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1. Introduction

1.1 Large intestine: structure, development and function

The large intestine, together with the stomach and small intestine, is part of the
gastrointestinal system, which is responsible for a wide range of functions, including
digestion, absorption, excretion and protection against pathogens. In particular, the large
intestine plays a key role in stool elimination, absorption of water, electrolytes and
residual nutrients and is the site of the intestinal microbiota, which contributes
significantly to the overall health of the individual (Cheng et al., 2010; Magbool, 2023).
Anatomically, the large intestine is divided into distinct segments: the cecum, which
receive partially digested and undigested material and transfer into the colon; the colon;

and the rectum, where feces are stored prior to excretion.

The colon, which is the focus of this thesis, originates at the ileocecal valve and can be
distinguished into proximal and distal colon. The proximal colon includes the ascending
colon and the proximal two-third of the transverse colon, whereas the distal colon consists
of the distal third of the transverse colon, the descending colon and the sigmoid colon
(Bhatia et al., 2025; Magbool, 2023).

The ascending colon derives from the embryonic midgut and is therefore perfused by the
superior mesenteric artery and innervated by nerves arising from the superior mesenteric
plexus. It extends from the cecum to the hepatic flexure into the peritoneum and is
involved in the support of microbial digestion and in the absorption of electrolytes, water
and nutrients, supported by a higher presence of colonocytes. The ascending colon is
characterised by a thin and less dense mucus layer, which represents the first line of

defence in the colon. This is well balanced by an active immune surveillance, reflected



by increased expression of immune-related proteins, a fundamental feature given the high
exposure of this region to the microbiota and dietary antigens (Magbool, 2023; Sung et
al., 2025).

In contrast, the descending colon derives from embryonic hindgut and is vascularised by
the inferior mesenteric artery and innervated by the inferior mesenteric plexus. It runs
distally and posteriorly from the splenic flexure to the sigma and is responsible for final
water absorption. Compared to the proximal colon, it displays a thicker and denser mucus
layer, supported by a higher abundance of goblet cells involved in mucin production. This
is associated with increased expression of mucus-associate proteins MUC2 and MUC3
and a faster turnover of mucins, which together ensure a physical barrier protecting
intestinal integrity from bacterial invasion. Additionally, the descending colon has more
proliferative crypts than the proximal colon, a feature that may contribute to the higher
incidence of cancerous lesions observed in this region (Sung et al., 2025).

The transverse colon displays mixed embryological, vascular, and neural characteristics,
reflecting its anatomical position between the proximal and distal colon: its proximal two-
thirds derive from the midgut, while the distal third originates from the hindgut. As a
result of its predominantly midgut origin, it shares a similar bacterial composition to that
of the ascending colon. It is the longest segment of the large intestine, extending from the
hepatic flexure to the splenic flexure and, by supporting the greater omentum, exhibits
varying degree of mobility that facilitate the transit of luminal material from ascending
to descending colon (Bhatia et al., 2025; Magbool, 2023; Roy et al., 2021).

Finally, the sigmoid colon is a mobile, S-shaped structure derived from hindgut, which
connects the descending colon to the rectum and refines the functions performed by the

preceding colonic portion. Thanks to strong peristaltic contractions, it allows the storage



of solid stool in the rectum, via the rectosigmoid sphincter, and initiates the defecation
reflex (Harkins & Sajjad, 2025).

From a histological perspective, the intestinal wall is organised into four distinct layers:
mucosa, submucosa, muscularis propria and serosa.

Starting from the outermost and moving inward, the serosa is the first layer. It has a
protective function and consists of mesothelium, a monolayer of squamous epithelial
cells. Beneath the serosa and separated by a thin layer of connective tissue, lies the
muscularis propria, which is organised into an inner circular layer and an outer
longitudinal layer of smooth muscle cells, with the Auerbach plexus - part of the enteric
nervous system - interposed between them. It is responsible for involuntary peristaltic
movement. The submucosa is composed of inflammatory cells, blood and lymphatics
vessels and Meissner plexus (Bhatia et al., 2025; Rao & Wang, 2010).

The innermost layer is the mucosa, which consists of the intestinal epithelium, the lamina
propria and the muscularis mucosae (Magbool, 2023). The lamina propria is a
subepithelial connective tissue rich in lymph nodes, while the muscularis mucosae
consists in a smooth muscle cells layer (Rao & Wang, 2010).

The intestinal epithelium consists of a single layer of cells and its integrity is protected
by an outer layer of mucus and junctional complexes, such as tight junctions, adherens
junctions and desmosomes (Vancamelbeke & Vermeire, 2017). It is one of the most
rapidly self-renewing tissues in the human body. In the colon, the epithelium is organised
into crypts which contain pluripotent stem cells at their base (Figure 1). While functions
development acquired by the gastrointestinal tract begins around the 24" week of foetal
development, crypt formation and cellular differentiation start at the 121" week, with the
intestinal architecture resembling that of the adult by 22 weeks (Bhatia et al., 2025). Stem

cells, identified by the expression of the Lgr5 marker, are responsible for epithelial



renewal and for maintaining the hierarchical organisation of differentiated cell types,
which is essential for proper tissue structure and function (Nguyen et al., 2025; Sato et
al., 2009). Cell differentiation occurs through the generation of transit-amplifying cells,
a population of progenitor cells that undergo rapid proliferation and migrate upward along
the crypt axis. During this process, they progressively undergo terminal differentiation
into specialised mature epithelial lineages, whose relative proportions vary depending on
the specific region of the colon (Nguyen et al., 2025; Sung et al., 2025). Among these,
colonocytes and goblet cells are the most abundant, characterised by absorptive and
secretory functions, respectively. Colonocytes are characterised by short microvilli that
increase the absorptive surface area and are primarily responsible for the absorption of
fluids, electrolytes, and bacterial metabolites, as well as for the metabolism of short-chain
fatty acids, thereby supporting colonic and microbiota homeostasis (Blachier et al., 2018;
Nguyen et al., 2025). Goblet cells secrete mucins that form the mucus layer, which

protects the epithelium and facilitates feces lubrication.
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Figure 1. Cellular organisation of the colonic epithelium crypts. Reprinted from Pereira etal. 2016.



Other cell types are less abundant but remain essential for normal colonic function.
Paneth-like cells, interspersed with stem cells at the base of the colonic crypts, secrete
antimicrobial peptides, regulate the local microbiota, and contribute to the maintenance
of epithelial integrity. In addition, enteroendocrine cells, which account for
approximately 1% of the colonic epithelium, are believed to play a role in maintaining
stem cell quiescence and function as microenvironmental sensors that regulate intestinal
motility, secretion and appetite (Nguyen et al., 2025). Finally, M cells within the follicle-
associated epithelium and tuft cells represent rare cell types: M cells are specialised for
intraluminal antigen sampling and presentation to the immune system, whereas tuft cells
act as chemosensory sentinels for parasite detection. Together with intraepithelial

lymphocytes, they contribute to mucosal immune defence (Magbool, 2023; Nguyen et

al., 2025).

1.2 Colorectal cancer

The World Health Organisation (WHO) defines colorectal cancer (CRC) as a “type of
cancer that affects the colon (large intestine) or rectum”. More than 90% of CRC are

adenocarcinomas originating from mucosal epithelial cells (Alzahrani et al., 2021).

1.2.1 Epidemiology and risk factors

GLOBOCAN 2022, an online database from the Global Cancer Observatory of the
International Agency for Research on Cancer (IARC) - a specialised agency of the WHO
- estimates CRC as the third cancer in terms of incidence and mortality worldwide, in

both sexes (Figure 2).
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Figure 2. Absolute numbers in terms of incidence and mortality of the top 15 cancers in 2022, considering

both sexes and all ages. Adapted from Cancer Today, IARC (data version Globocan 2022).

In 2022, more than 1.9 million new cases and more than 900,000 CRC-related deaths
were recorded globally, with a higher prevalence in males than in females, with a male to
female ratio of approximately 1.2:1 for both incidence and mortality (Cancer (IARC),
s.d.). The five-year survival rate is 90 % for localised colorectal cancer compared to 63
% for all stages of disease and to 14% for metastatic CRC (Singh et al., 2025). When
evaluating the Human Development Index (HDI), IARC data show that CRC is more

prevalent in developed than in developing countries (Figure 3).
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Figure 3. Absolute numbers of CRC incidence stratified by HDI, including both sexes and individuals aged
between 0-74 years, for the year 2022. Adapted from Cancer Today, IARC (data version Globocan 2022).

Considering both sexes and all age groups, Oceania, Europe and Northern America
exhibit higher age-standardised incidence and mortality rates. In particular, Oceania
reports an incidence and mortality rate of 31.11 and 9.2 cases per 100,000 people,
respectively. Europe shows the highest cumulative risk for both incidence and mortality,
estimated at 3.6% and 1.3%, respectively. In contrast, continents with a lower HDI, such
as Asia and Africa, present the lowest age-standardised incidence rates (12.6 and 7.1 cases
per 100,000, respectively) as well as lower mortality rates (4.9 and 4.3 cases per 100,000)
(Cancer (IARC), s.d.). These differences may be partly explained by genetic
susceptibility, but are largely driven by socioeconomic factors, including dietary habits
characterised by high-fat diet and consumption of red and processed meat, as well as
alcohol use, tobacco smoking, environmental exposures, sedentary lifestyle and increased

life expectancy (Akimoto et al., 2021; Thrumurthy et al., 2016).



Countries with historically higher CRC incidence have experienced stable or slightly
declining trends, largely due to the implementation of effective screening programs; it is
estimated that there will be a decreased rate of new cases by 2050, compared to 2022, in
countries with a very high and high HDI (+44.3% and +79% respectively). On the other
hand, countries with lower incidence rates - such as Japan and China - are showing a
rising burden of the disease. It is estimated that there will be a 148.7% increase in new
cases by 2050, compared to 2022, in low HDI countries. This increase likely reflects
changes in the exposure to risk factors associated with urbanisation and the adoption of
Western dietary and lifestyle habits (Akimoto et al., 2021; Cancer (IARC), s.d.; Matsuda

et al., 2025).

CRC is more commonly diagnosed after the age of 65; however, the incidence of early-
onset CRC (< 50 years) has been increasing globally in recent years (2.8 cases per
100,000). Among individuals younger than 40 years, Oceania reports the highest age-
standardised incidence rate (1.9 cases per 100,000). In contrast, when considering
individuals up to 50 years of age, Northern America exhibits the highest incidence rate,
reaching 7.6 cases per 100,000. Europe ranks third in terms of early-onset CRC incidence,
with an age-standardised rate of 3.8 cases per 100,000 individuals under 50 years of age
(Akimoto et al., 2021; Cancer (IARC), s.d.). Considering US mortality data from
“Surveillance, Epidemiology, and End Results” (SEER) database, supported by the
National Cancer Institute (NCI), CRC is the only among the five leading cancers to show
an increasing mortality rate in young adults, rising by 1.1% annually over the past 20
years (Siegel et al., 2026).

Early-onset CRC (EO-CRC) is emerging as a growing concern in countries that have

recently undergone rapid westernisation (Akimoto et al., 2021). However, a major



limitation of the current evidence is that much of it derives from case-control studies or
small cohorts with limited statistical power. Data from large-scale prospective studies
suggest that increasing adiposity - reflected in rising obesity rate among young adults -
along with smoking, alcohol consumption, and sedentary lifestyle, represent key risk
factors for EO-CRC, largely overlapping with those observed in late-onset disease
(Laskar et al., 2025). According to projections from “Cancer Tomorrow” (IARC), the
number of estimated new colorectal cancer cases among individuals aged 20-49 years is
expected to increase globally by 20.9% by 2050. In particular, Oceania and Northern
America exhibit increases of 32.0% and 16.6%, respectively. Notably, Africa is expected
to experience a marked increase of 107.4%, reflecting the ongoing upward trend in CRC
incidence across the continent. In contrast, Europe is projected to show a decline of 20.5%
in new cases within this age group (Cancer (IARC), s.d.) .

Besides ages and gender already highlighted, there are some risk factors that cannot be
modified as the previous listed, such as ethnicity, positive family history of CRC or, even
more so EO-CRC, a history of colon polyps, diabetes mellitus (Sawicki et al., 2021) and
a personal history of colorectal cancer or inflammatory bowel disease (IBD). The chronic
inflammation found in IBD (ulcerative colitis or Crohn’s disease) often produces
dysplasia that does not imply malignancy but increases the likelihood of cells becoming
anaplastic and forming a tumour (Marmol et al., 2017); individuals with this disease are
estimated to have 1%, 2% and 5% risk of developing CRC after 10, 20 and > 20 years
from diagnosis, respectively (Faye et al., 2022).

With regard to ethnicity, the issue is complex. Higher incidence and mortality rates in
certain ethnic minorities, such as African Americans, are linked to disparities in
participation to clinical trials, accessibility to screening programs and healthcare service

in general and, in addition, to inequalities in socioeconomic status, dietary habits and
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lifestyles, dictated by economic opportunities and neighbourhood environment. Together,
these factors contribute to metabolic and biological alterations that increase the risk of
CRC (Carethers, 2021).

The gut microbiome is also influent in terms of cancer risks. The dysbiosis, in which the
balance between host and microbiota is disturbed in favour of proinflammatory bacteria
is a condition that can be caused by antibiotic treatment or diet and is one of the most
probable causes of inflammatory bowel disease or colorectal cancer. In addition, the toxic
metabolites of some bacteria - e.g., Fusobacterium nucleatum, Escherichia Coli and
Bacteroides fragilis - lead to a perturbation of intestinal barrier through DNA damage,
suppression of immune response and dysregulation of oncogenic pathways (Sawicki et

al., 2021; Singh et al., 2025).

1.2.2 Pathogenesis of colorectal cancer

The development of CRC - excluding hereditary non-polyposis CRC (HNPCC) and
inflammation-driven CRC - is a multistep process that typically begins with the formation
of polyps, defined as benign precursor lesions arising from the colonic mucosa and
protruding into the intestinal lumen. These lesions are characterised by dysplastic
epithelium, which have variable potential for malignancy. Malignant polyps are
characterised by the presence of cancer cells invading through the muscularis mucosa
into the underlying submucosa (Sawicki et al., 2021). The progression model underlying
CRC pathogenesis was proposed by Fearon and Vogelstein in 1990 and is commonly
referred to as the adenoma-carcinoma sequence. This model describes the malignant
transformation of adenomatous polyps to adenocarcinoma, passing through dysplastic
and hyperplastic changes caused by a multigene, clonal evolution and selection. APC

(Adenomatous Polyposis Coli), KRAS, and TP53 were identified as the key genes in
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which mutations or epigenetic dysregulations contribute to the evolution of colon cancer
(Fearon & Vogelstein, 1990) (Figure 4). Although later studies have validated this model,
they have also demonstrated that colorectal tumorigenesis involves a broader spectrum of
genetic alterations: the earliest event is commonly a mutation in the tumour suppressor
gene APC, initiating adenoma formation, but this is subsequently accompanied by
sequential mutations in oncogenes, additional tumour suppressor genes, and mismatch

repair genes, which will be examined in the next section.

The Multi-Hit Model of Colorectal Cancer

Healthy colon Colon cancer

Bt
ol
P A
Loss of tumor Activation of Loss of tumor Loss of tumor
l suppressor gene APC KRAS oncogene suppressor gene DCC suppressor gene p53 I

Additional
mutations

Normal epithelium H Small benign growth i Large benign growth H Large benign growth : Malignant tumor
(No abnormalities) ————» (Polyp) > (Early > (Late . »  (Carci

Figure 4. The adenoma-carcinoma sequence of colorectal cancer. Retrieved from BioRender (2026).

Morphologically, polyps can be classified as either pedunculated or sessile. Pedunculated
polyps are those attached to the colonic mucosa, while sessile polyps grow in a more
flattened pattern over the mucosa. Studies have shown that those polyps < 5 mm have
irrelevant risk of malignancy. Polyps with a depth of submucosal invasion > 1 mm are
significantly associated with lymph node metastasis (Aarons et al., 2014).

Histologically, colon polyps are classified into two main categories: non-neoplastic

(hamartomatous, hyperplastic and inflammatory polyps) and neoplastic (adenomatous)
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polyps. Adenomatous polyps are responsible for 95% of colorectal cancers, but it is
estimated that only about 5% of polyps progress to CRC (Sawicki et al., 2021). The
sequence from precancerous adenoma to invasive and metastatic carcinoma requires
several years during which somatic mutations cumulate. The process is often indolent and
can be diagnosed after its clinical manifestation even 10 years or longer after the onset,
when adenomas have progressed to the carcinoma stage (Requena & Garcia-Buitrago,
2020). The risk of malignant transformation increases with advancing age, larger polyp
size, and higher degrees of dysplasia. In particular, dysplastic polyps measuring more
than 1-2 cm in diameter are considered unfavourable prognostic factors (Sawicki et al.,

2021).

In 2019, the World Health Organisation published the 5™ edition of the Classification of
Tumours of the Digestive System, which remains the current reference standard. One of
the most significant updates was the introduction of the term “sessile serrated lesion”
(SSL), replacing the previous designation “sessile serrated adenoma/polyp”. Despite the
serrated pathway has similar outcomes to adenocarcinoma, accounting for up to 30%
sporadic CRCs, many of these lesions, indeed, do not have polypoid growth and so the
conventional morphological dysplasia typical of an adenoma, justifying the revised
nomenclature (Ahadi et al., 2021). During their evolution, sessile serrated lesions may
show colorectal adenomas features or “serrated dysplasia”. According to WHO
Classification, the serrated lesions are categorised into four categories: hyperplastic
polyps (HPPs), sessile serrated lesions (SSL) with or without dysplasia, traditional
serrated adenomas (TSAs) and unclassified serrated adenomas. HPPs account for
approximately 60-75% of serrated lesions; they are typically small (< 5 mm), flat, and

predominantly located in the distal colon. SSLs represent 20-35% of serrated lesions, with
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dysplasia observed in approximately 4-8% of cases. They are more frequently located in
the proximal colon and generally measure 8-10 mm in diameter. TSAs are the least
common subtype, usually measure <5 mm, and are more often found in the distal colon.
Although the serrated pathway does not follow the conventional adenoma-carcinoma
sequence, these lesions have been strongly associated with BRAFV®E-mutated
carcinomas and are frequently linked to microsatellite instability and CpG methylator

phenotype (Aiderus et al., 2024).

1.2.3 Molecular pathways involved in the carcinogenesis of colorectal cancer

CRC is a heterogeneous disease characterised by a multilevel molecular complexity
(Sawicki et al., 2021). The molecular pathways involved in carcinogenesis can be
basically included in three types (Harada & Morlote, 2020): chromosomal instability

(CIN), microsatellite instability (MSI) and CpG methylator phenotype (CIMP).

1.2.3.1 Chromosomal instability (CIN pathway)

The CIN pathway is responsible for 85% of CRCs (Q. Li et al., 2024) and is characterised
by aneuploidy, DNA amplifications, somatic copy number alterations (SCNAS), gains,
deletions, structural rearrangement and loss of heterozygosity at tumour suppressor gene
loci. CIN has been associated with inactivating mutations in APC, SMAD4 and TP53
genes and activating mutations in KRAS and PIK3CA genes, unbalancing the
oncogene/tumour suppressor equilibrium and facilitating the adenoma-carcinoma
sequence described by Fearon and Vogelstein’s model (Harada & Morlote, 2020; Muller
et al., 2016). The key pathways involved in CIN tumours are the Wnt, MAPK (mitogen-
activating protein kinase), TGF-p (Transforming Growth Factor-beta), PI3K/Akt and p53

pathways (Harada & Morlote, 2020; Marmol et al., 2017).
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Wnt/B-catenin pathway

In the absence of Wnt, ligand of the transmembrane Frizzled family receptor, 3-catenin
is phosphorylated resulting in its degradation by APC-dependent destruction complex
(consisting of APC, Axin, the kinases glycogen synthase kinase GSK3[3 and casein kinase
CKla) in the cytoplasm; as a consequence, migration of B-catenin to the nucleus is
prevented enabling the association between transcription factors TCF/LEF (T-cell and
lymphoid enhancer factors) and transcriptional repressors TLE (Transducing-like
enhancers)/Groucho. Conversely, the Wnt pathway is activated when Wnt protein binds
its receptor and LRP (Lipoprotein Receptor-related Proteins) co-receptors, thus recruiting
Dishevelled proteins and degrading the destruction complex by detaching Axin. In this
condition, B-catenin accumulates in the nucleus, binds TCF/LEF by displacing
TLE/Groucho and activates transcription of genes, such as MYC and CCND1 (Cyclin D1
encoding gene) and genes related to the epithelial-mesenchymal transition (EMT) (Zhan
et al., 2017). The key genomic aberration in 80% of adenomas and CRC, related to the
hyperactivation of Wnt signalling pathway, is APC biallelic mutation that causes the
translocation of B-catenin to the nucleus and drives the transcription of genes implicated
in tumorigenesis and invasion. Additionally, approximately 5-10% of sporadic CRCs
show activating mutations in other Wnt signalling components, such as CTNNB1 (B-

catenin-encoding gene) (Mdller et al., 2016).

MAPK pathway

The MAPK pathway is activated by receptor tyrosine kinases. Activating mutation in one
of the signalling molecules involved in this pathway, such as KRAS, RAF, or ERK, leads

to a constitutive activation of the pathway resulting in uncontrolled cell proliferation
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(Harada & Morlote, 2020). KRAS (Kirsten rat sarcoma viral oncogene homolog) is
mutated in approximately 30% of cases, most frequently at codon 12, resulting in a
constitutively active enzyme. This leads to a constitutive activation of downstream KRAS
signalling through a cascade that sequentially involves RAF, MEK and MAPK/ERK (Q.
Li et al., 2024; Mdller et al., 2016). Moreover, KRAS mutations have been reported to
promote a glycolytic metabolic phenotype, disrupt the physiological differences in
microbiota composition between the ascending and descending colon, altering the

intestinal microbial ecosystem, and facilitate liver metastasis (Meng et al., 2021).

TGF- pathway

Chromosomal alterations are strongly associated with the CIN pathway in CRC. Allelic
loss at 18qg21.1 site, encoding the tumour suppressor genes SMAD2 and SMADA4, is found
in up to 60% of CRC cases. These genes are normally involved in apoptosis, cell cycle
and EMT and are subjected to the main genomic aberrations related to the TGF- pathway

in colorectal cancer (Marmol et al., 2017).

P13K/Akt signalling pathway

This signalling pathway is related to glucose metabolism in CRC. In normal cells, PI3K
is activated downstream of receptor tyrosine kinases, leading to the conversion of
phosphatidylinositol-4,5-bisphosphate  (PIP2)  into  phosphatidylinositol-3,4,5-
trisphosphate (PIP3) and the subsequent activating phosphorylation of the
serine/threonine kinase Akt. Activated Akt, in turn, stimulates mTORCL1 through
phosphorylation, thereby promoting cell proliferation, protein synthesis, survival,
motility and angiogenesis. In CRC, aberrant activation of this pathway is driven, in

approximately one-third of cases, by missense mutations in the PIK3CA gene during the
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adenoma-carcinoma transition. These mutations have been associated with
chemoresistance and poor clinical prognosis. In addition, another common mechanism
leading to pathway dysregulation involves loss of function mutations in the PTEN gene,
which normally acts as a negative regulator of PI3K signalling (Leiphrakpam & Are,

2024).

p53 pathway

The p53 pathway is predominantly disrupted by allelic loss of chromosome 17p, where
is the locus of TP53 gene, or by missense mutations within the gene itself. TP53 is a
tumour suppressor gene that plays a central role in multiple cellular processes, including
cell cycle regulation, DNA repair and the induction of apoptosis in response to DNA
damage. p53 impairment is one of the last events in the adenoma-carcinoma sequence
and is progressively associated with the advancement of the histological stages of
malignant lesions, being detected in approximately 50-75% of CRCs (Worthley &

Leggett, 2010).

1.2.3.2 Microsatellite instability (MSI pathway)

Microsatellites are non-coding tandem repeats of 2-6 base-pairs of DNA. Microsatellite
instability is caused by loss of function in mismatch repair genes and thus, abnormal
functioning of the DNA mismatch repair (MMR) mechanism. This condition promotes
the accumulation of errors in microsatellite regions due to the slippage of DNA
polymerase occurring during DNA replication (Harada & Morlote, 2020; Q. Li et al.,
2024). Loss of expression of MMR genes can be caused by spontaneous mutations (even
of only one of the mismatch repair genes among MLH1, MSH2, MSH6, or PMS2), by

MLH1 silencing through hypermethylation of CpG islands, or by germinal mutations,
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such as those found in Lynch syndrome, the most common hereditary colon cancer related
syndrome that increases EO-CRC risk to about 80%. Mutations can affect non-coding
and coding regions causing the development of tumours by the alteration of the reading
frames of oncogenes or tumour suppressor genes codified in microsatellites (Harada &
Morlote, 2020). Many CRCs retain an intact MMR system but have frameshift mutations
within microsatellite regions. To classify MSI, a standardised panel of five microsatellite
markers has been established, allowing tumours to be categorised as MSI-high (MSI-H),
MSI-low (MSI-L), or microsatellite stable (MSS), based on the presence of instability at
more than two, one, or none of these loci, respectively. MSI-H tumours exhibit
pronounced genomic instability independently of the CIN pathway (Worthley & Leggett,
2010). MSI accounts for approximately 15% of sporadic CRCs and arises most frequently
in the proximal colon. Among hypermutated CRCs, around 75% are characterised by
hypermethylation of the MLH1 promoter, whereas the remaining 25% are associated with
somatic mutations in MMR genes and mutations in DNA polymerase ¢ (Harada &

Morlote, 2020).

1.2.3.3 CpG methylator phenotype (CIMP pathway)

The CpG island methylator phenotype is characterised by epigenetic instability. The main
characteristic of CIMP-positive tumours is the widespread hypermethylation of numerous
promoters, resulting in transcriptional silencing of more than 100 tumour suppressor
genes (Requena & Garcia-Buitrago, 2020). While CIN and MSI pathways are mutually
exclusive in CRC, CIMP-high tumours are frequently associated with MSI-H status, due
to hypermethylation of the MLH1 promoter region, and with BRAFV®%E mutation
(Requena & Garcia-Buitrago, 2020; Sawicki et al., 2021). Epigenetic instability accounts

for almost 20% of sporadic CRCs and has been associated with a favourable response to

18



chemotherapy (Q. Li et al., 2024). Clinically, CIMP-positive tumours tend to arise in the
proximal colon, occur at an older age and show a prevalence in females (Harada &

Morlote, 2020).

1.2.4 Consensus molecular subtypes of colorectal cancer

CRC Subtyping Consortium integrated the molecular diversity within CRC into four

Consensus Molecular Subtypes of CRC (Agrawal et al., 2025; Mller et al., 2016):

- CMS1 or MSI-immune subtype (14% of CRCs). It is characterised by MSI and
consequent hypermutation, CIMP phenotype, immune activation, frequent BRAF

mutations, low levels of SCNAs, and poor prognosis.

- CMS2 or canonical subtype (37% of CRCs). It is defined by CIN pathway with
prominent activation of Wnt and MYC signalling pathways. It is MSS, exhibits high
levels of SCNAs, increased epidermal growth factor receptor (EGFR) signalling and

TP53 mutations.

- CMS3 or metabolic subtype (13% of CRCs). It displays features of the CIN pathway
with mild Wnt and MY C signalling activation, a low number of SCNAs and moderate to
low levels of hypermutation/MSI with frequent KRAS and PIK3CA mutations. It is

associated with CIMP-low phenotype.

- CMS4 or mesenchymal subtype (23% of CRCs). These tumours are characterised by
CIN pathway, activation of TGF-f signalling and increased expression of genes related
to epithelial-mesenchymal transition, matrix remodelling, stromal infiltration and
angiogenesis. It exhibits high levels of SCNAs and is associated with the worst relapse-

free and overall survival among all CMS subtypes.
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1.2.5 Etiologic classification of colorectal cancer

1.2.5.1 Sporadic CRC

About 70% of CRCs derived from somatic point mutations with no genetic burden. The
molecular pathogenesis is heterogeneous, but there is often a specific succession of
mutational events starting with APC mutation (70% of cases), followed by mutations in
KRAS, TP53 and DCC, that leads to the formation of an adenoma that evolves in
carcinoma within a period of approximately ten years, (Marmol et al., 2017). As
mentioned in sections 1.2.2, up to 30% of sporadic CRCs have their origin in serrated
polyps and have a significant malignant potential or are caused by mutations or epigenetic

changes of mismatch repair genes.

1.2.5.2 Inherited CRC

About 10% of CRCs develop in presence of hereditary syndromes: the two main diseases
are familial adenomatous polyposis (FAP) and hereditary non-polyposis colorectal cancer

(HNPCC).

FAP is an autosomal dominant disease that accounts for about 1% of CRC cases. It is
characterised by the formation of malignant polyps in the colon caused by a former
germline mutation in the APC gene, followed by additional mutations, such as KRAS and
TP53. Individuals with FAP often develop hundreds to thousands of unrecognised and
untreated polyps during their teens, 90% of which evolve into colon cancer - without a
proper colectomy - frequently diagnosed at the age of 40 (Goosenberg et al., 2025; Menon
& Kasi, 2025; Sawicki et al., 2021). An important and less aggressive variant is attenuated
FAP (AFAP) that is caused by specific mutations in APC gene - different from the ones

in FAP - and is characterised by fewer polyps, later age of adenoma appearance (generally
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55-58), earlier diagnosis and a lower cancer risk (Goosenberg et al., 2025; Menon & Kasi,

2025).

HNPCC is a non- polyposis autosomal dominant form of inherited CRC, also known as
Lynch Syndrome. This condition is related to germline mutations of mismatch repair
genes, such as PMS2, MLH1, MSH6 and MSH2, 3’ deletions in the EPCAM gene or
hypermethylation of one promoter allele of MLH1 gene. Lynch syndrome can be found
in approximately 3% of all CRCs. The MSI pathway is characteristic of HNPCC patients:
PMS2 and MSH6 variants are the most prevalent, but with a lower risk to develop CRC,
while MLH1 and MSH2 are less common but associate with an higher risk (Eroglu et al.,
2025; Goosenberg et al., 2025). Mismatch repair deficiency and Lynch syndrome are easy
to detect thanks to microsatellite instability testing. Patients with Lynch Syndrome have
about 20% and 80% risk of developing CRC by the age of 50 and 85, respectively and an

increased risk of multiple cancers (Sawicki et al., 2021).

A subset of people with attenuated polyposis syndrome, has biallelic mutations in
MUTYH gene (MUTYH- associated polyposis, MAP) that encodes a DNA glycosylase
enzyme involved in base-excision repair of oxidative DNA damage. MAP causes a
recessively inherited polyposis condition characterised by a slightly increased risk of
developing CRC and polyps/adenomas; is generally characterised by the development of
an average of 50 polyps, including serrated adenomas, hyperplastic or sessile serrated
polyps, and mixed hyperplastic-adenomatous polyps (Goosenberg et al., 2025; Menon &

Kasi, 2025)

Other inherited syndromes (Goosenberg et al., 2025) responsible of the increasing risk of

developing CRC are:
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- Hereditary mixed polyposis syndrome (GREM1 gene mutation). It is characterised
by the development of numerous polyps at young age, increasing the risk of
developing CRC up to 25%.

- Sessile serrated polyposis syndrome, already described in section 2.2

- The hamartomatous polyposis syndromes (autosomal dominant disorders): Peutz-
Jeghers (germline mutations of the STK11, a tumour suppressor gene) Juvenile
polyposis (SMAD4 mutation), PTEN hamartoma tumour syndrome. A hamartoma
consists of disorganised growth of normal appearing cells in native tissue and is

generally considered benign with very rare progression to cancer.

1.2.5.3 Familial CRC

Familial CRCs account for about 3% of cases and cannot be classified as inherited
because they cannot be included in the inherited cancer variants, despite familial
clustering. These forms are likely driven by common genetic polymorphisms in genes
involved in metabolic pathways or in genes whose expression is influenced by
environmental or genetic factors which increase the susceptibility to CRC. Familial
Colorectal Cancer Type X (FCCTX) is an autosomal-dominant disorder closely
resembling Lynch syndrome, but characterised by being microsatellite stable (MSI-
L/MSS) and by the absence of MMR deficiency (Giglia & Chu, 2016; Jasperson et al.,
2010). Compared to Lynch syndrome, these patients have a lower risk to develop CRC
and no additional risk to develop other cancer. Putative mutations in type X families
include RSP20, SEMA4A, HNRNPAO, and WIF1 genes. A family history of CRC
increases the risk of developing CRC that depends on both inherited genetic
predisposition and lifestyle. Crucial information is the generational distance of the

relatives, the age at which the first-degree relatives developed colorectal cancer, the
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number of family members diagnosed with CRC, family co-occurrence of other tumours
and personal history of cancer (Sawicki et al., 2021). Individuals having a first-degree
relative > 50 years with CRC, increases the risk of developing CRC by 2-3-fold.
Individuals with a first-degree relative with CRC diagnosed under 45 years of age or two
first-degree relatives affected by CRC, have a 3-6-fold CRC risk compared to the general
population. The CRC risk is conferred by 10 to 170 common SNPs: each variant alone is
not highly penetrant individually, but has additive risk when found together with others

(Giglia & Chu, 2016).

1.2.6 Colorectal cancer symptoms, diagnosis and prognosis

The most common presenting features of colorectal cancer include rectal bleeding,
abdominal pain, abdominal or rectal masses, changes in bowel habit (diarrhoea or
constipation), anaemia, unexplained weight loss and thrombocytosis (Hamilton & Bailey,
2023). CRC may develop either on the right or left side of the colon, with differences in
clinical presentation, progression and overall survival. Right sided tumours more
commonly present loss weight, abdominal pain or mass, and anaemia. In contrast, left-
sided CRCs are frequently associated with rectal bleeding or mucus discharge and altered
bowel habits, including intestinal obstruction and diarrhoea (Benedix et al., 2010). Some
studies suggest that the presence or absence of individual symptoms does not significantly
alter the likelihood of CRC detection. However, other evidence indicates that the co-
occurrence of multiple symptoms may improve diagnostic sensitivity and specificity. In
the context of CRC management, patients diagnosed before the onset of clinical
manifestations or at the earliest appearance of symptoms generally have a substantially

better prognosis (Sawicki et al., 2021)
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CRC screening modalities include stool-based tests, such as the faecal immunochemical
test (FIT), the high-sensitivity guaiac faecal occult blood test (QFOBT), and multitarget
stool DNA assays; direct visualization tests (endoscopy-based procedures such as
colonoscopy and sigmoidoscopy); and indirect visualization tests, such as computed
tomographic colonography (Lopes et al., 2024). According to the World
Gastroenterology Organisation, these tests must be integrated with the assessment of
family medical history of cancer in first-, second- and third-degree relatives, taking into
account the age of diagnosis. For example, in individuals with hereditary syndromes (e.g.,
Lynch Syndrome), surveillance should begin at the age of 20-25 or 10 years earlier than
the youngest age of CRC diagnosis in the family, with colonoscopy performed every 1-2

years.

Annual FIT has been shown to be a non-invasive, cost-effective method for CRC
screening. It involves the use of antibodies against the human haemoglobin to evaluate
the presence of occult blood in just one sample of the stool. It is a more sensitive method
compared to gFOBT. The threshold (ug of haemoglobin/gram of feces) for a positive test
varies worldwide, based on the follow-up programmes of different countries. Multitarget
stool DNA (mts DNA) combines FIT with DNA-based markers, including mutations in
KRAS, methylation in bone morphogenetic protein 3 (BMP3) and N-Myc downstream-

regulated gene 4 protein (NDRG4) (McCabe et al., 2025).

Colonoscopy has the highest sensitivity and specificity for the diagnosis of early-stage
CRC, allows the evaluation of the entire large intestine and the terminal part of the small
intestine and can also be used to perform a biopsy for histopathologic examination.
Flexible sigmoidoscopy enables the visualization of the left colon and the polyps’

removal. However, if adenomas are identified, a subsequent colonoscopy is mandatory.
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While endoscopy is ideal for detecting cancer at an early stage and removing adenomas,
it is an invasive method that can be partially replaced by colon capsule test (CC). This is
a minimally invasive and painless imaging method that does not allow for biopsy. It
consists of a wireless, pill-sized camera that is ingested to enable visualisation of the
colon. This approach may be considered for patients in whom colonoscopy is
contraindicated or declined; however, it is not recommended as a standard method for

colorectal cancer screening (Lopes et al., 2024).

Computed tomographic colonography (CTC) is also a non-invasive method enabling the
visualization of the entire colon and rectum, but the sensitivity is significantly lower than
that of colonoscopy for the detection of polyps <8 mm and sessile serrated lesions (Lopes

et al., 2024; Sawicki et al., 2021).

Declining adherence to stool-based screening tests has prompted the development of
blood-based assays using biomarkers such as circulating microRNAs, plasma proteins,
cytokines and epigenetic alterations. “Epi proColon,” which detects SEPTIN9
methylation in circulating tumour DNA, was approved by the FDA in 2016 for average-
risk individuals who decline other screening options. In 2024, the FDA approved another
cell-free DNA blood-based test, “Shield,” which detects aberrant methylation, genomic

alterations, and DNA fragmentations (Symonds et al., 2025).

The European Commission Initiative on Colorectal Cancer working group (ECICC WG)
has provided guidelines on colorectal cancer screening and diagnosis. It suggests
participation in organised population-based screening programmes for asymptomatic
adults at average risk aged 50-69 years old. The recommended approach consists in the

faecal immunochemical test every two years up to the age of 74. In some cases,
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endoscopy-based screening until 69 years of age, with colonoscopy every 15 years or

sigmoidoscopy every 10 years may be considered.

After diagnosis, it is important to determine the spreading of cancer and the survival
statistics in a process called “staging”. The pathological staging system most often used
for colorectal cancer is the “American Joint Committee on Cancer (AJCC) TNM system”.
In 2016 was published the 8" - and current - edition of AJCC Cancer Staging Manual.
The earliest stage of colorectal cancer is called stage 0 and it is followed by stages I,
IHA/B/C, IIA/B/C and IVA/B/C, indicating a progressively increased diffusion of the
tumour. The TNM classification is assigned by the combination (stage grouping) of three
different information: the extent of the tumour (T) through the layers of colon wall or
rectum, the dissemination to nearby lymph node (N) and the presence of metastasis (M).
The numbers or letters after T, N and M provide more details (Table 1). In the updated
edition AJCC, new M stage (M1c) and TNM stage were added (IVC, any T, any N, M1c)

and the prognostic staging of CRC was implemented (Tong et al., 2018).
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TNM system (8™ edition)

Description

X

The primary tumour cannot be evaluated.

TO (T plus zero)

No evidence of cancer in the colon or rectum.

Tis Carcinoma in situ.
T1 Spread into the submucosa.
T2 Spread into the muscularis propria.
Spread through the muscularis propria and into the fat
T3 tissue.
T4a Spread into the surface of the visceral peritoneum.
T4b Spread to other organs or structures.
NX The regional lymph nodes cannot be evaluated.

NO (N plus zero)

No spread to regional lymph nodes.

Nla 1 regional lymph node involved
N1b 2 or 3 regional lymph nodes involved.
Submucosal, mesangial or peritoneum-covered tumour
Nic deposits.
N2a 4 to 6 regional lymph nodes metastases.
N2b 7 or more regional lymph nodes metastases.

MO(M plus zero)

No metastasis.

M1la Metastasis limited to one organ site.
M1b Metastasis to more the one organ site.

The cancer has spread to the peritoneal surface with or
M1lc without metastasis of other organs.

Table 1. The table shows the 8" edition of AJCC TNM staging system. Adapted from Tong et al. 2018.

SEER database provides survival statistics for different types of cancer. The 5-year
survival rate (2015-2021) for individuals diagnosed with localised colorectal cancer is

91%. For cancers that have spread to surrounding tissues, organs, and/or regional lymph
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nodes, the 5-year survival rate is 74.3%. When the disease has metastasised to distant
sites, the 5-year survival rate decreases to 15%. These estimates are based on the stage at
diagnosis and do not account for other factors that may influence prognosis, such as age,
overall health status, response to treatment, surgical resection, tumour location (left- vs.

right-side), and other clinical features (SEER explorer).

1.2.7 Current therapeutic approaches for CRC

There is no universal therapeutic regimen for all patients with colorectal cancer, owing to
its marked genetic heterogeneity and the complex interplay of multiple molecular

pathways involved in tumour initiation, progression, and treatment response.

Surgical resection of resectable tumours represents the first-line therapeutic option for
CRC. However, approximately 1/4 of CRC cases are diagnosed at an advanced stage,
precluding curative surgical intervention. In patients with unresectable disease or those
who are unfit for surgery, radiotherapy and chemotherapy constitute the main strategies
to achieve tumour debulking and to limit tumour growth and invasiveness. In selected
cases, radiotherapy and/or chemotherapy may be administered either before or after
surgery as neoadjuvant or adjuvant treatments, respectively. Typically, neoadjuvant
therapy is a preoperative treatment aimed at reducing the risk of recurrence and increasing
survival rates. Routine approaches include radiation, chemotherapy, or combined
chemoradiation. Reaching a complete tumour remission has always been the main goal
of neoadjuvant therapy. Current chemotherapeutic regimens include fluorouracil (5-FU),
oxaliplatin, irinotecan, trifluridine-tipiracil, fluoropyrimidines, and capecitabine, with
combination therapies representing the standard first-line approach (Kumar et al., 2023;

Xie et al., 2020).
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Targeted therapy has revolutionised the neoadjuvant efficacy into therapy for CRC,
selectively acting on cancer cells by inhibiting key pathways involved in cell
proliferation, migration, and survival. It can also modulate the tumour microenvironment
to enhance the immune response and suppress tumour growth. Target agents consist in
small molecules - typically with a molecular weight < 900 Da - that can penetrate cells
and act on intracellular targets, as well as monoclonal antibodies, which exert their effects
extracellularly by binding to cell-surface receptors or molecules (Xie et al., 2020).
Multiple pathways involved in CRC can be considered potential targets. The first agents
approved in 2004 by the Food and Drug Administration (FDA) for CRC treatment were
Cetuximab and Bevacizumab.

Cetuximab is a chimeric monoclonal antibody that target EGFR related pathways
(MAPK, PIBK/AKT and JAK/STATS3), inducing the internalization and degradation of
the receptor that is overexpressed in 25-77% of CRC cases (Manzi et al., 2023).
Cetuximab triggers antibody-dependent T-cell-mediated cytotoxicity and shows the risk
of skin toxicity and anaemia. Panitumumab is a fully humanised antibody developed to
bypass immunogenic reactions. Both Cetuximab and Panitumumab are FDA-approved
for the first-line treatment of CRC. Alterations or downregulation of EGFR pathway
decrease anti-EGFR effectiveness. In particular, Cetuximab is ineffective in patients with
KRAS mutations and is less used in right-sided tumours because they express lower levels
of EGFR (Manazi et al., 2023; Xie et al., 2020).

Bevacizumab is a humanised monoclonal antibody targeting Vascular Endothelial
Growth Factor-A (VEGF-A), a pivotal molecule involved in neovascularization. As an
antiangiogenic agent, it is FDA-approved for the first-line treatment of metastatic CRC,
an angiogenesis-dependent cancer. Bevacizumab is more commonly combined with

fluoropyrimidine-based chemotherapy, however emerging personalised combinations
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have been explored, particularly for those patients who develop resistance to conventional
chemotherapy (H. Chen et al., 2025). Its efficacy has been demonstrated also for those
patients with KRAS mutations and for both sided tumours (Xie et al., 2020).

Other anti-VEGF/VEGFR (Vascular Endothelial Growth Factor Receptor) agents
approved by FDA for the second-line treatment of CRC, include aflibercept,
ramucirumab and regorafenib. Aflibercept is a recombinant fusion protein composed by
VEGFR-1 and VEGFR-2 extracellular domain that prevents the binding of VEGFR
ligands to their receptors. By inhibiting angiogenic signalling, aflibercept reduces tumour
vascular density, suppresses neovascular growth and promotes vascular remodelling.
These effects enhance tumour sensitivity to chemotherapy and radiotherapy.
Ramucirumab is a fully humanised monoclonal antibody that targets VEGFR-2, the main
mediator of VEGF-A (Colombo & Porretto, 2023). Regorafenib is the only multikinase
inhibitor currently approved for the treatment of metastatic colorectal cancer (nCRC). It
targets multiple kinases involved in multiple pathways, including neovascularisation.
Clinical studies have demonstrated that regorafenib prolongs overall survival in patients
who have previously received first- and second-line standard therapies. However, further
studies are needed to better define its therapeutic benefit (Matsumoto et al., 2023; H. Yan
et al., 2024).

Other FDA-approved drugs for the CRC treatment targeting TME are the immune
checkpoint inhibitors (ICIs) pembrolizumab, nivolumab and ipilimumab. Immune escape
is one of the ten hallmarks of cancer described by Hanahan and Weinberg (Hanahan &
Weinberg, 2011) that is mediated by secretion of immunosuppressive factors (e.g.,
Interleukin-6, IL-6), recruitment of immunosuppressive cells, downregulation of the
major histocompatibility complex (MHC) and T-cell inactivation through the activation

of immune checkpoint receptors on T-cell surface. These receptors include Programmed
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cell death protein 1 (PD-1) and Cytotoxic T lymphocyte antigen 4 (CTLA-4).
Conventionally, Programmed cell death 1 ligand 1 or ligand 2 (PD-L1 or PD-L2),
expressed on the surface of antigen presenting cells or tumour cells, engage with PD-1
expressed on the surface of T-cells to induce inhibitory signalling to the downstream
pathways such as the PISBK/AKT pathway. Otherwise, CTLA-4 competitively binds to
CD80/86 with higher affinity than CD28, a molecule involved in T-cell activation,
inhibiting co-stimulation (He & Xu, 2020). Metastatic CRCs express high levels of PD-
L1 and present a great amount of PD-1-expressing CD4+ T regulatory (Treg) cells which
suppress the activity of other immune cells. Immune checkpoint inhibitors aim to enhance
immune surveillance by blocking CTLA-4 or the PD-L1/PD-1 interaction (Xie et al.,
2020).

Pembrolizumab and nivolumab are humanised anti-PD-1 antibodies approved by FDA in
2017 for the treatment of MSI-H or MMR-deficient (IMMR) metastatic CRC.
Ipilimumab is a CTL-4 inhibitor and evidence suggests that a combination of nivolumab
and ipilimumab is ideal for chemotherapy-refractory MSI-H or dAMMR metastatic CRC
(He & Xu, 2020). Unfortunately, the response rate to ICls is not uniform across the
different CRC subtypes. MSI-H/dMMR tumours represent only a small proportion of
metastatic CRC cases and many patients either fail to respond or eventually develop

resistance or adverse events. (S. Yan et al., 2024)

1.2.8 Key CRC models in research

1.2.8.1 In vitro models

There are more than 150 human cell lines currently collected in different worldwide banks
and commonly used as in vitro models for basic research or preclinical studies on

colorectal cancer (Kranjec et al., 2026; Sveen et al., 2018). Despite the development of
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increasingly complex in vitro models that are more pathophysiologically representative
of the organ of interest, their unlimited availability in monolayer culture and the
maintenance of similarities to the tissue of origin at the time of biopsy, make cell lines
culture a model that is still functional and convenient (Kranjec et al., 2026; Masters,
2000). Over time, in vitro models diverge from the original tumour due to serial passages,
clones’ selection, artificial culture conditions and lack of crosstalk with
microenvironment. Although it is known that few of these models accurately recapitulate
the heterogeneity of the molecular subtypes of CRC, the classification of primary tumours
into the four CMSs has made it possible to categorise the different cell lines, according
to their expression profile, in order to optimise specific preclinical studies, especially
those regarding the drug sensitivity (G. Rizzo et al., 2021; Sveen et al., 2018). The most
commonly used CRC cell lines include HCT116, HT29, SW480, LoVo, DLD-1, Caco-2
and LS174T, which collectively comprise the different molecular subtypes and stages of

clinical progression (Al-Kabani et al., 2025).

An evolution of 2D culture is represented by three-dimensional CRC cell-line derived-
spheroid models, which more closely mimic the architecture of a tumour niche. These
models exhibit a multi-layered structure with a hypoxic, nutrient-deprived and necrotic
core, enabling more accurate investigation of drug penetration and therapeutic response.
This system also offers increased complexity through the generation of multicellular
spheroids incorporating TME cells. Although spheroids more closely resemble the in vivo
system and are easy to generate, they share the same limitations with monolayer cultures,
particularly in terms of molecular and clonal heterogeneity. In addition, they show a
shorter culture lifespan in their 3D structure and difficulties in standardising their size -

and therefore the extent of the necrotic fraction - as well as in distinguishing the responses
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of the different cell populations within multicellular spheroids, unless the employment of
fluorescent tagging or single-cell analysis. Furthermore, although spheroids are subject
to a gradient of oxygen, nutrients and potentially therapeutic agents, they are avascular
and protocols for their integration into “organ-on-a-chip” microfluidic systems are not

yet widely standardised (Al-Kabani et al., 2025).

The ongoing search for preclinical models that reflect and preserve tumour heterogeneity,
while maintaining the advantage of a long-term and biobanking culture system typical of
cell lines, has led to the generation of patient-derived organoids (PDOs). These are
developed from pluripotent stem cells (PSCs), induced pluripotent stem cells (iPSCs) or
adult stem cells (ASCs) and, thanks to the organ specificity of the derived cells that self-
organise into a three-dimensional structure, preserve the mutational and phenotypic
scenario of the original tumour (G. Rizzo et al., 2021; E. Wang et al., 2022). This enables
the application of this model not only in basic and translational research to investigate
tumour dynamics, clonal evolution and tumour microenvironment interactions, but also
in clinical research, particularly in the context of personalized and precision medicine
(Al-Kabani et al., 2025). In the context of CRC, improvements were made after the
identification of Lgr5 as a marker of intestinal stem cells. Hans Clevers' group pioneered
the generation of mouse intestinal organoids derived from adult stem cells, demonstrating
the ability of single Lgr5+ multipotent stem cells, residing at the intestinal crypts, to
generate a self-organised, continuously expanding epithelial structure with self-renewing
stem cells and multi-lineage differentiation in enterocytes, goblet, Paneth and
enteroendocrine cells mimicking the in vivo small intestine epithelium, definable as a
mini-gut (Sato et al., 2009). This was achieved by isolating the crypts, resuspending them

in laminin-rich Matrigel to support growth and prevent anoikis, and growing them in a
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medium (called ENR medium) containing R-spondin 1 (a Wnt agonist and a ligand for
Lgr5), Epidermal Growth Factor (to support intestinal proliferation) and Noggin, all of
which are essential factors for maintaining stem cells in long-term culture (Sato et al.,
2009; Sato & Clevers, 2013). Subsequently, the group succeeded in adapting the above-
mentioned culture protocol to establish a long-term culture for murine and human colon
epithelium, even starting from adenomas and carcinomas (Sato et al., 2011). Specifically,
mouse colon organoids are generated by mild digestion of colonic crypts to physically
separate the basal compartment, which contains stem and proliferative cells, from the
upper compartment, composed of mature and differentiated cells that could interfere with
normal organoid growth. Since colonic organoids do not produce sufficient amounts of
Whnt ligands - essential for the maintenance of stem cells and mainly produced by Paneth
cells - the culture medium was optimized by adding recombinant Wnt-3A or Wnt-3A—
conditioned medium (referred to as WENR medium). In contrast, the growth of human
colonic crypts is supported by supplementing the WENR with gastrin, nicotinamide, A83-
01 (an AIK5 inhibitor) and SB202190 (a p38 inhibitor), thereby improving the culture
period and efficiency, promoting the maintenance of budding structures characteristic of
proliferative organoids. In both mouse and human organoids, the presence of Wnt and/or
inhibitors prevents complete differentiation into enterocytes and goblet/enteroendocrine
cells, respectively. (Sato et al., 2011). Given that the earliest mutations triggering polyp
formation occur in the Wnt signalling pathway - most notably in the tumour suppressor
gene APC - the generation of APC-deficient Lgr5* stem cells at the crypt base has been
used to initiate intestinal adenomas in mice (Barker et al., 2009). This approach enabled
the isolation of intestinal adenomas for the establishment of cystic organoids as a model
to study the malignancy. In adenoma-derived organoids, both R-spondin 1 and Noggin

were shown to be dispensable for growth due to the constitutive activation of the Wnt
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signalling pathway (Sato et al., 2011). These advances, together with the need arising
from the inability of existing cell lines to fully recapitulate human colon cancer, prompted
the optimisation of in vitro culture conditions developed for mouse intestinal adenomas
for application to human colorectal cancer biopsies. These adjustments, included
modulation of EGF supplementation and, once again, the omission of R-spondin 1 and
Noggin, resulted in the generation of highly proliferative, irregular structures displaying
limited differentiation towards goblet and enteroendocrine cells (Sato et al., 2011). The
ability to introduce defined mutations into colon organoids (APC, TP53, KRAS®!?P and
SMAD4) and to modulate culture conditions to mimic the intestinal niche enabled, for the
first time, the in vitro recapitulation of the in vivo multi-hit model of colorectal
carcinogenesis in terms of both histological features and in vivo tumorigenicity following
transplantation (Drost et al., 2015; X. Lietal., 2014; Matano et al., 2015). Although PDOs
are proving to be a versatile and promising model, several limitations must be considered.
One of their main strengths, patient specificity, also represents a disadvantage, as findings
obtained from a PDO line cannot be extended to others without further validation. In
addition, close coordination with surgeons is required to obtain fresh biopsy material,
which is essential to ensure a high success rate of organoid establishment. PDO
generation is also time-consuming and expensive, largely due to the need for multiple
media supplements and extracellular matrix support, and because many assays still
require optimisation and standardisation. Moreover, organoids are non-vascularised
structures and typically lack stromal and infiltrating immune components, as intestinal
organoids recapitulate the epithelial compartment. Consequently, as also observed for
spheroid models, PDOs do not fully reproduce mechanical signals (exogenous basement
membrane do not fully recapitulate the complexity of the native ECM) nor the complex

cross-talk with the surrounding tumour microenvironment, except when combined with
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microfluidic platforms, co-cultured with patient-matched stromal cells, or integrated into
air-liquid interface systems incorporating tumour-infiltrating lymphocytes or into ex vivo
patient derived immuno-organoids (PD-10s) interaction platforms (Al-Kabani et al.,

2025; Esposito et al., 2024).

1.2.8.2 In vivo mouse models

To investigate CRC tumour-microenvironment-host interactions under less artificial
conditions, murine models are widely employed, due to their well-characterised genetic
and immunological features. Multiple models have been developed, reflecting the
different factors that contribute to disease development (Al-Kabani et al., 2025). One of
the earliest phenotypic events observed during colon carcinogenesis, identifiable through
histological analysis of the colon mucosa, is the presence of single or multiple aberrant
crypts. These are recognized as early neoplastic lesions characterised by a thickened layer
of epithelial cells, a slit-shape lumen and an enlarged pericryptal space. They were first
described by Bird in methylene-blue stained colon preparations of rodents treated with
azoxymethane (AOM) (Bird, 1987, 1995; Figueiredo et al., 2009; McLellan & Bird,
1988). Carcinogen/irritant-induced colon cancer in rodents can cause sporadic CRC or
inflammation-driven cancer in humans and it represents a very useful model to study
tumorigenesis, microbiome influences and anti-inflammatory therapeutic approaches.
The reactive metabolite MAM, resulting from the hydroxylation of AOM, an intermediate
metabolite of dimethylhydrazine, causes DNA alkylation and point mutations and, after
approximately 3 months of weekly intraperitoneal injections in immunocompetent mice,
causes multiple colon tumours. It is often combined with dextran sulphate sodium (DSS),
an irritant that induces repeated injuries and an inflammatory state, promoting the

development of colitis-associated cancer (Al-Kabani et al., 2025). In addition to the
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limited reproducibility in tumour yield and the mortality observed in mice undergoing
testing, the main limitation of this model is that AOM/DSS-induced tumours are triggered
by random mutations - particularly in KRAS or B-catenin pathways - and tend to remain
microsatellite stable. As a result, this model does not fully recapitulate the adenoma-

carcinoma sequence and the features of advanced CRC (Al-Kabani et al., 2025).

On the other hand, the ability to genetically modify mice has enabled the development of
models that mirror the molecular events underlying the multi-hit theory of CRC
development, allowing for controlled experimental studies. These genetically engineered
mouse models (GEMMs) typically rely on tissue-specific Cre-lox or CreER™2 systems to
induce gene deletion or mutation selectively and/or at specific times in the colonic
epithelium of immunocompetent mice (Betzler et al., 2021). This approach allows for the
generation of APCM™* mice, which spontaneously develop adenomatous polyps that may
progress to carcinoma, as well as triple-mutant (AKP) models through the combination
of additional mutations that recapitulate the Fearon and Vogelstein sequence, such as
alterations in APC, KRAS, and TP53 (Al-Kabani et al., 2025; Birtin et al., 2020).
However, despite their precision, these highly targeted models do not fully capture the
complexity of human tumours and the ability to metastasise. Studies have revealed that
adding the SMAD4 mutation in vivo (AKPS model) leads to the formation of metastases
in distant organs and to a dysregulation of the gut microbiome that can promote the
process (Gates et al., 2025). Germline allele manipulation and the crossbreeding of
transgenic animals are time-consuming and expensive processes, subject to ethical and
regulatory limitations. Even somatic genome editing approaches using CRISPR/Cas9 are
associated with ethical concerns, particularly due to potential off-target effects and animal

pain (Al-Kabani et al. 2025).
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The search for preclinical models that accurately reproduces, in an in vivo context, the
human tumour architecture and interactions with the stromal and immune
microenvironment, ensuring unaltered CMS classification compared to the matched
primary tumours, has led to the creation of cell line-derived (CDX) and patient-derived
xenograft (PDX) models. They involved the utilization of human-derived material,
particularly cell lines and patient tumour tissue respectively, in immunodeficient mice -
particularly NOD/SCID and NOD/SCID/IL2y-receptor null - to prevent rejection (Al-
Kabani et al., 2025; G. Rizzo et al., 2021; E. Wang et al., 2022). Cell lines can be injected
subcutaneously, orthotopically, intrasplenic or into the tail vein, depending on whether
the experimental aim is to model primary tumour in the colon or metastatic dissemination
(Al-Kabani et al., 2025). PDX are made through subcutaneous or orthotopic implantation
of a minced tissue (25-30 mm?) or single cell suspensions in a recipient immunodeficient
mouse (FO generation) and a subsequent reimplantation of the successfully obtained
xenograft in additional generations. This system preserve an high molecular and
histopathological fidelity of the original CRC tumour - PDX retains the positivity for
cytokeratin 20 (CK20) and carcinoembryonic antigen (CEA) and negativity for CK7 -
and the interaction between cancer and TME cells, allowing studies on the CMS subtypes
and personalised medicine (Al-Kabani et al., 2025; G. Rizzo et al.,, 2021). The
engraftment rate from CRC biopsies is around 60-80% and takes from 2-4 months (G.
Rizzo et al., 2021; E. Wang et al., 2022). It was shown that engraftment time can be
decreased thanks to patient-derived organoid xenografts (PDOX) and the possibility to

do an in vitro pre-selection of the organoids to be implanted (E. Wang et al., 2022).

Strategies to overcome the lack of an adaptive immune response, preserving in vivo

tumour-immune system interactions, include the use of humanised mouse models, in
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which a functional human immune system is reconstituted with hematopoietic cells in the
immunodeficient mice, as well as the use of syngeneic models. The latter involve the
transplantation of murine cell lines, organoids, or mouse-derived CRC tumours either
subcutaneously or orthotopically into immunocompetent mice. Among the most widely
used syngeneic CRC models are CT26 and MC38, which are derived from carcinogen-
induced tumours and partially recapitulate MSS and MSI CRC, respectively. However,
neither model has APC mutations, which are present in the majority of human CRCs.
Consequently, while these models are valuable tools for immunotherapy studies, they do
not fully reflect the genetic and biological complexity of human colorectal cancer

(Thomas et al., 2023).

1.3. The role of the tumour microenvironment In tumour

progression: a focus on colorectal cancer

Tumour microenvironment (TME) is an ecosystem surrounding the tumours, implicated
in tumorigenesis and in all the stages of cancer development, stimulating and facilitating
cell proliferation, survival and invasiveness. On the other hand, cancer cells influence the
TME through paracrine signals, modulating and recruiting various cell types to escape
epithelial compartment, invade other spaces and promote immune suppression and
tolerance (Arneth, 2019). In normal condition, stroma has anticancer activities, but
tumour cells educate the stromal components to co-evolve and synthetise growth factors,
cytokines, chemokines, proteases to accelerate the cancer progression and limit the
delivery of anticancer drugs (F. Chen et al.,, 2015). The TME can promote the

development of de novo resistance by promoting the dysregulation of oncogenes and
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tumour suppressor genes, enhancing the expression of ATP-binding cassettes, sustaining
cancer stemness, and conditioning tumour cells to adapt to extreme microenvironmental
stresses (Fatima, 2025). In addition, stromal cells through the so-called “reverse Warburg
effect”, increase aerobic glycolysis in the TME to generate products (e.g., lactate), which
are taken by cancer cells and used for oxidative phosphorylation to increase ATP
production and for biosynthetic pathways (Sabol et al., 2019). The TME consists of a
complex and dynamic network of cellular and non-cellular components. It includes
various cellular elements - such as immune cells, endothelial cells, fibroblasts,
neuroendocrine cells, adipocytes, bone marrow-derived inflammatory cells,
mesenchymal stem cells, and lymphocytes - as well as non-cellular components,
including the blood and lymphatic vascular networks, the extracellular matrix (ECM),
and a wide range of signalling molecules, like TGF-, that interact with or infiltrate the

tumour mass (Arneth, 2019; F. Chen et al., 2015).

The most representative immune cell type in the TME is the macrophage, in this context
known as tumour-associated macrophage (TAM). Macrophages can adopt a M1 or M2
phenotype, considered anti- and pro-cancer phenotypes, respectively. The infiltration of
M2-like macrophages suppresses antitumor immune responses, facilitates angiogenesis
and the ECM remodelling (Fatima, 2025). Moreover, within the TME, the antitumor
activity of lymphocytes is suppressed by cancer cells through multiple mechanisms,
including the upregulations of immune checkpoints molecules PD-L1/PD-1. ICs are
highly expressed on dysfunctional and exhausted cytotoxic T lymphocytes, significantly
accumulated in the TME (Toor et al., 2020). Tumour cells express PD-L1 which binds
PD-1 on the lymphocyte surface, inhibiting the immune reaction of immune cells. In

addition, the TME can impair immune surveillance by recruiting immunosuppressive
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populations, such as Treg cells and myeloid-derived suppressor cells (MDSCs), and by
compromising dendritic and natural killer cells, thereby reducing their ability to eliminate

tumour cells (Fatima, 2025).

The endothelial cells - in this context known as tumour-associated endothelial cells - not
only play a key role in promoting tumour angiogenesis, necessary for nutritional support
and metastatic dissemination, but also exert immunoregulatory functions. They can
selectively modulate immune cell trafficking, preferentially facilitating the recruitment of
immunosuppressive cells over immune effector cells, thereby contributing to tumour

immune evasion (Nagl et al., 2020).

Cancer-associated fibroblasts (CAFs), are a source of secreted factors, collectively called
secretome, that promote tumour growth, angiogenesis, migration, invasiveness and
especially immune escape. The main effect is the reduction of T-cells response through
the secretion of IL-6, CXC-chemokine ligand 9 (CXCL9) and TGFp. CAFs are the most
effective cells in the ECM deposition and remodelling. ECM is a network of
glycosaminoglycans and structural proteins and its rearrangement can increase tumour
stiffness and activate pro-survival and proliferative signalling pathways, while also
promoting hypoxia as a result of vascular compression and collapse. This hypoxic and
mechanically altered microenvironment promotes tumour aggressiveness and drug
resistance. In addition, ECM remodelling permits cancer cells migration and subsequent
invasion, facilitating the development of metastases via multiple mechanisms, including
the matrix production. ECM reorganisation also affects the trafficking of infiltrating

leukocytes, further impairing anti-tumour immune responses (Sahai et al., 2020).
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Bone marrow derived cells (BMDCs) recruited by the tumour through chemokines such
as Stromal Cell-Derived Factor 1 (SDF-1), are implicated in tumour expansion via
homing to the primary site. BMD macrophages, together with CAFs and hematopoietic
progenitors, can be attracted by macrovesicles or molecules, secreted by tumour cells, to
distant organs, contributing to the development of pre-metastatic niches. Approximately
20% of CAFs originate from bone marrow derived mesenchymal stem cells (F. Chen et

al., 2015).

Tumour-resident or recruited mesenchymal stem cells (MSCs) can dynamically shift
between anti-tumorigenic (MSC-1) and pro-tumorigenic (MSC-2) phenotypes, thereby
exerting a dual role in cancer progression. MSCs-2 promote immunomodulation, tumour
growth, angiogenesis, survival, neoplastic invasion and drug resistance. MSCs are highly
plastic and exhibit the ability to differentiate in multiple cell lineages such as endothelial
cells, fibroblasts and adipocytes, potentially contributing to the generation of cancer-
associated stromal cells. Owing to their intrinsic capacity to home to and infiltrate the
tumour stroma, MSCs are increasingly being explored as therapeutic delivery vectors in

emerging anticancer strategies (Slama et al., 2023).

As discussed in this section, the non-cellular components of TME (ECM and blood
vessels) play a pivotal role in cancer progression through a wide range of mechanisms.
In particular, the ECM is enriched with bioactive factors that regulate cell-cell and cell-
matrix communication, adhesion, and proliferation. Through these biochemical and
biomechanical interactions, it can influence cancer cell behaviour by modifying their
physical properties and molecular composition.

Abnormalities in the blood vascular network are involved in multiple processes, such as

angiogenesis, migration and metastasis. High metabolic demands of the tumour cells and
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the disorganised structure of angiogenic vessels in the TME, cause the accumulation of
H+ - in a process called acidosis - leading to the formation of hypoxic regions and a shift
towards a glycolytic metabolism. The decrease of pH characterising acidosis stimulates
cancer cells motility, drives the pro-tumorigenic activity of macrophages and fibroblasts
and activates protease secretion, which facilitates tumour cell migration. Moreover, the
formation of hypoxic areas, together with the poor organisation of blood vessels,

compromises drug delivery and effectiveness (Arneth, 2019; Fatima, 2025).

The classification of colorectal cancer in the four consensus molecular subtypes (CMS1-
4) mentioned before, depends not only on the differences in the cancer molecular
expression, but also on the tumour microenvironment properties reflecting the site of
development along the colorectum. Several genes used to classify the tumour subtypes
are expressed by TME cells.

CMSL1 tumours are characterised by a greater infiltration of immune cells and by the
enrichment of gene expression signatures associated with immune response pathways,
such as JAK-STAT, TNFa and NF-kB, thus suggesting the relevance of immune
component role in characterising the TME. Spatial transcriptomic studies also
demonstrate a myofibroblasts prevalence in CMS1 subtype (Chowdhury et al., 2021;
Valdeolivas et al., 2024).

CMS2 tumours are associated with an epithelial-cell lineage population, particularly TA
cells and goblet cells. They usually develop in the descending colon and rectum and are
characterised by the activation of classical oncogenic signalling pathways such as MYC
and Wnt pathways. The former inhibits antitumor T-cell activation and enhances the

production of interleukin 17 (IL-17) linked to CRC progression, the latter promotes the
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expression of the immunosuppressive molecules CD47 and PD-L1 (Birbrair, 2020;
Chowdhury et al., 2021).

CMS3 tumours are characterised by a metabolic signature and prevalent epithelial-cell
cluster, mostly composed by enterocytes (Chowdhury et al., 2021). Spatial
transcriptomics studies show that CMS3 signatures are restricted to the non-neoplastic
mucosa, presenting normal-like expression patterns (Valdeolivas et al., 2024). KRAS
mutated cells are more prevalent among CMS3 tumours and show enhanced glucose
uptake and upregulation of the glucose transporter GLUT-1 which sustains the survival
of cancer cells in a TME characterised by a low glucose condition (Birbrair, 2020).
CMS4 tumours display a mesenchymal signature, characterised by a prevalence of
stromal cells - particularly CAFs - and immune cell clusters rather than a tumour
epithelial-like phenotype. This subtype is associated with multiple features of an active
TME, including matrix remodelling, TGF-p pathway activation, angiogenesis and a pro-
inflammatory microenvironment with tumour-promoting immune cell populations

(Chowdhury et al., 2021; Thanki et al., 2017).

In summary, CMS2 and CMS3 CRC subtypes are primarily characterised by intrinsic
tumour epithelial transcriptomic signatures, whereas CMS1 and CMS4 display gene
expression profiles largely shaped by tumour microenvironment components, particularly

immune and stromal cell populations.

1.3.1 The adipose microenvironment and its role in CRC

Among the components of the TME, this thesis specifically focuses on adipose cells, with
particular emphasis on their role in supporting colorectal cancer progression. The adipose
tissue is composed of adipocytes, pericytes, endothelial cells, preadipocytes, fibroblasts,
immune cells and adipose stem cells. It is a complex endocrine tissue, producing and
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secreting hormones, growth factors and small cytokines called adipokines. In the last
decade, adipocytes and their precursors have gained considerable attention as active
contributors in the TME. Once regarded as passive energy store depots, adipocytes are
now recognised as mediators of both local and systemic effects, influencing tumour
initiation, growth, local invasion and metastasis through the release of more than 400
molecules, including adipokines, cytokines and extracellular vesicles (Duong et al.,

2017).

Adipose tissue is classified in white adipose tissue (WAT), and brown adipose tissue
(BAT). The former, which is the most predominant form in adults, can be localised
subcutaneously (subcutaneous adipose tissue, SAT), surrounding visceral organs
(visceral adipose tissue, VAT) or in the female breast (mammary adipose tissue, MAT).
It constitutes the main energy reservoir - storing fatty acids in the adipocytes as neutral
triglycerides - and plays a pivotal endocrine role in controlling metabolic homeostasis
through adipokine secretion (Duong et al., 2017). Conversely, BAT, which is
predominantly found in new-borns and, in adults, localised mainly in the paracervical and
supraclavicular regions (Virtanen et al., 2009), acts as a thermodynamic organ. It mainly
regulates thermogenesis by oxidizing fatty acids through mitochondrial respiration and
dissipating energy as heat rather than ATP, a process mediated by the expression of
uncoupling protein 1 (UCP-1) (A. Park et al., 2014). Recently it has been demonstrated
that both adipocytes and the stromal vascular cells in adipose tissue can set up a strict
crosstalk with the infiltrating cancer cells. This interaction reciprocally regulates and
reprograms each cell type: adipose cells support tumour development and progression,
while cancer cells influence adipose cells by reprogramming adipocytes into cancer-

associated adipocytes (CAAs). CAAs offer an easily accessible reservoir of free fatty
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acids as an energy source, facilitating tumour growth and survival. Under the influence
of cancer cells, CAAs undergo delipidation, size reduction (due to an increase of lipolytic
activity to satisfy the energy demand of proliferating tumour), dedifferentiation-like
changes losing adipocyte terminal differentiation markers - acquiring a fibroblast-like
phenotype - and increase of secretion of proteases, angiogenic factors and
proinflammatory cytokines, such as IL-6, facilitating cancer invasiveness and
aggressiveness (Figure 5) (J. Park et al., 2014). IL-6 binds to glycoprotein 130 (GP130)
leading to the activation of JAK-STAT1/3, PI3K/AKT and MAPK pathways. Activation
of STAT3 by CAAs, for example, promotes EMT. The PI3BK/AKT pathway is involved
in cell survival, cell cycle progression, cellular growth and is responsible for the
development of a resistant phenotype (Vara et al., 2004); activation of MAPK pathway is
involved in uncontrolled cell proliferation, resistance to apoptosis, inflammation and

migration (Dhillon et al., 2007).

Cancer cells

Adipocyte > Acquistion of :
Induction of Q invasiveness Q

lipolysis and aggression

Delipidation @ ‘ ‘ @

Fibroblast-like Support growth
phenotype and metastasis

Cancer- { Adipocyte terminal differentiation markers
associated (leptin, adiponectin, FABP2)
adipocyte t Secretion of inflammatory cytokines (IL-6, PAI-1)

t Secretion of proteases
t Release of free fatty acids

Figure 5. Reciprocal influence between cancer-associated adipocytes and cancer cells. Adapted from Park
etal., 2014.
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CAAs contribute to tumour progression also through the dysregulated secretion of
adipokines within the tumour microenvironment (TME). In particular, leptin, upon
binding to its receptor (ObR), activates several downstream signalling pathways—
including JAK2, STAT3, MAPK, and PI3K—that regulate key oncogenic processes such
as cell cycle progression, survival, invasion, migration, angiogenesis, and inflammation
(Booth et al., 2015). Leptin can also upregulate stemness markers, favouring therapeutic
resistance. Conversely, downregulation of adiponectin levels favour anabolic signals
(Kim et al., 2026). Tumour cells become a sort of “metabolic parasites” of the normal
adipocytes in the TME, inducing them to metabolic reprogramming into CAAs. This
phenotypic shift is promoted by exposure of mature adipocytes to tumour cells or their
paracrine pro-inflammatory and hypoxia-associated factors, such as tumour necrosis
factor-o (TNF-a), interleukin-1p (IL-1p), IL-6, prostaglandin E. (PGE:) and hypoxia-
inducible factor 1a (HIF-1a). Moreover, cancer cells can exchange metabolites such as
free fatty acids (FFAS), lactate, pyruvate, ketone bodies with adipocytes, affecting their
metabolism and activity (Kim et al., 2026; Wu et al., 2019). Studies demonstrate that
there is a reciprocal exchange: adipocytes in the TME undergo a constant lipolysis
activation through the upregulation of genes involved in triglycerides hydrolysis,
realising FFAs rapidly oxidised by tumour cells, accelerating cancer progression. In
addition, FFAs are particularly enriched in oleate which can promote EMT, through the
activation of TGF-p and Wnt pathway, and so metastatic dissemination. This lipid-
enriched microenvironment reshapes the immune-metabolic programming of infiltrating
effector T-cells, shifting their metabolism from glycolysis toward fatty acid oxidation
(FAO). FAO is insufficient to meet the high energetic demand required for optimal
effector function, thereby compromising their anti-tumour activity. Moreover, saturated

FFAs can induce mitochondrial dysfunction and promote the accumulation of reactive
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oxygen species (ROS) in effector T-cells, impairing oxidative phosphorylation and
further weakening their function. In contrast, Treq cells - characterised by high expression
of the lipid-sensing nuclear receptor PPARy - benefit from lipid-mediated signalling and
preferentially rely on FAO, which supports their expansion and suppressive capacity.
Collectively, these metabolic alterations contribute to the establishment of an

Immunosuppressive tumour microenvironment (Kim et al., 2026).

Colon is enveloped in the mesentery, which is constituted by connective and adipose
tissue, thus it is in close contact with the visceral adipose tissue depots. Inflammatory
bowel disease and obesity are characterised by an increase in submucosal fat deposition
and both are associated with CRC incidence and mortality (Tabuso et al., 2017).

CRC is considered one of the obesity-related cancers by the World Cancer Research Fund
(WCRF). According to GLOBOCAN 2022 estimates, CRC ranks fifth among obesity-
related cancer cases worldwide, considering both sexes and all age groups and its
geographical distribution mirrors the global incidence pattern of CRC (Cancer (IARC),
s.d.).

As expected, in vitro studies using colon cancer cell lines have demonstrated that co-
culture with adipocyte cell lines promotes their transdifferentiation to CAAs, while
enhancing pro-survival, pro-migratory, pro-inflammatory, angiogenic, mitogenic, and
anti-apoptotic effects (Olszanska et al., 2023; Tabuso et al., 2017). Moreover, it has been
shown that human adipocytes within TME, isolated from colon cancer patients, release
high concentrations of fatty acids that are subsequently taken up by colon cancer cells or
organoids. This lipid transfer induces a metabolic switch that supports tumour cell

survival under energy stress conditions. Specifically, cancer cells enhance autophagy and
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mitochondrial FAO through AMPK activation, while simultaneously reducing
lipogenesis and glucose-dependent respiration (Wen et al., 2017).

Adipose tissue also represents a major source of adult stem cells (ASCs). In colorectal
cancer, the pro-malignant activity of ASCs is largely mediated through IL-6-dependent
pathways. Indeed, the interaction between ASCs and cancer cells enhances IL-6 secretion
by ASCs, thereby promoting tumour cell proliferation, upregulation of cancer stemness-
related genes, angiogenesis, EMT and chronic inflammation. These effects are primarily
driven by activation of the JAK2/STAT3 signalling pathway and the subsequent
upregulation of VEGF, matrix metalloproteinases, and other pro-tumorigenic factors (Y .-

X. Wang et al., 2019; Wei et al., 2015).

1.3.2 Tumour intestinal microbiota

The intestinal microbiota comprises approximately 100 trillion microorganisms that play
a crucial role in maintaining overall health. It contributes to host homeostasis through
multiple functions, including fermentation of dietary components, nutrient extraction and
metabolism, modulation of the immune response, protection against external pathogens
via the production of antimicrobial compounds and the biosynthesis of bioactive
molecules. As discussed in section 1.2.1, the gut microbiota plays a pivotal role in the
onset and progression of colorectal cancer. Alterations in its composition and function
(dysbiosis) can promote a pro-tumorigenic environment by inducing local inflammation,
generating genotoxic metabolites, disrupting epithelial barrier integrity and triggering
dysregulated immune responses that collectively contribute to carcinogenesis (Hou et al.,
2022). Meta-analyses have shown different microbial profiles in patients with CRC.
Three distinct oncomicrobial community subtypes (OCSs) have been identified, each

associated with specific tumour locations and molecular subtypes, further underscoring
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the biological heterogeneity of the disease. For example, Fusobacterium nucleatum,
which predominates in OCS1, has been strongly associated with CMS1 tumours. In CRC-
associated microbiota, a dysbiotic shift is observed not only in microbial composition but
also in metabolic output. This shift is characterised by increased amino acid fermentation
and polyamine biosynthesis, alongside a reduced capacity for carbohydrate degradation
and a decreased production of beneficial metabolites such as secondary bile acids and

short-chain fatty acids (SCFASs) (C. Chen et al., 2025).

1.3.2.1 Short chain fatty acids and their role in normal mucosa and CRC

It is known that a balanced diet rich in fibres can stimulate microbial saccharolytic
fermentation and the production of SFCAs, namely acetate, butyrate and propionate.
SCFAs are quantitatively and metabolically the most important microbial end-products
of the human colon fermentation process and have anti-inflammatory and
antiproliferative properties. Bacteria with an almost exclusive saccharolytic metabolism,
are generally considered to be beneficial (Yoon & Kim, 2018). Patients with CRC show
low SCFAs production and, in particular, diminished levels of faecal butyrate and
butyrate-producing bacteria (C. H. Park et al., 2018).

Butyrate represents the primary energy source for colonocytes and supports colonic
epithelial homeostasis through mitochondrial B-oxidation. It also acts as a ligand for
metabolite-sensing G protein-coupled receptors, including Free Fatty Acid Receptors 2
and 3, known also as GPR43 and GPR41, and GPR109A. Upon receptor binding, butyrate
triggers downstream signalling cascades such as the MAPK pathway, thereby
contributing to the regulation of inflammatory responses and the gut health (McNabney
& Henagan, 2017a). In addition, butyrate contributes to the regulation of cell

differentiation and apoptosis, while reducing tumour cell invasiveness and proliferation.
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These effects are largely mediated by its function as a histone deacetylase inhibitor
(HDACI), which leads to epigenetic reprogramming and the consequent suppression of
multiple oncogenic signalling pathways (Yoon & Kim, 2018). It has been demonstrated
that, through HDAC inhibition, butyrate can excessively activate the canonical oncogenic
Whnt signalling pathway to levels that are incompatible with cell proliferation, instead
triggering apoptosis (Bordonaro, 2025).While normal colonocytes rely on butyrate as a
primary energy source, colorectal tumour cells undergo a metabolic reprogramming
known as the Warburg effect, characterised by a shift from mitochondrial oxidative
phosphorylation (OXPHOS) to glucose-dependent aerobic glycolysis. Consequently,
mitochondrial fatty acid oxidation is progressively reduced, leading to the accumulation
of short-chain fatty acids in the cytoplasm and nucleus. In this compartment, butyrate
functions as a HDACI, promoting apoptosis in cancerous colonocytes and attenuating
macrophage-driven inflammation by downregulating the production and secretion of pro-
inflammatory cytokines in the gut. Moreover, butyrate may cause tumours cell apoptosis
also through the binding to GPR109A receptor, leading to IL-18 expression, important
for the differentiation of anti-inflammatory IL-10 producing T- cells and Treg cells and for
the inhibition of the NF-kf signalling pathways (McNabney & Henagan, 2017a).

As mentioned in section 1.3.1, obesity and IBD are two conditions that increase the risk
of CRC. In the context of obesity, the HDAC-inhibitory activity of butyrate has been
linked to multiple beneficial effects on adipose tissue. These include the suppression of
inflammation (also via GPR43/GPR41 receptor binding), upregulation of leptin synthesis,
promotion of adipose tissue browning, and enhancement of adipocyte differentiation,
contributing to improved insulin sensitivity (Ma et al., 2024; McNabney & Henagan,

2017a).
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In patients with IBD, butyrate uptake and oxidation are impaired, compromising its
protective functions. Chronic inflammation disrupts the integrity of the intestinal
epithelial barrier, exposing the mucosa to pathogens and triggering immune responses.
SCFAs help to preserve barrier function by maintaining tight junctions, enhancing mucus
production, and promoting epithelial cell proliferation and differentiation to facilitate
barrier repair. Additionally, SCFAs modulate immune responses by regulating IL-8 - a
cytokine often elevated in IBD - and by influencing the immunomodulatory activity of

Treg Cells (McNabney & Henagan, 2017a; Shin et al., 2023).

1.3.2.2 Current application of butyrate for the intestinal health

The tumour microenvironment has emerged as a central focus in cancer research, as it
plays a crucial role in tumour initiation, progression, and therapeutic response. Promising
TME-targeted strategies include modulation of acidosis, regulation of microbiota
composition, interference with ECM-integrin signalling and control of inflammation
(Arneth, 2019). Given the well-established role of intestinal microbiota dysbiosis in the
onset and progression of colorectal cancer, it is reasonable to hypothesise that probiotics,
next generation probiotics (NGP) and postbiotics used as adjuvant therapies, may
contribute to the establishment and maintenance of a “non-carcinogenic” microbiome.
Among the probiotics investigated in CRC management, lactic acid bacteria are the most
extensively studied, particularly species belonging to the genera Streptococcus,
Enterococcus, Lactobacillus, Lactococcus and Bifidobacterium (Kvakova et al., 2022).
Several clinical trials have shown that preoperative oral administration of probiotics,
combined with postoperative treatment, improves bowel function recovery after
colorectal cancer surgery. This approach has been associated with an increased abundance

of SCFA-producing bacteria, reduced postoperative infection rates, attenuation of
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inflammatory responses, and, overall, faster recovery following tumour resection. NGPs
are live, strain-specific microorganisms identified through comparative analyses of the
microbiota in healthy individuals and patients with disease. Among these, SCFA-
producing bacteria have emerged as promising NGP candidates in CRC management,
both in preventive and therapeutic settings. In vivo animal studies using butyrate-
producing bacteria have demonstrated reduced tumour progression through multiple
mechanisms. These include activation of the GPR43 receptor, induction of apoptosis via
modulation of the Wnt signalling pathway or inhibition of the NF-kp pathway, and the
modulation of inflammatory responses. Additionally, these bacteria have been shown to
enhance the efficacy of chemotherapeutic agents and to contribute to the prevention of
AOM/DSS-induced tumorigenesis by regulating DNA damage, apoptosis, and cell
proliferation, further supporting their potential role in colorectal cancer management.
Postbiotics include inanimate microorganisms, cell wall components, cell surface
proteins or microbial metabolites, such as vitamins, enzymes, amino acids and lipids, in
particular SCFAs (Kvakova et al., 2022). Restoration of butyrate levels is currently being
explored as a potential strategy for the prevention and treatment of CRC. Both in vitro
and in vivo animal studies have demonstrated the antitumour potential of butyrate. Its
effects are mediated through multiple mechanisms, including immunomodulatory activity
- such as inhibition of M2-like macrophage polarization, reduction of tumour PD-L1
expression, and enhancement of effector T-cell responses - as well as direct actions on
cancer cells, including inhibition of proliferation and induction of apoptosis (Han et al.,
2025; Qin et al., 2025). Despite these promising preclinical findings, clinical evidence
remains limited and inconsistent. Only a few clinical trials have investigated butyrate
supplementation in CRC, and their results have been heterogeneous, partly due to the lack

of standardization in terms of timing, dosage and SCFA source (Sun et al., 2024).
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1.4. Biochar and activated carbons

Biochar is a carbon-rich material produced through slow pyrolysis, also known as
carbonisation, a thermochemical process that converts biomass. Biomass, a renewable
organic material derived from plant and animal sources, is subjected to high temperatures
(around 400 °C) in the absence of oxygen, resulting in the formation of biochar (Panwar
et al., 2019). The process removes volatile, non-carbon species such as nitrogen, oxygen,
and hydrogen, intensifying the carbon content. Biochar is used for soil improvement,
waste management and climate change mitigation as well as an eco-friendly renewable
source of energy. The property that makes biochar particularly versatile is its highly
porous structure, which confers a remarkable adsorption capacity, the property of a
compound to link molecules at its surface. To further enhance this adsorption potential,
biochar can undergo chemical or physical activation processes, originating activated
carbon (AC) with a well-developed porous structure, large specific surface area and
exceptional chemical stability (Jha et al., 2021). Activated carbon and other porous
carbon materials can exhibit surface areas up to fifty times greater than their original
precursors, making them highly attractive for a wide range of applications, including
contaminated air purification, water treatment, biomedicine and several other commercial
appliances (Nanda et al., 2016). The adsorptive capacity of ACs is also influenced by the
heterogeneous chemical composition of their surface, which is typically characterised by
the presence of functional groups, such as oxygen, nitrogen, halogen and other elements
linked to the carbon layers’ edges. These surface heteroatoms also affect the
hydrophilicity and hydrophobicity of the ACs. The biochar adsorption capacity can be
further enhanced through surface modifications via multiple treatments, such as the

introduction of functional groups, enabling the material to be tailored for specific
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applications, such as energy storage, catalytic reactions and adsorptions (Jha et al., 2021)

1.4.1 Emerging applications of biochar in drug delivery research

There is clear evidence from animal models supporting the beneficial effects of biochar
on gut health. Biochar used as a feed additive has been shown to improve digestion,
reduce antibiotic use, help maintain gastrointestinal homeostasis in dairy cows and adsorb
pathogenic clostridial toxins, including those produced by Clostridium botulinum and
Clostridium tetani (Nair et al., 2023). Furthermore, biochar supplementation in poultry
has been reported to selectively reduce the abundance of major zoonotic pathogens
associated with lesions and infections, without negatively affecting microbiota diversity

or causing significant shifts in microbial community (Prasai et al., 2016).

Currently, biochar and activated carbons also have established pharmaceutical
applications. Owing to their chemical and biological stability, as well as their strong
adsorption capacity, activated carbons are widely used for the treatment of diarrhoea, gas,
and bloating, and for gastrointestinal decontamination. In emergency medicine, activated
charcoal is suggested as an antidote in cases of toxin ingestion and drug overdose (Nanda

etal., 2016; Ogunwa et al., 2026).

Over the last decade, nanomaterials, definable in this context as nanocarriers, have gained
increasing attention in drug delivery applications due to their ability to adsorb and release
pharmaceutical compounds in a controlled manner, thereby enhancing therapeutic
efficiency and bioavailability. Considering their large surface area, abundant functional
groups, eco-friendliness, tailorability and cost-effectiveness, biochar and biochar-derived

specialty materials, such as carbon nanosheets, carbon nanotubes, carbon nanofibers,
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templated porous carbon and others, have been investigated (Nanda et al., 2016; Zhuo et
al., 2023). Oral bioavailability remains a critical challenge for small-molecule drugs,
representing about 90% of approved therapeutics. Unfortunately, only a limited number
of studies have explored the application of biochar as nanocarrier in the biomedical field.
A study conducted by Wang et al. suggested a new delivery system consisting of hydrogel
balls incorporating zinc oxide-modified biochar, designed to achieve slow, stable, long-
term and light-controlled drug release for glaucoma treatment (F. Wang et al., 2021).
Another in vitro study demonstrated that paracetamol and ibuprofen can be effectively
loaded onto activated carbon, forming a complex able to stabilise and release the drugs
with a fast release kinetic (about 10 minutes). Moreover, the same research reported very
low toxicity of activated carbon at concentrations of 10-800 pg/mL in human colon
carcinoma cells (Caco-2), supporting its potential as a safe carrier for drug delivery
(Miriyala et al., 2017). Additional studies supported the potential use of carbon nanotubes
for a pH-controlled delivery and release of anticancer drugs, such as topoisomerase
inhibitors, irinotecan, doxorubicin, methotrexate, purine/pyrimidine antagonists and

others, exploiting acidic microenvironment of tumour tissues (Panczyk et al., 2016).

The present study demonstrates that biochar derived from alder wood chips is capable of
adsorbing and releasing butyrate-glycerides with anti-tumour activity in in vitro and other

preclinical models of CRC (Fei, Propato et al., 2025).
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2. Aim of the thesis

Colorectal cancer (CRC) is an increasing global health concern, particularly considering
the rising incidence of early-onset CRC, which shows a growing mortality rate in young
adults. Given the well-established role of intestinal microbiota dyshiosis in CRC onset
and progression, strategies aimed at restoring short-chain fatty acid (SCFA)-producing
bacteria and butyrate levels have emerged as promising approaches for both prevention
and therapy. However, clinical studies investigating butyrate supplementation in CRC
remain limited and have yielded heterogeneous results, partly due to the lack of

standardization in terms of formulation, dosage, and administration timing of SCFAs.

Within this context, the present thesis is part of a broader research project aimed at
evaluating an innovative, bio-based delivery system for butyrate. In particular, this study
focused on the use of tailor-made biochar derived from alder wood, compared to a
commercially available activated carbon (Norit-B), as carriers for butyrate in the form of
a complex of mono- and di-glycerides (BMDG), a formulation already employed in
animal feed to enhance butyrate availability to the lower intestinal tract and promote
eubiosis. Furthermore, evidence from animal models supports the beneficial effects of
biochar itself on gastrointestinal homeostasis, further highlighting the rationale for

investigating its potential as a functional carrier for colon-targeted delivery strategy.

The first objective of the study was to characterise and compare the chemical, physical,
and adsorption/release properties of the two carbon-based materials, and to determine
how these differences influence the bioavailability of BMDG and contribute to its
biological activity. For this purpose, these effects were assessed in a healthy colon

epithelial cell line (HCEC-1CT) for safety evaluation and in a panel of in vitro colorectal
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cancer models - HCT116 and HT29 cell lines and AKPS organoids - characterised by
distinct genetic backgrounds, metabolic phenotypes, and increasing levels of complexity

and in vivo mimicry.

Considering the critical role of the tumour microenvironment (TME) in cancer initiation,
progression, and therapeutic response, and the growing interest in targeting tumour-
microenvironment bidirectional crosstalk, the second objective of the thesis was to
explore the impact of CRC on the transcriptome of the surrounding adipose tissue and its
potential modulation following in vivo administration of BMDG compounds.
Specifically, this study aimed to evaluate the transcriptional changes occurring in tumour
tissue, adjacent non-tumoral mucosa, and peritumoral adipose tissue derived from
AOM/DSS-induced murine model of colorectal carcinogenesis - thus recapitulating a
carcinogen and inflammation-driven aetiology of the disease - and to assess the effects of
free BMDG and BMDG-carbons on these compartments in both preventive and
therapeutic settings. Particular attention was given to the adipose microenvironment,
hypothesising that modulation of tumour-adipose tissue crosstalk may impair its tumour-

supporting functions.

Ultimately, this work aimed to determine whether this tailor-made biochar can represent
an effective carrier for the delivery of a novel butyrate formulation, with potential
application as a preventive strategy or therapeutic adjuvant, targeting CRC and its adipose
microenvironment, and to elucidate the molecular and metabolic mechanisms underlying
the potential anti-tumour activity of the combined molecule across multiple experimental

models of CRC.
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3. Material and Methods

3.1 BMDG compounds production and characterisation

3.1.1 BMDG, Biochar and AC production

BMDG: The liquid used for the Biochar absorption tests, Butyrate of Mono- and Diacyl-
Glycerols (BMDG), was provided by SILO spa (S. Bartolo a Cintoia, Florence, Italy),
now produced by Glyco srl (Campomorone Genova, Italy). The production process is
based on an esterification reaction of glycerol and butyric acid and, at the end of the
process, it is obtained a mixture formed by free glycerol (25% approx.), monoglycerides
of butyric acid (50% approx.), diglycerides of butyric acid (22% approx.) and in small

part by triglycerides of butyric acid (2% approx.).

Biochar was produced from alder wood chips in a continuous oxidative biomass
carbonization pilot reactor based on fixed bed, open top, downdraft design, operating in
autothermal pyrolysis in the temperature range of 450-700°C and equivalence ratio (ER)
in the range 0.1-0.3 (Casini et al., 2021; A. M. Rizzo et al., 2019). The carbonization
process has been carried out at a temperature of about 550°C with a residence time of

approx. 3 hours in the reactor.

Norit-B is a pharmaceutical grade powdered heated-activated carbon fully compliant with
the European Pharmacopoeia (Charcoal, Activated) produced by steam activation and
shows an extremely well-developed micro and mesoporosity. It is commercially available

and was provided by COMELT spa (Milan, Italy).
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3.1.2 pH measurements

The pH was measured according to EN ISO 10390 through an 827 pHmeter (Metrohm,
Herisau, Switzerland) after mixing for 60 minutes using a mechanical shaker in 0.1 M of

CaCl; (1:5 v/v).

3.1.3 Porosity characterisation of Biochar and Norit-B

Both Biochar and activated carbon porosity were investigated according to the Brunauer-
Emmett-Teller method (BET), and mercury porosimetry. The BET specific surface area
was measured by N2 adsorption isotherms, in a NOVA 2200E (Quantachrome, Boynton
Beach, Florida, USA) instrument after degassing at 200°C for 48 hours and then degassed
under vacuum (200°C for 24 hours) and focus mostly in the range of micro and meso
pores. Meso and macroporosity, in terms of specific surface area and pore volume, were
investigated using a AutoPore V 9600 (Micromeritics, Norcross, Georgia, USA) mercury

porosimeter widening the results obtained by BET.

3.1.4 Fourier-transform infrared spectroscopy (FT IR)

FT-IR spectra were recorded from 4000 to 600 cm™, with a 4 cm™ resolution, using a
IRTracer-100 (Shimadzu, Kyoto, Japan) equipped with QATR™ 10 Single-Reflection

ATR (Shimadzu, Kyoto, Japan) and a diamond crystal.

3.1.5 Scan Electron Microscopy (SEM)

SEM analysis of Biochar and Norit-B was conducted using a Phenom XL G2 (Thermo
Scientific, Waltham, Massachusetts, USA). Measurements were conducted on uncoated

samples.
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3.1.6 BMDG absorption tests

The following steps describe the methodology employed for the absorption of BMDG
solution by the AC Norit-B and alder Biochar. Each product was grinded through a mill
and sieved through a 200 um mesh. The under-sieve fraction was collected, then a specific
amount (5 or 10 g) of each Biochar and AC Norit-B were weighted and placed in a metal
mortar. BMDG solution was heated through a heating plate equipped with a thermal
sensor and maintained in agitation by a magnetic stirrer. The solution was kept between
55° and 60°C to decrease the viscosity and to improve the absorption. The warm BMDG
solution was added to Biochar or Norit-B with an eyedropper, limiting heat loss during
withdrawal. About 0.5 mL of solution was added at a time, mixing with a pestle and a
spatula to promote and homogenise the absorption within the char particles. After each
addition, the mortar was weighed to determine the amount of oil absorbed. To determine
the saturation point, above which Biochar or Norit-B is no more able to absorb the
solution, different criteria were considered: the product must remain in a powder-like
consistency, without forming lumps; it must not grease the walls of the container where
it was placed and it must feel powdery to the touch. Moreover, when the oil charged
sample was placed on a white paper sheet, it should not release oil and therefore should
not leave any halo or stain on the sheet. When halos appear, the product was considered
over-saturated, so the weight obtained at the previous step was considered the maximum

level of saturation of Biochar or Norit-B.

3.1.7 BMDG release tests

BMDG release tests on BMDG loaded Biochar and Norit-B were performed in water.
About 1 g of sample was weighted and placed in a 250 mL glass flask, then 200 mL of

distilled water were added and the solution was warmed under agitation at 37°C in a
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heating plate for different timing (30 minutes-3 hours). The samples were then filtered
under vacuum at 2.7 pm by glass fibre filter Whatman GF/D 1823-070, previously
weighted. The filters were then put in an oven at 105°C overnight and then weighted (dry

filtered solids gross weight.) The recovered filter solids were calculated as follow:

Recovered solids (g) = (dry filtered solids gross weight (g) - filter weight(g))

The initial loaded BMDG was calculated as follow:

Initial BMDG (g) = (Initial loaded Biochar weight dry basis (g) % loaded BMDG %

w/w)/100

The released BMDG was calculated as follow:

Released BMDG (g) = Recovered solids (g) - Initial loaded Biochar weight dry basis (g)

BMDG release (%w/w) = Released BMDG (g) / Initial BMDG (g) %100

The release tests were also performed on an unloaded Biochar, in particular on the AC
Norit-B and on alder Biochar, evaluating the test performance as solids recovery as

follow:

Solids recovery efficiency (%w/w) = 100 - (Initial Biochar weight dry basis (g) -

Recovered solids (g)) / Initial Biochar weight dry basis (g)) < 100

3.1.8 Glucose absorption by carbons

Glucose absorption in water.

A 10 g/L glucose solution prepared in 20 mL was added with 2 g of Biochar or with Norit-

B under stirring. After 2.5 hours incubation in an orbital oscillator, the solution was
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filtered and analysed in a High-performance liquid chromatography (HPLC) Prominence
UFLC LC20-AT (Shimadzu, Kyoto, Japan) equipped with a refractive index detector RID
10 A (Shimadzu, Kyoto, Japan), a Hi-Plex H column 300x7.7 mm (Agilent, Santa Clara,
CA, USA) and a guard column PL Hi-Plex H 50 x 7.7 mm (Agilent, Santa Clara, CA,
USA), operating at 40°C with a flow of 0.6 mL/min (sulfuric acid 0.05M) previously
calibrated with glucose in a 5 point calibration. The glucose absorption yield was

calculated as follow:

Glucose absorption yield (%w/w) = (Initial glucose in solution (g) - Final glucose in

solution (g)) / Initial Biochar weight dry basis (g)) x 100.

Glucose absorption in cell medium

Biochar or Norit-B (4.5 mg) were resuspended in 1 mL of culture medium enriched with
glucose 4.5 g/l (25 mM). Glucose concentration in the medium was assessed by a 24-hour
real time measurement with Live Cell Metabolic Analyzer (PHC Europe, The
Netherlands), following the manufacturer's instruction, and expressed as percentage of

depletion.

3.2 In vitro experiments

3.2.1 Cell treatment: stimuli preparation

The density of BMDG, 1.136 g/mL, was calculated and used to determine a range of
doses of free BMDG used in the cell counting experiment, cell viability test, *H-thymidine

incorporation experiment and Seahorse analysis.

The half-maximal inhibitory concentration (ICso) curve was calculated for HCT116 and

HT29 cells and the 500 pg/mL dose (mean ICso derived from thymidine incorporation

63


https://www.google.com/search?sca_esv=eeba20fd7f6e6f6c&sca_upv=1&rlz=1C1GCEU_itIT977IT977&sxsrf=ADLYWII6GiwoFNHXbMuQksr6eXQ080STew:1726239371276&q=Santa+Clara+(California)&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqmz_VzBe4Qq8qA7BmOVh4gfIlZU_xY_6wr5F5qS5IwWadyA12nw21UDnZrEbU57vngpOY-bKOCet1UVM_RSB9QMspKwQc_KiU32T2MJaxExHXnouchyW_xV2zpyR-annXo9JNod1p0GdUZusyBTW-Fg7FYYDD_8r7gBsJDxhUdEwoVD0nGA%3D%3D&sa=X&sqi=2&ved=2ahUKEwiJr5bklsCIAxWh8rsIHYS1AT4QmxMoAHoECC0QAg
https://www.google.com/search?sca_esv=eeba20fd7f6e6f6c&sca_upv=1&rlz=1C1GCEU_itIT977IT977&sxsrf=ADLYWII6GiwoFNHXbMuQksr6eXQ080STew:1726239371276&q=Santa+Clara+(California)&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqmz_VzBe4Qq8qA7BmOVh4gfIlZU_xY_6wr5F5qS5IwWadyA12nw21UDnZrEbU57vngpOY-bKOCet1UVM_RSB9QMspKwQc_KiU32T2MJaxExHXnouchyW_xV2zpyR-annXo9JNod1p0GdUZusyBTW-Fg7FYYDD_8r7gBsJDxhUdEwoVD0nGA%3D%3D&sa=X&sqi=2&ved=2ahUKEwiJr5bklsCIAxWh8rsIHYS1AT4QmxMoAHoECC0QAg
https://www.google.com/search?sca_esv=eeba20fd7f6e6f6c&sca_upv=1&rlz=1C1GCEU_itIT977IT977&sxsrf=ADLYWII6GiwoFNHXbMuQksr6eXQ080STew:1726239371276&q=Santa+Clara+(California)&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqmz_VzBe4Qq8qA7BmOVh4gfIlZU_xY_6wr5F5qS5IwWadyA12nw21UDnZrEbU57vngpOY-bKOCet1UVM_RSB9QMspKwQc_KiU32T2MJaxExHXnouchyW_xV2zpyR-annXo9JNod1p0GdUZusyBTW-Fg7FYYDD_8r7gBsJDxhUdEwoVD0nGA%3D%3D&sa=X&sqi=2&ved=2ahUKEwiJr5bklsCIAxWh8rsIHYS1AT4QmxMoAHoECC0QAg
https://www.google.com/search?sca_esv=eeba20fd7f6e6f6c&sca_upv=1&rlz=1C1GCEU_itIT977IT977&sxsrf=ADLYWII6GiwoFNHXbMuQksr6eXQ080STew:1726239371276&q=Santa+Clara+(California)&si=ACC90nyvvWro6QmnyY1IfSdgk5wwjB1r8BGd_IWRjXqmKPQqmz_VzBe4Qq8qA7BmOVh4gfIlZU_xY_6wr5F5qS5IwWadyA12nw21UDnZrEbU57vngpOY-bKOCet1UVM_RSB9QMspKwQc_KiU32T2MJaxExHXnouchyW_xV2zpyR-annXo9JNod1p0GdUZusyBTW-Fg7FYYDD_8r7gBsJDxhUdEwoVD0nGA%3D%3D&sa=X&sqi=2&ved=2ahUKEwiJr5bklsCIAxWh8rsIHYS1AT4QmxMoAHoECC0QAg

experiments in HCT116 and HT29 cells at 24 hours) was chosen for the subsequent
experiments carried on the cell lines. For the AKPS organoids, a dose of 1000 pg/mL was
selected, based on the maximum cytotoxic effect detected by the cell viability assay and

the maximum reduction in the area of organoids treated with increasing doses of BMDG.

Consequently, the absorbed carbons (BMDG-Biochar or BMDG-Norit) and the free
carbons (Biochar or Norit-B) were weighed with an analytical balance considering the
different percentages of absorption of BMDG described previously. Specifically, the
BMDG weight content in the absorbed compounds was 67.1% and 61.5% in BMDG-
Biochar or BMDG-Norit, respectively. Therefore 0.75 mg/mL BMDG-Biochar, 0.8
mg/mL BMDG-Norit, 0.25 mg/mL Biochar and 0.32 mg/mL Norit-B were weighed
depending on the experimental setting including HCT116, HT29 and HCEC-1CT.
Regarding organoids, 1.5 mg/mL BMDG-Biochar, 1.6 mg/mL BMDG-Norit, 0.5 mg/mL
Biochar and 0.64 mg/mL Norit-B were weighed depending on the experiment design.
Free BMDG and all carbons were diluted in cell culture medium (depending on the

experiment and cell type).

3.2.2 In vitro models

The colorectal carcinoma cell line HCT116 and the colorectal adenocarcinoma cell line
HT29 were obtained from the American Type Culture Collection (Manassas, VA, USA).
Both cell lines were cultured in McCoy’s 5A medium (Sigma-Aldrich, Milan, Italy)
supplemented with 10% of Fetal Bovine Serum (FBS), 2mM L- glutamine, 100 U/mL

penicillin and 100 pg/mL streptomycin.

AKPS (Apc V- Kras®?P"*; Trp53K0; Smad4<®) organoids, obtained electroporating

Apc™M:Kras®?P™* organoids with sgRNAs targeting Trp53 and Smad4 (Fujii et al., 2015),
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were a gift from Dr Kevin Myant and his group (MRC Human Genetics Unit MRC
Institute of Genetics & Molecular Medicine, The University of Edinburgh). AKPS were
plated in droplets of Cultrex Reduced Growth Factor Basement Membrane Extract, type
2 (BME) (Bio-Techne, Minneapolis, United States) and incubated for 15 min at 37°C to
allow BME solidification. Organoids were then cultured in growth medium - EN medium
- consisting of Advanced DMEM/F-12 (Gibco, ThermoFisher Scientific, Milan, Italy)
supplemented with 100 pg/mL Primocin (Invivogen, San Diego, United States), 2mM L-
glutamine, 10uM HEPES, B-27 Supplement (50X) (Gibco), N-2 Supplement (100X)
(Gibco), Noggin conditioned medium (provided by Dr Kevin Myant) and 50 ng/mL

Mouse EGF Recombinant Protein (PeproTech, ThermoFisher Scientific, Milan, Italy).

The human colon epithelial cell line HCEC-1CT was cultured in ColoUp medium
consisting in DMEM high glucose Glutamax Supplement/ Medium 199 (4+1)
(ThermoFisher Scientific) supplemented with 2% Cosmic Calf Serum (Hyclone, Cytiva,
United States), 20ng/mL EGF, 10 pg/mL Insulin, 2 pg/mL Apo-Transferrin, 5 nM

Sodium-Selenite and 1 pg/mL Hydrocortisone.

All reagents were purchased from Sigma-Aldrich (Milan, Italy), unless otherwise
specified. All cell lines and AKPS organoids were grown at 37°C in a humidified 5% CO>

atmosphere.

3.2.3 Cell population doubling (PD) evaluation

HCT116 and HT29 cells were seeded in triplicate in a 6-well plate in complete medium.
After 7 days, cells were trypsinised with trypsin-EDTA and trypsin-EDTA 2X,
respectively, and were counted using haemocytometer. Then, cells were re-plated at the

same initial density and under the same conditions to be recounted after the same period
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(7 days). The experiment was repeated for 11 weeks. Following the protocol of Baglioni

S.etal. (Baglioni et al., 2012), the number of PD was calculated according to the formula:

PD = log2 (Ni/No) (Ni = number of cells obtained, No =the number of cells plated). Results
were plotted according to the following equation: PDy) = PD (n.1y + PD (ny (n= PD at a

certain time point, n-1= PD at the previous time point).

3.2.4 Cell cycle Analysis

HCT116 and HT29 cells were seeded in 12-well plates at a density of 10° cells/well. Once
70-80 % of confluence was reached, cells were trypsinised and analysed with a Muse™
automated cell analyser (Merck Millipore, Billerica, MA, USA) using the Muse™ Cell
Cycle kit (#MCH1001006, Merck Millipore), according to the manufacturer's
instructions. Briefly, 106 HT29 and 1.5 x 108 HCT116 were washed once with Dulbecco's
Phosphate Buffered Saline (DPBS), then resuspended in DPBS and added drop by drop
to a tube containing 70% ice cold methanol, stirring with a vortex mixer at 15 Hz. The
cells were left to fix for 3 hours at a -20°C and, after centrifugation and washing with
DPBS, were incubated for 30 minutes at room temperature (RT) in the dark with Muse™

reagent and then readings were taken on the previously set up instrument.

3.2.5 Cell cytotoxicity by cell count

Cell cytotoxicity effects of the different treatments (BMDG alone, BMDG-Biochar,
BMDG-Norit, as well as free carbons Biochar and Norit-B) were evaluated by direct
viable cell counts. HCT116 and HT29 were seeded in 12-well plates (7500 cells/well)
and treated with BMDG in a dose range from 5 to 40000 pg/mL for 24, 48 and 72 hours
to calculate the relative 1Cso. In another set of experiments, cells were treated for the same

time intervals directly with BMDG-Biochar and BMDG-Norit or with 24 hour-
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conditioned media depleted by carbons. After treatments, cells were trypsinised and
counted in the haemocytometer. Mean cell number was obtained by counting triplicates

in four different experiments.

3.2.6 Thymidine incorporation

The CRC cell lines, HCT116 and HT29, as well as HCEC-1CT cells, used as non-tumoral
controls, were seeded in 12-well plates at a density of 2 x 10° cells/well in McCoy’s SA
complete medium and of 5 x 10* cells/well in ColoUp medium, respectively. After
reaching ideal confluence, HCT116 and HT29 cells were starved for 4 hours with their
respective serum-free media and then treated with BMDG at different doses (50-100-250-
500-1000-5000 pg/ml) or with free BMDG, BMDG absorbed on chars and free chars (as
described in “Cell treatment: stimuli preparation” section), depending on the
experimental setting. Thymidine incorporation assay in HCEC-1CT was performed

exclusively with 500 pg/mL of free BMDG, BMDG-Biochar and BMDG-Norit.

AKPS were plated in three 15 pl droplets/well of 12-well plates in EN medium. After 48
hours, organoids were treated with 1000 pug/mL of free BMDG, BMDG-Biochar and

BMDG-Norit (as described in “Cell treatment: stimuli preparation” section).

For each in vitro model, cells were treated for 24 hours, followed by a 4-hour pulse with
0,5 uCi/well of 3H-thymidine (Cantini et al., 2019). Then cells were washed twice with
cold DPBS and the proliferation was stopped with ice-cold 10% trichloroacetic acid
(TCA) for 30 minutes at 4°C. After washing in 5% TCA, cells were solubilised in 0.25 N
NaOH for 15 minutes at 37°C and DNA synthesis was evaluated according to the amount

of 3H-thymidine incorporated into TCA-precipitated materials, measuring the
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radioactivity in the scintillation counter. Experiments were performed in triplicate and

were repeated at least three times.

3.2.7 Resazurin-based viability assay

HCEC-1CT cells, as well as AKPS organoids were seeded in 12-well plates at a density
of 5 x 10* cells/well in ColoUp medium and of three 15 pl droplets/well in EN medium,
respectively. After 24 (HCEC-1CT) and 48 (AKPS) hours, both in vitro models were
treated with 500 and 1000 pg/mL of free BMDG, BMDG-Biochar and BMDG-Norit,
respectively. In another experimental setting, AKPS were treated with increasing doses
of BMDG (100-250-500-1000-5000 pg/ml). Cells and organoids were treated for 24
hours, followed by washes with DPBS and by a 4-hour pulse with 10% of culture volume
of Resazurin (R&D systems) add in their respective complete media. Absorbance was
read using Victor Nivo multimode plate reader (Revvity) set at 570 nm and 600 nm,
measuring the maximum absorbance for reduced and oxidized dye.To evaluate the
cytotoxic effects of the BMDG compounds, percentage difference between treated and
untreated control cells/organoids was calculated in accordance with Bio-rad’s protocol

“Measuring Cytotoxicity or Proliferation Using alamarBlue”. The formula is:

[(02 x Al) - (O1 x A2) / (02 x P1) — (O1 x P2)] x 100

O1 = molar extinction coefficient (E) of oxidized Resazurin (blue) at 570 nm = 80586
O2 = E of oxidized Resazurin at 600 nm = 117216

Al = absorbance of treated wells at 570 nm

A2 = absorbance of treated wells at 600 nm

P1 = absorbance of untreated control well at 570 nm

P2 = absorbance of untreated control well at 600 nm
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3.2.8 Measurement of organoids area

AKPS organoids were seeded in 12-well plates at a density of three 15 ul droplets/well
in EN medium and, after 48 hours, were treated with increasing doses of BMDG (100-
250-500-1000-5000 pg/ml) or with 1000 pg/mL of free BMDG, BMDG-Biochar and
BMDG-Norit, depending on the experimental setting. Experiments were conducted in
triplicate, with at least three images per well captured. Area measurements were obtained

using Fiji (ImageJ 1.54p).

3.2.9 Transmission Electron Microscopy (TEM)

TEM analysis was performed essentially as reported by Martinelli S. et al. (Martinelli et
al., 2024) on both HCT116 and HT29 cells and AKPS organoids. Cells treated with the
different stimuli for 24 hours, were washed with DPBS and directly fixed in Karnovsky
fixative overnight at 4°C. AKPS, after 24 hours of treatment with BMDG compounds,
were collected and gently resuspended in cold DPBS using a P1000 pipette to disrupt
BME domes. The suspension was centrifuged at 300g for 5 minutes, and the pellet was
fixed in fixation buffer - consisting of 2% paraformaldehyde (EM grade) and 0.2%
glutaraldehyde in 0.1 M Sorensen’s buffer - for 2 hours in a cold room. Following
fixation, samples were centrifuged again at 300g, and the pellet was left in fixation buffer
overnight. All samples were then post fixed in 1% osmium tetroxide in 0.1 M phosphate
buffer (pH 7.4) for 1 hour at room temperature. Once dehydrated in graded acetone and
passed through propylene oxide, samples were embedded in epoxy resin. Semithin
sections were stained in aqueous 0.1% toluidine blue and analysed under optical
microscopy, while serial ultrathin ones were processed with gadolinium acetate and

alkaline bismuth subnitrate and examined under a JEM 1010 electron microscope (Jeol,
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Tokyo, Japan) at 80 kV. Photomicrographs were taken with a MegaView Il (Soft
Imaging System, Muenster, Germany) digital camera connected with a dedicated

software (AnalySIS, Soft Imaging Software, Muenster, Germany).

3.2.10 Seahorse analysis: adenosine triphosphate (ATP) production and

mitochondrial respiration

Real-time ATP rate assay

Metabolic status was investigated on a Seahorse XF96 Analyzer (Agilent Technologies,
Santa Clara, CA, USA). Real-time ATP rate assay was performed through the Seahorse
XF Real-Time ATP Rate Assay kit (Agilent Technologies, #103592), according to the
manufacturer’s instructions.

Briefly, 1 x 10* HCT116 and HT29 cells and 2.5 x 10° HCEC-1CT were plated in the
Agilent Seahorse XF Cell Culture Microplate (96 wells) in McCoy’s SA complete
medium and ColoUp medium, respectively, and let to grow for 24 hours. AKPS were
plated by adapting Ludikhuize et al. protocol (Ludikhuize et al., 2021). In summary,
organoids were expanded in standard 12-well culture plates and after 72 hours, four 15 pl
drops were collected and organoids were re-plated in 50 ul of BME in Seahorse cell
culture microplates which had been pre-warmed in the incubator. After BME
solidification, 60 ul of EN medium were added.

The day before the assay, the sensor cartridge was hydrated in Seahorse XF Calibrant at
37°C in a non-CO; incubator overnight. The day of the assay, after 24 hours in growth
medium or with 500 pg/mL (cell lines)/1000 pg/mL (AKPS) of free BMDG and BMDG
absorbed on Biochar/Norit-B, the assay medium was prepared by supplementing the
Seahorse XF DMEM medium pH 7.4 (Agilent Technologies, Santa Clara, CA, USA) with

1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. The medium was removed from
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the Seahorse microplate, and cells were washed with warmed assay medium using a
multichannel pipette and were incubated with assay medium at 37 °C in a non-CO>
incubator for 60 minutes prior to the assay. Then the assay medium was removed again
and replaced with 180 pl of fresh medium. In the meanwhile, Oligomycin (150 uM) and
Rotenone/Antimycin A (Rot/AA, 50 uM) were resuspended with 420 pL and 540 pL of
assay medium, respectively. Then the Oligomycin and Rot/AA were diluted to reach the
concentration of 15 and 5 pM (10X), respectively. The hydrated sensor cartridge was
loaded with Oligomycin 1.5 pM and Rot/AA 0.5 pM into ports A and B, respectively.
The starting well volume was 180 pl, so to obtain the final concentration (10X) the
injection volumes were 20 ul in port A and consequently 22 pl in port B. Then the loaded
sensor cartridge with the calibrant plate was placed into the Seahorse XFe Analyzer, and
after the calibration, the XF Real-Time ATP Rate Assay was performed according to the
manufacturer’s default protocol for cell lines. Regarding AKPS, due to their three-
dimensional structures, it was necessary to adjust the measurement protocol. Specifically,
3, 6, and 5 cycles, each consisting of 3 minutes of mixing and 4 minutes of measurement,
were identified as optimal for measuring parameters at baseline, after oligomycin A and
after Rot/AA injection, respectively. The Seahorse Report Generator automatically
calculates the test parameters from Wave data, in particular the oxygen consumption rate
(OCR) and the extracellular acidification rate (ECAR). For AKPS analysis, only wells
containing well-formed organoids positioned in the centre were selected and data were
normalised on protein content (Bradford assay). Data were analysed with Wave software

(version 2.4.0, Seahorse Bioscience, Agilent Technologies, Santa Clara, CA, USA).
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Mito Stress assay

A Mito Stress Test Kit (Agilent Technologies, #103015) was used to assess the
mitochondrial function by directly measuring OCR and ECAR of HCT116, HT29 and
HCEC-1CT cells and AKPS organoids plated and treated in the Agilent Seahorse XF Cell
Culture Microplate as described above. After 24 hours of treatment with 500 pg/mL or
1000 pg/mL of free BMDG and BMDG absorbed on Biochar/Norit-B, the medium was
removed from the Seahorse microplate, and cells were washed with assay medium -
supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose - using a
multichannel pipette and were incubated with the assay medium at 37 °C in a non-CO>
incubator for 60 minutes to allow for temperature and pH equilibration before being
loaded into the XF96 Analyzer. In the meanwhile, Oligomycin (150 pM), carbonyl
cyanide m-chlorophenylhydrazone (FCCP, 100 puM) and Rot/AA (50 pM) were
resuspended with 630 pL, 720 pL and 540 pL of assay medium, respectively. Then
Oligomycin, FCCP and Rot/AA were diluted to reach the concentration of 15 pM, 10 uM
and 5 pM, respectively. The injection sequence in was programmed as follows: 1st (port
A), oligomycin (1.5 pM final concentration); 2nd (port B), FCCP (1 uM final
concentration); 3rd (port C), Rot/AA (0.5 puM final concentrations, respectively).
Regarding AKPS the measurement protocol consisted in 3, 6, 4 and 5 cycles, each
consisting of 3 minutes of mixing and 4 minutes of measurement, for parameters
measurement at baseline, after oligomycin A, after FCCP and after Rot/AA injection,
respectively. For AKPS analysis, only wells containing well-formed organoids positioned
in the centre were selected and data were normalised on protein content (Bradford assay).
Data were analysed with Wave software (version 2.4.0, Seahorse Bioscience, Agilent

Technologies, Santa Clara, CA, USA).
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Energy map

The ability of Seahorse technology to simultaneously measure OCR and ECAR allowed
to investigate the cell energy profile. In particular, both the real-time ATP assay and the
Mito Stress test evaluate cell energy phenotypes; phenotypes can be defined as aerobic
(the cell predominantly uses mitochondrial respiration), glycolytic (the cell
predominantly uses glycolysis), quiescent (the cell is not very energetic), energetic (the

cell uses both aerobic and glycolytic pathways to a similar extent).

3.2.11 Statistical Analysis

Statistical analysis was performed using SPSS software 27.0 (Statistical Package for the
Social Sciences, Chicago, US) for Windows. The Kolmogorov—Smirnov’s test was used
to assess normal distribution of data. Results are expressed as mean = SE, unless
otherwise stated. All experiments have been performed at least as triplicates, unless
otherwise stated. Student’s t test was used for comparison of two classes of data and two-
ways ANOVA followed by Bonferroni’s post hoc test for comparison of multiple classes
of data. A p-value < 0.05 was considered as statistically significant. Sigmoidal curves and
inhibitory concentration (IC) for dose response to the different compounds were analysed

by Origin 4.0 software.

3.3 mRNA sequencing and gene expression analysis

3.3.1 In vivo treatment of animal model and tissues collection

C57BL/6 mice were purchased, treated and tissues were collected by Professor Andrea

Galli’s group (University of Florence). Briefly, promotion of chronic inflammation and
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formation of colorectal tumours was carried out by treatment with a single dose of AOM
(10 mg/kg) followed by three treatments with 2.5% DSS (De Robertis et al., 2011). Mice
subjected to AOM/DSS treatment only (n=12), were used as reference group for two
experimental arms representing two treatment models with BMDG compounds. The
preventive model (where mice were treated one week before AOM administration and
throughout the entire experimental phase lasted 80 days) included 11, 10 and 11 mice
treated with BMDG, BMDG-Biochar and BMDG-Norit, respectively. The therapeutic
model (where mice were treated starting one week after tumour formation) comprised 12,
11 and 11 mice treated with BMDG, BMDG-Biochar and BMDG-Norit, respectively.
The dose was selected considering free butyrate as the bioactive molecule present in
BMDG and in accordance with the butyrate dose reported in the literature (1 g/kg) (Y.
Du et al., 2020). 80 days after treatment with AOM, all the experimental arms, including
the reference group, were sacrificed by cervical dislocation and intestinal non-tumoral
mucosa, tumour tissues, abdominal adipose tissues, peritumoral adipose tissues and other

organs were collected, snap frozen and stored at -80°C.

3.3.2 RNA extraction

RNA was extracted from non-tumoral mucosa, tumour, peritumoral adipose tissue and
abdominal adipose tissue (located distally from the tumour) samples, all collected from
the same individual mouse to ensure matched analyses across tissue types. For each
treatment group within each experimental model, a minimum of three biological

replicates (mice) was included.

For mechanical tissue disruption, 5 mm stainless steel beads (Qiagen, Milan, Italy) were

pre-cooled in 2 mL tubes. Adipose tissues were sectioned, weighed to ensure an optimal

74



mass of <100 mg, and placed into the pre-cooled tubes containing beads on dry ice. RNA
extraction from adipose tissue was performed using QIAzol Lysis Reagent according to

the manufacturer’s instructions, adding 1 mL of QIAzol per 100 mg of tissue.

Non-tumoral mucosa and tumour tissues were processed following the “RNeasy Mini
Kit” (Qiagen) protocol. Briefly, samples were homogenized in 600 pL of Buffer RLT
supplemented with 10 uL/mL B-mercaptoethanol in pre-cooled tubes containing beads.
Both adipose and intestinal tissues, in QIAzol Lysis Reagent and Buffer RLT
respectively, were homogenised using a TissueLyser Il Bead Mill Homogenizer
(Qiagen). Adipose tissues were homogenised with two 1-minute cycles at 30 Hz, whereas
intestinal tissues underwent two 1.5-minute cycles followed by two 1-minute cycles at 30

Hz.

Adipose tissue homogenates were centrifuged at 12,000 g for 10 minutes at 4°C, and the
supernatants were collected. Total RNA was extracted using the chloroform/isopropanol
method included in the “QIAzol Lysis Reagent” protocol. Briefly, chloroform was added
at a volume of 200 pl per mL of QIAzol used. After centrifugation to separate the aqueous
phase containing RNA, isopropanol (500 ul per mL of QIAzol used) was added, followed
by an additional centrifugation step to precipitate RNA. The supernatant was discarded
and the RNA pellet was washed with 75% ethanol (1:1 with the volume of QlAzol used)
and centrifuged again. RNA pellet was resuspended in 50 pl of RNAse-free water.

RNA from intestinal tissue homogenates was instead isolated using RNeasy Mini spin
column, according the manufacturer’s instructions, and eluted in 30 pl of RNAse-free

water.
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RNA concentration was determined by measuring absorbance at 260 nm using a
spectrophotometer (Nanodrop, Thermo Fisher Scientific). RNA purity was evaluated based

on the 260 nm/ 280 nm and 260 nm/ 230 nm absorhance ratios.

3.3.3 mRNA-seq and data analysis

MRNA-seq libraries were prepared and sequenced by the Genomic Unit at Cogentech Srl
(IFOM, Milan, Italy). Briefly, RNA quality was assessed using Agilent RNA ScreenTape.
Poly(A)-captured mRNA libraries were prepared, and library quality was checked using
Agilent D1000 ScreenTape. 60M paired-end sequencing was performed using Illumina

NovaSeq 6000 DX platform.

RNA-seq data were analysed by the Genomic Unit service using nf-core/rnaseq
bioinformatics pipeline (Ewels et al., 2020), with gene annotation based on Ensembl
release 115 (Mus_musculus.GRCm39). Raw counts were normalized using upper-
quartile normalization scaled to 1000 for quality controls check and distance matrix

generation.

3.3.4 Differential gene expression analysis

Raw counts and metadata (where sample ID were linked to tissue type, treatment
condition and treatment model) were used for differential gene expression analysis
performed with DESeq2 package (Love et al., 2014) using R (version 4.5.2) within the
Rstudio Integrated Development Environment (version 2025.9.1.401, Posit team, 2025).
Genes with low expression were filtered out by retaining only those with a count > 10 in
at least three samples. Differential expressed genes were filtered based on statistical
significance (adjusted p < 0.05) and fold change (absolute log2 Fold Change > 2 or 0.5

depending on the groups comparison). Principal Component Analysis (PCA) of RNA-seq
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sample was obtained by applying variance stabilizing transformation (vst) to raw counts
using the DESeqg2 package. Volcano plots were generated using the ggplot2 package,
with the x-axis representing log. fold change and the y-axis showing -logio of the adjusted

p-value.

Gene Set Enrichment Analysis (GSEA) was performed in R within Rstudio Integrated
Development Environment, using the Reactome pathway database on a ranked gene list,
ordered in decreasing log. fold change values derived from differential gene expression
analysis (Korotkevich et al., 2019). The top 20 significantly enriched pathways (adjusted

p < 0.001) were considered.
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4. Results

4.1 Chemical and physical properties of Biochar and activate

carbon Norit-B

BMDG was produced with the following ratio: 50.3% monoacyl butyrate, 21.9% diacyl
butyrate, 2.3% triacyl butyrate (tributyrin), 25.3% free glycerol and absorbed on Biochar
obtained from alder wood (BMDG-Biochar) or on commercially available activated
carbon Norit-B (BMDG-Norit). Chemical and physical characteristics of the two types of

carbons were evaluated and reported in Table 2.

Particle T Pore Volume | Pore Volume Sfﬁfj":s; Porosity
Biochar/AC size pH 2 [DFT] [Hg Poras.] wesseesas | [Heg Poros.]
(m?%/g) 3 TR [He Pores.] prnnsess
(km) (em’/g) (ml/g) S (%)
(pm)
Biochar <200 8.34 248 0.118 3.029 0.913 81.58
Norit-B <200 6.90 1264 0.619 1.667 0.047 70.85

Table 2. Comparison of the main chemical and physical characteristics of Biochar and Norit-B. The
Biochar and activated carbon (Norit-B) porosity was obtained through the Brunauer—Emmett—Teller
method (BET) and mercury porosimetry [Hg poros.]. The specific surface area was determined by BET
(m2/g) while the average pore volume was estimated using the DFT (Density Functional Theory) approach
on BET data (cm3/g) and directly measured by mercury porosimetry (ml/g). The average pore diameter
(um) and porosity (%) derived also from mercury porosimetry. The pH from both samples were also
measured after 1:5 (v/v) extraction in CaCl2.

Both powders consisted of particles with diameters < 200 nm, but structurally different
especially in terms of porosity, being Biochar characterised mainly by meso-/macro-
porosity while Norit-B resulted as significantly micro-porous. The different three-
dimensional structure of Biochar and Norit-B can be appreciated by SEM analysis (Figure

6A, B, respectively). Biochar particles clearly showed how the morphological structure
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of the woody feedstock was maintained in the carbonised product (Fig.6A) while Norit-
B presented a more amorphous structure with no evidence of meso- and macro- porosity
(Figure 6B), conversely appreciable in the Biochar particles. A preliminary screening of
the presence of functional surface groups conducted by Fourier-transform infrared
spectroscopy (FT IR) revealed no signals in the FT IR spectrum and consequently no
presence of specific functional groups (Figure 6D); also Biochar spectrum (Figure 6C)
could be considered almost clear with very few signals in the aromatic region 1600-1350
cmt (Breton et al., 2021; Elnour et al., 2019; Mujtaba et al., 2021) and no particular

evidence of surface functional groups.
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Figure 6. Properties of BMDG-absorbed and unabsorbed carbons. (A-B) Representative Scan Electron
Microscopy (SEM) images of Biochar and Norit-B particles showing the differences in the porosity; scale
bars are indicated at the left bottom (30 um). (C-D) Representative Fourier-transform infrared (FT-IR)
spectra are shown for Biochar and Norit-B, which enable investigation of the presence of functional groups:
data are expressed as % of Transmittance.
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To evaluate if the different structural characteristics of the pores of the two types of
carbons may affect their efficiency in acting as molecular carriers for BMDG, BMDG
loading and release properties of Biochar and Norit-B were evaluated under the same
conditions. The two samples presented a pH of 8.3 and 6.9 for Biochar and Norit-B,
respectively. Table 3 shows the superiority of Biochar in the combined uptake and release

of BMDG compared to Norit-B, resulting in a 100% of Butyrate release in water.

Particle Carrier BMDG BMDG BMDG release
. s ) ) BMDG release
Carrier size amount amount specific sorption (%w/w) {gwm
(wm) | (%w/w) | (%w/w) | (gswpe/gcarrier) )
Biochar <200 32.9 67.1 2.04 100 2.03
Norit-B £200 38.5 61.5 1.60 81 1.30

Table 3. Comparison of BMDG absorption and release properties of Biochar and Norit-B. BMDG was
absorbed on both Biochar or Norit-B (gBMDG/gcarrier) and the proportion of solid carrier and BMDG in
each absorption experiment are expressed as weight percentages (w/w%). The BMDG release from the
BMDG-Biochar and BMDG-Norit
(yBMDG/gcarrier).

is expressed both as weight percentage (w/w%) and as

Conversely, Biochar was not able to capture glucose compared to the ability of Norit-B

to absorb the glucose dissolved in water or present in the medium used for cell culture

(Table 4).
. Biochar . Glucose input TO Glucose T24 Glucose
Carrier frttrr e Media Per et uuuul:uuulluuu uuul:nnnnnnnn.
(/1) (e/1) absorbtion (%) | absorbtion (%)
Norit-B § 100 water 9,9 70,2 -
Biochar & 100 water 9,9 BDL -
Norit-B # 45 Cell medium 4,5 52 45
Biochar # 45 Cell medium 4,5 1 0

Table 4. Glucose absorption test. Glucose absorption ability of Biochar or active carbon (Norit-B) has been
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evaluated in different conditions through two different methods (see Method section), maintaining the same
CHAR:Glucose (10:1) ratio for both Biochar and Norit-B. 8HPLC analysis, # real-time measurement by
Live Cell Metabolic Analyzer. BDL: below detection limit; TO=immediately after char addition, T24= after

24 hours of incubation.

4.2 Biological properties of the BMDG, alone or absorbed on

Biochar or Norit-B and their effects on in vitro cell models of CRC

Biological properties of free BMDG or absorbed on the two char vehicles, BMDG-
Biochar or BMDG-Norit, were assessed in vitro on two human cell line models of CRC,
namely HT29 and HCT116, and on AKPS, APC-deficient mouse organoids of colon

cancer.

HT29 and HCT116 derived from a more differentiated colorectal adenocarcinoma and
from a less differentiated carcinoma, respectively (Ahmed et al., 2013). HCT116 cells
displayed a higher in vitro proliferation rate compared to HT29 cells (Figure 7A)
associated with a higher fraction of cells in G2/M and G0/G1 phases (Figure 7B). The
more aggressive behaviour of HCT116 cells was further supported by the analysis of cell
metabolism performed in both cell lines by Seahorse technology. The analysis of the
relative ratio of ATP production (Figure 7C) revealed that HCT116 are characterised by
a significantly higher glycolytic and lower mitochondrial ATP production compared to
HT29 cells. This metabolic condition characterised by a glycolytic shift defined as the
Warburg effect, is typical of aggressive and highly proliferative cancer cells. The
simultaneous measurement of indicators of the two energy producing pathways (OCR

and ECAR, mainly referred to mitochondrial respiration and to glycolysis, respectively),
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stressed the differences in the energetic profile of the two cell lines, further supporting a

more aggressive metabolic phenotype of HCT116 cells (Figure 7D).
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Figure 7. HCT116 cells display a phenotype more aggressive than HT29: CRC cell line properties
compared. (A) Population doubling (PD) curves were obtained by cell counting at different passages of
HCT116 and HT29 cultures expanded for 11 weeks. Results are expressed as mean £ SE PD numbers
obtained by cell counting in triplicate; statistical analysis was performed with Student's t-test **p<0.001
HCT116 vs HT29. (B) Data obtained from cell cycle analysis are shown as mean + SE of the percentage of
HCT116 and HT29 cells grown in triplicate for 24 hours in their complete growth medium; statistical
analysis was performed with Student's t-test *p<0.05 HCT116 vs. HT29. (C) Analysis of basal ATP
production rate (%) performed through Seahorse XF Real-Time ATP rate assay is represented as the sum
of ATP production associated with mitochondrial oxidative phosphorylation (mitoATP) during OXPHOS
process and that associated with glucose to lactate conversion (glycoATP) during the glycolytic process.
Results are expressed as the mean + SE of n=3 independent experiments obtained by culturing HCT116
and HT29 cells for 24 hours in their complete growth medium; statistical analysis was performed with
Student's t-test **p <0.001 HCT116 vs. HT29; #p <0.001 glicoATP vs. mitoATP. (D) Energy map of
HCT116 and HT29 cells showing the relative metabolic profiles based on oxygen consumption rate (OCR,

pmol/min) and extracellular acidification rate (ECAR, mpH/min).
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To assess the direct effect of BMDG on CRC cells in vitro, the two cell lines were treated
with increasing concentrations of the mixed compound for 24, 48 and 72 hours. The
treatment resulted in a dose-response and time-dependent reduction in the cell number,
displaying a lower ICso for HCT116 (ICso = 1413 pg/ml at 24 hours) compared to HT29
(ICs0 = 2319 pg/ml at 24 hours) cells (Figure 8A). The effects of BMDG when absorbed
on chars on cell viability was then assessed in the aggressive HCT116 line, as this seemed
to be the most sensitive between the two cell lines. HCT116 cells were treated for 24, 48
and 72 hours with the direct addition of BMDG-Biochar and BMDG-Norit or with the
respective conditioned medium (see Methods) by incubation with absorbed chars and
after depletion of the carbon particles (Figure 8B). BMDG-Biochar and BMDG-Norit
direct addition significantly reduced the cell number already starting from 24 hours, with
an increasing effect at longer incubation times. The reduction in the cell number obtained
by time course incubation with char-depleted conditioned media, not containing carbon
particles, was slightly reduced compared with the direct addition of the combined

molecules, in particular for BMDG-Norit treatment.
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Figure 8. Inhibitory effect of BMDG alone and absorbed on Biochar or Norit-B on cell number. (A) Cell
number was expressed as mean percentage + SE in n=4 replicates for each BMDG dose at the indicated
time points (24, 48, 72 hours) over controls (untreated cells) taken as 100% in HCT116 or HT29 cells.
Sigmoid models have been fitted and 1Cso of BMDG for each time point in each cell type as indicated. (B)
HCT116 cells were treated for the indicated time intervals directly with BMDG-Biochar and BMDG-Norit
(with BMDG concentration obtained from thymidine experiments at 24 hours) or with the conditioned
media depleted from carbon powders obtained after 24-hour incubation with BMDG-Biochar or BMDG-
Norit, respectively (Biochar CM and Norit CM). Cell number was expressed as the mean + SE of fold
decrease over controls taken as 1 (Ctrl, dotted line) in n=3 independent experiments with each point
performed in triplicate; statistical analysis was performed with ANOVA followed by Bonferroni’s post hoc
test *p <0.05, ** p <0.001 vs. control.

The higher sensitivity of HCT116 cells compared to HT29 was further confirmed by the
ability of the compounds to directly interfere with DNA duplication, as evaluated by *H-
thymidine incorporation. To calculate BMDG ICso for DNA replication, HCT116 and
HT29 were treated with increasing concentrations of BMDG for 24 and 48 hours,
resulting in a significantly lower ICso for HCT116 at 48 hours (111 pg/ ml vs 313 pg/ml)
(Figure 9A). For the rest of the experiments, BMDG and the combined compounds were
used at the dose corresponding to the mean ICso at 24 hours derived from thymidine
incorporation in HCT116 and HT29 cells (corresponding to the presence of 32.9% of
Biochar and 38.5% of Norit-B, respectively). When the effect on cell proliferation was
compared among the different compounds, BMDG alone and absorbed on Biochar
exerted a similar inhibitory effect on DNA duplication, with no effect when absorbed on
Norit-B (Figure 9B). No inhibitory effect was associated with the treatment with free
carbons. Of note, BMDG-Biochar’s interference with cell proliferation was significantly
higher in HCT116 compared to HT29 cells (Figure 9B). Treatment with BMDG-Norit
was associated with an apparent increase in tumour cell proliferation. However, this

observation may be explained by the capacity of the microporous structure of activated
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carbon to adsorb small molecules, likely including tritiated thymidine. Indeed, despite the
multiple washing steps performed prior to radioactivity measurement, small amounts of
Norit-B may remain and contaminate the liquid scintillator. Therefore, it cannot be
excluded that part of the detected radioactivity derives not from thymidine incorporated
into cellular DNA, but from unincorporated thymidine absorbed on residual Norit-B

particles remaining in the treatment wells (Figure 9B).
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Figure 9. The inhibitory effects exerted by the different compounds on cell proliferation. (A) Cell
proliferation was assessed in HCT116 and HT29 cells treated for 24 and 48 hours with increasing
concentration of BMDG through *H-thymidine incorporation into replicating DNA. Cell number was
expressed as the mean percentage + SE of CPM over controls (untreated cells) taken as 100%. Sigmoid
models have been fitted and 1Cso of BMDG for each time point in each cell type, as indicated. (B) Cell
proliferation was evaluated by ®H-thymidine incorporation into duplicating DNA in HCT116 and HT29
cells treated for 24 hours with the different compounds and indicated as mean + SE of CPM expressed as
fold increase over untreated controls taken as 1 (Ctrl, dotted line) in n=3 independent experiments with
each point performed in triplicate. The BMDG dose used (500 pg/ml) was calculated by averaging the 24
hour-1Cso obtained from thymidine incorporation experiments in HCT116 and HT29 cells. Statistical
analysis was performed with ANOVA followed by Bonferroni’s post hoc test *p <0.001 vs. controls or
with Student's t-test “p <0.001 HCT116 vs. HT29 cells.

The absence of any significant effect on cell proliferation in non-tumoral human colon

epithelial cell line (HCEC-1CT), treated under the same conditions with BMDG alone or
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absorbed on Biochar or Norit-B and used as a negative control, confirms that the
inhibition of DNA replication is specific for CRC cells (Figure 10, left panel). The
viability assay further corroborated the safety of the selected dose in the normal colon
cell line (Figure 10, right panel). Due to the well-known absorption capacity of Norit-B,

it was not possible to perform the resazurin-based viability assay on cells treated with

BMDG-Norit.
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Figure 10. The effects exerted by the different compounds on HCEC-1CT proliferation and viability. Cell
proliferation (left panel) was evaluated by *H-thymidine incorporation into duplicating DNA in HCEC-
1CT cells treated for 24 hours with 500 pg/mL of free and absorbed BMDG and indicated as mean + SE of
CPM expressed as fold increase over untreated controls taken as 1 (Ctrl, dotted line) in n=3 independent
experiments with each point performed in triplicate. Cell viability (right panel) was evaluated by Resazurin
assay in HCEC-1CT cells treated for 24 hours with 500 pg/mL of free BMDG and BMDG-Biochar and
expressed as mean + SE of the percent difference in resazurin reduction between treated and control cells
in n=4 independent experiments with each point performed in triplicate. Statistical analysis was performed
with ANOVA followed by Bonferroni’s post hoc test. No significant differences were observed across
treatment groups.

To investigate the effects of the combined molecules in a model more closely
recapitulating the in vivo CRC, their activity was evaluated in the mouse intestinal

organoid cultures carrying the AKPS genotype (Apc ™ Kras®'2P"*; Trp53%©; Smad4X©)
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associated with the development of CRC (Drost et al., 2015; Fearon & Vogelstein, 1990;
X. Lietal., 2014; Matano et al., 2015). To calculate BMDG ICs for cell viability, AKPS
organoids were treated with increasing concentrations of BMDG for 24 hours (Figure 11).
A sigmoidal dose-response model could not be fitted and the 1Cso could not be
determined, as the tested concentrations did not reduce cell viability to sufficiently low
levels, reaching a maximum cytotoxic effect of approximately 25% even at the highest
dose tested (Figure 11B). The experimental dose range was also found to significantly
affect organoid area, with a reduction observed starting at 250 pg/mL and reaching a

maximal decrease of 31% in organoids treated with 1000 pg/mL of BMDG (Figure 10B).
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Figure 11. The effects exerted by BMDG on AKPS viability and area of the organoids. (A) Representative
optical microscope images of AKPS organoids from the different experimental groups. (B) Cell viability
was evaluated by Resazurin assay in AKPS organoids treated for 24 hours with increasing doses of free
BMDG and expressed as mean + SD of the percent difference in resazurin reduction between treated and
control organoids (dotted line) in n=3 independent experiments with each point performed in triplicate. (C)
Area was measured using Fiji (ImageJ 1.54p) and expressed as the mean + SE of the relative reduction (%)
to the control. Statistical analysis was performed with ANOVA followed by Bonferroni’s post hoc test *p
<0,05; ** p <0,001 vs control (Ctrl).
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For the rest of the experiments on AKPS organoids, BMDG and the combined compounds
were used at the dose of 1000 pg/mL (considering again the presence of 32.9% of Biochar
and 38.5% of Norit-B in the combined molecules, respectively). As expected, a
comparative analysis of the effects of the different compounds on organoid viability
revealed that BMDG alone and BMDG absorbed on Biochar exerted a similar significant
cytotoxic effect, with a reduction in cell viability of 14% and 17%, respectively. No
cytotoxic effect was associated with treatment with Biochar alone (Figure 12B). While
BMDG-Norit interfered with cell proliferation by 32%, a stronger effect on DNA
duplication was observed in the presence of BMDG alone and BMDG-Biochar, with
reductions of 92% and 90% respectively (Figure 12C). Regarding organoid area (Figure

12D), only BMDG-Biochar induced a significant decrease (28%).
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Figure 12. The effects exerted by combined molecules on AKPS vitality, proliferation and area. (A)
Representative optical microscope images of AKPS organoids from the different experimental groups. (B)
Cell viability was evaluated by Resazurin assay in AKPS organoids treated for 24 hours with 1000 pg/mL
of free BMDG, absorbed BMDG and Biochar alone and expressed as mean * SE of the percent difference
in resazurin reduction between treated and control organoids (dotted line) in n=6 independent experiments
with each point performed in triplicate. (C) Cell proliferation was evaluated by *H-thymidine incorporation
into duplicating DNA in AKPS organoids treated for 24 hours with 1000 pg/mL of free and absorbed
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BMDG and indicated as mean + SE of CPM expressed as fold increase over untreated controls taken as 1
(Ctrl, dotted line) in n=3 independent experiments with each point performed in triplicate. (D) Area was
measured using Fiji (ImageJ 1.54p) and expressed as the mean + SE of the relative reduction (%) to the
control. Statistical analysis was performed with ANOVA followed by Bonferroni’s post hoc test * p <0,05;
**p <0,01; *** p <0,001 vs controls (Ctrl).

In order to investigate at cellular level, the interaction between carbon particles and CRC
models during the in vitro treatment, an ultrastructure analysis of the treated cells was
performed. HCT116, HT29 cells and AKPS organoids were left untreated or treated for
24 hours with 500 or 1000 pg/mL BMDG alone or absorbed on Biochar or Norit-B,

respectively.

TEM analysis of HCT116 (Figure 13 panels A-F) and HT29 (Figure 13 panels G-L) cells
clearly showed that the treatment with BMDG-Biochar (panels D, E and J, K) and
BMDG-Norit (panels F and L) induced some cells to internalise carbon particles into
large lysosomes and to undergo deformation of their shape. BMDG (alone or absorbed
on carbons) treatment was associated with moderate signs of cell differentiation, namely
expansion of rough endoplasmic reticulum (RER) cisternae, increased number of rod-
shaped mitochondria with darker matrix and surface microvilli, all features resembling
those of the normal colonic surface epithelium. These features were more evident in
undifferentiated HCT116 (Figure 13A vs B, C and D-F) as compared with the more
differentiated HT29 (Figure 13G vs H, | and J-L) cells. These latter ones also showed
diffuse surface microvilli in untreated controls (Figure 13G vs A). Furthermore, in the

presence of BMDG, autophagy was more evident.
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untreated Ctrl

Figure 13. Representative TEM images of HCT116 and HT29 cells from the different experimental groups.
HCT116 cells (A-F). (A) The untreated control shows features of undifferentiated cells, with few organelles
and roundish mitochondria with clear matrix (arrowhead). (B, C) Treatment with BMDG induced moderate
signs of cell differentiation, namely an increase in RER cisternae, rod-shaped mitochondria with darker

matrix (arrowhead), and surface microvilli (mv) reminiscent of those of the normal colonic surface
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epithelium. Autophagosomes (A), an index of the occurrence of increased autophagy, can also be seen. (D-
E) Treatment with BMDG-Biochar also induced similar signs of cell differentiation. Moreover, the cells
tended to attach to the carbon surface and to phagocytize carbon particles (asterisks), which are internalised
by lamellipodia (double arrows) into large lysosomes (Ly). (F) Treatment with BMDG-Norit induced
similar effects as BMDG-Biochar. Magnification: x10.000. Scale bars are indicated at the bottom in black:
scale bars = 1 pm. HT29 cells (G-L). (G) The untreated control grew as epithelial clusters and showed a
regular organellular complement, with several roundish mitochondria with numerous cristae (arrowhead),
and surface microvilli (mv). (H, 1) Treatment with BMDG induced an increase in autophagosomes (A), an
index of the occurrence of increased autophagy, and the appearance of scattered lipid droplets (Id), not
appreciable in HCT116 cells, further confirming the higher basal level of differentiation characterising
HT29 compared to HCT116 cells. Surface microvilli also increased in some cell clusters. (J, K) Treatment
with BMDG-Biochar induced similar changes as BMDG alone, particularly autophagosomes (A). The cells
tended to attach to the carbon surface and to phagocytise carbon particles (asterisks), which are internalised
into large lysosomes. (L) Treatment with BMDG-Norit induced similar effects as BMDG-Biochar; mv,

microvilli. Magnification: x10.000. Scale bars are indicated at the bottom in black: scale bars = 1 pm.

TEM analysis of AKPS organoids (Figure 14) revealed notable differences compared to
cell lines. AKPS are characterised by the presence of swollen mitochondria with a
reduction in cristae extent. In addition, treatment with BMDG-Biochar (panels G-I) and
BMDG-Norit (panels J-L) did not induce internalization of carbon particles. Treatment
with BMDG, either alone or absorbed on chars, was associated with moderate features of
cellular differentiation. However, most cells lacked clear polarization, displaying
microvilli on both apical and basolateral surfaces. When BMDG was absorbed on
Biochar, mitochondria appeared less swollen and retained more preserved cristae
morphology. In contrast, in the presence of BMDG-Norit, ultrastructural observations
suggest a possible activation of mitochondrial fission processes, potentially reflecting an
adaptive response to stress. Images suggest that mitochondrial impairment may be linked
to enhanced lipogenesis, as indicated by the accumulation of lipid droplets. This effect
was particularly evident in BMDG and BMDG-Norit treatments, which also showed more
pronounced mitochondrial alterations.
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Figure 14. Representative TEM images of AKPS organoids from the different experimental groups. (A-C)

The untreated control shows an epithelial layer with a polarized absorptive surface and microvilli (mv), and
a differentiation toward a classic intestinal phenotype with tight junctions (t) typical of enterocytes.
Autophagosomes (A), an index of the occurrence of increased autophagy, can also be seen. Mitochondria
(arrowheads) appear swollen, with a reduction in cristae extent, consistent with altered cellular metabolism
Magnification: x6,000, x10,000 and x15,000 respectively. (D-F) Treatment with BMDG induced extensive
vacuolization (v). Mitochondria (arrowheads) appear swollen. Moderate signs of cell differentiation are

observed, characterised by a loss of clear topographical organization and slight depolarization, with
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microvilli (mv) also present on the basolateral surface. Limited autophagy (A) is detectable, together with
the appearance of few lipid droplets (Id), likely resulting from mitochondrial dysfunction that may stimulate
lipogenesis and triglyceride storage. Magnification: x8,000, x10,000 and x15,000 respectively. (G-I)
Treatment with BMDG-Biochar induced signs of cell differentiation. Mitochondria appear slightly swollen,
but with normally appearing cristae (double arrows), whereas swollen mitochondria are less frequent
compared to treatment with free BMDG. The rough endoplasmic reticulum (RER) is clearly visible, and
the Golgi cisternae (g) are also well defined. Magnification: x8,000, x10,000 and x15,000 respectively. (J-
L) In this experimental group, the lumen (L) can’t be identified. Treatment with BMDG-Norit induced
effects similar to those observed with BMDG in terms of lipid droplet (Id) formation. Mitochondria
(arrowheads) appear swollen, and images suggesting mitochondrial fission (#) can be observed, possibly
representing an attempt to increase the chondriome in response to oxidative mitochondrial dysfunction.
Numerous large vacuoles are clearly visible; some of them may contain glycogen accumulations (*), likely
associated with impaired glucose metabolism. Magnification: x10.000. Scale bars are indicated at the

bottom in black: scale bars = 1 um.

To explore if the different sensitivity of HCT116, HT29, AKPS and normal HCEC-1CT
to free and absorbed BMDG could be justified by the difference in the metabolic profiles,
cell metabolic behaviour was investigated after 24-hour treatment with BMDG-

compounds using the Seahorse technology.

Starting from the cell lines, when dissecting the mitochondrial function at different levels
by measuring OCR during the sequential addition of mitochondrial inhibitors, the
respiration time course curves showed the higher basal mitochondrial activity and
responsiveness to mitochondrial stress (higher maximal respiration levels after FCCP
injection) of HCT116 compared to HT29 and HCEC-1CT, indicating a greater energetic
demand in the carcinoma cell line compared to the adenocarcinoma and non-tumoral ones
(Figure 15A). Interestingly, when BMDG is absorbed on Biochar, total OCR levels of
HCEC-1CT appear to be increased compared to the untreated control, indicating an
enhancement of mitochondrial respiration (Figure 15A). In HCT116 cells, BMDG

absorbed on Biochar or Norit-B significantly inhibited both basal and maximal
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mitochondrial respiration (Figure 15B), while BMDG alone affected the basal respiration
only. In contrast, in HT29 cells, BMDG resulted in a dramatic reduction of both
respiratory parameters, and only when absorbed on Norit-B interfered with maximal
respiration but not with basal respiration (Figure 15B). Conversely, BMDG-Biochar was
ineffective on mitochondrial respiration in HT29 cells. As expected, BMDG does not
affect mitochondrial activity in HCEC-1CT cells (Figure 15B). On the contrary,
consistent with what was observed in the respiration curves (Figure 15A), there is
evidence of increased basal mitochondrial respiration and a significant ability of the cells
to respond to elevated energy demand (maximal respiration) when treated with BMDG-
Biochar (Figure 15B). As observed in the other cellular models, when BMDG is absorbed
on Norit-B, it significantly affects maximal respiration (Figure 15B). Since glucose
represents a key substrate for mitochondrial respiration, and as shown in Table 4 Norit-B
exhibits a strong capacity to absorb glucose, it is reasonable to hypothesize that the
reduced glucose availability may limit the metabolic flexibility of the cells, particularly
under conditions of increased energy demand following FCCP injection. These different
effects of the compounds resulted in a different impact on total ATP production, derived
from both glycolysis and mitochondrial respiration (Figure 15B, right panel). In HCEC-
1CT cells, total ATP production is not affected, likely due to a concurrent increase in
glycolytic activity. HCT116 cells only were sensitive to ATP production inhibition
exerted by BMDG when absorbed on Biochar or Norit-B, while free BMDG was effective
in both tumoral cell types (Figure 15B). HCT116 relied to a higher extent on the
glycolytic production of ATP, compared to HT29 where the Warburg effect is very
limited and ATP mostly derived from mitochondrial oxidative phosphorylation

(OXPHOQOS) (see Figure 7C, D).
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Figure 15. Effects of BMDG compounds on mitochondrial functionality in HCT116, HT29 and HCEC-
1CT cells. (A) Representative oxygen consumption rate (OCR) curves as obtained through Seahorse
analysis (Mito Stress test) in HCT116 (left panel), HT29 (middle panel) and HCEC-1CT (right panel) cell
lines following 24 hour-treatment with 500 pug/mL of BMDG, BMDG-Biochar and BMDG-Norit or in
untreated cells used as control (Ctrl). Sequential addition of drugs used for Seahorse measurements is
indicated. (B) OCR levels, expressed in pmol/min for basal, maximal respiration and ATP production, were
measured in HCT116, HT29 and HCEC-1CT cells after 24-hour treatment with the already mentioned
compounds. Results were indicated as mean £ SE of fold increase over untreated controls taken as 1 (Ctrl,
dotted line) in at least n=3 independent experiments. Statistical analysis was performed with ANOVA
followed by Bonferroni’s and Dunnett’s post hoc test * p < 0,05; ** p <0.001 vs controls or with Student's
t-test #p <0.001 HCT116 vs HT29 cells.

When conducting the analysis on organoids, ensuring adequate penetration of test drugs
through a three-dimensional structure - characterised by gradients in oxygen, nutrients,
and treatment exposure - required modifications to the protocol, including an increase in
the number of cycles and the duration of measurements (Figure 16B). In this model, only
treatment with 1000 pg/ml BMDG absorbed on Norit-B had a significant negative effect
on both basal and maximal respiration (Figure 16B). In this context as well, the glucose-

absorbing capacity of Norit-B cannot be excluded, which may exert an even more
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pronounced effect in a complex system such as organoids. Though not statistically

significant, also BMDG adsorbed on Biochar display an inhibitory trend.
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Figure 16. Mito stress test performed on AKPS organoids. (A) Representative images on AKPS organoids
plated in Seahorse cell culture microplates. For the analysis, only wells containing well-formed organoids
positioned in the centre were selected. (B) Representative oxygen consumption rate (OCR) curves as
obtained through Seahorse analysis (Mito Stress test) in AKPS organoids following 24 hour-treatment with
1000 pg/mL of BMDG, BMDG-Biochar and BMDG-Norit or in untreated organoids used as control (Ctrl).
Sequential addition of drugs used for Seahorse measurements is indicated. OCR levels are expressed in
pmol/min/ug. Results derived from the mean + SE of fold increase over untreated controls in n=3
independent experiments. Statistical analysis was performed with ANOVA followed by Bonferroni’s and

Dunnett’s post hoc test ** p <0.001 vs controls.

Therefore, the effects of BMDG compounds on the relative contributions of glycolytic
and OXPHOS ATP production pathways were further investigated in both tumoral cell

lines (Figure 17) and AKPS organoids (Figure 18).

Seahorse ATP rate analysis in HT29 cells showed that all three BMDG compounds

significantly increased ATP production via glycolysis, accompanied by a reduction in
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mitochondrial ATP production compared to the untreated control (Figure 17A, left panel).
In contrast, HCT116 cells displayed the opposite response, with a significant decrease in
glycolytic activity (BMDG-Biochar: 22%, BMDG: 13%, BMDG-Norit: 12%). Notably,
the inhibitory effect on glycolysis exerted by BMDG-Biochar was significantly greater
than that of free BMDG or BMDG-Norit (p < 0.05), despite the glucose-adsorbing

properties of the latter (Figure 17A, right panel).

Focusing on HCT116 cells - since glycolysis represents a preferred metabolic pathway
supporting anabolic processes in cancer cells - the energetic map highlights that BMDG-
Biochar was the most effective treatment in inducing a metabolic shift from a highly
energetic phenotype toward a more OXPHOS-dependent and quiescent state (Figure 17B,
right panel). This shift was primarily driven by inhibition of glycolytic activity, as
evidenced by the reduction in Proton Efflux Rate (PER), a quantitative measure of
extracellular acidification largely resulting from proton production and export during

glycolysis (Figure 17B, left panel).
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Figure 17. Effects of BMDG compounds on ATP production and energetic metabolism in HT29 and
HCT116 cells. (A) Analysis of basal ATP production rate (%) performed through Seahorse analysis (Real-
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Time ATP rate test). Results are expressed as the mean + SE of ATP production rate (OXPHOS and
glycolytic %) obtained by treating HT29 and HCT116 cells for 24 hours with 500 pg/mL of BMDG,
BMDG-Biochar and BMDG-Norit. Statistical analysis was performed with ANOVA followed by
Bonferroni’s post hoc test * p <0,05: ** p <0.001 vs. untreated cells (Ctrl). (B) Left panel: the proton efflux
rate (PER, pmol/min) was measured through Seahorse analysis (Real-Time ATP rate test) in HCT116 cell
line following 24-hour treatment with 500 pg/mL of BMDG, BMDG-Biochar and BMDG-Norit or in
untreated cells used as control (Ctrl). Right Panel: the energy map shows the change in the metabolic profile
of HCT116 cells treated with 500 pg/mL of BMDG, BMDG-Biochar and BMDG-Norit compared to that
of the untreated control (Ctrl).

Moving on to AKPS organoids, total ATP production was significantly reduced upon
treatment with 1000 pg/mL BMDG absorbed on both Biochar and Norit-B (Figure 18A),
although no significant changes were observed in the relative contributions of OXPHOS
and glycolysis (Figure 14B). Notably, BMDG absorbed on Biochar showed a tendency
to reduce the contribution of the glycolytic pathway, a trend not evident with free BMDG
or BMDG-Norit, for which a slight increase was instead observed. As illustrated in Figure
18C, the reduction in total ATP production was driven by a significant decrease in
glycolytic ATP production rate in organoids treated with BMDG-Biochar and BMDG-
Norit (left panel). While mitochondrial ATP production was not significantly affected by
free BMDG or BMDG-Biochar, it was significantly impaired in organoids treated with
BMDG-Norit (right panel), in agreement with the findings reported in Figure 16 and with
the hypothesis that Norit-B absorption capacity limits the availability of glucose, which
is essential for both metabolic processes. The decreasing trend observed with BMDG-
Biochar and the significant reduction induced by BMDG-Norit in mitochondrial ATP
production (Figure 18C, right panel) likely contribute to the absence of significant

changes in the relative balance between metabolic pathways shown in panel B.
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Figure 18. Effects of BMDG compounds on ATP production and energetic metabolism in AKPS organoids.
(A) Analysis of Total ATP production rate performed through Seahorse analysis (Real-Time ATP rate test)
after 24-hour treatment with 1000 pg/mL of BMDG, BMDG-Biochar, BMDG-Norit. Results are indicated
as mean + SE of fold increase over untreated controls taken as 1 (Ctrl, dotted line). (B) Analysis of basal
ATP production rate (%). Results are expressed as the mean + SE of ATP production rate (OXPHOS and
glycolytic %) obtained by treating AKPS for 24 hours with the already mentioned compounds. (C) Analysis
of glycolytic (left panel) and mitochondrial (right panel) ATP production rate obtained by 24-hour treatment
of AKPS organoids. Results are indicated as mean + SE of fold increase over untreated controls taken as 1
(Ctrl, dotted line). Statistical analysis was performed with ANOVA followed by Bonferroni’s post hoc test
*p <0,05: ** p <0.001 vs. untreated cells (Ctrl).
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4.3 Effects of in vivo administration of BMDG compounds on

tumour and adipose microenvironment transcriptome

This thesis work is part of a larger project that included animal experimentation on
C57BL/6 mice treated with AOM/DSS to promote chronic inflammation and induce the
formation of colorectal tumours. These mice were subjected to two treatment models of
BMDG, both in free form and absorbed on Biochar and Norit-B: a preventive model
(where mice were treated prior to AOM/DSS administration and throughout the entire
experimental phase) and a therapeutic model (where mice were treated after tumour
formation had already occurred). The dose was selected considering free butyrate as the
bioactive molecule present in BMDG and in accordance with the butyrate dose reported
in the literature (1 g/kg) (Y. Du et al., 2020). Mice treated with AOM/DSS but not

subjected to either of the two treatment models were used as untreated controls.

In this context, another purpose of this thesis was to observe how the treatment affected
gene expression at the transcriptional level in tumour nodules, intestinal mucosa distant
from the tumour, and peritumoral adipose tissue, in order to investigate any potential
effects on the adipose microenvironment. Also visceral adipose tissue distant from the

tumour was analysed.

Based on the global transcriptional profiles obtained by mRNA-seq analysis (Figure
19A), tissue identity emerged as the primary variable driving samples clustering. The
treatments did not appear to create distinct, separated subclusters, suggesting that they
did not substantially influence the overall transcriptional profiles of any tissue, but rather
introduce more subtle transcriptional variations. These observations were further

supported by Principal Component Analysis (PCA) (Figure 19B-C). For both
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experimental models, preventive (Figure 19B) and therapeutic (Figure 19C), the first
principal component (PC1), which explained 77% and 81% of the total variance
respectively, clearly separated samples according to tissue type. Non-tumoral mucosa and
tumour samples formed distinct and relatively compact clusters in both models, while
peritumoral adipose tissue displayed an intermediate, but separated cluster with some
outliers - especially in the preventive model - probably reflecting biological heterogeneity
of the tissue as well as the influence of the tumour microenvironment. Tumour samples
were distinctly separated from both normal mucosa and peritumoral adipose tissue in both
PCA, though closer to non-tumoral mucosa, highlighting the same enteric origin, respect
with the adipose component. The second principal component (PC2), accounting for 13%
and 10% of the variance, respectively, further contributed to separation among tissues,
capturing additional minor variations. In both analysis, samples distribution, again, did

not reveal any clustering based on the experimental treatment conditions.
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Figure 19. (A) Heatmap for the distance matrix. Columns are labelled with the information “tissue” (non-
tumoral mucosa, tumour, peritumoral adipose tissue, abdominal adipose tissue) and “treatment condition”
in both preventive (PM) and therapeutic (TP) models (untreated controls Ctrl, BMDG, BMDG-Biochar,
BMDG-Norit). (B) Principal Component Analysis (PCA) of RNA-seq preventive model (PM) samples,
based on data obtained by applying variance stabilizing transformation (vst) to raw counts using the
DESeqg2 package. Samples are coloured by tissue type and shaped by experimental treatment condition.
PC1 and PC2 explain 77% and 13% of the total variance, respectively. Samples cluster primarily according
to tissue type. (C) PCA of RNA-seq therapeutic model (TM), based on data obtained by applying vst to raw
counts using the DESeq2. Samples are coloured by tissue type and shaped by experimental treatment
condition. PC1 and PC2 explain 81% and 10% of the total variance, respectively. Samples cluster primarily

according to tissue type.
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To characterise the tumour-specific expression profile and distinguish it from the non-
tumour-related, but chronic inflammation-associated signature likely globally induced by
the AOM/DSS model, tumour tissue-specific differentially expressed genes (DEGs) and
pathways were compared with those of non-tumoral mucosa from untreated mice, which,
although distant from the tumour site, may also be affected by carcinogen/irritant-induced
chronic inflammation. Gene set enrichment analysis performed using the Reactome
pathway database (Korotkevich et al., 2019) (Figure 20A) revealed an upregulation of
pathways related to proliferation (cell cycle, mitosis, synthesis of DNA), invasion
(activation of metalloproteinases), epithelial integrity (keratinization, formation of the
cornified envelope), mucosal defence (defensins, antimicrobial peptides) and
inflammation (interleukins, cytokine and chemokines signalling) in tumour tissue
compared to non-tumoral mucosa. In contrast, pathways involved in drug metabolism and
metabolic processes appeared impaired, with a downregulation of mitochondrial
metabolism-related pathways (aerobic respiration and respiratory electron transport) in
particular. Differential gene expression analysis (Figure 20B) partially confirmed GSEA
analysis showing an AOM/DSS-induced transcriptional reprogramming in tumour tissue
compared to adjacent non-tumoral mucosa. In particular, genes involved in lipid
metabolism, including Ppara, Ppary, Ppargclp, Fabp2 and Fabp4, were significantly
downregulated. Consistently, markers of intestinal cells differentiation (Muc2, Clcal,
Alpi, Cdx2) were also reduced, suggesting a loss of mature epithelial identity
(Genecards.org). The role of PPAR in CRC remains complex and context-dependent.
Ppara has been implicated in inflammation-associated colorectal tumorigenesis, and its
deficiency has been reported to enhance tumour development in experimental models.
Interestingly, Ppary, a key gene of adipogenesis and lipid metabolism highly expressed

in adipose tissue and colon mucosa, is generally considered to exert tumour-suppressive
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functions by limiting cell proliferation and modulating inflammatory responses (C. Wang
et al., 2025a). In particular, Ppary has been shown to negatively regulate pro-
inflammatory  signalling  pathways, including NF-kB-mediated transcription
(Genecards.org). In vitro and in vivo studies, including AOM-induced colon cancer
models, support the antitumoral effects of Ppary in terms of proliferation, angiogenesis,
apoptosis, invasion and tumour-supporting metabolism, making it an actionable target for
anticancer therapies (Liang et al., 2023; Luconi et al., 2025; C. Wang et al., 2025b; D.
Wang & DuBois, 2010). Conversely, tumour tissue displayed an upregulation of
inflammatory and immune response genes, including Tnf, Ccl2, Cxcl9, Cxcl10, Nos2 and
Reg4, consistent with the proinflammatory model of treatment. Notably, Reg4 has been
reported to be upregulated in inflammatory bowel disease, dysplastic lesions, and
colorectal cancer (Zheng et al., 2022). In parallel, genes associated with tissue
remodelling and invasion (Mmp7, Mmp9, Mmp13) and keratin genes (Krtl13, Krtl4,
Krtl7, Krt20) were significantly upregulated, indicating epithelial remodelling and
activation of tissue repair programs following injury (Genecards.org). Moreover,
evidence suggest that Keratinl17 is involved in metastasis and angiogenesis in CRC (Ji et
al., 2021). Finally, the stem cell marker Lgr5 was upregulated, suggesting increased cell
plasticity and regenerative capacity. It is well-known that Lgr5 overexpression is involved
in tumour proliferation, invasion and chemotherapy resistance, supporting the

maintenance of cancer stem cells (W. Wang et al., 2025).
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Figure 20. (A) Reactome pathway enrichment analysis of tumour vs adjacent non-tumoral mucosa in
AOM/DSS-treated mice. Gene Set Enrichment Analysis (GSEA) was performed using the Reactome
database on a ranked gene list derived from differential gene expression analysis (tumour vs non-tumoral
mucosa). The first 20 significantly enriched pathways (adjusted p < 0.001) are shown. Each dot represents
a Reactome pathway, with the x-axis indicating the normalized enrichment score (NES) and the y-axis
listing pathway names. Dot size reflects the gene number count contributing to each pathway, while colour
intensity corresponds to statistical significance (-logio adjusted p-value). Pathways are stratified into
upregulated (positive NES) and downregulated (negative NES) groups. (B) Volcano plot of differential
gene expression in tumour vs adjacent non-tumoral mucosa in the AOM/DSS-treated mice. Genes were
filtered based on statistical significance (adjusted p <0.05) and fold change (absolute log2 Fold Change >
2). Significantly upregulated genes are shown in red, downregulated genes in blue, and non-significant
genes in grey. Dotted vertical and horizontal lines indicate fold change thresholds and significance cut off,

respectively. Selected genes of interest are highlighted.

As mentioned, mMRNA-seq data showed that treatment with BMDG compounds did not
induce broad transcriptional changes. However, at the macroscopic level, the preventive
model was the only condition showing a measurable effect, with a significant reduction
in tumour burden and multiplicity in mice treated with free BMDG or BMDG adsorbed
on Biochar (data not shown). Focusing on this model to identify more subtle
transcriptional alterations between tumour and adjacent non-tumoral mucosa, Clu gene
was identified of particular interest in the context of colorectal cancer (Figure 21). Recent
studies in murine injured epithelium have described a subpopulation of stem cells
characterised by high Clu expression, which remain largely quiescent under homeostatic
conditions but become activated upon injury. Higher Clu expression has been reported
across different stages of colorectal carcinogenesis and in invasive colorectal
adenocarcinomas compared to normal mucosa. Moreover, Clu overexpression has been
associated with chemoresistance in colorectal cancer patient-derived organoids (Hlavca

etal., 2024).
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In untreated CRC mice (Figure 21A), Clu was significantly upregulated in tumour tissue
compared to adjacent non-tumoral mucosa (log2 fold change ~ 2.8). Notably, in mice
treated with BMDG alone (Figure 21B) or BMDG absorbed on Biochar (Figure 21C),
Clu expression levels in tumour tissue were reduced to levels comparable to non-tumoral
mucosa, resulting in a loss of any statistical significance. Of note, the loss of significance
is not due to a significant increase in Clu gene expression in non-tumoral mucosa (data
not shown). In contrast, treatment with BMDG absorbed on Norit-B did not reproduce
this effect, as Clu expression remained elevated in tumour tissue compared to non-
tumoral mucosa (log2 fold change ~ 3.2), similar to untreated controls. These findings
suggest that, despite the absence of widespread transcriptional changes, specific
modulation of Clu expression may reflect differences in injury-associated stem cell
activation and tumour cell plasticity across experimental conditions, although further

studies are needed to clarify this relationship.
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Figure 21. Volcano plot of differential gene expression in tumour vs adjacent non-tumoral mucosa in the
AOMY/DSS mice treated with BMDG compounds according to the preventive model. Genes were filtered
based on statistical significance (adjusted p < 0.05) and fold change (absolute log2 Fold Change > 2).
Significantly upregulated genes are shown in red, downregulated genes in blue, and non-significant genes
in grey. Dotted vertical and horizontal lines indicate fold change thresholds and significance cut off,
respectively. Clu gene is highlighted. (A) Tumour vs non-tumoral mucosa in untreated control mice. Clu
gene displayed an adjusted p-value of 0.03 and a log2 Fold Change of 2.8. (B) Tumour vs non-tumoral
mucosa in mice treated with BMDG alone. No significant differential expression was observed for the Clu
gene. (C) Tumour vs non-tumoral mucosa in mice treated with BMDG-Biochar. No significant differential
expression was observed for the Clu gene. (D) Tumour vs non-tumoral mucosa in untreated control mice.

Clu gene displayed an adjusted p-value of 0.01 and a log2 Fold Change of 3.2.

To investigate tumour-adjacent influence on the microenvironment, and its potential role
as a target for BMDG compounds, first the transcriptome of peritumoral adipose tissue
was analysed and compared with that of abdominal adipose tissue located distally from
the tumour. Principal component analysis (Figure 22A) showed that samples clustered
primarily along PC1, which accounted for 87% of the total variance, indicating a strong
separation driven by tissue origin. Differential gene expression analysis (Figure 22B)
further revealed significant transcriptional differences between the two adipose depots.
In particular, key markers of adipocyte terminal differentiation, including Adipog, Plinl
and Fabp4 genes were downregulated in peritumoral adipose tissue compared to distant
abdominal fat. Adipoq encodes adiponectin, a protective adipokine produced exclusively
by the adipose tissue that plays a key role in positive control of glucose and lipid
homeostasis and exerts anti-proliferative, anti-inflammatory and anti-apoptotic effects in
physiological conditions (Booth et al., 2015). Similarly, Fabp4 and Perilipin 1 (Plinl)
are involved in lipid transport and storage, respectively (Genecard.org). These
transcriptional changes are consistent with previously described tumour-adipocyte

crosstalk (section 1.3.1), whereby cancer cells induce metabolic reprogramming in
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adjacent adipocytes. In this context, adipocytes undergo delipidation, reduced cell size,
and dedifferentiation-like processes that support tumour progression. Notably, Clu
upregulation and secretion from tumour cells has been described to induce cachexic fat
wasting associated with delipidation and browning of adipose tissue (Liu et al., 2025),
supporting our findings. Overall, these findings indicate that peritumoral adipose tissue
in this experimental model is transcriptionally influenced by its proximity to the tumour,
reflecting a functional interaction between cancer cells and the surrounding adipose

microenvironment.
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Figure 22. (A) Principal Component Analysis (PCA) of RNA-seq performed on abdominal and peritumoral
adipose tissue of AOM/DSS control mice, based on data obtained by applying variance stabilizing
transformation (vst) to raw counts using the DESeq2 package. Samples are coloured by tissue type. PC1
and PC2 explain 87% and 4% of the total variance, respectively. Samples cluster primarily according to
tissue type. (B) Volcano plot of differential gene expression in peritumoral vs abdominal adipose tissue in
the AOM/DSS control mice. Genes were filtered based on statistical significance (adjusted p < 0.05) and
fold change (absolute log2 Fold Change > 2). Significantly upregulated genes are shown in red,
downregulated genes in blue, and non-significant genes in grey. Dotted vertical and horizontal lines indicate

fold change thresholds and significance cut off, respectively. Selected genes gene are highlighted.

PCA comparing peritumoral adipose tissue and tumour samples of the preventive

treatment model (Figure 23A), confirmed a clear separation between the two tissue types,
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with samples clustering distinctly and PC1 explaining 78% of the total variance. This
separation supports the absence of tumour tissue contamination during sample collection.
Differential gene expression analysis (Figure 23B) further corroborated this distinction,
revealing a significant upregulation of canonical adipose tissue markers, including
Adipoqg, Plinl and Lep in peritumoral adipose tissue compared to tumour samples. In
contrast, epithelial markers typically associated with intestinal mucosa, such as EpCam,
Muc2, Keratin family genes (Krt), Vill, Reg4, Tff3, were downregulated in adipose tissue
relative to tumour tissue, consistent with the distinct cellular identity of the two
compartments (GeneCard.org). Notably, several genes upregulated in adipose tissue,
including Lpl, Fasn, Lipe, Pnpla2, Cd36 and Cebpa are not strictly adipose-specific but
represent key regulators of lipid metabolism and have been implicated in the bidirectional
metabolic and signalling crosstalk between tumour cells and the surrounding

microenvironment (Grigoras & Amalinei, 2023; J. Park et al., 2014).
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Figure 23. (A) Principal Component Analysis (PCA) of RNA-seq performed on tumour and peritumoral
adipose tissue of AOM/DSS mice of the preventive treatment model, based on data obtained by applying
variance stabilizing transformation (vst) to raw counts using the DESeq2 package. Samples are coloured
by tissue type and shaped by experimental treatment condition. PC1 and PC2 explain 78% and 12% of the
total variance, respectively. Samples cluster primarily according to tissue type. The apparent outliers were

examined and did not meet the criteria for exclusion. (B) Volcano plot of differential gene expression in
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peritumoral adipose tissue vs tumour tissue in the AOM/DSS mice subjected to the preventive model of
treatment. Genes were filtered based on statistical significance (adjusted p < 0.05) and fold change (absolute
log2 Fold Change > 2). Significantly upregulated genes are shown in red, downregulated genes in blue, and
non-significant genes in grey. Dotted vertical and horizontal lines indicate fold change thresholds and

significance cut off, respectively. Selected genes gene are highlighted.

Finally, the effect of BMDG compounds on the adipose microenvironment was
investigated. As shown in Figure 23A, preventive treatment with any of the compounds
did not induce major changes at the global transcriptomic level. Therefore, potential
subtle transcriptional differences were further explored. Among these, Fabp2 emerged as
a differentially expressed gene of particular interest. Notably, in mice treated with BMDG
alone (Figure 24A) or BMDG absorbed on Biochar (Figure 24B), Fabp2 expression was
markedly increased compared to untreated controls, with log2 fold changes of
approximately 9.6 and 8.1, respectively. In contrast, treatment with BMDG absorbed on
Norit-B (Figure 24C) did not result in a significant modulation of Fabp2 expression
relative to untreated mice, and, overall, did not induce substantial transcriptional changes.
Fabp2 encodes Intestinal Fatty Acid Binding Protein involved in fat absorption and
transport specifically in intestinal epithelial cells. In colorectal cancer, Fabp2 expression
has been reported to be reduced in tumour epithelium compared to normal mucosa,
suggesting a potential protective and a tumour-suppressive role (P. Wang et al., 2026).
Accordingly, in this experimental model, this gene was found significantly
downregulated comparing tumour tissue to normal mucosa (log2 fold change ~ -5.5,
Figure 20B) and was not significantly regulated under any treatment condition in tumour
tissue samples. Given its intestinal specificity, Fabp2 was not found to be upregulated in
peritumoral adipose tissue compared to tumour tissue, as expected but, remarkably, it was

found to be upregulated in the peritumoral adipose tissue of mice treated with BMDG
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alone and BMDG adsorbed on Biochar compared to untreated controls (Figure 24 A, B).
Of note, when comparing the peritumoral adipose tissue and tumour tissue in treated mice,
a statistically significant upregulation of Fabp2 (adjusted p-value = 0.02 and log2 fold
change ~ 6.1) in the BMDG group, and a trend towards upregulation (adjusted p-value =
0.15 and log2 fold change ~ 3.7) in the BMDG-Biochar group were observed, in contrast
with the comparison between untreated peritumoral adipose and tumour tissues, where
such changes were not observed. No detectable differences were found in the BMDG-
Norit group. Although further investigations are required, these data may support the
hypothesis of the presence of infiltrating tumour cells within surrounding adipose tissue,
characterised by an increased expression of Fabp2, potentially driven by treatment-

related changes in the adipose microenvironment and in the bidirectional crosstalk.
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Figure 24. Volcano plot of differential gene expression in peritumoral adipose tissues of AOM/DSS mice
treated with BMDG compounds according to the preventive model. Genes were filtered based on statistical
significance (adjusted p < 0.05) and fold change (absolute log2 Fold Change > 0.05). Significantly
upregulated genes are shown in red, downregulated genes in blue, and non-significant genes in grey. Dotted
vertical and horizontal lines indicate fold change thresholds and significance cut off, respectively. Fabp2
gene is highlighted. (A) Peritumoral adipose tissue of AOM/DSS mice treated with BMDG alone. Fabp2
gene displayed an adjusted p -value of 0.0004 and a log2 Fold Change of 9.6. (B) Peritumoral adipose tissue
of AOM/DSS mice treated with BMDG-Biochar. Fabp2 gene displayed an adjusted p -value of 0.002 and

112



a log2 Fold Change of 8.1. (C) Peritumoral adipose tissue of AOM/DSS mice treated with BMDG-Norit.

No significant differential expression was observed for the Fabp2 gene.
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5. Discussion

Colorectal cancer, the third most common cancer worldwide in terms of both incidence
and mortality, represents a growing global health concern, particularly due to the
increasing burden of early-onset cases in young adults (Akimoto et al., 2021; Cancer
(IARC), s.d.; Siegel et al., 2026). Given the well-established role of gut microbiota
dysbiosis in CRC development, along with the anti-tumoral properties of short-chain fatty
acids - especially butyrate (Bordonaro, 2025; McNabney & Henagan, 2017b; Yoon &
Kim, 2018) - several compounds aiming at enhancing SCFA-producing bacteria and
restoring butyrate levels in patients with CRC have been constantly explored for both
therapeutic and prevention purposes (Gomes et al., 2023; Kvakova et al., 2022). Notably,
oral butyrate supplementation has shown potential in inhibiting CRC progression

(Alvandi et al., 2022; Hodgkinson et al., 2023).

In this context, by adopting multiple in vitro models of colorectal cancer, the present study
provides the first evidence of the direct inhibitory effect exerted by a novel, well-defined
butyrate formulation absorbed on a tailored biochar. Furthermore, considering the
supportive role of the tumour microenvironment and the dynamic crosstalk between
adipocytes and infiltrating cancer cells (Olszanska et al., 2023; J. Park et al., 2014; Tabuso
et al., 2017), this work also offers insight into the in vivo impact of this green compound
on the transcriptomic profiles of both tumour tissue and surrounding adipose

microenvironment.

The novelty of this formulation consists in the use of tailor-made biochar from alder wood
feedstock with a specific meso-porosity that optimises the absorption and the release of a

mixture of butyrate glycerides. This bioactive molecule, already used in animal nutrition
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to promote eubiosis (Rimoldi et al., 2018; Yang et al., 2018), enables a colon-targeted
delivery strategy: glycerol esterification allows butyrate to be released in the lower
gastrointestinal tract through the action of intestinal lipases, thereby limiting its
absorption in the upper digestive tract (Rimoldi et al., 2018). To date, only a few
published studies have explored biochar as a delivery carrier, mainly in the context of
silver nanoparticles, where it has been shown to enhance antiproliferative, antiangiogenic,
and anti-inflammatory effects in lung (Abu Hajleh et al., 2023) and colon (Algaraleh et
al., 2023) cancer. Therefore, the present study investigates the anti-cancer properties of
butyrate in the form of mono- and di- glycerides (BMDG), either alone or absorbed on

tailor-made, mesoporous Biochar or microporous activated carbon (Norit-B).

The distinct porous structures of these carriers appeared to be critical: the meso- and
macro- porosity of Biochar, determined by controlled pyrolysis of alder chips, enhanced
both absorption and release of BMDG compared to the microporous structure of the
steam-activated Norit-B, more prone to absorption than release (Ahuja & Pathak, 2009;
Solano-Umariia & Vega-Baudrit, 2015; Zhao et al., 2017; Zhu et al., 2018). Moreover,

Norit-B showed a greater ability to absorb glucose.

Functionally, as previously described for butyrate (McNabney & Henagan, 2017), which
exerts a selective inhibition of cell proliferation on colon cancer cells and conversely a
trophic stimulatory effect on normal colonocytes, BMDG demonstrated a marked
antiproliferative effect in CRC cell lines, inhibiting DNA replication of around 50% at 24
hours with a similar effect on both HT29 and HCT116 cells, which started to be more
evident in the latter at longer incubation. The difference observed in the extent of the
response may be ascribed to the less aggressive phenotype of HT29, which are more

differentiated than HCT116 cells, thus more comparable to the differentiated normal
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colonocytes. When BMDG was carried by Biochar, the difference in the inhibitory effect
between the two cell types was even amplified, suggesting an additional effect of Biochar
that seemed to be specific for the more aggressive line. Specifically, among the two cell
lines tested, HCT116 cells were more sensitive than HT29 cells, showing approximately
62% inhibition compared to 41% when treated with BMDG-Biochar. The specificity of
the incremental inhibitory effect associated with Biochar as carrier, was supported by the
absence of any effect when BMDG was absorbed on Norit-B or when Biochar was
administered alone, further supporting the specificity and efficacy of the combined green
formulation. The butyrate glyceride mixture appeared to require direct interaction
between Biochar and HCT116 cells to achieve enhanced inhibition of cell proliferation
and this was supported by experiments using media enriched with released BMDG but
depleted of carbon, which showed reduced efficacy. Conversely, Norit-B administered
alone was associated with a stimulation of thymidine uptake. This paradoxical effect on
proliferation, which was specific for the free activated-carbon and was mitigated when
Norit-B absorbed BMDG, might be explained by the ability of the specific micro-porosity
of activate carbon to absorb small molecules such as glucose, likely including tritiated
thymidine, potentially resulting in contamination of the liquid scintillator by residual,
unwashed Norit-B. It would be interesting to further assess whether activated carbons
maintain the ability to absorb small molecules other than glucose.

In AKPS mouse colon organoids, which better recapitulate the epithelial complexity and
the in vivo multi-hit nature of CRC, higher doses of BMDG were required to achieve
maximal effects. Nevertheless, the antiproliferative activity was even more pronounced
than in the cell lines, reaching approximately 92%, 90%, and 32% inhibition for BMDG
alone, BMDG-biochar, and BMDG-Norit, respectively. Notably, a significant reduction

in organoids area was observed only with BMDG absorbed on Biochar. Overall, these
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findings highlight the superior ability of Biochar to enhance the biological activity of
BMDG. Importantly, the observed inhibitory effects appeared to be selective for CRC
models, with no detectable impact on the proliferation or viability of non-tumoral colon

epithelial cells.

Surprisingly, as revealed by TEM analysis, CRC cells can actively internalise both
Biochar and Norit-B carbon particles, resulting in morphology deformation associated
with slight signs of differentiation, particularly evident for the more undifferentiated
HCT116 cells, and characterised by the appearance of some microvilli, reminiscent of the
normal colonic surface epithelium. Cell internalisation of Biochar or Norit-B particles did
not seem to be responsible for cell death, as the cells that had included char particles did
not show any morphological sign of injury. Conversely, TEM images showed some cells
with protruding lamellipodia to engulf the carbon particles into large lysosomes. AKPS
organoids, embedded in basement membrane extract, did not internalise char particles,
yet still exhibited moderate signs of differentiation, accompanied by slight depolarization.
In contrast to what was observed in cell lines, mitochondria of untreated organoids show
features of dysfunction, which are less evident following treatment with BMDG-Biochar.
Similar to HT29 cells, organoids displayed an increase in lipid droplet content in the
presence of free BMDG and BMDG-Norit; however, it is reasonable to hypothesise that
this accumulation reflected enhanced lipogenesis and triglyceride storage, probably as a
consequence of mitochondrial dysfunction. Several studies have demonstrated that
mitochondrial impairment - resulting in increased ROS production - and the accumulation
of lipid droplets, which serve as an energy source for highly malignant cancer cells, both

contribute to cancer progression (H. Du et al., 2025; Nistico & Chiarella, 2023). Based
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on TEM qualitative observations, BMDG-Biochar appeared as the only treatment able to

mitigate mitochondrial dysfunction signs and lipid droplets accumulation.

Considering these ultrastructural observations, and given that the rapid proliferation of
cancer cells depends on metabolic reprogramming, cell metabolism was investigated to
better understand the tumour-specific antiproliferative effect observed with BMDG
compounds. The metabolic profiling performed using Seahorse technology provided
important insights into the differential sensitivity of cancer and normal models to BMDG-
based treatments, highlighting a strong link between metabolic phenotype and drug
response. Basal characterisation of cell lines, confirmed that HCT116 cells exhibit a more
metabolically active phenotype compared to HT29 and HCEC-1CT, observation
consistent with their higher responsiveness to metabolic challenge and their
predominantly glycolytic metabolism that ensures a metabolic flexibility and high energy
production. The ability of cancer cells to dynamically switch between oxidative
phosphorylation and glycolysis is widely recognized as a key driver of tumour
progression and drug resistance. Consequently, there is growing interest in therapeutic
strategies that target both mitochondrial function and glycolytic pathways as promising
approaches in cancer treatment (Dong & Neuzil, 2019). In this context, free BMDG was
more effective at inhibiting respiratory parameters, including ATP production, in HT29
cells, more dependent on mitochondrial respiration. However, BMDG effect was
attenuated upon absorption on carbon carriers - particularly on Biochar compared to
Norit-B - while becoming more pronounced in HCT116 cells. These findings suggest that
the formulation of BMDG compound critically influences its bioavailability and
intracellular activity, potentially due to differences in cellular uptake, release kinetics,

and/or the specific metabolic phenotype of the target cells. This was more evident if
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considering normal epithelial colon cell lines, which not only showed to be resistant to
mitochondrial impairment by BMDG, but also displayed an increased mitochondrial
activity in the presence of BMDG-Biochar, further supporting the tumour-specific
inhibitory action of BMDG compounds. The ATP rate assay further clarified the distinct
metabolic adaptations of the tumour cell lines. In HT29 cells, mitochondrial impairment
appeared to promote a compensatory shift toward glycolysis under all treatment
conditions, despite the fact that only free BMDG significantly affected mitochondrial
respiration parameters. In contrast, in HCT116 cells, all BMDG compounds interfered
with the glycolytic component of cellular metabolism, with BMDG-Biochar exerting the
strongest inhibitory effect. This indicates an inability to compensate for energetic stress,
resulting in a shift toward a more quiescent, less energetically active - less glycolytic -
phenotype. These data suggest the potential use of BMDG targeting specifically CRC
aggressive phenotypes characterised by a high Warburg condition, supporting not only
ATP production but also providing intermediates for biosynthetic pathways essential for

proliferation.

The AKPS organoid model, with its particular pathophysiological relevance, represents a
more complex and physiologically representative system than conventional CRC cell
lines, and was inherently more challenging to investigate at the metabolic level. Organoid
treatment with free BMDG or BMDG absorbed on Biochar did not fully recapitulate the
mitochondrial alterations observed in cell lines. These discrepancies can be explained by
a resistance in terms of mitochondrial functionality in the organoid model, though
difference in the drug concentrations and in the experimental protocols required by the
complexity of the model, may also play a role. A different scenario emerged when

considering total ATP production in organoids, which was reduced by both BMDG-
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Biochar and BMDG-Norit, indicating that these treatments effectively impair cellular
energetics. Notably, the ATP rate assay performed using Seahorse technology confirmed
that glycolysis remains a primary target of BMDG, particularly when absorbed on carbon
carriers and most prominently in the case of Biochar. Notably, results obtained with Norit-
B require careful interpretation, as its intrinsic capacity to absorb small molecules - such
as glucose - may independently influence cellular metabolism, potentially confounding

the effects attributed to BMDG absorption.

Overall, these data demonstrate that the metabolic effects of BMDG are highly dependent
on the cellular context, metabolic vulnerability and the formulation of the compounds.
BMDG absorbed on Biochar appears particularly effective in targeting glycolysis in
highly glycolytic models such as HCT116 cells and AKPS organoids, likely contributing
significantly to the stronger antiproliferative effects observed with BMDG-Biochar
compounds in these two in vitro models of CRC. The additional inhibitory effect exerted
by Biochar in HCT116 and AKPS, might be explained by a direct effect of the char
particles and not only by their activity as BMDG carrier. For instance, it might be
associated with the alkaline pH characteristic of Biochar compared to the slightly acid
values characterising Norit-B, therefore potentially interfering with the acidic tumour
microenvironment, which is mainly due to the massive tumour production of lactate
derived by the glycolytic metabolism. Neutralization of the extracellular acid pH of the
tumour microenvironment has recently been highlighted as a potential anti-cancer
strategy (Rahman et al., 2024). Results obtained with HCT116 and AKPS are in line with
previous studies demonstrating that butyrate can inhibit the Warburg effect. In particular,
metabolic remodelling has been associated with activation of pyruvate kinase M2

(PKM2) and downregulation of key glycolytic enzymes such as GLUT1 and glucose-6-
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phosphate dehydrogenase (G6PD) (Geng et al., 2021; Q. Li et al., 2018). However, the
mechanisms by which butyrate differentially modulates metabolic pathways across CRC
models remain incompletely understood. Indeed, in HT29 cells, despite a reduction in
proliferation, the present study reveals a paradoxical increased glycolytic contribution to
total ATP production under all treatment conditions, suggesting a distinct adaptive
response. Moreover, in HCT116 cells - but not in AKPS organoids, where a stronger
antiproliferative effect was observed - a combined inhibition of both glycolytic and
mitochondrial metabolism was detected, particularly with BMDG-Biochar. These
findings support the hypothesis that not only the drug responsiveness but even the
underlying mechanisms can vary significantly across CRC models, and that BMDG
activity is not restricted to glycolytic inhibition. It would be of particular interest to
investigate whether the mutational profile may contribute to the observed differences.
Indeed, HT?29 cells exhibit an enterocyte-like mucinous phenotype and harbour mutations
in Apc, Braf“®®E Trp53, PIK3CA, Smad4, along with microsatellite stability (MSS)
status. In contrast, HCT116 cells display an undifferentiated, mesenchymal-like
phenotype with microsatellite instability (MSI), and carry mutations in Kras®P,
PIK3CA, CTNNB1 and Tgfbr2 mutations. The mutational profile of HT29 is typically
associated with chemotherapy resistance and poor prognosis, whereas the MSI status of
HCT116 is linked to improved responsiveness to immunotherapy but resistance to EGFR-
targeted therapies (Al-Kabani et al., 2025). In light of the dual metabolic effect of BMDG-
Biochar specifically observed in HCT116 cells, resulting in a strong antiproliferative
response, its potential use as an adjuvant in immunotherapy for MSI-high CRC -
representing approximately 15% of sporadic colorectal cancers (Harada & Morlote, 2020)
- deserves further investigation. The selective action on tumoral cells further supports the

therapeutic potential of this novel combined compound.
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The project that included this thesis work aimed to evaluate BMDG compounds also in
an in vivo mouse model of inflammation-driven CRC tumorigenesis. Two treatment
strategies were applied - preventive and therapeutic - using BMDG either in free form or
absorbed on Biochar or Norit-B to test the ability of chars to carry the mixture in a
physiological context. In this scenario, a key objective of this thesis was to investigate
whether BMDG compounds could modulate transcriptional programs not only within the
tumour tissue, but also in the adjacent and distal compartments, with particular attention
to the adipose microenvironment. At the global level, MRNA-seq analyses revealed that
tissue identity represents the dominant driver of gene expression variability in both
preventive and therapeutic settings, with no clear clustering based on treatment,
indicating that BMDG compounds do not induce large-scale transcriptional changes, but
rather exert more subtle effects. Comparison between tumour tissue and adjacent non-
tumoral mucosa in untreated AOM/DSS mice confirmed a tumour-associated
transcriptional signature, characterised by enhanced proliferation, inflammation, tissue
remodelling, and epithelial plasticity and suppression of metabolic pathways, particularly
those related to mitochondrial respiration, and downregulation of genes involved in lipid
metabolism and epithelial differentiation. Of note, Ppary was downregulated in tumour
tissue compared to non-tumoral mucosa in this model, supporting its proposed tumour-
suppressive role - long debated in the literature - and highlighting its potential as a
promising therapeutic target. These findings support the efficacy of the AOM/DSS model
to induce tumour nodules and that, despite the global chronic inflammation, it was
possible to recognise and distinguish a tumour-specific expression profile from a chronic
inflammation-associated signature. Within this context, one of the most interesting
findings emerging from the preventive model concerned the modulation of Clu

(Clusterin) expression. In untreated tumour bearing mice, Clu was significantly
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upregulated in tumour tissue, consistent with its association with injury-responsive stem
cell populations and tumour progression. Treatment with free BMDG or BMDG-Biochar
normalised Clu expression levels in tumour tissue, abolishing its differential expression
relative to non-tumoral mucosa. Given the reported role of Clu in epithelial regeneration,
tumour plasticity, and chemoresistance (Hlavca et al., 2024), its modulation may reflect
a reduction in injury-associated stemness, potentially contributing to the reduced tumour
burden observed in vivo (data not included in this thesis) and highlighting the potential
preventive action of BMDG. Beyond the tumour compartment, this study aimed to
provide evidence of BMDG treatments on functional crosstalk between tumour cells and
the surrounding adipose tissue. Also within the AOM/DSS scenario it was possible to
observe a distinct transcriptional profile between peritumoral adipose tissue and distal
abdominal tissue, supporting the suitability of this system as a reliable model in which
investigate the modulation apported by BMDG compounds to adipose microenvironment.
Indeed, a downregulation of key adipocyte differentiation markers such as Adipoq, Plinl,
and Fabp4 was observed, consistent with the dedifferentiated, metabolically
reprogrammed adipocyte phenotype described in tumour-associated adipose tissue,
contributing to tumour progression through lipid mobilization and paracrine signalling (J.
Park et al., 2014). Adipose tissue identity appeared preserved in comparison to tumour
tissue, with adipose-specific and epithelial markers expressed accordingly. Importantly,
treatment with BMDG compounds did not induce major transcriptomic shifts in adipose
tissue, mirroring observations in tumour samples. Focusing on specific and subtle
changes, Fabp2 gene expression in peritumoral adipose tissue, represented a particularly
intriguing finding. Fabp2 is typically restricted to intestinal epithelial cells and is
associated with fatty acid absorption. Lower expression levels of Fabp2 are associated

with tumour epithelium, compared to normal mucosa, suggesting a tumour suppressor
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role (P. Wang et al., 2026). The upregulation of Fabp2 exclusively in peritumoral adipose
tissue following treatment with free BMDG and BMDG-Biochar likely reflects the
presence of tumour cells infiltrating the adipose tissue, exhibiting higher Fabp2
expression in response to BMDG compounds, suggesting treatment-related modulation
supported by the adipose microenvironment and the bidirectional tumour-adipose

crosstalk.

Taken together, these findings highlight that BMDG compounds do not influence the
global transcriptome either in the tumour and in the adipose microenvironment, but could
be relevant for specific molecular targets. Their activity appears to be highly dependent
on formulation, consistent with in vitro observations, with Biochar emerging as a more
effective carrier compared to Norit-B. Importantly, these results warrant further
investigation into the effects of treatment on the adipose microenvironment, both as a

target and as a mediator of therapeutic response.

6. Conclusions and future prospective

In conclusion, these findings suggest that through controlled pyrolysis starting from well-
selected wood stocks, reactor type and thermochemical process conditions, it is possible
to produce Biochar with specific tailor-made properties. This green product can be used
as a carrier that potentiates the inhibitory effects of a defined mixture of different butyrate
glyceride compounds, with a promising potential use especially in aggressive,
undifferentiated CRC phenotypes. Further studies are required to elucidate the cellular
mechanisms underlying these effects and to assess their translational potential. In
addition, the intrinsic biological activity of Biochar - particularly its role as a pH
modulator beyond its function as a carrier - warrants deeper investigation.
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BMDG compounds exerted selective effects in vivo, modulating specific molecular
targets, rather than inducing broad transcriptomic reprogramming. In particular, a
potential role of BMDG in interfering with tumour cell plasticity and tumour-adipose
crosstalk is highlighted in a preventive setting, with Biochar emerging as the most
effective delivery system. Future studies should focus on elucidating the cellular
mechanisms underlying these effects, including the role of microenvironment to
treatment response. Although the results are generally consistent across the different CRC
models used in this thesis, the reduced efficacy observed in the most complex in vivo
model requires further clarification. In particular, the differences between the preventive
and curative settings warrant optimization of the experimental conditions. This may help
to determine whether the dose administered in both settings was adequate and the timing
of pre-treatment in the preventive context was optimal to elicit a therapeutic effect, or

whether these factors do not significantly influence treatment efficacy.

Biochar as a natural carrier, might be investigated to be used as an adjuvant in CRC

therapy as well as in a preventive setting to limit tumour progression.
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