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Abstract 

Background:  Obesity (waist circumference, body mass index (BMI)) and lifestyle factors (dietary habits, smoking, 
alcohol drinking, Sedentary behavior) have been associated with risk of benign prostatic hyperplasia (BPH) in observa‑
tional studies, but whether these associations are causal is unclear.

Methods:  We performed a univariable and multivariable Mendelian randomization study to evaluate these asso‑
ciations. Genetic instruments associated with exposures at the genome-wide significance level (P < 5 × 10–8) were 
selected from corresponding genome-wide associations studies (n = 216,590 to 1,232,091 individuals). Summary-level 
data for BPH were obtained from the UK Biobank (14,126 cases and 169,762 non-cases) and FinnGen consortium 
(13,118 cases and 72,799 non-cases). Results from UK Biobank and FinnGen consortium were combined using fixed-
effect meta-analysis.

Results:  The combined odds ratios (ORs) of BPH were 1.24 (95% confidence interval (CI), 1.07–1.43, P = 0.0045), 1.08 
(95% CI 1.01–1.17, P = 0.0175), 0.94 (95% CI 0.67–1.30, P = 0.6891), 1.29 (95% CI 0.88–1.89, P = 0.1922), 1.23 (95% CI 
0.85–1.78, P = 0.2623), and 1.04 (95% CI 0.76–1.42, P = 0.8165) for one standard deviation (SD) increase in waist circum‑
ference, BMI, and relative carbohydrate, fat, protein and sugar intake, 1.05 (95% CI 0.92–1.20, P = 0.4581) for one SD 
increase in prevalence of smoking initiation, 1.10 (95% CI 0.96–1.26, P = 0.1725) and 0.84 (95% CI 0.69–1.02, P = 0.0741) 
for one SD increase of log-transformed smoking per day and drinks per week, and 1.31 (95% CI 1.08–1.58, P = 0.0051) 
for one SD increase in sedentary behavior. Genetically predicted waist circumference (OR = 1.26, 95% CI 1.11–1.43, 
P = 0.0004) and sedentary behavior (OR = 1.14, 95% CI 1.05–1.23, P = 0.0021) were associated with BPH after the 
adjustment of BMI.

Conclusion:  This study supports independent causal roles of high waist circumference, BMI and sedentary behavior 
in BPH.
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Introduction
Benign prostate hyperplasia (BPH) is a common benign 
disease in middle-aged and elderly men, appearing in 
approximately 8% of men by age 40, but up to 90% of men 
by age 90 [1]. The incident cases of BPH increased by 
105.70% from 1990 to 2019 according to the Global Burden 
of Disease 2019 data [2]. BPH is often underestimated and 
underdiagnosed. If patients are not treated in time, it may 
lead to serious complications, such as urinary retention, 
renal insufficiency and renal failure [3].

Epidemiological studies have reported several potential 
risk factors for BPH, including obesity [4–6], dietary hab-
its [7–10], smoking [11], alcohol consumption [12–15] and 
sedentary behavior [16]. However, most of the evidence 
for the associations have been inconsistent and inconclu-
sive. More importantly, in observational epidemiological 
studies, reverse causality, misclassification, unobserved 
confounding, and other biases may largely impede causal 
inference of these associations. For example, abdominal 
obesity and overall obesity are strongly related, and their 
independent association with BPH is unclear. Similarly, 
smoking and drinking may be overlapping behaviors for 
individuals, which may introduce residual confounding 
in traditional observational studies. Identifying the causal 
association of potentially modifiable risk factors with BPH 
has important practical implications for exploring the etiol-
ogy of the disease and for its prevention and management 
in public health. Mendelian randomization (MR) designs 
use genetic variation as instrumental variables (IVs) for 
exposure and enhance causal association [17]. The method 
can reduce the influence of residual confounding since 
genetic variants are randomly distributed at conception 
and therefore unrelated to environmental and self-adopted 
lifestyle confounders [18]. Furthermore, MR designs can 
reduce the possibility of reverse causality, since genetic 
variants could not be altered by disease occurrence and 
progression.

Therefore, we performed a two-sample univariable and 
multivariable MR study to evaluate the possible causal 
associations of abdominal obesity (measured as waist cir-
cumference), overall obesity (measured as body mass index 
(BMI)), lifestyle factors (dietary habits, smoking, alcohol 
drinking, and sedentary behavior) with risk of BPH.

Methods
Study design and genetic instrument selection
Figure  1 shows the study design and the assumptions 
of MR in our study [19]. This IV analysis mimics ran-
domized controlled trial with respect to the random 

allocation of single nucleotide polymorphisms (SNPs) in 
offspring (independent of confounding factors such as 
sex and age). We obtained the genetic IVs for the expo-
sures from published genome-wide association stud-
ies (GWASs) using summary data [20–24]. We selected 
SNPs that were associated with waist circumference [20], 
waist circumference adjusted for BMI [20], BMI [21], die-
tary habits, smoking behaviors [22, 23], alcohol per week 
[22], and sedentary behavior [24] at the genome-wide 
significance threshold (P < 5 × 10–8). For dietary habits, 
four sets of instruments (SNPs for relative carbohydrate, 
fat, protein and sugar intake) were employed for valida-
tion [25]. For smoking behaviors, three sets of instru-
ments (SNPs for smoking initiation [22], smoking per 
day [22], and lifetime smoking index [23]) were employed 
for validation. For example, the SNPs for smoking initia-
tion were chosen from a meta-analysis of GWAS with a 
total of 1,232,091 participants of European ancestry. This 
phenotype was measured as a binary variable, coded as 
“1” if they had never been a regular smoker in their life 
and “2” if they had ever been a regular smoker in their 
life (current or former). The GWAS of number of ciga-
rettes per day came from the Sequencing Consortium of 
Alcohol and Nicotine use, 23andMe and UK Biobank. 
The cigarettes per day was defined as the average num-
ber of cigarettes smoked per day both in current smoker 
and former smoker. The GWAS on the lifetime smok-
ing index included information on duration of smok-
ing, heaviness and cessation, which were combined into 
a simulated half-life (τ) constant and a lifetime smoking 
index. We obtained summary-level data of alcohol con-
sumption from a GWAS of number of drinks per week 
in 941,280 individuals. The GWAS was from several 
cohorts including deCODE, UK Biobank and 23andMe. 
Drinks per week was defined as the amount of drinks a 
study participant reported drinking per week, including 
different types of alcohol. Detailed information on used 
data sources, definition, unit, participants included in the 
analysis, adjusted covariates and identified SNPs are dis-
played in Additional file 1: Table S1.

We calculated the linkage disequilibrium (LD) 
between SNPs for every risk factor based on LD refer-
ence panel from 1000 Genomes of European popula-
tions. We excluded SNPs in LD (r2 > 0.001 and clump 
window < 10,000 kb) and retained the SNP with the low-
est P value. Then, we harmonized the SNPs in the expo-
sure and outcome datasets by coded and reference alleles. 
Exposure and outcome data are unified into a dataset 
by removing the allele frequencies of SNPs containing 
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palindromes [19]. We defined palindromic SNPs with 
ambiguous minor allele frequency > 0.45 and < 0.55 [26]. 
Considering the limited impact of a small proportion of 
missing generates on the results, a few missing instru-
ments tools in the outcome datasets were not replaced 
by proxy SNPS. We calculated the proportion of the vari-
ance of phenotype explained by whole SNPs and F-sta-
tistic [27]. When the corresponding F statistic is > 10, it 
is considered to be sufficient. We used an online tool to 
estimate the Power (https://​shiny.​cnsge​nomics.​com/​
mRnd/) [28]. The flow chart of our study is shown in 
Fig. 2, including the inclusion and exclusion criterion of 
candidate SNPs for each exposure-outcome pair. Detailed 
information on genetic instruments are shown in Addi-
tional file 1: Table S2.

Data sources for benign prostatic hyperplasia
Summary-level genetic data of GWASs for BPH were 
acquired from the R5 release of the FinnGen consor-
tium [29] and the UK Biobank study [30] (Additional 
file  1: Table  S1). In the FinnGen consortium, BPH 
cases were defined by N40 in International Classifica-
tion of Diseases-Tenth (ICD-10) Revision code and 600 
in ICD-8 and ICD-9. The R5 release of the FinnGen 

consortium data with a total of 13,118 BPH cases and 
72,799 non-cases were obtained. In this data set, indi-
viduals with undefined sex, high genotype deletion 
(> 5%), excess heterozygosity (± 4 standard deviations 
((SDs)), and non-Finnish ancestry were excluded. Cor-
relation tests were adjusted for age, 10 genetic princi-
pal components and genotyping batches. In the UK 
Biobank study, the disease was defined by N40 in ICD-
10, self-reported operation codes, and office of popula-
tion and censuses surveys. Data from the UK Biobank 
study included 183,888 participants (14,126 BPH and 
169,762 non-cases) after exclusion of individuals who 
had withdrawn consent from the UK Biobank study, 
individuals with sexual chromosome aneuploidies, and 
individuals of non-European ancestry. Correlation tests 
had been adjusted for age and up to 20 main compo-
nents. Detailed information on quality control refers to 
the web and cited GWAS papers of FinnGen consor-
tium and the UK Biobank [29, 30].

All cited summary-level data from published GWASs 
and consortia had been approved by the relevant 
review committees and the participants involved had 
given informed consent, and the analytic process was in 
accordance with the STROBE-MR guidelines [31].

Fig. 1  Overview and assumptions of the Mendelian randomization study design. Assumption 1: the instrumental variables should be closely 
related to the risk factor of interest; assumption 2: the instrumental variables should not be associated with potential confounders, and assumption 
3: the instrumental variables should affect the risk of outcome only through risk factors and not through other alternative pathways. LD, Linkage 
disequilibrium; SNP, single nucleotide polymorphisms; BMI, body mass index; IVW, inverse-variance weighted; PRESSO, Pleiotropy Residual Sum and 
Outlier

https://shiny.cnsgenomics.com/mRnd/
https://shiny.cnsgenomics.com/mRnd/
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Fig. 2  The flow chart of the inclusion and exclusion criterion of candidate SNPs for each exposure-outcome pair. GWAS, genome-wide association 
studies; BMI, body mass index; LD, Linkage disequilibrium; IVW, inverse-variance weighted; PRESSO, Pleiotropy Residual Sum and Outlier; MR, 
Mendelian randomization
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Statistical analysis
We applied MR-Steiger analysis to test the direc-
tion of the potential causal association between each 
of the extracted SNPs on the risk factors and BPH 
[32]. Heterogeneity between the SNPs was evaluated 
by calculating Cochrane’s Q statistic. Heterogene-
ity was considered to exist when Cochrane Q-derived 
P < 0.05, and we used a random-effect inverse-var-
iance weighted (IVW) model as the main analysis 
method [33]. Five other sensitivity analysis methods, 
including the weighted median, MR-Egger regression, 
penalized weighted median, IVW radial regression 
and MR-PRESSO (Pleiotropy Residual Sum and Out-
lier) methods, were performed to assess the robust-
ness of the results [33–35]. The weighted median 
model provides consistent estimates on the condition 
that ≥ 50% of the weight in the analysis comes from 
valid IVs [36]. The MR-Egger regression analysis can 
detect and correct for directional pleiotropy whereas 
it compromises power. The P value for the MR-Egger 
intercept was used to indicate directional pleiotropy. 
Under the assumption that no more than 50% of the 
estimated weight of MR effects is derived from multi-
effect SNPs, the penalized weighted median method 
gives consistent estimates of effects, where the weight 
is depended on the strength of their association with 
exposure [36]. The IVW radial regression uses modi-
fied second-order weights to test and remove outlying 
SNPs. The MR-PRESSO method can identify outliers 
and generate estimates after the outliers are removed 
[37]. The MR-PRESSO distortion test is designed to 
test the difference in the estimation before and after 
the outlier correction. A P < 0.05 of the distortion test 
indicates that there is a significant difference in the 
estimation before and after the outlier correction. To 
evaluate whether genetic liability to smoking is asso-
ciated with BPH risk independently of alcohol drink-
ing, a multivariable random-effects IVW model was 
employed to adjust for genetically predicted alcohol 
drinking in the analysis of smoking and vice versa [38, 
39]. In addition, to assess whether genetic liability to 
lifestyle factors are associated with BPH risk inde-
pendently of BMI, we performed multivariable MR 
analyses by random-effects IVW model with adjust-
ment for genetically predicted BMI. Derived estimates 
based on the UK Biobank and the FinnGen consortium 
were summarized using fixed-effects meta-analyses. 
Odds ratios (ORs) and 95% confidence intervals (CIs) 
for the risk of BPH were scaled to per one standard 
deviation (SD) increase in waist circumference, BMI, 
relative carbohydrate, fat, protein, and sugar intake, 
lifetime smoking index and sedentary behavior, one 
SD increase in prevalence of smoking initiation, and 

one SD increase of log-transformed alcoholic smoking 
per day and drinks per week. To account for multiple 
testing in our analyses, a Bonferroni-corrected thresh-
old of P < 0.0046 (α = 0.05/11 exposure factors) was 
applied. Associations with P < 0.0046 were considered 
significant, and associations with P ≥ 0.0046 and < 0.05 
were considered suggestive. All statistical analyses 
were conducted using the Mendelian Randomiza-
tion (0.4.2), TwoSampleMR (0.5.5), MRPRESSO (1.0), 
MVMR (0.3) and meta (4.11.0) packages in R, version 
4.0.3.

Results
The F statistics for IVs and estimated power for all analy-
ses are shown in Additional file 1: Table S3. None of these 
IVs had an F-statistic below the threshold of 10, indicat-
ing that there was low evidence of weak instrument bias 
in this study. Expected ORs for BPH was estimated for 
Given a α = 5% and 80% power in the FinnGen consor-
tium and UK biobank study. The power was low in the 
analysis of alcohol per week, but adequate for the other 
studied exposures.

The Steiger-MR indicated that the SNPs explained 
more variance in exposure than the outcome (all P > 0.05), 
which identified the robustness of the causal effect esti-
mates. No pleiotropy was identified in the analysis of all 
exposures in the UK Biobank and FinnGen data by the 
MR-Egger regression (Additional file 1: Table S4). Mod-
erate heterogeneity was found in the analysis of most 
exposures (P for Cochrane’s Q < 0.001) (Additional file 1: 
Table S4).

Genetically predicted higher waist circumference, waist 
circumference adjusted for BMI and BMI were associated 
with a raised risk of BPH in UK Biobank data (Fig. 3). The 
estimates were retained in FinnGen consortium data, 
but with wider CIs that span 1.0. The combined ORs of 
BPH were 1.24 (95% CI 1.07–1.43, P = 0.0045), 1.26 (95% 
CI 1.11–1.43, P = 0.0004) and 1.08 (95% CI 1.01–1.17, 
P = 0.0175) for waist circumference, waist circumference 
adjusted for BMI and BMI, respectively. The association 
calculated by different methods (the weighted median, 
MR-Egger regression, penalized weighted median, and 
IVW radial regression) was directionally consistent 
(Additional file 1: Figure S1). After removing outliers in 
the MR-PRESSO analysis, the association between waist 
circumference, waist circumference adjusted for BMI and 
BMI and BPH persisted and the P value for the distortion 
test were above 0.05 (Additional file 1: Table S4).

As for lifestyle factors, in terms of dietary habits, the 
combined ORs of BPH were 0.94 (95% CI 0.67–1.30, 
P = 0.6891), 1.29 (95% CI 0.88–1.89, P = 0.1922), 1.23 
(95% CI 0.85–1.78, P = 0.2623), and 1.04 (95% CI 
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0.76–1.42, P = 0.8165) for one SD increase in relative 
carbohydrate, fat, protein, and sugar intake, respectively, 
in the meta-analysis of data from the UK Biobank and 
FinnGen consortium (Fig.  3). These null associations 

were replicated in the sensitivity analysis and multivari-
able MR analysis (Additional file 1: Figure S1 and Fig. 4).

As for smoking behaviors, genetic predisposition to 
smoking initiation (combined OR 1.05, 95% CI 0.92–1.20, 

Exposure & Data source
Waist circumference

Used SNPs

UK Biobank

IVW

FinnGen consortium

OR(95% CI)

Combined Effect

P

Waist circumference adjusted for BMI

UK Biobank
FinnGen consortium
Combined Effect
Body mass index
UK Biobank
FinnGen consortium
Combined effect
Relative carbohydrate intake
UK Biobank
FinnGen consortium
Combined effect
Relative fat intake
UK Biobank
FinnGen consortium
Combined effect
Relative protein intake
UK Biobank
FinnGen consortium
Combined effect
Relative sugar intake
UK Biobank
FinnGen consortium
Combined effect
Smoking initiation
UK Biobank
FinnGen consortium
Combined Effect
Smoking per day
UK Biobank
FinnGen consortium
Combined Effect
Lifetime smoking index
UK Biobank
FinnGen consortium
Combined Effect
Alcohol per week
UK Biobank
FinnGen consortium
Combined Effect
Sedentary behavior
UK Biobank
FinnGen consortium
Combined Effect

45
45

72
72

543
528

13
12

6
6

7
7

10
10

360
343

21
20

126
124

38
39

136
132

1.24 (1.01 to 1.53)
1.23 (1.00 to 1.51)
1.24 (1.07 to 1.43)

1.32 (1.12 to 1.55)
1.18 (0.97 to 1.44)
1.26 (1.11 to 1.43)

1.16 (1.06 to 1.26)
1.01 (0.89 to 1.10)
1.08 (1.01 to 1.17)

0.80 (0.53 to 1.20)
1.29 (0.72 to 2.31)
0.94 (0.67 to 1.30)

1.09 (0.70 to 1.72)
1.94 (0.95 to 3.95)
1.29 (0.88 to 1.89)

1.05 (0.66 to 1.67)
1.62 (0.89 to 2.95)
1.23 (0.85 to 1.78)

0.96 (0.65 to 1.42)
1.18 (0.71 to 1.97)
1.04 (0.76 to 1.42)

1.04 (0.88 to 1.23)
1.06 (0.87 to 1.31)
1.05 (0.92 to 1.20)

1.00 (0.85 to 1.18)
1.37 (1.07 to 1.76)
1.10 (0.96 to 1.26)

1.32 (0.99 to 1.77)
1.18 (0.86 to 1.61)
1.25 (1.01 to 1.55)

0.82 (0.64 to 1.04)
0.88 (0.63 to 1.21)
0.84 (0.69 to 1.02)

1.29 (1.01 to 1.65)
1.33 (0.99 to 1.79)
1.31 (1.08 to 1.58)

0.0361
0.0544
0.0045

0.0011
0.1035
0.0004

0.0011
0.8401
0.0175

0.2758
0.3866
0.6891

0.6935
0.0691
0.1922

0.8464
0.1145
0.2623

0.8394
0.5205
0.8165

0.6311
0.5573
0.4581

0.9971
0.0139
0.1725

0.0617
0.3139
0.0398

0.1014
0.4277
0.0741

0.0381
0.0574
0.0051

0.5 1 1.5 2 2.5

Fig. 3  Associations of genetically predicted risk factors with benign prostatic hyperplasia using random effect inverse-variance weighted method. 
IVW, inverse-variance weighted; OR, odds ratio; CI confidence interval; BMI, body mass index; SNP, single nucleotide polymorphism
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Exposure & Data source                

Smoking per day adjusted for alcohol per week
UK Biobank

OR(95% CI)

FinnGen consortium

P

Combined Effect
Lifetime smoking index adjusted for alcohol per week
UK Biobank
FinnGen consortium
Combined Effect

Smoking initiation adjusted for alcohol per week
UK Biobank
FinnGen consortium
Combined Effect

Alcohol per week adjusted for smoking per day
UK Biobank
FinnGen consortium
Combined Effect
Alcohol per week adjusted for lifetime smoking index
UK Biobank
FinnGen consortium
Combined Effect
Alcohol per week adjusted for smoking initiation
UK Biobank
FinnGen consortium
Combined Effect
Relative carbohydrate intake adjusted for body mass index
UK Biobank
FinnGen consortium
Combined effect
Relative fat intake adjusted for body mass index
UK Biobank
FinnGen consortium
Combined effect
Relative protein intake adjusted for body mass index
UK Biobank
FinnGen consortium
Combined effect
Relative sugar intake adjusted for body mass index
UK Biobank
FinnGen consortium
Combined effect

Smoking per day adjusted for body mass index
UK Biobank
FinnGen consortium
Combined Effect
Lifetime smoking index adjusted for body mass index
UK Biobank
FinnGen consortium
Combined Effect

Smoking initiation adjusted for body mass index
UK Biobank
FinnGen consortium
Combined Effect

Alcohol per week adjusted for body mass index
UK Biobank
FinnGen consortium
Combined Effect
Sedentary behavior adjusted for body mass index
UK Biobank
FinnGen consortium
Combined Effect

1.00 (0.93 to 1.08)
1.16 (1.06 to 1.27)
1.06 (1.00 to 1.13)

1.24 (0.93 to 1.65)
1.10 (0.80 to 1.50)
1.17 (0.95 to 1.45)

1.05 (0.96 to 1.15)
1.06 (0.94 to 1.19)
1.05 (0.98 to 1.13)

0.77 (0.58 to 1.01)
0.84 (0.56 to 1.26)
0.79 (0.63 to 1.00)

0.88 (0.65 to 1.17)
0.80 (0.56 to 1.13)
0.84 (0.67 to 1.05)

0.84 (0.64 to 1.09)
0.85 (0.59 to 1.23)
0.84 (0.68 to 1.05)

0.73 (0.48 to 1.28)
0.90 (0.46 to 2.23)
0.78 (0.51 to 1.17)

1.09 (0.66 to 1.77)
1.93 (0.69 to 8.76)
1.18 (0.74 to 1.86)

1.05 (0.66 to 1.67)
1.62 (0.90 to 2.94)
1.24 (0.86 to 1.78)

0.96 (0.65 to 1.42)
1.00 (0.55 to 2.41)
0.97 (0.69 to 1.37)

0.98 (0.91 to 1.06)
1.16 (1.06 to 1.27)
1.05 (0.99 to 1.12)

1.24 (0.98 to 1.56)
1.07 (0.81 to 1.40)
1.16 (0.98 to 1.39)

1.03 (0.96 to 1.11)
1.04 (0.95 to 1.14)
1.03 (0.98 to 1.10)

0.78 (0.61 to 0.99)
0.90 (0.66 to 1.25)
0.82 (0.68 to 1.00)

1.15 (1.06 to 1.26)
1.05 (0.84 to 1.31)
1.14 (1.05 to 1.23)

0.9640
0.0028
0.0501

0.1512
0.5975
0.1381

0.2812
0.3422
0.1471

0.0637
0.4004
0.0502

0.3751
0.2083
0.1352

0.1962
0.4032
0.1212

0.3802
0.7171
0.2291

0.6941
0.1442
0.4921

0.8471
0.1151
0.2532

0.8392
0.8981
0.8601

0.6272
0.0008
0.0730

0.0729
0.6391
0.0902

0.4185
0.3932
0.2472

0.0417
0.5341
0.0501

0.0010
0.6612
0.0021

0.5 1 1.5 2

Fig. 4  Associations of genetically predicted risk factors with benign prostatic hyperplasia using multivariable MR analyses. OR, odds ratio; CI, 
confidence interval
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P = 0.4581) and smoking per day (combined OR 1.10, 
95% CI 0.96–1.26, P = 0.1725) were not associated with 
BPH in the meta-analysis of data from the UK Biobank 
and FinnGen consortium (Fig.  3). This null association 
was replicated in the sensitivity analysis (Additional file 1: 
Figure S1). In the multivariable MR analysis adjusting for 
alcohol per week and BMI separately, we also detected 
no association between genetic susceptibility to smoking 
initiation and smoking per day and risk of BPH (Fig. 4). A 
suggestive positive association between genetically pre-
dicted lifetime smoking index and BPH was detected in 
the meta-analysis (combined OR 1.25, 95% CI 1.01–1.55, 
P = 0.0398) (Fig.  4). However, the association did not 
remain after adjusting for alcohol per week (combined 
OR 1.17, 95% CI 0.95–1.45, P = 0.1380) and BMI (com-
bined OR 1.16, 95% CI 0.98–1.39, P = 0.0902), respec-
tively (Fig.  4). In addition, genetically predicted alcohol 
per week was not associated with BPH neither in a uni-
variable model (combined OR 0.84, 95% CI 0.69–1.02, 
P = 0.0741) or in a multivariable MR analysis adjusting 
for smoking behaviors and BMI, respectively (Fig.  3, 4, 
Additional file 1: Figure S1).

However, genetically predicted higher sedentary 
behavior was associated with an elevated risk of BPH in 
UK Biobank data (Fig.  3). The estimate was unchanged 
in FinnGen consortium data, but with a broader CI. 
The combined ORs of BPH was 1.31 (95% CI 1.08–1.58, 
P = 0.0051) for sedentary behavior. The association was 
directionally consistent in the sensitivity analyses (Addi-
tional file  1: Figure S1). After the adjustment of BMI, a 
significantly positive association was also found between 
genetic predisposition to sedentary behavior and risk of 
BPH (OR = 1.14, 95% CI 1.05–1.23, P = 0.0021) (Fig. 4).

Discussion
Our MR study supports that genetic predisposition to 
higher waist circumference and sedentary behavior are 
independently and causally associated with the risk of 
BPH. Suggestive causal association is observed between 
genetic predisposition to higher BMI and increased risk 
of BPH. There is no obvious evidence that genetic predis-
position to relative carbohydrate, fat, protein, and sugar 
intake, smoking and alcohol drinking are causally associ-
ated with the risk of BPH.

It is reported that obesity, especially visceral obesity, 
has been associated with BPH in observational stud-
ies [40, 41]. A meta-analysis of 7 cohort studies and 12 
case–control studies reported a positive association 
between BPH and BMI [4]. In the subgroup analysis of 
population-based case–control studies, BMI was associ-
ated with a dose–response relationship with BPH, and 
a marginal positive association was detected between 
BPH risk with higher BMI. However, some prospective 

studies have not confirmed the association between BMI 
and BPH [5, 6]. This difference may be due to the differ-
ent covariate adjustments and small sample sizes in these 
studies. In this study, the association between waist cir-
cumference and BPH remained after the adjustment for 
BMI, which suggested that central obesity is a vital risk 
factor as overall fat mass for BMI. There is a possible 
mechanism that could explain why obesity itself results in 
BPH even in metabolically healthy populations. Previous 
studies have observed that obesity can lead to chronic 
systemic inflammation and oxidative stress, leading to 
prostate tissue immune cell infiltration, tissue remod-
eling and hyperplasia in prostate tissues [40, 42, 43].

A systematic review evaluated myriads of food types 
and food groups and found consumption of a high-cal-
orie diet, high in starches and red meat may be weakly 
associated with BPH risk, while a lower-calorie diet, high 
in polyunsaturated fats and low in saturated fat may be 
weakly associated with decreased risk [7–10]. The Pros-
tate Cancer Prevention Trial (PCPT) within a cohort of 
18,800 patients aged more than 50 years found a diet low 
in fat and red meat and high in protein may reduce the 
risk of symptomatic BPH [7]. However, with regard to the 
role of a high-fat diet, the evidence from the literature is 
not consistent. Suzuki et al. found that BPH risk was not 
associated with energy-adjusted total fat intake [8]. The 
above-mentioned findings led us to emphasize that the 
exact association between different dietary patterns and 
BPH has not yet been fully elucidated. Our study did not 
detect associations between relative carbohydrate, fat, 
protein, and sugar intake and BPH in the univariable and 
multivariable analyses after adjusting for BMI, although 
we could not rule out the possibility that the observed 
null findings were led by an inadequate power.

Several previous observational studies have reported 
that smoking confers an aggravated effect on BPH [44, 
45], while other studies have found a protective effect 
[46]. A meta-analysis of 1 case–control study, 6 cohort 
studies, and 1 cross-sectional study representing data 
from 44,100 subjects, found no association between 
smoking and BPH risk, either for current smokers or for 
ex-smokers [11]. In our study, we did not find statistically 
significant associations with BPH for genetic predisposi-
tion to smoking behaviors in the univariable analyses and 
multivariable analyses after adjusting for alcohol behav-
ior and BMI, although positive associations were showed 
in all analyses. More well-powered MR analysis is needed 
to verify our finding. Nevertheless, several vivo and vitro 
studies have shown that nicotine may increase activity in 
the sympathetic nervous system and may cause symp-
toms of urine storage by increasing the tone of the blad-
der smooth muscles [45]. Several studies have suggested 
that smoking may reduce the levels of testosterone, and 
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this effect could increase the risk of BPH [47–49]. In 
addition, smoking could cause nutritional imbalance, 
which may affect bladder and collagen synthesis [50]. It 
may also affect bladder wall strength and detrusor insta-
bility [51].

There are conflicting data on the association between 
BPH and alcohol consumption in observational stud-
ies [12–15]. Several studies have found that mild alco-
hol intake could increase lower urinary tract symptoms 
(LUTS) through diuretic effects or increased sympathetic 
nervous system activity, while moderate and high alcohol 
consumption may reduce the risk of BPH and complica-
tions of severe LUTS by altering androgen levels [52]. A 
meta-analysis including sixteen studies were conducted 
and the authors divided total alcohol intake per day into 
six gm levels [12]. At all six levels, alcohol intake was 
associated with slightly or significantly reduced likeli-
hood of BPH. However, this finding was majorly based 
on cross-sectional and case-control studies and therefore 
were prone to residual confounding (e.g., other alcohol-
related behaviors and lifestyles) and misclassification 
bias. Our study did not detect a negative association 
between alcohol consumption and BPH in the multivari-
able analyses after adjusting for smoking behavior and 
BMI, although our null findings are also at risk by inad-
equate power.

Several evidences support the role of sedentary behav-
ior in endangering LUTS/BPH [53, 54]. In one large pro-
spective study, men with the highest levels of physical 
activity were 19% less likely to develop moderate or worse 
LUTS than men with the lowest level [55]. Men who 
watched more than 30 h of television (TV) per week were 
more likely to develop moderate or more severe LUTS 
than men who watched less than 1 h of TV per week [55]. 
A cross-sectional study found that reducing sedentary 
time had a protective effect and reduced the prevalence 
of BPH [56]. However, their findings were prone to resid-
ual confounding from other sedentary related behav-
iors and lifestyles as well as misclassification bias. In our 
study, the proportion of time spent sitting throughout life 
appears to significantly increase the risk of BPH. Our MR 
study strengthened the causal nature of the positive asso-
ciation between sedentary behavior and BPH and further 
revealed that this association was independent of BMI. 
This result has potential implications for the prevention 
of BPH in ageing societies, where the incidence of BPH is 
gradually increasing.

MR analysis has three important assumptions [17, 57]. 
First, the selected IVs should be strongly associated with 
the exposure. In the present study, we selected SNPs that 
were associated with the exposures at the genome-wide 
significance level (P < 5 × 10–8) as IVs from GWASs with 
large sample sizes. Second, IVs should be independent 

of potential confounders. Given the study was based on 
summary-level data, a thorough examination of the asso-
ciations between exposures and possible confounders 
was not possible. However, these IVs were widely used 
in previous MR studies [58, 59]. Third, the genetic IVs 
should affect the outcome only via the exposure, not via 
other alternative pathways. Although we could not com-
pletely rule out the possibility that our findings might 
be biased by horizontal pleiotropy, our results remained 
consistent across several sensitivity analyses and the 
MR-Egger and MR-PRESSO analyses detected limited 
evidence in support of strong pleiotropic effects. This is 
the first MR study to investigate the casual association 
between obesity, lifestyle factors and risk of BPH using 
two-sample MR analyses. The main advantages of this 
study were the MR design and the large number of cases 
of BPH. Similar results in two independent populations 
support the reliability and robustness of our results. In 
addition, the results remained overall consistent across 
several sensitivity analyses. The MR directionality test 
(Steiger method) supported evidence that our genetic IVs 
influences our exposure before our outcome as opposed 
to the opposite direction of effect. Moreover, all of the 
participants recruited in the GWASs were from Euro-
pean descent. Therefore, our findings were unlikely dis-
torted by demographic stratification biases.

Limitations need to be considered in this study. First, 
a potential concern in any MR study is horizontal pleiot-
ropy. In our study, we did not observe obvious pleiotropic 
effects in all the analyses of exposures from MR-Egger 
intercept test. In addition, there were few outliers 
detected by MR-PRESSO analysis and the associations 
remained consistent after the removal of outlying SNPs. 
For smoking and alcohol behavior, we observed no asso-
ciation between genetically predicted smoking behav-
ior and BPH after adjusting for alcohol consumption in 
the multivariable MR analysis and vice versa. Given the 
consistent associations of genetic predisposition to high 
waist circumference, BMI and sedentary behavior with 
BPH across two data sources and different MR models, 
it is unlikely that these results are driven by horizontal 
pleiotropy. Second, overfitting may be a concern, as both 
smoking and alcohol GWAS contain a certain percent-
age of data from the UK Biobank. However, sample over-
lap was unlikely to mislead our results, as our IVs were 
chosen from large GWASs. Our SNPs were chosen at a 
strong genome-wide threshold (P < 5 × 10–8) with all esti-
mated F statistics exceeding 10, suggesting that the bias 
introduced by partial sample overlap should be minimal. 
Meanwhile, we interpreted the associations based on the 
results of meta-analyses by FinnGen and UK Biobank, 
with nearly half of the weights were derived from 
FinnGen. Third, even though our analyses were based 
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on FinnGen and UK Biobank with large sample sizes, 
we may overlook weak associations, especially expo-
sures consisting of a few SNPS that explain small phe-
notypic variations. Fourth, for lifestyle factors, whether 
the observed associations differ by age, metabolic level 
and other potential factors and BPH severity could not 
be examined based on summary-level data in this study. 
Fifth, the population restriction in our study may limit 
the generality of our findings in other populations. Sixth, 
for alcohol consumption, the effects of different types of 
alcohol are indistinguishable, and the nonlinear associa-
tion could not be evaluated in our present MR analysis. 
Similarly, the gene-environmental interaction could not 
be estimated in summary-level genetic statistics. Finally, 
further validation studies should be performed to explore 
the association between other risk factors and BPH [60].

BPH is a major prostate disease in men that increase 
with aging. Previous traditional epidemiological stud-
ies with small sample size had explained some common 
related factors and did not perform causal inference. 
Therefore, risks of BPH were not fully understood. To 
validate the causality, we performed a two-sample Men-
delian randomization analyses. In conclusion, our study 
provides MR evidence supporting a significantly causal 
role of waist circumference and sedentary behavior in 
BPH. The suggestive association between genetic pre-
disposition to higher BMI and BPH risk needs verifica-
tion. Dietary habits, smoking and alcohol drinking need 
confirmation in well-powered studies. Although many 
of these risks have not been fully studied, they might be 
beneficial in providing information to assist in counsel-
ling of patients and help to form strategies for the preven-
tion of BPH. Meanwhile, in the future studies, identifying 
comprehensive risk factors on BPH, and developing freely 
accessible prediction models for the BPH can identify 
individuals at particular risk and provide decision-mak-
ing supports for individualized intervention.
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