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Abstract:

Colorectal cancer (CRC) is one of the leading causes of cancer-related morbidity and
mortality worldwide. Epidemiological studies have consistently inferred a correlation
between high red meat consumption and an increased risk of CRC. This review examines the
association between red meat intake and CRC development, emphasizing the role of dietary
patterns, cooking methods, and processing techniques. Moreover, carcinogenic compounds
such as heterocyclic amines (HCAs), polycyclic aromatic hydrocarbons (PAHs), and N-
nitroso compounds (NOCs) are formed during high-temperature cooking and processing of
red meat, potentially contributing to colorectal carcinogenesis. Furthermore, genetic
susceptibility and metabolic variations influence individual risk factors. Based on recent
findings, dietary recommendations suggest limiting red and processed meat consumption
while increasing fiber-rich foods to mitigate CRC risk. This article provides an overview of
current evidence, underlying biochemical mechanisms that may impact CRC incidence
through dietary modifications.
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1. Introduction

Colorectal cancer (CRC) represents a major public health concern, with an estimate
of 152,810 new cases in the United States for 2024 [1]. As the second leading cause of cancer-
related deaths, it is expected to claim approximately 53,010 lives in the same year [1].
Notably, CRC incidence among individuals under 55 has been rising by 1-2% annually since
the mid-1990s [2]. Younger adults often face advanced-stage diagnosis due to delayed

12


mailto:mitran.anca@hotmail.com
mailto:mariusbeelean@yahoo.com
mailto:adriancrisan74@yahoo.com
mailto:mihai.roshu@yahoo.com
mailto:neamtu.carmen@uvvg.ro
mailto:simonaardelean@yahoo.com
mailto:e-mail@example.com
mailto:e-mail@example.com
mailto:%20mariusbeelean@yahoo.com;%20adriancrisan74@yahoo.com;%20mihai.roshu@yahoo.com;%20neamtu.carmen@uvvg.ro
mailto:%20mariusbeelean@yahoo.com;%20adriancrisan74@yahoo.com;%20mihai.roshu@yahoo.com;%20neamtu.carmen@uvvg.ro

v{%
s

"DOCTRINA K1 SCIINTIA
N OSTERM

detection, making early awareness and prevention crucial [3]. The lifetime risk of developing
CRC is approximately 1 in 23 for men and 1 in 25 for women [4]. While genetic
predisposition, family history, and lifestyle choices contribute to this risk. Specifically,
dietary habits - particularly red and processed meat consumption - have been strongly
linked to CRC [4]. Although aging remains a primary risk factor, understanding the role of
diet in cancer risk mitigation and prevention is essential [5].

Multiple studies highlight that higher red and processed meat consumption elevates
CRC risk, with both total intake and frequency playing a role [6, 7]. A study by
Sivasubramanian and colleagues found that processed meat consumption was associated
with a higher risk of distal colon cancer, while unprocessed red meat appeared to have an
inverse relationship with this cancer subtype [8]. Additional research suggests that
consuming grilled or barbecued red and processed meats may further increase CRC risk,
particularly among women [9, 10]. While the exact biological mechanisms are still under
investigation, strong epidemiological evidence supports reducing red and processed meat
intake as a preventive measure against CRC [11, 12].

Red meat, including beef, pork, and lamb, is categorized based on processing
methods: (1) processed meats (e.g. sausages, bacon, and deli meats) contain preservatives,
high levels of salt, and chemical additives; (2) unprocessed meats are consumed without
such additives [13]. Scientific research consistently links high consumption of red and
processed meats with an increased CRC risk [14-16]. Leading health organizations, such as
the World Cancer Research Fund and the International Agency for Research on Cancer
(IARC), to classify processed meats as carcinogenic and suggest that red meat may also
contribute to cancer risk [17].

Carcinogens formed during the cooking and processing of red meat are believed to
contribute to CRC risk [18]. Key compounds include:

e Heterocyclicamines (HCAs): formed at high cooking temperatures or with prolonged

cooking [19]. Studies suggest a link between high dietary HCA intake from well-done

red meat and CRC [20].

e Polycyclic aromatic hydrocarbons (PAHs): generated when meats are charbroiled,

grilled, or smoked [21].

e N-nitroso compounds (NOCs): found in processed meats containing nitrites or

formed endogenously in the colon when nitrosating agents react with amines from

red meat [22].

Once absorbed, HCAs [23] and PAHs undergo metabolism in the liver before being
excreted into the intestines via bile acids, where they may become locally activated [24].
Meanwhile, NOCs can be directly activated in the colon [25]. These carcinogens require
metabolic activation before causing DNA damage, though detoxification and excretion
processes can mitigate their harmful effects [26].

2. Observational studies linking red meat consumption to colorectal cancer development
Metabolism is regulated by phase I and phase Il enzymes [27], which vary among
individuals due to genetic polymorphisms. Some studies suggest that specific genetic
variants may influence the effects of high red meat consumption, cooking methods, and
doneness level on CRC risk (Table 1). However, overall findings remain inconclusive, and
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further research is needed to understand the interaction between genetic factors,
metabolism, and dietary carcinogens.

Table 1. Studies upon the effect of red meat consumption and colorectal cancer development published
between the years 2020-2025.

Key Findings Type of evidence | Year References
High red meat intake increases CRC risk by 18%. | meta-analysis 2021 28]
synthesized data
Increased consumption of red meat is associated | systematic ~ review | 2023 [29]
with an increased risk of CRC in women and meta-analysis of
prospective cohort
studies
100 g/d increment of red meat could increase by | 72 meta-analyses | 2021 [30]
11-51% risk of multiple cancer. encompassing 20
50 grams per day increment of processed meat | unique cancer
consumption was associated with an 8% to 72% | outcomes related to
increased risk of various cancers red meat and 19
related to processed
meat
Red meat intake linked to colorectal adenoma | epidemiological 2022 [31]
formation. study
Heme iron accumulation associated with DNA | cohort studies 2021 [32]
oxidative damage.
Higher red meat consumption is associated with | ecological study 2023 [33]
higher cancer incidence.
The death risk attributable to consumption of red | ecological study 2021 [34]

meat linearly increased during the past decade
(r=0.99; p < 0.001)

The temperature cooking of meat such as grilling | narrative review 2022 [35]
and smoking contribute to the formation of
mutagenic compound

Heme, hydrogen sulfide, lipid peroxidation, | narrative review 2021 [36]
nitroso compounds also partake in the process of
colorectal carcinogenesis

Each 100 grams per day increase was associated | systematic  review | 2024 [37]
with a 12% increase in CRC risk (RR: 1.12, 95% | and meta-analysis
CI: 1.06-1.19; based on 21 studies).

Each 50 grams per day increase was linked to a
17% increase in CRC risk (RR: 1.17, 95% CIL:
1.10-1.23; based on 16 studies

2.1. Biochemical mechanisms linking red meat consumption to colorectal cancer development

Several hypotheses explain the association between CRC and red meat consumption,
with the gut microbiome potentially playing a role in modulating cancer progression [38].
One prominent theory suggests that cooking red meat at high temperatures (Figure 1)
produces heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs), both of
which may contribute to DNA damage and cancer development [39].
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Cyclization

Creatine + Amino Acid + Reducing Sugar % Intermediate Pyrazines ———— HCA (MelQx)

Figure 1. Proposed reaction scheme of high temperatures production of heterocyclic amines during
red meat cooking [38]. Abbreviations: HCA = heterocyclic amine; MelQx = 2-amino-3,8-
dimethylimidazo[4,5-f] quinoxaline.

This reaction occurs in grilled, fried, or barbecued meats, leading to the formation of
heterocyclic amines, which are known to be potentially carcinogenic [40]. Once formed,
HCAs such as MelQx [40] can undergo further metabolic activation in the body via the
cytochrome P450 (CYP1A2), leading to DNA damage and potential carcinogenic effects
(Figure 2).

HCA + CYP1A2 Dloactivation, Electrophilic Metabolites DNAPinding, HDNA Mutations

Incomplete Combustion

Hydrocarbon Radicals CyHy; — CeHy — CyHg — CraHyy — CrgHyg — CooHio

Heat (>150°C)

Figure 2. Potential mechanism of carcinogenesis induced by heterocyclic amines [40]. Abbreviations:
HCA = heterocyclic amine; CYP1A2 = cytochrome P450.

PAH-DNA adducts [41] are key markers of carcinogenesis, particularly in smoking
and high-temperature cooked meats (Figure 3). The formation of C;oH1403; (BPDE) is the
critical step in converting PAHs into carcinogenic DNA-damaging agents [42].

CYP1A] Hydrolas
CaHip + Os NADPH;;.CQ“ngoﬁ

CYP1A
4 Co0H1403 + DNA — BPDE-DNA Adduct —+ Mutations —» Cancer

G?(]HH O?

Figure 3. Potential mechanism of converting polycyclic aromatic hydrocarbons into carcinogenic
DNA-damaging agents [42]. Abbreviations: BPDE = C,,H14,03 - a polycyclic aromatic hydrocarbon;
CYP1A1 = cytochrome P450.

BPDE is highly reactive and covalently binds to DNA, particularly at the N? position of
guanine (Figure 4). This results in DNA adducts, which: (1) interfere with DNA replication;
(2) cause mutations (especially in tumor suppressor genes like P5.3), and ultimately (3) lead
to genomic instability and cancer development [43].

BPDE + DNA (Guanine Base) —» BPDE-DNA Adduct — Mutations — Cancer

Figure 4. Potential mechanism of DNA adduct formation and carcinogenesis [43]. Abbreviations:
BPDE = C;¢H1403 - a polycyclic aromatic hydrocarbon.

The enzyme N-acetyltransferase 2 (NAT2) [44] is involved in metabolizing HCAs,
forming DNA adducts that can also induce DNA mutations. Individuals with a rapid NAT2
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acetylation phenotype tend to have higher DNA adduct levels than those with slower
acetylation. However, a retrospective study indicated that while increased red meat
consumption correlates with CRC, NAT2 enzyme activity does not significantly modify the
risk [45]. NAT2 plays a dual role (Figure 5) in the metabolism of heterocyclic amines (HCAs)
from cooked meat [46], determining their fate through two distinct pathways:
1. Detoxification pathway (N-acetylation):
o NAT?2 transfers an acetyl group from Acetyl-CoA to N-hydroxy-HCAs, forming
non-toxic, water-soluble metabolites that are excreted from the body [47].
o This pathway reduces carcinogenic potential and protects against DNA
damage.
2. Bioactivation pathway (O-acetylation):
o NAT2 facilitates the conversion of N-hydroxy-HCAs into electrophilic
intermediates, which can bind to DNA, forming DNA adducts.
o These adducts may cause mutations, increasing the risk of colorectal cancer
(CRO).
The balance between these pathways is influenced by NAT2 genetic polymorphisms
[48]. Rapid acetylators exhibit both increased detoxification and bioactivation, potentially
raising cancer risk under high HCA exposure. Slow acetylators have reduced bioactivation
but may experience longer toxin accumulation, affecting overall susceptibility to CRC.

N-Acetylation Excretion

N-Hydroxy-HCAs + Acetyl-CoA + NAT2 ———— Detoxified Metabolites + CoA ——— (Reduced CRC Risk)

N-Hydroxy-HCAs + Acetyl-CoA + NAT2 OAcetylation, Electrophilic Metabolites + CoA DNABg, )NA Adducts

Figure 5. Schematic representation of the biochemical duality of N-acetyltransferase 2 metabolism
and its role in colorectal cancer susceptibility [48]. Abbreviations: HCA = heterocyclic amines; NAT2
= N-acetyltransferase 2 ; CoA = coenzyme A.

Another potential mechanism involves nucleotide excision repair (NER) pathways,
which are associated with CRC risk and may influence the effects of well-done red meat on
cancer development [49]. However, research has yet to confirm a significant impact. NER
pathway is a multi-step process that removes bulky DNA lesions (Figure 6), such as BPDE-
DNA adducts and UV-induced damage, to maintain genomic integrity [50]. The process
begins with damage recognition, where XPC-RAD23B (Global NER) or RNA polymerase II
(transcription-coupled NER) detects DNA distortions caused by lesions [51]. Once
recognized, TFIIH, a helicase complex containing XPB and XPD, binds to the damaged site
and unwinds the DNA, allowing access to repair proteins [52]. Following unwinding,
endonucleases XPF-ERCC1 and XPG make precise incisions on the 5'and 3' sides of the lesion,
excising a ~24-32 nucleotide fragment containing the damaged sequence [53]. After the
lesion is removed, DNA polymerase §/¢ synthesizes a new DNA strand using the undamaged
complementary strand as a template. Finally, DNA ligase I or XRCC1-DNA ligase III seals the
newly synthesized strand, restoring the DNA to its original structure and completing the
repair process [54]. This pathway is critical in preventing mutations, and defects in NER
proteins (XPC, XPD, XPG, ERCC1) have been associated with an increased risk of CRC due to
the accumulation of DNA damage.
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Recognition + Unwinding + Excision + Synthesis + Ligation

BPDE-DNA Adduct + NER Enzymes > Fully Repaired DNA

Figure 6. Summary of NER pathway integrating the recognition, excision, and repair of bulky DNA
lesions [54].

Last but not least, the class of N-nitroso compounds (NOCs) are commonly found in
processed meats that contain sodium nitrite (NaNO;) as a preservative [55]. During
processing and cooking, nitrites react with amines, leading to the formation of NOCs such as:
nitrosamines, nitrosamides and nitrosoguanidines [57]. These compounds are known for
their mutagenic and carcinogenic properties, as they can form DNA adducts, leading to
genetic mutations (Figure 7) [57].

Acidic/Enzymatic Conditions

Nitrites (NO:") + Amines (R-NH:) from Meat - » NOCs

NOCs + DNA — DNA Adducts — Genetic Mutations — Colorectal Cancer

Figure 7. Schematic representation of the biochemical pathway leading from N-nitroso compounds
(NOCs) to potential colorectal cancer risk [55].

2.2. Implications for public health, colorectal cancer and dietary recommendations

Given the evidence linking red meat consumption to CRC development [58], public
health initiatives should emphasize dietary guidelines that promote reduced red and
processed meat intake [59]. Encouraging alternative protein sources such as fish, poultry,
and plant-based proteins may mitigate CRC risk [60]. Furthermore, increasing awareness of
cooking methods that minimize the formation of mutagenic compounds can serve as an
additional preventive measure [61].

Genetic predisposition to CRC is influenced by hereditary syndromes (e.g., Lynch
syndrome, FAP, MAP), high-penetrance gene mutations (APC, TP53, KRAS), and polygenic
risk factors (SNPs) [62]. The MSI and CIN pathways represent major genetic mechanisms
underlying CRC progression. Understanding these genetic predispositions is crucial for early
detection, targeted therapies (e.g, immunotherapy for MSI-H tumors), and preventive
strategies in at-risk individuals [63]. While genetic predisposition and other lifestyle factors
contribute to CRC risk, dietary habits remain a crucial modifiable factor. The collective
findings from these studies highlight the importance of adopting a balanced diet with limited
red meat consumption to reduce the global burden of colorectal cancer [64].

3. Discussion

The evidence linking red and processed meat consumption to CRC employs multiple
epidemiological and clinical studies reinforcing the association [65]. The presence of
carcinogenic compounds such as heterocyclic amines (HCAs), polycyclic aromatic
hydrocarbons (PAHs), and N-nitroso compounds (NOCs) in cooked and processed meats
provides a plausible biological mechanism for the increased CRC risk observed in high meat
consumers [66]. Furthermore, genetic factors and metabolic variations may further
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modulate individual susceptibility to CRC, although findings in this area remain to date
inconclusive.

The role of cooking methods and processing techniques in influencing the
carcinogenic potential is proven to be particularly significant [67]. High-temperature
cooking methods such as grilling, smoking, and barbecuing lead to the formation of HCAs
and PAHs, while processed meats often contain added nitrites, which can form NOCs. These
compounds are known to cause DNA damage and promote colorectal carcinogenesis. As a
result, dietary guidelines emphasize both the reduction of red and processed meat
consumption and the adoption of safer cooking practices to mitigate CRC risk [68, 69].

In addition to meat consumption, other dietary and lifestyle factors play a crucial role
in CRC risk modulation. A high-fiber diet, rich in fruits, vegetables, and whole grains, has
been shown to offer protective benefits, possibly by enhancing gut microbiota composition,
reducing inflammation, and improving bowel transit time [70]. Given the rising incidence of
CRC, particularly among younger adults, public health efforts should focus on
comprehensive dietary education, promoting healthier protein alternatives, and advocating
for regular screenings to facilitate early detection [71].

4. Conclusion

The association between red and processed meat consumption and colorectal cancer
is well-supported by scientific evidence. Carcinogenic compounds formed during meat
processing and high-temperature cooking contribute to CRC risk, while genetic factors may
influence individual susceptibility. Given the public health implications, reducing red and
processed meat intake, opting for healthier cooking methods, and increasing fiber-rich foods
in the diet are essential strategies for CRC prevention.

While dietary modifications alone may not entirely eliminate CRC risk, they represent
a significant and modifiable factor that can substantially reduce disease incidence. Future
research should continue to explore the genetic and metabolic factors that mediate this risk,
as well as identify effective public health strategies for reducing CRC through dietary
interventions. Encouraging a balanced diet with alternative protein sources and promoting
awareness of cooking methods that limit carcinogen formation can collectively contribute to
lowering the global burden of colorectal cancer.
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