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A B S T R A C T

Obesity is a major risk factor for colorectal cancer (CRC), promoting tumor initiation through chronic inflam
mation and metabolic dysregulation. Cancer stem cells (CSCs) drive CRC progression through Notch1, Wnt/ 
β-catenin (Wnt), and PI3K/mTOR (mTOR) signaling. Omega-3 polyunsaturated fatty acids (EPA and DHA) and 
epigallocatechin-3-gallate (EGCG) may modulate these pathways. This study investigated the effects of 
obesogenic-like stimuli on CSC-related CRC signaling and the preventive potential of EPA:DHA-EGCG in patient- 
derived organoids (PDOs) from normal mucosa (NM) of non-obese (non-OB) patients. CD133 and CD44 
expression was evaluated in tumor tissues and matched NM from obese (OB) and non-OB CRC patients. PDOs 
derived from NM of non-OB patients were exposed to an adipocyte-conditioned medium reproducing an obe
sogenic adipokine profile, with or without EPA:DHA (1:1) plus EGCG (EDE). Viability, morphology, and mo
lecular markers of stemness, differentiation, and CRC-related pathways were assessed. OB CRC tissues exhibited a 
CSC change from CD133-high/CD44-low to CD44-high/CD133-low compared with non-OB CRC. In PDOs, OB- 
EDE recapitulated this CD44-high/CD133-low phenotype, increasing organoid viability and size while main
taining KRT20 comparable to control (CTRL). HES1 was significantly upregulated, consistent with modulation of 
Notch1 signaling. OB-EDE downregulated Wnt target genes and increased the mTOR downstream effector p-S6R. 
OB + EDE exerted marker- and pathway-specific effects, maintaining PROM1 at CTRL levels, reducing CD44 and 
HES1, and increasing KRT20, while LGR5 remained suppressed. Compared with OB-EDE, OB + EDE further 
reduced the expression of Wnt target genes and reduced p-S6R to CTRL, whereas p-mTOR/mTOR was not 
significantly affected. Overall, obesogenic-like stimuli were associated with a CD44-high stem-like phenotype 
accompanied by coordinated changes in Notch1, Wnt and mTOR signaling. EDE exerted differential effects on 
these molecular alterations, supporting its potential as a complementary bioactive strategy in obesity-associated 
CRC. Pharmacological inhibition using DAPT provided preliminary functional support for a contribution of 
Notch1 signaling to the maintenance of this obesogenic phenotype.

1. Background

Colorectal cancer (CRC) is the third most common malignancy 
worldwide and the second leading cause of cancer-related mortality [1]. 

Obesity is a critical driver of CRC development and progression acting 
through chronic inflammation, metabolic dysregulation, and 
tumor-promoting signaling that influence epithelial transformation into 
tumor [2,3]. Visceral adipose tissue (VAT) releases adipokines, 
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cytokines, lipids, and metabolites that modulate intestinal epithelial 
homeostasis. In obese condition, their dysregulation enhances prolifer
ation and stem-like features while impairing differentiation, promoting 
a permissive microenvironment for tumor initiation and progression [3, 
4]. From a translational perspective, a major challenge is to elucidate the 
mechanisms through which obesity-associated factors influence 
epithelial transformation, identifying valid targets for prevention. Can
cer stem cells (CSCs) are key drivers of CRC onset, progression, and 
therapy resistance, due to their ability of self-renewal and cellular 
plasticity [5]. Among the most relevant CSC markers, CD133 and CD44 
are strongly associated with tumor aggressiveness, chemoresistance, and 
poor clinical outcomes in CRC [6]. CD133 and CD44 are physiologically 
expressed in normal adult intestinal stem cells, where they contribute to 
tissue homeostasis; however, their aberrant expression has been asso
ciated with enhanced tumorigenic potential, identifying CSC pop
ulations in the intestinal crypt [7–9]. CSCs are tightly regulated by 
crosstalk among key CRC-driven pathways, including Wnt/β-catenin 
(Wnt), Notch1, and PI3K/mTOR (mTOR), which collectively control the 
balance between stemness and differentiation in the intestinal epithe
lium [10]. Obesity-related stimuli have been shown to perturb 
CRC-related pathways, suggesting that an obesogenic environment may 
influence CSC dynamics and signaling crosstalk [3]. However, whether 
there is a specific coordinated modulation between CSCs and 
CRC-driven pathways, under an obesogenic-like environment, is not 
completely understood. Targeting these mechanisms could represent a 
promising complementary strategy for CRC prevention, particularly in 
high-risk populations, as obese individuals. Dietary bioactive com
pounds, as omega‑3 polyunsaturated free fatty acids (PUFAs), including 
eicosapentaenoic free fatty acid (EPA) and docosahexaenoic free fatty 
acid (DHA), and the polyphenol epigallocatechin‑3‑gallate (EGCG), 
have gained increasing attention as modulators of CRC-associated 
mechanisms. Indeed, they regulate arachidonic acid-derived prosta
glandin synthesis, arrest the cell cycle, induce cell apoptosis, suppress 
angiogenesis, modulate inflammatory response, and attenuate 
CRC-driven pathways, including Wnt and mTOR [11,12]. This high
lights their potential to interfere with early-driver events of CRC 
development. However, whether a specific bioactive combination can 
modulate crosstalk between CSCs and CRC-promoting signaling, under 
obesogenic-like stimuli, remains unclear. Intestinal patient-derived 
organoids (PDOs) are unique ex vivo models that recapitulate the mo
lecular and histological features of the tissue of origin, enabling 
controlled investigation of early driver alterations and molecular 
crosstalk in CRC, including the effects of obesogenic stimuli on epithelial 
cell fate and the signaling pathways underlying CRC initiation and 
progression [13,14]. In this study, we aimed to characterize CSC pat
terns in tumor tissues and matched normal mucosa (NM) of obese (OB) 
and non-obese (non-OB) CRC patients, and to investigate whether an 
obesogenic microenvironment may promote early dysregulation of the 
crosstalk between CSCs and CRC-related pathways in PDOs from NM of 
non-OB patients. We also investigated whether a bioactive combination 
of EPA:DHA and EGCG (EDE) could attenuate these obesogenic 
factor-induced alterations. Overall, this clinical-translational study 
provides biological insights into the early molecular changes induced by 
exposure to obesogenic-like microenvironment, including alterations in 
CSCs and CRC-related signaling, while assessing the potential preventive 
effects of dietary bioactive compounds in PDO from NM of non-OB 
patients.

2. Material and methods

2.1. Patient features

The clinical study was approved by the ethical committee of the 
Sant’Orsola-Malpighi Hospital (EC: EM903–2019 79/2017/Sper/ 
AOUBo, 2019/10/16) (Bologna, Italy), and written informed consent 
was obtained from all participants in accordance with the Declaration of 

Helsinki and the Department of Health and Human Services Belmont 
Report. Twenty-two patients with sporadic colorectal cancer (CRC), 
aged 51–80 years, with a diagnosis of colorectal adenocarcinoma and 
eligible for surgical resection (high-risk stage I, stage II, or stage III), 
were enrolled. Patients were classified as obese (OB) or non-obese (non- 
OB) based exclusively on waist circumference (WC) (>102 cm in males 
or >88 cm in females). Body mass index (BMI) was recorded as an 
additional parameter but was not used for group allocation. Surgically 
resected specimens, including normal appearing colonic mucosa (NM), 
colorectal cancer (CRC), and visceral adipose tissue (VAT) were ob
tained by OB and non-OB patients. To avoid molecular bias, patients 
with a family history of adenomas or colorectal cancer, hereditary pol
yposis or non-polyposis syndromes, inflammatory bowel disease, sig
nificant weight loss within three months before diagnosis, ineligibility 
for primary tumor surgery, antibiotic use within the previous month, or 
planned neoadjuvant therapy were excluded. A minimum distance of 
5 cm from the tumor margin was maintained for NM resection.

2.2. Immunohistochemistry and analysis of CD133 and CD44

Tissue samples were formalin-fixed and paraffin-embedded 
following standard histological protocol. Slides were de-paraffinized 
and rehydrated in three washes of histological grade xylene followed 
by ethanol (100%, 95%, and 70%) and deionized water. Antigen 
retrieval was performed with a citrate buffer (pH 6.0) at 120 ◦C for 
20 min. Immunohistochemistry was performed with Novolink Polymer 
Detection Systems (Leica Biosystems, #RE7150-CE / RE7150-K) ac
cording to the manufacturer’s protocol. Slides were incubated overnight 
at 4 ◦C with CD133 (Cell Signaling Technology, #64326; dilution 
1:1000) and CD44 (Cell Signaling Technology, #37259; dilution 
1:1000) antibodies. For immunohistochemistry analysis, ten images per 
sample were acquired using Leica ICC50 W microscope (Leica Bio
systems). The immunohistochemical expression of CD133 and CD44 was 
evaluated in tissue sections by two independent observers blinded to the 
clinical data and study group allocation. Patients were stratified into 
four groups: NM non-OB, CRC non-OB, NM OB, and CRC OB. For each 
image was assigned an immunoreactivity score (IS, range 0–12), 
calculated as the product of the extent of staining (0 = no staining; 1 =
1–10%; 2 = 11–25%; 3 = 26–50%; 4 = 51–100%) and staining intensity 
(0 = none; 1 = weak; 2 = moderate; 3 = strong). For each sample, the 
mean of IS derived from the two observers was calculated. Median IS 
values were then determined for each group and normalized to the NM 
non-OB group to obtain the percentage of membrane positivity for 
CD133 and CD44, named “Membrane CD133 and CD44 Score”. Absolute 
frequency classes (0–0.9 = Negative; 1–1.4 = Low; 1.5–2.5 = Medium; 
>2.5 = High) were created according to distribution of CD133 and CD44 
membrane positivity. Relative frequency distributions were calculated 
by dividing the absolute frequency of each class by the total number of 
samples in the corresponding group and expressing the result as a 
percentage.

2.3. RNA extraction and RT-qPCR

Total RNA was extracted using ice-cold TRIzol® reagent (Invi
trogen™; Thermo Fisher Scientific, #15596026) according to the 
manufacturer’s instructions. RNA concentration and purity were 
assessed using a NanoDrop 1000 spectrophotometer. Two micrograms 
of total RNA were reverse-transcribed into cDNA using the High- 
Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 
(Applied Biosystems™; Thermo Fisher Scientific, #4374966), following 
the manufacturer’s protocol. Quantitative real-time PCR (RT-qPCR) was 
performed on a QuantStudio™ 5 Real-Time PCR System (Applied Bio
systems™; Thermo Fisher Scientific) using TaqMan™ Fast Advanced 
Master Mix (Applied Biosystems™; Thermo Fisher Scientific, 
#4444557) and TaqMan™ Gene Expression Assays (Thermo Fisher 
Scientific). For NM and CRC tissues, we used PROM1 (Assay ID: 
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Hs01009259_m1) and CD44 (Assay ID: Hs01075864_m1) TaqMan 
probes. For PDOs, we used the following probes: AXIN2 (Assay ID: 
Hs00610344_m1), MYC (Assay ID: Hs00153408_m1), CCND1 (Assay ID: 
Hs00765553_m1), LGR5 (Assay ID: Hs00969422_m1), KRT20 (Assay ID: 
Hs00300643_m1), HES1 (Assay ID: Hs00172878_m1), PROM1 (Assay 
ID: Hs01009259_m1), CD44 (Assay ID: Hs01075864_m1) and RPS6 
(Assay ID: Hs03044100_g1). GAPDH ((Assay ID: Hs03929097_g1) was 
used as reference gene for the normalization of qPCR data. Fold change 
values were calculated using the 2− ΔΔCt method. For CRC tissues, gene 
expression levels were first normalized to the corresponding NM. Rela
tive fold changes were then expressed as the percentage ratio of CRC 
non-OB, NM OB, and CRC OB samples over NM non-OB. For PDO ex
periments, data are expressed as fold change relative to CTRL (mean of 
treated samples vs CTRL).

2.4. Mature adipocytes isolation and conditioned-medium collection

VAT was collected from four obese patients (PT03, PT09, PT16, 
PT22) aliquoted and stored at − 80 ◦C. Mature adipocytes were isolated 
from VAT according to Carswell et al. protocol with some modifications 
[15]. Briefly, frozen VAT was slowly thawed on ice for at least 2 h. VAT 
was washed once with PBS and twice with DMEMF12 + 1% 
penicillin-streptomycin (PS) + 0.1% BSA, then cut into smaller frag
ments and digested with 220 U/mg collagenase type II (Gibco, 
#17101–015) in DMEMF12 + 1% PS + 0.1% BSA for 1 h at 37◦C. After 
digestion, the mature adipocytes-containing solution was filtered 
through a 250 μm filter, diluted 1:1 with DMEMF12 + 1% PS + 0.1% 
BSA, and centrifuged (400xg for 5 min at RT). The 
supernatant-containing mature adipocytes was transferred into a sterile 
Petri dish and placed in the incubator. After 5 days, mature 
adipocytes-derived conditioned-medium, was further diluted 1:1 with 
DMEMF12 + 1% PS + 0.1% BSA, and therefore called obesogenic 
conditioned-medium (CM-OB). To validate adipocyte differentiation 
and assess the quality of the CM-OB collected from mature adipocytes, 
leptin and adiponectin levels were quantified by ELISA (Supplementary 
and Figure S1). CM-OB medium was aliquoted and stored at − 80 ◦C until 
use.

2.5. Patient-derived organoids isolation

NM tissues for organoid isolation were cryopreserved in a DMSO- 
containing freezing medium at − 80 ◦C until further processing. Four 
independent patient-derived intestinal organoids (PDO) lines (PT10, 
PT12, PT13, and PT15) were selected for the planned experiments based 
on the availability of sufficient cryopreserved NM tissue to complete all 
experiments. PDO establishment from NM was consistently successful 
under the culture conditions used, and no PDO cultures were excluded 
because of failed establishment, contamination, technical issues, or 
experimental outcome. PDOs were isolated from NM of four non-obese 
(PT10, PT12, PT13, PT15) patients according to Tsai et al. protocol 
with some modifications [16]. Briefly, intestinal frozen NM tissue was 
quickly thawed in water bath at 37 ◦C and washed once with D-PBS. 
Tissue fragments were cut into smaller pieces and digested with 220 
U/mg collagenase type II (Gibco, #17101–015) in D-PBS for 1 h at 37 ◦C. 
The intestinal fragments were centrifuged (600xg for 5 min at 4◦C) and 
resuspended with a 1 ml syringe (21 G needle) in DMEMF12 + 1% BSA. 
After digestion, cells were filtered through a 70 μm strainer, centrifuged 
and resuspended in PDO medium-Matrigel® (PDO medium:Matrigel 
ratio = 2:5) (Corning, #356231). A drop of 40 μl/well of cell-matrix 
mixture was seeded into 48-well plates. After matrix solidification, 
400 µL of PDO culture medium supplemented with 2.5 μM of Thiazo
vivin (Thz) (Sigma-Aldrich, #SML1045) were added. PDOs establish
ment occurred within 10/15 days. PDO medium was replaced every two 
days until expansion/seeding procedures. Detailed composition of PDO 
medium was reported in Table S1. According to Calafato et al., PDO 
medium did not include R-Spondin1 supplement, as we used PDOs to 

explore the cross-talk between CRC-related pathways (i.e. PI3K/mTOR) 
and cancer-stem cells markers [17]. Both the normal mucosa (NM) tis
sues used for PDO generation and the corresponding CRC specimens 
were subjected to next-generation sequencing (NGS) to assess the 
presence of CRC-driving mutations (Supplementary and Table S2). No 
CRC-associated mutations were detected in the NM tissues used for PDO 
establishment.

2.6. Organoids culture procedures

For expansion/seeding procedures, PDOs from NM tissues were 
dissociated to single cells using TrypLE™ Express (Gibco, #12604–013), 
resuspended 5 times with a 1 ml syringe (21 G needle), and incubated for 
30 min at 37◦C, vortexing every 5 min. Reaction was stopped with FBS. 
Organoids were mechanically dissociated with a 1 ml syringe (21 G 
needle) into a single cell suspension. Cells were centrifuged at 500xg for 
3 min and counted. For expansion procedures, 15,000 cells/well (40 μl 
drop/well – PDO medium:Matrigel ratio = 2:5) were seeded in a 48-well 
plate in PDO medium with 2.5 μM Thz. After 5–7 days, intestinal PDOs 
were further expanded or collected for seeding, as needed. For viability 
assay, 2500 cells/well (15 μl drop/well – PDO medium:Matrigel ratio =
2:5) were seeded in 48-well plates in 150 μl of PDO medium supple
mented with 2.5 μM of Thz. For RNA/protein biomolecular analysis, 7 
drops/well (2500 cells/drop in 15 μl/drop – PDO medium:Matrigel ratio 
= 2:5) were seeded in 12-well plates in 350 μl of PDO medium with 
2.5 μM of Thz. Four independent PDO lines (PT10, PT12, PT13, and 
PT15), each established from a different patient, were used throughout 
the study, except for dose-response and DAPT pharmacological inhibi
tion experiments, which were performed using three independent PDO 
lines (PT12, PT13, and PT15). For each PDO line, one viability assay and 
one experiment for RNA and protein extraction were performed. Cell 
viability assays were carried out in technical triplicates for each exper
imental condition. For molecular analyses, PDOs were seeded in four 
wells per treatment condition, and material from all four wells was 
pooled for RNA and protein extraction. For statistical analyses in PDOs, 
the repeated-measures analyses accounted for the paired structure 
arising from the evaluation of the same PDO lines across treatment 
conditions; each independent PDO line was considered one biological 
replicate, and technical replicates were not treated as independent 
observations.

2.7. PDO treatments

Four days after seeding, PDOs were treated for 48 h. For dose- 
response assays, PDOs were exposed to EGCG or EPA:DHA (1:1, w/w). 
In all other experiments, PDOs were treated with the combined formu
lation (EDE; EPA:DHA 1:1 plus EGCG) at the indicated concentrations. 
Vehicle controls consisted of DMSO and 96% ethanol pre-diluted in PBS 
(1:10 and 1:4, respectively) and added at equivalent final volumes. In 
dose-response assays, controls and treatments were performed in OB 
medium (PDO medium:CM-OB, 1:1), whereas in all other experiments, 
controls consisted of vehicle-containing PDO medium. For OB-related 
conditions, OB-EDE included vehicle-treated OB medium, while 
OB + EDE contained EPA:DHA (150 μM, 1:1) and EGCG (60 μM) in OB 
medium. Media compositions are provided in Tables S1 and S3, and 
additional details are reported in the Supplementary Information. EGCG 
was tested at 60–300 μM and EPA:DHA at 15–1000 μM. For optimiza
tion, EPA:DHA (150 μM) was combined with EGCG (60–90 μM); the 
final EDE condition used throughout was EPA:DHA (150 μM) plus EGCG 
(60 μM).

2.8. PDO viability assay

After treatments (48 h), PDO viability was analyzed by the 
luminescent-based CellTiter-Glo® 3D Cell Viability Assay (Promega, 
#G9681), according to the manufacturer’s instructions. The 
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Luminescent signal was measured by the multimode plate reader 
Spark® (Tecan) (integration time 1000 ms). Reactions were performed 
in triplicates. Intestinal PDOs viability was expressed as a percentage of 
the ratio between the mean luminescence of treated samples over CTRL.

2.9. PDO imaging

Intestinal PDOs morphological changes, including total area and 
darkness, were quantitatively assessed every 8 h for 48 h through the 
Incucyte® live cell analysis system (Sartorius), and representative im
aging and corresponding data analysis was performed using the Incu
cyte® organoids software module (Sartorius). Total organoid area and 
darkness were automatically quantified by the dedicated software 
module from acquired images, providing objective surrogate parameters 
of organoid growth dynamics and morphological changes as previously 
described [17].

2.10. PDO harvesting for biomolecular analysis

After 48 h of treatment, PDOs were harvested using Cultrex™ 
Organoid Harvesting Solution (Bio-Techne, #3700–100–01) according 
to the manufacturer’s instructions. Organoids were washed with cold D- 
PBS and incubated with harvesting solution for 1 h at 4 ◦C on an orbital 
shaker to dissolve Matrigel. Samples were collected in 15 ml tubes and 
centrifuged at 500 × g for 5 min at 4 ◦C. Pellets were resuspended in 1 ml 
cold D-PBS and centrifuged at 7500 rpm for 3 min at 4◦C. Then, su
pernatants were discarded, and pellets were snap-frozen in liquid ni
trogen and stored at − 80 ◦C until RNA and protein extraction.

2.11. Protein extraction and Western Blot

Whole-cell lysate (total) proteins were extracted by using RIPA 
Buffer (Tris-HCL Ph-7.5 25 mM, NaCl 150 mM, Na-Deoxycholate 0.50%, 
NP-40 1%, SDS 0.10% and water) (Thermo Fisher Scientific). A total of 
15 µg of total proteins/sample were separated on 4–12% NuPAGE™ 
Novex Bis-Tris gels (Invitrogen™, Thermo Fisher Scientific, 
#NP0335BOX) using the NuPAGE™ MOPS SDS Running Buffer (Invi
trogen™, Thermo Fisher Scientific, #NP0001). Then, proteins were 
transferred onto a nitrocellulose membrane. Membranes were blocked 
with 5% non-fat milk diluted in PBS with 0.05% Tween® 20 (PBST) and 
then incubated overnight at + 4 ◦C with the following primary anti
bodies: non-phospho (Active) β-Catenin (CST, #8814; dilution 1:2000), 
Total β-Catenin (CST, #9562; dilution 1:2000), CD133 (CST, #64326; 
dilution 1:1000), CD44 (CST, #37259; dilution 1:1000), HES1 (Thermo 
Fischer Scientific, #PA5–28802; dilution 1:1000), phospho-mTOR (CST, 
#2971; dilution 1:1000), mTOR (CST, #2983; dilution 1:1000), 
cleaved-Notch1 (CST, #3608; dilution 1:1000) and phospho-S6 ribo
somal protein (p-S6R) (Ser235/236) (CST, #2211; dilution 1:2000). 
GAPDH (1:6000, CST #2118) was used as loading control. After incu
bation, membranes were incubated with the appropriate secondary 
antibody (Amersham, #NA934) for 1 h at room temperature. Secondary 
antibodies were diluted 1:1000 in 2% dried non-fat milk diluted in PBST. 
Prior to re-probing with different antibodies, the membranes were 
stripped with RestoreTM Western Blot Stripping Buffer (Thermo Fisher 
Scientific, #21059), washed in PBST, and blocked in 5% non-fat milk 
diluted in PBST. Signals were detected with Westar Eta C Ultra 2.0 
(Cyanagen, #XLS075) (Bologna, Italy) and Westar Antares (Cyanagen, 
#XLS0142) chemiluminescent substrates. Images were captured with a 
ChemidocTM XRS + (Bio-Rad Laboratories) (Hercules, CA, USA). 
Densitometric analyses were performed with Image-Lab software, 
version 6.1 (Bio-Rad) to quantify the fold differences in protein 
expression. Data are expressed as fold change relative to CTRL (mean of 
treated samples vs CTRL). Uncropped blots for Main Figs. 4 and 5 are 
shown in Figures S2 and S3, respectively.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Software 10 
(Graph Pad Software Inc., La Jolla, CA, USA). Continuous variables, 
including age, BMI, and WC were expressed as median and interquartile 
range (IQR), due to the small sample size and the non-normal distribu
tion of the data. Categorical variables were analyzed using Fisher’s exact 
test (comorbidities: presence vs absence; lymph node involvement: N0 
vs N1) between the two groups. For tissue analysis, according to data 
distribution assessed using the Shapiro-Wilk test, Kruskal-Wallis test 
followed by Dunn’s multiple-comparison test, was applied as appro
priate for independent-group analyses. For PDO experiments, repeated- 
measures one-way ANOVA followed by Tukey’s or Dunnett’s multiple- 
comparison test was used for parametric data, whereas the Friedman 
test followed by Dunn’s multiple comparison test was used for non- 
parametric data, according to the distribution assessed using the 
Shapiro-Wilk test. For all datasets analyzed using parametric ANOVA, 
homogeneity of variance was assessed using the Brown-Forsythe test, 
which did not indicate significant differences in variance among groups. 
The repeated-measures analyses accounted for the paired structure 
arising from the evaluation of the same PDO lines across treatment 
conditions. The experimental unit for PDO experiments was the indi
vidual patient-derived organoid line. Technical triplicates were aver
aged before statistical analysis and were not considered independent 
biological replicates. No prospective sample size or statistical power 
calculation was performed, as the study was based on the availability of 
clinical specimens and PDOs. For PDO experiments, no formal 
randomization procedure was applied; however, the position of each 
treatment condition within the organoid culture plates was varied across 
experiments. Blinding was not feasible during PDO cultures, organoid 
image acquisition and analysis, RT-qPCR, Western blot, and down
stream molecular analyses because treatment allocation was necessarily 
known during sample processing. Immunohistochemical scoring and 
tissue image analyses were performed by investigators blinded to the 
patients' clinical information and study group allocation. Statistical 
significance was assessed as * p < .05, ** p < .01, *** p < .001, and **** 
p < .0001.

3. Results

3.1. Clinical features of obese and non-obese CRC patients

A total of 22 colorectal cancer (CRC) patients were included in the 
study and stratified into two cohorts exclusively according to waist 
circumference (WC): non-obese (non-OB) patients (Table 1, n = 8) have 
WC ≤ 102 cm in males or ≤ 88 cm in females while obese (OB) patients 
have WC > 102 cm in males or > 88 cm in females (Table 2, n = 14). 
Non-OB patients showed a median age of 72.5 years (IQR 67.8–76.3), 
whereas obese patients had a median age of 67.5 years (IQR 62.3–68.8), 
indicating a comparable age distribution between cohorts (Mann- 
Whitney U test, p = .161) (Tables 1, 2). Body mass index (BMI) was also 
significantly higher in OB patients compared to non-OB subjects. The 
median BMI was 22.5 kg/m² (IQR 21.8–24.5) in the non-OB group 
versus 29.5 kg/m² (IQR 26.8–31.6) in the OB group (p = .0006) 
(Tables 1, 2). As expected, based on the predefined classification 
criteria, WC was significantly higher in OB patients than in non-OB 
patients, with median values of 106 cm (IQR 97.8–112.8) and 85 cm 
(IQR 83.8–100.3), respectively (p = .005) (Tables 1, 2). Dietary status 
and physical activity levels were comparable between the two groups 
(Tables 1, 2). According to tumor histopathology, both groups pre
dominantly presented intestinal adenocarcinomas with similar 
anatomical distribution across the colon and rectum (Tables 1, 2). 
Regarding tumor staging, all non-OB patients presented with N0 disease, 
whereas lymph node involvement (N1) was observed only in the OB 
cohort (2 out of 14 patients). However, this difference did not reach 
statistical significance (Fisher’s exact test, p = .515), likely due to the 
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Table 1 
Clinical features of abdominal non-obese patients.

non-OB 
ID 
Patient

Age 
(yrs)

Dietary 
status

Physical 
activity

WC 
(cm)a

Weight 
(Kg)

Height 
(m)

BMI CRC 
Stage

CRC 
location

Histopathological diagnosis Comorbidities Ongoing therapies

PT04 64 Mixed non 
vegetarian

Moderate 84 66 1.72 22.31 pT3 
N0

Sigmoid 
colon

Sigmoid adenocarcinoma Psoriasis Status post colonoscopy

PT10 80 Mixed non 
vegetarian

Sedentary 101 72 1.62 27.43 pT1 
N0

Ascending 
colon

Moderately differentiated intestinal- 
type adenocarcinoma arising in a 
tubulovillous adenoma, infiltrating 
the submucosa

NA NA

PT12 77 Mixed non 
vegetarian

Moderate 83 65 1.69 22.76 pT2 
N0

Rectum Low-grade intestinal adenocarcinoma 
infiltrating the submucosa

NA NA

PT13 51 Mixed non 
vegetarian

Moderate 77 56 1.65 20.57 Pt2 N0 Sigmoid 
colon

Invasive intestinal-type 
adenocarcinoma

NA NA

PT15 70 Mixed non 
vegetarian

Sedentary 101 81 1.79 25.28 pT3 
N0

Right 
hemicolon

Low-grade, moderately differentiated 
intestinal-type adenocarcinoma, 
invasive

Hypertension; 
Hypercholesterolemia;

Metoprolol; Semaglutide 
(Ozempic); Insulin glargine; 
Acetylsalicylic acid (Cardiasa); 
Ezetimibe; Ramipril;

PT18 75 Mixed non 
vegetarian

Moderate 100 66 1.65 24.24 pT4A 
N0

Ascending 
colon

Low-grade, moderately 
differentiated, intestinal-type 
adenocarcinoma (not otherwise 
specified), invasive with serosal 
ulceration

Hypertension; Chronic kidney 
disease; Hypercholesterolemia; 
Benign prostatic hyperplasia;

Metoprolol; Amlodipine; Anti-acid 
(Gaviscon); Rosuvastatin; 
Ramipril; Acetylsalicylic acid; 
Pantoprazole; Dutasteride; 
Alfuzosin;

PT20 76 Mixed non 
vegetarian

Moderate 84 49 1.64 18.22 pT1 
N0

Right 
hemicolon

Low-grade, moderately 
differentiated, intestinal-type 
adenocarcinoma, not otherwise 
specified

Systemic lupus erythematosus; 
Microvascular ischemia;

Plaquenil, Delta-cortene, 
Cardioaspirina

PT23 69 Mixed non 
vegetarian

Moderate 86 57 1.6 22.27 NA NA NA Hypertension Zestril

Abbreviations: “/” means none; “NA” means not available.
a OB/non-OB classification was based exclusively on waist circumference (WC); BMI was reported as an additional descriptive parameter and was not used for group allocation.
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Table 2 
Clinical features of abdominal obese patients.

OB ID 
Patient

Age 
(yrs)

Dietary 
status

Physical 
activity

WC 
(cm)a

Weight 
(Kg)

Height 
(m)

BMI CRC 
Stage

CRC location Histopathological diagnosis Comorbidities Ongoing therapies

PT03 68 Mixed non 
vegetarian

Moderate 100 90 1.67 32.27 T1 N1 
M0

Descending 
colon

Adenocarcinoma Thyroid goiter 
(hyperthyroidism); 
Constipation;

Levothyroxine (Eutirox); Vitamin 
D;

PT05 77 Mixed non 
vegetarian

Moderate 97 59 1.58 23.63 pT3 
N0

Rectum Adenocarcinoma Hypertension, Dyslipidemia; 
Osteopenia; Depressive 
disorder with anxious 
features;

Losartan; Diuretics; Atorvastatin; 
Levosulpiride;

PT06 63 Mixed non 
vegetarian

Sedentary 106 88 1.78 27.77 pT2 
N0

Ascending 
colon

Adenocarcinoma Diabetes mellitus; Aortic 
dissection;

Insulin therapy; antihypertensive 
medications (aortic dissection);

PT07 52 Mixed non 
vegetarian

Moderate 109 85 1.79 26.53 pT2 
N0

Sigmoid- 
rectum

Moderately differentiated intestinal- 
type adenocarcinoma

Seborrheic dermatitis /

PT08 69 Mixed non 
vegetarian

Moderate 94 62 1.64 23.05 pT2 
N0

Ascending 
colon

Low-grade, moderately differentiated 
intestinal adenocarcinoma

Factor V Leiden mutation /

PT09 62 Mixed non 
vegetarian

Moderate 125 104 1.77 33.20 pT3 
N0

Sigmoid- 
rectum

Low-grade, moderately differentiated 
intestinal adenocarcinoma infiltrating 
the colonic wall.

Hypertension Losartan

PT11 72 Mixed non 
vegetarian

Moderate 92 64 1.6 25.00 pT2 
N0

Ascending 
colon

Low-grade, moderately differentiated 
intestinal-type adenocarcinoma 
infiltrating the intestinal wall up to the 
muscularis propria

Hypertension; Diabetes 
mellitus type 2;

Ramipril; Acetylsalicylic acid; 
Vitamin D; Saflutan; Allopurinol; 
Sertraline; Bisoprololo;

PT14 79 Mixed non 
vegetarian

Moderate 114 89 1.67 31.91 pT1 
N0

Ascending 
colon

Low-grade intestinal adenocarcinoma 
arising in a tubulovillous adenoma 
with areas of high- and low-grade 
dysplasia, infiltrating the submucosa

NA Losartan; Omeprazole; 
Acetylsalicylic acid;

PT16 65 Mixed non 
vegetarian

Moderate 103 80 1.7 27.68 pT4A 
N0

Transverse- 
descending 
colon

Moderately differentiated intestinal- 
type adenocarcinoma, invasive

Benign prostatic hyperplasia Alfuzosin (Xatral)

PT17 68 Mixed non 
vegetarian

Moderate 106 75 1.59 29.67 pT3 
N0

Descending 
colon

Low-grade, moderately differentiated 
intestinal adenocarcinoma, invasive

Hypertension; Diabetes 
mellitus type 2;

Trimetazidine (Trulicyl); 
Clopidogrel ( Lobidur); Folic acid 
(Fulcrosupra); Atorvastatin 
(Torvast);

PT19 56 Mixed non 
vegetarian

Moderate 97 91 1.72 30.76 NA NA NA Venous thrombophlebitis Warfarin (Comadin)

PT21 67 Mixed non 
vegetarian

Moderate 118 92 1.6 35.94 NA Right 
hemicolon

Tubular adenocarcinoma with areas of 
high- and low-grade dysplasia

Atrial fibrillation 
(cardioversion)

Apixaban (Eliquis); 
Hydrochlorothiazide - miloride 
(Bifrizide); Metoprolol; Omega-3 
fatty acids (Omega 3);

PT22 57 Mixed non 
vegetarian

Moderate 107 98 1.83 29.26 pT4A 
N1C

Descending 
colon

Low-grade, moderately differentiated 
adenocarcinoma, not otherwise 
specified (NOS), with focal mucinous 
features, invasive

/ /

PT24 68 Mixed non 
vegetarian

Moderate 116 87 1.68 30.82 NA NA NA Diabetes mellitus; 
Hypertension

Metformin; Telmisartan (Blopress);

Abbreviations: “/” means none; “NA” means not available.
a OB/non-OB classification was based exclusively on waist circumference (WC); BMI was reported as an additional descriptive parameter and was not used for group allocation.
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limited sample size (Tables 1, 2). A higher proportion of metabolic and 
cardiovascular comorbidities (including diabetes mellitus, hyperten
sion, and dyslipidemia) was observed in OB patients compared to non- 
OB patients (64% vs 37.5%) (Tables 1, 2). However, this difference 
was not statistically significant (p = .40, Fisher’s exact test). Non-OB 
patients more frequently presented heterogeneous and non-metabolic 
comorbidities. Despite the lack of significance in some variables, a 
consistent trend toward a higher metabolic burden and increased 
anthropometric measures was observed in the obese CRC cohort 
compared to non-obese patients.

3.2. Differential expression of CD133 and CD44 in obese and non-obese 
CRC patients

To investigate whether cancer stem cell (CSC) markers are differ
entially involved in CRC carcinogenesis in the context of obesity, we 
evaluated the protein levels (immunoreactivity score, IS), and gene 
expression of CD133 and CD44 (Fig. 1), two of the most relevant CSC 
markers. CRC patients were stratified based on WC into non-OB and OB 
groups. For each patient, both normal mucosa (NM) and tumor tissue 
(indicated as CRC) were collected, resulting in four sample categories: 
NM non-OB, CRC non-OB, NM OB, and CRC OB. Our results indicate that 
CD133 protein and gene expression was significantly downregulated in 
the CRC OB group compared to CRC non-OB (protein: p < .0001; gene: 
p = .0014) (Figs. 1A, 1B, 1D). Similarly, NM OB samples exhibited 
significantly lower expression than NM non-OB (protein: p < .0001; 
gene: p = .0001) (Figs. 1A, 1B, 1D). CRC non-OB showed reduced CD133 
expression compared to its corresponding NM non-OB (protein: 
p = .0004; gene: p = .0215), and CRC OB displayed lower CD133 levels 
relative to NM OB (protein: p = .0178; gene: p = .0201) (Figs. 1A, 1B, 
1D). As for classes distribution, absolute and relative frequencies 
(Table 3) highlight that most of CD133-high cases belong to NM non-OB 
group while most of CD133-negative/low cases belong to CRC OB. A 
progressive decrease in CD133 IS (Fig. 1B, Table 3) and gene expression 
(Fig. 1D) was observed across the groups in the following order: NM 
non-OB, CRC non-OB, NM OB, CRC OB. Conversely, we observed a 
significant upregulation of CD44 protein (IS) and RNA levels in CRC OB 
compared to CRC non-OB (protein: p < .0001; gene: p < .0001) 
(Figs. 1A, 1C, 1E). Similarly, NM OB samples exhibited higher CD44 
expression than NM non-OB (protein: p = .0014; gene: p < .0001), in a 
statistically significant way (Figs. 1A, 1C, 1E). CRC non-OB displayed 
higher CD44 levels than its corresponding NM non-OB (protein: 
p < .0001; gene: p = .0944), and the same pattern was observed between 
CRC OB and NM OB (protein: p < .0001: gene: p = .0088) (Figs. 1A, 1C, 
1E). As for classes distribution, absolute and relative frequencies 
(Table 4) indicate that most of CD44-high cases belong to CRC OB while 
most of CD44-negative/low cases belong to NM non-OB. These results 
highlight that CD44 IS (Fig. 1C, Table 4) and gene expression (Fig. 1E) 
increases progressively in association with both tumor tissue and obesity 
status, in contrast to the decreasing pattern observed for CD133.

3.3. Effect of obesogenic-like stimuli and bioactive combination on 
patient-derived organoids viability

Following the differential expression of CD133 and CD44 observed 
across the four patient groups, and consistent with previous evidence 
showing that obesity-associated microenvironments can promote cancer 
stem cell expansion and activate key oncogenic pathways involved in 
CRC carcinogenesis [4], we established ex vivo patient-derived intesti
nal organoids (PDOs) from NM of four non-obese patients and exposed 
them to obesogenic-like stimuli alone or with a combination of bioactive 
substances known to modulate CRC-driven pathways. This model 
allowed us to investigate how obesogenic-like stimuli affect CSC 
markers expression and its interplay with CRC-related pathways, as well 
as to assess whether the EDE (EPA:DHA + EGCG) combination could 
attenuate these alterations. Before evaluating the biological effects of 

the obesogenic stimulus, we biochemically characterized the 
adipocyte-conditioned medium (CM-OB). As reported in Supplementary 
Figure S1, ELISA analysis showed an adipokine profile consistent with 
an obesogenic microenvironment, characterized by increased leptin 
levels together with reduced adiponectin levels. This CM-OB was sub
sequently diluted 1:1 with PDO medium to generate the obesogenic 
culture medium (OB medium), which was used for both the OB-EDE and 
OB + EDE experimental conditions throughout all PDO experiments. 
PDOs were isolated from NM of four non-OB patients. First, we per
formed dose-response viability curves to evaluate the sub-cytotoxic 
concentration of either EGCG or EPA:DHA (1:1 ratio), administered as 
single agents. We found that the sub-cytotoxic concentrations were 
approximately 60 μM for EGCG (Fig. 2A) and 150 μM for EPA:DHA 
(Fig. 2B). We subsequently performed 48h-viability assays to optimize 
the sub-cytotoxic concentration of EDE, a combination consisting of 
EPA:DHA (1:1) supplemented with EGCG. EPA:DHA concentration was 
maintained at 150 μM, while EGCG was tested within a range of 
60–90 μM. We found that the optimal concentration to maintain a 
sub-cytotoxic effect in PDOs was 150 μM EPA:DHA supplemented with 
60 μM EGCG (Fig. 2F). In contrast, higher EGCG concentrations resulted 
in a reduction in cell viability (Figs. 2C, 2D, 2E). In our PDO model, the 
OB-EDE condition, which represents the obesogenic-like stimuli 
(derived from CM-OB medium from four obese patients) induced a sig
nificant increase in PDOs viability (mean difference = − 56.89, 95% CI 
− 89.79 to − 23.99; p = .0112) compared to CTRL. OB + EDE, when 
used at sub-cytotoxic concentration, attenuate the obesogenic-like 
(OB-EDE)-dependent increased viability, achieving levels comparable 
to CTRL (R2=.8573). Based on these findings, this concentration set was 
selected for all subsequent PDO culture experiments to evaluate PDO 
morphology and gene/protein expression of CSC markers and 
CRC-related pathways.

3.4. Effect of obesogenic environment and bioactive combination on 
patient-derived organoids morphology

We showed that, in our PDO model, OB-EDE significantly increased 
PDO viability in 48 h, while OB + EDE was able to attenuate it. We 
therefore investigated whether obesogenic-like stimuli might alter 
organoid morphology and whether the EDE combination could modu
late these changes. To evaluate this, PDOs derived from NM of four non- 
OB patients were treated with OB + EDE or OB-EDE for 48 h. Morpho
logical parameters critical for organoid characterization, including 
organoid total area and darkness, were analyzed, and representative 
imaging of the assay at 0 and 48 h are shown in Fig. 3A. We observed 
that organoid total area gradually increased following OB-EDE treat
ment (Fig. 3B), reaching a maximum at 48 h, which was statistically 
higher than both CTRL (mean difference = − 26.04, 95% CI − 31.37 to 
− 20.70; p = .0006) and OB + EDE (mean difference = 24.88, 95% CI 
15.54 to 34.23; p = .0032) conditions (R2=.9822) (Fig. 3C). In contrast, 
OB + EDE maintained values comparable to CTRL throughout the time- 
lapse experiment (Figs. 3B and 3C). No statistically relevant changes in 
PDO darkness were observed between CTRL and OB + EDE at any time 
point, while OB-EDE slightly decrease darkness at 48 h (Figs. 3D, 3E). As 
these parameters provide objective surrogate of organoid growth dy
namics and morphological changes, these results are in line with our 
previous findings of the effect of the obesogenic-like stimuli and 
bioactive molecule combination on PDO viability.

3.5. Modulation of intestinal cancer-stem cells, differentiation, and 
Notch1 effector in patient-derived organoids

We next investigated whether obesogenic-like stimuli (OB-EDE) 
affected the expression of CSC markers and CRC-related pathways 
involved in stemness maintenance, and whether the EDE combination 
(OB+EDE) could modulate this effect in our PDO model. We analyzed 
the expression of key intestinal stemness and differentiation markers - 
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Fig. 1. CD133 and CD44 expression in normal mucosa and colorectal cancer tissues from non-obese and obese patients. A) Representative immunohistochemical 
images of CD133 and CD44. Images show fields with staining intensities close to the median of the corresponding group. B, C) Quantification of membrane CD133 
and CD44 immunohistochemical staining scores. Scale bars: 100 μm; magnification: 200 × . Values were normalized to non-OB NM samples. Data are presented as 
median (IQR). D, E) PROM1 and CD44 gene expression, normalized to the corresponding NM samples and expressed as relative fold change versus non-OB NM. Data 
are presented as mean ± SD. Kruskal-Wallis with Dunn’s multiple comparison was used. (n = 8 non-OB patients; n = 14 OB patients). Global p < .0001 for all 
comparisons.* p < .05, ** p < .01, *** p < .001, **** p < .0001.
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LGR5, PROM1, CD44 and KRT20 - in PDOs treated for 48 h with 
OB + EDE or OB-EDE, using RT-qPCR and Western Blot to assess gene 
and protein expression (Fig. 4). LGR5, PROM1, and CD44 were used as 
markers of CSCs, while KRT20 served as an indicator of enterocyte dif
ferentiation. We also assessed Notch1 signaling, which is both a key 
regulator of stem cell maintenance and driver of CRC carcinogenesis. We 
showed that, while the obesogenic-like environment (OB-EDE) and the 
bioactive combination (OB+EDE) had a similar effect on LGR5 gene 
expression, causing a similar decrease that was significant compared to 
CTRL (p = .0044; p < .0001, respectively), they showed distinct effects 
on PROM1, CD44, and KRT20 mRNA levels (Figs. 4A, 4B, 4C, 4D). 
Indeed, compared to CTRL (mean difference =.4488, 95% CI .2983 to 
.5992; p = .0023) and OB + EDE (mean difference = − .3703, 95% CI 
− .7098 to − .03073; p = .0398), OB-EDE significantly decreased PROM1 
(R2=.9193) (Fig. 4B), increased CD44 (mean difference = − .4370, 95% 
CI − .7040 to − .1700; p = .0130; mean difference =.7350, 95% CI .5229 
to .7491; p = .0015, respectively; R2=.9657) (Fig. 4C), and reduced 
KRT20 (compared to OB+EDE: mean difference = − 75.65, 95% CI 
− 104.5 to − 10.82; p = .0270) to levels comparable with CTRL 
(R2=.7595) (Fig. 4D). In contrast, OB + EDE maintained PROM1 at 
CTRL levels (Fig. 4B), significantly decreased CD44 relative to OB-EDE 
(Fig. 4C), and strongly increased KRT20 compared with both CTRL 
and OB-EDE (p = .0180; p = .0270, respectively) (Fig. 4D). These 
findings suggest that the obesogenic-like condition (OB-EDE) is associ
ated with a CD44-high stem-like profile with reduced differentiation, 
whereas EDE selectively modulates these alterations by maintaining 
PROM1 at CTRL levels, attenuating CD44, and promoting KRT20 
expression. We next evaluated the expression of Notch1 pathway 
markers, analyzing cleaved-Notch1 and HES1 as upstream and down
stream driver of pathway (Figs. 4E, 4F, 4G, 4H). OB-EDE treatment 
induced a significant upregulation of HES1 gene expression compared 
with both CTRL (mean difference = − .5965, 95% CI − 1.150 to − .04252; 
p = .0412) and OB + EDE (mean difference =.6383, 95% CI .04159 to 
1.235; p = .0419) (R2=.8290) (Fig. 4E). A similar trend was observed at 

the protein level for HES1 and cleaved-NOTCH1, although these dif
ferences did not reach statistical significance (Figs. 4F, 4G, 4H). In 
contrast, OB + EDE maintained the expression of Notch1 pathway 
markers similar to CTRL (Figs. 4E, 4F, 4G, 4H). These findings suggest 
that, in our PDO model, obesogenic-like stimuli (OB-EDE) are associated 
with a CSC-high/differentiation-low profile, accompanied by modula
tion of Notch1 signaling, as reflected by the significant increase in HES1 
mRNA and the non-significant trends observed at the protein level. EDE 
combination (OB+EDE) attenuated the obesogenic-like modulation of 
CSC-associated markers and induced a more differentiated phenotype, 
while maintaining Notch1 pathway markers at levels comparable to 
CTRL.

3.6. Evaluation of Wnt/β-catenin and PI3K/mTOR signaling in patient- 
derived organoids

We next investigated whether the differential modulation of intes
tinal stemness, cancer stem cell, and differentiation markers induced by 
obesogenic-like stimuli and EDE was associated with changes in the 
interplay between two major CRC-related signaling in our PDO model. 
Thus, we evaluated key effectors of the Wnt/β-catenin (Wnt) pathway - 
including CCND1, MYC, and AXIN2 gene expression, along with the non- 
phospho-β-catenin/total β-catenin (non-p-β-catenin/total-β-catenin) 
protein ratio - and of the PI3K/mTOR (mTOR) pathway, by assessing 
RPS6 gene and related phospho-S6R (p-S6R) downstream effector, as 
well as phospho-mTOR/total mTOR (p-mTOR/mTOR) protein ratio. 
These analyses were performed in PDOs obtained from NM of non-obese 
patients treated with either OB + EDE or OB− EDE for 48 h. We 
observed that, compared to CTRL, OB-EDE treatment led to a significant 
reduction in all Wnt target genes (CCND1: p = .0070; MYC: p = .0201; 
AXIN2: p = .0057) and a non-significant decrease in non-p-β-catenin/ 
total-β-catenin protein ratio (p > .9999) (Figs. 5A, 5B, 5C, 5D, 5E). 
Notably, OB + EDE induced a more pronounced significant decrease of 
CCND1 (p = .0471), MYC (p = .0052), and AXIN2 (p = .0281) genes 

Table 3 
Immunoreactivity score and frequency classes distribution of CD133.

A
CD133 Score Membrane positivity (%)
Patient group (Median normalized to NM non-OB)
NM non-OB (n ¼ 8) 1.0
CRC non-OB (n ¼ 8) 0.8
NM OB (n ¼ 14) 0.5
CRC OB (n ¼ 14) 0.3
B
Frequency classes Absolute frequency distribution Relative frequency distribution (%)
CD133 Membrane NM non-OB CRC non-OB NM OB CRC OB NM non-OB (n ¼ 8) CRC non-OB (n ¼ 8) NM OB (n ¼ 14) CRC OB (n ¼ 14)
0–0.9 Negative 0.0 0.0 0.0 3.0 0.0 0.0 0.0 21.4
1–1.4 Low 0.0 0.0 2.0 9.0 0.0 0.0 14.3 64.3
1.5–2.5 Medium 1.0 3.0 12.0 2.0 12.5 37.5 85.7 14.3
> 2.5 High 7.0 5.0 0.0 0.0 87.5 62.5 0.0 0.0

Table 4 
Immunoreactivity score and frequency classes of CD133.

A
CD44 Score Membrane positivity (%)
Patient group (Median normalized to NM non-OB)
NM non-OB (n ¼ 8) 1.0
CRC non-OB (n ¼ 8) 3.0
NM OB (n ¼ 14) 1.9
CRC OB (n ¼ 14) 4.0
B
Frequency classes Absolute frequency Relative frequency distribution (%)
CD44 Membrane NM non-OB CRC non-OB NM OB CRC OB NM non-OB (n ¼ 8) CRC non-OB (n ¼ 8) NM OB (n ¼ 14) CRC OB (n ¼ 14)
0–0.9 Negative 5.0 0.0 0.0 0.0 62.5 0.0 0.0 0.0
1–1.4 Low 3.0 0.0 2.0 0.0 37.5 0.0 14.3 0.0
1.5–2.5 Medium 0.0 3.0 12.0 0.0 0.0 37.5 85.7 0.0
> 2.5 High 0.0 5.0 0.0 12.0 0.0 62.5 0.0 85.7
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Fig. 2. Effects of obesogenic-like stimuli and bioactive compounds on patient-derived organoid viability. A, B) Dose-response curves for EGCG and EPA:DHA (1:1 
ratio) administered as single agents for 48 h in OB medium. CTRL consisted of vehicle-treated PDOs in OB medium. Data are presented as mean ± SD. Repeated- 
measures one-way ANOVA with Dunnett’s multiple comparisons was used (n = 3; PT12, PT13, PT15). C, D, E, F) Optimization of sub-cytotoxic EDE concentra
tions. EPA:DHA concentration was fixed at 150 μM, while EGCG was tested at 60, 70, 80, 90 μM in OB medium. CTRL consisted of vehicle-treated PDOs in standard 
PDO medium, whereas OB-EDE consisted of vehicle-treated PDOs in OB medium. Data are presented as mean ± SD. Repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons was used (n = 4; PT10, PT12, PT13, PT15). Global p-values: (A) = .0032; (B) = .0002; (C) < .0001; (D) = .0007; (E) = .0131; F) 
= .0224. * p < .05, ** p < .01, *** p < .001, **** p < .0001.
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Fig. 3. Effects of obesogenic environment and bioactive combination on patient-derived organoid morphology. A) Representative images of PDOs at 0 and 48 h 
following treatment with CTRL (vehicle-treated PDOs in standard PDO medium), OB + EDE (150 μM EPA:DHA with 60 μM EGCG in OB medium), or OB-EDE 
(vehicle pre-diluted in OB medium). B, D) Time-lapse analysis of total organoid area and darkness, respectively, measured every 8 h using the IncuCyte system. 
C, E) Quantification of total organoid area and darkness, respectively, at 48 h. Repeated-measures one-way ANOVA with Tukey’s multiple comparisons was used. 
Data are presented as mean ± SD (n = 4; PT10, PT12, PT13, PT15). Global p-values: (C) = .0006; (E) = .0418; * p < .05, ** p < .01, *** p < .001, **** p < .0001.
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and of non-p-β-catenin/total-β-catenin protein ratio, albeit non- 
significant (p > .9999), compared to OB-EDE (Figs. 5A, 5B, 5C, 5D, 
5E), indicating that EDE further reduced the transcriptional output of 
canonical Wnt target genes under obesogenic-like conditions. We next 

investigated whether the modulation of Wnt signaling under these 
conditions was coupled to changes in mTOR pathway activity. Analysis 
of the mTOR pathway revealed that OB-EDE treatment significantly 
increased the downstream effector p-S6R at both gene (mean difference 

Fig. 4. Transcriptional and protein expression of CSC, differentiation, and Notch1-related markers in patient-derived organoids. A, B, C, D, E) RNA expression of 
LGR5, PROM1, CD44, KRT20, and HES1 in PDOs treated for 48 h with CTRL (vehicle-treated PDOs in standard PDO medium), OB + EDE (EDE: 150 μM EPA:DHA 
with 60 μM EGCG in OB medium) and OB-EDE (vehicle pre-diluted in OB medium). F, G) Western Blot quantification of cleaved-Notch1 and HES1 proteins. H) 
Representative Western Blot imaging of cleaved-Notch1, HES1 and GAPDH (loading control). Data are presented as mean ± SD (n = 4; PT10, PT12, PT13, PT15). 
Repeated-measures one-way ANOVA with Tukey’s multiple comparisons was used for RNA expression and HES1 protein, whereas Friedman test with Dunn’s 
multiple comparison was used for cleaved-Notch1 protein. Global p-values: (A) = .0012; (B) = .0093; (C) < .0001; (D) = .0139; (E) = .0057; (F) = .3976; (G) 
= .6528. * p < .05, ** p < .01, *** p < .001, **** p < .0001.
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= − .5408, 95% CI − 1.067 to − .01445; p = .0451; R2=.6872) and 
protein (mean difference = − 1.958, 95% CI − 3.654 to − .2630; 
p = .0282; R2=.7167) expression levels compared to CTRL, while only a 
non-significant increase was observed in p-mTOR/mTOR protein ratio 
(p = .7824) (Figs. 5E, 5F, 5G, 5H). OB + EDE resulted in p-S6R gene 

(p = .9999) and protein (p = .9276) levels comparable to CTRL and 
significantly lower than those observed under OB-EDE (gene: mean 
difference = .5380, 95% CI .01170 to 1.064; p = .0460; protein mean 
difference = 1.753, 95% CI .05777 to 3.448; p = .0440) conditions 
(Figs. 5E, 5F, 5H). In contrast, under OB + EDE treatment, p-mTOR/ 

Fig. 5. Transcriptional and protein expression of Wnt/β-catenin and PI3K/mTOR markers in patient-derived organoids. A, B, C) RNA expression of Wnt target genes 
CCND1, MYC, and AXIN2 in PDOs treated for 48 h with CTRL (vehicle-treated PDOs in standard PDO medium), OB + EDE (EDE: 150 μM EPA:DHA with 60 μM EGCG 
in OB medium) and OB-EDE (vehicle pre-diluted in OB medium). D) Western Blot quantification of non-phospho-β-catenin/total β-catenin. E) Representative Western 
Blot imaging of phospho-mTOR, total mTOR, non-phospho-β-catenin, total β-catenin, phospho-S6R, and GAPDH (loading control). F) RNA expression of RPS6. G, H) 
Western Blot quantification of phospho-mTOR/total mTOR and phospho-S6R proteins. Data are presented as mean ± SD (n = 4; PT10, PT12, PT13, PT15). Repeated- 
measures one-way ANOVA with Tukey’s multiple comparisons was used for RNA expression, phospho-mTOR/total mTOR and phospho-S6R, whereas Friedman test 
with Dunn’s multiple comparison was used for non-phospho-β-catenin/total β-catenin. Global p-values: (A) = .0075; (B) = .0003; (C) = .0009; (D) = .9306; (F) 
= .0306; (G) = .5990; (H) = .0227. * p < .05, ** p < .01, *** p < .001, **** p < .0001.
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mTOR levels remained similar to OB-EDE (p = .9771) and slightly 
higher than CTRL (p = .8433), although not reaching statistical signif
icance (Figs. 5E, 5G).

These findings indicate that, in our PDO model, obesogenic-like 
stimuli were associated with a CD44-high stem-like phenotype charac
terized by increased CD44 and HES1 expression, downregulation of Wnt 
target genes, and induction of mTOR downstream effector p-S6R, while 
exerting a more limited effect on upstream mTOR phosphorylation. 
Conversely, EDE restores epithelial differentiation while attenuating 
these molecular alterations, notably by reducing Wnt target genes and p- 
S6R. To further investigate the functional contribution of Notch1 
signaling to the obesogenic CD44-high phenotype, three independent 
PDO derived from NM of non-OB patients (PT12, PT13, and PT15) were 
treated with the γ-secretase inhibitor DAPT for 48 h under OB-EDE 
conditions. A preliminary dose-response viability assay identified 
5 μM as the optimal sub-cytotoxic concentration, with no detectable 
effects on PDO viability (Supplementary Figure S4A). Following DAPT 
treatment (OB-EDE+DAPT), HES1 expression was significantly reduced 
compared to OB-EDE (mean difference =.9423, 95% CI .4617 to 1.423; 
p = .0049; R2=.9243), confirming Notch1 pathway inhibition. This was 
accompanied by decreased CD44 (mean difference = 1.121, 95% CI 
.6159 to 1.627; p = .0031; R2=.9414) and RPS6 (mean difference =
1.077, 95% CI .6336 to 1.520; p = .0022; R2=.9495) transcript levels 
across all three PDO models (Supplementary Figure S4B, S4C, S4D).

4. Discussion

In this study, we investigated the impact of obesogenic-like micro
environment on the interplay between cancer stem cells (CSCs) and 
CRC-driven pathways through an integrated analysis including patient- 
derived tissues and matched ex vivo patient-derived organoids (PDOs) 
from normal mucosa (NM) of non-obese (non-OB) patients. We first 
evaluated the expression of CD133 and CD44, two of the most widely 
recognized CSC markers, in tumor tissues and corresponding NM of 
obese (OB) and non-OB CRC patients. Our findings revealed a differ
ential expression pattern associated with both tumor and obesity status, 
supporting the presence of an obesity-dependent dysregulation of the 
CSC profile in CRC. Specifically, CD133 expression progressively 
decreased from NM of non-OB patients to tumor tissues of OB in
dividuals, whereas CD44 displayed the opposite trend. This divergent 
pattern suggests that obesity may promote a phenotypic change within 
the CSC compartment, rather than simply affecting CSC abundance. 
Indeed, although both markers are traditionally linked to stemness, 
emerging evidence indicates that CD133 and CD44 identify functionally 
distinct CSC subpopulations with different contributions to tumor pro
gression and cellular plasticity [18,19]. CSC marker dysregulation was 
already detectable in the NM of non-OB patients 
(CD133-high/CD44-low) and persisted in tumor tissue of OB patients, 
where it underwent a phenotypic change toward a 
CD133-low/CD44-high phenotype, suggesting that obesity is associated 
with a modification of an early pre-existing CSC imbalance. 
CD44-high/CD133-low CSC phenotype has been associated with 
increased tumor aggressiveness and activation of key CRC oncogenic 
pathways [10,20]. In our obese CRC tissues this phenotypic change is 
consolidated, suggesting the hypothesis that obesity-associated factors 
may contribute to CRC development through modulation of CSC 
phenotype, which may in turn potentiate key CRC-associated molecular 
pathways. To investigate this hypothesis, we established PDOs from NM 
of non-OB CRC patients and exposed them to obesogenic-like stimuli 
(OB-EDE), generating an ex vivo model to investigate the early molec
ular effects of obesogenic-like stimuli on CSC-associated phenotype and 
CRC-related pathways. The obesogenic stimuli used in this study were 
biochemically characterized prior to PDO exposure. ELISA analysis of 
the adipocyte-conditioned medium (CM-OB) demonstrated increased 
leptin levels together with reduced adiponectin (Supplementary 
Figure S1), reproducing the adipokine imbalance typically observed in 

obese patients. Although our experimental design was not intended to 
comprehensively characterize the adipocyte secretome or identify the 
individual soluble mediator responsible for the observed phenotype, this 
biochemical characterization supports the physiological relevance and 
reproducibility of our obesogenic stimuli. Among obesity-associated 
adipokines, the altered leptin/adiponectin profile is consistent with an 
obesogenic microenvironment and may contribute to the signaling 
changes observed in PDOs. Previous evidence indicates that 
obesity-associated changes in leptin and adiponectin contribute to 
colorectal tumorigenesis while reducing the protective 
anti-inflammatory and anti-proliferative effects of adiponectin [21]. 
Under obesogenic-like conditions (OB-EDE), PDOs had higher viability 
(ATP-viability assay) and size (total area), and lower darkness, consis
tent with a more metabolically active phenotype. In gene expression 
analysis, OB-EDE exposure resulted in the upregulation of CD44 and 
downregulation of PROM1, alongside reduced expression of the differ
entiation marker KRT20, indicating a less differentiated and 
CD44-driven plastic cellular state. These findings are supported by 
previous studies showing that a high-fat diet promotes intestinal stem
ness and tumorigenesis by activating PPARα and PPARδ signaling, 
thereby inducing a more metabolically active status through fatty acid 
oxidation (FAO) [4,22]. Furthermore, the detection of a 
CD44-high/CD133-low CSC phenotype in PDOs, consistent with our 
findings in patient tissue, supports the validity of our ex vivo models. We 
observed upregulation of the Notch1 downstream effector HES1 gene in 
OB-EDE-treated PDOs. This suggest that CSC plasticity and maintenance 
of an undifferentiated state may involve CD44- and Notch1-associated 
signaling rather than a CD133-high phenotype. These findings are in 
line with Fender et al., who demonstrated that constitutive activation of 
Notch1 resulted in increased expression CD44 in colon tumor cells, 
indicating that Notch1 promotes CD44-high stem-like populations and 
reduces differentiation [23]. While protein-level changes of HES1 did 
not reach statistical significance, the overall trend is consistent with an 
impact of obesogenic stimuli on intestinal stemness. To further investi
gate the functional contribution of Notch1 signaling to the obesogenic 
CD44-high phenotype, we performed additional pharmacological inhi
bition experiments using sub-cytotoxic concentration of γ-secretase in
hibitor DAPT in three PDOs from NM of non-OB patients. DAPT 
treatment reduced HES1 expression, consistent with inhibition of 
Notch1 signaling, and was associated with decreased CD44 and RPS6 
levels. Although these analyses were limited to selected molecular 
markers and were performed only in three independent PDOs, they 
provide preliminary evidence for a functional contribution of Notch1 
signaling to the maintenance of the obesogenic CD44-high phenotype. 
Exposure of PDOs to obesogenic-like stimuli (OB-EDE) was associated 
with coordinated changes in CRC-associated signaling. We observed 
reduced expression of canonical Wnt target genes, including CCND1, 
MYC, and AXIN2, indicative of attenuation of canonical Wnt transcrip
tional output, while mTOR downstream signaling was significantly 
enhanced, as indicated by increased RPS6 gene and p-S6R protein levels. 
Although obesity is generally associated with enhanced Wnt/β-catenin 
(Wnt) signaling during colorectal cancer progression, our experimental 
model differs substantially from most CRC models because it is based on 
PDOs established from histologically normal colorectal mucosa rather 
than established tumors harboring constitutive Wnt pathway activation. 
The observed reduction in canonical Wnt target gene expression may 
therefore reflect an early epithelial response to obesogenic stimuli rather 
than the established Wnt activation typically observed in CRC. This 
interpretation is consistent with previous studies demonstrating that 
physiological and oncogenic Wnt responses are distinct in human colon 
organoids [24]. Whether this finding represents an adaptive feedback 
mechanism or a transient signaling state preceding later activation of 
canonical Wnt signaling remains to be determined. Our findings are also 
consistent with the role of obesity in promoting PI3K/AKT/mTOR 
pathway in CRC [25,26]. An association between obesogenic stimuli and 
the mTOR downstream effector p-S6R has not been previously 
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demonstrated. Therefore, our findings may identify p-S6R as a potential 
downstream effector associated with the obesogenic response in our 
PDO model. Our results also align with evidence of negative feedback 
between Wnt and PI3K-mTOR (mTOR) signaling, in which hyper
activation of mTOR downstream signaling can reduce canonical Wnt 
transcriptional output [27]. Overall, these findings suggest that 
obesogenic-like stimuli induce coordinated modulation of CSC, Notch1, 
Wnt and mTOR pathways, associated with a CD44-high stem-like 
phenotype. Redox regulation may represent a potential mechanism 
linking metabolic and microenvironmental cues to CSC plasticity and 
stemness through redox-sensitive transcription factors, including NRF2 
and HIF-1α [28]. Whether redox regulation contributes to the 
obesogenic-like phenotype observed in our model remains to be deter
mined. In our PDO model, the OB-EDE-associated phenotype may reflect 
the combined effects of obesity-associated adipokines and other soluble 
factors within the obesogenic secretome, rather than a single extracel
lular mediator. The additional DAPT experiments support a preliminary 
functional contribution of Notch1 signaling to the maintenance of the 
obesogenic CD44-high phenotype. However, these experiments were 
designed to assess the preliminary functional contribution of Notch1 
inhibition by evaluating representative markers of the Notch1, CSC and 
mTOR pathways, rather than to comprehensively define the signaling 
hierarchy. Therefore, the precise hierarchical relationship between 
Notch1-CD44 or Notch1-mTOR and Notch1, Wnt and mTOR signaling 
remains to be established. Under obesogenic-like conditions, intestinal 
plasticity and early tumorigenic features were associated with a 
CD44-high phenotype and changes in Notch1/mTOR signaling, rather 
than with the CD133-Wnt profile [29,30]. A recent study showed that a 
specific cluster of irinotecan-resistant CRC patients exhibited significant 
enrichment in lipid metabolism and the Notch signaling [31], poten
tially explaining the association between obesity and Notch1 pathway. 
The concomitant reduction of Wnt transcriptional output and activation 
of mTOR downstream signaling suggest that exposure to obesogenic-like 
stimuli may be associated with changes in signaling networks regulating 
stemness rather than exclusive reliance on canonical Wnt signaling. 
Collectively, these findings suggest that obesogenic-like stimuli are 
associated with a less differentiated, CD44-high stem-like phenotype 
accompanied by coordinated changes in Notch1, Wnt and mTOR 
signaling. To investigate the potential preventive effect of a combination 
of bioactive compounds on the obesogenic-driven tumorigenic effects, 
we exposed PDOs to EDE (OB+EDE), composed of two polyunsaturated 
free-fatty acids (PUFAs, EPA:DHA) and the polyphenol (EGCG), under 
an obesogenic-mimic environment. Importantly, our data indicate that 
the EDE combination exerted distinct effects on the molecular alter
ations associated with obesogenic-like stimuli. Compared to OB-EDE, 
treatment with EDE (OB+EDE) restored PDO viability, total area, and 
darkness to control levels, indicating that EDE was not cytotoxic and 
attenuated the effects induced by the obesogenic condition. At the mo
lecular level, compared to OB-EDE, OB + EDE exerted marker-specific 
effects on CSC-associated and differentiation markers. While LGR5 
remained suppressed relative to CTRL, PROM1 increased to CTRL levels, 
whereas CD44 and HES1 were reduced toward CTRL levels. In parallel, 
KRT20 was significantly upregulated, suggesting a change toward a 
more differentiated phenotype and attenuation of 
CD44-high/Notch1-associated state. Interestingly, compared to 
OB-EDE, OB + EDE condition reduced p-S6R to CTRL at both the gene 
and protein levels, while further reducing the expression of Wnt target 
genes, with AXIN2, CCND1 and MYC decreasing below CTRL values. 
These findings are consistent with previous studies demonstrating the 
anti-tumorigenic effects of omega-3 polyunsaturated fatty acids and 
EGCG in CRC, where these compounds have been shown to target CSCs 
and Notch1 and modulate key oncogenic pathways as Wnt/β-catenin 
and PI3K/mTOR signaling [11,32–35]. However, to the best of our 
knowledge, this is the first study demonstrating that this specific com
bination simultaneously modulates Wnt and mTOR signaling while 
attenuating the obesogenic CD44-high/Notch1 phenotype in PDO from 

NM of non-OB patients. Our results indicate that EDE differentially 
modulates the balance between stemness and differentiation markers, 
maintaining PROM1 and HES1 at levels comparable to CTRL, attenu
ating CD44, and increasing KRT20. In parallel, EDE further reduced Wnt 
transcriptional output, while attenuating the obesogenic-dependent in
crease in the mTOR downstream effector p-S6R. From a translational 
perspective, these findings provide a biological rationale for further 
investigating the potential of dietary bioactive compounds in the context 
of obesity-associated CRC. Obesity is a well-established risk factor for 
CRC, promoting tumor initiation and progression through chronic 
inflammation, altered adipokine signaling, and metabolic dysregulation. 
Our study suggests that early modulation of CSC-associated phenotypes 
and CRC-signaling networks may represent a potential preventive 
approach in high-risk settings. In this context, the EPA:DHA-EGCG 
combination may represent a complementary strategy to modulate 
early molecular alterations associated with exposure to an obesogenic 
microenvironment. Given the emerging role of Wnt signaling in shaping 
the immunosuppressive tumor microenvironment, the modulation of 
Wnt signaling may also have important clinical implications. Recent 
evidence indicates that WNT2 blockade can reduce myeloid-derived 
suppressor cell accumulation and enhance antitumor immunity in CRC 
[36]. Although our PDO model does not include immune components, 
these findings support further investigation of whether modulation of 
obesity-associated phenotype by EDE could influence responses to 
immune-based therapies. Other studies have already reported the che
mopreventive and anti-tumor effects of omega-3 fatty acids and EGCG in 
different CRC settings (NCT02891538) [37,38]; however, these findings 
cannot be directly extrapolated to the specific EDE combination inves
tigated here or to obesity-associated CRC prevention. Our findings 
should not be interpreted as supporting the replacement, reduction, or 
modification of established oncological treatments for CRC. The po
tential clinical utility of EPA:DHA and EGCG as complementary pre
ventive strategies remains to be established and requires validation in 
appropriately designed preclinical and clinical studies. Some limitations 
should be acknowledged. The relatively small clinical cohort and the 
limited number of independent PDO models and adipocyte donors may 
reduce the statistical power and generalizability of our findings and 
warrants validation in a larger number of independent patient-derived 
models. Unless otherwise specified, all experiments were performed 
using four independent PDO lines (PT10, PT12, PT13 and PT15), each 
established from a different patient, supporting the reproducibility of 
the observed biological trends. The histological analyses were based on a 
semiquantitative scoring approach, which, although suitable for 
assessing the overall expression patterns of CD133 and CD44, may be 
less sensitive than whole-slides quantitative digital image analysis. PDO 
experiments were performed using PDO derived from NM of non-OB 
CRC patients. This experimental design was selected to investigate the 
early molecular effects of exposure to an obesogenic microenvironment 
in a non-obese epithelial background and to distinguish changes induced 
by obesogenic factors from pre-existing obesity-associated alterations. 
Nevertheless, PDOs derived from NM of obese patients, as well as 
tumor-derived PDOs from obese and non-obese patients, would have 
provided additional insight into intrinsic obesity-associated epithelial 
alterations and further strengthened the translational relevance of the 
findings. Thus, our model does not fully recapitulate the complex 
epithelial and tumor-associated features of obesity, and our findings 
should be interpreted as reflecting obesity-related obesogenic effects 
rather than the complete spectrum of obesity-driven tumorigenesis. 
Furthermore, although the adipocyte-conditioned medium was charac
terized by measuring leptin and adiponectin levels, it represents a 
complex mixture of adipocyte-derived factors and was not comprehen
sively characterized. Therefore, the specific contribution of individual 
adipokines or other soluble mediators cannot be determined, and direct 
epithelial effects cannot be distinguished from those indirectly mediated 
by adipocyte-derived factors. Pharmacological inhibition of Notch 
signaling provided additional mechanistic support for the involvement 
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of this pathway. However, the lack of complementary genetic or 
pathway-specific functional studies precludes definitive conclusions 
regarding the hierarchical relationship between Notch1, Wnt and mTOR 
signaling. Although active (non-phosphorylated) β-catenin protein was 
evaluated in whole-cell lysates, nuclear β-catenin was not assessed. 
Therefore, conclusions regarding canonical Wnt activity should be 
interpreted with caution and warrant further mechanistic investigation. 
Last, in vivo validation is lacking, limiting assessment of systemic in
teractions and long-term effects. Despite these limitations, the integra
tion of patient-derived tissues with PDO-based assays provides a 
clinically relevant framework to study early obesogenic-driven CRC 
alterations.

5. Conclusions

In conclusion, our findings in patient-derived tissues and PDO from 
NM of non-OB CRC patients indicate an association between an 
obesogenic-like microenvironment and an early CD44-high stem-like 
phenotype, accompanied by coordinated changes in Notch1, Wnt and 
mTOR signaling. EDE is associated with marker- and pathway-specific 
effects, including attenuation of the CD44-high phenotype, promotion 
of epithelial differentiation, reduction of both mTOR downstream 
signaling (p-S6R) and Wnt target gene expression, supporting its po
tential as a complementary preventive strategy in obesity-associated 
CRC. The Notch-inhibition experiments provide preliminary functional 
support for a contribution of Notch1 signaling to this obesogenic 
phenotype, although the mechanistic hierarchy among CSCs and CRC- 
related pathways remains to be elucidated. Future studies, including 
functional mechanistic experiments and in vivo validation, will be 
necessary to confirm these observations and to define the impact of 
targeting CSC-related pathways in obesity-associated CRC. The clinical 
utility of EDE remains to be established, and its potential role should be 
considered complementary to, rather than a replacement for, estab
lished oncological treatments.
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