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Methods for estimating causal
relationships of adverse events with
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ABSTRACT

Objective: Dietary supplement use has increased over
past decades, resulting in reports of potentially serious
adverse events. The aim of this study was to develop
optimised methods to evaluate the causal relationships
between adverse events and dietary supplements, and
to test these methods using case reports.

Design: Causal relationship assessment using
prospectively collected data.

Setting and participants: 4 dietary supplement
experts, 4 pharmacists and 11 registered dietitians

(5 men and 14 women) examined 200 case reports of
suspected adverse events using the modified Naranjo
scale and the modified Food and Drug Administration
(FDA) algorithm.

Primary ouicome measures: The distribution of
evaluation results was analysed and inter-rater
reliability was evaluated for the two modified methods
employed using intraclass correlation coefficients (ICC)
and Fleiss’ x.

Results: Using these two methods, most of the 200
case reports were categorised as ‘lack of information’
or ‘possible’ adverse events. Inter-rater reliability
among entire assessors ratings for the two modified
methods, based on ICC and Fleiss’ x, were classified
as more than substantial (modified Naranjo scale: ICC
(95% Cl) 0.873 (0.850 to 0.895); Fleiss’ x (95% ClI)
0.615 (0.615 to 0.615). Modified FDA algorithm:
Fleiss’ x (95% Cl) 0.622 (0.622 to 0.622).
Conclusions: These methods may help to assess the
causal relationships between adverse events and
dietary supplements. By conducting additional studies
of these methods in different populations, researchers
can expand the possibilities for the application of our
methods.

INTRODUCTION

The entire functional food market is esti-
mated to be worth over US$80 billion.! This
market reached US$32.5 billion in the USA
in 2012,> with more than half of the adults
reporting use of one or more dietary supple-
ments. Sales of dietary supplements have also

increased in Japan, with an estimated market
size second only to that of the USA.' In fact,
one study indicated that over 50% of the
Japanese population consumes dietary sup-
plements.” With the increased use of dietary
supplements, a number of adverse events

have been reported.*™ Some of these

adverse events can lead to severe disability or
death, so managing risk and safety is essen-
tial in order to protect consumers. Several
legal systems have been developed to regu-
late labelling and manufacturing standards
for dietary supplements, but there are no
clear systems in place to detect and report
adverse events.”™!

Evaluation of the causality of adverse
events is essential in order to determine the
risk and safety of supplements. It can also
help with issue evaluation, signal detection
and regulatory updating. Several methods
exist for evaluating causality, including the
Naranjo scale,'”> ™ the Food and Drug
Administration (FDA) algorithm,"*'® the
Kramer scale,l?’ 7 the Liverpool scale'® and
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the WHO scale.'? However, these methods are primarily
used to assess adverse events associated with medica-
tions. They are not optimised for application to dietary
supplements. The information available from consumers
taking dietary supplements differs from information pro-
vided by patients taking medications. Therefore, the
development and optimisation of methods to evaluate
the causal relationship between adverse events and
dietary supplements is essential in order to improve the
quality of risk management.

In the present study, we modified the Naranjo scale
and the FDA algorithm and then used these to assess
200 case reports of suspected adverse reactions to
dietary supplements. The main objective of this study
was to test these modified methods using case reports.

METHODS

Study design

The Naranjo'? '® scale and the FDA algorithm™*° were
modified for use with dietary supplements. Two
hundred case reports were randomly sampled from a
database of adverse event reports associated with dietary
supplements. Case reports in the database were based
on consumers’ voluntary reports through telephone
calls to the consumer information centre in Japan and
were not standardised for the evaluation of causal rela-
tionships. We recruited assessors from six institutions in
Japan (University of Shizuoka, Keio University, Kikugawa
General Hospital, Shizuoka City Shizuoka Hospital,
Shizuoka City Public Health Center and Hamamatsu
Institute of Clinical Pharmacology and Therapeutics) by
announcement. Nineteen assessors (4 dietary supple-
ment experts, 4 pharmacists and 11 registered dietitians;
b men and 14 women) enrolled and evaluated the case
reports by alternately using the modified Naranjo scale
and the modified FDA algorithm. The characteristics of
the 19 assessors are shown in table 1. Three dietary sup-
plement experts worked at a general hospital and one
worked at a university as a full professor. All four of the
pharmacists worked at a general hospital. Four of the
registered dietitians worked at a general hospital, and
seven worked at a city healthcare centre. None of the
assessors received any training in the use of the two

scales, and they were not familiar with causal assessment
of adverse drug reactions since earlier.

Assessment scale design

Modified Naranjo scale

The modified Naranjo scale is shown in figure 1. The
phrase ‘drug’ in the Naranjo scale was changed to
‘dietary supplement’. The section in question 3 of the
Naranjo scale pertaining to a specific antagonist was
deleted. Questions regarding placebo and blood (or
other fluid) concentrations were excluded. In addition
to these changes, the scoring for questions pertaining to
readministration and confirmation by objective evidence
was changed by adding one point for positive answers to
the original version of the Naranjo scale. The adverse
event reports were assigned to a probability category
using the total scores as follows: >9 highly probable, 5-8
probable, 3—4 highly possible, 1-2 possible, <0 unlikely.
Case reports lacking information about time relation-
ships were excluded and categorised as ‘lack of
information’.

Modified FDA algorithm

Details of the FDA algorithm have been described previ-
ously.'® The modified FDA algorithm is shown in figure 2.
There was limited information included in the dietary sup-
plement case reports, so the number of options for ques-
tions was changed from 2 to 3: ‘Yes’, ‘No’ and ‘Don’t
know’. The scale was structured with 4 primary questions
and 5 branch questions. The contents of the main ques-
tions were as follows: (1) the temporal relationship; (2)
changes in symptoms due to the dietary supplement being
discontinued; (3) rechallenges and (4) objective evidence
from laboratory tests such as a drug-induced lymphocyte
stimulation test or patch test. Each of these questions had
branch questions relating to: (1) existing clinical condi-
tions; (2) objective evidence from laboratory tests such as a
drug-induced lymphocyte stimulation test or patch test
and (3) previous experiences of adverse events after
taking the same or similar (eg, including the same ingredi-
ent) dietary supplement. Adverse event reports were
assigned to one of the following probability categories on
the basis of the answers to these questions: lack of informa-
tion, unlikely, possible, highly possible, probable and
highly probable.

Statistical analysis
In order to quantify the level of agreement in the modi-
fied Naranjo scale, intraclass correlation coefficients
(ICCs) with a 95% CI were calculated using the
methods described by Shrout and Fleiss.** ICCs were
interpreted according to the following criteria:<0.40,
poor agreement; 0.40-0.75, moderate agreement and
>0.75, excellent agreement.2l

Inter-rater (multirater) reliability for the modified
Naranjo scale and the modified FDA algorithm was ana-
Iysed using Fleiss’ k with a SE.*® Fleiss’ k values were also
calculated for each question of the modified Naranjo

Ide K, et al. BMJ Open 2015;5:6009038. doi:10.1136/bmjopen-2015-009038



Figure 1 Modified Naranjo
scale.

Downloaded from http://bmjopen.bmj.com/ on November 25, 2015 - Published by group.bmj.com

Are there any notification about the reaction on the label or
package insert of the dietary supplement?

Did the adverse reaction improve when the suspected dietary
supplement was discontinued?

Are there alternative causes (other than the dietary supplement)
that could on their own have caused the reaction?

Did the consumer have a similar reaction to the same or simdlar
distary supplements in any previous exposure?

+1 o] 0

+2 0 0

+2 0

+1 0 0

scale. The 95% CI of Fleiss’ x was calculated from its SE.
Fleiss’ « values were interpreted according to the criteria
defined by Landis and Koch?®: -1.00, total disagree-
ment; 0.00, no agreement; 0.01-0.20, slight agreement;
0.21-0.40, fair agreement; 0.41-0.60 moderate agree-
ment; 0.61-0.80 substantial agreement; 0.81-0.99 almost
perfect agreement and 1.00, perfect agreement. All stat-
istical analyses were performed using SAS V.9.4 for
Windows (SAS Institute Inc, Cary, North Carolina, USA).

RESULTS

The modified Naranjo scale and the modified FDA algo-
rithm are shown in figures 1 and 2. All assessors evalu-
ated 200 case reports using the modified Naranjo scale
and the modified FDA algorithm. No results were
missing from the case report evaluations. The distribu-
tion of evaluation results is shown in figure 3A, B. These
case reports were based on voluntary consumer reports,
included incomplete reporting and were not standar-
dised for the evaluation of causal relationships. Most of

the 200 case reports were categorised as ‘lack of infor-
mation’ or ‘possible’. The median (range) of cases in
‘lack of information’ using the modified Naranjo scale
was 64 (8-143) and the corresponding values using the
modified FDA scale were 64 (8-142) cases. The ‘possible’
category included a median (range) of 88 (19-136) cases
using the modified Naranjo scale and 90 (17-138) cases
using the modified FDA scale. The information on
dosage, previous similar events and objective evidence
was particularly poorly reported in these case reports. A
large proportion of the cases were mild. Skin symptoms
such as pruritus (n=56) and gastrointestinal symptoms
such as abdominal discomfort (n=62) were the most
common. However, two serious adverse events related to
hepatic dysfunction were reported. In one serious case,
a woman started to take a dietary supplement for weight
loss. Two weeks after commencing this treatment, her
health deteriorated and she presented at a general hos-
pital. Laboratory analyses revealed abnormal hepatic
enzyme results and she was diagnosed with liver dysfunc-
tion. This condition resolved after over 2weeks of

Figure 2 Modified Food and ((Doss event have a reasonable. o >( Lack of information ]
.. . temporal association with use .
Drug Administration (FDA) | of the dietary supplement? ©
algorithm. >
9 Yos Unlikely |
X No Could the event be due to an
3 existing clinical condition? Yes
Did the observed event abate
| upon dechallenge? ) No/Don't know & < Nelbon't
Seal Was the adverse event confirmed | _know
Yes g: :‘; by any objective evidence? Possible ]
A e ¢
Did the reaction or event ] Did the consumer have 2 Y ves
1 simitar reaction to the same or
reappear upon rechallenge? No/ similar dietary supplements in Ho High
Don't any previous exposure? J o gniy
know ™ possible
Yes/Don't know &
(Was the adverse event ) Yes Yesi
confirmed by any objective Don’t
Yes | evidence? ) keow
No/Don't know \b
[ Could the event be due to an
| existing cinical condition? ] No . Probable }
Was the adverse event . ? -
confirmed by any objective No/Don't know Highly
evidence? Yes > probable
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Figure 3 (A) Distribution of
results for the modified Naranjo
scale. (B) Distribution of results
for the modified Food and Drug o 180 poemeeee
Administration (FDA) algorithm. b
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hospitalisation. The attending doctor considered that
the patient’s dietary supplement had caused her liver
dysfunction. In another case, a woman had been taking
a dietary supplement for weight control for several
months and had experienced fatigue for several weeks.
She presented at a general hospital, where laboratory
analyses revealed abnormal hepatic enzyme results and
she was diagnosed with hepatitis. Her attending doctor
considered that this was due to the dietary supplement.
The patient’s hepatitis improved after around 2 weeks’
hospitalisation.

Modified Naranjo scale

The ICCs and Fleiss’ « coefficient (Fleiss’ k) values for
the modified Naranjo scale are shown in table 2. The
ICGs (95% CI) for each assessor group were as follows:
dietary supplement experts, 0.865 (0.836 to 0.891); phar-
macists, 0.890 (0.865 to 0.911) and registered dietitians,
0.882 (0.859 to 0.903). For the entire group of assessors,

this value was 0.873 (0.850 to 0.895). Fleiss’ k values
(95% CI) for each assessor group were as follows:
dietary supplement experts, 0.598 (0.596 to 0.599); phar-
macists, 0.791 (0.790 to 0.792) and registered dietitians,
0.610 (0.609 to 0.610). For the entire group of assessors,
this value was 0.615 (0.615 to 0.615). The levels of agree-
ment based on the ICCs for each assessor group and all
assessors combined were excellent. Interrater (multira-
ter) reliability classifications based on Fleiss’ k© were as
follows: fair agreement among dietary supplement
experts and substantial agreement among pharmacists,
registered dietitians and the entire group as a whole.
Fleiss’ k values (95% CI) for each question of the
modified Naranjo scale were as follows: item 1 (product
labelling), 0.048 (—0.169 to 0.264); item 2 (temporal
relationship), 0.530 (0.530 to 0.531); item 3 (changes in
adverse event after discontinuation), 0.944 (0.943 to
0.945); item 4 (rechallenges), 0.861 (0.857 to 0.866);
item 5 (other factors related to the adverse event), 0.585

Ide K, et al. BMJ Open 2015;5:¢009038. doi:10.1136/bmjopen-2015-009038
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(0.584 to 0.585); item 6 (dose dependency), 0.797
(0.754 to 0.840); item 7 (adverse event history), 0.057
(0.022 to 0.093) and item 8 (objective evidence from
laboratory tests), 0.561 (0.519 to 0.603). Items 1 and 7
showed the two lowest levels of agreement.

Modified FDA algorithm

Fleiss’ x values for the modified FDA algorithm are shown
in table 2. Fleiss’ x values (95% CI) for each assessor group
were as follows: dietary supplement experts, 0.596 (0.594 to
0.598); pharmacists, 0.780 (0.779 to 0.781) and registered
dietitians, 0.624 (0.623 to 0.624). For all 19 assessors, this
value was 0.622 (0.622 to 0.622). Interrater (multirater)
reliability based on Fleiss’ x values were as follows: fair
agreement among dietary supplement experts; substantial
agreement among pharmacists, registered dietitians and
the entire group of assessors as a whole.

DISCUSSION

In this study, we modified the Naranjo scale and the
FDA algorithm and used them to evaluate case reports
of adverse reactions to dietary supplements. These
reports were assessed by dietary supplement experts,
pharmacists and registered dietitians.

Agreement levels for the Naranjo scale, based on ICCs
for each individual group and the assessor group as a
whole, were classified as ‘excellent’. Fleiss’ k values for each
assessor group and for the group as a whole also demon-
strated more than fair agreement. These results indicated
that the modified Naranjo scale would be useful for evalu-
ating the causal relationships between adverse events and
dietary supplements. It may also have broad utility among
different professions. The only concerns were items 1 and
7 (product labelling and adverse event history, respect-
ively), which produced the two lowest levels of agreement.
To remedy this, assessors might easily obtain the informa-
tion from consumers as they are reporting the adverse
events. Revising these two items and also recording consu-
mers’ reports as they occur may improve the inter-rater
(multirater) reliability and usability of the modified
Naranjo scale.

The modified FDA algorithm showed more than fair
agreement between each assessor group and within the
entire group. Like the Naranjo scale, it has broad utility
and would be useful for assessing the causality of
adverse events.

For both methods, the inter-rater (multirater) reliabil-
ity ratings determined using ICCs and Fleiss’ x analyses
showed more than substantial agreement in the entire
group of assessors. In fact, the Fleiss’ x values were very
similar (0.615 for the modified Naranjo scale vs 0.622
for the modified FDA algorithm). Between them, scien-
tists could select the one that best suits their purpose.

A large proportion of the 200 cases assessed in this study
reported mild symptoms, although two serious cases with
hepatic dysfunction were included. Although mild symp-
toms are not life-threatening, they do affect the quality of

life. Therefore, analysis of causal relationships and the pro-
vision of information can improve the safety of dietary sup-
plement usage. The number of serious adverse events was
limited but these can lead to severe disability; the analysis
of causality using this method can lead to prompt diagno-
sis and treatment, as well as regulatory actions.

There were several limitations to this study. The main
limitation was the distribution of evaluation results. For
both evaluation methods, most of the 200 case reports
were categorised as ‘lack of information’ or ‘possible’.
This may reflect the limited information included in the
case reports used in this study. Case reports were based
on voluntary consumer telephone calls and were not
structured to facilitate evaluation of causal relationships.
This might have affected the inter-rater (multirater) reli-
ability ratings. In fact, most of the disagreements among
assessors related to classification as either ‘lack of infor-
mation’ or ‘possible’, while there was fairly good agree-
ment concerning ‘highly possible’, “probable’ and ‘highly
probable’ cases. This may be due to the evaluation based
on speculation of each assessor in the cases categorised
as ‘lack of information’ or ‘possible’. Structured or semi-
structured standardised interviews of consumers can
improve the quality of information in case reports. When
designing a structured or semistructured interview form,
information on dosage, previous similar events and
objective evidence should be requested, in addition to
the essential information regarding temporal association
and discontinuation. Even in the cases categorised as
‘probable’, some of these items of information were
absent. For example, a man started to take a dietary sup-
plement for health enhancement, and then developed
oral inflammation. After discontinuation of the supple-
ment, his oral inflammation resolved. When he started to
take the dietary supplement again, oral inflammation
recurred and he then stopped taking the supplement.
This case included information on temporal association,
discontinuation and rechallenge, but lacked information
on dosage, previous similar events and objective evi-
dence. Validity of the methods may also be a limitation.
We estimated interrater (multirater) reliability using
ICGs and Fleiss’ k. However, these methods were not vali-
dated. Future studies could validate these methods in dif-
ferent populations in order to address this limitation and
expand the potential for application of our methods in
other clinical and regulatory settings. For example,
medical institutions and regulatory agencies might use
these modified methods to screen for adverse effects asso-
ciated with dietary supplements, which may accelerate
the detection of harmful events.

The FDA currently operates the Safety Reporting
Portal®* for organisations, professionals and consumers.
The Safety Reporting Portal is the electronic version of
MedWatch 3500, 3500A and 3500B, which are volun-
tary reporting forms for adverse events, tailored to
dietary supplements. However, researchers point out
that these data sets contain many incomplete reports.
Other national or local health departments are often
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the first to detect harm,” because these forms are
detailed and possibly too complicated for people to
use.”® Combining a screening tool with detailed surveil-
lance will make the reporting system more user friendly.
This may promote voluntary reporting and lead to more
rapid detection of harmful events.

In summary, we present a modified Naranjo scale and
a modified FDA algorithm that may be used to assess
the causal relationships between adverse events and
dietary supplements. These tools might also be used by
regulatory agencies to screen for adverse supplement
events, but additional studies are needed to expand the
possibilities for application of our methods.
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Objectives: Vitamin C is a major antioxidant and also is known as a neuromodulator in dopami-
nergic neurons. The aim of this study was to investigate the association between lymphocyte and
plasma vitamin C levels in various stages of Parkinson’s disease (PD).

Methods: Sixty-two individuals with PD (age 71 + 8.8 y [mean + SD]) being treated at Shizuoka
General Hospital from December 2007 to August 2013 were consecutively recruited. PD severity
was classified using the Hoehn-Yahr scale for staging PD. Fasting blood samples were collected, and
plasma and lymphocyte vitamin C levels were measured. The association between PD severity and
vitamin C levels was estimated by ordinal logistic regression with confounding variables.

Results: The distribution of Hoehn-Yahr stages in patients was as follows: stage [, 7; 11, 28; 111, 16;
and 1V, 11. Lymphocyte vitamin C levels in patients with severe PD were significantly lower (odds
ratio [OR], 0.87; 95% confidence interval [CI], 0.80-0.97; P < 0.01) compared with those at less
severe stages. Plasma vitamin C levels also tended to be lower in patients with severe PD; however,
this was not significant (OR, 0.98; 95% CI, 0.96-1.00; P = 0.09).

Conclusions: Our findings suggest that lymphocyte vitamin C levels in the peripheral blood may be

Keywords:
Parkinson’s disease
Clinical assessment
Biomarkers
Oxidative stress
Vitamin C

a potentially useful biomarker for the progression of PD.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Parkinson’s disease (PD) is the second most common pro-
gressive neurodegenerative disorder in the world [1]. The path-
ologic hallmarks of PD include the loss of dopaminergic neurons
in the substantia nigra pars compacta and the presence of Lewy
bodies [1,2]. Increased oxidative stress in the brain has been
hypothesized to contribute to the neurodegeneration and
neuronal dysfunction in PD [3-5]. An increase of oxidative stress
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is caused by an imbalance between reactive oxygen species and
antioxidants. There are several markers of oxidative stress,
including damaged DNA bases (e.g., 8-hydroxydeoxyguanosine),
oxidized lipids, and decreased antioxidants [6-8]. However, the
number of these biomarkers used in clinical practice is limited,
and the importance of peripheral oxidative stress markers in PD
has not yet been clarified [6,9].

Vitamin C is a major antioxidant detected in various compo-
nents of the peripheral blood. In lymphocytes, vitamin C levels
are 80 to 100 times higher than in plasma [10]; moreover, these
levels do not seem to be affected by transient dietary changes
and circadian rhythms [11]. We previously reported lower
lymphocyte vitamin C levels in individuals with type 2 diabetes
mellitus compared with healthy controls [12]. Interestingly, this
form of diabetes is associated with oxidative stress, suggesting
the possibility that vitamin C levels in the peripheral blood could
serve as a biomarker of oxidative stress in various diseases.
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Table 1
Clinical characteristics and plasma/lymphocyte vitamin C levels

Stagefiv -

5 (45.5)
762457

BMI, body mass index; PD, Parkinson's disease
+ P-values were calculated using the following statistical analysis.
t Fisher's exact test.
 One-way analysis of variance.
§ Ordinal logistic regression.

Vitamin C also acts as an antioxidant in the brain and also is a
known neuromodulator in dopaminergic and glutamatergic
neurons. The relationship between vitamin C and dopaminergic
function has been shown in vitro and in vivo [13-15]. Vitamin C
also has been shown to protect neurons from glutamatergic
neurotoxicity [16]. Several molecules have antioxidant proper-
ties similar to vitamin C, such as vitamin E and B-carotene.
However, fewer experimental studies have been carried out on
these molecules than on vitamin C in relation to neuro-
modulation in dopaminergic and glutamatergic neurons. In the
present study, we investigated the association between plasma
and lymphocyte vitamin C levels and PD severity.

Materials and methods
Participants

Sixty-two individuals with PD (age 71 + 8.8 y [mean + SD], age range 42—
89 y; 31 men; 31 women) who were being treated at the Shizuoka General
Hospital were consecutively enrolled in this study from December 2007 to
August 2013. The patients were diagnosed with PD according to the criteria of
Ward and Gibb, and the severity was classified based on Hoehn-Yahr stages.
Individuals with secondary parkinsonisms, such as vascular and drug-induced
parkinsonism, were excluded.

Written informed consent was obtained from all participants before enroil-
ment, The study protocol was approved by the ethics committee of the University
of Shizuoka (No. 19-17), Shizuoka General Hospital (No. 19-20) and conducted in
accordance with the Declaration of Helsinki.

Study design

The following clinical characteristics were recorded: sex, age, duration of PD,
body mass index (BMI), smoking habit, alcohol use, and health food consump-
tion. Health food consumption was the consumption of vitamin and other anti-
oxidant supplements. Blood samples were collected from patients under fasting
conditions via venipuncture. Plasma and lymphocyte vitamin C levels were
measured with the high-performance liquid chromatography with the electro-
chemical detector (HPLC-ECD) method.

Sample preparation and quantification of plasma and lymphocyte vitamin C

Plasma and lymphocytes were separated by Ficoll-Hypaque gradient
centrifugation and then immediately treated with metaphosphoric acid (final 5%
wt/wt) to stabilize vitamin C. All sample preparation was performed on ice
within a 2-h time window to obtain reliable data, and samples were stored at
~80°C until analysis. Vitamin C levels were measured by the HPLC-ECD method,
and all samples were treated in the same manner {12,17].

Statistical analysis

Fisher's exact test was performed to make categorical comparisons of clinical
characteristics. Differences in the mean values of continuous measurements
among Hoehn-Yahr stages were tested by one-way analysis of variance. Linear
correlations between plasma and lymphocyte vitamin C levels were estimated by
Spearman’s rank correlation (p). Clinical characteristics with a P < 0.15 were
considered potential confounding variables. They were considered for multi-
variate analysis, and ordinal logistic regression was used to analyze the difference
in plasma and lymphocyte vitamin C levels. Statistical significance was set at
P < 0.05 and all statistical procedures were performed with the Statistical
Package for the Social Sciences version 21.0 for Windows (IBM Corp., Armonk, NY,
USA).

Results

Participants’ clinical characteristics are presented in Table 1
with the distribution of Hoehn-Yahr stages as follows: stage I,
7; stage 1, 28; stage IlI, 16; stage IV, 11. Of the clinical charac-
teristics, age (P = 0.05), BMI (P = 0.09), and alcohol use (P = 0.09)
were different in the stages of PD, and considered as confounding
variables in the ordinal logistic regression analysis. Duration of
PD also differed, but was not added to the regression because of
collinearity with lymphocyte vitamin C levels (P = 0.001).

All blood samples obtained from the 62 participants were
analyzed (Table 1) and plasma vitamin C levels at each PD stage
were determined as follows (all mean + SD, umol/L): stage I,
445 £ 25.0; stage 11, 43.5 + 20.8; stage III, 33.6 4= 17.7; stage IV,
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30.0 + 16.9 (P = 0.16). In lymphocytes, vitamin C levels for each
stage of PD were determined as follows (all mean =+ SD, nmol/mg
protein): stage I, 19.5 &+ 3.7; stage II, 19.3 + 6.5; stage III,
13.7 + 3.5; stage IV; 14.5 4+ 2.7 (P = 0.02). A significant linear
correlation was found between plasma and lymphocyte vitamin
C levels (p = 0.45, P < 0.001).

In the multivariate analysis, lymphocyte vitamin C levels
were significantly lower in individuals with severe PD (odds ratio
[OR], 0.87; 95% confidence interval [CI], 0.80-0.97; P < 0.008)
compared with those at less severe stages of the disease. Plasma
vitamin C levels also tended to be lower in patients at less severe
stages of PD; however, this finding was not significant (OR, 0.98;
95% (I, 0.96-1.00; P = 0.09).

Discussion

In this study, we demonstrated that lymphocyte vitamin C
levels were significantly lower in patients with severe PD, and
that there was a linear correlation between plasma and
lymphocyte vitamin C levels.

Correlations between vitamin C levels in the cerebrospinal
fluid and peripheral blood have been reported [18]; we collected
peripheral blood samples from participants with PD who were in
fasting state. However, significant differences among PD stages
were only observed in lymphocyte vitamin C levels. In general,
lymphocyte vitamin C levels are much higher and more stable
than plasma vitamin C levels. A decrease in the function of res-
piratory chain enzyme, which is related to free radical produc-
tion modulation, in lymphocytes in patients with PD has been
reported [19]. A link between an impairment of respiratory chain
enzyme complex Il assembly and an increase in free radical
production also has been identified [20]. These properties may
be affected by the difference in changes between plasma and
lymphocyte vitamin C levels. Therefore, lymphocyte vitamin C
levels may accurately reflect the progression of PD.

Lymphocyte vitamin C assays also have advantages for clinical
use. Compared with other components of blood cells, lympho-
cyte assay is a simple method, and suitable for measuring
vitamin C levels. Vitamin C is notoriously unstable; it decreased
in a few hours at 4°C, even when the plasma was treated with
methanol/EDTA [17]. Therefore, preparation time for this assay is
important so that accurate results can be obtained.

Conclusions

Our results suggest that lymphocyte vitamin C levels could
serve as a potentially useful biomarker of PD progression.
Furthermore, monitoring lymphocyte vitamin C levels may
contribute to improved diagnostic accuracy and could prove
useful in the selection of effective therapeutic approaches for
various stages of PD. However, further investigations including
longitudinal studies on the relationship between changes in

lymphocyte vitamin C levels and the progression of PD are
required before it can be applied to clinical practice.
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ARTICLE INFO ABSTRACT
Article history: The prevalence of cognitive dysfunction, and particularly dementia, is increasing rapidly among older
Available online 21 July 2015 adults worldwide. There is currently no cure for dementia. In this situation, pharmaceutical and non-

pharmaceutical combination therapies capable of preventing or slowing the progression of cognitive
dysfunction are important. Nutritional intervention provides an important non-pharmaceutical

Keywords: approach in clinical practice. Green tea has the potential to contribute to this nutritional approach.
grteenhFea Experimental studies in vitro and in vivo have suggested that green tea and its components could affect
atechin

cognition via several potential mechanisms; these include its antioxidant and anti-inflammatory
properties, protein kinase C activation, and acetylcholinesterase inhibition. Although several
epidemiological and interventional studies in humans have suggested an association between tea
consumption and cognition, not all studies have reported consistent findings. The present review
summarizes experimental studies of the mechanisms involved in these effects and clinical studies of
green tea consumption and cognition. This review provides a basis for the development of an evidence-
based approach to the use of green tea and its ingredients in individuals with cognitive dysfunction.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

With increasing life expectancies worldwide, the prevalence of
cognitive dysfunction, and dementia in particular, is increasing
rapidly in older adults [1,2]. The age-standardized prevalence of
dementiainindividuals aged >60yearsis 5-7%in most regions of the
world, and the number of people with dementia has been predicted
to almost double every 20 years [1]. Surprisingly, the number of
individuals with dementia worldwide is estimated to reach
135.46 million in 2050 [2]. Although there are several pharmaceuti-
cal and non-pharmaceutical treatments for dementia, no funda-
mental curative therapy has been developed to date [3-9]. In this
situation, pharmaceutical and non-pharmaceutical combination
therapies aimed at slowing the progression of dementia are
important. A consideration of risk factors is also important for the
prevention of cognitive dysfunction, including dementia [10-12].
Epidemiological studies have suggested that nutritional and lifestyle
factors can modify therisk of late-onset dementia [ 13~16]. Therefore,
nutritional interventions have an important role in delaying the
onset and slowing the progression of cognitive dysfunction.

Green tea is one of the foods with the potential to delay the
onset of cognitive dysfunction or slow its progression [17-19].
Green tea is one of the most widely consumed beverages in the
world, especially in Asian countries. It is produced from the fresh
leaves of Camellia sinensis, and its chemical components include
catechins and theanine, which have a variety of health benefits
[20-22]. Their effects on cognitive function have been reported by
experimental studies conducted in vitro and in vivo, and also from
human epidemiological and interventional studies.

The present review briefly summarizes the pathophysiology of
cognitive dysfunction associated with dementia and the psycho-
active ingredients of green tea, and describes the possible
mechanisms underlying the effects and the clinical benefits of
green tea consumption on cognitive dysfunction.

2. Types of cognitive dysfunction and pathophysiology
associated with dementia

2.1. Mild cognitive impairment

Mild cognitive impairment (MCI) is defined as a level of
cognitive decline that is greater than expected for the individual’s
age and education level. Population-based epidemiological studies
showed that 3-19% of adults older than 65 years of age had MCI
[23]. MCI can represent a precursor to dementia, and more than
50% of individuals with MCI progress to dementia within 5 years
[23-25]. This condition is classified into two subtypes; amnestic
and non-amnestic MCI [26]. Amnestic MCI is more common than
non-amnestic MCI [27], and Petersen et al. reported that more than
90% of individuals with amnestic MCI who progressed to dementia
had signs of Alzheimer’s disease [28]. The pathophysiology of
amnestic MCI may involve a central cholinergic deficit and neural
loss in the nucleus basalis of Meynert [29]. Amyloid-[3, which is a
trigger protein of Alzheimer’s disease, is also involved in amnestic
MCI; neurofibrillary tangles, mainly composed of hyperphos-
phorylated tau protein, are also increased [30]. Vascular risk
factors are also involved in amnestic MCI [31]. Reduced cerebral
perfusion leads to increased oxidative stress and neurodegenera-
tion [32]. White matter abnormalities, asymptomatic infarcts,
inflammation, and reduced glucose metabolism are also caused by
vascular disease and increase the risk for cognitive impairment
[33-35]. Non-amnestic MCI mainly affects attention, use of
language, or visuospatial skills [36]. This condition is thought to
represent a forerunner to frontotemporal lobar degeneration or
dementia with Lewy bodies [26]; however, the pathophysiology of
non-amnestic MCI is still unclear [37]. With regard to risk factors

and pathological changes, vascular disease also increases the risk
for non-amnestic MCI [36,38]. Differences in hippocampal atrophy
between amnestic and non-amnestic MCI have been reported [39].
Green tea and its psychoactive ingredients may positively affect
amnestic MCI through the potential mechanisms described in
Sections 3.2-3.5, and non-amnestic MCI through the potential
mechanisms described in Sections 3.2,3.4, and 3.5.

2.2. Alzheimer’s disease

Alzheimer's disease is the most common cause of dementia,
accounting for 60-80% of cases [40]. In this condition, neuronal
loss occurs in specific brain regions, including the pyramidal cells
in lamina II of the entorhinal cortex and in the CA1 region of the
hippocampus; overall brain atrophy is also observed [8,41].
Neuronal loss and brain atrophy are caused by several pathways.
Amyloid-f3, derived from amyloid precursor protein (APP), is the
trigger protein for Alzheimer’s disease [42]. Autosomal dominant
mutations in the APP, presenilin 1, and presenilin 2 genes affect
APP processing to promote amyloid-f aggregation and accumula-
tion in early onset Alzheimer’s disease [43]. Oligomers of amyloid-
B also have an important role in Alzheimer’s disease pathology
[44]. In addition, neurofibrillary tangles mainly composed of
hyperphosphorylated tau protein, are associated with Alzheimer's
disease [45]. Increased oxidative stress and neuroinflammation are
also observed in this disease and may cause neurodegeneration
and neuronal dysfunction [46-49]. Focusing on neurotransmis-
sion, the cholinergic system is of the utmost importance for
modulating cognitive function in humans, and is a major target of
medications for Alzheimer’s disease, which temporarily improve
symptoms [50]. In individuals with Alzheimer’s disease, reduced
acetylcholine esterase activity was observed in multiple cortical
regions, and in the temporal and parietal cortices in particular [51].
Excitatory glutamatergic neurotransmission is also involved in
learning, memory, and cognition. The N-methyl p-aspartate
glutamate receptor is a target for Alzheimer’s disease treatment
[52], and reduced hippocampal glutamate levels have been
reported in individuals with Alzheimer’s disease [53]. Green tea
and its psychoactive ingredients may positively affect Alzheimer’s
disease through the potential mechanisms described from
Sections 3.2-3.5.

2.3. Vascular dementia

Vascular dementia is the second most common cause of
dementia and is responsible for at least 20% of cases [54]. Some
individuals also show mixed Alzheimer's disease and vascular
dementia pathology [55]. A neuropathological association be-
tween cerebrovascular disease and vascular dementia has been
reported {56,57}, and individuals with large and multiple infarcts
have an increased risk of developing dementia [58]; however, the
underlying pathology is still elusive [54]. The brain requires a well-
regulated blood supply to maintain all of its functions, and synaptic
activity is particularly dependent on this [59,60]. Therefore,
vascular structure and function are important in cognitive
function. Other pathological studies have shown that oxidative
stress and inflammation increase the risk of vascular cognitive
impairment and/or dementia [61-63]. Considering these patho-
logical aspects, green tea and its psychoactive ingredients may
positively affect vascular dementia through the potential mecha-
nisms described from Sections 3.2-3.5.

2.4. Dementia with Lewy bodies

Dementia with Lewy bodies is also a common cause of dementia.
Dementia with Lewy bodies has been identified in 10-15% of
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dementia cases atautopsy |64],4.2% of all dementia diagnosed in the
community, and 7.5% of that diagnosed in a secondary care setting
[65]. In dementia with Lewy bodies, severe impairment of
visuospatial, attentional, and frontal-executive function is observed
and memory impairment is less marked [66]. Indeed, an interna-
tional diagnostic criterion for dementia with Lewy bodies requires
cognitive impairment to precede or begin within a year of symptoms
of parkinsonism [67]. Lewy bodies are the pathological hallmark of
this cause of dementia. These develop through several phases from
initial dust-like particles linked with a~-synuclein, which aggregate
to form dense ubiquitinated filaments and finally induce degenera-
tion and death of the afflicted neurons [68]. Individuals with
dementia with Lewy bodies also show neurochemical dysfunction,
consistent with other types of dementia. Cholinergic and dopami-
nergic decline has been reported by a study using positron emission
tomography [69]. Differences in the cholinergic deficit were reported
to affect the symptoms of this condition [70]. Reduced levels of
choline acetyltransferase were observed in the cortex [69-72], which
appeared crucial for the development of cognitive dysfunction, in
addition to the other symptoms described above. Considering these
pathological aspects, green tea and its psychoactive ingredients
might positively affect the cognitive impairment associated with
dementia with Lewy bodies through the potential mechanisms
described Sections 3.2, 3.4, and 3.5. However, the effects of green tea
ingredients on Lewy body pathology have not been elucidated.

3. Experimental studies and possible mechanisms
3.1. Psychoactive ingredients of green tea

Green tea contains several psychoactive ingredients and some
of these have potential health benefits in cognitive dysfunction.
The main active ingredients of green tea are catechins and theanine
[21] (Fig. 1). Catechins are present at particularly high levels in
green tea, as compared with black tea or oolong tea, and
epigallocatechin-3-gallate (EGCG) is a major green tea catechin.
Lin et al. reported that Japanese green tea products contained
17.8 £ 0.90 mg (mean + standard deviation) catechins (including
13.74 +£0.82 mg EGCG)/100 mg dry leaves, while Chinese oolong
tea (including paochong tea) contained 6.51+0.57 mg catechins
(including 4.97 + 0.47 mg EGCG)/100 mg dry leaves [73]. They also
showed that black tea contained less than one-fifteenth of the
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Fig. 1. Chemical structures of green tea catechins and theanine. Catechins (A) and
theanine (B).

catechin level of longjing tea, which is categorized as a Chinese
green tea, and approximately one-tenth of the level found in
oolong tea [73]. Theanine is the only free amino acid in tea, and it is
also present at high level in green tea [ 74]. Syu et al. have reported
the theanine levels of different tea categories [74] and there is 15~
20mg theanine/g in dried tea leaves {75]. Caffeine is also a
psychoactive ingredient of tea [76]. This is present at high levels in
black teas, which contain approximately twice the levels found in
green tea or oolong tea [73]. A large number of experimental
studies on the effects of green tea and its ingredients have
indicated the potential mechanisms underlying the health benefits
of green tea consumption (Fig. 2). In this section, we have focused
on the antioxidant/anti-inflammatory effects of green tea and its
ingredients, as well as their influence on protein kinase C (PKC)
activation and acetylcholine esterase inhibition. We have also
briefly considered other possible mechanisms in Section 3.5.

3.2. Antioxidant and anti-inflammatory effects

Oxidative stress is considered to be involved in the etiology of
several late-onset neurodegenerative disorders [77-79]. An
imbalance between the levels of reactive oxygen species (ROS)
and antioxidant agents produces oxidative stress [80]. The toxicity
of ROS depends on the molecule involved, and there are several
species including the superoxide and hydroxyl radicals and
hydrogen peroxide [79,80]. These highly reactive molecules
interact with biological molecules and the resultant damage can
induce cellular dysfunction and degeneration [77-79]. One major
pathway affected by oxidative stress is the proteasome-mediated
cellular dysfunction and degeneration [81]. The proteasome is a
multi-catalytic protease that plays a major role in ubiquitin-
dependent and ubiquitin-independent protein turnover. Oxidative
modification of the proteasome leads to impairment of this
function, which impairs the efficient removal of potentially toxic
proteins [82].

Biasibetti et al. reported that administration of 10 mg EGCG/kg/
day for 4 weeks by oral gavage reversed oxidative stress induced by
intracerebroventricular administration of streptozotocin in mice
[83]. The results of this study suggested that EGCG had the
potential to reverse a decrease in the activity of glutathione
peroxidase, an enzyme that protects cells from oxidative stress and
modulates expression of nitric oxide synthase. Nitric oxide is a
signaling molecule that modulates vascular function and blood
flow, and has also been shown to regulate neurotransmission in
some settings [84]. It also forms reactive nitrogen species, and acts

Green tea ingredients
Main active ingredients: Catechins, theanine

Potential mechanisms \

Experimental & clinical studies

Prevention & disease modification

Fig. 2. Potential mechanisms underlying the effects of green tea and its ingredients
on cognitive dysfunction,
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as a pro- and anti-inflammatory molecule [85]. Unno et al
demonstrated that oral administration of 35 mg/kg/day of green
tea catechin to senescence-accelerated mice (SAMP10) aged from
1 month to 15 months reduced their oxidative stress levels [86].
Performance in the passive avoidance task, which is widely used to
evaluate contextual memory performance in rodents, was also
improved by this treatment. In this context, a preventive effect of
green tea catechins on the decline in glutathione peroxidase
activity was reported in SAMP10 mice [87], and this may be related
to the functional effects reported in the study. Reduced oxidative
stress, with associated prevention of cognitive impairment by
green tea and its components, was also reported by Wu et al. [88],
Xu et al. [89], Haque et al. [90], Kim et al. [91], and Li et al. [92].
EGCG is known to activate two major enzymes that metabolize
ROS, superoxide dismutase and catalase [93]; this may contribute
to its antioxidant activities. The iron chelating activity of EGCG may
also contribute to these effects [94,95]. Accumulation of iron in the
brain with age not only affects neurodegeneration directly, but also
contributes to oxidative stress [96-98]. Increased neuronal iron
concentrations enhance susceptibility to toxins and activate
pathogenic pathways, including morphological changes. Further-
more, iron contributes to the generation of ROS [98] and catalyzes
oxidative reactions involved in the aggregation of a-synuclein
[99], a major component of Lewy bodies.

Neuroinflammation plays an important role in the pathogenesis
of several types of cognitive dysfunction, especially Alzheimer’s
disease [48,100]. Cross-talk between microglia and neurons may
be involved in the pathophysiology of this condition. Cross-talk
involving cytokines (including chemokines) could directly activate
cellular cascades leading to neurodegeneration. For example,
interleukin-1B, 6, and 12, and interferon vy and o, activate
astrocytes and microglia [100]. Activated microglia proliferate
and release cytotoxic factors, including ROS and reactive nitrogen
species [101,102]. Therefore, microglial cells are thought to be a
main source of pro-inflammatory factors, which contribute to
neurodegeneration. Neuroinflammation has been reported to
occur prior to neuronal cell loss [100] and intraperitoneal
administration of lipopolysaccharide, a gram-negative bacterial
cell wall component, caused neuroinflammation-induced memory
impairment in mice. Lee et al. reported that oral administration of
1.5 and 3 mg/kg/day EGCG for 3 weeks prevented lipopolysaccha-
ride-induced memory impairment [103]. Oral administration of
EGCG also prevented astrocyte activation, elevation of cytokine
levels, and the increase in inflammatory proteins; these were
implicated in astrocyte activation and also in amyloidogenesis
[103]. In vitro studies in BV-2 cells showed that EGCG inhibited
cyclooxygenase-2 protein expression, which is induced by

inflammatory stimuli [88]. Inhibition of nitric oxide production
and inducible nitric oxide synthase protein expression by EGCG
was also reported in BV-2 cells and primary microglia [88,104].

3.3. PKC pathway activation

PKC has a fundamental role in the regulation of cell survival and
memory consolidation [105,106]. Enzymes involved in the PKC
pathway have also shown neuroprotective effects against toxicity
induced by amyloid-f3 peptides, which are involved in Alzheimer’s
disease. Levites et al. conducted an in vitro study using PC12 cells
and reported that EGCG promoted non-toxic processing of APP by
PKC-dependent activation of a-secretase [107]. In this study, a
concentration-dependent effect was observed in the presence of
0.1-10 WM EGCG. An in vivo study of APP transgenic mice orally
administered 2 mg EGCG/kg/day also supported this mechanism
[107]. There are 12 isoforms of PKC [108], and EGCG has been
shown to increase the levels of PKCa and € in mouse hippocampus
and striatum [107,109]. Overexpression of PKCe in APP transgenic
mice decreased amyloid-3 levels by increasing the expression of
endothelin-converting enzyme, which degrades amyloid-3 [110].
EGCG might therefore reduce amyloid-B toxicity by both
stimulating non-toxic APP processing, and by promoting amy-
loid-p clearance. Recently, the importance of the PKCy isoform
activity in cognition has also been reported [111,112]; additional
research regarding this, and the relationships between PKC
isoforms, is needed.

3.4. Acetylcholinesterase inhibition

Deficits in cholinergic neurotransmission in the brain contribute to
the cognitive decline observed in patients with dementia, and thisisa
major therapeutic target for Alzheimer's disease [8]. Cholinesterase
inhibitors such as donepezil, rivastigmine, and galantamine are used
to treat Alzheimer’s disease in clinical practice [113]. Srividhya et al.
demonstrated that the oral administration of 2 mg EGCG/kg/day for
30 days increased the level of acetylcholine in aged-rat brain cortex,
and showed that EGCG formed a good docking-complex with
acetylcholinesterase using in silico modeling [114]. The effects of
EGCG as an acetylcholinesterase inhibitor were also reported by
Biasibetti et al. in a streptozotocin mouse model [83]; Kimetal.ina
scopolamine mouse model [115]; and Kaur et al. in young and old
male Wistar rats [116]. Using in vitro approaches, Chung et al.
reported that green tea polyphenols suppressed acetylcholinester-
ase activity in human neuroblastoma cells [117] and Okello et al.
reported that a green tea extract inhibited human acetylcholines-
terase activity, determined using a colorimetric assay [118].

Table 1
Characteristics of cross-sectional studies.
Source Population Types of tea Outcomes Reference
no.
Kuriyama et al. 1003 Japanese residents, Green tea 1 (reference for <3 cups/week) vs. 0.46 (95% Cl: 0.30, 0.72) for >2 cups/ [137]

2006
Ng et al. 2008

aged >70 years

2501 community-living
Chinese residents, aged
>55 years

681 Chinese residents,

aged >90 years

Green tea, black tea, oolong tea

Huang et al. 2009 Any type of tea

Nurk et al. 2009 Any type of tea (most common
type during 1990s in Norway:
black tea)

Green tea, black tea, oolong tea

2031 Norwegian
residents, aged 70~
74 years

716 Chinese residents,
aged >55 years

Feng et al. 2010

day, P=0.0006

1 (reference for rare or no tea intake) vs. 0.56 (95% CI: 0.40, 0.78) for low
level of intake; 1 vs. 0.45 (95% CI: 0.27, 0.72) for medium level of intake; 1
vs. 0.37 (95% CI: 0.14, 0.98) for high level of intake, P<0.001

Lower prevalence of cognitive impairment in male but not female tea
consumers, P=0.041 for former consumption, P=0.044 for current
consumption

Dose-dependent effect of tea consumption on cognitive function

(6 different cognitive tests) was observed up to ~200 ml/day, after which
it plateaued or tended to be linear

Total tea consumption was independently associated with better
performances on global cognition, P=0.03; memory, P=0.01; executive
function, P=0.009; and information processing speed, P=0.001

[138]

[139]

[140]

[141]
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3.5. Other mechanisms

In addition to the properties described above, green tea and its
components may exert neuroprotective effects through a variety of
other mechanisms. These include green tea extract- and 1-theanine-
mediated regulation of the secretion of stress hormones that influence
cognitive function, including corticosterone [119,120]; EGCG-mediat-
ed reduction of amyloid-induced mitochondrial dysfunction [121};
inhibition of glutamate dehydrogenase [122,123], 3,4-dihydroxyphe-
nylalanine decarboxylase [124], and histone acetyltransferase [125];
inhibition of fatty acid synthase by catechins [126,127]; interactions
between catechin derivatives and opioid/cannabinoid receptors
[128,129]; and i-theanine-mediated modulation of glutamatergic
[130], GABAergic [131], dopaminergic [132], and serotoninergic
neurotransmission in the brain [132-134]. Caffeine is also a
psychoactive ingredient of green tea [76] and this stimulates
cholinergic neurons by acting as a non-selective antagonist of
adenosine A1 and AZA receptors [135]. Adenosine A2A receptor
expression is also regulated by caffeine consumption [136], and these
effects may alter cognitive function.

4. Epidemiological studies
4.1. Cross-sectional studies

Five cross-sectional studies have been reported; these were
conducted in Japan, China, and Norway [137-141] and their study
populations and findings are summarized in Table 1.

The Kuriyama et al. study was conducted in north-east Japan
(Tohoku region) and included 1003 japanese residents [137].
Cognitive function was evaluated by the mini-mental state
examination (MMSE), a well-validated test of cognitive function
that is widely used in clinical practice [142]. This study identified
an association between a higher consumption of green tea and a
lower prevalence of cognitive impairment in Japanese participants
aged >70. Compared with the participants consuming <3 cups
green tea/week (reference), the adjusted odds ratios for cognitive
impairment (MMSE score <26/30) were 0.62 (95% confidence
interval [CI}: 0.33, 1.19) for 4-6 cups/week or 1 cup/day, and 0.46
(95% CI 0.30, 0.72) for >2 cups/day. The study also showed no
association between MMSE scores and the consumption of oolong,
black tea, or coffee.

The study by Nurk et al. used data from the Hordaland Health
Study, conducted in western Norway [140]. A total of 2031
participants aged from 70 to 74 were included in this study, which
focused on the relationship between consumption of flavonoid-rich
food (tea, chocolate, and wine) and cognitive function (evaluated by

MMSE). There was an association between flavonoid-rich food
consumption and higher cognitive performance. The kind of tea
consumed was not surveyed in this study; however, the authors
wrote that black tea was commonly consumed in Norway in the
1990s. Associations between tea consumption and cognitive
function were also reported in other studies [ 138,139,141 |. However,
one study by Huang et al. identified a sex-related difference in this
effect [139], whereby tea consumption was only associated with
cognition in men included in this study of Chinese nonagenarians/
centenarians.

4.2, Longitudinal studies

Data have been reported from 5 longitudinal studies conducted
in Japan, China, Finland, and the U.S. [138,141,143-145]. These
studies are summarized in Table 2.

The study reported by Noguchi-Shinohara et al. was conducted
in central Japan (Hokuriku region) and included 723 Japanese
residents aged >60 years [145]. The study was conducted from
2007, with 4.9 4+ 0.9 years follow-up (mean =+ standard deviation).
Cognitive function was assessed by MMSE and the clinical
dementia rating, which uses a semi-structured interview with
the patient and an informant to rate cognitive impairment [146].
This study reported that the group who drank green tea habitually
had a lower incidence of dementia or MCI, as compared with the
control group who did not drink green tea. No association was
observed between the consumption of black tea or coffee and the
incidence of dementia or MCL

The Ng et al. study was conducted in China with 1438 Chinese
residents aged >55 who participated in the Singapore longitudinal
aging studies [138]. It was conducted from 2003, with 1-2 years
follow-up (median: 16 months). Cognitive impairment was
defined as an MMSE score <23, and cognitive decline was defined
as a decrease in MMSE score of >1 point. This study identified an
association between higher tea consumption and lower prevalence
of cognitive impairment, even when adjusted for confounding
variables such as age, sex, education, lifestyle factors, complica-
tions, and other risk factors. The Feng et al. study also showed a
similar association [147]. However, a study conducted in Finland
and reported by Eskelinen et al. showed no association between
mid-life tea consumption and late-life prevalence of dementia,
including Alzheimer’s disease [143]. Another study reported by
Arab et al. showed a sex-related difference [144], whereby tea
consumption modestly reduced the rate of cognitive decline in
women, but not in men. Taken together, these studies indicated
that the association between higher green tea consumption and a
lower prevalence of cognitive dysfunction is still controversial.

Table 2
Longitudinal studies.
Source Population description Types of tea Outcomes Reference
no.
Ng et al. 2008 1438 Chinese residents, aged Green tea, black Less decline of cognitive function in participants with higher level of tea consumption, [138]
>55, 1- to 2-year follow-up  tea, oolong tea P=0.042
Eskelinen et al. 1409 Finnish residents, aged Any type of tea No association with dementia or Alzheimer’s disease [143]

2009 65-79, 21-year follow-up
Arab et al. 2011 4809 U.S. residents, aged >65, Any type of tea
7.9-year follow-up

Reduced rate of cognitive decline in women, P=0.07 for modified MMSE, P=0.04 for [144]
modified MMSE with item response theory; non-linear relationship with the frequency

of tea consumption

Feng et al. 2012 7139 Chinese residents, aged
80-115, 7-year follow-up

Any type of tea Higher verbal frequency scores throughout the follow-up period; but steeper slope of [147]
cognitive decline compared with non-drinker from a higher baseline level; coefficient

for the interaction term Time x Daily drinking = -0.12, P=0.02

Noguchi- 723 Japanese residents, aged> Green tea
Shinohara 60 years, 4.9-year follow-up
et al. 2014

Incidence of overall cognitive decline (dementia or mild cognitive impairment): 0.32 [145]
(95% CI: 0.16-0.64) for everyday drinker; 0.47 (95% CI: 0.25-0.86) for 1-6 days/week
drinker vs. 1 (reference, non-drinker)
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Table 3
Interventional studies.
Source Population description Intervention Outcomes Reference
no.
Kataoka et al. 2009 29 Japanese participants with ~ Green tea with high theanine Improvement of cognitive function based on revised Hasegawa [148]
cognitive dysfunction, aged content (2040 mg/day) vs. dementia scale, P<0.05
85 years on average placebo, 12 months
Park et al. 2011 91 Chinese participants with Green tea-based dietary Improvement of cognitive function based on Rey-Kim memory [149]
mild cognitive impairment, supplement (LGNC-07, 1680mg/ test (memory) in 16 weeks, P=0.0478; and Stroop test
aged 40-75 years day) vs. placebo, 4 months (attention) in 8 weeks, P=0.0306
Ide et al. 2014 12 japanese participants with ~ Green tea powder (2000 mg/day), Improvement of cognitive function based on MMSE Japanese {150]

dementia, aged >65 years 3 months

version vs. before intervention, P=0.03

5. Interventional studies

There have been 3 reports of interventional studies conducted
in Japan and Korea [148-150]. The characteristics of these studies
are summarized in Table 3.

The Park et al. study published in 2011 was conducted in Korea
and included 91 Korean participants with MCI [149], defined as a
score between 21 and 26 on the Korean version of the MMSE. The
participants took 1680 mg/day of a dietary supplement containing
green tea extract and r-theanine (LGNC-07) for 16 weeks. This
corresponded to a daily dose of 1440 mg green tea extract and
240 mg i-theanine. Neuropsychological tests (Rey-Kim memory
test [151] and Stroop color-word test [152]) were used to evaluate
memory and attention. After consuming LGNC-07 for 16 weeks,
Rey-Kim memory test scores were significantly improved in
participants with a Korean MMSE score of 21-23. This difference
was only observed in an analysis that was stratified by the baseline
MMSE score, and was not observed in all participants. Kataoka et al.
also reported a preventive effect of green tea with a high theanine
content on declining performance in the revised Hasegawa
dementia scale score [148]. These studies employed green tea-
like dietary supplements, but it is also important to study the
effects of daily green tea consumption patterns on cognition.

We conducted a study in Japan in 2012 using normal green tea
powder [150]. This study included 12 participants with cognitive
dysfunction, defined as a score of <28 on the Japanese version of
the MMSE. The participants consumed 2000 mg green tea powder/
day, containing 227mg catechins and 42mg theanine, for
3 months. After this period, individual MMSE scores were
significantly improved (before, 15.3 +7.7; after,17.0 + 8.2; P=0.03).

All of these interventional studies suggested that consumption
of green tea or green tea-based dietary supplements may reduce
the rate of cognitive decline or even improve cognitive function in
people with established cognitive impairments. However, only a
limited number of small-scale studies have been conducted, and
additional large-scale randomized controlled studies are needed to
determine the effects of green tea consumption on cognition.

6. Conclusions and future perspectives

Green tea and its components have the potential to modify
cognitive disorders and a variety of potential mechanisms have
been identified using in vitro and in vivo approaches. These
approaches used cell lines and rodent models, and the key
mechanisms involved in humans remain unclear. Several epide-
miological and interventional studies in humans demonstrated
that consumption of green tea or its components may delay the
onset and/or reduce the progression of dementia and MCI. Among
epidemiological studies, 3 cross-sectional studies and 2 longitudi-
nal studies analyzed the types of tea consumed. However, the
results of these studies were not always consistent. The ingredients
of tea can differ, depending on the manufacturing process and on
fermentation in particular; these differences may affect the

associations observed between tea consumption and cognitive
function. A limited number of interventional studies have been
reported and these were small-scale; further large-scale random-
ized controlled studies are needed to elucidate the effects of green
tea consumption on cognitive function. Previous studies did not
consider the pharmacodynamic properties of the active ingre-
dients of green tea. Consideration of these in future studies should
help to clarify the effects of green tea in humans and the
mechanisms underlying these activities.

A recent functional magnetic resonance imaging study by
Schmidt et al. revealed that green tea extracts enhanced parieto-
frontal connectivity in healthy volunteers [153]. Parieto-frontal
connectivity contributes to working memory processing [154] and
may therefore be involved in the effects of green tea on cognitive
dysfunction. Additional human studies of the functional and
pathophysiological changes associated with cognitive dysfunction
are expected to improve understanding of these processes.

Zhang et al. reported that green tea catechins increased the
effects of the acetylcholinesterase inhibitor, huperzine A, by
increasing its affinity for serum albumin [155]. This study
highlighted the possibility that green tea catechins may act to
enhance the effects of other medications. In addition to the studies
focusing on the effects of the active ingredients of green tea,
studies of pharma-nutritional interactions in humans will also
facilitate effective nutritional interventions using green tea and its
ingredients in clinical practice.
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