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ABSTRACT

Laryngeal squamous cell carcinoma (LSCC) is one of the most common malignancies
among head and neck cancers, and is associated with a poor prognosis, although advances
in diagnosis and treatment. Oxidative stress is progressively acknowledged as a key factor
in carcinogenesis, causing DNA damage, epigenetic alterations, and dysregulation of cellular
signaling pathways. In parallel, metabolic reprogramming has developed as a hallmark of
cancer, supporting tumour growth and survival.

The aim of this study was to investigate the expression of proteins involved in oxidative
stress and metabolic regulation in LSCC. Specifically, the analysis focused on superoxide
dismutase (SOD), catalase (CAT), nuclear factor erythroid 2-related factor 2 (NRF2), heme
oxygenase-1 (HO-1), metallothionein (MT), and vimentin (VIM), together with key markers
of glucose and amino acid metabolism, such as glutamine fructose-6-phosphate
amidotransferase (GFAT), glutaminase (GLS), asparagine synthetase (ASNS), and alanine-
serine-cysteine transporter 2 (ASCT2).

Protein expression levels were evaluated in LSCC tissue samples using Western blot analysis
in paired tumour and adjacent healthy tissues, and the results were correlated with clinico-
pathological parameters. The study showed alterations in proteins involved in antioxidant
defense and redox regulation, suggesting the presence of an adaptive response to oxygen
stress within the tumour microenvironment. Furthermore, the upregulation of metabolic
markers supports the presence of metabolic reprogramming, particularly involving
glutamine metabolism and amino acid biosynthesis pathways, which may contribute to
tumour progression.

Several proteins were also associated with specific clinical and pathological features,
indicating a possible link between molecular alterations and tumour behaviour. Overall,
these results suggest that oxidative stress and metabolic reprogramming are closely
interconnected in LSCC and may contribuite to its development and progression.

In conclusion, the proteins investigated in this study could represent useful biomarkers for a
better understanding of the biology of LSCC and could provide a basis for the identification
of novel therapeutic targets. However, further studies involving larger patient cohorts are

needed to confirm these observations and clarify their potential clinical implications.



INTRODUCTION

a. Laryngeal Squamous Cell Carcinoma

i. Epidemiology

Head and neck cancers (HNCs) are among the most common malignancies in the
world and represent the seventh most common type of cancer. HNCs include several
anatomical sites, including oral cavity, oropharynx, hypopharynx, larynx, salivary glands,
nasopharynx, nasal cavity, sinus cavities, and ear [1]. Most of these tumours are squamous
cell carcinoma (SCC) [2]. Currently, HNCs account 660,000 new cases diagnosed and
325,000 deaths annually [3]. Carcinoma of the larynx is the second most common cancer
among HNCs with 177,422 new cases per year and 94,771 deaths per year worldwide [4].
In particular, LSCC accounts for one-third of all HNCs worldwide, with 12,380 new cases
in the United States in 2023 [5-6-7]. Laryngeal cancer mainly affects the adult population
aged between 55 and 65 years old, but cases have also been described in young adults (under
40 years of age) [8]. The LSCC occurs more frequently in men than in women, with an
approximate male-to-female ratio of 4:1, a difference that is commonly linked to the higher
incidence of tobacco use among males, the main recognized risk factor [9-10]. However, an
increasing incidence has been reported in females, due to the increased widespread of
smoking habit, being smoking habit and alcohol abuse represent the leading and main risk
factors [1]. Smoking represents the principal etiological factor for LSCC: smokers have a
10- to 15-fold higher risk of developing this cancer compared with non-smokers, and heavy
smokers may reach an increased risk up to 30-fold [11-12]. Alcohol consumption is also a
well-established risk factor in the development of LSCC. In particular, the risk appears to
increase in a dose-dependent manner, increasing by approximately 9% for every additional
10 g of alcohol consumed daily, with a marked effect observed among moderate and heavy
drinkers [13-14-15]. Occupational and environmental exposures, including asbestos, textile
dust, and polycyclic aromatic hydrocarbons, have been implicated as potential contributors
to the development of LSCC [16-17-18]. The role of laryngopharyngeal reflux (LPR) in
LSCC carcinogenesis remains under investigation, with ongoing debate over its clinical
significance [19-20]. Dietary factors may also influence cancer risk. Indeed, higher fruit and
vegetable consumption has been associated with a protective effect, reducing the risk of
LSCC by approximately 60% compared to lower consumption levels. Conversely, increased
meat consumption has been linked to a higher likelihood of LSCC, with risk increases
reported of up to 67% [21]. Furthermore, some studies suggest a possible involvement of

Human PapillomaVirus (HPV) infection in the development of LSCC. Several studies have
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identified HPV-16 as the most frequently detected and internalized viral genotype in LSCC
tissues. Its ability to encode oncoproteins that promote cell cycle progression has been well
characterized [22]. In particular, HPV-16 positivity has been independently associated with
the onset of LSCC, and the risk of developing LSCC appears to be higher in "never-smokers"
than in "ever-smokers" [23].

The glottis is the most commonly affected laryngeal region (approximately 65-70%
of cases), followed by the supraglottis and subglottis [24]. Clinically, LSCC can present with
symptoms that vary depending on the anatomical site: dysphonia in the glottic tumours,
dysphagia or swallowing pain in the supraglottic tumour, and dyspnea in the subglottic ones.
Glottic tumours tend to be diagnosed at an early stage due to the early onset of voice

disorders, while other sites often quietly progress to advanced stages.
ii. Histopathology, Treatment & Prognosis

The prognosis depends on several factors, including the tumour stage (according to the
tumour-node-metastasis TNM stage system), histology, as well as the patient’s health status,
considering age, risk factors, performance status and socioeconomic conditions [25-26].
Regarding histology, squamous cell carcinoma (SCC) represents approximately 95% of
laryngeal tumours, with a prevalence of low and moderate degrees of differentiation [27].

Biopsy with histological examination of the sample continue to be the gold standard for
diagnosis. The identification of LSCC is mainly based on histopathological analysis by
haematoxylin-eosin staining (H&E), considered the diagnostic gold standard. In selected
cases, additional immunohistochemical analyses may be performed to better characterize the
lesion or for research purposes, including markers such as p53, CD44 and EGFR (Epidermal
Growth Factor Receptor) [27]. However, these markers are not routinely required for the
pathological diagnosis of LSCC. The degree of tumour differentiation, evaluated
histologically, remains an essential parameter for estimating tumour aggressiveness and is
commonly classified as well differentiated (G1), moderately differentiated (G2) or poorly
differentiated (G3). Histological confirmation of metastatic extension to the neck lymph
nodes plays a key role in planning appropriate adjuvant treatment [28]. LSCC can result
from several premalignant alterations, including epithelial hyperplasia, squamous
metaplasia, acanthosis, keratosis, dyskeratosis, pachydermia, and varying degrees of
dysplasia. Among these, dysplastic lesions are particularly relevant, as persistent dysplasia
has been strongly associated with a higher likelihood of malignant progression, with a

markedly higher risk of transformation in case of high-grade dysplasia. Several studies have



described in detail the histopathological progression of this neoplasm: from epithelial
hyperplasia to dysplasia, to in situ carcinoma and finally to invasive form [1].

There are several surgical and non-surgical strategies to manage LSCC [29]. The choice of
therapy, surgical or non-surgical, depends not only on the characteristics of the carcinoma
but also on the patient in terms of age, comorbidities, preference and socio-family
background. Early diagnosis provides access to a broader spectrum of potentially successful
therapeutic strategies. In recent years, significant advances have transformed the therapeutic
landscape of LSCC, improving patient outcomes and quality of life. Until the 1980s, the
standard approach for advanced tumours consisted of total laryngectomy (TL) followed by
radiotherapy (RT). Nowadays, the therapeutic strategy is guided by a multidisciplinary team
(MDT) and a thorough pre-operative evaluation to ensure the most appropriate treatment
plan. For early-stage (T1-T2) LSCC, organ- and function-preserving treatments, including
transoral CO- laser surgery or RT, are preferred [30]. In cases of locally advanced disease
(T3-T4), the current approach favors conservative surgical techniques (e.g., open partial
laryngectomy OPHL) or their combination with chemotherapy (CT). The most commonly
used chemotherapeutic agents are cisplatin and 5-fluorouracil, with newer agents such as
taxanes and monoclonal antibodies like cetuximab [31]. Total laryngectomy, once routinely
performed, is now reserved for patients with extensive T3—T4 tumours unresponsive to
conservative strategies. Actually, TL provides excellent local disease control and favourable
survival outcomes in selected patients. However, the procedure entails permanent anatomical
and functional changes, including loss of natural voice, creation of a permanent
tracheostoma, and potential swallowing impairment, all of which may substantially impact
patients’ quality of life and psychosocial well-being.

Despite public health policies against smoking and alcohol consumption, which have
contributed to a reduction in the incidence of LSCC, and despite the introduction of more
sensitive diagnostic techniques [32] as well as more targeted therapies, the prognosis of
LSCC remains unsatisfactory. Approximately 60% of patients are diagnosed with advanced-
stage disease, and the 5-year overall survival (OS) rate remains around 60%, with survival
falling below 50% in advanced cases [29, 33-34]. Thus, LSCC is a major public health
challenge, not only because of its relatively high incidence, but also because of the
functional, psychological and social consequences associated with its treatment. Although
organ preservation strategies, such as transoral CO: laser microsurgery and OPHL, generally
provide better short-term functional outcomes, they are not without complications or
limitations. In particular, OPHLs may be associated with prolonged swallowing impairment,

aspiration, and delayed recovery of voice function, often requiring intensive post-operative
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rehabilitation before decannulation and restoration of satisfactory oral feeding. Furthermore,
conservative approaches may not be suitable for all tumour and patients, and careful patient
selection is essential to ensure adequate oncological control while preserving laryngeal
function. Therefore, in addition to survival, comprehensive care must include rehabilitation,
psychosocial support, and personalized treatment planning to improve long-term patient-

reported outcomes.
b. Oxidative Stress In Lscc

Recent evidence indicates that several pathological conditions, including metabolic
disorders, neurodegenerative diseases, and cancers, are strongly associated with daily habits
for example inadequate nutrition, lowered physical activity, and chronic exposure to digital
technologies. A key underlying mechanism common to these conditions is oxidative stress,
triggered by excessive production of reactive oxygen species (ROS) — particularly
superoxide anions — that can induce molecular damage to DNA, RNA, and proteins,
eventually promoting cellular dysfunction and disease progression [35].

Evidence indicates that cancer patients often exhibit reduced antioxidant capacity and
elevated levels of oxidative stress prior to therapeutic treatment [36]. This redox imbalance
has been shown to have significant prognostic value and may influence the selection of the
most appropriate therapeutic strategy. Indeed, many conventional anticancer therapies rely
on agents that stimulate ROS production to induce selective apoptotic damage in tumour
cells. However, this therapeutic approach is limited by the potential substantial toxicity that
also affects healthy tissues.

Normal cells, unlike tumour cells, maintain relatively stable basal ROS levels through tight
regulation of reducing equivalents and antioxidant systems [37]. ROS can come from both
endogenous and exogenous sources. Endogenously, they are generated as physiological by-
products of cellular metabolism and, under pathological conditions, may accumulate to
levels capable of damaging nucleic acids, lipids, and proteins, thus compromising cellular
function. Major endogenous sources include mitochondria, peroxisomes, and inflammatory
cells [38]. In inflammatory cells, ROS are generated mainly through the reduction of
molecular oxygen, whereas during mitochondrial respiration most oxygen is reduced to
water, with a small fraction (up to about 5%) converted into superoxide anion [38].
Additional intracellular sources include enzyme reactions catalysed by NADPH
(Nicotinamide Adenine Dinucleotide Phosphate) oxidase, xanthine oxidase, lipoxygenase
and cyclooxygenase. Peroxisomes contribute significantly to intracellular redox balance, as

they generate substantial amounts of hydrogen peroxide and superoxide anion while

9



simultaneously hosting key antioxidant enzymes, such as catalase (CAT), glutathione
peroxidase (GPx), and superoxide dismutase (SOD). Immune cells, including neutrophils,
eosinophils, and macrophages, are also able to produce ROS through activation of NADPH
oxidase as part of the inflammatory response [39]. In addition to endogenous sources, several
exogenous factors can stimulate ROS production, including ionising radiation, chemical
exposure, alcohol consumption, cigarette smoke, certain dietary components, infectious
agents, and chemotherapeutic drugs [40]. lonising radiation contributes to carcinogenesis by
inducing DNA damage and triggering apoptotic pathways. Cigarette smoking is well known
to cause genetic lesions, particularly in lung tissue, whereas alcohol consumption has been
strongly associated with the development of HNC.

Under physiological conditions, low concentrations of ROS play important signalling roles
by regulating cellular processes such as proliferation, migration and differentiation [41].
However, when ROS levels exceed a critical threshold, they can activate apoptotic pathways
and directly contribute to neoplastic transformation through tumour initiation and
promotion, proto-oncogenes activation, and inactivation of tumour suppressor or genomic
stability genes [42].

Chronic inflammation represents a potential predisposing factor for the development of pre-
neoplastic conditions [43]. In the setting of persistent inflammatory stimuli, excessive
production of ROS and reactive nitrogen species (RNS) promotes the recruitment and
activation of additional immune cells, establishing a self-amplifying cycle that improves
tissue damage and promotes a pre-neoplastic state. When the burden of ROS and RNS
exceeds endogenous antioxidant capacity, oxidative damage becomes irreversible, affecting
nucleic acids, lipids, and proteins, and leading to genetic and epigenetic alterations that may
compromise the oncogene and tumour suppressor gene function.

Oxidative stress and chronic inflammation are therefore closely interconnected processes
that, if uncontrolled, can drive molecular changes that promote carcinogenesis [44]. Several
studies have shown that oxidative stress interferes with multiple intracellular signalling
pathways involved in cell proliferation and survival [42]. Among these, the EGFR pathway
is particularly relevant. Key signalling molecules, including nuclear factor erythroid 2-
related factor 2 (NRF2), the RAS/RAF cascade, MAP kinases ERK1/2 and MEK,
phosphatidylinositol 3-kinase (PI3K), phospholipase C, and protein kinase C (PKC) are all
modulated by ROS activity [45-46]. In addition, oxidative stress can influence the expression
and function of the p53 tumour suppressor gene, which plays a central role in the induction

of apoptosis.
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In summary, oxidative stress not only alters gene expression and cell cycle regulation but
also actively contributes to both the initiation and progression of the tumour development
by modulating cellular proliferation, survival, and apoptotic balance [47-48].

Proteins are essentials biomolecules required for the proper execution of cellular functions;
however, under conditions of oxidative stress, they may undergo structural modifications
that impairs their activity and disrupt cellular homeostasis. Among ROS, the hydroxyl
radical is considered the most damaging to DNA. ROS-induced DNA damage is a key factor
in mutagenesis, genetic instability, and epigenetic alterations, ultimately contributing to
tumour initiation and progression.

Antioxidants, both endogenous and exogenous, play a fundamental role in prevention and
repair of ROS-induced damage. For this reason, they are often referred to as "free radical
scavengers", as they neutralize these reactive species, support immune function, and reduce
the risk of disease, including cancer. Major enzymatic antioxidants include SOD, GPx and
CAT, which detoxify superoxide radicals and peroxides. Together, these enzymes constitute
the major endogenous antioxidant defence network, essential for maintaining cellular redox
homeostasis [49].

SOD represents the first line of defence against free radicals, catalysing the dismutation of
the superoxide radical (O2¢) into hydrogen peroxide (H202) [50]. The hydrogen peroxide
thus generated is subsequently converted to water and molecular oxygen (O2) by CAT or
GPx. In particular, glutathione peroxidase (GPx), a selenium-dependent enzyme, catalyzes
the reduction of hydrogen peroxide through the oxidation of reduced glutathione (GSH) to
its oxidized form (GSSG). The latter is subsequently converted back to GSH by glutathione
reductase in a reaction that requires NADPH. In addition to H2O2, GPx also reduces lipid
and non-lipid hydroperoxides, thereby protecting cellular structures from oxidative damage
[45].

In addition to enzymatic systems, non-enzymatic antioxidants — including vitamins E and C,
coenzyme Q, carotenoids and glutathione — provide an additional protective barrier against

ROS-induced oxidative injury [51].
i. Tobacco smoke, oxidative stress and cancer

Tobacco smoke consists of a complex mixture of chemicals, including numerous
ROS and RNS, capable of damaging biological macromolecules such as lipids, proteins and
nucleic acids. This creates a vicious circle in which the oxidative stress induced by smoking
stimulates an inflammatory response, which in turn promotes the production of further ROS,

intensifying the oxidative damage and potentially triggering the carcinogenic process.
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It is important to distinguish between the oxidation mechanisms caused by ROS present
directly in smoke and those induced indirectly by toxic substances contained in the smoke
itself. In fact, the direct oxidative damage caused by free radicals present in the gaseous
phase of smoke may be less significant than the indirect effects mediated by compounds
such as aldehydes, particulates or their secondary metabolites, which are able to activate
complex pro-oxidant cellular responses. Furthermore, cigarette smoke contains several
carcinogens that can promote neoplastic transformation by mechanisms not necessarily
related to oxidative damage, demonstrating the multiplicity of pathogenic pathways
involved. Cellulose acetate is currently the most widely used material in cigarette filters [52].
This type of filter can effectively remove a significant amount of tar from the smoke [53].
However, while permitting a substantial reduction in the levels of tar and inhaled
carcinogenic compounds, filtered cigarettes don’t eliminate exposure to toxic and
carcinogenic substances present in tobacco smoke. In daily practice, reducing the nicotine
content in cigarettes can push smokers to increase their consumption to reach the same
amount of nicotine on which they depend [54-55]. Additionally, filter ventilation — designed
to increase airflow through the cigarette and reduce inhalation resistance — often prompts
smoker to take longer, deeper puffs, thereby increasing the volume of smoke inhaled [55].
This increased amount of smoke, combined with the reduction in combustion temperature
due to filter ventilation, facilitates deep inhalation and the deposition of higher
concentrations of toxic and carcinogenic substances into the smoker’s lungs [52,55]. The
overall result is increased exposure of lung tissues to these compounds, with a possible
increased risk of developing smoking-related diseases [54-55].

The classification of carcinogens by the International Agency for Research on Cancer
(IARC) is divided into four groups, based on the strength of the available scientific evidence.
The first group includes substances whose ability to cause cancer in humans is scientifically
proven (e.g., tobacco smoke, asbestos, and alcoholic beverages). The second group is
divided into 2A, which includes agents considered potentially carcinogenic (e.g.,
consumption of red meat), and 2B, reserved for those for which the risk can’t be ruled out
but trials are limited (e.g., radiofrequency electromagnetic fields). Finally, Group 3 includes
compounds for which currently available information doesn’t allow definitive conclusions
about their carcinogenicity (e.g., caffeine).

Of the thousands of chemicals in tobacco smoke — over 7,000 — about 70 have been identified
as carcinogenic or suspicious. Examples include benzo[a]pyrene, a polycyclic aromatic
hydrocarbon associated with the onset of lung cancer, and 4-aminobiphenyl, known for its

role in the development of bladder cancer. In addition to these molecules, free radicals
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generated during tobacco combustion also have an important role in oncogenic processes,
particularly in the oral cavity. These reactive compounds promote a chronic inflammatory
state that, over time, may contribute to cellular transformation and the initiation of the
neoplastic process in the oral mucosa.

Tobacco smoke consists mainly of two fractions: the main smoke (mainstream smoke, MS)
and the side smoke (sidestream smoke, SS), both characterized by the presence of high
amounts of free radicals [56-57]. The main smoke is generated directly by the act of
inhalation by the smoker, passing through the filter and entering the respiratory tract [58].
The side smoke, on the other hand, is emitted by the continuous combustion of the lit
cigarette between one shot and another [58]. Both types of smoke can be divided into two
distinct components according to the particle size contained: a particulate phase (tar) and a
gaseous phase [58-59]. The tar phase is composed of particles with a diameter between 0.1
and 1 micrometer (with an average of about 0.2 um), while the gaseous phase comprises
molecules smaller than 0.1 pm [58]. Both the gaseous and particulate components of
cigarette smoke contain huge amounts of free radicals. It has been estimated that each shot
can carry up to 10'° free radicals through the gas phase alone, while a single gram of tar can
produce up to 10'7 [60]. Among the present radicals are species centered on carbon atoms,
nitrogen and oxygen, such as the radicals semiquinone, hydroxyl and superoxide [54]. The
small radicals present in the gaseous phase, especially those based on oxygen and carbon,
are characterized by a much higher reactivity than those contained in the particulate phase
[54]. Both the gaseous and particulate components of tobacco smoke are responsible for the
massive production of ROS [56,61]. The ROS present in the gaseous phase are formed
directly during the combustion of tobacco and are inhaled together with the main smoke
[62]. The particulate phase, on the other hand, contains relatively stable radicals such as
quinone/hydroquinone complexes (Q/QH2) which bind to the tar matrix of the smoke [60].
These complexes act as real active redox systems: in the lung of the smoker, they can reduce
molecular oxygen generating Oz, which in turn can give rise to other reactive species, such
as H>O» and hydroxyl radicals (*OH) [60].

It is essential to distinguish between ROS generated directly from tobacco combustion and
those formed indirectly, for example from toxic or carcinogenic substances contained in
smoke and their metabolites. These two sources may have different biological effects, both
in terms of intensity of oxidative damage and cellular response [41]. Oxidative stress damage
may be further aggravated if endogenous antioxidant systems are saturated or compromised,
or when other reactive species are produced through the biotransformation of inhaled

compounds.
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With the accumulation of tar particles in the lungs a layer is formed which, encountering the
aqueous lung environment, can trigger redox cycles capable of generating different reactive
species. Phenolic compounds, quinones, heavy metals and free radicals [54] are among the
main contributors to this process.

In particular, heavy metals present in cigarette smoke represent a significant source of
oxidative stress in smokers [63]. Tobacco leaves absorb these metals — including chromium,
cadmium, arsenic, beryllium and nickel — from the soil as plants grow [64]. Many of them
are classified as group 1 carcinogens by the IARC [65]. Some metals, such as chromium,
nickel, iron and copper, are active in redox reactions and generate ROS through mechanisms
similar to the Fenton reaction, favouring the formation of the hydroxyl radical *OH [54]. The
latter is highly reactive and able to interact directly with DNA, causing oxidative lesions
such as single-strand breaks. If not properly repaired, such ruptures may be mutagenic [63].
Single-strand breaks are often associated with a nucleotide gap in the damaged area [66];
during the repair process, incorrect insertion of a base can introduce permanent mutations
into the genome [67].

In our body there are numerous mechanisms of antioxidant defence that regulate the levels
of ROS, ensuring cellular redox balance. These systems include both enzymatic and non-
enzymatic components. The most important antioxidant enzymes include SOD, GPx and
glutathione S-transferases (GST) [68-69].

A study by Orhan et al. [70] showed a significant reduction in the activity of SOD and GPx
in the red blood cells of smokers compared to non-smokers. This suggests that the high
production of ROS associated with smoking may overload these enzymes, compromising
their functional availability. In addition, the expression of GPx in smokers varies according
to the type of tissue: in patients with smoking-related Chronic Obstructive Pulmonary
Disease (COPD), an overregulation at the level of the pulmonary epithelium has been
observed, but a reduction in blood compartments such as plasma and erythrocytes [71].

In addition to directly generating ROS, some metals found in tobacco smoke — including
chromium, nickel, iron and copper — can interfere with the body’s antioxidant defences.
These metals, through redox cycles in the presence of H>O, contribute to the formation of
additional ROS, intensifying the oxidative load [72-73].

When antioxidant systems are compromised or saturated, levels of ROS are no longer
adequately controlled, increasing the risk that key molecules such as proteins, lipids and
nucleic acids will be damaged. This type of oxidative stress can alter vital cellular functions

and contribute to the onset of chronic diseases [72-73].
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When cells undergo oxidative damage, one of the first biological events that occurs is the
release of arachidonic acid from the cell membrane [74]. This step is important for activating
the inflammatory response, as arachidonic acid is converted by specific enzymes — such as
cyclooxygenases (COX-1 and COX-2) and lipoxygenase (LPO) — into pro-inflammatory
mediators, including prostaglandins and leukotrienes [ 75]. These signalling molecules attract
neutrophils and subsequently macrophages to the site of tissue damage. Once activated, the
macrophages release inflammatory cytokines such as tumour necrosis factor-alpha (TNF-a),
interleukin-1 (IL-1) and interleukin-8 (IL-8), which help recruit additional immune cells,
feeding an amplification cycle of the inflammatory response and progressively increasing
levels of cytokines and chemokines [74].

This mechanism of activation underlies a self-amplifying loop linking tobacco-induced
oxidative stress to the inflammatory response, both of which play a central role in the process
of carcinogenesis. The substances contained in the smoke can damage cellular and
subcellular components [76], activating transcription factors such as NF-k B and other
molecules involved in the regulation of inflammation [76]. In turn, inflammatory processes
stimulate the production of ROS, RNS and other reactive compounds, which intensify
oxidative stress and cause ever-increasing molecular damage. This vicious cycle, in which
inflammation and oxidative damage feed on each other, can contribute decisively to the

beginning and progression of the neoplastic process [76].
ii.  Alcohol consumption, oxidative stress and cancer

As early as 1988, the IARC classified alcoholic beverages as group 1 carcinogens, which
means agents whose ability to cause cancer in humans is proven. Initially, the causal
correlation was established for cancers of the oral cavity, pharynx, larynx, oesophagus and
liver [76-78]. The World Cancer Research Fund (WCRF), through its continuous update
project (Continuous Update Project), also assesses the association between dietary factors,
physical activity and cancer risk, conducting meta-analyses based on the quality of
epidemiological evidence. The latest report on diet, nutrition, physical activity and cancer
strongly confirmed the association between alcohol consumption and increased risk for
numerous cancers including oral, pharyngeal, laryngeal, esophageal (SCC), liver, colon-
rectal and breast (postmenopausal), possibly also correlating with pre-menopausal tumours
of the stomach and breast [79]. Once ingested, alcohol is metabolised by several enzymes
including alcohol dehydrogenase (ADH), cytochrome P-450 2E1 (CYP2E1) and bacterial
catalase leading to the production of acetaldehyde [80], a highly reactive compound known

for its carcinogenic and genotoxic properties. Acetaldehyde can bind to DNA forming
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adducts that alter its structure and hinder the synthesis and repair of genetic material [81].
These adducts are particularly dangerous because they can cause point mutations, double-
strand breaks, exchanges between sister chromatids and chromosomal structural alterations
[81]. Both ethanol and acetaldehyde also interfere with DNA methylation processes, with
potential effects on the expression of oncogenes and tumour suppressor genes [81]. Another
mechanism by which alcohol contributes to carcinogenicity is the induction of oxidative
stress, considered a key factor in the onset of disease [82]. The increased activity of CYP2EI
during ethanol metabolism is a major source of ROS, which are produced in large quantities
during the conversion of ethanol to acetaldehyde. This enzyme is particularly overexpressed
in the esophagus of heavy drinkers [83]. Other intracellular sources of ROS associated with
alcohol metabolism include the mitochondrial respiratory chain and some cytosolic enzymes
[84]. ROS not only cause direct damage to DNA but can also alter cell cycle processes. They
act as messengers in different intracellular signalling pathways, activating transcription
factors such as NF-k B and promoting cell proliferation and metastatic progression through
modulation of MAP kinases, in addition to increasing the expression of Vascular Endothelial
Growth Factor (VEGF) and Monocyte Chemoattractant Protein-1 (MCP-1), both involved
in angiogenesis [85]. Inflammation, closely associated with tumour progression, is further
amplified by chronic alcohol consumption. Alcohol promotes the recruitment of monocytes
and macrophages in the tumour microenvironment, where these cells release pro-
inflammatory cytokines — such as Tumor Necrosis Factor alpha (TNF-a), Interleukin-1 (IL-
1), IL-6 and IL-8 — which activate ROS-producing enzymes [85]. The same cytokines
activate Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB), generating

a self-feeding cycle of oxidative stress and chronic inflammation.
c. Pathogenesis & Epigenetic Changes

LSCC pathogenesis is not yet fully understood and requires further investigation. One of the
main hypotheses involves the role of oxidative stress in causing DNA damage by exceeding
the cellular antioxidant capacity [86]. Numerous studies have highlighted the pivotal role of
ROS in several processes underlying malignancy, such as tumorigenesis, dysregulated cell
growth, metastatic spread, and angiogenesis. [87-88].

Under physiological conditions, intracellular redox homeostasis is maintained through a
dynamic balance between the generation of ROS and the activity of antioxidant defence
systems. When ROS production exceeds cellular antioxidant capacity, oxidative stress
occurs. This disequilibrium may impair the function of antioxidant enzyme and cause DNA

damage, contributing to genomic instability. In this context, ROS-induced damage to cellular
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macromolecules has been strongly implicated in carcinogenesis [86,89]. Although
antioxidant enzymes typically act to neutralize free radicals and protect cell health, their
function may be impaired under conditions of persistent oxidative stress [89-90-91-92-93].

Recent findings regarding the mutational profile of LSCC have highlighted the involvement
of multiple key molecular pathways in its tumorigenesis. Among the most significantly
affected processes are those regulating cell survival and proliferation (e.g., TP53 and EGFR),
cell cycle control (e.g., CDKN1A), and cell differentiation (e.g., NOTCHI) [94].

Among the several molecular elements studied for their diagnostic and therapeutic potential,
non-coding RNAs (ncRNAs) have emerged as central regulators, attracting increasing
scientific attention due to their wide range of biomedical applications. These molecules are
closely linked to epigenetic mechanisms that can influence gene expression without altering
the DNA sequence itself [95]. In the context of HNC, including LSCC, tumour development
is driven by an intricate interaction of genetic and epigenetic alterations. In particular, DNA
methylation has been identified as an important epigenetic mechanism involved in tumour
initiation and progression, due to its tissue specificity, reversibility, and susceptibility to
environmental factors [96].

As observed in many solid malignancies, the progression and invasiveness of LSCC are
strongly influenced by a pro-inflammatory tumour microenvironment (TME) [97]. A tight
interplay exists between inflammation, innate immune responses, and tumour development,
driven by physiological and pathological mechanisms that are activated in response to tissue
injury. These processes involve numerous chemical mediators that stimulate mast cell
activation and promote the migration of leukocytes — such as neutrophils, monocytes and
eosinophils — from the bloodstream to injured tissues. It is now widely recognised that cell
proliferation, when supported by a microenvironment rich in inflammatory cells, pro-
inflammatory mediators, growth factors, activated stroma and agents promoting DNA
damage, can facilitate tumour onset and progression. These mediators include cytokines,
chemokines, COX-2, prostaglandins, fibroblast growth factor (FGF), metalloproteases
(MMP) and VEGF [97]. Among the pro-inflammatory cytokines, IL-6, together with IL-1
and TNF-a, plays a central role in the acute inflammatory response and is also involved in
the maintenance of chronic inflammation, thereby contributing to the establishment of
tumour-promoting microenvironment. IL-6 is secreted by different cell types, including B
and T lymphocytes, macrophages, fibroblasts, keratinocytes and cancer cells, and regulates
both proliferative and apoptosis processes.

Finally, it should be emphasised that the immune system, particularly in the early stages of

tumour development, can exert a protective role through the recognition and elimination of
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immunogenic cancer cells by cytotoxic effector cells such as CD8+ T lymphocytes and

natural killer (NK) cells [98].

d. Oxidative Stress Biomarkers

i. Superoxide dismutase

SOD represents a primary defence system against ROS-induced cellular damage.
Superoxide anions, generated through enzymatic signalling pathways or as a metabolic by-
product of mitochondrial respiration, are converted by SOD into molecular oxygen and
hydrogen peroxide. The resulting hydrogen peroxide can then participate in various
downstream cellular processes [35]. Three forms of superoxide dismutase have been
identified in humans: Cu/Zn-SOD (SOD1), distributed mainly in the cytoplasm and nucleus
[99]; Mn-SOD (SOD?2), located within the mitochondrial matrix [100]; and extracellular
SOD (SOD3), present outside the cell [101]. Among these, the Cu/Zn and Mn isoforms play
the most relevant role in antioxidant protection [102]. Although numerous studies have
investigated the role of the antioxidant enzyme SOD in tumour processes, its function in
carcinogenesis remains controversial and appears to vary depending on the anatomical
district considered.

Regarding squamous cell carcinoma of the oral cavity (OSCC), a recent systematic review
that analyzed 1,147 patients with OSCC and 1,058 healthy subjects highlighted a significant
reduction in mean SOD activity levels in several samples of cancer patients compared to
controls (p <0.05) [103]. This decrease could be explained by multiple factors: the excessive
oxidative stress due to the accumulation of ROS, an inadequate production of antioxidant
enzymes, the accelerated consumption or degradation of SOD caused by the ROS themselves
and, more generally, the reduced antioxidant capacity typical of the tumour
microenvironment.

However, some studies have reported opposite results, noting an increase in SOD activity in
OSCC patients [104-105]. Such increment has been interpreted as an adaptive or
compensatory response of the cell, aimed at counteracting the excessive production of Oz
generated by the intense oxidative stress and lipid peroxidation associated with the tumour.

In this context, Fu et al. [106] observed that high MnSOD expression was positively related
to better disease-specific survival compared to patients with low expression levels (p =
0.009) in buccal mucosal squamous cell carcinomas. In particular, overexpression of
MnSOD was associated with more favorable prognoses in patients with moderately or poorly
differentiated tumours (p = 0.045), in clinical stage I (p = 0.002) and in those undergoing
post-operative adjuvant RT (p = 0.048).
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The study by Strycharz-Dudziak et al. evaluates the activity of the antioxidant enzymes GPx
and SOD in oropharyngeal carcinoma associated with Epstein-Barr Virus (EBV) and HPV
coinfection, finding a significant reduction in enzyme activity in patients with coinfection
compared to those with single EBV or HPV infection [107]. These alterations suggest
increased oxidative stress, potentially implicated in tumour initiation and progression.
Furthermore, the work emphasizes how oncogenic virus infection is associated with a state
of chronic inflammation, during which epithelial and inflammatory cells produce ROS and
RNS, as well as cytokines and growth factors. These biochemical events can induce DNA
damage and dysfunction in critical cell signaling pathways, thus facilitating carcinogenesis
and tumour progression.

The study by Liu et al. [108] evaluates the role of MnSOD (SOD?2) in the progression of
tongue squamous cell carcinoma (TSCC), focusing on the molecular mechanisms regulating
cell migration and invasion. In their previous work, the authors demonstrated that SOD2
expression is markedly elevated in cases of TSCC presenting neck node metastasis [109].
This increase suggests a potential link between elevated SOD2 levels and metastatic
behavior in TSCC, denoting its usefulness as a prognostic indicator of metastatic
involvement. Based on this assumption, in the new paper, the authors highlight that MnSOD
overexpression significantly increases H»O» production in tumour cells, a reactive
metabolite produced by the dismutation of superoxide ions. The intracellular increase in
H202 acts as a redox signal that induces the expression of the transcription factor Snail,
which, in turn, reduces the expression of epithelial markers (such as E-cadherin) and
increases the expression of mesenchymal markers (such as vimentin) [110]. Functionally,
TSCC cells with overexpressed MnSOD show a marked increase in migratory and invasive
capacity in in-vitro assays, confirming the contribution of this redox pathway to tumour
progression. Inhibition of H>O; production or Snail silencing significantly reduced these
effects, underscoring the key role of the H20O»-Snail signal in the pro-tumour action of
MnSOD.

The paper by Parascandolo et al. [111] highlights the crucial role of EcSOD or SOD3 in the
microenvironment of papillary thyroid carcinoma (PTC), particularly in tumour-associated
mesenchymal/stromal stem cells (MSCs). SOD3 expression in these stromal cells influences
extracellular redox signals, modulating tumour cell proliferation and migration. The authors
propose a dynamic model in which SOD3 performs different functions during the different
phases of tumorigenesis. At an early stage, with moderate levels of RAS pathway activation
(less than a tenfold increase compared to normal), SOD3 appears to promote tumour growth

by promoting a regulated oxidative environment [112]. However, when SOD3 expression
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reaches non-physiological and toxic levels, cancer cells reduce autocrine SOD3 production
to avoid direct harmful effects. Simultaneously, paracrine secretion of SOD3 by surrounding
stromal cells is stimulated [113]. This paracrine secretion of SOD3 continues to support
tumour cell growth, but also alters interactions with the tumour stroma. Indeed, reducing the
expression of chemotactic cytokines reduces the affinity of tumour cells for stroma,
promoting their local migration within the tumour. This mechanism may facilitate the spread
and progression of thyroid cancer. In summary, SOD3 acts as a key modulator of the TME
with a biphasic role: it promotes growth in the early stages and, subsequently, through the
regulation of paracrine secretion and interactions with the stroma, contributes to tumour
migration and progression [114-115].

The study by Li et al. [116] analyzes the role of MnSOD or SOD2 in nasopharyngeal
carcinoma (NPC), focusing on its ability to mediate resistance to anoikis, a mechanism of
apoptosis induced by loss of cell adhesion to the substrate, that is critical for the metastatic
process. The authors observed that MnSOD overexpression in NPC cells significantly
increases their survival under detachement conditions, as demonstrated by suspended culture
cell viability assays, in which cells with upregulated MnSOD show a marked reduction in
anoikis compared to controls (p < 0.01). This protection is attributable to MnSOD's ability
to reduce intracellular oxidative stress by dismutating superoxide to hydrogen peroxide,
thereby maintaining mitochondrial integrity and preventing the release of apoptotic signals.
Consequently, tumour cells with high MnSOD expression show increased migratory and
invasive capacity in migration and invasion assays (40-60% increase compared to cells with
normal or silenced MnSOD, p < 0.05). Thus, MnSOD acts as a key regulator of tumour
aggressiveness in NPC and represents a possible therapeutic target for strategies intended to
counteracting anoikis resistance and reducing metastasis.

Only a limited number of studies have specifically evaluated SOD activity in LSCC [117-
118-119]. Overall, evidence suggests a modulation of SOD, particularly cytosolic isoforms,
in tumour tissues compared to adjacent non-neoplastic mucosa. This variation is generally
interpreted as part of a complex cellular response to oxidative stress, in which SOD supports
maintaining redox balance and survival of neoplastic cells, potentially reflecting an adaptive
response of tumour cells to increased oxidative stress. However, the results aren’t entirely
consistent, and the precise role of SOD in the process of carcinogenesis and LSCC

progression isn’t fully and clearly defined.

20



ii. Catalase

CAT is an antioxidant enzyme that converts hydrogen peroxide into water and
oxygen, serving a crucial role in defence against oxidative stress [120]. In solid tumours, its
expression shows wide variability: it is often reduced compared to healthy tissues, as
reported in hepatocellular and bladder cancer, promoting a pro-oxidant microenvironment
that supports proliferation and invasiveness [121-122]. Conversely, catalase overexpression,
associated with resistance to pro-oxidant treatments, has been described in some tumours
such as breast cancer [123-124-125]. This heterogeneity suggests that catalase may have a
dual role in tumorigenesis and represents a possible therapeutic target [126]. Wang et al.
[127] analysed 53 thyroid tumour samples (both benign and malignant) against matched
healthy thyroid tissue, evaluating a range of antioxidant molecules via
immunohistochemistry and western blots, including MnSOD, thioredoxin reductase,
glutathione peroxidase, and CAT. While markers such as MnSOD, thioredoxin reductase,
and glutathione peroxidase were generally overexpressed in neoplastic tissues compared to
normal thyroid parenchyma, CAT showed a significant reduction (p = 0.0398). Such an
opposite behaviour, not yet fully elucidated, could reflect the function of catalase as the main
enzyme responsible for the detoxification of hydrogen peroxide: the excessive production of
H:0:, typical of the neoplastic thyroid, would cause functional overload, resulting in
enzymatic consumption or inactivation. This hypothesis was supported by in vitro
experiments, in which the exposure of thyroid cells to H20: reproduced the same pattern of
CAT reduction and increase as the other antioxidants.

The only study to date available in the literature on CAT expression in LSCC tissue is that
of Durak et al [117]. The authors showed that CAT activity is significantly increased in
cancerous laryngeal tissues compared to neighbouring non-cancerous ones (p < 0.025). This
increase could represent an adaptive response of tumour cells aimed at counteracting high
oxidative stress, given that catalase is involved in the degradation of hydrogen peroxide, thus

helping to reduce free radical-induced damage.
iii. Nuclear factor erythroid 2-related factor 2

NRF2 represents a central regulator of the cellular antioxidant defence system,
modulating the transcription of a wide range of genes involved in protection against
oxidative damage. Under conditions of oxidative stress, NRF2 dissociates from its
cytoplasmic inhibitor Keap1 (Kelch-like ECH-associated protein 1) and translocates into the

nucleus. There, it interacts with antioxidant response elements (AREs) located in the
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promoter regions of target genes, such as HO-1, thus inducing their expression. In cancer,
its overexpression has been linked to increased resistance to CT and an overall worse clinical
outcome [128]. Menegon et al. reported the dual role of NRF2 in cancer, acting as a tumour
suppressor under physiological conditions by transiently activating antioxidant and
detoxifying genes that prevent DNA damage and malignant transformation, but functioning
as an oncogene when persistently activated in tumour cells, where it enhances antioxidant
capacity, supports anabolic metabolism, and promotes resistance to oxidative stress and CT
[129]. Consistent with this oncogenic role, Alakus et al. demonstrated that high NRF2
expression was an independent predictor of poor OS in patients with gastric adenocarcinoma
[128]. Similarly, Cheraghi et al. demonstrated that deletion of NRF2 in colorectal cancer
cells reduced the expression of detoxifying and mitochondrial proteins, thereby increasing
oxidative stress and sensitizing the cells to chemotherapeutic agents, supporting the notion
that sustained NRF2 activity can protect tumour cells from oxidative damage and therapy-
induced cell death [130]. Jana et al. demonstrated that in A549 lung cancer cells,
characterized by high basal NRF2 activity, this transcriptional factor directly activates the
p21 gene. Contrary to its canonical cell cycle arrest role, p21 acts here as a protective factor
that promotes cell survival under H20. - induced oxidative stress. This mechanism is
independent of the p53 protein and suggests that the Nrf2-p21 axis contributes to tumour
resistance to oxidative stress-based therapies [131].

Some studies have explored the involvement of the NRF2/KEAP1 pathway in LSCC,
highlighting its alteration in tumour tissues compared to normal ones [7, 132-133]. Overall,
NRF2 activation appears associated with the oxidative stress response and possible
adaptation mechanisms of neoplastic cells. This modulation suggests a possible role for the
pathway in supporting tumour cell survival and contributing to disease progression

processes, as well as response to treatments.
iv. Heme oxygenase-1

The heme oxygenase (HO) acts as a cellular stress sensor and key regulator of redox
balance [1]. This enzyme degrades heme producing carbon monoxide, ferrous iron, and
biliverdin, later converted to bilirubin. In humans there are two isoforms: HO-1, inducible
by numerous physiological and pathological stimuli, and HO-2, expressed constitutively
[134]. HO-1 has protective effects on cells, thanks to its antioxidant, antiapoptotic and anti-
inflammatory functions. However, its overexpression in tumours appears to provide a
selective advantage to neoplastic cells, allowing them to cope with the high oxidative stress

typical of carcinogenesis and cancer therapies [135]. Numerous studies have documented an
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increment of HO-1 expression in most solid tumours, including head and neck carcinomas.
In particular, in OSCC the enzyme is almost absent in healthy tissues, slightly increased in
adjacent tissues and strongly expressed in tumour samples [136-137]. However, the evidence
remains controversial: some studies correlate low HO-1 levels with the presence of lymph
node metastases and poorly differentiated histotypes [136], while others report an
association between high expression of the enzyme and metastases, without significant
variations with respect to the degree of differentiation [138]. Gandini et al. [139] reported a
distinct pattern of HO-1 localization in head and neck squamous cell carcinoma (HNSCC).
Nuclear HO-1 expression was absent in normal tissues, weak in tumour-adjacent epithelium,
and markedly increased in malignant cells, indicating that altered intracellular localization
of HO-1 may represent a feature of tumour transformation. This localization appears to
increase with tumour progression and is more marked in tumours with aggressive biological
behaviour. In parallel, experimental evidence suggests that HO-1 inhibition may represent a
promising therapeutic strategy. In particular, Yang et al. [140] demonstrated that HO-1
inhibitors induce cell cycle arrest and reduce tumour growth in thyroid carcinoma models,
suggesting potential interest in other HNCs as well.

Only a limited number of studies have investigated the role of HO-1 in LSCC [141-
142]. Overall, evidence suggests that HO-1 may be involved in modulating cellular
responses to oxidative stress and in influencing tumour cell behaviour, including sensitivity
to therapy. Some findings indicate a potential association between HO-1 expression levels
and tumour characteristics, although results are not entirely consistent. So, these findings
suggest a possible involvement of HO-1 in the biological and clinical features of laryngeal

carcinoma, but its exact role remains to be fully clarified.
v. Metallothionein

In addition to classical antioxidant enzymes, other redox-responsive proteins have
emerged as important modulators of oxidative stress and tumour progression. Among these,
MTs play a key role in metal homeostasis, redox regulation, and cellular protection against
oxidative damage. MTs are low molecular weight, cysteine-rich, ubiquitously expressed
proteins. The MT1 and MT2 isoforms, present in all eukaryotes, are induced by metals,
oxidative stress, cytokines and glucocorticoid hormones. MTs play an important role in
carcinogenesis, inhibiting apoptosis through modulation of proteins such as p53, B-cell
lymphoma 2 (Bcl-2) and c-Myc, as well as through caspase inhibition. They regulate cell
proliferation through the control of zinc homeostasis, which activates specific transcription

factors [143]. In addition, they influence angiogenesis by modulating factors such as FGF,
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Transforming Growth Factor-beta (TGF-B), and VEGF, and contribute to tumour resistance
by protecting cells from oxidative stress and sequestering chemotherapy drugs. The
expression of MTs varies according to the degree of tumour differentiation, metastatic
potential, and prognosis [144]. The study by Brazdo-Silva et al. highlights that
metallothionein gene expression is markedly altered in oral carcinoma compared to normal
tissues. These changes appear to be related to the tumour’s ability to metastasize, denoting a
role for MT in disease progression and aggression [143]. Bezerra et al. analyse MT
expression by paying attention to its nuclear localization in OSCC cells. The authors
highlight how high nuclear expression of MT is associated with more aggressive features of
the neoplasm, such as larger tumour size and presence of neck node metastases. Furthermore,
elevated nuclear MT expression has been reported to correlate with decreased survival in
patients with OSCC. These results indicate that nuclear MT may play an active role in
tumour progression and that its presence may represent a potential negative prognostic
marker in this type of carcinoma [145]. The article by Li et al. explores the specific role of
MT1M isoform of metallothionein in esophageal carcinoma. According to the study, MTIM
acts as a suppressor of carcinogenesis in these tumour cells. In particular, MT1M inhibits the
epithelial-mesenchymal transition (EMT) process, a key mechanism that promotes tumour
migration and invasion. Furthermore, MT1M negatively modulates the SOD1/PI3 K axis, a
signalling pathway involved in cell proliferation and survival. These combined impacts lead
to a reduced in the growth and metastatic capacity of esophageal carcinoma cells [146].
Some studies have investigated the role of MTs in LSCC, finding that their overall
expression is higher in tumour tissues than in healthy ones [40, 147-148]. Overall, evidence
suggests a possible involvement of MTs in cell proliferation processes and tumour
progression, as well as their association with characteristics of increased aggressiveness.
Furthermore, some data indicate that genetic variants of MT-encoding genes may also be
related to personal susceptibility to disease development, pointing to a potential role both as

biological markers and as factors implicated in laryngeal carcinogenesis [149].
vi. Vimentin

In addition to antioxidant and stress-sensitive enzymes, oxidative stress also
influences cytoskeletal remodelling and EMT, processes critical for tumour invasion and
metastasis. In this context, VIM serves as a key downstream marker of the functional
consequences of redox imbalance. VIM is a type III intermediate filament protein expressed
predominantly in fibroblasts, endothelial cells, and lymphocytes. It is a key structural

component of the cytoskeleton, playing a role in cell shape maintenance and providing
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anchoring sites for the nucleus and intracellular organelles. In addition to its architectural
role, VIM is also involved in essential cellular processes, including migration,
differentiation, proliferation, adhesion, and invasion. Its expression is closely associated
with EMT, a key event in tumour invasion and metastasis. Indeed, in cancer, VIM not just
marks the mesenchymal phenotype but can also be found in the extracellular space, where it
modulates angiogenesis and suppresses immune responses within the TME, thus limiting
lymphocyte infiltration [150]. Elevated VIM expression has been associated with tumour
aggressiveness, therapeutic resistance, and poor clinical outcomes in various malignancies,
including HNSCC [151], breast cancer [152], and colorectal cancer [153]. In gastric cancer,
a meta-analysis confirmed that elevated VIM expression correlates with advanced tumour
stage, lymph node metastasis, and reduced OS, highlighting its role as a negative prognostic
marker [154]. Furthermore, studies on polyploid giant tumour cells have shown that
vimentin filaments drive persistent cell migration, a key factor in tumour invasiveness and
metastasis, and that VIM inhibition substantially reduces this migratory capacity [155].

The expression of VIM in LSCC has been the subject of few studies [156-157], which
showed an increase in tumour tissues compared to normal ones. Overall, this finding
suggests an association between VIM and more aggressive clinical features, indicating a
possible role for the protein as a prognostic indicator of worst tumour behaviour in LSCC

(Figure 1).
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Figure 1 Schematic representation of the mechanisms of oxidative stress in laryngeal carcinogenesis. Environmental
factors promote the production of reactive oxygen species (ROS), leading to oxidative damage to DNA, lipids, and proteins.
The imbalance between ROS and antioxidant defence systems contributes to tumour initiation and progression.
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e. Metabolism And Metabolic Reprogramming

The concept that cancer cells undergo profound metabolic adaptations is not new. As
early as 2008, Kroemer and Pouysségur had proposed that tumour cell metabolism represents
“cancer’s Achilles’ heel”, noting that metabolic remodelling is not a passive consequence of
transformation yet an active process that supports tumour growth and survival [158]. This
pioneering study established the basis for the contemporary concept of metabolic
reprogramming, now widely recognized as a hallmark of cancer. Metabolic reprogramming
reflects the ability of malignant cells to alter nutrient uptake and intracellular metabolic
fluxes to sustain proliferation, redox homeostasis, and survival under difficult
microenvironmental conditions [159]. Indeed, through genetic and epigenetic alterations that
impact oncogenes and tumour suppressors, tumour cells acquire metabolic plasticity that
allows them to engage in alternative energy and biosynthetic pathways in response to cellular
demand. In HNSCC, metabolomic profiling revealed extensive remodelling of central
metabolic pathways, including glycolysis, the pentose phosphate pathway (PPP), the
tricarboxylic acid cycle, and particularly amino acid metabolism [160]. These alterations are
accompanied by accumulation of metabolites such as lactate, succinate, and glutathione,
which promote tumour growth, epigenetic plasticity, and microenvironmental interaction.

In LSCC, recent evidence suggests that mitochondrial metabolism is not simply
complementary to glycolysis but plays an active role in the tumour metabolic strategy: LSCC
cells appear capable of integrating oxidative and glycolytic metabolism to provide energy,
biosynthetic intermediates, and maintain redox balance [161]. Furthermore, Zheng et al.
[162] identified two metabolic subtypes of laryngeal cancer, each associated with divergent
prognoses and distinct molecular features (e.g., differences in methylation, mutational
landscape, and immune infiltration), underscoring the intrinsic metabolic heterogeneity of
LSCC.

At the same time, metabolic reprogramming extends its influence on the immune
microenvironment, molding the activation and function of infiltrating immune cells and
promoting an immunosuppressive environment [163]. The interaction between tumour
metabolism and antitumour immunity suggests that manipulation of metabolic pathways
may enhance immunotherapeutic efficacy.

Taken together, current evidence supports a model in which LSCC is characterized by
metabolic plasticity, molecular heterogeneity, and strong interactions with the immune
microenvironment. Analysis of these mechanisms could detect novel prognostic biomarkers

and metabolic vulnerabilities for precision therapeutic interventions.
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i. Carbohydrate metabolism

PPP is a key branch of glucose metabolism that supplies NADPH and ribose-5-
phosphate (R5P) to cells. While NADPH provides reducing power for biosynthetic reactions
and protection against oxidative stress, RSP act as a key precursor for nucleotide and nucleic
acid synthesis. Therefore, PPP plays a dual role: it supports both anabolic metabolism and
redox homeostasis, processes that are particularly vital for rapidly proliferating cells, such
as tumours.

The rate-limiting enzyme of this pathway, glucose-6-phosphate dehydrogenase (G6PD),
catalyses the oxidation of glucose-6-phosphate to 6-phosphogluconolactone, generating
NADPH in the process.

Beyond its classical metabolic role, G6PD has surfaced as a vital regulator of cell growth
and stress response. In tumour cells, which are often exposed to high levels of ROS and have
increased biosynthetic demands, upregulation of G6PD secures a continuous supply of
NADPH and anabolic precursors, allowing survival under metabolic stress. Zhang et al.
[164] highlighted that G6PD is consistently overexpressed in a wide variety of tumours,
including those of the liver, breast, lung, colon and skin [165-166-167-168]. This
overexpression is related to tumour growth, invasiveness, resistance to apoptosis, and
chemoresistance. The authors proposed that G6PD not only acts as a biomarker of
malignancy but also function as a possible therapeutic target, as its inhibition can limit
NADPH production, compromise antioxidant defences, and limit nucleotide synthesis —
ultimately suppressing tumour proliferation. In agreement, Li et al. [169] provided an
updated and comprehensive review, demonstrating that G6PD expression is tightly
controlled by multiple key oncogenic and tumour suppressor pathways, including PI3K/Akt,
p53, and NRF2, which modulate both metabolic reprogramming and redox balance. The
review also demonstrated that G6PD inhibition sensitizes tumour cells to oxidative stress
and CT, underscoring its value as a therapeutic target in redox- and metabolism-based cancer
therapy. Interestingly, Cheng et al. [170] reported a context-dependent aspect of G6PD
activity in NPC: patients with tumours showing low G6PD activity had a significantly worse
prognosis, suggesting that insufficient NADPH production may impair DNA repair and
antioxidant defences, leading to genomic instability and more aggressive tumour behaviour.
These finding highlight that the clinical significance of G6PD depends on tissue and context,
and that both positive and negative regulation may impact tumour progression. Overall, these
studies' results emphasize that G6PD is a central metabolic element in cancer, integrating

anabolic metabolism, redox balance, and proliferation, and influencing clinical outcomes.
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Its dual role as a metabolic driver and potential prognostic marker makes it an attractive
target for cancer therapy, particularly for strategies aimed at disrupting metabolic adaptations

of tumour cells (Figure 2).
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Figure 2 G6PD-driven metabolic reprogramming in tumour cells.

Glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme of the oxidative branch of the pentose phosphate
pathway (PPP), catalyes the conversion of glucose-6-phosphate into 6-phosphogluconolactone, generating NADPH. This
reducing equivalent is essential for maintaining redox homeostasis, limiting reactive oxygen species (ROS), and supporting
antioxidant defenses, while supporting anabolic processes such as nucleotide and lipid biosynthesis. G6PD activity is
tightly regulated by major oncogenic and tumour suppressor pathways, including PI3K/Akt, NRF2, and p53, which link
metabolic flux to cell signaling. In tumour cells, upregulation of G6PD promotes proliferation, survival, and resistance to
therapy by improving both biosynthetic capacity and tolerance to oxidative stress. In particular, the role of G6PD may be
context-dependent, as variations in its activity may differentially influence tumour behavior depending on tissue type and
metabolic status. Overall, G6PD acts as a central metabolic hub integrating redox balance, anabolic metabolism, and
tumour progression.

The study by Dessi et al., published in 1990, represents the only available evidence
evaluating G6PD activity in LSCC [171]. The authors evaluated enzymatic activity in both
tumour and adjacent normal tissues from patients with and without G6PD deficiency using
a spectrophotometric assay. G6PD activity was significantly higher in tumour tissues than in
normal tissues in both groups (p < 0.05), including G6PD-deficient subjects. These results
suggest increased enzymatic activity in LSCC, regardless of the underlying deficiency. This
pioneering study provided fundamental evidence of the potential involvement of G6PD in
the pathophysiology of LSCC and pointed out the need for additional research to explore its

role in tumour development and as a possible therapeutic target.
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ii. Amino acid metabolism

In recent years, amino acid metabolism has become a central element in tumour
biology. In addition to providing the precursors for protein synthesis, amino acids support
multiple processes critical to the survival of neoplastic cells, including energy production,
biomolecule synthesis, and maintenance of redox homeostasis [172-173]. In particular,
glutamine represents a key energy and biosynthetic source for tumour cells, as it provides
carbon and nitrogen to produce nucleotides, lipids and other amino acids. Many tumours
exhibit “glutamine dependence”, a phenomenon that promotes growth and resistance to
conditions of metabolic stress. Furthermore, glutamine contributes to the regulation of the
TME, influencing immune cells function and inflammatory response [172]. In HNCs, recent
studies have presented a marked reprogramming of amino acid metabolism, with increased
expression of transporters and enzymes involved in glutamine uptake and use [174-175].
These metabolic alterations have been associated with increased tumour aggressiveness,
increased invasive capacity, and a worse prognosis. Furthermore, it has been hypothesized
that amino acid metabolism contributes to maintaining an immunosuppressive
microenvironment, thereby promoting disease progression [174].

In the large solute carrier (SLC) family, the alanine-serine-cysteine transporter 2 (ASCT2)
represents an important mediator of glutamine uptake into tumour cells [176]. In this context,
glutaminase 1 (GLS1), the enzyme that catalyzes the conversion of glutamine to glutamate,
is often upregulated in HNSCC and has been associated with worse disease-free survival
[177]. A recent study by Zhang et al. [178] found that ASCT2 and GLS mRNA expression
levels were significantly upregulated in HNSCC tissues compared to adjacent normal
counterparts. This transcriptional upregulation was reflected at the protein level, as
demonstrated by immunohistochemical analyses evaluating ASCT2 and GLS expression in
tumour samples. Furthermore, in a cohort of 124 HNSCC patients undergoing surgical
resection, Kaplan—Meier analysis showed that higher ASCT2 and GLS expression were
significantly associated with reduced OS. These findings show that increased glutamine
uptake and metabolism are not only hallmark metabolic traits of HNSCC but also have
prognostic significance. Additional exploration highlighted that ASCT2 levels were
significantly associated with patient sex (p = 0.006) and tumour anatomical subsite (p <
0.001) and that higher ASCT2 expression was related to more aggressive disease
characteristics, including a poorer degree of differentiation (p = 0.002) and a higher
incidence of lymphovascular invasion (p = 0.017). Similar results in terms of GLS

overexpression in HNSCC samples compared to normal tissues and its positive correlation
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with tumour grade were reported by Basheer et al. [175]. Although glutamine metabolism
has been recognized as a key hallmark of cancer, studies precisely addressing the role of
GLS and glutamine transporters such as ASCT2 in HNSCC are still limited.
Glutamine:fructose-6-phosphate amidotransferase (GFAT) acts as a rate-limiting enzyme of
the hexosamine biosynthetic pathway (HBP), a metabolic pathway that links glucose and
glutamine metabolism to produce UDP-N-acetylglucosamine, an essential substrate for
protein glycosylation. Through this pathway, GFAT plays a central role in regulating cell
signaling, transcriptional activity, and metabolic adaptation [179]. Accumulating evidence
suggests that dysregulation of HBP and GFAT activity contributes to pathological processes,
including cancer progression, by modulating metabolic and inflammatory responses [180].
In particular, GFAT has been implicated in the fine regulation of cellular responses to
metabolic stress, linking nutrient availability to downstream regulatory mechanisms.
Asparagine synthetase (ASNS) is a key enzyme in amino acid metabolism, responsible for
synthesizing asparagine from aspartate and glutamine. Its expression is upregulated under
conditions of cellular stress, particularly in response to nutrient deprivation, through
activation of the integrated stress response (ISR) and the transcription factor ATF4. By
maintaining intracellular asparagine levels, ASNS supports protein synthesis and contributes

to cellular adaptation to metabolically stressful environments [181] (Figure 3).
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Figure 3 Glutamine metabolism in cancer cells and its role in metabolic reprogramming.

The glutamine transporter ASCT2 (SLC1AS5) mediates increased glutamine uptake in cancer cells. Intracellular glutamine
is then directed toward two major pathways: glutaminolysis, driven by glutaminase (GLS), which converts glutamine into
glutamate to fuel the tricarboxylic acid (TCA) cycle and support energy production and biosynthesis; and the hexosamine
biosynthetic pathway (HBP), initiated by GFAT (GFPTI1/2), leading to UDP-GlcNAc production and enhanced protein O-
GlcNAcylation and gene regulation. Together, these pathways contribute to metabolic reprogramming, promoting tumour
cell proliferation, survival, and therapy resistance.
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RESEARCH PROJECT TARGETS

An effective diagnostic pathway and precision therapeutic strategy for LSCC require
a complete understanding of the disease's natural history and the main clinical and molecular
factors that influence its progression. Despite advances in diagnostics and treatment, the
pathogenesis of LSCC remains incompletely understood, underscoring the need for further
investigation. Among the proposed mechanisms, oxidative stress has appeared as a key
factor in tumour development. Oxidative stress occurs when the production of ROS —
generated by mitochondria and by external factors such as ionizing radiation — exceeds the
cell's antioxidant capacity. This imbalance can damage DNA and other cellular
macromolecules, causing genomic instability and promoting carcinogenesis. Conversely,
excess ROS can also exert cytotoxic effects, potentially inducing tumour cell death. In
parallel, growing evidence indicates that metabolic reprogramming represents a key
hallmark of LSCC, involving alterations in glucose metabolism (e.g., G6PD and the PPP),
amino acid metabolism (particularly glutamine), lipid metabolism, and ferroptosis-related
pathways. These metabolic adaptations are closely interconnected with redox homeostasis,
supporting tumour growth, survival, and resistance to therapy.

Over the past 40 years, the 5-year survival rate for LSCC has remained largely
unchanged, decreasing only slightly from 66% to 61%, despite a decline in overall incidence.
Factors contributing to this stagnation include local tumour recurrence and the development
of distant metastases, which often resist conventional therapies. These challenges underscore
the urgent need for novel prognostic biomarkers to improve disease management and guide
the design of more effective therapeutic strategies. In line with this objective, the present
research project focused on the analysis of oxidative stress-related proteins in LSCC tissue
compared to adjacent healthy tissue. Specifically, we studied six key proteins involved in
redox homeostasis and cellular defence mechanisms: SOD, CAT, HO-1, NRF2, MT and
VIM. SOD and CAT are primary antioxidant enzymes that detoxify superoxide radicals and
hydrogen peroxide, respectively. HO-1 and NRF2 mediate cytoprotective responses to
oxidative stress, while MT contributes to metal ion homeostasis and free radicals scavenging.
Furthermore, this study is framed in the wider context of tumour metabolic reprogramming.
In particular, G6PD, the rate-limiting enzyme of the PPP, plays a key role in NADPH
production, thus helping to redox balance and supporting anabolic processes such as
lipogenesis. Moreover, the availability of NADPH is able to enhance antioxidant defences,
counteracting oxidative damage and possibly limiting cell death mechanisms such as

ferroptosis. In parallel, glutamine metabolism supports tumour bioenergetics by fueling the
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tricarboxylic acid (TCA) cycle and supports biosynthetic pathways, including nucleotide
synthesis, thus promoting cell proliferation and survival.

By characterizing the expression of antioxidant and redox-related proteins (including
SOD, CAT, HO-1, NRF2, and MT), together with key metabolic enzymes such as G6PD and
proteins related to glutamine metabolism, in LSCC, within the wider framework of redox
regulation and metabolic reprogramming, this study aims to provide information on the
molecular mechanisms underlying oxidative stress-driven carcinogenesis and tumour
progression, as well as their interaction with cellular metabolism. Furthermore, it seeks to
identify potential prognostic biomarkers that may improve clinical management and guide
future therapeutic strategies. These molecular insights may help not only improve diagnostic

accuracy as well as advance targeted therapeutic approaches.
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MATERIAL AND METHODS

The study was designed as a prospective, observational, paired case—control investigation
involving patients diagnosed with LSCC and treated at the Otolaryngology Unit of the
University Hospital “Paolo Giaccone” in Palermo starting from November 1, 2023. Ethical
approval was obtained from the Institutional Ethics Committee (protocol no. 05/2023), and
all participants provided written informed consent in accordance with the principles outlined

in the Declaration of Helsinki.

Patients were included if they were 18 years of age or older and had a histologically
confirmed diagnosis of LSCC. Both male and female patients were eligible for enrolment.
No restrictions were applied regarding tumour stage, and patients with any TNM

classification were considered eligible for inclusion.

Patients were excluded from the study if they had a history of RT, CT, or immunotherapy
involving the head and neck region. Additional exclusion criteria included contraindications
to surgery under general anaesthesia, histological diagnoses other than squamous cell
carcinoma, the presence of multiple primary malignancies, impaired decision-making ability

precluding informed consent, and pregnancy.

a. Clinical Evaluation

i. Patients’ data collection

After patients’ enrolment, demographic data (sex, age, occupation), behavioural
habits (smoking and alcohol consumption), and comorbidities (e.g., diabetes mellitus, LPR,
previous malignancies) were collected.

Regarding tobacco use, patients were classified as non-smokers, light smokers (<20
cigarettes/day), or heavy smokers (=20 cigarettes per day). This limit reflects the typical
content of a standard cigarette pack and provides a practical and clinically relevant
distinction.

Alcohol consumption was classified as non-drinkers, <4 drinks/day, or >4 drinks/day. Each
standard beverage was considered equivalent to approximately 14 g of ethanol [182]. This
approach minimizes variability related to differing definitions of standard alcohol units
across studies, ensuring consistency and comparability.

Tumour characteristics were also recorded, including anatomical site (supraglottic, glottic,
subglottic, transglottic, pharyngo-laryngeal), histological grade (G1, well-differentiated; G2,
moderately differentiated; G3, poorly-differentiated), and clinical and/or pathological TNM
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stage (CTNM/pTNM) according to the Union for International Cancer Control (UICC) TNM
Classification of Malignant Tumours, 9th edition [183]. In addition, HPV and Programmed
Death-1 Ligand 1 (PD-L1) expression level in laryngeal sample, and serum C-reactive
protein (CRP) levels (cut-off <5 mg/L) were evaluated.

CRP levels were measured once in the pre-operative setting, in the absence of active
inflammatory or infectious conditions, to reflect baseline inflammatory status and avoid
confounding effects related to surgical stress.

HPV status was assessed by using pl6 immunohistochemistry as a surrogate marker for
transcriptionally active high-risk HPV infection: negative (<50% diffuse moderate-to-strong
nuclear and cytoplasmic staining), equivocal (50-69% diffuse and moderate-to-strong
nuclear and cytoplasmic staining), and positive (=70% diffuse and moderate-to-strong
nuclear and cytoplasmic staining) [184].

PD-L1 expression was assessed by immunohistochemistry using the Dako PD-L1 IHC 73-
10 assay and quantified according to the Combined Positive Score (CPS). Patients were
stratified into the following categories: CPS <1; CPS >1, which qualifies for first-line
treatment with pembrolizumab; and CPS >20, a threshold that, although indicative of higher
expression, does not independently determine eligibility for first-line pembrolizumab
monotherapy [185].

Treatment modalities were documented, including surgical approach — such as transoral laser
microsurgery, partial or total laryngectomy with or without neck dissection — as well as RT

and CT, administered either as standalone treatments or in the adjuvant setting.
ii. Sample harvesting

Following patient enrolment, laryngeal specimens were obtained during surgery performed
under general anaesthesia, either via transoral or open approaches. For each patient, both
tumour tissue (LSCC, case) and adjacent macroscopically normal laryngeal mucosa
(control) were collected, allowing for a paired analysis and minimizing interindividual
variability. All collected tissue specimens were bisected under sterile conditions; one portion
was fixed in formalin and processed for histopathological evaluation to confirm that control
samples were histologically normal and free from dysplastic or neoplastic changes. To
reduce potential bias related to anatomical heterogeneity of the laryngeal epithelium, both
tumour and control samples were obtained from the same anatomical region of the larynx.
Dry samples were initially stored at -20 °C for short-term preservation and subsequently

transferred to -80 °C for long-term storage until further analysis.
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b. Biochemical Evaluation

i. Protein extraction from tissue samples

Aliquots of frozen tissue samples (0.02 — 0.10 g) were repeatedly washed with phosphate-
buffered saline (PBS) and homogenized on ice in radioimmunoprecipitation assay (RIPA)
buffer containing 1x PBS, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 5 mmol/L EDTA,
and 0.5% sodium deoxycholate. The buffer was supplemented with protease and
phosphatase inhibitors, including 0.01% aprotinin, 10 mM sodium pyrophosphate, 2 mM
sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The homogenates
were then centrifuged to remove cellular debris, and the resulting supernatants were

collected and stored at -80 °C until further analysis.
ii. Western blot

After sonication (Soniprep 150, Cellai Srl, Milan, Italy), protein concentrations were
determined using the Bradford Protein Assay (BioRad, Hercules, CA, USA). Equal amounts
of protein (30 pg) were denaturated at 95 °C for 5 minutes, separated by SDS-PAGE, and
transferred onto nitrocellulose membranes by electroblotting.

Membranes were incubated overnight at 4 °C with primary antibodies against superoxide
dismutase (SOD, 25 kDa; Santa Cruz Biotechnology, Dallas, TX, USA), catalase (CAT, 60
kDa; Sigma-Aldrich, St. Louis, MO, USA), heme-oxygenase 1 (HO-1, 33 kDa; Biorbyt,
Cambridge, UK), metallothionein (MT, 14 kDa; GeneTex, Alton Pkwy Irvine, CA, USA),
vimentin (VIM, 50 kDa; Santa Cruz Biotechnology, Dallas, TX, USA), and nuclear factor
erythroid 2-related factor 2 (NRF2, 61 kDa; Novus Biologicals, Centennial, CO, USA),
glucose-6-phosphate dehydrogenase (G6PD, 58 kDa; Cell Signaling Technology, Danvers,
MA, USA), alanine-serine-cysteine transporter 2 (ASCT2, 49 kDa; Cell Signaling
Technology, Danvers, MA, USA), glutaminase (GLS, 55-65 kDa; Cell Signaling
Technology, Danvers, MA, USA), glutamine:fructose-6-phosphate amidotransferase (GFAT,
80 kDa; Cell Signaling Technology, Danvers, MA, USA), asparagine synthetase (ASNS, 64
kDa; Cell Signaling Technology, Danvers, MA, USA).

After washing, membranes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Promega, Milan, Italy) for 1 hour at room temperature. Protein bands
were detected by enhanced chemiluminescence (ECL) and quantified with a ChemiDoc
imaging system (Bio-Rad Laboratories, Hercules, CA, USA), followed by densitometric

analysis (Quantity One software, version 4.6.6). Protein expression levels were normalized
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to the housekeeping protein mucin-1 (MUC-1, 122 kDa; Santa Cruz Biotechnology, Dallas,
TX, USA). All experiments were conducted in triplicate.

c. Statistical Analysis

Descriptive statistics were expressed as numbers and percentages or mean + standard
deviation (SD).

Data are presented as median values. Paired comparisons of expression levels between
LSCC samples and adjacent healthy ones were performed using the Wilcoxon signed-rank
test. Associations between protein expression levels and clinical parameters were analysed
using Spearman’s rank correlation coefficient for continuous variables (e.g., age and CRP)
and the Kruskal-Wallis test for categorical variables. Statistical significance was indicated

as follows: *p<0.05, **p<0.01, ***p<0.001.
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RESULTS

a. Clinical Data

A total of 35 patients were included in this project work. Recruitment was conducted
according to the predefined inclusion criteria, as described in the Materials and Methods
section. The study population was composed by 28 (80%) males and 7 (20%) females with
an average age of 62.11 £ 8.71 years old (range 43 — 79).

As regards exposure to the main risk factors: 8 (22.86%) patients are former smokers and 25
(71.43%) patients are still smokers with consumption of 30.78 + 20.63 cigarettes per day on
average (range 6 — 100); 13 (37.14%) patients drink alcohol daily, of which only 6 are heavy
drinkers, 1 patient is former alcohol abuser. Most patients (74.29%) had no history of LPR.
In 16 (45.71%) patients, the serum CRP was found to be higher than 5, which is an indicator

of inflammation (Table 1).

Table 1. Characteristics of recruited patients ‘

Characteristics N (%)
Gender
Female 7 (20)
Male 28 (80)
Age (years)
Mean +SD 62.11 £8.71
< 59 years old 9(25.71)
> 59 years old 26 (74.29)
By gender
Female (7) 57.86 £9.70
Male (28) 63.18 £ 8.31
Range 43 -79
Risk factors
Tobacco use
Non-smoker 2(5.71)
Smoker < 20 cigarettes/day 4 (11.43)
Smoker > 20 cigarettes/day 21 (60)
Former smoker 8 (22.86)
Mean cigarettes/day = SD 27.24 £ 18.18
Alcohol abuse
Non-drinker 21 (60)
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Drinker < 4 drinks/day 7 (20)

Drinker > 4 drinks/day 6 (17.14)
Former drinker 1 (2.86)
Mean drinks/day £ SD 4.54 +3.12
LPR
Yes 9(25.71)
No 26 (74.29)
Family history of cancer (mother, father, sisters, brothers)
Yes (lung, breast, prostate, melanoma, lymphoma, 13 (37.14)
gallbladder) 22 (62.86)
No
CRP (mg/L)
Cut-off: <5 mg/L
<5 19 (54.29)
>5 16 (45.71)
Total 35 (100)

SD: standard deviation; LPR: laryngo-pharyngeal reflux; CRP: C-reactive protein

Thus, 80 samples (35 patients) have been collected for this project work: 41 LSCC specimen
(cases) and 39 samples of the adjacent laryngeal health tissue (controls). Table 2 summarizes
the characteristics of LSCC samples, including laryngeal subsite involvement, pTNM stage,
PD-L1 and pl6 expression levels, and degree of differentiation. The majority of patients
presented with glottic tumours (21), followed by supraglottic (n = 5), transglottic (n = 5),
and pharyngolaryngeal (n = 4) SCC. Combined CPS was > 1 in 19 cases and only 2 biopsies
expressed pl6 marker. Most patients underwent surgery as follows: 8 patients underwent
transoral laser microsurgery (TLM), 12 patients underwent OPHL, and 13 patients
underwent TL. Two patients did not undergo surgical treatment and were managed with
definitive chemoradiotherapy (CRT) with curative intent. Tumour specimens and paired
healthy adjacent mucosal tissue were obtained from pre-treatment diagnostic biopsies and
included in the analysis. Of these 33 patients, 9 underwent adjuvant therapy: 2 RT and 7 CRT
(Table 2). The follow-up (up to 01/10/2025) lasted on average 23.49 + 8.62 months (range
2.59 — 34.53); three patients died during follow-up due to metastases.
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Table 2. Features of laryngeal squamous cell carcinoma ‘

Parameters N (%)
Laryngeal involvement
Supraglottic SCC 5(14.29)
Glottic SCC 21 (60)
Trans-glottic SCC 5(14.29)
Pharyngo-laryngeal SCC 4(11.42)
pT
Cis 1(2.85)
T1 4 (11.43)
T2 14 (40)
T3 11 (31.43)
T4a 5(14.29)
pN
Nx 8 (22.86)
NO 18 (51.43)
N1 3(8.57)
N2b 1(2.85)
N2c 2(5.72)
N3b 3(8.57)
PD-L1
CPS<1 4 (11.43)
CPS>1 19 (54.28)
CPS >20 5(14.29)
Miss data 7(20)
+p16
Negative 29 (82.85)
Equivocal 0(0)
Positive 2 (5.72)
Miss data 4(11.43)
Degree of differentiation
Gl 2(5.72)
G2 24 (68.57)
G3 4 (11.43)
Miss data 5(14.29)
Therapy
Surgery
TLM (cordectomies, ESL) 8(22.86)
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OPHL 12 (34.28)

TL 13 (37.14)
Definitive CRT 2(5.72)
Adjuvant therapy

RT 2(5.72)

CT 0(0)

CRT 9(25.71)
Specimens (35)

Supraglottis 19 (54.28)

Glottis 10 (28.58)

Subglottis 3(8.57)

Trans-glottic 3 (8.57)
Total 35 (100)

SCC: squamous cell carcinoma; TNM: Tumour-Nodes-Metastasis; PD-L1: Programmed Death-1
Ligand 1; CPS: Combined Positive Score; TLM: transoral laser microsurgery; ESL: endoscopic
supraglottic laryngectomy; OPHL: open partial horizontal laryngectomy; TL: total laryngectomy;
RT: radiotherapy; CT: chemotherapy; CRT: chemoradiotherapy

b. Biochemical Data

Analysis of protein expression between LSCC tissue and adjacent healthy tissue showed a
significant increase for most of the proteins analyzed (Table 3, Figures 4, 5 and 6). The
differential expression of all investigated proteins between LSCC and paired adjacent non-
tumour tissues remained statistically significant after Benjamini—Hochberg correction for
multiple comparisons, supporting the reliability of the observed alterations in redox- and
metabolism-related pathways.

In particular, SOD, CAT, HO-1, MT, VIM and ASNS showed a highly significant difference
(p < 0.001), with median values significantly higher in LSCC tissue than in in adjacent
normal tissue.

NRF2 and G6PD were also significantly increased (p < 0.01), suggesting an involvement in
oxidative stress response mechanisms and tumour cellular metabolism.

A more moderate but still significant increase was observed for ASCT2 and GLS (p <0.05),
indicating a possible activation of amino acid metabolism in neoplastic cells.

Interestingly, GFAT showed a highly significant difference (p < 0.001), although with a less
marked increase than other proteins, suggesting a possible role in tumour metabolic

regulation.
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Overall, these findings support the hypothesis of a marked alteration of redox and metabolic

pathways in tumour tissue compared to adjacent normal tissue.

Table 3. Comparison of protein expression levels between LSCC and adjacent healthy tissues

(Wilcoxon Paired Analysis with Benjamini-Hochberg FDR correction)

Ne FDR-
Protein samples Lsee NLSCC Rawp- adjusted | Significance
analyzed (median) (median) value p-value
SOD 24 1.67 0.625 8.34x1077 | 9.17x10°¢ ok
cAT 25 1.3 0.74 4.06x10° | 1.12x10* ok
HO-1 18 1.435 0.595 2.29x10~ | 8.40x10°° ok
MT 16 1.44 0.6 4.22x10* | 6.63x10™* ok
VIM 15 1.67 0.36 6.10x10 | 1.34x10™* ok
NRF2 14 1.41 0.665 0.00188 0.00259 *x
G6PD 25 1.42 0.72 0.00807 0.00986 *x
GFAT 20 0.64 0.53 0.00014 0.000257 ook
ASCT2 23 1.15 0.47 0.0285 0.0285 *
GLS 23 0.56 0.47 0.0149 0.0164 *
ASNS 26 1.095 0.78 2.10x10> | 8.40x10° ok
* p<0.05, ** p<0.01, *** p<0.001, ns = not significant
FDR: false discovery rate; LSCC: laryngeal squamous cell carcinoma; SOD: superoxide
dismutase; CAT: catalase, HO-1: heme-oxygenase 1; MT: metallothionein; VIM: vimentin; G6PD:
glucose-6-phosphate dehydrogenase; ASCT2: alanine-serine-cysteine transporter 2; GLS:
glutaminase; GFAT: glutamine:fructose-6-phosphate amidotransferase; ASNS: asparagine
synthetase
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Protein expression levels in LSCC and matched adjacent

healthy tissues
1,8
1,6
1.4
1,2
1
0,8
0,6
0,4
1
0
AT HO-1 MT VIM NRF2 G6PD GFAT ASCT2 GLS ASNS

m Case (LSCC) m Control (Healthy)

Figure 4 Comparison of protein expression levels between LSCC (blue) and adjacent healthy (red) tissues.

Data are presented as median values. Differences between paired samples were evaluated using the Wilcoxon signed-rank
test. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. Superoxide Dismutase (SOD),
Catalase (CAT), Heme-oxygenase 1 (HO-1), Vimentin (VIM), Nuclear factor erythroid 2-related factor 2 (NRF2),
Metallothionein (MT), glucose-6-phosphate dehydrogenase (G6PD), glutamine.fructose-6-phosphate amidotransferase
(GFAT), alanine-serine-cysteine transporter 2 (ASCT2), glutaminase (GLC), asparagine synthetase (ASNS).
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Metallothionein
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Figure 5 Biochemical markers of oxidative stress and tumour ptogression in LSCC.

Western blotting analysis of (A) Superoxide Dismutase, (B) Catalase, (C) Heme-oxygenase 1, (D) Vimentin, (E) Nuclear
factor erythroid 2-related factor 2 (NRF2) and (F) Metallothionein in LSCC samples (vellow) and adjacent healthy tissues
(blue) (X-axis). Data represent densitometric analysis performed using Quantity One software. Protein levels were
normalized to Mucin and expressed as relative fold change compared to healthy tissue. Values represent the mean of three
independent experiments. Error bars indicate the standard error of the mean. *p < 0.05, **p < 0.01, *** p < 0.001 respect
to healthy tissues.
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Alanine-serine-cysteine transporter 2
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Figure 6 Biochemical markers of carbohydrate and amino acid reprograming metabolism in LSCC.

Western blotting analysis of (A) glucose-6-phosphate dehydrogenase (G6PD), (B) glutaminase (GLC), (C)
glutamine:fructose-6-phosphate amidotransferase (GFAT), (D) alanine-serine-cysteine transporter 2 (ASCT2), (E)
asparagine synthetase (ASNS) in LSCC samples (green) and adjacent healthy tissues (blue) (X-axis). Data represent
densitometric analysis performed using Quantity One software. Protein levels were normalized to Mucin and expressed as
relative fold change compared to healthy tissue. Values represent the mean of three independent experiments. Error bars
indicate the standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001 respect to healthy tissues.
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¢. Clinical — Biochemical Correlation

Analysis of correlations between increased protein expression (LSCC vs. adjacent normal
tissue) and clinicopathological parameters revealed significant associations limited to

specific proteins (Figure 7).

Correlation Between Protein Expression and Clinical Parameters (p-value)

Protein  Age Sex  Smoking Alcohol GERD  CRP L”Syi;‘ege"" difg:::fi:tfion PD-L1 pINM  pl6 I;yo"(;g:‘
SOD 0.597 0.474 0.864 0.482 0.127 0.322 0.994 0.359 0.607 0.223 0.175 0.894
CAT 0.806 0.242 0.385 0.529 0.308 0.677 NA 0.347 0.913 0.641 NA 0.497
HO-1 0.798 0.153 0914 0.566 0.524 NA 0.210 0.597 0.155 0.295 NA 0.691
MT 0.143 0.143 0.036 * 0.398 0.329 NA 0.006 ** 0.003** 0.072 0.022%* NA 0.226
VIM 0.192 0.602 0.493 0.965 0.734 NA 0.237 0.416 0.896 0.692 0.247 0.361
NRF2 0.854 0.938 0.844 0.110 0.180 0.265 0.110 0.158 0.749 0.158 NA NA
G6PD 0.648 0.468 0.203 0.827 0.415 0.038* 0.590 0.071 0.946 0.824 0.483 0.589
GFAT 0.529 NA NA NA 0.037* 0.029* NA 0.037* 0.037* 0.108 0.620 0.620

ASCT2 0.726 NA NA NA 0.371 0.913 0.285 0.371 0.371 0.495 0.285 0.285
GLS 0.223 NA NA NA 0.117 0.146 0.547 0.117 0.117 0.107 0.547 0.547
ASNS 0.465 0.977 0.132 0.523 0.656 0.907 0.304 0.483 0.763 0.611 0.336 0.692

* p<0.05, ** p<0.01, *** p<0.001, ns = not significant

LSCC: laryngeal sugmous cell carcinoma; SOD: superoxide dismutase; CAT: catalase, HO-1: heme-oxygenase 1; MT: metallothionein; VIM: vimentin; G6PD:
glucose-6-phosphate  dehydrogenase; ASCT2: alanine-serine-cysteine transporter 2; GLS: glutaminase; GFAT: glutamine:fructose-6-phosphate
amidotransferase; ASNS: asparagine synthetase; LPR: laryngopharyngeal reflux; CRP: C-reactive protein

Figure 7 Correlation between protein expression and clinical parameters

Statistical analysis was performed to evaluate the association between protein expression levels and clinical
characteristics. Spearman's rank correlation coefficient was used for continuous variables (e.g., age, CRP), whereas the
Kruskal-Wallis test was applied for categorical variables. Results are reported as p-values, with statistical significance set
atp < 0.05

In particular, MT showed a significant correlation with several clinical parameters, including
degree of differentiation (p = 0.0033), laryngeal site (p = 0.0060), and pTNM stage (p =
0.0217), suggesting a possible role in tumour progression and disease aggressiveness.
Furthermore, a significant association with cigarette smoking was observed (p = 0.0357),
indicating a possible link with environmental risk factors (Figure 8).

Regarding GFAT, significant correlations with CRP emerged (p = 0.0288), suggesting a
possible link with systemic inflammatory status. Further associations were observed with
GERD, degree of differentiation and PD-L1 (p < 0.05), indicating a potential involvement
in the mechanisms of interaction between tumour metabolism, inflammation and immune
response.

Finally, G6PD showed a significant correlation with CRP levels (p = 0.0375), strengthening
the hypothesis of an interaction between oxidative metabolism and systemic inflammation
(Figure 9).

Overall, these results suggest that, although most of the proteins analysed do not show

significant associations with clinical parameters, some specific molecules, particularly MT
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and GFAT, could represent biomarkers potentially relevant for biological and clinical tumour

characterization.
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Figure 8 Metallothionein (MT) expression according to tumour differentiation grade and smoking status.

Box plots show the distribution of MT expression, expressed as tumour-to-normal ratio, across different tumour
differentiation grades (G1-G3) and smoking status. The interquartile range (IQR) is represented by the box, with the
median indicated by a horizontal line. The whiskers cover the entire data range and outliers are shown as discrete points.
(A) MT expression differed significantly across tumour grades (p = 0.0033), with higher-grade tumours tending to show
increased and more variable expression levels. (B) A significant difference was also observed with smoking status (p =
0.036).
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Figure 9 Relationship between metabolic protein expression and C-reactive protein (CRP) levels.

Scatter plots showing the relationship between protein expression (tumour-to-normal ratio) and CRP levels. Each point
represents a single patient, and the line indicates the overall trend. (A) A significant positive correlation was observed
between GFAT expression and CRP levels (Spearman p shown in the figure, p = 0.0288), indicating that increased GFAT
expression is associated with increased systemic inflammation. (B) Similarly, G6PD expression was positively correlated
with CRP levels, suggesting a potential link between metabolic activity and inflammatory status.

Correlation analyses were limited to biologically relevant protein groups involved in

oxidative stress response and metabolic pathways (Table 4 and Figure 10).
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Within the glutamine metabolism pathway, a significant positive correlation was observed
between ASCT2 and GLS expression (Spearman p = 0.60, p = 0.0024), indicating a
coordinated upregulation of glutamine transport and utilization in tumour tissue.

Within the redox pathway, NRF2 expression was positively associated with MT (p = 0.64, p
< 0.01), supporting a linked activation of antioxidant responses.

Interestingly, a significant inverse correlation between GLS and MT expression was
identified (p = -0.71, p = 0.001), suggesting a potential balance between metabolic activity
and redox regulation.

Overall, these findings indicate the presence of coordinated and potentially competing
adaptive mechanisms involving glutamine metabolism and oxidative stress response in

tumour tissue (Figure 11).

Table 4. Correlation analysis among biologically related proteins

Protein 1 Protein 2 Spearman rho p-value Significance
NRF2 HO-1 -0.20 0.4780 ns
NRF2 MT 0.64 0.0097 o
SOD CAT 0.12 0.5628 ns
HO-1 SOD -0.01 0.9805 ns
HO-1 CAT 0.35 0.1423 ns
ASCT2 GLS 0.62 0.0011 o
ASCT2 ASNS 0.29 0.1641 ns
GLS ASNS 0.18 0.4005 ns
GFAT G6PD -0.01 0.9548 ns
GFAT ASCT2 0.00 1.0000 ns
GFAT GLS -0.43 0.0515 ns
NRF2 GFAT 0.55 0.0336 *
MT GLS -0.71 0.0013 o
* p<0.05, ** p<0.01, *** p<0.001, ns = not significant
SOD: superoxide dismutase; CAT: catalase, HO-1: heme-oxygenase 1; MT: metallothionein; VIM:
vimentin; G6PD: glucose-6-phosphate dehydrogenase; ASCT2: alanine-serine-cysteine
transporter 2; GLS: glutaminase; GFAT: glutamine:fructose-6-phosphate amidotransferase;
ASNS: asparagine synthetase
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Figure 10 Correlation between metabolic and redox-related protein expression.
Scatter plots showing the relationships between selected proteins, all expressed as tumour-to-normal ratio. Each point
represents an individual patient. (4) A significant positive correlation was observed between ASCT2 and GLS expression
(Spearman p = 0.60, p = 0.0024), indicating that increased ASCT?2 expression is associated with higher GLS expression.
(B) A further positive correlation was identified between NRF2 and MT expression, suggesting a coordinated activation
of antioxidant response mechanisms. (C) In contrast, a significant inverse correlation was observed between GLS and

MT expression, indicating a potential balance between metabolic activity and redox regulation.
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Figure 11 Proposed interaction between oxidative stress, metabolic reprogramming, and tumour progression in
laryngeal squamous cell carcinoma (LSCC).

Chronic exposure to risk factors such as tobacco smoking, alcohol consumption, and laryngopharyngeal reflux (LPR)
promotes oxidative stress and the production of reactive oxygen species (ROS). In response, tumour cells activate adaptive
antioxidant mechanisms (SOD, CAT, HO-1, NRF2, and MT) along with metabolic reprogramming pathways involving
G6PD, GFAT, ASCT2, GLS, and ASNS. The interplay between redox adaptation and metabolic rewiring contributes to
inflammation, immune modulation, and tumour progression, supporting growth, survival, invasion, and resistance to LSCC
treatment. The model summarizes the main biological pathways that emerged from the results of the present study and from
the available literature.
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DISCUSSION

Overall, LSCC is a complex, multifactorial malignancy resulting from interactions
among environmental factors, lifestyle habits, and molecular alterations. Among the main
etiological determinants, cigarette smoking and alcohol consumption play a central role,
playing a role in both the onset and progression of the disease by mechanisms closely linked
to oxidative stress.

Oxidative stress is among the main biological factors involved in laryngeal carcinogenesis.
Excessive production of ROS, combined with reduced antioxidant capacity, alters the
cellular redox balance, leading to damage to DNA, proteins, and lipids. Such imbalance
promotes genomic instability, oncogene activation, and inactivation of tumour suppressor
genes, as well as modulating key pathways engaged in cell proliferation, survival, and
apoptosis. At the same time, oxidative stress integrates with chronic inflammatory processes,
establishing a vicious cycle that contributes to neoplastic transformation and the
maintenance of a TME favourable to disease progression.

In this context, an increasingly important role is attributed to tumour metabolism and the
concept of metabolic reprogramming. Neoplastic cells not only undergo passive metabolic
alterations but also reorganize metabolic flows to support growth, survival, and adaptation
to adverse microenvironmental conditions. In LSCC, this reprogramming involves multiple
pathways, including carbohydrate metabolism (with PPP activation and increased NADPH
production), amino acid metabolism (particularly glutamine), and lipid metabolism [186].
These responses allow not only to meet the biosynthetic needs of tumour cells but also to
maintain redox homeostasis, protecting cells from oxidative stress while promoting
resistance against treatments.

In this context, the present study focused on a selected panel of biomarkers involved in these
processes, aiming to explore their contribution to the pathophysiology of LSCC. In
particular, key enzymes of the antioxidant system, including SOD, CAT, and HO-1, which
are key components in regulating cellular redox balance, were analysed. These enzymes have
a critical role in ROS detoxification, helping to limit oxidative damage; however, in tumour
cells, their expression can be altered and sometimes adaptive, promoting survival under
conditions of high oxidative stress. The results obtained highlight a marked alteration of
redox and metabolic pathways in tumour tissue compared to adjacent healthy tissue. In
particular, increased expression of SOD, CAT, and HO-1 in LSCC tissues suggests
coordinated activation of antioxidant systems. This finding is consistent with the known state

of chronic oxidative stress that characterizes the tumour microenvironment, in which
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neoplastic cells develop adaptive mechanisms to survive elevated levels of ROS. Previous
studies investigating SOD activity in LSCC have reported higher levels in tumour tissue
compared to adjacent non-cancerous tissue, consistent with our findings [117, 118, 187]. In
contrast, Kalayci et al. [119] didn’t observe a statistically significant increase in SOD activity
when comparing LSCC tissue with adjacent non-cancerous tissue. Their results revealed
only a slight, non-significant decrease in SOD activity in tumour samples (p > 0.05). Based
on the interpretation proposed by Biri et al. [188] in the context of prostate cancer, the
authors suggested that this lack of upregulation of SOD may reflect an insufficient
antioxidant response in malignant tissues, which may fail to effectively neutralize the excess
ROS generated during carcinogenesis. This impaired enzymatic defense could contribute to
persistent oxidative stress, potentially promoting DNA damage and tumour progression.
Evidence on the expression and role of HO-1 in LSCC remains limited. However, one study
demonstrated that its high expression counteracts the pro-apoptotic effects of cisplatin in
LSCC Hep-2 cells, thereby reducing treatment sensitivity by modulating oxidative stress and
apoptotic signaling pathways [141]. The study by Tang et al. reports that, in LSCC patients,
serum HO-1 levels were lower than in healthy controls, and that these levels were inversely
correlated with tumour stage and the presence of neck node metastases: more advanced
tumours with neck node involvement showed even lower serum HO-1 values [142].

Other redox-sensitive mediators were considered, such as the NRF2, the main regulator of
antioxidant response, and MTs, proteins involved in metal detoxification and protection from
oxidative stress. Both are frequently deregulated in tumours, causing the ability of neoplastic
cells to adapt to stressful conditions and develop resistance against treatments. In this study,
MT expression was found to be significantly associated with key clinical and molecular
features, pointing to a potential role in tumour biology. In particular, the association with
laryngeal subsite may reflect underlying biological differences between anatomical regions,
possibly related to variations in exposure to carcinogens or local microenvironmental
factors. Furthermore, the significant association between MT expression and pTNM stage
further supports its link with tumour progression, as higher expression levels appear to be
associated with more advanced disease. Taken together, these results indicate that MT may
not represent a passive marker but may be actively involved in the mechanisms underlying
tumour growth and aggressiveness. Particularly, noteworthy is the association with smoking.
Indeed, tobacco exposure is an established source of oxidative stress, and MTs are known to
play a role in cellular defence against oxidative damage. It is therefore plausible that
increased MT expression reflects an adaptive response to smoking-induced chronic

oxidative stress. However, in the context of cancer, this defensive mechanism may
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paradoxically contribute to the survival and progression of tumour cells. Interestingly, MT
expression showed a significant association with tumour differentiation; however, the
observed pattern was not linear, with higher expression levels detected in both G1 and G3
tumours compared to G2 lesions. This finding indicates that MT expression may not simply
reflect increased tumour aggressiveness but rather different biological states during tumour
progression. Pastuszewski et al. reported the opposite trend, with higher MT expression in
G2 tumours compared to G1 and G3, although the difference was not statistically significant
[147]. Therefore, the relationship between MT expression and tumour differentiation
remains controversial. Taken together, these data suggest that MT expression may not
increase simply with tumour aggressiveness, but may instead reflect complex and context-
specific adaptive reactions to oxidative stress, cell proliferation, and differentiation. Further
studies on larger cohorts are needed to clarify the biological significance of this association.
Furthermore, Ioachim et al. analysed the immunohistochemical expression of MT in benign,
premalignant and malignant laryngeal tissues. The authors reported a progressive,
statistically significant increase in MT expression from benign to malignant tissue (p <
0.0001), suggesting a possible role for MT in the neoplastic transformation of the larynx.
However, no significant difference in MT expression was observed between carcinoma in
situ and infiltrating carcinoma, suggesting that MT may play a relevant role in the
progression of LSCC and may represent a potential biomarker useful for assessing tumour
status and aggressiveness [148].

In addition to its clinical associations, MT also showed significant correlations with other
proteins involved in metabolic and redox pathways: a positive correlation was observed
between MT and NRF2 expression, consistent with the well-established role of NRF2 as a
central regulator of antioxidant responses. This finding suggests that MT may be part of a
coordinated cellular program aimed at counteracting oxidative stress in tumour cells.
Interestingly, a strong inverse correlation was identified between MT and GLS expression.
While GLS is a key enzyme in glutamine metabolism and supports tumour growth through
metabolic reprogramming, MT is primarily involved in redox homeostasis and cellular
protection. This inverse relationship may reflect the presence of alternative adaptive
strategies adopted by tumour cells, in which metabolic activation and antioxidant defence
are differentially regulated. In this context, tumour cells with high metabolic activity may
rely more on glutamine utilization, whereas others may preferentially activate antioxidant
mechanisms to cope with oxidative stress. Overall, these findings support the hypothesis that
MT is not only a marker of tumour progression but also part of a larger network linking

metabolic reprogramming and redox regulation. The observed correlations highlight the
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complexity of tumour adaptation mechanisms and suggest the existence of a functional
interaction between metabolic pathways and oxidative stress responses. Li et al. evaluated
the expression and correlations between NRF2 and HO-1 in advanced LSCC samples and
found that their increased expression was significantly associated with a more advanced
tumour stage (III-IV) and greater perineural and vascular infiltration, suggesting that
deregulation of NRF2 promotes aggressive biological characteristics of laryngeal carcinoma
[7].

In parallel, the evaluation of VIM, a key marker of the EMT process, closely related to
invasiveness and metastatic capacity, was included. VIM expression therefore reflects not
only cytoskeletal structural alterations, but also the impact of oxidative stress on tumour
progression processes. Although VIM has consistently been associated with EMT and poor
prognosis in LSCC [156-157], the absence of significant associations in our cohort may
suggest that EMT-related changes are not uniformly represented across all LSCC subtypes.
Alternatively, VIM expression alone may be insufficient to capture the complexity of EMT
processes, which involve multiple interacting molecular pathways.

A further focus was placed on tumour metabolism, particularly on enzymes and transporters
involved in metabolic reprogramming. Among these, G6PD, a key enzyme in the PPP, has
been analysed for its role in NADPH production, which is critical for both cellular
biosynthesis and the maintenance of redox homeostasis. In the present study, a significant
positive correlation was observed between G6PD expression and CRP levels, a well-
established marker of systemic inflammation, suggesting that activation of the PPP may be
linked not only to tumour metabolism but also to systemic inflammatory responses,
supporting the concept of a close interaction between metabolic adaptation and tumour-host
inflammatory signalling.

Tumours with higher inflammatory status may exhibit increased activation of metabolic
pathways that support growth and adaptation to oxidative stress. In this context, elevated
ROS levels may favor increased G6PD activity, which can provide a selective advantage to
tumour cells by enhancing antioxidant capacity and promoting survival through NADPH
production. Overall, these findings support a connection between metabolic adaptation and
the tumour microenvironment.

Furthermore, amino acid metabolism, with particular attention to glutamine, was
investigated through the study of the transporter ASCT2 and the enzyme GLS, both
implicated in the phenomenon of “glutamine addiction” typical of tumour cells [189]. The
evidence available in the LSCC remains limited, highlighting a significant gap in current

knowledge. In particular, the only study conducted on LSCC samples demonstrated that
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ASCT?2 overexpression was significantly associated with more aggressive tumour behavior
and worse clinical outcomes in patients with advanced LSCC (p = 0.039) [190]. In our study,
although no direct associations with clinical parameters were observed, a significant positive
correlation between ASCT2 and GLS expression was identified. Given the role of ASCT2
as a glutamine transporter and GLS as a key enzyme in glutamine metabolism, this finding
implies a coordinated activation of glutamine uptake and utilization in tumour cells. This
coordinated upregulation may reflect an increased dependence on glutamine metabolism to
support tumour growth and metabolic demands. Thus, even in the absence of direct clinical
correlations, our data provide further insight into the metabolic role of ASCT2 in LSCC,
supporting its involvement in tumour metabolic reprogramming.

An interesting result concerns the GFAT, which showed a highly significant difference
despite a relatively modest quantitative increase. This suggests that GFAT may play an
important regulatory role in glucose metabolism via the HBP, rather than merely reflecting
a quantitative change. This model may reflect GFAT's involvement in metabolic
reprogramming processes that don’t necessarily require large expression shifts but instead
depend on exact regulatory control. Furthermore, the significant correlation observed with
CRP suggests that its expression could be linked to the patient’s systemic inflammatory
status. This finding supports the idea that metabolic alterations in tumour cells are not
isolated events but rather occur within a broader inflammatory context that may influence
tumour behaviour. Associations with LPR, degree of differentiation, and PD-L1 expression
further strengthen the potential involvement of GFAT across multiple aspects of tumour
biology. The association between GFAT expression and LPR can be interpreted by
considering the chronic inflammatory and oxidative microenvironment induced by reflux.
Persistent laryngeal exposure to gastric contents may promote local inflammation and
increased ROS production, thereby triggering adaptive metabolic responses in tumour cells.
In this context, upregulation of GFAT may reflect activation of HBP, which facilitates
cellular adaptation by modulation of protein glycosylation and signalling processes. The
association between GFAT and PD-L1 expression may further support a link between
metabolic reprogramming and immune modulation. In an inflammatory microenvironment,
such as that induced by LPR, cytokine signalling is known to promote PD-L1 expression
[191]. In parallel, GFAT upregulation may enhance HBP, potentially influencing protein
glycosylation processes that contribute to PD-L1 stability and function. This combined effect

may facilitate immune evasion of the tumour.
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Furthermore, the relationship with differentiation may indicate a role in tumour progression.
Taken together, these results indicate a contribution of GFAT to the interaction between
metabolic reprogramming, inflammatory processes, and the immune response.

In our study, an increase in ASNS expression was found in tumour tissue compared to normal
samples, suggesting an adaptive metabolic response in LSCC. Tumour cells are often
exposed to conditions of metabolic stress, including nutrient limitation and increased
biosynthetic demand, which can drive upregulation of enzymes involved in amino acid
metabolism. In this context, ASNS overexpression may help maintain the availability of
intracellular amino acids, supporting protein synthesis and cell survival. This interpretation
is consistent with previous evidence highlighting alterations in amino acid metabolism in
HNCs, as well as the involvement of ASNS in tumour cell adaptation and response to stress
conditions [192].

Although no significant associations with clinical or molecular parameters were observed in
our cohort, increased ASNS expression supports its potential role as part of the metabolic
reprogramming processes underlying tumour progression.

Overall, the data support the hypothesis that tumour tissue exhibits a dual adaptive strategy:
on the one hand, the enhancement of antioxidant systems to counteract oxidative stress, and
on the other, profound metabolic reprogramming aimed at supporting cell growth and
survival. The integrated analysis performed in this study suggests that these pathways should
be studied as components of a common biological network rather than as isolated molecular
events. These mechanisms could represent potential therapeutic targets, particularly in

HNCs, where oxidative stress and glutamine metabolism play a central role.
a. Limitations

However, some limitations should be taken into account when interpreting the results of this
study. First, the relatively small sample size may have reduced the statistical power of the
analyses, limited the ability to detect weaker associations, and limited the robustness of the
subgroup analyses. Furthermore, the cohort was characterized by some degree of clinical
and pathological heterogeneity, which may have contributed to variability in protein
expression patterns. Consequently, the generalizability of the results may be limited, and the
results should be interpreted as preliminary until confirmed in larger multicentre cohorts.
Second, because more biomarkers were studied and tissue availability was limited, not all
proteins could be assessed in every patient. Consequently, the number of cases included in
each analysis varied among biomarkers. Furthermore, exploratory analyses investigating

associations between protein expression and clinicopathological parameters involved
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multiple statistical comparisons, which may have increased the risk of false-positive results.
Therefore, these associations should be interpreted with caution and considered hypothesis-
generating until validated in independent cohorts. Third, the study was primarily descriptive
and correlative in nature; therefore, no causal relationship could be established between
changes in protein expression and tumour behaviour. The biological interpretation of some
results remains speculative, as no functional experiments were performed in vitro or in vivo
to establish causal relationships or confirm the mechanistic role of the analysed proteins.
Consequently, the observed associations should be considered hypothesis-generating rather
than mechanistic evidence. Further studies combining larger patient cohorts with functional
investigations will be needed to clarify the biological and clinical significance of these
biomarkers. Furthermore, protein expression was assessed exclusively by Western blot
analysis. Although this technique provides quantitative information on protein abundance,
complementary approaches such as immunohistochemistry, RT-qPCR, and integrative multi-
omics analyses may offer further insight into tissue localization, transcriptional regulation,
along with the broader molecular context of the biomarkers studied. Finally, another
limitation of this study is the use of adjacent non-tumour mucosa as reference tissue.
Although histologically free of malignant tumours, these samples were obtained from
patients with LSCC and may not represent a truly normal laryngeal mucosa. According to
the concept of field cancerization [193], originally proposed by Slaughter and subsequently
supported by molecular evidence from Braakhuis et al.,, genetically modified but
histologically normal-appearing epithelial fields may exist throughout the upper
aerodigestive tract due to chronic exposure to carcinogens. Therefore, molecular alterations
may already be present in the adjacent mucosa, may lead to an underestimation of biological

differences between tumour and control tissues.
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CONCLUSION AND FUTURE PERSPECTIVE

In conclusion, the present study provides an integrated characterization of metabolic
and oxidative stress—related alterations in LSCC, highlighting the coexistence of redox
imbalance and metabolic reprogramming within tumour tissue. Overall, the data support the
hypothesis that LSCC is characterized by marked alterations in antioxidant defence systems
and metabolic pathways, which jointly contribute to tumour adaptation, progression, and
survival. Rather instead of representing independent phenomena, oxidative stress responses
and metabolic changes appear to be closely interconnected processes which shape tumour
behaviour and the interaction between tumour cells and their microenvironment. Notably,
specific associations among MT, GFAT, and G6PD are identified, suggesting potential links
among oxidative stress, inflammation, immune modulation, and metabolic adaptation.
Although most of the proteins analysed showed no significant associations with
clinicopathological parameters, the overall observed pattern supports the existence of a
complex biological network linking redox regulation and tumour metabolism in LSCC.

Despite the data provided, this study remains primarily descriptive and hypothesis-
generating, and several aspects remain to be clarified. First, larger multicentre studies are
needed to validate the clinical relevance of the identified biomarkers and confirm their
prognostic and predictive value in more representative patient populations. Second, future
inquiries should focus on the functional characterization of these molecules. Understanding
whether their altered expression directly contributes to tumour progression or instead
represents an adaptive response to oxidative stress may provide important information for
therapeutic targeting. Experimental models, including both in vitro and in vivo approaches,
will be essential to expound these mechanisms. Furthermore, integrating redox biology with
metabolic profiling represents an especially promising area for future research. Multi-omics
methods integrating proteomics, transcriptomics, and metabolomics can help detect distinct
molecular subtypes of LSCC and deliver a more comprehensive understanding of tumour
heterogeneity. From a translational perspective, a more in-depth characterization of these
pathways may facilitate the identification of clinically relevant biomarkers for risk
stratification and treatment selection. Furthermore, targeting the interaction between
oxidative stress and metabolic adaptation may represent a possible therapeutic strategy
worthy of further investigation.

Overall, this work contributes to the growing understanding of LSCC biology and
supports the concept that oxidative stress and metabolic reprogramming should be

considered interconnected hallmarks of disease progression. By highlighting to the interplay
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among redox regulation, inflammation, immune modulation, and metabolic adaptation, the
present study provides a platform for future investigations to enhance biomarker

development and identify novel therapeutic opportunities in LSCC.
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