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Simple Summary

Long-term inflammation and oxidative stress are thought to increase the risk of colorectal can-
cer (CRC), but evidence from Asian populations is still limited. In this study, we investigated
whether blood levels of inflammation-related and oxidative stress-related markers are linked
to the future development of CRC in a Korean population. We found that individuals with
higher levels of certain inflammatory markers in their blood had a substantially higher risk of
developing CRC during follow-up. Some markers were associated with cancer risk regardless
of body weight, while others showed stronger associations only among people with obesity,
suggesting that excess body fat may influence inflammation-related cancer risk. These results
indicate that blood-based markers of inflammation and oxidative stress may help identify
people at higher risk of CRC before diagnosis and improve our understanding of how chronic
inflammation contributes to cancer development.

Abstract

Background/Obijectives: Chronic inflammation and oxidative stress are key contributors
to colorectal cancer (CRC) development. However, prospective evidence in Asian popula-
tions remains limited. This study aimed to investigate the associations between circulating
inflammatory cytokines, oxidative markers, and CRC risk in a Korean population. Methods:
We conducted a case—cohort study nested within the Korean National Cancer Community
(KNCCC) Cohort to investigate associations between inflammatory cytokines, oxidative stress
markers, and CRC risk. A total of 128 incident CRC cases and 822 subcohort participants
were included. Serum levels of interleukin (IL)-6, tumor necrosis factor-oc (TNF-o), IL-13,
interferon-y (IFN-y), IL-10, reactive oxygen species (ROS), and nitric oxide (NO) were mea-
sured. Hazard ratios (HRs) were estimated using the Cox proportional hazards models with
Barlow’s weighting. Results: Higher serum IL-6 levels were strongly associated with increased
CRC risk, with HRs of 6.20 (95% CI: 2.38-16.19), 8.31 (3.24-21.33), and 10.22 (3.95-26.46) for
the second through fourth quartiles, compared to the lowest. Detectable levels of IL-1f3 and
IFN-y were also significantly associated with CRC risk (HRs: 2.16 and 1.53, respectively).
Stratified analysis showed that IL-6 and IL-13 were associated with CRC risk in both obese
and non-obese participants, while TNF-«, IL-10, and NO were associated with increased risk
only among obese individuals. No significant associations were observed for ROS. Conclu-
sions: Elevated levels of inflammatory cytokines (IL-6, IL-13, IFN-y) and NO were associated
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with higher CRC risk, suggesting their potential as early biomarkers. Obesity may modify
the associations between certain markers and CRC risk. These findings highlight the role of
systemic inflammation and oxidative stress in colorectal carcinogenesis.

Keywords: colorectal cancer; inflammatory cytokines; oxidative stress; interleukin (IL)-6;
nitric oxide; obesity; case-cohort study

1. Introduction

Colorectal cancer (CRC) is one of the most common malignancies worldwide and
remains a leading cause of cancer mortality [1]. In the Republic of Korea, CRC ranks among
the most frequently diagnosed cancers and causes of cancer-related death [2]. Although
increased screening has led to declining CRC incidence in older adults, recent data indicate
a rising incidence of CRC among younger individuals, highlighting CRC as an emerging
public health concern across age groups [3].

CRC development is influenced by a complex interplay of genetic and environmental
factors, including diet, obesity, physical inactivity, smoking, and alcohol consumption [4].
Chronic inflammation is thought to be a key biological mechanism linking these risk factors
to colorectal carcinogenesis [5]. Persistent inflammatory signaling can promote tumor
initiation and progression by altering the intestinal microenvironment, inducing genomic
instability, and facilitating malignant transformation.

Among these risk factors, obesity plays an important role in promoting chronic inflam-
mation. Excess adiposity is associated with adipose tissue inflammation characterized by
macrophage infiltration and increased secretion of pro-inflammatory cytokines, while obesity-
related increases in gut permeability contribute to metabolic endotoxemia and activation of
Toll-like receptor-4—mediated inflammatory signaling. Collectively, these processes generate a
systemic pro-inflammatory state that may promote colorectal carcinogenesis [6,7].

Chronic inflammatory states associated with obesity are also closely linked to ox-
idative and nitrosative stress, which represent additional mechanisms underlying CRC
development. Reactive oxygen species (ROS) can induce oxidative DNA damage, genomic
instability, and aberrant cellular signaling, while nitric oxide (NO), particularly when
produced by inducible nitric oxide synthase, contributes to DNA mutations and tumor pro-
gression. Sustained inflammatory signaling further exacerbates oxidative stress, reinforcing
carcinogenic processes within the colorectal epithelium [8,9].

Within this inflammatory and oxidative milieu, pro-inflammatory cytokines are key
downstream mediators of inflammation-driven tumorigenesis. Interleukin-6 (IL-6) promotes
CRC development through activation of multiple downstream signaling pathways, among
which the Janus kinase/signal transducer and activator of transcription-3 (JAK/STAT3) path-
way plays a central role in driving epithelial cell proliferation, survival, and colorectal tu-
morigenesis [10]. Tumor necrosis factor-o« (TNF-&) contributes to tumor progression via
sustained activation of nuclear factor-«xB (NF-«B), which regulates the expression of genes
involved in inflammation, cell survival, and invasion. Interleukin-1f3 (IL-1f3), a key mediator
of inflammasome activation, modulates the tumor microenvironment by promoting immune
cell recruitment and pro-tumorigenic inflammatory signaling. Interferon-y (IFN-y) exhibits
complex, context-dependent effects, exerting both anti-tumor immune surveillance and pro-
tumorigenic actions under conditions of chronic inflammation. In contrast, interleukin-10
(IL-10) functions as a critical anti-inflammatory cytokine that limits excessive immune activa-
tion and may protect against inflammation-driven colorectal tumorigenesis [11-13]. These
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cytokines were selected in the present study because they represent key mediators of both
pro- and anti-inflammatory pathways implicated in CRC development.

However, whether pre-diagnostic circulating levels of these inflammatory mediators
are associated with future CRC risk remains unclear, as most evidence to date comes from
Western populations. Some prospective studies have reported that higher circulating levels of
inflammatory cytokines are associated with greater risk of colorectal neoplasia [14], but data
in Asian populations are limited. We aimed to address this gap by evaluating the association
between baseline serum levels of specific pro- and anti- inflammatory cytokines (IL-6, TNF-«,
IL-1B, IEN-y, IL-10) and related mediators (ROS, NO) and the subsequent risk of CRC. We
conducted a case—cohort study within a large prospective cohort in Korea to test the hypothesis
that elevated levels of these inflammatory markers are associated with increased risk of CRC.

2. Materials and Methods
2.1. Study Design and Population

We conducted a case—cohort study within the Korean National Cancer Center Com-
munity (KNCCC) Cohort, a community-based prospective cohort in Korea established to
identify cancer risk and protective factors [15]. From 1993 to 2010, the KNCCC cohort en-
rolled 16,304 adults (aged > 30 years) from five regions (Changwon, Chuncheon, Chungju,
Sancheong, and Haman). Participants provided baseline data on demographics, lifestyle,
and health behaviors, and donated blood and urine samples for biobanking at —70 °C
(1993-2008) or —140 °C (2009-2010). Cohort data were linked to the national cancer registry
and death records, with follow-up through 31 December 2017.

For this analysis, we excluded individuals with <1 year of follow-up (n = 446), those
without an available baseline serum sample (n = 2059), and those missing key covari-
ates (education, smoking, alcohol, or body mass index; n = 4628). From the remaining
9171 eligible participants, we randomly selected a subcohort of 822 participants (stratified
by year of entry, region, age, and sex, among those who entered the cohort in 2001-2010).
All incident CRC cases in the cohort through 2017 were included (128 cases); 11 of these
cases were in the subcohort. Thus, the analysis comprised 128 CRC cases (117 from outside
the subcohort + 11 within the subcohort) and 822 subcohort members (including the 11 CRC
cases). A flowchart illustrating the selection of participants is shown in Figure 1.

16,304 participants in Korea National

Cancer Center Cohort, 1993-2010 raiuded

(446) Cancer cases occurred within 1 year of
entry

(2059) participants without serum samples

(4628) participants with missing covariates
(education level, smoking status, alcohol
consumption, physical activity, body mass
index, total cholesterol, and triglyceride)

9171 participants

|

Subcohort 8227
M:329 | F: 493
(randomly selected stratified by
survey year, region, age, and gender)

——

Incident colorectal

: Colorectal cancer 11 Non cancer cases 811
cancer cases OthSldE . 3 .
beohort 117 in subcohort in subcohort
subcohort M:6 | F:5 M: 323 | F: 488

M: 60 | F: 68

Figure 1. Flowchart of participant selection for the case-cohort study within the Korean National
Cancer Center Community (KNCCC) Cohort. A subcohort of 822 participants was randomly selected,
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stratified by survey year, region, age, and gender. All incident colorectal cancer cases identified
through 2017 were included (n = 128), comprising 117 cases outside the subcohort and 11 cases within
the subcohort. (M, men; F, women). * The subcohort was randomly selected among participants who
entered the cohort between 2001 and 2010.

The study protocol was approved by the Institutional Review Board of the National
Cancer Center, Korea (IRB No. NCC2020-0203). Written informed consent was obtained
from all participants at enrollment, and all procedures were performed in accordance with
the Declaration of Helsinki.

2.2. Outcome Definition

Incident cancers were identified through registry linkage from 1 January 2001 to 31
December 2017. A first primary CRC was defined by ICD-10 codes C18-C20 (malignancies
of the colon, rectosigmoid junction, or rectum). Participants who developed any primary
cancer other than CRC prior to a CRC diagnosis were censored at the time of that other
cancer diagnosis.

2.3. Measurement of Serum Biomarkers

Serum concentrations of five cytokines (IL-6, TNF-«, IL-1§3, IFN-y, and IL-10) were
measured using high-sensitivity Quantikine® ELISA kits (R&D Systems, Minneapolis, MN,
USA). To ensure analytical reproducibility, all samples were assayed in duplicate, and mean
values were used for statistical analyses. The intra-assay and inter-assay coefficients of
variation (CVs) were consistently within acceptable ranges for epidemiologic biomarker
studies: IL-6 (1.7-4.4% and 2.0-3.7%), TNF-« (4.2-5.2% and 6.8-8.7%), IL-1f3 (2.8-8.5% and
4.1-8.4%), IFN-y (2.6—4.7% and 2.7-7.8%), and IL-10 (1.7-5.0% and 5.6-7.6%). Oxidative
stress markers, including reactive oxygen species (ROS) and nitric oxide (NO), were quanti-
fied using standard colorimetric assays ( BioSource; Thermo Fisher Scientific, Carlsbad, CA,
USA and Parameter™; R&D Systems, Minneapolis, MN, USA, respectively). Assay perfor-
mance was continuously monitored through internal quality-control samples, confirming
that all measurements met predefined precision criteria (typically <5% for intra-assay and
<10% for inter-assay CVs). Analytical accuracy was further supported by recovery rates
ranging from 93% to 107%.

Baseline serum samples were stored at —70 °C (1993-2008) or —140 °C (2009-2010)
until analysis. Long-term storage of blood and serum specimens at ultra-low temperatures
(=70 °C or below) is recommended to preserve specimen integrity, and potential measure-
ment error related to storage period was addressed by accounting for the year of sample
collection in the study design and statistical analyses [16,17]. Values below the LOD were
assigned by replacing them with LOD/ /2 for statistical analysis.

2.4. Statistical Analysis

Follow-up time was calculated from 1 January 2001 (start of cancer follow-up) to the
date of first cancer diagnosis, cancer-related death, or end of follow-up (31 December 2017),
whichever occurred first. Individuals were censored at the time of any primary cancer
diagnosis other than CRC, at death (if not due to cancer), or at the end of follow-up. We
compared baseline characteristics of CRC cases and subcohort members, including age,
sex, year of cohort entry region, education level (elementary or less, middle school, high
school, college or higher), smoking status (never, former, current), alcohol intake (none;
moderate < 24 g/day; heavy > 24 g/day), body mass index (BMI, kg/m?; analyzed as a
continuous variable and categorized as <25 vs. >25), physical activity (metabolic equivalent
of task [MET]-min/week; low < 600; moderate 600-<3000; high > 3000), meat consump-
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tion (almost never, <3 times/week, >3 times/week), and vegetable/fruit consumption
(<6 times/week, daily).

Serum cytokine concentrations were log-transformed to improve normality of distribu-
tions. Cytokine levels were primarily categorized into quartiles based on their distribution
in the subcohort. For cytokines in which >50% of subcohort participants had values below
the LOD, the variable was analyzed as binary (LOD vs. >LOD) instead of quartiles. Hazard
ratios (HRs) and 95% confidence intervals (Cls) for CRC incidence were estimated using
Cox proportional hazards regression with attained age as the time scale [18]. Barlow’s
weighted likelihood method was used to account for the case—cohort sampling design [19].
We first fit models adjusted for sex only, and then multivariable models adjusting for sex,
year of cohort entry, region, education, smoking, alcohol, BMI, physical activity, meat
intake, and vegetable/fruit intake. We also conducted analyses stratified by obesity status
(non-obese: BMI < 25; obese: BMI > 25) to evaluate differences in associations by obesity.
The proportional hazards assumption was evaluated using Schoenfeld residuals, and no
violations were observed. All analyses were performed in SAS version 9.4 (SAS Institute,
Cary, NC, USA), and all tests were two-sided with a significance level of 0.05.

3. Results
3.1. Baseline Characteristics

A total of 950 participants were included in the case—cohort analysis, comprising
128 incident CRC cases and 822 subcohort participants. The mean (SD) age was 63.8 (9.7)
years for CRC cases and 60.1 (10.8) years for subcohort members. The median follow-up
time was 6.55 years (interquartile range [IQR] 3.86-8.93) for CRC cases and 11.43 years
(IQR 8.48-13.88) for the subcohort. This corresponded to 865 person-years of follow-up
among CRC cases and 9004 person-years in the subcohort.

CRC cases were, on average, older and had a higher proportion of females compared to
subcohort members. Cases also had higher proportions of ever-smokers, alcohol drinkers,
individuals with obesity (BMI > 25), and lower educational attainment, and they consumed
fruits and vegetables less frequently than subcohort members. Physical activity level
and meat intake were similar between the two groups. The detailed sociodemographic
and lifestyle characteristics of the participants are presented in Table 1. At baseline, the
geometric mean serum concentrations of IL-6, TNF-«, and NO were higher in CRC cases
than in subcohort participants (Table 2).

Table 1. Baseline characteristics of case—cohort study subject.

Colorectal Cancer Cases Subcohort Participants
(n =128) (n = 822)

Subcohort person-years 865 9004
Age, years, mean £ SD 63.80 +9.72 60.11 4+ 10.80
Sex, n (%)

Men 60 (46.88) 329 (40.02)

Women 68 (53.13) 493 (59.98)
Region, n (%)

San-cheong 44 (34.38) 441 (53.65)

Ui-ryeong 9 (7.03) 27 (3.28)

Chang-won 26 (20.31) 121 (14.72)

Choon-cheon 11 (8.59) 62 (7.54)

Choong-joo 15 (11.72) 76 (9.25)

Ham-an 23 (17.97) 95 (11.56)
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Table 1. Cont.

Colorectal Cancer Cases Subcohort Participants
(n =128) (n = 822)
Year of entry into the cohort, n (%)
2001 14 (10.94) 72 (8.76)
2002 6 (4.69) 16 (1.95)
2003 26 (20.31) 107 (13.02)
2004 28 (21.88) 147 (17.88)
2005 21 (16.41) 103 (12.53)
2006 19 (14.84) 129 (15.69)
2008 5(3.91) 104 (12.65)
2009 6 (4.69) 73 (8.88)
2010 3(2.34) 71 (8.64)
Educational level, n (%)
Elementary school or less 37 (28.91) 208 (25.30)
Middle school 73 (57.03) 472 (57.42)
High school 14 (10.94) 109 (13.26)
College or more 4 (3.13) 33 (4.01)
Smoking status, n (%)
Never-smokers 75 (58.59) 520 (63.26)
Former smokers 25 (19.53) 140 (17.03)
Current smokers 28 (21.88) 162 (19.71)
Alcohol consumption status, n (%)
Abstainers 63 (49.22) 477 (58.03)
Moderated drinkers 41 (32.03) 211 (25.67)
Heavy drinkers 24 (18.75) 134 (16.30)
Body mass index (BMI), mean + SD) 24.03 + 3.18 23.82 +3.29
<25 kg/m? 78 (60.94) 543 (66.06)
>25 kg/m? 50 (39.06) 279 (33.94)
Physical activity, n (%)
Low 55 (42.97) 342 (41.61)
Moderate 11 (8.59) 88 (10.71)
High 62 (48.44) 392 (47.69)
Meat consumption, n (%)
Almost never 48 (37.50) 311 (37.83)
<3 times per week 41 (32.03) 246 (29.93)
>3 times per week 39 (30.47) 265 (32.24)
Vegetable/fruit consumption, n (%)
<5 times per week 260 (31.63) 50 (39.06)
>5 times per week 562 (68.37) 78 (60.94)

SD, standard deviation.

Table 2. Serum levels of inflammatory cytokines and oxidative stress stratified by colorectal cancer
cases and subcohort.

Colorectal Cancer Cases Subcohort
Distribution Distribution %<LOD
GMO5%CD ™ "Min 25th Median 75th  Max oM %D T Min 25th Median  75th | Max

i e . - e e
(pg/mL)  (1.65-3.07) : : : : (1.04-1.44) : : : : :
(r}é}i&) (0_0‘238 ) 12 LOD LOD 019 102 633 (0.0(5)3906. o7y 7% LOD LOD LOD 068 4789 5364
(5?71-11{) (0_0%93 13 121 10D 10D o0l 17 108 aoe o7y 792 10D LOD LOD 139 6306 6145
(plg}/_ w4028 108 LOD 009 033 072 249 013016 769 LOD LOD 029 070 161 2531

O /E) (814.%%519233.80) 127 42340 61510 77000 118880 407440 (705.90%)507_50) 817 LOD 61290 84020 146420 876150  2.44

o

(mﬁool 63 240 4 128 1015 3920 5333 9400 43380 (g o i) S 363 318 4928 7731 45936 000

Abbreviations: GM, geometric mean; LOD, limit of detection; IL-6, interleukin 6; TNF-«, tumor necrosis factor-o;
IL-1B, interleukin 1f3; IFN-y, interferon gamma; IL-10, interleukin 10; ROS, reactive oxygen species; NO, nitric
oxide. LOD: 0.01 pg/mL (IL-6), 0.01 pg/mL (TNF-«x), 0.01 pg/mL (IL-1§3), 0.01 pg/mL (IFN-y), 0.01 pg/mL
(IL-10), 0.50 U/L (ROS), 0.01 umol/L (NO).
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3.2. Associations Between Serum Levels of Inflammatory Cytokines and Oxidative Stress and
CRC Risk

Higher circulating levels of pro-inflammatory cytokines were associated with increased
risk of developing CRC. In continuous analyses, a one-unit increase in the natural log of a
cytokine level (approximately a 2.74-fold increase in concentration) was associated with a
multivariable-adjusted hazard ratio (HR) of 1.48 (95% confidence interval [CI]: 1.27-1.73)
for IL-6, 1.15 (1.07-1.25) for IL-1§3, and 1.33 (1.01-1.76) for NO, as shown in Figure 2.
When cytokine levels were categorized into quartiles, the risk of CRC rose markedly with
increasing IL-6 concentration. Compared to the lowest quartile of IL-6, the adjusted HRs for
the second, third, and fourth quartiles were 6.20 (95% CI: 2.38-16.19), 8.31 (3.24-21.33), and
10.22 (3.95-26.46), respectively (Table 3). Having elevated IL-1(3 and IFN-y levels (above the
LOD, versus undetectable) was also associated with higher CRC risk (HRs: 2.16 [1.46-3.21]
and 1.53 [1.04-2.27], respectively). In contrast, baseline levels of TNF-«, IL-10, and ROS
were not significantly associated with CRC risk.

Proinflammatory cytokines HRs (95% Cls) p-value

IL-6, pg/ml :

Model 1 1.42 (1.23, 1.64) D —.— <0.001

Model 2 1.41 (1.22, 1.63) i A <0.001

Model 3 1.48 (1.27, 1.73) —— <0.001
TNF-a, pg/ml

Model 1 1.12 (1.02, 1.23) —.— 0.018

Model 2 1.11 (1.01, 1.22) —h— 0.030

Model 3 1.08 (0.98, 1.20) s 0.130
IL-1p3, pg/ml

Model 1 1.10 (1.03, 1.18) .- 0.009

Model 2 1.10 (1.02, 1.18) (e 0.010

Model 3 1.15 (1.07, 1.25) L. <0.001
IFN-y, pg/ml

Model 1 1.04 (0.98, 1.11) - 0.224

Model 2 1.04 (0.97, 1.10) - 0.285

Model 3 1.06 (0.99, 1.14) - 0.094
IL-10, pg/ml

Model 1 1.07 (0.97, 1.18) e 0.174

Model 2 1.07 (0.97, 1.18) A 0.199

Model 3 1.05 (0.95, 1.16) —— 0.365
ROS, U/L :

Model 1 1.11 (0.92, 1.35) —— 0.292

Model 2 1.11 (0.92, 1.35) —h— 0.285

Model 3 1.13 (0.92, 1.39) - 0.247
NO, pmol/L :

Model 1 1.30 (1.01, 1.68) —_—— 0.042

Model 2 1.35 (1.05, 1.75) —A— 0.021

Model 3 1.33 (1.01, 1.76) —_—— 0.040

I T T T T T T 1
0608 10121416 18 2.0
Figure 2. Multivariable-adjusted hazard ratios (HRs) for colorectal cancer risk according to levels of
inflammatory cytokines and oxidative stress markers.
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Table 3. Associations between serum levels of inflammatory cytokines and oxidative stress, and CRC

risk by quartiles.
Model 1 Model 2 Model 3
Case/ Subcohort . . .
Range Subcohort P;eresl?:- HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

IL-6 (pg/mL)

1st quartile <0.82 5/203 2391 Reference Reference Reference

2nd quartile 0.82-1.95 30/203 2158 5.95(2.31,15.36) <0.001 5.87(2.28,15.15) <0.001 6.20(2.38,16.19) <0.001

3rd quartile 1.95-3.49 43/204 2191 7.73(3.05,19.59) <0.001 7.48 (2.95,18.96) <0.001 8.31(3.24,21.33) <0.001

4th quartile 3.49-158.33 48/201 2135 8.44 (3.34,21.33) <0.001 8.38(3.32,21.17) <0.001 10.22 (3.95, 26.46) <0.001
TNF- (pg/mL)

1st quartile <1.04 21/204 2194 Reference Reference Reference

2nd quartile 1.04-3.23 33/204 2250 1.54(0.89, 2.65) 0.125 1.46 (0.84,2.52) 0.181 1.40(0.79, 2.48) 0.247

3rd quartile 3.23-5.58 38/204 2191 1.65(0.97,2.81) 0.068 1.59(0.93,2.71) 0.091 1.54(0.88,2.71) 0.134

4th quartile 5.58-25.51 32/204 2302 1.35(0.78, 2.36) 0.286 1.28(0.74,2.24) 0.380 1.03(0.57,1.88) 0.912
IL-1p (pg/mL)

<LOD <0.01 53/441 4912 Reference Reference Reference

>LOD >0.01 69/358 3832 1.66 (1.16,2.38) 0.005 1.65(1.16,2.37) 0.006 2.16 (1.46,3.21) <0.001
IFN-y (pg/mL)

<LOD <0.01 67/494 5607 Reference Reference Reference

>LOD >0.01 54/298 3060 1.35(0.94,1.94) 0.102 1.33(0.93,1.91) 0.124 1.53 (1.04,2.27) 0.033
IL-10 (pg/mL)

1st quartile <0.01 19/203 2113 Reference Reference Reference

2nd quartile 0.01-0.29 30/184 2050 1.58(0.89, 2.82) 0.118 1.59(0.89, 2.82) 0.117 1.55(0.86,2.78) 0.146

3rd quartile 0.29-0.70 32/190 2119 1.68(0.95,2.97) 0.072 1.71(0.97,3.01) 0.065 1.45 (0.80, 2.60) 0.218

4th q;xartile 0.70-11.61 27/192 2131 1.37(0.76, 2.46) 0.299 1.33 (0.74, 2.39) 0.344 1.29(0.70, 2.38) 0.423
ROS (U/L)

1st quartile <612.90 31/205 2287 Reference Reference Reference

2nd quartile 612.90-840.20 43/204 2129 1.38(0.87,2.19) 0.176 1.35(0.85,2.15) 0.205 1.48(0.90, 2.43) 0.121

3rd quartile 840.20-1464.2 32/204 2275 1.13(0.69, 1.86) 0.623 1.10(0.67,1.80) 0.722 1.07(0.63,1.81) 0.801

4th quartile 1464.2-8761.5 21/204 2262 0.79 (0.45,1.38) 0.410 0.79 (0.45,1.37) 0.401 0.89(0.50,1.61) 0.709
NO (nmol/L)

1st quartile 3.63-31.86 20/202 2104 Reference Reference Reference

2nd quartile 31.86-49.28 34/202 2134 1.61(0.93,2.80) 0.090 1.62(0.93,2.81) 0.088 1.71(0.97,3.02) 0.064

3rd quartile 49.28-77.31 34/202 2236 1.75 (1.00, 3.04) 0.049 1.82(1.04,3.17) 0.036 1.86 (1.05,3.31) 0.035

4th quartile 77.31-459.36 40/201 2351 1.74 (1.02,2.98) 0.043 1.83(1.07,3.14) 0.028 1.76 (1.00, 3.10) 0.052

Model 1 was unadjusted; Model 2 was adjusted for age and sex; Model 3 was further adjusted for year of entry
into the cohort, region, educational level, smoking status, alcohol consumption, body mass index, physical activity,
meat consumption, and vegetable/fruit consumption. Abbreviations: LOD, limit of detection; IL-6, interleukin
6; TNF-«, tumor necrosis factor-o; IL-1p, interleukin 13; IFN-y, interferon gamma; IL-10, interleukin 10; ROS,
reactive oxygen species; NO, nitric oxide.

Hazard ratios (HRs) and 95% confidence intervals (Cls) were estimated using Cox
proportional hazards models for each inflammatory marker. Three models are shown
to demonstrate how the estimated associations change as potential confounding factors
are progressively controlled: Model 1, unadjusted; Model 2, adjusted for age and sex,
which are fundamental determinants of cancer risk; and Model 3, additionally adjusted for
demographic, lifestyle, and health-related factors that may influence both inflammatory
marker levels and colorectal cancer risk (i.e., year of cohort entry, region, educational
level, smoking status, alcohol consumption, body mass index, physical activity, meat
consumption, and vegetable/fruit consumption).

3.3. Associations Stratified by Obesity Status

When stratified by obesity status, the associations between inflammatory markers and
CRC risk were similar in obese and non-obese groups for IL-6 and IL-13. Both markers
were significantly associated with CRC risk in each group. The adjusted hazard ratio
(HR) per one-unit increase in the natural log-transformed IL-6 concentration was 1.66
(95% CI: 1.30-2.12) among obese participants and 1.62 (95% CI: 1.30-2.03) among non-obese
participants. Corresponding HRs for IL-13 were 1.21 (95% CI: 1.06-1.39) and 1.13 (95% CI:
1.02-1.26), respectively (Table 4).

In contrast, TNF-«, IL-10, and NO were associated with CRC risk only among obese
participants in stratified analyses. Among these biomarkers, statistical evidence of interac-
tion with obesity status was observed only for IL-10 (p for interaction = 0.027), whereas no
statistically significant interactions were detected for the remaining markers (p for interac-
tion: IL-6 = 0.118, TNF-a = 0.521, IL-13 = 0.162, IFN-y = 0.418, ROS = 0.563, NO = 0.155).
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Table 4. Colorectal cancer risk for each unit increases in natural log-transformed inflammatory
cytokines and oxidative stress stratified with obesity.

Case/ Subcohort o
Subcohort Person-Years HR (95% CI) p-Value
Obese

(BMI > 25 kg/mz) IL-6 (pg/mL) 49/277 3096 1.66 (1.30,2.12) <0.001
TNF-« (pg/mL) 48/278 3111 1.22(1.01, 1.48) 0.041

IL-1B (pg/mL) 47/272 3037 1.21 (1.06, 1.39) 0.006

IFN-y (pg/mL) 46/271 3035 1.10 (0.98, 1.23) 0.112

IL-10 (pg/mL) 40/263 2953 1.37 (1.09, 1.72) 0.008

ROS (U/L) 50/279 3126 1.31 (0.83,2.07) 0.245

NO (umol/L) 50/272 3036 1.85 (1.08, 3.15) 0.024

Nonobese

(BMI < 25 kg/m2) IL-6 (pg/mL) 77 /534 5778 1.62 (1.30, 2.03) <0.001
TNF-« (pg/mL) 76/538 5825 1.07 (0.94, 1.21) 0.320

IL-1B (pg/mL) 75/527 5707 1.13 (1.02, 1.26) 0.019

IFN-y (pg/mL) 75/521 5633 1.06 (0.97,1.15) 0.239

IL-10 (pg/mL) 68/506 5461 0.97 (0.85, 1.10) 0.634

ROS (U/L) 77 /538 5827 1.02 (0.81, 1.29) 0.876

NO (umol/L) 78/535 5789 1.12(0.78, 1.61) 0.533

The hazard ratios (HRs) are presented for each unit increase in natural log-transformed pro-inflammatory
cytokines and oxidative stress, derived from Cox proportional-hazards models. They are adjusted for age, sex,
year of entry into the cohort, region, educational level, smoking status, alcohol consumption, body mass index,
physical activity, meat consumption, and vegetable/fruit consumption. Abbreviations: IL-6, interleukin 6; TNF-«,
tumor necrosis factor-o; IL-13, interleukin 1f3; IFN-y, interferon gamma; IL-10, interleukin 10; ROS, reactive
oxygen species; NO, nitric oxide.

4. Discussion

The present study observed a significant association between higher serum levels of
pro-inflammatory cytokines (IL-6, IL-1(3, IFN-y) and the inflammatory mediator NO with
an increased risk of CRC. These associations remained significant even after multivariable
adjustment. Stratified analyses further revealed that IL-6 and IL-13 were associated with
CRC risk in both obese and non-obese groups, whereas TNF-«, IL-10, and NO showed
associations only in the obese group.

Inflammation plays a critical role in colorectal carcinogenesis [20]. Previous studies
have shown that pro-inflammatory cytokines such as IL-6, IL-13, and TNF-« can influence
CRC development and progression. Elevated IL-6, IL-1f3, and TNF-« levels have been
associated with advanced tumor stage, poorer survival, and metastasis [21]. Notably, IL-6
levels have been shown to correlate with tumor differentiation, suggesting its potential as a
diagnostic and prognostic biomarker [22-24]. Our findings provide additional evidence
that IL-6 and IL-1§3 are strongly associated with CRC risk, consistent with observations
in our earlier studies on lung and gastric cancers in Korean populations [25,26], which
suggests common inflammatory pathways across different cancer types.

Extending these observations, our results are broadly consistent with findings from
previous studies conducted in both Asian and Western populations. In Asian cohorts,
elevated circulating levels of inflammatory markers (IL-6, C-reactive protein (CRP)) have
been associated with increased risk of colorectal neoplasia and poorer clinical outcomes,
supporting a role for systemic inflammation in colorectal carcinogenesis across diverse
Asian populations [27,28]. Similar associations have also been reported in prospective
studies from North America, where higher prediagnostic circulating IL-6 levels have been
associated with an increased risk of colon cancer [29]. Differences in the magnitude and
pattern of these associations, especially those modified by obesity status, may reflect
population-specific distributions of adiposity, metabolic profiles, dietary patterns, and
genetic backgrounds. The present study contributes to this literature by providing prospec-
tive evidence from a Korean cohort and by highlighting obesity as an important biological
effect modifier in inflammation-related CRC risk.
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IFN-y, a cytokine involved in cell-mediated immunity, exhibits both anti-tumor and
tumor-promoting effects depending on the context. It can inhibit tumor cell growth and
activate immune cells for tumor surveillance. However, under certain conditions, IFN-y
may aid tumor survival by promoting immune evasion, anti-apoptotic signaling, and the
expansion of immunosuppressive cells [30-33]. These dual roles of IFN-y underscore the
importance of further investigation into its role in cancer development and therapy. Emerg-
ing evidence suggests that the net effect of IFN-vy is highly dependent on the inflammatory
and metabolic milieu. While acute IFN-y signaling supports anti-tumor immunity, chronic
or dysregulated IFN-y exposure may induce immune exhaustion and upregulation of
immune checkpoint pathways [34]. Obesity-associated low-grade inflammation may con-
tribute to this shift by sustaining prolonged IFN-y signaling within a metabolically stressed
microenvironment, potentially favoring immunosuppressive and tumor-promoting pro-
cesses [35]. In our study, the association between IFN-y and CRC risk observed in overall
analyses, despite the absence of a clear obesity-specific pattern, suggests that IFN-y may
reflect heterogeneous immune activation states shaped by complex interactions between
systemic inflammation and metabolic context.

TNF-«, IL-10, and NO were associated with CRC risk only among obese individuals
in stratified analyses. However, statistical evidence of interaction was observed only for
IL-10. For TNF- and NO, although obesity-specific associations were identified, statistical
interaction with obesity was not observed in the present study. Obesity creates a chronic
inflammatory state characterized by adipose-derived secretion of cytokines such as IL-6
and TNF-«, and is known to elevate systemic levels of pro-inflammatory mediators [36-39].
In this context, TNF-o« has been shown to activate oncogenic signaling pathways like
NF-«B and Wnt/ 3-catenin, which promote colorectal tumorigenesis [40]. Although TNF-
o was associated with CRC risk only among obese participants in stratified analyses,
statistical evidence of interaction with obesity was not observed in the present study,
despite biological plausibility and prior experimental evidence linking TNF-x-mediated
inflammation to obesity-related carcinogenesis.

IL-10, though generally considered anti-inflammatory, may promote tumor progres-
sion by suppressing effective immune responses. High IL-10 levels can inhibit cytotoxic T
cell activity and enhance regulatory T cell recruitment, creating an immunosuppressive
microenvironment that facilitates tumor development [41]. Notably, IL-10 levels are ele-
vated in obesity but paradoxically reduced in severe metabolic dysfunction [42]. In the
present study, a statistically significant interaction between IL-10 and obesity was observed,
suggesting that the immunoregulatory role of IL-10 may be altered under conditions of
chronic inflammation, favoring immune tolerance and colorectal carcinogenesis.

Obesity is also known to increase inducible nitric oxide synthase (iNOS) activity, lead-
ing to chronic overproduction of NO [43]. NO and its reactive intermediates can cause oxida-
tive DNA damage, impair apoptosis, and promote angiogenesis and immunosuppression—
hallmarks of carcinogenesis [12,44-46]. Although NO was associated with CRC risk only
among obese participants in stratified analyses, statistical evidence of interaction with obe-
sity was not observed in the present study, despite prior experimental and epidemiologic
evidence supporting a role of obesity-related nitrosative stress in colorectal carcinogenesis.

Despite strong experimental and epidemiologic evidence implicating oxidative stress
in colorectal carcinogenesis, we did not observe a significant association between circulating
ROS levels and CRC risk in this study. Several explanations may account for this null
finding. ROS are highly reactive and short-lived molecules; in particular, species such as
superoxide anion exhibit extremely short half-lives and are primarily detectable at the site of
generation using real-time cellular techniques. Because of these properties, circulating ROS
levels are more likely to reflect transient or acute oxidative stress rather than the cumulative,
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chronic oxidative burden relevant to long-term carcinogenesis. Accordingly, single baseline
serum measurements may not adequately capture long-term or tissue-specific oxidative
stress within the colorectal epithelium, where carcinogenic processes occur [47,48]. In
addition, oxidative stress-related carcinogenesis may be better captured by downstream
markers of oxidative damage, such as DNA oxidation or lipid peroxidation products, rather
than by direct measurement of circulating ROS [49]. Measurement variability and potential
attenuation related to long-term sample storage may have further biased associations
toward the null [17]. Therefore, the absence of a significant association likely reflects
limitations in exposure assessment rather than the absence of a biological role for oxidative
stress in CRC development.

From a clinical perspective, individuals with obesity may represent a subgroup in
whom biomarker-based risk assessment could be particularly informative. Biomarkers such
as IL-6, TNF-«, and NO may help identify individuals at elevated risk who could benefit
from intensified screening, lifestyle modification, or targeted preventive strategies. Future
biomarker-guided interventions, including modulation of inflammatory or nitrosative
pathways (e.g., TNF-o- or iNOS-related mechanisms), may therefore need to be stratified
by obesity status. Several limitations should be acknowledged. First, lifestyle factors were
assessed by self-report at baseline, which may introduce recall bias. Second, inflammatory
biomarkers were measured at a single time point, precluding assessment of longitudinal
changes in inflammatory status. However, single baseline measurements are a widely
accepted and validated approach in large-scale prospective cohort studies evaluating long-
term disease risk. In this context, any within-person variability over time would most
likely result in non-differential misclassification, which tends to bias associations toward
the null. Therefore, the observed associations in our study are likely conservative estimates
of the true relationships. Importantly, the high analytical reproducibility demonstrated by
low intra- and inter-assay variability supports the reliability of the baseline measurements
as indicators of inflammatory status at study entry. Third, although a markedly elevated
hazard ratio was observed for the highest quartile of IL-6, the number of colorectal cancer
cases in the lowest quartile was relatively small, which may have contributed to instability
in the categorical estimates. To address this concern, IL-6 was also evaluated on a con-
tinuous scale using log-transformed concentrations, and the association with colorectal
cancer risk remained strong and statistically significant. This consistency across different
modeling approaches suggests that the observed IL-6 association is robust and not solely
driven by the choice of categorical cut-points or the small number of cases in the reference
group. Nevertheless, given the limited number of cases in certain exposure categories, these
findings should be interpreted with caution and warrant confirmation in larger prospective
studies with greater statistical power. Fourth, detailed information on chronic inflammatory
diseases (e.g., inflammatory bowel disease, rheumatoid arthritis) and medication use that
may influence systemic inflammation, such as non-steroidal anti-inflammatory drugs or
statins, was not available in this cohort. Consequently, these factors could not be considered
as exclusion criteria or included as covariates in the analyses, and residual confounding
cannot be ruled out. However, such unmeasured factors are unlikely to be differentially
distributed with respect to the outcome and would therefore be expected to attenuate,
rather than exaggerate, the observed associations. Finally, because the study population
consisted exclusively of Asian participants, the generalizability of the findings to other
populations may be limited.

5. Conclusions

In conclusion, this study provides evidence that elevated circulating levels of pro-
inflammatory cytokines, particularly IL-6 and IL-1f3, as well as nitric oxide, are associated
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with an increased risk of colorectal cancer. These associations remained robust after adjust-
ment for major demographic and lifestyle risk factors.

Opverall, these findings support the involvement of systemic inflammation in colorectal
carcinogenesis and suggest that circulating inflammatory biomarkers may have potential
utility in colorectal cancer risk assessment. Given the substantial global burden of colorectal
cancer, an improved understanding of inflammation-related mechanisms may contribute
to the development of prevention strategies and approaches for early risk identification.
Further prospective studies are warranted to confirm these findings and to clarify the
clinical relevance of inflammatory biomarkers across diverse populations.
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