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Simple Summary: Head and neck cancers (HNCs) represent 4–5% of all malignancies globally.
Salivary metabolites, as metabolic intermediates and signalling molecules, are gaining attention as
diagnostic biomarkers for several diseases, including HNC; however, the metabolites’ role in cancer
treatment outcomes and oral side effects remains underexplored. Current studies focus on the oral
microbiome’s significance in promoting a pro-inflammatory environment that facilitates tumour
development and invasion. Specific microorganisms and their metabolites influence chemotherapy
efficacy through several mechanisms. Radiotherapy (RT), a standard HNC treatment, can modify the
oral microbiota and salivary metabolite profiles, leading to a wide range of side effects. To reduce oral
complications, intensity-modulated radiotherapy (IMRT) was developed; however, cancer survivors
often experience a reduced quality of life. This review highlights the microbial and host interactions
affecting salivary metabolites and their implications for cancer treatment and patient outcomes.

Abstract: Head and neck cancers (HNCs) are the seventh most common cancer worldwide, accounting
for 4–5% of all malignancies. Salivary metabolites, which serve as key metabolic intermediates and
cell-signalling molecules, are emerging as potential diagnostic biomarkers for HNC. While current
research has largely concentrated on these metabolites as biomarkers, a critical gap remains in
understanding their fluctuations before and after treatment, as well as their involvement in oral side
effects. Recent studies emphasise the role of the oral microbiome and its metabolic activity in cancer
progression and treatment efficacy by bacterial metabolites and virulence factors. Oral bacteria,
such as P. gingivalis and F. nucleatum, contribute to a pro-inflammatory environment that promotes
tumour growth. Additionally, F. nucleatum enhances its virulence through flagellar assembly and iron
transport mechanisms, facilitating tumour invasion and survival. Moreover, alterations in the oral
microbiome can influence chemotherapy efficacy and toxicity through the microbiota–host irinotecan
axis, highlighting the complex interplay between microbial communities and therapeutic outcomes.
Salivary metabolite profiles are influenced by factors such as gender, methods, and patient habits like
smoking—a major risk factor for HNC. Radiotherapy (RT), a key treatment for HNC, often causes side
effects such as xerostomia, oral mucositis, and swallowing difficulties which impact survivors’ quality
of life. Intensity-modulated radiotherapy (IMRT) aims to improve treatment outcomes and minimise
side effects but can still lead to significant salivary gland dysfunction and associated complications.
This review underscores the microbial and host interactions affecting salivary metabolites and their
implications for cancer treatment and patient outcomes.
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1. Introduction

The mouth is the first part of the digestive system and comprises structures including
the teeth, tongue, and salivary glands, necessary for mastication and speech. Salivary
glands produce saliva that is rich in a variety of enzymes and proteins. The digestive
process commences immediately within the oral cavity, where mechanical and chemical
digestion processes are initiated. Mechanical digestion involves the breakdown of food
into smaller particles through mastication, which is accomplished by the action of the teeth
to reduce the size of food particles. Chemical digestion, limited in the mouth compared to
other sites of the gastrointestinal tract, plays a role through the enzymatic actions of saliva.
Salivary amylase catalyses the hydrolysis of starches into maltose and maltotriose [1]. This
enzyme operates most effectively at a pH range of 6.7 to 7.0. Lingual lipase initiates the
breakdown of triglycerides by hydrolysing ester bonds to produce diacylglycerols and
monoacylglycerols. Collectively, these enzymatic activities contribute to the initial stages of
digestion, preparing the food for further enzymatic and chemical processing in the stomach
and intestines [2].

Additionally, the oral cavity constitutes the first line of defence against pathogens.
Lysozyme and lactoferrin, present in saliva, play crucial roles in antimicrobial defence.
Lysozymes neutralise bacteria by breaking down the cell walls, while lactoferrin binds to
iron, an essential nutrient for bacterial growth, thus inhibiting bacterial proliferation. To-
gether, these components help maintain oral health by preventing infections and controlling
the microbial environment in the mouth [3].

The oral epithelium comprises multiple layers of cells that function as a complex
barrier with varied antigenic responses and distinct patterns of cytokeratin expression.
This stratified epithelium plays a crucial role in the oral immune system, which exhibits
a unique property known as oral tolerance [4]. This persistent oral tolerance is vital for
preventing unnecessary immune responses to harmless dietary proteins, maintaining
immune homeostasis, and preventing chronic inflammation [3].

An essential component of the oral cavity is the oral microbiome. This diverse micro-
bial community is crucial in maintaining homeostasis by balancing microbial populations,
supporting immune function, preserving barrier integrity, and influencing overall systemic
health. Disruptions in this balance can lead to various oral and systemic health issues [5].
Due to its significant role, the oral microbiome of several oral cavity sites such as the saliva,
tooth surfaces, mucosa, and gingival sulcus (which includes gingival and periodontal pock-
ets) has been extensively studied using both traditional cultivation methods and advanced
culture-independent molecular techniques. These include 16S rRNA gene sequencing and
other methods that provide detailed insights into oral microbial diversity and function
from different niches extensively. Analysis has revealed that the six most predominant
phyla within the oral microbiome are Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria,
Spirochaetes, and Fusobacteria. Collectively, these phyla account for approximately 96% of
the total microbial taxa present in the oral cavity [6–8]. These findings underscore the
significant diversity and complexity of the oral microbiome, highlighting the major bac-
terial groups that play a central role in maintaining oral health and influencing disease
processes [6].

Head and neck cancers (HNCs) are the seventh most common cancer in the world,
representing 4–5% of all malignancies [9]. Established lifestyle risk factors for oral cancer
encompass tobacco use (both smoking and chewing), the consumption of areca nuts,
excessive alcohol intake [9], and a diet deficient in antioxidant vitamins and minerals [10].
Poor oral hygiene and periodontitis, an inflammatory condition that affects the gums, have
recently been identified as significant risk factors [10]. Lifestyle factors and changes in oral
health can disrupt the microbial communities in specific areas of the oral cavity, altering the
balance between microbes and the host and potentially contributing to the development of
oral cancer [11].

Several studies have examined the association between the oral microbiome and HNC,
primarily through bacterial profiling techniques. Among these, 16S rRNA gene sequencing
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is the most used method for analysing microbial communities [12–14]. Research has
identified specific periodontal pathogens, such as Porphyromonas gingivalis, Fusobacterium
nucleate [13,14], Streptococcus, Prevotella, and Treponema [15], as significant contributors to
tumourigenesis. Additionally, Fusobacterium, Treponema, and Leptotrichia were enriched in
oral cancer compared to non-oral cancer, such as the base of the tongue, hypopharyngeal,
larynx, oropharynx, and tonsil [16]. These bacteria can stimulate cancer development by
inducing the expression of molecules involved in the cancer process [13,14].

For instance, in studies using a mouse model of periodontitis induced by P. gingivalis,
treatment led to a notable increase in free fatty acids. This change in fatty acid metabolism
was associated with an increased risk of developing oral cancer, highlighting the role of
P. gingivalis in promoting cancer through metabolic alterations [12]. Microbial dysbiosis
and its metabolites in the oral cavity can be considered significant risk factors, as alterations
in the microbiota contribute to key aspects of cancer development. Furthermore, specific
taxa and microbial metabolites may serve as prognostic indicators when combined with
pathological studies.

Radiotherapy (RT) is a core local disease control treatment for HNC patients [9,17].
Despite its effectiveness, RT is associated with numerous side effects, including salivary
gland hypofunction, which impacts saliva flow and composition. Intensity-modulated
radiotherapy (IMRT) was developed to enhance cancer treatment outcomes and reduce
treatment-related toxicity by precisely tailoring the radiation dose to the tumour’s shape
and intensity [18,19]. However, research has shown that IMRT can also lead to salivary
gland dysfunction, resulting in severe hyposalivation, xerostomia, oral mucositis, and
swallowing difficulties. These effects can impair daily functions, social interactions, and
overall quality of life while also adding psychological and emotional burdens for cancer
survivors [19]. Furthermore, reduced protective saliva functions due to these complications
are linked to a decline in oral health and an increased risk of oral diseases.

Additionally, the severe lack of saliva or xerostomia can affect the integrity of both soft
and hard tissues [20]. A decrease in salivary flow and changes in its composition can disrupt
the spatial organisation of oral bacteria. This disruption affects several vital processes:
bacterial retention, adhesion to oral surfaces, biofilm formation, and overall microbial
colonisation [21]. Maintaining a stable bacterial equilibrium is vital for preventing oral
infections, protecting tissue integrity, and supporting overall oral health. Thus, addressing
xerostomia is essential for preserving the dynamic balance of the oral microbiome and
safeguarding oral tissue health.

Furthermore, the composition of salivary proteins plays a critical role in shaping the
growth and diversity of microbial communities in the oral cavity. Proteins with glycosi-
dases, as well as those that digest glycoproteins like mucins, influence which bacteria thrive.
These enzymes break down complex molecules, such as sugars found in glycoproteins,
into simpler forms that can be further metabolised by other bacterial species. This bio-
chemical conversion facilitates bacterial cooperation and helps maintain oral health by
neutralising acids and regulating salivary pH [21]. Metabolites are crucial yet often less
studied compared to the extensively researched salivary proteins [22]. Understanding these
metabolites and their roles could provide deeper insights into microbial dynamics and oral
health maintenance.

However, there is a long history of studying individual metabolites within saliva,
including urea, citrate, and lactate. These metabolites have been mainly used as biomark-
ers for the onset and monitoring of several diseases, including cancer and renal disease.
Regarding oral diseases, urea contributes to ammonia to maintain salivary pH through
buffering capacity, contributing to salivary protection [23]. Despite this, the biological
significance of salivary metabolites has yet to be examined in the same way as salivary
proteins. Metabolites in saliva are essential molecules that originate from different sources
and have numerous functions, including as metabolic intermediates of enzymatic reactions,
in cell energy supply, in macromolecule synthesis, and as cell-signalling molecules that
regulate metabolic pathways and other reactions and processes [24]. Much of the literature
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is focused on the potential biomarker role of metabolites in HNC and other pathologies [25].
However, there are fewer studies investigating the variations in these molecules and their
potential role in the onset and severity of oral side effects following cancer treatment [22,26].

Several factors can influence the metabolite profile in saliva, including oral microbial
imbalance, which can indicate oral inflammation or diseases [27]. Consequently, changes in
the microbiome and salivary patterns often precede the onset of malignancies, highlighting
the complexity of carcinogenesis, which involves multiple contributing factors. Notably,
the types of metabolites found in saliva vary depending on gender, collection method,
and smoking, which is a significant risk factor for HNC cancer [23]. Conversely, the
salivary metabolite profile is not significantly affected by alcohol consumption, oral hygiene,
medication, or food supplements. Nevertheless, there needs to be more research on the
influence of the host microbiome on salivary metabolites despite the scientific community
recognising the necessity for such studies [23,27].

In contrast, metabolomic studies in the gut have highlighted the crucial role of specific
molecules in maintaining mucosal integrity, supporting epithelial tissue function, and
regulating immune responses within the colon [28]. However, similar research remains
limited in the oral environment, where microbial metabolites are known to influence the
homeostasis of the oral microbiome. While bacteria significantly contribute to metabolic
processes within the oral cavity, their precise role in disease pathogenesis is still not fully
understood [17,23].

During the earliest studies of saliva composition in healthy individuals, it was dis-
covered that bacteria in the oral cavity produce specific metabolites in saliva [27]. This
becomes relevant in HNC patients, especially during and after cancer treatment, regarding
the metabolites’ contribution to the onset and development of oral treatment side effects
that impair these patients’ survival rates and quality of life [29,30]. This comprehensive re-
view aims to explore the variation in salivary metabolites between healthy individuals and
patients with head and neck conditions, both during the disease and throughout treatment.

2. Factors Influencing Salivary Metabolite Profile in Health and Disease

The mucosal pellicle (MP) is a thin layer, approximately 70–100 micrometres in
thickness, composed of salivary proteins (mobile part) and membrane-associated mucins
(MAMs) anchored to the epithelial cells [31]. It is mainly composed of two salivary mucins,
which are high-molecular-weight glycoproteins, mucin 5B (MUC5B, 2–4 × 104 kDa) and
mucin 7 (MUC7, 130–180 kDa), secreted mainly by submandibular and minor salivary
glands. Both mucins are vital in saliva viscoelastic properties regulating the lubrication,
moisture, protection, and hydration of the oral mucosa. Mucins create a protective layer [32]
by capturing microbial pathogens, playing an essential role in host defence.

Mucins contain glycans such as sialic acid, which microorganisms can recognise and
bind, leading to spreading and selective elimination. In addition, mucins can aggregate
bacteria in saliva, contributing to their clearance through swallowing. They also form
a layer surrounding bacteria, maintaining their planktonic state and avoiding surface
attachment [33].

Moreover, mucins can bind to IgA, the primary oral antibody secreted by plasma
cells inside the glands. Mucins transport IgA through the polymeric immunoglobulin
receptor (pIgR) and serve as carriers of IgA throughout the oral cavity, physically holding
and binding this protein to improve its retention in the pellicle [34]. By increasing IgA
levels, the pellicle forms an immune reservoir (Figure 1) [28] to impair microbial adhesion
and penetration to the epithelial cells (immune exclusion), enabling their elimination,
contributing actively to the defence mechanism of the oral cavity [35,36]. IgA can aggregate
bacteria to prevent mucosal colonisation and recruit others to the mucosal layer, producing
changes in the oral microbiome. In this regard, bacteria involved in periodontal diseases,
including S. oralis, S. mutans, S. sanguinis, and S.mitior, can cleave SIgA1 in its extended
(13-amino-acid) hinge region. In addition, IgA can bind viruses, and recently, its role
against SARS-CoV2 has been studied [37].
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Figure 1. Salivary IgA’s role in saliva and pellicles contributes to selective biofilm formation by
binding specific bacteria, contributing to their elimination, and maintaining oral health by preventing
microbial adherence and invasion. Mucins bind IgA and transport this antibody to form an immune
reservoir in the oral mucosa.

Moreover, IgA helps the bacterial colonisation of mucosal surfaces by binding certain
microorganisms; however, in the gut, IgA prevents microbes from reaching the epithelium [38].
The IgA concentration increases in saliva under stress, infection, or inflammatory conditions;
in contrast, there is minimal diffusion in a healthy oral environment [28,34,39–41]. It has
been established that a reduced IgA concentration at the mucosal surfaces would impair
host–microbial homeostasis, adherence, and protection from bacterial infection and toxins,
thereby altering bacterial diversity and biofilm formation [42,43] and increasing the risk
of infection [44,45]. This would jeopardise maintaining a healthy and functional mucosal
barrier, which is critical to avoid secondary infection during epithelial disruption [46]
(Figure 1).

An intact mucosal pellicle plays a crucial role in maintaining oral homeostasis by
preserving the integrity of oral surfaces (Figure 2). It helps reduce abrasion and chemical
damage, provides immune protection, supports microbial diversity, exerts antimicrobial
effects, aids in bacterial clearance, and regulates the diffusion of molecules to epithelial cells.
The composition and structure of the mucosal pellicle can vary based on its location and
changes in saliva flow and composition [47,48]. Additionally, alterations in the mucosal
pellicle can impact oral health by influencing the initial colonisation of microbes on oral
surfaces, maintaining mineral balance, protecting against acid damage, lubricating oral
surfaces during daily activities, and preventing tooth fractures and mucosal irritation [49].

Saliva is a fluid produced by three major and minor salivary glands. It is a complex
non-Newtonian fluid comprising 99% water and 1% organic and inorganic molecules.
Proteins represent 0.3% of salivary composition; this protein content will vary depending
on several factors such as age, disease, medication, medical treatments, food intake, and
circadian rhythm.

Saliva contains proteins, enzymes, and electrolytes, including several ions. The con-
tribution of the non-glandular composition is very significant in terms of saliva functions.
Every salivary gland contributes to the secretion of unstimulated whole-mouth saliva
(UWMS); it continuously flows reaching 500–600 mL daily, maintaining oral lubrication
and protection. UWMS also contains eukaryotic cells (epithelial and leukocytic cells),
microorganisms, and gingival–crevicular fluid (GCF) from the periodontal pocket [32,50].

UWMS interacts with oral tissue and continues flowing, developing a salivary film
over oral mucosa. This leaves underneath a complex barrier, the mucosal pellicle, which
plays a fundamental role in tissue protection, moistening, and lubrication [34,48,51].

In addition, saliva is a valuable non-invasive diagnostic fluid, offering significant
advantages: it is easy to collect, non-invasive, and stress-free for the individual [27].
These features make it ideal for monitoring various conditions in humans, as it reflects
biological processes occurring in the mouth during healthy and diseased states. Conse-
quently, salivary molecules have been utilised as biomarkers for various local and systemic
conditions [20,27,52].
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adherence to epithelial cells, forming diverse colonies, maintaining homeostasis, and forming a
barrier. Salivary flow rate and composition contribute to bacterial clearance by decreasing bacterial
load through swallowing mechanism.

Salivary proteins have been widely studied in health and disease using different tech-
niques such as proteomics. Mass spectrometry (MS) and nuclear magnetic resonance (NMR)
spectroscopy are the most common methods for studying salivary metabolites [23]. In
contrast, fewer studies have focused on characterising and identifying salivary metabolites
to use these molecules as a biomarker for diseases such as oral cancer, periodontitis, and
Alzheimer’s disease [23].

The salivary flow rate and composition contribute to reducing the bacterial burden
through mechanical clearance and immune surveillance. In addition, the growth of mi-
crobial communities is influenced by dietary nutrients and salivary proteins, particularly
mucins. Between meals and during a low-sugar dietary supply, the breakdown of salivary
proteins promotes microbial cooperation to obtain nutrients. This process releases oligosac-
charides, which are digested, leading to lactate production, which can be converted into
weaker acids, acetate and propionate, counteracting and neutralising the pH drop. This
bacterial metabolic chain will form a food web that determines the spatial organisation of
bacteria [21,53]. In addition, glycoproteins, peptides, and amino acids can be nutrients for
bacteria on the tongue surface, breaking down into SCFAs, ammonia, and sulphur com-
pounds, which have been associated with malodour-associated halitosis and periodontal
disease [54,55].

In summary, the MP is integral to maintaining oral health by forming a protective
layer that ensures tissue integrity, supports immune function, and regulates microbial
activity. Its composition, influenced by saliva flow and protein content, plays a critical role
in controlling microbial colonisation and maintaining a balanced oral environment. As
research continues to unravel the complexities of salivary proteins and metabolites, we
gain deeper insights into their potential as biomarkers for disease and their contributions
to oral health maintenance.
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3. Impact of Salivary Metabolites and Bacterial Dynamics on Oral Health

As previously mentioned, saliva and oral bacteria play a crucial role in maintaining
the balance of the oral environment. Bacterial metabolites have been analysed in UWMS
as an indicator of the patient’s oral and systemic health status due to its continuous daily
flow. Therefore, metabolites can provide insights regarding microbial dysbiosis, indi-
cating inflammation or diseases [12,17,34]. UWMS encompasses both endogenous and
exogenous metabolites derived from various sources within the oral cavity, including
gingival–crevicular fluid (GCF), microbial activity, and dietary intake. Additionally, sys-
temic factors such as aging, systemic diseases, medication, and treatment for HNC can
significantly influence the salivary metabolite profile [27,50,56].

The salivary microbiome and metabolome are highly dynamic due to the complexity
of the oral cavity, which is constantly exposed to various influences. These include different
foods (such as sugars), beverages, and interactions with other people and animals and
are further impacted by factors like oral hygiene, stress, aging, obesity, physical activity,
medications, sexually transmitted infections, pregnancy, and the surrounding environment,
which encompasses socioeconomic, psychological, and environmental aspects [21,23,27,57].

Dietary changes can disrupt the balance and diversity of oral bacteria, leading to
fluctuations in the metabolome that impact host–bacteria interactions, potentially causing
inflammation and increasing disease risk. This can reveal altered biochemical pathways
in the oral cavity [23], as studies show that glucose and sucrose exposure induce dynamic
microbiome changes, promotes acid production, and decreases pH beyond the neutralising
capacity of the saliva and oral bacteria [23,58]. This is particularly relevant during HNC
treatment, as patients often experience significant weight loss and may require food supple-
ments high in carbohydrates and sugars to help maintain their weight. This diet contains
high levels of fermentable carbohydrates, such as sugar and starch, which serve as a food
source for bacterial metabolism [59]. In addition, the intake and frequency of consumption
are higher during this period, increasing the risk of oral diseases such as caries.

The mouth comprises a complex and diverse bacterial community with a critical role
in oral health, in addition to host behaviour and defence determining the local environ-
ment, bacterial adherence, and virulence [37,60]. As we previously mentioned, salivary
components determine microbiome balance and diversity, by promoting commensal bac-
teria’s function, which decreases opportunistic bacteria’s colonisation. Also, the compo-
sition of bacteria is shaped by the flow of saliva, which influences microbial adherence
to surfaces. Saliva’s natural clearance and swallowing mechanisms continuously remove
epithelial cells colonised by bacteria, leading to the ongoing recolonisation of mucosal
surfaces [31,50,61,62]. Additionally, abrasion and oral hygiene practices help eliminate
bacteria from non-shedding surfaces like enamel. The formation of the oral microbiome and
biofilm is also influenced by dental restorations, prostheses, dentures, and implants [31].

Furthermore, reduced salivary flow can adversely affect bacterial composition by
impairing clearance and allowing food residues to accumulate in the mouth. This altered
environment compromises protective functions, disrupts microbiome diversity, and pro-
motes the growth of pathogenic bacteria. Prolonged exposure to these conditions can result
in dysbiosis, metabolic alterations, and an increased risk of pathology [17,20,43,49].

This is particularly relevant for HNC patients undergoing radiotherapy.
Reports [20,52,63,64] suggest that IMRT can severely reduce the salivary flow rate and alter
the protein composition in the salivary glands. These changes can disrupt bacterial compo-
sition, promote the colonisation of opportunistic and pathogenic bacteria on both hard and
soft tissues, and compromise mucosal integrity (Figure 3). Consequently, this increases the
risk of caries, periodontal disease, mucosal inflammation, and ulcers [20,37,60].
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Figure 3. Radiotherapy effects. Mucosal pellicle breakdown during and after IMRT treatment would
influence the mucosal barrier’s composition and function, impairing protection and lubrication, and
reducing bacterial diversity and colonisation contributing to dysbiosis,. Similarly, a reduced salivary
flow rate will impair microbial and food clearance increasing the risk of several oral diseases.

The resulting oral bacterial dysbiosis has also been linked to systemic diseases by
disrupting homeostasis in distant sites throughout the body through harmful pathogens
and inflammatory byproducts [65]; homeostasis results from the close interaction between
a diverse and healthy microbiome and the immune system. However, a less varied and
altered microbiota would lead to dysregulation, inflammation, dysbiosis, and disease
onset [37,65,66]. Microbiome dysbiosis would impact several systemic diseases, such
as immune-related diseases comprising rheumatoid arthritis, type 1 diabetes, multiple
sclerosis and lupus erythematosus, inflammatory diseases, including Crohn’s disease and
ulcerative colitis, inflammatory bowel disease, allergies, and asthma. The interplay between
the host and microbes in the mouth highlights the crucial role of maintaining a balanced
oral microbiome and healthy salivary flow and composition. Disruptions to this balance can
lead to significant consequences that extend beyond the oral cavity, potentially impacting
overall health [37,65,66]. Furthermore, dysbiosis can promote cancer development due the
effect of periodontopathogens in the epithelium. P. gingivalis has a virulence factor known
as gingipain, a cysteine protease. Gingipain promotes protein degradation in the tissue
to allow bacterial infection and translocation. In addition, gingipain upregulates genes
involved in the epithelial–mesenchymal transition via B-catenin [67,68]. Another virulence
factor which promotes tumoural development is the cytolethal distending toxin secreted
by Aggregatibacter actinomycetemcomitan. This toxin can produce DNA damage and even
the cell cycle arrest mechanisms related to carcinogenesis [69].

Recently, researchers have understood that the microbiota could be improved and
modified using probiotics (Lactobacillus and Bifidobacterium) to treat specific diseases, such
as irritable bowel syndrome. In the same pattern, faecal transplants from healthy subjects
have been used to rebuild the gut microbiota when conventional treatments are unsuccess-
ful and in cases of Clostridium difficile infections. In addition, prebiotics (dietary fibres and
oligosaccharides) are used to promote healthy gut bacteria, enabling diversity and home-
ostasis. On the other hand, postbiotics inhibit pathogenic bacteria and improve intestinal
barrier function [37,65,66].

The interplay between the host and microbes in the mouth highlights the crucial role
of maintaining a balanced oral microbiome and healthy salivary flow and composition.
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Disruptions to this balance can lead to significant consequences that extend beyond the
oral cavity, potentially impacting overall health [37,65,66].

4. The Impact of Environmental and Host-Related Factors on the Oral Microbiome
and Metabolites

Given the significant microbial differences observed between oral sites in HNC pa-
tients, it is crucial to consider the broader implications of these findings. The role of bacteria
in carcinogenesis is intricately linked to their metabolic activity [70,71]. This shift in the
bacterial community not only alters local inflammation but may also play a crucial role in
cancer progression [70,71]. Therefore, the sample collection protocol of different oral sites
must avoid contamination that would lead to confusion [57].

However, it is crucial to interpret the differences in microbial communities observed
in HNC patients with caution, given the potential effects of smoking, alcohol consumption,
and oral hygiene on the oral environment. These factors can significantly alter the oral
microbiome, potentially confounding the results by altering bacterial surfaces and function
and promoting the growth of certain bacteria to lead to an imbalance in microbial popula-
tions [37]. The effects of smoking on oral microbiota composition are associated with an
increased abundance of anaerobic bacteria, salivary pH variation, and potential bacterial
adhesion variations to oral surfaces. Additionally the toxic compounds of cigarettes can
alter the host immune system response. All of these would alter microbiome diversity;
however, contradictory results have been reported. In addition, smoking will contribute
to the development of periodontitis and respiratory infections by increasing pathogenic
bacteria and altering the microbiome composition. Similarly, alcohol consumption will
reduce bacterial diversity, promoting epithelial permeability and inflammation, leading
to dysbiosis and increasing the risk of oral diseases. It is well known that acetaldehyde
resulting from alcohol metabolism in the oral cavity increases the risk of oral cancer by
promoting inflammatory conditions [37,57,72], and mucins and other glycoproteins play a
crucial role in the microbial ecosystem by acting as a source of nutrients (Figure 4). These
substances, rich in sugars and carbohydrates, provide essential sustenance for bacteria.
Moreover, salivary mucins will inhibit microorganism adherence and colonisation through
the binding and aggregation of bacteria. In non-stimulated saliva, these nutrients are defi-
cient and almost non-detectable, maintaining oral commensals [31,73,74]. In physiological
conditions, bacteria offer many benefits to the host, which include obtaining nutrients from
the proteolytic degradation of salivary proteins, producing some metabolites in saliva,
defending against pathogens, and regulating host immunity [27].

As mentioned, IgA is crucial in preventing bacterial colonisation by blocking microbes
from attaching to and invading mucosal epithelia [31,74]. It also agglutinates bacteria in
solution by binding to bacteria such as S. mitis, S. oralis, and S. mutans [21,53] and to salivary
mobile mucins that connect with MAM proteins anchored to the epithelial cells, specifically
MUC 1, contributing to the formation of the mucosal pellicle layer [31,37].

The IgA concentration in saliva tends to increase in response to stress, infection, or
inflammatory conditions. This increase helps to enhance mucosal immunity and protect
against potential pathogens. Conversely, in a healthy oral environment, IgA levels in saliva
are relatively stable and lower, playing more of a maintenance role, contributing to the equi-
librium of the oral microbiome and preventing excessive bacterial colonisation [34,39,73].

Additionally, other environmental and intrinsic factors can impact the conformation
of the oral microbiome and its organisational, defensive, and metabolic functions [31,73,74].
Oral bacteria can metabolise and degrade salivary proteins, especially glycoproteins; S.
mitis, S. bovis, S. gordonii, and Actinomyces neaslundii have been shown to break down mucin
5b through specific enzymes such as protease, esterase activity, and glycosidase [75]. A
multi-species biofilm supports a food network to positively select the microbial community,
maintaining its diversity and allowing a wider variety of bacteria to co-exist through the
beneficial exchange of nutrients. Some species will convert nitrate from the blood delivered
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to saliva into nitrite, associated with cardiovascular protection and a low caries risk because
of increased salivary pH [76,77].
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Figure 4. Homeostasis in oral bacteria maintained by glycoproteins as a source of nutrients. Mucins
are glycoproteins present in saliva and mucosal pellicle; they are a source of nutrients for com-
mensal bacteria and contribute to reducing adherence and colonisation, maintaining diversity, and
allowing commensal microorganisms, excluding pathogenic bacteria, to impair dysbiosis associated
with disease.

The catabolism and fermentation of carbohydrates produce SCFAs, including lactate,
acetate, butyrate, propionate, and isobutyrate [78,79]. Oral bacteria generate SCFAs through
the fermentation of amino acids. These end-metabolites play a critical role in shaping the
oral microbiome by providing a competitive advantage to certain microorganisms over
others [80]. Other dietary nutrients, such as bicarbonate and lactate, also serve as substrates
for bacterial metabolism. Lactate has an anti-inflammatory effect and modulates the
immune response in the oral cavity [81–83].

The disruption of epithelial barrier function can facilitate carcinogenesis and its pro-
gression. Additionally, SCFAs have been linked to promoting a suppressive immune
response within the tumour microenvironment. This effect includes the downregulation
of intercellular adhesion molecule-1 (ICAM-1) in oral squamous cell carcinoma, which
helps the tumour evade effective antitumour immune responses [84]. ICAM-1 plays a
crucial role in facilitating the adhesion of immune cells to the tumour site, and its reduced
expression can hinder the recruitment and activation of antitumour immune cells, thereby
allowing the tumour to evade immune surveillance and continue to progress [85]. Con-
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versely, primary periodontal pathogens such as Porphyromonas gingivalis and Fusobacterium
nucleatum have been extensively studied as critical contributors to periodontal disease
and oral cancer [14]. The subgingival production of SCFAs, including butyric acid (BA),
has been relatively underexplored. BA has been implicated in tissue destruction and the
progression of periodontitis by affecting the junctional epithelium. It influences processes
such as cell proliferation, migration, and attachment. The impact of BA on periodontal
disease is concentration-dependent: high levels of BA are associated with tissue destruction,
while lower concentrations may promote epithelial downgrowth, contributing to disease
progression [82,86,87].

Arginine is one of the free amino acids in saliva obtained through the proteolysis
of salivary and cellular proteins by bacterial and mammalian proteases. Arginine pos-
itively affects oral health, reducing caries risk by increasing the pH, favouring enamel
remineralisation, and reducing mineral loss. In the oral cavity, arginolytic bacteria pos-
sess the arginine deiminase system (ADS), which converts arginine into ammonia, ATP,
and CO2 [88]. Ammonia can increase the pH in the oral environment, contributing to
developing a diverse and beneficial microbial community, reducing lactate-producing
bacteria, maintaining homeostasis, reducing caries risk and mineral loss, and favouring
tooth remineralisation [75,89].

On the other hand, the arginine concentration in the mouth may regulate biofilm struc-
ture, either promoting bacterial growth or disturbing biofilms, depending on this amino
acid’s concentration. In addition, arginine’s role in metabolic pathways and microorganism-
related processes and adaptation to changes in the oral environment has been explored.
Gene expression affected by arginine affects bacterial adhesion and biofilm onset and
development, varying the conformation, weight, and total number of microorganisms [90].
Furthermore, bacteria with robust arginine metabolism may interfere with pro-tumorigenic
processes by depleting arginine, a key resource for tumour growth, and modulating im-
mune responses [90]. Conversely, anaerobic bacteria that can mainly degrade ethanol from
alcohol to acetaldehyde by fermenting alcohol, using the enzyme alcohol dehydrogenase,
Fusobacterium nucleatum, could be involved in alcohol degradation, producing this carcino-
genic molecule associated with a risk of oral cancer increased by alcohol consumption and
poor oral hygiene [79,91].

Researchers observed a significant reduction in bacterial abundance in a study exam-
ining the oral microbiota of HNC patients undergoing IMRT at three different time points
(pre-radiation, mid-radiation, and post-radiation). The predominant genera identified
across all time points included Streptococcus, Prevotella, and Veillonella. Although there
was a noticeable change in the alpha diversity indices between the pre- and post-radiation
phases, no specific taxa were consistently identified across the time points. Additionally,
alterations in the microbiome composition were associated with changes in the profile of
secondary metabolites present in the saliva [92].

5. The Role of Microbial Dysbiosis and Metabolic Alterations in Cancer Progression

Variations in the microbiome composition are associated with oral and systemic
diseases, including diabetes mellitus, cardiovascular diseases, and cancer. Microbial dys-
biosis in different body sites can lead to systemic diseases through disruptions in the
host–microbiota interaction by modulating the immune response [65,93].

Oral microbiome imbalance has been associated with systemic diseases such as irritable
bowel syndrome and colorectal cancer (CRC) [94,95]. The Porphyromonas and Fusobacterium
genera have been found in colorectal tumour samples [96], forming pivotal networks
that act as bridge bacteria for colonisers. These bacteria are crucial in shaping microbial
communities by altering barrier permeability and facilitating opportunistic microorgan-
isms’ infiltration. This disruption leads to biofilm composition and organisation changes,
promoting inflammatory processes that contribute to disease progression [97].

Fusobacterium nucleatum and Porphyromonas gingivalis have been shown to trigger a
pro-inflammatory response in host tissues by elevating the levels of TNF-α, NF-κB, and
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IL-1β. Moreover, both bacterial species enhance their attachment to and invasion of host
cells, increasing their potential to establish infections [70]. In addition to these effects,
Fusobacterium nucleatum and Porphyromonas gingivalis promote the infiltration of immuno-
suppressive cells, such as regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) [71]. This infiltration can significantly alter the local immune environment, impair-
ing the function of immune effector cells, including cytotoxic T lymphocytes and natural
killer (NK) cells [71]. Consequently, oral microbial persistence may also contribute to the
progression of malignancies associated with chronic inflammation.

Moreover, in cancer onset and development, these bacteria may increase the num-
ber of cancer cells, several metabolites, and inflammatory factors that spread via the
bloodstream [65,98]. Specifically in oral cancer, the literature revealed that the metabolic
pathways of certain bacteria could influence metabolic processes regarding tumour progres-
sion and development. The bacteria found in oral cancer were Streptococcus and Parvimona.
These bacteria were also associated with higher levels of IL-6 and TNF-α, both of which
have a crucial role in cancer development, contributing to progression and inflamma-
tion [99].

Specific species, including Aggregatibacter actinomycetemcomitans, Porphyromonas gingi-
valis, Prevotella intermedia, Campylobacter rectus, Peptostreptococcus micros, Treponema denticola,
and Fusobacterium nucleatum, have been implicated as key contributors to periodontal
pathology [38]. Host inflammatory mediators are significantly altered, with notable in-
creases in cytokines such as IL-1β, IL-6, and TNF-α observed in the saliva [38]. These
cytokines are central players in the inflammatory response and have been linked to a broad
spectrum of inflammatory diseases beyond periodontal conditions, including cardiovascu-
lar diseases, diabetes mellitus, and even systemic inflammatory responses.

Regarding oral cancer progression, this process is associated with increased levels of
bacterial enzymes that break down fatty acids, such as carnitine O-palmitoyltransferase
1 (CPT1A). Additionally, increased levels of inflammatory and stress-related markers, in-
cluding IL-6, oxidative-stress-responsive kinase 1 (OXSR1), and TNF-α, were observed in
patients with oral cancer compared to healthy controls. These findings suggest a potential
association between these enzymes’ presence and cytokines and oral cancer, implicating
disrupted fatty acid metabolism indicated by reduced SCFA levels, oxidative stress, and
altered immune responses. The study concludes that variations in the microbiota com-
position, modified fatty acid metabolic pathways, changes in inflammatory markers, and
specific enzymes may serve as potential biomarkers for early oral cancer diagnosis [99].
Future research on the identification of bacterial signatures in oral cancer must integrate
more detailed molecular insights with larger sample sizes and long-term monitoring to
enhance the early detection and management of microbial factors associated with oral
cancer.

Moreover, SCFAs, from bacterial products, modify DNA structure and affect the
expression of specific genes by DNA methylation, regulating non-coding RNA and making
certain genes more or less accessible for transcription. SCFAs can influence and affect
immune cells and create a microenvironment that would encourage the growth of the
tumour [57,100]. Cytokines and chemokines are key signalling molecules in the immune
response, modulating the ability to target tumour cells. They also influence the production
of reactive oxygen species (ROS) by bacteria, which can induce oxidative stress and cellular
damage. This oxidative stress contributes to genetic mutations and facilitates cancer
progression [71,93,100–102]. Other oral pathogens such as P. gingivalis can increase cytokine
secretion, including IL-1, IL-6, IL-8, and TNF-α, which triggers inflammatory responses
and can contribute to tumour progression [100]. Figure 5 summarises this process.
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Figure 5. Microbiome dysbiosis and tumour pathogenesis. Disruptions in the oral microbiome lead
to significant metabolic shifts within microbial communities. Pathogenic microorganisms linked to
periodontitis produce virulence factors, such as gingipains and LPS. These factors compromise the
epithelial barrier’s integrity, increasing its permeability and promoting tumor growth. The resulting
changes create distinct microenvironments that drive inflammation by increased cytokines levels such
as IL-6, IL-1. IL-8, and other, further contributing to tumor progression and disease pathogenesis.

In the study conducted by Zhang et al. [93], researchers collected bilateral buccal
mucosal tissues from the same patient diagnosed with oral squamous cell carcinoma
(OSCC). They aimed to compare the microbiota present in 50 paired samples taken from
tumour sites and non-tumour sites using 16S rDNA sequencing. The analysis revealed that
99.0% of the oral microbiota could be categorised into 13 phyla, indicating that almost all the
identified oral bacteria fell within these major taxonomic groups. The predominant phyla
included Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, and Actinobacteria, which were
present in both OSCC patients and healthy control groups. Despite the presence of oral
cancer, there were significant overlaps in the microbial composition, indicating that certain
bacteria are core components of the oral microbiome. This information may be important
for understanding the role of the oral microbiota in health and disease, particularly in the
context of OSCC.

The richness and diversity of bacterial populations were found to be significantly
greater in tumour sites compared to control tissues. At the species level, there were marked
increases in the abundances of Fusobacterium nucleatum, Prevotella intermedia, Aggregati-
bacter segnis, Capnocytophaga leadbetteri, Peptostreptococcus stomatis, and five other species,
indicating a possible link between these bacteria and OSCC [93]. This dominance can
manifest as an increased relative abundance of pathogenic species, which may decrease the
levels of beneficial microorganisms, thereby altering the overall microbial diversity. Such
shifts in microbial community structure can contribute to a dysbiotic state, promoting an
inflammatory environment that may facilitate cancer progression.

Additionally, functional predictions indicated that genes related to bacterial chemo-
taxis, flagellar assembly, and LPS biosynthesis—processes associated with bacterial
virulence—were significantly elevated in the OSCC group [93]. In this context, keystone
microbes are those low-abundance taxa that, despite being few in number, may have critical
roles in maintaining or disrupting the balance of the microbiome. The study [93] suggests
that these low-abundance taxa may possess stronger virulence factors or pathogenic po-
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tential, meaning they could contribute significantly to disease processes, including cancer
development.

The implication is that these keystone microbes could play a greater role in the progres-
sion or initiation of OSCC than their abundance alone might suggest. Their presence could
influence the overall microbial community dynamics and immune responses or contribute
to a pathogenic environment conducive to cancer.

Other studies found genera other than Parvimonas, associated with oral cancer, such as
Fusobacterium, Peptostreptococcus, and Neisseria, which were elevated in oral cancer patients
compared to healthy controls; additionally, increases in these bacteria were associated with
the progression of oral cancer. Conversely, Streptococcus species were significantly reduced
in cancer patients [93,103]. However, it is important to note that this cross-sectional study
involved only 35 cancer patients. Many studies utilise observational or cross-sectional
designs, which limit the ability to draw definitive conclusions about causality. Longitudinal
studies and experimental designs, such as germ-free models or controlled microbiota
manipulation, are needed to elucidate the mechanisms by which the microbiota may
influence cancer development.

In the same pattern, the results of a different group, when comparing bacterial richness
between cancer patients and healthy controls, reported that Solobacteria, Peptostreptococcus,
and Prevotella were significantly more abundant in these patients [104]. Regarding sali-
vary assessment, when comparing the stimulated whole-mouth saliva of HNC patients
with healthy controls, the microbial profile was significantly different between the two
groups. Pathogenic microorganisms such as Streptococcus anginosus, Abiotrophia defective,
and Fusobacterium nucleatum were more abundant in HNC patients [105].

While numerous studies have established correlations between specific microbiota
profiles and cancer development, it is crucial to approach these findings with a critical
perspective. Correlation does not imply causation, and the relationship between microbiota
and cancer is often multifaceted. One hundred twenty-four studies have been included
in a systematic review [106] to evaluate the relation between the human microbiome and
cancer. The gut microbiome was the microbiome most frequently studied, followed by
the oral microbiome. Numerous bacteria inhabit the human oral cavity, which are linked
not only to oral cancers but also to cancers of the lung, oesophagus, stomach, pancreas,
and colorectum. Although the oral microbiome is thought to significantly contribute to
carcinogenesis, its complexity—affected by various environmental and genetic factors—
may lead to inconsistent findings in published research. The wide range of parameters
utilised to characterise the microbial composition hindered the ability to standardise the
various studies for meta-analysis.

Another study [15] investigated the compositional and metabolic profiles of the bacte-
rial communities in different niches of oral cancer patients through the analysis of tumour
surface and deeper tumour tissue samples, UWM saliva, and mucosal swabs. Specifically,
tumour surfaces were found to be enriched with Porphyromonas, Enterobacteria, Neisseria,
Streptococcus, and Fusobacterium, while deeper tumour tissues harboured Prevotella, Tre-
ponema, Sphingomonas, Meiothermus, and Mycoplasma [15]. The observation that microbial
communities differ between the surface and core of tumour tissues indicates a high spatial
variability in the microbial composition and the tumour microenvironment’s complexity.

Additionally, the tumour microenvironment influences the development of specific
bacteria, with anaerobic species being particularly prevalent due to the hypoxic condi-
tions present in tumours [70,71,93]. These variations contribute to tumour growth and
invasion [15,57,93,107], promoting inflammation associated with cancer and potentially
impairing the effectiveness of cancer treatments [15,57]. This environmental heterogeneity
could support distinct microbial communities adapted to these specific conditions, such as
the oxygen levels, nutrient supplies, and immune responses, by the presence of specific im-
mune cells within the tumour. When the balance of the microbial community is disrupted,
pathogenic bacteria can overgrow, leading to a chronic and uncontrolled inflammatory
response.



Cancers 2024, 16, 3545 15 of 23

Some inflammatory mediators comprise Toll-like Receptors (TLRs), NF-kB signalling,
and ROS. This persistent inflammation can contribute to the malignant transformation
of surrounding tissues, promoting carcinogenesis, tumour growth, and the epithelial–
mesenchymal transition. It has been reported that a higher abundance of Peptostreptococcus
can raise the TLR2 and TLR4 expression in colon cancer cells, increasing ROS and promoting
cell production. On the other hand, Porphyromonas gingivalis and Fusobacterium nucleatum
were associated with an altered immune response through interaction with TLRs on tumour
cells promoting cancer cell proliferation by activating the NF-kB pathway [15,57,71]. Both
oral-origin bacteria can keep the tumour cells away from immune system surveillance and
clearance by promoting the infiltration of immunosuppressive cells and interfering with
the function of immune killer cells [70,71].

Different microbiome metabolic pathways expressed in disease may play a role in
tumour development, contributing to cancer progression [57,70,93,102,107]. Bacteria can
secrete molecules that regulate the immune system, affecting the host’s capacity to control
tumour growth. For instance, enhancing bacterial LPS biosynthesis can contribute to a
pro-inflammatory microenvironment that triggers an immune response and chronic inflam-
mation. The TLR4 can detect LPS from Gram-negative bacteria, activating the immune
response to eradicate the pathogens as it follows. LPS would bind TLR4, activating a pro-
cess of signalling activation, recruiting proteins MyD88 and TRIF activating downstream
signalling pathways; this would lead to the nuclear translocation of NF-kB and generate
pro-inflammatory cytokines. Therefore, a dysregulated TLR4 would promote chronic in-
flammation and would contribute to tumour cells evading the immune surveillance cells’
recognition, reducing the action of cytotoxic lymphocytes and NK cells [70,71,108].

Another critical aspect of inflammation involves bacterial chemotaxis and flagellar
assembly, both of which are influenced by bacterial gene expression in tumour tissues.
Chemotaxis is the process by which bacteria move towards chemical signals, while flagellar
assembly provides them with the motility needed for movement. These mechanisms
enhance the bacteria’s ability to invade and persist within the tumour microenvironment,
thereby sustaining chronic inflammation [70,101]. Fusobacterium nucleatum is particularly
notable for its increased virulence in oral cancer. It employs several strategies to evade
the host immune response, including the upregulation of capsule biosynthesis, flagellum
synthesis, and chemotaxis. These adaptations boost its motility and facilitate its invasion of
various tumour sites.

The metabolic activity on the tumour surface is primarily associated with fatty acid
biosynthesis, carbon metabolism, and amino acid metabolism. SCFAs have an essential
role in immune regulation by preventing inflammatory conditions, also changing the
oral microbiome’s structure and stimulating and inhibiting bacterial growth [109]. In this
regard, high levels of Prevotella have been associated with cancer progression (colorectal,
gastric, and oral cancer) by linking SCFA production to the hyperproliferation of cells
in colorectal and oesophageal cancer. Similarly, Campylobacter has been associated with
oesophageal adenocarcinoma progression and Helicobacter pylori with stomach cancer [15].
Furthermore, it has been determined high SCFA levels can blockade the antitumoural
response, specifically the CTLA-4 blockade. Further studies need to be performed [110].

Moreover, the most abundant bacteria on tumour surfaces are Porphyromonas, Enter-
obacteria, Neisseria, Streptococcus, and Fusobacterium. In contrast, deeper tumour tissues
show higher carbohydrate metabolism and organic polymer degradation activity. In these
deep tissue samples, the most significant common genera are Prevotella, Treponema, Sph-
ingomonas, Meiothermus, and Mycoplasma. The surface of tumours typically has a better
oxygen and nutrient supply than the deeper regions, which can affect bacterial growth and
metabolic activity. Deep tumour areas might experience hypoxia and nutrient deprivation,
influencing the types of bacteria and metabolic pathways present. In summary, there are
24 different metabolic pathways between the surface of the tumour and deeper tumour
tissue [15].
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Moreover, bacteria can significantly influence host cell metabolic pathways by affecting
essential cofactors required for enzymatic reactions and vitamin metabolism. By releasing
specific metabolites, bacteria can alter the local environment, which impacts the availability
and utilisation of these cofactors. This disruption can modify the metabolic activities of
tumour cells, potentially accelerating tumour progression through effects on cell death and
proliferation. Consequently, such shifts can lead to an increased number of cancer cells
within the tumour microenvironment [70,71].

Regarding bacterial metabolic activity, cancer subjects exhibit the upregulation of iron
transport mechanisms, tryptophanase activity, and superoxide dismutase. These changes
indicate alterations in iron acquisition processes, shifts in amino acid metabolism associated
with cancer, and increased protein degradation. This upregulation enhances nutrient avail-
ability and supports bacterial growth within the tumour microenvironment. Additionally,
F. nucleatum boosts the production of haemolysins and adhesins and strengthens its iron
transport system to support DNA synthesis and cellular respiration, thereby promoting
microbial survival and proliferation within the tumour environment [101]. The latter is
very important because it contributes to tumour onset and development through the dys-
regulation of the iron pathways in the epithelial cells caused by bacteria competing for
iron availability to ensure their growth and subsistence. Additionally, this can increase
oxidative stress in the tumour site [101].

In the case of amino acid metabolism, arginine and histidine degradation pathways
are elevated in cancer patients compared with healthy subjects, and this is associated with
microbial activity, specifically in the Flavobacteriaceae and Peptostreptococcaceae families. The
microbial profiles of OSCC patients showed a higher relative abundance of bacteria such as
S. anginosus, A. defectiva, F. nucleatum, and Streptococcus anginosus [102].

More studies are needed to establish these associations between the metabolic profile’s
role in cancer development and progression. It has been suggested that dysbiosis would
lead to malignant lesion onset or a microbial composition induced by tumour environ-
ment changes [71,107]. Therefore, changes in bacterial communities regarding type and
quantities during OSCC onset and development could be used as a diagnostic signature
and progression control for this disease, helping to detect high-risk patients. However,
the cause–effect mechanism remains uncertain; OSCC research is not conclusive in this
matter [71].

Longitudinal studies that integrate both microbial and metabolic profiles could provide
valuable insights into the role of specific metabolic functions and bacterial communities
in the development and progression of oral cancer. By tracking these changes over time,
researchers may identify the key predictors of tumour initiation and progression, offering
potential targets for early detection and intervention strategies.

6. The Effect of the Microbiome and Salivary Metabolites on HNC Therapy

The impact of the microbiome on cancer therapy, particularly chemotherapy, has
been primarily studied in the gut. Research indicates that the microbiome composition
can influence chemotherapy efficacy and progression through mechanisms such as im-
mune regulation, microbial enzyme activity, and shifts in microbial ecology. These factors
collectively affect the host’s response to treatment.

Saliva from oral cancer patients also exhibits a distinct bacterial community structure
compared to that found in tumour tissues. Despite these differences, there are notable
similarities in both taxonomic and metabolic profiles. For instance, UWM saliva from
oral cancer patients showed increased levels of bacteria such as Streptococcus, Lactobacillus,
and Bacteroides compared to tumour tissues, as well as enhanced acetoin biosynthesis [15].
These changes suggest that while the microbial composition of saliva differs from tumour
tissue, certain bacterial taxa and metabolic activities are consistently elevated.

Bacterial metabolites can influence treatment efficacy and toxicity by modulating the
immune response. Microbial enzymes and the immunoregulatory effects of bacteria can
enhance the host’s metabolic capacity, thereby improving the efficacy of treatments, reduc-
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ing their toxicity, and increasing the bioavailability of chemotherapy agents like irinotecan
(CPT-11), particularly in cancers such as CRC entering a drug-tolerant persister state [111].
Bacteria can change different compounds’ pharmacokinetic parameters and pharmaco-
dynamic characteristics in chemotherapy agents [57,112]. CPT-11 would change the gut
bacteria’s microbial diversity, catalysis, and metabolism. Understanding this mechanism to
maintain the microbiome’s diversity and ecology is essential to improve CPT-11 outcomes
and the host immune response after chemotherapy to develop individualised therapies
that would combine chemotherapy with a tailored dynamic atlas of gut bacteria [57,112].

After administering CPT-11 chemotherapy, a significant interplay occurs between
the gut microbiota, the host’s immune environment, and the drug’s metabolism. This
interaction is referred to as the “microbiota–host irinotecan axis”. It has been reported that
decreased levels of SCFAs induced by CPT11 could aggravate this drug toxicity because of
an altered epithelial and mucus layer and immune response [57,112]. Therefore, it is crucial
to understand which bacteria would improve cancer treatment effectiveness and which
would cause inflammatory reactions that would interfere with the therapy outcomes to
develop tailored treatments based on the microbiome profile.

Mucositis and xerostomia are the most common oral complications of the non-surgical
therapy of cancer [113]. In oral cancer treatment, radiotherapy and chemotherapy (cisplatin
and carboplatin) cause mucosal toxicity as a side effect, resulting in radiation-induced
oral mucositis (ROM) [57]. Oral mucositis is a severe affliction characterised by erythema,
oedema, and ulcerations of the oral mucosa. However, the association between the oral
microbiota and this side-effect toxicity is unclear. Some research links epithelial damage
to changes in the microbiome, which may increase the risk of ROM. They propose that
preserving bacterial balance through probiotics and dietary interventions could mitigate
this effect by maintaining epithelial barrier integrity [57]. However, it is important to note
that these findings are based on studies of the colon epithelium, not the oral mucosa.

Salivary gland hypofunction will produce an altered salivary flow rate and compo-
sition, which appears in the early days of cancer treatment [20]. More than 80% of HNC
patients will suffer salivary gland hypofunction. Patients clinically report this side effect as
xerostomia, a subjective dry mouth feeling [19,114]. However, salivary gland hypofunction
and xerostomia treatment is primarily palliative, mainly by applying artificial lubrication
and stimulating the salivary glands’ residual capacity when possible. In addition, radiation
therapy will impair the saliva’s physical and rheological properties, making it stickier
and viscous and turning it from transparent to yellow or brown [115,116]. Changes in
the saliva’s physical properties have been connected to xerostomia, affecting mouthfeel
perception by reducing lubrication and oral wetness [33,117].

Moreover, salivary gland hypofunction diminishes saliva’s protective functions, in-
creasing the risk and accelerating the onset and development of oral disease. IMRT’s
harmful effects on saliva result in a dry and fragile oral mucosa, oral mucosal discomfort,
pain, and hampered speech. Regarding nutrition, altered saliva will alter taste perception,
the formation and translocation of a food bolus, and mastication efficiency [19,114,118].

On the other hand, an altered flow rate and composition would impair oral home-
ostasis, increasing tooth demineralisation risk and reducing remineralisation due to the
lack of calcium and phosphate [119,120]. In this scenario, HNC survivors are more prone
to carious lesions, tooth fractures, or tooth loss, leading to tooth extractions, resulting in
an increased risk of osteoradionecrosis of the jaw [121,122]. These oral health issues can
significantly impact general health, daily functioning, social interactions, and psychological
well-being. Consequently, patients may limit their daily activities and social engagements,
which can severely deteriorate their quality of life [19,118,123–125].

In addition, it has been reported that epithelial barrier disruption would determine
bacterial community variation [57] (Figure 3); this is relevant during cancer therapy when
oral ulcerative mucosal toxicities occur due to radiation therapy, and ROM appears at a
high rate (40–60% incidence) [20]. ROM presents an ulceration phase, which is the most
important, associated with pain, weight loss, fatigue, apathy, and depression. Additionally,
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oral bacteria colonisation could aggravate mucositis, contributing to its length and severity
by stimulating macrophages’ pro-inflammatory and additional cytokine secretion, affecting
its resolution. Bacteria can colonise the lesions during the ulcerative phase, leading to
secondary infection. The exact mechanism has not yet been elucidated; however, it is
believed that bacteria cell wall products enter the submucosa, stimulating macrophages
to secrete pro-inflammatory cytokines, developing inflammation [126,127]. Microbial
homeostasis promotes healthy and functional epithelial barriers and anti-inflammatory
factors that impede pathogen invasion. These metabolites produced by these bacteria
would encourage epithelial barrier growth [57].

7. Conclusions and Future Directions

This article focuses on the role of the oral microbiome and salivary metabolites in
maintaining oral health and their potential connections to systemic diseases and cancer
progression. Understanding the interaction between salivary microbial metabolites and
cancer therapy side effects can lead to more effective preventive and therapeutic strategies.
These strategies would help manage the oral conditions that appear during and after the
treatment.

Numerous studies have demonstrated that oral microbiota dysbiosis and disruptions
in oral mucosal homeostasis can serve as modifiable risk factors for the development of
OSCC. Fusobacterium, Streptococcus, Peptostreptococcus, Porphyromonas gingivalis, and Pre-
votella have been linked to oral carcinoma through mechanisms such as promoting cell
proliferation, producing oncogenic compounds, and fostering an inflammatory microenvi-
ronment. While there is promising evidence connecting dysbiosis to an increased cancer
risk, this area of research is still evolving.

The identification of specific bacterial species and their metabolites involved in oral
cancer progression suggests that managing the oral microbiome could be a viable strategy
for improving cancer treatment outcomes. In addition to focusing on metabolites, it is
essential to consider the virulence factors of these microbial species, as they can significantly
influence disease progression and the efficacy of treatments.

Improving our understanding of the specific metabolic pathways regarding oral
microbiome balance and dysbiosis, particularly in the context of cancer, could lead to the
development of tailored treatment methods (determined by specific patient condition) that
enhance microbiome health to contribute to the efficacy and reduce the toxicity of cancer
therapies.

Longitudinal studies are needed to establish metabolites and virulence factors as
salivary biomarkers that could be used for the early diagnosis and monitoring of oral and
systemic diseases. While the direct correlation between bacterial virulence factors in saliva
and their use as biomarkers for early diagnosis or monitoring is still an area of ongoing
research, the evidence suggests a promising link. Further studies are needed to validate
these findings and establish reliable biomarkers for clinical use.

It is essential to note that oral bacterial communities can fluctuate over time due to
various host factors, including sex, ethnicity, habitual exposure to OSCC risk factors (such
as smoking, alcohol consumption, and betel nut chewing), and individual oral health
conditions. Therefore, the careful control of variables related to inter-individual differences
is crucial to accurately assess shifts in oral microbiome populations that are specifically
attributable to early-stage tumourigenesis. As a result, while utilising these microbial and
metabolic markers for early detection in clinical settings is not yet standard practice, their
potential to enhance early diagnosis and intervention remains significant.

Monitoring and modulating the oral microbiome and metabolome could enhance treat-
ment outcomes and reduce side effects such as oral mucositis, xerostomia, and radiotherapy
caries to improve patients’ overall quality of life. Probiotics and dietary modifications that
restore microbial balance and maintain epithelial integrity might mitigate treatment-related
side effects and support overall oral health. Regular monitoring and intervention for oral
complications in HNC survivors are crucial. Early detection and the management of issues
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like altered saliva flow, mucositis, and dental damage can prevent further complications
and improve patient quality of life.
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Aggregatibacter actinomycetemcomitans: From the Oral Cavity to the Heart Valves. Microorganisms 2024, 12, 1451. [CrossRef]

70. Pignatelli, P.; Romei, F.M.; Bondi, D.; Giuliani, M.; Piattelli, A.; Curia, M.C. Microbiota and Oral Cancer as A Complex and
Dynamic Microenvironment: A Narrative Review from Etiology to Prognosis. Int. J. Mol. Sci. 2022, 23, 8323. [CrossRef]

71. Lan, Z.; Liu, W.-J.; Cui, H.; Zou, K.-L.; Chen, H.; Zhao, Y.-Y.; Yu, G.-T. The role of oral microbiota in cancer. Front. Microbiol. 2023,
14, 1253025. [CrossRef]

72. O’Grady, I.; Anderson, A.; O’Sullivan, J. The interplay of the oral microbiome and alcohol consumption in oral squamous cell
carcinomas. Oral Oncol. 2020, 110, 105011. [CrossRef]

73. Carpenter, G. Salivary Factors that Maintain the Normal Oral Commensal Microflora. J. Dent. Res. 2020, 99, 644–649. [CrossRef]
[PubMed]

74. Pärssinen, M.; Jäsberg, H.; Mikkonen, J.; Kullaa, A. Oral mucosal pellicle as an immune protection against micro-organisms in
patients with recurrent aphthous stomatitis: A hypothesis. Med. Hypotheses 2021, 146, 110449. [CrossRef]

75. Cleaver, L.M.; Moazzez, R.V.; Carpenter, G.H. Evidence for Proline Utilization by Oral Bacterial Biofilms Grown in Saliva. Front.
Microbiol. 2021, 11, 619968. [CrossRef] [PubMed]

76. Alhulaefi, S.S.; Watson, A.W.; Ramsay, S.E.; Jakubovics, N.S.; Matu, J.; Griffiths, A.; Kimble, R.; Siervo, M.; Brandt, K.; Shannon,
O.M. Effects of dietary nitrate supplementation on oral health and associated markers of systemic health: A systematic review.
Crit. Rev. Food Sci. Nutr. 2024. [CrossRef] [PubMed]

77. Feng, J.; Liu, J.; Jiang, M.; Chen, Q.; Zhang, Y.; Yang, M.; Zhai, Y. The Role of Oral Nitrate-Reducing Bacteria in the Prevention of
Caries: A Review Related to Caries and Nitrate Metabolism. Caries Res. 2023, 57, 119–132. [CrossRef]

78. Inui, T.; Walker, L.C.; Dodds, M.W.J.; Hanley, A.B. Extracellular glycoside hydrolase activities in the human oral cavity. Appl.
Environ. Microbiol. 2015, 81, 5471–5476. [CrossRef]

79. Takahashi, N. Oral microbiome metabolism: From “who are they?” to “what are they doing?”. J. Dent. Res. 2015, 94, 1628–1637.
[CrossRef]

80. Andreadis, G.; Topitsoglou, V.; Kalfas, S. Acidogenicity and acidurance of dental plaque and saliva sediment from adults in
relation to caries activity and chlorhexidine exposure. J. Oral Microbiol. 2015, 7, 26197. [CrossRef]

81. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; Van Harsselaar, J.; et al.
Short chain fatty acids in human gut and metabolic health. Benef. Microbes 2020, 11, 411–455. [CrossRef]

https://doi.org/10.3389/froh.2023.1229145
https://www.ncbi.nlm.nih.gov/pubmed/37719278
https://doi.org/10.3390/ijms242316603
https://doi.org/10.1016/j.micpath.2022.105638
https://doi.org/10.1038/s41598-020-59733-6
https://doi.org/10.1002/cre2.640
https://doi.org/10.3390/metabo14050277
https://doi.org/10.1111/odi.12867
https://doi.org/10.1016/j.archoralbio.2015.03.004
https://doi.org/10.1590/1678-7757-2020-0854
https://www.ncbi.nlm.nih.gov/pubmed/33886946
www.asco.org/supportive-care-guidelines
https://doi.org/10.1200/JCO.21.01208
https://www.ncbi.nlm.nih.gov/pubmed/34283635
https://doi.org/10.3389/fcimb.2023.1289452
https://www.ncbi.nlm.nih.gov/pubmed/38029267
https://doi.org/10.3390/microorganisms11061453
https://www.ncbi.nlm.nih.gov/pubmed/37374955
https://doi.org/10.1038/s41368-018-0032-z
https://doi.org/10.1177/0022034520907341
https://doi.org/10.3390/microorganisms12071451
https://doi.org/10.3390/ijms23158323
https://doi.org/10.3389/fmicb.2023.1253025
https://doi.org/10.1016/j.oraloncology.2020.105011
https://doi.org/10.1177/0022034520915486
https://www.ncbi.nlm.nih.gov/pubmed/32283990
https://doi.org/10.1016/j.mehy.2020.110449
https://doi.org/10.3389/fmicb.2020.619968
https://www.ncbi.nlm.nih.gov/pubmed/33552029
https://doi.org/10.1080/10408398.2024.2351168
https://www.ncbi.nlm.nih.gov/pubmed/38733290
https://doi.org/10.1159/000529162
https://doi.org/10.1128/AEM.01180-15
https://doi.org/10.1177/0022034515606045
https://doi.org/10.3402/jom.v7.26197
https://doi.org/10.3920/BM2020.0057


Cancers 2024, 16, 3545 22 of 23

82. Chen, B.-J.; Takeshita, T.; Tajikara, T.; Asakawa, M.; Kageyama, S.; Shibata, Y.; Ayukawa, Y.; Yano, Y.; Yamashita, Y. Butyrate as a
Potential Driver of a Dysbiotic Shift of the Tongue Microbiota. mSphere 2023, 8, e0049022. [CrossRef]

83. Heim, C.E.; Bosch, M.E.; Yamada, K.J.; Aldrich, A.L.; Chaudhari, S.S.; Klinkebiel, D.; Gries, C.M.; Alqarzaee, A.A.; Li, Y.; Thomas,
V.C.; et al. Lactate production by Staphylococcus aureus biofilm inhibits HDAC11 to reprogramme the host immune response
during persistent infection. Nat. Microbiol. 2020, 5, 1271–1284. [CrossRef] [PubMed]

84. Magrin, G.L.; Di Summa, F.; Strauss, F.-J.; Panahipour, L.; Mildner, M.; Benfatti, C.A.M.; Gruber, R. Butyrate decreases ICAM-1
expression in human oral squamous cell carcinoma cells. Int. J. Mol. Sci. 2020, 21, 1679. [CrossRef] [PubMed]

85. Hubbard, A.K.; Rothlein, R. Intercellular Adhesion Molecule-1 (Icam-1) Expression And Cell Signaling Cascades. Free Radic. Biol.
Med. 2000, 28, 1379–1386. [CrossRef]

86. Shirasugi, M.; Nakagawa, M.; Nishioka, K.; Yamamoto, T.; Nakaya, T.; Kanamura, N. Relationship between periodontal disease
and butyric acid produced by periodontopathic bacteria. Inflamm. Regen. 2018, 38, 23. [CrossRef] [PubMed]

87. Ishikawa, T.; Sasaki, D.; Aizawa, R.; Shimoyama, Y.; Yamamoto, M.; Irié, T.; Sasaki, M. Effect of butyric acid in the proliferation
and migration of junctional epithelium in the progression of periodontitis: An in vitro study. Dent. J. 2021, 9, 44. [CrossRef]

88. Liu, Y.-L.; Nascimento, M.; A Burne, R. Progress toward understanding the contribution of alkali generation in dental biofilms to
inhibition of dental caries. Int. J. Oral Sci. 2012, 4, 135–140. [CrossRef]

89. Nascimento, M.; Alvarez, A.; Huang, X.; Browngardt, C.; Jenkins, R.; Sinhoreti, M.; Ribeiro, A.; Dilbone, D.; Richards, V.; Garrett,
T.; et al. Metabolic Profile of Supragingival Plaque Exposed to Arginine and Fluoride. J. Dent. Res. 2019, 98, 1245–1252. [CrossRef]

90. Jakubovics, N.S.; Robinson, J.C.; Samarian, D.S.; Kolderman, E.; Yassin, S.A.; Bettampadi, D.; Bashton, M.; Rickard, A.H. Critical
roles of arginine in growth and biofilm development by Streptococcus gordonii. Mol. Microbiol. 2015, 97, 281–300. [CrossRef]

91. Cleaver, L.M.; Moazzez, R.; Carpenter, G.H. Mixed aerobic-anaerobic incubation conditions induce proteolytic activity from
in vitro salivary biofilms. J. Oral Microbiol. 2019, 11, 1643206. [CrossRef]

92. Mojdami, Z.D.; Barbour, A.; Oveisi, M.; Sun, C.; Fine, N.; Saha, S.; Marks, C.; Elebyary, O.; Watson, E.; Tenenbaum, H.; et al.
The Effect of Intensity-Modulated Radiotherapy to the Head and Neck Region on the Oral Innate Immune Response and Oral
Microbiome: A Prospective Cohort Study of Head and Neck Tumour Patients. Int. J. Mol. Sci. 2022, 23, 9594. [CrossRef]

93. Zhang, L.; Liu, Y.; Zheng, H.J.; Zhang, C.P. The Oral Microbiota May Have Influence on Oral Cancer. Front. Cell. Infect. Microbiol.
2020, 9, 476. [CrossRef] [PubMed]

94. Flemer, B.; Warren, R.D.; Barrett, M.P.; Cisek, K.; Das, A.; Jeffery, I.B.; Hurley, E.; O‘Riordain, M.; Shanahan, F.; O’Toole, P.W. The
oral microbiota in colorectal cancer is distinctive and predictive. Gut 2018, 67, 1454–1463. [CrossRef] [PubMed]

95. Mo, S.; Ru, H.; Huang, M.; Cheng, L.; Mo, X.; Yan, L. Oral-Intestinal Microbiota in Colorectal Cancer: Inflammation and
Immunosuppression. J. Inflamm. Res. 2022, ume 15, 747–759. [CrossRef]

96. Gao, R.; Zhu, Y.; Kong, C.; Xia, K.; Li, H.; Zhu, Y.; Zhang, X.; Liu, Y.; Zhong, H.; Yang, R.; et al. Alterations, Interactions, and
Diagnostic Potential of Gut Bacteria and Viruses in Colorectal Cancer. Front. Cell. Infect. Microbiol. 2021, 11, 657867. [CrossRef]
[PubMed]

97. Thurnheer, T.; Karygianni, L.; Flury, M.; Belibasakis, G.N. Fusobacterium Species and Subspecies Differentially Affect the
Composition and Architecture of Supra- and Subgingival Biofilms Models. Front. Microbiol. 2019, 10, 1716. [CrossRef]

98. Wang, X.-L.; Xu, H.-W.; Liu, N.-N. Oral Microbiota: A New Insight into Cancer Progression, Diagnosis and Treatment. Phenomics
2023, 3, 535–547. [CrossRef]

99. Praveen, Z.; Choi, S.-W.; Lee, J.H.; Park, J.Y.; Oh, H.J.; Kwon, I.J.; Park, J.H.; Kim, M.K. Oral Microbiome and CPT1A Function in
Fatty Acid Metabolism in Oral Cancer. Int. J. Mol. Sci. 2024, 25, 10890. [CrossRef]

100. Li, S.; He, M.; Lei, Y.; Liu, Y.; Li, X.; Xiang, X.; Wu, Q.; Wang, Q. Oral Microbiota and Tumor—A New Perspective of Tumor
Pathogenesis. Microorganisms 2022, 10, 2206. [CrossRef]

101. Yost, S.; Stashenko, P.; Choi, Y.; Kukuruzinska, M.; Genco, C.A.; Salama, A.; Weinberg, E.O.; Kramer, C.D.; Frias-Lopez, J.
Increased virulence of the oral microbiome in oral squamous cell carcinoma revealed by metatranscriptome analyses. Int. J. Oral
Sci. 2018, 10, 32. [CrossRef]

102. Chen, J.-W.; Wu, J.-H.; Chiang, W.-F.; Chen, Y.-L.; Wu, W.-S.; Wu, L.-W. Taxonomic and Functional Dysregulation in Salivary
Microbiomes During Oral Carcinogenesis. Front. Cell. Infect. Microbiol. 2021, 11, 663068. [CrossRef]

103. Yan, K.; Auger, S.; Diaz, A.; Naman, J.; Vemulapalli, R.; Hasina, R.; Izumchenko, E.; Shogan, B.; Agrawal, N. Microbial Changes
Associated With Oral Cavity Cancer Progression. Otolaryngol. Neck Surg. 2023, 168, 1443–1452. [CrossRef] [PubMed]

104. Gopinath, V.K.; Gopinath, V.K.; Arzreanne, A.R. Saliva as a diagnostic tool for assessment of dental caries. Arch. Orofac. Sci. 2006,
1, 57–59. Available online: https://www.researchgate.net/publication/45492327 (accessed on 9 August 2024).

105. Mäkinen, A.I.; Pappalardo, V.Y.; Buijs, M.J.; Brandt, B.W.; Mäkitie, A.A.; Meurman, J.H.; Zaura, E. Salivary microbiome profiles of
oral cancer patients analyzed before and after treatment. Microbiome 2023, 11, 171. [CrossRef] [PubMed]

106. Huybrechts, I.; Zouiouich, S.; Loobuyck, A.; Vandenbulcke, Z.; Vogtmann, E.; Pisanu, S.; Iguacel, I.; Scalbert, A.; Indave, I.;
Smelov, V.; et al. The human microbiome in relation to cancer risk: A systematic review of epidemiologic studies. CancerEpidemiol.
Biomark. Prev. 2020, 29, 1856–1868. [CrossRef] [PubMed]

107. Alex Arthur, R.; dos Santos Bezerra, R.; Paulo Bianchi Ximenez, J.; Laís Merlin, B.; de Andrade Morraye, R.; Valentini Neto, J.;
Melo Nasser Fava, N.; Livingstone Alves Figueiredo, D.; Alberto Oliveira de Biagi, C., Jr.; Jara Montibeller, M.; et al. Microbiome
and oral squamous cell carcinoma: A possible interplay on iron metabolism and its impact on tumor microenvironment. Braz. J.
Microbiol. 2021, 52, 1287–1302. [CrossRef]

https://doi.org/10.1128/msphere.00490-22
https://doi.org/10.1038/s41564-020-0756-3
https://www.ncbi.nlm.nih.gov/pubmed/32661313
https://doi.org/10.3390/ijms21051679
https://www.ncbi.nlm.nih.gov/pubmed/32121422
https://doi.org/10.1016/S0891-5849(00)00223-9
https://doi.org/10.1186/s41232-018-0081-x
https://www.ncbi.nlm.nih.gov/pubmed/30574217
https://doi.org/10.3390/dj9040044
https://doi.org/10.1038/ijos.2012.54
https://doi.org/10.1177/0022034519869906
https://doi.org/10.1111/mmi.13023
https://doi.org/10.1080/20002297.2019.1643206
https://doi.org/10.3390/ijms23179594
https://doi.org/10.3389/fcimb.2019.00476
https://www.ncbi.nlm.nih.gov/pubmed/32010645
https://doi.org/10.1136/gutjnl-2017-314814
https://www.ncbi.nlm.nih.gov/pubmed/28988196
https://doi.org/10.2147/JIR.S344321
https://doi.org/10.3389/fcimb.2021.657867
https://www.ncbi.nlm.nih.gov/pubmed/34307189
https://doi.org/10.3389/fmicb.2019.01716
https://doi.org/10.1007/s43657-023-00124-y
https://doi.org/10.3390/ijms252010890
https://doi.org/10.3390/microorganisms10112206
https://doi.org/10.1038/s41368-018-0037-7
https://doi.org/10.3389/fcimb.2021.663068
https://doi.org/10.1002/ohn.211
https://www.ncbi.nlm.nih.gov/pubmed/36939272
https://www.researchgate.net/publication/45492327
https://doi.org/10.1186/s40168-023-01613-y
https://www.ncbi.nlm.nih.gov/pubmed/37542310
https://doi.org/10.1158/1055-9965.EPI-20-0288
https://www.ncbi.nlm.nih.gov/pubmed/32727720
https://doi.org/10.1007/s42770-021-00491-6


Cancers 2024, 16, 3545 23 of 23

108. Zi, J.; Wang, F.; Liu, Z.; Wang, Y.; Qiu, L.; Zhu, G.; Li, H. Impact of Toll-like Receptor 4 Expression on Inflammatory Responses
Related to Premature Membrane Rupture Induced by Lipopolysaccharide. Discov. Med. 2023, 35, 429–435. [CrossRef]

109. Leonov, G.E.; Varaeva, Y.R.; Livantsova, E.N.; Starodubova, A.V. The complicated relationship of short-chain fatty acids and oral
microbiome: A narrative review. Biomedicines 2023, 11, 2749. [CrossRef]

110. Coutzac, C.; Jouniaux, J.M.; Paci, A.; Schmidt, J.; Mallardo, D.; Seck, A.; Asvatourian, V.; Cassard, L.; Saulnier, P.; Lacroix, L.; et al.
Systemic short chain fatty acids limit antitumor effect of CTLA-4 blockade in hosts with cancer. Nat. Commun. 2020, 11, 2168.
[CrossRef] [PubMed]

111. Rehman, S.K.; Haynes, J.; Collignon, E.; Brown, K.R.; Wang, Y.; Nixon, A.M.; Bruce, J.P.; Wintersinger, J.A.; Mer, A.S.; Lo, E.B.;
et al. Colorectal cancer cells enter a diapause-like DTP state to survive chemotherapy. Cell 2021, 184, 226–242. [CrossRef]
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