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Abstract

Tea consumption has inconsistently been shown to be associated with the risk of type 2 diabetes (T2D). The aim of the present study was
to conduct a dose—response meta-analysis of cohort studies assessing the association between consumption of tea and risk of developing
T2D. Pertinent studies were identified by searching PubMed, Web of Science and EMBASE through 31 March 2013. A total of sixteen
cohorts from fifteen articles that reported 37 445 cases of diabetes among 545517 participants were included. A significant linearly inverse
association between tea consumption and T2D risk was found (P for linear trend=0-02). An increase of 2 cups/d in tea consumption was
found to be associated with a 46 (95% CI 09, 8-1) % reduced risk of T2D. On the basis of the dose—response meta-analysis, the predicted
relative risks of diabetes for 0, 1, 2, 3, 4, 5 and 6 cups of tea consumed per d were 1-00 (referent), 0-97 (95% CI 0-94, 1-01), 0-95(95% CI
0:92, 0-98), 0-93 (95% CI 0-88, 0:98), 0-90 (95 % CI 0-85, 0-96), 0-88 (95 % CI 0-83, 0:93) and 0-85 (95 % CI 0-80, 0-91), respectively. There was
a statistically significant heterogeneity within the selected studies (Q = 45-32, P<0-001, 1> = 60-3%). No evidence of substantial small-
study bias was found (P=0-46). Our findings suggest that tea consumption could be linearly inversely associated with T2D risk. Future
well-designed observational studies that account for different characteristics of tea such as tea types, preparation methods and tea strength
are needed to fully characterise such an association.
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Diabetes is one of the biggest public health challenges of the
twenty-first century with increasing prevalence globally™”.
According to a report'® released by the International Diabetes
Federation, in 2012, more than 371 million people had diabetes,
representing 8:3% of the global adult population, while 4-8
million people died due to diabetes and more than 471 billion
US$ were spent on health care for diabetes. Therefore, the pri-
mary prevention efforts towards diabetes should be explored.
Several cohort studies® ™' have inconsistently shown that
regular tea consumption may have a protective effect on
type 2 diabetes (T2D). An earlier meta-analysis® that focused
on tea consumption and T2D risk and combined results from
nine cohort studies”'’~'® published before 2009 reported that
the consumption of tea is not associated with a lower risk of

T2D in individuals consuming large amounts compared with
those consuming low amounts and that consuming = 4 cups
per d may lower the risk of T2D (relative risk (RR) 0-80,
95% CI 0:70, 0-93), in which the conclusion was drawn on
the basis of five studies in the
Furthermore, another meta-analysis of cohort studies carried
out by Huxley et al®® published in the same year has
concluded that consuming =3 or =4 cups of tea daily is
associated with a 16% reduced risk of T2D compared with
not consuming tea. These investigations'??” have much
practical implication regarding the prevention of T2D.
However, whether tea is inversely associated with T2D risk
over the entire range of consumption categories or has a
threshold effect on T2D remains unclear. Besides, categories

secondary analysis.

Abbreviations: HR, hazard ratio; PA, physical activity; RR, relative risk; T2D, type 2 diabetes.
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as well as reference groups of tea consumption vary among
individual studies. In some cases, the highest category
assumed in one study might be the lowest category in another,
which could complicate the interpretation of the pooled risk
estimates as in the meta-analysis by Jing et al"”. Since
then, a number of pertinent studies have been published®~?,
allowing a more detailed analysis of the association between
consumption of tea and subsequent risk of diabetes.

Hence, in the present study, we conducted a dose—
response meta-analysis of cohort studies to quantitatively
assess the relationship between consumption of 1-6 cups of
tea per d and risk of T2D, following the guidelines of the
Meta-analysis of Observational Studies in Epidemiology(ZD
for reporting a systematic review and meta-analysis.

Methods
Search strategy

We comprehensively identified studies by searching PubMed,
Web of Science and EMBASE databases through 31 March
2013 for cohort studies that evaluated the effect of tea consump-
tion on the subsequent risk of T2D. The search was limited to
studies conducted in human subjects. The reference lists of
the retrieved articles were also scrutinised to identify additional
relevant studies. No language restrictions were applied. In total,
three search themes were combined using the Boolean operator
AND. The first theme, tea, combined the exploded versions of
the Medical Subject Headings terms tea, caffeine, polyphenols,
catechin or flavonoids. The second theme, diabetes, combined
the exploded versions of the Medical Subject Headings terms
diabetes mellitus, glucose or insulin. The third theme, cohort
study, combined the exploded versions of cohort studies, longi-
tudinal studies or prospective studies (given in Supplementary
Appendix 1, available online).

Study selection criteria

Articles were considered for inclusion in the meta-analysis if
the authors had reported data from an original, peer-reviewed
study other than review articles or meeting abstracts, the study
had a cohort design consisting of non-institutionalised adults
(=18 years old), and the authors provided RR or hazard
ratio (HR) and its 95% CI or standard error of incident T2D
for tea consumption. The selected studies were further con-
sidered for inclusion in a dose—response meta-analysis if the
authors had additionally provided adjusted RR or HR and
95% CI for three or more quantitative categories of tea con-
sumption (cups/d), as well as the corresponding number of
cases and person-years or subjects for each category. If publi-
cations were duplicated or from the same cohort, the most
recent publication was included.

Data extraction and quality assessment

Using a unified data form, two authors (W.-S. Y. and W.-Y. W.)
independently evaluated study eligibility and conducted data
extraction and quality assessment. Relevant variables included

in the data form were as follows: study name (together with
the first author’s name and year of publication); study
region; study design; number of cases; cohort size; follow-
up years; variables matched on or adjusted for in the design
and data analysis. To conduct a dose—response meta-analysis,
RR or HR and 95% CI that reflected the greatest degree of
control for potential confounders (.e. the study-specific
most-adjusted RR or HR and its 95% CD), as well as the corre-
sponding number of cases and person-years or subjects for
each category of tea consumption, were also extracted. If
any of the above-mentioned information was not available
in the articles, the first or corresponding authors were
contacted by email for additional information. Some studies
separated risk estimates according to the different types of
tea consumed and did not report the effect of total tea
consumption. In this case, the study-specific effect size in
the overall analysis was recalculated by combining the risk
estimates of such tea types using the random-effects model
meta-analysis®?. The two lists from the authors were then
compared, and disagreements were settled by consensus or
by involving a third reviewer (W.-Y. F.) for adjudication.

To assess study quality, a 9-point scoring system according
to the Newcastle—Ottawa Scale®™ was used. Quality
characteristics were assessed using the following criteria:
(1) representativeness of the exposed cohort; (2) selection of
the unexposed cohort; (3) exposure assessments; (4) outcome
of interest not present at the start of the study; (5) control for
important factors or additional factors; (6) outcome assess-
ments; (7) follow-up period long enough for outcomes to
occur; (8) adequacy of follow-up of cohorts. A study can be
given a maximum score of one point for each item, except for
the item ‘control for important factors or additional factors’,
for which studies that adjusted for body weight or BMI or
waist circumference or waist:hip ratio were given one point
and those that also adjusted for other potential confounders
including smoking, total energy intake, physical activity (PA)
and intake of other beverages were given an additional point.
Hence, the full score was 9, and a high-quality study in the
present analysis was defined as a study with =7 points.

Data synthesis and analyses

For every study, we estimated a RR and its 95% CI for an
increase of 2 cups/d in tea consumption in the first stage.
The method suggested by Greenland & Longnecker*” and
Orsini et al.®® was used to calculate study-specific log-
linear trends in random-effects generalised least-squares
models for every study. We then combined the study-specific
log-linear trends in a second random-effects generalised least-
squares model for summary linear trend estimation. The mean
or median tea intake levels for each category were assigned to
each corresponding RR for every study.

We also conducted a two-stage random-effects dose—
response meta—analysis(%) to study the potential non-linear
relationship between tea consumption and T2D risk. This
was carried out by modelling tea consumption using a
restricted cubic spline model with four knots at fixed percen-
tiles (5, 35, 65 and 95%) of the distribution®”. In the first
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stage, a restricted cubic spline model was estimated using gen-
eralised least-squares regression accounting for the correlation
within each set of published risk estimates*®”. In the second
stage, the study-specific slopes (trend) that had been esti-
mated within each study were combined by using the
restricted maximum-likelihood method in a multivariate
random-effects meta-analysis®®. A P value for non-linearity
was computed by testing the null hypothesis that the coeffi-
cients of the second and third splines are all equal to zero.
Cubic spline models with three knots were also used and
similar results were obtained (data not shown).

A separate random-effects meta-analysis®®  was also
conducted to calculate the summary RR with 95 % CI of T2D for
comparable categories of tea consumption when compared
with the lowest category in each study. In this approach, we
pooled the tea consumption categories into five groups: reference
(no tea consumption); <1 cup/d; 1-3 cups/d; 3—4 cups/d;
=4 cups/d.

Between-study heterogeneity among the study-specific
trends (one-stage estimations) for the dose—response meta-
analysis and heterogeneity within the study-specific RR and
HR for the separate random-effects meta-analysis were evalu-
ated using Cochran’s Q and 7%, and the null hypothesis that
the studies are homogeneous was rejected if the P value for
heterogeneity was <0-10%% or the 72 value was =50%. The
potential small-study bias was evaluated using Begg’s rank
d®® and by means of visual inspection of
the funnel plot. A subgroup analysis was conducted by
study quality, study region, sex, follow-up years, tea types,

correlation metho

diabetes assessments and covariates adjusted in the articles if
=2 studies were included in each stratum. All the data
analyses were carried out using the R 2.15.3 (R Development
Core Team) and SAS 9.2 (SAS Institute, Inc.) software, and a
two-sided P value of 0-05 was considered to be statistically
significant if not specified.

Results
Literature search

A flow diagram of the literature search strategy employed in
the present study is shown in Fig. 1. Using the search strategy,
a total of 5000 citations were identified, of which 4889 articles
were excluded after review of the title or abstract. After
examining the full text of the remaining 117 articles,
101 articles were found to be reviews or not to have a
cohort design; one study®
in this study was updated by a later publication with a
longer follow-up period®. Thus, fifteen articles were included
in the meta-analysis.

was excluded because analysis

Study characteristics

The characteristics of sixteen cohorts from the fifteen selected
articles are given in Table 1. Altogether, these studies had
37445 cases of T2D among 545517 participants during a
follow-up period ranging from 3-4 to 24 years. All the studies
were published between 2004 and 2013 and were conducted
in Asia (n 4)(5’7’10’14), Europe (n 5)(4’6’9’11’15) and the USA

5006 Citations identified from Pubmed, Web of Science
and EMBASE databases through 31 March 2013

\ 4

4889 Citations excluded

3877 Excluded based on titles or abstract reviews

3780 Not relevant (animal studies or did not study
either tea or diabetes)

Ninety-seven not original peer-reviewed articles

1012 Duplicates

A 4

117 Potentially relevant articles identified for full-text review

102 Studies excluded based on full-text reviews

. | One study!"® was updated by a later study® with a
longer follow-up period

101 Reviews or not a cohort design

A 4

Fifteen studies included in the meta-analysis

Fig. 1. Literature search and reference selection for the meta-analysis.
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Table 1. Characteristics of the studies included in the meta-analysis

Follow-up
Cohort Baseline age duration Cases Participants  Tea measures
Study designation (sex) (years) (n) (n) (tea types) T2D measures Adjustments
Bhupathiraju NHS 30-55 years 24 7370 74749 131-Item FFQ NDDG diagnostic criteria, self-report, Age, smoking, alcohol drinking, PA,
etal® (women) (unspecified tea) confirmed by medical records BMI, total energy intake, beverages
other than tea, HRT, family history of
diabetes
Bhupathiraju HPFS 40-75 years 22 2865 39059 131-Item FFQ NDDG diagnostic criteria, self-report, Age, smoking, alcohol drinking, PA,
etal® (men) (unspecified tea) confirmed by medical records BMI, total energy intake, intake of
beverages other than tea, family
history of diabetes
InterAct C¥ EPIC 20-79 years 11.7 12403 16835 Country-specific or Self-report, primary care registers, Age, sex, education, smoking, alcohol
(men and centre-specific secondary care registers, hospital drinking, PA, BMI, total energy
women) semi-quantitative admissions and mortality data, intake, intake of beverages
or quantitative diet confirmed by further evidence of other than tea
ary questionnaires information of incident type 2
(unspecified tea) diabetes from at least two
independent sources
Hayashino HIPOP-OHP 19-69 years 34 201 4975 Self-administered ADA and WHO diagnostic criteria, Age, smoking, alcohol drinking, PA,
etal® (men) dietary self-report without confirmation BMI, vegetable intake, intake of bev-
questionnaire erages other than tea, hypertension,
(oolong tea) family history of diabetes and others
Sartorelli E3N 42-72 years 11 1415 69532 208-ltem FFQ WHO diagnostic criteria, self-report, Age, education, smoking, alcohol
etal® (women) (unspecified tea) diabetic drug use, hospital drinking, PA, BMI, intake of
admissions beverages other than tea,
hypertension, HRT, menopausal
status, family history of diabetes
and others
Oba et al.” Takayama =35 years 10 453 13540 169-Item FFQ Self-report of doctor’s diagnosis Age, education, smoking, alcohol
Study (men and (green, oolong and without confirmation drinking, PA, BMI, total energy
women) black tea) intake, menopausal status for
women
Boggs et al.® BWHS 30-69 years 12 3671 46 906 Eighty-five-item FFQ Self-report with an accuracy Age, education, smoking, PA,
(women) (unspecified tea) assessment showing a high BMI, total energy intake, intake of
consistency (96 %) with the medical beverages other than tea,
data in a sample of subjects hypertension, HRT, menopausal
status, family history of diabetes
and others
van Dieren EPIC-NL 20-70 years 10 918 38176 Seventy-seven-item Self-report, confirmed by urinary Age, sex, education, smoking, alcohol
etal® (men and FFQ (unspecified glucose strip test or hospital drinking, PA, BMI, total energy
women) tea) discharge diagnoses intake and others
Odegaard SCHS 45-74 years 5.7 1889 36908 165-Item FFQ (green  Self-report of doctor’s diagnosis, Age, sex, education, smoking, alcohol
et a9 (men and and black tea) confirmed by hospital discharge drinking, PA, BMI and others
women) database, or medication use
Hamer Whitehall I1 33-55 years 11.7 387 5823 131-ltem FFQ OGTT, diabetic medication, Age, sex, ethnicity, smoking, alcohol
etal" Study (men and (unspecified tea) self-report of doctor’s diagnosis drinking, PA, WHR, BMI, total energy
women) intake, intake of beverages other
than tea, hypertension, family history
of diabetes and others
Hu et al.("® Four surveys 35-74 years 13-4 964 21385 Self-administered WHO criteria, National Hospital Age, sex, education, smoking, alcohol
in Finland (men and dietary question Discharge Register, National Social drinking, PA, BMI, vegetable and fruit
women) naire (unspecified Insurance Institution’s Drug intake, intake of beverages other
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Table 1. Continued

Follow-up
Cohort Baseline age duration Cases Participants  Tea measures
Study designation (sex) (years) (n) (n) (tea types) T2D measures Adjustments
van Dam NHS 11 26-46 years 9-8 1263 88259 Self-administered NDDG diagnostic criteria, self-report, Age, smoking, PA, BMI, total energy
etal(1? (women) dietary confirmed by medical record review intake, meat intake, intake of
questionnaire beverages other than tea, HRT,
(unspecified tea) family history of type 2 diabetes and
others
Pereira IWHS 55—-69 years 11 1418 28812 127-ltem FFQ Self-report with an accuracy Age, education, smoking, alcohol
et al."® (women) (unspecified tea) assessment showing a poor drinking, PA, WHR, BMI, total energy
consistency (64 %) with the medical intake, intake of beverages other =
data in a sample of subjects than tea, hypertension and others Y
Iso et al."¥ JACC Study 40-65 years 5 444 17413 Self-administered Self-report with an accuracy and Age, smoking, alcohol drinking, PA, 4]
(men and dietary validity assessment (sensitivity: BMI, intake of beverages other than 2
women) questionnaire 70 % for men and 75 % for women; tea, hypertension and others g
(green and oolong specificity: 95 % for men and 98 % 5
tea) for women) =
Song et al'"®  WHS =45 years 8-8 1614 38018 131-Item FFQ ADA diagnostic criteria, self-report, Age, smoking, alcohol drinking, PA, :’
(women) (unspecified tea) confirmed from supplemental BMI, total energy intake, family 5
questionnaire and physician history of diabetes, hypertension 3
information and others o
Greenberg NHEFS 32-88 years 8-4 170 5127 Self-administered Self-report of doctor’s diagnosis Age, sex, ethnicity, education, income, ®
et al"” (men and dietary smoking, alcohol drinking, PA, BMI, Y
women) questionnaire intake of beverages other than tea g
(unspecified tea) and others g
[¢]
»

T2D, type 2 diabetes; NHS, Nurses’ Health Study; NDDG, National Diabetes Data Group; PA, physical activity; HRT, hormone replacement therapy; HPFS, Health Professionals’ Follow-up Study; EPIC, European Prospective
Investigation into Cancer and Nutrition; HIPOP-OHP, High-risk and Population Strategy for Occupational Health Promotion Study; ADA, American Diabetes Association; E3N, Etude Epidémiologique auprés de femmes de la
Mutuelle Générale de 'Education Nationale; BWHS, Black Women'’s Health Study; EPIC-NL, European Prospective Investigation into Cancer and Nutrition — Netherlands; SCHS, Singapore Chinese Health Study; OGTT, oral
glucose tolerance test; WHR, waist:hip ratio; IWHS, lowa Women’s Health Study; JACC, Japan Collaborative Cohort Study; WHS, Women’s Health Study; NHEFS, First National Health and Nutrition Examination Survey Epide-
miologic Follow-Up Study.
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(n 6)>B1213161D Mot of the studies recruited both men and
women, of which four studies®”'*!> presented results by
sex, while five studies®®'2119 included only women and
one study® included only men. Only four studies®71%1% sep-
arated the risk estimates according to the different types of tea
consumed: three for green tea”'*'®; three for oolong™’'?;
three for black tea”1%'; others reported the effect of total
tea consumption with unspecified tea types. All the studies
simultaneously adjusted for age, BMI, smoking and PA; four-
teen articles also adjusted for alcohol drinking, of which
eleven articles also adjusted for consumption of beverages
other than tea (coffee and other sugar-sweetened beverages).

All the selected studies utilised self-reported FFQ or self-
administered questionnaires to estimate tea intake. In most
of the studies, the diagnosis of diabetes was determined
from self-report and was further verified by evidence from
medical records, diabetes registration system, hospital
admissions and hypoglycaemic agent use; three studies 01D
combined self-reported measures with medical records and
five studies relied solely on self-reported outcomes 7131417,
of which two studies**® considered the validity of outcome
data (Table 1).

Study-specific quality scores are summarised in Table 2. The
range of quality scores was from 6 to 9; the mean and median
scores were 7-3 (sD 0-86) and 7-0, respectively. All the selected
studies except one'” were defined as high-quality studies
according to the Newcastle—Ottawa Scale 9-scoring system.

Overall analysis

From thirteen articles®~®8-1214-17

, fourteen cohorts were
combined in the dose—response meta-analysis. There was a sig-
nificant linear association between tea consumption and T2D
risk (P for linear trend=0-02; P for non-linear trend=0-96)
(Fig. 2). The risk reduction of T2D for an increment of 2 cups
of tea per d was 4:6 (95% CI 09, 8:1) %. Compared with no
tea consumption, the summary RR of T2D were 0-97 (95% CI
094, 1-:01) for 1 cup of tea per d, 0-95 (95% CI 0-92, 0-98) for
2 cups of tea per d, 093 (95% CI 0-88, 0-98) for 3 cups of tea
per d, 0:90 (95% CI 0-85, 0-96) for cups of tea per d, 0-88
(95% CI 0-83, 0:93) for 5 cups of tea per d and 0-85 (95% CI
0-80, 0-91) for 6 cups of tea per d (Table 2). The results were
consistent when analyses were restricted to twelve high-quality
studies (P for linear trend <0-01). A significant between-study
heterogeneity was detected in the study-specific trends
(Q = 4532, P<0-01, I* = 60-3%). Begg’s rank correlation test
(P=0-46) and funnel plot (shown in Supplementary Fig. 1,
available online) provided no evidence of substantial small-
study bias among the study-specific trends.

In the separate random-effects meta-analysis for compar-
able categories of tea consumption, the RR of T2D were
1-00 (95% CI 097, 1:09 for <1 cup/d (twelve studies)
(Q=1271, P=0:69, I*=0), 098 (95% CI 094, 1-02) for
1-3  cups/d (thirteen studies) (Q=20-75, P=0-24,
17 =181%), 093 (95% CI 0:65, 1-34) for 3—4 cups/d (three
studies) (Q = 16:34, P<0-01, I* = 81:6%) and 0-85 (95% CI
0-77, 094 for =4 cups/d (eleven studies) (Q = 1645,
P=013, I* = 33-1%).

Subgroup and sensitivity analyses

In the subgroup analysis (Table 3), the inverse association
between tea consumption and diabetes risk appeared to be con-
fined to European populations (five studies), women (five
studies), and oolong and black tea intake (three studies)
when stratified by study region, sex and tea type; however,
the number of selected studies in each stratum was small (six
studies for US populations and three for Asian populations;
four studies for men; and two studies for green tea intake).
apparent (P for
trend=0-01) in the analysis of cohort studies with over a
median of 10 years of follow-up duration, but notamong studies
with less than 10 years of follow-up duration. The summary RR
of diabetes were similar in the subgroup analysis by three types
of adjustments in the models (i.e. simultaneously controlling for
BMI, PA and smoking; simultaneously controlling for BMI, PA,
smoking and intake of other beverages; and simultaneously
controlling for BMI, PA, smoking, intake of other beverages
and alcohol drinking).

In the sensitivity analysis, when we excluded one study
with the largest statistical weight (9-67 %) in the meta-analysis,
the inverse linear trend between tea consumption and

diabetes risk remained (2 for linear trend=0-03). Similarly,
(5,10,14)

The inverse association was linear

4

simultaneous exclusion of three studies without risk
estimates of total tea consumption yielded similar results

(P for linear trend <0-01).

Discussion

To our knowledge, the present meta-analysis is the first to
quantify the dose—response relationship between regular tea
consumption and T2D risk. We found that regular tea con-
sumption was inversely linearly associated with the risk of
developing T2D. Such an inversely linear trend persisted
and remained statistically significant in high-quality studies.
We also observed that individuals who consumed =4 cups
of tea per d had a 15% risk reduction for developing T2D.
According to the results of the present meta-analysis, adults
who consumed at least 2 cups of tea daily might suffer from
a lower risk of incident T2D compared with those not con-
suming tea. Given the high prevalence of diabetes and the
popularity of tea worldwide, the observed association, if
validated in future studies, has both clinical and public
health importance.

There is emerging evidence from experimental and clinical
research demonstrating that tea may protect against diabetes.
Data from both in vitro and animal in vivo studies indicate
several possible mechanisms by which tea and its active
components may affect glucose metabolism and insulin
signalling®'?. Tea catechins, including epigallocatechin-3-
gallate, epicatechin-3-gallate, tannins and theaflavins, may
lower glucose and insulin concentrations by inhibiting the
carbohydrate digestive enzymes a-amylase, intestinal sucrose
and a-glucosidase in the intestines of rabbits®>3%.
catechins, particularly epigallocatechin-3-gallate, which is the
most abundant catechin and has received by far the most
attention, have also been shown to enhance insulin sensitivity

Tea
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Table 2. Methodological quality of studies included in the meta-analysis*

Representativeness  Selection of the Outcome of interest Control for important Follow-up period long ~ Adequacy of Total
Cohort of the exposed unexposed Exposure not present at the start factors or additional Outcome enough for outcomes follow-up of quality
designation cohort cohort measures of the study factorst measures to occurt cohorts§ scores
NHS - * * * *k * * - 7
HPFS - * * * *k * * * 8
EPIC * * * * * ok * - 7
HIPOP-OHP - * * * *k - - * 6 o
E3N * * * * * ok - * - 7 g
Takayama Study * * * * ok - * - 7 o
BWHS - * * * *ok - * * 7 2
EPIC-NL * * * * * % * * * 9 z
Whitehall Il Study * * * * *k - * - 7 2
SCHS * * * * *k * - - 7 g
Four surveys in Finland * * * * ** * * * 9 =]
NHS Il - * * * *k * - * 7 =t
IWHS * * * * * ok - * - 7 o
JACC Study * * * * *k * - - 7 2
WHS * * * * *k * - * 8 @
NHEFS * * * * *k - - 6 ’:
NHS, Nurses’ Health Study; HPFS, Health Professionals’ Follow-up Study; EPIC, European Prospective Investigation into Cancer and Nutrition; HIPOP-OHP, High-risk and Population Strategy for Occupational Health ;&
Promotion Study; E3N, Etude Epidémiologique auprés de femmes de la Mutuelle Générale de 'Education Nationale; BWHS, Black Women’s Health Study; EPIC-NL, European Prospective Investigation into Cancer and Nutrition T
»

— Netherlands; SCHS, Singapore Chinese Health Study; IWHS, lowa Women’s Health Study; JACC, Japan Collaborative Cohort Study; WHS, Women’s Health Study; NHEFS, First National Health and Nutrition Examination
Survey Epidemiologic Follow-Up Study.

* A study can be awarded a maximum of one star for each item, except for the item ‘control for important factors or additional factors’.

1 A maximum of two stars can be awarded for this item. Studies controlling for body weight or BMI or waist circumference or waist:hip ratio were awarded one star, while studies controlling for other important confounders including
smoking, total energy intake, and intake of other beverages were awarded an additional star.

} Duration of 10 years was the predefined follow-up duration long enough for outcomes to occur, and a cohort study with follow-up duration =10 years was awarded one star.

§ A cohort study with a follow-up rate of more than 75 % was awarded one star.
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Fig. 2. Dose—response relationship between tea consumption and type 2
diabetes risk with restricted cubic splines in a random-effects model. —
and - ---- represent the estimated relative risks and 95 % CI. No tea consump-
tion was used as the reference group. P for linear trend=0-016.

and insulinotropic activity by increasing insulin-stimulated
glucose uptake in adipocytes® =37, Moreover, a recent meta-
analysis that combined twenty-two clinical trials has indicated
that the consumption of green tea catechins can significantly
decrease fasting blood glucose concentrations in humans®®.
Another meta-analysis of seventeen randomised controlled
trials carried out by Liu et al.®” has also suggested that green
tea consumption is associated with decreased fasting blood
glucose and glycated Hb concentrations. Besides, caffeine,
mainly present in coffee and tea, could increase energy
expenditure and fat oxidation in humans““>*? and may thereby
help individuals control their body weight and hence lower
diabetes risk, although some studies"?*® have shown that
caffeine may impair insulin sensitivity.

In the present meta-analysis, the limited data available
according to different tea types (only four studies) did not
support a positive association between green tea consumption
and T2D risk, although green tea has a higher content of
epigallocatechin-3-gallate than oolong and black tea due to
oxidation during tea fermentation. Of the tea types produced
worldwide, 78% is black tea, which is fully fermented and
commonly consumed in Western countries; 20% is green tea
without any fermentation, which is typically consumed in
Asian countries; and 2% is oolong tea, which is semi-
fermented and produced mainly in southern China“®.
Given the popularity of these three tea types worldwide,
more large and well-designed cohort studies are needed to
clarify the difference in the effects of fermented tea and
unfermented tea on the aetiology and prevention of T2D.

We found that the evidence from observational studies on
the association of T2D risk with the consumption of both caf-
feinated and decaffeinated tea is limited and controversial,

which hampers the secondary analysis by these two tea
types. Bhupathiraju et al”® examined the association of caffei-
nated compared with caffeine-free tea consumption with T2D
risk in 39059 US men from the Health Professionals’ Follow-
up Study, aged 40—75 years, and 74 749 US women from the
Nurses’ Health Study, aged 30-55 years, with follow-up dur-
ation of 22 and 24 years, respectively. They found that only
caffeinated tea consumption was associated with a lower
risk of T2D among the Nurses’ Health Study participants. Para-
doxically, in another cohort study of 7006 US men and women
with a median follow-up period of 84 years, Greenberg
et al"” found that regular tea consumption is negatively
associated with diabetes risk, and this association remained
significant when accounting for the effect of caffeine. They
also found that tea consumption is not significantly associated
with weight loss. These results indicate that the inverse
association between tea consumption and T2D risk may be
independent of caffeine. Although a recent meta-analysis of
twenty-two human randomised controlled trials with an
average study duration of 12 weeks has shown that the
administration of green tea catechins, irrespective of the
caffeine content, has a beneficial effect on glycaemic control
with significantly reduced concentrations of fasting blood
glucose of 14:8 (95 % CI 4, 257) mg/I”® | the long-term effects
of caffeinated and decaffeinated tea consumption on T2D risk
await further evaluation in a cohort design, given the short
duration of the currently available randomised controlled trials.

We found a significantly inverse association existing only
among studies with more than 10 years of follow-up duration.
This finding might be partly due to the lack of statistical power
in studies with shorter follow-up periods. Due to the small
number of studies for male sex, we did not observe a
significantly inverse association between tea consumption and
T2D risk among men. We also found that outcome data from
a self-reported history of diabetes without any further
confirmations may bias the tea—T2D association, given the
inconsistent results observed in the subgroup analysis
according to different diabetes measures, which indicated that
the wvalidity of self-reported diabetes warrants
consideration in future studies.

The reasons for sex difference in the association between
tea consumption and T2D risk remain unclear. In addition to
the smaller number of studies for male sex, which may have
led to unstable results for men, an alternative possible expla-
nation for the observed difference is the residual confounding
by cigarette smoking™. In most of the selected studies in the
present meta-analysis, men were generally more likely to
smoke compared with women. Although all the included
studies adjusted for cigarette smoking, the misclassification
of smoking cannot be ruled out and may thus mask the associ-
ation between tea consumption and T2D risk among men.

The strengths of the present meta-analysis include the
inclusion of cohort studies, the use of study-specific RR reflect-
ing the greatest degree of control for potential confounders,
less influence exerted by small-study bias, and a moderate-
to-high quality of studies included in the meta-analysis.

However, several limitations of the present study should be
considered. First, we found a mild heterogeneity within the
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Table 3. Relative risks (RR) of type 2 diabetes associated with daily consumption of 1-6 cups of tea compared with no consumption*
(Relative risks and 95 % confidence intervals)

Tea consumption (cups/d)

1 2 3 4 5 6 P for
No. of P for hetero- linear
reports RR 95% ClI RR 95% Cl RR 95% Cl RR 95% Cl RR 95% ClI RR 95% CI geneity trend
All studies 14 097 094,1.01 095 092,098 093 088,098 090 08,609 088 083,093 085 0-80, 0-91 <0-01 0-02
High-quality studiest 12 097 095,1.01 095 092,098 092 088097 090 085,095 087 082092 08 079, 091 <0-01 <0-01
Study region =
Europe 5 095 086,099 090 0-84,097 087 081,095 085 077,094 083 075092 081 0-74,0-89 0-31 <0-01 iy
Asia 3 092 082,1.02 1.00 091,111 1.08 093,122 1.09 092,129 1.08 0-89,1.30 1.04 0-85,1.27 0-02 0-38 o
USA 6 099 096,103 095 091,1.00 092 085099 091 084,098 092 083, 1-01 093 079, 1-09 0-00 0-32 %
Sex c
Men 4 096 087,105 1.03 094,1.13 1.09 096,124 1.12 0.95,1-31 1.12 093,134 1.09 0-89,1-34 0-11 0-49 %
Women 6 098 096,103 096 091,1.00 092 08,100 091 084,098 090 083097 089 0-79 097 0-01 0-01 =
Men and women 7 093 088,098 089 084,095 088 081,095 086 078094 084 0.75092 081 0.73 0-89 0-09 <0-01 =)
Follow-up duration =
(years) oy
<10 4 1.01 092,109 1.01 094,108 099 090,109 096 086107 092 081,103 088 076,1.01 0-02 0-61 o
=10 10 0-97 094,1.00 094 090,097 090 086,096 088 08309 08 081,092 085 0-79, 092 0-00 0-01 g
Tea type
Green tea 2 097 083,114 1.02 0891.16 1.05 0.89,1.23 1.06 0.8 128 1.03 0-83,1.28 099 0.97,1.24 0-28 0-82 é‘
Oolong and black tea 5 1.00 0-94,1.07 086 076,097 084 074,095 090 0-80,1-01 - - - - <0-01 0-00 g
Unspecified tea 11 098 095,1.01 095 091,098 091 086,096 088 083094 08 0-81,091 0-85 0-79, 0-91 <0-01 0-01 @
Adjustments
BMI + S + PA 14 097 094,101 095 092,098 093 088,098 090 08509 088 0-83,093 085 0-80,0-91 <0-01 0-02
BMI+S+PA+0O 13 097 093,1.00 093 094,100 090 085096 088 080,092 08 080,092 084 077,091 <0-01 0-02
BMI+S+PA+A+0O 9 097 094,1.00 095 092,098 093 088,098 091 085,09 088 083,094 086 0-80, 091 <0-01 0-03
Diabetes measurest
Self-report 4 094 082,109 093 079109 093 080,108 092 078,108 090 0.751.07 087 0-72,1-05 <0-01 0-79
Others 10 098 094,101 095 092,099 093 087,098 090 08509 088 082,093 0385 0-79, 092 0-01 0-01

S, smoking; PA, physical activity; O, beverages other than tea; A, alcohol drinking.

*Due to few data points at high levels of tea consumption (i.e. >6 cups of tea per d), we only report RR of 1—6 cups of tea per d.

1 A high-quality study was defined as a study with =7 points according to the Newcastle—Ottawa Scale.

1 ‘Self-report’ means that the study identified type 2 diabetes using self-reported data without any further confirmations, while studies that identified type 2 diabetes using self-reported data with further confirmations by evidence
from medical records, diabetes registration system, hospital admissions and hypoglycaemic agent use were categorised into the ‘Others’ group.
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studies, which could be due to the difference in study design,
study populations, tea and T2D measures, and analytical
strategies. Second, as we carried out a meta-analysis of
observational studies, inherent problems with confounding
in each individual study could not be addressed. Nonetheless,
most of the included studies had adjusted for a wide range of
potential confounders, including BMI (all the fifteen studies),
smoking (all the fifteen studies), PA (all the fifteen studies),
alcohol drinking (fourteen studies), and intake of coffee and
other sugar-sweetened beverages (eleven studies). Further-
more, the subgroup analysis by different types of adjustments
in the articles showed consistent results (Table 2). Third,
although our overall analysis was based on many studies,
few studies were available according to tea subtypes, study
populations (Asian and US populations) and sex, which may
have led to unstable results in the secondary analysis and
did not allow us to draw firm conclusions. In addition, the
data available were insufficient for us to address the types of
tea, preparation methods and differences in tea strength.
These factors may partly explain the regional differences
(Table 3) that we observed. It is likely, for example, that
European populations tend to drink stronger tea than North
American populations(%
cup of tea would be higher among European populations
than in US populations. However, this is just a hypothesis,
and the observed regional differences await further elucida-
tion in future research.

In summary, the findings of the present meta-analysis
suggest that tea consumption is linearly associated with a
reduced risk of T2D. Future well-designed observational
studies that account for different characteristics of tea such
as tea types, preparation methods and tea strength are
needed to fully characterise such an association. In addition,
the underlying mechanisms and active components in tea
that may be responsible for the association await further
elucidation.

> 1f this were true, the effect of 1
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