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ARTICLE INFO ABSTRACT
Keywords: Background: Observational studies have previously demonstrated a significant relationship among
Mendelian randomization (MR) both metabolic syndrome (Mets) and colorectal cancer (CRC). Whether there is a causal link

Metabolic syndrome (mets)

Colorectal cancer (CRC)

Instrumental variant (IV)
Single-nucleotide polymorphism (SNP)
Waist circumference (WC)

remains controversial.

Objective: To clarify whether Mets and their components have a causal effect on colorectal cancer,
we have carried out a bidirectional Mendelian randomization analysis (MR).

Methods: This study started from genome-wide association data for Mets and its 5 components
(hypertension, waist circumference, fasting blood glucose, serum triglycerides, and serum high-
density lipoprotein cholesterol) and colorectal cancer. Mendelian randomization (MR) tech-
niques were used in the study to examine their associations.

Results: After Benjamini-Hochberg multiple corrections, genetically predicted significant causal
link exists between WC (waist circumference) and CRC. The OR was 1.35 (95 % CI: 1.08-1.69; p
= 0.0096). Other Mets components (HBP, FBG, TG, HDL), on the other hand, found no evidence
of a genetic link between CRC and Mets. In addition, MR results showed that CRC was not
causally related to either Mets or the components. We get the same result in the validated dataset.
Conclusion: According to the bidirectional MR investigation shows a significant causal relation-
ship among obesity and CRC in the Mets component but no causal relationship in the opposite
direction.

1. Introduction

Colorectal cancer (CRC) already has nearly 900,000 mortalities per year, and it has become the 4th most deadly cancer worldwide
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[1]. To enhance colorectal cancer prevention and early diagnosis, advanced approaches are considered necessary. While many risk
factors were reported for the development of CRC in recent years, there is still a need for further research to better understand the
mechanisms underlying CRC development and extend prevention and early diagnosis [2-4]. Metabolic syndrome (Mets) has emerged
as a significant risk factor for CRC recently, however, the relationship between Mets and CRC has not been understood.

Evidence from epidemiology indicates that metabolic syndrome tends to increase the risk of colorectal cancer [5-17]. This finding
has been based on investigations of metabolic syndrome assessment determinants (waist circumference), metabolic syndrome clinical
consequences (type 2 diabetes and hypertension), metabolic syndrome serum components (hypertriglyceridemia and low HDL
cholesterol), and hyperinsulinemia markers [18]. Moreover, a number of meta-analyses and articles suggest a bidirectional rela-
tionship between Mets and CRC [5,6,19]. On the other hand, World Cancer Research Fund and the American Institute for Cancer
Research have not identified Mets as a factor that is causally related to colorectal cancer, however, there may be an association be-
tween Mets and BMI [20]. The existing observational studies have a number of flaws. Firstly, the evidence for most of other risk factors,
however, is not sufficient to demonstrate a causal relationship. Secondly, retrospective surveys are susceptible to selection and in-
formation bias. Additionally, the associations observed between colorectal cancer (CRC), metabolic syndrome (MetS), and its com-
ponents in observational research may be influenced by confounding factors, limited sample size, restricted follow-up duration, and
the possibility of reverse causation. These factors could potentially lead to misleading conclusions [21].

Mendelian randomization analysis has been a potent and sophisticated technique that can be used in conjunction with conventional
observational studies to investigate the relationship between exposure and disease [22]. It can establish correlations between exposure
factors and outcomes, determining a causal relationship between exposure factors and disease. It constitutes a more reliable method of
inferring causality. It has the potential to overcome the limitations of observational research, which are assessed by genetic variation as
an instrumental variable [23]. Furthermore, MR is derived from the fact that allele frequencies have been assigned from parents to
offspring and that genotypes fixed during fertilized egg formation were also unaffected by disease, seeking to avoid mixing bias and
reverse causation problems [24]. Genome-wide association studies (GWAS) have identified thousands of variants related to complex
exposures, which opens up the possibility of a wide range of applications for MR [25].

We have conducted the first Mendelian randomization study to examine the bidirectional relationship between the metabolic
syndrome and each of its components and CRC, which provides a new way of summarizing previously separate associations.

2. Material and methods
2.1. Study designs

Fig. 1 depicts a concise overview of this MR design. As shown in Fig. 1B, the components of Mets were defined by five elements
according to the three criteria for diagnosis of metabolic syndrome mentioned earlier [26-28]. We investigated the causal relationship
between colorectal cancer and metabolic syndrome and their components. We have used statistics from the most representative of
GWASs for Mets, hypertension, waist circumference (WC), fasting blood glucose (FBG), serum triglycerides (TG), and serum
high-density lipoprotein cholesterol (HDL-C). And an assessment was also made in the opposite direction. In order to substantiate our
findings, we implemented Mendelian randomization (MR) techniques, incorporating genetic data from diverse sources pertaining to
the five constituents of metabolic syndrome (MetS) and colorectal cancer (CRC) genome-wide association studies (GWAS). This
methodology enabled us to evaluate the connections between MetS components and CRC by utilizing autonomous datasets, thereby
validating our outcomes. Through the utilization of MR methods across numerous datasets, our objective was to fortify the resilience
and dependability of our deductions concerning the association between MetS components and CRC. Furthermore, for Mendelian
randomization (MR) to yield reliable results, the single-nucleotide polymorphisms (SNPs) included in the analysis must satisfy several
assumptions. As presented in Fig. 1A, these assumptions are as follows: (1) Robust association: There needs to be a strong and
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Fig. 1. Overview of the study design in this bidirectional MR study.



Table 1
Genetic predicted MetS and its components on risk of CRC in the MR analysis.
Exposure Outcome No.SNP Methods OR 95%CI Pvalue Heterogeneity Pleiotropy
MR-Egger VW MR-Egger MR-PRESSO
Q P Q P Intercept P No. Of outlier P

MetS CRC 86 VW 1.0093 0.9297-1.0958 0.8245 95.8547 0.1773 96.6363 0.1827 0.0050 0.4103 NA 0.2100
MR Egger 0.9441 0.7898-1.1285 0.5291
Weighted median 1.0406 0.9246-1.1711 0.5092
Simple mode 1.1781 0.9036-1.5360 0.2291
Weighted mode 1.1555 0.9566-1.3959 0.1374

WwC CRC 47 VW 1.3475 1.0751-1.6889 0.0096 41.0972 0.6380 41.0986 0.6773 0.0003 0.9710 NA 0.7050
MR Egger 1.3331 0.7182-2.4745 0.3672
Weighted median 1.3661 0.9350-1.9959 0.1068
Simple mode 1.4059 0.7259-2.7229 0.3177
Weighted mode 1.3897 0.8931-2.1623 0.1514

HBP CRC 64 vw 0.4428 0.1348-1.4542 0.1793 78.0347 0.0822 80.6638 0.0662 0.0166 0.1534 NA 0.0670
MR Egger 0.0227 0.0003-1.5093 0.0820
Weighted median 0.9375 0.1878-4.6793 0.9373
Simple mode 2.6592 0.0585-120.7946 0.6172
Weighted mode 2.1504 0.1343-34.4244 0.5903

FBG CRC 74 VW 1.0073 0.7875-1.2885 0.9536 71.8116 0.4841 71.9314 0.5134 0.0019 0.7303 NA 0.5200
MR Egger 0.9394 0.5896-1.4968 0.7932
Weighted median 0.8907 0.5811-1.3652 0.5952
Simple mode 1.1206 0.5034-2.4949 0.7811
Weighted mode 0.9652 0.5991-1.5548 0.8845

Triglycerides CRC 69 VW 1.0196 0.9018-1.1528 0.7569 71.8533 0.3203 72.0843 0.3444 0.0022 0.6440 NA 0.3570
MR Egger 0.9840 0.8103-1.1950 0.8713
Weighted median 0.9476 0.7799-1.1513 0.5878
Simple mode 1.1513 0.7607-1.5725 0.6302
Weighted mode 0.9641 0.7878-1.1799 0.7239

HDL CRC 116 vw 1.0202 0.9246-1.1258 0.6902 123.8539 0.2487 127.1389 0.2068 —0.0077 0.0848 NA 0.2000
MR Egger 1.1726 0.0748-1.4105 0.0940 95.8547 0.1773 96.6363 0.1827 0.0050 0.4103 NA 0.2100
Weighted median 1.0303 0.8889-1.1943 0.6916
Simple mode 0.8572 0.6337-1.1594 0.3194
Weighted mode 1.0068 0.8722-1.1622 0.9262
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consistent association between the instrumental variants (IVs) and the exposures under investigation. This ensures that the genetic
variants serve as valid proxies for the exposure variables. (2) Absence of confounding: There should be no confounding variables that
distort the relationship between the genetic variants and the outcome variables. Confounding factors can lead to biased estimates of
causal effects. (3) Exclusivity of pathways: The instrumental variants must solely influence the outcomes of interest through their
association with the exposures being studied. This assumption implies that there are no alternative pathways or mechanisms through
which the genetic variants affect the outcomes [29]. In Supplementary Table 2, the data sources used in this investigation are described
in detail. To reduce ethnic mismatches, we restricted our analysis to participants of mostly European origin.

2.2. Selection of genetic components for MR observations

SNPs have been analyzed for each exposure factor based on the three main MR assumptions. We selected SNPs as IVs with inde-
pendent genetics (p < 5 x 1078) and without any linkage disequilibrium (LD) r? < 0.01 and a distance of 1000 kb from the relevant
dataset to make sure that our instrumental variables are powerful enough instruments to explain phenotypic variances.

2.3. Data sources and SNP selection of mets

Mets summary-level data has been obtained from the most comprehensive GWAS in the UK Biobank [30]. Contains 291,107 in-
dividuals with no missing data for genotype, outcome, and covariates. We also performed an MR analysis of subgroups for each
component of the Mets. For waist circumference, we extracted aggregated data from Genetic Investigation of Anthropometric Traits
(GIANT) including 224,459 individuals of European ancestry. As to hypertension, the aggregated statistics are available from Medical
Research Council Integrative Epidemiology Unit (MRC-IEU) UK Biobank GWAS Pipeline [31]. We collected the most comprehensive
summarized-metadata from GWAS for FBG in the Meta-analysis of Glucose and Insulin Related Traits Consortium (MAGIC), which
include 281,416 diabetes patients [32]. The statistical results for TG and HDL-C have been obtained from the Global Lipids Genetics
Consortium’s most representative GWAS of 188,577 subjects (GLGC) [33]. The validation datasets for the components of Mets were
obtained from reputable sources such as the MRC-IEU or the UK Biobank. We selected their respective satisfactory variables to
construct instrumental variables (Supplementary Table 2).

2.4. Data sources and SNP selection of CRC

CRC summary-level data was currently available in the FinnGen cohort. The FinnGen study combines genomic data with digital
health data from Finnish adults over the age of 18 [34]. Prospective epidemiological cohorts, disease-based cohorts, and hospital
biobank samples are all included in this resource. Details are available on the organization’s webpage (https://www.finngen.fi/fi). We
used phenotypic and genetic data from a biological sample pool of 429,209 participants with CRC. The validation data for the CRC
comes from the UK Biobank. The specific variable summary selection information can be found in Supplementary Table 2.

2.5. Statistical analyses

We used the random effect model inverse variance weighting (IVW) method as the main methods to determine the possible causal

Exposure Methods No.SNP Pvalue OR(95%Cl)
METS VW 86 0.824 1.009(0.930-1.096) il
MR Egger 0.520 0.944(0.790-1.129) i
Weighted median 0.509 1.041(0.925-1.171) F,.-‘
we VW 47 0.010 1.347(1.075-1.689) i
MR Egger 0.367 1.333(0.718-2.475) '%.—'
Weighted median 0.107 1.366(0.935-1.996) ——
HBP " 64 0.179 0.443(0.135-1.454) —
MR Egger 0.082 0.023(0.000-1.509) —
Weighted median 0.937 0.938(0.188-4.679) -
FBG VW 74 0.954 1.007(0.788-1.289) ——
MR Egger 0.793 0.939(0.590-1.497) —a
Weighted median 0.595 0.891(0.581-1.365) .E
6 vw 69 0.757 1.020(0.902-1.153) -
MR Egger 0.871 0.984(0.810-1.195) i
Weighted median 0.588 0.948(0.780-1.151) ’_.'_{
HDL VW 116 0.690 1.020(0.925-1.126) |
MR Egger 0.094 1.173(0.975-1.411) L
Weighted median 0.692 1.030(0.889-1.194) i
il
[ I I I 1
0 1 2 3 4
OR

Fig. 2. Forest plot of MR analysis results.
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Fig. 3. Visualization of WC results in MR analysis.
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relationship between CRC and Mets and its components, because it provided reliable causal estimates in the lack of directional
pleiotropy. In addition, we performed alternative analyses using a weighted median, simple model, weighted model, and MR-Egger
methods. Then, we tested for directional level pleiotropy using MR-Egger intercepts [35]. We performed sensitivity analysis and
heterogeneity assessment to determine whether heterogeneity and pleiotropy within the genetic instrument skewed the MR results.
The degree of heterogeneity among SNPs was calculated using the Cochran Q-statistic. A “leave-one-out” sensitivity analysis and
pleiotropy RESidualSum and Outlier (MR-PRESSO) analysis have been employed to determine presence of pleiotropy and to generate
outlier-adjusted estimates by removing any outlier SNP of pleiotropy [36]. Odds ratios (ORs) and corresponding 95 % confidence
intervals (CIs) for outcomes have been measured to one-SD increase in levels of lipid-related traits. The statistical analysis has been
carried out to use R (v.4.2.2) software. The “devtools”, “TwoSampleMR”, and “MRPRESSO” packages of the R statistical program were
used for MR. To account for univariable MR analysis, we regarded associations with p values of False Discovery Rate (FDR) to be strong
evidence of causal associations. As for sensitivity analyses, the effects were deemed statistically significant at p < 0.05, and all sta-
tistical tests were two-sided.

3. Results
3.1. The causal effect of mets and its components on CRC

As shown in Table 1, we finally included 87, 46, 170, 75, 72, and 116 SNPs in the MR analyses as genetic instruments for Mets, WC,
HBP, FBG, TG, and HDL-C, respectively. In Table 1 and Fig. 2, the results of MR analysis have been displayed. After accounting for
multiple testing, for genetically predicted waist circumference, they were significant associated with increased risk of CRC. The OR
with 95 % CI of per log-odds increment in WC liability has been 1.35 (95 % CI: 1.08-1.69; p = 0.0096 < P(FDR-correction) = 0.0133)
in the IVW model (Fig. 3B). We did not find any heterogeneity or horizontal pleiotropy (Cochran’s Q, p > 0.05; Egger intercept =
0.0003, p = 0.705) (Fig. 3C). Moreover, the funnel plot (Supplementary Fig. 2) revealed an invisible asymmetry. In addition, the
leave-one-out analysis showed that the identified associations were not substantially altered after removing any single
variant (Fig. 3A), indicating that the results are stable.

In contrast, no significant correlation was found between the other components of the metabolic syndrome and CRC. In terms of
heterogeneity, Cochran’s Q test revealed no significant heterogeneity (p-values >0.05 for both IVW and MR-Egger), and funnel plots
showed no substantiation of heterogeneity as well (Supplementary Fig. 2). In terms of pleiotropy, neither the MR-Egger method nor
MR-PRESSO revealed the presence of horizontal pleiotropy. Furthermore, leave-one-out analyses revealed that the outcomes have
been consistent. The validation Mendelian randomization (MR) analysis yielded similar results to the aforementioned findings. Spe-
cifically, we observed a significant correlation between waist circumference (WC) and colorectal cancer (CRC) in the validation
analysis (odds ratio [OR]: 1.002; 95 % confidence interval [CI]: 1.0002-1.0041; p = 0.029 < P(FDR-correction) = 0.04). However, no
significant associations were found between CRC and the other four components of metabolic syndrome (Supplementary Table 4 and
Fig. 4). Supplementary Fig. 1 shows a visualization of the findings of the other components of the MR analysis.

exposure outcome No.sup methods P
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Fig. 4. Validation of the MR analysis forest plot results for the cohort.
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3.2. Causal effect of CRC on mets and their components

In the reverse MR analyses after a rigorous cascade of SNP selection, we finally utilized 8 variants for Mets, 2 variants for WC, 5
variants for HBP, 5 variants for FBG, 2 variants for TG, and 2 variants for HDL as genetic instruments etc. As the number of SNP
included was all small, only IVW was used in the MR analysis as a causal analysis. As illustrated in Supplementary Table 3, MR results
indicated that CRC has not been causally related to either Mets or the components, with ORs close to 1. Egger’s tests indicated that
there was no potential of horizontal pleiotropy. In addition, Cochran’s Q result demonstrates that there wasn’t any substantial
heterogeneity.

4. Discussion

This is the first paper to explore causal associations between the Mets and its five components with outcome CRC. And a secondary
validation was performed to ensure the reliability of the results. Our bidirectional two-sample Mendelian randomization (MR) analysis
unveiled a significant association between genetically predicted waist circumference (WC), a metric for abdominal obesity, and an
elevated susceptibility to colorectal cancer (CRC). However, no such causal association was found in the other four components (FBG,
HBP, HDL, TG). Our findings did not provide any substantiation for a causal effect in the reverse direction. It shows that the rela-
tionship between the two is unidirectional and there is no offset caused by the opposite direction. These results lend support to the
notion that individuals with greater adiposity, particularly around the waist, exhibit an increased likelihood of developing CRC. The
conclusion drawn from a significant amount of epidemiological evidence is that Mets are linked to an increased risk of CRC [8,13,15,
37]. Several meta-analyses of cohort studies have also confirmed Mets as an independent risk factor for CRC, and high WC may explain
much of this association, which is consistent with our findings [5,7]. This may be related to the fact that overexpression of the Mets
core gene IL6 can promote the malignancy of CRC, which is highly dependent on the mTOR-S6K signaling pathway [12]. Regarding the
reverse causal link, observational studies on the occurrence of CRC and Mets identified a higher risk of Mets component in colorectal
cancer patients, but it has also been demonstrated that only extremely high quantities of metabolic factors increase the risk [38]. The
lack of evidence for a decisive causal relationship between CRC and Mets in MR analysis suggests that the observed association may be
the result of confounding factors or that the association may not be strong enough to demonstrate causality. In addition to the need for
extremely high quantities of metabolic factors to show the risk of cancer [38], some studies demonstrate that the presence of Mets
increases the risk of CRC in women but not in men [14]. Similar to those diagnosed after age 50, Mets and obesity are positively
associated with CRC in those who develop the disease before that age [10]. These data suggest that the strength of the connection
difference in the association between Mets and CRC depends on the specific definition of Mets and the age and gender of CRC patients.

In terms of Mets components, A link between obesity and colorectal cancer (CRC) was formed among obesity-related diseases [39].
In a retrospective cohort study in Wenzhou, China, differences between groups were statistically significant for TG, HDL, HBP, diabetes
mellitus (DM), and body mass index (BMI) by using univariate analysis. However, the multifactorial analysis showed that only BMI,
DM, TG, and Mets were significantly and independently associated with OS [12]. In the DM group, high TG and cholesterol levels
increased the risk of CRC by 4.118-fold. Insulin resistance and the insulin-like growth factor 1 systems are crucial in the link between
Mets and CRC [40]. One prospective cohort study from Taiwan confirmed that high TG and cholesterol level increased the risk of CRC
by 4.118-fold in the DM group [11]. Additionally, a meta-analysis concluded that the Mets as a whole did not carry a greater risk than
the sum of their parts [7], which is in line with the findings of our MR study. Therefore, it is still unknown how each component will
affect the other, and this needs to be researched further. In overview, epidemiological research on the relationship between Mets and
CRC has produced mixed results. Only a suggest causal correlation between WC and CRC was present in our MR analysis; no positive
correlation between Mets and CRC was found. The outcomes were stronger and there was no chance of heterogeneity or potential
horizontal multidirectional. Further investigation is necessary to identify the exact causes of remaining factors and CRC. Our results
suggest that controlling abdominal obesity may be more crucial than controlling blood pressure, lipids, and blood glucose in pre-
venting the development of CRC.

Even though the precise mechanism by which Mets causes CRC is unknown, various theories have been put forth. The currently
available evidence points to obesity and hyperinsulinemia/insulin resistance as key factors in the association between Mets and cancer
[40,41]. Particularly, several adipocytokines, such as TNF-a, IL-6, lipocalin, etc., secreted by adipose tissue (especially VAT, Visceral
adipose tissue) in obese individuals can result in insulin resistance syndrome [42]. Well, first of all, the adipose tissue hormone leptin
may have an impact on cell proliferation because it activates the MAPK signaling pathway. On the other hand, it might encourage
cancer metastasis, angiogenesis, and a rise in the expression of matrix metalloproteinase-2 [43]. Second, angiogenesis is a crucial stage
in the development and spread of tumors. The most significant pro-angiogenic factor secreted by adipocytes (VAT only) is VEGF, and
insulin, IGF-1, leptin, TNF-a, and hypoxia all promote its secretion [44]. Last but not least, it has been discovered that some
pro-inflammatory cytokines, including cytokines, reactive oxygen products, and inflammatory pathways (NF-B), aid in the devel-
opment of cancer by accelerating the cell cycle, promoting oncogene expression, and decreasing tumor suppression [45].

Our MR analysis identified a significant causal link between WC and CRC, but we did not find causal association between the
remaining four exposures and CRC using genetic tools while adhering strictly to the three MR hypotheses. It is worth noting that other
MR studies in this field have reported different findings from ours. Since blood lipids, diabetes and obesity are closely related, obesity’s
inflammatory and endocrine effects have been put forth as the main mechanism to account for this association [46]. The majority of
MR analyses have focused on studying individual factors, with the majority examining the relationship between obesity [47-52],
diabetes [53-55], blood lipids [56-59] and CRC, did not include hypertension as a factor. High total cholesterol levels were associated
with a higher risk of CRC in some studies, though the findings are inconsistent [58]. Fasting insulin has been discovered to be related
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with the risk of CRC by Han Zhang and Murphy, N. et al. [54,60], and Jung, S. Y. et al. Confirmed a potential causal relationship
between insulin resistance and CRC [53], but this association was not found in type 2 diabetes patients [55]. Neither of them explored
with respect to fasting glucose. The findings on obesity and CRC are inconsistent [51,52], and most studies use BMI as a proxy for
obesity, instead of indicators such as waist circumference to better replace visceral adipose tissue as the main effect molecule of
obesity.

This study has several strengths. Compared to observational studies, MR analysis reduces the risk of reverse association bias and
minimizes the impact of confounding factors that influence exposure. We were able to evaluate the causal relationship between two
distinct sources of Mets and CRC, and the consistency of our results further strengthens our conclusions. Moreover, we have largest and
most authoritative data on Mets and its components as well as CRC. Because visceral adipose tissue is increasingly recognized as an
endocrine organ for synthesizing obesity-mediated hormones and cytokines, we used WC as a measure of obesity rather than BMI
because it is a better proxy for estimating visceral fat, giving the results more validity [61,62]. Furthermore, we conducted sensitivity
and heterogeneity analyses, which demonstrated that the MR results we obtained were robust. Furthermore, we used the MR-Egger
intercept and MR-PRESSO methods to assess and correct for horizontal pleiotropy in the MR analysis, respectively, ensuring the
reliability and robustness of our results. The study we conducted has some drawbacks, though. First, it’s unclear how genetic tools
work or how they affect risk factors. Second, the pooled data for CRC that we used could not be stratified based on pertinent covariates
(e.g., age, sex, smoking, alcohol consumption, and underlying diseases such as inflammatory bowel disease). Therefore, it is not
possible to know whether Mets in certain subgroups may promote the risk of CRC.

In summary, waist circumference can causally lead to CRC, which may largely explain the strong clinical association between Mets
and CRC. Consequently, it is imperative to prioritize certain aspects in early cancer screening, such as directing CRC screening efforts
towards obese individuals and promoting weight loss among this population to mitigate CRC risk.
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