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Diet may influence early biological processes involved in colorectal carcinogenesis. Red and processed 
meat intake has been associated to increased colorectal cancer (CRC) risk, potentially through heme-
driven oxidative and genotoxic mechanisms. This 12-week behavioral, free-living, randomized, open-
label study evaluated how three different diets impact CRC risk markers: a meat-based diet (MBD: high 
risk), a meat-based diet with α-tocopherol supplementation (MBD-T: medium risk, hypothesized to 
attenuate heme-induced oxidative stress and lipid peroxidation), and a pesco-vegetarian diet (PVD: 
low risk). A total of 113 healthy adults (18–50 years) were randomized, and 103 completed the study. 
The primary outcome was fecal water (FW) genotoxicity at baseline and after 12 weeks; secondary 
outcomes included FW cytotoxicity, lipoperoxidation, fecal short-chain fatty acids (SCFAs) and bile 
acids, and blood biomarkers related to iron metabolism and inflammation, also measured pre- and 
post-intervention. Mixed-effects linear models (time × diet), adjusted for age, sex, and BMI, were 
applied. FW genotoxicity increased significantly after MBD (+ 15.97%DNA damage; 95% CI 4.61 to 
27.32; p = 0.006), with no significant within-group changes in MBD-T or PVD. Between-diet differences 
in change indicated greater increases in fecal TBARS following MBD (p = 0.010) and MBD-T (p = 0.037) 
compared with PVD, and a significantly greater increase in 4-HNE after MBD compared with PVD 
(p = 0.019). The FW Viability Index decreased significantly after MBD (p = 0.021). Differences in change 
between diets were also significant for circulating ferritin and inflammatory markers, which increased 
more after MBD compared with PVD (ferritin, IL-6, TNF-α), whereas MBD-T reduced TNF-α and PVD 
decreased IL-8, TNF-α, and ICAM. No significant between-diet differences in change were observed for 
fecal SCFAs or bile acids. In summary, over 12 weeks in a free-living setting, a MBD increased several 
mechanistic biomarkers associated with CRC, while α-tocopherol supplementation attenuated some 
adverse diet-related effects. In contrast, a PVD was associated with a more favorable biochemical and 
inflammatory profile. These findings reflect short-term modulation of mechanistic biomarkers rather 
than CRC outcomes.
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Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in Europe, with a rising incidence 
among young adults1. This trend highlights the urgent need for preventive strategies. Environmental factors, 
particularly dietary habits, are substantial contributors to CRC incidence, with evidence associating increased 
risk to red and processed meat consumption and decreased risk to dietary fibre intake2–4.

The mechanisms linking meat to CRC remain unclear. Processed meats contain sodium, nitrites, and nitrates5, 
while high-temperature cooking of red meat produces harmful compounds such as N-nitroso compounds, 
heterocyclic amines, polycyclic aromatic hydrocarbons, and advanced glycation-end products6. Additionally, 
heme iron may promote the formation of lipid peroxidation products and N-nitroso compounds in the colon7–9. 
The International Agency for Research on Cancer (IARC) classifies processed meat as carcinogenic (Group 1) 
and red meat as probably carcinogenic (Group 2A) to humans. Given this established evidence, the rationale for 
the present study was not to re-evaluate the carcinogenic potential of meat, but to investigate whether specific 
dietary interventions can modulate mechanistic pathways involved in colorectal carcinogenesis. In fact, although 
observational findings on meat intake and CRC risk vary in magnitude10–15, human dietary intervention studies 
examining mechanistic biomarkers in vivo remain scarce, underscoring the need for experimental research to 
clarify underlying biological mechanisms13,16,17.

This randomized behavioral intervention assessed three diets associated with differing levels of CRC risk 
in healthy adults: a high-risk meat-based diet (MBD; high heme exposure), a medium-risk meat-based diet 
supplemented with α-tocopherol (MBD-T), and a low-risk pesco-vegetarian diet (PVD). α-Tocopherol was 
included in MBD-T as a lipid-phase antioxidant to counteract heme-induced lipid peroxidation18–20, whereas 
PVD was selected for its established health benefits and the potential protective effects of fish against CRC21,22. 
We investigated whether these dietary patterns differentially modulate biomarkers linked to CRC risk, focusing 
on fecal water (FW) genotoxicity, lipid peroxidation, and inflammatory signaling.

Materials and methods
Study design and population
The study protocol has been published elsewhere23. Briefly, clinically healthy participants were recruited 
and randomized to a 12-week behavioral, free-living, open-label parallel dietary intervention trial through 
advertisements on local and social media, newspapers, and official websites from the Unit of Clinical Nutrition 
of Careggi University Hospital, Florence, Italy, from September 2019 to December 2021, with a temporary 
interruption during Italy’s first Covid-19 wave (March–September 2020). Given that the risk of CRC significantly 
increases after age 50, and our aim was CRC prevention, the study targeted adults aged 18 to 50, focusing on a 
population before the typical onset age of CRC. Exclusion criteria included the presence of serious or unstable 
health conditions, food allergies, recent use of antibiotics or probiotics (within the last 2 months), pregnancy 
or breastfeeding, smoking, and adherence to any diet that restricted meat, poultry, or fish consumption in the 
preceding 3 months.

Trial findings were reported using the Consolidated Standards of Reporting Trials (CONSORT) reporting 
guideline and statement and International Committee of Medical Journal Editors recommendations. The trial 
was approved by the Ethics Committee (12390_spe; 01/03/2018) of the Tuscany Region, Careggi University 
Hospital, which is equivalent to the Institutional Review Board. It was registered on 03/05/2018 on Clinicaltrials.
gov (identifier: NCT03416777) and adhered to the principles of the Declaration of Helsinki and the Data 
Protection Act. Informed consent was obtained from the participants. They received no financial support.

Dietary interventions
This was a free-living, behavioral dietary intervention in which participants prepared their own meals 
according to individualized menus and received structured nutritional counseling. A 2-week run-in period was 
implemented to assess motivation and collect baseline dietary intake.

Following the 2-week run-in period, participants were randomly assigned using a 1:1:1 ratio to a 12-week 
dietary intervention with MBD, MBD-T, or PVD through a web-based randomization procedure. The random 
allocation sequence was generated and managed by a scientist who was not involved in participant recruitment. 
The sequence was concealed from investigators enrolling participants or assigning interventions. Group 
assignments were revealed using folded papers in sealed envelopes. During the run-in period, each participant 
was asked to complete a 3-day (2 weekdays and 1 weekend day) weighted dietary record. Data were entered in 
the Metadieta software application (Me.Te.Da., San Benedetto del Tronto, Italy) by trained personnel, carefully 
checked for errors, and then analyzed to obtain energy and nutrient (e.g., carbohydrates, fat, protein) intake 
at baseline for each participant. During the study, 2 clinical assessments were performed: at baseline (T0) and 
3 months after the start of the dietary interventions (T1). Participants were instructed to alter only their diet in 
line with the intervention guidelines, while maintaining their usual lifestyle and exercise habits throughout the 
study. To ensure that potential lifestyle or health changes did not confound the results, physical activity, alcohol 
consumption, illnesses, and medication use were also monitored throughout the study through structured 
questionnaires administered at both time points.

Dietary interventions were delivered through individual face-to-face counselling sessions at the Clinical 
Nutrition Unit, Careggi University Hospital, Florence, Italy. Each participant received a menu plan for one week 
at the beginning of the intervention, as well as detailed instructions and examples of permitted and excluded 
food groups. A follow-up call was conducted during the study as part of the compliance assessment to reinforce 
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adherence and address potential challenges. Participants were also encouraged to contact the study personnel 
at any time for clarification or support regarding their dietary plan. Participants were provided with a detailed 
menu plan for one week, as well as advice and information on the food groups that could be included and those 
that could not. The diets were isocaloric with respect to the energy needs of the participants and consisted of 
about 30% of energy from total fat, 15–20% from protein, and 50–55% from carbohydrates (mainly complex). 
The MBD included 4 weekly servings of red meat (1 serving = 150  g), 3 weekly servings of processed meat 
(1 serving = 50 g), and 1 weekly serving of poultry (1 serving = 150 g), for a total of 900 g per week of meat. 
The MBD-T was like the MBD but supplemented with 100  mg/day of α-tocopherol. All participants in the 
MBD-T group received blister packs with α-tocopherol capsules (EVION, Bracco S.p.A., 100  mg) for the 
entire intervention period, totaling 90 tablets over 3 months. The PVD excluded fresh and processed meat and 
poultry but included 3 servings per week of fish (1 serving = 150 g), excluding shellfish, for a total amount of 
450 g per week. The diets contained other sources of proteins (e.g., eggs, dairy products, legumes/beans) and 
were calculated based on the Italian Recommended Dietary Allowances servings24 (Supplementary Table 1). 
Alcoholic beverages were not included in the diets administered. For subjects that requested to drink alcoholic 
beverages, the amounts were limited to one unit of alcohol (12 g of ethanol) per day for women and two per 
day for men, according to the Italian Recommended Dietary Allowances servings24. There were no substantial 
differences among diets in the frequency of weekly servings of cereals, vegetables, potatoes, fruit, sweets, and 
olive oil. However, there was a higher frequency of weekly consumption of legumes (4 servings vs. 2 servings) 
and dairy products (7 servings vs. 5 servings) in PVD than in MBD and MBD-T.

Data collection
Data collection and follow-up assessments were carried out at the Unit of Clinical Nutrition, Careggi University 
Hospital, Florence, Italy, by study staff. All participants were examined between 6.30 am and 9.30 am after an 
overnight fast. They were asked not to engage in strenuous physical activity the day before the examination. 
The baseline assessment included a standardized questionnaire on demographic information and risk factors. 
Additionally, the Medi-Lite adherence score was used to measure diet quality at baseline, quantifying adherence 
to the Mediterranean diet (MD)25. All participants were asked to report the frequency (times per week), duration 
(months), and intensity of recreational and physical activities performed during the preceding year. Based on 
these variables, a physical activity grade was derived for each participant and described in terms such as “absent” 
or “light” (i.e., inactive, or either occasional walking or recreational activity only), and “moderate” (i.e., frequent 
recreational activity, regular walking for 30 min 3–5 times per week, or sporting exercise at least once a week). 
The grade was a qualitative measure of how much physical activity was undertaken.

Body weight and body composition were measured both at the beginning and end of the dietary interventions. 
Weight and height were measured with a stadiometer. Body mass index (BMI) was calculated as weight in 
kilograms divided by the square of height in meters. Participants were classified as overweight if their BMI 
was ≥ 25 kg/m2 but < 30 kg/m2 and obese if their BMI was ≥ 30 kg/m226. Body composition was determined by 
a bioelectrical impedance analysis device (AKERN, model SE 101) at baseline and follow-up visits. Blood, stool 
(four or five scoops totaling 4 g), and urine samples were collected before and after each intervention phase.

Compliance
Compliance to the dietary interventions was assessed through unannounced phone calls, during which a 24-h 
diet recall interview was conducted, and through a medium-length Food Frequency Questionnaire (FFQ) 
validated in the Italian population27, with the aim of confirming the frequency of meat and fish consumption. 
These tools were used to verify adherence to the prescribed dietary patterns, with particular attention to the 
inclusion or exclusion of meat and fish. Compliance with the MBD was defined as the consumption of at least 
7 servings per week of red and processed meat and the complete exclusion of fish, as reported in both the 24-h 
recalls and the FFQ. Compliance with the PVD was defined as the consumption of at least 3 servings per week of 
fish combined with the exclusion of red and processed meat. For the MDB-T group, adherence to the therapeutic 
regimen was assessed by collecting the empty blister packs returned by the participants. Total energy intake and 
macronutrient distribution, as well as sugar and alcohol intakes, were also monitored to evaluate adherence to 
the prescribed dietary plans via the same recalls. Moreover, physical activity, illnesses, and medication use were 
checked through questionnaires at both time points and through two phone contacts to detect any relevant 
changes during the intervention period.

Outcomes
The primary outcome was fecal water (FW) genotoxicity, i.e. changes in DNA damage (strand breaks) induced 
in vitro in human colon cancer cells (HT-29 line) exposed to subjects’ FW, sampled before (baseline) and after 
the nutritional intervention. FW genotoxicity reflects DNA strand breaks induced by the colonic milieu and is 
used in human dietary intervention studies, being responsive in preclinical models linked to colorectal tumor 
modulation28–31. The metric used was changes in means from Time 0 to Time 1. Secondary outcomes were 
changes in means of the following parameters from the baseline: a) cytotoxicity of FW; b) markers of global 
peroxidation and specific peroxidation of omega-6 polyunsaturated fatty acids in FW; c) markers of lipid 
peroxidation in urine samples; d) short chain fatty acids (SCFAs) and bile acids production; e) biochemical 
profile including lipid and glucose profiles, renal function, iron metabolism, vitamin levels, and inflammatory 
markers in blood samples. Secondary markers capture complementary pathways: lipid peroxidation as indices 
of heme-driven oxidative injury32,33; SCFAs and bile acids for microbial/epithelial homeostasis and oxidative 
stress/DNA damage34–37; and iron/inflammatory indices relevant to red-meat exposure and carcinogenesis8,38–40. 
These biomarkers are interpreted as mechanistic risk-related markers, not validated clinical surrogates of CRC 
incidence. Potential harms were defined and assessed non-systematically.

Scientific Reports |         (2026) 16:1502 3| https://doi.org/10.1038/s41598-025-31410-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Experimental analyses
Detailed methodologies for assessing the genotoxic and cytotoxic activity of FW, lipid peroxidation, fecal SCFA 
and bile acid analysis, as well as the biochemical profile, iron metabolism, and inflammatory markers, are 
provided in the Supplemental Material. In brief, FW genotoxicity and cytotoxicity were evaluated in HT-29 
colon cells using the Comet assay and Trypan Blue exclusion test, respectively, with PBS-treated and NQO-
treated controls for quality assurance. Markers of lipid peroxidation were quantified in fecal water and urine 
samples by UHPLC-MS/MS (4-HNE) and enzyme immunoassays (urinary DHN-MA and 8-isoprostane), 
each including internal standards and QC samples. SCFAs and bile acids were measured in fecal samples using 
GC–MS and HPLC–MS/MS, respectively, identified by retention times and mass reference standards. Blood 
biomarkers, including biochemical, iron, and inflammatory parameters, were analyzed following standardized 
protocols, with cytokines quantified by Bio-Plex multiplex immunoassay (Bio-Rad Laboratories, USA).

Statistical analysis
The study was originally designed to have a statistical power of 80% (beta) and α = 0.05 to detect a 25% change in 
fecal genotoxicity, the predefined primary outcome of the study23. This value was determined based on a study 
previously conducted to test the effect of a dietary intervention on FW-induced DNA damage assessed by the 
Comet assay41.

Data were summarized as mean ± standard deviation (SD) or median (range: minimum–maximum), as 
appropriate. Categorical variables were expressed as frequencies and percentages. The normality of distributions 
and homogeneity of variances were assessed using the Shapiro–Wilk and Levene tests, respectively. Variables 
showing markedly skewed distributions were log-transformed prior to analysis to approximate normality and 
back-transformed values are reported for interpretability. Prior to the main analyses, the level, pattern, and 
likely causes of the missingness in the baseline variables and outcomes were investigated by forming appropriate 
tables. This information was used to determine whether the level and type of missing data have the potential 
to introduce bias into the analysis results or substantially reduce the precision of estimates for the proposed 
statistical methods. Differences between completers and non-completers were analyzed using independent 
samples t-tests for continuous variables and chi-square tests for categorical variables. Changes in dietary intake 
across intervention groups were evaluated using one-way ANOVA.

Mixed-effects linear models were used to evaluate both within-group changes (pre–post) and between-group 
differences in change across the three dietary interventions. Each outcome variable was modeled separately, with 
Time (pre-intervention; post-intervention) specified as a within-subject fixed effect and Intervention (PVD; 
MBD; MBD-T) as a between-subject fixed effect. The Time × Intervention interaction term was included to 
assess differential changes among diets (difference-in-change). A random intercept for participant was specified 
to account for repeated measures within individuals. All models were adjusted for age, sex, and baseline BMI 
as covariates, selected a priori based on previous evidence41. Physical activity, alcohol intake, illnesses, and 
medication were monitored throughout the study, but as no relevant between-group differences were observed, 
these variables were not included as covariates. Parameters were estimated using restricted maximum likelihood 
(REML) with an unstructured covariance matrix for random effects. Estimated marginal means (EMMEANS) 
and corresponding 95% confidence intervals (CIs) were computed for each diet × time combination. Pairwise 
contrasts were performed to obtain within-group changes and between-diet differences in change. To control for 
multiple comparisons across secondary outcomes, p-values from the between-diet difference-in-change contrasts 
were adjusted using the Benjamini–Hochberg false discovery rate (FDR) correction. However, reported p-values 
for secondary outcomes should be interpreted descriptively, in conjunction with effect sizes and consistency 
across biomarkers. Analyses followed a per-protocol approach (n = 103). For SCFAs and bile acids, within-diet 
effects were tested with the Wilcoxon signed-rank test and between-group differences with the Mann–Whitney 
test. Potential correlations between changes in FW genotoxicity and changes in iron levels in diet, biochemical, 
inflammatory, and global and specific peroxidation parameters were examined using Pearson coefficients. All 
analyses were conducted using IBM SPSS Statistics for Macintosh, version 30.0 (IBM Corp., Armonk, NY, USA) 
and Python (statsmodels v0.14). Statistical significance was defined as p < 0.05 (two-sided).

Results
Characteristics of study population at baseline
Figure 1 shows the enrollment of participants in the study. Initially, 134 subjects were screened for eligibility, 
among whom 113 (33 males, 80 females; median age: 39 years) were included and randomized into the three 
dietary intervention groups. Of these, 103 successfully completed the study, with 33 participants completing the 
MBD and MBD-T interventions each, and 37 completing the PVD intervention. The overall participation rate 
was 91%. All participants who completed the study were included in the analysis. The baseline characteristics 
of the population are shown in Table  1. The analysis of subjects who dropped out of the study during the 
intervention showed no significant differences in terms of baseline characteristics compared to subjects who 
completed the study (Supplementary Table 2).

Changes in dietary intakes
Changes in dietary intake were assessed using 3-day weighted dietary records, which showed no significant 
differences in total daily energy intake among groups and no significant between-group differences in 
macronutrient composition (Supplementary Table 3). All three interventions resulted in a reduction in the 
percentage of energy derived from fat and an increase in fibre intake. Significant between-group differences were 
detected for total cholesterol (p = 0.009), saturated fat (p < 0.001), and iron intake (p < 0.001). No unintended 
effects have been reported.

Scientific Reports |         (2026) 16:1502 4| https://doi.org/10.1038/s41598-025-31410-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Changes in FW genotoxicity
Changes in FW genotoxicity parameters from baseline to week 12 for each diet, and the between-diet differences 
in these changes, are shown in Fig.  2. Compared with baseline, DNA damage significantly increased in 
participants following the MBD (+ 15.97%DNA damage, 95% CI 4.61 to 27.33; p = 0.006), whereas no significant 
within-group changes were detected in the MBD-T or PVD groups. Between-group comparisons indicated a 
trend toward greater increases in DNA damage (i.e., larger differences in change) with MBD compared with both 
PVD and MBD-T, although these differences did not reach statistical significance.

Changes in markers of colorectal cancer, SCFAs, and bile acids
Changes in FW cytotoxicity and oxidative stress markers are presented in Fig.  3. Between-diet comparisons 
revealed significant differences in TBARS levels, which increased more markedly following the MBD (+ 23.03 µM, 
95% CI 5.45 to 40.60; p = 0.010) and MBD-T (+ 20.06  µM, 95% CI 1.17 to 38.95; p = 0.037) compared with 
PVD. Similarly, the increase in 4-HNE concentrations (difference in change) was significantly greater after MBD 
compared with PVD (+ 6.13 pg/µl, 95% CI 1.01 to 11.26; p = 0.019). Heme iron showed an opposite, albeit non-
significant, direction of change, increasing in the MBD and MBD-T groups but decreasing in the PVD group. 
Within-group analyses showed that the FW Viability Index decreased significantly after the MBD intervention 
(p = 0.021). No significant pre-post changes were observed in total or individual fecal SCFAs or bile acids 
(Supplementary Fig. 1).

Changes in biochemical and inflammatory profile
Changes in biochemical and inflammatory parameters from baseline to week 12 for each diet, and the 
corresponding between-diet differences in change, are reported in Table 2. Between-diet differences in change 
were significant for ferritin, which increased to a greater extent in both the MBD (+ 16.18 ng/ml, 95% CI 6.66 
to 25.69; p = 0.027) and MBD-T (+ 16.78 ng/ml, 95% CI 7.27 to 26.30; p = 0.025) groups compared with PVD. 
Differences in change were also significant for IL-6 (+ 1.36 pg/ml, 95% CI 0.35 to 2.36; p = 0.008) and TNF-α 
(+ 1.33 pg/ml, 95% CI 0.67 to 1.98; p = 0.007), both of which increased more after MBD compared with PVD. 
Within-group analyses indicated significant increases in plasma triglycerides following MBD (p = 0.04) and 
MBD-T (p = 0.008), and in circulating iron after MBD (p = 0.029) and MBD-T (p = 0.019). Conversely, PVD 
led to a significant reduction in ferritin (p < 0.001) and an increase in folic acid levels (p = 0.020). Regarding 
inflammatory markers, MBD was associated with increased VEGF (p = 0.038) and IL-6 (p = 0.052). MBD-T, 
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Assessed for eligibility (n=134)

Randomized (n=113)

Excluded (n=21):
Not meeting inclusion criteria (n=11)
Declined to participate (n=9)
Other reasons (n=1)

Allocated to MBD (n=36)
Received allocated intervention (n=36)

Allocated to MBD-T (n=34)
Received allocated intervention (n=34)

Allocated to PVD (n=43)
Received allocated intervention (n=43)

Lost to follow-up (n=3)
Discontinued study due to COVID-19 (n=2)

Other reasons (n=1)

Lost to follow-up (n=1)
Discontinued study due to COVID-19 (n=1)

Lost to follow-up (n=6)
Discontinued study due to COVID-19 (n=2)

Other reasons (n=4)

MBD analyzed (n=33) MBD-T analyzed (n=33) PVD analyzed (n=37)

Fig. 1.  Flow diagram of the progress through the phases of the study.
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on the other hand, resulted in a reduction in TNF-α (p = 0.016), while PVD led to significant decreases in IL-8 
(p < 0.001), TNF-α (p < 0.001), and ICAM (p = 0.037).

Correlation analysis
Correlation analyses between changes in FW genotoxicity and changes in iron levels in diet, blood and feces 
showed a small but significant correlation with iron (R = 0.29, p = 0.006) and ferritin (R = 0.39, p < 0.001) levels in 
blood (Supplementary Fig. 2). No significant correlations were observed for all other biochemical, inflammatory, 
and global and specific peroxidation parameters evaluated. No adverse or unexpected events were observed in 
either group.

Discussion
This study explored how dietary patterns differing in red meat content affect biomarkers linked to CRC 
risk. After 3  months, the increase in FW genotoxicity was significantly greater in MBD compared with 
PVD, accompanied by higher plasma and fecal iron and lipid peroxidation markers. Compared with MBD, 
α-tocopherol supplementation in MBD-T attenuated these changes, and PVD showed lower TBARS and 
inflammatory markers (IL-8, VEGF), indicating more favorable modulation of risk-related biomarkers. These 
results align with our previous preclinical study in rat models showing the carcinogenic potential of red meat 
and the protective effects of fish- and plant-based diets against CRC42.

Epidemiological data have linked red and processed meat consumption to increased CRC risk43–45, potentially 
through enhanced genotoxic stress in the colon28,29. However, clinical evidence remains limited. Our results 
support a red meat-related increase in FW genotoxicity, in contrast to Joosen et al.30, who reported no significant 
genotoxicity differences between diets varying in meat and fish, likely due to their short (8-day) intervention 
and small sample size (n = 14). In contrast, other short-term studies with similar sample sizes (n = 12) and red 
meat exposure (7 days) did observe increased FW genotoxicity31, without changes in fecal N-nitroso compounds 
(NOCs). Similarly, a crossover study with 20 healthy males consuming 240 g/day of red and processed meat for 
2 weeks showed a significant increase in FW genotoxicity compared to a mycoprotein diet46.

Between-diet contrasts confirmed greater increases in fecal TBARS following both meat-based diets 
compared with PVD, consistent with higher fecal heme iron exposure in the MBD. Heme iron catalyzes lipid 
peroxidation, generating aldehydes such as malondialdehyde (MDA), which can be detected as TBARS33,47. 
Elevated heme iron can also promote reactive oxygen species, lipid peroxidation end-products, and NOCs – 
agents implicated in CRC development by inducing DNA damage, colonic hyperproliferation, outgrowth of 
(pre)neoplastic cells, immune modulation, and gut dysbiosis38,39. A meta-analysis by Bastide et al.40 involving 
over 566,000 individuals found a relative risk of 1.18 (95% CI: 1.06–1.32) for CRC in those with the highest 
heme iron intake. Furthermore, experimental models show that dietary hemoglobin and red meat promote 

Characteristic
MBD
(n = 33)

MBD-T
(n = 33)

PVD
(n = 37)

Age, years 37 (24–50) 36 (20–50) 43 (22–50)

Male sex, n (%) 11 (33.3) 11 (33.3) 9 (24.3)

Body weight, kg 75.0 (12.8) 74.7 (15.7) 66.2 (13.3)

BMI, kg/m2 25.9 (4.4) 26.1 (4.1) 23.2 (3.3)

Fat mass, % 23.1 (9.6) 23.4 (8.7) 20.3 (7.4)

Risk factors

 Absent or light physical activity, n (%) 22 (66.7) 21 (63.6) 23 (62.2)

 Total cholesterol, mg/dL 200.8 (36.3) 195.3 (39.6) 197.4 (31.1)

 LDL-cholesterol, mg/dL 114.0 (32.6) 111.8 (35.6) 111.9 (29.6)

 Glucose, mg/dL 85.0 (9.3) 85.2 (9.7) 82.0 (11.1)

Dietary profile

 Total energy, kcal/day 1779.9 (270) 1778.4 (213) 1766 (261)

 Carbohydrate, % of energy 44.5 (6.2) 45.5 (7.4) 45.2 (6.3)

 Protein, % of energy 17 (2.8) 17.1 (4.0) 16.1 (3.3)

 Total fat, % of energy 38.7 (5.7) 38.1 (6.3) 38.7 (5.7)

 Saturated fat, g/day 17.9 (4.9) 20.1 (4.5) 17.6 (3.8)

 Cholesterol, mg/day 198.2 (56.9) 201.1 (44.9) 184.9 (49.3)

 Iron, mg/day 11.0 (2.2) 12.1 (2.7) 12.1 (1.7)

 Fiber, g/day 16.5 (4.9) 17.4 (5.4) 19.5 (5.2)

 Adherence score to MD 8.2 (1.9) 9.4 (1.8) 10.2 (2.4)

Table 1.  Baseline characteristics of the study population according to randomisation. Continuous variables 
are expressed as median (minimum–maximum) or mean (SD). Categorical variables are expressed as number 
(percentage). MBD denotes meat-based diet; MBD-T meat-based diet supplemented with alpha-tocopherol; 
PVD pesco-vegetarian diet; BMI Body Mass Index; LDL Low-Density Lipoprotein; MD Mediterranean Diet.
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preneoplastic lesions40. Our correlation analysis indicated a small but significant link between iron biomarkers 
(serum iron, ferritin) and FW genotoxicity, warranting further investigation.

Regarding peroxidation markers, 4-HNE concentrations increased more after the MBD compared with 
PVD, whereas urinary DHN-MA levels remained unchanged. Although DHN-MA has been proposed as a non-
invasive biomarker of preneoplastic risk associated with heme iron intake32, its specificity is limited because 
its precursor, 4-HNE, is present in various foods such as fish, oils, and fried items48. The concurrent increase 
in iron accumulation, lipid peroxidation, and inflammation, partially attenuated by α-tocopherol, may reflect 
ferroptosis-related oxidative injury mechanisms, an emerging process characterized by iron-dependent lipid 
peroxidation and increasingly recognized as a potential pathway in colorectal carcinogenesis, providing a 
unifying framework for our observations49.

SCFA levels did not significantly change across interventions. Although red meat-rich diets have been linked 
to reduced SCFA production due to lower fiber intake34,50, our study design maintained consistent fruit and 
vegetable consumption across groups, potentially explaining the stable SCFA levels. Similarly, bile acid levels 
remained unchanged, suggesting they may not be primary contributors to fecal genotoxic load. Previous studies 
show conflicting results: some indicate bile acids can induce oxidative stress and DNA damage35–37, while others 
found no association or even a reduction following high meat intake46,51.

Finally, given the alterations in cholesterol, unsaturated, and saturated fatty acids intake resulting from the 
inclusion or exclusion of meat and fish in the diet, we extended our analysis to assess the biochemical profile, 
including lipid profile, and inflammatory parameters. Between-diet comparisons showed that ferritin, IL-6, and 
TNF-α increased more after the MBD compared with the PVD, indicating higher iron storage and inflammatory 
activation with greater meat intake. α-Tocopherol supplementation in MBD-T partially attenuated these 
responses, while PVD was associated with reductions in ferritin and several inflammatory markers, including 
IL-8 and ICAM, consistent with a more favorable anti-inflammatory profile. While red meat consumption 
has been linked to inflammation in populations at cardiometabolic risk52, its association with lipid profiles is 
debated. Meta-analyses suggest red meat may not consistently raise serum lipids compared to poultry or fish53,54. 
Similarly, while some studies have reported that high fish intake reduces triacylglycerol levels and increases 
HDL-cholesterol serum concentrations55, others found no significant effects51. These discrepancies may stem 
from differences in participant profiles and comparison diets. Moreover, while LDL-cholesterol is causally 
linked to cardiovascular risk, dietary impacts are complex and extend beyond traditional lipid markers. As such, 
patient-oriented outcomes should be prioritized.

A.Within-groupchanges B. Between-groupdifferences
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15.97 4.61 27.33 0.006
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Fig. 2.  Within-group changes (Panel A) and between-group difference in change (Panel B) in FW genotoxicity, 
expressed as percentage of DNA in tail (% DNA damage) as determined by the Comet Assay, after 12 weeks on 
each diet. Diamonds represent estimated marginal means with 95% confidence intervals (CIs), derived from 
mixed-effects linear models adjusted for age, sex, and baseline BMI, including a diet × time interaction term 
and a random intercept for participant. Reported p-values refer to within-group (pre–post) changes (Panel A) 
and between-group (difference-in-change) contrasts (Panel B). MBD, meat-based diet; MBD-T, meat-based 
diet supplemented with α-tocopherol; PVD, pesco-vegetarian diet.
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Several limitations must be acknowledged. Firstly, the temporary interruption of the study during the 
Covid-19 pandemic led to recruitment challenges, resulting in an incomplete total number of planned 
subjects. Secondly, the study’s short intervention (12 weeks) and age-restricted cohort (18–50 years) may limit 
generalizability, particularly to older populations at higher CRC risk. Nonetheless, targeting younger adults 
aligns with prevention goals. Thirdly, this was a free-living study without controlled feeding, and although 
compliance was high, exposure variability is unavoidable. Reliance on self-reported dietary data, despite efforts 
to ensure compliance, introduces the potential for recall bias. Future studies should incorporate objective dietary 
biomarkers to improve accuracy. In addition, although FW genotoxicity is a well-established surrogate in dietary 
CRC studies28,41,56,57, human validation remains limited. Its predictive value in rodent models58 and biological 
plausibility, given DNA damage’s role in carcinogenesis59, support its relevance as a CRC risk marker. Indeed, 
DNA strand breaks detected through FW genotoxicity are biologically meaningful as early indicators of genomic 
instability, a key event in colorectal carcinogenesis. Nevertheless, these biomarkers have not been validated 
as surrogate endpoints for CRC, and the findings should therefore be interpreted as reflecting modulation of 
mechanistic, risk-related biomarkers rather than evidence of reduced cancer risk. Finally, secondary outcomes 
were exploratory and should be interpreted as such. Despite these limitations, the study’s strengths include its 
randomized design, the largest participant cohort and follow-up to date for this type of clinical study, and a 
comprehensive analysis of genotoxicity, peroxidation, biochemical, and inflammatory outcomes. The inclusion 
of a PVD arm allowed clear comparisons between high- and low-risk dietary patterns.

In conclusion, the findings of this study suggest that a MBD may exert a detrimental effect on mechanistic 
biomarkers associated with CRC risk within a relatively short time frame. These adverse effects appear to be 
attenuated by concurrent intake of α-tocopherol, while the PVD diet demonstrated more favorable modulation 
of oxidative and inflammatory markers. However, these outcomes represent short-term changes in mechanistic 
biomarkers rather than validated clinical endpoints, and should not be interpreted as evidence of altered cancer 
risk. These findings lay the groundwork for future research aimed at elucidating the molecular pathways linking 
diet to colorectal carcinogenesis and assessing whether sustained biomarker modulation translates into reduced 
disease risk.
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Fig. 3.  Within-group and between-group changes in cytotoxic activity of FW and markers of global and 
specific peroxidation measured in FW (TBARS, 4-HNE, heme iron) or in urine (DHN-MA and isoprostanes) 
after 12 weeks on each diet. Estimated marginal means and 95% confidence intervals (CIs) derived from 
mixed-effects linear models adjusted for age, sex, and baseline BMI, including a diet × time interaction term 
and a random intercept for participant. Reported p-values refer to between-group (difference-in-change) 
contrasts and were corrected for multiple testing using the Benjamini–Hochberg false discovery rate (FDR) 
procedure. Asterisks (*) indicate significant within-group (pre–post) changes at p < 0.05. MBD denotes meat-
based diet, MBD-T meat-based diet supplemented with α-tocopherol, PVD pesco-vegetarian diet, TBARS 
thiobarbituric acid reactive substances, 4-HNE 4-Hydroxynonenal, DHN-MA dihydroxynonane mercapturic 
acid.
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Within group changes Between-group difference in change

MBD MBD-T PVD MBD vs PVD
p 
value MBD vs MBD-T p-value MBD-T vs PVD

p 
value

Biochemical profile

 Haemoglobin, g/dl 0.09 (− 0.12; 0.30) 0.19 (− 0.02; 0.40) 0.07 (− 0.13; 0.26) 0.02 (− 0.26; 0.31) 0.999 0.10 (− 0.39; 0.20) 0.847 0.12 (− 0.17; 0.41) 0.812

 Folic acid, ng/ml 0.56 (− 0.19; 1.31) 0.44 (− 0.31; 1.20) 0.84 (0.13; 1.52)* − 0.28 (− 1.32; 
0.75) 0.890 0.12 (− 0.95; 1.18) 0.999 − 0.40 (− 1.44; 

0.64) 0.802

 Vitamin B12, 
pg/ml

1.27 (− 17.82; 
20.36) 2.82 (− 16.27; 21.91) − 0.51 (− 18.54; 

17.51)
1.78 (− 24.47; 
28.04) 0.987 − 1.55 (− 28.54; 

25.45) 0.973 3.33 (− 22.92; 
29.59) 0.985

 Ferritin, ng/ml 4.12 (− 2.80; 11.03) 4.73 (− 2.19; 11.64) − 12.05 (− 18.59; 
− 5.52)* 16.18 (6.66; 25.69) 0.027 − 0.61 (− 10.39; 

9.18) 0.991 16.78 (7.27; 26.30) 0.025

 Iron, µg/dl 10.06 (1.02; 
19.10)* 10.76 (1.72; 19.79)* − 3.84 (− 12.37; 4.70) 13.90 (1.47; 26.33) 0.240 − 0.70 (− 13.48; 

12.08) 0.967 14.60 (2.17; 27.02) 0.199

 Uric acid, mg/dl 0.12 (− 0.16; 0.39) 0.32 (0.04; 0.59) − 0.06 (− 0.32; 0.20) 0.17 (− 0.21; 0.55) 0.794 − 0.20 (− 0.59; 
0.19) 0.773 0.37 (− 0.01; 0.75) 0.366

 Creatinine, mg/dl 0.01 (− 0.009; 0.04) 0.002 (− 0.02; 0.03) − 0.009 (− 0.03; 0.01) 0.02 (− 0.01; 0.05) 0.675 0.01 (− 0.02; 0.04) 0.834 0.01 (− 0.02; 0.04) 0.836

 Total cholesterol, 
mg/dL

− 6.52 (− 15.72; 
2.69) − 5.63 (− 14.57 (3.85) − 2.65 (− 11.35; 6.05) − 3.87 (− 16.53; 

8.80) 0.852 − 1.15 (− 14.18; 
11.87) 0.999 − 2.71 (− 15.38; 

9.95) 0.922

 HDL-cholesterol, 
mg/dL

− 1.67 (− 3.88; 
0.55) − 1.48 (− 3.70; 0.73) 1.24 (− 0.85; 3.33) − 2.91 (− 5.95; 

0.13) 0.354 − 0.18 (− 3.31; 
2.95) 0.983 − 2.73 (− 5.77; 

0.32) 0.408

 LDL-cholesterol, 
mg/dL

− 4.67 (− 13.95; 
4.61) − 3.59 (− 12.88; 5.69) − 0.85 (− 9.61; 7.92) − 3.82 (− 16.58; 

8.95) 0.850 − 1.07 (− 14.20; 
12.05) 0.967 − 2.75 (− 15.51; 

10.02) 0.935

 Triglycerides, 
mg/dL

17.58 (5.64; 
29.52)* 16.27 (4.33; 28.21)* 2.78 (− 8.49; 14.06) 14.79 (− 1.63; 

31.21) 0.424 1.30 (− 15.58; 
18.19) 0.982 13.49 (− 2.93; 29.9) 0.476

 Glucose, mg/dl 2.64 (− 0.37; 5.64) 1.79 (− 1.22; 4.79) 3.62 (0.78; 6.46)* − 0.99 (− 5.12; 
3.15) 0.902 0.85 (− 3.40; 5.10) 0.937 − 1.83 (− 5.97; 

2.30) 0.794

Inflammatory profile

 Interleukin-1ra, 
pg/ml

− 153.0 (− 272.5; 
33.47)

− 85.90 (− 207.5; 
35.72)

− 45.04 (− 153.8; 
63.74)

− 107.9 (− 269.5; 
53.67) 0.681 − 67.08 (− 237.6; 

103.4) 0.804 − 40.85 (− 204.0; 
122.3) 0.906

 Interleukin-2, 
pg/ml

− 0.25 (− 0.91; 
0.42) − 0.12 (− 0.80; 0.55) − 0.15 (− 0.75; 0.46) − 0.10 (− 1.00; 

0.80) 0.985 − 0.13 (− 1.07; 
0.83) 0.991 0.03 (− 0.89; 0.93) 0.995

 Interleukin-6, 
pg/ml 0.73 (− 0.01; 1.48) − 0.29 (− 1.05; 0.46) − 0.63 (− 1.30; 0.05) 1.36 (0.35; 2.36) 0.008 1.02 (− 0.03; 2.08) 0.359 0.34 (− 0.67; 1.35) 0.856

 Interleukin-8, 
pg/ml 0.13 (− 2.18; 2.44) − 1.22 (− 3.58; 1.13) − 3.70 (− 5.80; 

− 1.60)* 3.83 (0.71; 6.96) 0.187 1.36 (− 1.94; 4.65) 0.813 2.48 (− 0.68; 5.63) 0.501

 MIP-1 alpha, 
pg/ml

13.23 (− 29.56; 
56.01)

− 39.16 (− 82.70; 
4.38)

− 5.49 (− 44.43; 
33.45)

18.71 (− 39.14; 
76.57) 0.843 52.39 (− 8.65; 

113.4) 0.453 − 33.67 (− 92.09; 
24.74) 0.729

 VEGF, pg/ml 9.16 (0.50; 17.82)* − 4.62 (− 13.43; 4.19) 2.01 (− 5.87; 9.90) 7.15 (− 4.56; 18.86) 0.718 13.78 (1.42; 26.14) 0.223 − 6.64 (− 18.46; 
5.19) 0.720

 TNF-alpha, pg/ml 0.32 (− 0.16; 0.81) − 0.61 (− 1.10; 
− 0.11)*

− 1.00 (− 1.44; 
− 0.56)* 1.33 (0.67; 1.98) 0.007 0.93 (0.24; 1.62) 0.157 0.39 (− 0.26; 1.06) 0.707

 VCAM-1, pg/ml − 24.13 (− 99.93; 
51.67)

27.40 (− 49.74; 
104.5) 1.25 (− 67.75; 70.24) − 25.38 (− 127.9; 

77.12) 0.898 − 51.5 (− 159.7; 
56.62) 0.776 26.15 (− 77.34; 

129.6) 0.916

 ICAM, pg/ml 23.39 (− 8.00; 
54.79)

− 3.50 (− 35.45; 
28.45)

− 30.46 (− 59.04; 
− 1.88)*

53.86 (11.40; 
96.31) 0.171 26.89 (− 17.90; 

71.68) 0.718 26.97 (− 15.90; 
69.83) 0.723

Table 2.  Changes in biochemical and inflammatory parameters from baseline to week 12 for each diet, and 
differences in changes in outcomes from baseline to week 12 between diets. Estimated marginal means and 
95% confidence intervals (CIs) derived from mixed-effects linear models adjusted for age, sex, and baseline 
BMI, including a diet × time interaction term and a random intercept for participant. Reported p-values 
refer to between-group (difference-in-change) contrasts and were corrected for multiple testing using 
the Benjamini–Hochberg false discovery rate (FDR) procedure. Asterisks (*) indicate significant within-
group (pre–post) changes at p < 0.05. To convert values for cholesterol to millimoles per litre, multiply by 
0.02586. To convert values for triglycerides to millimoles per litre, multiply by 0.01129. To convert values for 
glucose to millimoles per liter, multiply by 0.05551. MBD denotes meat-based diet, MBD-T meat-based diet 
supplemented with alpha-tocopherol, PVD pesco-vegetarian diet, Macrophage Inflammatory Protein, MIP 
Macrophage Inflammatory Protein, VEGF Vascular Endothelial Growth Factor, TNF Tumor Necrosis Factor, 
VCAM Vascular Cell Adhesion Molecule, ICAM InterCellular Adhesion Molecule.
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