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Abstract

Cigarette smoking is among the leading risk factors for mortality and morbidity. While men

have a higher smoking prevalence, mechanistic experiments suggest that women are at

higher risk for health problems due to smoking. Moreover, the comparison of smoking

effects on multiple conditions and mortality for men and women has not yet been done in a

population-based group with race/ethnic diversity. We used proportional hazards models

and restricted mean survival time to assess differences in smoking effects by sex for multi-

ple health outcomes using data from the U.S. Health and Retirement Study (HRS), a popula-

tion-representative cohort of individuals aged 50+ (n = 22,708, 1992–2014). Men had

experienced more smoking pack-years than women (22.0 vs 15.6 average pack-years).

Age of death, onset of lung disorders, heart disease, stroke, and cancer showed dose-

dependent effects of smoking for both sexes. Among heavy smokers (>28 pack-years)

women had higher risk of earlier age of death (HR = 1.3, 95%CI:1.03–1.65) and stroke (HR

= 1.37, 95%CI:1.02–1.83). Risk of cancer and heart disease did not differ by sex for smok-

ers. Women had earlier age of onset for lung disorders (HR = 2.83, 95%CI:1.74–4.6), but

men risk due to smoking were higher (Smoking-Sex interaction P<0.02) than women. Pas-

sive smoke exposure increased risk of earlier heart disease (HR = 1.33, 95%CI:1.07–1.65)

and stroke (HR:1.54, 95%CI:1.07–2.22) for non-smokers, mainly in men. Smoking cessa-

tion after 15 years partially attenuated the deleterious smoking effects for all health out-

comes. In sum, our results suggest that women are more vulnerable to ever smoking for

earlier death and risk of stroke, but less vulnerable for lung disorders. From an epidemiologi-

cal perspective, sex differences in smoking effects are important considerations that could

underlie sex differences in health outcomes. These findings also encourage future mecha-

nistic experiments to resolve potential mechanisms of sex-specific cigarette smoke toxicity.

Implications

This study identifies new sex differences in health outcomes due to smoking exposures. Sex

differences in smoking hazards are often missed in epidemiological studies. Specifically,
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interactions between sex and smoking dosage have not been fully examined with respect to dif-

ferences in health outcomes in aging. Several rodent studies have evaluated sex differences in

responses to cigarette smoke to support further examination of these interactions in humans.

Critical gaps for future studies include sex differences in smoking responses at different life

stages (development vs adulthood vs aged); and the molecular mechanisms of sex interaction

with cigarette smoke.

Introduction

Smoking is a leading cause of global mortality (6.5 million excess deaths) [1]. While men

exhibit higher prevalence of smoking compared to women, studies have shown that women

smokers have worse outcomes. For instance, women smokers with lung cancer show higher

DNA adducts and mutation in P53 gene [2]. Sex-specific biological effects of cigarette smoke

are supported by experimental studies in mice. Chronically exposed female mice showed sig-

nificantly greater deficits than males in lung airway remodeling, increases in biomarkers for

oxidative stress, inflammation, [3] and allergic reactivity [4]. In epidemiological studies, female

smokers have shown higher risk for coronary heart disease [5], stroke [6], lung cancer [2, 7],

bladder cancer [8], and chronic obstructive pulmonary disease [9]. However, epidemiological

findings are mixed [10, 11]. Such discrepancies may be attributable to differences in the

method of quantifying smoking exposure, use of cross-sectional data, small sample sizes, and

use of younger cohorts when studying aging-related diseases.

Smoking hazards are dose-dependent [12], but we lack clear information on sex differences

in the dose-dependence [8]. Some studies have found excess risk for men in all-cause mortality

when cigarette dosage was quantified as the number of current cigarettes smoked per day [13].

In contrast, other reports on both sexes did not show a clear sex difference [14, 15].

Gender-specific health outcomes are even more obscure for individuals exposed to second-

hand smoke, which is estimated to cause 650,000 deaths globally [12]. The few studies examin-

ing sex differences in passive smoking effects are inconsistent. For example, men were more

vulnerable than women to passive smoking effects on risk of stroke in one study [16], whereas

the opposite was reported in others [17, 18].

The current study examines the sex-specific smoking effects on aging-related health out-

comes in the U.S. Health and Retirement Study (HRS), a large nationally representative U.S.

aging study that has surveyed participants for more than 22 years. The comparison for smok-

ing effects on males and females across multiple conditions and mortality has not yet been

done in a population-based group with race/ethnic diversity. To more precisely estimate

smoking dosage (vs. number of current cigarettes smoked per day), we calculated a pack-years

index to represent the lifetime smoking exposure for each individual. We also examined pas-

sive smoking impacts on non-smokers with ever smoking spouses. We focus on how sex alters

smoking hazards on the age of death and the onset of lung disorders, heart disease, stroke, and

cancer. We further discussed the benefits of smoking cessation for different health outcomes.

Evaluating these multiple outcomes allows us to examine the disease-specificity of smoking

and the sex interaction. Potential biological mechanisms are discussed for interpretation of

findings on sex and disease specificity.

Methods

Study population

Participants were a part of the 1992–2014 waves of the HRS, which is a nationally representa-

tive, longitudinal study of health and aging in the United States including adults (50+) and

their spouses [19]. HRS is a publicly available data and no new data was collected for our
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analysis. All HRS participants gave their consent to enter the study. The current analysis used

12 waves of data, collected every two years from 1992 through 2014. Respondent information

was obtained from the RAND 2014 HRS datafile, in addition to HRS Core data files for each

wave. The data were comprised of five HRS cohorts (the original HRS cohort born 1931–41,

Children Of the Depression born 1924–30, War Babies born 1942–47, Early Baby Boomers

born 1948–53, and Mid Baby Boomers born 1954–59), which are recruited in the study in

years 1992, 1998, 2004, or 2010 at ages 51–61 (S1–S3 Figs). The older AHEAD cohort was

excluded from the analysis due to its entry into HRS after age 70. Only 122 individuals from

AHEAD cohort who entered between ages 51–61 were included in the study. The original

HRS cohort has up to 22 years of follow-up and the Mid Baby Boomers had up to 4 years of fol-

low-up, which are the longest and shortest average years of follow-up in the cohorts (S1 Fig).

Outcome variables

Age of death was computed from the year of death variable in the RAND file (radyear), which

is based on the National Death Index and exit interviews with proxy respondents. Two vari-

ables were constructed for each of the health conditions: prevalence, which is a binary variable

for having been diagnosed with the condition; and age of onset, which is the earliest reported

age of the health problem. The incidence of specific diseases was based on the question

“whether or not a doctor has told the respondent that s/he had these conditions”. The age of

onset was extracted from the responses to “In what year (when) did you have or were diag-

nosed with the condition”. For individuals with no prior history of the condition, the age at

the wave of incidence was considered as the first age of onset for the condition. The health con-

ditions include: 1) Lung disorders including chronic bronchitis and emphysema but not

asthma; 2) Heart disease including heart attack, coronary heart disease, angina, congestive

heart failure or other heart problems; 3) Stroke or transient ischemic attacks (TIA); and 4)

Cancer which included any kind of cancer or malignant tumor, except for skin cancer.

Predictor variables

Lifetime exposure to smoking is indexed as lifetime pack-years smoked. The pack-year variable

is calculated as the multiplicand of reported average number of cigarette packs smoked daily

by lifetime years of smoking. Briefly, the earliest age of smoking was extracted from responses

to “How many years ago”, “what year”, or “what age did you start smoking?” The age of smok-

ing cessation was extracted from questions on “How many years ago”, “what year”, or “what

age did you stop smoking?” The earliest age reported for starting and the latest age for cessa-

tion were used for each individual to calculate total years of smoking (S4 Fig). Cigarettes

smoked per day were calculated from both the average of the reported number of cigarettes

per day at each wave for each individual, and the maximum number of cigarettes smoked dur-

ing the time in which the individual reported smoking the most (S4 Fig). Around 10,123 ever

smokers (44%) had at least one missing value for calculating pack-years. These individuals

included ever smokers with no reported age of start, former smokers with unknown age of ces-

sation, and ever smokers who did not report the number of cigarettes per day. Since this was a

large portion of the population, missing values were imputed using the average age of starting,

age of cessation, and number of cigarettes per day calculated from the 12,585 ever smokers

who had complete data. S5 Fig shows the number of individuals with or without data imputa-

tion in the analysis. The continuous pack-year variable (multiplicand of average daily packs

and years of smoking) was then classified into dosage quartiles for analysis. The reported

results are based on the whole data (imputed and non-imputed), however, sensitivity analysis

confirmed the same pattern of findings in the sub-population with no imputation (S2 Table).
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Passive smokers are defined as never smokers who lived with at least one smoker spouse.

The difference between the age of smoking cessation and the latest age in the study was defined

as years since smoking cessation in former smokers. This variable was converted to a categori-

cal variable as follows: <5, 5–15, >15 years of cessation.

The demographic characteristics for sex, race (White/Caucasian, Black/African American,

Other), and ethnicity (Hispanic/non-Hispanic) were extracted from the HRS RAND file. The

ethnicity variable was constructed from the self-reported race and ethnicity as follows: White

(non-Hispanic White), African American (non-Hispanic African American), Hispanic, and

Other (non-Hispanic others).

Statistical analysis

Hazard ratios (HRs) for sex, smoking pack-years, passive smoking were calculated using Cox

proportional hazard modeling for age of death, and onset of health conditions. The models

estimated time after age 50 to event, and included an interaction term for sex and smoking to

evaluate differences between men and women. All models were adjusted for ethnicity. The

HRs were also calculated in sex-stratified models for ever and passive smoking effects by sex.

The restricted mean survival time (RMST) of each group was calculated from the Cox propor-

tional hazard model. Survival curves were fitted for the sex-stratified data on the Cox models

that included a sex-smoking interaction term to estimate RMST of each group. The RMST can

be interpreted as the average of event-free survival time from 50 to 85 years old age that is

adjusted for ethnicity [20–22]. The analysis was done in R (version 3.5.3), using the survival

package. The Cox-proportional hazard formula is:

hðtÞ ¼ h0ðtÞexpðb1X1 . . .þ bpXpÞ

where h(t) represents expected hazard at age t; the h0(t) is the baseline hazard when all of the

predictors are 0; β, coefficients; X, the predictors which included sex, ethnicity, different cate-

gories of pack-years (or passive smoke), and sex interaction with each pack-year categories (or

passive smoke).

S3 and S4 Tables summarize the results of cox proportional hazard models with additional

controls for other confounders including years of education, and cohort. Adjusting for these

confounders did not affect the results on the smoking hazards.

Results

Demographics of the HRS sample with pack-year categories are in S1 Table. The 22 years of

the study included 22,708 age-eligible individuals, ages 50–85 years. Men and women had sim-

ilar age (mean baseline age, 66) and were balanced for most variables, with exceptions of a

female excess for passive smokers (10.7% of women vs. 6.3% of men), non-smokers (26.8% of

women vs. 19.7% of men), and medium smokers with 15–20 pack-years history (20.0% of

women vs. 15.0% of men). Men had a greater percentage of very high smokers with >28 pack-

years (25.7%) than women (13.3%). The health conditions with the highest and lowest preva-

lence were heart disease (26.0% in men, 22.0% in women) and lung disorders (5.9% in men,

7.0% in women).

Dose-dependent smoking hazard ratios (HR)

Ever smokers had consistent dose-dependent HR for earlier death, and earlier onset of lung

disorders, heart disease, and stroke for both men and women. Smoking-related HR for risk of

death and lung disorders were elevated even at the lowest smoking levels (0.03–15 pack-years)

(Table 1). The highest HR from ever smoking was observed for lung disorders, which ranged
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from 3.0 (95%CI 1.85–4.96) to 7.0 (95%CI 4.42–10.92), with HRs progressively increasing with

higher smoking dosage. Increase in smoking dosage from 15 to>28 pack-years caused a 20%

increase in the HR of earlier onset for heart disease and stroke: an HR = 1.2 (95%CI 1.06–1.41)

to 1.5 (95%CI 1.34–1.73). While smoking increased the risk of earlier onset of cancer (1.2, 95%

CI 1.07–1.45), there was no clear pattern of dose-dependence.

Sex-specific ever smoking hazards

Overall, women died at older ages than men and had later onset of specific health conditions

(Table 1). Women had a lower HR for earlier death (HR = 0.65, 95%CI 0.52–0.8) and earlier

diagnosis with heart disease (HR = 0.82, 95%CI 0.71–0.95). In contrast, women had a higher

HR for earlier onset of lung disorders than men (HR = 2.83, 95%CI 1.74–4.6).

Gender interactions with ever smoking varied by outcome and smoking dosage. For very

heavy smoking (> 28 pack-years) women had a higher HR for earlier death (HR = 1.3, 95%CI

1.03–1.65) and earlier stroke (HR = 1.37, 95%CI 1.02–1.83) than men (Fig 1A). In contrast,

women smokers showed a lower risk of earlier lung disorders diagnosed than men smokers,

particularly in low, medium and high smokers (Fig 1B). As noted above, women had a higher

main effect of lung disorders (HR = 2.8, 95%CI 1.74–4.6) than men. Level of smoking and sex

did not show a strong interaction on the outcomes of earlier onset for heart disease or cancer.

The sensitivity analysis in non-imputed smoking data showed similar but stronger sex interac-

tions with smoking hazards (S2 Table). Thus, in the main text, we describe the observed haz-

ards in the full sample.

The order of conditions based on earlier RMST age (an indicator of average event-free age),

is as follows: heart disease (men, RMST age 74.2; women, 75.3), cancer (men, 77.8; women,

77.1), death (men, 77.7; women, 79.3), stroke (men, 80.5; women, 82), and lung disorders

Table 1. Hazard ratios for age of death, and age of onset of lung disorders, heart disease, stroke and cancer according to lifetime smoking level and the interaction

with sex.

variable level HR (95%CI) Age of death Lung disorders Heart disease Stroke Cancer

Sex Men (ref)

Women 0.65 (0.52,0.8)��� 2.83 (1.74,4.6)��� 0.82 (0.71,0.95)�� 0.81 (0.64,1.02) 1.14 (0.97,1.34)

ethnicity White/Caucasian (ref)

African American 1.64 (1.53,1.77)��� 0.93 (0.8,1.07) 1.04 (0.97,1.12) 2.06 (1.87,2.27)��� 0.86 (0.79,0.94)��

Hispanic 1.04 (0.93,1.15) 0.79 (0.65,0.97)� 0.8 (0.73,0.88)��� 1.34 (1.16,1.54)��� 0.73 (0.66,0.82)���

Other 1.05 (0.86,1.28) 1.34 (0.99,1.81) 1.03 (0.87,1.21) 1.17 (0.89,1.54) 0.73 (0.59,0.91)��

Pack years Non-smokers (ref)

Low 1.38 (1.14,1.67)�� 3.03 (1.85,4.96)��� 1.1 (0.95,1.27) 1.21 (0.96,1.53) 1.17 (0.99,1.39)

Medium 1.45 (1.2,1.75)��� 3.07 (1.88,5)��� 1.22 (1.06,1.41)�� 1.24 (0.98,1.56) 1.22 (1.03,1.44)�

High 1.43 (1.2,1.71)��� 3.34 (2.09,5.35)��� 1.33 (1.16,1.51)��� 1.24 (1,1.54)� 1.12 (0.96,1.31)

Very high 2.24 (1.89,2.66)��� 6.95 (4.42,10.92)��� 1.52 (1.34,1.73)��� 1.52 (1.23,1.87)��� 1.25 (1.07,1.45)��

Women x Smoking interaction Low 1.1 (0.85,1.43) 0.44 (0.25,0.78)�� 1.19 (0.98,1.45) 0.96 (0.7,1.31) 0.87 (0.69,1.08)

Medium 1.02 (0.79,1.31) 0.42 (0.24,0.73)�� 0.95 (0.79,1.15) 1.01 (0.75,1.38) 0.79 (0.64,0.98)�

High 1.17 (0.92,1.49) 0.45 (0.26,0.76)�� 0.9 (0.75,1.08) 1.1 (0.83,1.47) 0.86 (0.7,1.06)

Very high 1.3 (1.03,1.65)� 0.56 (0.34,0.94)� 1.07 (0.89,1.28) 1.37 (1.02,1.83)� 0.98 (0.79,1.2)

Total N 22708 21486 22708 22695 22689

� p < 0.05,

�� p < 0.01,

��� p < 0.001

https://doi.org/10.1371/journal.pone.0234015.t001
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(men, 81.1; women, 79.2) (Fig 2A). RMST analysis showed that very high smoking (>28 pack-

years) has greater impact on women than men for earlier age of death (4.7 years earlier for

women, 4.1 years earlier for men), and stroke (2 years earlier for women, 1.1 years earlier for

men). Men showed greater vulnerability to smoking for the earlier age of onset for lung

Fig 1. Smoking hazards are modified by sex for earlier age of death, and earlier onset of lung disorders, and stroke.

A) The smoking pack-years hazard and Kaplan-Meier survival curves for all-cause mortality in men and women between

50–85 years old age in HRS. The hazard ratio (HR) of smoking pack-years (B) and passive smoke (C) on health outcomes.

HRs are calculated using Cox proportional hazard models separately by sex. �p-value<0.05 based on Wald test in the

models. The significant sex differences are based on the interaction terms in the full model and are indicated in each

figure. The stratified models were adjusted for ethnicity. The baseline effects of sex are reported in Tables 1 and 2.

https://doi.org/10.1371/journal.pone.0234015.g001
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disorders, particularly in smokers with less than 28 pack-years (women, -0.8 years; men, -1.3

years). Very heavy smoking had similar effects on the earlier onset of heart diseases and cancer

in both sexes (Heart diseases: women, -3.3 years, men, -3.1 years; Cancer: women -1.6 years,

men -1.5 years).

Passive smoking hazards

Passive smoking increased the risk of earlier onset of heart disease (HR = 1.3, 95%CI 1.07–

1.65) and stroke (HR = 1.5, 95%CI 1.07–2.22) (Table 2). Age of death and age of onset of lung

disorders, and cancer were not affected by passive smoking. In HRS, hazards of passive smoke

were close to those associated with very high smoking exposure for earlier onset for heart dis-

ease (HR Passive/Ever, 1.33/1.52; RMST Passive/Ever 77/75) and stroke (HR Passive/Ever,

1.54/1.52; RMST Passive/Ever, 82/80).

Based on Cox proportional hazard models, passive smoking effects were modified by sex

only for earlier age of stroke. Only passive smoking males showed an increase in the risk of ear-

lier age of stroke compared to females (Fig 1C). The RMST analysis showed 2 years earlier

onset for heart diseases (at around age 75), and 1.1 years earlier onset for stroke (at age 81)

only in male passive smokers (Fig 2B). Heart disease and stroke onset did not show any base-

line differences between male and female never smokers with non-smoker spouses.

Fig 2. Restricted mean survival time (RMST) of death and disease onset in men and women smokers. The

calculated RMST is based on Cox proportional hazard model of (A) smoking pack-years, and (B) passive smoke. The

results are reported as RMST±SEM. The lines are showing the number of years that was reduced by smoking from the

baseline RMST age in each sex.

https://doi.org/10.1371/journal.pone.0234015.g002
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Smoking cessation and health outcomes

Because ever smokers include both active and former smokers, we conducted sensitivity analy-

sis based on smoking status to examine the hazards of smoking and potential sex differences.

Former smokers were categorized by the number of years since cessation. Former smokers

with>15 years of cessation recovered from ever smoking hazards for earlier onset of stroke

(HR = 0.89, 95%CI 0.79–1.10) and cancer (HR = 1.08, 95%CI 0.93–1.25) (S5 Table). This

group of former smokers (>15 years cessation) were still at higher risk for lung disorders

(HR = 2.67, 95%CI 1.68–4.23) and heart disease (HR = 1.22, 95%CI 1.08–1.39) than the non-

smokers. Nonetheless, they were at lower risk compared to current smokers. Smoking cessa-

tion of>15 years also showed protective effects against mortality compared to non-smokers

(HR = 0.48, 95%CI 0.4–0.57) (S5 Table, Fig 3A).

Former smokers with fewer than 15 years of cessation showed increased risks for all health

outcomes compared to current smokers: earlier death (HR for current smokers vs. cessation

<5 years: 1.29 vs 6.26); lung disorders (4.3 vs 8.24); heart disease (1.29 vs 1.5); stroke (1.32 vs

2); cancer (1.14 vs 1.55). Former smokers with more than 15 years since cessation, on average

stopped smoking around age 55 (Fig 3B), which was at least 5 years earlier than the former

smokers who reported 10–15 years of cessation.

This sensitivity analysis did not enable us to detect sex differences in the health hazards of

current smokers. The effects of smoking cessation itself were modest in that they differed by

sex for only some health outcomes: earlier death and risk of lung disorders (S5 Table).

Discussion

Our findings show dose-dependent sex differences in smoking for premature mortality and

morbidity among a nationally-representative sample of U.S. adults. Women were more vulner-

able to ever smoking for premature death and stroke incidence. In contrast, for<28 pack-

years, men smokers had earlier lung disorders than women. The onset age of cancer and heart

disease in smokers did not differ by sex, even for very heavy smokers. Passive smoke exposure

indicated excess risk for men for earlier heart disease and stroke.

These findings for women are consistent with experimental studies. Mice chronically

exposed to cigarette smoke for 6 months had greater responses among females than males for

lung small airway remodeling and increased distal airway resistance. Corresponding

Table 2. Hazard ratios of age of death, and age of onset of lung disorders, heart disease, stroke and cancer according to passive smoke and the interaction with sex.

HR (95%CI) Age of death Lung disorders Heart disease Stroke Cancer

Sex Men (ref)

Women 0.73 (0.54,0.98) 2.92 (1.51,5.65)�� 0.89 (0.73,1.08) 1.02 (0.74,1.41) 1.33 (1.07,1.65)�

Ethnicity White/Caucasian (ref)

African American 1.37 (1.05,1.8)� 1.5 (0.95,2.39) 1.2 (1,1.43)� 2.93 (2.24,3.82)��� 0.8 (0.64,0.99)�

Hispanic 1.03 (0.75,1.42) 1.22 (0.72,2.05) 0.72 (0.57,0.9)�� 1.48 (1.05,2.09)� 0.76 (0.6,0.96)�

other 0.73 (0.37,1.42) 1.03 (0.37,2.83) 0.61 (0.39,0.96)� 1.16 (0.59,2.28) 0.5 (0.3,0.84)��

Smoking Never smokers (ref)

Passive Smokers 1 (0.72,1.38) 1.22 (0.5,2.95) 1.33 (1.07,1.65)� 1.54 (1.07,2.22)� 1.26 (0.97,1.64)

Women x passive smoking interaction 0.71 (0.46,1.1) 0.86 (0.32,2.29) 0.78 (0.58,1.05) 0.52 (0.32,0.84)�� 0.69 (0.5,0.96)�

Total N 5309 5201 5309 5305 5298

� p < 0.05,

�� p < 0.01,

��� p < 0.001

https://doi.org/10.1371/journal.pone.0234015.t002
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biomarkers included 2-fold increase in 3-nitrotyrosine (oxidative stress) and 1.5-fold increase

in transforming growth factor β (inflammation) [3]. In contrast, male mice of this study had

higher induction of genes mediating oxidative stress responses (Nrf2, Nqo1), and detoxifica-

tion (Cyp1a1, Cyp1b1). The role of sex steroids is shown by ovariectomy, which ameliorated

lung airway remodeling [4]. In other studies replacement of 17βc-estradiol (E2) decreased

autophagy and increased Nrf2 responses of hippocampus to cerebral ischemia [23]. Thus, ste-

roid hormones could underlie some of these sex differences to cigarette smoke.

Analysis of older birth cohorts from 1800–1935 in US and European counties showed

increasing excess adult mortality for men born after 1900 [24]. Around 30% of this excess in

men’s mortality was attributed to smoking; however, this analysis was restricted to using

smoking status (smokers vs non-smokers), as pack-years were not known. From this analysis

of HRS, we can infer that more of the excess male mortality observed in earlier historical

cohorts reflects the smoking behaviors of men. As we show that men smoked 30% more pack-

years than women (S1 Table, an average of 22.0 vs 15.6). Of key relevance, the current findings

now provide a characterization of individual smoking exposure and mortality for those born

after 1934.

In other studies, women smokers had 2-fold more DNA adducts or frameshift mutations in

the P53 gene than men smokers [2]. This higher DNA damage among women smokers was

also associated with a more accelerated risk of cancer and other age-related chronic diseases

[25, 26]. While the current study showed that smoking increased risk for earlier age of cancer,

it did not show a clear sex interaction. In sex stratified analysis, the risk of an earlier age of can-

cer onset was significant only for women smokers with very high pack-years, which is

Fig 3. Smoking cessation>15 years reduced the hazards of smoking on age of death in both men and women. A) Kaplan-Meier

survival curves for all-cause mortality in men and women between 50–85 years for smoking cessation status. B) Histogram and

average of age of smoking cessation in different groups of former smokers in HRS.

https://doi.org/10.1371/journal.pone.0234015.g003
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consistent with the women’s excess of mutations in lung cancer cited above [2, 7]. Future stud-

ies should examine sex-smoking interactions for specific cancer types.

Lung disorders in the current study included all chronic lung conditions other than asthma,

such as chronic bronchitis and emphysema. Thus, the assessment of the outcome includes

chronic obstructive pulmonary disease (COPD). North American regional studies have shown

men excess of COPD from cigarette smoking [27–29], which parallels our finding of greater

risk for earlier lung disorders onset in men smokers. These findings contradict those in mouse

models, that found only female responses in airway remodeling due to chronic exposure [3].

However, these mouse models may not represent older human ages. One concern in interpret-

ing these findings on lung conditions is the potential under-diagnosis of COPD in North

America, particularly for women [30]. Further experimental studies may resolve the sex-spe-

cific cigarette smoke effects for the onset of lung disorders at later ages.

Hazards of passive smoke were comparable to very high pack-years for earlier onset for

heart disease and stroke. Importantly, the chemical composition of side-stream (passive)

smoke differs from main-stream (inhaled) smoke, with much lower density of particles and

gases, by 10 to-100 fold [31]. However, per cigarette, side-stream smoke has 2- to 30-fold

higher concentrations of nicotine and organic toxins (benz[a]pyrene, and other polycyclic aro-

matic hydrocarbons); volatile hydrocarbons (ethene, propene); and N-nitrosamines; and gases

(carbon monoxide, nitric oxide) [31, 32]. Our recent studies on ambient air pollution particu-

late matter showed that chemical and physical characteristics of the particles can largely affect

the toxicity of air pollution samples with the same mass concentration [33, 34]. Thus, it is not

surprising that main-stream and second-hand smoke would diverge in toxicity and have dif-

ferent gender-specific effects. In HRS, men exposed to passive smoke had a higher risk of heart

disease and stroke than women. In a mouse model of prenatal exposure to passive smoke,

males had greater alteration in adult lung tidal volume [35].

Despite the well-documented magnitude of cigarette smoking hazards and decades of

research on potential carcinogens and other toxins, we have still a surprisingly limited under-

standing of sex interactions. This analysis revealed that sex-specific smoking effects depend on

the aging condition. The parallel experimental findings for sex differences in mice highlight

the possibility of broadly shared biological mechanisms. Further population-level analyses are

needed on sex differences in cigarette toxicity that may be shared with air pollution, including

diseases of arteries, lungs, and brain [36]. For example, lung cancer risk scales with pack-years

and air pollution levels of PM2.5 independently, while the combination has multiplicative syn-

ergies [37]. Further experimental studies of developmental and adult exposure to cigarette

smoke could include mice with transgenes for detoxification gene variants associated with vul-

nerability to air pollution, e.g. alleles of the glutathione S-transferase gene GSTP1 [38] and

MET receptor of tyrosine kinase [39].

In the last part of our analysis, we examined smoking hazards in former smokers by dura-

tion since cessation. These results suggested that smoking cessation before age 60 could attenu-

ate the smoking hazards for all our target health outcomes. However, quitting smoking after

age 60 was associated with additional stress and increased the risk of earlier death and other

outcomes compared to current smokers. This aging effect could represent the declining regen-

erative capacity of many tissues after middle-age [40, 41]. Little is known of how smoking

interacts with basic aging processes of cell senescence and systemic inflammation.

We must also consider whether spontaneous smoking cessation by older heavy smokers

was due to their recognition of underlying diseases. Former smokers with less than 20 years of

cessation had higher incidence of lung or prostate cancer than current smokers did [42–44]. In

the Canadian National Breast Screening Study, which includes 49165 women aged 40–59,
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those who quit smoking at older ages had a higher relative risk for lung cancer mortality than

current smokers with high number of cigarettes per day or years of smoking [44].

Chronic damage from heavy smoking cannot be recovered from simply by cessation. An

experimental study of male hypertensive rats modeled the long-term sequela of smoking (up

to at age 10 months) and identified persistent damage effects that did not reverse 10 months

after cessation [45]. Changes included higher mortality at age 21 months, and persistent

inflammation in several lung regions. Examining the smoking cessation in HRS enabled us to

characterize the complexity of smoking effects on health in the older population. However, we

are not able to draw strong conclusions about sex differences in the benefits of smoking cessa-

tion. Understanding this relationship necessitates a larger cohort that allows the inclusion of

both smoking status and smoking pack-years in one model. The benefits of smoking cessation

could depend on several factors such as age, sex, smoking dosage, underlying disease, and

other environmental risk factors.

Further studies of sex differences in response to cigarette smoke should consider physiolog-

ically distinct stages of the lifespan: development (0–18), young adulthood (18–35), middle-

age including post-menopause (36–60), and older ages when chronic diseases increase expo-

nentially (60+). For example, a mouse model of air pollution toxicity had attenuated responses

of lung and brain by middle-age (18 months) [46, 47]. We should also consider potential mid-

dle-aged survivor bias in older age cohorts such as HRS, which combines individuals in late-

middle age and older ages.

The current study examined the association of smoking and several aging-related condi-

tions in a nationally representative dataset with follow-up over two decades and a robust mea-

sure for exposure to different smoking doses over a lifetime. Cigarette smoke effects may

interact with diverse socioeconomic and environmental factors including birth cohort, diet

and lifestyle, and exposure to air and noise pollution. In HRS, we showed that additional con-

trols for years of education and birth cohort do not alter the smoking hazards or sex-specificity

of the findings (S3 and S4 Tables). However, this conclusion is obscured by the complexity of

the interaction between socio-economic status, cultural habits, genetic diversity, and cigarette

smoke toxicity. Moreover, our results can be affected by the quality of self-reported smoking

data. For example, former smokers reported a slightly higher history for the number of ciga-

rettes per day than current smokers (0.5 higher average cigarettes per day, S4 Fig). It is unclear

if such reporting captures true differences, or is due to reporting bias from former or current

smokers. A series of controlled experiments can disentangle the contribution of these individ-

ual confounders on the smoking hazards and also contribute to the development of a bio-

marker that can estimate true smoking dosage, such as DNA methylation levels [48]. Future

analyses of smoking effects on aging-related conditions should also consider interactions with

other biological (e.g. age) and environmental (e.g. outdoor and indoor ambient air pollution)

factors.

Despite the partially successful decrease of cigarette smoking in most developed countries,

Asian and African markets for tobacco are still growing, which anticipates the need for new

therapeutic and preventive measures with sex-specificity by age and life stage.

Supporting information

S1 Fig. Histogram of number of years of in different cohorts enrolled in HRS.

(DOCX)

S2 Fig. Histogram of year of birth of different cohorts enrolled in HRS.

(DOCX)

PLOS ONE Smoking, health, and gender in older people

PLOS ONE | https://doi.org/10.1371/journal.pone.0234015 June 4, 2020 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s002
https://doi.org/10.1371/journal.pone.0234015


S3 Fig. Histogram of year of recruitment for each cohort in HRS.

(DOCX)

S4 Fig. Box plot of average number of cigarettes per day, smoking years, and pack years of

17,399 men and women current or former smokers in HRS. The significance of difference

between current and former smokers was assessed by t-test. � p<0.05.

(DOCX)

S5 Fig. Histogram of the number of individuals with imputations used in creating the pack

year variable. In total, 12585 respondents had complete data, and 10123 respondents had at

least one missing variable that had to be imputed (e.g. age of start smoking, age of quitting

smoking, average daily cigarettes smoked).

(DOCX)

S1 Table. Demographic characteristics of the HRS sample, 1992–2014.

(DOCX)

S2 Table. Hazard ratios of age of death, and age of onset of lung disorders, heart disease,

and stroke according to ever smoking and the interaction with gender in data with no

imputation. This subpopulation showed a similar pattern but stronger sex-smoking interac-

tion for the age of death, heart disease, and cancer. Thus, the main text reported the results of

the whole population.

(DOCX)

S3 Table. Hazard ratios of age of death, and age of onset of lung disorders, heart disease,

and stroke according to ever smoking and the interaction with gender in data with no

imputation. Confounders: Years of education, Ethnicity.

(DOCX)

S4 Table. Hazard ratios of age of death, and age of onset of lung disorders, heart disease,

and stroke according to ever smoking and the interaction with gender in data with no

imputation. Confounders: Years of education, Cohort, Ethnicity.

(DOCX)

S5 Table. Hazard ratios of age of death, and age of onset of lung disorders, heart disease,

stroke and cancer according to years since quitting smoking and the interaction with sex.

(DOCX)

Author Contributions

Conceptualization: Amin Haghani, Thalida Em Arpawong, Caleb E. Finch, Eileen Crimmins.

Data curation: Amin Haghani.

Formal analysis: Amin Haghani.

Funding acquisition: Caleb E. Finch.

Investigation: Amin Haghani.

Methodology: Amin Haghani, Thalida Em Arpawong, Jung Ki Kim, Juan Pablo Lewinger,

Eileen Crimmins.

Project administration: Thalida Em Arpawong.

Resources: Eileen Crimmins.

PLOS ONE Smoking, health, and gender in older people

PLOS ONE | https://doi.org/10.1371/journal.pone.0234015 June 4, 2020 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234015.s010
https://doi.org/10.1371/journal.pone.0234015


Supervision: Eileen Crimmins.

Writing – original draft: Amin Haghani.

Writing – review & editing: Amin Haghani, Thalida Em Arpawong, Caleb E. Finch, Eileen

Crimmins.

References

1. Lelieveld J, Munzel T. Air pollution, chronic smoking, and mortality. Eur Heart J. 2019; 40(38):3204.

Epub 2019/06/24. https://doi.org/10.1093/eurheartj/ehz439 PMID: 31230068.

2. Kure EH, Ryberg D, Hewer A, Phillips DH, Skaug V, Baera R, et al. p53 mutations in lung tumours: rela-

tionship to gender and lung DNA adduct levels. Carcinogenesis. 1996; 17(10):2201–5. Epub 1996/10/

01. https://doi.org/10.1093/carcin/17.10.2201 PMID: 8895489.

3. Tam A, Churg A, Wright JL, Zhou S, Kirby M, Coxson HO, et al. Sex Differences in Airway Remodel-

ing in a Mouse Model of Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med.

2016; 193(8):825–34. Epub 2015/11/26. https://doi.org/10.1164/rccm.201503-0487OC PMID:

26599602.

4. Seymour BW, Friebertshauser KE, Peake JL, Pinkerton KE, Coffman RL, Gershwin LJ. Gender differ-

ences in the allergic response of mice neonatally exposed to environmental tobacco smoke. Dev Immu-

nol. 2002; 9(1):47–54. Epub 2002/10/02. https://doi.org/10.1080/1044667021000003989 PMID:

12353662.

5. Carnethon MR, Lynch EB, Dyer AR, Lloyd-Jones DM, Wang R, Garside DB, et al. Comparison of risk

factors for cardiovascular mortality in black and white adults. Arch Intern Med. 2006; 166(11):1196–

202. Epub 2006/06/15. https://doi.org/10.1001/archinte.166.11.1196 PMID: 16772247.

6. Thun MJ, Carter BD, Feskanich D, Freedman ND, Prentice R, Lopez AD, et al. 50-year trends in smok-

ing-related mortality in the United States. N Engl J Med. 2013; 368(4):351–64. Epub 2013/01/25.

https://doi.org/10.1056/NEJMsa1211127 PMID: 23343064.

7. Ryberg D, Hewer A, Phillips DH, Haugen A. Different susceptibility to smoking-induced DNA damage

among male and female lung cancer patients. Cancer Res. 1994; 54(22):5801–3. Epub 1994/11/15.

PMID: 7954403.

8. Castelao JE, Yuan JM, Skipper PL, Tannenbaum SR, Gago-Dominguez M, Crowder JS, et al. Gender-

and smoking-related bladder cancer risk. J Natl Cancer Inst. 2001; 93(7):538–45. Epub 2001/04/05.

https://doi.org/10.1093/jnci/93.7.538 PMID: 11287448.

9. Sorheim IC, Johannessen A, Gulsvik A, Bakke PS, Silverman EK, DeMeo DL. Gender differences in

COPD: are women more susceptible to smoking effects than men? Thorax. 2010; 65(6):480–5. Epub

2010/06/05. https://doi.org/10.1136/thx.2009.122002 PMID: 20522842.

10. Lam TH, Li ZB, Ho SY, Chan WM, Ho KS, Tham MK, et al. Smoking, quitting and mortality in an elderly

cohort of 56,000 Hong Kong Chinese. Tob Control. 2007; 16(3):182–9. Epub 2007/06/15. https://doi.

org/10.1136/tc.2006.019505 PMID: 17565138.

11. Yusuf HR, Giles WH, Croft JB, Anda RF, Casper ML. Impact of multiple risk factor profiles on determin-

ing cardiovascular disease risk. Prev Med. 1998; 27(1):1–9. Epub 1998/02/18. https://doi.org/10.1006/

pmed.1997.0268 PMID: 9465349.

12. Doll R, Peto R. Cigarette smoking and bronchial carcinoma: dose and time relationships among regular

smokers and lifelong non-smokers. J Epidemiol Community Health. 1978; 32(4):303–13. Epub 1978/

12/01. https://doi.org/10.1136/jech.32.4.303 PMID: 744822.

13. Fujisawa K, Takata Y, Matsumoto T, Esaki M, Ansai T, Iida M. Impact of smoking on mortality in 80-

year-old Japanese from the general population. Gerontology. 2008; 54(4):210–6. Epub 2008/06/19.

https://doi.org/10.1159/000138336 PMID: 18560238.

14. Newman AB, Sachs MC, Arnold AM, Fried LP, Kronmal R, Cushman M, et al. Total and cause-specific

mortality in the cardiovascular health study. J Gerontol A Biol Sci Med Sci. 2009; 64(12):1251–61. Epub

2009/09/03. https://doi.org/10.1093/gerona/glp127 PMID: 19723772.

15. Doll R, Peto R, Boreham J, Sutherland I. Mortality in relation to smoking: 50 years’ observations on

male British doctors. BMJ. 2004; 328(7455):1519. Epub 2004/06/24. https://doi.org/10.1136/bmj.

38142.554479.AE PMID: 15213107.

16. Bonita R, Duncan J, Truelsen T, Jackson RT, Beaglehole R. Passive smoking as well as active smoking

increases the risk of acute stroke. Tob Control. 1999; 8(2):156–60. Epub 1999/09/09. https://doi.org/10.

1136/tc.8.2.156 PMID: 10478399.

PLOS ONE Smoking, health, and gender in older people

PLOS ONE | https://doi.org/10.1371/journal.pone.0234015 June 4, 2020 13 / 15

https://doi.org/10.1093/eurheartj/ehz439
http://www.ncbi.nlm.nih.gov/pubmed/31230068
https://doi.org/10.1093/carcin/17.10.2201
http://www.ncbi.nlm.nih.gov/pubmed/8895489
https://doi.org/10.1164/rccm.201503-0487OC
http://www.ncbi.nlm.nih.gov/pubmed/26599602
https://doi.org/10.1080/1044667021000003989
http://www.ncbi.nlm.nih.gov/pubmed/12353662
https://doi.org/10.1001/archinte.166.11.1196
http://www.ncbi.nlm.nih.gov/pubmed/16772247
https://doi.org/10.1056/NEJMsa1211127
http://www.ncbi.nlm.nih.gov/pubmed/23343064
http://www.ncbi.nlm.nih.gov/pubmed/7954403
https://doi.org/10.1093/jnci/93.7.538
http://www.ncbi.nlm.nih.gov/pubmed/11287448
https://doi.org/10.1136/thx.2009.122002
http://www.ncbi.nlm.nih.gov/pubmed/20522842
https://doi.org/10.1136/tc.2006.019505
https://doi.org/10.1136/tc.2006.019505
http://www.ncbi.nlm.nih.gov/pubmed/17565138
https://doi.org/10.1006/pmed.1997.0268
https://doi.org/10.1006/pmed.1997.0268
http://www.ncbi.nlm.nih.gov/pubmed/9465349
https://doi.org/10.1136/jech.32.4.303
http://www.ncbi.nlm.nih.gov/pubmed/744822
https://doi.org/10.1159/000138336
http://www.ncbi.nlm.nih.gov/pubmed/18560238
https://doi.org/10.1093/gerona/glp127
http://www.ncbi.nlm.nih.gov/pubmed/19723772
https://doi.org/10.1136/bmj.38142.554479.AE
https://doi.org/10.1136/bmj.38142.554479.AE
http://www.ncbi.nlm.nih.gov/pubmed/15213107
https://doi.org/10.1136/tc.8.2.156
https://doi.org/10.1136/tc.8.2.156
http://www.ncbi.nlm.nih.gov/pubmed/10478399
https://doi.org/10.1371/journal.pone.0234015


17. McGhee SM, Ho SY, Schooling M, Ho LM, Thomas GN, Hedley AJ, et al. Mortality associated with pas-

sive smoking in Hong Kong. BMJ. 2005; 330(7486):287–8. Epub 2005/01/29. https://doi.org/10.1136/

bmj.38342.706748.47 PMID: 15677632.

18. McElduff P, Dobson AJ, Jackson R, Beaglehole R, Heller RF, Lay-Yee R. Coronary events and expo-

sure to environmental tobacco smoke: a case-control study from Australia and New Zealand. Tob Con-

trol. 1998; 7(1):41–6. Epub 1998/08/26. https://doi.org/10.1136/tc.7.1.41 PMID: 9706753.

19. Sonnega A, Faul JD, Ofstedal MB, Langa KM, Phillips JW, Weir DR. Cohort Profile: the Health and

Retirement Study (HRS). Int J Epidemiol. 2014; 43(2):576–85. Epub 2014/03/29. https://doi.org/10.

1093/ije/dyu067 PMID: 24671021.

20. Royston P, Parmar MK. Restricted mean survival time: an alternative to the hazard ratio for the design

and analysis of randomized trials with a time-to-event outcome. BMC Med Res Methodol. 2013; 13:152.

Epub 2013/12/10. https://doi.org/10.1186/1471-2288-13-152 PMID: 24314264.

21. Uno H, Claggett B, Tian L, Inoue E, Gallo P, Miyata T, et al. Moving beyond the hazard ratio in quantify-

ing the between-group difference in survival analysis. J Clin Oncol. 2014; 32(22):2380–5. Epub 2014/

07/02. https://doi.org/10.1200/JCO.2014.55.2208 PMID: 24982461.

22. Kim DH, Uno H, Wei LJ. Restricted Mean Survival Time as a Measure to Interpret Clinical Trial Results.

JAMA Cardiol. 2017; 2(11):1179–80. Epub 2017/09/07. https://doi.org/10.1001/jamacardio.2017.2922

PMID: 28877311.

23. Li L, Chen J, Sun S, Zhao J, Dong X, Wang J. Effects of Estradiol on Autophagy and Nrf-2/ARE Signals

after Cerebral Ischemia. Cell Physiol Biochem. 2017; 41(5):2027–36. Epub 2017/04/19. https://doi.org/

10.1159/000475433 PMID: 28419990.

24. Beltran-Sanchez H, Finch CE, Crimmins EM. Twentieth century surge of excess adult male mortality.

Proc Natl Acad Sci U S A. 2015; 112(29):8993–8. Epub 2015/07/08. https://doi.org/10.1073/pnas.

1421942112 PMID: 26150507.

25. Lodato MA, Walsh CA. Genome aging: somatic mutation in the brain links age-related decline with dis-

ease and nominates pathogenic mechanisms. Hum Mol Genet. 2019. Epub 2019/10/04. https://doi.org/

10.1093/hmg/ddz191 PMID: 31578549.

26. Sun S, Osterman MD, Li M. Tissue specificity of DNA damage response and tumorigenesis. Cancer

Biol Med. 2019; 16(3):396–414. Epub 2019/10/01. PMID: 31565474.

27. Anderson DO, Ferris BG Jr., Zickmantel R. The Chilliwack Respiratory Survey, 1963. Iv. The Effect of

Tobacco Smoking on the Prevalence of Respiratory Disease. Can Med Assoc J. 1965; 92:1066–76.

Epub 1965/05/15. PMID: 14281089.

28. Lebowitz MD. Smoking habits and changes in smoking habits as they relate to chronic conditions and

respiratory symptoms. Am J Epidemiol. 1977; 105(6):534–43. Epub 1977/06/01. https://doi.org/10.

1093/oxfordjournals.aje.a112417 PMID: 868857.

29. Forey BA, Thornton AJ, Lee PN. Systematic review with meta-analysis of the epidemiological evidence

relating smoking to COPD, chronic bronchitis and emphysema. BMC Pulm Med. 2011; 11(1):36. Epub

2011/06/16. https://doi.org/10.1186/1471-2466-11-36 PMID: 21672193.

30. Chapman KR, Tashkin DP, Pye DJ. Gender bias in the diagnosis of COPD. Chest. 2001; 119(6):1691–

5. Epub 2001/06/16. https://doi.org/10.1378/chest.119.6.1691 PMID: 11399692.

31. Lofroth G. Environmental tobacco smoke: overview of chemical composition and genotoxic compo-

nents. Mutat Res. 1989; 222(2):73–80. Epub 1989/02/01. https://doi.org/10.1016/0165-1218(89)

90021-9 PMID: 2645518.

32. Schramm S, Carre V, Scheffler JL, Aubriet F. Analysis of mainstream and sidestream cigarette smoke

particulate matter by laser desorption mass spectrometry. Anal Chem. 2011; 83(1):133–42. Epub 2010/

12/04. https://doi.org/10.1021/ac1019842 PMID: 21126024.

33. Haghani A, Johnson R, Safi N, Zhang H, Thorwald M, Mousavi A, et al. Toxicity of urban air pollution

particulate matter in developing and adult mouse brain: Comparison of total and filter-eluted nanoparti-

cles. Environ Int. 2020; 136:105510. Epub 2020/02/01. https://doi.org/10.1016/j.envint.2020.105510

PMID: 32004873.

34. Zhang H, Haghani A, Mousavi AH, Cacciottolo M, D’Agostino C, Safi N, et al. Cell-based assays that

predict in vivo neurotoxicity of urban ambient nano-sized particulate matter. Free Radic Biol Med. 2019;

145:33–41. Epub 2019/09/23. https://doi.org/10.1016/j.freeradbiomed.2019.09.016 PMID: 31542466.

35. Noel A, Xiao R, Perveen Z, Zaman H, Le Donne V, Penn A. Sex-specific lung functional changes in

adult mice exposed only to second-hand smoke in utero. Respir Res. 2017; 18(1):104. Epub 2017/06/

28. https://doi.org/10.1186/s12931-017-0591-0 PMID: 28651580.

36. Forman HJ, Finch CE. A critical review of assays for hazardous components of air pollution. Free Radic

Biol Med. 2018; 117:202–17. Epub 2018/02/07. https://doi.org/10.1016/j.freeradbiomed.2018.01.030

PMID: 29407794.

PLOS ONE Smoking, health, and gender in older people

PLOS ONE | https://doi.org/10.1371/journal.pone.0234015 June 4, 2020 14 / 15

https://doi.org/10.1136/bmj.38342.706748.47
https://doi.org/10.1136/bmj.38342.706748.47
http://www.ncbi.nlm.nih.gov/pubmed/15677632
https://doi.org/10.1136/tc.7.1.41
http://www.ncbi.nlm.nih.gov/pubmed/9706753
https://doi.org/10.1093/ije/dyu067
https://doi.org/10.1093/ije/dyu067
http://www.ncbi.nlm.nih.gov/pubmed/24671021
https://doi.org/10.1186/1471-2288-13-152
http://www.ncbi.nlm.nih.gov/pubmed/24314264
https://doi.org/10.1200/JCO.2014.55.2208
http://www.ncbi.nlm.nih.gov/pubmed/24982461
https://doi.org/10.1001/jamacardio.2017.2922
http://www.ncbi.nlm.nih.gov/pubmed/28877311
https://doi.org/10.1159/000475433
https://doi.org/10.1159/000475433
http://www.ncbi.nlm.nih.gov/pubmed/28419990
https://doi.org/10.1073/pnas.1421942112
https://doi.org/10.1073/pnas.1421942112
http://www.ncbi.nlm.nih.gov/pubmed/26150507
https://doi.org/10.1093/hmg/ddz191
https://doi.org/10.1093/hmg/ddz191
http://www.ncbi.nlm.nih.gov/pubmed/31578549
http://www.ncbi.nlm.nih.gov/pubmed/31565474
http://www.ncbi.nlm.nih.gov/pubmed/14281089
https://doi.org/10.1093/oxfordjournals.aje.a112417
https://doi.org/10.1093/oxfordjournals.aje.a112417
http://www.ncbi.nlm.nih.gov/pubmed/868857
https://doi.org/10.1186/1471-2466-11-36
http://www.ncbi.nlm.nih.gov/pubmed/21672193
https://doi.org/10.1378/chest.119.6.1691
http://www.ncbi.nlm.nih.gov/pubmed/11399692
https://doi.org/10.1016/0165-1218(89)90021-9
https://doi.org/10.1016/0165-1218(89)90021-9
http://www.ncbi.nlm.nih.gov/pubmed/2645518
https://doi.org/10.1021/ac1019842
http://www.ncbi.nlm.nih.gov/pubmed/21126024
https://doi.org/10.1016/j.envint.2020.105510
http://www.ncbi.nlm.nih.gov/pubmed/32004873
https://doi.org/10.1016/j.freeradbiomed.2019.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31542466
https://doi.org/10.1186/s12931-017-0591-0
http://www.ncbi.nlm.nih.gov/pubmed/28651580
https://doi.org/10.1016/j.freeradbiomed.2018.01.030
http://www.ncbi.nlm.nih.gov/pubmed/29407794
https://doi.org/10.1371/journal.pone.0234015


37. Turner MC, Cohen A, Jerrett M, Gapstur SM, Diver WR, Pope CA 3rd, et al. Interactions between ciga-

rette smoking and fine particulate matter in the Risk of Lung Cancer Mortality in Cancer Prevention

Study II. Am J Epidemiol. 2014; 180(12):1145–9. Epub 2014/11/15. https://doi.org/10.1093/aje/kwu275

PMID: 25395026.

38. Morales E, Julvez J, Torrent M, de Cid R, Guxens M, Bustamante M, et al. Association of early-life expo-

sure to household gas appliances and indoor nitrogen dioxide with cognition and attention behavior in

preschoolers. Am J Epidemiol. 2009; 169(11):1327–36. Epub 2009/04/28. https://doi.org/10.1093/aje/

kwp067 PMID: 19395695.

39. Volk HE, Kerin T, Lurmann F, Hertz-Picciotto I, McConnell R, Campbell DB. Autism spectrum disorder:

interaction of air pollution with the MET receptor tyrosine kinase gene. Epidemiology. 2014; 25(1):44–7.

Epub 2013/11/19. https://doi.org/10.1097/EDE.0000000000000030 PMID: 24240654.

40. Campisi J. Cellular Senescence and Lung Function during Aging. Yin and Yang. Ann Am Thorac Soc.

2016; 13 Suppl 5:S402–S6. Epub 2016/12/23. https://doi.org/10.1513/AnnalsATS.201609-703AW

PMID: 28005423.

41. Lau A, Kennedy BK, Kirkland JL, Tullius SG. Mixing old and young: enhancing rejuvenation and acceler-

ating aging. J Clin Invest. 2019; 129(1):4–11. Epub 2019/01/03. https://doi.org/10.1172/JCI123946

PMID: 30601138.

42. Campling BG, Collins BN, Algazy KM, Schnoll RA, Lam M. Spontaneous smoking cessation before

lung cancer diagnosis. J Thorac Oncol. 2011; 6(3):517–24. Epub 2011/01/25. https://doi.org/10.1097/

JTO.0b013e318208c7da PMID: 21258255.

43. Ebbert JO, Yang P, Vachon CM, Vierkant RA, Cerhan JR, Folsom AR, et al. Lung cancer risk reduction

after smoking cessation: observations from a prospective cohort of women. J Clin Oncol. 2003; 21

(5):921–6. Epub 2003/03/01. https://doi.org/10.1200/JCO.2003.05.085 PMID: 12610194.

44. Zhang B, Ferrence R, Cohen J, Bondy S, Ashley MJ, Rehm J, et al. Smoking cessation and lung cancer

mortality in a cohort of middle-aged Canadian women. Ann Epidemiol. 2005; 15(4):302–9. Epub 2005/

03/23. https://doi.org/10.1016/j.annepidem.2004.08.013 PMID: 15780778.

45. Wu CW, Yau T, Fulgar CC, Mack SM, Revilla AM, Kenyon NJ, et al. Long-Term Sequelae of Smoking

and Cessation in Spontaneously Hypertensive Rats. Toxicol Pathol. 2019:192623319893312. Epub

2019/12/25. https://doi.org/10.1177/0192623319893312 PMID: 31870229.

46. Woodward NC, Pakbin P, Saffari A, Shirmohammadi F, Haghani A, Sioutas C, et al. Traffic-related air

pollution impact on mouse brain accelerates myelin and neuritic aging changes with specificity for CA1

neurons. Neurobiol Aging. 2017; 53:48–58. Epub 2017/02/19. https://doi.org/10.1016/j.neurobiolaging.

2017.01.007 PMID: 28212893.

47. Pomatto LCD, Cline M, Woodward N, Pakbin P, Sioutas C, Morgan TE, et al. Aging attenuates redox

adaptive homeostasis and proteostasis in female mice exposed to traffic-derived nanoparticles (’vehicu-

lar smog’). Free Radic Biol Med. 2018; 121:86–97. Epub 2018/05/02. https://doi.org/10.1016/j.

freeradbiomed.2018.04.574 PMID: 29709705.

48. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation GrimAge strongly predicts

lifespan and healthspan. Aging (Albany NY). 2019; 11(2):303–27. Epub 2019/01/23. PMID: 30669119.

PLOS ONE Smoking, health, and gender in older people

PLOS ONE | https://doi.org/10.1371/journal.pone.0234015 June 4, 2020 15 / 15

https://doi.org/10.1093/aje/kwu275
http://www.ncbi.nlm.nih.gov/pubmed/25395026
https://doi.org/10.1093/aje/kwp067
https://doi.org/10.1093/aje/kwp067
http://www.ncbi.nlm.nih.gov/pubmed/19395695
https://doi.org/10.1097/EDE.0000000000000030
http://www.ncbi.nlm.nih.gov/pubmed/24240654
https://doi.org/10.1513/AnnalsATS.201609-703AW
http://www.ncbi.nlm.nih.gov/pubmed/28005423
https://doi.org/10.1172/JCI123946
http://www.ncbi.nlm.nih.gov/pubmed/30601138
https://doi.org/10.1097/JTO.0b013e318208c7da
https://doi.org/10.1097/JTO.0b013e318208c7da
http://www.ncbi.nlm.nih.gov/pubmed/21258255
https://doi.org/10.1200/JCO.2003.05.085
http://www.ncbi.nlm.nih.gov/pubmed/12610194
https://doi.org/10.1016/j.annepidem.2004.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15780778
https://doi.org/10.1177/0192623319893312
http://www.ncbi.nlm.nih.gov/pubmed/31870229
https://doi.org/10.1016/j.neurobiolaging.2017.01.007
https://doi.org/10.1016/j.neurobiolaging.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28212893
https://doi.org/10.1016/j.freeradbiomed.2018.04.574
https://doi.org/10.1016/j.freeradbiomed.2018.04.574
http://www.ncbi.nlm.nih.gov/pubmed/29709705
http://www.ncbi.nlm.nih.gov/pubmed/30669119
https://doi.org/10.1371/journal.pone.0234015

