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Introduction

Colorectal cancer (CRC) is the third most common cancer 
globally and the second leading cause of cancer-related 
deaths (1). CRC comprises about 10% of all newly diagnosed 
cancer cases and cancer-related deaths globally each year. 
It is the second most common cancer in women and the 
third most in men. Women experience approximately 25% 
lower incidence and mortality rates compared to men. It is 
estimated that by 2035, the global incidence of CRC will rise 
to over 2.5 million new cases (2,3). 

Testosterone, an androgen, serves significant physiological 

functions in both sexes (4). It predominantly binds to sex 
hormone-binding globulin (SHBG) and human serum 
albumin (HSA). Bioavailable testosterone (BT) denotes the 
portion of circulating testosterone not bound to SHBG, 
mainly comprising free testosterone and HSA-bound 
testosterone. HSA-bound testosterone, having low affinity, 
can detach from HSA in capillaries, becoming effectively 
available for biological activity (5). 

Mendelian randomization (MR) analyses showed that 
testosterone increases the risk of prostate cancer (6), but the 
relationship between testosterone and CRC remains highly 
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controversial, with numerous clinical studies showing 
conflicting conclusions. An MR analysis of men in the UK 
Biobank (UKB) showed no causal relationship between 
BT and total testosterone (TT) and CRC risk conducted 
by Chang et al. (7). Inconsistent findings may come from 
cross-sectional designs in most prior studies, potential 
confounding factors, or limited sample sizes. Animal 
experiments also showed varied results. Hence, evidence 
from large-scale prospective studies is still lacking.

In cross-sectional studies, testosterone levels exhibit age-
related changes, increasing during puberty and declining 
later in life. However, testosterone levels often remain 
relatively stable between the ages of 20 and 70 years (8). In 
a subsample of 7,097 men and 5,285 women from the UKB, 
testosterone levels were reassessed 5 years later. The results 
demonstrated that individual baseline testosterone levels 
remain quite stable over time (9). Although some studies 
showed that estradiol may also influence the occurrence 
of CRC, the analysis of this trait in UKB was constrained 
due to the majority having estradiol levels below the limit 
of detection. Consequently, the genome wide association 
studies (GWAS) were hindered by limited sample sizes 
and a bias towards identifying loci linked to female age at 
menopause (6). Hence, we did not explore the association 
between estradiol and CRC.

MR is a bioinformatics analytical approach that utilizes 
GWAS data to explore the causal associations. MR analysis 
employs single nucleotide polymorphisms (SNPs) as 
instrumental variables (IVs) to substitute exposure factors, 
thereby mitigating the impacts of confounding factors. 

MR investigations typically involve extensive sample 
sizes, helping to reduce the issue of reverse causation 
commonly observed in observational epidemiological 
studies. As a result, MR studies tend to yield findings with 
enhanced credibility (10). However, the MR result remains 
controversial. We utilized genetic data from the UKB and 
Finngen to evaluate the bidirectional MR relationships 
between TT and BT with the risk of CRC, using a larger 
sample size and more stringent methods to exclude 
confounding factors. We present this article in accordance 
with the STROBE-MR reporting checklist (available at 
https://tcr.amegroups.com/article/view/10.21037/tcr-24-
1481/rc).

Methods

Data sources

GWAS data of TT and BT were obtained from The IEU 
Open GWAS project: TT (ebi-a-GCST90012114, 425,097 
samples), BT (ebi-a-GCST90012104, 382,988 samples). 
The GWAS data of CRC were obtained from Finngen R11 
(8,801 cases, 345,118 controls). The original GWAS data of 
TT and BT all originated from the UKB. All participants 
were Europeans. In fact, the MR study by Chang et al. (7) 
used male testosterone data as exposure and all CRC data 
from both males and females as outcome. In our study, we 
used both male and female data, which doubled the sample 
size for exposure. Besides, the number of cases for CRC 
outcome increased by more than 100%. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

IVs selection

According to the principles of MR, the IVs utilized for 
analysis must satisfy three assumptions: (I) IVs exhibit 
strong associations with the exposure. (II) IVs are not 
associated with confounding factors. (III) IVs affect the risk 
of outcomes solely through exposure, not through other 
pathways (11,12). In the MR analysis, SNPs were selected 
as IVs to serve as mediators between exposure factors and 
outcomes only if they met the following criteria: (I) SNPs 
demonstrated significant associations with exposures at the 
genome-wide significance level (P<5e–8). (II) There was 
no linkage disequilibrium among the included IVs, with a 
linkage disequilibrium correlation coefficient set to r2<0.001 
and a clumping window >10,000 kb. (III) The F-statistic 
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was employed to avoid weak instrument bias. The F-statistic 
>10 was considered to satisfy the requirements of strong 
association (13). Later, we searched for traits of each SNP in 
the National Human Genome Research Institute-European 
Bioinformatics Institute (NHGRI-EBI) Catalog (https://
www.ebi.ac.uk/gwas/home). In the forward MR analysis, 
we excluded SNPs associated with confounding factors 
[ulcerative colitis, Crohn’s disease, inflammatory bowel 
disease, cholesterol, low-density lipoprotein, high-density 
lipoprotein, very low-density lipoprotein, body mass index 
(BMI), cancer, smoking, alcohol, height, education]. If the 
traits of an SNP contained the above-mentioned fields, then 
the SNP was removed. Compared to the MR study by Junke 
Chang et al. (7), which excluded BMI, alcohol consumption, 
and years of educational attainment as confounding 
factors, our study eliminated confounding factors more 
comprehensively. In the reverse MR analysis, we excluded 
SNPs associated with confounding factors (testosterone, 
prostate). Then, we performed harmonization to make 
the alleles of each SNP consistent between the exposure 
and outcome. Besides, we employed the MR-pleiotropy 
residual sum and outlier (MR-PRESSO) method, which 
automatically identifies outliers in IVW linear regression 
and eliminates them to obtain corrected MR estimation (14). 
The distortion test of MR-PRESSO analysis was utilized to 
identify outliers. The global test of MR-PRESSO analysis 
was conducted to assess the horizontal pleiotropy, with 
P>0.05 indicating no horizontal pleiotropy. We excluded 
relevant SNPs to ensure that the P value of the global test 
in MR-PRESSO was over 0.05. 

MR analysis

The inverse variance weighting (IVW) method was used as 
the primary analytical approach (15). The IVW method uses 
a meta-analysis technique to integrate Wald ratio assessments 
of the causal connection derived from multiple SNPs, yielding 
a dependable evaluation of the causal relationship (16).  
Meanwhile, MR-Egger, weighted median, simple mode and 
weighted mode were used to infer the causal relationship. 
MR-Egger remains unbiased even in the presence of 
nonzero mean pleiotropy but may sacrifice statistical 
power (17). Weighted medians offer robust estimates 
of effective IVs with a minimum weight of 50% (18).  
The simple mode represents a model-based evaluation 
method providing robustness against pleiotropy (19). The 
weighted mode is effective as long as the majority of IVs 
satisfy the requirements for MR causal inference (17). We 

utilized all these methods to comprehensively investigate 
causality. The two-sample MR analysis was conducted using 
the “TwoSampleMR” package (version 0.5.9) in R software 
(version 4.4.0).

Sensitivity analysis

The Cochran’s Q statistic (MR-IVW) and Rucker’s Q 
statistic (MR-Egger) were employed to assess heterogeneity, 
with P>0.05 indicating no significant heterogeneity (20). 
The intercept test of MR-Egger was utilized to identify 
horizontal pleiotropy, with P>0.05 indicating no presence of 
horizontal pleiotropy (21). The leave-one-out analysis was 
used to investigate whether the causal relationships were 
influenced by individual SNPs.

Statistical analysis

We used MR analysis to assess the causal relationship 
between BT, TT, and CRC, with a P value <0.05 considered 
statistically significant. The MR-PRESSO method was 
applied to remove outliers to enhance the robustness of the 
results. Heterogeneity and pleiotropy tests were further 
conducted to assess result stability, with P>0.05 indicating 
robust findings.

Results

Selection of IVs

The final IVs obtained for each MR analysis are presented 
in https://cdn.amegroups.cn/static/public/tcr-24-1481-1.
xlsx. All these SNPs satisfied F-statistic >10, were unrelated 
to confounding factors, and were not excluded by MR-
PRESSO.

The causal effects of TT and BT on CRC

The bidirectional MR analysis revealed one standard 
deviation (SD) increase in genetically predicted BT 
increased the risk of CRC [IVW: odds ratio (OR) =1.834, 
95% confidence interval (CI): 1.121−3.001, P=0.02]. There 
was no causal effect of TT on CRC (Figure 1). Besides, 
there was no causal relationship of CRC on BT or TT 
(Figure 2). The OR values of the five methods for the 
bidirectional causal relationship between BT and CRC were 
all >1, indicating the robustness of the causal relationship. 
The Cochran’s Q test, Rucker’s Q test, MR-PRESSO test 

https://www.ebi.ac.uk/gwas/home
https://www.ebi.ac.uk/gwas/home
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and MR-Egger intercept test showed our results were not 
affected by heterogeneity or pleiotropy (Table 1).

The scatter plots of causal relationships were shown in 
Figure S1. 

Leave-one-out analysis for the impact of individual 
SNPs on bidirectional MR between BT and TT with CRC 
were shown in Figures S2-S5. The results showed that the 
causal estimates of our MR analysis were not influenced by 
individual SNPs, suggesting that our MR analysis is stable.

Discussion

To date, our MR analysis is the first to investigate the causal 

relationship between BT and CRC. The results showed an 
association between elevated BT levels and increased risk of 
CRC. Furthermore, the results of bidirectional MR analysis 
did not support the reverse causal relationship of CRC on 
BT levels. There was no causal relationship between CRC 
and TT which is consistent with previous MR research 
results conducted by Chang et al. (7). Compared to the 
unidirectional MR studies by Chang et al., our research 
adopted bidirectional MR to investigate the bidirectional 
causal relationship between testosterone and CRC. Besides, 
our study had a larger sample size and removed a more 
comprehensive set of confounding factors. These results 
confirm the potential of BT as a biomarker for CRC and 

MR-Egger

MR-Egger

P<0.05 was considered statistically significant

Exposure group                            Outcome group     OR (95% CI)                                                               P value

P<0.05 was considered statistically significant

MR-Egger

MR-Egger

Exposure group                   Outcome group                        OR (95% CI)                                                      P value

Figure 1 Mendelian randomization results of genetically predicted TT and BT on the risk of CRC. OR, odds ratio; CI, confidence interval; 
CRC, colorectal cancer; MR, Mendelian randomization; TT, total testosterone; BT, bioavailable testosterone. 

Figure 2 Mendelian randomization results of genetically predicted CRC on the levels of TT and BT. OR, odds ratio; CI, confidence 
interval; CRC, colorectal cancer; MR, Mendelian randomization; TT, total testosterone; BT, bioavailable testosterone. 

https://cdn.amegroups.cn/static/public/TCR-24-1481-Supplementary.pdf
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provide additional evidence for the connection between 
CRC and TT as well as BT, thereby enhancing our 
understanding of the complex interplay involved.

Due to the fact that TT includes BT as well as the 
portion of testosterone bound to SHBG which does not 
directly exert biological effects, we infer that this difference 
leads to the different causal relationships between BT and 
TT with CRC.

Over time, the relationship between testosterone and 
CRC has been highly contentious, with many studies 
pointing to conflicting conclusions. An animal experiment 
indicated that male sex hormones, particularly testosterone, 
may induce colonic adenomas (the precancerous lesions 
of CRC). Male mice injected with the carcinogen 
azoxymethane for 6 weeks showed higher susceptibility to 
adenoma development compared to females. Orchidectomy 
reduced adenoma formation significantly in male 
mice. Further experiments on male mice subjected to 
orchidectomy showed that those receiving intramuscular 
injections of testosterone enanthate exhibited increased 
susceptibility to adenomatous lesions compared to those 
who received a placebo alone (22). A retrospective study 
involving 5,404 postmenopausal women revealed a 
correlation between higher levels of free testosterone and 
increased risk of conventional adenomas. The study results 
suggest the role of free testosterone in the onset of early-
stage CRC (23). In vitro, testosterone was demonstrated to 
promote the growth of colon cancer cells, and this effect 
can be reduced by anti-androgens (24).

However, there are also studies suggesting the opposite 
conclusion. It was reported that hypotestosteronemia can 
lead to CRC and men undergoing androgen deprivation 
therapy for prostate cancer treatment had an increased risk 
of CRC (25,26). These studies suggest a protective role of 

testosterone against CRC.
Another study conducted on samples from the UKB 

using Cox proportional hazards models showed that 
testosterone is not associated with CRC (27). This 
contradicts the causal relationship uncovered in our 
bidirectional MR analysis, where it was observed that BT 
increased the risk of CRC. The different results obtained 
in the two studies may be attributed to biases introduced 
by unmeasured or residual confounding factors that 
observational studies cannot address.

The Testosterone Trials in men represent the largest 
randomized controlled trials (RCTs) of testosterone 
administration at present. However, data on CRC outcomes 
remains insufficient. Compared to evidence from RCTs, 
genetic IV analyses are less susceptible to confounding and 
reverse causality, providing a more reliable evidence base.

Besides, certain potential mechanisms may contribute to 
further understanding the interrelationships. Testosterone 
binds to the androgen receptor NR3C4 which is a 
DNA-binding transcription factor, thereby regulating 
gene expression and protein synthesis to promote tissue 
proliferation (4). This mechanism may be associated with 
the development of CRC.

Our research suggests the potential of BT as a biomarker 
for CRC. It indicates the need for regular CRC screening 
in patients with elevated BT levels, and that reducing BT 
levels may help lower the risk of CRC.

However, several limitations of this study should be 
acknowledged. First, because of the absence of gender-
stratified GWAS data in CRC, MR studies were not 
conducted by gender. Second, genetic instruments 
represent lifelong exposures to the risk factor, making 
it difficult to determine the effects of short-medium 
term pharmacological interventions. Therefore, further 

Table 1 Sensitivity analysis of the MR analysis results of exposures and outcomes 

Exposure Outcome

Heterogeneity test Pleiotropy test  
(Egger intercept,  

MR-Egger)

MR-PRESSO 
(Global test)Cochran’s Q test, 

IVW
Rucker’s Q test,  

MR-Egger

Bioavailable testosterone 
levels

CRC 0.09 0.07 0.66 0.09 

Total testosterone levels CRC 0.16 0.15 0.49 0.17 

CRC Bioavailable testosterone levels 0.37 0.34 0.47 0.39 

CRC Total testosterone levels 0.47 0.50 0.28 0.50 

The data are presented as P values. MR, Mendelian randomization; IVW, inverse variance weighting; MR-PRESSO, MR-pleiotropy residual 
sum and outlier; CRC, colorectal cancer.
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clinical trials are required to validate our findings. Third, 
our genetic analysis was limited to samples of European 
ancestry, which restricts our ability to generalize the results 
to other populations.

Conclusions

Our research provides evidence of a causal relationship of 
BT on CRC risk, and CRC does not affect the level of BT. 
Furthermore, there is no causal relationship between TT 
and CRC. All these findings offer new insights into the 
complex associations involved. However, large-scale RCTs 
are still needed to further confirm this in the future.
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