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Summary
Background Altered lipid metabolism is a hallmark of cancer development. However, the role of specific lipid
metabolites in colorectal cancer development is uncertain.

Methods In a case—control study nested within the European Prospective Investigation into Cancer and Nutrition
(EPIC), we examined associations between pre-diagnostic circulating concentrations of 97 lipid metabolites
(acylcarnitines, glycerophospholipids and sphingolipids) and colorectal cancer risk. Circulating lipids were
measured using targeted mass spectrometry in 1591 incident colorectal cancer cases (55% women) and 1591
matched controls. Multivariable conditional logistic regression was used to estimate odds ratios (ORs) and 95%
confidence intervals (ClIs) for associations between concentrations of individual lipid metabolites and metabolite
patterns with colorectal cancer risk.

Findings Of the 97 assayed lipids, 24 were inversely associated (nominally p < 0.05) with colorectal cancer risk.
Hydroxysphingomyelin (SM (OH)) C22:2 (ORper doubling 0.60, 95% CI 0.47-0.77) and acylakyl-phosphatidylcholine
(PC ae) C34:3 (ORer doubling 0-71, 95% CI 0.59-0.87) remained associated after multiple comparisons correction.
These associations were unaltered after excluding the first 5 years of follow-up after blood collection and were
consistent according to sex, age at diagnosis, BMI, and colorectal subsite. Two lipid patterns, one including 26
phosphatidylcholines and all sphingolipids, and another 30 phosphatidylcholines, were weakly inversely associated
with colorectal cancer.

Interpretation Elevated pre-diagnostic circulating levels of SM (OH) C22:2 and PC ae C34:3 and lipid patterns
including phosphatidylcholines and sphingolipids were associated with lower colorectal cancer risk. This study
may provide insight into potential links between specific lipids and colorectal cancer development. Additional

prospective studies are needed to validate the observed associations.

Funding World Cancer Research Fund (reference: 2013/1002); European Commission (FP7: BBMRI-LPC; reference:
313010).

Copyright © 2024 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND IGO license
(http://creativecommons.org/licenses/by-nc-nd/3.0/igo/).
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Research in context

Evidence before this study

The role of specific lipid metabolites on colorectal cancer risk
is unclear. Prospective studies have reported both positive and
inverse associations with colorectal cancer for
glycerophospholipids following multiple comparison
correction. However, these studies have been smaller in scale
or focused on lipid clusters rather than specific lipid
metabolites.

Added value of this study

This large-scale (n = 1591 cases) nested case-control study
investigated the association between both pre-diagnostic
circulating lipid metabolites and metabolite patterns with
colorectal cancer. Comprehensive covariate data on
participants were also used to identify potential fatty acid side

chains and lipid determinants. We found inverse associations
between concentrations of hydroxysphingomyelin (SM (OH))
(22:2 and acylakyl-phosphatidylcholine (PC ae) C34:3 with
colorectal cancer risk. Crucially, these associations were
consistent following lag analyses excluding early years of
follow-up and according to subgroups of age, sex, BMI, and
colorectal subsite.

Implications of all the available evidence

This study identified two lipid metabolites (SM (OH) €22:2
and PC ae (34:3) associated with colorectal cancer risk. These
findings may provide insight into the biological mechanisms
underlying the potential role of lipid metabolism in colorectal
cancer development.
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Introduction

Colorectal cancer was estimated to be the third most
common cancer and second most common cause of
cancer death globally in 2020." There is evidence that
diet, lifestyle, and metabolic dysfunction play a role in
colorectal cancer development, however, the underlying
mechanisms are unclear.*”

Metabolomic profiling enables the investigation of
associations between small molecules involved in
metabolic processes and disease outcomes. In targeted
metabolomics, a defined set of metabolites can be
identified, allowing for a better understanding of po-
tential biological pathways of disease development and
for comparison of effect estimates across studies. The
role of lipid metabolites in metabolic disease outcomes
is a growing area of scientific interest. Lipids play key
roles in biological processes such as energy metabolism,
cell membrane structure, cell signalling and
proliferation,”® and the dysregulation of lipid meta-
bolism is often one of the first stages of tumorigenesis
and is considered an emerging hallmark of cancer.” A
potential relationship between circulating lipid metab-
olites and colorectal cancer has also been supported by
epidemiological studies linking several lipids to known
colorectal cancer risk factors such as diet, cholesterol
levels, adiposity, alcohol consumption, smoking, dia-
betes, and other lifestyle measures.”*

Previous studies investigating the association between
individual circulating lipid metabolites—specifically glyc-
erophospholipids, sphingolipids, and acylcarnitines—and
colorectal cancer risk have reported inconsistent
results.”’”* However, some of these studies collected
blood samples after cancer diagnosis which may repre-
sent disease rather than aetiological risk biomarkers
given the high likelihood for reverse causation.”****

Few prospective studies, including three nested
case—control studies, have investigated the associations
between individual circulating pre-diagnostic lipid me-
tabolites and colorectal cancer.”**** A study in the Eu-
ropean Prospective Investigation into Cancer and
Nutrition (EPIC)-Heidelberg cohort (n = 163 colorectal
cancer cases),” found that circulating lysophosphati-
dylcholine (lysoPC) a 18:0 levels were inversely associ-
ated with colorectal cancer risk, but not after correction
for multiple comparisons.”* Two studies used an
untargeted metabolomics approach.”*** One using data
from the Shanghai Women’s Health Study (SWHS) and
the Shanghai Men’s Health Study (SMHS) (n = 250
colorectal cancer cases) reported inverse associations for
nine, and positive associations for three, glycer-
ophospholipids with colorectal cancer risk.”” Another
conducted on data from the Cancer Prevention Study
(CPS) II Nutrition cohort (n = 517 colorectal
cancer cases) investigated associations between indi-
vidual lipids including acylcarnitines, glycer-
ophosphospholipids and sphingolipids.*® However, as
for the Heidelberg study,” no associations were
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reported following multiple comparisons correction.
There is a need for larger-scale studies to clarify the role
of lipid metabolites in colorectal cancer development.

Here, we used a targeted metabolomics approach to
examine the association between pre-diagnostic blood
concentrations of 97 lipids and colorectal cancer risk
within a large case—control study nested within the EPIC
cohort (n = 1591 colorectal cancer cases; 1591 matched
controls). In addition, to provide insights into fatty acid
side chain composition and possible determinants of
lipid concentrations, we conducted a cross-sectional
analysis examining associations between circulating
lipid metabolites and dietary, lifestyle and anthropo-
metric factors.

Methods

Study population

The EPIC study is a cohort of approximately 520,000
men and women, mostly between the ages of 35-70
years at recruitment, who were enrolled between 1992
and 2000 from 23 centres across 10 European countries
(Denmark,  France, Germany, Greece, Italy,
Netherlands, Norway, Spain, Sweden, United Kingdom
[UK]).” Participants were volunteers, largely selected
from the general population, or in some instances, from
breast screening (Italy [Florence], Netherlands [Utrecht])
or health insurance programmes (France), blood donors
(Spain, Italy [Ragusa, Turin]) or vegetarian and vegan
societies (UK [Oxford]). Blood plasma and serum were
also collected from over 70% of EPIC participants and
were stored at the International Agency for Research on
Cancer (IARC) in liquid nitrogen at -196 °C, or for
samples collected in Denmark, were stored locally in
nitrogen vapour at —150 °C.”’

Data for the current analysis were obtained from an
established colorectal cancer case—control study nested
within the cohort including participants from all coun-
tries except Sweden, Norway, and Greece for which
biosamples and/or data were unavailable.

Cancer incidence data were mainly obtained from
population-based cancer registries or in France and
Germany through health insurance records, cancer and
pathology registries or active follow-up.”” Vital statistics
data were obtained from mortality registries or through
active follow-up (Germany).”*

Nested case-control study

Data for this current study were available for 3194 par-
ticipants from a colorectal cancer case—control study
nested within the EPIC cohort. Eligible participants
were those without a prior diagnosis of invasive cancer
(except for non-melanoma skin cancer) at the time of
blood collection. Colorectal cancer cases were randomly
selected from among invasive first primary cancers
diagnosed during follow-up and defined according to
International Classification of Diseases for Oncology
third edition (ICD-O-3) codes C18-C20 corresponding
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to cancers occurring between the caecum and rectum.
Controls were free of cancer (except non-melanoma skin
cancer) at the time of diagnosis of cases and were
selected by 1:1 incidence density sampling and matched
to cases in several rounds on study centre, sex, age at
blood sampling (+3—+5 years in subsequent rounds),
follow-up time from blood sampling to the date of
colorectal cancer case diagnosis, date (+1-+6 months)
and time of day of blood sampling (+1—+3 h) and fasting
status at blood collection. Women were also matched on
menopausal status, phase of menstrual cycle (pre-
menopausal women only) and current use of exogenous
hormones, all at baseline. When more than one control
was eligible for matching to a case, one was chosen at
random.

Lipid metabolite data

A targeted metabolomics approach was used to analyse
circulating lipid metabolites. Samples were analysed at
IARC or at Helmholtz Zentrum Miinchen, Germany
using a Biocrates AbsoluteIDQ™ p180 or p150 assay
(Biocrates Life Science AG, Innsbruck Austria) respec-
tively, according to manufacturer specifications.” These
assays allowed for the identification of three lipid clas-
ses: acylcarnitines (denoted as C), glycerophospholipids
(Ilysophosphatidylcholines [denoted as lysoPC], diac-
ylphosphatidylcholines [denoted as PC aa] and acy-
lalkylphosphatidylcholines [denoted as PC ae]), and
sphingolipids (sphingomyelins [denoted as SM] and
hydroxysphingomyelins [denoted as SM (OH)]). Mea-
surements were performed at IARC using an Agilent
1290 liquid chromatography system and a SCIEX Triple
Quad 4500 mass spectrometer, whereas in Germany an
Agilent 1200 liquid chromatography system and a
SCIEX API 4000 mass spectrometer was used. Each
case—control pair was assayed in the same laboratory
and batch, and laboratory staff were blinded to case-
control status.**?

Among the 3194 participants, metabolite data were
available for 113 lipids in blood samples from IARC
(plasma, n = 925) and 118 lipids in blood samples from
Germany (serum, n = 2269). These were lipids which
could be assayed using the Biocrates kits and for which
there was a detectable lipid metabolite concentration.
Lipid metabolites not common to both datasets (n = 19)
or lipid metabolites within each dataset with >20% of
sample concentrations below the batch-specific limit of
detection (LOD) were excluded from analyses (n = 9).
After exclusions, metabolite data were available for 97
lipids (10 acylcarnitines, 75 glycerophospholipids and
12 sphingolipids). For the remainder of metabolites
with <20% of sample concentrations below the batch
specific LOD (n = 12), the value was imputed with half
the LOD. Participants in incomplete case—control sets
after data pooling were excluded (n = 12) leaving 3182
(IARC n = 922; Germany n = 2260) participants for
analysis.

Tests for normality of the distribution of metabolite
concentrations were conducted using the Shapiro-
Francia test for normality. Lipid metabolite concentra-
tions were shown to be non-normally distributed and
therefore for statistical analyses, lipid metabolite con-
centrations were log,-transformed.

Covariate data

At recruitment, data on participant demographics
including self-reported age, sex and education were
collected via questionnaires. Dietary data were collected
using self-administered (Denmark, France, Germany,
Italy [Florence, Turin and Varese], Netherlands, UK) or
face-to-face (Italy [Ragusa, Naples], Spain) quantitative
(France, Germany, Italy, Netherlands, Spain), or semi-
quantitative food-frequency questionnaires (Denmark,
Italy [Naples], Spain, UK).” Macronutrient intakes were
estimated by matching dietary data to the EPIC nutrient
database (ENDB).* Lifestyle variables on physical activ-
ity, smoking, and alcohol consumption were collected
using questionnaires.” Anthropometric measurements
of weight, height, waist and hip circumference were
taken objectively by trained staff using standardized
protocols (or self-reported in France and UK [Oxford]).”
Data on plasma phospholipid fatty acid concentrations
(expressed as a percentage of total fatty acids and avail-
able for a subset of those participants whose circulating
lipid metabolites were assayed at IARC; n = 922). For
subsets of the sample of 3182 participants levels of
serum total cholesterol (mmol/l), low-density lipopro-
tein (LDL) cholesterol (mmol/l), high-density lipopro-
tein (HDL) cholesterol (mmol/l), triglycerides (mmol/l),
C-reactive protein (CRP) (ng/ml), C-peptide (ng/ml),
and insulin-like growth factor-1 (IGF-1) (nmol/l) were
available from previous analyses.***

Statistical analyses
Spearman pairwise correlations were estimated for log,-
transformed lipid metabolite concentrations among
controls, due to evidence of non-normality for some
lipid metabolite concentrations, and presented with
lipids ordered by hierarchical clustering using the
complete method (Appendix Figure 1). Multivariable
conditional logistic regression models were used to es-
timate odds ratios (ORs) and 95% confidence intervals
(CIs) for associations of a doubling in lipid metabolite
concentration and colorectal cancer risk. These esti-
mates represent differences of metabolite levels between
cases and controls within each case—control pair. Due to
the incidence density sampling, the ORs provide an
unbiased estimate of the hazard ratio, which would have
been obtained from a cohort study in the source popu-
lation (i.e., EPIC participants who provided a blood
sample).?*

Models were conditioned on matching variables and
adjusted for potential confounders using the modified
disjunctive cause criterion as clear knowledge for a

www.thelancet.com Vol 101 March, 2024


www.thelancet.com/digital-health

Articles

causal diagram of the association between all lipids
under study and CRC was not known." Confounders
chosen were known causes of CRC and we had no prior
knowledge that any included covariate was a known
instrumental variable for the association between lipid
levels and CRC.*" Potential confounders included
baseline observed measurements of education level,
Cambridge physical activity index, smoking status,
height, body mass index (BMI), alcohol intake, energy
intake, red and processed meat intake, fibre intake and
dairy product intake. Additional adjustment for dia-
betes status did not materially alter our observed re-
sults and therefore the more parsimonious model was
used for analyses. A Bonferroni-corrected p-value was
estimated as p = 0.05 * the effective number of inde-
pendent tests (ENT).** ENT was defined as the number
of principal components which explained more than an
a priori defined proportion (95% for this study) of the
variance of metabolite matrices. In this study the ENT
was 28.

Analyses were also conducted including metabolite
concentrations categorised into quartiles based on dis-
tributions among controls (concentrations among cases
below or above the range for controls were included in
the lowest or highest quartiles respectively). To assess
for trend across categories, quartile medians were
additionally modelled as continuous variables. Tests for
non-linearity were performed using restricted cubic
splines. Due to the large number of lipids under study,
the number and placement of knots were determined a
priori, with five knots placed at equally spaced percen-
tiles of the variable’s marginal distribution as recom-
mended by Harrell’s (ie., 5, 27.5, 50, 72.5 and 95).”
Departures from linearity were evaluated using likeli-
hood ratio tests, comparing the model with restricted
cubic splines to linear models.

To evaluate the possible influence of reverse causa-
tion, lag analyses were performed excluding the first 2
or 5 years of follow-up after blood collection (in this
nested case-control design, this was the equivalent of
excluding pairs for which the case was diagnosed within
the first 2 years [n = 162 cases, 162 controls] or 5 years
[n = 501 cases, 501 controls] after blood collection).
Subgroup analyses for circulating lipids associated with
colorectal cancer risk were conducted according to sex
(men, women), age at diagnosis (<55, >55 years), and
BMI (<25, >25 kg/m?). Age and BMI were dichotom-
ised based on their distribution among participants and
to ensure adequate case/control numbers in each sub-
group and, for age specifically, based on evidence of
differing colorectal cancer incidence trends among in-
dividuals <55 years compared to those >55 years.* As-
sociations between these lipid metabolites and colorectal
cancer subsites (colon and rectum) were also examined.
Tests for heterogeneity in the associations between
subgroups and colorectal cancer risk were performed
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using likelihood ratio tests comparing a model with and
without an interaction term between the lipid concen-
tration and subgroup variable.

Due to the correlated nature of individual lipid
metabolites, dimension reduction was used to convert
these data into orthogonal components. Dimension
reduction was performed using an approach called
treelet transformation which was developed by Gorst-
Rasmussen et al.*** Unlike principal component
analysis (PCA) which results in uncorrelated compo-
nents within which all original variables contribute a
numerical value (or loading), treelet transform com-
bines methodology from PCA and hierarchical clus-
tering to reduce the loadings of variables which
contribute minimally to zero thus improving the
interpretability of the resultant components.* The
treelet transform works by joining the two metabolites
with the highest correlation by PCA methods and
replacing them by their principal component.*“* For a
set of n variables, this joining process is then repeated
n-1 times until a cluster tree or dendrogram is
created.”*° Treelet components (TC) are determined by
choosing a cut-level which balances the trade-off be-
tween greater explained variation and sparsity of
components (i.e., improved interpretability).

Among controls, treelet transform was performed on
log, transformed lipid metabolite data. The optimal cut-
level for a choice of between 1 and 10 TCs was obtained
using ten-fold cross-validation and was observed to be
between 91 and 97.7“ Following inspection of scree
plots, pattern interpretability, and cross-validation re-
sults, five TCs were retained and the lowest cut-level of
91 was selected. Component scores for each of the five
TCs (i.e., TC1-TC5) were calculated for all participants.
Conditional logistic regression models were run to es-
timate associations between each component and colo-
rectal cancer risk, matching and adjusting for the same
covariates as for analyses with individual metabolites.

Sensitivity analyses were performed to evaluate the
impact of using +3 cut levels of the chosen cut point.
The stability of the treelet transform components was
assessed by subsampling.*** A random sample of 80%
of the data was selected 100 times and the sign patterns
(+for positive loadings and—for negative loadings) of
the highest-variance components were evaluated. The
stability of each treelet component was assessed based
on the frequency of its corresponding sign pattern
among the 100 subsamples. See Supplementary
information for more details on sensitivity and stabil-
ity evaluations.

Using data from control participants, we examined
associations between circulating lipid metabolites and
plasma fatty acid levels (n = 461 controls), diet (n = 1591
controls), lifestyle (n = 1591 controls), anthropometric
(n = 1591 controls) and serum biomarkers (range
n = 503 to n = 619). Associations were evaluated using
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multivariable linear regression models with the lipid
metabolite as the dependent variable, the exposure as
the independent variable and adjusting for a priori
confounders (See Supplementary methods). Data were
missing for at least one covariate for <5% of study
controls, with <3% of participants missing data for time
of day at blood collection, education level, physical ac-
tivity index and smoking status. Due to these small
proportions of missingness, data were imputed using
the median value for continuous variables and the mode
for categorical variables. See Supplementary methods
for more information on these analyses.

Analyses were performed using Stata version 17.0
(StataCorp Inc).

Ethics

Written informed consent was obtained from all study
participants and ethical approval was obtained from the
ethical review committee of the IARC (No. 14-08) and
participating study centres. The study was conducted in
compliance with ethics approval.

Role of the funding source

The funders played no role in the study design, collec-
tion, analysis, interpretation of data, writing of the report,
or the decision to submit the paper for publication.

Results
A data flow diagram showing the study design, exclu-
sions and data availability is presented in Fig. 1.

The mean age of participants at blood collection was
56.8 years (56.8 years among cases). Median time to
diagnosis of cases was 7.3 years following blood collection.
The distributions of covariates among cases and controls
are described in Table 1 and for men and women
Appendix Table 1. The median and interquartile range
(IQR) of lipid metabolite concentrations among cases and
controls are presented in Appendix Table 2. Strong posi-
tive correlations (r > 0.5) were observed between individ-
ual lipids within each lipid grouping (i.e., acylcarnitines,
glycerophospholipids, and sphingolipids) and strong in-
verse correlations (r > —0.5) between some glycer-
ophospholipids and sphingolipids (Appendix Figure 1).

Associations between metabolites and colorectal
cancer risk

For 24 of the 97 lipid metabolites, a doubling in their
concentration was inversely associated with colorectal
cancer risk at a nominal p-value threshold (p < 0.05).
These included 3 acylcarnitines, 16  glycer-
ophospholipids, and 5 sphingolipids (Fig. 2). After cor-
recting for multiple comparisons, SM (OH) C22:2
(ORper doubling 0-60, 95% CI 0.47-0.77, pent = 0.0012) and

EPIC prospective cohort
~520,000 participants

6,128 incident colorectal
cancer cases

!

Colorectal cancer nested case-control study
3,194 participants
(1:1 matched cases and controls)

Matching variables: study centre, sex, age, follow-up time, date
and time of day of blood sampling and fasting status at blood
collection. Women: menopausal status, phase of menstrual cycle
and current use of exogenous hormones

Lipid metabolite data
113 lipids assayed at IARC (n=925)
118 lipids assayed at Helmholtz Zentrum Miinchen (n=2,269)

Fatty acid data (37 fatty acids)
461 controls

Dietary intake data (14 variables)
1,591 controls

Exclusions:
Lipids not common to both datasets (n=19)
Lipids with >20% of sample concentrations below the
batch-specific limit of detection (n=9)
Participants in incomplete case-control sets after data
pooling (n=12)

1,591 controls

97 lipids available for analyses
3,182 participants
(1,591 cases; 1,591 controls)

Biomarker data (7 variables)
503 - 619 controls

T

[ Lifestyle data (7 variables)

Fig. 1: Overview of the study design. EPIC, European Prospective Investigation into Cancer and Nutrition; IARC, International Agency for
Research on Cancer; Serum fatty acid data (expressed as a percentage of total fatty acids)—industrial trans fatty acid, monounsaturated fatty
acid, natural trans fatty acid, polyunsaturated fatty acid; Dietary intake data (g/day)—mono-unsaturated fatty acid, polyunsaturated fatty acid,
saturated fatty acid, total cholesterol, fat, animal fat, carbohydrate, starch, sugar, protein, animal protein, red and processed meat, dairy, fibre;
Lifestyle data—alcohol consumption at recruitment (g/day), Cambridge physical activity index (inactive, moderately inactive, moderately active,
active), smoking status (never, former, current), body mass index (kg/mz), height (cm), waist circumference (cm), waist-to-hip ratio; Biomarker
data—cholesterol (mmol/l), low-density lipoprotein (LDL) cholesterol (mmol/l), high-density lipoprotein (HDL) cholesterol (mmol/l), triglycerides
(mmol/l), C-peptide [ng/ml], C-reactive protein [ng/ml], insulin-like growth factor-1 (IGF-1) [nmol/l]).
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Total Controls Cases
All sexes

N = 3182 N = 1591 N = 1591
Age at recruitment (years) [mean, sd] 56.8 (7.5) 56.7 (7.5) 56.8 (7.5)

Age at recruitment (years)

<55

255
Age at blood collection (years) [mean, sd]
Follow-up time after blood collection (years) [median, IQR]
Colorectal cancer subsite

Colon

Rectal
Sex

Men

Women
Highest education level

None/primary school

Technical/professional/secondary school

Longer education including university

Not specified/missing
Cambridge physical activity index

Inactive

Moderately inactive

Moderately active

Active

Missing
Smoking status

Never

Former

Current smoker

Unknown
Height (cm) [mean, sd]
Body Mass Index (kg/m?) [mean, sd]
Body Mass Index (kg/m?)

<25

225
Alcohol intake at recruitment (g/day) [median, IQR]
Total energy intake (kcal/day) [mean, sd]
Meat intake (red and processed) (g/day) [median, IQR]
Dietary fibre intake (g/day) [mean, sd]
Dairy intake (g/day) [median, IQR]
Women only

Menopausal status
Premenopausal
Postmenopausal
Perimenopausal/unknown menopausal status
Surgical postmenopausal

Ever use of hormones for menopause
Never
Yes
Missing

Ever use of oral contraceptives
Never
Yes

Missing

Number and percentage reported unless stated otherwise; IQR, interquartile range; sd, standard deviation.

1218 (38%)
1964 (62%)
56.9 (7.5)

1442 (45%)
1740 (55%)

1400 (44%)
1163 (37%)
511 (16%)
108 (3%)

858 (27%)
1076 (34%)
618 (19%)
584 (18%)
46 (1%)

1428 (45%)
991 (31%)
731 (23%)
32 (1%)
165.9 (9:3)
26.7 (4.1)

1161 (36%)

2021 (64%)

8.0 (1.0-23.9)
2168.1 (674.4)
77.2 (49.4-110.7)
23.4 (8.1)

270.6 (150.4-432.1)

N = 1740

291 (17%)
1168 (67%)
181 (10%)
100 (6%)

1297 (75%)
387 (22%)
56 (3%)

1018 (59%)
701 (40%)
21 (1%)

608 (38%)
983 (62%)
56.9 (7.5)

721 (45%)
870 (55%)

721 (45%)
559 (35%)
264 (17%)
47 (3%)

402 (25%)
541 (34%)
310 (19%)
315 (20%)
23 (1%)

753 (47%)
476 (30%)
346 (22%)
16 (1%)
165.6 (9.3)
26.4 (3.9)

608 (38%)
983 (62%)

8.1 (1.1-23.0)
2174.6 (643.5)
78.8 (50.4-110.7)
237 (8.2)

281.3 (160.6-444.7)

N = 870

148 (17%)
586 (67%)
90 (10%)
46 (5%)

646 (74%)
194 (22%)
30 (3%)

498 (57%)
365 (42%)
7 (1%)

610 (38%)
981 (62%)
57.0 (7.5)
7.3 (4.2-113)

1362 (86%)
229 (14%)

721 (45%)
870 (55%)

679 (43%)
604 (38%)
247 (16%)
61 (4%)

456 (29%)
535 (34%)
308 (19%
269 (17%

23 (1%)

)
)

675 (42%)
515 (32%)
385 (24%)
16 (1%)
166.2 (9.3)
27.0 (4.4)

553 (35%)

1038 (65%)

7.8 (0.8-24.5)
2161.7 (704.3)

74.9 (48.7-110.8)
23.2 (8.0)

256.1 (138.2-420.0)

N = 870

143 (16%)
582 (67%)
91 (10%)
54 (6%)

651 (75%)
193 (22%)
26 (3%)

520 (60%)
336 (39%)
14 (2%)

Table 1: Characteristics of study population.
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Fig. 2: Volcano plot for the association between lipid metabolites and colorectal cancer risk in the EPIC cohort. Negative log;o p-values
(y-axis) and adjusted odds ratios (x-axis) obtained from conditional logistic regression models per doubling of lipid metabolite concentration,
conditioned on matching variables (study centre, sex, age at blood collection, follow-up time since blood collection, time of day and fasting
status at blood collection, menopausal status [women], phase of menstrual cycle [pre-menopausal women only] and current use of exogenous
hormones [women] and adjusted for baseline measurements of education level (no schooling/primary, secondary/professional/technical,
university/higher, not specified/missing), Cambridge physical activity index (inactive, moderately inactive, moderately active, active, unknown),
smoking status (never, former, current, unknown), height (cm, continuous), Body mass index (kg/m?, continuous), alcohol use at recruitment
(g/day, continuous), energy intake (kcal/day, continuous), red and processed meat consumption (g/day, continuous), dairy intake (g/day,
continuous) and fibre intake (g/day, continuous). Each coloured shape represents one lipid metabolite with acylcarnitines in green, phos-
phatidylcholines in blue and sphingomyelins in purple. The vertical grey line represents an adjusted odds ratio of 1.00. Circles above the
horizontal red dotted line or red dashed line represent lipid metabolites inversely (left of grey line) associated with colorectal cancer risk at a
significance level of p-value <0.05 or after correction for multiple comparisons based on the effective number of independent tests (ENT) pent
<0.05, respectively. C, acylcarnitine; OR, odds ratio; PC aa, diacyl-phosphatidylcholine; PC ae, acylakyl-phosphatidylcholine; SM, sphingomyelin,
SM (OH), Hydroxysphingomyelin.

PC ae C34:3 (ORper doubling 0-71, 95% CI 0.59-0.87,
Pent = 0.018) were inversely associated with colorectal
cancer risk (Fig. 2, Appendix Table 3). These inverse
associations were also observed for men and women
separately but did not meet the multiple comparisons
threshold for women (Appendix Table 3).

In lag analyses excluding the first 2 or 5 years of
follow-up, estimates per doubling in lipid concentration
for the association between SM (OH) C22:2 and PC ae
C34:3 with colorectal cancer were similar in direction
and magnitude to those reported in main analyses
(Appendix Table 4).

In models mutually adjusting for both lipid metab-
olites associated with colorectal cancer, despite slight
attenuation of the strength of associations, both lipids

remained inversely associated with colorectal cancer
(SM (OH) C22:2 (ORper doubling 0-67, 95% CI 0.51-0.89,
p = 0.0046) and PC ae C34:3 (ORper doubling 0-83, 95% CI
0.66-1.03, p = 0.087).

In tests for non-linearity, despite no evidence after
adjusting for multiple comparisons (Appendix Table 3),
there was suggestive evidence of departures from line-
arity for the association between LysoPC a C20:4, PC aa
C32:2, PC aa C36:4, PC aa C38:0, PC ae C40:2, PC ae
C40:3 and PC ae C40:6 prior to this adjustment at a
nominal p-value of 0.05, however, in quartile models
there was little evidence of clear associations with
colorectal cancer and with no trends found across
quartiles or associations found when comparing
extreme quartiles (Q4 vs Q1) (Appendix Table 5).
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Fig. 3: Risk of colorectal cancer for concentrations of SM (OH) C22:2 and PC ae C34:3 by subgroups in the EPIC cohort. PC ae, acylakyl-
phosphatidylcholine; SM (OH), Hydroxysphingomyelin. Estimates obtained from multivariable conditional logistic regression models for the
association between each lipid metabolite (per doubling in concentration) and colorectal cancer risk, conditioned on matching variables (study
centre, sex, age at blood collection, follow-up time since blood collection, time of day and fasting status at blood collection, menopausal status
[women], phase of menstrual cycle [pre-menopausal women only] and current use of exogenous hormones [women] and adjusted for baseline
measurements of education level (no schooling/primary, secondary/professional/technical, university/higher, not specified/missing), Cambridge
physical activity index (inactive, moderately inactive, moderately active, active, unknown), smoking status (never, former, current, unknown),
height (cm, continuous), Body mass index (kg/m? continuous), alcohol use at recruitment (g/day, continuous), energy intake (kcal/day,
continuous), red and processed meat consumption (g/day, continuous), dairy intake (g/day, continuous) and fibre intake (g/day, continuous).
Solid circles represent an association between the specified lipid metabolite and exposure variable at a significance level of p-value <0.05. p-het,
p-value for heterogeneity for the multivariable conditional logistic regression model including an interaction term between the lipid metabolite

concentration and sex, age, body mass index or colorectal subsite.

In subgroup analyses, similar magnitude inverse
associations between SM (OH) C22:2 and PC ae C34:3
with colorectal cancer were observed according to sex,
age, BMI, and anatomical subsite (Fig. 3).

Following treelet transform, five treelet components
were retained which accounted for 63.1% of metabolite
variation among all participants. The screeplot and
dendrogram are presented in Appendix Figures 2 and 3.
All components comprised only positive loadings. TC1
included 11 diacyl-, 15 acylakyl-phosphatidylcholines
and all hydroxy-sphingomyelins and sphingomyelins
(including SM (OH) C22:2), TC2 included 15 diacyl- and
15 acylakyl-phosphatidylcholines (including PC ae
C34:3), TC3 included 7 diacyl- and 4 acylakyl-
phosphatidylcholines, TC4 included 6 acylcarnitines
and TC5 included 8 lyso-phosphatidylcholines
(Appendix Figure 4) Associations between metabolite
patterns, and colorectal cancer risk yielded a similar
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pattern of results with inverse associations observed for
TC1, ORper doubling 0-93, 95% CI 0.88-0.99, p = 0.016,
and weaker evidence of an inverse association with TC2,
ORper doubling 0-95, 95% CI 0.90-1.00, p = 0.053
(Table 2).

Associations between individual lipids and baseline
plasma fatty acid levels, serum biomarkers, dietary,
lifestyle and anthropometric factors

Among controls whose samples were analysed at IARC
(n = 461), circulating levels of SM (OH) C22:2 were
positively associated with two saturated fatty acids
(SFAs) (15:0 and 17:0), two monounsaturated fatty acids
(MUFAs) (17:1 [heptadecenoic acid] and 18:1n-5¢) and
an omega-3 polyunsaturated fatty acid (PUFA) (20:5n-3
[eicosapentaenoic acid (EPA]) whereas it was inversely
associated with PUFA 20:2n-6¢ (eicosadienoic acid), an
omega-6 fatty acid. Inverse associations were also
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Treelet components OR 95% Cl p-value
TC1 0.93 (0.88-0.99) 0.016
T2 0.95 (0.90-1.00) 0.053
i} 0.97 (0.91-1.03) 0.28
TC4 0.96 (0.87-1.04) 0.32
TCs 0.96 (0.88-1.05) 035

Cl, confidence interval; OR, odds ratio; TC, treelet component. Estimates
obtained from multivariable conditional logistic regression models for the
association between each treelet component and colorectal cancer risk,
conditioned on matching variables (study centre, sex, age at blood collection,
follow-up time since blood collection, time of day and fasting status at blood
collection, menopausal status [women], phase of menstrual cycle [pre-
menopausal women only] and current use of exogenous hormones [women]
and adjusted for baseline measurements of education level (no schooling/
primary, secondary/professional/technical, university/higher, not specified/
missing), Cambridge physical activity index (inactive, moderately inactive,
moderately active, active, unknown), smoking status (never, former, current,
unknown), height (cm, continuous), body mass index (kg/mz, continuous),
alcohol use at recruitment (g/day, continuous), energy intake (kcal/day,
continuous), red and processed meat consumption (g/day, continuous), dairy
intake (g/day, continuous) and fibre intake (g/day, continuous).

Table 2: Associations between treelet component scores and
colorectal cancer in the EPIC cohort.

observed between PC ae C34:3 and three MUFAs (15:1
[pentadecanoic acid], 16:1n-7cN-9c [palmitoleic acid],
18:1n-9c [oleic acid]) and three PUFAs (one omega-3
(22:6n-3 [docosahexaenoic acid (DHA)]), one omega-6
(22:5n-6 [docosapentaenoic acid (DPA)]) and one
omega-9 PUFA (20:3n-9 [mead acid])) (Fig. 4). There
was evidence of non-linearity for the relationship be-
tween 18:2n-6¢ and 20:3n-6 with PC ae C34:3 and for
20:5n-3 with SM (OH) C22:2. In models comparing
quartiles of fatty acid concentrations, there was an
apparent increasing trend across quartiles for PC ae
C34:3 and 18:2n-6¢ and a decreasing trend across
quartiles for PC ae C34:3 and 20:3n-6. An increase in
SM (OH) C22:2 was observed for Q2 vs Q1 of 20:5n-3
which plateaued across quartiles (Appendix Table 6).

PC ae C34:3 was positively associated and with di-
etary intakes of PUFA (Fig. 5) and inversely associated
with several measures of body size (i.e., BMI, waist
circumference and waist-to-hip ratio). In a subset of
participants (range n = 503-619) PC ae C34:3 was
inversely associated with serum levels of CRP and tri-
glycerides and positively associated with serum levels of
total and HDL cholesterol, and SM (OH) C22:2 was
positively associated with serum levels of total, HDL,
and LDL cholesterol (Fig. 5).

Discussion

We conducted the largest and most comprehensive
study to date examining the associations between indi-
vidual pre-diagnostic circulating levels of 97 lipids and
colorectal cancer risk. Of these, 24 circulating lipid
metabolites were nominally associated, all inversely,
with colorectal cancer risk. After controlling for multiple

comparisons, inverse associations remained between
SM (OH) C22:2 and PC ae C34:3, and colorectal cancer
risk, which persisted after mutual adjustment. These
robust inverse associations were unaltered after
excluding the first 5 years of follow-up after blood
collection, and were consistent according to sex, age at
diagnosis, BMI, and colorectal subsite.

Few studies have investigated associations between
pre-diagnostic levels of circulating lipid metabolites and
colorectal cancer risk, each using different methods of
metabolite identification (targeted vs untargeted), assays
and analytical methodology (NMR vs mass-
spectrometry).”****>* A previous study using data from
the EPIC-Heidelberg cohort (also included in this cur-
rent analysis) and the Biocrates AbsoluteIDQ™ assay
did not observe associations between SM (OH) C22:2
nor PC ae C34:3 and colorectal cancer neither prior to or
following FDR correction.” The smaller sample size
(n = 163 cases) of the Heidelberg cohort analysis may
explain these divergent findings. A prior nested case—
control study (n = 250 cases) was conducted including
data from two Chinese cohorts. Using an untargeted
metabolomics approach, this study found associations
between 3 phosphatidylcholines PC (16:0/16:0) (posi-
tive), PC (18:3/16:0) (positive) and PC 22:6/18:0 (in-
verse) and colorectal cancer risk.” Different naming
conventions made direct comparisons difficult but the
corresponding lipid synonyms were identified as PC aa
C32:0, PC aa C34:3 and PC aa C40:6 respectively in the
Human Metabolome Database (HMDB)."* None of
these lipid metabolites were associated with colorectal
cancer risk in the current analyses, however. In another
untargeted nested case—control study on a US popula-
tion no lipid metabolites were associated with colorectal
cancer risk after correction for multiple comparisons,
but in contrast to our study all but four lipids (not
quantified in this current study) were found to have
positive associations with colorectal cancer risk prior to
multiple comparisons correction.”® The different
metabolomics methodology and study population
(Asian/American compared to European) may have
contributed to observed differences.

A large-scale pan-cancer study (n = 1500 colorectal
cancer cases) within EPIC examined shared associations
between metabolites and overall cancer leveraging data
included in our current analysis. That study reported
inverse associations between a phosphatidylcholine
metabolite cluster including PC ae C34:3 along with PC
ae C34:2, PC ae C36:3, PC ae C36:2 and PC aa C32:3
and colorectal cancer risk but not with the cluster
including SM (OH) C22:2 in subsite-specific analyses.*
As analyses by subsite were examined for lipid metab-
olite clusters this may have masked important associa-
tions by specific individual metabolites.

Interestingly, most observed lipid and colorectal
cancer risk associations were inverse (both for individ-
ual circulating lipids and lipid metabolite components),
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Fig. 4: Relationship between concentrations of serum fatty acid levels and lipid metabolites shown to be associated with colorectal
cancer risk in the EPIC cohort (n = 461 controls). ITFA, industrial trans fatty acid; MUFA, monounsaturated fatty acid; NTFA, natural trans
fatty acid; PC ae, acylakyl-phosphatidylcholine; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; SM (OH), Hydroxysphingomyelin.
Beta difference and 95% confidence intervals obtained from multivariable linear regression models for the association between a per unit
increase in log-transformed serum fatty acid concentration levels (recorded as a percentage of total fatty acid levels) and lipid metabolite
concentration adjusted for sex, batch, energy intake (kcal/day, continuous) (models including dietary variables only), age at blood collection,
time of day at blood collection, fasting status at blood collection (yes, no, in between), education level (no schooling/primary, secondary/
professional/technical, university/higher), Cambridge physical activity index (inactive, moderately inactive, moderately active, active), smoking
status (never, former, current), body mass index (kg/m?, continuous), alcohol use at recruitment (g/day, continuous), dietary intakes (g/day) of
red and processed meat, fibre intake and dairy. Solid circles represent an association between the specified lipid metabolite and fatty acid after
correction for multiple comparisons based on the effective number of independent tests (ENT) (i.e., pent <0.05 (ENT = 26; penr = 0.05%[26*2
lipid metabolites]).
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Fig. 5: Relationships between baseline exposures and lipid metabolites shown to be associated with colorectal cancer risk in the EPIC
cohort. CRP, C reactive protein; IGF-1, insulin growth factor 1; MUFA, mono-unsaturated fatty acid; PUFA, poly-unsaturated fatty acid; SFA,
saturated fatty acid; PC ae, acylakyl-phosphatidylcholine; SM (OH), Hydroxysphingomyelin. Beta difference and 95% confidence intervals
obtained from multivariable linear regression models for the association between a per unit increase of each baseline exposure i.e., log-
transformed biomarker concentration (n = 503-619) (total cholesterol (mmol/l), low-density lipoprotein (LDL) cholesterol (mmol/l), high-
density lipoprotein (HDL) cholesterol (mmol/l), triglycerides (mmol/I), C-peptide [ng/ml], C-reactive protein [ng/ml], IGF-1 [nmol/l]), dietary
intake (g/day) (n = 1591) or lifestyle variable (n = 1591) (alcohol consumption at recruitment [g/day], Cambridge physical activity index
[inactive, moderately inactive, moderately active, active], smoking status [never, former, current], body mass index [kg/m?], height [cm], waist
circumference [cm], waist-to-hip ratio) and lipid metabolite concentration. Models were adjusted for sex, centre, energy intake (kcal/day) (for
dietary and biomarker variables only), age at blood collection, time of day at blood collection, fasting status at blood collection (yes, no, in
between), education level (no schooling/primary, secondary/professional/technical, university/higher), Cambridge physical activity index
(inactive, moderately inactive, moderately active, active), smoking status (never, former, current), height (cm), alcohol use at recruitment (g/day,
continuous), body mass index (kg/m?, continuous) for all models except those with waist circumference and waist-to-hip ratio as the exposure
of interest, and for non-dietary exposure variables, dietary intakes (g/day) of red and processed meat, fibre intake and dairy. Solid circles
represent an association between the specified lipid metabolite and baseline exposure after correction for multiple comparisons based on the

effective number of independent tests (ENT) (i.e., pent <0.05 (ENT = 17; pent = 0.05*[17*2 lipid metabolites]).

despite only reaching statistical significance for SM
(OH) C22:2 and PC ae C34:3. As fatty acid dysregulation
is a key early stage in cancer tumorigenesis,””' our
findings may reflect some underlying process that per-
turbs lipid metabolism which is relevant for colorectal
cancer development. This is supported by evidence from
Mendelian randomisation studies of a likely causal
pathway between specific fatty acids and lipids and
colorectal cancer development.*

The biological mechanisms underlying the associa-
tion between SM (OH) C22:2 and colorectal cancer
development are unclear. Ceramides, precursors to
sphingomyelins,” can be produced through the hydroly-
sis of sphingomyelins®**** and evidence from experi-
mental studies suggests that ceramides can have pro- and
anti-tumorigenic roles dependent on factors such as the
length of their associated side-chain fatty acids.”***¢ The
observed association with SM (OH) C22:2 may suggest
that some aspect of its structure could be contributing to
associations with this, over other sphingomyelin
metabolites.

Inverse associations between phosphatidylcholines
and other cancer sites have been reported.”>*+
Although unclear, the suggested inverse association of
PC ae C34:3 with colorectal cancer in our analysis could
be due to a potential anti-inflammatory role in the col-
orectum.”® Additional experimental studies are needed

to further elucidate specific pathways through which
this phosphatidylcholine may be involved in colorectal
cancer development.

This study found that metabolite patterns including
both sphingomyelins and phosphatidylcholines were
inversely associated with colorectal cancer. Common
factors between the two lipid classes may affect colo-
rectal cancer development. For example, choline, pre-
sent in both sphingomyelin and phosphatidylcholine,
has been investigated for its potential role in colorectal
cancer.”>%

In this analysis it was not possible to annotate the
fatty acid side chains that are components of the lipid
metabolites under study. A strength of this study was
the availability of fatty acid data in the same population
which allowed for inferences to be made on potential
lipid metabolite side-chain components. Strong positive
associations were observed between SM (OH) C22:2
with two odd-chain SFAs (15:0 and 17:0). Higher levels
of these odd-chain SFAs 15:0 and 17:0 have been shown
to be associated with higher dietary dairy fat*"** and fibre
intake,” lower levels of serum CRP* and to be linked to
lower risks of chronic inflammation, type 2 diabetes,
obesity and metabolic syndrome,” all of which have
been implicated in colorectal cancer risk. The generally
positive associations observed between SM (OH) C22:2
with SFAs and MUFAs and inverse associations
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between PC ae C34:3 with MUFAs and PUFAs may
highlight some particularity of the fine structure of their
fatty acid side chains which underly associations be-
tween these specific phosphatidylcholine and sphingo-
myelin metabolites and colorectal cancer.

Linear regression analyses also allowed for an
investigation of potential determinants of SM (OH)
C22:2 and PC ae C34:3. SM (OH) C22:2 was found to
the positively associated with serum cholesterol levels
(total, HDL, and LDL). PC ae C34:3 was positively
associated with serum total and HDL cholesterol but
inversely related to body size measures and levels of
serum CRP and triglycerides. Previous studies have re-
ported inverse associations between PC ae C34:3 with
obesity'*® and body size measures (within the EPIC
cohort).” Observed positive associations between PC ae
C34:3 and dietary PUFA intake and inverse associations
between serum triglycerides and CRP align with evi-
dence of inverse associations between dietary PUFA,
and positive associations between triglycerides and CRP,
with colorectal cancer risk in meta-analyses.””* Find-
ings from two meta-analyses of a possible inverse as-
sociation between HDL cholesterol and colorectal cancer
risk also support our findings,*”' however, reported
positive associations between total cholesterol and null
associations between LDL cholesterol and colorectal
cancer risk did not.®”!

This was the largest and most comprehensive pro-
spective study to date to investigate associations be-
tween lipid metabolites and colorectal cancer risk.
Detailed covariate data allowed us to control for other
colorectal cancer risk factors and findings were
consistent following exclusion of up to five years of
follow-up after blood draw. Limitations include the
measurement of pre-diagnostic circulating lipid
metabolite concentrations at baseline only. Previous
studies have reported high reliability of metabolites
(measured using the Biocrates AbsoluteIDQ™ assay)
over time with relatively good reproducibility reported
within 2 years following initial blood draw which was
lower for non-fasting individuals and more pronounced
for acylcarnitines, phosphatidylcholines and sphingo-
myelins (median intraclass correlation coefficients for
lipid metabolites between 0.62 and 0.74 for fasting, and
0.34 and 0.62 for non-fasting individuals).” Poorer
reproducibility has been reported in the longer term
(median Spearman’s correlation coefficient (p)
0.13-0.42) for lipid metabolites.”” Changes in metabo-
lite measurements over time would likely have led to an
attenuation of results.”* In this study, non-fasting par-
ticipants were also included in analyses which may have
affected the levels of detected metabolites; however, we
matched cases and controls by fasting status and prior
data suggests that only a small proportion of the vari-
ation in metabolite concentrations can be attributed to
fasting status.” In the Biocrates AbsoluteIDQ™ kit, the
flow injection analysis with tandem mass spectrometry
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(FIA-MS/MS) analytical method for lipid identification
does not allow for specification of the positions, loca-
tions of double bonds, or chain lengths of associated
fatty acids, meaning metabolite signals could corre-
spond to several different lipid isobars or isomers.”*”
However, we examined correlations between circu-
lating lipid metabolites that were associated with colo-
rectal cancer and plasma fatty acid levels to supplement
the interpretation of the potential lipid compounds
identified. A limitation of the cross-sectional analyses
was the lack of availability of data on serum fatty acid
levels and biomarker levels for all 1591 controls
included in the main analyses. If some characteristics
of those participants with these data missing were
associated with fatty acid or biomarker levels and/or
lipid concentrations this may have affected the observed
results. Estimates may also have been affected by un-
measured confounding (e.g., no data were available on
colorectal cancer screening) or residual confounding as
a result of measurement error in covariate data
collected via questionnaires (e.g., smoking status and
alcohol consumption). In addition, this study matched
cases and cotrols based on a range of values for each
matching variable which may have led to bias when
there was an under sampling of controls at the ex-
tremes of the distributions of the matching variable.”
Even though this bias is thought to be small, this may
have had an effect on observed estimates.”® Finally, this
study was conducted in a European population there-
fore findings may not be generalisable to other settings.

In summary, our study found evidence of inverse
associations between several lipid metabolites and
colorectal cancer risk with SM (OH) C22:2 and PC ae
C34:3 remaining associated after correction for multi-
ple comparisons. Additional prospective studies are
needed to confirm these associations alongside experi-
mental studies to evaluate the role of dysregulation of
lipid metabolism in colorectal carcinogenesis. Future
studies could also utilise data on genetic instruments,
such as in Mendelian randomisation, to allow for ex-
amination of a causal role of lipids in colorectal cancer
development. Elucidating any potential roles of specific
lipid metabolites in colorectal cancer development
could be important to inform targeted prevention stra-
tegies including metabolic targets for drug or lifestyle
intervention.
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