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Abstract

Human fatty acid binding protein-4 (FABP-4), a protein elevated in obesity that promotes

colon cancer cell invasiveness and metastasis, may be associated with higher mortality in

individuals with colorectal cancer (CRC) and may serve as a mediator of the obesity–

mortality association in these individuals. We used a causal diagram to inform covariate

selection and applied Cox proportional hazards models to estimate hazard ratios (HRs) for

CRC-specific, non-CRC-specific, and all-cause mortality by FABP-4 levels measured in base-

line blood samples from 1371 incident CRC cases from the European Prospective Investiga-

tion into Cancer and Nutrition cohort. Competing risk analyses were adapted for CRC and

non-CRC deaths. Mediation analyses were conducted to estimate total effects (TEs), direct

effects (DEs), and mediation proportions (MPs) by FABP-4 of pre-diagnostic body mass
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index (BMI) on mortality. In the fully adjusted model including BMI, higher circulating

FABP-4 concentrations were associated with higher CRC mortality (HRQ4vsQ1 = 1.49; 95%

CI: 1.11–2.00) and all-cause mortality (HRQ4vsQ1 = 1.49; 95% CI: 1.15–1.93), but not statis-

tically associated with non-CRC mortality (HRQ4vsQ1 = 1.51; 95% CI: 0.82–2.76). The TE

and DE per 5 kg/m2 of BMI on all-cause mortality were 1.21; 95% CI: 1.10–1.34, and 1.13;

95% CI: 1.02–1.26, respectively, with a MP of 34.5% (p = .002) by FABP-4. For CRC-

specific and non-CRC-specific mortality, MPs by FABP-4 were 33.7% (p = .03) and 36.1%

(p = .02), respectively. In conclusion, higher concentrations of FABP-4 were associated with

higher CRC-specific and all-cause mortality in individuals with CRC. FABP-4 was a signifi-

cant partial mediator of the adiposity-mortality relationship in individuals with CRC.

K E YWORD S

EPIC, FABP-4, human fatty acid binding protein-4, incident colorectal cancer, mortality

What's New?

Higher pre-diagnostic body mass index has been associated with higher risk of mortality in indi-

viduals with colorectal cancer; however, the mechanism remains unclear. This prospective analy-

sis of incident colorectal cancer cases within the European Prospective Investigation into

Cancer and Nutrition cohort study addressed potential collider stratification bias and suggests

that higher pre-diagnostic FABP-4 concentrations may be associated with higher colorectal

cancer-specific and all-cause mortality. Moreover, FABP-4, a protein involved in metabolic regu-

lation and inflammation that has been found to be elevated in obesity, could partially explain

the body mass index–mortality association in individuals with colorectal cancer.

1 | INTRODUCTION

Obesity (defined as body mass index [BMI] ≥ 30 kg/m2) is “a condition
of abnormal or excessive fat accumulation in adipose tissue that can

compromise health,” as described by the World Health Organization.1

Obesity is a well-established risk factor for colorectal cancer (CRC),2

and may also play a role in survival after CRC diagnosis.3,4 Thus, a

study using data from the European Prospective Investigation into

Cancer and Nutrition (EPIC) study among persons with CRC showed

that every 5 kg/m2 higher pre-diagnostic BMI was associated with a

10% higher risk of CRC-specific death and a 12% higher risk of all-

cause death.5 However, the mechanism underlying this association is

unclear.5,6 It was suggested that research on obesity-related bio-

markers should be conducted to provide further evidence.7,8

Fatty acid binding protein-4 (FABP-4), also known as adipocyte

protein 2 (aP2) or adipocyte-FABP (A-FABP), is a 132 amino acid pro-

tein in humans mainly expressed in mature adipocytes, macrophages,

and endothelial cells that functions as a lipid carrier.9,10 FABP-4 is a versa-

tile protein with both intracellular and extracellular forms.11 The intracel-

lular form (identified first) has antioxidant activity and multiple functions,

including the regulation of fatty acid uptake and lipogenesis, and the facili-

tation of intracellular fatty acid trafficking.11 The concentration of the cir-

culating extracellular form depends on fasting status, the degree of

lipolysis, and appears to be regulated by obesity-related signals.11 Circu-

lating FABP-4 is involved in lipid modulation, metabolic regulation (includ-

ing insulin resistance), and inflammation.11 Increased circulating

concentrations of FABP-4 were observed in individuals with obesity as

compared to those with normal-weight,12–14 and a Mendelian Randomi-

zation (MR) study found a strong positive association between BMI and

circulating FABP-4 concentrations.15 We previously found no strong sup-

port for a causal role of circulating FABP-4 in the development of CRC in

an investigation that included both an individual-level prospective cohort

and an MR analysis.14 However, some experimental studies in normal

human endothelial cells16 and colon cancer cells17 suggested that FABP-4

may be involved in promoting angiogenesis and tumor growth.16,17

Therefore, FABP-4 may be relevant for the prognosis of CRC patients

and could qualify as a potential biomarker linking obesity and risk of mor-

tality in individuals who are diagnosed with CRC. However, no study has

been implemented to investigate these relationships so far. Therefore, we

aimed to investigate the associations between pre-diagnostic circulating

FABP-4 and CRC-specific mortality, non-CRC-specific mortality, and all-

cause mortality in participants with incident CRC in the EPIC cohort. We

further performed causal mediation analyses to estimate the mediation

proportions (MPs) of FABP-4 for the association between BMI and risk of

mortality in individuals with CRC.

2 | MATERIALS AND METHODS

2.1 | The European Prospective Investigation into
Cancer and Nutrition (EPIC) cohort

A prospective study was designed within the EPIC cohort by including

only incident CRC cases. Details of the EPIC study have been
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published elsewhere.18 In brief, the EPIC study, initiated by the Inter-

national Agency for Research on Cancer (IARC) in 1990, is one of the

largest cohort studies in Europe, with continued follow-up of study

participants in 25 centers in 10 western European countries. A total

of 519,978 participants were recruited between 1992 and 2000,

representing a population aged 35–70 years.18 The baseline data

include (i) anthropometry with either at-study-center measured or

self-reported values of weight, height, hip circumference, and waist

circumference (WC); (ii) information from lifestyle and health standard

questionnaires including reproductive history, physical activity,

tobacco smoking, alcohol consumption, occupational history, socio-

economic status, and previous illnesses; (iii) dietary data from (semi)

quantitative food frequency questionnaires (FFQs), including a wide

range of food items and individual average standard portions. Anthro-

pometry measurement has been described in detail previously.5 BMI

was calculated as weight in kilograms divided by height in meters

squared (kg/m2), with weight and height measured barefoot.5 WC

was measured at the narrowest point or midway between the ribs and

the iliac crest.5 Measurements were adjusted for clothing to minimize

variability between centers.5 In addition, blood samples were col-

lected from 385,747 participants at the time of recruitment and ali-

quoted into blood plasma, blood serum, white blood cells, and red

blood cells.18 Samples were stored in the vapor phase of liquid nitro-

gen at �196�C (in plastic straws for most centers at IARC central bior-

epository and in tubes for the Danish centers locally), or in freezers at

�70�C (in tubes for the Swedish centers locally).

Cancer incidence was identified by two methods: record linkage

to regional cancer registries (Denmark, Italy, the Netherlands, Norway,

Spain, Sweden, and the United Kingdom) or an active follow-up by

various means, including health insurance data, pathology data, and

data on liaising with study participants and their closest living relatives

(France, Germany, Naples, and Greece). Vital status was also followed

up through either record linkage to regional/national mortality regis-

tries or active follow-up (France, Germany, and Greece). Both cancer

incidence and mortality were coded in accordance with the 10th revi-

sion of the International Classification of Diseases, Injuries, and

Causes of Death (ICD-10).

2.2 | Design of the present study: CRC cases
ascertained and followed up for mortality

Participants in this study were incident CRC cases from the EPIC

study, identified during follow-up from baseline to the closure date of

the index centers, which ranged from September 2002 to December

2012. The CRC cases included participants with colon cancer (ICD-10

code: C18.0–C18.7), rectal cancer (C19–C20), and cancer in the over-

lapping or unspecified areas within the colon (C18.8 and C18.9). The

center-specific dates of follow-up cessation for vital status of these

CRC cases ranged from December 2009 to January 2015. Due to

administrative issues, data from Greece and Norway were not

included in the present study; however, the two countries contributed

only a small portion of CRC cases (6.4%),19 which were not expected

to influence the estimates in this study. In total, 1371 CRC cases

(807 colon, 496 rectal, and 68 unspecified colon cancer) with bio-

samples available were included in the present study.

2.3 | Laboratory analysis of FABP-4

FABP-4 was measured in baseline blood serum samples by enzyme-

linked immunosorbent assay (ELISA) by BioVendor (BioVendor Labo-

ratory Medicine, Inc.; Brno, Czech Republic). Inter-assay coefficients

of variation during the laboratory analysis were under 6.5% for all

quality controls (QC). The means of intra-assay coefficients of varia-

tion for high QC and low QC were 2.49% and 3.58%, respectively.

2.4 | Final dataset and variables

Missing baseline data were encountered in WC [75 (5.5%)], smoking

status [11 (0.8%)], physical activity index [87 (6.3%)], education level

[44 (3.2%)], and all dietary variables [4 (0.3%)]. In addition, we defined

participants as having diabetes if they had HbA1c ≥6.5 or self-reported

diabetes; data for this variable were missing in 68 (5.0%) CRC cases.

Prognostic factors, such as age at diagnosis, tumor subsite, and

tumor stage, were retrieved from patients' medical records.20 There

were three systems used to classify stage data among EPIC study cen-

ters, including TNM staging, Dukes classification, or the categories

“localized/metastatic/metastatic regional/metastatic distant.” There-

fore, a new variable for tumor stages (I, II, III, and IV) was previously

created during the harmonization process to cover a broad category

of tumor stages.20 However, even after this process, data on tumor

stage were missing in 185 (13.5%) cases.

2.5 | Statistical analysis

We categorized FABP-4 into quartiles based on the sex-specific distri-

bution of FABP-4 concentrations in a cohort of non-cancer controls in

the EPIC data that have been reported previously.14 The cut-off

points (in ng/mL) for the quartiles were, for men: ≤9.00; 9.01 to

≤12.10; 12.11 to ≤16.00; and >16.00; for women: ≤14.00; 14.01 to

≤18.30; 18.31 to ≤24.50; >24.50, respectively.14 Characteristics of

the study population were summarized across sex-specific quartiles.

We further calculated age-and-sex partial Spearman correlation coef-

ficients between FABP-4 and markers of adiposity, inflammation, and

metabolism.

The primary outcome was CRC-specific mortality, while non-

CRC-specific mortality and all-cause mortality were the secondary

outcomes. We employed competing risk survival analyses to estimate

cause-specific hazards or subdistribution hazards of death.21 For the

main analyses, we used cause-specific Cox proportional hazard

models as proposed by Prentice et al.22 and censored ‘competing

events’. In a sensitivity analysis, we also applied the Fine-Gray propor-

tional subdistribution hazard models,23 modeling hazards based on

PHAM ET AL. 3



the cumulative incidence function. For all-cause mortality, the con-

ventional Cox proportional hazards models were used. All models

were regressed with the underlying time variable as time from CRC

diagnosis to the time of death or last follow-up and performed by

PROC PHREG in SAS. Censored observations were defined as CRC

cases lost to follow-up or were still alive at the end of administrative

follow-up (“end of study censoring”).24,25

Covariates were selected as (1) factors that could potentially act

as a confounding factor in the relationship between FABP-4 and mor-

tality, and (2) factors (U) that could link to FABP-4 (the exposure) by

backdoor paths (e.g., U! CRC diagnosis  FABP-4), see Figure 1

and related discussion in the work of Osadnik et al.26 The latter set

likely represented risk factors of incident CRC as reported by the

World Cancer Research Fund expert,27 and was selected to address

concerns about the potential collider stratification bias when condi-

tioning on CRC diagnosis (directed acyclic graphs, Figure 1).28,29

Adjustments for treatments and prognostic factors were not consid-

ered appropriate as it could open backdoor paths. Adiposity measures,

including BMI and WC, were considered as potential confounders and

included in a separate model. Eventually, three models were employed

in the analyses: Model 1 stratified by country and adjusted for sex

(based on the box-plot of FABP-4 levels by country in Figure S1);

Model 2 additionally adjusted for age at diagnosis (continuous), smok-

ing status (never, past, current smoker), education (none, primary

school, technical/professional school, secondary school, or longer

education), sex-specific categories of physical activity (inactive, mod-

erately inactive, moderately active, active), polyps of the large bowel

(yes, no), alcohol consumption per day (continuous), and daily intake

of red meat, processed meat, fish and shellfish, calcium, dietary fiber,

dairy products, vegetables, and fruits (all variables were continuous);

and Model 3 added to Model 2 by additionally adjusting for BMI and

the residual values of WC when regressed on BMI and height

(ϵ(WCjBMI + height)).

We examined the patterns of missing data in each of the covari-

ates, assumed missing at random, and imputed the missing data by

multiple imputations using chained equations. Details of variables

included in the multiple imputation are described in Data and

Methods in Data S1. Twenty imputed datasets were generated using

SAS PROC MI, and all parameters (e.g., estimates from Model 2 and

Model 3) computed from imputed datasets were combined using

PROC MIANALYZE.

The presence of nonlinearity was assessed by determining

whether the addition of nonlinear terms—including cubic spline or

polynomial terms—of FABP-4 significantly improved the fit of

Model 3 using a likelihood ratio test. The non-significance of the

tests suggested no evidence of a non-linear relationship (Table S1).

In addition, we flexibly modeled and graphically presented the

relationship between FABP-4 levels and each of the outcomes

using restricted cubic splines with knots placed at 4 and 6 evenly

spaced percentiles of FABP-4 distributions (Figure S2). These line-

arity tests and plots supported the analyses of FABP-4 modeled as

a continuous variable in its original scale (ng/mL) (also used in

cubic splines). We estimated hazard ratios (HRs) with respective

95% confidence intervals (CIs) continuously for one standard devi-

ation (SD) in FABP-4 levels as well as in categories for the 2nd,

3rd, and 4th compared to the 1st quartile of FABP-4. The propor-

tional hazards (PH) assumption was tested and we observed (i) no

significant estimates of time-dependent covariates which were

generated as the interactions of a log function of time with the

FABP-4 variable (p = .14) and with BMI (p = .48); and (ii) no sys-

tematic patterns of scaled Schoenfeld residuals of FABP-4 and

BMI over follow-up time (Figure S3).

Obesity

FABP-4
CRC diagnosis

(Stage, Grade, Site,
Treatments)

Death

Risk factors for both
incident CRC and death

(U)

Confounders (C2) 

Confounders (C1) 

TIME

F IGURE 1 Causal diagram illustrating the relationship between FABP-4, colorectal cancer (CRC), and death after CRC diagnosis. CRC
diagnosis is a collider on the paths of U! CRC diagnosis FABP-4. The blue box around “CRC diagnosis” indicates that analyses are conducted
among individuals with incident CRC (or conditioning on CRC diagnosis). The analysis conditioning on CRC diagnosis may lead to “collider
stratification bias.” This opens a non-causal spurious association between FABP-4 and (U) (dashed blue line). These opened paths can be blocked
(red boxes) by adjusting for (U) and Obesity/BMI. The risk factors for incident CRC can be obtained from the expert report from the World
Cancer Research Fund. Conventional confounders in this diagram were ancestors of both FABP-4 levels and death (C1), and both obesity and
death (C2). The paths through these conventional confounders were open and can be blocked (green boxes) by adjusting for C1 and C2.
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Interactions were assessed across strata of pre-defined potential

effect modifiers, including sex (men, women), tumor site (colon, rec-

tum), tumor stage (I, II, III, IV), time to CRC diagnosis (≤2, 2 to ≤8, and

>8 years), baseline diabetes status (yes, no), baseline BMI (18.5≤

to <25, 25≤ to <30, and ≥30), by adding the interaction term of the

index variables to the final model (Model 3). Subgroup analyses were

performed for modifiers with interaction p-values <.20. Missing data

in tumor stage were replaced by multiple imputations before stratifi-

cation. As sensitivity analyses, we re-estimated the hazard risk by

excluding an extreme observation of FABP-4, by using a different

competing risk analysis model (Fine–Gray proportional subdistribution

hazard models), and by using a complete case analysis.

We further performed causal mediation (counterfactual approach)

analyses to estimate the extent to which FABP-4 mediates the rela-

tionship between BMI and mortality. First, a counterfactual-based

approach was used to estimate the total effects (TEs, i.e., the overall

effect of BMI on CRC-specific mortality) and the direct effects (DEs,

i.e., the effect of BMI on CRC-specific mortality when holding FABP-4

constant) of BMI on mortality.30 Second, the MPs along with their 95%

CIs were estimated using the difference method, defined MP = 1 � log

(HRDE)/log(HRTE), enabled by a data duplication algorithm and a gener-

alized estimation equations approach under the g-linkability assump-

tion.30 The causal mediation analyses were performed using a SAS

macro %mediate, which was designed for time-to-event data with a

stratified sample design.31 As a sensitivity analysis, we estimated again

the DEs and indirect effects (IEs) under multivariate normality using the

standard product-of-coefficients methods.32

We estimated that the minimum detectable hazard ratio (HR) per

1 ng/mL unit of FABP-4 level is 1.015, or the HR per 1 SD of FABP-4

is 1.125, given a sample size of 1371 participants, a standard deviation

of FABP-4 concentrations of 8.9 ng/mL,14 a CRC-specific mortality

rate of 0.33,33 a type I error probability of 5%, and a power of 80%.

SAS Enterprise Guide, version 8.3.2 (SAS Institute, Inc., Cary, NC) was

used for all statistical analyses. All tests were performed at a two-

tailed significance level of .05 for the determination of statistical

significance.

3 | RESULTS

The median time from baseline examination (enrollment into EPIC

study) to CRC diagnosis was 4.8 years (interquartile range [IQR], 2.6–

7.0). The median follow-up time for our analysis, defined as the time

from CRC diagnosis to the date of death or center-specific date of

cessation of follow-up, for CRC cases with death events was 2.1 (IQR,

0.8–4.4) years, and for those without death events, it was 11.4 (IQR,

9.4–13.5) years. The numbers of cases with CRC deaths, non-CRC

deaths, deaths with unknown cause, and censored CRC cases were

515 (37.6%), 148 (10.8%), 7 (0.5%), and 701 (51.1%), respectively.

Among the censored CRC cases, 692 cases were alive at the end of

follow-up, and 9 cases (7 men, 2 women) were lost to follow-up.

FABP-4 concentrations were on average higher in women than in

men (mean ± SD in men, 13.5 ± 8.3 ng/mL, in women, 21.3 ± 9.9 ng/mL).

One participant who died of CRC 5 months after diagnosis had an

extreme FABP-4 value of 154.4 ng/mL, which was more than twice as

high as the second-highest value (67.3 ng/mL). This participant had a

BMI of 24.6 and WC of 99—values within the 1st to 3rd quartiles of

the distribution of the index variables—but exhibited extreme levels

of insulin-like growth factor-binding protein (IGFBP)-1, IGFBP-2,

intact IGFBP-3, lipocalin-2; high levels (>97th percentile) of high-

density lipoprotein cholesterol (HDLC), high-sensitivity C-reactive

protein (hsCRP), and Ferric reducing the ability of plasma; and very

low levels (<3rd percentile) of 25-hydroxyvitamin D and HbA1c. Tests

of linearity by comparing models with and without the addition of

nonlinear terms (other covariates as in Model 3) did not show any

deviations from linearity, despite the presence of the extreme value.

Therefore, this participant was retained in the main analyses but

excluded in a sensitivity analysis. Study characteristics across quartiles

of FABP-4 are described in Table 1. The mean age of participants at

diagnosis of CRC was 63 ± 7.4 years, with �50% of CRC cases being

stage I/II and 50% being stage III/IV. CRC cases in the higher versus

lower quartiles of FABP-4 were characterized by older age, higher

BMI and WC measures, lower consumption of vegetables, alcohol,

energy, and fiber, and higher consumption of processed meats. These

CRC cases were also less likely to be smokers and more likely to have

diabetes. CRC cases in the highest quartile of FABP-4 also had higher

levels of leptin, triglycerides, HbA1c, CRP, and C-peptide; while they

had lower levels of adiponectin, soluble leptin receptor, and HDLC

compared with the lowest quartile. Correlations of FABP-4 were 0.47

(95% CI: 0.42–0.51) with BMI; 0.46 (95% CI: 0.42–0.50) with WC;

and 0.46 (95% CI: 0.40–0.51) with leptin; and 0.34 (95% CI: 0.28–

0.39) with hsCRP (Table S2).

3.1 | Association of FABP-4 levels with mortality
after CRC

Unadjusted cumulative incidence functions (CIFs) describing the dif-

ferent cumulative probabilities of CRC-specific mortality over time

among 4 quartiles of FABP-4 levels and between high and low

FABP-4 levels using the 75th percentile of FABP-4 as a threshold are

shown in Figure S4, with a statistically significant difference in the CIF

of the 4th quartile compared with the CIF of the 1st, 2nd, and 3rd

quartiles combined (p-values for the Gray's test for homogeneity of

the CIFs ≤.0001).

After multivariable adjustment, including adiposity measures (BMI

and ϵ(WCjBMI + height)), we observed a statistically significant

association of baseline FABP-4 concentrations with the risk of CRC-

specific and all-cause mortality (Table 2). Individuals in the highest

compared to the lowest FABP-4 quartile had a 1.49-fold higher risk of

CRC-specific death (95% CI: 1.11–2.00; p-trend = .01) and a similar

higher risk of all-cause death. On a continuous scale, 1 SD (8.9 ng/mL14)

higher FABP-4 concentrations were related to a 1.11-fold higher

risk of all-cause death (95% CI: 1.02–1.20; p = .01). In analyses that

did not adjust for adiposity measures, higher FABP-4 concentra-

tions were significantly associated with an increased risk of non-

PHAM ET AL. 5



TABLE 1 Summary of baseline, prognostic and outcomes characteristics of sampled CRC cases (N = 1371) categorized by sex-specific
quartiles of FABP-4 in the European Prospective Investigation into Cancer and Nutrition (EPIC) study.

Quartile of pre-diagnostic circulating FABP-4 concentrations

1 (N = 323) 2 (N = 315) 3 (N = 353) 4 (N = 380) Total (N = 1371)

FABP-4 (ng/mL), Male ≤9.0 12.11–16.0 >16.0

FABP-4 (ng/mL), female ≤14.0 14.01–18.3 18.31–24.5 >24.5

End-point values (at the end of

follow-up)

CRC outcome, %

Censored 61.3 55.9 49.9 39.7 51.1

CRC death 31.9 34.9 35.7 46.3 37.6

Non-CRC death 6.5 8.9 14.2 12.9 10.8

Death of unknown cause 0.3 0.3 0.3 1.1 0.5

Prognostic variables

(at diagnosis)

Age at CRC diagnosis, mean

(SD)

60.5 (7.3) 62.6 (7.3) 63.7 (7.3) 64.8 (7.0) 63.0 (7.4)

Site of the tumor, %

Colon 61.3 60.6 67.1 65.5 63.8

Rectum 38.7 39.4 32.9 34.5 36.2

Stage of the tumor, %

I/II 52.1 49.6 51.8 53.1 51.8

III/IV 47.9 50.4 48.2 46.9 48.2

Baseline variables

(at recruitment)

Sex, female, % 48.6 52.1 50.4 54.5 51.5

Body mass index, mean (SD) 24.5 (3.1) 25.6 (3.4) 27.0 (3.6) 29.4 (4.4) 26.8 (4.1)

Waist circumference, mean

(SD)

84.6 (11.3) 88.0 (12.0) 91.6 (11.5) 97.2 (12.7) 90.5 (12.8)

Current smoker, % 32.3 26.5 24.8 21.4 26.0

Moderately active and

Active levels of the

combined total physical

activity index (sex-specific

categ.), %

53.2 52.3 58.4 51.3 53.8

Self-reported diabetes or

Hba1c ≥ 6.5%, %

5.1 6.0 7.2 15.3 8.7

Longer education (incl.

University degree), %

20.0 19.4 18.3 14.6 17.9

Had polyps of the large

bowel, %

4.2 1.9 4.7 5.9 4.2

Vegetables (g/d), median

(IQR)

166.3 (109.3, 237.7) 157.8 (106.0, 244.6) 153.2 (99.6, 230.9) 144.8 (91.9, 214.8) 154.8 (101.7, 231.2)

Fruit (g/d), median (IQR) 200.5 (102.7, 291.1) 186.5 (112.6, 296.9) 173.8 (94.5, 290.5) 176.9 (81.9, 285.4) 184.8 (97.2, 289.2)

Dairy products (g/d), median

(IQR)

274.0 (138.7, 461.7) 268.6 (158.3, 424.1) 284.3 (147.0, 494.0) 296.4 (153.1, 433.6) 281.5 (150.2, 455.3)

Red meat (g/d), median

(IQR)

45.9 (26.2, 75.5) 48.7 (26.4, 72.9) 49.4 (22.2, 76.9) 46.1 (24.2, 76.4) 48.0 (24.6, 76.4)

Processed meat (g/d),

median (IQR)

23.9 (12.6, 43.8) 25.5 (12.5, 43.7) 25.9 (14.2, 44.4) 26.3 (15.8, 46.7) 25.5 (13.7, 44.5)

Fish and shellfish (g/d),

median (IQR)

28.8 (15.9, 53.1) 26.2 (14.6, 42.9) 26.4 (14.9, 47.5) 28.5 (14.9, 51.7) 27.8 (15.1, 48.8)

Alcohol (g/d), median (IQR) 19.9 (26.5) 17.3 (19.2) 16.5 (22.4) 15.8 (21.7) 17.3 (22.6)
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CRC mortality, but this association was no longer significant after

such adjustment.

The interaction terms of FABP-4 with tumor stage, with time to

CRC diagnosis, and with diabetic status all had p-values >0.4 (data

not shown); no further subgroup analyses were conducted for

these variables. Tests for interaction terms for FABP-4 with tumor

subsite were significant for CRC-specific and all-cause mortality

(p = .02 for both outcomes) (Figure 2): there were positive associa-

tions between FABP-4 concentrations and CRC-specific mortality

(HR per SD = 1.15; 95% CI: 1.05–1.26) as well as all-cause mortal-

ity (HR per SD = 1.16; 95% CI: 1.06–1.26) in individuals with colon

cancer but not in those with rectal cancer. Higher FABP-4 levels

were associated with an increased risk of CRC-specific mortality

(HR per SD = 1.46; 95% CI: 1.16–1.84) and all-cause mortality

(HR = 1.39; 95% CI: 1.12–1.71) in distal colon cancer but not

proximal colon cancer (Figure 2). No statistically significant inter-

actions were observed between FABP-4 and sex (p = .12 for CRC-

specific), or FABP-4 and BMI (p = .10 for CRC-specific; Figure 2).

In sex-stratified analyses, higher FABP-4 levels were associated

with increased CRC-specific (HR per SD = 1.16; 95% CI: 1.04–

1.29) and all-cause mortality (HR = 1.15; 95% CI: 1.04–1.28)

among men, but not among women. BMI-stratified analyses

showed associations between FABP-4 and CRC-specific mortality

(HR per SD = 1.19; 95% CI: 1.06–1.35) as well as all-cause mortal-

ity (HR per SD = 1.16; 95% CI: 1.04–1.30) in individuals with nor-

mal BMI (<25 kg/m2), but not in those with overweight (25 to

<30 kg/m2) or obesity (≥30 kg/m2) (Figure 2).

In a sensitivity complete case analysis including 1046 participants

(76% of the total study sample), FABP-4 was significantly associated

with both CRC-specific mortality (HR per SD = 1.10; 95% CI: 1.00–

1.22; p = .05) and all-cause mortality (HR per SD = 1.11; 95% CI:

1.02–1.21; p = .02) (Table S4). We performed sensitivity analyses that

excluded the one participant with the extreme FABP-4 value in both

the multiple imputation and the complete case datasets. This exclu-

sion did not materially alter the overall results in either the multiple

imputation or complete case datasets. However, in the multiple

imputation data, the previously significant associations with

CRC-specific mortality in both men and in the BMI <25 group became

TABLE 1 (Continued)

Quartile of pre-diagnostic circulating FABP-4 concentrations

1 (N = 323) 2 (N = 315) 3 (N = 353) 4 (N = 380) Total (N = 1371)

Energy (kcal/d), mean (SD) 2224.8 (671.9) 2161.8 (673.9) 2122.4 (611.2) 2044.2 (655.1) 2134.1 (655.2)

Total dietary fiber (g/d),

mean (SD)

23.9 (7.74) 23.4 (8.32) 22.7 (7.11) 21.7 (7.58) 22.9 (7.71)

Total adiponectin (μg/mL),

mean (SD)

7.5 (3.5) 7.5 (3.9) 7.0 (3.6) 7.0 (3.2) 7.2 (3.6)

HMW adiponectin (μg/mL),

mean (SD)

4.1 (2.6) 4.2 (2.9) 3.7 (2.6) 3.7 (2.4) 3.9 (2.6)

Leptin (ng/mL), median

(IQR)

5.3 (2.7, 9.7) 7.8 (4.1, 14.1) 9.4 (5.3, 16.4) 15.4 (8.0, 28.3) 8.9 (4.6, 17.5)

Soluble leptin receptor

(ng/mL), median (IQR)

21.5 (18.2, 26.6) 20.8 (17.4, 25.1) 20.5 (16.4, 24.0) 18.1 (14.5, 22.8) 20.3 (16.2, 24.5)

Total cholesterol (mmol/L),

mean (SD)

6.2 (1.1) 6.4 (1.2) 6.5 (1.2) 6.6 (1.3) 6.4 (1.2)

High-density lipoprotein

cholesterol (mmol/L), mean

(SD)

1.5 (0.4) 1.5 (0.4) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4)

Triglycerides (mmol/L),

mean (SD)

1.4 (0.8) 1.7 (1.2) 1.8 (1.1) 2.2 (1.4) 1.8 (1.2)

HbA1c (NGSP

standardization) (%), mean

(SD)

5.7 (0.7) 5.7 (0.5) 5.9 (0.7) 6.2 (1.2) 5.9 (0.8)

C-reactive protein (μg/mL),

median (IQR)

1.6 (0.5, 3.1) 2.2 (0.8, 3.8) 2.8 (1.1, 4.7) 4.3 (2.0, 7.2) 2.6 (1.0, 4.9)

C-peptide (ng/mL), mean

(SD)

4.0 (2.3) 4.6 (2.9) 4.7 (2.6) 5.8 (2.9) 4.8 (2.7)

Reactive oxygen

metabolites (Carratelli units),

mean (SD)

383.8 (70.2) 391.8 (71.2) 396.4 (79.1) 417.1 (73.3) 398.1 (74.7)

Note: IQR is the interquartile range, ranged between the 75th and 25th percentiles of the data. Missing data of stage, WC and diabetes were

in 185 (13.5%), 75 (5.5%), and 68 (5%) participants, respectively. Wherever missing data present, the estimates were derived from the non-missing

data only.
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non-significant (Table S4). In the complete case data, the association

in men was attenuated to non-significance, but the association in the

BMI <25 group remained significant (Table S4). Results from

the Fine–Gray subdistribution hazard models were consistent with

those from the cause-specific Cox models (Tables S3 and S4). Scatter

plots of FABP-4 concentrations against both the time to CRC diagno-

sis (Figure S5) and against time from recruitment to time of laboratory

analysis (Figure S6) showed zero-slope lines.

3.2 | Mediation effect of FABP-4 on the
association between obesity and survival after CRC

Using the counterfactual approach, the TEs of BMI on CRC-specific,

non-CRC-specific, and all-cause mortality were HRper 5 units of BMI = 1.18

(95% CI: 1.05–1.32); 1.32 (95% CI: 1.07–1.61); and 1.21 (95% CI:

1.10–1.34), respectively. The DEs on CRC-specific, non-CRC-specific,

and all-cause mortality per 5 units higher BMI while holding the levels

of FABP-4 at a fixed level were HR = 1.11 (95% CI: 0.98–1.27); 1.19

(95% CI: 0.95–1.49); 1.13 (95% CI: 1.02–1.26), respectively. The MPs

by FABP-4 estimated using the difference method were 33.7%,

36.1%, and 34.5% of the associations between BMI with CRC-specific

mortality, non-CRC-specific mortality, and all-cause mortality, respec-

tively (Table 3). Circulating FABP-4 concentrations alone explained

18.5% of the variation in BMI (data not shown). Using the standard

product-of-coefficients approach, we estimated similar TEs and DEs

as in the counterfactual approach, with the statistically significant IEs

of BMI on all-cause mortality (Table S5). When we dichotomized BMI

into obesity (BMI ≥30 kg/m2) versus non-obesity (BMI <30 kg/m2),

the MP by FABP-4 was higher for CRC-specific mortality (38.5%,

TABLE 2 Hazard ratios (HRs) and 95% confidence intervals (CIs) for CRC-specific and all-cause mortality according to sex-specific quartiles
and per SD FABP-4 in the European Prospective Investigation into Cancer and Nutrition (EPIC) study (N = 1371).

1st quartile 2nd quartile 3rd quartile 4th quartile p-trenda Per SDb p- per SD

FABP-4 (ng/mL)

Male ≤9.0 9.01–12.1 12.11–16.0 >16.0

Female ≤14.0 14.01–18.3 18.31–24.5 >24.5

N 323 315 353 380 1371

Censoredc 198 176 176 151 701

Primary outcome: CRC-specific mortality

Deaths from the main event 103 110 126 176 515

Deaths from competing events 22 29 51 53 155

Model 1, HR (95% CI) ref 1.17 (0.89–1.53) 1.15 (0.89–1.50) 1.61 (1.25–2.06) <.001 1.14 (1.06–1.23) <.001

Model 2, HR (95% CI) ref 1.16 (0.88–1.52) 1.15 (0.88–1.51) 1.61 (1.24–2.08) <.001 1.13 (1.05–1.22) .002

Model 3, HR (95% CI) ref 1.14 (0.86–1.50) 1.11 (0.84–1.47) 1.49 (1.11–2.00) .01 1.09 (0.99–1.20) .07

Secondary outcome: Non-CRC-specific mortality

Deaths from the main event 21 28 50 49 148

Deaths from competing events 104 111 127 180 522

Model 1, HR (95% CI) ref 1.53 (0.87–2.69) 2.30 (1.37–3.85) 2.46 (1.47–4.14) <.001 1.25 (1.12–1.39) <.001

Model 2, HR (95% CI) ref 1.45 (0.81–2.61) 2.01 (1.18–3.45) 2.03 (1.18–3.51) .006 1.25 (1.07–1.44) .004

Model 3, HR (95% CI) ref 1.30 (0.72–2.35) 1.73 (1.00–3.00) 1.51 (0.82–2.76) .14 1.16 (0.97–1.39) .11

Secondary outcome: All-cause mortality

Total deaths 125 139 177 229 670

Model 1, HR (95% CI) ref 1.22 (0.96–1.55) 1.30 (1.04–1.64) 1.72 (1.38–2.14) <.001 1.17 (1.10–1.24) <.001

Model 2, HR (95% CI) ref 1.20 (0.94–1.54) 1.30 (1.02–1.64) 1.69 (1.34–2.12) <.001 1.16 (1.08–1.23) <.001

Model 3, HR (95% CI) ref 1.16 (0.90–1.48) 1.22 (0.95–1.55) 1.49 (1.15–1.93) .003 1.11 (1.02–1.20) .01

Note: HRs for CRC-specific and non-CRC-specific mortality were estimated from cause-specific hazards models accounting for competing risks. HRs for

all-cause mortality were estimated from conventional Cox proportional hazards models. The time function in all models was the time from CRC diagnosis

to the event of death or the last follow-up. Model 1: Stratified by country and adjusted for sex (crude model). Model 2: Model 1 and adjusted for age at

diagnosis (continuous), smoking status (never, past, current smoker), education (none, primary school, technical/professional school, secondary school, or

longer education), sex-specific categories of physical activity (inactive, moderately inactive, moderately active, active), polyps of the large bowel (yes, no),

alcohol consumption per day (continuous), and intake per day of red meat, processed meat, fish and shellfish, calcium, dietary fiber, dairy products,

vegetables and fruits (all variables were continuous). Model 3: Model 2 and additionally adjusted for adiposity measures including body mass index (BMI)

(continuous), and residuals of waist circumference (WC) when regressed on BMI and height (ϵ[WCjBMI and height]). Of note, data were missing in WC (75

participants (5.5%); smoking status (11 participants (0.8%)), physical activity index (87 participants (6.3%)), education (44 participants (3.2%)), polyps of the

large bowel (252 participants (18.4%)), and all dietary variables (4 participants (0.3%))); and were replaced by multiple imputations.
ap-trend: p values were from testing the hypothesis of equal effects across quartiles of FABP-4 while accounting for covariates in the model.
bEstimated per one SD increment of FABP-4 concentrations.
cCensored: Cases that were either lost to follow-up or remained alive at the end of the follow-up in this study.
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p = .005) than for non-CRC-specific mortality (21.9%, p = .03)

(Table S6).

4 | DISCUSSION

In this study, we found a statistically significant positive association

between pre-diagnostic FABP-4 concentrations and CRC-specific and

all-cause mortality in persons with CRC, even after adjustment for

BMI and WC. In subgroup analyses, the associations were apparent in

persons with distal colon cancer but not in proximal colon cancer or

rectal cancer. Finally, we found that FABP-4 may mediate 33.7%,

36.1%, and 34.5% of the relationship between BMI and CRC-specific

mortality, non-CRC-specific mortality, and all-cause mortality, respec-

tively. These observations support the hypothesis that higher pre-

diagnostic FABP-4 concentrations are related to higher mortality in

All participants

Sex

Men

Women

Tumor subsite

Rectal

Colon

Colon (proximal)

Colon (distal)

BMI

BMI < 25

25 <= BMI <30

BMI >= 30

1371

665

706

496

875

381

426

482

636

253

701

318

383

263

438

185

228

268

328

105

515

262

253

184

331

141

158

170

237

108

155

85

70

49

106

55

40

44

71

40

1.09 (0.99,1.20)

1.16 (1.04,1.29)

1.02 (0.89,1.18)

0.91 (0.75,1.11)

1.15 (1.05,1.26)

1.04 (0.90,1.20)

1.46 (1.16,1.84)

1.19 (1.06,1.35)

1.08 (0.92,1.27)

0.92 (0.74,1.15)

0.07

0.01

0.73

0.35

<0.01

0.61

<0.01

<0.01

0.35

0.46

0.12

0.02

0.10

670

347

323

233

437

196

198

214

308

148

1.11 (1.02,1.20)

1.15 (1.04,1.28)

1.07 (0.95,1.20)

0.98 (0.83,1.15)

1.16 (1.06,1.26)

1.07 (0.95,1.21)

1.39 (1.12,1.71)

1.16 (1.04,1.30)

1.13 (0.98,1.30)

0.93 (0.77,1.12)

0.01

0.01

0.28

0.78

<0.01

0.25

<0.01

0.01

0.09

0.45

0.16

0.02

0.12

0.75 1.00 1.25 1.50 1.75

(A) CRC-Specific Mortality (B) All-cause Mortality

0.75 1.00 1.25 1.50 1.75

HR (95%CI) HR (95%CI)

Sub-group cases
Total

cases
red

Censo-

event
main
with

Cases

event
competing

with
Cases

HR (95%CI) SD
p per

interaction
p

event
main
with

Cases

HR (95%CI) SD
p per

action
inter-

p

F IGURE 2 Hazard ratios (HRs) and 95% confidence intervals (CIs) for CRC-specific and all-cause mortality per 1 SD increment of FABP-4
levels in the European Prospective Investigation into Cancer and Nutrition (EPIC) study (N = 1371), in subgroup analyses. HRs for the primary
outcome (A), CRC-specific mortality, were estimated from cause-specific Cox proportional hazards models accounting for competing risks. HRs
for the secondary outcome (B), all-cause mortality, were estimated from conventional Cox proportional hazards models. The time function in all
models was the time from CRC diagnosis to the event of death or the last follow-up. All models were stratified by country and adjusted for sex,
age at diagnosis (continuous), smoking status (never, past, current smoker), education (none, primary school, technical/professional school,
secondary school, or longer education), sex-specific categories of physical activity (inactive, moderately inactive, moderately active, active), polyps
of the large bowel (yes, no), alcohol consumption per day (continuous), intake per day of red meat, processed meat, fish and shellfish, calcium,
dietary fiber, dairy products, vegetables and fruits (all variables were continuous), and adiposity measures including body mass index (BMI)
(continuous) and residuals of waist circumference (WC) when regressed on BMI and height (ϵ[WCjBMI and height]). Of note, data on stage, WC,
and diabetes were missing in 185 (13.5%), 75 (5.5%), and 68 (5%) individuals, respectively. The missing data were replaced by multiple
imputations. The p-interaction was estimated as the p value of the interaction term between FABP-4 and each of the potential effect modifiers.

TABLE 3 The decompositions of the effect and mediation proportions mediated by FABP-4 in the relationship of BMI (per 5 kg/m2) and
mortality using the causal approach.

The total effect
(TE) and 95% CI

The direct effect
(DE) and 95% CI

The mediation
proportion and 95% CI
of the association mediated

by FABP-4 (MP) (MP = 1 �
log(HRDE)/log(HRTE))

BMI per 5 unit and the outcome

Outcome: CRC specific mortality 1.18 (1.05–1.32) 1.11 (0.98–1.27) 33.7% (7.1%–77.1%), p = .03

Outcome: non-CRC-specific mortality 1.32 (1.07–1.61) 1.19 (0.95–1.49) 36.1% (8.2%–78.2%), p = .02

Outcome: All-cause mortality 1.21 (1.10–1.34) 1.13 (1.02–1.26) 34.5% (12.6%–65.9%), p = .002

Note: The mediation analysis was performed with the causal approach and assuming no interaction between FABP-4 and BMI using SAS Macro %mediate

which was designed for time-to-event data with a stratified sample design. Mediation analyses were performed using the first imputed dataset. Other

imputed datasets were similar and results were therefore omitted. In this analysis, we estimated the effect per 5 kg/m2 of BMI. The Cox proportional

hazard model used in the mediation analysis has the time function in all models and was the time from CRC diagnosis to the event of death or the last

follow-up. All models were stratified by country, and adjusted for sex, age at diagnosis (continuous), smoking status (never, past, current smoker),

education (none, primary school, technical/professional school, secondary school, or longer education), sex-specific categories of physical activity (inactive,

moderately inactive, moderately active, active), polyps of the large bowel (yes, no), alcohol consumption per day (continuous), intake per day of red meat,

processed meat, fish and shellfish, calcium, dietary fiber, dairy products, vegetables and fruits (all variables were continuous).
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persons with CRC and that FABP-4 may be among the mediators for

the relationship of obesity with mortality in these individuals.

The potential roles of FABP-4 and the mechanisms by which

FABP-4 may be involved in cancer progression were studied in several

experiments.16,17 An in vitro study showed that incubating HCT-8 and

HCT-116 colon cancer cells with adipose tissue extract increased the

invasion and migration of colon cancer cells, which was then sup-

pressed by the FABP-4 inhibitor BMS309403.17 Further, overexpres-

sing FABP-4 in HCT-8 cells using a FABP-4 recombinant adenovirus

enhanced cell migration in the wound healing assay, compared to the

control.17 Mice injected with FABP-4-overexpressed HCT-116 cells

had a higher rate of lung metastases compared to the control group

injected with normal HCT-116 cells. Thus, it is suggested that FABP-4

enhances the invasiveness, migration, and metastasis of colon cancer

cells.17,34 Interestingly, similar mechanisms may also play a role early

in cancer development, as normal endothelial cells with FABP-4 defi-

ciency show significantly reduced migration and invasion.16 This

suggests that FABP-4 could contribute to tumor progression from

the early stages through to metastasis. The mechanism underlying

these observations includes promoting the transport and accumu-

lation of lipids, the enhancement of energy and lipid metabolism,

activating the AKT pathway, and epithelial-mesenchymal transi-

tion.17 Furthermore, FABP-4 may also promote angiogenesis

through the downregulation of the P38 MAPK and eNOS path-

ways, and by altering SCF/c-kit signaling.16 FABP-4 may also be

involved in the progression of cancer indirectly by promoting insu-

lin resistance and inflammation,11 two potential pathways in which

obesity is implicated in CRC progression.35

One may question whether collider stratification biases may have

affected our results. Including only individuals diagnosed with CRC, a

form of conditioning on CRC diagnosis, may act as a collider between

pre-diagnostic FABP-4 and other CRC risk factors.28,36 Thus, a non-

causal correlation would have been created between FABP-4 and fac-

tors that affect the collider (CRC incidence), such as smoking, sex,

education, place of residence, time from obesity onset to participants'

enrollment, the intentionality of weight reduction, and genetic influ-

ences26 (Figure 1). In this study, we therefore adjusted for most of the

potential risk factors of CRC to block any potential backdoor paths

and minimize potential non-causal correlations that could have been

introduced by conditioning on CRC. Estimates from the model

adjusted for all of these factors (Model 2) were not different from the

crude model (Model 1). Therefore, based on our data, we speculate

that any potential collider stratification biases, if introduced, were

minor.

We observed increased mortality estimates for higher pre-

diagnostic circulating FABP-4 in participants with distal colon cancer

but not with proximal colon or rectal cancer, which may be due to

obesity-related inflammation interacting with the unique molecular

traits of distal tumors, potentially worsening tumor aggressive-

ness.5 Furthermore, we observed a statistically significant associa-

tion in men but not in women, in participants with normal-weight

(18 ≤ BMI < 25 kg/m2) but not with overweight or obese; how-

ever, these associations were attenuated and no longer statistically

significant after excluding one participant with an extreme level of

FABP-4. The one participant with an extremely high level of

FABP-4 also showed consistently extreme levels—both high and

low—of several other biomarkers across measurements taken at

different time points from separate aliquots of the same biobanked

sample. This pattern suggests a rare and biologically unusual pro-

file that could substantially influence subgroup results. Including

this participant captures the full variability within the population,

while excluding this participant provides estimates that may better

reflect typical associations in individuals with normal BMI. It is

important to note that these subgroup analyses present chal-

lenges, including issues of multiple testing, low sample size, limited

statistical power, and the loss of information when categorizing

continuous variables, all of which can affect the robustness of

results.37,38 For example, effect estimates in these subgroups

remained elevated after excluding the extreme value, with wider

confidence intervals, suggesting small sample sizes and limited

powers in these subgroups. The association observed in men but

not in women before excluding the extreme value was similar to

what was observed for risk of cardiovascular diseases (CVDs) mor-

tality in the Cardiovascular Health Study.39 That study showed

that higher levels of FABP-4 were associated with higher risk of

CVD mortality in men (HR per doubling FABP-4 = 1.33; 95% CI:

1.09–1.63) but not in women (HR per doubling FABP-4 = 1.14;

95% CI: 0.99–1.32) among participants with incident CVDs.39

Therefore, these subgroup findings should be interpreted cau-

tiously and considered exploratory. Larger studies are needed to

clarify whether FABP-4—mortality association varies by sex or

BMI and to confirm these observations.

As one of the most abundant proteins ever found in mature adi-

pocytes and adipose tissue,11 it is not unexpected that previous EPIC

analyses reported a moderate correlation between FABP-4 and BMI,

and WC in controls.12,14 In the present study, we estimate a similar

correlation for BMI, WC, and leptin (an adipokine) and baseline

FABP-4 in individuals with CRC (after a mean follow-up of 4.98

± 2.94 years). These findings suggest a potential role of FABP-4 con-

centrations in the association of obesity/higher BMI and higher mor-

tality in individuals with CRC. Indeed, our findings suggest that a

substantial proportion of the association of BMI with mortality in indi-

viduals with CRC may be mediated by circulating FABP-4 concentra-

tions. In this study, we used both counterfactual and standard

approaches to decompose the TEs to DE/IEs of BMI on mortality.

Although the two approaches rely on different sets of assumptions

and analytic means, we observe similar TEs and DEs. Thus, findings in

this study suggest that FABP-4, as an obesity-related biomarker, may

be a mediator in the BMI-mortality relationship in persons with CRC.

Experimental studies have shown that the FABP-4 inhibitor

BMS309403 could suppress the invasion and migration of colon can-

cer cells.17 Omega-3 fatty acids may reduce circulating FABP-4 levels

by suppressing its expression in adipocytes, as has been shown in a

study of dyslipidemia patients.40 Therefore, treatments targeting

FABP-4 may be a promising approach for managing CRC pro-

gression.41 Of note, there are more potential mediators for the
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BMI–mortality relationship. A previous study using data from the EPIC

cohort suggested that some metabolic biomarkers may mediate the

association between adiposity and the incidence of CRC.42 These

biomarkers—HbA1c, soluble leptin receptor, transferrin (a marker of

iron metabolism), and oxidative stress biomarkers such as reactive

oxygen metabolites (ROM) and ferric reducing ability of plasma

(FRAP)—may also serve as potential mediators of the relationship

between adiposity and mortality in individuals with CRC.42 Further-

more, we cannot rule out that future research may identify additional

obesity-related biomarkers that help explain the BMI–mortality rela-

tionship, but currently, there is little evidence that known obesity bio-

markers are associated with mortality in CRC patients. Future studies

should also include the investigation of these factors to help explain

this relationship further.

The study's strengths include its prospective design, long follow-up

that facilitated mortality risk estimation, and comprehensive data on

potential confounders. In addition, most of the study centers had a

population-based design, and our study includes a large sample size

across several Western European countries. Due to the precious nature

of biospecimens, only a subset of all CRC cases from the EPIC study was

included in our analysis. We compared the characteristics of our study

participants with participants in an analysis of 3859 incident CRC

cases,43 and an analysis of 3924 incident CRC cases using data 5 from

the EPIC cohort, which did not require biospecimen data and detected

no difference in the study characteristics. Our findings may therefore be

generalizable to populations with the same characteristics as the CRC

cases in the EPIC cohort. Additionally, we used data from incident CRC

cases, which allowed us to avoid survival bias often occurring in data

with prevalent cancer cases. This bias can lead to overestimated survival

rates and underestimated risks because it excludes individuals who died

after the CRC incidence but before study enrollment.44 Further, we used

pre-diagnostic FABP-4 levels to help avoid the influence of treatment on

the estimates and to minimize reverse causation bias, as advanced can-

cer (the main cause of high mortality) can lead to weight loss, which may

alter post-diagnosis FABP-4 levels.28 Furthermore, only pre-diagnostic

(but not post-diagnostic) obesity has been associated with a higher risk

of CRC-specific mortality.3 Thus, our research question focused more on

the mechanism underlying the association between pre-diagnostic obe-

sity and mortality, making the assessment of pre-diagnostic FABP-4 as

an obesity biomarker particularly relevant.

Our study had some limitations. First, our study was conducted

only in European populations. Therefore, its findings should not be

generalized to other populations of different ethnicity (e.g., Asian,

African). Second, we had only a one-time measure of FABP-4 levels,

and FABP-4 may change because of weight change.28 In a sub-sample

of EPIC-Potsdam, good reliability of FABP-4 measurements at four-

month intervals has been demonstrated.45 One may question whether

FABP-4 levels were higher in individuals with blood collected closer

to the CRC diagnosis dates. However, our data indicated that FABP-4

levels, measured once per individual, did not show significant variation

between individuals, regardless of how long the measurement was

taken before CRC diagnosis. We further estimated the association in

the individuals whose blood samples were collected less than 2 years,

2–8 years, and 8 years or longer before CRC diagnosis; however, we

observed similar estimates among these groups (Figure 2).

In conclusion, we observed that higher pre-diagnostic FABP-4

concentrations were associated with higher CRC-specific and all-

cause mortality in individuals with CRC. The association between BMI

and mortality may be partially explained by the pathway through

FABP-4, but there may be more mediator pathways (related to inflam-

mation and hyperinsulinemia) that warrant further research.
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