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The additive interaction of healthy lifestyles =

and genetic susceptibility on colorectal cancer
risk in prediabetes: a large population-based
prospective cohort study
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Abstract

Objective We aimed to investigate the interrelationships among polygenic risk scores (PRS), healthy lifestyle factors
(HLFs), and colorectal cancer (CRC) risk in individuals with prediabetes. To investigate whether adherence to HLFs
influence CRC risk in those with elevated PRS within this specific population.

Methods Data from 22,408 prediabetes participants without CRC at baseline were analyzed from the UK Biobank.
HLFs were graded using healthy lifestyle scores (HLSs) and classified as favorable, intermediate, or unfavorable,

while the PRS for CRC was categorized as high, medium, or low. Cox proportional hazards models were used to calcu-
late hazard ratios (HR) and 95% confidence intervals (Cl) for CRC risk.

Results High PRS (HR: 2.36; 95% Cl: 1.86-3.00) and medium PRS (HR: 1.42; 95% Cl: 1.09-1.83) prediabetes were associ-
ated with increased CRC risk compared to those with low PRS. HLFs were linked to lower CRC risk in a dose-response
manner, with never smoking (HR: 0.69; 95% Cl: 0.57-0.84) and maintaining a healthy BMI (HR: 0.64; 95% Cl: 0.49-0.82)
associated with reduced CRC risk. Adherence to favorable HLFs may reduce the CRC risk in those with medium (HR:
0.51;95% Cl: 0.27-0.95) and high PRS (HR: 0.62; 95% Cl: 0.39-0.99) over 15 years of follow-up. In participants with high
PRS and unfavorable HLFs, the excess risk due to the additive interaction between PRS and HLFs was 1.41% (p <0.01),
especially for women (1.07%).

Conclusions There is an additive interaction of PRS and HLFs on CRC risk in individuals with prediabetes. Adopting
favorable HLFs should be integrated into the management of prediabetes individuals to reduce the risk of CRC.
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Significance Statement

This large population-based prospective cohort study
delves into the relationship between PRS, HLFs, and
CRC risk in prediabetes individuals. This study suggests
that adopting more HLFs can mitigate the CRC risk in
prediabetes individuals with moderate to high PRS over
15 years of follow-up. It reveals a nuanced link: Higher
PRS and less HLFs correlate with increased CRC risk in
prediabetes individuals. Notably, PRS and HLFs exhibit
an additive effect on CRC incidence. Participants with
high PRS and unfavorable HLFs, the excess risk due to
the additive interaction was 1.41% (p<0.01). These find-
ings have significant implications for understanding and
managing CRC in prediabetes individuals, prompting a
rethink of CRC prevention strategies in this vulnerable
population.

Introduction

CRC ranks among the foremost causes of cancer-related
morbidity and mortality worldwide [1, 2]. The develop-
ment, progression, and prognosis of CRC are closely
linked to both genetic and lifestyles factors [3]. Tradi-
tional genetic risk factors, such as genes associated with
chromosomal instability, DNA mismatch repair defi-
ciency, and the CpG island methylator phenotype, play
significant roles in CRC development, accounting for
about 5-25% of cases [4, 5]. A large multi-center study
identified significant correlation between higher PRS
and the increased likelihood of CRC [6]. Lifestyle choices
are critical modifiable environmental determinants in
the prevention and development of various cancers.
Unhealthy dietary patterns, such as high consumption of
red and processed meats, low fiber intake, and diets rich
in saturated fats, are associated with a heightened risk of
CRC [3, 7, 8]. Moreover, obesity, physical inactivity, long-
term smoking, and excessive alcohol consumption are
well-established lifestyle risk factors [8—12]. Alarmingly,
a meta-analysis of 18 observational studies revealed that
these risk factors not only increase the CRC susceptibility
but also result in poorer prognoses for individuals with
genetic alterations [13]. These findings emphasize the
importance of understanding the multifactorial nature of
CRC to develop effective prevention strategies and per-
sonalized management plans.

Abnormal glucose metabolism markedly increases
tumorigenesis risk. Recent evidence suggested that the
incidence of CRC is markedly elevated in diabetes indi-
viduals compared to the general population [14, 15].
Of particular concern is the prevalence of prediabe-
tes, a condition characterized by higher-than-normal
blood glucose levels that have not yet reached diabetic
thresholds. Prediabetes affects 1 in 3 adults in the US
and approximately 720 million people worldwide [16].
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Prediabetes not only raises the risk of developing type
2 diabetes [17-19] but is also associated with various
complications. Recent studies showed that prediabetes
is significantly associated with increased risks of can-
cers in the biliary tract [20], pancreas [21], kidney [22],
stomach, colorectum, liver, breast and endometrium [23].
Therefore, could adopting a healthy lifestyle to manage
blood glucose levels be a crucial step in preventing tumor
development? Numerous studies indicated that the ele-
vated risk of CRC in diabetic individuals can potentially
be mitigated through effective management of their
blood glucose conditions [24, 25]. Some clinical prac-
tices have attempted to reduce the risk of progression
from prediabetes via lifestyle interventions like dietary
improvements, increased physical activity, and weight
loss [16]. For instance, several randomized controlled tri-
als (RCTs) demonstrated that dietary modifications and
enhanced physical activity can significantly reduce fast-
ing blood glucose and glycosylated hemoglobin (HbA1c)
levels in prediabetes individuals [18, 19, 26, 27]. However,
it remains unclear whether these lifestyle changes can
decrease CRC risk in prediabetes individuals, highlight-
ing the need for more large-scale prospective studies to
validate the long-term impacts of these interventions.

To our knowledge, no comprehensive study has inves-
tigated the interaction and joint association between
genetics factors, lifestyle choices, and CRC risk in indi-
viduals with prediabetes. Furthermore, we aimed to
examine whether lifestyle modifications could mitigate
CRC risk among individuals with high genetic predis-
position. The findings may inform the development of
targeted prevention strategies and contribute to reduc-
ing CRC risk in individuals with prediabetes, particularly
among those with elevated genetic susceptibility.

Methods

Study participants

This study utilized data from the UK Biobank (UKB),
an ongoing prospective cohort study that has enrolled
over 500,000 eligible participants from 22 centers across
England, Wales, and Scotland between 2006 and 2010.
At baseline (March 2006 to August 2010), participants
underwent extensive assessments, including a touch-
screen questionnaire to gather sociodemographic and
lifestyle information, physical measurements (e.g., height
and weight), and biological sample collection for genetic
data. When it comes to whether they have ever had
CRC screening, participants are asked a question that
"Have you ever had a screening test for bowel (colorec-
tal) cancer? (Please include tests for blood in the stool/
faeces or a colonoscopy or a sigmoidoscopy)." The fre-
quency of consumption of main foods and the duration
of physical activity were gathered at recruitment through
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touchscreen questionnaires. The detailed study design
and methodologies have been described in prior publica-
tions [28].

Diagnosis of CRC and definitions of Prediabetes
The diagnosis of CRC is linked to the International Clas-
sification of Diseases, 10th Revision (ICD-10) codes C18,
C19, and C20. Follow-up was censored at death or the
end of follow-up (2022-10-31), whichever came first.
Prediabetes was defined according to the 2021 Ameri-
can Diabetes Association diagnostic criteria as HbAlc
levels between 5.7% and 6.5% [29]. HbAlc was measured
by HPLC analysis on a Bio-Rad VARIANT II Turbo at
recruitment.

Healthy lifestyle components

The healthy lifestyle scores (HLSs) were constructed
using five healthy lifestyle factors (HLFs) [30]: physi-
cal activity [31], smoking status, body mass index (BMI)
[9], alcohol consumption [32] and diet quality (includ-
ing intakes of fruits, vegetables, fish, red and processed
meats, whole grains, refined grains, dairy, and sugar-
sweetened beverages) [33]. Each component was scored
as 0 or 1, with 1 indicating a more favorable lifestyle
behavior (Table S1). Participants were then categorized
into three adherence levels based on their cumulative
lifestyle score: "favorable HLFs " (scores 4 to 5), "inter-
mediate HLFs " (scores 2 to 3), and "unfavorable HLFs "
(scores 0 to 1).

Polygenic risk score

We employed the standard PRS for CRC available in the
UKB dataset, as described by Thompson et al [34]. This
PRS was generated by Genomics PLC under the UKB
project 9659 through a meta-analysis of multiple exter-
nal genome-wide association study (GWAS) sources.
The standardized PRS for CRC was calculated for all
individuals in the UKB database. The UKB has defined
phenotypes for 28 diseases and 25 quantitative traits,
which were used as input data for the standardized PRS
assessments. GWAS datasets were identified and meta-
analyzed to generate the input data for the PRS releases.
Where sufficient external GWAS data were available for a
trait, a "standardized" PRS was generated for each partic-
ipant. Participants were classified into low, medium, and
high PRS groups based on the distribution of PRS values.

Statistical analysis

Continuous variables were presented as median
[interquartile range], while categorical variables were
reported as counts and percentage. Kruskal-Wallis
tests for continuous variables and chi-square tests for
categorical variables were used to calculate p-value.
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Separate multivariable Cox proportional hazards
models were employed to investigate the associations
between genetic risk level and lifestyle score with the
risk of CRC, adjusting for covariates such as age, sex,
education level, Townsend Deprivation Index [35], and
ever had bowel cancer screening. For the multivariable
analysis of genetic risk level, additional adjustments
were made for genotyping array type (UKB Axiom
array, UK BiLEVE array) and the first five principal
components of genetic ancestry to account for poten-
tial population stratification [36].

To explore the individual contributions of each life-
style component or dietary pattern to CRC outcomes,
we conducted univariable (Model 1) and multivari-
able (Model 2) Cox proportional hazards regression
analyses for each lifestyle factor and dietary structure.
We also performed subgroup analysis based on certain
dietary factors to investigate their potential interaction
with specific genetic variants. Furthermore, we strati-
fied the population by genetic risk level and applied Cox
respectively Cox models based on healthy lifestyle scores
and three adherence levels to estimate the association
between them and CRC incidence within each genetic
risk stratum.

We also examined the combined effects of lifestyle
adherence (classified as unfavorable, intermediate, and
favorable) and genetic risk (classified as low, medium,
and high) by creating nine combined categories. The
models included the PRS, lifestyle factors, and their
interaction terms to assess their multiplicative inter-
action on hazard ratios (HR). The p-value of the inter-
action term was used to evaluate the multiplicative
interaction. Furthermore, we also used competing risks
models (death as the competing risk) as sensitivity
analyses to correct for presence of competing events.
Multivariable Cox regression models, adjusted for
other covariates, were utilized to estimate the 15-year
cumulative risks of CRC events for each combination of
genetic risk and lifestyle adherence level. For categori-
cal covariates, adjustments were based on the mode of
the current combination, and for continuous covari-
ates, the mean value was used. The cumulative risk was
calculated as 1 minus the cumulative survival rate. To
assess the additive interaction between PRS and life-
style factors, we regressed the previously calculated
cumulative risks on PRS, lifestyle factors, and their
interaction term, with the interaction term’s p-value
considered as the p-value for the additive interac-
tion [37]. The proportional hazards assumptions were
assessed using Schoenfeld residuals. Results indicated
that genetic risk level and lifestyle score satisfied the
proportional hazards assumption (p>0.05). All analy-
ses were performed using R software (v. 4.2.2), with a



Wang et al. BMC Gastroenterology ~ (2024) 24:462

two-sided p-value of less than 0.05 considered statisti-
cally significant.

Results

Participants included in the study

From the initial cohort of 502,370 individuals, we
excluded those with missing lifestyle data (N =248,102),
those who subsequently developed conditions such as
pregnancy, organ failure (renal/ heart/ hepatic failure),
or systemic inflammatory response syndrome (SIRS)
(N=1,442), those with difference between genetic sex
and reported sex (N=132), those diagnosed with can-
cer at baseline (N=20,979), participants not in a pre-
diabetic state at baseline (N=208,542), those who
withdrew from the study (N=35), and those with miss-
ing covariate data (N=730). With these exclusions,
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there were 22,408 participants with prediabetes avail-
able for the study (Fig. 1).

Baseline characteristics

We analyzed the baseline characteristics of 22,408
participants with prediabetes, which included 4,207
individuals with unfavorable HLFs, 13,894 with inter-
mediate HLFs, and 4,307 with favorable HLFs. As
shown in Table 1, significant differences were observed
among individuals with varying levels of lifestyle
adherence in terms of sex, age, blood glucose, HbAlc,
smoking status, PRS classification, and BMI category.
Compared to the unfavorable lifestyles, individuals with
more favorable lifestyle behaviors tended to have blood
glucose and HbAlc levels closer to the normal range.

[ Total participants in the UK Biobank (N=502,370) ]

"[ Missing lifestyle data (N = 248,102) ]

v

[ Participants with whole lifestyle data (N=254,268) ]

ﬁxcluded participants

-Later developed pregnancy or various failure
or systemic inflammatory syndrome disorders
(N=1,442)

-Difference between genetic sex and reported
sex (N=132)

-Diagnosed with cancer at baseline (N=20,979)
-Without prediabetes at baseline (N=208,542)
-Participants withdraw during the study (N=35)

[ Participants with prediabetes (N=23,138) ]

”[ Missing covariate data (N=730) ]

[ Participants included in the final analysis (N=22,408) ]

Fig. 1 Flowchart of the study population.The difference between genetic sex and reported sex refers to the difference between the sex
information obtained from the central registry at the time of recruitment and the sex determined by genotyping analysis
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Table 1 Baseline characteristics of prediabetes participants in the UK Biobank
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Lifestyle category?®

level Overall Unfavorable Intermediate Favorable p-value
N (%) 22408(100%) 4207(18.8%) 13894(62.0%) 4307(19.2%)
Sex (%) Male 12723 (56.8) 2883 (68.5) 8062 (58.0) 1778 (41.3) <0.01
Female 9685 (43.2) 1324 (31.5) 5832 (42.0) 2529 (58.7)
Age, years (median [IQR]) 61.00[55.00,65.00]  60.00[54.00,64.00]  61.00[55.00,65.00]  61.00[56.00,65.00]  <0.01
Blood glucose, mmol/L (median [IQR]) 5.14[4.78,5.59] 5.18[4.81,5.67] 5.14[4.78,5.59] 5.11[4.76,5.52] <0.01
HbA1c, % (median [IQR]) 5.84[5.76,5.97] 5.86[5.76,6.00] 5.84[5.76,5.98] 5.82[5.75,5.94] <0.01
Smoking (%) Never 10125 (45.2) 275 (6.5) 6116 (44.0) 3734 (86.7) <0.01
Previous 9220 (41.1) 2822 (67.1) 5930 (42.7) 468 (10.9)
Current 3063 (13.7) 1110 (26.4) 1848 (13.3) 105 (24)
Ever had CRC screening (%) No 14028 (62.6) 2678 (63.7) 8689 (62.5) 2661 (61.8) 0.20
Yes 8380 (37.4) 1529 (36.3) 5205 (37.5) 1646 (38.2)
PRSP (%) Low 7469 (33.3) 1353 (32.2) 4566 (32.9) 1550 (36.0) <0.01
Medium 7469 (33.3) 1448 (34.4) 4661 (33.5) 1360 (31.6)
High 7470 (33.3) 1406 (33.4) 4667 (33.6) 1397 (32.4)
BMI category® (%) Normal 5302 (23.7) 162 (3.9) 2503 (18.0) 2637 (61.2) <0.01
Overweight 10031 (44.8) 2176 (51.7) 6762 (48.7) 1093 (254)
Obesity 6998 (31.2) 1850 (44.0) 4579 (33.0) 569 (13.2)
Others 77 (0.3) 19 (0.5) 50(0.4) 8(0.2)

?Three levels of lifestyle adherence were defined based on the overall lifestyle score variable: “favorable” (scores from 4 to 5), “intermediate” (scores from 2 to 3), and

“unfavorable” (scores from 0 to 1).

b Based on the distribution of the polygenic risk score (PRS), the population was categorized into low PRS, medium PRS, and PRS groups.
€ BMI was classified as follows: Normal (18.5-25.0), Overweight (25-30), Obesity (>30), and Others (<18.5).

A 236 B c
(1.86-3.00) Reference: healthy lifestyle score = 0 61 316
3 0 -
@ Favorable lifestyle (1.81-5.53)
(0. 35 0. 34)(0 39 0 87) 1 o 2.88
5 Intermediate lifestyle (1.74-4.78)
0.75 0.44 @ Unfavorable lifestyle
o1 (0.29-0.67) 0.29 4 4 197 207
=2 (1.09-1.83) .36 N = (1.09-3 56)(1.14-3,74)
5] (0.14-061) O 170 :09-3.
Q g (0.23-0.58) N © 92'_3 15) 1.77
8 8 0 3 3] U (1.05-2.98)
14 8 0.50 s
T . f1.00 x T 1.07 0.99
- - .(_e_e;e_nfe_) _____________________ 24 (0.62-1.85) (0.49-1.98)
1.00
025 Reference
T A nEh soE T R PP P
0.00 0
Low Medium High 1 2 3 4 5 Low Medium High

Categories of polygenic risk score Healthy lifestyle score Categories of polygenic risk score

Fig. 2 Associations of genetic risk and health lifestyle score for CRC development in people with prediabetes. A. Associations of genetic risk

for CRC in people with prediabetes. B. Associations of health lifestyle score with CRC in people with prediabetes. C. Overall analyses for joint
effects of healthy lifestyle score and polygenic risk scores on CRC risk. Cox regression models were adjusted for age at enrollment, sex, Townsend
Deprivation Index, education (college or university degree, A levels/AS levels or equivalent, O level/GCSEs or equivalent, CSEs or equivalent, NVQ
or HND or HNC or equivalent, other professional qualifications and none of above), ever had bowel cancer screening, the genotype array type
and the first 5 principal components of genetic ancestry

population. Prediabetes individuals with medium PRS
had a 42% higher risk (HR: 1.42; 95% CI: 1.09-1.83) and
those with high PRS had a 136% higher risk (HR: 2.36;
95% CI: 1.86-3.00) of developing CRC compared to
those with low PRS.

Increased incidence of CRC in prediabetes
individuals with medium or high PRS

Figure 2A illustrates the relationship between genetic
risk levels and CRC incidence among the prediabetes
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Decreased incidence of CRC in prediabetes
individuals with healthier lifestyles

As depicted in Fig. 2B, there was a significant inverse
trend between the number of HLFs adhered to and
the incidence of CRC among the prediabetes popu-
lation, after adjusting for confounding factors (p for
trend<0.01). Compared to individuals with no HLF,
healthier lifestyle factors were associated with a reduced
risk of CRC in a dose-response manner. Those adhering
to one HLF resulted in a 46% reduction (HR: 0.54; 95%
CI: 0.35-0.84), two HLFs had a 42% reduction (HR: 0.58;
95% CI: 0.39-0.87), three HLFs had a 56% reduction (HR:
0.44; 95% CI: 0.29-0.67), four HLFs had a 64% reduction
(HR: 0.36; 95% CI: 0.23-0.58), and five HLFs had a 71%
reduction (HR: 0.29; 95% CI: 0.14—0.61) of CRC risk.

Associations between healthy lifestyle factors

and CRC incidence in prediabetes individuals

Table 2 displays the associations between individual
healthy lifestyle components and CRC incidence among
the prediabetes population. After adjusting for confound-
ing factors, never smoking, maintaining a healthy BMI,
and moderate alcohol consumption were associated with
a 31% (HR: 0.69; 95% CI: 0.57-0.84), 36% (HR: 0.64; 95%
CIL: 0.49-0.82), and 21% (HR: 0.79; 95% CI: 0.64—0.98)
lower risk of CRC, respectively, compared to not adher-
ing to these lifestyle factors. In sex-stratified analyses,
adherence to the aforementioned lifestyle factors pro-
duced similar effects in men (Table S2). For women,
never smoking (HR: 0.70; 95% CI: 0.52-0.96) and main-
taining a healthy BMI (HR: 0.65; 95% CI: 0.45-0.93) were
also with a significant reduction of CRC risk except for
moderate alcohol consumption (Table S3). Regarding
specific dietary components, consuming three or more
servings of whole grains per day and less than two serv-
ings of unprocessed red meat per week were associated
with a 22% (HR: 0.78; 95% CI: 0.64—0.95) and 59% (HR:
0.41; 95% CI: 0.18-0.92) lower risk of CRC, respectively.
In the subgroup analysis based on certain dietary factors,
a significant interaction between refined grain intake
and PRS was observed. Among individuals consuming
refined grains <2 servings/day, PRS was no longer associ-
ated with an increased risk of CRC (Table S4).

Interaction of genetic risk and healthy lifestyle

on CRC incidence in prediabetes individuals

As shown in Fig. 2C, the joint impact of genetic risk and
lifestyle adherence on CRC incidence was examined
among the prediabetes population. Compared to indi-
viduals with low PRS and a favorable lifestyle, those with
medium PRS and an intermediate or unfavorable lifestyle
had a 77% (HR: 1.77; 95% CI: 1.05-2.98) and 97% (HR:
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1.97; 95% CI: 1.09-3.56) higher risk of CRC, respectively.
High PRS individuals with favorable lifestyle exhibited a
107% (HR: 2.07; 95% CI: 1.14-3.74), those with medium
PRS exhibited a 188% (HR: 2.88; 95% CI: 1.74—4.78), and
those with high PRS exhibited a 216% (HR: 3.16; 95% CI:
1.81-5.53) increased risk. It is evident that individuals
with high PRS exhibited a comprehensive increase in the
risk of developing CRC, but the adoption of unfavora-
ble lifestyle factors exacerbated this outcome. However,
we did not observe a statistically significant multiplica-
tive interaction between them (p>0.05). Additionally,
our results from a competing risk model that accounts
for mortality risk (Table S5) were similar with those pre-
sented in Fig. 2C.

Figure 3A demonstrated that the 15-year cumulative
risks of CRC ranged from 2.03% to 4.63% for the high
PRS group, 1.24% to 2.91% for the medium PRS group,
and 0.86%—2.05% for the low PRS group, depending on
their adherence to different healthy lifestyles. Notably,
individuals with a high PRS but a healthy lifestyle (2.03%)
had a similar 15-year cumulative risk of CRC compared
to those with a low PRS but unfavorable lifestyle (2.05%).
Among individuals with both high PRS and unfavorable
lifestyle, the excess risk attributable to the additive inter-
action between PRS and lifestyle reached 1.41% (p <0.01).
Our sex-stratified analysis further revealed that, among
those with high PRS and unfavorable lifestyle, the excess
risk due to the additive interaction between PRS and
lifestyle was higher in women (1.07%) (Fig. 3B) than in
men (0.52%) (Fig. 3C). However, the 15-year cumulative
incidence of CRC was consistently higher in men than in
women across all combinations of genetic risk and life-
style factors (Fig. 3B-C).

The favorable lifestyle adherence linked to lower
CRCrrisk in prediabetes individuals with higher
genetic risk

As shown in Table 3, the stratified associations between
genetic risk, lifestyle adherence, and CRC incidence were
examined among the prediabetes population. In the low
PRS group, individuals with an intermediate lifestyle had
a 38% (HR: 0.62; 95% CI: 0.39-0.98) lower risk of CRC
compared to those with unfavorable lifestyle, but this
association was no longer significant after adjusting for
covariates. However, among those with medium or high
PRS, adherence to a favorable lifestyle was associated
with a 49% (HR: 0.51; 95% CI: 0.27-0.95) and 38% (HR:
0.62; 95% CI: 0.39-0.99) decreased risk of CRC, respec-
tively, compared to those adhering unfavorable lifestyle,
after adjusting for confounding factors. In addition, we
also found that healthy lifestyle scores were associated
with a reduced risk of colorectal cancer across differ-
ent levels of genetic risk. However, the lifestyle scores
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Table 2 Associations between components of the healthy lifestyle and risk of CRC
Model 1 Model 2

Variable Count Case HR (95%Cl) p-value HR (95%Cl) p-value
Physical activity*

Unfavorable 8387 183 1.00(Ref) 1.00(Reference)

Favorable 14021 284 0.93(0.77-1.12) 043 0.89 (0.74-1.07) 022
Smoking*

Unfavorable 12283 304 1.00(Reference) 1.00(Reference)

Favorable 10125 163 0.63 (0.52-0.76) <0.01 0.69 (0.57-0.84) <0.01
BMI*

Unfavorable 17103 393 1.00(Reference) 1.00(Reference)

Favorable 5305 74 0.60 (0.47-0.77) <0.01 0.64 (0.49-0.82) <0.01
Alcohol Consumption*

Unfavorable 4761 112 1.00(Reference) 1.00(Reference)

Favorable 17647 355 0.85 (0.68-1.05) 0.12 0.79 (0.64-0.98) 0.03
Diet**

Unfavorable 13270 278 1.00(Reference) 1.00(Reference)

Favorable 9138 189 0.98 (0.82-1.18) 0.84 0.98(0.81-1.18) 0.82
Fruits (= 3 servings/day)

No 14647 305 1.00(Reference) 1.00(Reference)

Yes 7761 162 0.99 (0.82-1.20) 0.92 1.02 (0.84-1.23) 0.88
Vegetables (> 3 servings/day)

No 21929 458 1.00(Reference) 1.00(Reference)

Yes 479 9 0.92 (0.47-1.77) 0.79 0.94 (0.48-1.81) 0.85
Whole grains (= 3 servings/day)

No 6754 162 1.00(Reference) 1.00(Reference)

Yes 15654 305 0.80 (0.66-0.97) 0.02 0.78 (0.64-0.95) 0.01
Refined grain (< 2 servings/day)

No 20821 436 1.00(Reference) 1.00(Reference)

Yes 1587 31 0.94 (0.65-1.35) 0.72 1.00 (0.69-1.44) 0.99
Fish (= 2 servings/day)

No 15489 336 1.00(Reference) 1.00(Reference)

Yes 6919 131 0.87(0.71-1.07) 0.19 0.83 (0.68-1.02) 0.08
Unprocessed meats (< 2 servings/week)

No 120 6 1.00(Reference) 1.00(Reference)

Yes 22288 461 0.40 (0.18-0.89) 0.03 041 (0.18-0.92) 0.03
Processed meats (< 1 servings/week)

No 8113 186 1.00(Reference) 1.00(Reference)

Yes 14295 281 0.85(0.71-1.02) 0.08 0.90 (0.74-1.09) 0.29
Dairy (= 2 servings/day)

No 300 3 1.00(Reference) 1.00(Reference)

Yes 22108 464 2.07 (0.66-6.44) 0.21 1.96 (0.63-6.11) 0.25
Sugar-sweetened beverages (Don't drink)

No 18253 362 1.00(Reference) 1.00(Reference)

Yes 4155 105 1.29 (1.04-1.60) 0.02 1.18(0.95-1.47) 0.14

Model 1 unadjusted for any covariates. Model 2 adjusted for age, sex, Townsend Deprivation Index, education (college or university degree, A levels/AS levels or
equivalent, O level/GCSEs or equivalent, CSEs or equivalent, NVQ or HND or HNC or equivalent, other professional qualifications and none of above), and ever had

bowel cancer screening.
*Favorable refers to conditions that meet the corresponding criteria in Table S1. Conversely, it is termed unfavorable.
**Favorable refers to meeting five or more conditions corresponding to those in Table S1. Conversely, it is termed unfavorable.
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Fig. 3 Estimates of 15-year absolute risk for CRC according to categories of lifestyle and genetic risk for CRC. A. Estimates of 15-year absolute

risk for CRC according to categories of lifestyle and genetic risk for CRC in all prediabetes. B. Estimates of 15-year absolute risk for CRC according

to categories of lifestyle and genetic risk for CRC in female prediabetes. C. Estimates of 15-year absolute risk for CRC according to categories

of lifestyle and genetic risk for CRC in male prediabetes. Cox regression models were adjusted for age at enrollment, sex, Townsend Deprivation
Index, education (college or university degree, A levels/AS levels or equivalent, O level/GCSEs or equivalent, CSEs or equivalent, NVQ or HND or HNC
or equivalent, other professional qualifications and none of above), ever had bowel cancer screening, the genotype array type and the first 5

principal components of genetic ancestry

Table 3 Stratified analysis of healthy lifestyle adherence and polygenic risk scores on CRC risk

Count Case Model 1 Model 2
HR (95%(Cl) p-value HR (95%(Cl) p-value

Low PRS

Health lifestyle scores 7469 98 0.79(0.66-0.94) <0.01 0.82(0.69-0.98) 0.03

Unfavorable lifestyle 1550 17 1.00(Reference) 1.00(Reference)

Intermediate lifestyle 4566 55 0.62(0.39-0.98) 0.04 0.66(0.41-1.05) 0.08

Favorable lifestyle 1353 26 0.55(0.30-1.02) 0.06 0.66(0.35-1.23) 0.19
Medium PRS

Health lifestyle scores 7469 140 0.81(0.70-0.94) <0.01 0.82(0.70-0.96) 0.01

Unfavorable lifestyle 1360 15 1.00(Reference) 1.00(Reference)

Intermediate lifestyle 4661 93 0.89(0.59-1.32) 0.55 0.91(0.60-1.36) 0.63

Favorable lifestyle 1448 32 0.48(0.26-0.89) 0.02 0.51(0.27-0.95) 0.03
High PRS

Health lifestyle scores 7470 229 0.86(0.77-0.97) 0.01 0.85(0.75-0.96) <0.01

Unfavorable lifestyle 1397 31 1.00(Reference) 1.00(Reference)

Intermediate lifestyle 4667 150 0.93(0.67-1.28) 0.65 0.90(0.64-1.24) 0.51

Favorable lifestyle 1406 48 0.63(0.40-0.99) 0.04 0.62(0.39-0.99) 0.04

Participants were then categorized into three adherence levels based on their cumulative lifestyle score: "favorable lifestyle " (scores 4 to 5), "intermediate lifestyle "
(scores 2 to 3), and "unfavorable lifestyle " (scores 0 to 1). Model 1 unadjusted for any covariates. Model 2 adjusted for age at enrollment, sex, Townsend Deprivation
Index, education (college or university degree, A levels/AS levels or equivalent, O level/GCSEs or equivalent, CSEs or equivalent, NVQ or HND or HNC or equivalent,
other professional qualifications and none of above), ever had bowel cancer screening, the genotype array type and the first 5 principal components of genetic

ancestry.

obtained by adding sleep duration to the five previously
mentioned healthy lifestyle factors were no longer associ-
ated with a reduced risk of colorectal cancer in individu-
als with low to medium genetic risk (Table S6).

Discussion

This study provides a comprehensive evaluation of the
association between genetic risk factors, lifestyle choices,
and the incidence of CRC among individuals with pre-
diabetes. Our findings indicate that individuals with

medium to high PRS exhibit an elevated risk of CRC
events. Conversely, adherence to a favorable lifestyle can
reduce risk of CRC. Specifically, factors, such as non-
smoking status, maintaining a healthy BMI, moderate
alcohol consumption, and dietary habits including the
consumption of three or more servings of whole grains
per day and fewer than two servings of unprocessed red
meat per week, are significantly linked to lower CRC risk.
Unfavorable lifestyle practices markedly increase CRC
risk in individuals with medium or high PRS. In contrast,
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adherence to a healthy lifestyle within high PRS group is
associated with a substantial reduction in CRC incidence.
These findings provide compelling evidence supporting
the importance of lifestyle modifications for the primary
prevention of CRC among individuals with prediabetes.

The influence of genetic risk factors and adverse life-
style behaviors on CRC development has been exten-
sively documented in numerous basic, epidemiological,
and clinical studies about general population over recent
decades. Individuals with high PRS demonstrated a 2-fold
increased risk of CRC compared to those with average
genetic risk [38], a finding that aligns with our results.
In light of these observations, the National Cancer Insti-
tute (NCI) has previously suggested that multigene test-
ing may be advisable for patients with early-onset CRC
(aged <55 years) due to the high prevalence and diver-
sity of hereditary cancer syndromes identified [4]. This
impact may arise from genetic mutations or chronic
diseases induced by unhealthy lifestyle behaviors, which
contribute to genomic instability, alteration of antitumor
responses, and persistent inflammatory stimuli, among
other factors [39-41].

Numerous studies have reported a close association
between unhealthy lifestyle factors and the development
of metabolic disorders such as obesity, diabetes, and
metabolic syndrome, which are in turn strongly linked to
an increased risk of CRC [9, 14, 42]. Our findings sup-
port the notion that an increase in the number of healthy
lifestyle practices adopted by individuals correlates with
a decrease in CRC incidence. Notably, the population
in our study consisted of individuals with prediabetes,
characterized by elevated blood glucose levels that have
not yet reached the diagnostic threshold for prediabe-
tes [16]. Various RCTs have demonstrated that dietary
modifications and increased physical activity can signifi-
cantly lower fasting blood glucose and HbAlc levels in
individuals with prediabetes [18, 19, 26, 27]. Our study
indicates that individuals with prediabetes who engage
in more favorable lifestyle behaviors tend to have blood
glucose and HbAlc levels closer to the normal range.
These results underscore the crucial role of accumulating
favorable lifestyle factors in stabilizing blood glucose lev-
els and delaying the onset of diabetes.

A study utilizing UKB data identified a significant
additive interaction between genetic and lifestyle fac-
tors affecting the incidence of CRC [43]. Our research
observed a similar additive effect among the prediabe-
tes population. However, in contrast to studies focusing
on the general population, our investigation specifically
examined individuals with prediabetes and revealed that
the excess risk associated with high PRS and unfavora-
ble lifestyle was as high as 1.41%. Among prediabetes
individuals with high PRS and unfavorable lifestyle, the
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excess risk due to the additive interaction between PRS
and lifestyle was higher in women (1.07%) than in men
(0.52%). This suggests that, within the prediabetes cohort,
maintaining a healthy lifestyle is particularly critical for
women with high PRS to mitigate CRC risk. Additionally,
individuals with high PRS who maintained a favorable
lifestyle demonstrated a lower 15-year cumulative risk
of CRC compared to those with low PRS but unfavora-
ble lifestyle. These findings emphasize the importance of
primary prevention strategies tailored to individuals with
high PRS within the prediabetes population.

Our findings indicate that the adoption of a healthy
lifestyle in individuals with prediabetes can facilitate
the normalization of blood glucose levels. Some stud-
ies have reported that hyperglycemia is often associated
with elevated levels of insulin and insulin-like growth
factor (IGF-1), which can activate signaling pathways
such as PI3BK/AKT and MAPK [44]. These pathways are
closely related to cell cycle regulation, metabolism, and
anti-apoptosis [45]. Genetic mutations enriched in these
pathways may further increase the risk of tumor devel-
opment, such as common genes associated with CRC,
such as PIK3CA and PTEN [46, 47]. On the other hand,
the binding of advanced glycation end products (AGEs)
to oncogenic KRAS facilitates hypoxia-inducible fac-
tor 1 (HIF1) a activation and promotes tumor growth
under hypoxic conditions [48]. Meanwhile, the interac-
tion between AGEs and mutant KRAS increases under
hypoxia, which in turn sustains KRAS signaling pathways
(RAF-MEK-ERK and PI3K-AKT), facilitating stabiliza-
tion and transcriptional activity of HIF1a [48]. Moreover,
previous studies have demonstrated an elevated inci-
dence of DNA oxidative damage among individuals with
diabetes mellitus. The accumulation of unrepaired DNA
lesions may precipitate various pathological processes,
including carcinogenesis. This risk is particularly pro-
nounced in patients exhibiting dIMMR or MSI-H [49, 50].
Furthermore, prior research has indicated that increased
fruit consumption is associated with a trend towards
reduced risk of BRAF-mutated CRC, but not BRAF-
wildtype CRC [51]. This differential effect is attributed to
the accumulation of cellular reactive oxygen species and
subsequent inactivation of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). In BRAF-mutated CRC cells,
GAPDH inhibition precipitates an energetic crisis and
cellular death through the dual mechanisms of glyco-
lysis inhibition and ATP depletion [52]. These molecular
pathways may provide a preliminary explanation for the
additive effects observed between HLFs and PRS on CRC
incidence in the prediabetes population.

A substantial body of clinical research has demon-
strated that individuals with prediabetes can delay or
even reverse the onset of diabetes by modifying their
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lifestyle habits, which also results in short-term improve-
ments in cardiovascular disease (CVD) risk factors, such
as systolic blood pressure, low-density lipoprotein choles-
terol, and triglyceride levels [16, 53]. However, the impact
of these preventive measures on the long-term complica-
tions of prediabetes remains unclear. For instance, in the
Diabetes Prevention Program (DPP) trial, neither met-
formin nor lifestyle interventions significantly reduced
major cardiovascular events over a median follow-up of
21 vyears, despite the long-term prevention of diabetes
[54]. To our knowledge, research on whether individu-
als with prediabetes can prevent CRC through lifestyle
modifications is currently lacking. Our study found that
prediabetes individuals who do not smoke, maintain
a healthy weight, and consume alcohol in moderation
can reduce their CRC incidence by 31%, 36%, and 21%,
respectively, compared to those who do not adhere to
these lifestyle practices. Additionally, dietary habits such
as consuming three or more servings of whole grains
daily or less than two servings of unprocessed red meat
per week were associated with a 22% and 59% reduction
in CRC incidence, respectively. Global dietary guidelines
recommend the inclusion of whole grains in the daily diet
due to their association with improved health outcomes
and reduced risk of chronic diseases, including obesity,
CVD, and various cancers [55]. Interestingly, we also
observed that among individuals consuming <2 servings
of refined grains per day, PRS was no longer associated
with an increased risk of CRC. Notably, whole grains
have been shown to improve gut health and reduce the
risk of cancers in the upper gastrointestinal tract and
colorectum. A meta-analysis indicated a 17% decrease in
CRC risk for each 90 g/day increase in whole grain con-
sumption [56]. These findings are of significant relevance
in reducing the incidence of CRC among individuals with
prediabetes and provide evidence-based recommenda-
tions for maintaining a healthy diet and adopting benefi-
cial lifestyle habits in this population.

This study has several limitations. First, the compo-
nents of HLSs were based on self-reported question-
naires, which are susceptible to biases such as recall
bias, social desirability bias, and comprehension bias.
These biases may attenuate the observed associations,
potentially leading to an underestimation of risk lev-
els. Second, although our study’s HLSs included various
variables, it did not encompass all aspects of the Ameri-
can Cancer Society (ACS) Guidelines on Nutrition and
Physical Activity for Cancer Prevention or guidelines on
tobacco avoidance [57, 58]. This limitation arose because
the UKB did not collect comprehensive data on sugary
foods, sugary beverages, sedentary behavior, and other
relevant activities. Jin D, et al. has reported that individu-
als who frequently consume calcium, magnesium and
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phosphorus-rich foods have a significantly lower inci-
dence of CRC compared to those who do not [59]. How-
ever, our study focused more on dietary patterns rather
than the intake of trace elements in prediabetes. Con-
sequently, the impact of a healthy lifestyle on CRC risk
in the prediabetes population may be underestimated.
Future research should integrate additional components
of the ACS guidelines to more accurately assess the effect
of lifestyle on CRC risk among prediabetes individu-
als. Third, since the SNPs associated with prediabetes
and CRC were selected from populations of European
descent, it is essential to evaluate the generalizability of
these findings to other demographic groups.

Conclusions

In conclusion, our study among the prediabetes popula-
tion suggests that both genetic factors and unfavorable
lifestyle are associated with an increased incidence of
CRC. Adherence to a favorable lifestyle may significantly
reduce CRC risk in prediabetes individuals, particularly
those with a genetic risk. The benefits of maintaining a
lifestyle in lowering CRC risk are likely to be most pro-
nounced in individuals with the medium PRS. Our study
provides specific lifestyle recommendations that could
potentially mitigate CRC risk, supporting the develop-
ment of personalized cancer prevention strategies for the
prediabetes population.
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