I
O
o
<
i
0
w
o
(7]
w
o
>
o
wi
)
I
ar
<
wi
=3
>
(L)
o
-
=)
=
wi
=]
o
wi

O

Serum Ethylamine Levels as an
Indicator of L-Theanine
Consumption and the Risk of
Type 2 Diabetes in a General
Japanese Population:

The Hisayama Study

Diabetes Care 2019;42:1234-1240 | https://doi.org/10.2337/dc18-2655

OBJECTIVE

This study investigated the association between serum ethylamine levels as an
indicator of L-theanine consumption and the development of type 2 diabetes in a
Japanese community.

RESEARCH DESIGN AND METHODS

A total of 2,253 community-dwelling Japanese individuals aged 40-79 years without
diabetes were monitored for 7 years. Serum ethylamine levels were divided into
quartiles: <0.86, 0.87-2.10, 2.11-5.28, and =5.29 ng/mL. Kinetic analysis of serum
ethylamine concentrations was performed after ingestion of L.-theanine-rich green
tea products containing 8 mg of L-theanine by 12 healthy volunteers.

RESULTS

During follow-up, 282 subjects developed type 2 diabetes. The age- and sex-
adjusted cumulative incidence of type 2 diabetes decreased significantly with
elevating levels of serum ethylamine (P for trend = 0.04). This association remained
unchanged after adjusting for potential confounding factors. The multivariable-
adjusted hazard ratio (HR) for type 2 diabetes was significantly lower in the fourth
quartile of serum ethylamine than in the first quartile (HR 0.69, 95% CI 0.49-0.98).
This trend of decrease in diabetic risk across serum ethylamine levels was more
prominent in middle-aged subjects and in subjects with prediabetes, obesity, or
insulin resistance. Kinetic analysis estimated that the minimum concentration at
the steady state was >5.90 ng/mL in the case of twice-daily ingestion with an
interval of 12 h.

CONCLUSIONS

Higher serum ethylamine was significantly associated with lower risk of the
development of type 2 diabetes in a general Japanese population. The measure-
ment of serum ethylamine concentration would be a useful biomarker for the
objective estimation of L-theanine consumption.
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The number of patients with type 2 di-
abetes (T2DM) is increasing worldwide
(1). T2DM deteriorates quality of life
through macrovascular and microvascu-
lar complications and causes >2 million
deaths globally each year (2,3). More-
over, it has been reported that diabetes is
associated with greater risk of cognitive
impairment and dementia (4). Therefore,
the prevention of diabetes should be a
public health priority (5). Dietary factors
have been well acknowledged to play an
important role for the prevention of
T2DM. Several epidemiological studies
have reported that higher tea consump-
tion is associated with a lower incidence
of T2DM (6,7). However, the tea consump-
tions in these studies were evaluated using
a self-reported food questionnaire rather
than by objective measures such as the
serum concentrations of tea ingredients.

L-Theanine is a non—protein-forming
amino acid that is principally synthesized
in the roots and accumulated in the
leaves of teas, especially green teas
(8,9). L-Theanine is also an important
ingredient in the taste and flavor of green
teas (8). In addition, .-theanine has been
considered to have several physiologi-
cally favorable effects on the prevention
of lifestyle-related diseases (e.g., cardio-
vascular disorders, obesity, dyslipidemia,
and hypertension) in addition to pro-
moting stress relief, tumor suppression,
and antioxidation effects, although these
conclusions were mainly based on the
findings from animal experiments (9). In
contrast, few population-based epidemi-
ological studies have addressed the in-
fluence of -theanine on lifestyle-related
diseases in humans, although favorable
effects of green tea consumption, as
estimated by a self-reported food ques-
tionnaire, have been reported. In the
human body, t-theanine is rapidly de-
graded within 24 h after ingestion and is
hydrolyzed to ethylamine and glutamic
acid, the serum concentrations of which
can be detected after 24 h (8). Therefore,
it can be assumed that the serum ethyl-
amine concentration is an indicator of
L-theanine consumption.

The aim of the current study was to
investigate the association between se-
rum ethylamine levels and the develop-
ment of T2DM in a general Japanese
population. We additionally sought to
clarify the kinetics of the serum ethyl-
amine concentration after the ingestion
of L-theanine—rich green tea.

RESEARCH DESIGN AND METHODS

Prospective Cohort Study for the
Development of T2DM

Study Population

The Hisayama Study is a population-
based prospective study that has been
ongoing since 1961 in the town of
Hisayama, a suburb of Fukuoka, in Japan
(10,11). Health examinations for resi-
dents have been repeated every year
since 1961, and participants have been
encouraged to undergo a 75-g oral glu-
cose tolerance test (OGTT) since 1988
(10).1n 2007, 2,957 residents aged 40-79
years underwent a health examination
(participation rate, 77.1%). After exclud-
ing 8 subjects who did not provide con-
sent to participate, 490 with diabetes at
baseline, 36 with no fasting blood sam-
ples, 160 who were not followed up, and
10 who lacked measurement of serum
ethylamine concentration, the remaining
2,253 subjects (930 men and 1,323
women) were enrolled in the current
study. The current study was performed
with the approval of the Kyushu Univer-
sity Institutional Review Board for Clinical
Research, and written informed consent
was obtained from all participants.

Quantitation of Serum Ethylamine
Concentrations

At the examination in 2007, portions of
the serum specimens were stored at
—80°C. In 2017, the serum ethylamine
concentrations were measured by lig-
uid chromatograph—tandem mass spec-
trometry, the detailed methods of which
are described in the Supplementary
Appendix. The coefficient of variation
for the serum ethylamine concentration
from five repeated measurements by this
method was 2.3%. The study participants
were divided into four groups according
to the quartiles of serum ethylamine
levels: Q1, =0.86 ng/mL;, Q2, 0.87-
2.10 ng/mL; Q3, 2.11-5.28 ng/mL; and
Q4, =5.29 ng/mL.

Determination of Glucose Tolerance Status
at Baseline

In total, 95.7% (2,155 of 2,253) of par-
ticipants underwent an OGTT (blood
sampling at 0 min, 30 min, and 2 h) after
an overnight fast of at least 12 h at
baseline. According to the 1998 World
Health Organization criteria (12), glucose
tolerance status at baseline was deter-
mined by the OGTT (or only fasting
plasma glucose [FPG] levels among
98 subjects without OGTT) as follows:
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normal glucose tolerance, FPG <6.1
mmol/L and 2-h postload glucose
(2hPG) <7.8 mmol/L; prediabetes, im-
paired fasting glycemia (FPG 6.1-
6.9 mmol/L and 2hPG <7.8 mmol/L)
or impaired glucose tolerance (FPG
<7.0 mmol/L and 2hPG 7.8-11.0
mmol/L); and diabetes, FPG =7.0
mmol/L, 2hPG =11.1 mmol/L and/or
the use of antidiabetic medications. Se-
rum insulin concentrations were mea-
sured by a chemiluminescent enzyme
immunoassay. The insulinogenic index
and the HOMA-insulin resistance (HOMA-
IR) were calculated with the following
formulas, respectively: (serum insulin at
30 min — serum insulin at 0 min)/(plasma
glucose at 30 min — plasma glucose at
0 min) and (plasma glucose at 0 min X
serum insulin at 0 min/22.5), where the
units of variables were serum insulin in
pU/mL and plasma glucose in mmol/L
(13,14).

Measurements of Other Risk Factors at
Baseline in the Prospective Cohort Study for
the Development of T2DM

Each participant completed a self-
administered questionnaire, including
medical history; family history; use of
antihypertensive, antidiabetic, and lipid-
modifying medications; smoking habits;
alcohol intake; and regular exercise. A
family history of diabetes was defined
as the presence of diabetes in the first- or
second-degree relatives of the subjects.
Smoking habits and alcohol intake were
classified as current use or not. Regular
exercise was defined as sports at least
three times per week during their leisure
time. Total energy intake per day and
green tea consumption per day were
estimated using a brief-type self-
administered diet history questionnaire
(15). Obesity was defined as a BMI =25.0
kg/m?. Blood pressure was measured
three times using an automated sphyg-
momanometer (BP-203RV lII; Colin, Tokyo,
Japan) with the subject in the sitting
position after >5 min of rest, and the
mean value of the three measurements
was calculated. Hypertension was defined
as a systolic and diastolic blood pressure
=140/90 mmHg or use of antihyperten-
sive medications. Lipids were measured
enzymatically.

Determination of New-Onset T2DM During
Follow-up

The study participants were moni-
tored at yearly health examinations until
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30 November 2014 (median follow-up
period: 6.9 years; range: 0.2—7.4 years).
During the follow-up period, new onset
of T2DM was determined based on the
OGTT data or the measurements of fast-
ing or casual plasma glucose in the annual
health examinations, plus the clinical
information—namely, medical records
and the use of antidiabetic medications.
T2DM was defined as FPG =7.0 mmol/L,
2hPG or casual plasma glucose =11.1
mmol/L, and/or the use of antidiabetic
medications (oral hypoglycemic agents,
injectable glucagon-like peptide analogs,
or insulin) (12). The participants under-
went an average of 5.3 = 2.2 follow-up
examinations.

Statistical Analysis

Serum triglycerides, insulinogenic index,
and HOMA-IR were log-transformed ow-
ing to the skewed distributions. Trends in
the risk factors at baseline across quar-
tiles of serum ethylamine levels were
tested using a linear regression for mean
values and logistic regression for fre-
quencies. The incidence rates of T2DM
were estimated using the person-years
method. Participants were censored at
the time of death, the latest occasion of
the follow-up survey, or the date of the
diagnosis of type 1 diabetes (one subject
was diagnosed with type 1 diabetes
during follow-up). The age- and sex-
adjusted incidence rates of T2DM were
calculated using a Poisson regression
model including age and sex, where
the variables of log-transformed person-
years were used as the offset term
(16). The hazard ratios (HRs) with
their 95% Cls of the quartiles of
serum ethylamine levels for the devel-
opment of T2DM were computed by
using a Cox proportional hazards model.
The age- and sex-adjusted cumulative
incidence of T2DM across serum ethyl-
amine levels was calculated by using
regression estimates from a relevant
Cox model including age and sex (17).
The trends in the age- and sex-adjusted
cumulative incidence and HRs were
tested using a Cox model including serum
ethylamine levels with ordinal numbers
(1, 2, 3, and 4) and the relevant covar-
iates. The heterogeneity in the associ-
ation between subgroups of risk factors
was assessed by adding multiplicative
interaction terms of the serum ethyl-
amine level with each subgroup in
the relevant Cox model. All statistical

analyses were conducted using SAS 9.4
software (SAS Institute, Cary, NC). A
value of two-tailed P < 0.05 was con-
sidered statistically significant in all
analyses.

Kinetic Study of Serum Ethylamine
After the Consumption of L-Theanine—
Rich Green Tea Products by Healthy
Volunteers
Study Design
Twelve healthy middle-aged to elderly
Japanese men and women, aged 40-69
years, participated in the kinetic study. In
the open-label single-arm study, which
was performed in October 2018, subjects
agreed to be hospitalized for 4 days at a
clinical center. On the morning of the day
after the 1st day of hospitalization, sub-
jects ingested 105 mL of t-theanine-rich
green tea products (manufactured by
Suntory Beverage & Food, Tokyo, Japan),
30 min after a light breakfast. The
L-theanine—-rich green tea products con-
tained 8 mg of L-theanine per 105 mL. To
avoid uptake of L-theanine from other
food sources, subjects were instructed
not to consume any foods, including
-theanine (e.g., green tea, oolong tea,
tea-based products, L-theanine-rich
functional foods, and a particular type of
mushroom) from 7 days before the day
of study products ingestion. Subjects
were required to fast for 4 h after the
ingestion of the green tea products.
Subjects were prohibited from having
any food or drink other than those pro-
vided by the clinical center, from smok-
ing, and from leaving the clinical center
during the study. Blood samples were
collected before ingestion (baseline) and
05,1,2,3,4,6,8,12,24,30,36,and 48 h
after ingestion of the study products (8).
After 30 min at room temperature, blood
was centrifuged at 3,000g for 10 min
at room temperature to obtain serum,
which was stored at —80°C until analysis.
The study protocol was approved by
the Clinical Research Network Fukuoka
Ethics Committee (Fukuoka, Japan).
Medical investigators explained the
study to all subjects, and written in-
formed consent was obtained from all
subjects before enrollment.

Kinetic Analysis

Serum ethylamine concentrations were
measured by liquid chromatograph—
tandem mass spectrometry as described
in the Supplementary Appendix. Serum
kinetic parameters were calculated using
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noncompartmental analysis (Phoenix
WinNonlin version 7.0) (18). The maxi-
mum concentration of ethylamine in
serum (Cpnax) and the time at Cpoy
(tmax) Were determined directly from
the observed values. The terminal elim-
ination rate constant (\,) was estimated
by linear regression of the log-linear
decline in individual serum concentra-
tion—time data. The terminal half-life
(t1/2) was calculated for each individual
as follows: t;, = In(2)\,~*. The area
under the serum concentration-time
curve (AUC) was calculated by the linear
trapezoidal rule (for AUCy_), plus the
quotient of serum concentration at the
predicted last point divided by \, (for
AUCy_o,). The simulation curves of the
serum ethylamine concentrations after
putative multiple ingestions of the green
tea products were calculated by using the
superposition principle (18). The effect of
time on serum ethylamine concentra-
tions was investigated by ANOVA, fol-
lowed by a Bonferroni adjustment for
multiple comparisons of time points.
These statistical analyses were per-
formed using Microsoft Office Excel
2013 and SPSS Statistics (Subscription
version; IBM, Tokyo, Japan).

RESULTS

Prospective Cohort Study for the
Development of T2DM

The distribution of serum ethylamine
concentrations was right skewed, and
the log-transformed serum ethylamine
concentrations were almost normally
distributed (Supplementary Fig. 1). Me-
dian values of serum ethylamine concen-
trations were 2.11 ng/mL (interquartile
range 0.87-5.29) in overall subjects. Se-
rum ethylamine concentrations were
distributed at higher levels in men
than in women. The baseline character-
istics of the study population according
to the quartiles of serum ethylamine
concentrations are summarized in Table
1. The mean values of age, FPG, systolic
and diastolic blood pressure, and total
energy intake increased significantly with
higher serum ethylamine levels, while
the geometric mean values of the insu-
linogenic index and HOMA-IR decreased
significantly. Subjects with greater serum
ethylamine levels were more likely to be
male, to be prediabetic, to use antihy-
pertensive agents, to consume alcohol,
or to have a smoking habit. The pro-
portion of subjects drinking =1 cup/day
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Table 1—Baseline characteristics according to serum ethylamine levels
Serum ethylamine level, ng/mL

Q1 (=0.86) Q2 (0.87-2.10) Q3 (2.11-5.28) Q4 (=5.29)

Variables (n = 563) (n = 563) (n = 563) (n = 564) P for trend
Age, years 57.5 (10.5) 59.5 (10.1) 61.0 (10.6) 63.2 (9.8) <0.001
Men 26.6 42.5 48.5 47.5 <0.001
Family history of diabetes 16.7 21.5 14.4 154 0.12
Prediabetes 26.1 28.6 30.6 30.5 0.08
FPG, mmol/L 5.4 (0.5) 5.5 (0.5) 5.5 (0.5) 5.5 (0.5) 0.002
2hPG, mmol/L 6.7 (1.5) 6.8 (1.6) 6.7 (1.7) 6.8 (1.6) 0.65
Insulinogenic index? 0.75 (0.15-3.77) 0.69 (0.13-3.62) 0.66 (0.11-4.06) 0.67 (0.11-3.98) 0.02
HOMA-IR? 1.30 (0.42-4.00) 1.29 (0.40-4.15) 1.25 (0.42-3.73) 1.21 (0.38-3.81) 0.03
Systolic blood pressure, mmHg 127.5 (18.9) 128.3 (17.7) 129.2 (18.4) 131.0 (18.3) <0.001
Diastolic blood pressure, mmHg 78.2 (11.0) 78.7 (10.2) 78.9 (11.0) 79.8 (10.3) 0.01
Use of antihypertensive agents 22.4 24.0 24.9 28.9 0.01
Use of ARB 12.8 11.8 11.8 11.6 0.54
Serum total cholesterol, mmol/L 5.52 (0.90) 5.40 (0.94) 5.45 (0.94) 5.44 (0.99) 0.30
Serum HDL cholesterol, mmol/L 1.78 (0.45) 1.75 (0.46) 1.75 (0.46) 1.77 (0.48) 0.80
Serum triglycerides, mmol/L® 1.11 (0.39-3.11) 1.15 (0.39-3.39) 1.18 (0.42-3.33) 1.16 (0.43-3.18) 0.09
Use of statin 10.4 11.8 9.9 13.5 0.23
BMI, kg/m? 23.1 (3.5) 22.9 (3.1) 22.8 (3.1) 22.7 (3.2) 0.06
Obesity 25.8 22.0 22.4 23.2 0.36
Smoking habits 15.1 21.5 21.8 23.4 <0.001
Alcohol intake 453 50.6 58.8 49.4 0.03
Regular exercise 11.4 12.1 13.0 12.9 0.37
Total energy intake, kcal/day 1,715.3 (522.9) 1,796.9 (543.1) 1,835.8 (550.9) 1,833.7 (528.8) <0.001
Green tea consumption

=1 cup/day 50.7 73.4 76.8 88.8 <0.001

=4 cup/day 18.4 27.2 34.9 55.8 <0.001
No. of health examinations received during follow-up, times 5.3 (2.1) 5.1 (2.3) 5.2 (2.2) 5.4 (2.2) 0.38

Data are mean (SD), percent, or as indicated. ARB, angiotensin Il receptor blockers. ®Insulinogenic index, HOMA-IR, and serum triglycerides are

shown as geometric mean values (95% Cls).

of green tea was higher in subjects with
higher serum ethylamine levels. Higher
frequency of green tea consumption
was significantly associated with greater
mean values of serum ethylamine levels
(Supplementary Fig. 2). There was no
evidence of a significant association be-
tween serum ethylamine levels and other
risk factors. Pearson correlation coeffi-
cients of serum ethylamine concentra-
tions with risk factors taken as a
continuous variable are reported in
Supplementary Table 1.

During the median 6.9-year follow-up,
282 subjects developed T2DM. The age-
and sex-adjusted incidence rate (per
100 person-years) and cumulative inci-
dence of T2DM decreased significantly
with elevating levels of serum ethyl-
amine (both P for trend <<0.05) (Table
2 and Fig. 1). This association remained
unchanged after adjusting for potential
confounding factors—namely, age, sex,
family history of diabetes, systolic blood

pressure, use of antihypertensive agents,
use of angiotensin Il receptor blockers,
prediabetes, serum total cholesterol, se-
rum HDL cholesterol, serum triglycerides,
use of statins, obesity, current smoking,
current drinking, and regular exercise
(Table 2, model 2). The multivariable-
adjusted HR for T2DM was significantly
lower in the third (HR 0.71, 95% CI 0.50—
0.99) and fourth (HR 0.69, 95% ClI 0.49—
0.98) quartile of serum ethylamine than
in the first quartile. These significant
associations were still observed after
additional adjustment for total energy
intake and green tea consumption
(model 3), or the insulinogenic index
(model 4) (both P for trend <<0.05).
Meanwhile, this association was mod-
estly attenuated after additional adjust-
ment for HOMA-IR (model 5) (P for
trend = 0.06). In the sensitivity analysis
using the variable “BMI” in place of the
variable “obesity,” the findings were not
altered substantially: HR 0.76 (95% ClI

0.54-1.07) for serum ethylamine of 0.87—
2.10 ng/mL, 0.71 (0.51-1.00) for 2.11-
5.28 ng/mL, and 0.70 (0.50-0.99)
for =5.29 ng/mL (P for trend = 0.049)
compared with =0.86 ng/mL.

Next, we addressed the difference in
the association between serum ethyl-
amine levels and the risk of incident
T2DM between the subgroups according
to age, sex, glucose tolerance status,
obesity, insulinogenic index, and
HOMA-IR (Supplementary Table 2). The
multivariable-adjusted HRs on the de-
velopment of T2DM decreased signifi-
cantly or marginally with higher serum
ethylamine levels in subjects aged <65
years, subjects with prediabetes, obese
subjects, and subjects with higher
HOMA-IR: there was significant hetero-
geneity in the association between sub-
jects with and without obesity (P for
heterogeneity = 0.048), whereas the
differences in the association did not
reach the statistically significant level
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Table 2—Associations between the serum ethylamine level and risk of the development of T2DM
Serum ethylamine level, ng/mL

Q1 (=0.86) Q2 (0.87—-2.10) Q3 (2.11-5.28) Q4 (=5.29) P for trend
Median (ng/mL) 0.46 1.35 3.29 9.56
No. of events/PYs at risk 76/3,344 67/3,323 70/3,369 69/3,355
Incidence rate (per 100 PYs)
Unadjusted 2.27 2.02 2.08 2.06 0.60
Age- and sex-adjusted 2.53 191 1.83 1.73 0.03
HR (95% Cl)
Model 1 1.00 (reference) 0.75 (0.54-1.05) 0.72 (0.52-1.00) 0.69 (0.49-0.97)* 0.04
Model 2 1.00 (reference) 0.76 (0.54-1.07) 0.71 (0.50-0.99)* 0.69 (0.49-0.98)* 0.04
Model 3 1.00 (reference) 0.74 (0.52-1.05) 0.68 (0.48-0.97)* 0.68 (0.48-0.97)* 0.04
Model 4 1.00 (reference) 0.76 (0.53-1.08) 0.67 (0.48-0.96)* 0.69 (0.48-0.98)* 0.03
Model 5 1.00 (reference) 0.74 (0.53-1.05) 0.71 (0.50-0.99)* 0.71 (0.51-1.01) 0.06

PYs, person-years. Model 1: Adjusted for age and sex. Model 2: Adjusted for age, sex, family history of diabetes, systolic blood pressure, use of
antihypertensive agents, use of angiotensin Il receptor blockers, prediabetes, serum total cholesterol, serum HDL cholesterol, serum triglycerides
(log-transformed), use of statins, obesity, current smoking, current drinking, and regular exercise. Model 3: Adjusted for covariates included in
Model 2 + total energy intake and green tea consumption. Model 4: Adjusted for covariates included in Model 2 + insulinogenic index (log-
transformed). Model 5: Adjusted for covariates included in Model 2 + HOMA-IR (log-transformed). *P < 0.05 vs. Q1.

between subgroups of age, glucose tol-
erance status, and HOMA-IR (all P for
heterogeneity >>0.16). There was no ev-
idence of heterogeneity in the asso-
ciation between subgroups of sex and
insulinogenic index (both P for hetero-
geneity >0.60).

Kinetic Study of Serum Ethylamine
After Consumption of L-Theanine—
Rich Green Tea Products by Healthy
Volunteers

The characteristics of the subjects are
presented in Supplementary Table 3. The
time course of the serum concentration

of ethylamine is shown in Fig. 2. The
corresponding kinetic parameters are
summarized in Supplementary Table 4.
The mean serum ethylamine concentra-
tion of the subjects increased with a peak
concentration at 2 h (P < 0.05 compared
with baseline), with a mean t,,5 and G0«
of 1.67 h and 5.86 ng/mL, respectively.
The concentration then returned to a
level equivalent to the baseline value
after 36 h with an average t;, of 12.4 h.

Based on the results from the kinetic
analysis, we computed the steady-state
serum ethylamine concentration using
a simulation after putative multiple

0.25 -
Serum ethylamine (ng/mL)
Q1, <0.86
® 020 4 ------- Q2, 0.87-2.10
) -.--- Q3,211-528
s | Q4, 25.29
ke
c 015 A
£
2 p fortrend=0.04 [ -
T 0.10 -
=}
IS
3 e eh e TRl
© 005 |
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(Subjects at risk)

Q1: 563 549 529 508
Q2: 563 551 523 508
Q3: 563 554 523 507
Q4: 564 550 533 515

Follow-up period, years

487 442 372 106
488 448 354 107
494 452 382 114
492 447 367 84

Figure 1—Age- and sex-adjusted cumulative incidence of T2DM according to serum ethylamine

levels.

ingestion. The serum ethylamine concen-
tration reached a steady state by day 7.
The value of the minimum concentra-
tion at the steady state was estimated
to be >5.90 ng/mL in the case of twice-
daily ingestion with an interval of 12 h
(Supplementary Fig. 3A) and >10.23
ng/mL in the case of five-times daily
consecutive ingestion atintervals of 1 h
(Supplementary Fig. 3B).

CONCLUSIONS

The current study demonstrated that
elevated levels of serum ethylamine
were significantly associated with lower
risk of the development of T2DM in a
general Japanese population. This de-
creasing tendency of the diabetic risk
across serum ethylamine levels was more
likely to be prominent in middle-aged
subjects or in subjects with prediabetes,
obesity, or insulin resistance. Our kinetic
study additionally revealed that serum
ethylamine levels were a possible indi-
cator of the presence of i-theanine,
which is one of the bioactive amino acids
contained in green tea, because ethyl-
amineis a stable metabolite of .-theanine
in serum. Certainly, self-reported green
tea consumption was significantly asso-
ciated with serum ethylamine concen-
trations. To the best of our knowledge,
this is the first study addressing the
association of a serum biomarker of
L-theanine consumption with diabetic risk.

A typical cup of brewed green tea
has been reported to contain an aver-
age of 7.9 (SD 3.8) mg of L-theanine (19).
In contrast, shade-grown green tea
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Figure 2—Serum ethylamine concentrations
after ingestion of (-theanine—rich green tea
products containing 8 mg of .-theanine. Data
are expressed as the mean = SD.

(gyokuro, matcha) brewed under the
recommended conditions contains 40
mg of L-theanine per serving (8). Several
epidemiological studies have reported
that tea consumption was significantly
associated with a reduced risk of T2DM. A
systematic review from 12 cohort studies
showed that daily tea consumption of =3
cups/day was associated with a 16%
lower risk of T2DM, but there was a
statistically significant heterogeneity
across the selected studies (6). This neg-
ative association was observed mainly in
Asian populations. In the current study,
we found an ~30% lower risk of T2DM in
subjects with serum ethylamine concen-
trations of =2.11 ng/mL, which corre-
sponds to at least 2-3 cups/day in the
regression analysis of self-reported green
tea consumption with serum ethylamine
concentrations. In addition, twice-daily
ingestion of green tea products containing
8 mg of L-theanine was expected to result
in a serum ethylamine concentration of
5.90 ng/mL at the steady state in our
simulation analysis, which corresponded
toapproximately the fourth quartile level
of serum ethylamine concentration in the
current study. These findings may suggest
that a daily green tea consumption of two
or more cups has a protective role on the
incidence of T2DM.

The mechanism by which tea consump-
tion ameliorates the risk of developing
T2DM may involve an improvement in
insulin resistance (20,21). A green tea
extract reduced the levels of hyperglyce-
mia and hyperinsulinemia in an animal
model of insulin resistance (20). Insupport
of this finding, the current study revealed
that the significant negative association
between serum ethylamine levels and
diabetic risk was attenuated after adjust-
ing for HOMA-IR and was prominent in
subjects with prediabetes, obesity, or in-
sulin resistance. It has also been reported

that tea protects pancreatic B-cells and
the insulin secretory machinery (22).

The direct effect of L-theanine or se-
rum ethylamine on diabetic risk is un-
clear. An animal experiment found that
the administration of L-theanine in-
hibited glucose uptake by downregulat-
ing the expression of related genes,
including SGLT2 and GLUTS5, in the small
intestine of rats (23). In addition,
t-theanine has been suggested to ame-
liorate lipopolysaccharide-induced inflam-
mation by inhibiting inflammatory cytokine
production in mice (3,24). Recently, lip-
opolysaccharides derived from the gut
microbiota have been acknowledged to
contribute to a low-grade system asso-
ciated with an increased risk of insulin
resistance and subsequent diabetes
(25-27). In our study, the risks of incident
T2DM were similar among the higher
three quartiles of serum ethylamine lev-
els, suggesting the existence of threshold
effects of green tea or L-theanine on the
diabetic risk. Since L-theanine has been
reported to improve sleep quality or re-
duce appetite (28,29), these changes may
account for the reduced risk of T2DM.

Certainly, the significant association be-
tween serum ethylamine and diabetic risk
was attenuated by adjusting for HOMA-IR
and was apparent in the subgroup with
obesity or higher HOMA-IR level in the
current study. Therefore, L-theanine may
improve the insulin resistance by modify-
ing the inflammatory response. Alterna-
tively, we cannot rule out the possibility
that our findings reflect the impact of other
ingredients of green tea or the Japanese
diet. Further interventional studies using
-theanine will be needed to clarify the
direct effects of L-theanine on glucose
tolerance status. Nevertheless, based
on the present findings, we can at least
state that green tea consumption has an
ameliorating effect on the risk of T2DM.

The strengths of our study include the
prospective population-based design, lon-
ger duration of follow-up, and precise
diagnosis of T2DM based on OGTT. In
addition, the consumption of -theanine
was estimated by using a validated serum
biomarker for the metabolite of -theanine
rather than by using the information from a
self-reported food questionnaire.

The current study had some limita-
tions. First, our findings were based on
a single measurement of serum ethylamine
concentration at baseline. Moreover, in-
formation on the change of serum

ethylamine concentration during the
follow-up was not available. These limita-
tions might weaken the association, biasing
the results toward the null hypothesis.

Second, our study could not directly
assess the association between serum
L-theanine levels and diabetic risk, be-
cause serum L-theanine concentrations
were hardly detected in the sera from
fasting blood samples (data not shown).
We therefore could not distinguish whether
L-theanine or ethylamine had a favorable
influence on diabetic risk.

Third, the adjustment for green tea
consumption did not alter the significant
association between serum ethylamine
and diabetic risk, but we could not deny
the possibility that other ingredients of
green tea (e.g., epigallocatechin, epigal-
locatechin gallate, and epichatechin)
were related to the lower diabetic risk.
Nevertheless, it was hard to address the
influence of these ingredients of green tea
on the disease in this large-scale epide-
miological study, because, like .-theanine,
these ingredients are degraded to below
the detectable level in plasma within 24 h
of consumption (8,30).

Fourth, there is a possibility that the
higher serum ethylamine levels merely
reflected a healthier lifestyle.

Fifth, the current study was performed
in a single Japanese population.

Finally, because our findings may re-
flect specific Japanese dietary habits, the
generalizability of the findings to other
ethnic populations is limited. Our results
should thus be verified in other popula-
tions with different genetic and nutri-
tional backgrounds.

In conclusion, the current study dem-
onstrated that higher serum ethylamine
was significantly associated with lower
risk of the development of T2DM in
a general Japanese population. These
findings raise the possibility that the
dietary intake of L-theanine through the
consumption of green tea may reduce
the risk of the development of T2DM.
Specifically, consumption of two or more
cups of L-theanine—rich green tea (e.g.,
matcha and gyokuro) per day may be
a good lifestyle choice for reducing the
risk of T2DM. In addition, the measure-
ment of serum ethylamine concentrations
would be a useful biomarker for objec-
tively estimating the consumption of
t-theanine. Finally, we note that the
present findings showed a significant
association between serum ethylamine
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and diabetic risk but did not demon-
strate causation. Further experimental,
epidemiological, and clinical studies will
be needed to elucidate the causal effect
of consumption of two or more cups
-theanine on the prevention of T2DM.
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