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Summary
Background The causal association between cigarette smoking and several diseases remains equivocal. The purpose  eBioMedicine 2022;82:
of this study was to appraise the causal role of smoking in a wide range of diseases by summarizing the evidence 104154

from Mendelian randomization (MR) studies. Published online xxx
https://doi.org/10.1016/j.

Methods MR studies on genetic liability to smoking initiation or lifetime smoking (composite of smoking initiation, ebiom.2022.104154

heaviness, duration, and cessation) in relation to circulatory system, digestive system, nervous system, musculoskel-
etal system, endocrine, metabolic, and eye diseases, and neoplasms published until February 15, 2022, were identi-
fied in PubMed. De novo MR analyses were performed using summary statistics data from genome-wide
association studies. Meta-analysis was applied to combine study-specific estimates.

Findings Meta-analyses of findings of 29 published MR studies and 123 de novo MR analyses of 57 distinct primary
outcomes showed that genetic liability to smoking (smoking initiation or lifetime smoking) was associated with
increased risk of 13 circulatory system diseases, several digestive system diseases (including diverticular, gallstone,
gastroesophageal reflux, and Crohn’s disease, acute pancreatitis, and periodontitis), epilepsy, certain musculoskele-
tal system diseases (including fracture, osteoarthritis, and rheumatoid arthritis), endocrine (polycystic ovary syn-
drome), metabolic (type 2 diabetes) and eye diseases (including age-related macular degeneration and senile
cataract) as well as cancers of the lung, head and neck, esophagus, pancreas, bladder, kidney, cervix, and ovaries,
and myeloid leukemia. Smoking liability was associated with decreased risk of Parkinson’s disease and prostate
cancer.

Interpretation This study found robust evidence that cigarette smoking causes a wide range of diseases.
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Introduction

Tobacco smoke comprises thousands of compounds
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Research in context

Evidence before this study

It is well known that smoking causes lung diseases and
certain circulatory system diseases, particularly coronary
heart disease and stroke. Nevertheless, the causality of
the association of smoking with other circulatory system
diseases as well as digestive system, nervous system,
musculoskeletal system, endocrine, metabolic and eye
diseases and certain neoplasms is unestablished.

Added value of this study

In this meta-analysis of results of published Mendelian
randomization studies and de novo Mendelian random-
ization analyses, genetic liability to smoking was associ-
ated with increased risk of all but one of the 14 studied
circulatory system diseases, several digestive system
diseases, epilepsy, certain musculoskeletal system dis-
eases, endocrine, metabolic, and eye diseases as well as
nine site-specific cancers.

Implications of all the available evidence

These findings support a causal effect of cigarette smok-
ing in wide range of diseases.

circulatory system diseases, particularly coronary heart
disease and stroke."* However, the causality of the asso-
ciation of smoking with other circulatory system dis-
eases as well as digestive system, nervous system,
musculoskeletal system, endocrine, metabolic and eye
diseases and certain neoplasms remains unestablished.
During the last few years, the potential causal associa-
tion between smoking and risk of different diseases has
been investigated using the Mendelian randomization
(MR) approach.* 3* MR is a method that utilizes genetic
variants associated with a difference in the exposure (e.
g., smoking liability) as instrumental variable for the
exposure to determine the causal role of the exposure in
the development of disease.’* The MR design mitigates
confounding because genetic alleles are randomly allo-
cated when passed from parents to offspring and
therefore usually not related to other risk factors. Fur-
thermore, MR studies are protected against bias from
reverse causation as genetic variants are not modified
by the progression of disease.

To comprehensively appraise and summarize the
evidence on the causal role of smoking in a wide range
of diseases, we carried out a systematic review of pub-
lished MR studies. Additionally, we conducted de novo
MR analyses utilizing genome-wide association study
(GWAS) summary statistics data from the FinnGen
study and other publicly available GWAS. Finally, we
performed meta-analyses to summarize the results of
published and de novo MR analyses.

Methods

Literature search and inclusion criteria

PubMed was searched for pertinent MR studies published
until February 15, 2022, using the search term “Mendelian
randomization” combined with “smoking”. Original full-
text articles that presented results for the associations of
genetic liability to smoking initiation or lifetime smoking
with risk of circulatory, digestive, nervous, and musculo-
skeletal system diseases, endocrine, metabolic, and eye dis-
eases, and neoplasms. When more than one publication
based on the same GWAS for the outcome (same partici-
pants), only the publication with the largest sample size for
the outcome or the earliest published study (if the sample
size was the same) was included. No restriction based on
sample size was imposed. Studies using only a single or
few (<10) genetic instruments for nicotine dependence or
smoking behavior or quantity were excluded as those stud-
ies were few and estimates from those studies could not be
meta-analyzed with other eligible studies due to different
unit of the exposure. The review was not registered, and no
protocol is available. The study was performed according to
PRISMA and STROBE-MR guidelines.

Data extraction

Data extracted from every study included family name
of the first author and publication year; consortium or
study from which the genetic variants for the smoking
exposure was retrieved; consortium or study from which
genetic association estimates for the disease were
retrieved; sample size (i.e., number of cases and non-
cases); and the relative risk estimate (odds ratio [OR])
with corresponding 95% confidence interval (CI) for the
smoking-disease association from the main analysis
based on the inverse-variance weighted method as well
as from sensitivity analyses based on the weighted
median and MR-Egger methods and multivariable MR
analysis with adjustment for genetically predicted alco-
hol consumption. One investigator (SCL) extracted the
data, which were checked by another investigator (SB).

De novo MR analyses

De novo MR analyses using summary statistics genetic
data from the FinnGen study** were conducted wher-
ever MR results from this study were unavailable. We
used data from the RG data release, which includes
260,405 Finnish individuals after omitting those with
ambiguous sex, non-Finnish origin, genotype missing-
ness over 5%, or excess heterozygosity (+4 standard
deviations).** The GWAS analyses were adjusted for
age, sex and the first ten genetic principal compo-
nents.** Diseases were defined by the International
Classification of Diseases codes (8th, gth and 1oth revi-
sions) with information obtained from nationwide reg-
istries. Details about genotype data, methods, and
quality control have been described elsewhere.>*
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De novo MR analyses were also conducted for life-
time smoking in relation site-specific cancer risk using
the same outcome data as in a previous study on smok-
ing initiation and cancer.’® Additionally, de novo MR
analyses were performed for osteoarthritis, gout, and
primary open-angle glaucoma using publicly available
summary statistics data from GWAS meta-analyses of
these outcomes.?> 3’ For all de novo MR analyses, inde-
pendent genetic variants (low linkage disequilibrium,
defined as R*<o.01) associated with smoking initiation
or lifetime smoking at the genome-wide significance
level (P<3 x 107 %) in previous smoking GWAS
analyses’®39 were applied as instrumental variables.

The MR analyses based on FinnGen data included
297 and 124 SNPs as instrumental variables for smok-
ing initiation and lifetime smoking, respectively (Table
S1). The analyses were performed with the mrrobust
command in Stata (StataCorp, College Station, Texas,
USA) for analyses of FinnGen and the MR-Base plat-
form*® for analyses of osteoarthritis, gout, and primary
open-angle glaucoma. The inverse-variance weighted
(multiplicative random-effects model) method was used
as main analysis, whereas the weighted median and
MR-Egger methods were used as sensitivity analyses.*'
As smoking initiation has a modest genetic correlation
with alcohol consumption (rg=o.34),3g we performed
multivariable MR analysis with adjustment for geneti-
cally predicted alcohol consumption. Summary statis-
tics data for genetically predicted alcohol consumption
(drinks per week) were obtained from the same GWAS
from which the smoking initiation instruments were
obtained from.>® The GWAS analysis of alcohol con-
sumption included 941,280 European descent individu-
als.*® The FinnGen biobanks and cohorts were not
included in the smoking and alcohol GWAS analyses.

Meta-analysis

When two or more MR estimates were available for the
same outcome based on non-overlapping samples, a
combined estimate was obtained via meta-analysis
using the metan command in Stata. Figures were cre-
ated in RStudio. All reported estimates were expressed
per standard deviation increase in genetic liability to
smoking initiation (prevalence of ever smoked regu-
larly) and lifetime smoking index. Sensitivity analyses
were conducted using estimates derived from the
weighted median and MR-Egger methods and multivar-
iable MR analysis adjusted for genetically predicted alco-
hol consumption. In addition, consortia that included
individuals of non-European ancestries were removed
in sensitivity analyses.

Role of the funding source
The funders had no role in study design; in the collec-
tion, analysis, and interpretation of data; in the writing
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of the report; and in the decision to submit the paper
for publication.

Ethics

The MR analyses of FinnGen data were approved by the
Swedish Ethical Review Board (no. 2019-02793). All
published studies included in the meta-analyses were
approved by a relevant ethical review board, and partici-
pants had provided informed consent.

Findings

Literature search, study selection, and de novo MR
analyses. The literature search resulted in 385 hits of
which 54 original articles presented findings for genetic
liability to smoking initiation or lifetime smoking in
relation to one or more of the contemplated outcomes.
After exclusion of studies using overlapping or same
outcome data, 29 articles based on non-overlapping
populations were eligible for inclusion in one or more
meta-analyses. The number of studies included in each
outcome category was seven for circulatory system dis-
eases,* ' six for digestive system diseases," '® six for
nervous system diseases,” *' three for musculoskeletal
system outcomes,** *# two for endocrine and metabolic
diseases,*>*° two for eye diseases,*”*® and four for neo-
plasms.*3? In addition to the included studies, 123 de
novo MR analyses (n=51 for smoking initiation, n = 72
for lifetime smoking) were conducted. A total of 57 dis-
tinct outcomes were analyzed. Figure S1 summarizes
the study selection and study design.

Study description. All but one study of smoking initia-
tion used genetic variants from the GWAS and Sequenc-
ing Consortium of Alcohol and Nicotine consortium,
which encompassed 1 232 091 individuals of European
ancestry in the analysis of smoking initiation, defined as
ever smoked regularly.*® One study"” used genetic variants
for smoking initiation obtained from a GWAS of 518 633
individuals in the Tobacco and Genetics Consortium and
UK Biobank.** That GWAS identified 172 genome-wide-
significant conditional associations.** The number of
genetic variants used as instrumental variables for smok-
ing initiation ranged from 774 to 378 and explained up to
2.4% of the phenotypic variance. The genetic variants for
lifetime smoking were in all studies obtained from a
GWAS of 462 690 individuals in the UK Biobank where
lifetime smoking was defined as a composite of smoking
initiation, heaviness, duration, and cessation.’® The 126
genetic variants for lifetime smoking explained around
0.3% of the phenotypic variance.*® All MR studies used
outcome data from a large GWAS meta-analysis (consor-
tium), UK Biobank, FinnGen study, Million Veteran Pro-
gram, or two or more of these data sources. All studies
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provided results for smoking initiation based on the main
inverse-variance weighted method, and most studies pre-
sented results based on the weighted median and MR-
Egger methods. Estimates for smoking initiation adjusted
for alcohol consumption were reported in some
studies.*” ©%2327293° Studies included in the main MR
analyses and corresponding results are shown in Table S3
for smoking initiation and Table S4 for lifetime smoking.

Circulatory system disease. Genetic liability to smoking
initiation was associated with elevated risk of all but one
(thoracic aortic aneurysm) of the 14 distinct circulatory
system diseases (Figure 1; Table S2). Among subtypes
of venous thromboembolism, the association was simi-
lar for deep vein thrombosis and pulmonary embolism
(Table S2). Genetic liability to lifetime smoking was
associated with increased risk of the 13 circulatory sys-
tem disease (Table S3).

Digestive system diseases. Genetic liability to smoking
initiation was associated with increased risk of diverticu-
lar, gallstone, gastroesophageal reflux, and Crohn’s dis-
ease as well as pancreatitis (both acute and chronic) and
periodontitis, but not with ulcerative colitis (Figure 2;
Table S2). Results were consistent for lifetime smoking
(Table S3).

Nervous system diseases. Among the nervous system
diseases, a consistent association with genetic liability
to smoking was observed for epilepsy (increased risk)
and Parkinson’s disease (decreased risk) (Figure 3,
Table S2). No strong and coherent evidence of associa-
tion was observed for smoking and risk of amyotrophic
lateral sclerosis, Alzheimer’s disease, or multiple sclero-
sis (Figure 3, Table S2, Table S3).

Musculoskeletal system diseases. Genetic liability to
smoking initiation was associated with higher risk of
fracture, osteoarthritis and rheumatoid arthritis, but not
gout (Figure 3; Table S2). Data on the two main types of
rheumatoid arthritis were available in the FinnGen
study. De novo MR analysis based on data from this
study showed that genetic liability to smoking initiation
had a similar association with seropositive (OR 1.31,
95% CI 1.14-1.52, n =5867 cases) and seronegative (OR
1.27, 95% CI 1.03-1.56, n =2484 cases) rheumatoid
arthritis. Results for lifetime smoking were consistent
with those for smoking initiation (Table S3).

Endocrine and metabolic diseases. Genetic liability to
smoking initiation was strongly associated with a higher
risk of polycystic ovary syndrome and weakly associated
with a higher risk of type 2 diabetes (Figure 3; Table

Outcome Cases OR (95% Cl)

Abdominal aortic aneurysm 1094 L 1.74 (1.33-2.26)
Aortic valve stenosis 2244 L 1.22 (1.01-1.46)
Atrial fibrillation 94 116 L 1.13 (1.08-1.18)
Coronary artery disease 127 933 L] 1.31 (1.26-1.36)
Heart failure 63 147 L] 1.25(1.18-1.33)
Hypertension 179 787 L 1.21 (1.15-1.27)
Intracerebral hemorrhage 4617 L 1.21 (1.04-1.41)
Ischemic stroke 51767 ] 1.21 (1.16-1.28)
Peripheral artery disease 12 436 ] 1.69 (1.54-1.85)
Subarachnoid hemorrhage 6900 L] 1.42 (1.27-1.59)
Thoracic aortic aneurysm 347 | 1.07 (0.67-1.68)
Transient ischemic attack 14792 L 1.20 (1.10-1.31)
Varicose veins 29 188 ] 1.13 (1.04-1.22)
Venous thromboembolism 34 314 ] 1.20 (1.14-1.27)

I T T T T T 1
0.60 0.80 1.0 12 15 2.0 2.5

OR (95% ClI)

Figure 1. Meta-analysis results of the association between genetic liability to smoking initiation and risk of circulatory system dis-
eases. Estimates are odds ratios (OR) with 95% confidence intervals (Cl) for a one standard deviation increase in genetic liability to

smoking initiation.
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Outcome Cases OR (95% CI)
Crohn’s disease 13 004 ] 1.15(1.01-1.32)
Diverticular disease 23 640 ] 1.21 (1.12-1.30)
Gallstone disease 22195 ] 1.25 (1.16-1.35)
Gastroesophageal reflux disease 87 565 ] 1.35 (1.27-1.43)
Pancreatitis, acute 3054 ] 1.56 (1.33-1.83)
Pancreatitis, chronic 1160 ] 1.86 (1.43-2.43)
Periodontitis 14 631 L 1.47 (1.35-1.61)
Ulcerative colitis 15134 ] 1.02 (0.92-1.14)
[ I T T T 1
0.80 1.0 1.2 1.5 2.0 25
OR (95% Cl)

Figure 2. Meta-analysis results of the association between genetic liability to smoking initiation and risk of digestive system dis-
eases. Estimates are odds ratios (OR) with 95% confidence intervals (Cl) for a one standard deviation increase in genetic liability to

smoking initiation.

S2). Lifetime smoking was weakly associated with poly-
cystic ovary syndrome and type 2 diabetes (Table S3).

Eye diseases. Genetic liability to smoking initiation was
related to increased risk of age-related macular degener-
ation and senile cataract but not primary open-angle
glaucoma (Figure 3; Table S2). The lifetime smoking
instrument was also associated with age-related mac-
ular degeneration but had only a weak and non-sig-
nificant positive association with senile cataract
(Table S3).

Neoplasms. Genetic liability to smoking initiation was
associated with increased risk of cancers of the lung,
head and neck, esophagus, bladder, kidney, and cervix
as well as myeloid leukemia, but with a decreased risk
of prostate cancer (Figure 4; Table S2). The genetic
instrument for lifetime smoking was also associated
with increased risk of cancers of the lung, head and
neck, esophagus, bladder, kidney, and cervix and non-
significantly associated with a reduced risk of prostate
cancer (Table S3). This instrument was additionally
associated with increased risk of pancreatic and ovarian
cancers (Table S3).

Sensitivity analyses. Results based on the weighted
median and MR-Egger methods were broadly consistent
with the primary findings, albeit with low to very low (in
some MR analyses) precision, and there was limited evi-
dence from the MR-Egger test that he observed associa-
tions may be biased by directional pleiotropy (Table S4
and Table S5). An exception was for the association
between genetic liability to lifetime smoking and gall-
stone disease, which was inverse in the MR-Egger analy-
sis (Table Ss). Removing two studies that included non-
European ancestry individuals did not change the
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results materially; the OR for the association between
smoking initiation and atrial fibrillation and coronary
artery disease was 1.23 (95% CI 1.10-1.36) and 1.33 (95%
CI 1.277-1.40), respectively. Finally, most of the observed
associations between genetic liability to smoking initia-
tion and disease risk persisted after adjustment for
genetically predicted alcohol consumption; the excep-
tion was the association with chronic pancreatitis,
which was attenuated close to the null (Table SG6).

Discussion

This systematic review with meta-analyses of published
and de novo MR analysis results found genetic evidence
that smoking liability is related to increased risk of most
circulatory system diseases, several diseases of the digestive
system (including diverticular, gallstone, gastroesophageal
reflux, and Crohn’s disease, acute pancreatitis, and peri-
odontitis), epilepsy, certain musculoskeletal system dis-
eases (including fracture, osteoarthritis, and rheumatoid
arthritis), and some endocrine (polycystic ovary syndrome),
metabolic (type 2 diabetes) and eye diseases (including
age-related macular degeneration and senile cataract).
Among cancers, genetic liability to smoking initiation or
lifetime smoking was associated with an increased risk of
cancers of the lung, head and neck, esophagus, pancreas,
bladder, kidney, cervix, and ovaries as well as myeloid leu-
kemia. In contrast, there was evidence of inverse associa-
tions between smoking liability and risk of Parkinson’s
disease and prostate cancer.

Our findings from meta-analyses of MR studies are
in line with observational studies, which have found
that smoking is associated with increased risk of several
circulatory** and digestive system diseases** 4° as
well as some (e.g., fracture*® and rheumatoid arthri-
tis*) but not all (e.g., osteoarthritis)’* musculoskeletal
system diseases. Smoking could increase the risk of
these diseases through several biological mechanisms
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Outcome Cases OR (95% CI)
Nervous system diseases
Alzheimer’s disease 79 209 | 1.10 (0.99-1.22)
Amyotrophic lateral sclerosis 21068 | 1.11 (1.00-1.22)
Epilepsy 5489 | 1.25 (1.09-1.43)
Multiple sclerosis 16 166 | 1.04 (0.92-1.18)
Parkinson’s disease 39 248 | 0.83 (0.72-0.95)
Musculoskeletal system diseases
Fracture 58 003 1.09 (1.04-1.15)
Gout 6617 1.11 (0.98-1.24)
Osteoarthritis 84 898 | 1.31 (1.24-1.38)
Rheumatoid arthritis 22789 | 1.36 (1.24-1.50)
Endocrine & metabolic diseases
Polycystic ovary syndrome 4935 | 1.36 (1.14-1.62)
Type 2 diabetes 111126 | 1.13 (1.07-1.18)
Eye diseases
Age-related macular degeneration 20 789 | 1.20 (1.10-1.32)
Primary open-angle glaucoma 137 656 | 0.95 (0.88-1.03)
Senile cataract 59 181 | 1.19 (1.10-1.29)
I T T T T 1
0.60 0.80 10 1.2 15 1.8
OR (95% Cl)

Figure 3. Meta-analysis results of the association between genetic liability to smoking initiation and risk of nervous system, muscu-
loskeletal system, endocrine and metabolic, and eye diseases. Estimates are odds ratios (OR) with 95% confidence intervals (Cl) for a
one standard deviation increase in genetic liability to smoking initiation.

of which a central plausible mechanism is via systemic
inflammation. The burning of cigarettes generates reac-
tive oxygen species that can activate epithelial cell intra-
cellular signaling cascades that lead to inflammatory
gene activation, such as tumor necrosis factor.”® Sys-
temic inflammation and related inflammatory markers
(e.g., tumor necrosis factor) are associated with increased
risk of several circulatory system diseases, inflammatory
bowel disease, and rheumatoid arthritis.”> Smoking may
also increase the risk of these diseases by promoting endo-
thelial dysfunction and thrombogenesis and via effects on
immune responses and microbial composition.’* Fur-
thermore, nicotine exposure may cause acute cardiovascu-
lar events through increased myocardial contractility and
vasoconstriction, with resulting increased myocardial

work and oxygen requirement and reduced coronary and
cerebral blood flow.”

Among the inflammatory bowel diseases, genetic lia-
bility to smoking was associated with an increased risk
of Crohn's disease but not ulcerative colitis; the former
disease can occur wherever in the digestive tract,
whereas the latter solely affects the colon. This differen-
tial effect of smoking on two inflammatory bowel dis-
eases has been found also in observational studies* and
might be related to that the hazardous compounds in
smoke more readily reach the upper digestive tract and
there has a local detrimental effect. Nevertheless, the
CIs largely overlapped for the associations of smoking
with these two diseases. Thus, low power could possibly
explain the disparate findings.

www.thelancet.com Vol 82 Month August, 2022
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Cancer Cases OR (95% CI)

Bladder cancer 4289 | 1.39 (1.21-1.59)
Brain cancer 1425 | 0.91 (0.71-1.16)
Breast cancer 148 216 ] 1.03 (0.98-1.07)
Cervical cancer 4157 ] 1.35 (1.17-1.56)
Colorectal cancer 62 662 ] 1.01 (0.93-1.09)
Esophageal cancer 1201 ] 1.76 (1.35-2.29)
Head and neck cancer 7857 ] 1.54 (1.28-1.86)
Kidney cancer 2703 u 1.35(1.13-1.62)
Leukemia, any type 1403 ] 1.07 (0.84-1.35)
Leukemia, lymphoid 808 u 0.81 (0.58-1.14)
Leukemia, myeloid 340 [ | 1.68 (1.01-2.82)
Lung cancer 17 247 | 1.88 (1.72-2.05)
Melanoma 5012 ] 0.94 (0.82-1.08)
Multiple myeloma 1349 0.88 (0.68-1.13)
Non-Hodgkin lymphoma 2939 0.89 (0.76-1.05)
Ovarian cancer 28 070 | 1.03 (0.95-1.11)
Pancreatic cancer 10914 1.05 (0.92-1.20)
Prostate cancer 95 729 | 0.91 (0.86-0.97)
Stomach cancer 1625 ] 1.25 (0.99-1.58)
Testicular cancer 1003 ] 0.99 (0.74-1.33)
Uterine cancer 3361 | 1.03 (0.88-1.21)

| | [ | | |
0.50 0.80 1.0 1.2 15 2.0 3.0

OR (95% Cl)

Figure 4. Meta-analysis results of the association between genetic liability to smoking initiation and risk of neoplasms. Estimates are
odds ratios (OR) with 95% confidence intervals (Cl) for a one standard deviation increase in genetic liability to smoking initiation.

No coherent association between smoking and risk
of different nervous system diseases has been reported
by observational studies.’® °° The present meta-analy-
sis of MR studies found evidence in support of a possi-
ble causal relationship between smoking and reduced
risk of Parkinson’s disease and increased epilepsy risk,
but no clear and consistent evidence of a role of smok-
ing in Alzheimer’s disease and multiple sclerosis.
Smoking has been consistently associated with a
decreased risk of Parkinson’s disease in observational
studies, but it was unclear whether this association is
causal.’® A potential mechanism behind the protective
association is the stimulating effects of cigarette smoke
on dopamine release.’® However, it cannot be ruled out
that any bias explains the observed association. In con-
trast to Parkinson’s disease, no coherent and strong
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association has been observed for smoking and risk of
Alzheimer’s disease’” and multiple sclerosis’® in obser-
vational studies, which is in line with our MR findings.
If anything, previous studies have suggested a positive
association between smoking and risk of Alzheimer’s
disease’” and multiple sclerosis.”® Observational data on
smoking and epilepsy risk are scarce. A statistically sig-
nificant association between smoking and incidence of
late-onset epilepsy was observed in one cohort study.’®
Another cohort study with only 55 incident late-onset
cases of epilepsy showed a nearly 2-fold non-significant
increased risk of epilepsy in current smokers compared
with never smokers.®®

There was a paucity of observational studies on
smoking in relation to polycystic ovary syndrome. In
this study, the association between genetic liability to
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smoking initiation and increased risk of polycystic ovary
syndrome was consistent across the two MR studies
and in sensitivity analyses. No association was found for
lifetime smoking, but this analysis was only based on
FinnGen, which included few cases, and the precision
of the result was low and should be interpreted with
caution. A detrimental effect of smoking on polycystic
ovary syndrome may be related to effects on pituitary,
thyroid, adrenal, testicular, and ovarian function as
well as changes in the levels of androgens and other
hormones.®"%*

A meta-analysis of observational prospective studies
found a 37% and 14% higher risk of type 2 diabetes in
current and former smokers, respectively, compared
with never smokers.”> Our findings based on MR stud-
ies support a weak association between smoking and
type 2 diabetes, an association that might be related to
reduced insulin sensitivity among smokers.®'

Smoking has been associated with an increased risk
of any form of age-related macular degeneration®+®s
and age-related (senile) cataract®® in observational stud-
ies, associations that were corroborated in the present
meta-analysis of MR studies. The mechanism behind
the detrimental effect of smoking on these eye diseases
is not fully understood but may be explained by oxida-
tive stress and the generation of reactive oxygen species
that can damage the eye.

Tobacco smoke contains many compounds with
established carcinogenic potency and is therefore
expected to cause cancer in humans.” The present study
extends the evidence from observational studies (case-
control and cohort studies) which have found that
smoking is associated with an increased risk of a plural-
ity of cancers, including cancers of the lung, head and
neck, esophagus, pancreas, bladder, kidney, cervix, and
ovaries as well as myeloid leukemia. Observational data
have additionally indicated that heavy smoking may
increase the risk of colorectal cancer (both colon and
rectal cancers).2‘67 A non-significant positive association
was observed between the genetic instrument for life-
time smoking and colorectal cancer risk in three indi-
vidual MR studies and in the present meta-analysis of
those studies. It is possible that the MR studies could
not capture heavy smoking and therefore was unable to
confirm the observational association between smoking
and colorectal cancer. Whether the observed inverse
association between smoking liability and prostate
cancer risk is causal or due to bias is unclear. The
association may be a result of detection bias as pros-
tate cancer is often undiagnosed until an individual
has another disease.

An important strength of MR studies is that com-
mon biases inherent in observational studies, including
confounding and reverse causation, are diminished
because the exposure (e.g., smoking) of interest is
proxied by genetic variants that are usually unrelated to
other risk factors and are not changed by the

development of disease. Nevertheless, the validity of
MR results depends on three principal assumptions.
First, the genetic instruments should be strongly associ-
ated with the exposure of interest (assumption 1, rele-
vance). Both in our de novo MR analyses and the
studies included in the meta-analyses, the selected
SNPs were associated with genetic liability to smoking
at the genome-wide significance threshold and the
instrument strength was good as indicated by F-statistic
above 10 for the used SNPs (Table S1). Second, the
instrumental variables should not be associated with
potential confounding factors of the exposure-outcome
relationship (assumption 2, independence). Genetic lia-
bility to smoking initiation is modestly associated with
genetically predicted alcohol consumption. However,
the observed associations of genetic liability to smoking
initiation with disease risk remained, except for chronic
pancreatitis, after adjustment for genetically predicted
alcohol consumption. In addition, findings were broadly
consistent for smoking initiation and lifetime smoking
which were based on different genetic instruments. The
only exception was for polycystic ovary syndrome as
well as pancreatic and ovarian cancers for which the two
genetic instruments generated discordant results.
Third, the genetic instruments should influence the
outcome only via the exposure, not via other alternative
pathways (assumption 3, exclusion restriction). We
could not completely exclude the possibility that the
findings might be biased by pleiotropy. Nonetheless,
most studies presented results based on the weighted
median and MR-Egger methods, which are more robust
to pleiotropy, and found consistent results in these sen-
sitivity analyses. Several estimates from the MR-Egger
analyses had low to very low precision (as indicated by
broad 95% Cls) and should be interpreted cautiously.

As in any MR study of a harmful exposure and a late-
onset disease, competing risk bias (a form of survival
bias) might have influenced some of the findings. This
bias generally increases with higher age at study inclu-
sion.®® Selection bias could also affect MR results
but this bias is likely to have a less impact compared
with other biases.®® Selection bias can influence MR
findings when selection into the study depends on a
collider between the genetic variant and confounders
of the exposure—outcome association.”® Another
potential bias in MR investigations is population
stratification bias. In this meta-analysis, nearly all
included studies comprised individuals of European-
descent only and residual stratification bias was
adjusted for by genetic principal components. More-
over, the observed associations remained when
multi-ethnic GWAS were excluded.

A limitation of our study is that the magnitude of the
OR estimates cannot be compared with the relative risk
estimates from observational studies. In the MR analy-
ses, the ORs are expressed per standard deviation
increase in genetic liability to smoking initiation
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(prevalence of ever smoked regularly) and for lifetime
smoking, which is a composite index that captures
smoking duration, heaviness, and cessation.”® In obser-
vational studies, relative risk estimates were generally
reported for current or ever smokers versus never smok-
ers or for the number of cigarettes smoked during a cer-
tain period in life or the number of pack-years of
smoking. Nevertheless, the MR findings for each
genetic instrument for smoking can be compared across
diseases. Genetic liability to smoking initiation had a
particularly strong and reliable association with certain
circulatory system diseases (especially abdominal aortic
aneurysm, peripheral artery disease, and subarachnoid
hemorrhage), acute pancreatitis, periodontitis, rheuma-
toid arthritis, polycystic ovary syndrome, and certain
cancers (especially cancers of the lung, esophagus, head
and neck, and bladder), with OR estimates above 1.35.

Besides the diseases studied in the present study,
previous MR studies have shown that smoking lia-
bility is associated with increased risk of COVID-19
and other respiratory infections (e.g., pneumonia
and lower and upper respiratory infections)’’ and
pregnancy loss”” as well as decreased longevity.”? In
addition, some MR studies have found bi-directional
associations between smoking liability and mental
disorders, such as anxiety,”* depression,”®’# bipolar
disorders,”*”> and schizophrenia.”®7*

In conclusion, this study provided genetic evidence
to support that smoking is a causal risk factor for a wide
range of diseases. Thus, reducing smoking initiation is
a key public health priority.
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