7® ROYAL SOCIETY
P OF CHEMISTRY

Food &
Function

View Article Online

View Journal | View Issue

Theanine maintains sleep quality in healthy young
women by suppressing the increase in caffeine-
induced wakefulness after sleep onset
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Energy drinks take advantage of caffeine’s effects on wakefulness and performance; however, excessive
intake has a negative effect on sleep. Green tea is consumed worldwide and has both a stimulating effect
from caffeine and a calming or relaxing effect from theanine. Theanine reduces the excitotoxicity of
caffeine. This study evaluated whether theanine improves the sleep quality worsened by caffeine in
healthy young women. Sleep latency, sleep time, wake after sleep onset (WASO) time, and the number of
WASOs were measured. A crossover study was performed using four treatment groups: theanine (50 mg),
caffeine (30 mg), combined theanine and caffeine (TC), and placebo. The sleep stage was determined
using electroencephalograms, and cerebral blood flow was measured using near-infrared spectroscopy.
The caffeine group showed a significant increase in the WASO time compared with the placebo group; no
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difference was observed between the theanine or TC group and the placebo group. There were no differ-
ences in the sleep-onset latency or number of WASOs between the theanine, caffeine, or TC groups and
the placebo group. In combination with theanine, only the caffeine-induced increase in the WASO time
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Introduction

Tea is a widely consumed beverage; a quarter of tea sales are
green tea." Green tea contains theanine” and caffeine,? both of
which affect brain function. This study investigated the effects
of green tea consumption on sleep and examined whether
caffeine and theanine have beneficial effects on sleep.

According to the National Health and Nutrition Survey con-
ducted by the Ministry of Health, Labour, and Welfare in 2019,
more than half of Japanese males and females sleep less than
7 hours per night.* Japanese sleep duration compared with the
rest of the world is short.”> Females have a shorter total-sleep
duration and times-in-bed in their 30 s and older, even among
Japanese people.® Improving sleep quality is an important
challenge in improving quality of life, as a lack of sleep can
affect attention” and may lead to traffic accidents.®

Caffeine blocks the adenosine A2A receptor, causing the
nerve cells to become excited.® Furthermore, caffeine excites
neural circuits that project from the basal ganglia to the stria-
tum and cerebral cortex.” The basal ganglia is the center of
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was suppressed. Our results suggest that theanine can reduce caffeine’s effects on sleep quality.

various functions such as cognitive function, motor function,
and emotion. In addition, high concentrations of caffeine
inhibit phosphodiesterase activity® and stimulate dopamine
D2 receptors.’ These caffeine-induced changes in the brain
affect many psychological functions.®> The combination of
caffeine and theanine has been shown to affect brain function;
ingesting matcha, which contains both theanine and caffeine,
improves attention in humans.'”™ Matcha is powdered
tencha, a type of green tea. Tencha has high theanine content
because its cultivation and processing methods differ from
other green teas.'” Improved attention was observed even
when caffeine'’ and theanine'® were consumed separately.
This finding suggests that caffeine’s arousal effect partially
contributes to matcha’s attention improvement function.
Caffeine worsens sleep quality and inhibits sleep when 100 mg
or more is consumed at bedtime.'* When this dosage was
administered to 8 men with an average age (+standard error of
the mean; SEM) of 23.3 + 0.3 years, it prolonged sleep latency
from 10.5 + 2.7 to 18.8 + 4.5 min, decreased sleep efficiency
from 94.0 + 0.4% to 91.6 + 1.0%, and suppressed stage 4 of
non-rapid eye movement sleep (NREMS) from 72.9 + 10.6 to
62.5 + 10.5 min. In our two previous studies,"”"" 2 g of matcha
contained 72.5 and 66.2 mg of caffeine. Although this amount
of caffeine is less than the threshold for affecting sleep, it is
recommended in Japan to avoid consuming this amount
before bedtime.
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Theanine is a non-proteinogenic amino acid found in the
leaves of Camellia sinensis."> The concentration of theanine in
green tea varies depending on the cultivation and manufactur-
ing methods.'® Theanine has a positive effect on sleep and
suppresses wakefulness. It inhibits glutamine transport in the
neurons and astroglia of rat brains'’ and suppresses the
release of the excitatory neurotransmitter glutamate.'””'®
However, it does not cause daytime sleepiness.'® Ingestion of
t-theanine affects the concentration of neurotransmitters such
as dopamine, serotonin,?® tryptophan, and y-aminobutyric
acid (GABA).”' It increases GABA, an inhibitory neuro-
transmitter.”> GABAergic neurons are inhibitory, and theanine
is thought to act on GABAergic neurons to promote sleep.
Changes in neurotransmitters in the brain produce beneficial
effects, including anti-stress effects'"*® and improved sleep.
Ingestion of theanine (200 mg) improved sleep and objective
sleep quality in 22 men with a mean age of 27.0 + 0.9 years,
according to the Oguri-Shirakawa-Azumi sleep inventory and
objective indices, middle age version.>* This questionnaire
assesses subjective sleep quality based on five factors: sleepi-
ness on rising, initiation and maintenance of sleep, frequent
dreaming, feeling refreshed, and sleep duration. When
the participants woke up, theanine significantly improved
initiation and maintenance of sleep (p < 0.1), frequent dream-
ing (p < 0.1), feeling of being refreshed (p < 0.05), and sleep
duration (p < 0.05). In addition, an investigation of the body
movements of 10 men during sleep using an actigraph showed
significant improvements in sleep efficiency (placebo group:
93.8 + 9.3; theanine group: 96.6 + 4.1; p < 0.05) and wake after
sleep onset (WASO; placebo group: 19.8 + 24.0; theanine
group: 12.6 + 14.0; p < 0.05).

When cerebral blood flow is measured during non-REM
sleep using electroencephalography (EEG), changes in cerebral
blood flow dynamics occur when many low-frequency (LF)
waves are observed.”> During sleep, cerebral blood flow
decreases from onset to light sleep and tends to increase in
slow-wave sleep and REM sleep after moderate sleep.>®*’
Whether decreased cerebral blood flow causes drowsiness is
unclear. However, we hypothesized that if caffeine’s action on
cerebral arteriole contraction reduces cerebral blood flow, the
cerebral hemodynamics of non-REM sleep can be reproduced;
thus, sleep onset may be smooth. The binding of adenosine to
A2A and A2B receptors on vascular smooth muscles in the
brain causes vasodilation.’®?° This hypothesis requires sup-
pressing the excitatory effects of caffeine since it prevents one
from falling asleep. However, the combined administration of
theanine and caffeine does not show the same excitement
demonstrated by administering caffeine alone.>® Caffeine
reduces cerebral blood flow and may promote sleep onset by
reproducing the cerebral blood flow state in non-REM sleep.

Caffeine acts as a stimulant of neural activity;*' i-theanine
acts as a suppressant.®® Green tea contains both components;
in some cases, they have a beneficial effect due to their inter-
action, which is enhanced in the wakefulness state.>* The sig-
nificance of these two components regarding sleep is not
clear. In this study, we analyzed sleep quality using EEG, cer-
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ebral blood flow using near-infrared spectroscopy (NIRS), and
LF and high-frequency (HF) band power values calculated
from the pulse wave (LF/HF) to investigate the interaction
between a mixture of theanine and caffeine in promoting sleep
onset.

Methods
Test food

t-Theanine (trade name: Suntheanine; Taiyo Kagaku Co., Ltd,
Mie, Japan) was used as the test food. Suntheanine contains
>98% 1-theanine. A caffeine extract (Shiratori Pharmaceutical
Co., Ltd, Chiba, Japan) was used for the caffeine component.
Drinks containing caffeine, theanine, or both caffeine and
theanine (TC) were mixed using 200 ml of deionized water,
adjusted to have the same taste and aroma as placebo drinks,
and dispensed in cans of the same shape.

In this study, the dose of theanine was 50 mg, which was
previously shown to affect brain function when consumed in
conjunction with caffeine.'® Furthermore, the theanine
content of green tea, gyokuro, and matcha is high, approxi-
mately 2%."° For one cup of tea, 2-3 g of tea leaves were used
for theanine extraction. Assuming all the theanine is con-
sumed, the theanine content would be 40-60 mg. Therefore,
we set the dosage at 50 mg, assuming a cup of tea is consumed
daily.

The amount of caffeine was determined as follows. A cross-
over study was conducted on five healthy females aged 21-22
years who ingested 0, 15, 30, and 50 mg of caffeine to identify
the concentration that does not increase the NIRS signal in the
prefrontal cortex. Data were acquired every 10 minutes for
90 minutes after caffeine intake. Individual differences were
large, but no significant difference was observed in the mean
values. Therefore, based on the changes observed in each par-
ticipant’s NIRS signal, the amount of caffeine was set at
30 mg. Only 1 of the 5 females showed an increased NIRS
signal intensity 10-20 minutes after ingesting 30 mg of
caffeine (data not shown).

Participants

All participants were university students attending the Ehime
Prefectural University of Health Sciences (Ehime, Japan). The
principal investigator distributed a paper with the research
contents approved by the Ehime Prefectural University of
Health Sciences to potential participants and verbally
explained the research contents. Those who understood and
agreed to participate in the study provided written informed
consent. The inclusion criteria were as follows: (1) not
suffering from a chronic illness that required regular hospital
visits, (2) not taking medication on a daily basis, (3) drinking
2-3 cups of caffeine-containing beverages (e.g., tea and coffee)
daily, (4) caffeine sensitivity that is not particularly high (e.g.,
they never experienced severe insomnia or dizziness after
ingesting a caffeine drink), and (5) average daily sleep time of
6-9 h. Participants were not restricted from taking one-time
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medications for symptoms, such as abdominal pain and fever,
that developed during the study period. The demographic
characteristics of the participants are listed in Table 1.

The number of participants was set based on two previous
studies. A study by Unno et al.,*® in which 90% of the partici-
pants were female, reported that low-caffeine green tea might
improve sleep quality. Another study by Unno et al.>* reported
that the stress index of salivary a-amylase activity is high when
the sleep period is short, and the ingestion of theanine
reduces the stress.

Study design

This study had a single-dose, four-treatment double-blind,
crossover design. The primary endpoint was the EEG results.
The secondary endpoints were the NIRS and LF/HF results. A
flow diagram of the study is shown in Fig. 1. The participants
adhered strictly to the study schedule (Fig. 2) from the day
before the measurement to the end of the measurements. On
the day of measurement, participants were fitted with sensors
and electrodes at 10:30 pm, the test drink was ingested at
10:50 pm, the measurements were started, and the partici-
pants went to bed at 11:00 pm. The measurements were per-
formed until 7:00 am the next morning. Participants ingested
four test beverages, including the placebo beverage, with an
intervening period of at least 7 days. A volunteer other than the
analyst assigned a random number to all test drinks. Each of
the four test drinks was placed in a box. For each participant,
the tester selected four test drinks, one from each box, and
the participants consumed the drinks in ascending order of
the assigned numbers. Cigarettes and drinks containing
alcohol or caffeine were prohibited the day before the test.
Measurements were not performed during menstruation
periods. The participants were not restricted from consuming
polyphenols (e.g., green tea, black tea, and oolong tea) from
the day before the test until the end of the test.

Participant evaluations

EEGs were measured using a silver-silver chloride electrode
attached to the midline of the head in the Pz electrode mount-
ing position, based on the 10-20 electrode system. The NIRS
signal intensity, which depends on the prefrontal cortex cer-
ebral blood flow, was measured using an NIR sensor attached
to the forehead. The fingertip pulse volume was measured
using a pulse-wave sensor attached to the fingertip.
Respiratory movement was measured using a strain gauge
breathing sensor attached to the chest. The data were recorded

Table 1 Clinical characteristics of the participants

Number of participants 9

Sex (male/female) 0/9

Age (years, range: 21-22) 21.3+0.5
Height (cm) 160.9 £ 3.9
Weight (kg) 56.0 + 6.6
Body mass index 21.6+2.2

Values are presented as the mean + SD.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Enroliment Assessed for eligibility (n=9)

(e
=

* Excluded (n=0)
* Not meeting inclusion
criteria (n=0)

A\ 4

\4

Randomized (n=9)

v

Four groups cross over trial
Participants take all types

of test meals every other week
(placebo, theanine, caffeine,
or theanine and caffeine mix)

Allocation

« Allocated to intervention (n=9)

* Received allocated
intervention (n=0)

« Did not receive allocated
intervention (n=0)

Follow-up

i

* Lost to follow-up (n=0)
« Discontinued intervention (n=0)

* Analyzed (n=9)

Analysis
L * Excluded from analysis (n=0)

!

Fig. 1 Flow diagram of the study.

Day before Test day

Going to bed Get up Going tobed Getup
23:00 7:00 23:00 7:00

| | v v
A A A A Records

19:00 7:30 12:00 19:00
Dinner Breakfast Lunch Dinner

22:50
Test drink intake

Fig. 2 Schedule of the measurement period.

on the hard disk of a laptop computer using a small polygraph
system (Vital Monitor ProComp, Thought Technology Ltd,
Toronto, Canada) at a sampling frequency of 256 Hz. The
measurements were performed at the participant’s home
using the same indoor environment as when participants went
to bed daily.

The EEGs were analyzed using a signal analysis program
(DADIiSP/PRO 2020, CAE Solutions Corporation; Tokyo, Japan).
The recorded EEGs were filtered using a high cut-off frequency
of 30 Hz and an attenuation characteristic of —24 dB per oct
for 2 min per section. The power spectrum was calculated
using the fast Fourier transform algorithm. By inspecting the
spectrum pattern, the sleep stages were classified into three
based on sleep depth: awakening, light sleep, and deep sleep.
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Awakening was defined as a high peak observed at approxi-
mately 9 Hz in the alpha band. Light sleep (stages I and II) was
defined as the presence of predominantly slow waves with low
amplitude and no peak in the alpha band. Deep sleep (stages
III and IV) was defined as the presence of predominantly high-
amplitude slow waves. From the sleep depth results, the sleep
onset latency, deep sleep latency, light sleep time, deep sleep
time, sleep time, WASO time, and number of WASOs were
obtained as parameters for evaluating sleep quality.

The NIRS signal strength was calculated using a signal ana-
lysis program (DADiSP/PRO 2002, CAE Solutions Corporation;
Tokyo, Japan). The integrated NIRS signal strength was calcu-
lated using 2 min intervals. The pulse wave was obtained by
differentiating the pulse-wave waveform to obtain a spike-like
waveform similar to an EEG. The power spectrum was calcu-
lated using the fast Fourier transform algorithm, and the heart
rate variability was obtained from the differential waveform of
the pulse wave as one interval of 64 s, using data analysis soft-
ware (DADiISP/PRO 2002, CAE Solutions Corporation; Tokyo,
Japan). The mean waveform of the power spectrum of the two
sections was calculated from 2 min of the heart rate variability
power spectrum, and the integrated value from 0.04 to 0.15 Hz
was used as the HF component. LF/HF was calculated as a
sympathetic nerve activity index using the LF and HF com-
ponents of the heart rate variability spectrum.

Statistical analysis

All statistical analyses were performed using R software ver
3.2.3 (R Foundation, Vienna, Austria). The EEG, LF/HF, and
NIRS signal intensity were compared using two-way repeated
measures ANOVA based on group, time, and group x time
interactions. Sleep latency, sleep time, and WASO were com-
pared using one-way repeated measures ANOVA and Tukey’s
post hoc test. All values are reported as the mean + standard
error of the mean (SEM). The level of statistical significance
was set at p < 0.05.

Results
Sleep quality

No statistically significant differences were found between the
groups for sleep onset latency, sleep time, and number of
WASOs, as calculated from the EEG results (Fig. 3-5A). The
WASO time was statistically significantly higher in the caffeine
group than in the placebo group (Fig. 5B). The WASO time of
the TC group was significantly lower than that of the caffeine
group (Fig. 5B). There was no statistically significant difference
in sleep latency or sleep time between the groups.

Cerebral blood flow in the prefrontal cortex

There was no statistically significant difference between the
groups in cerebral blood flow in the prefrontal cortex, as
measured by NIRS (Fig. 6).
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Fig. 3 Effects of the caffeine (30 mg) and theanine (50 mg) mixtures on
objective sleep quality. Sleep latency of the entire sleep (A) and sleep
stages Ill and IV (B), which are deep sleep states, are calculated from
EEG measurements. Values are presented as the mean + SEM.

LF/HF

The LF/HF calculated from the heart rate variability did not
show significant differences between the groups for beverage
or time (Fig. 7).

Discussion

This study investigated the effect of combining caffeine with
theanine on sleep and found that consuming a mixture of
caffeine and theanine suppressed only the WASO time com-
pared with consuming caffeine alone.

The NIRS signal intensity in the caffeine group was less
than that in the placebo group, but it did not reach statistical
significance; however, the WASO time was statistically signifi-
cantly longer than that in the placebo and TC groups. This
result is thought to be caused by the dual effects of caffeine;
that is, the sympathetic nervous system-mediated cerebral
arteriole contraction and excitatory action in the central
nervous system.” Caffeine ingestion was observed to constrict
cerebral blood vessels and reduce cerebral blood flow in the
prefrontal cortex. However, since caffeine’s central nervous

This journal is © The Royal Society of Chemistry 2023
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I, and (C) sleep time of stages Ill and 1V, calculated from EEG measure-
ments. Values are presented as the mean + SEM.

system stimulation effect also occurred, the sleep onset latency
in the caffeine group showed a high value. This difference did
not reach statistical significance.

The caffeine dose in this study was set to 30 mg based on a
preliminary study in which caffeine was administered to
healthy male and female college students at 0, 15, 30, and
50 mg; in 4 out of 5 participants, the NIRS signal intensity in
the prefrontal cortex decreased 10-20 min after adminis-
tration, and the sleep stage changed from awakening to stage

This journal is © The Royal Society of Chemistry 2023
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The figure shows hourly NIRS signal strength. Values are presented as
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I. The minimum dose that shifted participants to stage I was
30 mg (data not shown). We enrolled participants who routi-
nely ingest caffeine-containing beverages (2-3 cups of tea or
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Fig. 7 Effects of 30 mg of caffeine and 50 mg of theanine mixture on
the ratio of LF to HF (LF/HF). Values are presented as mean + SEM.

coffee per day); however, some participants experienced wake-
fulness even after consuming 30 mg of caffeine. This finding
was presumed to be caused by differences in individual
responses to caffeine.’ In the future, it will be necessary to
evaluate participants for the presence or absence of caffeine
susceptibility.

The NIRS signal intensity did not decrease in the TC group,
and the WASO was significantly reduced compared with that
in the caffeine group. We speculate that this is because thea-
nine suppressed both the cerebral arteriole contraction and
central nervous system stimulation caused by caffeine.
Theanine suppresses the excitatory effects of caffeine.>* Dodd
et al.>® evaluated the effect of theanine on cerebral blood flow
by measuring oxyhemoglobin and deoxyhemoglobin when cog-
nitive assessment tasks were performed. When a task was per-
formed after ingesting 75 mg of caffeine, oxyhemoglobin
decreased and deoxyhemoglobin increased; however, when co-
administered with 50 mg of theanine, the effect of caffeine was
diminished. This effect depends on the caffeine intake; the
amount of caffeine was higher than the amount of theanine in
this study, but theanine attenuated the effect of caffeine. How
theanine affects cerebral arterioles is a subject for further
study, but the results of this study indicate that theanine may
antagonize caffeine’s effect on cerebral arterioles.

The absorption rates of theanine and caffeine are important
for explaining the effects of consuming both simultaneously.
The concentration of -caffeine peaks in the blood at
30-120 min;*® it peaks at 60 min for theanine.’” When 50 mg
of theanine is ingested, alpha waves appear 40 min later.>®3°
The blood concentration peak of theanine occurs later than
that of caffeine; therefore, after ingesting the test food,
caffeine’s central nervous system stimulative effect would be
temporarily greater than that of theanine. This is considered
the reason that the sleep onset latency was not shortened in
the TC group compared with the caffeine group. A study that
evaluated sleep quality using actigraphs on male college stu-
dents with good sleeping habits reported that taking 200 mg
of theanine for 6 days reduced the WASO.** The present
study’s participants were female college students with an
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average daily sleep time of 6-9 h. The mid-wake time of the
placebo group in this study (~30 min) was longer than that of
the previous study (~20 min). In the future, it will be necessary
to conduct tests on participants with similar sleep qualities,
such as sleep onset latency and sleep time, to allow for better
comparisons.

The LF/HF of the TC group was low but not significantly
different among the groups. There were large individual differ-
ences, and the fluctuation range within the same section was
also large. The low LF/HF values in the TC group are due to
theanine suppressing the sympathetic nerve-activating effect of
caffeine.

The sleep center in the brain regulates sleep. It is known
that heat dissipation, decreased sympathetic nerve activity,
and skeletal muscle relaxation occur during sleep. Theanine is
known to improve sleep quality, but many aspects of its
mechanism remain unclear. The consumption of theanine is
reported to alter neurotransmitters such as dopamine, seroto-
nin,*° tryptophan, and y-aminobutyric acid (GABA),>* suppress
the excitotoxicity of glutamate,’”” and induce anxiolysis
through the induction of alpha waves.*® However, how these
effects are related to improving sleep is a topic for future
research.

This study has some limitations. Only a limited effect was
observed, and all the participants were Japanese females in
their twenties; therefore, we cannot deny the possibility that
an order-of-time effect occurred in this crossover study.
Caffeine dosage, caffeine sensitivity, and sleep habits should
be considered when selecting participants. In addition, it is
necessary to set optimal concentrations of theanine and
caffeine that do not suppress cerebrovascular contractions.
Furthermore, the action of theanine on GABAergic neurons
and the blocking action of adenosine A2A receptors are cited
as the mechanisms of action of the combined effect of thea-
nine and caffeine. However, whether these actions occur sim-
ultaneously is unclear, and future studies are needed to verify
these actions.

Conclusions

Foods containing caffeine affect sleep quality and should be
avoided before bedtime. This study evaluated sleep quality in
female participants with a mean age of 21.3 + 0.5 years who
consumed theanine and caffeine together. Theanine and
caffeine did not promote sleep onset. However, simultaneous
intake of theanine (50 mg) and caffeine (30 mg) before sleep
suppressed only the WASO time extension of caffeine. This
finding suggests that theanine suppresses the contraction of
cerebral arterioles. Although the leaves of Camellia sinensis
contain theanine, and theanine can attenuate the effect of
caffeine, more attention should be given to their concen-
trations. This study used test conditions in which the amount
of theanine was greater than that of caffeine. Since theanine
can potentially be used to treat sleep disorders, further investi-
gations into the positive effects of green tea, which contains

This journal is © The Royal Society of Chemistry 2023
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both caffeine and theanine, should assess different ratios of
the two substances.

Ethics statement

The study protocol was approved by the Ethics Committees of
Ehime Prefectural University of Health Sciences (Ehime,
Japan; approval number: 16-007). The study was conducted in
accordance with the tenets of the Helsinki Declaration (as
adopted in 1964 and amended in October 2013), the Ethical
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