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ABSTRACT
INTRODUCTION A large number of people around the world are exposed to the risks 
of passive smoking. This prospective study aimed to examine the association 
between secondhand smoke exposure, exposure time, and the incidence of chronic 
kidney disease (CKD) and determine whether this association was influenced by 
genetic susceptibility.
METHODS The study included 214244 participants of the UK Biobank who were 
initially free of CKD. Cox proportional hazards model was used to estimate the 
associations between secondhand smoke exposure time and the risks of CKD in 
people who have never smoked. The genetic risk score for CKD was calculated 
by a weighted method. The likelihood ratio test comparing models was used to 
examine the cross-product term between secondhand smoke exposure and genetic 
susceptibility to CKD outcomes.
RESULTS During a median of 11.9 years of follow-up, 6583 incidents of CKD were 
documented. Secondhand smoke exposure increased the risk of CKD (HR=1.09; 
95% CI: 1.03–1.16, p<0.01), and a dose-response relationship between CKD 
prevalence and secondhand smoke exposure time was found (p for trend<0.01). 
Secondhand smoke exposure increases the risk of CKD even in people who never 
smoke and have a low genetic risk (HR=1.13; 95% CI: 1.02–1.26, p=0.02). There 
was no statistically significant interaction between secondhand smoke exposure 
and genetic susceptibility to CKD (p for interaction=0.80).
CONCLUSIONS Secondhand smoke exposure is associated with higher risk of CKD, 
even in people with low genetic risk, and the relationship is dose dependent. 
These findings change the belief that people with low genetic susceptibility 
and without direct participation in smoking activities are not prone to CKD, 
emphasizing the need to avoid the harm of secondhand smoke in public places.
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INTRODUCTION
Chronic kidney disease (CKD) is a global economic and health burden. In 2017, 
the prevalence of CKD was 9.1% (range: 8.5–9.8) and is increasing every year1,2. 
CKD is associated with serious health problems, hospitalization, cardiovascular 
disease, mortality, etc.3-5. While CKD is an irreversible chronic disease, early 
identification of risk factors for CKD could effectively prevent the occurrence or 
delay the development of CKD6.
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Smoking is a modifiable lifestyle factor that receives 
considerable public attention among the traditional 
risk factors for CKD. Smoking can be divided into 
active smoking and passive smoking. Although most 
countries have implemented national smoke-free 
workplace legislation to reduce harm from secondhand 
smoke exposure, the rate of secondhand smoke 
exposure in people remains high7-11. Most studies 
to date have focused on the association between 
active smoking and the risk of CKD12; consequently, 
the relationship between passive smoking and CKD 
remains unclear. One study enrolled 1948 participants 
and investigated the risk of CKD in adults who never 
smoked but were exposed to secondhand smoke13. 
The study found that secondhand smoke exposure 
>3 days per week increased the risk of CKD; however, 
exposure time was not evaluated in the study. The 
impact of secondhand smoke exposure time on the risk 
of CKD needs to be further elucidated. In addition, it 
is widely accepted that genetic and behavioral factors 
contribute to the development of CKD, but whether 
secondhand smoke exposure modifies the effect 
of genetic predisposition on CKD remains largely 
unknown14-16. 

This study utilized UK Biobank prospective data to: 
1) determine the relationship between secondhand 
smoke exposure, exposure time and CKD; and 2) 
examine the joint association of secondhand smoke 
exposure and genetic susceptibility with CKD 
outcomes and explore potential gene–secondhand 
smoke interactions.

METHODS
Study population
The UK Biobank17 is a large-scale biomedical 
database containing genetic and health information 
from 502664 participants aged 40–69 years in the 
UK between 2006 and 2010; details of the study 
design and methods have been described elsewhere 
previously16,18. The current study analysis was 
approved by UK Biobank (ID 66536). The analysis 
received approval from the National Information 
Governance Board for Health and Social Care and 
the National Health Service North West Multicentre 
Research Ethics Committee (UK) (reference 13/
NW/0382). All participants had provided informed 
consent through electronic signature at the first 
assessment. At baseline, participants who were 
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GWAS: genome-wide association study.

Figure 1. Flow diagram of selection of study population from the UK Biobank 
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current smokers or ex-smokers (n=228972), or 
participants with CKD (n=9973), or missing values 
on the clinical or genome-wide association study 
(GWAS) data (n=49475) were excluded, leaving 
214244 participants for the analysis (Figure 1). 

Assessment of secondhand smoke exposure
Passive exposure to secondhand smoke was based on 
self-reporting. Participants were asked to report their 
smoking status, and response options were ‘never’, 
‘previous’, ‘current’, ‘prefer not to answer’, and ‘don’t 
know’. Participants who answered ‘never’ were further 
asked: ‘At home, about how many hours per week are 
you exposed to other people’s tobacco smoke?’, ‘At 
outside home, about how many hours per week are 
you exposed to other people’s tobacco smoke?’. Based 
on the answers to those questions, the participants’ 
current secondhand smoke exposure status and 
exposure time were derived.

Study outcome
Chronic kidney diseases were classified based on the 
International Classification of Diseases (10th Edition), 
including diabetes mellitus with renal complications 
(E10.2, E11.2, E12.2, E13.2, and E14.2), hypertensive 
renal disease (I12 and I13), glomerular disease (N03, 
N04, N05, and N07), renal tubulointerstitial disease 
(N11, N12, N13, N14, and N15), and renal failure 
(N18 and N19)19. These data were recorded in the 
UK Biobank study through hospital admissions, self-
reported information, or death registration.

Definition of genetic risk score (GRS)
UK Biobank genotyping, quality control, and 
imputation procedures are run by the UK Biobank 
professional team and have previously been described 
in detail20. A total of 241 independent single 
nucleotide polymorphisms (SNPs) were selected, 
which were identified from the most recent GWAS 
and were significantly associated with CKD; detailed 
information on the selected SNPs is provided in 
Supplementary Table 121. The GRS for CKD was 
calculated by a method that has been described 
elsewhere: 

GRS = (β
1
×SNP

1
 + β

2
×SNP

2
 + ... + β

241
×SNP

241
) 

with each SNP coded 0, 1, or 2, according to the 

number of risk alleles. The β coefficient was obtained 
from the reported GWAS meta-analysis21. Genetic 
risk scores are divided into three quartiles for high, 
medium, and low genetic risk.

Assessment of other covariates
Demographic and lifestyle behaviors were collected 
via a touchscreen device. The Townsend deprivation 
index (based on the participant’s postcode; higher 
scores indicate a higher degree of deprivation) was 
obtained. Physical activity was reflected by total 
metabolic equivalent task (MET) minutes per week 
for all activity and divided into three quantiles as 
low, medium, and high. Education level classification 
was based on the presence or absence of a college 
education. Diet was defined as healthy or unhealthy 
according to the AHA guidelines22. Blood and urine 
samples were collected and analyzed in the central 
laboratory.

Statistical analysis
All analyses were performed using R v4.1.2 (http://
www.R-project.org, The R 121 Foundation). The 
follow-up time was calculated from recruitment date 
to date of diagnosis of outcome or last follow-up 
date, whichever came first. Baseline characteristics 
were analyzed according to whether participants 
were exposed to secondhand smoke, with categorical 
variables presented as frequency and percentage, and 
normally distributed continuous variables as mean ± 
standard deviation (SD). Cox proportional hazards 
model was used to calculate the relationship between 
secondhand smoke exposure and CKD outcome and 
estimate the hazard ratio (HR) and 95% confidence 
interval (CI). We screened for confounding factors that 
were closely related to CKD using previous literature 
and clinical findings, and tried to avoid statistical 
collinear factors. Multivariate models were established 
for controlling potential confounders, including age, 
sex, race, alcohol consumption, physical activity, 
Townsend deprivation index, body mass index, total 
triglyceride, diabetes mellitus, hypertension, and 
CKD-GRS. To check the reliability of the results, 
adjustments were also made for additional social 
factors like education level and healthy diet. The 
likelihood ratio test comparing models was used to 
examine whether there was a cross-product term 
between secondhand smoke exposure and genetic 
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susceptibility to CKD outcomes. A p<0.05 represents 
statistical significance. 

RESULTS
The baseline characteristics of 214244 participants 
were grouped according to whether they were 
exposed to secondhand smoke. Compared with 
participants who were not exposed to secondhand 

smoke, those with secondhand smoke exposure 
tended to be female, younger, more physically active, 
had lighter alcohol consumption, higher baseline 
eGFR levels, and a higher BMI. Participants with 
secondhand smoke exposure also appeared to be 
more materially deprived and likely to have diabetes 
mellitus, cardiovascular disease, high cholesterol, and 
hypertension (Table 1).

Table 1. Baseline characteristics of selected study population from the UK Biobank (N=214244)

Characteristics Secondhand smoke p

Total
(N=214244)

n (%)

No exposure
(N=170433)

n (%)

Exposure
(N=4381)

n (%)

Gender (Female) 90246 (42.1) 68685 (40.3) 21561 (49.2) <0.01

Age (years), mean (SD) 68.3 (8.1) 68.6 (8.1) 67.5 (8.1) <0.01

Race (White) 196354 (91.6) 157316 (92.3) 39038 (89.1) <0.01

Alcohol intake frequency <0.01

Daily or almost daily 33893 (15.8) 27285 (16.0) 6608 (15.1)

3–4 times a week 50052 (23.4) 40174 (23.6) 9878 (22.5)

1–2 times a week 59744 (27.9) 47364 (27.8) 12380 (28.3)

1–3 times a month 26397 (12.3) 20860 (12.2) 5537 (12.6)

Special occasions only 25623 (12.0) 20179 (11.8) 5444 (12.4)

Never 18535 (8.7) 14571 (8.5) 3964 (9.0)

Physical activity 0.79

Low 50888 (23.8) 40460 (23.7) 10428 (23.8)

Medium 61063 (28.5) 48634 (28.5) 12429 (28.4)

High 102293 (47.7) 81339 (47.7) 20954 (47.8)

Health status

TDI, mean (SD) -1.7 (2.9) -1.9 (2.7) -0.9 (3.2) <0.01

DM 14211 (6.6) 10255 (6.0) 3956 (9.0) <0.01

CVD 10008 (4.7) 7475 (4.4) 2533 (5.8) <0.01

Hypertension 51321 (24.0) 39326 (23.1) 11995 (27.4) <0.01

Laboratory data Mean (SD) Mean (SD) Mean (SD)

eGFR (mL/min/1.73 m2) 93.6 (15.7) 93.5 (15.6) 93.9 (15.9) <0.01

BMI (kg/m2) 27.0 (4.7) 26.8 (4.6) 28.0 (5.0) <0.01

SBP (mmHg) 137.0 (18.3) 137.0 (18.4) 136.9 (18.0) 0.38

DBP (mmHg) 82.2 (10.0) 82.0 (10.0) 82.8 (10.2) <0.01

FBG (mmol/L) 5.1 (1.1) 5.1 (1.1) 5.1 (1.3) <0.01

TC (mmol/L) 5.7 (1.1) 5.7 (1.1) 5.7 (1.1) <0.01

TG (mmol/L) 1.7 (1.0) 1.6 (0.9) 1.7 (1.0) <0.01

HDL-c (mmol/L) 1.5 (0.4) 1.5 (0.4) 1.4 (0.4) <0.01

LDL-c (mmol/L) 3.6 (0.8) 3.6 (0.8) 3.6 (0.9) <0.01

HbA1c (%) 5.4 (0.6) 5.4 (0.5) 5.4 (0.6) <0.01

DM: diabetes mellitus. CVD: cardiovascular disease. TDI: Townsend deprivation index. SBP: systolic blood pressure. DBP: diastolic blood pressure. BMI: body mass index. WC: waist 
circumference. FPG: fasting plasma glucose. HbA1c: glycated hemoglobin. TG: total triglyceride. TC: total cholesterol. HDL-c: high density lipoprotein cholesterol. LDL-c: low 
density lipoprotein cholesterol. eGFR: estimated glomerular filtration rate.
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During the study, with a median of 11.9 years of 
follow-up, 6583 incidents of CKD were recorded. The 
median duration of passive smoking to CKD was 9.18 
years. Cox proportional hazards model was used to 
calculate the relationship between secondhand smoke 
exposure and CKD outcome. In Model 1, which was 
adjusted for age, race, and sex, secondhand smoke 
exposure increased the risk of CKD in never smokers 
by 25% (HR=1.25; 95% CI: 1.18–1.32, p<0.01). In 
Model 2, further adjustments were made for alcohol 
consumption, physical activity, and Townsend 
deprivation index, and secondhand smoke exposure 
was associated with a HR of 1.19 (95% CI: 1.13–1.26, 
p<0.01) for CKD. Model 3 was additionally adjusted 
for diabetes mellitus, hypertension, total triglyceride, 
body mass index, and CKD-GRS, and an increased risk 
of kidney disease in never smokers was still observed 
with secondhand smoke exposure (HR=1.09; 95% CI: 
1.03–1.16, p<0.01) (Table 2).

To increase the reliability of the results, sensitivity 
analyses were performed. Following further 
adjustment of social influencing factors (education 
level, healthy diet), the associations were slightly 
attenuated but remained significant (HR=1.08; 

95% CI: 1.02–1.14, p<0.01), as presented in 
Supplementary file Table 2. Considering the reverse 
causal association, the participants who developed 
CKD within the first 2 years of follow-up were further 
excluded, and the results were similar to those in 
Model 3 (HR=1.09; 95% CI: 1.03–1.15, p<0.01, table 
not shown). 

Subsequently, secondhand smoke exposure time 
was quantified, and after multivariable adjustment, 
exposure time ≤3 h and >3 h increased the risk of 
CKD compared with no exposure; adjusted HR was 
1.07 (95% CI: 1.01–1.14, p<0.01) and 1.14 (95% 
CI: 1.02–1.27, p=0.02) for exposure time ≤3 h and 
>3 h, respectively. Furthermore, secondhand smoke 
exposure time exhibited a significant dose-response 
relationship with the risk of CKD (p for trend <0.01) 
(Table 3). The absolute risk of developing CKD 
within 5 years was 94% for the study participants 
who were exposed to secondhand smoke for >3 hours 
per week and 87% for those who were exposed to 
secondhand smoke for ≤3 hours per week; these were 
increases of 13% and 6%, respectively, compared with 
the participants who were not exposed to secondhand 
smoke (81%). 

Table 2. Multivariable adjusted HRs (95% CIs) for CKD by secondhand smoke among the study population 
within a 11.9-year follow-up (N=214244)

Secondhand smoke Model 1 Model 2 Model 3

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

No exposure (Ref.) 1 1 1 

Exposure 1.25 (1.18–1.32) 1.19 (1.13–1.2) 1.09 (1.03–1.16)

Model 1: adjusted for age, sex, and race. Model 2: adjusted as in model 1 + physical activity, Townsend deprivation index, and alcohol consumption. Model 3: as in model 2 + 
total triglyceride, body mass index, hypertension, diabetes mellitus, and CKD-GRS.

Table 3. Multivariable adjusted HRs (95% CIs) for CKD by the quantile of exposure time among the study 
population within a 11.9-year follow-up (N=214244)

Secondhand smoke Model 1 Model 2 Model 3

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

No exposure (Ref.) 1 1 1

Exposure time ≤3 h 1.19 (1.11–1.26) 1.15 (1.08–1.23)  1.07 (1.01–1.14）

p <0.01 <0.01 <0.01

Exposure time >3 h 1.50 (1.35–1.67) 1.35 (1.21–1.50) 1.14 (1.02–1.27)

p <0.01 0.03 0.02

p for trend <0.01 <0.01 <0.01

Model 1: adjusted for age, sex, and race. Model 2: adjusted as in model 1 + physical activity, Townsend deprivation index, and alcohol consumption. Model 3: as in model 2 + 
total triglyceride, body mass index, hypertension, diabetes mellitus, and CKD-GRS.

https://doi.org/10.18332/tid/
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Polygenic risk scores for CKD were also calculated. 
Secondhand smoke exposure was associated with 
increased risks of CKD among participants with low, 
medium, or high genetic risk. Compared with people 
with low genetic risk and no exposure to secondhand 
smoke, those exposed to secondhand smoke had 
increased risk of CKD even in those who never 
smoked and had a low genetic risk (HR=1.13; 95% CI: 
1.02–1.26, p=0.02). Participants with a high genetic 
risk of CKD and exposure to secondhand smoke had 
a 34% increased risk of incident CKD (HR=1.34; 95% 
CI: 1.21–1.48, p<0.01) (Figure 2). However, there 
was no statistically significant interaction between 
secondhand smoke exposure and genetic susceptibility 
to CKD (p for interaction=0.80).

DISCUSSION
This large prospective population-based study 
revealed that secondhand smoke exposure increases 
the risk of CKD and that the secondhand smoke 
exposure time has a significant dose-response 
relationship with CKD. Moreover, to our knowledge, 
this is the first study reporting the joint association 
of secondhand smoke exposure and polygenetic risk 
score of CKD with the CKD outcomes.

The relationship between secondhand smoke 
and CKD has been explored in a few studies. The 

cross-sectional study of Omoloja et al.23 evaluated 
the secondhand smoke exposure status of children 
through questionnaires and urine nicotine content, 
and showed that secondhand smoke exposure was 
independently associated with proteinuria in children 
(OR=2.64; 95% CI: 1.08–6.42). Another cross-
sectional study in the United States included 7516 
adolescents aged 12–17 years for the determination 
of serum creatinine and cotinine, among which 3692 
adolescents were exposed to secondhand smoke, 
and the results showed that adolescents exposed 
to secondhand smoke had lower eGFR compared 
with those not exposed to secondhand smoke (mean 
difference= -2.2, 95% CI: -4.0 – -0.4)24. Only a limited 
number of prospective studies have examined the 
association between secondhand smoke exposure and 
the risk of CKD. Our study extends the results of the 
study of Jhee et al.13 which comprised a longitudinal 
sub-cohort of 1948 participants and found that a 
frequency of secondhand smoke exposure <3 days/
week was not associated with the risk of CKD 
compared with those who were not exposed to 
secondhand smoke (HR=1.58; 95% CI: 0.94–2.66), 
but a secondhand smoke exposure frequency >3 days/
week was associated with the risk of CKD (HR=1.62; 
95% CI: 1.03–2.63)13. In our study, the relationship 
between exposure time and incidence of CKD was 

Figure 2. The joint association of genetic risk and secondhand smoke with CKD among the study population 
within a 11.9-year follow-up (N=214244)

Multivariable model was adjusted for age, sex, race, physical activity, Townsend deprivation index, alcohol consumption, total triglyceride, body mass index, hypertension, and 
diabetes mellitus.

https://doi.org/10.18332/tid/
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further investigated and secondhand smoke exposure 
was found to be associated with the risk of incidence 
of CKD, while significant dose-response relationships 
between the exposure time and CKD were also 
observed. Dose-response relationships between 
secondhand smoke exposure and major tobacco-
related mortality were found in previous secondhand 
smoke exposure cohort studies such as that of He 
et al.25. The dose-dependent association between 
active smoking and CKD has long been documented 
in studies related to kidney disease26,27. Thus, the 
various studies collectively show that passive and 
active smoking have similar effects on kidney disease.

Many people around the world are caught in the 
myth that they are not directly involved in harmful 
behavior or do not have a genetic predisposition or 
family history of a disease and therefore they are not 
susceptible to illness. However, the polygenic risk 
scores for CKD that were calculated in this study 
indicate that secondhand smoke exposure increases 
the risk of CKD, even in people who never smoke and 
have a low genetic risk. This underscores the necessity 
of protecting population health by enhancing smoking 
bans in public places and homes.

Several potential mechanisms could explain the 
observed associations between passive smoking and 
the increased risk of CKD. Animal studies suggest 
that passive smoking can not only lead to kidney and 
vascular fibrosis by increasing the myeloperoxidase 
reaction, but can also increase lipid peroxidation, 
change renal morphology and structure, and damage 
renal function28-32. There is also evidence that 
secondhand smoke exposure leads to the accumulation 
of cytotoxic substances33.

Strengths and limitations 
This study strengths include that it is the first to 
explore the relationship between secondhand smoke 
exposure time and the risk of developing CKD, which 
complements existing studies on the relationship 
between secondhand smoke and CKD. Also, this is the 
first study to combine secondhand smoke exposure 
and genetic susceptibility to CKD outcomes. Although 
no significant interaction between secondhand smoke 
exposure and genetic susceptibility was observed, 
ameliorating the environmental factors of secondhand 
smoke exposure may offset at least some of the high 
genetic risk of CKD.

The study does have some limitations. First, 
secondhand smoke exposure time was obtained 
through self-reporting instead of more objective 
methods, such as direct measurement of serum 
nicotine content. Despite the inevitable subjective 
error of recall bias, a questionnaire is more 
convenient, easy to popularize, and a large sample 
size can be obtained. Second, the data on secondhand 
smoke exposure were only collected at baseline, and 
considering the limitations of observational studies, 
the causal relationship between secondhand smoke 
exposure and the risk of CKD cannot be determined. 
Third, although the multi-factor corrected Cox 
regression method used for the study and the results 
are acceptable and credible, unmeasured or unknown 
residual confounding is inevitable.

CONCLUSIONS
Secondhand smoke exposure was associated with 
CKD among people who never smoke and have a low 
genetic risk. Since secondhand smoke exposure is a 
modifiable harmful factor, this study highlights the 
need to protect against CKD harm from secondhand 
smoke exposure. Furthermore, the study provides a 
theoretical basis for primary prevention of CKD.
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