational
housing. Similarly, shortening of immobility time was observed in both the SAMP10 and
ddY mice that ingested theanine under confrontational housing.

Kyn is produced from Trp via IDO/TDO and TDO is an enzyme present in the
liver [25]. The effects of stress loading and theanine ingestion on IDO and TDO expression
levels were investigated. The level of IDO was significantly higher in the SAMP10 mice
than in the ddY mice under confrontational housing, while the levels were not changed
among the SAMP10 and ddY mice under group housing with or without theanine ingestion
(Figure 4a). The high expression level of IDO in the SAMP10 mice under confrontational
housing may contribute to the high amount of Kyn in the SAMP10 mice. However, the
increased level of Kyn level in the group-housing SAMP10 mice that ingested theanine
could not be explained by the expression levels of IDO and TDO alone.

Carnosine presents at a high concentration in the brain and has been reported to
have antidepressant-like activity [26,27]. Carnosine levels were significantly lower in the
SAMP10 mice than in the ddY mice, but the levels were significantly increased in the
SAMP10 mice that had ingested theanine under confrontational housing. Depression-
like behavior was suppressed in the SAMP10 and ddY mice that had ingested theanine
under confrontational housing, where Kyn was suppressed, and carnosine was increased.
The suppression of depression-like behavior only in mice that ingested theanine under
confrontational housing may be explained by the changes in Kyn and carnosine. Carnosine
is synthesized from (-alanine and histidine. In the SAMP10 mice, 3-alanine and histidine
tended to increase with theanine intake (Supplementary Table S1).

Theanine has been reported to suppress the depression-like behavior in mice and rats
using the tail suspension test, forced swimming test, and elevated plus maze test [28-30].
Ogawa et al. [29] measured amino acid levels in cerebrospinal fluid and found that gluta-
mate and methionine were increased in mice that ingested theanine. Shen et al. [30] mea-
sured monoamine levels in the limbic-cortical-striatal-pallidal-thalamic circuit in stressed
mice. We showed the data of methionine and glutamate in the hippocampus (Supple-
mentary Table S1), but these results could not be compared due to different experimental
conditions.

Npas4 regulates the formation and maintenance of inhibitory synapses in response to
excitatory synaptic activity [7,31]. On the basis of our previous data [4], we focused on the
levels of excitatory and inhibitory neurotransmitters, glutamate and 'y-aminobutyric acid
(GABA), but significant change was not observed (Supplementary Table S1).

Histamine has strong effects on the excitability in the hippocampus, and histamine
release is enhanced by a variety of stressors [32]. The synthesis of histamine is under
the control of inhibitory Hj autoreceptors located on histamine neurons [33]. However,
theanine intake significantly suppressed histamine levels in the SAMP10 mice under con-
frontational housing, suggesting that the histaminergic system was an important target
for theanine. In addition, histamine is strongly suggested to have a pivotal role in the
regulation of sleep and wakefulness via H; or Hj receptor [33]. Theanine has been sug-
gested to improve sleep quality based on actigraph-based sleep studies [34] and based
on the Pittsburgh Sleep Quality index [35], but the mechanism remains unclear. The high
histamine levels in the SAMP10 mice could not be explained by HDC expression levels,
as HDC expression in the hypothalamus was higher in the ddY mice than in the group
reared SAMP10 mice. Further research is needed on the effects of theanine on histaminergic
nerves.

Histidinol is dehydrogenated to histidine, suggesting that elevated histidinol levels in
the SAMP10 mice may be partly involved in elevated histamine levels. In addition, 2,4-
diaminobutyric acid has been reported to inhibit neuronal GABA transport [36]; GABA is a
main inhibitory transporter. GABA levels did not differ at all in these mice (Supplementary
Table S1), but increased levels of histamine, histidinol, and 2,4-diaminobutyric acid may
make the balance between excitability and inhibitory states predominantly excitatory. It
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has been reported that longevity is dynamically regulated by the excitatory—inhibitory
balance of neural circuits [37]. Increased excitation may have contributed to the shortened
lifespan of confrontational-housing SAMP10 mice [3].

5-Methoxytryptamine is an agonist of serotonin receptors. Although increased levels
of 5-methoxytryptamine may enhance the stress-related adaptive behavioral responses [38],
its role is currently unknown.

Put and Orn are metabolites of arginine (Arg), a semi-essential amino acid that is
metabolized to form a number of bioactive molecules such as nitric oxide (NO) [39].
Arg is hydrolyzed by arginase to Orn, and Orn becomes Put by ornithine decarboxylase.
Polyamines containing Put, spermidine, and spermine are essential for normal cellular
function such as neurogenesis and aging [40]. Orn was significantly increased with theanine
intake in the SAMP10 mice under confrontational housing and tended to be increased
under group housing. In the SAMP10 mice, it was suggested that Orn synthesis was
increased by increased expression of arginase by theanine ingestion. Orn has been reported
to have an antistress effect [41]. In addition, the antistress effect of Arg has been confirmed
in mice [42]. While the level of Orn was lower than that of Arg in the hippocampus, the
increase in Orn with theanine intake may be important.

Adenosine is present in all nervous cells containing neurons and glia, and it modu-
lates to lead to the homeostatic coordination of brain function [43]. Adenosine activates
membrane-located G-protein coupled receptors. The Al receptor is an inhibitory receptor
coupled with Gi/o proteins, and the A2A receptor is an excitatory receptor coupled with
Gs proteins [44]. It has been reported that chronic stress altered adenosine metabolism in
a zebrafish brain [45]. However, the expression levels of adenosine and Put were further
reduced by the ingestion of theanine under confrontational-housing conditions in the
SAMP10 mice. These results suggest that changes in adenosine and Put are not important
in the antidepressant action of theanine in the SAMP10 mice. The levels of GMP were
lower in the SAMP10 mice than in the ddY mice, but the metabolic role in stress sensitivity
is currently unknown.

Summarizing the above, when hippocampal metabolites were compared between
the SAMP10 and ddY mice that were stressed for one month, Kyn and histamine were
higher in the SAMP10 mice than in the ddY mice. On the one hand, their expression
was suppressed in the SAMP10 mice that had ingested theanine under confrontational
housing, on the other hand, the expression of carnosine increased in SAMP10 mice that had
ingested theanine during stress loading. In addition, Orn was increased in the SAMP10
mice through increased expression of arginase by ingestion of theanine. These metabolic
changes were well correlated with the improvement in depression-like behavior in SAMP10
mice with theanine intake under chronical stress.

Actually, theanine has been reported to have beneficial effects on depressive disorder,
anxiety, sleep disorders, and cognitive decline in patients with major depressive disorder,
and on stress-related symptoms and cognitive functions in healthy adults [35,46]. The
results of our study are considered to be important clues for elucidating how theanine acts
in the brain to ameliorate stress-related symptoms.

This study has some limitations. First, the brain metabolites examined in this study
mainly focused on 60 metabolites, which were amine-mediated metabolites based on the
pathophysiology of the brain in Alzheimer’s disease. The second was that the amount
of neurotransmitters actually released, such as glutamate and GABA, was not always
parallel to the amount of hippocampal metabolites, making it impossible to directly assess
the balance between excitation and inhibition. The third was that the evaluation of the
stress-loaded period was only one month based on the stress period in which the degree of
brain atrophy was most prominently observed after stress loading. However, it is necessary
to consider different stress loading periods in the future.
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4. Materials and Methods
4.1. Animals and Theanine Preparation

Four-week-old male SAMP10 (SAMP10-ASglt2) and ddY (Slc:ddY) mice were pur-
chased from Japan SLC Co. Ltd. (Shizuoka, Japan) and kept in conventional conditions
in a temperature- and humidity-controlled room with a 12-12 h light-dark cycle (light
period 08.00-20.00, temperature 23 &= 1 °C, relative humidity of 55 &= 5%). Mice were fed a
normal diet (CE-2; Clea Co. Ltd., Tokyo, Japan) and water ad libitum. All experimental
protocols were approved by the University of Shizuoka Laboratory Animal Care Advisory
Committee (approval no. 136068 and 195241) and were in accordance with the guidelines
of the U.S. National Institutes of Health for the Care and Use of Laboratory Animals.

L-Theanine (suntheanine; Taiyo Kagaku Co. Ltd., Yokkaichi, Japan) was used at
20 pg/mL normal tap water, according to previous data [3,5]. Mice consumed a theanine
solution ad libitum. The theanine solution was freshly prepared twice a week. The mouse
intake of theanine was equivalent to 6 mg/kg.

4.2. Housing Conditions for Stress Experiments

Four-week-old mice were housed in groups of six per cage for five days to habituate
them to novel conditions. Then, mice were divided into two groups, namely, confronta-
tional and group housing, according to a previously described method (Figure 3) [3]. In
brief, for confrontational housing, a standard polycarbonate cage was divided into two
identical subunits by a stainless steel partition. Two mice were housed in the partitioned
cage for one month to establish territorial consciousness (single housing). These mice were
further divided into two groups that ingested theanine or control water. Then, the partition
was removed to expose the mice to confrontational stress, and the two mice subsequently
cohabited in the same cage for one month (confrontational housing). Mice were classified
as follows: mice that ingested theanine under confrontational housing, mice that ingested
control water under confrontational housing, mice that ingested theanine under group
housing, and mice that ingested control water under group housing. The cages were placed
in a styrofoam box (width 30 cm, length 40 cm, and height 15 cm) in order to avoid visual
social contact between cages.

4.3. Measurement of Metabolites by Ultrahigh Liquid Chromatography-Tandem Mass
Spectrometry (UHPLC-MS/MS)

The metabolite analytes and internal standards (stable isotope) were obtained from
Wako Pure Chemical Co. (Osaka, Japan), Kanto Chemicals (Tokyo, Japan), Tokyo Kasei
Co., Ltd. (Tokyo, Japan), Sigma-Aldrich (Buchs, Switzerland), and Cambridge Isotope
Laboratories (Andover, USA). In addition, other regents, such as derivatization and mobile
phase, were obtained from Wako Pure Chemical Co. (Osaka, Japan). In this study, we used
an ACQUITY ultraperformance liquid chromatography system (UPLC-H class; Waters,
MA, USA) coupled to a Xevo TQD triple quadrupole mass spectrometer equipped with an
electrospray ionization source and positive mode. Reversed-phase analysis was performed
using an ACQUITY UPLC BEH C18 column (1.7 um, 2.1 x 150 mm; Waters) at 50 °C. An
injection volume of 5 uL was used, and the total run time of analysis was 10 min using
a mobile phase based on 0.1% formic acid in water and 0.1% formic acid in acetonitrile.
Detailed information is shown in a previous report [47].

Mice were anesthetized with isoflurane, and blood was removed from the jugular vein.
The brain was carefully dissected, and the hippocampus was immediately frozen. Three or
four mice in each group were used for analysis. The brain-tissue sample (ca. 20 mg) was
added to 1 mL of water/methanol (3:7, v/v) and internal standards (20 uL). The extraction
solution with two zirconia beads (3.0 mm) in the tubes was homogenized for 10 min
by a Shake Master and centrifuged at 15,000 rpm for 5 min at 4 °C for deproteinization.
Then, the supernatant (500 uL) was transferred to 100 pL 0.1 M NaHCO;3; (pH 9.0) and
derivatized with an equal volume of 40 mM 9-fluorenylmethyl chloroform for 10 min at
room temperature. Derivatization was halted by adding 1% formic acid (100 pL). Then, the
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solution was removed using a centrifugal evaporator, and residue was dissolved in 100 pL
of 0.1% formic acid in water/acetonitrile (1:1, v/v). Solutions were vortexed, and 5 uL of
each was analyzed by UHPLC-MS/MS.

4.4. Principal Component Analysis

Principal component analysis (PCA) was performed on the metabolites to compare the
effects of theanine intake on controls under group or confrontational housing. To reduce
the effects of individual variability among samples, PCA axes were estimated on a matrix
of each group’s sample means and applied to all data [48].

4.5. Tail-Suspension Test

To investigate behavioral depression, the 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). Immobility behavior was observed for 15 min, as described
previously [5,49]. Mice were considered to be immobile only when they hung passively and
were completely motionless. The immobility time for the final five minutes was compared
between SAMP10 mice under group or confrontational housing to examine the effect of
theanine intake. Observation was similarly performed for five minutes in ddY mice. Since
the optimal observation time differed depending on the mouse strain, the SAMP10 and
ddY mice could not be compared, but the effect of housing condition on depression-like
behavior within the same strain could be compared.

4.6. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

The mice were anesthetized with isoflurane and blood was removed from the jugular
vein. The brain was carefully dissected, and the hippocampus and hypothalamus were
immediately frozen. The brain sample was homogenized, and total RNA was isolated using
a purification kit (NucleoSpin® RNA, 740955, TaKaRa Bio Inc., Shiga, Japan), in accordance
with the manufacturer’s protocol. The obtained RNA was converted to cDNA using
the PrimeScript® RT Master Mix kit (RR036A, Takara Bio Inc., Shiga, Japan). Real-time
quantitative RT-PCR analysis was performed using the PowerUp™ SYBR™ Green Master
Mix (A25742, Applied Biosystems Japan Ltd., Tokyo, Japan) and automated sequence
detection systems (StepOne, Applied Biosystems Japan Ltd., Tokyo, Japan). Relative gene
expression was measured by previously validated primers for IDO and TDO [50], HDC [51],
and arginase [52] genes. The primer sequences were mentioned in Table 3. cDNA derived
from transcripts encoding {3-actin was used as the internal control.

Table 3. Sequence of primers used in qRT-PCR analysis.

Gene Forward Sequence Reverse Sequence Ref.

IDO GGGCTTCTTCCTCGTCTCTC TGGATACAGTGGGGATTGCT [50]
TDO TCCAGGGAGCACTGATGATA CTGGAAAGGGACCTGGAATC [50]
HDC CGTGAATACTACCGAGCTAGAGG  ACTCGTITCAATGTCCCCAAAG [51]
Arginase CATGGGCAACCTGTGTCCTIT TCCTGGTACATCTGGGAACTTTC  [52]

4.7. Statistical Analyses

With SAMP10 or ddY, only substances with a p-value less than 0.05 in the housing
condition or theanine treatment were selected and applied to PCA to reduce experimental
noise. To cancel individual differences in the samples, the axes were calculated from the
mean for each group and applied to all data [53]. Each substance log data were centered
prior to PCA. Values of PCs were scaled [54]. Confidence intervals and significance of
differences in means were estimated by using Fisher’s least significant difference test.

5. Conclusions

Increased Kyn and decreased carnosine levels are associated with depression-like
behavior in SAMP10 mice. An increased histamine level may be a reason for the shortened
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lifespan of stress loaded SAMP10 mice. In addition, an increase in Orn due to theanine
intake may have a role in stress reduction. Theanine was indicated to reduce stress
vulnerability by correcting those metabolic alterations.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/1/193/s1. Table S1: Metabolite levels measured in the hippocampus of SAMP10 and ddY
(nM/mg).
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Abbreviations

Arg Arginine

CMP Cytidine monophosphate

GABA y-Aminobutyric acid

GMP Guanosine monophosphate

HDC Histidine decarboxylase

IDO Indoleamine-2,3-dioxygenase

Kyn Kynurenine

Lcn2 Lipocalin 2

NO Nitric oxide

Npas4 Neuronal PAS domain protein 4

Orn Ornithine

PC Principal component

PCA Principal component analysis

Put Putrescine

SAMP10 Senescence-accelerated mice prone 10

Trp Tryptophan

TDO Tryptophan-2,3-dioxygenase

UHPLC-MS/MS  Ultra-high performance liquid chromatography-tandem mass spectrometry
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Abstract: Senescence-accelerated mouse prone 10 (SAMP10) mice, after ingesting green tea catechins
(GT-catechin, 60 mg/kg), were found to have suppressed aging-related decline in brain function.
The dose dependence of brain function on GT-catechin indicated that intake of 1 mg/kg or more
suppressed cognitive decline and a shortened lifespan. Mice that ingested 1 mg/kg GT-catechin
had the longest median survival, but the dose was less effective at suppressing cognitive decline.
The optimal dose for improving memory acquisition was 60 mg/kg, and memory retention was
higher in mice that ingested 30 mg/kg or more. To elucidate the mechanism by which cognitive
decline is suppressed by GT-catechin, changes in gene expression in the hippocampus of SAMP10
mice one month after ingesting GT-catechin were analyzed. The results show that the expression of
immediate-early genes such as nuclear receptor subfamily 4 (Nr4a), FBJ osteosarcoma oncogene (Fos),
early growth response 1 (Egr1), neuronal PAS domain protein 4 (Npas4), and cysteine-rich protein 61
(Cyr61) was significantly increased. These results suggest that GT-catechin suppresses age-related
cognitive decline via increased expression of immediate-early genes that are involved in long-term
changes in plasticity of synapses and neuronal circuits.

Keywords: green tea catechin; cognitive function; immediate-early gene; lifespan; SAMP10

1. Introduction

Senescence-accelerated mouse prone 10 (SAMP10) mice that ingested green tea catechins
(GT-catechin, 60 mg/kg) were found to have suppressed aging-related decline in brain function [1,2].
SAMP10 mice used in this study had characteristic accelerated senescence and age-related cognitive
decline [3,4]. Since SAMP10 mice generate more superoxide anions, a reactive oxygen species (ROS),
than SAMR1 mice, which have the same genetic background but a normal lifespan, oxidative damage
is considered to be a factor that promotes brain aging [5]. In fact, mice that consumed GT-catechin
at this dose had increased activity of glutathione peroxidase and reduced brain peroxidation [6,7].
However, ROS generation was not suppressed even in mice that consumed GT-catechin (unpublished
data). GT-catechin may also suppress brain aging via another pathway other than the suppression of
oxidative damage.

Since the daily concentration of GT-catechin ingested by Japanese people is about 0.3-0.6 mg/mL,
for animal experiments a dose of about one-third that concentration was tried, considering the
effects of species differences. When SAMP10 mice (average body weight 33 g) drank 10 mL/day
of water containing GT-catechin (0.2 mg/mL), catechin intake was 60 mg/kg. GT-catechin contains
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epigallocatechin gallate (EGCG) as the main catechin, followed by epigallocatechin (EGC). We found
that EGCG is important for suppression of cognitive decline [7]. In addition, learning time was
significantly shorter in mice that ingested EGCG for 5 months and more than in age-matched control
mice, while the difference in starting age of EGCG ingestion had little effect on learning ability [8].
A shorter ingestion period of two or three months tended to suppress the decrease in learning ability [8].
It seems that catechin intake needs to be continued for a certain length of time.

Furthermore, we speculated that EGCG could be absorbed into the brain parenchyma via the
blood-brain barrier, thereby promoting neuronal differentiation [7]. However, since the blood-brain
barrier permeability of EGCG is about 4% and the concentration of EGCG in the brain is considerably
lower than in the periphery, the effects of catechins may be different in the brain and in the periphery.
In this study, we investigated the effects of GT-catechin on cognitive function and longevity at
concentrations of 1-60 mg/kg.

The effects of flavonoids containing EGCG on lifespan in nematodes, flies, and mice have been
reviewed [9]. Studies with mutant nematodes and flies gave us new information about genes regarding
longevity regulated by catechins. Xiong et al. reported that EGCG promotes nematode longevity by
inducing ROS production and triggering mitochondrial biosynthesis [10]. Mice have longer lifespans
than nematodes and flies, and therefore take a longer time to study, but can provide important evidence
to examine the effects of catechins on the human lifespan.

Regarding the effects of catechins on cognitive function, improvements have been reported in
Alzheimer’s disease model mice [11-14], Down syndrome model mice [15], high-fat and high-fructose
diet ingesting mice [16], a rat model with reduced cerebral blood flow [17], mice with stress-induced
cerebral dysfunction [18], a streptozotocin-induced model of dementia [19], and post-traumatic brain
injury [20]. On the other hand, there are some reports that EGCG intake did not affect cognitive
function, for example, in mice that had induced inflammation [21], in a Down syndrome mouse
model [22], and in aged mice that were given beta-alanine [23]. Where does this difference come from?
The antioxidative activity of catechins has been explored for their protective effects in a variety of
systems [24]. In addition, neurogenesis in the adult hippocampus is critically involved in adult brain
function, and EGCG has been reported to promote adult hippocampal neurogenesis [25]. Furthermore,
it has been reported that EGCG plays an important role in the development of the nervous system,
in forming connections between neurons [26]. Therefore, we comprehensively investigated gene
expression changes in the hippocampus of mice ingesting catechins.

2. Results

2.1. Effect of GT-Catechin Ingestion on Lifespan

SAMP10 mice are susceptible to aging and have a shorter lifespan than SAMR1 and other mouse
strains. Although the median survival time (MST) was 10.8 months under conventional conditions,
it was significantly prolonged in mice that ingested more than 1 mg/kg of GT-catechin (Figure 1).
The longest MST was observed in mice that ingested GT-catechin at 1 mg/kg (Table 1). This was
1.59 times longer than the MST of control mice.

MST was 15.3 months in mice that ingested GT-catechin at a concentration range of 5-30 mg/kg.
This was 1.42 times longer than the MST of control mice. In mice that ingested GT-catechin at 60 mg/kg,
MST was 1.26 times longer than that of control mice.
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Figure 1. Effect of catechin ingestion on longevity of SAMP10 mice that consumed GT-catechin in
water from 1 month of age. GT-catechin solution was freshly prepared twice a week. Three groups of
36 mice each consumed 0 (control), 15, and 60 mg/kg of GT-catechin. Another 3 groups of 24 mice each
consumed 1, 5, and 30 mg/kg of GT-catechin.

Table 1. Effect of green tea catechin (GT-catechin) ingestion on median survival time (MST) of
senescence-accelerated mouse prone 10 (SAMP10) mice.

i MST
GT-Catechin (Months) p-Value
(mg/kg) Month Ratio
0 10.8 1.00 -
1 17.2 1.59 0.027 *
5 153 1.42 0.272
15 15.3 1.42 0.082
60 13.6 1.26 0.880

p-value is based on log-rank test. * p < 0.05.

2.2. Memory Acquisition, Memory Retention, and Working Memory

To evaluate memory acquisition, the time for learning not to enter a dark room was measured
when mice were 11 months old using a step-through passive avoidance task. A longer learning time
implies lower learning ability. The dose-dependency of GT-catechin was examined. Learning time was
significantly shorter in mice that ingested 1 mg/kg or more of GT-catechin than in control mice that

ingested no GT-catechin (Figure 2). The time for learning was shortest in mice that ingested 15 mg/kg
of GT-catechin.
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Figure 2. Effect of GT-catechin ingestion on learning ability of SAMP10 mice. A step-through passive
avoidance task was carried out using 11-month-old mice. When a mouse entered a dark chamber
from a light chamber, the door was closed and an electric foot-shock was delivered at 50 pA for 1 s.
Acquisition of the avoidance response was judged as 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. This result from successive trials was summed for each mouse to give a measure of the time
required for learning not to enter the light chamber (i.e., learning time) (n = 16-24; * p < 0.05 to control,
#p < 0.05 to mice that ingested 1 mg/kg).

Memory retention ability was measured at 12 months of age. To evaluate memory retention, mice
were examined by the step-through passive avoidance task 1 month later. Long-term memory was
better in mice that ingested a higher concentration of GT-catechins. The ratio of mice that consumed
30 mg/kg of GT-catechin tended to be higher compared to control mice (p = 0.060), and the ratio of mice
that consumed 60 mg/kg of GT-catechin was significantly higher compared to control mice (p = 0.024)
(Table 2).

Table 2. Effect of catechin ingestion on long-term memory of 12-month-old SAMP10 mice.

Ratio p-Value
0 0.567 o
1 0.583 0.533
5 0.720 0.186
15 0.737 0.185
30 0.800 0.060
60 0.833 0.024 *

One month after the step-through passive avoidance task, the same test was performed on the mice. If a mouse was
able to stay in the light chamber for 300 s, then memory was determined to have been retained. The ratio represents
memory-retained mice/tested mice (n = 19-36; *, p < 0.05).

The working memory of 11-month-old SAMP10 mice was examined using a Y-maze. This test
is based on the natural instinct of a mouse to investigate a new area rather than one that it has just
searched. This spontaneous alternative behavior is an index of working memory. When the searching
behavior of the mice was observed, no effect was found in mice that ingested less than 5 mg/kg of
GT-catechin. However, the spontaneous alternative ratio increased in a dose-dependent manner in
mice that ingested more than 15 mg/kg of GT-catechin. A significant effect was observed in mice that
ingested 30 mg/kg or more of GT-catechin (Figure 3).
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Figure 3. Effect of GT-catechin ingestion on working memory of 11-month-old SAMP10 mice. Searching
behavior was observed in a Y-maze. The number of occasions in which spontaneous alternation behavior
was observed was counted and the ratio of alternation was calculated as follows: (number of arm
entries showing spontaneous alternation)/(total number of arm entries — 2) (n = 18-21; * p < 0.05)

2.3. Transcriptome

The hippocampi of two-month-old mice that ingested GT-catechin for one month were used for
analysis. DNA microarray data of GT-catechin, which were obtained using high-density oligonucleotide
microarrays, showed 605 positive genes based on two-way ANOVA (p < 0.001). The top 20 genes that
were significantly upregulated following the ingestion of GT-catechin are listed in Table 3. Growth
hormone (Gh) is synthesized in the central nervous system and is critical for neural development [27].
Among these 20 genes, early growth response 2 (Egr2), activity regulated cytoskeletal-associated
protein (Arc), nuclear receptor subfamily 4, groupA, member 1 (Nr4al), FBJ osteosarcoma oncogene
(Fos), neuronal PAS domain protein 4 (Npas4), early growth response 1 (Egrl), and cysteine rich
protein 61 (Cyr61) are immediate-early genes (IEGs) [28-30]. Dual specifificity phosphatase 1 (Dusp1)
is reported to be an IEG in sensory neurons [31]. GTP-binding protein (Gem) promotes morphological
differenciation in neurons [32]. Heat shock protein 1A (Hspa 1a) and heat shock protein 1 (Hspb1) are
involved in stress and cell differentiation [33,34]. Cysteine-rich EGF-like domains 2 (Creld2) and stromal
cell-derived factor 2-like 1 (Sdf211) play a role in endoplasmic reticulum (ER) homeostasis [35,36].
Period homolog 1 (Perl), a circadian clock gene, is critical for long-term memory formation [37].

2.4. Effect of GT-Catechin Intake on the IEG Levels

The increase in IEGs (Egr2, Arc, Nr4al, Fos, Npas4, Egrli and Cyr61) was confirmed by qRT-PCR.
The degree of gene expression in the hippocampus and prefrontal cortex of mice that ingested
GT-catechin for one, five, or 11 months was compared with control mice of the same age (two, six, and
12 months of age, respectively). The expression levels of IEGs (Nr4al, Fos, Npas4, Egr1, and Cyr61)
increased significantly in the hippocampi of two-month-old mice that ingested GT-catechin, but the
difference was lower in six-month-old mice and was not observed in 12-month-old mice (Figure 4).
Egr2 was not significantly increased (p = 0.08) but tended to be higher in two-month-old mice that
ingested GT-catechin compared to age-matched controls. Arc was not significantly higher than the
age-matched controls. In the prefrontal cortex, effects of GT-catechin ingestion and aging on the
expression of IEGs were not observed (data are not shown). Although the increase of Gh expression
following catechin intake was interesting, there were large individual differences in the expression
levels of Gh (data not shown).
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Table 3. Upregulated genes in hippocampi of mice that ingested GT-catechin (60 mg/kg): top 20.

484

Symbol. Full Name AZ p
Gh growth hormone 0.5621 4.55x 1077
Egr2 early growth response 2 0.3793 1.32x 107
Arc activity regulated cytoskeletal-associated protein 0.2996 249 x 1073
Nr4al nuclear receptor subfamily 4, group A, member 1 0.2858 1.79 x 10737
Fos FBJ osteosarcoma oncogene 02497  431x 10720
Egrl early growth response 1 0.2216 1.56 x 10728
Duspl dual specificity phosphatase 1 0.2123 1.07 x 1072
Gem GTP binding protein (gene overexpressed in skeletal muscle) 0.1948 121 x 10712
Hspala heat shock protein 1A 0.1916 1.28 x 10711
Rtl1 retrotransposon-like 1 0.1847 8.34x 1078
Hspala heat shock protein 1A 0.1827 8.76 x 10722
Hspbl heat shock protein 1 0.1795 3.10 x 1077
Npasd neuronal PAS domain protein 4 0.1735  7.10x 10712
Cyr6l cysteine rich protein 61 0.1687 1.93 x 10710
Creld2 cysteine-rich with EGF-like domains 2 0.1674 1.34 x 10714
Perl period homolog 1 (Drosophila) 0.1671 543 x 1071
Uncl3c unc-13 homolog C (C. elegans) 0.1559 413 x 1075
Hey2 hairy/enhancer-of-split related with YRPW motif 2 0.1551 1.21 x 1072
Agxt2l alanine-glyoxylate aminotransferase 2-like 1 0.1526 0.000375
Sdf211 stromal cell-derived factor 2-like 1 0.1503 1.09 x 1078
AZ = expression level (catechin—control)
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Figure 4. Expression of immediate-early genes (IEGs) in hippocampi of mice that ingested GT-catechin
(60 mg/kg) and controls (n = 6, * p < 0.05).

3. Discussion

We examined how much GT-catechin intake is needed to prevent age-related cognitive decline.
After examining the learning (memory acquisition) ability by a step-through passive avoidance task, the
results showed that the intake of GT-catechin at 1 mg/kg or more showed a significant improvement, and
that mice that consumed 15 mg/kg of GT-catechin had the best results (Figure 2). Long-term memory
(memory retention) ability, as assessed by the step-through passive avoidance task performed one
month later, increased with increasing concentrations of GT-catechin, with a significant improvement
observed when 60 mg/kg of GT-catechin was consumed (Table 2). Working memory, as evaluated by
the alternative ratio using a Y-maze, increased significantly when 30 mg/kg or more of GT-catechin was
consumed (Figure 3). Taken together, these results suggest that GT-catechin intake of at least 1 mg/kg
or more suppresses aging-related cognitive decline in SAMP10 mice.

MST increased significantly (1.6-fold) when 1 mg/kg of GT-catechin was consumed relative to the
control group, and increased 1.3-fold when 60 mg/kg was consumed. High doses of GT-catechin are not
required to suppress the shortening of longevity in SAMP10 mice. There was no change in maximum
lifespan. Antioxidants can control autoxidation, reduce oxidative stress, and subsequently increase
healthy longevity [38]. In fact, oxidative stress (the level of 8-oxodeoxyguanosine) was significantly
lower in the liver and kidney of mice that consumed GT-catechin than age-matched control mice (data
not shown). However, the effects on longevity may not be fully explained by antioxidant activity alone,
as mice that ingested 1 mg/kg GT-catechin rather than 60 mg/kg had a longer lifespan. Since catechin
has both antioxidant and pro-oxidant properties [39], GT-catechin may promote mouse longevity as in
nematodes, by inducing ROS production and triggering mitochondrial biosynthesis [10]. In addition,
it has been suggested that 4%-5% of GT-catechin in the blood reaches the brain parenchyma via the
blood-brain barrier [40]. Therefore, differences in brain and peripheral GT-catechin levels can have
different effects on cognitive function and longevity in SAMP10 mice. Further investigation is needed
to elucidate the mechanism of GT-catechin in terms of its effects on longevity.
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In any case, this study revealed that intake of GT-catechin at a dose of 1 mg/kg or more per day
tends to improve both age-related cognitive decline and lifespan shortening. Whether this dose is
directly applicable to humans is not yet known. However, since GT-catechin in green tea eluate is
30-60 mg/100 mL, drinking at least 1-2 cups of green tea every day might benefit the suppression of
aging-related cognitive decline and lifespan shortening. Indeed, some epidemiological studies have
shown that consuming green tea daily reduces the risk of dementia [41], and frequent consumption
of green tea (<5 cups/day) reduces the risk of developing dementia [42]. A study of the relationship
between green tea intake and the risk of mortality in Japanese men and women showed that the risk of
mortality decreases as green tea consumption increases [43].

Next, the mechanism to suppress age-related cognitive decline in mice that ingested GT-catechin
was examined. Studies using cultured neurons suggest that EGCG has a stronger effect on neurite
outgrowth than EGC [7]. Neurons transmit information by expanding neurites and forming synapses,
therefore, the effect of EGCG on neurite outgrowth is noteworthy. To clarify the target of GT-catechin
in the brain, we examined changes in gene expression that occurred in the hippocampus of mice that
ingested GT-catechin.

DNA microarray and qRT-PCR results indicate that the expression of some IEGs (Nr4al, Fos, Egr1,
Npas4, and Cyr61) was significantly increased in two-month-old mice that ingested GT-catechin for
one month. Increased expression of three of these IEGs (Fos, Egr-1, and Npas4) plays a key role in
long-term synaptic plasticity [44]. In addition, Npas4 is thought to regulate excitatory and inhibitory
balance within circuits. Nr4al is a key component that regulates the density and distribution of spines
and synapses [45], and has been reported to be involved in the suppression of age-related decline
in brain function [46]. Furthermore, Cyr61 is needed for the dendritic arborization of hippocampal
neurons [30]. Increased expression of these IEGs is considered to increase synaptic plasticity, leading to
the maintenance and improvement of learning and memory ability. IEGs are endogenous genes whose
expression is first induced in response to extracellular stimuli, and their expression is widely used as a
marker of neural activity. Increased expression of IEGs was more pronounced in the hippocampus than
in the prefrontal cortex, suggesting that it is important for hippocampal function. The transcription
of many IEGs in neurons is initiated by calcium ion influx associated with synaptic activity and
action potential [47]. It has also been reported that EGCG modulates calcium signals in hippocampal
neurons [48,49]. These data suggest that EGCG incorporated into the hippocampus stimulates IEG
expression by causing an increase in intracellular calcium ions in nerve cells.

In conclusion, GT-catechin, mainly EGCG, suppressed age-related cognitive decline and lifespan
shortening. The expression of some IEGs was increased in the hippocampi of mice that ingested
GT-catechin. The common factor that causes increased expression of these IEGs may be an increase in
calcium ions in neurons triggered by EGCG.

4. Materials and Methods

4.1. Animals

Four-week-old male SAMP10/TaSlc (SAMP10) mice were purchased from Japan SLC Co. Ltd.
(Shizuoka, Japan) and kept in conventional conditions in a temperature- and humidity-controlled
room with a 12 h-12 h light-dark cycle (light period, 08:00-20:00; temperature, 23 + 1 °C; relative
humidity, 55 + 5%). Mice were fed with a normal diet (CE-2; Clea Co. Ltd., Tokyo, Japan) and water
ad libitum. Mice were housed in groups of 6 per cage. All experimental protocols were approved by
the University of Shizuoka Laboratory Animal Care Advisory Committee (approval no. 136068) and
were in accordance with the guidelines of the US National Institutes of Health for the care and use of
laboratory animals.
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4.2. Experimental Design

For the experiment, 180 mice were prepared and divided into 6 groups containing a control.
Six mice were housed per cage. These mice were used for measurement of cognitive function and
longevity. Three groups of 36 mice each consumed GT-catechin (Sunphenone BG; Taiyo Kagaku Co.
Ltd., Yokkaichi, Japan) in water at concentrations of 0, 50, and 200 pg/mL from 1 month of age. These
mice (body weight 30-35 g) drank about 10 mL of water daily. This intake of GT-catechin corresponds
to 0, 15, and 60 mg/kg, respectively. Another 3 groups of 24 mice each consumed GT-catechin in water
at concentrations of 3.3, 17, and 100 pg/mL from 1 month of age. These concentrations correspond to
1, 5, and 30 mg/kg, respectively. Mice consumed GT-catechin solution, which was freshly prepared
twice a week. The amount of GT-catechin water consumed by mice was measured and the GT-catechin
intake was calculated.

Another 48 mice were used for DNA microarray analysis and quantitative real-time reverse
transcription PCR (qRT-PCR). The mice consumed GT-catechin in water at a concentration of 200 ug/mL
(60 mg/kg). Sunphenone BG contains several catechins: 40.7 w/w% EGCG, 17.4 w/w% EGC, 12.3 w/w%
ECG, 7.6 w/w% EC, 3.1 w/w% gallocatechin, 1.9 w/w% catechin, and 1.7 w/w% gallocatechin gallate.
The remaining portion consists of some other catechins from green tea. Sunphenone BG does not
contain caffeine.

4.3. Memory Acquisition and Retention Tests

A step-through passive avoidance task was carried out using 11-month-old mice as described
previously [1,2]. In brief, when a mouse entered a dark chamber from a light chamber, the door was
closed and an electric foot-shock was delivered at 50 pA for 1 s (SGS-003, Muromachi Kikai Co., Ltd.,
Tokyo, Japan). Acquisition of the avoidance response was judged as successful if the mouse remained
in the light chamber for 300 s. The trial was repeated until the mouse satisfied the acquisition criterion
within 5 trials. The time that a mouse could not stay in the light chamber, i.e., the time spent in the
dark chamber in a 300 s trial, was recorded. The results from successive trials were summed for each
mouse to give a measure of the time required to learn not to enter the light chamber (i.e., “learning
time”). One month later, the same test was performed on the mice. If the mouse was able to stay in the
light chamber for 300 s, retention of the avoidance response was determined to be successful. The ratio
was obtained as memory-retained mice/tested mice.

4.4. Working Memory

Searching behavior was observed in a Y-maze (MYM-01M; Muromachi Kikai Co., Ltd.).
The positions of arms that a mouse entered and the number of times it entered them was observed
for 8 min, as described previously [1]. “Alternation behavior,” i.e., entering the 3 different arms
successively, is considered to reflect working memory capacity. The number of occasions on which
spontaneous alternation behavior was observed was counted and the “ratio of alternation” was
calculated as follows: (number of arm entries showing spontaneous alternation)/(total number of arm
entries - 2).

4.5. Measurement of DNA Microarray and Principal Component Analysis

The mice were housed in groups of 6 for 1 month and ingested water containing green tea catechin
or nothing (control). Every three mice 2 months of age were anesthetized with isoflurane and blood was
removed from the jugular vein. The hippocampus was removed and frozen immediately. Total RNA
was extracted from the hippocampus using an RNeasy Mini Kit (74104, Qiagen, Valencia, CA, USA).
Total RNA was processed to synthesize biotinylated cRNA using One-Cycle Target Labeling and Control
Reagents (Affymetrix, Santa Clara, CA, USA) and then hybridized to a Total RNA Mouse Gene 1.0 ST
Array (Affymetrix), with 3 biological repeats per group. Raw data were parametrically normalized [50]
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by using the SuperNORM data service (Skylight Biotech Inc., Akita, Japan). The significance of
GT-catechin ingestion was statistically tested by two-way ANOVA [51] at p < 0.001.

To compare the effects of GT-catechin ingestion, we performed principal component analysis
(PCA) [52] on ANOVA-positive genes [53]. To reduce the effects of individual variability among
samples, the axes of PCA were estimated on a matrix of each group’s sample means and applied to all
data, which were centered using the sample means of control mice.

4.6. Quantitative Real-time Reverse Transcription PCR (qRT-PCR)

Mice 2, 6, and 12 months of age that ingested water containing GT-catechin (60 mg/kg) or not
were used for this analysis. Mice were anesthetized with isoflurane and blood was removed from
the jugular vein. The brain was carefully dissected and the hippocampus and prefrontal cortex
were immediately frozen. The brain sample was homogenized, and total RNA was isolated using a
purification kit (NucleoSpin®®® RNA, 740955, TaKaRa Bio Inc., Shiga, Japan) in accordance with the
manufacturer’s protocol. The obtained RNA was converted to cDNA using the PrimeScript®®® RT
Master Mix kit (RRO36A, Takara Bio Inc.). gRT-PCR analysis was performed using the PowerUp™
SYBR™ Green Master Mix (A25742, Applied Biosystems Japan Ltd., Tokyo, Japan) and automated
sequence detection systems (StepOne, Applied Biosystems Japan Ltd.). Relative gene expression
was measured by previously validated primers for EQr2 [54], Arc [55], Nr4al [56], Fos [57], Egr1 [58],
Npas4 [59], and Cyr61 [60] genes (Table 4). cDNA derived from transcripts encoding (3-actin was used
as the internal control.

Table 4. Primer sequences for qRT-PCR.

Gene Forward Sequence (5'-3") Reverse Sequence (5'-3') Ref.
Egr2 CTACCCGGTGGAAGACCTC AATGTTGATCATGCCATCTCC [54]
Arc ACGATCTGGCTTCCTCATTCTGCT AGGTTCCCTCAGCATCTCTGCTTT [55]

Nr4al CTGCCTTCCTGGAACTCTTCA CGGGTTTAGATCGGTATGCC [56]
Fos AAGTAGTGCAGCCCGGAGTA CCAGTCAAGAGCATCAGCAA [57]
Egrl CCTTCCAGTGTCGAATCTGCAT ACAAATGTCACAGGCAAAAGGC [58]

Npas4 AGCATTCCAGGCTCATCTGAA GGCGAAGTAAGTCTTGGTAGGATT [59]

Cyr61 CCCCCGGCTGGTGAAAGTC ATGGGCGTGCAGAGGGTTGAAAAG [60]

4.7. Statistical Analysis

Statistical analysis for cognition activity was performed using one-way ANOVA. Confidence
intervals and significance of differences in means were estimated by using Tukey’s honest significant
difference method. Fisher’s exact probability test was used for qRT-PCR. After calculating the survival
rate by the Kaplan-Meier method, the difference in survival rate was tested by the log rank test.

5. Conclusions

This study reveals that intake of GT-catechin at a dose of 1 mg/kg or more per day tends to improve
both age-related cognitive decline and lifespan shortening. GT-catechin, mainly EGCG, suppressed
age-related cognitive decline via the increased expression of some IEGs in the hippocampus.
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Abstract: The young leaves of green tea become lighter in color than usual when protected from
sunlight by a shading net for about two weeks while growing. These leaves are called “shaded white
leaf tea” or SWLT. In the eluate of SWLT, the amount of amino acids (361 mg/L) was significantly
higher than that in regular tea (53.5 mg/L). Since theanine and arginine, the first and second most
abundant amino acids in SWLT, have significant antistress effects, we examined the antistress effect
of SWLT on humans. SWLT or placebo green tea (3 g) was eluted with room-temperature water
(500 mL). Participants consumed the tea for one week prior to pharmacy practice and continued for
10 days in the practice period. The state-trait anxiety inventory, an anxiety questionnaire, tended to
be scored lower in the SWLT group than the placebo, but other stress markers showed no differences.
The effect of the difference in SWLT components examined with mice showed that aspartic acid and
asparagine, which are abundant in SWLT, counteracted the antistress effects of theanine and arginine.
Large amounts of caffeine also interfered with SWLT’s antistress effect. Thus, SWLT, which is high in
caffeine and amino acids, suppressed depressant behavior in mice.

Keywords: antidepressant effect; antistress effect; asparagine; aspartate; caffeine; clinical study; green
tea; salivary a-amylase; theanine

1. Introduction

Tea (Camellia sinensis (L.) Kuntze) shoots are rich in theanine, one of the umami components of tea.
However, when the leaves are exposed to direct sunlight, theanine (L-theanine, Thea) is used for the
synthesis of catechins and other compounds as a nitrogen source [1]. An increase in catechins and a
decrease in theanine causes an increase in astringency. On the other hand, tea strains in which the
green tea shoots turn yellowish-white are generally called white leaf tea. These are reported to be
excellent in terms of aroma and taste according to sensory tests, because they have lower amounts
of chlorophyll and catechins, and a higher amount of free amino acids, than regular green tea [2].
However, these cultivars have disadvantages, such as low yield and difficulties with propagation.
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Therefore, a technique has been developed in which the green tea leaves of a general cultivar, such as
“Yabukita,” are turned yellowish-white by completely protecting them from light [3]. If the young
leaves are protected from sunlight with a shading net for about two weeks, the decomposition of
theanine is suppressed, resulting in green tea with an increased amount of amino acids compared
to normal green tea [4]. Green tea prepared in this way is called “shaded white leaf tea,” or SWLT.
The amino acids in shoots with 100% shading are more than doubled as compared with the levels
before their covering. Theanine (Thea), which is an amino acid that accounts for about half of the
total free amino acids in tea leaves, increases 1.3-fold with shading. Arginine (Arg), the second most
common amino acid, increases 2.5-fold with shading. The amount of serine (Ser) and asparagine (Asn)
in the tea leaves is small, but increases by 3.8- and 16.9-fold, respectively, with shading [4].

Many studies have shown that Thea exhibits an excellent antistress effect [5-8]. In addition,
arginine (Arg), which is the next most abundant amino acid after Thea, also exhibits an excellent
antistress effect, similar to the effect theanine has on mice [9]. Therefore, in this study we investigated
the antistress effect of SWLT, which is rich in Thea and Arg, in humans.

On the other hand, tea shoots have a high amount of caffeine. Previous studies have shown that the
antistress effects of Thea and Arg are counteracted by caffeine and epigallocatechin gallate (EGCG) [9].
We made a low-caffeine green tea, and examined the antistress effect on humans. The results showed
that stress was reduced in participants in their 20s, 40-50s, and 90s [10-12]. Matcha green tea is rich in
Thea, Arg, and caffeine. When the green tea ingredients were mixed with powdered feed, as in the case
of matcha green tea, animal experiments clearly showed that antistress effects were not observed if the
molar ratio (of caffeine and EGCG/Thea and Arg, CE/TA) was 2 or more [13]. In addition, participants
in their 20s showed reduced stress with matcha with a CE/TA ratio of 1.7, but not with matcha with
a ratio of 10 [13]. These data indicate that the ratio of tea components, along with Thea content,
is very important.

SWLT has a high Thea and Arg content and is below a CE/TA ratio of 2, so it is expected to show
an antistress effect. According to a survey by the Japanese Ministry of Health, Labor and Welfare, about
60% of men and women experience significant stress at work. Green tea is the most common beverage
that people drink daily in Japan, so it would be very meaningful if it was scientifically revealed that
the intake of green tea helps to maintain good mental health. Therefore, we first examined whether
SWLT can reduce stress, because of the high amounts of Thea and Arg in SWLT. However, we found
that the stress-reducing effect of SWLT in students was about the same as a placebo green tea. Next,
we investigated the reason for this unexpected result for SWLT using an animal psychosocial stress
model, and based on this data, we examined the antidepressant effect of SWLT.

Depression is one of the most common psychiatric disorders, and stress is an important risk factor
for depression [14]. Tea consumption is shown to reduce the risk of depression [15], and green tea
catechins have been shown to decrease depressive syndromes in experimental animals [16]. Thea has
been reported to have beneficial effects on depressive syndromes, anxiety, and sleep disturbance in
patients with a major depressive disorder [17]. In addition, caffeine is suggested to be a therapeutic
agent for motivational dysfunction in depression [18]. Therefore, we evaluated the antidepressant
effect of SWLT containing high levels of caffeine and amino acids.

2. Results

2.1. Content of Theanine, Caffeine, and Catechins in SWLT and Placebo Green Tea

The content of amino acids in SWLT was much higher than in the placebo green tea in the eluate
derived from steeping for 3 h (Table 1). The placebo green tea was a medium-grade common green tea.
Caffeine was about two times higher in SWLT than in the placebo green tea. Although the contents of
EGCG were similar between SWLT and the placebo green tea, the content of EGC was higher in the
placebo green tea than SWLT.
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Table 1. The contents of caffeine, catechins, and amino acids in the eluate of SWLT and placebo tea.

. Catechins (mg/L)
Tea Caffeine (mg/L)

EGCG EGC ECG EC GC CG (+C
SWLT 209.8 150.4 135.2 24.6 41.0 5.0 2.8 34
Placebo 112.0 134.2 229.0 21.0 46.6 13.6 4.6 2.0
Free amino acids (mg/L)
Tea Thea Arg Gln Asn Asp Glu Ser GABA  Total
SWLT 140.2 69.9 51.7 33.8 33.5 19.3 12.6 0 361.0
Placebo 28.8 5.4 3.9 0.7 5.5 6.9 22 0 53.5

Shaded white leaf tea (SWLT) and placebo green tea (3 g) were steeped in 500 mL of room-temperature water for 3 h.
EGCG, (—)-epigallocatechin gallate; EGC, (-)-epigallocatechin; ECG, (—)-epicatechin gallate; EC, (—)-epicatechin;
CG, (—)-catechin gallate; (+) C, (+)-catechin; Thea, theanine; Arg, arginine; GIn, glutamine; Asn, asparagine; Asp,
aspartic acid; Glu, glutamic acid; Ser, serine; GABA, y-aminobutyric acid.

Since the participants ingested 500 mL of SWLT or placebo green tea, the participants that ingested
SWLT consumed about 70 mg of Thea and 35 mg of Arg per day, and the participants who ingested the
placebo tea consumed about 29 mg Thea and 5 mg of Arg per day. When the CE/TA ratio, which is an
index of the antistress effect in the case of matcha, was also applied to the SWLT and placebo green tea,
SWLT scored 1.12 and the placebo tea scored 4.47.

2.2. Levels of Salivary Amylase Activity (sAA), State-Trait Anxiety Inventory (STAI) Value, Physical
Condition, Subjective Stress, Achievement Emotion, and Sleeping Time in Students

The level of sAA is usually low at the time of waking up but becomes high as a result of sympathetic
excitement during the day [19,20]. In both groups, the level of post-practice sAA tended to be higher
than the level of pre-practice sAA, but not significantly so. However, there was no significant difference
in sAA levels between the SWLT and placebo tea groups in pre-practice and post-practice during
routine daily life at the university and pharmacy practice (Table 2).

Table 2. Effect of SWLT intake on each test item.

Test item Practice SWLT Placebo tea p

. . Pre-practice 28 +4 24+3 0.484

University
SAA Post-practice 45+ 3 47 +3 0.645
Pre-practice 28 +4 22+3 0.231

Pharmacy
Post-practice 46 +7 34+5 0.292
Before the pharmacy practice 45+ 3 47 +£3 0.645

STAI value

After the pharmacy practice 40+3 46 +£3 0.065
University 25+02 27+0.1 0.482

Physical condition (score 1-5)
Pharmacy 26+0.1 26+0.1 0.828
University 42+0.3 46+03 0.395

Subjective stress (VAS: 0-10)
Pharmacy 4.6+04 46+03 0.765
Achievement emotion (score 1-5) Pharmacy 24+02 25+0.2 0.567
University 6.5+0.1 6.4+02 0.536

Sleeping time (h)

Pharmacy 6.4+0.2 6.5+0.2 0.508

These data represent the mean + standard error of the mean (SEM) (SWLT n = 24, placebo n = 24).

Next, the STAI values were examined to assess anxiety based on appraisal standards. The values
were no different between the SWLT and placebo groups before the pharmacy practice. On the other
hand, the values tended to be lower in the SWLT than in the placebo group after the pharmacy practice
(p = 0.065). Physical condition was not different between the two groups during routine daily life at
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the university and pharmacy practice. Subjective stress was evaluated by each participant at the end of
daily practice using visual analogue scales (VAS: 0-10). The average score was not different between
the two groups (Table 2). Sense of achievement was evaluated by participants as an ordinal scale at
the end of the daily pharmacy practice. There was no difference between the average of both groups
(Table 2). The average sleeping time was not different between the SWLT and placebo groups during
routine daily life at the university and pharmacy practice.

2.3. Antistress Effects of SWLT in a Mouse Model of Psychosocial Stress

The relationship between the intake of tea components from SWLT and the suppression of stress
was examined in a mouse model. SWLT has much higher amounts of free amino acids and a different
composition ratio compared with placebo green tea. When compared in molar ratios, Thea accounted
for about half of the total free amino acids in placebo green tea, while it was only one-third for SWLT.
On the other hand, the proportion of Arg, GIn, Asn, and Asp increased (Figure 1). Therefore, the effect
of these amino acids on the stress response of mice was examined.

A) SWLT (B) Placebo

Figure 1. Molar ratio of free amino acids in SWLT and placebo green tea. (A) SWLT, (B) Placebo
green tea.

Adrenal hypertrophy was observed in mice stressed by confrontational housing, but not in
mice that ingested Thea under stressed conditions. When the mice ingested Arg and Gln with Thea,
no hypertrophy was observed, but when the mice also ingested Asn and Asp with Thea, Arg, and Gln,
the adrenal gland was significantly enlarged in mice under stressed conditions (Figure 2).

OGroup mConfrontation

T

Adrenal glands (mg/mouse)
w

Thea - +

Arg - - + + +

GIn - - + + +

Asn - - - + +

Asp - - - - +
mino acids

Figure 2. Effect of amino acid composition on the stress response in mice. Each amino acid concentration
is the same in SWLT, as follows: Thea 140 mg/L, Arg 70 mg/L, Gln 52 mg/L, Asn 34 mg/L, and Asp
34 mg/L. Two mice were housed in a partitioned cage for six days (single housing). Then, the partition
was removed and subsequently the two mice cohabited the same cage for one day (confrontational
housing). Group housing mice were housed in groups of four. These mice ingested water containing
amino acids ad libitum. Data are shown as mean + SEM (n = 4-8, * p < 0.05).
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Furthermore, the effects of caffeine and EGCG on Thea and Arg were also examined. Thea, Arg,
caffeine and EGCG, in the same composition ratio as in SWLT or placebo tea, were added to the
drinking water and allowed to be taken freely. As a result, adrenal hypertrophy was not sufficiently
suppressed. The molar ratio of caffeine and EGCG to Thea and Arg (CE/TA) was 1.12 for SWLT and 4.47
for placebo tea. When caffeine and EGCG were reduced to a CE/TA ratio of 0.42, adrenal hypertrophy
was significantly suppressed (Figure 3).

(=]
d

Adrenal glands (mg/mouse)
W

2 L
1 |
0
Caffeine 0 103
EGCG 0 33
Thea 0 80
Arg 0 40
CE/TA ratio 1.12 042 4.47

Tea components (uM)

Figure 3. Effect of tea components on the stress response in mice under confrontational housing
conditions. After single housing for six days, the mice were housed confrontationally for one day.
These mice were separated into four groups, as follows: Group 1; control. Group 2; mice ingested water
containing the same concentrations of caffeine (103 uM), EGCG (33 uM), Thea (80 uM) and Arg (40 uM)
as SWLT (CE/TA = 1.12). Group 3; mice ingested water containing caffeine (36 uM), EGCG (15 uM),
Thea (80 uM), and Arg (40 uM). The CE/TA ratio of this composition was 0.45. Group 4; mice ingested
water containing the same concentrations of caffeine (58 uM), EGCG (29 uM), Thea (16 pM), and Arg
(3 uM) as in placebo green tea (CE/TA = 4.47). Data are shown as mean + SEM (n =4, * p < 0.05).

It has been confirmed that similar results can be obtained at different concentrations if the CE/TA
ratio is the same [9]. However, it was newly revealed that Asn and Asp act antagonistically to the
antistress effect of Thea (Figure 2). Therefore, to clarify the role of Asp in the antistress effect of SWLT,
the effect of the coexistence of Asp with caffeine, EGCG, Thea, and Arg was investigated. Even if Asp
coexisted, adrenal hypertrophy was suppressed if the CE/TA ratio in the drinking water was 0.5 or less
(Figure 4). The antagonistic effect of Asp on Thea and Arg was found to be weaker than that of caffeine
and EGCG.

It has been confirmed that similar results can be obtained at different concentrations if the CE/TA
ratio is the same [9]. However, it was newly revealed that Asn and Asp act antagonistically to the
antistress effect of Thea (Figure 2). Therefore, to clarify the role of Asp in the antistress effect of SWLT,
the effect of the coexistence of Asp with caffeine, EGCG, Thea, and Arg was investigated. Even if Asp
coexisted, adrenal hypertrophy was suppressed if the CE/TA ratio in the drinking water was 0.5 or less
(Figure 4). The antagonistic effect of Asp on Thea and Arg was found to be weaker than that of caffeine
and EGCG.
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Figure 4. Effect of tea components on the stress response in mice under confrontational housing

conditions. After single housing for six days, the mice were housed confrontationally for one day.
These mice ingested water containing Asp (45 uM), caffeine (30 or 60 uM), EGCG (30 or 60 uM), Thea
(80 uM), and Arg (40 uM). Data are shown as mean + SEM (n = 34, * p < 0.05).

2.4. Antidepressant Effects of SWLT

Senescence-accelerated mouse prone 10 (SAMP10) mice are reported to exhibit depression-like
behavior [21,22]. These mice were fed SWLT or placebo green tea as drinking water for one month
and evaluated by the tail suspension test. A longer immobility time indicates stronger depressive
behavior. The immobility behavior was significantly shorter in mice that ingested SWLT compared
to the control mice (Figure 5). Depressive behavior tended to be suppressed similarly in mice that

ingested placebo tea.

200
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-

-
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Figure 5. Effect of SWLT ingestion on depression-like behavior of SAMP10 mice. These mice ingested

SWLT or placebo green tea as drinking water for one month and were evaluated using the tail suspension

test. The control mice drank water. Data are shown as mean + SEM (n = 5-6, * p < 0.05).

3. Discussion

Since it was clarified that the stress-reducing effect of Thea was increased by Arg and suppressed
by caffeine and EGCG [9], the stress-reducing effect of green tea has been evaluated using green tea
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with lowered caffeine, and matcha that is rich in Thea and caffeine [10-13]. Based on these results, it has
been clarified that matcha tea with a CE/TA molar ratio of 2 or less has a stress-reducing effect [13].
As the SWLT used in this experiment contained a large amount of Thea and had a CE/TA ratio of 1.21,
a stress-reducing effect was expected. In clinical studies, anxiety, as assessed by the STAI value, tended
to be lower with intake of SWLT than the placebo (regular green tea), but the grade of stress measured
by sAA or subjective stress was not different between the SWLT and placebo groups. These data
suggested that the stress-reducing effect of SWLT was not particularly strong. Therefore, we conducted
animal experiments in order to clarify why the stress-reducing effect of SWLT was not as strong as
expected, despite very high levels of Thea and Arg.

Thea synthesized in the roots is transferred to the stems and leaves, and is then metabolized to
polyphenols—mainly catechins—under light conditions [1]. However, in the dark, this metabolism
is suppressed, resulting in Thea accumulation. On the other hand, strong shading causes growth
suppression and metabolism changes in tea leaves. Therefore, shading the tea leaves increases the
amino acid content [3] but causes a large change in the ratio of each amino acid. The proportion
of Thea declined, while the proportions of Arg, Gln, Asn, and Ser increased significantly (Figure 1).
The increase in these amino acids is thought to be due to degradation of the soluble protein [4]. Arg has
an antistress effect, but GIn and Glu have no effect [9]. Since aspartate is known to act as an excitatory
neurotransmitter, similar to Glu [23], we examined whether Asn and Asp, which are abundant in SWLT,
affect the antistress activity of Thea. When amino acids were present in the proportions contained in
the SWLT, the stress-reducing effect of Thea was not affected in the presence of Arg and Gln, but was
canceled by the addition of Asn and Asp (Figure 2). This indicates that the high ratio of other amino
acids to Thea, particularly Asn and Asp, is one reason for the low antistress effect of SWLT.

In matcha, a very fine powdered type of green tea, the typical stress response, adrenal hypertrophy,
is suppressed in mice if the molar ratio of caffeine and EGCG to Thea and Arg (CE/TA) is 2 or less.
In the case of infused green tea with water, the effect of reducing stress was observed in humans
when the CE/TA ratio was 0.54 or less [10], but was not observed when the ratio was 0.9 or more [10].
The SWLT used in this study had a CE/TA ratio of 1.12, and when the CE/TA ratio was reduced to
0.45, a stress-reducing effect was observed in mice (Figure 3). From these results, it was clarified
that, though the amount of theanine was high in the SWLT, Asp and caffeine were also high, so the
expected stress-reduction effect could not be obtained. However, the antidepressant effect of SWLT
was significantly higher than in the control. A similar effect was observed in mice that ingested placebo
green tea. Tea consumption has been reported to be associated with an antidepressant effect [15].
The amount of caffeine in tea may be an important factor for the antidepressant effect [18]. As long-term
stress causes anxiety and depression, the antidepressant effect of SWLT and green tea may be of value
in stressful modern societies.

In addition, one of the causes of stress-induced depression may be an imbalance between the
excitatory neurotransmitter Glu and the inhibitory neurotransmitter GABA [24]. Changes in Glu
and GABA balance cause changes in neuronal excitability, synaptic plasticity, and normal central
nervous system function [25]. Therefore, modulating the balance between Glu and GABA may improve
stress-induced anxiety and depression.

In the hippocampus of mice that ingested Thea (6 mg/kg) in drinking water for two weeks,
the level of Glu was significantly reduced, and, conversely, the level of GABA increased [26]. GABA is
synthesized by the decarboxylation of Glu [27]. Altered glutamate decarboxylase (GAD) activity causes
an altered GABA level and excitatory/inhibitory balance, but it is not yet known how Thea is involved
in regulating GAD activity. However, we recently found that the expression level of the transcription
factor neuronal PAS domain protein 4 (Npas4) increased in mice that ingested Thea [28]. Since Npas4
regulates the formation and maintenance of inhibitory synapses in response to excitatory synaptic
activity, the increased expression of Npas4 by Thea suggests increased GABA release [29]. In addition,
Thea inhibits Glu uptake from the Gln receptor, resulting in the inhibition of Glu release [29,30]. That is,
when incorporated into the brain, Thea modulates the Glu/GABA balance. On the other hand, caffeine
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increases the level of Glu in the brain, but not the GABA level [31], and EGCG facilitates Glu release [32].
In addition, EGCG has been reported to suppress overexpression of the GABA pathway and to inhibit
GABA by modulating the GABA 5 receptor [33-35]. From these results, Thea, caffeine, and EGCG are
considered to influence the Glu/GABA balance in the brain. Furthermore, Asp works as an excitatory
neurotransmitter, while Arg reduces physical stress and anxiety through nitric oxide synthesis [36,37].
Arg has also been reported to have an antidepressant effect in rats through increased expression of
brain-derived neurotrophic factor [38]. Taken together, these green tea components cause changes in
the excitatory/inhibitory balance in the brain due to differences in their composition. That is, SWLT
may have antidepressant effects rather than an antistress effect similar to that of regular green tea due
to its high levels of caffeine and amino acids. Ketamine, a fast-acting antidepressant, is considered to
play a crucial role in the glutamatergic system [39]. Thus, the composition balance of SWLT may have
a major impact on the glutamatergic system. A further detailed study is required, including of the
interactions between SWLT components.

4. Materials and Methods

4.1. Effect of SWLT Ingestion on Humans

Tea (Camellia sinensis (L.) Kuntze) leaves were collected in Shizuoka, Japan in May. About two
weeks before harvesting, the leaves were protected from direct sunlight with a shading net [3]. Then,
the tea leaves were made into green tea through the usual process. We termed this shaded white leaf
tea, or SWLT. One tea bag of SWLT or placebo (normal sencha) tea (3 g of tea in a bag) was steeped in
500 mL of room-temperature water. Tap water was used in this experiment. The participants prepared
SWLT or placebo tea every morning and ingested it by the evening. The tea bag was left in the water
until the evening. Similarly, after each day’s pharmacy practice, the participants drank these teas. For
the measurement of the tea component in the eluate, tea leaves of SWLT (3 g) and placebo tea were
steeped in 500 mL of room-temperature water for 3 h and stirred occasionally.

4.2. Measurement of the Tea Components by HPLC

The eluates of the SWLT and placebo tea were measured by HPLC, as described previously [9].
In brief, catechins and caffeine in the eluates were measured by HPLC (SCL-10Avp, Shimadzu, Japan;
Develosil packed column ODS-HG-5, 150 X 4.6 mm, Nomura Chemical Co. Ltd., Seto, Japan) according
to the method of Horie et al. [40]. Catechins and caffeine were measured at 280 nm. Free amino
acids in the tea leaves were measured by HPLC as described above, using glycylglycine as an internal
standard [41]. Amino acids were detected at an excitation wavelength of 340 nm and at an emission
wavelength of 450 nm (RF-535 UV detector, Shimadzu, Japan).

4.3. Participants

Forty-eight healthy fifth-year students from the University of Shizuoka participated in the
experiment, and were randomly divided into two groups by sex: SWLT (n = 24, 11 men and 13 women;
average age 22.7 + 1.1 y) and placebo (n = 24, 11 men and 13 women; average age 22.4 + 0.9 y).
They received SWLT or placebo tea bags in sealed envelopes. The participants were assigned to practice
outside the university, in a hospital or a dispensing pharmacy, for 11 weeks. The first 10 days of the
practice program were analyzed, because these days were assumed to be the most stressful. None of
the participants reported having an acute or chronic disease, regular medication intake, or habitual
smoking. They were instructed to mainly drink the test tea, and not to consume other theanine- and
caffeine-rich beverages such as green tea, coffee, and black tea throughout the experiment. They could
drink water freely, but they did not consume alcohol at night. The study was conducted in accordance
with the Declaration of Helsinki and Ethical Guidelines for Medical and Health Research Involving
Human Subjects (Public Notice of the Ministry of Education, Culture, Sports, Science and Technology
and the Ministry of Health, Labour and Welfare, 2008). The study protocol was approved by the
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Ethics Committee of the University of Shizuoka (No. 29-57). All the participants received verbal
and written information about the study and signed an informed consent form before entering the
study. This study was registered at the University Hospital Medical Information Network (UMIN)
(registration ID no. UMIN 000031778). The study period was April to May 2018.

4.4. Procedure

This study was a group comparison design and the participants were randomly assigned to the
SWLT or placebo tea groups. The participants did not know whether they were consuming SWLT
or placebo tea, because they had no information about the SWLT’s aroma and taste. The intake of
SWLT or placebo tea was from one week prior to pharmacy practice and continued for 10 days into
the practice period, for a total of 17 days. All the collected data were used for the analysis. To assess
the anxiety of the participants, the state-trait anxiety inventory (STAI) test (Japanese STAI Form X-1,
Sankyobo, Kyoto, Japan) was carried out before and after their pharmacy practice. A questionnaire
that included feedback on physical condition, subjective stress, and sense of achievement was assigned
for 10 days after each day’s practice. The physical condition of participants was assessed on an ordinal
scale (5, very good; 4, good; 3, normal; 2, somewhat poor; 1, bad). Subjective stress was evaluated
using visual analogue scales (VAS: 0-10), from very relaxed to highly stressed. Sense of achievement
was assigned an ordinal scale (5, complete; 4, better; 3, a little better; 2, a little worse; 1, much worse) [8].
Sleep hours were also recorded.

4.5. Measurement of Salivary Amylase Activity (sAA)

An oral cavity enzyme, sAA, is generally used a marker of stress. To assess the physiological
stress response, SAA was measured using a colorimetric system (Nipro Co., Osaka, Japan), as described
previously [42]. Saliva was collected twice a day, in the morning after waking up (prepractice) and
in the evening after pharmacy practice (postpractice), for 10 days during the practice. To establish a
baseline of sAA before the pharmacy practice, the sAA of participants was measured every morning
and evening for seven days during routine daily life at the university. The measurement was carried out
before pharmacy practice. Prior to sampling, participants washed their mouths with water. After saliva
was collected for 30 s using a sampling tip, each participant measured their own sAA immediately
every morning and evening for 17 days.

4.6. Animals and the Stress Experiment

Male ddY mice (Slc: ddY, four weeks old) were purchased from Japan SLC Co. Ltd. (Shizuoka,
Japan) and kept under conventional conditions in a temperature and humidity-controlled environment
with a 12/12 h light/dark cycle (light period, 8:00 a.m.—8:00 p.m.; temperature, 23 + 1 °C; relative
humidity, 55 + 5%). The four-week-old mice were housed in groups of four in a cage for five days to
allow them to adapt to cohabitation. The mice were fed a normal diet (CE-2; Clea Co. Ltd., Tokyo,
Japan) and water ad libitum. All experimental protocols were approved by the University of Shizuoka
Laboratory Animal Care Advisory Committee (approval No. 195241) and were in accordance with the
guidelines of the U.S. National Institute of Health for the Care and Use of Laboratory Animals. The mice
were then divided into two groups: the confrontational group and group housing, according to a
previously described method [7]. To apply psychosocial stress to the mice, confrontational housing was
established in a standard polycarbonate cage (16 x 27 cm) that was divided into two identical subunits
by a stainless-steel partition, as described previously [7]. In brief, two male mice were housed in a
partitioned cage for six days (single housing) to establish territorial consciousness. Then, the partition
was removed to expose the mice to confrontational stress for 24 h (confrontational housing). Each cage
was placed in a Styrofoam box (width 30 cm, length 40 cm, height 15 cm) to avoid visual social contact
between cages. At the end of the 24 h of confrontational housing, the mice were sacrificed and the
adrenal glands were weighed.
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4.7. Ingestion of Tea Components by Mice

The effect of the tea components on the stress response was examined in mice (four mice/group,
n = 84). Two mice were housed in a partitioned cage for six days (single housing). Then, the partition
was removed and subsequently the two mice cohabited the same cage (confrontational housing).
The mice consumed tea components in water ad libitum for seven days (single housing for six days
and confrontational housing for one day). Mouse body weight was measured on the last day of the
experiment. Group housing mice were used as a control. In SWLT, GIn, Asn and Asp were abundant
compared to the placebo tea. Based on the amino acid concentration in the SWLT eluate (Table 1),
the relationships among amino acids were examined. Each amino acid concentration was as follows:
Thea 140 mg/L, Arg 70 mg/L, Gln 52 mg/L, Asn 34 mg/L, and Asp 34 mg/L. The stress-reducing effect
on adrenal hypertrophy was compared among these groups as follows: Group 1, no amino acids;
Group 2, Thea; Group 3, Thea, Arg, and GIn; Group 4, Thea, Arg, Gln, and Asn; Group 5, Thea, Arg,
GlIn, Asn, and Asp.

Next, the effects of caffeine and EGCG on the antistress effect of Thea and Arg were examined in
mice under confrontational housing conditions. These mice were separated into four groups as follows:
Group 1; control. Group 2; mice ingested water containing the same concentrations of caffeine (103 uM),
EGCG (33 uM), Thea (80 uM) and Arg (40 uM) as SWLT (CE/TA = 1.12). Group 3; mice ingested water
containing caffeine (36 uM), EGCG (15 uM), Thea (80 uM), and Arg (40 uM). The CE/TA ratio of this
composition was 0.45. Group 4; mice ingested water containing the same concentrations of caffeine
(58 uM), EGCG (29 uM), Thea (16 uM) and Arg (3 uM) as placebo tea (CE/TA = 4.47).

Furthermore, Asp was added, and the antagonistic effect of caffeine and EGCG against the
antistress effect of Thea and Arg was investigated in mice under confrontational housing conditions.
These mice were separated into seven groups, as follows: Group 1; control. Group 2; mice ingested
water containing the same concentrations of caffeine (30 uM), EGCG (30 uM), Thea (80 pM) and
Arg (40 uM) (CE/TA = 0.5). Group 3; Group 2 + Asp (90 uM). Group 4: mice ingested water
containing caffeine (60 pM), EGCG (30 uM), Thea (80 uM), and Arg (40 pM) (CE/TA = 0.75). Group 5;
Group 4 + Asp (90 uM). Group 6; mice ingested water containing the same concentrations of caffeine
(60 uM), EGCG (60 uM), Thea (80 uM) and Arg (40 uM) (CE/TA = 1.0). Group 7; Group 6 + Asp
(90 uM). The tea components used were as follows: L-theanine and EGCG (Taiyo Kagaku Co. Ltd.,
Yokkaichi, Japan), caffeine, Arg, Gln, Asp, and Asn (Wako Pure Chemical Co. Ltd., Osaka, Japan).

4.8. Tnil Suspension Test

Male SAMP10/TaldrSlc mice were purchased from Japan SLC (Shizuoka, Japan). The four-week-old
mice were housed in a group of six in a cage. The mice were fed a normal diet (CE-2; Clea Co. Ltd., Tokyo,
Japan) and water containing tea components of SWLT or placebo green tea ad libitum. The concentration
of each component of SWLT or placebo green tea was matched to the intake per human body weight
per day. These mice ingested SWLT or placebo green tea for one month. The tea components used,
other than those mentioned in Section 4.7, were as follows: EGC and EC (Taiyo Kagaku Co. Ltd.,
Yokkaichi, Japan), Glu and Ser (Wako Pure Chemical Co. Ltd., Osaka, Japan). The control mice drank
tap water. To investigate behavioral depression, the 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 immobility behavior was observed for 15 min, as described previously [7].

4.9. Statistical Analysis

These results are expressed as the mean + SEM. The influence of stress on sAA was evaluated
using a one-way analysis of variance (ANOVA), followed by a Wilcoxon/Kruskal-Wallis post hoc test
or Fisher’s least significant difference test for multiple comparisons. In each analysis, a p-value < 0.05
was considered to be statistically significant.



Molecules 2020, 25, 3550 11 of 13

5. Conclusions

The antistress effect of SWLY was compared with common green tea in a clinical study. However,
the stress-reducing effect of SWLT in students was not high. Next, the effects on stress of caffeine
and amino acids, which are abundant in SWLT, were examined in animal experiments. Furthermore,
we observed the depression-like behavior of mice that ingested SWLT or common green tea. The results
showed that SWLT, which has higher levels of caffeine and amino acids such as Thea, Arg, GIn, Asn,
and Asp than common green tea, may have an antidepressant effect.

This study had some limitations. The participants were solely young students, so it is necessary
to investigate participants of different ages. The students were tested under conditions of mild stress,
but different stress conditions should be considered in the future.

Author Contributions: Conceptualization, K.U. and Y.N. (Yoriyuki Nakamura); methodology, H.Y.; software, D.F.
and Y.N. (Yuzuki Nomura); formal analysis, T.S. and K.T.; investigation, K.U., K.T., D.E, Y.N. (Yuzuki Nomura),
and K.I; resources, T.S., and M.O.; writing—original draft preparation, K.U.; writing—review and editing,
D.F. and Y.N. (Yoriyuki Nakamura); supervision, Y.N. (Yoriyuki Nakamura); project administration, K.U.;
funding acquisition, Y.N. (Yoriyuki Nakamura). All authors have read and agreed to the published version of
the manuscript.

Funding: This research study was supported by a grant from the University of Shizuoka.
Acknowledgments: The authors thank the participants of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ashihara, H. Occurrence, biosynthesis and metabolism of theanine (y-glutamyl-L-ethylamide) in plants:
A comprehensive review. Nat. Prod. Commun. 2015, 10, 803-810. [CrossRef] [PubMed]

2. Morita, A; Ikka, T.; Kunihiro, A. Chemical composition of new shoots in the first crop season of “White Leaf
Tea” cultivated in Japan. Tea Res. J. 2011, 111, 63-72. Japan, 1972; p. 72. (In Japanese)

3. Inaba, K,; Nakamura, Y.; Kobayashi, E.; Kaneno, Y. White leaf tea made from different cultivars by strong
shading treatment. Tea Res. J. 2011, 111, 77-81. (In Japanese)

4. Kobayashi, E.; Nakamura, Y.; Suzuki, T.; Oishi, T.; Inaba, K. Influence of light intensities on the color and
ingredients of new shoots in tea plants. Tea Res. . 2011, 111, 39-49. (In Japanese)

5. 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]

6. Kimura, K.; Ozeki, M.; Juneja, L.R.; Ohira, H. L-Theanine reduces psychological and physiological stress
responses. Biol. Psychol. 2007, 74, 39-45. [CrossRef] [PubMed]

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

8. 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 a-amylase activity, trait anxiety and subjective stress. Pharmacol. Biochem. Behav. 2013, 111,
128-135. [CrossRef]

9. 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. Phytomedicine
2015, 23, 1365-1374. [CrossRef]

10. 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]

11. Unno, K.; Noda, S.; Kawasaki, Y.; Yamada, H.; Morita, A.; Iguchi, K.; Nakamura, Y. Ingestion of green tea
with lowered caffeine improves sleep quality of the elderly via suppression of stress. J. Clin. Biochem. Nutr.
2017, 61, 210-216. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/1934578X1501000525
http://www.ncbi.nlm.nih.gov/pubmed/26058162
http://dx.doi.org/10.3109/10715762.2011.566869
http://dx.doi.org/10.1016/j.biopsycho.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16930802
http://dx.doi.org/10.1113/expphysiol.2012.065532
http://www.ncbi.nlm.nih.gov/pubmed/22707502
http://dx.doi.org/10.1016/j.pbb.2013.09.004
http://dx.doi.org/10.1016/j.phymed.2016.07.006
http://dx.doi.org/10.3390/nu9070777
http://dx.doi.org/10.3164/jcbn.17-6
http://www.ncbi.nlm.nih.gov/pubmed/29203963

Molecules 2020, 25, 3550 12 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Unno, K.; Yamada, H.; Iguchi, K,; Ishida, H.; Iwao, Y.; Morita, A.; Nakamura, Y. Anti-stress Effect of Green
Tea with Lowered Caffeine on Humans: A Pilot Study. Biol. Pharm. Bull. 2017, 40, 902-909. [CrossRef]
[PubMed]

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] [PubMed]

Hammen, C. Risk factors for depression: An autobiographical review. Annu. Rev. Clin. Psychol. 2018, 14,
1-28. [CrossRef] [PubMed]

Rothenberg, D.O.; Zhang, L. Mechanisms Underlying the anti-depressive effects of regular tea consumption.
Nutrients 2019, 11, 1361. [CrossRef] [PubMed]

Nabavi, S.M.; Daglia, M.; Braidy, N.; Nabavi, S.F. Natural products, micronutrients, and nutraceuticals for
the treatment of depression: A short review. Nutr. Neurosci. 2017, 20, 180-194. [CrossRef] [PubMed]
Hidese, S.; Ota, M.; Wakabayashi, C.; Noda, T.; Ozawa, H.; Okubo, T.; Kunugi, H. Effects of chronic I-theanine
administration in patients with major depressive disorder: An open-label study. Acta Neuropsychiatr. 2017,
29,72-79. [CrossRef] [PubMed]

Lopez-Cruz, L.; Salamone, J.D.; Correa, M. Caffeine and Selective adenosine receptor antagonists as new
therapeutic tools for the motivational symptoms of depression. Front. Pharmacol. 2018, 9, 526.

Nater, U.M.; Rohleder, N.; Schlotz, W.; Ehlert, U.; Kirschbaum, C. Determinants of the diurnal course of
salivary alpha-amylase. Psychoneuroendocrinology 2007, 32, 392—401. [CrossRef]

Wingenfeld, K.; Schulz, M.; Damkroeger, A.; Philippsen, C.; Rose, M.; Driessen, M. The diurnal course of
salivary alpha-amylase in nurses: An investigation of potential confounders and associations with stress.
Biol. Psychol. 2010, 85, 179-181. [CrossRef]

Shimada, A.; Ohta, A.; Akiguchi, I.; Takeda, T. Inbred SAM-P/10 as a mouse model of spontaneous, inherited
brain atrophy. J. Neuropathol. Exp. Neurol. 1992, 51, 440-450. [CrossRef]

Shimada, A.; Ohta, A.; Akiguchi, I.; Takeda, T. Age-related deterioration in conditional axoidance task in the
SAM-P/10 mouse, an animal model of spontaneous brain atrophy. Brain Res. 1993, 608, 266-272. [CrossRef]
Kettenmann, H.; Schachner, M. Pharmacological properties of gamma-aminobutyric acid-, glutamate-,
and aspartate-induced depolarizations in cultured astrocytes. J. Neurosci. 1985, 5, 3295-3301. [CrossRef]
[PubMed]

Duman, R.S.; Sanacora, G.; Krystal, ].H. Altered connectivity in depression: GABA and glutamate
neurotransmitter deficits and reversal by novel treatments. Neuron 2019, 102, 75-90. [CrossRef] [PubMed]
Gao, J.; Wang, H; Liu, Y,; Li, Y.Y,; Chen, C,; Liu, LM.; Wu, YM,; Li, S; Yang, C. Glutamate and GABA
imbalance promotes neuronal apoptosis in hippocampus after stress. Med. Sci. Monit. 2014, 20, 499-512.
[PubMed]

Inoue, K.; Miyazaki, Y.; Unno, K.; Min, J.Z.; Todoroki, K.; Toyo’oka, T. Stable isotope dilution HILIC-MS/MS
method for accurate quantification of glutamic acid, glutamine, pyroglutamic acid, GABA and theanine in
mouse brain tissues. Biomed. Chromatogr. 2016, 30, 55-61. [CrossRef]

Lee, S.E.; Lee, Y.; Lee, G.H. The regulation of glutamic acid decarboxylases in GABA neurotransmission in
the brain. Arch. Pharm. Res. 2019, 42, 1031-1039. [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]

Kakuda, T.; Hinoi, E.; Abe, A.; Nozawa, A.; Ogura, M.; Yoneda, Y. Theanine, an ingredient of green tea,
inhibits [*H] glutamine transport in neurons and astroglia in rat brain. J. Neurosci. Res. 2008, 86, 1846-1856.
[CrossRef]

Kakuda, T. Neuroprotective effects of theanine and its preventive effects on cognitive dysfunction.
Pharmacol. Res. 2011, 64, 162-168. [CrossRef]

John, J.; Kodama, T.; Siegel, ].M. Caffeine promotes glutamate and histamine release in the posterior
hypothalamus. Am. . Physiol. Regul. Integr. Comp. Physiol. 2014, 307, 704-710. [CrossRef] [PubMed]
Chou, C.W,; Huang, W.J.; Tien, L.T.; Wang, S.J. (—)-Epigallocatechin gallate, the most active polyphenolic
catechin in green tea, presynaptically facilitates Ca?*-dependent glutamate release via activation of protein
kinase C in rat cerebral cortex. Synapse 2007, 61, 889-902. [CrossRef] [PubMed]


http://dx.doi.org/10.1248/bpb.b17-00141
http://www.ncbi.nlm.nih.gov/pubmed/28566632
http://dx.doi.org/10.3390/nu10101468
http://www.ncbi.nlm.nih.gov/pubmed/30308973
http://dx.doi.org/10.1146/annurev-clinpsy-050817-084811
http://www.ncbi.nlm.nih.gov/pubmed/29328780
http://dx.doi.org/10.3390/nu11061361
http://www.ncbi.nlm.nih.gov/pubmed/31212946
http://dx.doi.org/10.1080/1028415X.2015.1103461
http://www.ncbi.nlm.nih.gov/pubmed/26613119
http://dx.doi.org/10.1017/neu.2016.33
http://www.ncbi.nlm.nih.gov/pubmed/27396868
http://dx.doi.org/10.1016/j.psyneuen.2007.02.007
http://dx.doi.org/10.1016/j.biopsycho.2010.04.005
http://dx.doi.org/10.1097/00005072-199207000-00006
http://dx.doi.org/10.1016/0006-8993(93)91467-7
http://dx.doi.org/10.1523/JNEUROSCI.05-12-03295.1985
http://www.ncbi.nlm.nih.gov/pubmed/2867131
http://dx.doi.org/10.1016/j.neuron.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30946828
http://www.ncbi.nlm.nih.gov/pubmed/24675061
http://dx.doi.org/10.1002/bmc.3502
http://dx.doi.org/10.1007/s12272-019-01196-z
http://dx.doi.org/10.3390/nu12010174
http://dx.doi.org/10.1002/jnr.21637
http://dx.doi.org/10.1016/j.phrs.2011.03.010
http://dx.doi.org/10.1152/ajpregu.00114.2014
http://www.ncbi.nlm.nih.gov/pubmed/25031227
http://dx.doi.org/10.1002/syn.20444
http://www.ncbi.nlm.nih.gov/pubmed/17663453

Molecules 2020, 25, 3550 13 of 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Souchet, B.; Guedj, F.; Penke-Verdier, Z.; Daubigney, F.; Duchon, A.; Herault, Y.; Bizot, ].C.; Janel, N.; Créau, N.;
Delatour, B.; et al. Pharmacological correction of excitation/inhibition imbalance in Down syndrome mouse
models. Front. Behav. Neurosci. 2015, 9, 267. [CrossRef]

Whitelaw, B.S.; Robinson, M.B. Inhibitors of glutamate dehydrogenase block sodium-dependent glutamate
uptake in rat brain membranes. Front. Endocrinol. 2013, 4, 123. [CrossRef]

Campbell, E.L.; Chebib, M.; Johnston, G.A. The dietary flavonoids apigenin and (-)-epigallocatechin gallate
enhance the positive modulation by diazepam of the activation by GABA of recombinant GABA(A) receptors.
Biochem. Pharmacol. 2004, 68, 1631-1638. [CrossRef]

Virarkar, M.; Alappat, L.; Bradford, P.G.; Awad, A.B. L-arginine and nitric oxide in CNS function and
neurodegenerative diseases. Crit. Rev. Food Sci. Nutr. 2013, 53, 1157-1167. [CrossRef]

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

Dong, D.; Lei, T.; Song, M.; Ma, L.; Zhao, H. The antidepressant effects of l-arginine on chronic mild
stress-induced depression by augmenting the expression of brain-derived neurotrophic factor in rats.
Brain Res. Bull. 2020, 158, 128-134. [CrossRef]

De Berardis, D.; Fornaro, M.; Valchera, A.; Cavuto, M.; Perna, G.; Di Nicola, M.; Serafini, G.; Carano, A.;
Pompili, M.; Vellante, F,; et al. Eradicating suicide at its roots: Preclinical bases and clinical evidence of the
efficacy of ketamine in the treatment of suicidal behaviors. Int. J. Mol. Sci. 2018, 19, 2888. [CrossRef]
Horie, H.; Ema, K.; Sumikawa, O. Chemical components of Matcha and powdered green tea. J. Cook. Sci. Jpn.
2017, 50, 182-188.

Goto, T.; Horie, H.; Mukai, T. Analysis of major amino acids in green tea by high-performance liquid
chromatography coupled with OPA precolumn derivatization. Tea Res. |. 1993, 77, 29-33. (In Japanese)
Yamaguchi, M.; Kanemori, T.; Kanemaru, M.; Takai, N.; Mizuno, Y.; Yoshida, H. Performance evaluation of
salivary amylase activity monitor. Biosens. Bioelectron. 2004, 20, 491-497. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3389/fnbeh.2015.00267
http://dx.doi.org/10.3389/fendo.2013.00123
http://dx.doi.org/10.1016/j.bcp.2004.07.022
http://dx.doi.org/10.1080/10408398.2011.573885
http://dx.doi.org/10.1016/j.niox.2014.08.008
http://dx.doi.org/10.1016/j.brainresbull.2020.02.014
http://dx.doi.org/10.3390/ijms19102888
http://dx.doi.org/10.1016/j.bios.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15494230
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

molecules m\py

Review

Anti-Cancer Effects of Green Tea
Epigallocatchin-3-Gallate and Coffee
Chlorogenic Acid

Sumio Hayakawa !"*, Tomokazu Ohishi 2(7, Noriyuki Miyoshi 3?7, Yumiko Oishi 10,
Yoriyuki Nakamura * and Mamoru Isemura 3*

1 Department of Biochemistry and Molecular Biology, Graduate School of Medicine, Nippon Medical School,

Bunkyo-ku, Tokyo 113-8602, Japan; y-oishi@nms.ac.jp
2 Institute of Microbial Chemistry (BIKAKEN), Numazu, Microbial Chemistry Research Foundation,
Shizuoka 410-0301, Japan; ohishit@bikaken.or.jp
School of Nutritional and Environmental Sciences, University of Shizuoka, Suruga-ku, Shizuoka 422-8526,
Japan; miyoshin@u-shizuoka-ken.ac.jp (N.M.); yori.naka222@u-shizuoka-ken.ac.jp (Y.N.)
Correspondence: hayakawa_sci@icloud.com (S.H.); isemura@u-shizuoka-ken.ac.jp (M.L);
Tel.: +81-3-3822-2131 (S.H.); +81-54-264-5920 (M.I.)

check for

Received: 20 August 2020; Accepted: 28 September 2020; Published: 5 October 2020 updates

Abstract: Tea and coffee are consumed worldwide and epidemiological and clinical studies have
shown their health beneficial effects, including anti-cancer effects. Epigallocatechin gallate (EGCG) and
chlorogenic acid (CGA) are the major components of green tea polyphenols and coffee polyphenols,
respectively, and believed to be responsible for most of these effects. Although a large number of
cell-based and animal experiments have provided convincing evidence to support the anti-cancer
effects of green tea, coffee, EGCG, and CGA, human studies are still controversial and some studies
have suggested even an increased risk for certain types of cancers such as esophageal and gynecological
cancers with green tea consumption and bladder and lung cancers with coffee consumption. The reason
for these inconsistent results may have been arisen from various confounding factors. Cell-based and
animal studies have proposed several mechanisms whereby EGCG and CGA exert their anti-cancer
effects. These components appear to share the common mechanisms, among which one related
to reactive oxygen species is perhaps the most attractive. Meanwhile, EGCG and CGA have also
different target molecules which might explain the site-specific differences of anti-cancer effects found
in human studies. Further studies will be necessary to clarify what is the mechanism to cause such
differences between green tea and coffee.

Keywords: cancer; tea; coffee; EGCG; chlorogenic acid; ROS; AMPK; NF-xB

1. Introduction

Green tea is produced by processing of leaves of the plant Camellia sinensis (Theaceae) and
is popularly consumed worldwide. Green tea has been shown to have beneficial effects on
human health such as anti-cancer, anti-obesity, anti-diabetic, anti-cardiovascular, anti-infectious
and anti-neurodegenerative effects [1,2]. (-)-Epigallocatechin gallate (EGCG) is the most abundant
catechin in green tea and believed to be mostly responsible for these biological effects (Figure 1). A cup
of green tea typically brewed from 2.5 g of tea leaves contains 240-320 mg of catechins, of which EGCG
accounts for 60-65% [3].
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Figure 1. Chemical structures of EGCG and CGA.

Black tea is produced also from C. sinensis through enzymatic processing (so called fermentation)
by intrinsic enzymes and microorganisms during which catechins can be polymerized to give catechin
derivatives such as theaflavins and theasinensins [4]. Black tea has been shown to have physiological
effects similar to those of green tea with lesser effects as compared with green tea due to its lower
content of EGCG.

Coffee is also consumed worldwide and has various health effects. It contains about 2000 different
chemicals and the major polyphenols are chlorogenic acid (CGA, Figure 1) and its derivatives which
amount to about 3% w/w of roasted coffee powder [2,5]. A single cup of coffee may contain 20675 mg
of CGAs [6].

In this review, we discuss recent evidence from human studies to support the anti-cancer effects
of consumption of green tea and coffee and mechanistic aspects of the actions of EGCG and CGA
based on the results of cell-based and animal experiments. After the International Union of Pure and
Applied Chemistry reversed the order of numbering of atoms on the quinic acid ring in 1976 and
suggested the name 5-caffeoylquinic acid for chlorogenic acid instead of 3-caffeoylquinic acid [7,8],
there has been some confusion in the nomenclature of chlorogenic acid. In this review, we use the
term CGA according to the respective authors” description. Caffeine is contained abundantly in tea
and coffee and may contribute to the anti-cancer effects of these beverages. However, cell-based and
animal studies have shown that EGCG as well as CGA exert anti-cancer effects by themselves as shown
below. Therefore, for the safe of clarity, the current review focuses on EGCG and CGA but excludes
any discussion on caffeine, which has already been comprehensively reviewed [9-12].

2. Anti-Cancer Effects of Green Tea

2.1. Human Studies on Green Tea

Several epidemiological studies have shown the anti-cancer effects of consumption of tea. A
survey in 2013 conducted by Yang and Hong of prospective cohort and case controlled studies which
had been reported by 2008 revealed that green tea consumption showed risk-reduction in a total of 39
cases of breast, colon, esophagus, kidney/bladder, lung, ovary, pancreas, prostate, stomach cancers,
whereas 46 cases showed no risk-reduction [1,13]. In the case of black tea, 28 and 92 cases showed
risk-reduction and no risk-reduction, respectively, for these cancers [13]. These findings suggest that
green and black teas have a preventive effect in some types of cancer.

When observational epidemiological studies were reviewed on over 1,100,000 participants from
46 cohort studies and 85 case-control studies [14], in three studies involving 52,479 participants, a lower
overall cancer incidence (summary relative risk (RR) = 0.83, 95% confidence interval (CI) = 0.65-1.07)
was found for the highest intake of green tea compared with the lowest consumption. For most of the
site-specific cancers, a decreased RR was found by this comparison. However, results were conflicting,
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since cohort studies in some cancer sites such as oesophageal, prostate and urinary tract cancer showed
an increased RR. Table 1 added to show the effects of green tea on cancer, further explained in later text.

Table 1. Recent observational epidemiological studies on anti-cancer effects of green tea.

Evaluation: Decrease (|) or No

Hazard Risk (HR) or Odds Ratio

Cancer Type Effect (+/-) in Cancer Risk (OR) or Belahve Risk (RR) Note Reference
[Confidence Interval]
HR = 0.82 [0.70-0.95] for >5 vs. Cohort study onwomen
Breast cancer l with family history of [15]
0 cups/day b
reast cancer
HR = 0.86 [0.75-0.99] for highest vs. Meta-analysis of 16 cohort
Breast cancer ! lowest intake and case-control studies el
_ Meta-analysis of 14
Breast cancer 1 OR = 0.83 [0.72-0.96] case-control studies [17]
Colorectal cancer +/- Cohort study on men [18]
and women
RR = 1.32 [0.90-1.94] for once/day vs.
less than once/day RR = 0.76
Colon cancer 1 [0.57-1.02] for 2-3 times/day Cohort study on men [18]
RR = 0.78 [0.49-1.22] for >4 times/day
Head and neck OR = 0.29 [0.16-0.52] for <1 cup/day Case-control studvon men
squamous cell 1 vs. no intake OR = 0.38 [0.17-0.86] for A [19]
. . and women
carcinoma >1 cup/day vs. no intake
HR = 0.65 [0.42-1.00] for <2 cups/day
. vs. no intake HR = 0.73 [0.47-1.13] for
Pffma{;)l(r)flc 1 3—4 cups/day vs. no intake HR = 0.63 Coh(;:dst‘;dl}:r;men [20]
coplasms [0.42-0.96] for >5 cups/day vs. ome
no intake
HR = 0.89 [0.83-0.96] for 1-2 cups/day ~ .
Total cancer 1 vs. <1 cup/day HR = 0.91 [0.85-0.98], Meta-analysis on 8 cohort [21]

for 3-4 cups/day vs. <1 cup/day study on women

A recent review of 144 randomized controlled trials (RCTs) and case-control studies also provided
evidence for beneficial effect of green tea in some cancer sites [14]. For example, the summary RR of
prostate cancer in the green tea-supplemented participants was 0.50 (CI = 0.18-1.36) on the basis of
three RCTs on 201 participants. However, the summary RR from 2 studies for gynecological cancer
was 1.50 (CI = 0.41-5.48), indicating conflicting outcomes for some cancer sites.

In a recent survey of epidemiological studies reported from 2014 to 2018 on tea’s anti-cancer
effects, Xu et al. [22] found that 5 and 2 studies of total 11 studies showed favorable and unfavorable
effects of tea consumption, respectively, while 4 studies gave no effect, indicating a difficulty in drawing
any conclusion.

More recent PubMed data search for human studies published from 2019 to April 2020
provided several papers showing anti-cancer effects of green tea [15-21] (Table 1). For example,
in a population-based prospective cohort study in which 13,957 men and 16,374 women participated,
the multiple-adjusted colon cancer RR (0.78, CI = 0.49-1.22) of men consuming >4 times of green tea
daily was lower than that of the <1 time consumers, although no significant associations between
green tea consumption and colorectal cancer (CRC) risk were found in men and women [18]. However,
the same search revealed that 3 studies for cervical, liver and stomach cancers did not show significant
risk reduction by green tea consumption [23-25]. Thus, human studies found health benefits of green
tea consumption in many cases, but it is also true that there are several conflicting results probably due
to incomplete elimination of confounding factors.

Polyphenon® E is a standardized catechin preparation of green tea extract which was approved
by the United States Food and Drug Administration in 2006 under the name of sinecatechins for
the topical treatment of genital warts [26]. Its efficacy has been proven by several clinical studies as
exemplified by a systematic review of three clinical trials in which Polyphenon® E treatments resulted
in significantly higher rates of complete clearance of baseline and new warts compared with controls
with very low recurrence rates [27]. Genital warts are caused by human papilloma viruses (HPVs)
such as types 6, 11 and 16 [28].
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In view of successful application to various types of viral agents, Polyphenon® E may be expected
to be useful for the possible application to HPV-associated cancers such as cervical cancer and
lymphocytic leukemia. A clinical trial in which 51 patients with HPV-infected cervical lesions were
treated with Polyphenon® E ointment or capsules or both, resulted in an overall 69% response rate as
compared with that of 10% in untreated groups [29].

In a phase II trial on 42 patients with asymptomatic, chronic lymphocytic leukemia, it caused a
sustained reduction of >20% of the absolute lymphocyte count in 31% of patients and >50% reduction
in palpable lymphadenopathy in 69% patients [30]. Thus, future clinical intervention studies with
Polyphenon® E could lead to clear evidence for the anti-cancer effects of green tea.

2.2. Basic Research on Anti-Cancer Action of Green Tea and EGCG

A large number of cell-based and animal studies have provided evidence to support EGCG’s
anti-cancer effects. For example, Wang et al. [31] demonstrated that EGCG decreased the numbers of
intestinal aberrant crypt foci and colorectal tumors in rats treated with dimethylhydrazine. In a review
article, Aggarwal et al. [32] summarized the results of 30 cell-based and 26 murine studies. Also, a
comprehensive review by Gan et al. [33] summarized 63 cell-based studies reported in 2001-2015 and
21 animal studies reported in 2007-2015 which demonstrated the anti-cancer effects of EGCG. These
authors suggested that these anti-cancer effects may be not due to EGCG itself but to its intracellular
metabolites in view of EGCG’s low bioavailability.

These basic studies have also proposed mechanisms under which EGCG exerts these effects [1-5].
This review focuses mechanisms related to anti-oxidant and pro-oxidant effects, anti-inflammatory
effects, anti-angiogenic effects, induction of apoptosis, modulation of epigenetic pathways and EGCG’s
binding to cancer-related proteins which have been reviewed in many articles [26,34-39].

2.3. Mechanisms for Anti-Cancer Effects of EGCG

2.3.1. Anti-Oxidant and Pro-Oxidant Effects

EGCG is a prominent anti-oxidant and quenches reactive oxygen species (ROS), which facilitate
oxidative DNA damage, mutagenesis, and tumor promotion, leading to anti-cancer effects [40]. EGCG
can exhibit anti-oxidant activity through several mechanisms including catalytic metal chelation,
hydrogen atom transfer, and electron transfer. Chemically, the anti-oxidant activity of EGCG can be
interpreted by the existence of the polyhydroxyl structure and the gallate group which play key roles to
scavenge free radicals and by the presence of phenolic groups with sensitivity to be oxidized, resulting
in generation of a quinone [37,41]. Figure 2 illustrates a possible pathway through which EGCG exerts
its anti-cancer actions via an anti-oxidant activity on the basis of present and previous findings and
discussions [2,22,26,34,37,38,42—44]. Modulation of 5-AMP activated protein kinase (AMPK) by tumor
necrosis factor-o (TNF-«) is incorporated into Figure 2 based on the finding by Steinberg et al. [45]
that TNF-o suppresses AMPK activity via transcriptional upregulation of protein phosphatase-2C,
although this link remains to be explored in experiments using EGCG.
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Figure 2. A possible mechanism by which EGCG and CGA exert anti-cancer effects via
scavenging/downregulation of ROS. Red|and blueTmarks represent downregulation/suppression
and upregulation/stimulation, respectively.

Actually, Bulboaca, et al. showed that i.p. administration of EGCG or liposomal EGCG improved
the oxidative stress parameters such as malondialdehyde levels and nitric oxide (NO) synthesis as
well as those of anti-oxidant status as evaluated by total anti-oxidant capacity and levels of thiols and
catalase in plasma of rats treated with streptozotocin [46].

Paradoxically, the pro-oxidant activity of EGCG has also been demonstrated by several studies
and generation of ROS by EGCG is thought to be essential for the induction of apoptosis and inhibition
of cell growth of cancer cells [37,40,42,47], as shown in Figure 3 which is compiled on the basis
of previous data [2,34,42,48-52]. Since ROS generation induced by EGCG can upregulate AMPK,
presumably through upregulation of Ca?*/calmodulin-dependent protein kinase kinase (CaMKK)
and/or liver kinase B1 (LKB1) [49,50], leading to downregulation of mechanistic target of rapamycin
kinase (mTOR) which results in anti-cancer effects. There are some reports to show downregulation
of nuclear factor-«B (NF-«B) by AMPK, if not directly [51,52]. Xiang et al. [52] demonstrated that
AMPK inhibited NF-«kB activity using mice treated with complete Freund’s adjuvant. Therefore,
ROS-mediated AMPK activation may also cause the downregulation of NF-«B, leading to anti-cancer
effects through induction of apoptosis (Figure 3).
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Figure 3. A possible mechanism by which EGCG and CGA exert anti-cancer effects via
generation/upregulation of ROS. Red| and blueT marks represent downregulation/suppression and
upregulation/stimulation, respectively.

However, it is not clear at present by what mechanism EGCG act’s as an anti-oxidant or a
pro-oxidant, although difference in cell types and different cellular concentrations including those of
EGCG itself, metal ions, and the co-presence of other anti-oxidants may be important factors [42,53].
It can be assumed that either the anti-oxidant and pro-oxidant activities are involved in various
mechanisms by which EGCG exerts anti-cancer effects (Figures 2 and 3).

2.3.2. Anti-Inflammatory Effects

Chronic inflammation is thought to have an important role on the onset and progression
of human cancer by modulating the tumor microenvironment [54]. A number of studies have
provided evidence EGCG’s anti-inflammatory effects. These studies found that EGCG can inhibit
activation of transcription factors such as NF-«B, activating protein-1 (AP-1), MyD88-dependent
signaling pathway, Toll-interleukin-1 receptor domain-containing adaptor inducing interferon-f3
(IFN-3)-dependent signaling pathways of Toll-like receptors, and expressions of inflammatory genes
including cyclooxygenase (COX), NO synthase, and TNF-« [42,43,55]. Many of these actions may be
interpreted by EGCG’s anti-oxidant activity (Figure 2). For example, ROS can induce NF-«B activation
which in turn promotes biosynthesis of COX, NO, and TNF-« and, therefore, scavenging ROS by
EGCG would lead to its anti-cancer effects [2,42] (Figure 2).

2.3.3. Anti-Angiogenic Effects

Angiogenesis is the process characterized by the development of new blood vessels from the
pre-existing vessels, which supply a tumor with oxygen and nutrients to allow optimal growth.
Anti-angiogenesis is thought to be one of the most promising methods of cancer treatment [56].
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Cancer cells can adopt to the hypoxic microenvironment by expressing hypoxia-inducible factors-1
(HIF-1) and thereby increasing the levels of its downstream target vascular endothelial growth factor
(VEGF), which promotes tumor growth, angiogenesis, and metastasis [57-59]. EGCG was shown to
decrease the protein expression of HIF-1oc and VEGF proteins in gastric cancer SGC7901 cells under
hypoxia induced by cobalt chloride [59].

In a study in which C57BL/6] mice inoculated with 10° mouse breast cancer E0771 cells in the
mammary gland fat pad, oral intake of EGCG at 50-100 mg/kg/day for 4 weeks reduced tumor weight,
capillary density and tumor VEGF expression by 65, 30 and 23%, respectively, compared to control.
EGCG at 50 pg/mL significantly inhibited the activation of HIF-1a and NF-«kB as well as VEGF
expression in cultured E0771 cells. These findings indicate that EGCG exerts anti-cancer effect by
inhibiting angiogenesis mediated by the downregulation of VEGF, HIF-1« and NF-«B [60].

Wu et al. [61] found that EGCG inhibited the proliferation, viability, and cell cycle progression
in three types of human thyroid carcinoma cells by decreasing the migration and invasion and
increasing apoptosis. EGCG downregulated molecular signaling factors such as epidermal growth
factor receptor (EGFR), extracellular signal-regulated kinase 1/2 (ERK1/2), and mitogen-activated
protein kinase (MAPK) and inhibited tumor microvessel density dose-dependently in xenografts of
these cells (Figure 2). Induction of angiogenesis by VEGF is caused by binding to its receptors on the
surface of endothelial cells. Kondo et al. [62] reported that EGCG (1.56 to 100 pM) inhibited VEGF
binding to its receptors in a dose-dependent manner.

Alternatively, EGCG’s anti-angiogenic action may be related to its pro-oxidant activity. EGCG
may induce generation of ROS to promote apoptosis which is known to be the primary action of many
anti-cancer drugs. ROS can up-regulate, perhaps indirectly, AMPK which modulates expressions of
a number of proteins [3]. ROS-mediated activation of AMPK can lead to downregulation of mTOR,
resulting in downregulation of VEGF (Figure 3) [2,36]. Therefore, EGCG’s pro-oxidant property can
decrease the level of VEGF in cancer cells and tissues.

2.3.4. Induction of Apoptosis

Induction of apoptosis or programmed cell death is one of the most important mechanisms for
EGCG to exert anti-cancer effects. Several studies have provided evidence for the induction of apoptosis
by EGCG and its mechanism of action. ROS can stimulate gene expression of B-cell ymphoma-2 (Bcl-2)
via activation of NF-«B and therefore, EGCG’s scavenging activity of ROS is expected to downregulate
the anti-apoptotic protein Bcl-2 (Figure 2), leading to apoptotic cell death of cancer cells (Figure 2).

Meanwhile, EGCG may induce apoptosis through enhancing ROS production (Figure 3). Das et
al. [63] demonstrated that EGCG induced apoptosis via triggering ROS production with phosphorylation
of p38 MAPK and activation of the redox-sensitive c-Jun N-terminal kinase-1 pathway. EGCG was
also found to induce overexpression of apoptosis regulator Bcl-2 associated X (Bax) and activation of
calpain, caspase-9, caspase-3, and caspase-8. It is noteworthy that EGCG did not induce apoptosis in
human normal astrocytes [63].

Zan, et al. [64] reported that 5 and 20 pg/mL of EGCG induced apoptosis in breast cancer
MCE-7 cells via the activation of caspase-9, caspase-3, and poly (ADP-ribose) polymerase-1 cleavage.
Kwak et al. [65] also showed that 5 pug/mL of EGCG caused apoptosis in human cholangiocarcinoma
HuCC-T1 cells through the increase of pro-apoptotic protein Bax and activation of caspase-9 and
caspase-3, and cytochrome c release. Similarly, Jian et al. [66] found that EGCG induced apoptosis in
human hepatocellular carcinoma (HCC) HepG2 cells and rat pheochromocytoma PC12 cells through
downregulation of Bcl-2 and upregulation of Bax.

Sterol-response element binding protein-1 (SREBP-1), a nuclear transcription factor mainly
involved in lipid metabolism, is also downregulated by AMPK (Figure 3). SREBP-1 is expressed at higher
levels in patients with large tumor size, high histological grade and advanced tumor-node-metastasis
stages. Downregulation of SREBP-1 inhibited cell proliferation and induced apoptosis in both HepG2
and MHCCI7L cells and SREBP-1 knockdown inhibited cell migration and invasion in both cancer
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cell types [67]. Since EGCG’s suppression of the expression of SREBP-1 through the activation of the
AMPK pathway in sebocytes was reported [68], this EGCG’s inhibition may be expected to contribute
to its anti-cancer effect (Figure 3).

2.3.5. Epigenetic Modifications

Epigenetic modifications represent post-translational changes in histones and DNA such as
methylation and acetylation as well as dysregulation of microRNAs (miRNAs) expression [69].
Noncoding RNAs (ncRNAs) consist of miRNAs and long noncoding RNAs (IncRNAs) where miRNAs
are defined as small single-stranded molecules (ca. 20 to 25 nucleotides) and IncRNAs as RNA
molecules larger than 200 nucleotides. These ncRNAs are implicated in various cellular processes
through regulating gene expression at the transcriptional and post-transcriptional level and thought to
play roles in various diseases including cancer [70].

One mechanism involved in anti-cancer effects exerted by EGCG is such epigenetic modifications.
The inhibitors of DNA methyltransferase (DNMT) and histone deacetylase (HDAC) are expected to be
promising anti-cancer drugs. Fang et al. [71] demonstrated that EGCG inhibited DNMT activity with a
Ki of 6.89 uM. Similarly, Pal et al. [72] showed that 10 ug/mL of EGCG decreased the proliferation of
HeLa cells and expression of DNMT-1. Khan et al. [73] showed that EGCG inhibited the expression of
DNMT-3B and HDAC-1 in a time-dependent manner in human cervical carcinoma HeLa cells.

In a review by Aggarwal et al. [32] the authors summarized the effects of EGCG on various cancers
reported in 11 studies. In an experiment using cervical carcinoma cell lines, EGCG inhibited HeLa
cells growth in a dose- and time-dependent manner [74]. EGCG caused downregulation of miR-125b
and upregulation of miR-210 and miR-29 in HeLa cells and also upregulation of miR-210 and miR-29
expressions in CaSKi and SiHa cells. EGCG’s upregulation of miR-210 was also found in experiments
using lung cancer cells and a nude mouse model [75]. Overexpression of miR-210 led to reduction in
cell proliferation and anchorage-independent cell growth [75].

In addition, Aggarwal et al. [32] described three studies in which EGCG upregulated the let-7
family miRNAs, which were implicated to function as a tumor suppressor and cause down-regulation
of high mobility group-A2, a target gene related to tumor progression via 67-kDa laminin receptor
(67LR)-binding in melanoma cells [76].

In another study, EGCG was demonstrated to decrease the expression of p53 gene-targeting
miRNAs (miR-25, miR-92, miR-141, and miR-200a) in multiple myeloma cells [77]. The data suggest
that EGCG can reverse the elevated expression of miRNAs which downregulate p53 in cancer cells
and exert its anti-cancer effect via recovery of the activity of tumor suppressor p53. In harmony with
this finding, EGCG was shown to stabilize p53 to upregulate its transcriptional activity leading to
apoptosis in prostate cancer LNCaP cells [78]. It should be noted that EGCG downregulated miR-25
and miR-92 in multiple myeloma cells but upregulated them in HCC [77]. The difference may be due
to cell-specific effect but further studies are required to understand the EGCG’s effects on miRNAs.

Hu et al. [79] demonstrated that EGCG inhibited the growth of lung cancer A549 and NCI-H460
cells in a concentration-dependent manner. They identified an upregulation of RP1-74M1.3, AC087273.2,
SNAI3-AS1, LINC02532, and AC007319.1 IncRNAs and downregulation of HMMR-AS1, AL392089.1,
PSMC3IP, LINC02643, and H19 IncRNAs in EGCG-treated A549 cells. These IncRNAs are distributed
across nearly all human chromosomes and EGCG affected IncRNAs expressions, suggesting that EGCG
can regulate the expression of ncRNAs to exert anti-cancer activity in several types of cancer.

2.3.6. Molecular Docking Analysis of EGCG’s Binding to Cancer-Related Proteins

A number of studies have demonstrated that the binding affinity of EGCG to proteins contributes
to its anti-cancer mechanism. There are several physicochemical methods to examine molecular
interaction between EGCG and proteins. In 1997, our research group conducted for the first time affinity
chromatography using EGCG-agarose gel to demonstrate that EGCG binds to matrix metalloproteinase
(MMP)-2 and MMP-9 which are intimately associated with cancer cell invasion and metastasis [80].
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EGCG inhibited activities of these enzymes, leading to anti-cancer effects like batimastat (BB-94), a
synthetic MMP inhibitor that inhibits tumor growth, local invasion, and lung metastasis of orthotopic
metastatic human HCC in nude mice model [80,81]. Later, the binding interaction between EGCG and
MMP-2 and MMP-9 was confirmed by computational molecular docking analysis (MDA) [82].

In our previous review article, we discussed binding interactions between EGCG and
other cancer-related proteins revealed by affinity chromatography and pull-down methods using
EGCG-agarose gel [82]. These include fibronectin, vimentin, heat shock protein 90, glucose-regulated
protein 78 kDa (GRP78), insulin-like growth factor-1 receptor, Src-related proto-oncogene Fyn protein,
( chain-associated 70-kDa protein, Ras-GTPase-activating protein Src homology (SH3) domain-binding
protein-1, peptidyl-prolyl cis-transisomerase, and TNF receptor-associated factor-6. Most of these
interactions were confirmed by MDA [82].

Similarly MDA revealed the binding interaction between EGCG and VEGEF, VEGF receptors,
tyrosine kinases, urokinase, chymotrypsin, DNMT, protein phosphatases, and signal transducer and
activator of transcription-3 [83]. These protein-binding interactions are likely to be involved in EGCG’s
anti-cancer effects.

2.3.7. Roles of 67LR in EGCG’s Anti-Cancer Effects

One of the EGCG’s most important interactions may be that with 67LR, which was discovered
by a surface plasmon resonance technique as discussed in several papers [84-86]. EGCG was shown
to bind 67LR at physiologically available concentrations (0.1-1.0 pM) and to mediate many of its
beneficial activities, including anti-cancer effect. EGCG binding to 67LR via eukaryotic elongation
factor-1A causes the phosphorylation of myosin phosphatase targeting subunit-1 and activates myosin
phosphatase which dephosphorylates its substrates such as myosin regulatory light chain, resulting in
actin cytoskeleton rearrangement leading to cell growth inhibition [84,86].

3. Anti-Cancer Effects of Coffee

3.1. Human Studies on Anti-Cancer Effects of Coffee

Coffee is the second most consumed beverage worldwide after tea. Some early epidemiological
studies suggested that coffee consumption was associated with an increased cancer risk [87]. For
example, Yu et al. [88] described that daily coffee consumption is a risk factor in females for renal
cell carcinoma. Based on the results of 32 epidemiological studies, Wierzejska found that several
studies showed that coffee consumption had no or even unfavorable association with colorectal, breast,
bladder, prostate, lung and pancreatic cancers, but emphasized that other studies showed promising
results for these cancers and liver cancer [87].

Several early RCT suggested the coffee’s favorable effects on cancers as exemplified by following
findings: When 64 participants were randomly assigned into two groups and consumed 1000 mL
of cafetiére coffee daily or no coffee for intervention and washout periods, the result indicated that
unfiltered coffee significantly increased the glutathione content by 8% in the colorectal mucosa and by
15% in plasma [89]. The increase in the detoxification capacity and anti-mutagenic properties in the
colorectal mucosa through an increase in glutathione concentration suggests the possible lowering
effect on the colon cancer risk [89].

A clinical trial with 10 participants found that consumption of 1L unfiltered coffee/day over 5
days resulted in a weak induction of glutathione-S-transferases (GSTs) and 3-fold increase in induction
of placental type GST in blood, although other clinical markers for organ damage such as creatinine,
aminotransferases, and alkaline phosphatase were not altered [90]. The finding suggests that coffee’s
induction of placental type GST may lead to protection from chemical carcinogenesis.

In a controlled intervention trial with a cross-over design with 38 participants, consumption of
800 mL coffee daily over 5 days demonstrated the decrease by 12.3% in the extent of DNA-migration
attributable to formation of oxidized purines, although other biochemical parameters such as the total
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anti-oxidant levels in plasma, glutathione concentrations in blood, and the activities of superoxide
dismutase and glutathione peroxidase in lymphocytes were not markedly altered. The result indicates
that coffee consumption prevents endogenous formation of oxidative DNA-damage in human [91].

Recent evidence has also suggested that coffee drinking may have health benefits on some types
of cancer. A review by an International Agency for Research on Cancer working group conducted in
2016 on a large number of epidemiological and experimental studies on anti-cancer effects of coffee
found an inverse association for liver and endometrial cancers [92].

Similarly, a comprehensive review of the beneficial effects of coffee and its components on
gastrointestinal and liver carcinogenesis summarized observational epidemiological studies: four
studies on oropharyngeal cancer, four on esophagus cancer, four on stomach cancer, four on CRC, and
seven HCC [11]. Comparing the highest and lowest consumptions, all study results showed 31-37%
risk reduction in oropharyngeal cancer, no risk reduction in esophagus cancer, no risk reduction in
CRC and 34-43% risk reduction in HCC, although some subgroup analyses gave different results. In
the case of stomach cancer, one study found reduced risk, two no effect and one increased risk. These
results indicate that the coffee’s benefit might be limited to liver cancer.

In addition, a recent meta-analysis of observational studies on associations between coffee intake
and 26 different cancers including 364,749 cancer cases provided evidence to show that coffee intake is
inversely associated with endometrial cancer, liver cancer, melanoma, oral cancer, and oral/pharyngeal
cancer [93]. Additional evidence was also obtained to suggest the reduced risk of cancers of the mouth,
pharynx and larynx, and skin cancer. Coffee consumption may also be inversely associated with breast,
colon, colorectal, esophageal and nonmelanoma skin cancers.

Conversely, the same analysis showed the conflicting result whereby a higher coffee intake was
associated with an increased risk of childhood acute lymphocytic leukemia, bladder cancer, and
possibly lung cancer [93]. Similarly, a more recent pooled analysis of 12 cohort studies, comprising of
2601 cases out of 501,604 participants found a significantly increased risk for bladder cancer in male
smokers: when compared the consumers of >4 cups/day with the non-consumers, hazard ratios were
1.75 (CI = 1.27-2.42) for current smokers and 1.44 (CI = 1.12-1.85) for former smokers [94].

In a review on the association of CRC risk with coffee, caffeinated coffee and decaffeinated
consumptions, Buldak et al. [10] discussed eight, seven and three observational epidemiological studies
showing no association, inverse association, and association with increased risk, respectively. These
authors pointed out that caffeine is not an important component for coffee to exhibit the anti-cancer
activity, since several studies found significant inverse correlation for both caffeinated and decaffeinated
coffee consumptions.

A recent RCT on 160 healthy human subjects who consumed 3 or 5 cups of coffee per day for
8 weeks found that blood pressure, oxidation of DNA and lipids, blood levels of glucose, insulin,
cholesterol, triglycerides, and inflammatory markers were unchanged, although a slight elevation
of serum creatinine level and a significant elevation of serum y-glutamyltransaminase levels in the
5 cups/day group [95]. The results indicated no detectable effects, either beneficial or harmful, on
human health.

Thus, these findings from clinical studies are conflicting. The recall bias and confounding effects
including tobacco smoking, a method for brewing coffee, differences in ingredients, and genetic
background may contribute to these differences.

3.2. Comparison of Anti-Cancer Effects of Tea and Coffee in Simultaneous Human Studies

Several epidemiological studies have examined the anti-cancer effects of tea and coffee at the
same time. For example, the European Prospective Investigation into Cancer and Nutrition on 486,799
subjects with a median follow-up of 11 years found that both coffee and tea intakes were inversely
associated with HCC risk. Coffee and tea consumers in the highest compared to the lowest quintile
had lower HCC risk by 72% and 59%, respectively [96]. In a study in which 10,399 of total 97,334
subjects developed cancers of 145 head and neck, 99 oesophageal, 136 stomach, 1137 lung, 1703 breast,
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257 endometrial, 162 ovarian, 3037 prostate, 318 kidney, 398 bladder, 103 gliomas, and 106 thyroid,
tea consumption of >1 cups/day was inversely associated with cancer overall combined (RR = 0.95,
CI = 0.94-0.96) as compared to <1 cup consumption, but no association of coffee consumption with
the risk of all cancers combined was found. However, coffee intake decreased a risk for endometrial
cancer (RR = 0.69, 95% CI = 0.52-0.91 for >2 cups per day), while tea did not [97].

A meta-analysis of 12 case-control studies, comprising a total of 3649 cases and 5705 controls
found that a high maternal coffee consumption increased a risk of acute lymphoblastic leukemia in
childhood (OR = 1.43), whereas low to moderate tea consumption was inversely associated (odds ratio
(OR) = 0.85, CI = 0.75-0.97), although the trend was not significant [98].

Table 2 shows a brief comparison of anti-cancer effects of tea and coffee in simultaneous studies
reported since 2018 based on the Medline data base. Several investigations revealed that tea and coffee
may have different effects in some cancer types. It is noticeable that coffee may increase a risk in certain
types of cancer (bladder cancer, lung cancer, and childhood leukemia) in line with the finding from
aforementioned studies which examined effects of either tea or coffee, individually [93].

Table 2. Comparison of anticancer effects in humans between tea and coffee.

Cancer Type Tea/Green i Coffee/Ca.ffeinated X Type of Epidemiological Study
Tea/Black Tea Coffee/Decaffeinated Coffee [Reference]
Bladder l +/- Cohort study [100]
" T Mt syl oot audy
l i e
Breast +/— +/— Cohort study [103]
Colorectal +/— +/— Cohort study [104]
Colorectal 1 +/— Case-control study [105]
Endometrial +/- 1 Case-control study [103]
Glioma l +/— Cohort study [106]
Glioma 1 1 Case-control study [107]
Leukemia, acute myeloid +/- +/— Cohort study [108]

Leukemia, childhood

acute myeloid +/— T Meta-analysis of case-control study [109]
Leukemia, childhood .
acute lymphoblastic +/— T Meta-analysis of case-control study [99]
Liver +/— 1 Cohort study [110]
. . Meta-analysis of cohort study and
Liver +/ ! case-control study [24]
Lung 1 T Cohort study [111]
Lymphoma, L - Meta-analysis of cohort study and
non-Hodgikin’s case-control study [112]
Melanoma, cutaneous +/— 1 Meta-analysis of cohort study [113]
Ovarian +/- +/— Cohort study [103]
Prostate +/— +/— Cohort study [114]
Renal cell carcinoma +/- +/— Cohort study [100]
Skin cancer, ~
non-melanoma 1 1 Cohort study [115]
. _ Meta-analysis of cohort study and
Stomach +/ +/ case-control study [25]
Thyroid +/- +/- Cohort [116]

* Risk decrease, risk increase and no effect are shown by |, 1, and +/—, respectively.

The reason for the difference is not known at present. As pointed out by Milne et al. [99], the fact
that both tea and coffee contain numerous different compounds, are prepared by various methods, and
have differences in bioavailability makes it difficult to determine the factor(s) involved in the difference.
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3.3. Basic Research on Anti-Cancer Action of Coffee and CGA

A number of cell-based and animal studies have provided evidence to support anti-cancer effects
of coffee and CGA [117-120]. Salomone et al. [118] have elegantly discussed molecular basis of
anti-cancer effects of coffee and some of its components including CGA. They summarized the results
of 10 animal studies showing anti-cancer effects of coffee and CGA as examined in experimental models
of liver cancer. For example, in an experiment of Miura et al. [119] coffee inhibited the proliferation
and invasion of rat ascites hepatoma AH109A cells and the serum from rats given coffee orally also
exhibited anti-proliferative and anti-invasive activities against these cells.

Similarly, Buldak et al. [10] reviewed the human and basic studies on anti-cancer effects of coffee
and its components on CRC. These authors discussed the results of three cell-based studies on CGA.
In an experiment by Hou et al. [120], CGA was shown to inhibit the proliferation of human colon
cancer HCT116 and HT29 cells. CGA induced ROS generation and cell cycle arrest at the S phase, and
suppressed the activation of ERK in both cell types, leading to the anti-cancer effect against CRC.

More recently, Romualdo et al. [11] discussed these issues on the basis of animal studies of the
effects of coffee and CGA on oral and esophagus cancers (four studies), colon cancer (nine studies) and
HCC (four studies). For example, the included data showed that two of four studies of coffee and four
of five studies of CGA demonstrated beneficial effects on colon cancer. These authors summarized the
mechanistic aspects of CGA’s action which are associated with molecular pathways involving ROS
and others such as Bax, interleukin (IL)-8, caspase-3, MMPs and miR-21. Although these articles also
reviewed comprehensively other coffee components such as caffeine, caffeic acid, and kahweol, this
review focuses CGA which is considered to be the major player in the coffee’s anti-cancer mechanism
as discuss below.

3.4. Mechanisms of CGA’s Action against Cancer

3.4.1. Anti-Oxidant and Pro-Oxidant Properties, Anti-Inflammatory Effects, Anti-Angiogenic Effects
and Apoptosis-Inducing Activity of CGA

CGA'’s involvement in anti- and pro-oxidant actions, anti-inflammatory effects, anti-angiogenic
effects, and apoptosis-inducing activity of coffee has often been documented [7,11,48,118,120-122].
Examples are as follows:

Cha et al. [123] demonstrated that UVB gave damage to cellular DNA in human HaCaT cells, as
demonstrated in a comet assay, but CGA pre-treatment prior to UVB irradiation prevented oxidative
DNA damage and increased cell viability. Rakshit et al. [124] found that CGA induced an early
accumulation of intracellular ROS and apoptosis in chronic myeloid leukemia cells.

Feng et al. [121] found that CGA inhibited the proliferation of A549 human cancer cells in vitro and
that CGA suppressed 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced neoplastic transformation
of JB6 P+ cells. CGA decreased UVB- or TPA-induced transactivation of AP-1 and NF-«kB, the
phosphorylation of c-Jun NH,-terminal kinases, p38 kinase, and MAPK kinase-4 induced by UVB or
TPA. The results also showed that CGA stimulated the nuclear translocation of NF-E2-related factor
(Nrf2) as well as subsequent induction of GST-A1 anti-oxidant response element (ARE)-mediated GST
activity. These results suggest that the chemopreventive effects of CGA may be through its up-regulation
of cellular anti-oxidant enzymes via stimulation of Nrf2 and suppression of ROS-mediated NF-«kB,
AP-1, and MAPK activation [121].

Liang and Kitts reviewed anti-oxidative and anti-inflammatory effects of CGA [122]. They
discussed five cell-based studies and two animal experiments, in which downregulation of ROS was
demonstrated, and 10 experiments, most of which showed downregulation of inflammation-related
cytokines such as IL-13, TNF-« and IL-6. Four such studies revealed downregulation of NF-«B.

When anti-inflammatory effect of CGA was examined in lipopolysaccharide-stimulated murine
RAW 264.7 macrophages and BV2 microglial cells, CGA inhibited NO production, the expression of
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COX-2 and inducible NO synthase, and attenuated pro-inflammatory cytokines such as IL-1f3 and
TNF-« via inhibition of the nuclear translocation of NF-«B [125].

In an attempt to evaluate the effects of CGA on retinal neovascularization in a mouse model
of oxygen-induced retinopathy, Kim et al. [126] found that CGA inhibited VEGF-mediated tube
formation in human vascular endothelial cells and that the neovascular area was significantly smaller in
CGA-treated mice than in the vehicle-treated mice, demonstrating the CGA’s anti-angiogenic property.

Most of these results are related to modulation of ROS and the aforementioned mechanisms by
which EGCG exerts its anti-cancer effects might be applicable to CGA. Figures 2 and 3 show possible
modulations by CGA, although individual pathways in which CGA is involved have not necessarily
been reported. Figure 2 illustrates CGA’s downregulation of ROS [2,11,48,120,127], DNA damage [123],
EGFR [127], Akt/phosphatidyl 3-inositol kinase (PI3K) [127], ERK1/2 [11,127], NF-xB[2,121,125,127,128],
TNF-« [2,122], IL-1 [122], IL-8 [2,11], IL-6 [122], MMPs [2,11], COX-2 [125,128], Bel-2 [10,129],
mTOR [10,127], VEGEF [126], and upregulation of AMPK [7,49]. Although CGA'’s upregulation of
CaMKK and LKB1 shown in Figure 3 has not been determined yet, Park et al. [130] reported upregulation
of them by neochlorogenic acid, an isomer of CGA. Thus, EGCG and CGA would be expected to exert
anti-cancer effects by modulating similar molecular pathways to each other in many cases.

3.4.2. Epigenetic Modification by CGA

Increased levels or alterations in the function of DNMT-1 are associated with the inactivation of
tumor suppressor genes. Liu et al. [131] showed that CGA inhibited the proliferation, colony formation,
invasion, and metastasis of HepG2 cells both in vitro and in vivo by down-regulating DNMT-1 protein
expression, which enhanced p53 and p21 activity, and resulting in a significant reduction in cell
proliferation and metastasis. Moreover, CGA inactivated ERK1/2 and reduced MMP-2 and MMP-9
expression in HepG2 cells. These findings suggest that CGA exhibits anti-cancer effects through several
pathways. Using synthetic DNA substrates, Lee and Zhu found that CGA inhibited human DNMT-1
activity with an ICsg value of 0.9 pM. In MCF-7 and MAD-MB-231 human breast cancer cells, CGA
inhibited the methylation of the promoter region of the retinoic acid receptor 3 gene [132].

Mira and Shimizu found the methanol extract of the medical herb Angelica shikokiana and some
of its components including CGA showed cytotoxicity against various cultured cells and inhibited
tubulin polymerization [133]. CGA was shown to inhibit activity of HDAC-8 (ICsy = 8.62 uM).

Hongtao et al. [134] found that CGA blocked the proliferation of non-small cell lung cancer cells.
CGA inhibited HDAC-6 and MMP-2 activities through reduction in expression of acetylated NF-«B,
the level of which is positively associated with the transcription of pro-inflammatory cytokines [134].
The results suggest CGA’s anti-cancer effect through suppression of HDAC-6 activity. In line with these
findings, an inhibition experiment with HeLa cell nuclear extracts and MDA conducted by Bora-Tatar
et al. [135] demonstrated that CGA is the highly potent inhibitor compared to sodium butyrate, which
is a well-known HDAC inhibitor.

Several studies have examined effects of CGA on miRNAs. The results of a study, in which
hepatic stellate LX2 cells and CCly-induced liver fibrosis model rats are used, indicated that CGA
inhibited the mRNA expression of miR-21, Smad7, connective tissue growth factor, «-smooth muscle
actin, tissue inhibitor of metalloproteinase 1, MMP-9, and transforming growth factor-31 (TGF-31),
suggesting that CGA relieves liver fibrosis through the miR-21-regulated TGF-1/Smad7 signaling
pathway [136]. Similar results were reported by Wang et al. [137] who showed that CGA could inhibit
schistosomiasis-induced liver fibrosis through IL-13/miR-21/Smad?7 signaling interactions in LX2 cells
and schistosome-infected mice. Since liver fibrosis is a key factor for the risk of HCC [138], CGA might
be useful for its prevention.

Induction of cancer differentiation may be a promising strategy to treat cancer. CGA reduced
proliferation rate and migration/invasion ability in human hepatoma Huh?7 and lung H446 cancer
cells through elevation of small ubiquitin like modifier-1 expression by acting on its 3’-untranslated
region and stabilizing the mRNA, leading to downregulation of miR-17 family member miR-20a, -93,
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and -106b. The xenograft experiments using these cells gave similar results. NOD/SCID mice which
received i.p. administration of 25-200 mg/kg/day of CGA demonstrated tumor growth inhibition and
administration of 25 mg/kg caused downregulation of miR-17 family members [139].

3.4.3. MDA of CGA’s Binding to Cancer-Related Proteins

The results of MDA showed that quercetin, rutin, and CGA can bind to MMP-1, MMP-3, and
MMP-10 [140]. MDA of CGA and carbonic anhydrase IX showed the high affinity which is attributable
to the strong interaction with enzyme active site through the formation of eight hydrogen bonds with
the active site residue [141].

MDA for natural products which may interfere with SARS-CoV-2 attachment to the host cell found
that CGA had the good average binding affinity to the cell-surface heat shock protein A5 (GRP78) of
-7.10 + 0.96 kcal/mol [142].

P-glycoprotein is associated with multidrug resistance as a drug efflux protein. CGA exhibited
anti-proliferative effect on the mouse T-cell lymphoma L5178 cells with an IC59 = 0.06 + 0.003 pg/mL
and reversed multidrug resistance. MDA revealed that CGA can bind to three different sites which are
known to be bound by verapamil with similar binding energies of around 7 kcal/mol [143].

CGA induced apoptosis in a dose-dependent manner with an ICs of 75.88 + 4.54 pg/mL and
52.5 + 4.72 pg/mL in MDAMB-231 and MCEF-7 cells, respectively. CGA binds to protein kinase C in a
concentration-dependent manner with a Kd of 28.84 + 3.95 uM and MDA suggested that CGA fits into
the C1b domain of protein kinase C [144].

By UPLC-MS/MS analysis, Taha et al. [145] identified 22 compounds in the extracts of the fruits of
Nandina domestica Thunb. which have served as a folk medicine in therapies of some types of cancer.
MDA of CGA and some other compounds revealed strong interactions with the cancer-related proteins
Aktl, caspase-3, MAPK-1 and tumor suppressor TP53.

4. Conclusions

The present review has discussed the anti-cancer effects of green tea and coffee based on
epidemiological and intervention studies. These studies have provided evidence to show favorable
effects on some types of cancer such as breast, colon, lung and blood cancers by green tea consumption
(Tables 1 and 2) and those such as liver, endometrial, and skin cancers by coffee consumption (Table 2).
Thus, green tea and coffee are likely to have some differences in site-specific anti-cancer effects.

Meanwhile, considerable studies have reported conflicting results, presumably due to confounding
factors such as the method of quantifying consumption, beverage temperature, cigarette smoking,
alcohol consumption, and differences in genetic and environmental factors such as race, sex, and age,
lifestyle, intestinal microbiota and genetic polymorphisms [2,34,42]. Therefore, more rigorous human
studies are necessary to establish the anti-cancer effects of consumption of these beverages.

This review has also provided evidence to show anti-cancer effects of EGCG and CGA based on
cellular and animal experiments. These experiments have proposed several mechanisms through which
EGCG and CGA exert their anti-cancer effects. Among them, the mechanism involving downregulation
of ROS appears to explain commonly their anti-cancer actions (Figure 2). Another important mechanism
may be related to ROS generation as shown in Figure 3.

Meanwhile, interpretations for the different anti-cancer effects between green tea and coffee need
to be clarified. One possible explanation is the difference in interaction with target molecules. For
example, binding interaction has not been reported between CGA and 67LR that is an important target
of EGCG. The difference in co-existing molecules may also contribute to the different effects. For
example, animal experiments showed that caffeic acid present in coffee exhibited carcinogenicity in the
rat stomach [146,147] which may cancel the CGA’s anti-cancer effect. Differences in by-products such
as acrylamide generated during roasting and brewing and heavy metals and aflatoxin A which may
have contaminated can be a reason [11,22,89].



Molecules 2020, 25, 4553 15 of 22

In addition, some studies suggested a risk increase in certain types of cancers such as esophageal
and gynecological cancers in green tea consumption [14] and bladder and lung cancers in coffee
consumption (Table 2). The reason for these observations may be clarified in future studies.
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Abstract: Chronic stress can impair the health of human brains. An important strategy that
may prevent the accumulation of stress may be the consumption of functional foods. When
senescence-accelerated mice prone 10 (SAMP10), a stress-sensitive strain, were loaded with stress
using imposed male mouse territoriality, brain volume decreased. However, in mice that ingested
theanine (6 mg/kg), the main amino acid in tea leaves, brain atrophy was suppressed, even under
stress. On the other hand, brain atrophy was not clearly observed in a mouse strain that aged normally
(Slc:ddY). The expression level of the transcription factor Npas4 (neuronal PAS domain protein 4),
which regulates the formation and maintenance of inhibitory synapses in response to excitatory
synaptic activity, decreased in the hippocampus and prefrontal cortex of stressed SAMP10 mice,
but increased in mice that ingested theanine. Lipocalin 2 (Lcn2), the expression of which increased
in response to stress, was significantly high in the hippocampus and prefrontal cortex of stressed
SAMP10 mice, but not in mice that ingested theanine. These data suggest that Npas4 and Lcn2 are
involved in the brain atrophy and stress vulnerability of SAMP10 mice, which are prevented by the
consumption of theanine, causing changes in the expression of these genes.

Keywords: brain atrophy; chronic stress; hippocampus; MRI analysis; prefrontal cortex;
theanine; SAMP10

1. Introduction

It is well established that stress—especially chronic stress—seriously perturbs physiological
and/or psychological homeostasis and affects cognitive function and brain structure, including that
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of the hippocampus, prefrontal cortex and amygdala [1,2]. For example, in humans, the cumulative
exposure to adverse life events is associated with a smaller gray matter volume in the prefrontal
and limbic regions which are involved in stress [3]. Chronic restrained stress significantly decreased
hippocampal volume and impaired hippocampal neurogenesis in mice [4]. In addition, animal
models and human neuroimaging studies have suggested that stress-associated changes are mediated
in part by glucocorticoids that are released from the adrenal gland in response to stressors, while
circadian glucocorticoid oscillations are disrupted by chronic stress [5-7]. Neurogenesis in the
hippocampus occurs throughout life in a wide range of animal species and could be associated with
hippocampus-dependent learning and memory [8-10]. Hippocampal neurogenesis reportedly plays
an important role in the regulation of the inhibitory circuitry of the hippocampus [11]. In addition,
the maintenance of a balance between inhibitory and excitatory elements in the brain is believed to
be important for synaptic plasticity and cognitive function [12,13], and the regulation of inhibitory
neuronal activation may be especially important in the hippocampus during chronic stress [14-17].

We have demonstrated that long-term psychosocial stress using imposed male mouse
territoriality, via confrontational housing, accelerates age-related alterations such as cerebral atrophy,
oxidative damage, a shortened lifespan, cognitive dysfunction and behavioral depression in the
senescence-accelerated mouse prone 10 (SAMP10) [18]. The average survival time of SAMP10 was
about 18 months, but under confrontational housing, that was shortened to 14 months. Cognitive
dysfunction of SAMP10 was significantly observed at 12 months, but this was already observed
at 9 months in stressed mice. On the other hand, in a strain of mice that ages normally (Slc:ddY),
a shortened lifespan and cognitive dysfunction were not observed under confrontational housing
(unpublished data). These results indicate that aging is accelerated in SAMP10, and stress further
accelerates SAMP10 aging. A significant increase in adrenal hypertrophy—a typical marker of the
stress response—was similarly observed in ddY mice during confrontational housing [19]. In that case,
adrenal hypertrophy developed within 24 h and persisted for at least one week under confrontational
housing. However, stress response in SAMP10 mice is considered to continue longer than for ddY
mice. Therefore, SAMP10 was used in this experiment as a stress-vulnerable mouse strain, and ddY
was used as control.

On the other hand, in both SAMP10 and ddY mice, the intake of theanine—a non-protein amino
acid that exists almost exclusively in tea (Camellia sinensis L.) leaves—was a potential candidate to
suppress psychosocial stress. Although the circadian rhythm of corticosterone was blunted in ddY
mice during confrontational housing, it was normalized in mice that ingested theanine (6 mg/kg) even
if under the same stressful conditions [18,19]. To examine the reason for cerebral atrophy during
confrontational housing, we measured the brain atrophy of SAMP10 and ddY mice using magnetic
resonance imaging (MRI). In addition, we examined the mechanism of action of theanine in the brain.

2. Materials and Methods

2.1. Animals and Preparation of Theanine

Four-week-old male SAMP10 (SAMP10/TaSIc) and ddY (Slc:ddY) mice were purchased from
Japan SLC Co. Ltd. (Shizuoka, Japan) and kept in conventional conditions in a temperature- and
humidity-controlled room with a 12 h-12 h light-dark cycle (light period, 08.00-20.00 h; temperature,
23 + 1 °C; relative humidity, 55 + 5%). Mice were fed a normal diet (CE-2; Clea Co. Ltd., Tokyo,
Japan) and water ad libitum. All experimental protocols were approved by the University of Shizuoka
Laboratory Animal Care Advisory Committee (approval No. 136068) and were in accordance with the
guidelines of the US National Institutes of Health for the care and use of laboratory animals.

L-Theanine (suntheanine; Taiyo Kagaku Co. Ltd., Yokkaichi, Japan) was used at 20 pg/mL and
dissolved in normal tap water according to previous methodology [18,19]. Mice consumed theanine
solution, which was prepared freshly twice a week, ad libitum.
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2.2. Housing Conditions for Stress Experiments

Four-week-old mice were housed in groups of six per cage for five days to habituate them to
novel conditions. Mice were then divided into two groups, namely confrontational and group housing,
according to a previously described method [18,19]. (Figure 1). In brief, for confrontational housing,
a standard polycarbonate cage was divided into two identical subunits by a stainless steel partition.
Two mice were housed in the partitioned cage for one month to establish territorial consciousness
(single housing). These mice were further divided into two groups that ingested theanine or control
water. The partition was then removed to expose the mice to confrontational stress, and the two mice
subsequently cohabited in the same cage (confrontational housing). Mice were classified as follows:
mice that ingested theanine under confrontational housing were termed CT; mice that ingested control
water under confrontational housing, CC; mice that ingested theanine under group housing, GT; and
mice that ingested control water under group housing were termed GC. Confrontation periods were 0,
1, 2, 4 and 6 months. The cages were placed in a styrofoam box (width 30 cm; length 40 cm; height
15 cm) in order to avoid visual social contact between cages.

Expenmental protocol SAMP10 Confrontation period (months) S

(] 1 2 4 6
Single cC 8 6 9 7 6 36
CT 5 6 10 6 7 34
GC 4 6 12 1 3 26
NSNS Clf 4 6 o 1 6 %
Total 21 24 40 15 22 122

1 month U

ddy Confrontation period (months) Total

0 1 2 4 6
CT 5 6 6 6 5 28
GC 4 6 6 6 6 28
@ GT 6 6 6 6 6 30
Confrontation housing Group housing Total 20 2 24 24 23 115

Figure 1. Experimental protocol describing the housing condition. For confrontational housing, a
standard polycarbonate cage was divided into two identical subunits by a stainless steel partition. Two
mice were housed in the partitioned cage for one month (single housing). These mice were further
divided into two groups that ingested theanine or control water. Then, the partition was removed, and
subsequently the two mice cohabited the same cage (confrontational housing). Group-housing mice
were housed in groups of six. Mice that ingested theanine under confrontational housing, CT; mice that
ingested control water under confrontational housing, CC; mice that ingested theanine under group
housing, GT; mice that ingested control water under group housing, GC. Confrontation periods were 0,
1,2, 4 and 6 months. The number of mice for each group is shown.

2.3. Magnetic Resonance (MR) Sample Preparation

We performed ex vivo MR scanning in this study as it allows for longer scan times, higher
resolution scans, and the use of a contrast agent such as a gadolinium complex [20-22]. Mouse brain
samples were prepared according to the most widely used protocol in the literature [23]. Mice were
anaesthetized with isoflurane (N01ABO6, Pfizer Inc., Tokyo, Japan) and transcardially perfused with
30 mL of phosphate buffered saline (PBS) containing 2 mM of ProHance (VO8CA04, Bracco-Eisai Co.
Ltd., Tokyo, Japan), a gadolinium-based MR contrast agent. Subsequently, fixation was performed
with 30 mL of 4% paraformaldehyde (PFA, 30525-89-4, Wako, Tokyo, Japan) that also contains 2 mM of
ProHance. Bodies, along with the skin, lower jaw, ears, and the cartilaginous nose tip, were removed.
The remaining skull structures containing the brain tissue were postfixed in 4% PFA + 2 mM ProHance
at 4 °C overnight and then transferred to PBS + 0.01% sodium azide (26628-22-8, Wako, Tokyo, Japan)
+ 2 mM ProHance at 4 °C in a 15 mL plastic tube. The above procedures were performed at the
University of Shizuoka (Shizuoka, Japan) and the ex vivo brain samples were transported to Tohoku
University (Sendai, Japan) for MR scanning, which was performed within no longer than 5 months
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after sampling [24]. Immediately prior to scanning, the ex vivo mouse brains were immersed in
liquid fomblin (69991-67-9, Sigma-Aldrich, St. Louis, MO, USA), a perflorocarbon that minimizes
susceptibility artifacts at the interface and limits sample dehydration during scanning.

2.4. MR Acquisition

All MRI data were acquired using a 7.0 T Bruker PharmaScan 70/16 system (Bruker Biospin,
Ettlingen, Germany) with a 23 mm diameter birdcage coil that was designed to serve as both as
a transmitter and receiver coil for the mouse brain [25]. The operational software of the MRI
scanner was Paravision 5 or 6 (Bruker Biospin, Ettlingen, Germany). Prior to the acquisition of
MRI data, global magnetic field shimming was performed inside the core and at the region of
interest (ROI) using a point-resolved spectroscopic protocol [26]. The line width (full width at half
maximum) at the end of the shimming procedure ranged from 15 to 20 Hz in the ROL As the T1
tissue contrast between grey and white matter is less pronounced at a high magnetic field strength
in rodents compared with humans [27], we used T2-weighted imaging in this study, as in our
previous rodent studies [25,28,29]. The T2-weighted images were obtained using a spin-echo 3D-RARE
(rapid acquisition with relaxation enhancement) pulse sequence with the following parameters:
repetition time = 325 ms, effective echo time = 32 ms, RARE factor = 4, flip angle = 90 degrees,
field of view = 12 X 12 x 17.4 mm?3, matrix size = 200 x 200 x 290, voxel size = 0.06 x 0.06 x 0.06 mm?,
bandwidth = 60 kHz, fat suppression = on, and number of averages = 10. The total MRI scanning time
for each mouse brain was approximately 13 h. The MRI acquisition parameters were set to achieve a
reasonable signal-to-noise ratio (SNR) of the mouse brain image [30]. The SNR for each T2-weighted
image was 43 + 9 (mean =+ standard deviation), which was measured as the mean image intensity in a
single slice of the brain divided by the standard deviation of the intensity in the background outside
the brain.

2.5. MR Image Preprocessing

Each T2-weighted image was reconstructed using Bruker’s Paravision software, exported in Digital
Imaging and COmmunications in Medicine (DICOM) format, and converted to The Neuroimaging
Informatics Technology Initiative (NIfTI) format using the “dem2niix” tool [31]. Each image was
visually inspected for any possible artifacts, and a total of 237 mouse brain images (n = 122 for SAMP10
mice and 7 = 115 for ddY mice) were used for the analysis. Images were processed by a method used in
Pagani et al. [32] in which semi-automated registration-based anatomical labeling for a high-resolution
ex vivo mouse brain image can be achieved. Unless otherwise specified, computational steps were
carried out using the Advanced Normalization Tools (ANTs) software package (version 2.2.0) [33].
ANTs software, which employs the symmetric diffeomorphic normalization (SyN) model, has been
demonstrated to be the most accurate intensity-based normalization method among 14 nonlinear
canonical registration algorithms [34]. Images were preprocessed as follows. First, each T2-weighted
image was manually rotated and translated such that the origin of the coordinates occupied the
midpoint of the anterior commissure to roughly match the standard reference space [35]. Second, each
image was roughly skull stripped using Analysis of Functional Neurolmages (AFNI) “3d Automask”
tool [36], which estimates the clipping level of the image, and then the lower-intensity clusters were
masked out (clip level fraction = 0.5). Third, the image non-uniformity inside the mask was corrected
using the “N4BiasFieldCorrection” tool in ANTs [37] with default parameters. Fourth, to further
remove the non-brain tissues, each image was segmented using the “Atropos” tool in ANTs, which
employs Markov random field theory [38]. A standard k-means clustering algorithm was used to
determine six classes, and the top one or two classes (i.e., higher-intensity clusters) were classified as
non-brain tissues and finally removed. Fifth, the resulting skull-stripped image was further bias field
corrected inside the mask and then used to create the study-specific template.
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2.6. Minimum Deformation Template

While several mouse brain templates have been reported in the literature [39—41], the mouse strains,
magnetic field, and imaging sequence, resolution, and contrast are different among studies and do not
perfectly match the current study. The creation of a study-specific minimum deformation template
(MDT) has been recommended to provide superior registration accuracy between subjects [42].
First, we computed the MDT at each age range for each mouse strain. The number of mice in
each group is summarized in Figure 1. Second, the 10 computed MDTs from each group were
used to create a single MDT that was consequently derived from all 237 mouse brains. Third,
all subject MDTs were linearly (affine) and nonlinearly (SyN) registered to the mouse ex vivo
brain template that was reported in the literature [43] and had 20 brain structure labels. All
subject MDTs and structure labels are displayed in Figure 2. MDT computation was performed
using the script in ANTs named “antsMultivariateTemplateConstruction2.sh” with the following
SyN parameters: gradient step size = 0.1 voxels, update field variance = 3 voxels, and total field
variance = 0.5 voxels. These SyN parameters were suggested by a recent mouse ex vivo brain study
to account for a balance between registration quality and computation time [44]. Other parameters
were as follows: iteration of template creation = 4, maximum iterations for each pairwise registration
= 30 x 20 x 10, shrink factors = 4 X 2 x 1 voxels, smoothing factors = 2 x 1 X 0 voxels, similarity
metric = cross-correlation, radius in brackets = 4 voxels, N4BiasFieldCorrection = on, and type of
transformation model = Greedy SyN.

Population-specific template

(N = 237)

Atlas Hippocampus

Neocortex

Olfactory bulb

Caudate
putamen

Superior colliculus

Brain stem

Figure 2. The population-specific minimum deformation template was constructed from the
T2-weighted images of all SAMP10 and ddY mice (1 = 237). The template was nonlinearly registered to
the mouse atlas space [43]. Each anatomical structure was used for volume analysis.

2.7. Measurement of DNA Microarray and Principal Component Analyses

The mice were housed confrontationally for three days after single housing for one month.
Group-housed mice were kept in a group of six for one month. Mice were anesthetized with isoflurane and
blood was removed from the jugular vein. The hippocampus was removed and frozen immediately. Total
RNA was extracted from the hippocampus using an RNeasy Mini Kit (74104, Qiagen, Valencia, CA, USA).
Total RNA was processed to synthesize biotinylated cRNA using One-Cycle Target Labeling and Control



Nutrients 2020, 12, 174 6 of 19

Reagents (Affymetrix, Santa Clara, CA, USA) and then hybridized to a Total RNA Mouse Gene 1.0 ST
Array (Affymetrix), with three biological repeats per group. Raw data were parametrically normalized [45]
by using the SuperNORM data service (Skylight Biotech Inc., Akita, Japan). The significance of theanine
ingestion was statistically tested by two-way ANOVA [46] at p < 0.001.

To compare the effects of theanine ingestion in the control under group or confrontational housing,
we performed principal component analysis (PCA) [47] on ANOVA-positive genes [48]. To reduce the
effects of individual variability among samples, the axes of PCA were estimated on a matrix of each
group’s sample means and applied to all data, which were centered using the sample means of control
mice under group housing.

2.8. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

The mice were housed confrontationally from 0 to 7 months after one month of single housing.
Group-housed mice were kept in a group of six for two months. Mice were anesthetized with
isoflurane and blood was removed from the jugular vein. The brain was carefully dissected and the
hippocampus and prefrontal cortex were immediately frozen. The brain sample was homogenized
and total RNA was isolated using a purification kit (NucleoSpin® RNA, 740955, TaKaRa Bio Inc.,
Shiga, Japan) in accordance with the manufacturer’s protocol. The obtained RNA was converted to
cDNA using the PrimeScript® RT Master Mix kit (RR036A, Takara Bio Inc.). Real-time quantitative
RT-PCR analysis was performed using the PowerUp™ SYBR™ Green Master Mix (A25742, Applied
Biosystems Japan Ltd., Tokyo, Japan) and automated sequence detection systems (StepOne, Applied
Biosystems Japan Ltd., Tokyo, Japan). Relative gene expression was measured by previously validated
primers for Npas4 [49] and Lcn2 [50] genes: Npas4 (F; 5-AGCATTCCAGGCTCATCTGAA-3', R;
5’-GGGCGAAGTAAGTCTTGGTAGGATT-3) and Len2 (F; 5-TACAATGTCACCTCCATCCT GG-3/,
R; 5’-TGCACATTGTAGCTCTGTACCT-3’). Since these expressions were significantly changed in the
hippocampus of SAMP10 mice by theanine ingestion, the levels were compared among mice that
were housed confrontationally from 0 days (only single housing) to 7 months and group-housed for 2
months. cDNA derived from transcripts encoding (3-actin was used as the internal control.

2.9. Statistical Analyses

Each label volume was computed for each mouse using “ImageMath” and “LabelStats” tools in
ANTs. Statistical analysis was performed using one-way ANOVA, and statistical significance was set
at p < 0.05. Confidence intervals and significance of differences in means were estimated by using
Tukey’s honest significant difference method or Fisher’s least significant difference test.

3. Results

3.1. Effect of Psychosocial Stress in SAMP10 and ddY Mice

The effects of confrontational housing and theanine ingestion on brain volume were examined
in SAMP10 and ddY mice, respectively. The body weights of mice housed confrontationally were
not different from the group-housed mice. The ingestion of theanine also did not affect body weight.
The number of mice for each group was 26-36 (Figure 1). Each image was visually inspected for any
possible artifacts, and a total of 237 mouse brain images (n = 122 for SAMP10 and n = 115 for ddY)
were used for the analysis. The MDT and structure labels of all subjects are displayed in Figure 2.
Brain volume was compared among the four groups (CC, CT, GC and GT) without distinguishing
mouse age. Hippocampal volume was significantly lower in SAMP10 mice of CC than CT and GC
(Figure 3a), indicating that atrophy was caused under confrontational housing and was significantly
suppressed in mice that ingested theanine. The prevention of atrophy by the ingestion of theanine
under confrontational housing was similarly observed in the neocortex of SAMP10 mice (Figure 3b).
The time-course of brain atrophy was next examined in mice that were housed confrontationally. In the
hippocampus, atrophy was significantly suppressed in aged mice that ingested theanine (6 months of
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confrontation, Figure 3c). As brain atrophy with aging was not significant in mice housed in a group
(Figure 3e), it was clarified that psychosocial stress due to confrontational housing promoted brain
atrophy in the hippocampus of SAMP10 mice. The neocortex was significantly smaller one month after
starting confrontational housing in SAMP10 mice (Figure 3d). While the lower volume recovered after
2 months of confrontation in CT, the volume gradually decreased with aging under confrontational
housing (Figure 3d,f). A similar phenomenon was observed in other brain regions such as the caudate

putamen, cerebellum, amygdala, olfactory bulb and brainstem (Table S1).
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Figure 3. The brain volume of SAMP10 mice. Boxplot of the volumes of brain sections in the
hippocampus (a) and neocortex (b) were compared among the four groups (CC, CT, GC and GT)
without distinguishing age (n = 122, *; p < 0.05). The time-course of hippocampus and neocortex were
compared between CC and CT (c,d) and between GC and GT (e f) (n = 3-12; %, p < 0.05).
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On the other hand, the effect of confrontational housing tended to be less in ddY mice than in
SAMP10 mice, and the preventive effect of theanine was observed in ddY mice housed in a group
(Figure 4a,b). The time-course of brain atrophy showed that brain atrophy was observed after one
month of confrontational housing but that brain volume gradually increased and recovered within
five months (Figure 4c,d). Almost no atrophy was observed in mice that ingested theanine. However,
brain atrophy progressed in aged ddY mice in group housing, but was almost suppressed in mice that
ingested theanine (Figure 4ef).
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Figure 4. The brain volumes of ddY mice. Boxplot of the volumes of brain sections in the hippocampus
(a) and neocortex (b) were compared among the four groups (CC, CT, GC and GT) without distinguishing
age (n =115, %; p < 0.05). The time-course of the hippocampus and neocortex were compared between
CC and CT (c,d) and between GC and GT (ef) (n = 4-6; *, p < 0.05).
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These results indicate that brain atrophy occurred due to the psychosocial stress caused by
confrontational housing not only in SAMP10 but also in ddY mice; however, atrophy progressed with
aging in SAMP10 mice but was temporary in ddY mice. After temporary atrophy, an increase in brain
volume was observed in ddY mice. Theanine ingestion suppressed brain atrophy with aging in both
SAMP10 and ddY mice.

3.2. Effect of Psychosocial Stress and Theanine Intake on Gene Expression of the Hippocampus in SAMP10

To examine the effect of psychosocial stress on the brain, early gene expression was compared
between mice in group and confrontational housing. Furthermore, the effect of theanine ingestion was
examined in SAMP10 mice. The mice were housed confrontationally for three days. DNA microarray
data of confrontational and group-housed mice that ingested theanine or water (control), obtained using
high-density oligonucleotide microarrays, showed 2277 positively expressed genes based on two-way
ANOVA (p < 0.0034). Principal component analysis (PCA) was applied to these genes. The PC scores
for four groups and their gene expression are shown simultaneously in a biplot (Figure 5). To observe
differences caused by stress, control mice housed in a group were used as the reference expression.
The difference between group and confrontational housing appears on the PC1 axis, while the effect of
theanine ingestion coincided with the PC2 axis. The effect of theanine ingestion on the magnitude of
gene expression on the PC2 axis was larger in mice housed confrontationally than in group-housed
mice. The top 10 biological processes that were significantly observed on the PC2 axis are shown in
Table 1. Many processes, such as transcription and phosphorylation, were negatively regulated by
theanine ingestion. On the other hand, oxidation-reduction, apoptosis and lipid metabolism were
positively regulated. Several genes that were significantly up or down-regulated following theanine
ingestion are summarized in Table 2. Neuronal Per-Arnt-Sim (PAS) domain protein 4, Npas4, was
the most up-regulated gene. Npas4 is a transcription factor and plays a role in the development of
inhibitory synapses [51]. Fatty acid binding protein 7, Fabp?7, is a marker of neurogenesis [52]. B cell
translation gene 2, Btg2, is related to the process of neurogenesis with memory function [53]. On the
other hand, the expression level of lipocalin 2 (Lcn2), which is up-regulated following psychological
stress [54], was down-regulated by theanine ingestion. The function of the most down-regulated
gene, melanoma antigen, Mela, is unknown. In addition, the expression of Neat1, nuclear paraspeckle
assembly transcript 1, which inhibits apoptosis [55], was down-regulated.
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Figure 5. 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.
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Neuronal Per-Arnt-Sim (PAS) domain protein 4 (Npas4) is shown as a small black circle.

Table 1. The effect of theanine ingestion on the magnitude of gene expression on the PC2 axis.

PC2 Biological Process Selected Total p-Value
Oxidation-reduction process 40 854 0
Transport 40 2011 422x1077
Regulation of transcription, DNA-templated 31 2447 0.0140
Multicellular organismal development 20 1074 0.0008
Positi Cell adhesion 16 530 132x107°
ositive
Apoptotic process 16 607 6.54 x 10 >
Lipid metabolic process 14 472 5.48 x 10 =
Ion transport 13 633 0.0029
Glucose metabolic process 13 79 3.03 x 10 713
Regulation of translation 13 140 3.28x 10 710
Regulation of transcription, DNA-templated 76 2447 0.0002
Transcription, DNA-templated 70 1983 9.61 %10 ~°
Signal transduction 69 2582 0.0152
Transport 69 2011 2.70 x 10 =5
Negative Metabolic process 45 1595 0.0205
Multicellular organismal development 42 1074 715x 10 2
Cell adhesion 37 530 2.57 x 10 10
Phosphorylation 37 737 9.82x10 7
Protein phosphorylation 37 667 9.30 x 10 8
Positive regulation of transcription from RNA 33 899 0.0012

Polymerase Il promoter
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Table 2. Top 10 genes that were significantly up or down-regulated following theanine ingestion.

Symbol Full Name AZ p
Npas4 Neuronal PAS domain protein 4 0.3210 8.32x 10 ~21
Fabp7 Fatty acid binding protein 7, brain 0.0926 1.25x 10 =31

n-R5s70 Nuclear encoded rRNA 55 70 0.2585 0.0028
Opalin Ohgodendrocytl(i myelin tpe}ranodal and inner 0.2031 267 % 10 -2

Up-regulated Oop protein

Olfr1474 Olfactory receptor 1474 0.3071 0.0011

Igkv14-130 Immunoglobulin kappa variable 14-130 0.2886 0.0027

Vmn2r78 Vomeronasal 2, receptor 78 0.2541 0.0016

Triml2 Tripartite motif family-like 2 0.2697 0.0032
Btg2 B cell translocation gene 2, anti-proliferative 0.2027 1.86 x 10 11

Igkv18-36 Immunoglobulin kappa chain variable 18-36 0.2167 0.0034
Mela Melanoma antigen —0.6668 6.16 x 10 ~64
Ly6a Lymphocyte antigen 6 complex, locus A —0.4346 1.01x 10 ~8
Lcn2 Lipocalin 2 -0.3125 2.37x10 7
Prg4 Proteoglycan 4 -0.2707 4.82x 1077
Down-regulated Neatl Nuclear paraspeckle assembly transcript 1 —0.3590 141x 10718
Clgb Complement component 1, q subcomponent, _02347 1.54 x 10 17

beta polypeptide

Vwi Von Willebrand factor homolog —-0.2057 7.46 x 10 2!
Clge Complement Compor;le]r;tir}, q subcomponent, C —0.2948 438 % 10 =9

Hbb-b2 Hemoglobin, beta adult minor chain -0.2340 1.30x 10 ~8
Etnppl Ethanolamine phosphate phospholyase —-0.2038 1.84 x 10 7

AZ = expression level (confrontation theanine—confrontation control).

3.3. Effect of Theanine Intake on Levels of Npas4 and Lcn2 in the Brain

Since the expression of Npas4 increased significantly and that of Lcn2 decreased significantly in
the hippocampus of SAMP10 mice that ingested theanine under confrontational housing on the third
day (Table 2), the levels in the hippocampus and prefrontal cortex were compared among mice that
were housed confrontationally from 0 days (only single housing) to 7 months and group-housed for 2
months. Although the level of Npas4 expression tended to be high in mice on day 0 of confrontational
housing relative to group housing, the levels decreased in mice housed confrontationally for three
days and one month but recovered in mice housed confrontationally for 7 months (Figure 6). On the
other hand, in the hippocampus of mice that ingested theanine, the level of Npas4 expression was
significantly higher in mice housed confrontationally for one month relative to day 0 of confrontational
housing. The level of Npas4 expression was not different between SAMP10 and ddY mice housed
in a group. Although in ddY mice the level of Npas4 expression was increased by confrontational
housing for three days, the level was lowered after one month. The level of Npas4 expression in the
prefrontal cortex decreased in SAMP10 mice housed confrontationally for three days and recovered in
mice housed confrontationally for 7 months. In the prefrontal cortex of SAMP10 mice that ingested
theanine, the level of Npas4 expression was significantly higher in mice housed confrontationally for 7
months than in other mice (Figure 6). The level of Npas4 in ddY mice increased by confrontational
housing for three days and lowered after one month.

The level of Lcn2 expression was significantly higher in SAMP10 mice housed confrontationally
for three days than in other mice (Figure 7). However, a significant increase was not observed in mice
that ingested theanine. On the other hand, the level of Len2 expression in the hippocampus of ddY
mice slightly increased by confrontational housing for three days, but the levels in ddY mice were
one-tenth to one-fifth of those in SAMP10 mice. The level of Lcn2 expression in the prefrontal cortex
showed a similar changed to the expression level in the hippocampus (Figure 7).
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Figure 6. Expression levels of Npas4 mRNA in the hippocampus and prefrontal cortex of SAMP10 and
ddY mice. Mice consumed theanine (20 pg/mL water, closed bar) or normal tap water (control, open
bar) ad libitum. After single housing for one month, hippocampal and prefrontal cortex samples were
obtained from mice housed confrontationally for 0 days, 3 days, 1 month, and 7 months. Group-housed
mice were kept in a cage for two months. Values are expressed as means + SEM (n = 3-6, * p < 0.05).
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Figure 7. Expression levels of Lcn2 mRNA in the hippocampus and prefrontal cortex of SAMP10 and
ddY mice. Mice consumed theanine (20 pg/mL water, closed bar) or normal tap water (control, open
bar) ad libitum. After single housing for one month, hippocampal and prefrontal cortex samples were
obtained from mice housed confrontationally for 0 days, 3 days, 1 month, and 7 months. Group-housed
mice were kept in a cage for two months. Values are expressed as means + SEM (n = 3-6, * p < 0.05).

4. Discussion

SAMP10 mice are susceptible to aging and display characteristic age-related cerebral atrophy [56].
We previously found that cerebral atrophy was accelerated in aged SAMP10 mice that were
psychosocially stressed by confrontational housing [18]. We examined whether cerebral atrophy
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caused by psychosocial stress is a specific phenomenon in SAMP10 mice. In this study, volumetric
changes induced by psychosocial stress were observed one month after confrontational housing in
SAMP10 mice. Furthermore, subsequent brain atrophy with aging was observed after six months of
age. On the other hand, in SAMP10 mice that ingested theanine, a reduction in and recovery from
cerebral atrophy were observed. Cerebral atrophy was also observed in ddY mice—a strain that ages
normally—but it was temporary within three months of age. Since significant adrenal hypertrophy
was observed for at least one week after confrontational housing in ddY mice [19], it is considered
that SAMP10 and ddY mice similarly feel psychosocial stress in confrontational housing. However,
the stress due to confrontational housing may not last long in ddY mice.

Then, we examined the targets of theanine in the brain at the beginning of confrontational housing
to determine the reason for the difference between SAMP10 and ddY mice. The expression of Npas4
was significantly higher in mice that ingested theanine under confrontational housing than control
SAMP10 mice. Npas4 is a neuronal transcription factor, the expression of which is enriched in the
limbic system [51]. The detection of Npas4 protein in the soma, neurites and synapses suggests that
Npas4 is involved in synaptic plasticity in the brain [57]. Using Npas4 knockout neurons, it has been
suggested that Npas4 plays an important role in the structural plasticity of neurons [17]. Increased
expression of Npas4 is considered to be important for preventing brain atrophy due to stress. Although
the expression of Npas4 was reduced by stress loading in SAMP10, it was increased in mice which
ingested theanine. On the other hand, in ddY mice, the expression increased during stress loading even
without theanine ingestion. The difference between SAMP10 and ddY mice regarding the expression
of Npas4 is considered to contribute to the difference in the degree of brain atrophy.

Npas4 expression is considered as a marker of hippocampus activation [58]. Data of Npas4
knockout mice suggest that Npas4 plays a major role in the regulation of cognitive and social functions
in the brain [59]. Although brain atrophy in Npas4 knockout mice is not mentioned, increased Npas4
expression during stress appears to be needed to increase stress tolerance. That is, while exposure to
acute unavoidable stress induced a long-lasting decrease in Npas4 expression, resilient rats recovered
the level of hippocampal Npas4 better than their vulnerable counterparts [60]. Npas4 regulates the
formation and maintenance of inhibitory synapses in response to excitatory synaptic activity [59,61].
Npas4 in both excitatory and inhibitory neurons activates distinct programs of late-response genes
that promote inhibition in excitatory neurons but induce excitation in inhibitory neurons [62]. Thus,
v-aminobutyric acid (GABA) release is increased, resulting in the overall lowering of the levels of
circuit activity [62,63]. These lines of evidence strongly suggest that Npas4 plays an important role in
the development of inhibitory synapses by increasing GABA release and lowering the overall levels of
circuit activity. The increased expression of Npas4 by theanine suggests increased GABA release in
stressed mice. In addition, theanine inhibits glutamine uptake from the glutamine receptor, resulting in
the inhibition of glutamate release [64]. Since chronic stress causes an imbalance of excitation—inhibition
generated by a deficit of inhibitory neurotransmitters on principal glutamatergic neurons [65], theanine
intake is thought to suppress excessive excitation by increasing the release of GABA through increased
Npas4 expression.

Npas4 has also been demonstrated to play a role in the neuroprotective response in various
animal models of acute neurological injury and limits tissue damage through the modulation of the cell
death pathway by directing damaged cells to undergo apoptosis instead of necrosis [51]. Furthermore,
GABAergic neurons are particularly susceptible to aging-related alterations that are involved in many
aging-induced cognitive impairments and brain disorders [66,67]. Increased Npas4 expression in the
prefrontal cortex by theanine may be involved in the suppression of brain atrophy and cognitive
decline in aged SAMP10 mice that ingested theanine. Recent data indicates that the suppression of
neural excitation by repressor element-1 silencing transcription factor (REST) regulates aging [68].
These studies suppose that increased expression of Npas4 by theanine may play an important role in
suppressing aging by reducing stress.
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On the other hand, Lcn2, which is induced by acute stress [54,69], was significantly higher in
SAMP10 mice three days after confrontational housing but not in mice that ingested theanine. Lcn2 is
up-regulated in the mouse hippocampus following psychological stress [54]. Since the ingestion of
theanine suppresses adrenal hypertrophy under stress [19], the suppression of Lcn2 could be caused by
the suppression of excitation of the hypothalamus—pituitary—adrenal axis. The level of Lcn2 was still
high in SAMP10 mice after one month of confrontational housing, but the level in ddY mice was about
1/12 of that of SAMP10 mice. Len2, which is primarily secreted by reactive astrocytes, directly induces
neuronal damage and amplifies neurotoxic inflammation under many brain conditions [70]. Since Len2
protein increases the sensitivity of neuronal cells to cell death [71], long-lasting Lcn2 overexpression
may be a reason for brain atrophy and stress vulnerability in SAMP10 mice. Len2 protein regulates
cellular iron concentration [72]. Furthermore, Lcn2 modulates several behavioral responses such as
cognitive function, depression, neuronal excitability and anxiety [69]. Mucha et al. [54] hypothesize
that iron-free Len?2 acts as an important regulator of neuronal morphological changes under physical
conditions, whereas excess iron-free Len2 is harmful to neurons by sequestering intracellular iron and
shutting down iron-responsive genes. The suppression of excess Lcn2 is thought to be a therapeutic
target for chronic neuroinflammatory and neurodegenerative diseases including Alzheimer’s and
Parkinson’s diseases, depression, schizophrenia and autism [70], suggesting that theanine may be
important in protecting the brain not only from stress but also from many chronic neuroinflammatory
and neurodegenerative diseases. Furthermore, the measurement of cerebrospinal fluid Lcn2 levels
might be able to diagnose brain damage due to Alzheimer’s disease, traumatic brain injury and chronic
stress [73,74].

In addition, neurogenesis may be increased by the increased expression of Npas4, Fabp7 and
Btg2, because these genes are involved in neurogenesis [49,52,53,75]. The modulation of these genes
involved in the early stress response may be important for the suppression of brain injury due to stress.
In particular, Npas4 and Lcn2 may play key roles in this context. It is necessary to clarify how theanine
modulates Npas4 and Lcn2 expression in the near future.

5. Conclusions

The brain volume of SAMP10—a stress-sensitive mouse—decreased by stress loading. However,
theanine—the main amino acid in tea leaves—suppressed brain atrophy. Theanine was suggested to
prevent stress-induced brain atrophy by modifying early stress responses such as Npas4 and Lcn2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/174/s1,
Table S1: Brain volume of each part.
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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

Int. ]. Mol. Sci. 2021, 22, 508. https://doi.org/10.3390/ijms22020508

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5568-4601
https://doi.org/10.3390/ijms22020508
https://doi.org/10.3390/ijms22020508
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22020508
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/22/2/508?type=check_update&version=1

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

20f 14

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).

Control (3
0.1 1 Arginine @l

0.08 [ 11 ]

0.06 -

0.04 +

LPO nmol/mg wet tissue

0.02

Group Confrontation

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
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Enhancement of Ceylon tea

> University of Shizuoka
- #Lh’ Tea'Science center
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SYMBOL OF QUALITY “Yoriyuki NAKAMURA

Production of tea in the world

Green tea production
increase steadily
for its function

Changes in the number of papers on catechins
in Google Scalar

2500 r'jllm(xmohﬂx

w0 - ——— 00 4 40
ssop | J|—"Production{xt .
———— \ =1
1000 {1 — fan
o ]—< T 8™ &
I \,\\ g | -J‘z;
o B l.j;kw** — i" wi
e, b ey | ) 4
[ ...*‘.‘7 £ am H
£3 >!E;sn-\ i st
-=:=:mut|lg.:=‘l o H
USS§seExEgie Lo ®
8655385 ¢
m;-gi';r-%~5g m s
== 8 : .

Area and production of tea in the world (2013)  Production of tea and ratio of green tea in the world

Changes in the ratio of domestic consumption
to production in major tea producing regions
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Kenya tea prices have a significant impact on
global markets
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Ratio of orthodox and CTC black tea in major tea
producing countries
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Orthodox and CTC ratio in major tea producing countries

Current status of Ceylon tea

150000 |

Production Yield(t), and Area(ha))

100000 L L L L
1975 1985 1995 2005 2015

Changes in tea production area and yield in Sri Lanka




Major export destinations and ratios of Ceylon tea

Ceylon tea is mainly exported to the Middle East
and North Africa region.
Then many are exported to Russia and CIS

Europe
93%
America

East Asia 2%

12.7% le———
Countries werme rows

fraq 38,563

Turkey 35.448

Russian 20,852

Fran 23545

Libya 13.323

UAE 10.407
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Australia Gile 7.432
13% Japan 7.334
Gemany 5794
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Export of Ceylon tea to Japan
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Change in Ceylon tea imports into Japan

There are many Ceylon tea specialty
stores In Japan

Ratio of black tea imported to Japan

Trends in orthodox and CTC tea prices in Ceylon tea
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Price changes by elevation in Sri Lanka Production changes by elevation

Ceylon tea production by altitude

Tea production is overwhelmingly in the low districts, and the high districts are
mostly in the area around Nuwara Eliya

Table District wise Tea Production (in ton) 2015

District High Medium Low Total  Ratio(%)

Badulla 14,942 14,164 29,107 8.9
Colombo 825 825 0.3
Galle 48,101 48,101 14.6
Hambantota 246 246 0.1
Kalutara 18,325 18,325 5.6
Kandy 20,924 11,790 32,714 10.0
Kgalle 666 9,575 10,241 3.1
Matale 2,168 861 3,029 0.9
Matara 190 41,378 41,567 12.6
Nuwara Eliya 60,323 10,766 762 71,851 21.9
Ranapura 160 2,088 70,517 72,765 22.1
Total 75,426 50,966 201,379 328,771 100.0

Supply ratio of raw leaves of Ceylon tea

In general, low districts tends to have a high bought leaf ratio, and high districts
tends to have more own leaf.

Table. District wise Tea Production (Ratio) 2015

District Own Leaf Estate Leaf Bought Leaf Total
Badulla 432 239 32.9 100.0
Colombo 0.0 0.0 100.0 100.0
Galle 1.8 1.0 97.2 100.0
Hambantota 0.0 0.0 100.0 100.0
Kalutara 3.0 0.5 96.6 100.0
Kandy 16.0 5.2 78.8 100.0
Kgalle 11.7 2.8 855 100.0
Matale 7.1 3.3 89.0 100.0
Matara 5.0 1.2 93.8 100.0
Nuwara Eliva 64.3 14.6 21.1 100.0
Ranapura 6.4 1.3 92.3 100.0

Total 22.4 6.5 711 100.0

Major issues to be solved in Ceylon tea

The cost of production of made tea has rapidly increased.
However, there has been no increase in export prices
1800
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2014 2016 2018 2020
Changes in export value (x10°US$) Task

* Decline in tea price

* Rising production costs

* Production instability due
weather fluctuation

* Small holder vulnerability

* Diversification etc.
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Enhancement of Ceylon tea brand power

Personal idea

PREMIUM CEYLON TEA
SYMBOL OF SUPER QUALITY

CEYLON TEA

SYMBOL OF QUALITY

*100% pure Ceylon tea

*100% packaged in Sri Lanka With a premium lion logo

Need to add value
What can be
considered to
further enhance the
brand power of the
Ceylon tea lion logo

For example,

YcDevelopment of premium lion
logo products

YcDevelopment of functional tea

YDevelopment of high quality tea

Ceylon tea flag product creation

PREMIUM CEYLON TER

Silver Lion Tea

Pearl Ceylon Sllver
Tea

Silver chips made only from buds
— I make it with a bud and one leaf
and make silver lion tea

Shining island, Creation of
Ceylon tea inspired by Indian
Ocean pearls

Development of tea with added functionality

In the case of Japan ® j@

Low caffeine tea

=For children and pregnant women
*For those who can't sleep after drinking tea at night

GABA(yamino butyric acid) tea

| GaDADRTe
5

= For improvement of hypertension
=For get a good night’s sleep

High concentration catechin tea

=For obesity prevention
=For burning fat LY

Physiological functions of black tea components

Black Tea

Contents Functions

Components

Blood flow improvement effect, Anti-
. oxidative, Anti-mutagenic, Anti—
Theaflavins X e .
e hypercholesterolemic, Anti—virus, Anti—

(+Thearubigi 1~2% : - A

as) hyperglycemic, Fat reducing, Anti—
hypertensive, Anti—ulcer, Anti—bacterial
etc.

Caffeine 3~ 49 Removal of fatigue, Sleepy feeling, Diuretic
etc.

Vitamin C 0%

Vitamin B 0. 1ma% Elezltome.tabollc action of carbohydrates and
amino_acids

Vitamin E 11.4mgh _ Anti oxidative, Aging prevention

V/_ewillie Anti hypertensive

butyric acid o

Flavonoids 1~3% Halitosis prevention

Theanine 1.40% Anti hypertensive

Number of papers from 1990 in PubMed

40

Search keyword

Green tea, catechins

¥ 1 greentea, health benefits
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Search keyword
Green tea, health benefits
Black tea, health benefits

Number of papers containing green tea, black tea, catechins, theaflavins
and health benefits from 1990




Characteristic of health benefits of black tea

Y Blood flow improvement effect
( Nothing in Catechins)

¥ Anti-viral, bactrial action
( Stronger than that of Catechins)

¥ Anti-hypercholesterolemic actj?:
¥¢ Anti-hyperglycemic action * * a

% Fat reduce action

Y Anti-hypertensive action I b.w, /%q

Blood flow improvement effect of theaflavins

TF mix(10mg/kg)

TF2B(4mg/kg)

*k

TF2A(4mglk
06 (4mg/kg)

0.4

ABlood flow(mV)

0.2

60 (min
02 (min)

Relationship between theaflavin type and blood flow

Anti-bacterial action in polyphenol

Theaflavins > Catechins

Comparison of minimum growth inhibitin,
tea polyphenol against bacteria (Hara. Y & Watanabe. M: 1989

B.subtilis B.slearothermophilus D.nigrificans
minimum growth inhibiting concentration(ppm)
EGC >800 300 >1000
EC >800 800 >1000
EGCG >800 200 >1000
ECG >800 <100 >1000
TF1 >1000 200 >1000
TF2A 500 300 >1000
TF2B 450 300 >1000
TF3 400 200 >1000

Effects of catechins on influenza virus

spike g *

Host cells Host cells Propartion
20%
Infected state Blocking infection
by tea catechins p<005
Anti-viral effect of tea catechins . Ceei)
against influenza
R R R n=111.3%)
Tea catechins bind to the spikes on the o
surface of influenza virus and inhibit Cowchin group e
{16} Co=dt)

viral adsorption onto the host cell

surface, thus preventing infection Comparison of the incidence of

influenza infection

Development of high quality tea using NIR

18

17 °
The higher the theaflavin AP B
content, the better the taste e o 0 o Yoo
and color, and the higher the » " oo
quality and price. u e ®
1!III 45 50 55 60 65 0

Price(Pence/Pond)

e q Faster analysis

Evaluate numerically Use NIR to measure

chemical components

Markething (Demand varies by export destination) b
\ 4

Russian +C15 Russia has slightly
18.6% more Bags, but C1S
has more Bulk.

The most sophisticated tea market

Bt Japan Patkaging and cleaning machinery, America
themain 2.9% 'food safety standard aare 5.0%

Middle East & USA has high
North Africa demand for RTD)
50.7% and ice teas

Bulk is the maig

Since the needs differ depending on

the export destination, it is Australia 8" ﬁ

important to supply tea that 13% \ :
matches the needs \ o : -
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Tea bags are interesting (Tea bags need to be fun and fashionable etc.)

Expand the place to drink fine tea
Bottle tea; Wine without alcohl

>Highest umami extraction
possible

> Anyone can serve with the
same taste

>¥ Direction is possible

2 Improve added value

Tea Foods for specified function uses

Tea Foods with function claims

——
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For low cost production of
Cylon tea

Mechhanization is important

Indea

With the boom in the tea industry,
From hand-picking to machine-
picking are rapidly progressing [EEZELSE
worldwide to reduce costs

Mechanization has become necessary due to rise in labor
costs and declining labor force

Difference between the hand and the mechanical plucking

%* A new shoot is chosen and it plucking
“! % The amount of plucked shoot is

10 -15kg/day
* Plucking method for high grade tea

% All the new shoots are plucked
in fixed height

% The amount of plucked shoot is 700 —
1000kg/day using portable machine

' for two person
il % Plucking method for midle grade tea
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The point for making a plucking surface of tea uniform

1)Thickness of the branch which constitutes
leaf layer is made uniform.

2)The size of a leaf is made uniform.

3)The aging of stem (branch) is made uniform.

4)From the same position to a new shoot coming out.

The control by trimming and pruning

Organic tea is also a boom

Organic farming is
increasing in high
altitude tea fields

<§
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Good tea tourism

It is also necessary to make tea a
tourist destination in the future

For the success of Ceylon tea

Five key issue

1.Enhancement of brand power
= Promotion the premium quality of Ceylon tea
2. Increase in labor cost, decrease in labor force
= From hand plucking to mechanization
3. Promoting the functionality of Ceylon tea
= Deepening of functional research and PR
4. Demand varies by export destination
= Build marketing strategies by export
destination
other uses
5. Raising the cultural values of tea
= Preservation of tea tradition, habitalization
and utilization as tourism resources
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