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Summary

Background The biological aging process can be modified through lifestyle interventions to prevent age-related
diseases and extend healthspan. However, evidence from population-based studies on whether tea consumption
could delay the biological aging process in humans remains limited.

Methods This study included 7931 participants aged 30-79 years from the China Multi-Ethnic Cohort (CMEC) Study
and 5998 participants aged 37-73 years from the UK Biobank (UKB) who participated in both the baseline and first
follow-up surveys. Tea consumption information was collected through questionnaires. Biological age (BA)
acceleration was calculated using clinical biomarkers and anthropometric measurements based on the Klemera
Doubal method (KDM). Change-to-change analyses were performed to estimate the associations between changes
in tea consumption status and changes in BA acceleration using multiple linear models. Follow-up adjusted for
baseline analyses were further conducted to examine the prospective exposure-response relationship between tea
consumption and BA acceleration among individuals with constant tea consumption status.

Findings During a median follow-up of 1.98 (1.78, 2.16) years in the CMEC and 4.50 (3.92, 5.00) years in the UKB, tea
consumption was consistently associated with attenuated BA acceleration in both cohorts. Transitioning from
nondrinking to tea-drinking was associated with decreased BA acceleration (CMEC: = -0.319, 95% CI: -0.620
to -0.017 years; UKB: f = -0.267, 95% CI: -0.831 to 0.297 years) compared to consistent nondrinking. Even
stronger associations were found in consistent tea drinkers. The exposure-response relationship suggested that
consuming around 3 cups of tea or 6-8 g of tea leaves per day may offer the most evident anti-aging benefits.

Interpretation Tea consumption was associated with attenuated BA acceleration measured by KDM, especially for
consistent tea drinkers with moderate consumption. Our findings highlight the potential role of tea in developing
nutrition-oriented anti-aging interventions and guiding healthy aging policies.
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Research in context

Evidence before this study

We searched PubMed from database inception to February 1,
2023, for studies that had investigated the effects of tea or
tea components on aging-related health outcomes, using the
search terms “tea” and (“aging” or “biological aging” or
“biological age” or “telomere length” or “epigenetic age” or
“phenotypic age” or “Klemera Doubal method” or
“homeostatic dysregulation” or “frailty” or “age-related” or
“cardiovascular” or “diabetes” or “cancer” or “dementia” or
“lifespan” or “healthspan”). Animal studies have suggested
that tea polyphenols may extend life expectancy in worms,
flies, and mice. Epidemiological studies have also indicated
that tea consumption may protect against age-related
diseases, such as cardiovascular diseases, diabetes mellitus,
dementia, and cancer. Therefore, based on the existing
evidence, we hypothesized that tea consumption might delay
the biological aging process in humans. However, only a few
studies from Asian population have investigated the
associations between tea consumption and biological aging
measured by telomere length or frailty index.

Introduction
From 2020 to 2050, the number of people aged 60 years
and older is expected to double, reaching 2.1 billion, or
22% of the world’s population.' Since population aging
has become one of the most significant global chal-
lenges, determining how to extend human health and
longevity has emerged as a critical research issue.
Despite the fact that everyone ages chronologically at the
same rate, the biological aging process can be modified
through genetic, pharmacological, and dietary in-
terventions to delay or prevent the onset and progression
of age-related diseases and multimorbidity, enhance
overall health, and extend lifespan and healthspan.**

Tea is one of the most popular beverages consumed
globally with a long history. Tea contains a variety of
bioactive substances, especially polyphenols. It has been
found that polyphenols can exert anti-oxidant, anti-in-
flammatory, and apoptotic effects,* as well as modulate
epigenetic changes,” thereby may delay the aging pro-
cess.” Meanwhile, animal studies have suggested that
flavonoids, a kind of polyphenol that is rich in tea, may
extend life expectancy in worms, flies, and even mice.”
Moreover, epidemiological studies are accumulating
that tea consumption may protect against age-related
diseases, such as cardiovascular diseases,® diabetes
mellitus,” dementia,'™'" and some types of cancer,'” and
that tea consumption was associated with lower mor-
tality risk.”'* Given the existing evidence, it is plausible
to hypothesize that drinking tea may delay the biological
aging process in humans.

However, evidence linking tea consumption to bio-
logical aging from population-based studies remains

Added value of this study

To the best of our knowledge, this is the first longitudinal
study to investigate the association between tea
consumption and biological aging measured by clinical
biomarkers, using a change-to-change design. Based on the
longitudinal data from the China Multi-Ethnic Cohort (CMEC)
and the UK Biobank (UKB), we found that both the transition
from nondrinking to drinking tea and consistent tea drinking
were associated with attenuated biological age acceleration.
Moreover, moderate tea consumption exhibited the strongest
anti-aging benefits among consistent tea drinkers.

Implications of all the available evidence

Our findings, along with previous animal and epidemiological
studies, provided further support for the hypothesis that tea
drinking may delay the biological aging process in humans. As
a globally consumed beverage, tea could play an important
role in developing nutrition-oriented anti-aging
interventions, guiding public health policy, and promoting
healthy aging.

limited. To date, there is no gold standard to quantify
the biological aging process. Given that age-related
changes accumulate at hierarchical levels in organ-
isms,” several aging measures have been proposed,
such as epigenetic clocks,'®" telomere length,”® biolog-
ical age (BA) assessed by composite biomarkers (e.g.,
PhenoAge),””?' and functional age (e.g., frailty index,
FI).>** Previous studies have suggested that different
types of aging measures may reflect distinct aspects of
aging.”** Though several Asian studies have reported
inverse associations between tea consumption and
telomere shortening,””* or FI,~*' little is known about
tea consumption and biological aging assessed by
composite biomarkers, which incorporate clinical bio-
markers from multiple organs and systems and have
demonstrated good performance in predicting age-
related health outcomes.””** Compared to other mea-
sures of biological aging process, composite biomarker
BA is cost-effective while ensuring measurement accu-
racy, making it feasible for large population-based
studies. To the best of our knowledge, there is only
one relevant cross-sectional study from Singaporean
population.” Thus, longitudinal studies from more
representative populations are still required to provide
credible evidence. Moreover, most longitudinal studies
have mainly used baseline tea consumption as expo-
sure,”"" with little consideration of changes in tea con-
sumption status (e.g., transition from nondrinking to
drinking). This may lead to misclassification of exposure
and thus bias in the estimates. Accordingly, it is
necessary to assess the association of changes in tea
consumption status with changes in BA acceleration
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(i-e., the deviation of biological age from chronological
age). Analyzing changes can provide a more intuitive
understanding of how changes in exposure might lead
to changes in outcomes, and may offer unique per-
spectives for developing interventions and guiding
policy.

Therefore, based on the longitudinal data from the
China Multi-Ethnic Cohort (CMEC) Study and the UK
Biobank (UKB), and using a well-performed BA esti-
mated by composite biomarkers and the Klemera Dou-
bal method” (KDM), we proposed to investigate the
association between change in tea consumption status
and concurrent change in BA acceleration. For those
who consume tea consistently over time, we further
investigated the prospective exposure-response rela-
tionship between tea consumption and BA acceleration.

Methods

Study population

The CMEC study is an ongoing prospective cohort study
based on community populations in five provinces
(Sichuan, Chongqing, Yunnan, Guizhou, and Tibet) in
Southwest China.* The baseline survey was initiated in
May 2018 and recruited a representative sample of
99,556 participants aged 30-79 years, given a full
consideration of ethnic characteristics, socioeconomic
status, population size and disease patterns
(Supplementary Methods). The first follow-up survey
was conducted between August 2020 and July 2021 and
involved approximately 10% of the baseline participants,
with the remaining 90% followed up by telephone. In
both surveys, participants were required to complete a
tablet-administered electronic questionnaire via face-to-
face interviews, medical examinations, and clinical lab-
oratory tests. Each participant provided written
informed consent before data collection by the inter-
viewer. The CMEC study received approval from the
Sichuan University Medical Ethical Review Board and
local ethics committees at each participating site. For the
present study, Tibetan participants were excluded due to
their distinct tea-drinking habits, which are character-
ized by favoring sweet tea and buttered tea that are high
in calories and salt.

The UK Biobank is a large-scale, population-based
prospective study that enrolled over 500,000 participants
aged 37-73 years across 22 assessment centers in En-
gland, Wales, and Scotland.*” During the baseline period
(2006-2010), detailed information about participants
was collected at these assessment centers, including
sociodemographic, lifestyle, and health-related infor-
mation through touch-screen questionnaires, physical
measures, and biological samples. This assessment was
repeated in 2012-2013 at the Cheadle assessment center
within a subgroup of 20,343 participants (referred to as
the first follow-up survey hereafter). All participants
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provided electronic informed consent. The UKB study
received approval from the National Information
Governance Board for Health and Social Care and the
National Health Service North West Multi-Centre
Research Ethics Committee.

For both cohorts, to examine the association of
change in tea consumption status with concurrent
change in BA acceleration between the baseline and the
first follow-up surveys (Analysis 1), we only included
individuals who had available data for both tea con-
sumption and all biomarkers used for BA construction
in both surveys. Overall, 7931 participants in CEMC and
5998 participants in UKB were included in the present
study (Fig. 1). For further analysis of the exposure-
response relationship (Analysis 2), we restricted the
study to participants who maintained a consistent tea
consumption status throughout both surveys. In-
dividuals with missing data or exceptionally high values
(>12 cups/day) for daily tea consumption were excluded

(Fig. 1).

Assessment of tea consumption

Information on tea consumption were assessed in both
cohorts using questionnaires. In CMEC, participants
were asked about their tea consumption status (yes or
no, including green tea, scented tea, dark tea, sweet tea,
black tea, oolong tea, yellow tea and white tea), current
frequency of tea consumption (don’t drink currently,
1-2 day(s)/week, 3-5 days/week, or almost every day/
daily), and the numbers of cups of tea consumed (with a
standard cup size of 200 ml) on a typical drinking day
during the past 12 months. Additionally, data were
collected on the quantities of loose tea leaves (in grams)
consumed on a drinking day since tea is usually served
loose instead of tea bags in China. Standard cups and
containers were provided to each participant to measure
the amount of tea and tea leaves. We calculated the
average daily tea consumption (in cups/day and grams/
day) by multiplying the weekly frequency of tea con-
sumption (in days/week) by the amount of tea
consumed on a drinking day (in cups and grams) and
dividing by 7 (days of the week). In UKB, participants
were asked the question, “How many cups of tea do you
drink a day? (Including black and green tea)” (UKB
Data-field ID: 1488). We further defined tea consump-
tion status as “yes” (daily consumed cups > 0) and “no”
(daily consumed cups = 0). In both cohorts, participants
were divided into four categories based on change in
their tea consumption status between the baseline and
first follow-up surveys: consistent nondrinking,
nondrinking to drinking, drinking to nondrinking, and
consistent drinking.

Assessment of covariates
Covariate information was mainly obtained through
questionnaires. To properly determine the potential
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Participants selection

CMEC participants
(n=99,556)

Baseline ‘

Follow-up
(n=99,556)

(n=11,527)

Participants completing both surveys
(n=11,301)

UKB participants
(n=502,394)

Baseline
(n=502,394)

Follow-up
(n=20,343)

Participants completing both surveys
(n=20,343)

1,291 Tibetan participants

2,063 lacked complete data on 15 biomarkers
used for BA construction in either survey*

16 with missing data on tea consumption
status in either survey

14,337 lacked complete data on 18
biomarkers used for BA construction in

either survey*
8 with missing data on tea consumption

status in either survey

Analysis 1
Participants in the change-to-change Participants in the change-to-change
analyses (n=7,931) analyses (n=5,998)

1,380 with inconsistent tea consumption 360 with inconsistent tea consumption

status between two surveys status between two surveys

94 with missing or extremely high values 36 with missing or extremely high values

(>12cups/day) for daily tea consumption (>12cups/day) for daily tea consumption
Analysis 2

Participants in the analyses of
prospective exposure-response
relationship (n=6,457)

Participants in the analyses of
prospective exposure-response
relationship (n=5,602)

Fig. 1: Flowchart of the study. *See the Supplementary Material (Supplementary Tables S1-54) for more information on the availability of

biomarker data.

confounders, we constructed a directed acyclic graph
(DAG) according to the protocol of “Evidence Synthesis
for Constructing Directed Acyclic Graphs” (ESC-
DAGs)* (Supplementary Figure S1). Based on the
proposed DAG and backdoor criteria,” we adjusted
statistical models for: age, sex, race and ethnicity, edu-
cation, Townsend Deprivation Index (TDI, UKB only),
urbanicity (CEMC only), occupation, marital status
(CEMC only), menopausal status for women, smoking
status, alcohol consumption, beverage consumption,
dietary score, total energy intake (kcal/day, CMEC only),
non-sedentary physical activity in hours of metabolic
equivalent tasks per day (METs-h/week), insomnia
symptom, depressive symptom, anxiety symptom, body
mass index (BMI, continuous) and self-reported physi-
cian-diagnosed chronic diseases, including cancer, car-
diovascular diseases (CVD), diabetes and chronic
obstructive pulmonary disease (COPD). More details of
variables can be found in the Supplementary Methods.

Construction of KDM-BA and KDM-BA acceleration
In this study, we used the clinical biomarkers and
anthropometric measurements to construct BA based
on KDM, which has been validated in both Chinese and
UK populations and shown good performance in pre-
dicting age-related health outcomes.*** The biomarkers

were selected by considering their function in the aging
process, their utilization in previous research, their
availability in the data sets, and the statistical signifi-
cance and strength of their correlations with chrono-
logical age (CA).*** For each available biomarker, a Box—
Cox transformation was performed to achieve normal
distribution. We first excluded biomarkers with a high
missing rate in both waves, leaving 43 biomarkers for
CMEC and 74 biomarkers for UKB. Next, we only
retained biomarkers that are significantly correlated
with CA with a correlation coefficient of |r| > 0.1. We
further excluded redundant biomarkers that might
reflect the same aspects of aging based on the existing
knowledge and correlation among those biomarkers.
Finally, we selected 15 biomarkers for CMEC, which
includes systolic blood pressure (SBP), waist-to-hip ratio
(WHR), peak expiratory flow, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, gly-
cated hemoglobin (HBA1C), triglyceride (T'G), aspartate
aminotransferase  (AST), gamma-glutamyl trans-
peptidase (GGT), albumin (ALB), alkaline phosphatase
(ALP), creatinine, urea, mean corpuscular volume
(MCV), and platelet count. Following the same proced-
ure, a set of 18 biomarkers were selected for UKB: SBP,
WHR, body fat percentage, forced expiratory volume in
1 s, MCV, ALP, AST, C-reactive protein, Cystatin C,
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GGT, heel quantitative ultrasound index, HBAIC,
insulin-like growth factor 1, TG, urate, urea, ALB, and
vitamin D.

The KDM-BA is derived from information obtained
from m regression lines that regress CA on m selected
biomarkers in a reference population.”” The formula is
as follows:

m ki, cA
" (xi—g: )2 + SA
ijl< J q]) sz e
. 2
m o 1
")+ L
ZJ_1<SJ) SéA

where BAgc is the estimated biological age. x; is the
measured value of the jth biomarker. k;, g; and s
represent the slope, intercept and root mean squared
error obtained from the regression of the jth biomarker
on chronological age in the reference population,
respectively. CA is chronological age. s3, is the esti-
mated variance in CA explained by the selected
biomarker set in the reference population. The regres-
sion lines were trained separately by sex using the
baseline data. BA alone cannot capture the differences
in biological aging between individuals because it in-
creases with age. To account for the impact of age, we
calculated KDM-BA acceleration as the difference be-
tween KDM-BA and CA. A positive KDM-BA accelera-
tion may indicate that the individual is biologically older
in terms of physiological function compared to what is
expected in the reference sample, and vice versa. The
calculation of KDM-BA was performed using the “Bio-
Age” R package.* More details of biomarker selection
and BA construction were shown in the Supplementary
Material (Supplementary Methods, Supplementary
Tables S1-S4, and Supplementary Figures S2-S5).

BApc=

Validation analysis

To evaluate that the newly constructed KDM-BAs in
both CMEC and UKB were well-performed aging mea-
sures, we conducted validation analysis by utilizing
KDM-BAs to predict age-related outcomes. For CMEC,
due to its relatively short time of establishment and
follow-up, we were unable to estimate the associations
of KDM-BA acceleration with mortality. Instead, we
examined the associations of KDM-BA acceleration with
self-reported age-related diseases such as cancer, CVD,
diabetes, and COPD, using the baseline data and logistic
regression models. Additionally, we constructed an
alternative aging measure—FI—which has been sug-
gested as a good predictor of mortality in the Chinese
population,* and estimated the associations of KDM-BA
acceleration and FI. FI consisted of 25 health deficit
items and was calculated by dividing the total number of
deficits included by the number of deficits present in a
person (Supplementary Table S5). For UKB, we esti-
mated the associations between the baseline KDM-BA
acceleration and all-cause mortality using Cox
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proportional hazard regression models. Initially, KDM-
BA acceleration was fitted as a continuous variable in
the model, followed by categorical divisions: |BA accel-
eration| < 1, BA acceleration < -1, and BA acceleration >
1, with |BA acceleration| < 1 serving as the reference
group. Full models were adjusted for age, race and
ethnicity, education, occupation, TDI, menopause status
in women, smoking status, alcohol consumption,
beverage consumption, healthy diet, insomnia, depres-
sive symptom, anxiety symptom, physical activity, body
mass index, and chronic diseases.

Statistical analysis

We described the baseline characteristics of CMEC and
UKB participants based on their change in tea con-
sumption status between the baseline and first follow-up
surveys. Continuous variables were presented as me-
dian (25th, 75th percentile), while categorical variables
were presented as count (percentage). In addition, we
described the changes in time-varying characteristics
between the baseline and first follow-up surveys. To
assess the representativeness of the study population,
we compared the baseline characteristics of participants
who were available for the follow-up with those who
were not.

To examine the association between change in tea
consumption status with the concurrent change in
KDM-BA acceleration, we conducted change-to-change
analysis using multiple linear regression models, with
never drinking as the reference group (Analysis 1).
Change-to-change analysis is essentially a self-controlled
method using only within-individual information and
has been shown to produce valid findings comparable to
those obtained from randomized controlled trials by
reducing unobserved time-invariant confounding.*** In
the final model, we adjusted for demographics and self-
reported disease at baseline, as well as the baseline and
concurrent changes of time-variant variables, including
age, lifestyle factors and other covariates identified by
the DAG mentioned above (Supplementary Methods).
To further examine the prospective exposure-response
relationship between tea consumption (cups/day and
grams/day) and KDM-BA acceleration, we conducted a
follow-up adjusted for baseline analysis using multiple
linear models among individuals with constant tea
consumption status (Analysis 2). The follow-up KDM-
BA acceleration was regressed on the baseline tea con-
sumption and adjusted for the baseline KDM-BA
acceleration and covariates identified by the DAG
mentioned above. Follow-up adjusted for baseline
analysis mitigates reverse causation and, to some extent,
reduces unmeasured confounding by adjusting for the
baseline outcome.* Tea consumption was first fitted in
the model as a restricted cubic spline to explore the
potential non-linear relationship with KDM-BA acceler-
ation, and then as a categorical variable to better inform
dietary-based anti-aging therapy. We divided it into four
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categories: 0 (never drinking), <1 cup/day (low), 2-3
cups/day (moderate), and >4 cups/day (high), via a
comprehensive consideration of the sample size and the
magnitude of association in each group. In CMEC,
where data on daily tea leaf consumption were available,
we replicated the analyses of the exposure-response
relationship using the amount of tea leaves consumed.
In both of the two main analyses above, to capture the
non-linear effects of age on biological aging,* the
restricted cubic spline was used to adjust for the base-
line age. Missing values of covariates were imputed
using multiple imputation (with 5 imputations) by the
chained equations method, and the estimates from
imputed data sets were combined using Rubin’s rules.*
The detailed missing information on covariates was
shown in Supplementary Table S6.

To explore the effect heterogeneity, we performed
stratification analysis among predefined subgroups
according to their baseline characteristics, including
sex, age, BA acceleration, race and ethnicity, urbanicity
(CMEC only), TDI (UKB only), smoking status, alcohol
consumption and social participation. Social partici-
pation was assessed based on the frequency of
engaging in social activities or social visits. It was
categorized as “less than once a month” (occasional)
and “at least once a month” (frequent) in CMEC, while
“less than or equal to once a week” (occasional) and
“more than once a week” (frequent) in UKB. To assess
the robustness of the findings, we conducted several
sensitivity analyses. First, we repeated the analyses by
taking an alternative widely-used definition of KDM-
BA acceleration: the residual of KDM-BA regressed
on CA using linear regression. Second, we restricted
the analyses to relatively healthy populations by
excluding individuals with self-reported cancer, CVD,
diabetes, and COPD. Third, to evaluate whether our
findings were consistent within a traditional longitu-
dinal study framework, we performed survival analyses
using Cox proportional hazard models. We dichoto-
mized KDM-BA acceleration (i.e., KDM-BA accelera-
tion > 0, occurrence of accelerated biological aging) and
examined the associations between baseline tea con-
sumption and incident accelerated biological aging
among individuals with constant tea consumptions
status. Participants who had experienced accelerated
biological aging at baseline were excluded from this
analysis. Fourth, we repeated the analyses using com-
plete case samples (n = 7303 for CMEC, n = 3960 for
UKB) instead of the multiple imputation approach.
Last, we calculated the E-values to examine the poten-
tial impact of unmeasured confounding.”’

In all of the analyses described above, we did not
apply any correction for multiple hypothesis testing.
Two-sided P < 0.05 was considered to be statistically
significant. All analyses were performed with R project
for Statistical Computing version 4.1.0. Data analysis was
conducted between October 2022 and February 2023.

Role of the funding source

This study was funded by National Natural Foundation
of China (Grant No. 82273740). The study sponsor
played no role in the collection, analysis, or interpreta-
tion of data; in the writing of the report; or in the de-
cision to submit the paper for publication. YX, XX, and
XZ had access to all data and had final responsibility for
the decision to submit it for publication.

Results

Characteristics of study population

Baseline characteristics of study participants from
CMEC and UKB according to change in tea consump-
tion status are presented in Table 1. Among 7931 par-
ticipants from CMEC, the median age was 50.98 (44.30,
59.74) years, 4880 (61.5%) participants were women,
and 5141 (64.8%) were Han Chinese. During a median
follow-up of 1.98 (1.78, 2.16) years, 9.5% of participants
transitioned from nondrinking to drinking tea, while
18.4% maintained their tea-drinking habit. Among 5998
participants from UKB, the median age was 58.83
(52.08, 63.17) years, 2851 (47.5%) participants were
women, and 5847 (97.5%) were White. During a median
follow-up of 4.50 (3.92, 5.00) years, only 3.2% of par-
ticipants transitioned from nondrinking to drinking tea,
while 82.9% maintained their tea-drinking habit.
Compared with consistent nondrinkers, participants
who transitioned from nondrinking to drinking and
participants with a consistent drinking habit exhibited a
lower increase in KDM-BA acceleration (Supplementary
Table S7). Additionally, these individuals were more
likely to be men, consume alcohol, and maintain a
healthier diet. Furthermore, they were less likely to
experience insomnia, depressive symptoms, and anxiety
symptoms, especially in CMEC. Compared with
consistent drinkers, participants who transitioned from
drinking to nondrinking showed a higher increase in
KDM-BA acceleration. More detailed information on the
characteristics of study populations is presented in
Supplementary Tables S7-S9. In CMEC, participants
with available data for follow-up were more likely to
come from urban cities. In UKB, participants who
attended the follow-up tended to be healthier and had
lower prevalence of self-reported chronic diseases
(Supplementary Table S10).

Validation analysis

Table 2 presents the estimated associations between
KDM-BA acceleration and all-cause mortality in UKB. In
the multivariable-adjusted model, one-year increase of
KDM-BA acceleration elevated mortality risk by 56%
(HR =1.56, 95% CI: 1.52-1.60). Additionally, compared
to participants with |BA acceleration| < 1, the HRs for
participants who had BA acceleration < -1 and BA ac-
celeration > 1 were 0.85 (0.81, 0.90) and 1.34 (1.27,
1.41), respectively. For CMEC, KDM-BA acceleration
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Characteristic CMEC UKB
Overall Consistent Nondrinking to Drinking to Consistent Overall Consistent Nondrinking  Drinking to  Consistent
nondrinking drinking nondrinking drinking nondrinking  to drinking  nondrinking  drinking
No. of participants 7931 5088 751 629 1463 5998 667 191 169 4971
KDM-BA (years) 5127 (4243, 51.00 (4172, 50.99 (41.90, 5168 (4327, 5189 (44.49, 56.92 (50.06, 57.02 (49.17, 56.41 (50.41, 56.38 (49.35, 56.93 (50.20,
60.26) 60.13) 60.00) 61.73) 60.18) 62.64) 62.63) 61.96) 62.70) 62.65)
KDM-BA -0.45 (-3.43, -0.41(-3.65, -0.24 (-2.99, -0.46 (-3.57, -0.68 (-3.04, -1.62 (-5.29, -0.93 (-4.66, -1.82 (-5.44, -0.57 (-4.89, -1.70 (-5.37,
acceleration (years) 2.62) 2.71) 2.99) 2.58) 2.06) 2.25) 3.07) 3.05) 3.86) 2.06)
Age (years) 50.98 (4430, 50.64 (43.85, 50.49 (43.74, 51.94 (4542, 51.98 (45.65, 58.83 (52.08, 58.00 (50.71, 58.17 (51.21, 57.92 (49.83, 59.00 (52.42,
59.74) 59.68) 58.00) 61.11) 60.18) 63.17) 62.67) 62.17) 62.92) 63.25)
Female 4880 (61.5) 3767 (74.0) 399 (531) 340 (54.1) 374 (25.6) 2851 (47.5) 327 (49.0) 99 (51.8) 75 (44.4) 2350 (47.3)

Race anc’ ethnicity, 5141 (64.8) 3017 (59.3) 514 (68.4) 453 (72.0) 1157 (79.1) 5847 (97.5) 653 (97.9)  181(94.8) 162 (95.9) 4851 (97.6)
majority”

Education®
Le;S tlhan high 5959 (75.1) 3927 (77.2) 552 (73.5) 472 (75.0) 1008 (68.9) 531 (8.9) 52 (7.8) 12 (6.3) 9(53) 458 (9.2)
School
High school or 1040 (13.1) 618 (12.1) 104 (13.8) 79 (12.6) 239 (16.3) 2898 (483) 342 (513) 98 (51.3) 81 (47.9) 2377 (47.8)
equivalent
College or above 931 (11.7) 543 (10.7) 95 (12.6) 78 (12.4) 215 (14.7) 2537 (42.3) 273 (40.9) 79 (41.4) 79 (467) 2106 (42.4)
TDI¢ - - - - - -275 -2.62 -2.06 (-3.65, -2.27 -2.79
(-4.02, -0.81) (-3.84, -0.63) 0.58) (-3.86, -0.63) (-4.06, -0.90)
Urban residence 3020 (38.1) 1974 (38.8) 241 (32.1) 254 (40.4) 551 (37.7) - - - - -
Occupation
Employed 6772 (85.4) 4397 (86.4) 651 (86.7) 539 (85.7) 1185 (81.0) 3592 (59.9) 417 (62.5)  121(63.4) 107 (633) 2947 (59.3)
Unemployed 330 (4.2) 208 (4.1) 30 (4.0) 19 (3.0) 73 (5.0) 57 (1.0) 5(0.7) 0 (0.0) 4 (2.4) 48 (1.0)
Retired 819 (10.3) 478 (9.4) 69 (9.2) 70 (11.1) 202 (13.8) 2307 (38.5) 240 (36.0) 68 (356) 58 (34.3) 1941 (39.0)
Married 7130 (89.9) 4504 (88.5) 697 (92.8) 575 (91.4) 1354 (92.5) - - - - -

Post-menopause in 2343 (48.0) 1812 (48.1) 200 (50.1) 161 (47.4) 170 (45.5) 2120 (74.4) 227 (69.4) 70 (70.7) 52 (69.3) 1771 (75.4)
women

Current smoking 1524 (19.2) 509 (10.0) 178 (23.7) 145 (23.1) 692 (47.3) 373 (6.2) 50 (7.5) 12 (6.3) 14 (8.3) 297 (6.0)
Current drinking 3458 (43.6) 1875 (36.9) 350 (46.6) 320 (50.9) 913 (62.4) 5662 (94.4) 602 (90.3) 183 (95.8) 160 (947) 4717 (94.9)
Current beverage 239 (3.0) 126 (2.5) 27 (3.6) 32 (5.2) 54 (3.7) 4783 (79.7) 561 (84.1) 164 (85.9) 150 (88.8) 3908 (78.6)
consumption®
Healthy diet’ 2736 (34.5) 1665 (32.7) 277 (36.9) 240 (38.2) 554 (37.9) 2002 (33.4) 196 (29.4) 67 (35.1) 61 (36.1) 1678 (33.8)
Total energy intake 1756.18 1685.52 1851.70 1809.22 1968.06 - - - - -
(kcal/day) (1395.21, (1342.61, (1436.68, (1413.62, (1575.29,
2196.15) 2112.83) 2239.91) 2215.45) 2446.48)
Physical activity ~ 158.08 (88.20, 162.71 (89.71, 159.92 (91.20, 17132 (95.95, 142.46 (81.20, 29.55 (13.50, 27.61 (1233, 34.01 (13.11, 27.60 (13.82, 29.83 (13.62,
(MET-hours/week) 264.26) 266.70) 277.37) 265.62) 244.25) 57.73) 54.69) 58.71) 65.40) 57.80)
Insomnia symptom 3533 (44.5) 2397 (471) 302 (40.2) 286 (45.5) 548 (37.5) 1538 (25.6) 170 (25.5) 59 (30.9) 47 (27.8) 1262 (25.4)
Depressive 416 (5.2) 283 (5.6) 39 (52) 35 (5.6) 59 (4.0) 186 (3.1) 20 (3.0) 13 (6.8) 424) 149 (3.0)
symptom
Anxiety symptom 490 (6.2) 354 (7.0) 50 (6.7) 36 (57) 50 (3.4) 199 (3.3) 25 (37) 14 (7.3) 6 (3.6) 154 (3.1)
BMI (kg/m?) 24.06 21.87, 23.89 (2176, 24.69 (22.04, 2438 (22.35, 24.33 (22.15, 26.13 (23.77, 26.99 (24.17, 26.29 (23.99, 26.63 (2433, 25.99 (23.67,
26.58) 26.26) 27.43) 26.97) 27.03) 28.93) 30.38) 30.05) 29.83) 28.73)
Self-reported
diseases
Cancer 67 (0.8) 49 (1.0) 7 (0.9) 6 (1.0) 5 (0.3) 357 (6.0) 42 (6.3) 6 3.1) 6 (3.6) 303 (6.1)
VD 1524 (19.2) 979 (19.2) 143 (19.0) 118 (18.8) 284 (19.4) 1547 (25.8) 162 (243) 48 (25.1) 39 (23.1) 1298 (26.1)
Diabetes 405 (5.1) 234 (4.6) 41 (5.5) 39 (6.2) 91 (6.2) 221 3.7) 34 (5.1) 8 (4.2) 6 (3.6) 173 3.5)
COPD 485 (6.1) 304 (6.0) 47 (6.3) 33 (5.2) 101 (6.9) 34 (0.6) 5 (0.7) 0 (0.0) 1 (0.6) 28 (0.6)

Abbreviations: TDI = Townsend deprivation index; BMI = body mass index; CVD = cardiovascular disease; COPD = chronic obstructive pulmonary disease. “Data are presented as median (25th, 75th
percentile) for continuous variables and count (percentage) for categorical variables. The numbers of missing covariates in CMEC/UKB were as follows: race and ethnicity (0/10), education (1/32), TDI (3 in
UKB), occupation (10/42), marital status (1 in CMEC), menopause status (3/110), smoking (0/8), alcohol consumption (1/4), beverage consumption (0/5), healthy diet (25/98), total energy intake (25 in
CMEC), physical activity (40/998), insomnia symptom (27/1), depressive symptom (27/285), anxiety symptom (27/158), BMI (11/3), cancer (0/12), CVD (0/6), COPD (0/3). hMajority denoted Han Chinese
in CMEC and White in UKB. “In UKB, education level was defined according to education qualifications: college or above (college or university degree); high school or equivalent (A levels, AS levels, or
equivalent; O levels, GCSEs, or equivalent; CSEs or equivalent; NVQ, HND, HNC, or equivalent; other professional qualifications); less than high school (none of the above). 4TDI was an area level variable of
socioeconomic status, A higher numbers of TDI denotes lower area level SES. “In CMEC, beverage included sweeten beverages, coffee and caffeine beverages, and others. In UKB, beverage referred to coffee.
fHealthy diet denoted the top two fifths of healthy diet score in the two cohorts. In CMEC, a Dietary Approaches to Stop Hypertension (DASH) score was used. In UKB, healthy diet score was calculated
based on consumption of 7 dietary components (fruits, vegetables, fish, processed meats, unprocessed red meats, whole grains and refined grains).

Table 1: Baseline characteristics of participants from China Multi-Ethnic Cohort (CMEC) and UK Biobank (UKB) according to change in tea consumption status.”
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KDM-BA acceleration Total Female Male
Participants Deaths HR (95% Cl) Participants Deaths HR (95% Cl) Participants Deaths HR (95% Cl)
Model 1
BA acceleration, continuous 330,150 22,358 1.76 (173, 1.79) 176,834 8980 1.66 (1.62, 1.71) 153,316 13,378 1.79 (1.75, 1.82)
BA acceleration, categorical
|BA acceleration| < 1 43,676 2652 1.00 23,068 1085 1.00 20,608 1567 1.00
BA acceleration < -1 149,076 7097 079 (0.76, 0.83) 80,063 2996 0.82 (0.76, 0.88) 69,013 4101 0.77 (0.73, 0.82)
BA acceleration > 1 137,398 12,609 157 (150, 1.63) 73,703 4899 149 (139, 159) 63,695 7710 1.62 (1.53, 1.71)
Model 2
BA acceleration, continuous 236,186 14,636 1.56 (1.52, 1.60) 120,884 5369 1.46 (1.40, 1.53) 115,342 9267 1.60 (1.55, 1.66)
BA acceleration, categorical
|BA acceleration| < 1 31,634 1808 1.00 15,911 695 1.00 15,723 1113 1.00
BA acceleration < -1 112,888 5017 0.85 (0.81, 0.90) 58,112 1941 0.84 (0.77, 0.92) 54,776 3076 0.86 (0.80, 0.92)
BA acceleration > 1 91,664 7811 134 (1.27, 1.41) 46,821 2733 122 (112, 1.34) 44,843 5078 1.41 (1.32, 1.50)
Participants with baseline KDM-BA data (n = 330,150) were included for this validation analysis. During the median follow-up of 13.82 (13.11, 14.53) years, 22,358 deaths occurred. Cox proportional hazard
regression models were used. Model 1 adjusted for baseline age. For male, model 2 adjusted for age, race and ethnicity, education, occupation, TDI, smoking status, alcohol consumption, beverage
consumption, healthy diet, insomnia, depressive symptom, anxiety symptom, physical activity, body mass index, and chronic diseases. For female, model 2 additionally adjusted for menopause status.
Table 2: Associations of KDM-BA acceleration with All-Cause Mortality in UKB.

demonstrated good performance in predicting most age-
related diseases, particularly CVD and diabetes
(Supplementary Table S11). Moreover, compared to
participants with |BA acceleration| < 1, the risk of frailty
decreased by 63% (OR = 0.37, 95% CI: 0.33-0.41) for BA
acceleration < -1 and increased by 230% (OR = 3.30,
95% CI. 2.97-3.67) for BA acceleration > 1
(Supplementary Table S12). The distribution of frailty in
CMEC was presented in Supplementary Table S13.

Associations of change in tea consumption status
with change in KDM-BA acceleration

Fig. 2 shows the estimated associations of change in
tea consumption status with change in KDM-BA ac-
celeration after adjusting for potential confounders.
Compared with consistent nondrinkers, participants
who transitioned from nondrinking to drinking
showed a decrease in KDM-BA acceleration in CMEC
(# =-0.319, 95% CI: —0.620 to —0.017 years), with a
slightly stronger association observed for consistent
drinkers (f = —0.354, 95% CI: —0.610 to —0.098 years).
In UKB, similar trends were found for the transition
from nondrinking to drinking (f# = -0.267, 95%
CI: -0.831 to 0.297 years) and consistent drinking
(8 = —0.354, 95% CI: —0.610 to —0.098 years). While
these two associations were not statistically significant
in UKB, possibly due to the relatively small sample
sizes of the transition group (n = 191) and nondrinkers
(n = 667), the direction and magnitude of associations
remained largely consistent across both cohorts. For
those who stopped consuming tea (transition from
drinking to nondrinking), the estimates showed
opposite directions in CMEC (f = -0.165, 95%
CI: —0.487 to 0.158 years) and UKB (# = 0.164, 95%
CI: -0.428 to 0.756 years), although neither was

statistically significant. In the stratified analysis, the
results consistently showed the same direction across
most subgroups in both cohorts (Fig. 3). Notably, the
protective benefits of tea were more pronounced in
participants who did not consume alcohol compared to
those who did, especially for the transition from non-
tea drinking to drinking, suggesting that alcohol con-
sumption might attenuate the anti-aging effects of tea.

Prospective exposure-response relationship
between tea consumption and BA acceleration
The prospective associations between tea consumption
and KDM-BA acceleration among individuals with a
constant tea consumption status are presented in Fig. 4.
A non-linear exposure-response association was found in
restricted cubic splines in both CMEC and UKB, with the
curve declining up to approximately 3 cups/day and then
plateauing. These splines were estimated using one of
the five imputed data sets in CMEC and UKB respec-
tively, and the results estimated by the remaining data
sets can be found in Supplementary Figure S6. The re-
sults were robust when we categorized tea consumption
into four groups. Compared to consistent nondrinkers,
consistent drinkers who consumed 2-3 cups/day had the
lowest KDM-BA acceleration in CMEC (f = —0.453, 95%
CI: -0.815 to —0.090 years) and UKB (8 = -0.454, 95%
CI: -0.788 to —0.121 years) (Supplementary Table S14).
The analyses using tea leaf amount as the exposure in
CMEC suggested that a daily consumption of 6-8 g of tea
leaves exhibited the strongest association (Supplementary
Figure S7). In the stratified analysis, the directions and
magnitudes of associations were roughly consistent
across various subgroups in both cohorts, with only a few
exceptions where estimates were unstable due to
extremely small sample sizes (Supplementary Figure S8).
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Fig. 2: Estimated associations between change in tea consumption status and change in BA acceleration. Results were adjusted for
demographics and self-reported diseases at baseline: sex, race and ethnicity, education, TDI (UKB only), urbanicity (CMEC only); and the baseline
and concurrent changes of time-variant variables: age, occupation, marital status (CMEC only), menopause status in women, smoking status,
alcohol consumption, beverage consumption, healthy diet, total energy intake (CMEC only), insomnia, depressive symptom, anxiety symptom,
physical activity, and body mass index. The boxes represent point estimations and error bars represent 95% Cl. The numbers below error bars

are numbers of participants in each group.

Sensitivity analysis

First, the results remained robust in both cohorts
regardless of the definition of KDM-BA acceleration
(Supplementary Figures S9 and S10). Second, the as-
sociation persisted in the same direction in the healthy
populations, but with a modest attenuation in CMEC
and an increase in UKB (Supplementary Figures S11
and S12). Third, results from Cox proportional hazard
regression models also exhibited a non-linear relation-
ship between tea consumption and incident accelerated
biological aging, with around 3 cups/day showing the
lowest hazard ratio (Supplementary Figures S13 and
S14). Fourth, the results were similar when using
complete case samples, except for slightly increased
magnitudes of associations (Supplementary Figures S15
and S16). Last, the E-value for the estimated associations
between change in tea consumption status and change
in KDM-BA acceleration by comparing consistent
drinkers and consistent nondrinkers was 2.1 in CMEC
and 1.9 in UKB (Supplementary Table S15 and S16),
which indicated that the observed estimates could be
explained away by an unmeasured confounder that was
associated with both the exposure and the outcome by a
risk ratio of 2.1 (or 1.9)-fold each, above and beyond the
measured confounders, but weaker confounding could
not do so.

Discussion

Summary of main results

In the two independent cohorts of CMEC and UKB, tea
consumption was found to be consistently associated
with attenuated biological aging acceleration measured
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by KDM-BA. Both the transition from nondrinking to
drinking and consistent drinking were inversely asso-
ciated with BA acceleration compared to consistent non-
drinking. These associations were roughly consistent in
various subgroups. Furthermore, the exposure-response
relationship suggested that consuming 3 cups of tea or
6-8 g of tea leaves per day may offer the most evident
anti-aging benefits.

Comparison with previous studies

Our findings are in line with previous evidence showing
that tea consumption may delay biological aging in
humans.”"* Most previous studies used telomere
length or FI as indicators of biological aging,”~*' while
only one study used composite biomarker BA.* Previ-
ous studies indicated that different types of aging
measures correlate weakly with each other and may
reflect different aspects of the aging process.”?* Molec-
ular measures, such as epigenetic clocks, telomere
length, and omics age have been proposed based on age-
related alterations at cellular and molecular levels.'*'*
For example, telomeres are repetitive DNA sequences
that protect chromosome ends, shortening with each
cell division. When telomeres shorten enough to
become deprotected, cellular senescence may be accel-
erated.” Functional age, such as FI, however, reflects
overt age-related functional decline and health deficits
such as, symptoms, diseases, and disabilities.””* In
contrast, composite biomarker BA captures age-related
changes in physiological integrity from multiple or-
gans and systems.”?"*** In fact, aging is a multidi-
mensional deterioration in biological homeostasis and
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A cmEc
Nondrinking to drinking
Subgroup No. of Participants B(95%CI)
Sex
Male 352 —_— -0.26(-0.66,0.15)
Female 399 —_— -0.35(-0.80,0.10)
Age (years)
<60 596 —_— -0.26(-0.62,0.10)
260 155 —_— -0.77(-1.42,-0.11)
BA acceleration (years)
<0 388 —_— -0.25(-0.66,0.17)
20 363 —_— -0.41(-0.85,0.02)
Race and ethnicity
Majority 514 —_— -0.31(-0.70,0.07)
Minority 237 —_—— -0.80(-1.36,-0.23)
Urbanicity
Rural 510 — -0.35(-0.73,0.02)
Urban 241 — s .023(-0.78,033)
Smoking status
Not current 573 —— -0.34(-0.70,0.02)
Current 178 —_— -0.29(-0.91,0.33)
Alcohol c«nsumptinn*
Not current 401 —_— -0.78(-1.22,-0.35)
Current 350 ——=—>  0.22(-0.24,0.68)
Social participation
Occasional 395 —_— -0.43(-0.86,0.00)
Frequent 353 —_— -0.22(-0.69,0.24)
Tt
L5 -l 0.5 0 05
B uks
Nondrinking to drinking

Subgroup No. of Participants B95%CI)
Sex
Male 92 ——————————  .0.00(-0.93,0.92)
Female 99 ———— L 067(-167.033)
Age (years)
<60 114 —— -0.12(-0.99,0.76)
=60 7 —_— -0.84(-1.93,0.25)

BA acceleration (years)
<0 118 — % -0.40(-1.21,0.42)
20 73 ———> -0.42(-1.55,0.70)

Race and ethnicity

Majority 181 _ -0.41(-1.09,0.27)
Minority 9 — s 402(-7.12,15.17)
DI

<median 77 — e 067(-169034)
>median 114 — e 0.19¢111,0.74)

Smoking status

Not current 179 —_—— -0.39(-1.08,0.31)
Current 12 ——————> -0.43(-3.70,2.84)
Alcohol consumption
Not current 8 ————————— > -3.50(-9.23,2.23)
Current 183 —_—— -0.31(-1.00,0.38)
Social participation
Occasional 121 S E— -0.54(-1.40,0.33)
Frequent 69 —p—> 0.03(-1.08,1.15)
T Tt
15 -l 0.5 0 05

Consistent drinking

Subgroup No. of Participants B(95%CI)
Sex
Male 1089 —e] -0.23(-0.53,0.08)
Female 374 —_— -0.60(-1.06,-0.13)
Age (years)
<60 1091 —— -0.34(-0.65,-0.03)
>60 372 —_— -0.58(-1.10,-0.06)
BA acceleration (years)
<0 841 _— -0.46(-0.80,-0.13)
20 622 —_— -0.55(-0.94,-0.16)
Race and ethnicity
Majority 1157 —_— -0.45(-0.76,-0.14)
Minority 306 —— -1.00(-1.56,-0.44)
Urbanicity
Rural 912 —_— -0.38(-0.71,-0.05)
Urban 551 —_t -0.38(-0.82,0.06)
Smoking status
Not current 7 — -0.39(-0.72,-0.05)
Current 692 —_— -0.32(-0.76,0.13)
Alcohol consumption
Not current 550 —— -0.54(-0.95,-0.14)
Current 913 — -0.18(-0.54,0.18)
Social participation
Occasional 643 —_—— -0.46(-0.84,-0.08)
Frequent 816 R -0.32(-0.71,0.06)
Tt
15 -1 0.5 0 05

Consistent drinking

Subgroup No. of Participants B95%CI)
Sex
Male 2621 —_—— -0.49(-0.97,-0.01)
Female 2350 — %> 0.09(-0.44,0.63)
Age (years)
<60 2707 —_— -0.48(-0.95,-0.02)
>60 2264 —a——— .0.09(-0.64,0.46)
BA acceleration (years)
<0 3079 _— -0.18(-0.62,0.26)
>0 1892 —_ -0.39(-0.95,0.17)
Race and ethnicity
Majority 4851 —_— -0.31(-0.67,0.04)
Minority 114 ———> -0.31(-6.90,6.28)
TDI
<median 2522 —_— -0.36(-0.87.0.14)
>median 2446 — - -0.28(-0.79,0.22)
Smoking status
Not current 4668 N E -0.30(-0.67,0.06)
Current 297 ———s———> -0.24(-1.81,1.33)
Alcohol consumption
Not current 250 ——————> -0.52(-1.95,0.92)
Current 4717 —_— -0.25(-0.63,0.12)
Social participation
Occasional 2907 —_— -0.35(-0.82,0.13)
Frequent 2053 —_— -0.19(-0.73,0.35)
T Tt
15 -l 0.5 0 05

Fig. 3: Stratified analysis of estimated associations between change in tea consumption status and change in BA acceleration according
to predefined characteristics. All models were adjusted for demographics and self-reported diseases at baseline: sex, race and ethnicity,
education, TDI (UKB only), urbanicity (CMEC only); and the baseline and concurrent changes of time-variant variables: age, occupation, marital
status (CMEC only), menopause status in women, smoking status, alcohol consumption, beverage consumption, healthy diet, total energy
intake (CMEC only), insomnia, depressive symptom, anxiety symptom, physical activity, and body mass index, with exclusion of the stratified
variable as appropriate. The boxes represent point estimations. Horizontal lines represent 95% Cl. *Heterogeneity test: P = 0.002.

integrity that begins at cellular levels, then progresses to
multiple organs and systems, and ultimately affects
whole-body functions.”” Our findings, along with previ-
ous studies, further confirm the hypothesis that tea
drinking may delay human aging from different
perspectives.

In the only one cross-sectional study that explored tea
consumption and composite biomarker BA, including
2844 Singaporean participants aged 55-94 years, the
consumption of at least 1 cup of tea per day was

negatively associated with KDM-BA acceleration.”
Though KDM was also used in our study to estimate
BA for participants from CMEC and UKB, the selected
biomarkers were not exactly the same among different
cohorts due to data availability and distinct aging phe-
notypes. As a result, the BA estimates and association
sizes were not directly comparable across populations.
However, the diverse populations and aging biomarkers
enhanced the consistency of our findings. Besides,
epidemiological studies focusing on the composite
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Fig. 4: Estimated prospective associations between tea consumption and BA acceleration. Results were adjusted for the baseline BA
acceleration and baseline covariates: age, sex, race and ethnicity, education, occupation, marital status (CMEC only), menopause status in
women, TDI (UKB only), urbanicity (CMEC only), smoking status, alcohol consumption, beverage consumption, healthy diet, total energy intake
(CMEC only), insomnia, depressive symptom, anxiety symptom, physical activity, body mass index, and self-reported diseases. The left panel of
the figure displays the non-linear relationships between tea consumption and BA acceleration fitted using restricted cubic spline. The right panel
displays the estimated associations of tea consumption fitted in models as a categorical variable with BA acceleration. The boxes represent point
estimations and error bars represent 95% Cl. The numbers below error bars are numbers of participants in each group.

biomarker BA, not just the association between tea
consumption and composite biomarker BA, have mostly
used cross-sectional data.”**°' One possible reason
could be the scarcity of data resources for large cohort
studies with multiple measurements of biomarkers,
which limited the implementation of longitudinal
studies on BA as well as the development of novel aging
predictors.

In our change-to-change analysis, we found that both
the transition from nondrinking to drinking and
consistent tea consumption were associated with lower
BA acceleration, with slightly stronger associations for
consistent tea consumption in both CMEC and UKB.
Rare epidemiological studies have investigated the
behavioral changes from nondrinking to drinking tea.
Even in most longitudinal studies with multiple as-
sessments of tea consumption, the transition from
nondrinking to drinking was usually classified as

www.thelancet.com Vol 42 January, 2024

inconsistent tea-drinking, along with the transition from
drinking to nondrinking.***> One possible explanation
for this is that most longitudinal studies mainly focused
on morbidity or mortality outcomes, which are unsuit-
able for change analysis. Additionally, sample sizes of
participants who transitioned from nondrinking to
drinking were generally small, resulting in low statistical
power. Importantly, randomized clinical trials have the
potential to study behavioral changes. However, the
conclusions of clinical trials on the benefits of tea or tea
extracts have remained controversial,”**° possibly due to
their short-term nature that precludes the observation of
potential protective effects of tea. Our results suggested
that the transition from nondrinking to drinking within
at least a 2-year follow-up has been associated with
attenuated BA acceleration, although we had no infor-
mation on when the change started. Furthermore, our
study highlighted the importance of consistent tea
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consumption, which has also been reported to provide
more evident beneficial effects in many prospective
cohort studies.***>*

Our study may shed light on future clinical trials, not
just on intervention durations but also on intervention
doses. We found a non-linear relationship between tea
consumption and BA acceleration, suggesting that 3
cups or 6-8 g of tea leaves per day might provide the
most evident anti-aging benefits. A growing number of
population-based studies also reported nonlinear re-
lationships between tea consumption and age-related
diseases.*'*"! For example, a large cohort study sug-
gested that around 3 cups of tea per day provided the
best prevention against dementia."! Similar findings
have also been observed between coffee consumption
and cardiovascular risks.”® Possible mechanisms might
involve the hormesis of bioactive substances in tea,
which is characterized by low-dose stimulation and
high-dose inhibition.” In a Caenorhabditis elegans
(C. elegans) model, the effect of EGCG (a green tea
polyphenol) on C. elegans lifespan showed an inverted
U-shaped dose-response relationship.®® In addition, tea
polyphenol (EGCG) is believed to have hepatotoxicity,
and green tea-associated acute liver injury has been
widely discussed.”* Excessive tea consumption may
also increase caffeine intake, which has been associated
with headache, hypertension, anxiety and restlessness.*

Potential anti-aging mechanisms of tea

Tea contains various bioactive compounds, such as
polyphenols, purine alkaloids, theanine, tea poly-
saccharide and caffeine, which may be related to its
potential anti-aging effects. Polyphenols are the main
bioactive substances in tea and have been extensively
studied for their functions in oxidative stress, inflam-
mation response, epigenetic alterations, mitochondrial
activation, and autophagy.>****® Moreover, polyphenols
have been reported to modulate gut microbiota,*”” which
might have an important effect on regulating age-related
changes in immunity, metabolism, and cognitive func-
tion.®** Tea polyphenols in fresh leaves can transfer into
other derivatives during the manufacturing process of
different types of tea, such as theaflavins in black tea.
Thus, the contents of the main bioactive compounds
vary greatly in different tea types, which might result in
the heterogeneity of their beneficial effects.” While we
did not perform subgroup analyses stratified by tea types
within each cohort, it can be mentioned that we did not
observe substantial differences in the association sizes
between the CMEC and UKB cohorts, where green tea
and black tea are the predominant types, respectively.
Given the potential anti-aging properties of tea and its
components, they have been considered as anti-aging
candidates. Further research is needed to clarify the
precise anti-aging mechanisms of tea and its compo-
nents, and to evaluate their efficacy, safety, and
bioavailability in vivo.

Strengths and limitations

To our knowledge, this is by far the first longitudinal
study examining the association between changes in tea
consumption status and changes in BA acceleration. We
constructed a validated aging indicator that is modifiable
and conducted change-to-change analyses, which pro-
duced evidence comparable to randomized clinical trials
and offers unique insights for guiding nutrition-
oriented anti-aging interventions. This type of study
has been rarely performed before due to the lack of
repeated measurements of clinical biomarkers that were
required to construct BA. Besides, we provided more
accurate estimates of the prospective exposure-response
relationship between tea consumption and BA acceler-
ation by exploring it among individuals with constant
tea consumption status. Furthermore, our findings were
cross-validated by incorporating two independent co-
horts from Southwest China and the UK, and the find-
ings were generally consistent within both cohorts
regardless of huge differences in genetics, de-
mographics, behaviors and lifestyles.

Nevertheless, several limitations should be noted.
First, the information on tea consumption was self-
reported, potentially introducing the risk of recall bias
and misclassification. Tea consumption status (a binary
variable) was less susceptible, and we used information
on tea consumption status from both the baseline and
repeated surveys and gave consideration to changes in
status. However, quantification of tea drinking could
still be subject to measurement errors. Notably, in UKB
the size of tea cups used by participants was not iden-
tified. Second, due to data availability, we were unable to
cover all clinical biomarkers associated with aging and
thus the constructed BA could only capture specific as-
pects of the aging process. Third, we failed to investigate
the potential effect heterogeneity among different tea
types on biological aging. In UKB, data from
touchscreen questionnaires used in this study did not
provide information on tea types; instead, tea type in-
formation was collected through 24-h dietary question-
naires. We did not use 24-h dietary questionnaire data in
our analysis because they were not collected concur-
rently with the biomarker data, which does not align
with the requirements of the change-to-change design
that exposure and outcome data be measured simulta-
neously. Despite this, these data have shown that nearly
90% of tea drinkers predominantly drank black tea.'* In
CMEC, the majority of participants consumed green tea,
with only a few individuals consuming other types.
Future studies on different tea types and biological ag-
ing are still warranted. Fourth, even in a prospective
study design, reverse causality may still exist. For
example, tea drinking habits might be influenced by
disease status. However, we adjusted for major chronic
diseases at baseline in our main analyses and excluded
those with major chronic diseases in our sensitivity
analyses. Fifth, although the change-to-change design is
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not susceptible to unmeasured time-invariant con-
founding, and we have carefully controlled for potential
confounders identified by DAG, due to the intrinsic
nature of an observational study, residual confounding
from unmeasured time-varying factors is still inevitable.
Thus, causal conclusions should be interpreted pru-
dently. Finally, although we included two independent
populations in the present study, our findings should be
generalized with caution. Both the CMEC and UKB
studies have limitations in terms of their representa-
tiveness. Neither study achieved national coverage, and
their age and sex distributions may not perfectly repre-
sent the demographics of the entire country’s popula-
tion. The CMEC participants were drawn from
Southwest China and the Tibetan population was
excluded from this study because of their unique tea
drinking habits. The UKB exhibited an extremely low
response rate (5.5%) and showed evidence of a potential
“healthy volunteer” selection bias.”” Additionally, sur-
vival bias was possible because only surviving partici-
pants could attend the follow-up survey. Selection bias
arising from missing data may also limit the general-
izability of our study. In both cohorts, the sample sizes
of participants with available BA data at both baseline
and follow-up were noticeably small. Furthermore, due
to the stability of tea-drinking behavior, the sample sizes
of those who changed their habits were small, particu-
larly in UKB, leading to less stable estimates and wide
confidence intervals. Therefore, future prospective
studies in other populations are required to test the
external validity of these findings.

Conclusion

In summary, based on longitudinal data from CMEC
and UKB, tea consumption was associated with the
attenuation of BA acceleration measured by KDM. Both
the transition from nondrinking to drinking and
consistent tea consumption might have the potential to
modestly mitigate the acceleration of BA, with stronger
associations observed for consistent tea drinkers.
Moreover, a non-linear relationship between tea con-
sumption and BA acceleration implied the most evident
protective association with daily moderate tea con-
sumption of approximately 3 cups or 6-8 g of tea leaves.
Given that tea is a worldwide beverage, our findings
highlight its potential role in promoting healthy aging
within the global aging population, which may have
significant implications for guiding public health pol-
icies. In addition, our study provides valuable insights
for developing and evaluating nutrition-oriented anti-
aging interventions in future clinical trials.
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