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1. Summary

Rationale of the study: Hepatocellular carcinoma (HCC), the third leading cause of
cancer-related deaths globally, lacks effective treatments for advanced stages. Monensin, a
repurposed coccidiostat, demonstrates promising anti-tumor effects, yet remains
understudied. Our prior work confirmed its safety and efficacy across multiple cancer models,
including HCC, breast cancer (4T1), and melanoma (B16-F10) allografts, where it reduced
tumor burden, suppressed angiogenesis, and boosted CD8" T cell infiltration—all while
sparing healthy cells. This thesis advances these findings by testing monensin in a
translational Diethylnitrosamine-induced NAFLD-HCC model that recapitulates human

disease progression.

Planning of the study: NAFLD-DEN induced HCC was obtained by intraperitoneally
injecting C57BL/6 neonatal mice with a single DEN dose. Following the weaning period, the
animals were maintained on a specialized Choline Deficient L-Amino Acid-Defined (CDAA).
Immunohistochemical, Histopathological, and qPCR analysis were utilized to assess the
intra-tumoral composition in control and treated mice. Tumor burden, neo-angiogenesis,
steatosis, immune infiltration, and inflammation were evaluated by cell density, CD31, lipid
accumulation, immune cells’ markers, and mRNA of interleukins and cytokines, respectively.
In vitro investigation of monensin potential included sodium dependency, intracellular lipid

accumulation, and proliferation inhibition, using imaging techniques and Western Blot assay.

Results: Monensin treated mice exhibited significantly reduced tumor burden, evident
by reduced nodules count, mass, and cell density. In addition, monensin reduced
neo-angiogenesis, and steatosis, while showing elevated immune infiltration and
proinflammatory microenvironment. This selective activity against cancer cells was not

mediated by anti-proliferative effects, and it was sodium dependent.

Conclusion: These results establish monensin as a multi-action anti-HCC agent,
targeting tumor vasculature while boosting anti-tumor immunity. Its selectivity and safety
support further development, particularly in combination with immunotherapies and targeted

therapies. Additionally, its anti-steatosis activity requires further charectrization.



2. Introduction

2.1. Epidemiology and aetiology

Liver cancer ranks as the sixth most frequently diagnosed cancer globally, with 866,136
new cases reported in 2022, and it stands as the third leading cause of cancer-related deaths
worldwide, accounting for 758,725 fatalities. In Italy, 11,886 cases were diagnosed in 2022,
leading to 9,606 deaths, with incidence rates increasing with age '. Hepatocellular Carcinoma

(HCC) is observed in approximately 90% of liver malignancies .

| Incidence | Mortality

Continent Cases Percent Continent Deaths Percent
Asia @ 607 361 70.1% Asia @ 530 928 70.0%
Europe @ 88 871 10.3% Europe @ 79 091 10.4%
Africa @ 73844 8.5% Africa @ 70 315 9.3%
Northem America @ 48 485 5.6% Latin America and the Caribbean 39 351 5.2%
Latin America and the Caribbean 42 769 4.9% Northem America @ 35 075 46%
Oceania @ 4806 0.55% Oceania @ 3 965 0.52%
Incidence, both sexes Mortality, both sexes

Figure 1: Estimated global distribution of liver cancer incidence and mortality in 2022

The pie charts illustrate the global incidence of liver cancer and its mortality in the different continents.

The global epidemiology of HCC is undergoing a significant shift, with incidence
projected to rise steadily over the next three decades. This trend reflects changing risk factors:

while hepatitis B (HBV) and C (HCV) infections—traditionally major drivers of HCC—are


https://www.zotero.org/google-docs/?mhkQal
https://www.zotero.org/google-docs/?JGOlBa

declining, Non Alcoholic Fatty Liver Disease (NAFLD) is becoming increasingly prevalent.
The surge in NAFLD cases is so substantial that it outweighs the reduction in viral
hepatitis-related HCC (Fig. 2), leading to a net increase in overall incidence *. Similar trends
are being observed globally, mostly attributed to increasing obesity, diabetes, and

nonalcoholic steatohepatitis (NASH) prevalence.

HBYV infection was widely regarded as the most common risk factor for HCC.
However, HBV vaccination and treatments for HBV and HCV are considered preventive
measures. The use of Direct-Acting Antiviral (DAA) therapy has successfully treated an
increasing number of HCV-infected patients, leading to a sustained virologic response (SVR)
and reducing the risk of HCC by 50-80% 2.However, up to 25% of HCC cases occur in

patients without a history of cirrhosis or its associated risk factors *.
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Figure 2: Shifts in HCC etiology trends from 2002 till 2016 in the USA

CHB: chronic hepatitis B; CHC: chronic hepatitis C; NASH: non-alcoholic Steatohepatitis; ALD:

alcohol-associated liver disease °.

2.2. NAFLD progression toward HCC

NAFLD represents the most widespread form of chronic liver pathology globally, and it

is estimated to affect 25% of the global population. It encompasses a clinical spectrum
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beginning with hepatic steatosis advancing to NASH. NASH is the fastest evolving leading
cause of HCC, especially in Western countries. If left unmanaged, NASH can further
deteriorate into hepatic fibrosis, cirrhosis, and eventually HCC (Fig. 3) °. In NASH-related
cirrhosis, the annual incidence of HCC ranges from 0.5% to 2.6%, while in non-cirrhotic
NAFLD, it is 0.01-0.13% per year. Even though the incidence of developing HCC from
NAFLD is lower than developing it from viral hepatitis, the prevalence of viral hepatitis is

much less than the prevalence of NASH °.

HCC HCC
I 0.1-1.3/1000 patient-years ,0.5-2.6%
7 30% 16 60% W 41% 22% '
g Reversible ReVerS'b'e ’
Healthy liver . Steatosis NASH ! Fibrosis Cirrhosis
Fat in <5% ' Fatin >5% Steatosis Steatosis Hepatic scarring
of hepatocytes Eof hepatocytes Inflammationi Inflammation
! Ballooning ! Ballooning
""""""""""""""""" Fibrosis

Figure 3: Stages of liver pathologies during developing NAFLD-related HCC

2.3. Genomic alterations underlying HCC

The molecular mechanisms underlying HCC vary based on specific genotoxic triggers
and etiological factors. Despite advances in understanding the disease's pathophysiology and
key drivers, clinical application remains limited. Approximately 25% of HCC tumors harbor
mutations that could be targeted by therapies; however, the frequency of most of these
mutations is below 10%, posing challenges for proof-of-concept studies. Key mutational
drivers in HCC, such as TERT, TP53, and CTNNBI, remain difficult to target with current
drug treatments . Telomerase activation, often driven by TERT promoter mutations, viral
insertions, chromosomal translocations, or gene amplification, is one of the most prevalent
driver gene alterations, occurring in approximately 80% of HCC cases. Additionally, CCNA2

and CCNE1 may undergo oncogenic activation due to HBV or adeno-associated virus 2 >"*,


https://www.zotero.org/google-docs/?2bC5ZB
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Activation of the Wnt—-catenin signaling pathway was observed in 30-50% of cases,
primarily due to alterations in CTNNBI1 (encoding B-catenin) or inactivation of AXIN1 or
APC, which are inhibitors of the Wnt pathway. Genes involved in cell cycle regulation, such
as TP53, RB1, CCNA2, CCNEI1, PTEN, ARIDI1A, ARID2, RPS6KA3, and NFE2L2, were
frequently found to be mutated or altered in HCC *'°. The most common mutations in HCC
include TERT promoter, TP53, CTNNBI, AXINI, ARID1A, and ARID2, collectively

accounting for more than 90% of cases ''.

2.4. Clinical manifestations and diagnosis

HCC often progresses silently, making early detection difficult. In cirrhotic patients,
reduced liver reserve leads to symptoms of decompensation such as jaundice, encephalopathy,
ascites, or variceal bleeding, often associated with portal invasion. Non-cirrhotic patients,
more common in high-incidence areas, present with advanced symptoms including cachexia,
abdominal pain, hepatomegaly, or jaundice due to unrestricted tumor growth. Rarely, tumor
rupture can cause acute pain, peritoneal irritation, and hypotension. HCC can also present
with metastases, commonly to the bone, lungs, and abdominal organs, or with rare
paraneoplastic effects such as hypoglycemia, diarrhea, or cutaneous signs. Porphyria cutanea

tarda, linked to hepatitis C, is associated with an increased risk of HCC '*.

Alpha-fetoprotein (AFP) levels in adults are typically less than 10 ng/dL; elevated
concentrations may indicate malignancies originating from the same endodermal lining as the
hepatic diverticulum, such as the stomach and pancreas. AFP specificity is nearly 100%
(minimal false positives), but its sensitivity is low, thus, less than 50% of patients develop
diagnostic levels of AFP (400-500 ng/mL) (high false negatives), with 30% of patients
showing normal serum levels of AFP at the time of diagnosis ". Ultrasound imaging, which
may replace or be combined with AFP, can increase the Positive Predictive Value to 94% and

is also effective in detecting masses smaller than 3 cm '

. Ultrasonography (US), with or
without AFP, is recommended for screening cirrhotic and high-risk patients, typically every
six months, and to confirm the results from the ultrasonography, multiphase computed
tomography (CT), magnetic resonance imaging (MRI), and potentially a biopsy can be

indicated.
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In recently diagnosed patients, complete blood cell count (CBC), electrolyte levels,
liver function tests (LFTs), and coagulation tests are necessary to evaluate the severity of the
case. Non-invasive imaging can be sufficient to establish a diagnosis, independently of biopsy
confirmation, although imaging is required for guidance when a biopsy is needed *. The
International Consensus Group for Hepatocellular Neoplasia has identified key histological
characteristics of HCC, including stromal invasion, elevated cell density, intratumoral portal
tracts, unpaired arteries, pseudo-glandular architecture, and widespread fatty changes '*. For
staging and management, the Barcelona Clinic Liver Cancer (BCLC) staging system and the

National Comprehensive Cancer Network (NCCN) guidelines are widely endorsed *°.

2.5. Therapeutic approaches

2.5.1. Surgical and locoregional approaches

Surgical resection and Orthotopic Liver Transplantation (OLT) are the primary
treatments for early-stage HCC, yet more than 90% of patients are not compatible with these
options. Consequently, catheter-based and percutaneous locoregional therapies have become
crucial alternatives for managing unresectable HCC. These therapies include Trans-Arterial
Embolization (TAE), which involves blocking the blood supply to the tumor, Trans-Arterial
Chemo-Embolization (TACE), which combines chemotherapy with embolization and is
effective for tumors 3-5 cm in size, and Trans-Arterial Radio-Embolization (TARE), which
delivers radiation directly to the tumor through the blood vessels, as well as ablative
therapies. Ablation can be performed using different techniques, including Radio-Frequency
Ablation (RFA), Microwave Ablation (MWA), Cryoablation (CA), Irreversible
Electroporation (IRE), Laser-Induced Interstitial Thermotherapy (LITT), and High-Intensity
Focused Ultrasound (HIFU), each with different criteria for patient selection, goals,

outcomes, and complications '°.
2.5.2. Targeted approach

Anti-angiogenic treatments primarily target Vascular Endothelial Growth Factor
(VEGF), offering synergistic effects when combined with immunotherapy. Bevacizumab and

ramucirumab are monoclonal antibodies that target VEGF-A and VEGFR-2, respectively.
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The Phase III REACH-2 trial evaluated 292 HCC patients with disease progression after
sorafenib, (a tyrosine kinase inhibitor that targets pathways such as Ras/Raf/MAPK and
VEGF) first-line treatment, showing that patients receiving ramucirumab had improved
overall survival (8.5 vs. 7.3 months, HR 0.71, 95% CI 0.531-0.949), higher objective

response rates (5% vs. 1%), and better disease control (60% vs. 39%) compared to placebo.

Apatinib, an anti-angiogenic tyrosine kinase inhibitor targeting VEGFR-2, achieved
similar results to the previous drugs in phase III clinical trials. The SHARP trial demonstrated
improved survival (10.7 vs. 7.9 months) and progression delay (5.5 vs. 2.8 months) in HCC
patients, while the ORIENTAL trial confirmed similar benefits (6.5 vs. 4.2 months OS).
Sorafenib is particularly effective in HCV-related HCC, with the SHARP trial showing the
greatest survival benefit in these patients (14 vs. 7.4 months). Lenvatinib, another multitarget
TKi, targets VEGFR1-3, PDGFR, KIT, FGFR1-4, and RET, with results from trials similar to
sorafenib. Regorafenib and cabozantinib, other derivatives, may benefit patients with
progression after first-line sorafenib, while donafenib has better pharmacokinetics.
Telomerase inhibition, which reduces cellular immortality, is another target; studies have
shown that imetelstat (GRN163L), perifosine, KMLOOI, and BIBR1532 can inhibit
telomerase activity. GV1001 (hTERT 611-626), P540 (hTERT540-548), GX301, and Vx-001

potentially possess anti-tumor activity as immunotherapies targeting hTERT """,
2.5.3. Immunotherapeutic approach

Several monoclonal antibodies are indicated in the management of HCC, including
Immune Checkpoint Inhibitors (ICIs) such as anti-Programmed Death-Ligand 1 (anti-PD-L1)
agents like atezolizumab and durvalumab, anti-PD-1 agents like camrelizumab, nivolumab,
and pembrolizumab, and anti-Cytotoxic T-Lymphocyte Antigen 4 (anti-CTLA-4) agent

tremelimumab 7.

Combinations of these agents with others have demonstrated superior impacts on
overall survival compared to sorafenib, as seen in trials such as IMbravel50 (atezolizumab
and bevacizumab), HIMALAYA and STRIDE (durvalumab and tremelimumab), and
camrelizumab and rivoceranib (a selective tyrosine kinase inhibitor for VEGFR-2). Immune
therapy can be combined with locoregional approaches or used following resection or

ablation to treat residual disease '*. A meta-analysis assessing 6,290 patients across eight
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trials evaluated the effectiveness of targeted and immunotherapy as first-line treatments for
HCC, showing that the combination of bevacizumab and atezolizumab resulted in superior
overall survival (OS) compared to sorafenib (HR 0.58, 95% CI 0.42-0.80), nivolumab (HR
0.68, 95% CI 0.48-0.98), and lenvatinib (HR 0.63, 95% CI 0.44-0.89) ''. This combination is
currently the first-line treatment for unresectable or advanced disease *. Nonetheless, the
modest increase in overall survival duration, along with the significant expenses and complex
adverse reactions associated with these therapies, highlights a substantial gap in HCC

treatment.

2.6. Pre-clinical models for HCC

2.6.1. In-vitro models

HCC human cancer cell lines like HepG2, originally derived from a Caucasian teenage
male, are widely used but may not fully replicate HCC due to recent findings linking them to
a hepatoblastoma-like tumor. Alternatives like C3A and HepaRG are now preferred, with
C3A showing more hepatocyte-like characteristics and HepaRG providing insights into drug
toxicity and carcinogenesis. Murine cell lines such as Hepal-6, Hep-53.4, RIL-175, and TIBx
are valuable for their genetic similarities to humans, with a key model being Hepa-1clc7,
derived from Hepal, which is particularly important for its contribution to HCC research due
to its ability to replicate key aspects of the disease more effectively than earlier murine
models ". Organoids, which are 3D culture systems, mimic key physiological traits of their
target organs, balancing in vitro flexibility with in vivo complexity, although they are costly,

labor-intensive, and lack immune and vascular components *°.
2.6.2. In-vivo models

Orthotopic cancer cell injection is considered the most clinically relevant for studying
HCC and liver metastasis, as it mimics real surgical scenarios and replicates the TME of
human HCC. However, this method is expensive, complex, and requires careful selection of
mice and precise placement of carcinoma cells. Two primary techniques are used: subserosal
injection, where tumour cells are injected with Matrigel to prevent dispersion, and surgical

orthotopic transplantation, which involves embedding a small tumour cube into the liver
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tissue. Ectopic transplantation allows the acquisition of subcutaneous lesions *. While
subcutaneous implantation of HCC cells in immunodeficient mice enables straightforward
tumor monitoring, this model lacks translational relevance due to its non-physiological
microenvironment, absence of functional immunity, and exclusion of liver-specific
comorbidities like steatosis or fibrosis. The artificial stromal architecture fails to replicate
hepatobiliary interactions critical for drug metabolism and metastasis, while immunodeficient
hosts preclude study of tumor-immune crosstalk, a key factor in HCC progression and

therapy response *'.

Additionally, exogenous cell lines often exhibit genetic drift, losing heterogeneity seen
in patient tumors, and rarely metastasize, unlike orthotopic or diet-induced models that
integrate metabolic and immune components of human HCC . PDX models involve grafting
fresh tumour tissues from patients onto immunosuppressed mice. Despite their advantages,
including studying treatment-naive and resistant strains, PDX models face limitations such as

low success rates and limited immune system representation %,

Chemically induced liver cancer models vary depending on the carcinogen employed,
with diethylnitrosamine (DEN) being the most widely used in preclinical studies due to its
potent genotoxicity. DEN intraperitoneal administration induces a series of changes,
including inflammation, fibrosis, and the formation of nodules or precancerous lesions, which
can take weeks to months to form malignant tumors. This eventually results in tumors
characterized by abundant somatic single-nucleotide variants (SNVs) and minimal insertions,
deletions, or copy-number alterations, consistent with its mutagenic action. Computational
analysis of DEN-driven tumors reveals six COSMIC mutational signatures and recurrent
oncogenic driver mutations, including activating Hras (C61), Braf (C584), Egfr (C254), and
truncating Apc alterations (21% of carcinomas), which promote Wnt/B-catenin dysregulation

and malignant progression >,

DEN-induced HCC better resembles the human HCC poor prognosis class ** and offers
significant improvements compared to the allogeneic transplant protocol. These
improvements are mainly caused by the tumorigenesis within host tissue. The DEN-induced
model better replicates the natural TME, preserving native cellular and molecular
interactions. This enables a more accurate depiction of tumour-stroma crosstalk, immune

responce, and angiogenesis, making it a robust platform for studying cancer development
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and progression *. DEN-induced tumors arise within the host's own tissue, naturally evading
such allogeneic immune recognition. This intrinsic development ensures a more precise and
representative model for investigating the dynamic interplay between the tumor and the host's

immune system .

DEN-induced tumours arise from the host’s own cells, undergoing genetic and
epigenetic alterations similar to human cancers. This makes the model highly relevant for
studying tumorigenesis mechanisms and evaluating targeted therapies, as it accurately
replicates the genomic and epigenomic complexity of human malignancies *’. DEN-induced
tumors better reflect human cancer heterogeneity due to their spontaneous emergence within
host tissue. This heterogeneity is key for studying tumor evolution and therapy resistance. By
mirroring the cellular and molecular diversity of human malignancies, this model aids in
developing effective therapies and deepens our understanding of cancer biology *. The
DEN-induced model closely mimics human cancer progression, making it highly clinically
relevant. By replicating tumorigenesis stages, it provides a robust preclinical framework,

enhancing the translation of research into effective therapies >.

However, while DEN alone recapitulates mutagenesis, it lacks the metabolic context of
human obesity-driven HCC. To mimic the interplay between steatosis and
hepatocarcinogenesis, the DEN-induced mutagenesis is integrated with a non-alcoholic-fatty
liver disease (NAFLD) induced by a choline-deficient diet. Steatosis, a hallmark of NAFLD,
exacerbates HCC by inducing lipotoxicity, oxidative stress, pro-inflammatory signaling, and
immune evasion, creating a tumor-permissive microenvironment 2. By combining DEN’s
genotoxic effects with diet-induced metabolic stress, this model replicates the transition from
steatosis to steatohepatitis, fibrosis, and HCC, while enabling the study of lipid-driven
oncogenic pathways (e.g., Hras, Braf) and immunosuppressive mechanisms critical in

metabolic syndrome-associated HCC *.

This system recapitulates the interplay of lipid-driven mitochondrial dysfunction,
chronic inflammation, and adaptive immune suppression observed in human NAFLD-HCC,
including selective CD4+ T lymphocyte loss, a hallmark of impaired antitumor surveillance
*!. This dual approach provides a clinically relevant platform to evaluate alternative/additional
therapies, which target both DEN-induced mutational drivers and steatosis-associated

angiogenesis and immune dysfunction **.
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2.7. Warburg effect and pH paradox

The Warburg effect refers to the preference of cancer cells for aerobic glycolysis over
oxidative phosphorylation for energy generation, which is a hallmark of cancer. This
metabolic shift is important for rapidly dividing cells as it allows for quick ATP production
and the generation of essential molecules for growth. The effect is attributed to the regulation
of growth factors and hypoxia within the tumor (TME) microenvironment and is proposed to
be a normal physiological response to the excess energy demands of fast-multiplying cells.
The pH of the TME is affected by the Warburg effect, as cancer cells produce excess lactate,
creating acidic extracellular conditions that hinder immune cells and promote tumor growth,

spread, and immune suppression *

. Intracellular alkalosis arises from the activity of
pH-regulating proteins, including Na'-dependent transporters that facilitate the influx of
extracellular sodium ions (Na') into the cytoplasm. Recent research has demonstrated
elevated intracellular sodium concentrations [Na']i and intra-tumor osmotic pressure in many

tumor tissues compared to adjacent healthy tissues **.

2.8. Monensin’s activity as an anti-cancer agent

Monensin is a sodium and proton selective ionophore that increases the permeability of
cell membrane to sodium ions *°. It can conjugate sodium ions (Na*) into complexes,
facilitating sodium transport through the cell membrane due to its high lipophilic properties.
It is used as coccidiostat and nonhormonal growth promoter in veterinary practice *’. Many
recent preclinical studies have been demonstrating an antitumoral activity of monensin,
in-vitro, in-vivo models and PDX against different tumors. It has been studied on many
cancers including neuroblastoma **, chemo-resistant pancreatic cancer *, colorectal cancer *°,
ovarian cancer *', prostate cancer *, and HCC *. Yet, its effects on the cell and molecular
mechanism are still controversial, and further studies are required to internalize its effects and

safety.
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Figure 4: Chemical structure of monensin and its mechanism of action

a: Chemical structure of monensin. b: Mechanism of action of monensin.

Despite previous reports attributing monensin's anticancer effects to its interference
with proliferative signalling pathways, recent evidence challenges its classification as a
cytostatic agent. In a detailed study on triple-negative breast cancer (TNBC), monensin
exhibited no measurable impact on proliferative markers, such as Proliferating Cell
Nuclear Antigen (PCNA) and Ki-67, in either tumour or healthy proliferative tissues,
including the intestine and bone marrow, under physiologically relevant conditions. Rather,
the anticancer efficacy of monensin was shown to derive from a sodium-dependent,
tumour-selective cytotoxic mechanism, which induced cell death without affecting cell
proliferation or organ integrity. Notably, monensin-induced reductions in tumour cell density
were preceded by intracellular sodium overload and ATP depletion, thereby excluding a

direct antiproliferative effect on either malignant or non-transformed cells *

In the previous study with an HCC allograft model, we found that HCC cells exhibit an
8—10-fold increase in baseline intracellular sodium [Na']; compared to healthy hepatocytes, as
demonstrated via fluorimetry, ICP-MS, and in vivo 2Na-MRI. This imbalance is further
exacerbated by monensin, which raises [Na']; by 50-70% specifically in tumour cells (p <
0.001), while normal hepatocytes maintain ionic homeostasis. Co-treatment with ouabain, an
Na'/K'-ATPase inhibitor, intensified monensin's cytotoxicity in HCC cells and sensitised
healthy hepatocytes—but only wunder sodium-replete conditions—highlighting a

Na'-dependent mechanism.
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Monensin-induced Na' influx initiated a bioenergetic crisis in HCC cells: OxPhos was
rapidly impaired, while compensatory glycolysis was transiently activated. ATP levels
dropped by 50% within 15 minutes of exposure (p < 0.001), leading to energetic collapse.
Though glucose supplementation briefly delayed cytotoxicity, sodium-free conditions entirely
prevented ATP depletion and cell death. Mitochondrial dysfunction was confirmed by
mitochondrial Na" accumulation (confocal imaging), membrane hyperpolarisation (2.5-fold
increase in JC-1 red/green ratio, p < 0.01), and a 40-60% reduction in oxygen consumption
rates (p < 0.01). Na" overload also triggered osmotic stress, evidenced by reduced water efflux
(lower kio, p < 0.001) and a 30% increase in cell diameter (p < 0.05), culminating in necrosis.
This was validated by TO-PRO-3 uptake and histology showing a 50% increase in necrotic

tumour areas.

In vivo, daily intraperitoneal administration of monensin (8—-16 mg/kg) in NSG mice
reduced HCC tumour volume by 60-70% (p < 0.001), correlating with marked intratumoral
Na" accumulation (1400 vs. 200 nmol/mg protein, p < 0.01). Importantly, monensin spared
healthy tissues, with no systemic toxicity, no alteration in organ morphology or weights, and

preserved intestinal and bone marrow structure, cellularity, and Ki67 expression *.

Together, these findings support a Na'-driven death cascade in HCC: sodium
overload, ATP depletion, mitochondrial dysfunction, and osmotic swelling converge to induce
necrosis. Monensin’s tumour-selective mechanism and lack of toxicity in normal tissues

underscore its therapeutic potential for liver cancer **.
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3. Objectives of the thesis

This thesis is part of the AIRC-funded project “Boosting the increase of intracellular
sodium to kill selectively hepatic cancer cells: preclinical proof of concept”, which aims to
develop targeted therapies for HCC. Prior work from this project demonstrated that
monensin, a sodium ionophore, induces mitochondrial dysfunction and selective cancer cell
death in HCC models in vitro and in ectopic in vivo settings, without exhibiting toxicity to
normal tissues. Importantly, it was previously suggested—and here further validated—that
monensin does not act through direct antiproliferative effects on healthy cells; instead, the
observed reduction in tumour cell proliferation is primarily due to cell death induction,

confirming its selectivity.

This study builds upon these findings by investigating monensin’s efficacy in a
translationally relevant, immunocompetent model of NAFLD-associated HCC, induced
through DEN administration ***” and a choline-deficient, L-amino acid-defined (CDAA) diet
1. This model closely replicates the progression of human NAFLD-HCC, encompassing
steatosis, inflammation, metabolic dysregulation, immune alterations, and tumour

development, while preserving an intact tumour-immune microenvironment.

Our objective is to imvestigate monensin’s effects on reducing tumour burden,
interfering with lipid-driven oncogenic signalling, and modulating immune responses in vivo.
By bridging previous mechanistic insights with a physiologically and immunologically
relevant setting, this study provides preclinical evidence for monensin as a selective,
dual-acting therapeutic agent targeting both metabolic and immune pathways in

NAFLD-driven HCC.
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4. Materials and methods

4.1. Chemicals and reagents

Fetal Bovine Serum (FBS), Bovine Serum Albumin (BSA), penicillin (P), streptomycin
(S), monensin, (2-Hydroxypropyl)-B-cyclodextrin (HPBCD), Na+ pyruvate (Na+ Pyr), and all
chemicals used for buffers and reagents preparation were sourced from Sigma-Aldrich
(Milan, Italy). Dulbecco’s Modified Eagle Medium (DMEM), and a custom-modified
sodium-free DMEM (DMEM-Na+), lacking any sodium components, Glutamax 1000, and
MEM Non-Essential Amino Acids (NEAA) were procured from GIBCO (S.I.A.L. group,
Rome, Italy). BCA Protein assay kit and Clarity ECL Western Blotting Substrate were
purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA).

4.2. Experimental animals and in vivo investigation

Male C57BL/6 neonatal mice, with an initial body weight ranging from 5 to 6 grams,
were intraperitoneally (i.p.) administered a single DEN dose of 0.021 pL per gram of body
weight. The administration of DEN served as an initiating step to induce
hepatocarcinogenesis. Following the weaning period, which typically occurs within the third
to fourth week of life, the animals were transferred to and maintained under controlled
laboratory conditions on a specialized CDAA diet. This diet was formulated to facilitate the
induction and progression of pathological changes in the liver, specifically aiming to promote
hepatic steatosis, chronic inflammation, fibrosis, and eventually the development of HCC.
These conditions collectively establish a robust experimental model for studying liver disease
pathogenesis and the molecular mechanisms underlying hepatocarcinogenesis. The animals
were maintained in the animal facility of the Health Sciences Department of Universita del
Piemonte Orientale, and treated in accordance with the University Ethical Committee and
European guidelines (Experimental protocol authorization n. 851/2020-PR, released on

19/08/2020 from Italian Ministry of Health for protocol n.DB064.60).
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4.2.1. Animal treatment protocol

Upon completion of a 20-week period during which the mice were maintained on the
CDAA diet, we initiated a six-week treatment regimen. This consisted of daily i.p.
administration of monensin at a dosage of 8 mg/kg body weight or an appropriate vehicle
control. The therapeutic intervention was aimed at evaluating the potential efficacy and safety
of monensin in mitigating liver pathology and disease progression. At the conclusion of the
treatment period, the animals were euthanized under ethical and controlled conditions, in
compliance with laboratory animal care protocols. Subsequently, the livers, along with any
nodular formations indicative of neoplastic changes, were meticulously harvested and
preserved for comprehensive histopathological evaluation. Throughout the treatment, the
body weight of the mice was monitored routinely as a surrogate marker to assess both the
safety profile of the administered compound and its impact on the overall health of the

subjects.

4.2.2. Quantitative analysis of cell density

Tumour cell density was assessed using haematoxylin and eosin (H&E) staining of
paraffin-embedded tissue sections obtained from 25 mice (13 treated with monensin vs 12
control). Excised tumour nodules were fixed in 10% neutral-buffered formalin for 24 hours,
dehydrated through a graded ethanol series, and embedded in paraffin. Sections of 4 pym
thickness were obtained using a microtome and mounted on glass slides. After
deparaffinization and rehydration, the slides were stained with haematoxylin to visualise cell
nuclei and eosin to highlight the cytoplasm and extracellular matrix. High-definition (0.17
um/px) images were captured using a Zeiss Axioscan 7 slide scanner under high-power fields
(HPFs, 400x magnification). Tumor cell densities (cells/mm?) over the entire slides were
quantified using the quantitative pathology analysis software QuPath 0.5.1 through the
built-in cell-detection analysis. Data were analysed statistically to compare variations in

cellularity between experimental groups.
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4.2.3. Quantitative analysis of CD31+

To evaluate intratumoral angiogenesis, immunohistochemical staining for CD31
(platelet endothelial cell adhesion molecule-1, PECAM-1) was performed on formalin-fixed,
paraffin-embedded liver sections from 25 mice (13 treated with monensin vs 12 control).
Tissue sections (4 um) were deparaffinized, rehydrated, and subjected to heat-induced antigen
retrieval using citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide, followed by incubation with a rabbit anti-CD31 monoclonal antibody
(clone D8VIE, Cell Signaling Technology, 1:100 dilution) overnight at 4°C. Detection was
achieved using a horseradish peroxidase (HRP)-conjugated secondary antibody and
3,3'-diaminobenzidine (DAB) chromogen, with hematoxylin counterstaining. CD31-positive
microvessels were quantified over the entire section through the quantitative pathology
analysis software QuPath 0.5.1 through the built-in positive-cell-detection function. Statistical
analysis was performed using Student’s t-test to compare mean microvessel density (MVD)
between groups. This approach aligns with established methodologies for evaluating

anti-angiogenic therapies in preclinical HCC models .

4.2.4. Quantitative analysis analysis of CD8+

The quantification of CD8+ T cells in tumour sections from 25 mice (13 treated with
monensin vs 12 control) was executed over the entire section through the quantitative
pathology analysis software QuPath 0.5.1 through the built-in positive-cell-detection
function. Hematoxylin optical density (OD) was selected as the detection parameter, with a
requested pixel size of 0.5 um to ensure high-resolution analysis. Nucleus segmentation was
optimised using a background radius of 5 um, sigma value of 0.75, and a minimum nucleus
area threshold of 9 um? to exclude non-cellular artifacts. Intensity-based thresholding was
applied with a set value of 0.05, and shape-based splitting was enabled to improve the
accuracy of cell separation and smooth boundary detection was enabled to enhance
measurement accuracy. This automated approach allowed for precise quantification of CD8+
T cell infiltration within tumour tissues, providing valuable insights into the immune response

in the tumour microenvironment.

19


https://www.zotero.org/google-docs/?CUKY3a

4.2.5. Quantitative analysis of Steatosis

Monensin effects on hepatic lipid accumulation and neoplastic progression was
evaluated. Steatotic changes were assessed through histopathological analysis of liver
sections stained with H&E. Comparative evaluation of lipid droplet distribution,
hepatocellular ballooning, and inflammation was performed between control and
monensin-treated groups using QuPath 0.5.1. Quantitative metrics, including steatosis grade
(percentage of lipid vacuoles distribution/mm”2) and necroinflammatory activity, were
derived by analyzing the entire slides. All protocols adhered to institutional ethical guidelines

for animal research.

4.2.6. Quantitative RT-PCR (qPCR) analysis of inflammatory biomarkers

Total RNA was extracted from fresh tumor tissues using TRIzol Reagent (Invitrogen)
according to the manufacturer's instructions. RNA concentration and purity were assessed
spectrophotometrically using a NanoDrop™ instrument (Thermo Fisher Scientific). Reverse
transcription was performed using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems Italia, Monza, Italy), with 2 ug of RNA converted into complementary DNA
(cDNA) following the recommended protocol in a Techne TC-312 thermocycler (Tecnelnc,
Burlington NJ, USA). The resulting cDNA was amplified by PCR using gene-specific primers
and Master mix Fast Start SYBR Green (Roche). Amplifications were carried out in a
CFX96™ Real-time PCR System (Bio-Rad, Hercules, California, USA). Gene expression
levels were normalised to B-actin, and relative quantification was calculated using the AACt

method.

4.3. Cell culture and in vitro investigation

Murine C1C7 HCC cells were supplied by ECACC (Salisbury, UK). CIC7 cells were
routinely cultured in DMEM, supplemented with 10% FBS, 100 U/mL P, 100 pg/ml S, 6 mM
Gln, 1 mM Na+ pyruvate (Na+ Pyr) and 1% MEM-NEAA. Cells were maintained in a
humidified chamber at 5% CO2 / 95% air at 37 °C and split every 1 to 3 days. All cells tested

negative for mycoplasma with Mycoplasma PCR Detection Kit (Abcam, Inc.).
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4.3.1. Analysis of the sodium-dependent cytotoxic effect of monensin

C1C7 cells were seeded at 10,000 cells per well in 96-well plates, in triplicate, and
incubated for 24 hours to form a uniform monolayer. For sodium measurements, cells were
loaded with 5 uM CoroNa Green dye—a sodium-specific fluorescent indicator that increases
green fluorescence intensity upon Na' binding, without shifting its emission wavelength—for
30 minutes at 37 °C in a humidified atmosphere of 5 % CO:. Following incubation, two
washes with serum-free DMEM were performed to remove residual dye and avoid esterase

inhibition by serum components.

Sodium-Dependent Cytotoxicity: after CoroNa Green loading, cells received were
treated with monensin (5 uM) or its vehicle DMSO (control) in either standard sodium
medium (DMEM containing 145 mM Na’) or sodium-free medium (DMEM without any
Na’). Concurrently, 0.6uM IncuCyte® Cytotox NIR Dye (a DNA-binding probe that
fluoresces upon cell-membrane compromise) was added to enable real-time necrosis

monitoring.

Real-time imaging was performed on an automated widefield live-cell system
(IncuCyte SX5 Live Cell Analysis System, Sartorius®), which employs predefined (preset)
acquisition settings for optimal signal fidelity (accuracy and reliability). Brightfield and
multi-channel fluorescence images were captured with a 20x objective. The following
excitation/emission configurations were utilised: CoroNa Green: 492 nm ex / 516 nm em,

Cytotox NIR Dye: 491 nm ex / 509 nm em.

To ensure uniformity (consistency) across all experimental conditions, identical LED
intensities, exposure times and focus offsets were applied. Quantitative image
data—fluorescence intensities and cell counts—were automatically extracted by the IncuCyte

software and exported as comma-separated values (.CSV) for subsequent statistical analysis.

4.3.2. Quantitative analysis of proliferation biomarker

Following each treatment regimen with palmitic acid (PA) and monensin, cells were
washed twice in ice-cold PBS and lysed in RIPA buffer (Thermo Fisher Scientific)

supplemented with protease and phosphatase inhibitors (Sigma-Aldrich).
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Protein concentration was determined by BCA assay (Thermo Fisher Scientific), and
10-20 pg of total protein per sample were placed on 10% polyacrylamide gels. Proteins were
transferred onto Amersham™ Hybond® P PVDF membranes (Cytiva) using a dry-transfer
apparatus. Membranes were blocked for 1 hour at room temperature in 10% bovine serum
albumin (BSA) in TBS-T (0.1% Tween-20) before overnight incubation at 4 °C with primary
antibodies against PCNA (Sigma-Aldrich (MO, USA) and B-actin (Sigma-Aldrich (MO,
USA). After washes in TBS-T, blots were incubated with species-specific HRP-conjugated
secondary antibodies for 1 hour at room temperature. Signals were detected by enhanced
chemiluminescence (ECL; Thermo Fisher Scientific) and imaged on a ChemiDoc MP system
(Bio-Rad). Band intensities were quantified in ImageJ and normalised to B-actin, permitting
direct comparison of proliferative markers expression across both untreated and PA-pretreated

conditions.

4.3.3. Intracellular lipid accumulation

We used HCS LipidTOX™ Phospholipidosis and Steatosis Detection Kits (Invitrogen)
to assess intracellular steatosis. Cells were plated as a monolayer in 96 well plates at 2000
cells per well, 1n triplicate, for 24 hours, This was followed by 24 hours of pretreatment with
PA 25uM or vehicle, washed with PBS, and replaced with 24 hours treatment with monensin
SuM, PA 25uM, or vehicle. Cells were fixed with paraformaldehyde (PFA) 4% for 10 minutes
and permeabilized with PBS 1X Tryton 0.1% for 20 minutes, then washed with PBS.
Subsequently, Steatosis Detection Kit was added at 1:1000 dilution for 30 minutes, followed
by DAPI staining 1% for 10 minutes. The EVOS® FL Auto Imaging System was used to read
the plate, and images were ImageA as a percent of the intracellular lipid droplet area to the

area of cells.
4.3.4. PA effects on monensin cytotoxicity

To assess whether PA affects monensin-induced cell death, we used Trypan Blue (TB)
exclusion assay to determine viability assay based on membrane integrity. 10,000 C1C7 cells
per well were plated in a 24-well plate for 24 hours to form a uniform monolayer. This was
followed by 24 hours of pretreatment with PA 25uM or vehicle, washed with PBS, and

replaced with 24 hours treatment with monensin SuM, PA 25uM, or vehicle. We collected the
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supernatant into 2ml eppendorf, then detached the cells with 150uL of trypsin, that was
inhibited by 300uM of media, all added to the same eppendorf, centrifuged and suspended in

proper volume of media to have countable cell density.

4.4. Statistical analysis

All in vitro experiments were conducted independently at least three times, data are
expressed as the mean + standard deviation from three to five independent experiments.
Statistical significance between two groups was assessed using an unpaired or paired
two-tailed Student’s #-test. For comparisons involving multiple groups or time-course
analyses, one-way ANOVA and two-way ANOVA were applied, respectively. The normality
of data distribution was verified in advance using the Kolmogorov-Smirnov test. A
significance threshold of 5% was set, with P < 0.05 considered statistically significant (P <
0.05, *P < 0.01, **P < 0.001). Statistical analyses were performed using GraphPad Prism
v.8.4.3 (GraphPad Software, San Diego, CA, USA).

5. Results

5.1. Quantitative analysis of HCC nodules

Optical evaluation of livers demonstrated a significant reduction in both the number and
volume of HCC nodules in the treated group compared to the control group (Fig. 5). The
nodules in the treated group appeared smaller, and more discrete, indicating a potential

therapeutic effect in limiting tumour progression and growth. These findings suggest that the
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administered treatment may have effectively suppressed hepatocarcinogenesis and mitigated
tumour burden, as evidenced by the optical morphological assessment. The statistical analysis

was performed using Mann-Whitney test.
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Figure 5: Quantitative analysis between the nodules number in liver from control and treated groups.

5.2. Quantitative analysis of cells density

HCC nodule decrease (both as size and number) was associated with an extended
tumor damage and necrosis, as demonstrated by histological observations (Fig. 6 a, b), and
measured by a decrease of the cellular density (Fig. 6¢). This reduction in cellular density
aligns with prior evidence that monensin induces necrotic cell death in HCC cells via Na’
overload, osmotic stress, and mitochondrial dysfunction—a mechanism amplified in cells

with defective ion regulation *.
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Figure 6: (H&E) stained histological section from HCC nodules obtained from control and treated mice.
Representative H&E images of HCC nodule section of mice i.p. treated with vehicle a) or Monensin. Necrotic
areas are indicated by black arrows. ¢) Quantification of tumor cellular density evaluated as cells/mm?2 in vehicle
(CTR) or Monensin treated mice. Bars represent the average while error bars represent the standard deviation.

*##%%P < (0.0001 by unpaired T test.

The statistical significance of these findings (Fig. 6¢) supports monensin’s potential as a
therapeutic agent for HCC and suggests that intervention during carcinogenic progression

may halt or delay tumorigenesis.

5.3. Quantitative analysis of CD31+

The density of CD31+ cells was significantly reduced in hepatic tissues of mice treated
with monensin (Fig. 7b) compared to control groups (Fig. 7a). This reduction was associated

with the decreased number of hepatic nodules and with their smaller dimensions.
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Immunohistochemical analysis across liver sections from DEN-induced carcinogenesis
cohorts quantified a marked decline in CD31+ cells in monensin-treated mice. Furthermore,
this was confirmed also by RT-qPCR assessing the expression in the tumor samples (Fig. 7c).
Automated positive-cell counting further substantiated this observation, revealing a

significant decrease in the percentage of CD31+ cells in treated groups (Fig. 7d).
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Figure 7: Imnmunohistochemical analysis of CD31+ in livers obtained from control and treated mice.

a: Control group. b: Monensin group. c: RT-qPCR quantification of CD31 in HCC nodules from livers of control
and monensin treated mice. d: CD31+ quantification (percentage of positive CD31 to the total cell count) of liver
sections of control and monensin treated mice. Bars represent the average while error bars represent the standard

deviation. **P < 0.01 by unpaired T test.

Collectively, these findings suggest that monensin exerts dual antitumor effects: it
directly induces cytotoxicity in HCC cells while exerting anti-angiogenic properties. By
inhibiting the formation of new blood vessels, monensin might, in fact, effectively constrain

neoplastic progression.
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5.4. Quantitative analysis of CD8+

The immunohistochemical analysis revealed a significant increase in CD8+ cytotoxic
T-cell density within hepatic tissues of monensin-treated mice (Fig. 8b) compared to controls
(Fig. 8a), as quantified across entire liver sections from DEN-induced carcinogenesis cohorts.
Automated cell counting demonstrated an elevation in CD8+ cell density in treated groups
that was parallel with a reduction in both the number and size of hepatic nodules. This inverse
relationship suggests that monensin not only exerts direct cytotoxic effects on HCC cells but
also enhances antitumor immunity by promoting CD8+ T-cell infiltration, thereby possibly
further inhibiting neoplastic progression. Notably, the statistical robustness of these results
(e.g., monensin cohorts averaged ~98,58 CD8+/mm? vs. control ~61,31 CD8+/mm?2)

reinforces the reproducibility of monensin’s immunomodulatory effects.

The observed increase in CD8+ T-cell density aligns with monensin’s previously
reported mechanism of Na'-mediated necrotic cell death. Necrotic tumor cells release
damage-associated molecular patterns (DAMPs) and tumor antigens, which may stimulate
dendritic cell activation and subsequent priming of CD8+ T-cells. This immunogenic cell
death mechanism could explain the heightened immune surveillance in treated mice, as
cytotoxic T-lymphocytes are recruited to eliminate residual cancer cells. Furthermore, the
smaller nodule dimensions and reduced tumor burden in monensin-treated cohorts suggest
that CD8+ T-cells might play a critical role in suppressing tumor growth, potentially through

direct lysis of malignant cells.

These findings are consistent with prior studies highlighting monensin’s tumor-selective
action and absence of systemic toxicity ****. The enhanced CD8+ infiltration, coupled with
reduced nodularity, underscores the dual therapeutic potential of monensin: it directly
disrupts cancer cell viability via ion dysregulation while indirectly mobilizing the adaptive

immune system to target residual lesions.
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Figure 8: Immunohistochemical analysis of CD8+ in livers obtained from control and treated mice.
a: Control group. b: Monensin group. c¢: Quantification of CD8+ lymphocytes in liver sections of control and
monensin treated mice. Bars represent the average while error bars represent the standard deviation. *P < (0.05

by unpaired T test.

5.5. Quantitative analysis of steatosis

Histopathological analysis revealed a significant reduction in hepatic steatosis in
monensin-treated mice (Fig. 9c,d) compared to controls (Fig. 9a,b), as evidenced by
decreased lipid droplet accumulation. Control cohorts exhibited widespread macrovesicular
steatosis (19% of hepatocytes affected), whereas monensin-treated livers showed 5% less
lipid-laden cells (p < 0.05), correlating with diminished hepatocellular ballooning and lobular
inflammation. This attenuation of steatosis was associated with prior observations of
monensin-induced tumor regression and CD8+ T-cell infiltration, suggesting a multifactorial
therapeutic mechanism. The reduction in lipid accumulation may reflect monensin’s
disruption of Na'-dependent metabolic pathways, as its ionophoric activity has been shown to
impair ATP production® thus possibly affecting lipid synthesis and transport in malignant

hepatocytes.
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Figure 9: Steatosis histopathological analysis of liver sections obtained from control and treated mice.
a, b: Sections from the control group. c, d: Sections from the monensin group. e: Steatosis quantification in HCC
nodules from liver of control and monensin treated mice. Bars represent the average while error bars represent

the standard deviation. *P < 0.05 by unpaired T test.

5.6. Quantitative RT-PCR (qPCR) analysis of inflammatory
biomarkers

QPCR analysis revealed elevated proinflammatory markers in tumors belonging to
monensin-treated mice, such as IL1, IL6 Tumor necrosis factor a (TNFa), interferon gamma
(INFg), and elevated M1 macrophages, with no effects on anti-inflammatory markers or on
M2 macrophages. These findings with the elevated CD8+ infiltration, represent a
proinflammatory effect in the tumor induced by monensin, which results in immune cells

recruitment to the tumor, rendering it more visible for the immune system.
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Figure 10: Inflammatory markers levels in tumors obtained from control and monensin treated mice.

RT-qPCR quantification of IL1, IL6, IL10, TNFa, INFg, and TREM1 in HCC nodules from livers of control and
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monensin treated mice. Bars represent the average while error bars represent the standard deviation. *P < 0.05,

**P<0.005 by unpaired T test.

5.7. Sodium-dependent cytotoxicity of monensin

The anti-cancer activity of Monensin on HCC cells was assessed by cytotoxicity in
vitro assays. C1C7 cells were plated with DMEM =+ Na* and treated with Monensin 5uM or
vehicle. The results showed that Monensin reduced the HCC cells viability starting from the

13th hour of treatment only in presence of extracellular sodium (Fig. 11).
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Figure 11: Effect of Monensin on C1C7 cells in different media. Cytotoxic effects of 24 hours of treatment
with SuM Monensin on C1C7 cells.

The grouped superimposed plot shows the positivity to propidium iodide in DMEM=Na+. **P < 0.005,
***P<(0.0005 by ordinary one way ANOVA.

5.8. Quantitative analysis of proliferative biomarker

To assess whether monensin modulate proliferative markers expression, in presence or
absence of Palmitic Acid (PA), we performed two independent Western blot series in C1C7
cells: one with a 48 h PA pretreatment, followed by 24 h of monensin, and one without any
PA pretreatment. C1C7 cells were seeded in 6-well plates and processed in two parallel
Western blot workflows. In the first series, cells received no PA pretreatment and were
exposed for 24 hours to monensin (5 uM), PA (10 uM or 25 uM), or their combination,
alongside vehicle controls. In the second series, cells were preincubated with PA (10 uM or

25 uM) for 48 hours prior to 24-hour treatments.

Densitometric analysis of Western blots for PCNA (DNA synthesis marker) normalised
to B-actin revealed minimal variation across cells treated with monensin or PA or thier
controls for 24 hours. Similarly, The stability of PCNA levels across the different conditions
of monensin and PA treatments indicates that monensin does not exert a detectable

antiproliferative on C1C7 cells under these conditions. These observations support our
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hypothesis that any reduction in viable cell number is attributable to a selective cytotoxic
mechanism rather than non-specific inhibition of proliferation. This finding aligns with prior
in vitro and in vivo studies, which likewise showed preserved proliferative indexes in

surviving cells despite substantial tumour shrinkage ***.
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Figure 12: Effect of monensin on the expression of the proliferative marker PCNA in steatotic C1C7 cells.
Western blot analysis and densitometric quantifications showing actin-normalized PCNA protein levels of a:
Treated cells with combinations of monensins and Palmitic Acid (PA) and the proper controls. b: Pretreatment
with PA (first row) and treatment with combinations of monensins and PA and the proper controls (second row).
M: Monensin S5pM. D: DMSO 5uM. E: Ethanol 25uM. ED: Ethanol 25uM plus DMSO 5uM. P10: PA 10 pM.
P25: PA 25puM. MPI10: Monensin 5uM plus PA 10 uM. MP25: Monensin 5uM plus PA 25uM. NPT: No

pretreatment. NT: No treatment. Data represent a typical experiment of 3.
5.9. Evaluation of monensin effect on intracellular lipid accumulation

We preliminarily evaluated the effect of monensin treatment on intracellular lipid
accumulation of HCC cells using the EVOS® FLAuto Imaging System. Cells that were pretreated
with 25uM Palmitic Acid (PA) for 24 hours then treated with 25uM of PA for another 24

hours (P25/P25) showed increased volumes and higher number of intracellular lipid droplets
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(Fig. 13a). When monensin was added to the treatment (P25/MP25), we noticed a reduction

in the volume and number of the lipid droplets.

NPT/NT P25/NT P25/M

NPT/P25 P25/P25 P25/MP25

Figure 13: Intracellular lipid accumulation analysis by EVOS® FL Auto Imaging System using Steatosis
Detection Kit and DAPI staining.

a: Images captured of cells incubated with PA with or without monensin treatment. M: Monensin SuM. D:
DMSO 5uM. E: Ethanol 25uM. ED: Ethanol 25uM plus DMSO 5uM. P10: PA 10 uM. P25: PA 25uM. MP10:
Monensin SuM plus PA 10 uM. MP25: Monensin SuM plus PA 25uM. NPT: No pretreatment. NT: No

treatment.

5.10. Palmitic acid (PA) effects of monensin cytotoxicity

To assess whether Palmitic Acid (PA) affects monensin-induced cell death, we used Trypan
Blue (TB) exclusion assay to determine cell viability. We performed a 24 hours of
pretreatment with PA 25uM or vehicle, followed by 24 hours treatment with monensin SuM
(P25/M), PA 25uM (P25/P25), their combination (P25/MP25). As control for P25/P25, we
incubated the cell with 25uM of ethanol for 48 hours (E/E), or for 24 hours followed by 24
hours with monensin (E/M) as control for P25/M. There was no statistically significant
difference between most of the paired comparisons (except when comparing monensin treated
and non-treated cells), including P25/MP25 vs E/M, both in 16 hours and 24 hours. These
results indicate that PA does not affect monensin cytotoxicity, which is translated into the

retention of monensin activity in steatotic liver conditions.
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Figure 14: Statistical analysis of TB based exclusion assay using Two way ANOVA with Tukey’s multiple

comparisons test.

First row: Pretreatment with PA. Second row: Treatment with combinations of monensins and PA and the
proper controls. M: Monensin SuM. D: DMSO 5uM. E: Ethanol 25uM. ED: Ethanol 25uM plus DMSO 5uM.
P25: PA 25uM. MP25: Monensin SuM plus PA 25uM. NPT: No pretreatment. NT: No treatment. By two way

ANOVA multiple comparison.
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6. Discussion

The present thesis demonstrates that monensin treatment exerts potent antitumor effects
in a highly translational relevant murine model of NAFLD-DEN induced HCC, as evidenced
by significant reductions in both the number and size of hepatic nodules. These
morphological changes were accompanied by a significant decrease in tumor vascularization
(CD31+) and steatosis, along with a marked increase in CD8+ T-cell infiltration within the
tumor microenvironment. Together, these findings suggest that monensin targets HCC
through a multifaceted mechanism involving direct tumor cell cytotoxicity, anti-angiogenic

effects, metabolic reprogramming, and immune modulation.

The reduction in tumor nodules aligns with monensin's established ability to disrupt
intracellular Na+ homeostasis, leading to ATP depletion, mitochondrial dysfunction, and
necrotic cell death. Notably, the decreased vascularization (CD31+) in treated tumors may
reflect either an anti-angiogenic effect of monensin or secondary vascular collapse following
tumor cell death. This is particularly relevant in HCC, where angiogenesis is a hallmark of
progression. The concurrent reduction in steatosis suggests that monensin may additionally
interfere with lipid metabolism in malignant hepatocytes, potentially through its effects on

Na+-dependent metabolic pathways.

Perhaps most intriguing is the observed increase in tumor-infiltrating CD8+ T-cells
following monensin treatment, and the elevated proinflammatory markers such as
inflammatory interleukins and M1 macrophages. This immunomodulatory effect could result
from several mechanisms. The most logical one can be attributed to the released tumor
antigens from the necrotic tumor cell death, in parallel with increased secretion of
proinflammatory proteins, which stimulate immune cells recruitment and dendritic cell
activation and T-cell priming. Other mechanisms can result from monensin effects on the
tumor microenvironment that reduces immunosuppressive signals, or enhanced T-cell
trafficking due to vascular normalization. The combination of reduced tumor burden and
enhanced immune infiltration suggests that monensin may create a more immunogenic tumor

microenvironment, potentially sensitizing HCC to checkpoint immunotherapy.
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Additionally, monensin reduced steatosis in vivo in the DEN-NAFLD induced HCC,
while in vitro revealed no effect of PA on monensin activity. This effect of monensin could
even improve the clinical outcome in patients with NASH-related HCC, by killing cancer
cells and mitigating steatosis, which might extend the liver function, raising the necessity of
further studies to determine its effects on metabolic pathways involved in lipid metabolism
regulation. The in vitro observations on the reduction of steatosis by monensin and on the
lack of effects of PA on monensin cytotoxicity were obtained in preliminary experiments and

need to be confirmed and more deeply investigated.

In agreement to what previously reported in the allograft models of breast cancer and
HCC *“*, Monensin exerts no anti-proliferative activity in normal but also in steatotic HCC
cells (C1CT7 cells pretreated or not with Palmitic Acid). This can predict better safety profile

and less serious adverse effects when compared to chemotherapies.

These findings have important translational implications. First, monensin's ability to
simultaneously target multiple hallmarks of cancer (angiogenesis, metabolism, and immune
evasion) makes it an attractive candidate for HCC therapy. Second, its FDA-approved status
and established safety profile could facilitate rapid clinical translation. Future studies should
explore the precise mechanisms linking Na+ dysregulation to immune modulation, how

monensin reduces steatosis, and potential synergies between monensin and immunotherapies.

In conclusion, this study positions monensin as a unique multimodal therapeutic agent
for HCC, capable of inducing direct tumor cytotoxicity while simultaneously remodeling the
tumor microenvironment to favor antitumor immunity. These effects, combined with its
favorable safety profile, suggest that monensin warrants clinical evaluation as both a

monotherapy and potential combination partner in HCC treatment strategies.
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