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Abstract

Background: Existing literature indicates that ADRB2 gene is associated with health and longevity, but none of
previous studies investigated associations of carrying the ADRB2 minor alleles and interactions between ADRB2
genotypes and social/behavioral factors(GxE) with health outcomes at advanced ages. This study intends to fill in
this research gap.

Method: We conducted an exploratory analysis, using longitudinal survey phenotype/genotype data from 877
oldest-old aged 90+. To estimate association of GxE interactions with health outcome, adjusted for the potential
correlation between genotypes and social/behavioral factors and various other potentially confounding factors,
we develop and test an innovative three-step procedure which combines logistic regression and structural
equation methods.

Results: Interaction between regular exercise and carrying rs1042718 minor allele is significantly and positively
associated with good cognitive function; interaction between regular exercise and carrying rs1042718 or rs1042719
minor allele is significantly and positively associated with self-reported good health; and interaction between
social-leisure activities and carrying rs1042719 minor allele is significantly and positively associated with self-reported
good health. Carrying rs1042718 or rs1042719 minor alleles is significantly and negatively associated with negative
emotion, but the ADRB2 SNPs are not significantly associated with cognitive function and self-reported health.
Our structural equation analysis found that, adjusted for the confounding effects of correlation of the ADRB2 SNPs
with negative emotion, interaction between negative emotion and carrying rs1042718 or rs1042719 minor allele is
significantly and negatively associated with cognitive function. The positive association of regular exercise and
social-leisure activities with cognitive function and self-reported health, and negative association of negative
emotion with cognitive function, were much stronger among carriers of rs1042718 or rs1042719 alleles, compared
to the non-carriers.
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Conclusions: The results indicate significant positive associations of interactions between social/behavioral factors
and the ADRB2 genotypes with health outcomes of cognitive function and self-reported health, and negative
associations of carrying rs1042718 or rs1042719 minor alleles with negative emotion, at advanced ages in China.
Our findings are exploratory rather than causal conclusions. This study implies that near-future health promotion
programs considering individuals’ genetic profiles, with appropriate protection of privacy/confidentiality, would
yield increased benefits and reduced costs to the programs and their participants.

Keywords: Health aging, Oldest-old, Social/behavioral factors, ADRB2 genotypes, GxE Interactions,
Cognitive function, Self-reported health, Regular exercise, Social-leisure activities, Negative emotion
Background
The β-adrenergic system, which includes the β2-Adrenergic
Receptor gene (ADRB2), is critical to the regulation of
vascular tone [1], cell growth and apoptosis [2], lipid
metabolism [3], and immunoresponse [4]. It was recently
demonstrated in mice that the β-adrenergic system is
associated with lifespan and resistance to stress [5]. A
recent study of the Framingham Heart Study Offspring
cohort (mean age 36.4 for men and 36.0 for women) found
that the ADRB2 gene appears to be associated with a broad
range of aging-associated phenotypes, including cancers
at different sites, myocardial infarction, intermittent
claudication, and longevity [6]. They concluded that,
in an evolutionary context, the ADRB2 gene may play
an important systemic role in healthy aging that warrants
exploration in other populations. The authors stated,
however, that a major limitation of their study was
the very small sample of oldest-old individuals, preventing
generalization of their conclusion to advanced ages [7].
Based on genotype data from 963 long-lived Han

Chinese aged 90+ at baseline, most of whom survived to
age 100+, and 1,028 middle-age controls, our group’s
recent population association study identified two
synonymous single-nucleotide polymorphisms (SNPs) of
rs1042718 (C/A) and rs1042719 (G/C) that are signifi-
cantly associated with longevity, namely, survivorship
from middle-age to advanced ages (P = 0.001–0.0001,
adjusted for gender) [8]. However, our prior study did
not investigate associations of carrying the minor allele
of rs1042718 or rs1042719 to specific health outcomes
nor the association of interactions between genotypes
and social/behavioral factors with health outcomes at
advanced ages; we intend to address these research
questions in this article. We first present a brief review of
the relevant literature that sets up theoretically meaningful
hypotheses.
Previous studies have shown that the ADRB2 gene is

associated with both longevity and specific psychological
health outcomes; carriers are less likely to have panic
disorder [9], hostility [10], psychomotor agitation [11],
tension-anxiety [12], and depression [13]. The alleles of
the ADRB2 gene have recently been associated with
autism in child twins [14] as well as in the Autism
Genetic Resource Exchange (AGRE) cohort [15]. The
β2-adrenergic receptor has also been found to be associated
with Alzheimer’s disease [16,17].
Adrenergic receptor function or regulation is substantially

associated with various social/behavioural stressors, such as
physical or emotional stress [18,19], and hence interacts
with these factors to produce a phenotype vulnerable to
pathological states [19]. Several studies have investigated
associations of the ADRB2 gene and its interactions with
the genotypes and social/behavioural exposures with
survival among patients who suffered from specific
diseases. Although we have learned a lot from these
existing studies, they are limited by small sample sizes
with a range from 22 to 210 individuals [7,18,20-26].
It is clear that the existing literature indicates asso-

ciations of the ADRB2 gene with mental health, and
that interactions between the ADRB2 gene and social/
behavioral stressors (or stress releasers) may also be
associated with mental health. Based on the existing
literature and the genotype and phenotype data available
to us, we intend to address the following exploratory
research questions:

(1)Are carrying the minor alleles of ADRB2 SNPs
(rs1042718 or rs1042719) and its interactions with
regular exercise or social/leisure activities, which are
related to stress releasing, significantly associated
with health outcomes at advanced ages, measured
by cognitive function and self-rated health?

(2)Are carrying the rs1042718 or rs1042719 minor
allele significantly associated with negative emotion
(related to stress)? Are interactions between negative
emotion and carrying the rs1042718 or rs1042719
minor allele significantly associated with cognitive
function and self-rated health?

Note that some previous studies also indicated that, in
general, genetic impacts on health and longevity are
more profound at advanced ages [27], perhaps due to
some unobserved and un-investigated heterogeneities
including the effects of interactions between genetic and
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social/behavioural factors; but the other study found that
the effects of APOE4 on mortality diminishes with age
[28]. More importantly, the numbers of oldest-old have
been increasing much more dramatically than any
younger age groups in many countries while the
oldest-old much more likely need health and daily living
care. These facts imply that focusing on the oldest-old is a
useful way to investigate the effects of genetics and their
interactions with social/behavioural factors on healthy
aging. However, almost all previous studies in this field
focused on young and middle aged adults and few had
large numbers of oldest-old subjects. We will address
this limitation by examining genetic characteristics
and gene-environment interactions among oldest-old
adults in China.

Methods
Data sources
The phenotype and genotype data used in this study
come from the 1998 baseline survey of the Chinese
Longitudinal Healthy Longevity Survey (CLHLS). The
CLHLS 1998 baseline survey was conducted among
8,959 oldest-old participants aged 80 and older in a
randomly selected half of the counties and cities in
22 out of 31 provinces in China a [29]. Extensive data
were collected using an internationally standardized
questionnaire adapted to the Chinese cultural and social
context. Data included family structure, living arrange-
ments and proximity to children, disability status, physical
performance, self-rated health, life satisfaction, cognitive
function, chronic diseases, medical care, social and
leisure activities, diet, smoking, alcohol consumption,
psychological characteristics, economic resources, and
caregiving and family support [30].
The CLHLS 1998 baseline survey also collected blood

dry-spot samples from willing participants. Genotypic
data on the two SNPs of rs1042718 and rs1042719 were
produced following internationally standardized technical
procedures [8]. Details of the genotyping procedure; allelic
association analysis; genotypic association analysis with
dominant, recessive and additive models b; and the linkage
disequilibrium and haplotype association analysis were
presented in a previous article [8], and will not be re-
peated in this article. Here we present a new statis-
tical analysis using both the phenotype and genotype
data for 877 Han Chinese (576 women and 301 men)
aged 90+ c. Although the CLHLS also interviewed re-
spondents in various age groups, we only included
participants aged 90+ in this study because the focus
of this article is on advanced ages and the genotypic
data are unavailable for participants in other age
groups.
Careful evaluations, including reliability of coefficients

and factor analysis, have shown that the data quality of
the CLHLS surveys is reasonably good [29]. It has been
well-established and re-confirmed by a wide variety of
international comparative studies [31-33] that age reporting
of the Han Chinese population, including the oldest-old,
is relatively accurate due to the cultural tradition of
memorizing date of birth to determine important life
events such as dates of engagement, marriage, starting
to build a residential house, etc. This Chinese cultural
tradition was especially prevalent for those born more
than 90 years ago.
All of the genotypic and phenotypic data used in this

study are from participants who belong to the same
ethnic group of Han Chinese in China. Note that, unlike
the U.S. and other Western countries which received
many immigrants from other parts of the world and
involve relatively heterogeneous genetic compositions
even within the same racial group, China received very
few international immigrants in the past decades. The
Han Chinese thus represent a genetically homogenous
population, which is a comparative advantage to avoid
serious population stratification problems when study-
ing influences of genetics and gene-social/behavioral
interactions on health.
The Research Ethics Committees of Duke University and

Peking University granted approval for the Protection of
Human Subjects for each wave of the Chinese Longitudinal
Healthy Longevity Survey, including DNA sample col-
lection. The survey respondents gave informed consent
before participating.

Measurements
Dependent variables: health outcomes
Cognitive function measured by Mini-Mental State
Examination (MMSE) The MMSE, a global assessment
of cognitive function [34], was adapted to the Chinese
cultural context and was carefully tested in the pilot
survey [30]. The questionnaire includes 24 items regarding
orientation, registration, attention, calculation, recall and
language, with a total score ranging from 0 to 30 d.
Following the previously adopted practice in the litera-
ture, we use the MMSE cutoffs to define cognitive
function as “Good” (24+) “Moderate (21-23),” and
“Poor” (<21) e [30,35,36].

Self-reported health Self-reported health was measured
with the internationally standard question of “How do
you rate your health at present?” Five possible answers
included: very good, good, so so, bad, very bad, and not
able to answer. Self-reported health (SRH) is considered
to be good if the interviewee responds “good” or “very
good”; otherwise, it is considered to be poor. SRH has
often been used as an indicator of underlying health
status in population health research; dichotomized SRH
has been frequently used in previous studies [37-39].
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Studies have shown that SRH is associated with mor-
tality [40] and can be a better predictor of diverse
aspects of well-being than clinical factors among older
people [41,42].
Because all of the dependent variables used in this

study (MMSE and SRH) are subjective, we did not use
responses by proxy. Information on the independent
variables described below (except negative emotion) could
be provided by a proxy, such as an interviewee’s close
family member, if the interviewee could not respond. As
all of valid cases of the 877 oldest-old participants
analyzed in this study had self-reported MMSE, SRH
and negative emotion (the cases who were not able to
self-report these subjective measures were eliminated),
the proxy uses for the other non-subjective explanatory
variables in this sample are very rare.

Independent variables
Primary independent variable For each of the two
SNPs of rs1042718 and rs1042719, the presence or absence
of the minor allele is indicated by the label “carrier” if a
person carries 1 or 2 copies of the minor allele, or
“non-carrier” if he or she does not carry the minor
allele, based on the dominant model (see endnote b).
In addition to the primary independent variable, we
chose the following demographics and socioeconomic
variables as covariates.
Demographic and socioeconomic variables, including

age, gender, residence (rural vs. urban), and education
(less than one year schooling vs. ≥1 year of schooling f ).
Family support and connections, including marital

status and proximity to children. Marital status refers
to currently married vs. unmarried (including never-
married, divorced or widowed). Proximity to children
is measured dichotomously: participants who live with
their children or have at least one child living nearby
in the same village or on the same urban neighborhood
district, versus those who have neither co-resident
children nor children living nearby.
Behavioral and social participation factors, including

“negative emotion” (related to stress) and “regular exercise
and social/leisure activities” (related stress releasing).
Negative emotion is an unhealthy and psychologically

related social/behavioral factor associated with health
outcomes, as indicated in the literature which found
that, for example, negative emotion is negatively related
with cognitive function [43]. We constructed a measure
of negative emotion based on responses to three questions
asked in the CLHLS: (1) Do you often feel the older you
get, the more useless you are? (45.3% of oldest-old
answered yes); (2) Do you often feel fearful or anxious?
(14.6% of oldest-old answered yes); and (3) Do you often
feel lonely and isolated? (17.4% of oldest-old answered
yes). Interviewees who answered “always” or “often” for
these questions were regarded as “yes”; those who answered
“sometimes” “seldom” or “never” were regarded as “no”;
and those who were unable to answer the question were
excluded as missing cases. Note that the feeling of
uselessness is a symptom of negative emotion in the
Chinese cultural context. Anxiety and loneliness are
also typical indicators of negative emotion. The correlation
coefficients among these three indicators are rather high:
0.31 between anxiety and loneliness, 0.21 between useless-
ness and loneliness, and 0.18 between uselessness and
anxiety; all of them are highly significant (p < 0.0001). The
Cronbach’s alpha of these three indicators is 0.452, which
is relatively small due to small number of indicators. Given
that these three items have close inter-correlations and
they are all symptoms or indicators of negative emotion in
the Chinese cultural context, we use a variable named
“negative emotion” to summarize the information collected
from these three questions. Participants were coded as 1 if
they answered “yes” to at least one or more of the three
questions and 0 if they answered “yes” to none of the three
questions. Such a measure of negative emotion was
successfully employed, validated, and tested in our previous
publication [44].
Regular exercise is assessed by the following question:

“Do you exercise regularly at the present time?” Response
options are “yes” and “no,” coded 1 and 0, respectively. In
the CLHLS questionnaire and interviewers’ manual,
regular exercise is defined as “activities for the purpose of
improving health such as walking, playing ball, jogging,
Tai Ji, Qi Gong, etc., excluding housework.”
Social-leisure activities score is based on frequency of

participation in seven activities: personal outdoor activities,
gardening, raising domestic poultry/pets, playing cards or
mah-jongg, participating in organized social activities, read-
ing newspaper/books, and watching TV and/or listening to
the radio. Respondents who report engaging in the activity
once or more per week are coded 1; otherwise, coded as 0.
We then sum the seven scores (range from 0 to 7) and
dichotomize the social-leisure activities score as ≥2 vs. <2 g.
Note that the demographic and socioeconomic variables

included as covariates in our regression models and
discussed above are all associated with the dependent vari-
ables of health outcome being investigated, based on the
literature [45], our understanding of the Chinese social
context, and the previous publications using the CLHLS
datasets [29,44]. Thus, inclusion of these variables in the
regression may help to reduce or eliminate the potential
confounding bias. The sample distributions of the variables
included in our regression models are presented in Table 1.

Statistical models
We conducted logistic regressions (ordered or binary,
according to the measurement of the dependent variable)
to estimate the associations between carrying the ADRB2



Table 1 Sample distributions of the variables in this study, CLHLS 1998 baseline survey

Genotypes (dominant model, see endnote b) Proportion Other independent variables than genotypes Proportion (or mean)

Carriers of rs1042718 minor allele 0.56 Urban residence 0.31

Carriers of rs1042719 minor allele 0.72 1+ years of schooling 0.22

Health indicators Currently married 0.06

MMSE score 24+ 0.35 High proximity to children 0.77

MMSE score 21-23 0.14 Currently doing regular exercise 0.21

MMSE score <21 0.51 Mean of social/leisure activities score
(range: 0 to 7; 27.7% ≥2; 72.3% <2)

1.01

Self-reported poor health 0.45 Negative emotion 0.54

Note: The minimum/maximum age, mean age, and standard deviation for female subjects are 90/113, 98.6, and 3.34, respectively; the corresponding figures for
male subjects are 90/113, 101.0 and 2.78.
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minor alleles and the health outcome measured by
cognitive function (MMSE) and self-reported health.
Wald statistical tests confirmed that the proportional
odds ratio/parallel lines hypothesis is met in our ordered
logistic models.
Note that the estimates of the interactions between a

genotype (e.g., carrying or not-carrying the ADRB2
minor allele in this study) and a social/behavioral factor
(abbreviated as GxE hereafter) that are significantly
associated with a health outcome represent a synergistic
association. A significant synergistic association may not
exactly reflect the true association between GxE interaction
and the health outcome because the estimates may be
confounded by gene and social/behavioral correlations
(abbreviated as rGE hereafter). The rGE refers to the
possibility that certain genotypes are correlated to social/
behavioural risk factors and influence health outcomes
indirectly through these pathways [46]. To estimate the
association of GxE with health outcome, adjusted for the
potential correlation of rGE, we further develop and
empirically test in this article an innovative three-step
procedure which combines standard regression and
structural equations methods, based on ideas raised
(not tested) in our previous publication [47]:

Step 1: Estimate the synergistic association. One uses
standard regression methods (e.g. logistic
regressions) to estimate gene-social/behavioural
interaction terms, such as interaction terms between
carrying or not-carrying the ADRB2 minor allele and
regular exercise or social-leisure activities or
negative emotion in this study.

Step 2: Detect rGE. For all significant gene-social/behaviour
interaction terms (i.e., synergistic association)
discovered in Step 1, one uses Chi-squared test
(for discrete social/behavioural factors) or the ANOVA
model (for continuous social/behavioural factors) or
the multiple regression model adjusted for relevant
covariates to detect whether the rGE exists. In other
words, one tests whether the differences in exposure
to the social/behavioural factors (e.g. regular
exercise or social-leisure activities or negative
emotion in this study) between the carriers and
non-carriers of the targeted genotype (rGE) are
statistically significant.

Step 3: Path analysis for a deeper understanding.
For all significant rGE detected in Step 2, one
conducts path analysis employing structural
equation models, adjusted for various confounders,
to further explore the direct, indirect, and
interactive associations of the genetic and
social/behavioural factors with the health outcome
(see Figure 1 for the analytical framework).

The logistic regression analyses were performed using
STATA/SE 12.0; the structural equations analyses were
performed using M-Plus 6.1 [48].
Results
Logistic regression analysis on the associations between
carrying the ADRB2 minor alleles and the health
outcomes (direct effects)
Our logistic regression analysis shows that carrying the
rs1042718 or rs1042719 minor allele is not significantly
associated with cognitive function and self-reported health
at the conventional level (see models I and II in Table 2).
When the (ADRB2 genotype x negative emotion) inter-
action term is included in the regression models, carrying
the rs1042718 minor allele is associated with cognitive
function and self-reported health marginally at the p < 0.10
level (models I-A4 and II-A4 in Table 2), and carrying the
rs1042719 minor allele is associated with cognitive function
marginally at the p < 0.10 level (model I-B4 in Table 2).
Logistic regression analysis on association between the
GxE interactions and health outcomes (interactive effects)
Following the standard Aiken and West procedure
[49], we conducted blocked multiple regressions and
Chi-square tests to examine whether the difference in



Genotype

Social/behavioral factor

Health outcomerGE

Figure 1 Analytical framework to explore the genotype’s direct (pGH), indirect (pEH, through its correlation with social/behavioral
factors (rGE), and interactive (GxE) associations with heath outcome.
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likelihood ratios between the full models including the
interaction block (models -A2, -A3, -A4 and -B2, -B3, -B4
in Table 2) and the models without the interaction
block (models -A1 and -B1 in Table 2) are statistically
significant. Such tests also inform whether the block
of interactions included in the regression is statistically
significant. The results of these additional tests are listed
in the last three rows of Table 2 and are consistent with
the estimates of the statistical significance level of the
interaction terms of the regressions. The significant results
of these additional tests also imply that the likelihood of a
type I error in our estimates of the interaction terms may
be small [50].
The GxE interaction between carrying the rs1042718

minor allele and regular exercise is significantly and
positively associated with cognitive function (p <0.05;
model I-A2, Table 2) and self-reported good health
(p <0.05; model II-A2, Table 2). The GxE interaction
between carrying the rs1042719 minor allele and
regular exercise is also significantly and positively
associated with self-reported good health (p <0.01;
model II-B2, Table 2). Furthermore, GxE interaction
between carrying the rs1042719 minor allele and higher
social/leisure activities score is significantly and positively
associated with the likelihood of self-reported good health
(p <0.05; model II-B3, Table 2). We discovered that the
estimates of the GxE interaction terms between carrying
the rs1042718 or rs1042719 minor allele and negative
emotion were statistically significant (OR = 0.47 with
p <0.05 or OR = 0.45 with p <0.05).
The Chi-squared tests ruled out rGE correlation between

carrying the ADRB2 minor allele and regular exercise or
social/leisure activities (Tables 3 and 4). Thus, the estimates
of the GxE interaction terms between carrying the ADRB2
minor alleles and regular exercise or social/leisure ac-
tivities (ref. models I-A2, II-A2, II-B2 and II-B3 in Table 2)
discussed above represent the true associations between
the GxE interactions and the health outcome.

Path analysis employing the structural equations method
As shown in Tables 3 and 4, the Chi-squared tests show
that the rGE correlation between carrying ADRB2
minor alleles and negative emotion cannot be ruled
out (the estimates are marginally significant, p <0.1).
Moreover, we found that carrying the rs1042718 or
rs1042719 minor allele is significantly and negatively
associated with negative emotion (p <0.05), control-
ling for the socio-demographic characteristics of age,
gender, rural/urban residence, education, family/social
connections (marital status, proximity to children, and
social/leisure activities score) and health practice
(regular exercise) (see Table 5). Thus, the statistically
significant GxE interactive terms between the ADRB2
genotypes and negative emotion presented in models
I-A4 and I-B4 in Table 2 may be confounded by the
rGE correlation between carrying ADRB2 minor alleles and
negative emotion, and the ADRB2 genotypes may have an
indirect association with cognitive function through nega-
tive emotion (see Figure 1 and its associated discussions on
the three-step procedure in Section 2.3).
We conducted path analysis employing the structural

equations method to further explore ADRB2 genotype’s
direct association with MMSE, indirect association with
MMSE through its correlation (rGE) with negative
emotion, and the association between ADRB2 genotype-
negative emotion interactions and MMSE (see Section 2.3
and Figure 1 for the analytical framework). The estimates
of the odds ratios of the direct association of the ADRB2
genotypes with MMSE score and negative emotion based
on the structural equations (see Table 6) are pretty close
to the corresponding estimates of the odds ratios based on
logistic regressions (see Table 2). However, the structural
equations analysis provides additional new results and
insights. The odds ratios of indirect association between
carrying the rs1042718 or rs1042719 minor allele and
cognitive function through rGE correlation with negative
emotion is 1.12 or 1.04, respectively (see the last line
of Table 6). Although the M-Plus 6.1 software did not
provide an estimate of the p value of the indirect associ-
ation (= a x b, see Table 6), these odds ratios are unlikely
to be statistically significant because they are rather close
to 1.0. The results demonstrated that, after adjusting for
the confounding effects of the rGE correlation, the GxE
interaction between carrying the rs1042718 or rs1042719
minor allele and negative emotion is significantly and
negatively associated with cognitive function with an odds



Table 2 Odds ratios for associations with MMSE score and Self-reported health based on logistic regression analyses

Dependent variable MMSE score (Good/moderate/Poor) Self-reported good health

(Model I, based on ordered logistic regression) (Model II based on binary logistic regression)

Genotype included in model rs1042718 rs1042719 rs1042718 rs1042719

Model code I-A1 I-A2 I-A3 I-A4 I-B1 I-B2 I-B3 I-B4 II-A1 II-A2 II-A3 II-A4 II-B1 II-B2 II-B3 II-B4

rs1042718 carrier (non-carrier) 1.00 0.83 0.99 1.54* 1.12 0.91 1.03 1.57*

rs1042719 carrier (non-carrier) 1.04 0.96 1.04 1.65* 0.97 0.73 0.77 1.14

Male (female) 1.60** 1.61** 1.59** 1.56** 1.68*** 1.68*** 1.68*** 1.65** 1.42* 1.42 1.41 1.40 1.39 1.39 1.36 1.37

Urban (rural) 1.03 1.04 1.03 1.04 1.06 1.06 1.06 1.05 1.24 1.26 1.25 1.26 1.27 1.28 1.27 1.27

Age 0.97 0.97 0.97 0.96 0.97 0.97 0.97 0.97 1.03 1.03 1.03 1.03 1.03 1.04 1.03 1.03

≥ 1 year schooling (no) 1.91*** 1.85*** 1.91*** 1.98*** 1.85*** 1.82*** 1.85*** 1.92*** 0.85 0.82 0.85 0.87 0.90 0.86 0.93 0.91

Married (not married) 1.52 1.55 1.53 1.51 1.51 1.53 1.51 1.47 1.14 1.17 1.16 1.13 1.13 1.19 1.21 1.13

Close proximity to children (no) 0.89 0.88 0.89 0.86 0.87 0.87 0.87 0.84 0.93 0.93 0.93 0.91 0.92 0.92 0.92 0.91

Soc/leisure activity score ≥2 (<2) 1.94*** 1.92*** 1.89** 1.99*** 1.98*** 1.98*** 1.97** 1.97*** 2.18*** 2.16*** 1.86** 2.21*** 2.13*** 2.14*** 1.19 2.12***

Regular exercise (no) 1.87*** 1.21 1.87*** 1.91*** 1.86*** 1.44 1.86*** 1.90*** 1.77*** 1.05 1.76*** 1.79*** 1.79*** 0.71 1.77*** 1.80***

Negative emotion (no) 0.47*** 0.46*** 0.47*** 0.73 0.48*** 0.48*** 0.48*** 0.85 0.63*** 0.62*** 0.63*** 0.87 0.61*** 0.60*** 0.62*** 0.74

GxE interaction terms

ADRB2 x (exercise) 2.26** 1.44 2.68** 3.77***

p-value 0.026 0.358 0.013 0.002

ADRB2 x (social & leisure activity) 1.06 1.01 1.36 2.29**

p-value 0.873 0.978 0.398 0.034

ADRB2 x (negative emotion) 0.47** 0.45** 0.56* 0.77

p-value 0.014 0.022 0.076 0.474

LR chi2 4.96 0.03 6.02 0.84 0.00 5.23 6.20 0.72 3.15 9.61 4.47 5.94

Prob > chi2 (P) 0.03 0.87 0.01 0.36 0.98 0.02 0.01 0.40 0.08 0.00 0.03 0.48

−2LL (-2 log Likelihood) 1308.6 1303.6 1308.6 1302.6 1299.9 1299.1 1299.9 1294.7 907.5 901.3 906.8 904.4 901.1 891.5 896.6 900.6

Notes: (1) *p < 0.1, **p < 0.05, ***p < 0.01. For all interaction terms tested, we also listed the exact p values. (2) LR chi2 is computed using model -A1 or –B1 as the benchmark.
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Table 3 Chi-square tests to assess the correlations between
carrying rs1042718 minor allele and behavioral factors

Social/behavioral factor Regular exercise Negative emotion

Yes No Yes No

% carriers of rs1042718 allele 56.8% 55.3% 52.2% 59.3%

p of Chi-square test p = 0.723 p = 0.055

Conclusion concerning rGE rGE does not exist rGE exists marginally
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ratio of 0.47 (p <0.05) or 0.46 (p <0.05), respectively
(see Table 6) h, which are almost the same as those
estimated by the logistic regression (see Table 2).

A more intuitive way to present and interpret the
association between GxE interaction and the health
outcome
An interaction between a social/behavioral factor and
a genotype is present if the association between the
social/behavioral factor and a health outcome indicator
differs among individuals with different genotypes, or if the
association between the genotype and a health out-
come indicator differs among individuals with different
social/behavioral factors [45]. Consequently, in addition to
looking at the odds ratios of the GxE interaction terms
presented in Tables 2 and 6, another more intuitive way to
present and interpret the association between GxE
interaction and the health outcome is to compare the
relative risks of health outcome between those who
are exposed or not-exposed to the social/behavioural
factor within the group of carriers of the genotype
and within the group of non-carriers.
Table 7 shows that, among non-carriers of the rs1042718

minor allele, regular exercise was not significantly associ-
ated with increased odds ratios for cognitive function
or self-reported good health. Among carriers of
rs1042718 minor allele, however, regular exercise sub-
stantially increased the odds ratio associated with cog-
nitive function by 173.5% and the odds ratio associated
with self-reported good health by 181.4%. Table 8 shows a
similar pattern. Among non-carriers of the rs1042719
minor allele, regular exercise and social/leisure activity
were not significantly associated with odds ratios for
self-reported good health. Among carriers, regular
exercise substantially increased the odds ratio associated
with self-reported good health by 167.7% and a higher
social/leisure activities score increased the odds ratio
Table 4 Chi-square tests to assess the correlations between c

Social/behavioral factor Regular exercise

Yes No

% carriers of rs1042719 allele 71.4% 71.9%

p of Chi-square test p = 0.886

Conclusion concerning rGE rGE does not exist
associated with reporting good health by 172.5%. Clearly,
the positive associations of regular exercise and social-
leisure activities with cognition and self-reported good
health are much stronger among carriers of rs1042718 or
rs1042719 alleles, compared to non-carriers.
As shown in Table 9, among the non-carriers of

rs1042718 or rs1042719 minor allele, negative emotion
decreased the odds ratio associated with cognitive function
by -26.0% or -15% and the estimates are not statistically
significant. However, among the carriers of rs1042718 or
rs1042718 minor allele, negative emotion much more
substantially decreased the odds ratio associated with
cognitive function by -65.7% or -61.1% and the estimates
are statistically significant.

Discussion
The findings reported in this article are generally
consistent with the other studies which demonstrated
that ADRB2 genotypes were associated with resistance
to stresses [5], psychological disorders [9-13], and depres-
sion [56,57]. Our present study has made unique and useful
contributions to the literature in three aspects. First, this is
the first study on the associations of carrying the ADRB2
minor alleles and the GxE interactions with health out-
comes at advanced ages based on a relatively large sample
of 877 oldest-old participants aged 90+ i. Previous relevant
studies on humans in this sub-field focused on younger
adults (aged 20 to 70) and had very small sample sizes from
22 to 210 individuals (as reviewed in the introduction sec-
tion). Second, for the first time, our findings demonstrated
that some social/behavioral factors have much stronger
associations with cognitive function and self-rated health at
advanced ages among ADRB2 minor allele carriers com-
pared to non-carriers. This could imply that personalized
preventive medicine based on individuals’ genetic profiles,
while strictly protecting privacy, may be helpful in
increasing cost-effectiveness and efficiency to promote
healthy aging [58]. Third, in addition to estimating
the main/direct associations, we also estimated the indirect
associations of carrying the ADRB2 minor allele with
cognitive function, through its rGE correlation with
negative emotion. Adjusted for the confounding effects of
the rGE correlation, we estimated the association between
the GxE interaction [(carrying the ADRB2 minor allele)
x (negative emotion)] and cognitive function. To our
knowledge, this is the first such attempt based on our
arrying rs1042719 minor allele and behavioral factors

Soc/leisure activity Negative emotion

Score≥ 2 Score < 2 Yes No

70.3% 72.5% 69.0% 74.6%

p = 0.513 p =0.094

rGE does not exist rGE exists marginally



Table 5 Odds ratios of associations with negative emotion, based on binary logistic regression analysis

Dependent variable Negative emotion (yes or no)

Indepen-dent
variable

Carrier of ADRB2
allele (non-carrier)

Male
(female)

Urban
(rural)

Age ≥ 1 year
schooling(no)

Married
(not married)

Close proximity to
children (no)

Soc/leisure act.
score ≥2 (<2)

Regular
exercise (no)

rs1042718 0.69** 0.70* 0.86 1.03 1.08 1.5 0.91 0.67** 0.79

rs1042719 0.69** 0.74 0.86 1.02 1.03 1.47 0.93 0.69** 0.78

Note: *p < 0.1, **p < 0.05, ***p < 0.01. For all interaction terms tested.
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innovative three-step procedure which combines the
logistic regression and structural equations methods
(see Table 6) to explore the impacts of ADRB2 genotypes
on cognitive function.
Our study also has important limitations and unanswered

questions. We have only limited measures of self-rated
health outcome collected in the CLHLS, which is a typical
demographic and epidemiological survey focusing on deter-
minants of healthy longevity rather than a special medical
study. Furthermore, our exploratory association study did
not investigate the causal effects of biological mechanisms
underlying the new findings. Future investigations may
Table 6 Estimates of coefficients and odds ratios, based on th

Model SEM model including rs1042718
and negative emotion

Independent variable Coef.

Depend. Variable: MMSE
Score (Direct association)

rs1042718 carrier (no) c =0.45*

Age −0.04

Male (female) 0.42**

Urban (rural) 0.06

≥1 year of schooling (no) 0.72***

Married (not-married) 0.40

Social/leisure activity ≥2 (<2) 0.70***

Regular exercise (no) 0.66***

Negative emotion (no) b = -0.31

Significant GxE interaction

(rs1042718) x
(Negative emotion)

−0.75**

Depend. Variable: Negative
emotion (controlling for
the confounding effects)

rs1042718 carrier (no) a = -0.34**

Age 0.03

Male (female) −0.33

Urban (rural) −0.13

≥1 year of schooling (no) 0.08

Married (not-married) 0.38

Social/leisure activity ≥2 (<2) −0.37**

Regular exercise (no) −0.26

Indirect association
of ADRB2 with MMSE

Indirect association of carrying
rs1042718 with MMSE through
its rGE with negative emotion

a x b = (-0.34)
(-0.31) = 0.11

Note: (1) Following methodology of structural equations models concerning indirec
related explanatory variable [51-54], the indirect effects of carrying the ADRB2 mino
“a x b”. (2) *p < 0.1, **p < 0.05, ***p < 0.01.
answer why the positive associations of regular exercise and
social & leisure activities with cognition and self-rated
health, and the negative association of negative emotion on
cognition, are much stronger among carriers of the ADRB2
allele than among non-carriers. Because the combined
genotype and phenotype data were available for 877
oldest-old aged 90+ only, we restricted our present
study within the advanced age range and we are not able
to conduct replication and validation studies.
The biostatistics literature states that measuring multiple

health outcomes and explanatory factors can lead to
multiple comparisons and p values may need to be
e structural equations analysis

SEM model including rs1042719
and negative emotion

Odds
ratio

Independent variable Coef. Odds
ratio

1.58* rs1042719 carrier (no) c =0.51** 1.67**

0.96 Age −0.04 0.96

1.52** Male (female) 0.47** 1.59**

1.06 Urban (rural) 0.07 1.07

2.06*** ≥1 year of schooling (no) 0.69*** 2.00***

1.49 Married (not-married) 0.38 1.46

2.01*** Social/leisure activity ≥2 (<2) 0.69*** 2.00***

1.93*** Regular exercise (no) 0.65*** 1.92***

0.74 Negative emotion (no) b = -0.16 0.85

0.47** (rs1042719)x(Negative
emotion)

−0.77** 0.46**

0.71** rs1042719 carrier (no) a = -0.33* 0.72*

1.03 Age 0.02 1.02

0.72 Male (female) −0.28 0.76

0.88 Urban (rural) −0.13 0.88

1.08 ≥1 year of schooling (no) 0.03 1.03

1.46 Married (not-married) 0.36 1.44

0.69** Social/leisure activity ≥2 (<2) −0.34* 0.72*

0.77 Regular exercise (no) −0.26 0.77

x 1.12 = exp
(0.11)

Indirect association of carrying
rs1042719 with MMSE through
its rGE with negative emotion

a x b= (-0.33) x
(-0.13) = 0.04

1.04 = exp
(0.04)

t effects of the explanatory variable on the dependent variable via another
r allele on MMSE through its effects on negative emotion can be estimated by



Table 7 Differences in odds ratios (OREG) of MMSE score and self-reported health by social/behavioral exposure status(E)
and rs1042718 minor allele carrier status(G)

Dependent variable MMSE score Self-reported good health

(Model I-A2,ref. Table 2) (Model II-A2,ref. Table 2)

G: genotypic status E: regular exercise E: regular exercise

No Yes % difference No Yes % difference

(E = 0) (E = 1) E = 1 vs. 0 (E = 0) (E = 1) E = 1 vs. 0

ORE0 of Non-carrier rs1042718 (G = 0) 1.00 1.21 21.0% 1.00 1.05 5.0%

ORE1 of Carrier rs1042718 (G = 1) 0.83 2.27*** 173.5% 0.91 2.56*** 181.4%

GxE interaction 2.26** (1.10 ~ 4.62) 2.68** (1.23 ~ 5.85)

Notes: (1) The estimates of OR10, OR01 and the “odds ratio of GxE interactions (ORIT)” are taken from models I-A2 and II-A2 of logistic regression analysis presented
in Table 2. (2) *p < 0.1, **p < 0.05, ***p < 0.01. (3) Because ORIT = OR11/(OR10∙OR01) [48,55], OR11 = OR10 OR001 ORIT. However, we do not know the statistically
significant level (i.e., p value) of the OR11 estimated based on OR10, OR01 and ORIT normally produced by the statistical software. Thus, we alternatively estimated
OR10, OR01 and OR11 and their p values by setting up three exclusive dummy variables V10, V01 and V11 (without interaction term) in the regression equation:
V10 =1 if E = 1 and G = 0; V01 = 1 if E = 0 and G = 1; and V11 = 1 if E = 1 and G = 1, while considering V00 (E = 0 and G = 0) as the reference group. In such
alternative regression, the OR11, OR10, OR01 and their significant levels are estimated and the ORIT can be calculated based on estimates of the OR10, OR01 and
OR11. Note that the OR10, OR01, OR11 and ORIT estimated in such an alternative regression are exactly the same as those estimated in the normal procedure
(with two dummy variables and one interaction term) adopted by the statistical software.
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adjusted by the Bonferroni method or other similar method;
however, if the null hypotheses are not independent and the
multiple comparisons are complementary, then the p values
may not need to be corrected [59,60]. Our multiple logistic
regression and structural equations models estimates with a
statistical significance level of 1% (p < 0.01) or 5% (p < 0.05)
may not need to be corrected, because the two outcome
indicators and multiple explanatory factors in our case are
complementary and not independent of each other. For
example, both SNPs of rs1042718 and rs1042719 are highly
correlated and in strong linkage disequilibrium (70%) [8].
Accordingly, there is no need for correction of tests
of association with different SNPs. The two health
indicators (cognitive function and self-reported health)
are highly correlated, the social/behavioral factors (regular
exercise, social & leisure activity and negative emotion) are
highly correlated. Furthermore, in our exploratory study, in
which data are collected with an objective but not with a
pre-specified and confirmatory hypothesis, multiple test
adjustments are not strictly required [61]. Obviously, we
do not need to correct the p values in this study, because
the multiple tests involved are not independent each other
Table 8 Differences in odds ratios (OREG) of self-reported goo
exposure status(E) and rs1042719 minor allele carrier status(G

Dependent variable Self-reported good

(Model II-B2,ref. Ta

G: genotypic status E: regular exerci

No Yes

(E = 0) (E = 1)

ORE0 of Non-carrier rs1042719 (G = 0) 1.00 0.71

ORE1 of Carrier rs1042719 (G = 1) 0.73 1.95**

GxE interaction 3.77*** (1.63 ~ 8.7

Notes: (1) The estimates of OR10, OR01 and “GxE interactions” are taken from model
**p < 0.05, ***p < 0.01. (3) The same as note (3) in Table 7.
and our analyses are explanatory. We must be, however,
cautious in interpreting the estimates of our present study
and treat them as exploratory findings rather than any final
conclusive results because they could still involve some
false positive errors due to the multiple comparisons,
sample size, and lack of replication studies.

Conclusions
Our logistic regression analysis discovered that, adjusted
for various potentially confounding factors of demo-
graphics, socioeconomic status, family and social con-
nections/support, and health practice behaviors, the GxE
interaction between regular exercise and carrying the
rs1042718 minor allele is significantly associated with
cognitive function score (p <0.05); GxE interactions
between regular exercise and carrying rs1042718 or
rs1042719 minor allele are significantly associated
with self-reported good health (p <0.05 or p <0.01);
and GxE interactions between social-/leisure activities
and carrying rs1042719 minor allele are significantly
associated with self-reported good health (p <0.05)
(see Table 2).
d health by regular exercise and social/behavioral
)

health Self-reported good health

ble 2) (Model II-B3,ref. Table 2)

se E: social & leisure activity

% difference No Yes % difference

E = 1 vs. 0 (E = 0) (E = 1) E = 1 vs. 0

−29.0% 1.00 1.19 19.0%

167.7% 0.77 2.10*** 172.5%

2) 2.29**(1.07 ~ 4.92)

s II-B2 and II-B3 of logistic regression analysis presented in Table 2. (2) *p < 0.1,



Table 9 Differences in odds ratios (OREG) of MMSE score by negative emotion(E) and the minor allele carrier status(G)

rs1042718 rs1042719

G: genotypic status E: negative emotion G: genotypic status E: negative emotion

No Yes % difference No Yes % difference

(E = 0) (E = 1) E = 1 vs. 0 (E = 0) (E = 1) E = 1 vs. 0

OREG of non-carrier rs1042718 (G = 0) 1.00 0.73 −26.0% OREG of non-carrier rs1042719 (G = 0) 1.00 0.85 −15.0%

OREG of carrier rs1042718 (G = 1) 1.54* 0.53*** −65.7% OREG of carrier rs1042719 (G = 1) 1.65* 0.63* −61.1%

GxE interaction 0.47** (0.25 ~ 0.86) GxE interaction 0.45** (0.23-0.89)

Notes: (1) The estimates of OR10, OR01 and “GxE interactions” are taken from models I-A4 and I-B4 of logistic regression analysis presented in Table 2. (2) *p < 0.1,
**p < 0.05, ***p < 0.01. (3) The same as note (3) in Table 7.
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Our structural equations path analysis shows that GxE
interactions between negative emotion and carrying the
rs1042718 or rs1042719 minor allele are significantly
associated with cognitive function (p <0.05 or p <0.05).
We also found that carrying the rs1042718 minor allele or
rs1042719 minor allele is significantly associated with
negative emotion (p <0.05). The rGE correlation between
carrying the rs1042718 or rs1042719 minor allele and
negative emotion is indirectly associated with cognitive
function, but the estimates are not statistically significant
(see Table 6).
We also discovered that the associations between social/

behavioral factors (including regular exercise, social/leisure
activities and negative emotion) and cognitive function or
self-reported health are much stronger among carriers of
the ADRB2 minor alleles than among the non-carriers
(see Tables 7, 8, and 9). These findings imply that
health promotion programs considering individuals’
genetic profiles (with appropriate protection of privacy/
confidentiality) would yield increased benefits and reduced
costs to the programs and their participants.
As detailed in the discussion section, while we are satis-

fied with the interesting and unique findings reported in
this article, our study also has important limitations and
unanswered questions; our findings are typically explora-
tory rather than any kind of causal conclusions. Clearly,
additional in-depth epigenetics studies with more sophisti-
cated psychological indicators are needed to develop a
deeper understanding of the biological mechanisms and
causalities of how and why carrying the ADRB2 minor
alleles and their interactions with social/behavioral factors
may affect health outcome at old ages. Further studies
need to extend the analysis to explore the effects of GxG
interactions between ADRB2 genotypes and the other
genotypes associated with health and longevity at old ages
(e.g. APOE4 and FOXO genotypes), and to cover all
elderly age groups (i.e., from age 65 to 110) to fully
understand the process of healthy aging in a life
course perspective. We also hope that other studies
on healthy longevity involving similar or substantially
larger samples of the oldest-old aged 90+ will replicate
and validate our exploratory findings.
Endnotes
aThese 22 provinces are: Liaoning, Jilin, Heilongjiang,

Hebei, Beijing, Tianjing, Shanxi, Shaanxi, Shanghai, Jiangsu,
Zhejiang, Anhui, Fujian, Jiangxi, Shangdong, Henan, Hubei,
Hunan, Guangdong, Guangxi, Sichuan, Chongqing.

bIn a dominant model, any genotype that contains 1 or
2 copies of the minor allele is coded as 1; and otherwise
the genotype that does not contain copy of the minor
allele is coded as 0 (i.e. mm, Mm= 1, MM= 0. Here, M:
major allele, m: minor allele.). For the recessive model, the
homozygous mm genotype is coded as 1 and 0 other-
wise (i.e. mm= 1, Mm, MM= 0). In an additive model,
genotype MM is coded as 0, Mm, 1, mm, 2.

cNote that Zhao et al. [8] basically used genotype data
from 893 long-lived Han Chinese CLHLS participants’
blood dry-spot samples collected in 1998 at baseline of
CLHLS. At the final stage of revisions and resubmission
of the article, Zhao et al. added 70 long-lived individuals’
full blood samples collected from the normal health
examinations in the hospitals (rather than CLHLS), mostly
for some biological functional analysis to strengthen the
explanations of the results. Thus, the final total number of
long-lived samples was 963, as stated in Zhao et al. [8].
However, the lately-added 70 long-lived cases were NOT
CLHLS participants and the phenotype data needed for
the GxE analysis are not available from them, and thus we
did not include them in this paper. Furthermore, there are
16 long-lived CLHLS participants whose genotype data
are available but some of their main phenotypic vari-
ables are missing, and thus, we used 877 valid cases
of long-lived CLHLS participants in this study.

dMMSE is used internationally in healthy aging investi-
gations and works well in studies that are not specialized
psychological research.

eWe also tried the continuous MMSE scores, the four
categories (<10, 10-17, 18-23, > = 24) of MMSE scores
and the dichotomized MMSE scores. The results of the
continuous and the alternative classifications of MMSE
scores are generally consistent with the estimates
using the three categories of the MMSE scores, while
the significance level reduced moderately in the con-
tinuous model and slightly in the four categories and
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dichotomized models, as compared to the three-category
model we adopted.

fAbout 78% of the Chinese oldest-old aged 90+ had no
schooling.

gParticipation in the social-leisure activities depends
on senior adults’ interests and it is also subject to time
limit. Thus, it is not necessarily the case that the larger
number of social-leisure activities an elder participated
in, the more active he/she is, and it may not make
sense to use a continuous variable to measure the
social-leisure activities. After trying different combinations,
we found that dichotomization of the social-leisure
activities score as ≥2 vs. <2 is the best choice.

hNote that in the structural equation model (SEM) and
M-Plus software used for this study, one needs to create a
new variable for the interaction term between the genetic
variant and social/behavioral factor [51]. We use the max-
imum likelihood estimation with the Monte-Carlo option
to estimate the coefficient of the interaction term variable.

iWe conducted the statistical analysis models by pooling
males and females together, while controlling for gender
as a covariate. We also tried the logistic regression analysis
for males and females separately and the results are basic-
ally consistent with our presented two-genders combined
models; the statistical significance levels were reduced
substantially due to sample size reduction.
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