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Abstract

Forkhead box O3 (FOXO3) is a candidate longevity gene. Urban residents are also positively associated with longer life expectancy. We 
conducted a gene–environment interaction to assess the synergistic effect of FOXO3 and urban/rural environments on mortality. We included 
3 085 older adults from the Chinese Longitudinal Healthy Longevity Survey. We used single-nucleotide polymorphisms (SNPs) rs2253310, 
rs2802292, and rs4946936 to identify the FOXO3 gene and classified residential locations as “urban” and “rural.” Given the open cohort 
design, we used the Cox-proportional hazard regression models to assess the mortality risk. We found the minor allele homozygotes of 
FOXO3 to have a protective effect on mortality (HR [95% CI] for rs4946936 TT vs CC: 0.807 [0.653–0.996]; rs2802292 GG vs TT: 0.812 
[0.67–0.985]; rs2253310 CC vs GG: 0.808 [0.667–0.978]). Participants living in urban areas had a lower risk of mortality (HR of the urban 
vs the rural: 0.854 [0.759–0.962]). The interaction between FOXO3 and urban and rural regions was statistically significant (pinteraction < .01). 
Higher air pollution (fine particulate matter: PM2.5) and lower residential greenness (Normalized Difference Vegetation Index [NDVI]) both 
contributed to higher mortality. After adjusting for NDVI and PM2.5, the protective effect size of FOXO3 SNPs was slightly attenuated while 
the protective effect size of living in an urban environment increased. The effect size of the beneficial effect of FOXO3 on mortality is roughly 
equivalent to that of living in urban areas. Our research findings indicate that the effect of places of residence and genetic predisposition of 
longevity are intertwined.
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Mammals have 4 Forkhead box O (FOXO) genes, including 
FOXO1, FOXO3, FOXO4, and FOXO6. FOXO proteins are im-
portant transcription factors. They turn stimuli arising from insulin, 
growth factors, nutrients, and oxidative stress into gene expressions 
(1). FOXOs are associated with longevity through the upregulation 
of target genes involved in stress resistance, metabolism, cell cycle 
arrest, and apoptosis (2). FOXO is thought to act against aging and 
age-related diseases, including cardiovascular disease, type 2 dia-
betes, cancer, and neurodegenerative diseases (3). Genetic variation of 
the FOXO3 gene and human longevity association were initially de-
scribed in a group of American Men of Japanese ancestry in Hawaii. 
The investigators found an odds ratio (OR) of 2.75 for homozygous 
minor versus homozygous major alleles between the longevity cases 
and controls of younger population (4). Subsequently, a plethora of 

studies in human populations showed FOXO3 to be associated with 
longevity and better health span across diverse human populations 
(5). The mechanism of the FOXO3 gene is complex and multifaceted. 
A previous review article suggests that genetic factors account for 
approximately one third of the variability in the human life span (6). 
Thus, FOXO3 is not necessarily deterministic for better healthspan, 
and its interaction with the environment may play a role. We pre-
viously reported the interaction between FOXO and residential  
greenness (7). So far, there are no other studies on the interaction of 
FOXO3 with urban environmental factors.

Empirical evidence points to urban residents having better health 
than their rural counterparts around the world, especially in devel-
oped countries (8,9). This could be due to better access to medical 
treatment, better sanitation, nutrition, education, and income. At 
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the same time, recent urbanization in developing countries often 
coincides with higher air pollution due to industrial activities and 
decreasing residential greenness because of city expansion. The ef-
fect of these environmental factors on premature mortality has been 
studied extensively. Air pollution is one of the highest causes of 
disability-adjusted life years globally, and residential greenness has 
been shown to be related to older adults’ health (10,11). Still, the 
global burden of disease for low greenness access lacks gene–envir-
onmental interaction evidence.

Because life span has complex environmental and genetic under-
pinnings, we aim to study the effects of FOXO3 and the urban–rural 
disparity on mortality. Our analysis considers demographic, lifestyle, 
and environmental (air pollution and residential greenness) factors. 
First, we aim to evaluate the main effect of FOXO3 and residence 
on mortality in a Chinese older population. Second, we aim to see if 
there is evidence of effect modification by air pollution or greenness 
levels. Third, we aim to look specifically at effect modification age 
and gender through interaction terms and stratified analyses.

Method

Study Population
We used the Chinese Longitudinal Healthy Longevity Survey 
(CLHLS) data. The study is an open cohort, with participants 
entering in 2008 and following up to 2014, surveyed roughly bienni-
ally. The geographical distribution encompassed 23 out of 34 prov-
inces in China, covering a wide range of urban and rural regions, 
with socioeconomic and climatic diversity. There were 3 554 parti-
cipants with genotype sequencing data first interviewed in 2008. We 
excluded 133 participants aged younger than 65 years or belonging 
to ethnic minorities and 336 participants with missing data in resi-
dence, environmental factors, and other covariates. The final study 
sample consisted of 3 085 participants.

Genotyping
Beijing Genomics Institute carried out a replication study for 13 228 
individuals using a well-designed and customized chip, targeting about 
27 000 longevity-phenotype-related single-nucleotide polymorphisms 
(SNPs) based on the prior CLHLS genome-wide association study. We 
extracted the FOXO3 genotypic data of the 2008 cohort from this rep-
lication study. The single SNP association analysis, genotype association 
analysis, linkage disequilibrium, and haplotype association analysis of 
CLHLS FOXO data were presented in a previous study (12). We used 
the same tagging SNPs rs4946936, rs2802292, and rs2253310 to iden-
tify the FOXO3 gene as theirs (12). We abbreviated them as FOXO3_
rs4946936, FOXO3_rs2802292, and FOXO3_rs2253310, respectively, 
in this study. The minor/major alleles were T/C for FOXO3_rs4946936, 
G/T for FOXO3_rs2802292, and C/G for FOXO3_rs2253310, 
respectively.

Environmental Exposure Assessment
There were 3 categories of residence in CLHLS: village, town, and 
city. We further classified “City” and “Town” as urban areas and 
“Village” as rural areas. Using each participant’s geographical resi-
dential location, we calculated greenness and air pollution exposures.

We used the Normalized Difference Vegetation Index (NDVI) 
with a 500-m radius around the residence to quantify the residential 
greenness. NDVI quantifies vegetation by measuring the difference 
between near-infrared (which vegetation strongly reflects) and red 
light (which vegetation absorbs). NDVI ranges from −1.0 to +1.0, 

with higher values indicating higher levels of vegetative density or 
more abundant greenness. Based on the satellite image from the 
Moderate-Resolution Imaging Spectroradiometer in the National 
Aeronautics and Space Administration’s Terra Satellite, we calcu-
lated NDVI from near-infrared radiation minus visible radiation div-
ided by near-infrared radiation plus visible radiation. We linked the 
individual’s residential address at the time of the interview with the 
imagery according to the longitude and latitude to get NDVI. We 
calculated the contemporaneous NDVI to assess acute exposure to 
greenness, defined as the nearest month NDVI to the month of death 
for individuals who had died or the last interview month for those 
alive or lost to follow-up (13).

Ground-level PM2.5 concentrations were estimated by combining 
aerosol optical depth retrievals from the National Aeronautics 
and Space Administration’s Moderate-Resolution Imaging 
Spectroradiometer, Multiangle Imaging Spectroradiometer, and Sea-
viewing Wide field-of-view Sensor satellite instruments; vertical pro-
files derived from the GEOS-Chem chemical transport model; and 
calibration to ground-based observations of PM2.5 using geograph-
ically weighted regression (14). The resultant PM2.5 concentration 
estimates were highly consistent (R²  =  0·81) with out-of-sample 
10-fold cross-validated PM2.5 concentrations from monitors (14). We 
matched the annual average PM2.5 concentrations in a 1 km × 1 km 
grid to each participant’s residence (15). We calculated the 3-year 
average PM2.5, which was found to have the strongest association 
with mortality among older adults in China (15).

Covariates
We included baseline age, gender, marital status, education, smoking 
status, drinking status, and physical activity (16,17). We classified 
marital status into 2 categories: Currently married and living with 
spouse as “married” and widowed/separated/divorced/never married/
married but not living with spouse as “not married.” We used the 
schooling year to evaluate education level. We divided the regular exer-
cise, smoking, and alcohol drinking status into 3 categories: “Current,” 
“Former,” and “Never.” For example, participants were asked, “Do you 
do exercise regularly at present (planned exercise like walking, playing 
balls, running, and so on)?” and/or “Did you do exercise regularly in 
the past?” We defined the regular exercise status as “Current” for par-
ticipants who answered “Yes” to the first question, “Former” for who 
answered “No” to the first question and “Yes” to the second question, 
and “Never” for who answered “No” to both questions.

Statistical Model
We conducted Cox-proportional hazard regression models for every 
FOXO3  SNPs (FOXO3_rs2253310, FOXO3_rs2802292, and 
FOXO3_rs4946936) and residence to evaluate their single effect 
on mortality. We assessed the interaction of FOXO3 SNPs and resi-
dence by adding their product term. We adjusted for age, gender, 
marital status, education, smoking status, drinking status, and phys-
ical activity in all models. We draw the adjusted survival curve based 
on the expected survival curves calculated based on the Cox model 
separately for subpopulations (18). As a sensitivity analysis, we add-
itionally adjusted for NDVI and PM2.5, FOXO3 × NDVI and resi-
dence × NDVI, or FOXO3 × PM2.5 and residence × PM2.5. We also 
examined their associations stratified by gender and age. We set the 
nominal significance level at 0.05. We presented the exact p value, 
adjusted hazard ratios (HRs), and 95% confidence intervals (CIs) to 
indicate the effect size of exposures on mortality. We used R 4.0.3 
and SAS university edition to perform all the analyses.
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Results

The baseline mean age of the 3 085 participants was 84.9 (SD: 11.3) 
years, 1 634 (53%) were female, and 32.3% lived in urban areas 
(classified as city or town). In 12 696 person-years of follow-up, 
we saw 1 439 mortality events. The distributions of the 3 SNPs of 
FOXO3 were even across populations of different demographic 
characteristics (except for age groups and gender), indicating men-
delian randomization. Participants in rural areas received fewer 
years of childhood education, reported a lower frequency of exer-
cise behavior, and lived around places with higher residential green-
ness than urban areas. The distribution of age, sex, marriage status, 
smoking, alcohol drinking, and ambient PM2.5 exposure level was 
similar between rural and urban residents (Table 1).

The major allele homozygote, heterozygote, and minor al-
lele homozygote proportion for FOXO3_rs4946936 were 54.3%, 
38.5%, and 7.2%, respectively, for FOXO3_rs2802292 were 50.3%, 
40.5%, and 9.2%, respectively, for FOXO3_rs2253310 were 50.9%, 
39.8, and 9.3%, respectively (Table 1). In Cox-proportion hazard re-
gression model, we adjust for age, sex, and lifestyle factors. We found 
the minor allele homozygotes of FOXO3 to be associated with pro-
tective effect against mortality compared to major allele homozygotes 
(HR [95% CI] for FOXO3_rs4946936 TT vs CC: 0.807 [0.653–
0.996], for FOXO3_rs2802292 GG vs TT: 0.812 [0.67–0.985], and 
for FOXO3_rs2253310 CC vs. GG: 0.808 [0.667–0.978]; Table 2).

As expected, those who lived in urban areas had a lower risk of 
mortality (HR [95% CI]: 0.854 [0.759–0.962]) compared to rural 
areas (Table 2). Correspondingly, higher contemporaneous NDVI 
was associated with a lower risk of mortality (HR [95% CI] for 0.1 
unit of NDVI: 0.885 [0.861–0.909]). Higher 3-year average PM2.5 
was associated with a higher risk of mortality (HR [95% CI] for 
each 10 μg/m³ increase of PM2.5: 1.13 [1.086–1.175]; Supplementary 
Table 1).

In our effect modification analysis, we found statistically signifi-
cant interactions between FOXO3 SNP minor allele homozygote 
and urban versus rural residential locations (Table 2). Interestingly, 
the protective effect of FOXO3 SNP minor allele homozygote was 
only evident in rural areas but not in urban areas (Table 3). A sig-
nificant interaction also existed between FOXO3 SNP and NDVI, 
but not between FOXO3 SNP and PM2.5. The protective effect of 
urban residence did not shown or reversed among those carrying 
two minor alleles (Table 4).

The adjusted Kaplan–Meier’s survival curve plots out the mortal-
ities over the years of follow-up for FOXO3 and residential locations 
(Figures 1 and 2). Residing in urban regions, higher contemporan-
eous NDVI, lower PM2.5, and minor allele homozygote of FOXO3 
had higher survival rates than their counterparts (Figure 1). Minor 
allele homozygote carriers of FOXO3_rs2802292 had a higher sur-
vival rate in rural areas than urban areas, and those nonminor allele 
homozygote carriers had a higher survival rate in urban areas than 
rural areas. For the combination of NDVI and FOXO3, minor al-
lele homozygote of FOXO3_rs2802292 had a higher survival rate 
than those without minor allele homozygote in high NDVI areas. At 
the same time, there was no significant difference among the geno-
types in the low NDVI area. The protective effect of the minor allele 
homozygote of FOXO3_rs2802292 was evident in the high PM2.5 
area, not in low PM2.5. The harmful effect of high PM2.5 showed 
only in participants without minor allele homozygote of FOXO3_
rs2802292 (Figure 2). Adjustment of NDVI and PM2.5 attenuated 
some effects (Supplementary Table 1).

After adding the term of FOXO3 × NDVI and residence × NDVI 
in the model, the interaction of FOXO3 and residence persisted. The 

interaction of FOXO3 and NDVI was significant, while there was 
no significant interaction between residence and NDVI. In the model 
with interaction terms of FOXO3 × residence, FOXO3 × PM2.5, and 
residence × PM2.5, the interaction of FOXO3 and residence persisted. 
The interaction of FOXO3 and PM2.5, residence and PM2.5 were both 
not significant. The 3-way interaction of gender × FOXO3 × resi-
dence was not significant. In the stratified analyses by gender, the 
main protective effect of FOXO only showed in the female, not in 
the male. The effect of residence was a little stronger in the male than 
the female. The interaction between FOXO3_rs2802292/rs2253310 
and residence was significant in the female and male, and the inter-
action between FOXO3_rs4946936 and residence was only signifi-
cant in the female (Supplementary Tables 2 and 3). In the stratified 
analyses by age, FOXO3 only showed a borderline protective effect 
on mortality risk among participants aged 85 or older, and urban 
living only had a protective effect among participants aged younger 
than 85. The interaction between FOXO3_rs2802292/rs2253310 
and residence was significant in both age groups (Supplementary 
Tables 4 and 5).

Discussion

By utilizing a longitudinal cohort design where our participants 
reside in diverse settings, we can ascertain and compare genetic and 
environmental effects. We found a significant effect of FOXO3 on 
mortality in a cohort of older individuals in China. We also found 
people living in urban areas had a protective impact on mortality 
compared to rural regions. While some people with FOXO3 minor 
allele have a genetic advantage in longevity, that advantage is similar 
to the benefit of living in an urban area, comparing the hazard ratios. 
In our stratified analyses, the effect of the gene was more pronounced 
in rural areas, females, and participants aged 85 or older.

Our study is the first to concurrently compare the effect of the 
environment and genetic determinants of longevity. On the envir-
onmental side, much empirical evidence points to urban residents 
having better health outcomes than rural residents in countries 
spanning both high, middle, and low-income levels. The number 
of people and the proportion of the world population now living 
in cities account for 55% of the world’s population (19). In China, 
urban residents account for 63.9% of the population (20). Cities can 
be a positive force for health, such as sanitation and water safety, 
access to medical care, and greater food diversity. Negative urban en-
vironmental factors that affect health include air and noise pollution, 
lack of green space, and toxic waste.

Environment, genetics, and stochastic processes all contribute to 
longevity. Our findings on FOXO3 replicated prior research findings 
of a strong protective effect, as FOXO3 has been associated with 
human longevity in many populations. The OR and 95% CI for the 
longevity of homozygous minor allele versus homozygous major al-
lele were 2.75 (1.51–5.02) for FOXO3_rs2802292 in a Japanese 
American men cohort (4), 2.44 (1.38–4.34) for rs2802288 (a proxy 
of FOXO3_rs2802292) in the Southern Italian Centenarian males 
(21), and 1.53 (1.06–2.21) for rs2802288 in a German population 
(22). The OR (95%CI) for the longevity of one or two minor alleles 
versus homozygous major allele carriers were 1.65 (1.19–2.30) in the 
male and 1.67 (1.27–2.18) in the female for FOXO3_rs2802292, 
and FOXO3_rs2253310 and FOXO3_rs4946936 had similar re-
sults in the Han Chinese population (12). These prior studies were 
of case–control (longevity vs nonlongevity) study design and all indi-
cated those carrying minor alleles of FOXO SNPs were more likely 
to be long-lived than those carrying major alleles. A CLHLS study 
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compared the centenarians and people who died before 100  years 
old in the follow-up and found those who carried the minor allele 
of any SNP of FOXO3_rs494693, FOXO3_rs2802292, FOXO3_
rs2253310 may have 62%–67% and 61%–73% higher probability 
of survival from middle age to age 100 years and older (23). In our 
prospective cohort study design, we confirmed the protective effect 
of FOXO3 SNPs in longitudinal cohort analyses (HRs were around 
0.8 for each of the 3 FOXO3 SNPs). The cohort study design of our 
analysis allows us to assess the relative effect and effect modification 
of environmental factors.

It is possible that the built environment can interact with the gene 
effect. We found the protective effect of FOXO3 SNP minor allele 
homozygote was only evident in rural areas but not in urban areas. 
Future studies are needed on the etiology of the effects of FOXO3 in 
residential locations. For the most part, rural residents are more sen-
sitive to air pollution than urban residents in China. Previous studies 
demonstrated that socioregional factors such as urban/rural resi-
dency might influence the expression of heritable tendencies related 
to alcohol use (24), schizophrenia (25), and subclinical depressive 
symptoms (26). These factors may be influential on FOXO3 gene ex-
pression, or that FOXO3 may modify the etiology of these diseases. In 
a previous study, we found that the association between FOXO3 SNP 
and mortality was more substantial in areas with higher greenness 
(7). In developed countries, indigenous adult all-cause mortality, cer-
vical cancer mortality, trauma mortality, and incidence of myocardial 
infarction were all significantly lower in urban areas than rural areas 
in a review on populations of Australia, Canada, New Zealand, and 
the United States (9). The rural mortality penalty is large and growing 
based on a study at the county level of the United States, and the 
findings indicated that the effects of rurality on mortality were not 
the result of spuriousness produced by place-based differences in race, 
education, income, and poverty (8). A review studied health in rela-
tion to aspects of urbanization across developing countries and found 
urbanization was positively but not significantly associated with life 
expectancy and urban–rural differences in mortality from communic-
able diseases depending on the disease studied (27). A previous study 
based on CLHLS 2002–2014 wave found that older adults in urban 
areas had 11% lower risks of mortality (HR = 0.89, p < .01) than 
their rural counterparts adjusting for demographic factors, and this 
association was explained away by socioeconomic factors (28). We 
confirmed the rural mortality penalty with a similar HR (HR [95% 
CI]: 0.854 [0.759–0.962]), and we found this association persisted 
after considering environmental factors including PM2.5 and NDVI.

Our study has many strengths. First, our study is nested within 
a large cohort study, which collected information on many poten-
tial confounders and lifestyle attributes of the study participants. 
Compared to many other genetic and health studies using a case–con-
trol study design, our findings should be more robust. Second, our 
study population is diverse and is spread throughout many different 
regions of China, covering a wide range of socioeconomic and cli-
matic regions. This diversity not only allows us to look for effect 
modification but also allows us to see dose–response relationships due 
to the heterogeneity of exposures. Third, our study has many years 
of follow-up, allowing us to calculate long-term follow-up effects. 
Fourth, our study is an early adopter of remote sensing technology in 
calculating environment exposures, which is less prone to bias.

Our study has several limitations due to the study design and 
resolution of data. First, while our research study is based on a 
large cohort, we do not have molecular insight into how air pol-
lution and residential greenness are interacting with FOXO3 on a 
genetic level or on a protein level. Second, our cohort is composed Ta
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of a group of older adults, which means we cannot generalize our 
findings to younger populations. Third, we did not consider the 
change of residence. Although the older adults were unlikely to 
move, the residence rurality can change after years’ follow-up. 

Future studies can evaluate the association between the time-
varying residence and mortality. Furthermore, our cohort resides 
in one country, so whether a similar relationship exists in other 
populations needs validation.

Table 3.  Hazard Ratios (95% CI) of FOXO3 SNPs on Mortality in the Interaction Model on the Condition of Rural and Urban Residence

Rural Areas Urban Areas

 n HR (95% CI) n HR (95% CI)

FOXO3_rs4946936     
  CC 1 114 Reference 560 Reference
  TC 831 0.932 (0.819–1.060) 357 0.959 (0.781–1.177)
  TT 145 0.657 (0.503–0.859)* 78 1.214 (0.86–1.713)
FOXO3_rs2802292     
  TT 1 037 Reference 515 Reference
  TG 863 0.958 (0.843–1.09) 385 0.929 (0.757–1.142)
  GG 190 0.646 (0.506–0.825)* 95 1.291 (0.943–1.767)
FOXO3_rs2802292    
  GG 1 048 Reference 521 Reference
  GC 850 0.943 (0.829–1.073) 379 0.918 (0.747–1.129)
  CC 192 0.644 (0.505–0.820)* 95 1.284 (0.938–1.758)

Notes: HR = hazard ratio; CI = confidence interval; SNP = single-nucleotide polymorphism. All models adjusted for baseline age, sex, education, marriage, 
smoking, alcohol drinking, and exercise.

*Denotes statistical significance.

Figure 1.  The adjusted survival curve of the residence, NDVI, PM2.5, and FOXO3 SNPs. Note:  The model was adjusted for baseline age, sex, schooling year, 
residence, marriage, exercise, smoking, and drinking alcohol. The adjusted survival curve was based on the average predictions for each stratum by using the 
R package survminer. NDVI = Normalized Difference Vegetation Index; PM = particulate matter. Full color version is available within the online issue.
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Conclusions

In our study cohort of older Chinese, we replicated the finding 
of a protective effect of FOXO3 against mortality. Our results 
indicated that FOXO3 and residence in urban environments have 
synergistic effects on health. Our epidemiology findings provide 
insight into possible activation hypotheses and gene–environment 
interactions.
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