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a  b  s  t  r  a  c  t

After  a brief  introduction  to the  background,  significance  and unique  features  of the centenarian  pop-
ulation  in  China,  we  describe  the  Chinese  Longitudinal  Healthy  Longevity  Study  (CLHLS),  which  is  the
world’s  largest  study  of  centenarians,  nonagenarians,  octogenarians,  and  compatible  young-old  aged
65–79. Based  on  the  CLHLS  data  and  other  relevant  studies,  we  summarize  demographic  and  socioeco-
nomic  characteristics  as  well  as  self-reported  and  objectively-tested  health  indicators  of  centenarians  in
China,  with  an  emphasis  on  gender  differences  and  rural/urban  disparities.  We  then  compare  five-year-
age-specific  trajectories  of  physical  and  cognitive  functions,  self-reported  health,  and  life satisfactions
from  ages  65–69  to  100+,  concluding  that good  psychological  resilience  and  optimism  are keys  to  the
exceptional  longevity  enjoyed  by centenarians.  We  discuss  recent  findings  of  novel loci  and  pathways
ealth phenotypes
enetic variants
xE interactions
hina

that  are  significantly  associated  with  longevity  based  on  the  genome-wide  association  study  (GWAS) of
the CLHLS  centenarian  sample,  which  is 2.7  times  as  large  as  prior  GWAS  of  longevity.  We also  highlight
colleagues’  and  our own  studies  on  longevity  candidate  genes  and  gene-environment  interaction  analy-
ses.  Finally,  we discuss  limitations  inherent  in  our  studies  of centenarians  in China  and  further  research
perspectives.
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. Introduction

It is widely recognized that the genomes, lifestyles (includ-
ng diets) and living environments of the exceptionally long-lived
opulation of centenarians may  harbor genetic variants and
ocial/behavioral factors associated with health and longevity
Koenig, 2001; Deelen et al., 2014; Poon and Cheung, 2012). A dozen
entenarian studies have been launched in the past few decades in
urope, the U.S., and Japan. These studies have greatly improved our
nderstanding of healthy longevity among humans (Koenig, 2001;
oon and Cheung, 2012). A general consensus in the literature is
hat healthy longevity is an outcome of the joint forces of socioe-
onomic, behavioral, environmental, and genetic factors; however,
ow and to what extent these factors individually, jointly and inter-
ctively contribute to centenarians’ exceptionally long and healthy
ives remain largely unknown. Examination on factors associated

ith healthy longevity, especially gene-environment interaction
GxE) effects, requires large samples. However, large scale sur-
eys of centenarians are still rare, and with few exceptions, the
ample sizes of most studies in this field are less than 1000 cente-
arians (Koenig, 2001; Poon and Cheung, 2012). Most centenarian
tudies are based on populations in industrialized countries, but it
as been well acknowledged that sociodemographic, psychological,
nd behavioral factors and their associations with healthy longevity
ary across cultural contexts and levels of social development (Poon
t al., 2010). Given that 80% of the world’s elderly population comes
rom low- and middle-income countries, it is imperative to study
entenarians in less developed countries where the socioeconomic
esource, healthcare service, and medical technology are compar-
tively disadvantaged.

Among the developing countries, China stands out as a unique
ase and has the largest elderly population in the world (United
ations, 2015). The relatively accurate age reporting among the
an Chinese (who accounted for 92% of the total population of
hina) has been well-established and re-confirmed by a wide vari-
ty of international studies; this accuracy is due to the cultural
radition of memorizing one’s exact date of birth to determine
mportant life events, such as dates of engagement, marriage, and
tarting to build a residential house (Coale and Li, 1991; Wang
t al., 1998; Poston and Luo, 2004). There were about five cen-
enarians per million in China in the 1990s, compared with 50
er million in Western Europe in the same period (Jeune, 1995).
onsequently, Han Chinese centenarians may  be more likely to
ave longevity-associated genes than their centenarian counter-
arts in the West because they survived much higher mortality
egimes of the past when famine, war, and starvation operated on
irth cohorts of many millions. Moreover, unlike Western coun-
ries that received many international immigrants from other parts
f the world, resulting in relatively heterogeneous genetic com-
ositions even within the same ethnic group, China has received
ery few international immigrants. Thus, even though one might
xpect population genetic substructures because of the long history
f interaction with surrounding minority Chinese ethnic groups
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

Xu and Jin 2008), Han Chinese are relatively more homogenous in
enetic composition compared to their Western counterparts (Xu
t al., 2009). Clearly, the large samples of Han Chinese centenarians
nd other age groups for genome-wide association study (GWAS),
 . . . .  . .  .  .  . . .  . .  .  . . . . . . .  . . . . .  . . .  . .  . . . . . .  . .  .  . . .  .  .  . .  . . .  .  .  .  . .  .  .  .  .  . . . .  . . . . .  .  . .  .  .  .  . .  00

candidate gene analyses, and GxE analyses will be instrumental for
understanding determinants of healthy longevity.

In the subsequent sections of this article, we review demo-
graphic and socioeconomic characteristics, heath phenotypes, and
genetic characteristics of centenarians in China. This review is
mainly based on the Chinese Longitudinal Healthy Longevity Study
(CLHLS), which is the world’s largest study on centenarians, nona-
genarians, octogenarians, and compatible young-old aged 65–79;
we will also refer to the other relevant studies in the field.

2. The Chinese Longitudinal Healthy Longevity Study

The CLHLS has been collecting extensive data from a large sam-
ple of the oldest-old aged 80+ including sufficient numbers of
centenarians, nonagenarians and octogenarians with comparison
groups of younger elders aged 65–79 since 1998. The CLHLS is con-
ducted in a randomly selected half of the counties and cities in 22 of
China’s 31 provinces (Zeng, 2012), and the overwhelming majority
population in the 22 provinces are Han Chinese whose age report-
ing is reasonably good (Coale and Li, 1991; Wang et al., 1998; Poston
and Luo, 2004). The total population of the survey areas constitutes
about 85% of the total population in China. So far, seven waves of
data were collected in 1998, 2000, 2002, 2005, 2008, 2011, and
2014; the 8th wave data will be collected in 2017.

Within the sampled cities/counties, the CLHLS aims to inter-
view all centenarians who  voluntarily agree to participate in the
study. For each centenarian interviewee, one nearby octogenarian
(aged 80–89) and one nonagenarian (aged 90–99) with predefined
age and sex was selected in the same city/county or neighboring
city/county for voluntary participation in the CLHLS. With the same
sampling strategy, three participants aged 65–79 years old were
recruited for every two centenarians interviewed since the 2002
wave. Respondents who  died, were lost-follow-up, or refused to be
re-interviewed before or at a subsequent wave were replaced by
new interviewees of the same sex and age group in the follow-
up 2000, 2002, 2005 and 2008 waves. Table 1 shows that, over
seven waves from 1998 to 2014, the CLHLS conducted 96,843
face-to-face interviews with 16,582 centenarians, 23,207 nonage-
narians, 25,713 octogenarians, 20,135 younger elders aged 65–79,
and 11,206 adults aged 35–64. For the 26,242 participants who  died
between waves, data on mortality and degree/length of disability
before death were collected in interviews with a close family mem-
ber of the deceased. The CLHLS has collected DNA samples from
24,693 participants including 4849 centenarians, 5190 nonagenar-
ians, 5274 octogenarians, 4770 young-old aged 65–79, and 4609
adults aged 40–64.

Table 2 shows that the CLHLS from 1998 to 2014 interviewed
12,047 centenarians, with 2533 males and 9514 females. These
12,047 centenarian participants produced 16,582 interviews (see
Table 1); 3876 centenarians had two interviews, 1360 had three
interviews, 542 had four or more interviews, and the rest had one
interview. The CLHLS employed various sources to verify cente-
narians’ ages at the individual level, including birth and marriage
otypic health characteristics and genetic analysis of centenarians
016.12.010

certificates if available; household registration booklet informa-
tion; ages of their siblings, children, and relatives; genealogical
records; any relevant documents from local aging committee
offices if available; and reported ages in Chinese zodiac animals.
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Table  1
Age and sex structure of interviews in the seven waves of the CLHLS (1998–2014).

Age Number of interviews with surviving
participants

Number of interviews with a family member of
deceased participants

Men  Women Total Men  Women Total

35–64 7023 4183 11,206 4 2 6
65–79 10,610 9525 20,135 828 610 1438
80–89  12,860 12,853 25,713 2954 2325 5279
90–99  9806 13,401 23,207
100+  3401 13,181 16,582
Total  43,700 53,143 96,843

Table 2
Number of centenarian participants by age and sex in the seven waves of the CLHLS
(1998–2014).

Men  Women  Two-sex

100 1023 3410 4433
101  705 2559 3264
102  386 1579 1965
103  175 840 1015
104  108 472 580
100–104 2397 8860 11,257
105–109 132 580 712
110+ 4 74 78
Total 2533 9514 12,047
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notypic health characteristics of centenarians. About 43.3% of
male centenarians had “normal” or “excellent” cognitive functional
capacity measured by Mini Mental State Examination (MMSE)
he CLHLS also verified the accuracy of age reporting at the aggre-
ate level by using indicators such as the single-age distribution of
he centenarians, the age progressive ratio among very old adults
e.g., aged 90 years or older), and centenarian density among the
ldest-old, in comparison with indices from countries with good
uality of data. These comparisons showed that, although the qual-

ty of age reporting of Han Chinese centenarians was not as good
s in Sweden, Japan, England and Wales, it was almost as good as
n Australia and Canada, slightly better than the average in the
S, and much better than in Chile (Zeng and Gu, 2008). Another
pproach to verify the accuracy of age reporting at the population
evel is to check whether the age-sex-specific death rates follow a
eneral age-sex trajectory pattern commonly found in other pop-
lations with good quality of data. The analysis by Gu and Dupre
2008) revealed that the single-age-sex-specific mortality rates at
ldest-old ages including centenarians fit well with the Kannisto
odel, a function that is evidenced to best fit human mortality tra-

ectories at oldest-old ages in multiple countries with high quality
ata (Thatcher et al., 1998). These results support the conclusion
hat the accuracy of age-reporting of centenarians in the CLHLS is
easonably good (Gu and Dupre, 2008).

The CLHLS questionnaire was initially translated from the
nstruments of the internationally well-known Danish healthy
ongevity survey, adapted to the Chinese cultural and socioeco-
omic context and carefully tested by pilot studies. Thus, the
LHLS data are internationally comparable with the data from other
ountries. The CLHLS collects extensive data on demographics,
ocioeconomic conditions, psychological traits, health practices,
nd health conditions. All data are collected via face-to-face inter-
iews during in-home visits. The interviews and basic physical
apacity tests are performed by a local doctor, a nurse, a local
ging network worker, or a university student. The CLHLS has docu-
ented good data quality, including assessments of mortality rates,

ge reporting, proxy response, non-response rates, sample attri-
ion, reliability and validity of major health measures, and rates of
ogically inconsistent answers (Gu, 2008; Goodkind, 2009; Chen,
010).
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2
 4383 5283 9666
 2159 7694 9853
 10,328 15,914 26,242

3. Demographic and socioeconomic characteristics

Table 3 presents data on basic demographic and socioeconomic
characteristics of Chinese centenarians interviewed in the CLHLS
2008 wave, which included both follow-ups and new recruitments
to replace deceased and lost-follow-up interviewees at the nation-
wide scale, while the CLHLS 2011 and 2014 waves conducted
nationwide follow-ups but had new recruitments in eight longevity
areas only. The results show that a large majority (87.7% for males
and 98.1% for females) of the centenarians were widowed and
male centenarians were much more likely to be currently married
(11.8%) than their female counterparts (1.4%). A large majority of
the Chinese centenarians lived with their family members.

Living in an institution (nursing home) was uncommon, but the
percentage in urban areas was  5.3 times as high as that in rural
areas. Rural centenarians were relatively more likely to live alone
(9.7%) than their urban counterparts (4.9%), likely due to family
members’ migration to cities and much poorer nursing home facil-
ities in rural areas. About 55.5% of female centenarians and 29.8%
of the male centenarians got married for the first time before age
20. Nearly half of this cohort of Chinese centenarians had at least 5
children and 3.5% of the centenarians had 10 or more children.

The percentage of female centenarians with no schooling was
88.6 in urban areas and 96.1 in rural areas, in sharp contrast to
48.9–64.0 for their male counterparts. About 72.9% of female cen-
tenarians and 61.9% of the male centenarians earned their living
before age 60 in agriculture, husbandry, and fishery, while 19.1%
of female centenarians were housekeepers. About 27.7% of the
Chinese male centenarians were professionals, technicians, admin-
istrative managers or clerks before age 60, but the corresponding
figure was  only 3.9% among Chinese female centenarians. The data
clearly show much higher socioeconomic status throughout the life
course of male centenarians compared to their female counterparts
in China.

4. Phenotypic health characteristics

4.1. Gender differences in health status

The CLHLS revealed substantial advantages in self-reported
health status measures among male centenarians compared to
their female counterparts. Table 4 shows that male centenarians
were more likely to report “good health” (56%) than their female
counterparts (50.6%). The percentage of male centenarians who
reported good life satisfaction was also slightly higher than their
female counterparts. A substantial gender difference was evident
in that 51.0% of male centenarians were ADL active compared to
46.4% of female centenarians.

Table 5 presents distributions of objective indicators of phe-
otypic health characteristics and genetic analysis of centenarians
016.12.010

scores, while only 25.4% of female centenarians enjoy such good
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Table 3
Percentage distributions of basic demographic and socioeconomic characteristics of Chinese centenarians by sex and rural/urban status, the CLHLS (2008).

Rural areas Urban areas Rural-Urban combined

Men  Women  Two-sex Men  Women  Two-sex Men  Women Two-sex

Sample size 369 1751 2120 319 974 1293 688 2725 3413
Marital status
Married 10.57 1.26 2.88 13.17 1.75 4.56 11.77 1.43 3.52
Divorced 0.27 0.06 0.09 0.00 0.10 0.08 0.15 0.07 0.09
Widowed 88.89 98.40 96.75 86.21 97.43 94.66 87.65 98.06 95.96
Never married 0.27 0.29 0.28 0.63 0.72 0.70 0.44 0.44 0.44
Total  100 100 100 100 100 100 100 100 100
Living arrangement
Living with family 88.62 89.21 89.10 90.91 88.09 88.79 89.68 88.81 88.98
Living alone 10.84 9.48 9.72 5.33 4.72 4.87 8.28 7.78 7.88
Living in an institution 0.54 1.31 1.18 3.76 7.19 6.34 2.03 3.41 3.14
Total  100 100 100 100 100 100 100 100 100
Age  at first marriage
<= 14 0.89 6.96 5.89 0.00 3.18 2.38 0.47 5.58 4.53
15–19  29.67 52.59 48.57 28.99 45.33 41.22 29.35 49.94 45.71
20–24  36.20 33.99 34.38 41.69 45.23 44.33 38.82 38.10 38.25
25–29  17.80 4.68 6.99 17.59 4.61 7.88 17.70 4.66 7.34
>=  30 15.43 1.77 4.17 11.73 1.65 4.19 13.66 1.73 4.18
Total  100 100 100 100 100 100 100 100 100
Mean  age at 1st marriage 23.08 19.11 19.81 22.61 19.67 20.41 22.86 19.32 20.04
Number of children ever born
0 2.19 1.83 1.89 2.20 4.03 3.58 2.20 2.61 2.53
1–2  16.99 17.11 17.08 22.33 22.93 22.78 19.47 19.18 19.24
3–4  27.67 30.09 29.67 33.65 32.64 32.89 30.45 31.00 30.89
5–6  33.70 29.86 30.53 25.79 23.76 24.26 30.01 27.69 28.16
7–9 16.99 16.76 16.80 14.47 13.74 13.92 15.81 15.68 15.71
>=  10 2.47 4.35 4.02 1.57 2.89 2.57 2.05 3.83 3.47
Total  100 100 100 100 100 100 100 100 100
Number of years of schooling
0 64.03 96.06 90.51 48.89 88.60 78.83 57.04 93.41 86.11
1–2 9.81 1.71 3.12 9.52 2.90 4.53 9.68 2.14 3.65
3–4  12.26 1.26 3.16 13.97 3.01 5.70 13.05 1.88 4.12
5–6  7.63 0.51 1.75 15.56 3.01 6.09 11.29 1.40 3.39
7–9  4.36 0.40 1.09 4.44 1.14 1.95 4.40 0.66 1.41
10–12  1.36 0.06 0.28 3.17 0.83 1.41 2.20 0.33 0.71
>=  13 0.54 0.00 0.09 4.44 0.52 1.48 2.35 0.18 0.62
Total  100 100 100 100 100 100 100 100 100
Mean  # years of schooling 1.57 0.14 0.39 2.94 0.58 1.16 2.20 0.29 0.68
Occupation before age 60
Professionals and technicians 4.08 0.17 0.85 8.78 1.44 3.25 6.26 0.62 1.76
Administrative managers 1.63 0.11 0.38 3.45 0.10 0.93 2.47 0.11 0.59
Clerks 5.43 1.03 1.79 34.48 7.09 13.85 18.92 3.19 6.36
Self-employed 1.63 0.40 0.61 3.76 2.47 2.79 2.62 1.14 1.44
Agriculture, husbandry, fishery 80.43 86.01 85.04 40.44 49.43 47.21 61.86 72.94 70.71
Houseworkers 2.99 10.79 9.44 3.45 34.02 26.47 3.20 19.09 15.89
Military personnel 0.82 0.29 0.38 2.19 0.10 0.62 1.46 0.22 0.47
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Others 2.99 0.63 1.04 

Total  100 100 100 

ognition. Male centenarians were more likely to be able to stand
p from the chair without using hands (41.1%) than their female
ounterparts (32.0%). Similar substantial male advantages were
bserved in other physical performance tests of picking up a book
rom the floor and turning around 360◦. Male centenarians were

uch more likely to see things and distinguish the direction (39%)
han their female counterparts (29.5%). About 46.4% of female
entenarians could not see things clearly or were even blind, in con-
rast to 38.8% of male centenarians. Female centenarians were also

uch more likely to live without any teeth (62.5%) than their male
ounterparts (51.6%). Clearly, Chinese male centenarians experi-
nce substantial advantages in self-reported health, ADL ability,
bjectively-tested cognitive capacity, physical performance, visual
unction, and residual teeth, compared to their female counter-
arts.
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

The gender differences in health profiles presented in Tables 4–5
nd outlined above are consistent with the gender health-survival
aradox that women tend to live longer but experience worse
ealth compared to men  (Van Oyen et al., 2013) and with find-
3 3.60 2.86 0.29 1.65 1.38
2 1.75 2.01 2.91 1.03 1.41
0 100 100 100 100 100

ings of previous studies using data from the other waves of CLHLS
(Zeng et al., 2002; Zeng et al., 2003; Zhang 2006), most recent
oldest-old cohorts comparative analysis using the CLHLS data (Zeng
et al., 2017), and other studies of Chinese elders (Wang et al., 2009).
The gender paradox is often related to gender disparity in socioe-
conomic status, genetic and acquired risks, and disease patterns
and prevention. Regarding Chinese centenarians, the large gender
differences in health are possibly related to male advantages in
socioeconomic status and more outdoor physical activities, such
as gardening, farming and fishing, which facilitate maintenance of
capacity for daily living and physical performance. Similar gender
patterns were also found among French centenarians and explained
by social and behavioral differences (Balard et al., 2011). Another
possible explanation of the large gender difference in health indi-
cators among Chinese centenarians is that the male centenarians
otypic health characteristics and genetic analysis of centenarians
016.12.010

are much more stringently selected “longevity-stars” due to higher
death rates in males than in females at all younger ages.

dx.doi.org/10.1016/j.mad.2016.12.010


Please cite this article in press as: Zeng, Y., et al., Demographics, phenotypic health characteristics and genetic analysis of centenarians
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2016.12.010

ARTICLE IN PRESSG Model
MAD-10908; No. of Pages 12

Y. Zeng et al. / Mechanisms of Ageing and Development xxx (2017) xxx–xxx 5

Table  4
Percentage distributions of self-reported indicators of health and life satisfaction of Chinese centenarians by sex and rural/urban status, the CLHLS (2008).

Rural areas Urban areas Rural-Urban combined

Men Women  Two-sex Men  Women  Two-sex Men  Women  Two-sex

Sample size 369 1751 2120 319 974 1293 688 2725 3413
Self-reported health
Good 54.61 51.09 51.78 57.61 49.78 51.87 56.00 50.61 51.82
Moderate 30.85 35.05 34.22 32.92 37.93 36.59 31.81 36.11 35.14
Bad  14.54 13.86 14.00 9.47 12.29 11.54 12.19 13.29 13.04
Total  100 100 100 100 100 100 100 100 100
Self-reported life satisfaction
Good 59.93 62.57 62.04 72.43 67.12 68.53 65.71 64.24 64.57
Moderate 34.75 30.89 31.65 25.10 28.70 27.74 30.29 30.08 30.13
Bad  5.32 6.54 6.30 2.47 4.19 3.73 4.00 5.67 5.30
Total  100 100 100 100 100 100 100 100 100
Activities of Daily Living (ADL)
Active 61.52 52.20 53.82 38.87 35.93 36.66 51.02 46.39 47.32
Mild  disability 16.53 21.99 21.04 36.99 28.95 30.94 26.02 24.48 24.79
Severe disability 21.95 25.81 25.14 24.14 35.11 32.41 22.97 29.14 27.89
Total  100 100 100 100 100 100 100 100 100

Note: If none of the six ADL activities (eating, dressing, bathing, transferring, using the toilet, and continence) is impaired, the centenarian is classified as “active”; if one
or  two ADL activities are impaired, the centenarian is classified as “mild disability”; “severe disability” refers to those centenarians who  have three or more ADL activities
impaired.

Table  5
Percentage distributions of objective health indicators of Chinese centenarians, the CLHLS (2008).

Rural areas Urban areas Rural-Urban combined

Men  Women  Two-sex Men  Women  Two-sex Men  Women  Two-sex

Sample size 369 1751 2120 319 974 1293 688 2725 3413
Mini  Mental State Examination (MMSE)
Maximum 18.87 10.60 12.18 17.10 8.53 10.79 18.04 9.84 11.64
Normal 25.50 14.81 16.85 24.91 16.80 18.94 25.22 15.54 17.67
Mild  impairment 14.90 16.13 15.90 15.61 18.67 17.86 15.24 17.07 16.67
Severe impairment 40.73 58.46 55.08 42.38 56.00 52.40 41.51 57.55 54.03
Total  100 100 100 100 100 100 100 100 100
Ability to stand up from the chair
Yes, without using hands 39.30 30.91 32.38 43.26 33.95 36.25 41.13 32.00 33.85
Yes,  using hands 44.44 48.39 47.69 37.93 40.53 39.89 41.42 45.57 44.73
Unable 16.26 20.70 19.92 18.81 25.51 23.86 17.44 22.43 21.42
Total  100 100 100 100 100 100 100 100 100
Ability to pick up a book from the floor
Yes, standing 40.11 28.14 30.23 38.87 26.16 29.30 39.53 27.43 29.88
Yes,  sitting 36.59 41.09 40.30 28.21 31.82 30.93 32.70 37.78 36.75
Unable 23.31 30.77 29.47 32.92 42.02 39.77 27.76 34.79 33.37
Total  100 100 100 100 100 100 100 100 100
Ability to turn around 360◦

Yes, <= 10 steps 44.72 34.89 36.60 42.01 27.54 31.11 43.46 32.27 34.53
Yes,  >10 steps 3.25 2.40 2.55 2.51 2.16 2.24 2.91 2.31 2.43
Unable 52.03 62.71 60.85 55.49 70.30 66.64 53.63 65.42 63.04
Total  100 100 100 100 100 100 100 100 100
Visual function
Can see and distinguish 38.63 29.76 31.33 39.43 28.93 31.53 39.00 29.46 31.41
Can  see only 23.84 24.94 24.75 20.19 22.79 22.14 22.14 24.16 23.75
Can’t  see 34.25 40.82 39.66 37.85 45.06 43.27 35.92 42.35 41.04
Blind  3.29 4.47 4.26 2.52 3.23 3.05 2.93 4.02 3.80
Total  100 100 100 100 100 100 100 100 100
Number of residual teeth
0  50.14 61.46 59.49 53.29 64.44 61.69 51.60 62.53 60.32
1–3  16.53 18.47 18.13 16.61 15.21 15.56 16.57 17.30 17.16
4–6  13.55 10.06 10.67 13.17 10.89 11.46 13.37 10.36 10.97
7–9  6.78 3.49 4.06 6.27 3.08 3.87 6.54 3.34 3.99
10–12  6.50 2.92 3.54 3.76 3.19 3.33 5.23 3.01 3.46
13–15 1.08 0.97 0.99 2.19 1.23 1.47 1.60 1.07 1.17
16–18 1.90 1.14 1.27 1.57 0.31 0.62 1.74 0.84 1.03
>=  19 3.52 1.49 1.84 3.13 1.64 2.01 3.34 1.54 1.91
Total  100 100 100 100 100 100 100 100 100

Note: (1) The MMSE  testing protocol includes 24 items regarding orientation, registration, attention, calculation, recall and language, with a total score ranging from 0 to
30.  In this study, we  use the MMSE  cutoffs to define cognitive function as: severe impairment (0–17), mild impairment (18–22), normal (23–27) and maximum (28–30).
Note  that a zero score was  given to those items to which the interviewee was not able to answer or perform the test, purely due to his or her mental or physical impairment
(rather than not willing to answer or perform the test), and no proxy was  allowed in performing the MMSE  tests. (2) Participants were asked to see a break in a circle on a
cardboard sheet under light one meter away and to distinguish the exact location of the break. Tests results were classified into four categories: (a) can see and distinguish;
(b)  can see only; (c) can’t see; and (d) blind.

dx.doi.org/10.1016/j.mad.2016.12.010
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.2. Rural-urban differences in health status

As shown in Table 4, slightly more than half of centenarians
eported “good health” with almost no rural-urban difference.
owever, a considerably higher proportion of centenarians in
rban areas reported good life satisfaction (68.5%) compared to
heir rural counterparts (62.0%). The rural-urban differences in
DL status were remarkably large, with 53.8% of centenarians in

ural areas reporting active ADL status in contrast to 36.7% of cen-
enarians in urban areas. Table 5 presents much better physical
erformance in rural centenarians compared to urban counter-
arts, but unsubstantial rural-urban differences in MMSE  scores,
isual function, and residual teeth among the Chinese centenarians.

The CLHLS data clearly revealed that, compared to their urban
ounterparts, rural centenarians enjoyed better health status
easured by self-reported ADL ability and objective physical per-

ormance tests. On the other hand, urban centenarians tended to
eport better life satisfaction than their rural counterparts. Why
o rural centenarians enjoy better health than their urban coun-
erparts in China? A few possible explanations may  help us to
nderstand this phenomenon. First, limited available facilities may

orce rural centenarians to perform daily activities by themselves;
his frequent exercise may  enable them to maintain their capaci-
ies for daily living and physical performance for a longer time than
heir urban counterparts. Furthermore, centenarians in rural areas
re likely to continue to perform garden work to grow vegetables
r even to perform some light labor in the fields, which may  also
elp them to maintain their capacity for daily living and physical
erformance. These explanations may  also help us to understand
he fact that the elderly in Indonesia, Malaysia, the Philippines,
nd Thailand were found to be more active in daily living than the
lderly in developed countries (Ju and Jones, 1989; Lamb, 1999).

 study found that the ADL functional capacity of centenarians
n three major Chinese cities of Beijing, Hangzhou and Chengdu

as significantly stronger than that of Danish centenarians in 1997
Wang, 2001). Second, the natural environment is likely healthier in
ural areas. Industrial pollution in the cities may  lessen the capacity
f centenarians to maintain good health. Third, the harder life and
igher mortality at younger ages in rural areas may  have resulted

n rural centenarians to be more robust than their counterparts in
ities and towns (Zeng et al., 2002). Despite these health advan-
ages for rural centenarians, life satisfaction has more links with
ocial economic attainment; the centenarians living in rural areas
re usually illiterate with lower socioeconomic status, which may
ead to the relatively low life satisfaction among rural centenarians
Li and Wu,  2008).

.3. Psychological resilience

Previous studies have demonstrated that the psychological con-
truct of resilience is positively correlated with cognitive function,
hysical health, and self-reported health among the elderly (Hardy
t al., 2002; Wagnild, 2003), as well as with self-rated success-
ul aging in developed countries (Lamond et al., 2009). Poon et al.
1992) discovered that the common characteristics of the members
f the Georgia centenarians sample were optimism and flexibil-

ty, which are associated with psychological resilience (Riolli et al.,
002). Selim et al. (2005) reported that U.S. centenarian veterans
ere psychologically resilient despite poor physical health. Jopp

nd Rott (2006) also demonstrated that psychological resilience
as well preserved at the very end of the life span in the Heidelberg

entenarian Study.
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

However, most of the prior studies on this specific topic were
ased on small samples with limited numbers of centenarians and
onagenarians, which restricted estimation efficiency (Jopp and
ott, 2006; Pascucci and Loving, 1997). The CLHLS analysis on cen-
 PRESS
 Development xxx (2017) xxx–xxx

tenarians’ psychological resilience tried to expand this literature
(Zeng and Shen, 2010), by adopting the simplified and straight-
forward measurement of psychological resilience – the ability to
adapt positively to adversity – specified by Lamond et al. (2009):
the simplified psychological resilience score (SPRS). The SPRS is
based on the available data collected through seven questions in
CLHLS (See Table 2 in Zeng and Shen, 2010) that reflect personal
tenacity, optimism, coping with negative mood, secure relation-
ships, and self-control, which are deemed as important factors of
psychological resilience (Connor and Davidson, 2003). Statistical
analysis showed that the psychometric properties of SRS based on
the CLHLS data are acceptable (Zeng and Shen, 2010).

Based on cross-sectional data from the CLHLS 2008 wave, with
a total sample size of 16,566 elderly respondents aged 65 and older
(including 3413 centenarians, 4596 nonagenarians, 4272 octo-
genarians, and 4285 young-old aged 65–79), logistic regressions
showed that, after controlling for various confounders including
age, sex, education, rural/urban residence, physical health and cog-
nitive status, centenarians were significantly more resilient than
any other old-age group (Zeng and Shen, 2010). For example, cen-
tenarians were significantly more resilient than the young-old by
a margin of 26.1% (p < 0.01). Logistic regression analyses based on
the longitudinal data showed that nonagenarians aged 94–98 with
better psychological resilience had a 43.1% higher likelihood of
becoming a centenarian compared to nonagenarians who  were
members of the same birth cohort but with lower psychologi-
cal resilience (p < 0.01), adjusted for various confounding factors
including health status. These results suggest that psychological
resilience significantly contributes to longevity at all ages and it
becomes even more pronounced at very advanced ages to achieve
exceptional longevity (Zeng and Shen, 2010). This is consistent
with another study based on the CLHLS longitudinal data which
showed that, on average, better psychological resilience signifi-
cantly reduced mortality risk by about 15.5% among all elderly
adults aged 65+, adjusted for various confounding factors including
age, sex, rural/urban residence, physical and mental health (Shen
and Zeng, 2010).

4.4. Optimism is one of the keys to healthy longevity

Fig. 1 based on the CLHLS 2008 data shows that the proportion
of elders that are active in daily living, have good physical perfor-
mance capacity, and have normal cognitive functioning dropped
dramatically from ages 65–69 to 100+. The percentage of self-
reported life satisfaction and self-reported good health, however,
remained almost constant or even slightly increased from age
65–69 to 100+. The interesting pattern depicted in Fig. 1 has been
repeatedly reconfirmed by our multi-wave CLHLS datasets (Zeng
and Vaupel, 2002; Zeng, 2012) and it reveals that long-lived people,
especially centenarians, likely maintain stable life satisfaction inde-
pendent of their capacities in daily activities, physical performance,
and cognitive function.

In the U.S., a longitudinal study in Berkeley found that life satis-
faction does not decrease until advanced old age (Field and Millsap,
1991). Based on a survey of 3998 elders aged 65+ in the U.S.,
Blazer et al. (1991) indicated that the “oldest-old” suffer fewer
depressive symptoms compared to younger age groups when other
confounding variables such as age, gender, income, physical dis-
ability, cognitive impairment, and social support are taken into
account. Our present findings, based on an unprecedented large
data set of the oldest-old population including centenarians in a
developing country, are consistent with these previous studies.
otypic health characteristics and genetic analysis of centenarians
016.12.010

These findings may  suggest that optimism is one of the secrets of
longevity, as optimistic long-lived centenarians and nonagenarians
are more likely to look positively into the future, think optimisti-
cally, and thus view their life as “satisfactory”. The old Chinese

dx.doi.org/10.1016/j.mad.2016.12.010
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ig. 1. Age patterns of ADL, cognition, physical performance, self-reported health 

23).

aying “Knowing satisfaction leads to constant happiness” (Zhi Zu
hang Le) illustrates the connection between life satisfaction and
appiness, which may  promote longevity (Zeng and Vaupel, 2002).

.5. Biomarkers of health phenotypes

As clinical components of epidemiological surveys and simple
n-home collection of bodily fluids become more available, it is
ncreasingly important to study biomarkers of health phenotypes.
ased on 60 longevity families (206 subjects, consisting of 61 cen-
enarians and their first and second generation of offspring with
heir spouses), the research group led by Yaping Zhang and Qing-
eng Kong found that serum lipids, kidney function, and diastolic
ressure rather than systolic pressure were more favorable among
entenarians and their offspring, suggesting that these factors may
lay an important role in familial longevity (He et al., 2016). Yin
t al. (2012) found that, compared with the younger elderly, cen-
enarians had lower levels of diastolic blood pressure (DBP) and
riglycerides (TG), higher levels of total cholesterol (TC) (but in the
ormal range), and higher high-density lipoprotein (HDL) levels,
hich meant that the centenarians had good blood lipid profiles

nd thus had low risk of cerebro-vascular disease. Studies also
howed that the predictive value of blood lipid profiles for car-
iovascular diseases declined after the age of 75 and low levels
f TC were associated with higher mortality (Spada et al., 2007),
hich also meant higher levels of TC in the normal range may  be

elpful for ‘healthy aging’. All in all, maintaining lower DBP and
ood blood lipid profile are important characteristics of centenar-
ans (Yin et al., 2012). Based on a sample of 107 centenarians and
8 great-grandchildren of these centenarians, the research group

ed by Wuyi Wang and Yonghua Li found that sufficient Zn and Se
oncentrations as well as low exposure to heavy metals pollution
ontributed to exceptional longevity (Li et al., 2011). This group’s
ollow-up study on 78 centenarians suggests that regulating in vivo
ontents of trace elements, especially Se, Co, and Zn, is a reasonable
pproach to intervene with geriatric diseases (Li et al., 2012). Based
n a sample of 255 centenarians and their 124 children and grand-
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

hildren, this group also found that adequate concentrations of Fe
nd Se might increase the life span of centenarians, whereas exces-
ive concentrations of P and Pb were harmful to health and may
educe life span (Hao et al., 2016).
fe satisfaction, the CLHLS (2008) (“Good cognitive function” refers to MMSE score

5. Genetic analyses

5.1. CLHLS GWAS: novel loci and pathways significantly
associated with longevity

As reviewed in the introduction section, centenarian genomes
may  harbor genetic variants associated with health and longevity
(Deelen et al., 2014). In recent years, a number of genome-wide
association studies (GWAS) on longevity in North America and
Europe have been conducted, but only two  loci have been identified
as being associated with longevity at a genome-wide significant
level: the well-known TOMM40/APOE/APOC1 locus which is neg-
atively associated with longevity (Newman et al., 2010; Sebastiani
et al., 2012; Deelen et al., 2014; Broer et al., 2015), and a second
locus on chromosome 5q33.3, which was  identified in a recent
GWAS by Deelen et al. (2014).

The largest sample size of centenarians in reported GWAS  stud-
ies before publication of the CLHLS GWAS on longevity was 801,
in which the study found one genome-wide significant single
nucleotide polymorphism (SNP) (Sebastiani et al., 2012). While
interest in this topic is strong, the field is hindered by a lack of
databases with both genotypic and phenotypic information and
sufficiently large sample sizes of centenarians; much larger sam-
ples of centenarians and ethnically matched controls are needed
for genome-wide significant discoveries of genetic associations
with longevity (Sebastiani et al., 2015; Newman et al., 2010). To
expand the catalogue of longevity-associated loci and gain a better
understanding of the influences of genes and biological pathways
on longevity, the CLHLS team performed a GWAS using samples
including 2178 Han Chinese centenarians, which is about 2.7 times
the largest sample size of previously published GWAS on centenari-
ans (Sebastiani et al., 2012), and 2299 middle-aged controls, which
is of reasonably good power (Zeng et al., 2016a). This work also
represents the first GWAS of longevity in Asian populations and in
developing countries more generally.

The CLHLS GWAS of Han Chinese centenarians and middle-
aged controls produced a few novel findings. First, it identified 11
independent loci associated with longevity and replicated in two
otypic health characteristics and genetic analysis of centenarians
016.12.010

independent GWAS datasets from Southern and Northern regions
of China (Table 1, Zeng et al., 2016a). More specifically, it identi-
fied two novel loci (rs2069837-IL6 and rs2440012-ANKRD20A9P)

dx.doi.org/10.1016/j.mad.2016.12.010
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hat reached genome-wide significance, plus 9 loci with suggested
ignificance (P < 3.64 × 10−5), including rs405509 in APOE, which is

 well-known locus negatively associated with longevity (Rebeck
t al., 1994). The strongest novel signal is for the rs2069837 SNP
P = 1.80 × 10−9) within the IL6 locus at 7p15.3, which is negatively
ssociated with longevity in the Han Chinese; this is consistent
ith previous findings that the IL6 gene functions as an inflamma-

ory biomarker of poor health outcomes (Bonafè et al., 2001; Cohen
t al., 2003) and is associated with longevity (Soerensen et al., 2013).
nother strong novel locus that reached genome-wide significance

n Han Chinese GWAS was ANKRD20A9P (ankyrin repeat domain
0 family, member A9), a pseudogene which is affiliated with the

ncRNA class.
The CLHLS GWAS also identified 8 independent SNPs associ-

ted with longevity with P < 10−4 in Han Chinese that overlapped
esults from the European longevity GWAS (Deelen et al., 2014)
nd/or New England longevity GWAS (Sebastiani et al., 2012),
ith at least nominal significance (P < 0.05). It also confirmed

 previously reported longevity-associated SNPs and identified
 independent associations with longevity in the well-known
OMM40/APOE/APOC1 LD region. The findings provided addi-
ional new signals and replicated the negative association of the
OMM40/APOE/APOC1 LD region with exceptional longevity in
an Chinese, and confirmed 5q33.3 as a longevity locus that was
reviously identified in the European longevity GWAS (Deelen
t al., 2014). In short, the CLHLS GWAS demonstrated both similar-
ties and differences in genetic associations with longevity across
ontinents and ethnicities.

At the pathway level, the CLHLS GWAS study identified 4 major
athways that influence longevity, including starch, sucrose and
enobiotic metabolism; immunity; MAPK signaling; and calcium
omeostasis. Among these pathways, p38 MAPK and immunity
ave been previously related to longevity in numerous studies
Asai et al., 2002; Naumova et al., 2011; Yao et al., 2015). Network
nalysis indicated that these 4 pathways are highly intercon-
ected. Collectively, these findings strongly support the notion that

ongevity is a polygenic trait influenced by a complex interplay of
ultiple genes and pathways. Interestingly, the three significant

athways (MAPK, immunity, and calcium signaling) identified in
he Han Chinese GWAS study were also most recently reconfirmed
s significant pathways in a Danish longitudinal epigenome-wide
ssociation study (Tan et al., 2015). The novel finding that the
tarch, sucrose and xenobiotic metabolism pathway is significantly
ssociated with human longevity in Han Chinese is consistent with

 previous animal model study in Drosophilia (Troen et al., 2007).
The findings from the CLHLS GWAS study support the hypothe-

is that defensive mechanisms (such as immunity) and metabolism
riven by diet in response to environmental stress may  play key
oles in longevity of the Han Chinese. Diet mediated mechanisms
lso suggest that genetic and epigenetic influences upon extreme
urvival can differ according to culture and ethnicity. These findings
ay  provide novel insights for expanding longevity theories that

ad emphasized genes associated with maintenance of genome
ntegrity (especially DNA repair) and fertility-related mechanisms
Kirkwood and Kowald, 2012; Baudisch and Vaupel, 2012; Sun et al.,
015).

.2. Comparing centenarians’ children with neighborhood peers

A comparative analysis between centenarians’ children (famil-
al longevity) and neighborhood peers (controls) is an efficient
pproach to learn how genetic inheritance and family lifestyle and
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

heir interaction with environmental factors affect healthy aging.
or example, prior research has suggested that centenarian off-
pring have better profiles of blood pressure and diabetes mellitus
ompared to controls (Barzilai et al., 2001); similarly, Adams et al.
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(2008) found that centenarian offspring had a 78% lower risk of
myocardial infarction, 83% lower risk of stroke, and 86% lower risk
of developing diabetes mellitus than the referent group. However,
all studies comparing centenarians’ offspring and their peers based
on data prior to the CLHLS (Zeng et al., 2012) were from industri-
alized countries. Moreover, prior studies in this field investigated
a limited number of specific diseases and disorders, but none of
them dealt with multiple dimensions of physical health, mental
health and subjective well-being simultaneously in a single study,
and they did not explore the effects of interactions between familial
longevity and environment on health outcomes. The CLHLS study
on centenarians’ children and neighborhood peers intended to fill
these research gaps by exploring the effects of familial longevity
influence and its interactions with several environmental factors
on physical health, mental health, and subjective well-being at old
ages (Zeng et al., 2012).

Zeng et al. (2012) conducted multivariate regression analy-
sis, employing the unique CLHLS data from 417 children (mean
age 69.0) of centenarians and 560 neighborhood peers (mean
age 71.0) who  have no family history of longevity. It was  found
that, compared to the neighborhood peers and adjusted for age,
gender and six major environmental factors, the centenarians’ chil-
dren had significantly better instrumental activities of daily living
(IADL) function (p < 0.001), smaller number of chronic conditions
or health problems (p < 0.01), less anxiety and loneliness (p < 0.01),
better cognitive function (p < 0.01), more psychological resilience
(p < 0.01), better self-rated health (p < 0.001), and better self-rated
life satisfaction (p < 0.001). Based on these findings, we  conclude
that familial longevity is strongly and positively associated with
physical health, mental health, and subjective well-being at old
ages.

The results also revealed that the interactions between familial
longevity and any one of the three environmental factors (receipt of
adequate medical care when ill as a child, number of living children,
and household economic conditions) were significantly associated
(p < 0.05) with the three health outcome indicators (IADL, self-rated
life satisfaction, and anxiety-loneness) at old ages. We  discovered
that the effects of these environmental factors on the health out-
come indicators were substantially stronger among elders who
had no family history of longevity compared to centenarians’ chil-
dren who  likely carry genes and/or inherited healthy behavior
and better lifestyle from long-lived parents. This interesting find-
ing may  be understood from a more general mechanism: in the
absence of the ascribed protective factor (e.g., familial longevity
influence), the other protective factors have stronger effects on
health. This finding, although it mixes genetic inheritance and fam-
ily lifestyle, is generally consistent with some other studies focusing
on effects of interactions between genetic variants and behav-
ioral/environmental factors. For example, Zeng et al. (2011) found
that the negative effects of four life stress factors on self-rated
health among carriers of APOE4, a genotype which is associated
with poor health and higher mortality (Blazer et al., 2001), are
much stronger than that among APOE4 non-carriers (Zeng et al.,
2011). These findings imply that, although familial longevity is
one of the important factors which determine health outcome,
socioeconomic, behavioral, and environmental factors may  be sig-
nificantly more important for those who  do not have the advantage
of family history of longevity. Thus, when considering cost-benefit
effectiveness of health promotion programs and the greater health
assistance needs for disadvantaged groups, future interventions
may  need to target those who  do not have the advantage of familial
longevity (Ryff and Singer, 2005).
otypic health characteristics and genetic analysis of centenarians
016.12.010
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.3. Candidate genes studies on genetic association with longevity

The research group led by Xiaoli Tian and Yi Zeng tested the
enetic contribution of FOXO1A and FOXO3A to the longevity
henotype in the Han Chinese population based on CLHLS sam-
les from 1817 centenarians and younger individuals collected

n 1998 (Li et al., 2009; Zeng et al., 2010). Among the six
elected and genotyped tagging SNPs from the FOXO1A and
OXO3A genes, two SNPs of FOXO1A were found to be associ-
ted with longevity in women (p = 0.01–0.005), whereas all three
NPs of FOXO3A were associated with longevity in both gen-
ers (p = 0.005–0.001). The association of FOXO1A with female

ongevity was replicated in 700 centenarians and younger individu-
ls that were sampled from geographically different areas than the
riginal population. Thus, we demonstrated that, unlike FOXO3A,
OXO1A is more closely associated with female longevity, sug-
esting that the genetic contribution to longevity trait may be
oderated by gender (Li et al., 2009). This research group also

ested whether genes encoding for key components of the �-
drenergic signaling pathway are associated with human longevity,
ased on CLHLS samples of 963 centenarians and 1028 geography-
atched young individuals. This study indicated that enhanced

roduction of �2-adrenergic receptors caused by genetic vari-
nts is inversely associated with human longevity (Zhao et al.,
012).

Based on a sample of 338 centenarians, 86 nonagenarians, and
37 controls aged 40–70, the research group led by Yaping Zhang
nd Qingpeng Kong found that higher mitochondrial DNA content
ay  convey a beneficial effect to exceptional longevity through

ssuring sufficient energy supply (He et al., 2014). This group
iscovered that the absence of A673T variant in the amyloid-�
recursor protein gene indicates an alternative protective mech-
nism contributing to longevity in Chinese individuals, using the
enotype/phenotype data from 443 centenarians, 794 nonagenar-
ans, and 1404 younger controls in Hainan and Sichuan Provinces
Liu et al., 2014). In their earlier study, they compared the distribu-
ion of the angiotensin-converting enzyme (ACE) insertion/deletion
enotype and allele frequencies between 399 long-lived individ-
als aged 90 and older with 302 young controls and observed
o association of the ACE gene insertion/deletion polymorphism
ith longevity in the Han Chinese population (Yang et al., 2009).

he research group led by Li Jin and Xiaofeng Wang found a
ignificant association of mitochondrial DNA haplogroups with
xceptional longevity in the Chinese population based on a sam-
le of 463 centenarians and nonagenarians, and 1389 controls
ged 40–69 (Cai et al., 2009). Using genotype/phenotype data
rom 26 centenarians and 174 nonagenarians, the research group
ed by Ze Yang and Liang Sun explored the gender-based DNA

ethylome difference in nonagenarians/centenarians. Functional
nrichment analysis of these genes revealed that DNA hyperme-
hylation and hypomethylation may  regulate genes involved in
ifferent processes or pathways, some of which may  contribute
o the gender gap of life span. In addition, identification of X-
ased hypomethylated probes and genes could provide evidence
or better understanding of the mechanism of longer lives in
emales (Sun et al., 2014). Another study from this group found
hat mtDNA haplogroup F is significantly associated with longevity
nd health in the female Chuang minority population in South-
rn China, based on samples of 367 long-lived individuals aged
0+ and 371 middle-aged controls younger than 65 (Feng et al.,
011). Wangwei Cai and his research group analyzed a sam-
le of 276 centenarians from Hainan province, and found that
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
in China. Mech. Ageing Dev. (2017), http://dx.doi.org/10.1016/j.mad.2

he polymorphism of I405V and TaqIB locus in CETP gene are
ignificantly associated with exceptional longevity (Zhang et al.,
011).
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6. Gene-environment interactions (GxE)

6.1. Effects of FOXO-tea drinking interactions on cognitive
impairment and mortality

The effects of tea consumption on diseases vary by genotypes
(Bonner et al., 2005; Yuan et al., 2005; Lin et al., 2012 Yuan
et al., 2005; Lin et al., 2012). Belguise et al. (2007), for example,
showed that intake of green tea polyphenol epigallocatechin-3-
Gallate (EGCG) activated FOXO3A gene expressions, which in turn
induced estrogen receptor-�  (ER-�) expression and reversed the
invasive phenotype of breast cancer cells in mouse. Several other
studies using animal and human cell models demonstrated that
intake of tea compounds activates FOXO gene expression and mod-
ulates its biological functions (e.g., Shankar et al., 2013). Based on
the prior literature, the CLHLS group for the first time investigated
effects of FOXO-tea drinking interactions on health and mortality
at advanced ages in centenarians and nonagenarians.

Logistic regression analysis based on data from 822 Han Chinese
oldest-old aged 92+ at time of first interview in 1998 (95.1% of them
died at ages 100+ before the 2014 wave) demonstrated that interac-
tions between carrying FOXO1A-266 or FOXO3-310 or FOXO3-292
and tea drinking at around age 60 or at present time were signifi-
cantly associated with lower risk of cognitive disability at advanced
ages, adjusted for various potentially confounding factors. Associ-
ations between tea drinking and reduced cognitive disability were
much stronger among carriers of the genotypes of FOXO1A-266 or
FOXO3-310 or FOXO3-292 compared to non-carriers, and it was
reconfirmed by analysis of three-way interactions across FOXO
genotypes, tea-drinking at around age 60, and tea-drinking at the
present time (Zeng et al., 2015).

The CLHLS group conducted another analysis on effects of FOXO-
tea drinking interactions on mortality at advanced ages based
on genotypic and phenotypic data from two independent CLHLS
cohorts to facilitate discovery and replication: (1) Cohort 1998
consisted of 810 oldest-old, aged 91+ at time of first interview
in 1998, followed-up in the CLHLS 2000, 2002, 2005, 2008, 2011
waves (94.1% of them died at ages 100+ before the 2014 wave).
(2) Cohort 2008 consisted of 1671 oldest-old aged 91+ at time of
fiirst interview in 2008 and followed-up in the CLHLS 2011 wave
(68.7% of them died at ages 100+ or survived up to ages 100+ in
the 2011 wave). These two  cohorts of Han Chinese are totally inde-
pendent study samples, so there is no overlap between the CLHLS
participants in Cohort 1998 and Cohort 2008 and there are no famil-
ial/kinship relations among the participants within and across the
cohorts. Using these data and the Cox proportional hazard model,
Zeng et al. (2016b) demonstrated that interactions between car-
rying FOXO1A-209 genotypes and tea drinking were significantly
associated with lower risk of mortality at advanced ages, adjusted
for various potentially confounding factors. These significant asso-
ciations were replicated in two independent Han Chinese CLHLS
cohorts (p = 0.028–0.048 in the discovery and replication cohorts,
and p = 0.003–0.016 in the combined dataset). We  found that asso-
ciations between tea drinking and reduced mortality were much
stronger among carriers of the FOXO1A-209 genotype compared
to non-carriers, and drinking tea was associated with a reversal of
the negative effects of carrying FOXO1A-209 minor alleles, from
a substantially increased mortality risk to substantially reduced
mortality risk at advanced ages. The impacts were considerably
stronger among those who carry 2 copies of the FOXO1A minor
alleles than those who carry 1 copy.

Based on previously reported experiments on animal and
otypic health characteristics and genetic analysis of centenarians
016.12.010

human cell models concerning FOXO-by-tea-compounds interac-
tions, we  postulate that intake of tea compounds may activate
some of the FOXO gene expression, which in turn may  positively
affect cognitive function in the oldest-old population; we specu-

dx.doi.org/10.1016/j.mad.2016.12.010


 ING Model
M

1 ng and

l
a
F
o

u
d
e
f
h

6
A

g
a
1
t
m
i
3
A
4
i
i
2
w
a
d
c
i
c
2
s
r
l
b

a
h
l
c
m
p
a
p
g

7
s

d
p
e
i
t
s
a
i
g
s
l
M

ARTICLEAD-10908; No. of Pages 12

0 Y. Zeng et al. / Mechanisms of Agei

ate that tea drinking may  inhibit FOXO1A-209 gene expression
nd its biological functions, which reduces the negative impacts of
OXO1A-209 gene on longevity (as reported in the literature) and
ffers protection against mortality risk at oldest-old ages.

Our empirical findings imply that the health benefits of partic-
lar nutritional interventions, including tea drinking, may, in part,
epend upon individual genetic profiles, and the research on the
ffects of genetic-nutrient interactions could potentially be use-
ul for rejuvenation therapies in the clinic or community-based
ealthy aging intervention programs.

.2. Effects of interactions between social/behavioral factors and
DRB2 genotypes on health at advanced ages

Statistical analyses (including structural equation models) of
enotype/phenotype data from 877 CLHLS participants aged 90+
t the time of first interview in 1998 (94.4% of them died at ages
00+ before the 2014 wave) found that, adjusted for various poten-
ially confounding factors, carrying ADRB2-2718 or ADRB2-2719

inor alleles significantly reduced risk of negative emotion (feel-
ngs of uselessness, anxiety and loneliness) by 34% (p < 0.01) or
0%(p < 0.05), respectively. Interactions between ADRB2-2718 or
DRB2-2719 and negative emotion reduced cognitive function by
8% (P < 0.1) or 59% (P < 0.05), while the correlation between carry-

ng ADRB2-2718 or ADRB2-2719 minor allele and negative emotion
ndirectly increased cognitive function by 16% or 4% (Zeng et al.,
013). The findings reported in this article are generally consistent
ith other studies which demonstrated that ADRB2 genotypes are

ssociated with resistance to stresses, psychological disorders, and
epression (e.g., Yan et al., 2007; Pandey et al., 1987). The unique
ontribution by the CLHLS group is the first-time finding that
nteractions between ADRB2-2718 and regular exercise increased
ognitive function by 155% (p < 0.05); interactions between ADRB2-
718 or ADRB2-2719 and regular exercise increased likelihood of
elf-reported good health by 144% (p < 0.05) or 211% (p < 0.01),
espectively; and interactions between ADRB2-2719 and social-
eisure activities increased likelihood of self-reported good health
y 148% (p < 0.05) (Zeng et al., 2013).

It was discovered that the positive effects of regular exercise
nd social-leisure activities on cognitive function and self-reported
ealth were much stronger among carriers of ADRB2 minor alle-

es compared to non-carriers; the effect of negative emotion on
ognitive function was much stronger among carriers of ADRB2
inor alleles than in non-carriers. This could imply that health

romotion programs (such as regular exercise and social-leisure
ctivities) with appropriate considerations of individuals’ genetic
rofiles would yield increased benefits at reduced costs to the pro-
rams and their participants (Zeng et al., 2013).

. Discussion: looking forward further more in-depth
tudies

The data and research evidence reviewed in this article have
emonstrated promising progress in studies on demographic and
henotypic health characteristics of centenarians as well as the
ffects of genetic variants and GxE interactions on healthy longevity
n China. However, the results should be interpreted with cau-
ion due to inherent limitations. For example, like other GWAS
tudies on longevity, the major limitation of the CLHLS GWAS is

 lack of physiologically relevant model systems for further biolog-
cal and functional validation of the new findings. In the candidate
Please cite this article in press as: Zeng, Y., et al., Demographics, phen
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enes and GxE studies, we only examine the associations of genetic,
ocial/behavioral factors, and their interactions with exceptional
ongevity, rather than the mechanisms of how these factors work.

ore genotypic and phenotypic data with larger samples of all age
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groups among elderly population and advanced interdisciplinary
research across social and biomedical sciences are called for to
explore these mechanisms. More stringent tests of the significance,
replication and meta-analysis studies are warranted for deeper
understanding the effects of genetic variants and GxE interactions
on health outcome at old ages. Another example of the limitations
is evident in our FOXO-tea drinking interaction analyses. While
we know that Chinese people mostly drink green teas and prior
research demonstrated that consumption of green tea is associated
with reduced risk of cognitive decline at ages 60 and older (e.g.,
Feng et al., 2010), we did not have data on what types of tea the
participants drank. Furthermore, we  were not able to quantify the
intake of active ingredients such as EGCG and other tea catechins.
Last, because of gender differences in longevity, the sub-sample size
of male centenarians was not large enough so we included sex as
a covariate in our publications on genetic effects and GxE interac-
tions on healthy longevity; we have not yet published the detailed
analysis for the male and female oldest-old separately, which is
one of our ongoing research projects. These and other limitations
inherent in our published studies on centenarians in China will
need to be addressed in the near future based on forthcoming new
genotypic/phenotypic datasets for all elderly age groups with much
larger sample sizes for both genders.
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