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Abstract

Background: Colorectal cancer (CRC) is the second leading cause of cancer mortality.
Modifiable factors, primarily physical inactivity, account for 70% of cases. Physical activity
(PA) reduces CRC risk by 20-25%, yet precise molecular pathways require synthesis to refine

prevention.

Aim: To synthesize biological mechanisms of PA in CRC mitigation and evaluate optimal

intensity, dose, and sedentary behavior impact for targeted recommendations.

Materials and Methods: A literature review (PubMed, Scopus; 2008-2024) was conducted,
integrating meta-analyses and clinical guidelines on the insulin/IGF-1 axis, myokine signaling,

and gut microbiota metagenomics.

Results: Four pathways were identified: 1) Metabolic: modulation of insulin/IGF-1 axis and
sensitivity, 2) Immunological: reduced visceral adiposity and inflammation via myokines and
NK-cell surveillance, 3) Mechanical: accelerated transit and improved bile acid metabolism, 4)
Microbial: increased butyrate-producing bacteria and mucosal integrity; Protection follows a
dose-response relationship, peaking at >300 min/week, especially combining aerobic and
resistance training. Interrupting sedentary behavior is a critical independent factor for colonic

niche health.

Conclusions: PA acts as a systemic biological intervention that inhibits the initiation of

neoplastic transformation. Maximum risk reduction requires multimodal training (aerobic and
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resistance) and the mitigation of prolonged sedentary behavior. "Precision Exercise
Oncology" should prioritize individualized prescriptions based on molecular and genetic

profiles.

Keywords: colorectal cancer, physical activity, insulin, IGF-1, gut microbiome, exercise

oncology, sedentary behavior.

1. Introduction

Colorectal cancer (CRC) remains a significant global health burden, ranking as the third most
commonly diagnosed malignancy and the second leading cause of cancer-related mortality
worldwide [1]. Despite the implementation of advanced screening and development of
treatment strategies, the incidence of CRC is projected to increase significantly by 2040 [2].
While genetic predisposition plays a role in disease etiology, it is estimated that
approximately 50% to 70% of CRC cases are associated with modifiable lifestyle factors,
including dietary habits, obesity, and physical inactivity [3].

Physical activity (PA) is defined by the World Health Organization (WHO) as any bodily
movement produced by skeletal muscles that requires energy expenditure [4]. PA is
recognized not merely as a supportive intervention but as a primary preventive strategy
capable of modulating the systemic and local colonic environment. Previous epidemiological
meta-analyses have consistently demonstrated a 20% to 25% reduction in CRC risk among
the most active individuals compared to those with sedentary lifestyles [5]. Insufficient PA
affects 27.5% of the global adult population [6], and in developed countries may be
responsible for up to 5% of CRC [7]. However, the shift from observations to an
understanding of how exercise influences colonic carcinogenesis is crucial for developing

targeted preventive recommendations.
2. Molecular and biological landscape of colorectal cancer prevention

The protective effect of PA against colorectal carcinogenesis is not attributed to a single
physiological change but rather to a complex synergy of systemic and localized biological
alterations. These mechanisms can be broadly categorized into metabolic regulation, immune
system enhancement, mechanical effects on the gut, and the modulation of the intestinal
microbiota. By influencing these pathways, regular exercise creates a physiological

environment that is inherently hostile to the initiation and progression of neoplastic cells [8].



2.1. Metabolic and endocrine regulation: the insulin and IGF-1 Axis

The most well-established mechanism linking PA to CRC prevention is the modulation of
metabolic health. Hyperinsulinemia and elevated levels of insulin-like growth factor 1 (IGF-1)
are potent mitogens that promote cellular proliferation and inhibit apoptosis in colonic
epithelial cells [9]. Regular PA increases the expression of glucose transporter type 4 (GLUT4)
in skeletal muscles, enhancing systemic insulin sensitivity and lowering circulating insulin
levels. Furthermore, exercise increases the concentration of IGF-binding protein 3 (IGFBP-3),
which sequesters free IGF-1, thereby limiting its bioavailability and binding to the IGF-1
receptor (IGF-1R) on pre-neoplastic cells [10]. PA also reduces the risk of insulin resistance
by reducing ectopic fat, which is an independent etiopathological factor. Lower volume of
visceral fat also positively impacts the health of the liver and pancreas — crucial elements of

glucose metabolism [11,12].
2.2. Systemic inflammation and immune surveillance

Chronic low-grade inflammation is a hallmark of colorectal carcinogenesis. Adipose tissue,
particularly visceral fat, acts as an endocrine organ secreting pro-inflammatory cytokines such
as interleukin-6 (IL-6) and tumor necrosis factor-alpha [13]. This inflammatory state
facilitates the dysplastic transformation of intestinal tissue through several pathways,
including the production of reactive oxygen species (ROS) by activated macrophages. These
molecules induce oxidative DNA damage and genomic instability, frequently leading to
mutations in key tumor suppressor genes such as Tp53 [14,15]. Such mutations are highly
prevalent in inflammation-associated colorectal malignancies, occurring in approximately
63% of cases linked to inflammatory bowel disease [16]. PA effectively reduces visceral
adiposity and induces an "anti-inflammatory environment" by stimulating the release of
myokines (e.g., IL-6 released acutely from muscles acts differently than chronic systemic IL-6)
and increasing anti-inflammatory cytokines like IL-10. Notably, exercise has been shown to
reduce visceral fat mass in a dose-response manner, demonstrating a superior effect compared
to caloric restriction alone [17,18]. Beyond metabolic changes, acute exercise at moderate-to-
vigorous intensity inhibits the production of TNF-alpha and promotes the polarization of
macrophages toward the anti-inflammatory M2 phenotype [19,20]. Such interventions are
crucial to counteract the hyperactivation of the IL-6/JAK/STAT3 signaling pathway, which

otherwise supports the survival and progression of premalignant adenoma polyps—the



precursors for over 95% of colorectal cancers [21,22]. Additionally, acute exercise triggers
the immediate mobilization of natural killer (NK) cells and cytotoxic T-lymphocytes, which
enhances the body's innate ability to identify and eliminate early-stage malignant cells [23].
This is particularly important as chronic inflammation can lead to the persistent activation of
STAT3 in regulatory T cells, which facilitates immune evasion by suppressing CD8+ T cell
cytotoxicity [24]. Therefore, a high frequency of PA may be essential to consistently induce
an anti-inflammatory landscape and disrupt the formation of pro-tumor microenvironment
characterized by the accumulation of stromal components and pathological vascularization

[14,25,26].
2.3. Gastrointestinal transit time and bile acid metabolism

PA stimulates gut motility through increased vagal tone and the release of gastrointestinal
hormones. This reduction in gastrointestinal transit time limits the duration of contact between
the colonic mucosa and dietary carcinogens [27]. Recent literature emphasizes that aerobic
exercise significantly accelerates colonic transit, particularly in the ascending colon, which
reduces the "exposure window" to fecal carcinogens [28]. This accelerated passage is crucial

in preventing the accumulation of DNA-damaging metabolites in the colonic landscape.

Beyond transit, PA profoundly influences bile acid metabolism. Studies indicate that regular
exercise alters the bile acid pool by decreasing the conversion of primary bile acids into
secondary bile acids, such as deoxycholic acid (DCA) [29]. Elevated DCA levels are known
to disrupt the intestinal barrier and promote a pro-tumorigenic niche by inducing oxidative
stress and DNA damage. By maintaining a lower concentration of these secondary
metabolites, PA preserves the mucosal biological framework and minimizes neoplastic risk

within the epithelium [30].

2.4. Emerging role of the gut microbiome

Recent advances in metagenomics suggest that exercise independently modifies the
composition and diversity of the gut microbiota, promoting a more resilient "anti-
inflammatory landscape." PA is associated with an increased amount of butyrate-producing
bacteria, such as Faecalibacterium prausnitzii and Roseburia [31]. Current longitudinal
studies indicate that regular exercise increases the concentration of short-chain fatty acids
(SCFAs), particularly butyrate, regardless of dietary fiber intake [32]. Butyrate serves as the

primary energy source for colonocytes and plays a crucial role in maintaining mucosal



integrity and inducing apoptosis in CRC cells. It acts as a potent histone deacetylase (HDAC)
inhibitor, which leads to the epigenetic down regulation of pro-proliferative genes and the
activation of tumor suppressor pathways [33]. Furthermore, exercise-induced microbial shifts
contribute to a protective biological framework by reducing the prevalence of pro-
carcinogenic species (e.g Fusobacterium nucleatum), thereby limiting chronic inflammation

within the colonic niche [34].

Table 1. Summary of biological mechanisms linking physical activity to CRC risk reduction.

Pathway

Biological mechanism: Clinical/oncological impact:
category:

Insulin/IGF-1 axis | Inhibition of cell proliferation, enhanced
Metabolic ) ]

modulation apoptosis

Myokine release & NK-cell | Reduced systemic inflammation, enhanced
Immunological o ) )

mobilization immunosurveillance

Accelerated gastrointestinal | Decreased mucosal exposure to fecal
Mechanical _ _

transit carcinogens

Increased butyrate | Improved mucosal integrity, HDAC
Microbial . o

production inhibition

Reduction of visceral fat | Mitigation of pro-inflammatory cytokine
Adiposity )

mass secretion

3. Characteristics of physical activity: intensity, dose, and sedentary behavior
3.1. The dose-response relationship and global standards

The relationship between PA and CRC risk reduction is characterized by a significant dose-
response effect, where higher volumes of activity correlate with stronger protective benefits.
According to the WHO, the foundational dose for cancer prevention involves 150-300
minutes of moderate-intensity aerobic PA or 75-150 minutes of vigorous-intensity PA per
week [4]. Current evidence highlights that the risk reduction curve is steepest when moving
from total inactivity to even modest levels of movement, yet the most profound oncological

protection reaching up to 20-24% is observed in cohorts achieving 45-75 metabolic



equivalent task (MET) hours per week [5]. Unlike other health outcomes, CRC prevention
appears to exhibit a continuous linear benefit, there is no clearly defined upper plateau where
additional activity ceases to offer further protection, emphasizing that for high-risk

populations, exceeding the minimum WHO thresholds is clinically advisable [35].
3.2. Impact of exercise intensity: aerobic vs. resistance training

The qualitative aspect of exercise its intensity and type plays a crucial role in activating

distinct anti-carcinogenic pathways.
3.2.1. Aerobic exercise

Moderate-to-vigorous PA remains the gold standard in oncological prevention. High-intensity
aerobic training (e.g., HIIT) induces rapid systemic physiological shifts, including increased
shear stress on vascular walls and the immediate mobilization of cytotoxic NK cells and
CD8+ T-lymphocytes. These immune "scouts" are essential for the immunosurveillance of
occult malignant cells [36]. Furthermore, vigorous intensity is more effective at reducing
systemic levels of bioavailable insulin and C-peptide, thereby neutralizing the pro-

proliferative environment of the colonic landscape.
3.2.2. Resistance training

Muscle-strengthening activities provide a complementary biological framework for cancer
prevention. Beyond simple calorie burning, resistance training stimulates the release of
exercise-induced myokines from skeletal muscle, which have been shown to inhibit colorectal
cell proliferation and promote apoptosis. Additionally, by enhancing lean body mass,
resistance training improves long-term glucose homeostasis and mitigates the

hyperinsulinemia-driven pathways that stimulate adenoma growth [37].
3.3. Prolonged sedentary behavior as an independent risk factor

A critical paradigm shift in exercise oncology is the recognition of sedentary behavior as a
distinct risk factor, independent of purposeful exercise. This is often referred to as the "active
couch potato" phenomenon, where meeting weekly exercise goals may not fully offset the
deleterious effects of 810 hours of daily sitting. Prolonged metabolic stasis triggers a pro-
inflammatory state characterized by elevated C-reactive protein (CRP) and impaired lipid
metabolism [38]. Recent longitudinal studies demonstrate that micro-bouts of light activity
(e.g., 2 minutes of walking every 30 minutes) can disrupt this stasis, significantly lowering

postprandial glucose levels and restoring a more favorable anti-inflammatory state. Thus, a
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dual-action strategy maximizing intentional exercise while minimizing total sitting time is

essential for optimizing the colonic niche against neoplastic transformation [39].
4. Discussion and future perspectives

Despite the robust epidemiological evidence supporting the role of PA in colorectal cancer
prevention, several challenges remain in clinical translation. A significant area of debate is the
"Precision Exercise Oncology" approach. While population-level guidelines are effective,
individual responses to exercise vary based on genetic polymorphisms and the molecular
subtype of the tumor, such as MSI-high versus MSS status. Recent synthesis of the evidence
suggests that the "optimal" prevention strategy requires a shift from generic advice toward

individualized "exercise prescriptions" that account for the intensity-dose synergy [40,41].
4.1. Barriers to implementation and the optimal dose requirements

A major limitation identified in recent literature is the low adherence to the recommended PA
volumes. Socioeconomic factors, urban infrastructure, and the lack of standardized protocols
in primary care settings contribute to persistent sedentary lifestyles. According to the latest
reports, achieving the maximal protective effect often requires volumes at the upper limit of
global standards (e.g., 300 minutes of moderate-intensity PA per week). However, as
highlighted by Orange et al., higher-intensity exercise may offer a more time-efficient
"shortcut" to activating systemic anti-carcinogenic pathways, potentially improving adherence
among populations with time constraints [41]. Future public health strategies must focus on

behavioral interventions that facilitate long-term maintenance of these optimized doses.
4.2. Future research directions: multimodal and molecular insights

The interaction between exercise and the gut-immune axis may be one of the priorities.
Studies should focus on identifying the metabolomic signature of exercise - specifically the
balance of short-chain fatty acids (SCFAs) and secondary bile acids to develop novel
biomarkers for CRC risk assessment [42]. Combining PA with specific dietary patterns, such
as the Mediterranean diet, could further enhance the stability of a protective colonic niche
[28]. Prospective research should prioritize randomized controlled trials using objective
measures of PA, such as accelerometry, to eliminate recall bias. Furthermore, investigating
the synergy between aerobic and resistance training modalities emerges as a crucial direction

for future investigation [41].
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5. Conclusions

Current research confirms that PA is a vital toolaspe in preventing CRC, working through
various biological pathways that go beyond simple weight management. Although higher
levels of activity provide the strongest protection, combining different types of exercise such
as aerobic and strength training may appear a key to improving immune function and
reducing systemic inflammation. Future strategies should focus on personalized exercise plans
and reducing daily sitting time to better protect the colonic environment. Ultimately, framing
PA not only as a lifestyle choice but as a targeted biological intervention may be imperative to

mitigate the rising global burden of CRC.
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