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Abstract

Cervical cancer (CC) is a complex, multistep process involving various viral, molecular,
cellular, endogenous, and environmental events that transform normal cervical epithe-
lium into a malignant tumor through a cascade of events. The contribution of high-risk
human papillomavirus (HPV) to cancer is significant but involves many additional mech-
anisms such as oxidative stress (OS), arrested apoptosis of non-functional intraepithelial
neoplastic cells, senescence-associated secretory phenotype (SASP), and the final epithelial–
mesenchymal transition (EMT) of cervical epithelial neoplasia (CIN) cells. While high-risk
HPV oncoproteins E6 and E7 are widely recognized as the primary triggers of CC, the criti-
cal role of E6 in degrading the p53 regulatory protein, thereby inhibiting the apoptosis of
reactive oxygen species (ROS)-damaged neoplastic cells, is frequently underappreciated in
the gynecological literature. Arrested apoptosis of non-functional neoplastic intraepithelial
cells is a key event in cervical carcinogenesis and the biological basis of CIN progression
via SASP senescence and ultimately EMT. While recent reviews touched upon each of the
reviewed aspects, this review aims to provide a general understanding of all links in this
complex molecular-biological chain, from HPV infection, oxidative stress, arrested apopto-
sis, SASP, and EMT. Beyond providing an encompassing primer for clinical researchers,
we additionally review potential oxidative stress-related markers for shifting the classic
diagnostic and therapeutic paradigms of CIN and cervical cancer.

Keywords: ROS; SASP; HPV; cervical cancer

1. Introduction
Cervical cancer remains a significant worldwide health burden and a complex biologi-

cal phenomenon. Cervical cancer remains among the top most common types of cancer
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among women [1], with persistent human papillomavirus (HPV) infection identified as the
primary risk factor. While HPV is the most prevalent sexually transmitted infection glob-
ally [2], the majority of infections are transient and spontaneously cleared by the immune
system. However, persistent infections can manifest as premalignant cervical intraepithelial
lesions (CIN) which pose a risk for progression to invasive disease [3]. The link between
HPV and cervical cancer was established in 1974 by Harald zur Hausen. His team cloned
the HPV16 and HPV18 genomes in the mid-1980s and used cervical cancer cell lines to
demonstrate the association of the viral genomes E6 and E7 with malignant growth. For the
discovery of HPV, Dr zur Hausen received the Nobel Prize in Physiology and Medicine in
2008 [4]. Briefly, the viral oncogene E6 binds to the guardian of the genome, the suppressor
protein p53, while the viral oncogene E7 binds to and degrades the retinoblastoma protein
(pRb), causing uncontrolled proliferation [5].

While HPV infection is very common, current scientific knowledge indicates that a
significant proportion of moderate CIN (CIN2) [6,7] and severe CIN (CIN3) [8] lesions
spontaneously regress rather than progress to invasive cancer. Cervical intraepithelial
neoplasia is a pathogenic condition closely related to persistent HPV infection, but the
virus is not the only driver that contributes to the development of CIN and CC. According
to the World Health Organization (WHO) and the International Agency for Research on
Cancer (IARC), the incidence of CIN is highest in women between the ages of 20 and 30,
especially in low- and middle-income countries [9]. While it is not completely understood
why only a fraction of infections ultimately lead to cancer, several of the links have been
suggested and are discussed below.

Oxidative stress (OS) is a biological condition characterized by an imbalance between
the production of reactive oxygen species (ROS) and the body’s ability to neutralize them
with antioxidants. While low levels of ROS are essential for normal cell signaling and
immune defense, an excess can damage cellular structures including DNA, proteins, and
lipids [10].

The introduction of oxygen into the Earth’s atmosphere has had a dualistic metabolic
effect on all eukaryotic organisms since the beginning. Oxygen enabled the evolution
of complex organisms with high energy needs, but it is also a constant source of new
toxins [11]. The evolutionary shift toward aerobic metabolism provided significant bioener-
getic advantages but simultaneously introduced the metabolic burden of reactive oxygen
species (ROS). These volatile by-products, most notably the superoxide anion (O2

•−), hy-
drogen peroxide (H2O2), and the highly destructive hydroxyl radical (•OH), are inherent
consequences of mitochondrial oxygen consumption [12]. In recent years, there has been
growing interest in researching the joint impact of HPV infection and oxidative stress on
the development of cervical cancer [13–16].

Senescence is a permanent cell cycle arrest. Senescence is usually triggered by DNA
damage, a process often referred to as stress-induced premature senescence, and is known
to be one of major tumor suppressive effects of p53 [17,18]. Various internal or external
stressors can trigger the DNA damage response pathway, thus activating the p53 and/or
p16INK4A pathways [19]. The protein p16INK4A plays a key role in the regulation of the
cell cycle and aging. It acts as an inhibitor of cyclin-dependent kinases (CDK4, CDK6),
blocking phosphorylation of the retinoblastoma tumor suppressor (pRb) and stopping the
cell cycle in the G1 phase [20]. Senescence and apoptosis have long been known as directly
involved in cervical cancerogenesis [21] and reverting the influence of E6/E7 oncoproteins
can also restore the cells toward physiological apoptosis/senescence responses [22,23].
However, senescence remains a biological paradox in cervical carcinogenesis. Through
pathways of oncogene-induced arrest, the cell initially blocks the transmission of dam-
aged DNA to subsequent generations. Yet, when senescent cells persist, they undergo
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extensive metabolic reprogramming and transition into a hyper-secretory state [24]. This
chronic senescence-associated secretory phenotype (SASP) induces a pro-tumorigenic niche,
characterized by local inflammation and immune exclusion, which collectively fuel the
progression from localized CIN to invasive, metastatic disease which has already been
implicated in cervical cancer patients survival [25].

The epithelial–mesenchymal transition (EMT) represents a profound cellular recon-
figuration, wherein polarized epithelial cells, anchored to the basement membrane, shed
their architectural constraints. Through a series of coordinated biochemical shifts, these
cells adopt a mesenchymal state characterized by a transitioned phenotype with elevated
apoptosis resistance, migratory capability, and invasiveness [26].

EMT involves the alteration of cell types and several transcription factors have been
implicated in the regulation of gene expression related to this transition. Studies of tran-
scriptional regulators in the evolution of precancerous lesions of the cervical epithelium are
not very common, but fortunately they exist. One such study identified the transcription
protein SNAIL as an important transcription factor that regulates cervical cancer inva-
sion [27]. Another recent study revealed a gradual increase in the transcriptional markers
TWIST, SNAIL, and SLUG as precancerous lesions progressed from LSIL to HSIL [28].

The topic of this article is not only a description of the transformation of CIN into
CC, because without mentioning all the actors who contributed to it, this overview would
not be complete. Cervical cancer, due to its anatomical location, visualization capabilities,
direct access, and significant impact on women’s health, has attracted the attention of
experts and scientific researchers since the late 19th century. This review summarizes the
impacts of HPV infection, oxidative stress, reactive oxygen species, senescence-associated
secretory phenotype (SASP), and epithelial–mesenchymal transition (EMT), likely the most
important links in the complex molecular-biological chain known as cervical cancer.

Undeniably, each of those topics has been reviewed previously in the context of
HPV [13,15,29–35]; however, this review integrates all critical steps of HPV-driven cervical
carcinogenesis into a comprehensive and coherent overview, with oxidative stress as a
central unifying theme, intended as a structured starting point for researchers entering
the field.

2. HPV as a Major Factor in the Development of Cervical Cancer
HPV is the initiator of complex molecular-biological events that transform normal

cervical epithelium into CIN. HPV is undoubtedly the trigger for all these events, but
without the help of ROS and chronic infection, cervical cancer as the ultimate pathological
condition is difficult to achieve in vivo. Unfortunately, there are numerous conditions from
a woman’s lifestyle that contribute to the development of CC, and as a rule, pass under
the radar of all screening programs [13]. Human papilloma virus itself (HPV) is a small,
non-enveloped, double-stranded DNA virus with a tropism for squamous epithelium.
It is a member of the Papilloma viridae (PV) virus family, which, as of 2019, is divided
into 53 genera, each denoted by a letter of the Greek alphabet [36]. Only five genera
of papilloma viruses can infect humans. Currently there are 231 recognized HPV types
(updated information can be found at the Papillomavirus Episteme [37]) and they are often
classified into low-risk (LR-HPV, i.e., 6 and 11, etc.) and high risk (HR-HPV, i.e., 16, 18, 45,
etc.) types depending on their association with cervical cancer [38].

HPV infection is characterized by a strict requirement for the metabolically active,
undifferentiated environment found at the base of the squamous epithelium [39]. Local
tissue architecture, comprising a gradient from basal progenitors to cornified squamous
cells, presents a challenge for a virus that does not encode for its own polymerases [40]. To
facilitate its genome replication, HPV must prioritize the infection of the basal layer, thereby
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bypassing the replicative ‘dead end’ of differentiated suprabasal cells that have transitioned
out of the active cell cycle [41]. Access to the proliferative basal compartment is typically
facilitated by physical micro-trauma or mucosal abrasions [42]. However, the cervical
transformation zone (TZ) presents a unique physiological bypass to this requirement. In this
transitional landscape, where the simple columnar cells of the endocervix meet the stratified
squamous architecture of the ectocervix, the basal layer is naturally more accessible to
viral entry without the necessity of mechanical injury. Furthermore, this junctional niche
harbors specialized ‘reserve cells’, a population of resident stem cells that serve as primary
targets for high-risk HPV, potentially acting as the cellular origin for persistent oncogenic
transformation [43]. Accounting for a significant portion of the global cancer burden, high-
risk HPV types (such as 16, 18, and 31) leverage their early genes to disrupt host cellular
homeostasis [44]. The transformation potential of these viruses lies in the early-region
proteins, specifically E6 and E7, which induce uncontrolled mitotic entry. In the cervical
niche, this viral pressure collides with oxidative stress, creating a lethal combination that
promotes protein carbonylation and DNA damage. This process is further intensified by the
E6-mediated sequestration of p53, which prevents the apoptosis of damaged cells [45–48].
Beyond genomic disruption, HPV oncoproteins are known to influence cell metabolism [49],
shifting the glucose fermentation to lactate which can lead to electron transport chain
inefficiencies in mitochondria and subsequent ROS accumulation [50]. The persistence of
these high-risk types also facilitates a shift in the local cytokine profile; the upregulated
production of TGF-β1 and IL-10 creates a sheltered, immunosuppressive environment that
permits the progression from dysplasia to invasive cancer. While pathogenesis is primarily
driven by E6 and E7, the often-overlooked E5 oncoprotein also plays a critical synergistic
role [51]. E5 facilitates early cellular transformation by hyperactivating EGFR signaling
but also has direct roles in the inhibition of apoptosis as well as immune evasion [52–54].
Cervical cancer progression is also known to be associated with chronic inflammation [55].
The inflammatory landscape of high-risk HPV infection is largely dictated by the viral
oncoproteins (E5, E6, and E7), which aggressively stimulate the cyclooxygenase-2 (COX-2)
and prostaglandin E2 (PGE2) cascade. This specific molecular axis is widely recognized as
the central instigator of the viral inflammatory response. Beyond the COX-PGE2 axis, the
continuous expression of these viral genes directly triggers the release of a diverse array of
pro-inflammatory cytokines [56]. Ultimately, this cytokine amplification creates a hostile,
inflamed microenvironment that accelerates the transition from a simple viral infection to
established dysplasia [55].

HPV infection, Reactive Oxygen Species (ROS), and chronic inflammation form a
feed-forward loop that drives cervical cancer, where persistent HPV triggers inflammation
and ROS, leading to cellular damage, DNA mutations, and malignant transformation, a pro-
cess accelerated by immune response failure and sustained inflammatory signaling [57,58]
(Figure 1). Despite clinical advancements in prophylactic immunization, surgical interven-
tions, and chemotherapeutic regimens, the holistic management of cervical malignancies
continues to face critical limitations. Most notably, while current HPV vaccines offer robust
primary prevention against incident viral exposure, they are strictly prophylactic; they im-
part no therapeutic benefit, viral clearance, or disease regression for individuals harboring
established infections or pre-existing neoplastic lesions [59]. Among the challenges that
researchers will face in the coming time is the need to explain the origin of subclinical HPV
infections [60] as the age-specific incidence of cervical cancer currently shows a bipolar
pattern in some high-income countries like Denmark [61] and USA [62]. In most cases of
unclear subclinical or chronic latent HPV infections, or sudden onset of cervical cancer
in postmenopause, the cause of development might be found in a viral infection of basal
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epithelial cells, unrecognized by the PAP test, which is arrested in a state of senescence
(stable cell cycle arrest) and reactivated after 15–20–30 years.

 

Figure 1. The synergistic mechanistic pathway of HPV-driven cervical carcinogenesis. Following
high-risk Human Papillomavirus (HPV) infection, the viral oncoproteins E5, E6, and E7 cooperatively
dismantle cellular homeostasis. E6 and E7 drive canonical oncogenic pathways via the targeted inhi-
bition of tumor suppressors p53 and pRb, resulting in impaired apoptosis and cell cycle deregulation.
Concurrently, the E5 oncoprotein acts as a critical amplifier by hyperactivating Epidermal Growth
Factor Receptor (EGFR) signaling and upregulating the COX-2 inflammatory axis. These combined
viral disruptions converge to generate high levels of Reactive Oxygen Species (ROS). The resulting
chronic oxidative stress and uncorrected DNA damage trigger cellular senescence in the surrounding
tissue leading to the accumulation of cells exhibiting a Senescence-Associated Secretory Phenotype
(SASP). SASP paracrine signaling and persistent inflammation alters the microenvironment and
allows cells with robust E6/E7 expression, which can actively bypass this senescent arrest as well
as apoptosis (dashed red lines), to undergo further dysplasia progression. Ultimately, epithelial–
mesenchymal transition, complemented by E5-mediated immune avoidance, culminate in invasive
cervical cancer.

Cervical intraepithelial neoplasia (CIN) is a summary term for abnormal growth of
squamous cells of the cervix that historically encompassed mild (CIN1), moderate (CIN2),
or severe (CIN3) lesions. It is routinely identified by pathohistological evaluation by
biopsy [63]. As mentioned above, HPV is necessary for the development of CIN starting
with mild lesions which produce new virions [64] but is only one of the factors required for
the disease progression towards cervical cancer. In most cases, the lesions progress rarely
as well as slowly taking even decades from infection to cancer [65]. This long period makes
combating invasive cancer through screening effective and organized screening programs
made significant reductions in mortality possible even with less sensitive methods [66].
Despite more than 100 years of research into cervical neoplasia, the issue of identifying
causes of progression to cancer remain unresolved as the major efforts were directed
towards HPV and possibly other aspects remain unexplored to date.

3. Oxidative Stress (OS) and Reactive Oxygen Species (ROS)
Oxidative stress (OS) is an imbalance where the body produces too many unstable

molecules called free radicals (reactive oxygen species or ROS) and/or lacks enough
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antioxidants to neutralize them, leading to cellular and tissue damage [10]. Mechanistically,
chronic infections are well-established inducers of oxidative stress (OS) via inflammatory
pathways. Consistent with this paradigm, persistent HPV infection acts synergistically
with OS, generating high levels of endogenous and exogenous ROS, such as superoxide
anion (O2

•−) and hydrogen peroxide (H2O2) [13,67]. This suggests that OS itself may be
the chronic trigger facilitating the progression of HPV from a simple viral infection to LSIL,
HSIL, and ultimately invasive cancer.

Reactive oxygen species (ROS) exhibit a dual physiological nature; though continu-
ously produced via basal metabolic pathways, they are also essential mediators of homeo-
static cellular signaling [12]. Cellular fate in the presence of ROS is dictated by the ratio
between the oxidative burden and endogenous antioxidant reserves. When this homeosta-
sis is disrupted, the intracellular environment shifts into oxidative stress (OS), culminating
in damage to the membrane lipids, cellular proteins, and nucleic acids [68].

The number of sites within each cell where superoxide anion (O2
•−) and H2O2 are

generated is significant, regardless of whether this production is physiological or abnormal.
Superoxide anion (O2

•−) and H2O2 are the most important ROS members, co-creators
of cellular homeostasis, but also generators of numerous abnormal conditions, including
cancer. The analysis of essential ROS molecules at the structural and functional level
is the basis for understanding all causal events within oxidative stress and has been a
focus of recent research. ROS are molecules with unpaired electrons or labile O-O bonds
(superoxide anion, hydrogen peroxide, hydroxyl radical, singlet oxygen) which react easily
with other molecules. Both O2

•− and H2O2, may, however, play a dual role. At the
level of physiological balance, ROS intermediate molecules (O2

•−, H2O2) formed in the
process of reducing molecular oxygen to water are very important for cellular signaling
and homeostasis [69], and at the pathological level they are considered harmful because
they can facilitate the generation of highly reactive species such as hydroxyl radicals (•OH)
which lead to damage causing abnormal conditions such as neurodegenerative diseases,
atherosclerosis, hypertension, cardiovascular diseases, diabetes mellitus, vitiligo, bipolar
disorder, schizophrenia, cancer, and degenerative diseases associated with aging [70].

The relationship between oxidative stress, excess reactive oxygen species, and HPV in-
fection is quite complex [15] and further research is needed to fully understand its nuances.
Recent research suggests that ROS (superoxide anion, hydroxyl radical) and HPV infection
may have the same targets inside the cell, acting together or independently: (i) tumor sup-
pressor protein p53, (ii) TP53 gene, (iii) tumor suppressor protein pRb, (iv) mitochondrial
membrane complexes I, III, and IV, (v) NADPH oxidase (NOX 1–5; DUOX 1–2), (vi) xan-
thine oxidase (XO), (vii) cyclooxygenase 2 (COX-2), (viii) ATM (ataxia and telangiectasia
mutated) kinase, (ix) ATR (ATM- and Rad3-related) kinase, (x) DNA-PK (DNA-dependent
protein kinase), and (xi) PARP-1 (poly ADP-ribose polymerase 1) [71–73]. Furthermore, the
membranes of cellular organelles, including the endoplasmic reticulum (ER), lysosomes,
and peroxisomes, are highly vulnerable to these combined effects.

One of the primary challenges in fully understanding the role of ROS is the lack
of effective methods for their in vivo detection, mainly due to their very short lifespan
and the presence of enzymatic antioxidant systems in cells. ROS have short half-lives
(t1/2: milliseconds to nanoseconds), and their migration distances or radius of action are
measured in micro or nanometers [74] (Table 1). Despite these detection challenges, it is
clear that endogenous ROS, generated by HPV alone or amplified by chronic inflammation,
closes the circle of causal events that ultimately induce the transition of intraepithelial
neoplastic cells into invasive cancer.
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Table 1. Critical reactive oxygen species (ROS) involved in signaling and pathology.

ROS Half-Life t1/2 (s) Migration Distance Reactivity

Superoxide anion (O2
•−) ~10−6 ~30 nm Selective

Hydrogen peroxide (H2O2) ~10−3 >1 µm Selective
Hydroxyl radical (•OH) ~10−9 ~1 nm Indiscriminate damage

3.1. Superoxide Anion (O2
•−)

Superoxide anion (O2
•−) is the largest generator of H2O2 in the metabolism of every

eukaryotic cell. In mammals, it is very important because, in addition to being a regulator
of homeostasis, it participates indirectly in the development of many diseases, including
cancer, via H2O2 and Fenton’s reaction. Superoxide anion is a reduced form of molecular
oxygen with a negative electrical charge which acts as both a radical and an anion [75].

Unpaired electrons make free radicals as well as superoxide anion highly reactive and
able to oxidize organic molecules [76,77].

In biological contexts, O2
•− is produced as a byproduct in the electron transport

chain (ETC) during mitochondrial (cellular) respiration. Approximately 2% of the oxygen
consumed is partially reduced to superoxide anion rather than fully to water [71]. In the
mitochondrial electron transport chain O2

•− is the initial product of incomplete oxygen
reduction, acting as both a signaling molecule, and if accumulated a potential toxin. Both
O2

•− and H2O2 are in fact selective in their reactions with biological molecules allowing
their signaling functions, while [•OH] indiscriminately damages DNA and proteins. To
prevent cellular damage, enzyme-like superoxide dismutase (SOD) rapidly convert super-
oxide anion into hydrogen peroxide which is then further reduced to water by catalase
(CAT) and glutathione peroxidase (GPx) [71,78].

The problems rise when the production of ROS due to aging or lifestyle factors exceeds
the action of enzymatic defenses leading to oxidative stress [10]. Metabolically, O2

•− is
intimately tied to mitochondrial respiration and specific cellular enzymes. Due to the
importance of the superoxide anion in overall cellular metabolism, it is critical to highlight
its primary mitochondrial and enzymatic sources:

(i) Cytochrome c oxidase (Complex IV): While a key component of the respiratory
chain [15,79,80], Complex IV is a large and complex multi-protein assembly, primarily
acting to safely bind and fully reduce O2 to water. Because partially reduced oxygen
species are damaging, its high affinity for oxygen—allowing it to operate at tissue O2

levels as low as 5 to 15 mmHg—functions fundamentally as an antioxidant defense to
minimize ROS leakage. The four redox-active metal centers (CuA, Cub, haem a, haem a3)
in cytochrome c oxidase play key roles in both O2 reduction and safe binding.

(ii) NADH:ubiquinone oxidoreductase (Mitochondrial Complex I): The largest enzyme
in the electron transport chain within mitochondria acting as the primary entry point for
electrons from NADH, Mitochondrial complex I acts as a major source of ROS. Defects of
Complex I are linked to numerous diseases, including mitochondrial disorders [81]. While
the primary function of mitochondria is the synthesis of adenosine triphosphate (ATP), this
bioenergetic process is inherently imperfect. During oxidative phosphorylation, electron
‘slippage’ along the respiratory chain and its accessory enzymes can result in superoxide
O2

•− or H2O2 [82]. Electrons can also leak from the flavin mononucleotide (FMN) site
or iron-sulfur clusters via highly reduced flavin radical intermediate [83]. Mammalian
mitochondria failures can occur at several sites in the electron transport chain that lead to
O2

•− and/or H2O2, both within or outside of the inner mitochondria membrane [84,85]. It
warrants repeating that HPV infection itself can adversely affect mitochondria morphology
and further increase ROS production above natural levels [50].

https://doi.org/10.3390/antiox15040486

https://doi.org/10.3390/antiox15040486


Antioxidants 2026, 15, 486 8 of 27

(iii) Cytochrome bc1 complex (Mitochondrial Complex III): Complex III receives high-
energy electrons from ubiquinol. During the Q-cycle, it acts as the second major source
of mitochondrial ROS, specifically releasing of O2

•− at the Qo site, which functions as a
signaling molecule in processes like oxygen sensing and immune regulation [86,87].

(iv) NADPH oxidase (NOX): Unlike mitochondria, where O2
•− and H2O2 are respi-

ratory by-products, the NOX family of transmembrane enzymes (including NOX1–5 and
DUOX1–2) exists primarily to produce ROS for immunity and cell signaling [88]. Deregu-
lation of these enzymes, and the subsequent failure to control O2

•− and H2O2 activity, is
a recognized trigger for numerous pathological disorders, including cancer and chronic
inflammation [89].

(v) Xanthine oxidase (XO): XO is a metalloenzyme containing molybdenum, iron, and
the cofactor FAD [90]. Uniquely possessed by mammals for the catabolism of hypoxanthine
and xanthine into uric acid [91,92], XO acts as a potent generator of ROS and likely has
more than a purely theoretical contribution to the development of cervical cancer.

Interestingly, HPV infection was found to lead to metabolomic shifts with direct
influence on the above sources of ROS [50] and directly modulate ROS production [93,94].
Of note is the direct interaction of high-risk HPV18 E2 early protein with mitochondrial
membranes and components of the respiratory chain [95]

3.2. Hydrogen Peroxide (H2O2): A Key Metabolic Molecule with a Significant Impact on Quality
of Life and Evolutionary Development

Oxygen (O2), superoxide anion (O2
•−), hydrogen peroxide (H2O2), and water (H2O)

are the basic molecules on which the entire metabolic architecture of the biological world is
built, not only structurally and functionally, but also developmentally. The acquisition of
electrons by O2 results in the formation of O2

•−, which will further generate other ROS [96]
unless the enzyme superoxide dismutase (SOD) can return it to its original state by taking
away an electron. SOD is a crucial antioxidant enzyme that protects cells by catalyzing the
self-reaction of superoxide radical (O2

•−) converting it into less harmful molecular oxygen
(O2) and hydrogen peroxide (H2O2) [97].

In the cellular metabolism of all aerobic organisms, hydrogen peroxide is a very
important molecule, but its dualistic character is relatively unknown, especially in the world
of clinical medicine. Hydrogen peroxide is a molecule that, at low concentrations and in the
environment of an efficient enzymatic antioxidant system, is the main driver of a complex
system of intracellular signaling and homeostasis in all spheres of life [71,98–101]. Primarily
because of its specific physicochemical properties, namely a longer half-life and greater
migration distance compared to other ROS (Table 1), H2O2 is uniquely capable of serving
as an intracellular messenger carrying redox signals from the site of its generation to distant
sites [102]. Under physiological conditions (eustress), H2O2 is most suitable for redox
signaling via the control of enzymatic activity and is known to modulate broad regulatory
network, directly influencing critical transcription factors such as NF-κB, HIF-1, TP53,
NRF2, CREB, and AP-1 [98]. The fundamental nature of this redox regulatory paradigm is
underscored by its evolutionary conservation with similarity in simple eukaryotes (Yap1,
Hsf1, Maf1, and Msn2/4) and bacteria (PerR and OxyR) [98,103]. Interestingly, HR-HPV
infections have been shown to affect the H2O2 levels in the vaginal microenvironment,
albeit likely by increasing the abundance of H2O2 producing bacteria [104].

However, when cellular antioxidant defenses fail, the dualistic character of this
molecule shifts toward distress. In these conditions, excess H2O2 acts as a constant gen-
erator of oxidative damage and drives numerous pathological conditions, including can-
cer [98,105–107]. Given the importance of H2O2 in the metabolism of every eukaryotic cell,
its specific chemical structure and genesis warrant closer examination.
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3.2.1. The Chemical Structure of H2O2

Hydrogen peroxide (H2O2) is a small molecule similar to water. Its size allows it to
diffuse easily through specific membrane channels called peroxyporins (a subgroup of
aquaporins). Contrary to traditional assumptions of passive lipid diffusion, the movement
of extracellular into the cellular interior is heavily dependent on aquaporin channels,
compensating for the molecule’s weak membrane permeability [108–110]. Interestingly, the
channels themselves are modulated by changes in the redox environment [111]. Elucidating
the specific role of these transport proteins represents a necessary step forward in the study
of oxidative stress pathways [112].

While strictly classified as a non-radical molecule, H2O2 possesses an intrinsic struc-
tural instability that makes it highly reactive within a biological context. Unlike the
superoxide anion, it lacks an unpaired electron; however, its inherent polarity and weak
internal bonds prime it for rapid metabolic interactions. Most critically for cellular patho-
genesis, H2O2 reacts with intracellular Fe2+ at sub nanosecond speeds, asymmetrically
decomposing into hydroxyl radical [•OH] and hydroxide anions [OH]−.

3.2.2. Hydrogen Peroxide and the Fenton Reaction

The redox regulation of H2O2 and its relationship with the iron ion (Fe2+) is a complex
process. It is fascinating that the simple reaction between Fe2+ and H2O2, first observed by
H.J.H. Fenton over 125 years ago, remains so complex to fully characterize in vivo [113,114],
despite H2O2 being a key molecule of intracellular signaling and antioxidants genera-
tion [115,116]. Crucially, H2O2 in high concentrations can quickly become a major driver of
pathological ROS via the Fenton reaction, a mechanism often underappreciated in clinical
oncology [117–119]. The classic Fenton reaction is defined as:

Fe2+ + H2O2 → Fe3+ + [OH]− + [•OH] (1)

The mechanism of the Fenton reaction has been studied and well summarized by
Stanbury [120]. The Fenton reaction is understood to be highly dependent on environmental
pH and iron concentration, producing oxoiron (IV) species at pH > 3 and the highly
destructive [•OH] under more acidic conditions [121–123].

While the chemical formula for the Fenton reaction is identical in inorganic and bio-
logical environments, the conditions of occurrence, auxiliary factors, control mechanisms,
and consequences of the same reaction in the living and non-living world are diametrically
opposed [124]. In human cell metabolism, the toxic potential of the Fenton reaction is heav-
ily context-dependent. When Fe2+ is safely bound within the heme group of a hemoglobin
molecule or a cytochrome enzyme, the Fenton reaction is heavily restricted. However,
as free, unbound iron accumulates in the tumor microenvironment, its toxic potential is
unleashed [118,125]. On the other hand, women with high levels of ferritin were less likely
to clear incident HPV infections [126] but the association of iron intake and HPV infections
is non linear [127].

In evolutionary development over billions of years, nature did not accidentally choose
iron (Fe) as the main factor in redox processes. Because free transition metals are highly
reactive, cellular biochemistry evolved to safely regulate their catalytic activity by incor-
porating them into cyclic porphyrin rings. The quintessential human example is heme,
a metalloporphyrin formed when protoporphyrin IX coordinates a central Fe2+ ion [128].
This structural motif acts as the functional core for a diverse network of critical cellular
proteins. Beyond its structural role in oxygen-binding proteins (hemoglobin, myoglobin),
heme provides the catalytic engine for major redox-active enzymes, encompassing the
cytochrome p450 monooxygenases, catalase, peroxidases, and various cytochromes.
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4. Enzymatic Antioxidant Defense System
While physiological levels of the superoxide anion (O2

•−) and hydrogen peroxide
(H2O2) participate in redox signaling, their production is significantly increased during
conditions of oxidative stress (OS), potentially disrupting the homeostasis [105,129]. To
prevent macromolecular damage, cells rely on a highly coordinated enzymatic antioxidant
defense system and the review will focus on the enzymes possibly involved in CIN and
cervical cancer [130,131]. The primary, first-line enzymes include Superoxide Dismutase
(SOD) for neutralizing O2

•−, alongside Catalase (CAT), Glutathione peroxidase (GPx), and
Peroxiredoxins (PRDX) for breaking down hydrogen peroxide (H2O2) [131–133].

Superoxide Dismutase (SOD) family comprises metal-containing enzymes that act as
the first line of defense by converting O2

•− into oxygen and H2O2 through a dispropor-
tionation reaction [134]. To exert maximum catalytic activity, SOD requires metal cofac-
tors (iron, manganese, or copper/zinc) that donate electrons and regenerate throughout
the catalytic cycle [134]. In eukaryotes, SODs are classified by their cofactors and cellu-
lar localization: copper–zinc SOD (Cu/Zn-SOD or SOD1) in the cytoplasm, manganese
SOD (Mn-SOD or SOD2) in the mitochondrial matrix, and extracellular SOD (EC-SOD or
SOD3) [135,136]. Together, they ensure that highly toxic superoxide radicals generated by
localized metabolic leaks or NOX activity are rapidly converted into H2O2 for subsequent
neutralization [137,138].

Catalase (CAT) acts as a cornerstone of the aerobic antioxidant defense system, rapidly
clearing reactive intermediates in organs with high metabolic demands. Its enzymatic
proficiency not only prevents localized OS damage but also regulates broader biological
processes, including immune signaling and cellular aging [131,139,140]. Given its central
role in maintaining systemic redox equilibrium, CAT dysfunction is deleterious [141]. Struc-
turally, CAT is a complex tetrameric protein containing four heme groups with iron ions
that enable rapid reaction with peroxides [142]. Catalase breaks down two H2O2 molecules
into water and oxygen [143,144]. To manage H2O2 homeostasis, and prevent it from fueling
the toxic Fenton reaction, CAT exhibits an extraordinary turnover rate, converting millions
of H2O2 molecules per second [145]. Because it has a high Michaelis constant (Km), CAT
remains highly functional even at extreme H2O2 concentrations [146,147]. Since the peroxi-
some is the center of H2O2 synthesis due to β-oxidation of fatty acids, photorespiration,
oxidative stress, and purine catabolism, catalase is actively present there [148,149] and
constitutes 10–25% of total peroxisomal proteins [150,151].

Glutathione peroxidase (GPx) is a crucial family of selenium-dependent antioxidant
enzymes that protect cells (mainly GPx1-GPx4) from oxidative damage by reducing H2O2

and lipid hydroperoxides to water and alcohols. Working with glutathione (GSH) as a
reducing agent, these enzymes mitigate toxicity, maintain redox balance, and regulate
ferroptosis, a form of cell death [152,153]. There are eight types of GPx family in mammals
(GPx1-GPx8), but only GPx1–4 and GPx6 in humans contain the essential amino acid se-
lenocysteine (Sec) at their catalytic site, linking their efficiency directly to dietary selenium
intake [154,155]. Most forms of GPx enzymes are found in the cytoplasm and mitochon-
dria. Notably, GPx4 (often referred to as a Peroxidation Inhibiting Protein) plays a highly
specialized role in protecting membrane lipids from oxidation, thus actively inhibiting
ferroptotic cell death [156,157]. GPx deficiencies are linked to increased oxidative stress,
which contributes to cardiovascular diseases, cancer, and inflammation [152,158].

Peroxiredoxin 6 (PRDX6), is a unique bifunctional enzyme with a key role in maintain-
ing cellular homeostasis. PRDX6 is a crucial antioxidant enzyme that reduces H2O2 and
repairs damaged cell membranes but it response to H2O2 depends heavily on concentration
and whose function depends on the concentration of H2O2 [159]. Unlike other members of
the mammalian PRDX family (which are 2-Cys enzymes requiring thioredoxin) [160,161],
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PRDX6 is the sole mammalian 1-Cys enzyme that does not rely on thioredoxin as a reduc-
tant [162]. It possesses two distinct catalytic activities: its peroxidase function reduces H2O2

and lipid hydroperoxides, while its acidic calcium-independent phospholipase A2 (aiPLA)2

activity repairs oxidized membranes via phospholipid hydrolysis, making it a multifunc-
tional protector against oxidative injury. Consequently, PRDX6 acts as a fundamental
biological link between neutralizing reactive oxygen species and regulating membrane
dynamics, ensuring the sustained structural integrity of the epithelial cell.

Crucially, PRDX6 exhibits a dualistic mode of metabolic behavior dependent entirely
on the concentration of H2O2 [159]. At physiological concentrations of H2O2 (<100 µM),
it acts as an antioxidant, protecting the cell from DNA and lipid damage. However, at
toxic concentrations of H2O2 (>100 µM), irreversible hyperoxidation of its critical cysteine
residue (Cys47) occurs. This metabolic reversal heavily amplifies its aiPLA2 activity, leading
to the strong activation of NOX2 enzymes, the generation of new ROS, cell cycle arrest
in the G2/M phase, and an ultimate worsening of oxidative stress in the pathological
microenvironment [162–168].

The robust peroxidase activity of PRDX6 underscores its systemic biological impor-
tance. Consequently, its role was studied in the etiology of numerous oxidative-driven
conditions, ranging from metabolic dysfunction and cellular senescence to neurodegenera-
tion and oncogenesis [169].

The influence of HPV on different antioxidant enzymes and their potential diagnostic
or prognostic value has extensively been reviewed previously [14]; however, it warrants
repeating that HPV infection was found to decrease most of the abovementioned protective
enzymes in the peripheral blood of cervical cancer patients (SOD, CAT, and GPx) while
PRDX6 was upregulated in cancer tissues.

5. Arrested Apoptosis: Failure of Tissue Homeostasis and the Biological
Basis for the Progression of CIN to Invasive Carcinoma

As persistent HPV infection and chronic oxidative stress overwhelm the enzymatic
antioxidant defenses, the resulting macromolecular damage—particularly to host DNA—
should physiologically trigger programmed cell death. However, carcinogenesis in the
cervical epithelium is fundamentally characterized by the HPV-associated dysfunction of
this apoptotic regulatory mechanism, enabling the survival of damaged cells and their
progression from CIN to invasive carcinoma [170].

The early indicators of this malignant progression, such as basal cell hyperplasia and
dysplasia [171,172], are driven directly by the viral disruption of cellular stress sensors.
Specifically, the TP53 gene acts as the primary cellular stress sensor and the mutations of
p53 protein, a well-known tumor suppressor, contribute to the development of up to 50%
of all human cancers [173,174]. In stress-free cells, p53 is targeted for degradation by the
E3 ubiquitin ligase MDM2, keeping wild-type p53 at low or undetectable levels [175,176].
When physiological stress signals occur, such as ROS-induced DNA damage or hypoxia,
p53 is relieved from MDM2 inhibition [175,176] and directs the cell toward growth arrest
or apoptosis [177].

In HPV-driven pathologies, this protective mechanism is actively dismantled. The
viral oncoprotein E6 directly binds and degrades p53, while E7 targets the retinoblastoma
protein (pRb), synergistically altering cell-cycle control and driving chromosomal insta-
bility [178]. In response to DNA damage, the p53 checkpoint protein safeguards genetic
stability by forcing cells into either terminal apoptosis or a temporary G1 arrest [179]. This
proliferative halt is executed through p53’s targeted transcriptional activation of CDKi
proteins, specifically p21WAF1/Cip1 and p27kip1, thereby overriding the normal cell division
cycle. P21Waf1/Cip1 and p27Kip1 are members of the Cip/Kip family, regulate the G1-S
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transition, are considered putative tumor suppressors, and critically both are targeted
by HPV E7 [180,181]. Consequently, p53-induced apoptosis is fundamentally blocked in
HPV-associated lesions, a process that can be further exacerbated by the overexpression of
anti-apoptotic proteins like BCL-2 [182].

The failure of p53-mediated apoptosis directly intersects with the mitochondrial ox-
idative stress discussed in previous chapters. In a functional cellular response, severe
ROS-induced DNA damage prompts wild-type p53 to upregulate pro-apoptotic members
of the Bcl-2 family, specifically Bax and Bak [183]. These executioner proteins oligomerize
to puncture the mitochondrial outer membrane, releasing cytochrome c into the cytosol and
triggering the irreversible caspase cascade [184]. Cytosolic cytochrome c drives the struc-
tural formation of the apoptosome alongside APAF-1 and caspase-9, ultimately unleashing
effector caspases to enzymatically dismantle the cell [185]. The targeted disruption of this
p53-governed checkpoint removes a vital biological barrier to uninhibited division, acting
as a ubiquitous catalyst in the development of diverse cancers [186]. In cervical cancer,
because the viral E6 oncoprotein degrades p53 as well as proapoptotic Bak proteins [187],
this critical communication between the nucleus and the mitochondria is severed, shielding
those cells from caspase-mediated execution, allowing them to survive and accumulate the
genomic instability necessary for malignant progression.

The complexity of this apoptotic failure is deepened by the involvement of the broader
p53 family. Two closely related proteins, p63 [188] and p73 [189], share critical DNA-binding
and transactivation architectures with p53. Consequently, these related transcription
factors possess the overlapping capacity to govern canonical p53-responsive genes and
their associated apoptotic cascades [190]. As evidenced by overexpression models, the
independent activation of either p63 or p73 is capable of triggering cell death by apparently
biochemically and morphologically classic apoptosis [188,191].

Adding further complexity to this apoptotic blockade is the paradoxical role of the
p53 family member, p63. While full-length p63 (TAp63) possesses transactivation domains
capable of inducing apoptosis, cervical cancers, originating as squamous cell carcinomas,
characteristically overexpress a truncated isoform known as deltaNp63 [192]. Lacking the
N-terminal transactivation domain, deltaNp63 functions not as a tumor suppressor, but as
a potent oncogene. It acts as a dominant-negative inhibitor, competitively binding to p53
DNA response elements and actively blocking any residual wild-type p53 or related p73
from initiating cell death [193].

Ultimately, the interaction between the p53 family, HPV oncoproteins, and reactive
oxygen species is not a simple linear metabolic pathway. Despite current knowledge
regarding p53-mediated programmed cell death, numerous questions remain regarding the
precise microenvironmental triggers that solidify this loss of apoptosis [194]. Identifying
the specific oxidative conditions that finalize the transformation of CIN into invasive cancer
remains a critical focus for future basic research.

6. Senescence-Associated Secretory Phenotype (SASP) as CIN Driver
The physiological defense against malignant transformation fundamentally depends

on two distinct biological barriers to manage cells with accumulated somatic damage:
apoptosis and cellular senescence [195]. While apoptosis eliminates the cell entirely, cellular
senescence, originally discovered as a replicative limit in culture [196], can be simplified as
a state of permanent cell cycle arrest at the G1 phase, induced by persistent DNA damage
and other stress signals [197]. Nevertheless, the overarching biological implications of this
arrest are highly paradoxical, as senescent cells exert distinctly dichotomous effects that
can either suppress or in some cases actively facilitate tumorigenesis [24].
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Senescence and cervical intraepithelial neoplasia (CIN) are deeply interconnected
processes, emerging from the female body’s fight against persistent HPV infection. When
viral E6 and E7 oncoproteins successfully dismantle the p53 and pRb apoptotic pathways
(as discussed above), the infected cell attempts a secondary blockade. Specifically in the
context of cervical precancer (CIN), it has been shown that cells infected with high-risk
HPV aim to activate a senescence program (primarily via the remaining p16INK4a/pRb
or stress-induced p53/p21CIP1 axes) to prevent the uncontrolled division of damaged
DNA [198,199]. Senescence, while acting as a biological substitute for arrested apoptosis, is
unfortunately rarely robust enough to permanently neutralize the virus.

From the perspective of a clinical gynecologist, this creates a profound physiological
paradox that is often underappreciated: the normal epithelium of the ectocervix is actively
remodeled by proliferation, maturation, and desquamation, completely replacing itself
every 4–5 days [200]. Therefore, the clinical reality of a persistent CIN2/CIN3 lesion
surviving for months or years indicates that homeostatic apoptosis has profoundly failed,
and the “replacement” mechanism of senescence has taken over [201].

However, relying on stable cell cycle arrest is a flawed biological solution. As intro-
duced earlier, senescence acts as a double-edged sword. Initially, it suppresses intraepithe-
lial lesions by halting proliferation and enhancing immune surveillance [202,203], but if
the immune system fails to clear these senescent cells, they can develop the senescence-
associated secretory phenotype (SASP) and subsequently accumulate to adversely influence
the tumor microenvironment (TME) [204]. SAPS was shown to have adverse impact on
survival of cervical cancer patients [205].

To fully appreciate the pathological impact of SASP in cervical carcinogenesis, it is
necessary to examine the specific molecular composition as well as generation of this
secreted “cocktail.” Driven largely by the chronic oxidative stress detailed in previous
chapters, accumulated ROS triggers SASP not only through genomic lesions (without p53
acting as a brake) but also via a potent DNA-damage-independent mechanism. Specifically,
excess ROS robustly activates the p38 mitogen-activated protein kinase (MAPK) pathway.
This kinase cascade persistently stimulates the transcription factor NF-kappaB, the master
regulator of the pro-inflammatory SASP response [206]. Acting in tandem HPV itself
triggers DNA damage responses [207], while HPV E6 oncoprotein creates a profoundly p53-
deficient microenvironment. Without this natural braking mechanism, these p53-depleted
senescent cells develop an further amplified secretory phenotype [208]. On the other hand,
it has been noted that when E6 oncoprotein is inhibited, by in vitro E2 expression in HPV16
containing SiHa cells, the cells became more susceptible to senescence arrest and potentiate
NF-kappaB signaling [209] strongly linking HPV with apopotosis, senescence, and SASP
pathways in cervical tumorigenesis.

Once activated, these senescent cells secrete a highly specific array of pro-tumorigenic
factors into the tumor microenvironment (Figure 2). Chief among these are pro-
inflammatory interleukins (particularly IL-6 and IL-8), which actively recruit immunosup-
pressive cells and fuel chronic inflammation [208]. Furthermore, SASP is characterized by
the massive release of vascular endothelial growth factor (VEGF) to drive tumor angiogen-
esis, and matrix metalloproteinases (specifically MMP-1, MMP-3, and MMP-9) [208,210].
Interestingly, it has been demonstrated that HPV16 E6 is able to upregulate IL-6 expression
in the SiHa and Hela Cells as well as influence cancer-associated fibroblasts within the
tumor microenvironment and drive their senescence, thus directly affecting SASP [211].
Further studies highlighted other elevated SASP markers in precancerous lesions with ele-
vated IL-8 and TGFB1 and reduced levels of MMP9 [212]. However, the secretion of these
MMPs is a critical mechanical turning point in end stages of cervical cancer development:
by actively degrading the extracellular matrix and the epithelial basement membrane, SASP
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physically clears the path for cervical intraepithelial cells to invade the underlying stroma
and lead to poorer survival of cervical cancer patients [25,213].

 

Figure 2. Intracellular redox imbalance and the macromolecular consequences of HPV oncoprotein
expression. While the overarching oncogenic signaling cascade dictates disease progression, this
figure details the specific biochemical disruptions occurring within the infected cervical epithelial
cell following initial viral entry via basal epithelial microtrauma. The continuous expression of HPV
oncoproteins (E5, E6, and E7), coupled with E5 potentiated mitochondrial dysfunction, generates
a sustained intracellular Reactive Oxygen Species (ROS) challenge. Under normal physiological
conditions, these reactive intermediates are neutralized by the cellular antioxidant defense network
(i.e., SOD, CAT). However, viral-driven ROS production eventually overwhelms and exhausts this
protective barrier, plunging the microenvironment into a macromolecule damaging state of chronic
Oxidative Stress. Crucially, redox imbalance together with E5 triggers chronic local inflammation,
which in turn acts as a secondary engine for further ROS generation, establishing a self-sustaining
loop. This unmitigated stress inflicts direct, irreversible structural damage upon critical cellular macro-
molecules, clinically measurable as lipid peroxidation, protein carbonylation, and DNA damage.
Damage leads to cellular senescence in a subset of cells which accumulate and develop Senescence-
Associated Secretory Phenotype (SASP) characterized by the active release of specific pro-oncogenic
effectors such as IL-6, TGF-beta. Already apoptosis resistant cells, due to HPV oncoprotein interac-
tions, can further transform in this tumor promoting chronic inflammatory milieu by undergoing
epithelial–mesenchymal transformation (EMT) and lead to invasive cancer.

Ultimately, the danger of SASP lies in its paracrine signaling. The localized secretion
of IL-6 and TGF-beta by senescent cells does not merely sustain the inflammation of the
infected cells; it actively reprograms neighboring, non-senescent epithelial cells. This
paracrine bombardment forces adjacent cells to lose their apical-basal polarity and cell-to-
cell adhesion, directly inducing the Epithelial–Mesenchymal Transition (EMT) and driving
the final step from localized neoplasia to invasive malignancy [214].
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7. Epithelial–Mesenchymal Transition (EMT): The Final Event in the
Transformation from CIN to Invasive Carcinoma

Epithelial–mesenchymal transition (EMT) represents the ultimate biological threshold
that allows cervical neoplastic cells to leave the primary lesion, breach the basement
membrane, and spread to distant organs [215]. While traditionally viewed as strictly an
invasive phase phenomenon, modern research demonstrates that, in the cervical cancer
context, EMT is an active, measurable process driving the earlier precancerous phases of
cervical intraepithelial neoplasia development (CIN) [27]. In the stepwise progression of
cervical cancer, the transition is not spontaneous; it is the culmination of the pathological
cascade described in previous sections. The continuous bombardment of the tissue by
the senescence-associated secretory phenotype (SASP), particularly through factors like
TGF-beta and IL-6, acts synergistically with viral oncoproteins and chronic oxidative
stress to trigger this transformation. Under this immense microenvironmental pressure,
typical polarized epithelial cells begin to dismantle their specialized adhesion complexes
(tight junctions, adherens junctions, and gap junctions), losing their apical-basal polarity
to become spindle-shaped, highly motile mesenchymal cells [216]. Furthermore, HPV
oncoproteins were previously shown to directly influence EMT-related genes, further
facilitating the transition [217,218].

Rather than an abrupt switch, this phenotypic transition can introduce a “metastable
phenotype”, a hybrid cell co-expressing both epithelial and mesenchymal traits [219]. At
the molecular level in cervical tissues, this phenotypic shift is driven by the gradual upreg-
ulation of key transcription factors, namely TWIST, SNAIL, and SLUG [28,220]. Activated
by the ROS and SASP-rich microenvironment, these factors repress epithelial characteris-
tics and promote mesenchymal ones, registering three distinct molecular hallmarks [220]:
(1) loss of some epithelial cell markers like β-catenin and E-cadherin; (2) upregulated N-
cadherin and fibronectin; (3) expression of vimentin mesenchymal intermediate filaments.
Aligning with molecular biology, some EMT markers like Snail and E-cadherin were found
to be prognostic in cervical cancer patients on protein [221,222] or gene levels [223].

The loss of E-cadherin is particularly devastating. As E-cadherin levels drop, the
cells of the CIN lesion become structurally unstable, breaking free from their neighbors.
Coupled with the matrix metalloproteinases (MMPs) secreted by the surrounding senescent
cells, these newly motile, mesenchymal-like cells gain the physical capability to degrade
and invade the underlying basal cell layer [28]. This gradual, molecularly driven transition
from normal epithelial tissue, through HSIL, and finally into an invasive carcinoma marks
the fatal completion of the HPV-induced oncogenic cycle.

8. New Challenges in Early Detection of Cervical Cancer
Thanks to intensive research on free radicals in biology and medicine in recent

decades [67,71], we are faced with a whole spectrum of new insights into oxidative stress,
aging, apoptosis, the senescence-associated secretory phenotype (SASP), and epithelial–
mesenchymal transition (EMT). Redox medicine is fundamentally changing our under-
standing of cellular homeostasis and the pathogenesis of cancer.

Today’s clinical guidelines for managing CIN are robust, yet the incidence and mor-
tality of cervical cancer globally highlight that current screening is not infallible. Cervical
cancer must be addressed holistically—as a complex, multistep cascade of viral, oxidative,
and microenvironmental events. While new research has produced a powerful array of
biomarkers [224], there remains a significant translational gap between basic science and
clinical medicine. The challenge is not a lack of clinical interest, but the need to standardize
and integrate oxidative and microenvironmental markers into routine diagnostic protocols.
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Because the cervical epithelium is readily accessible for direct tissue and fluid analysis, it
represents an ideal diagnostic window for these emerging panels.

8.1. Viral and Proliferative Biomarkers

While routine HPV DNA testing is highly sensitive, it cannot independently predict
CIN evolution [225–227]. Emerging biomarkers offer a more dynamic picture of oncogenic
activity [228] and some will be briefly mentioned here. For example, E6 and E7 mRNA
levels detect active viral oncogenesis, while epigenetic markers like FAM19A4/miR124-
2 methylation serve as objective risk indicators for advanced CIN3+ stages. Clinically,
p16/Ki-67 dual-staining has already emerged as a highly sensitive triage tool [229]. By
detecting both the surrogate marker of pRb-inactivation (p16) and cellular proliferation
(Ki-67) simultaneously, it accurately identifies high-grade transforming infections and
reduces unnecessary colposcopies.

8.2. Oxidative Stress Biomarkers

Oxidative stress biomarkers are key indicators of cellular damage and can serve as
a prognostic factor in the development of CIN into invasive cancer [15,230]. The full
breadth of oxidative stress biomarkers has recently been reviewed in detail [231] and
only a subset relating to cervical pathology will be mentioned herein. Elevated levels of
lipid oxidation by-products, notably malondialdehyde (MDA) alongside thiobarbituric acid
reactive substances (TBARS), exhibit a strong positive correlation with the histopathological
grading of cervical intraepithelial neoplasia [232] and are known to be increased in cancer
itself [233]. However, increased MDA was suggested as prognostic for clearance of HPV
infection [234] as well as complete response to chemoradiotherapy [235]. On the other hand,
some studies failed to find associations with outcomes [236], or found higher preoperative
MDA as associated with increased risk of recurrence and death for surgically treated
oropharyngeal cancer patients, albeit with unknown HPV status [237]. Taken together,
predictive potential of MDA is still not completely understood.

Beyond lipid degradation, the quantification of widespread macromolecular oxidation,
specifically the mutagenic DNA adduct 8-OHdG and cervicovaginal protein carbonyls (PC),
could provide predictive insight into the earliest stages of malignant progression [238],
especially when paired with the measurable depletion of endogenous antioxidant enzymes
like SOD, CAT, and GPx, where single-marker assessment fails to identify significant differ-
ences [236]. While 8-OHdG was also found to be elevated in cervical lesions [239,240], some
authors found no differences at least for the urinary 8-OHdG measurements [48]. While
not explicitly examining prognostic influence of 8-OHdG, it should be noted that cervical
cancer patients demonstrated difference to urinary 8-OHdG changes post-radiotherapy
compared to other cancer types, suggesting some potential for therapy response estima-
tion [241]. Interestingly, serum protein carbonyl levels were weakly associated with genital
HPV infection and possibly viral persistence in women with cervical lesions [242].

However, it needs to be mentioned that, while promising, there is still scarce data
supporting clinical utility or quick implementation of OS biomarkers into therapeutic
protocols in general [231]. Furthermore, it is unrealistic to expect quick implementation for
cervical cancer management since historically very few biomarkers have been implemented
in clinical practice in this field [243].

8.3. SASP and Microenvironmental Biomarkers

The detection of the SASP secretome provides a real-time snapshot of the tumor
microenvironment [212,244]. Tissue and liquid biopsies can be utilized to detect signifi-
cantly elevated levels of pro-inflammatory interleukins (IL-6, IL-8) and TNF-alpha, which
mark the transition from protective senescence to CIN progression [245–247]. Furthermore,
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tracking the overexpression of VEGF and matrix metalloproteinases (specifically MMP-2
and MMP-9) serves as a critical early warning sign of impending basement membrane
degradation and neovascularization in cervical cancer development [248,249].

8.4. EMT and Stemness Markers

Finally, tracking the epithelial–mesenchymal transition allows clinicians to measure
the invasive potential of a lesion. The progressive upregulation of transcription factors
(TWIST, SNAIL, SLUG) from CIN1 to CIN3 signals the dangerous shift toward a motile
phenotype [220]. Concurrently, the standard isoform of CD44 (CD44s), a recognized cancer
stem cell marker, initiates this process by driving the expression of mesenchymal markers
(N-cadherin, vimentin, fibronectin) at the expense of E-cadherin [223,250,251]. Studies have
shown that intense, diffuse expression of CD44 is associated with higher-grade CIN lesions
and their progression to invasive carcinoma [252]. As stated above, some EMT markers
like Snail and E-cadherin were found to be prognostic in cervical cancer patients [221–223].

9. Conclusions
By shifting the diagnostic paradigm to include this holistic panel of biomarkers, encom-

passing viral activity, oxidative damage, SASP, and EMT, we can identify high-risk lesions
long before morphological invasion occurs. Ultimately, understanding these interconnected
molecular networks provides more than just diagnostic accuracy; it offers profound thera-
peutic hope. Moving forward, targeting these specific pathways, whether through localized
antioxidant therapies, EMT inhibitors, or senolytics to clear SASP-producing cells, may
finally provide the tools necessary to halt the progression of cervical cancer at its source.
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Abbreviations
The following abbreviations are used in this manuscript:

HPV Human papillomavirus
OS Oxidative stress
SASP Senescence associated secretory phenotype
EMT epithelial–mesenchymal transition
CIN Cervical intraepithelial neoplasia
CIN 1 Low grade cervical intraepithelial neoplasia
CIN 2 Moderate grade cervical intraepithelial neoplasia
CIN 3 Severe cervical intraepithelial neoplasia
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LSIL Low grade squamous epithelial lesion
HSIL High grade squamous epithelial lesion
CC Cervical cancer
WHO World Health Organization
IARC the International Agency for Research on Cancer
ROS reactive oxygen species
MMPs Matrix metalloproteinases
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74. Dumanović, J.; Nepovimova, E.; Natić, M.; Kuča, K.; Jaćević, V. The Significance of Reactive Oxygen Species and Antioxidant

Defense System in Plants: A Concise Overview. Front. Plant Sci. 2021, 11, 552969. [CrossRef] [PubMed]
75. Hayyan, M.; Hashim, M.A.; AlNashef, I.M. Superoxide Ion: Generation and Chemical Implications. Chem. Rev. 2016, 116,

3029–3085. [CrossRef]
76. Sawyer, D.T.; Valentine, J.S. How Super Is Superoxide? Acc. Chem. Res. 1981, 14, 393–400. [CrossRef]
77. Hayyan, M.; Mjalli, F.S.; AlNashef, I.M.; Hashim, M.A. Chemical and Electrochemical Generation of Superoxide Ion in 1-Butyl-1-

Methylpyrrolidinium Bis(Trifluoromethylsulfonyl)Imide. Int. J. Electrochem. Sci. 2012, 7, 8116–8127. [CrossRef]
78. Carmo De Carvalho E Martins, M.D.; Martins; Da Silva Santos Oliveira, A.S.; Da Silva, L.A.A.; Primo, M.G.S.; De Carvalho Lira,

V.B. Biological Indicators of Oxidative Stress [Malondialdehyde, Catalase, Glutathione Peroxidase, and Superoxide Dismutase]
and Their Application in Nutrition. In Biomarkers in Nutrition; Patel, V.B., Preedy, V.R., Eds.; Biomarkers in Disease: Methods,
Discoveries and Applications; Springer International Publishing: Cham, Switzerland, 2022; pp. 1–25, ISBN 978-3-030-81304-8.

79. Alberts, B.; Johnson, A.; Lewis, J.; Morgan, D.; Raff, M.; Roberts, K.; Walter, P. Energy Conversion: Mitochondria and Chloroplasts.
In Molecular Biology of the Cell; W.W. Norton & Company: New York, NY, USA, 2015.

80. Fridovich, I. Oxygen: How Do We Stand It? Med. Princ. Pract. Int. J. Kuwait Univ. Health Sci. Cent. 2013, 22, 131–137. [CrossRef]
81. Mimaki, M.; Wang, X.; McKenzie, M.; Thorburn, D.R.; Ryan, M.T. Understanding Mitochondrial Complex I Assembly in Health

and Disease. Biochim. Biophys. Acta 2012, 1817, 851–862. [CrossRef]
82. Fridovich, I. Fundamental Aspects of Reactive Oxygen Species, or What’s the Matter with Oxygen? Ann. N. Y. Acad. Sci. 1999,

893, 13–18. [CrossRef] [PubMed]
83. Murphy, M.P. How Mitochondria Produce Reactive Oxygen Species. Biochem. J. 2009, 417, 1–13. [CrossRef] [PubMed]
84. Brand, M.D. Mitochondrial Generation of Superoxide and Hydrogen Peroxide as the Source of Mitochondrial Redox Signaling.

Free Radic. Biol. Med. 2016, 100, 14–31. [CrossRef]
85. Quinlan, C.L.; Perevoshchikova, I.V.; Hey-Mogensen, M.; Orr, A.L.; Brand, M.D. Sites of Reactive Oxygen Species Generation by

Mitochondria Oxidizing Different Substrates. Redox Biol. 2013, 1, 304–312. [CrossRef] [PubMed]
86. Muller, F.L.; Liu, Y.; Van Remmen, H. Complex III Releases Superoxide to Both Sides of the Inner Mitochondrial Membrane. J.

Biol. Chem. 2004, 279, 49064–49073. [CrossRef]
87. Stoolman, J.S.; Grant, R.A.; Billingham, L.K.; Poor, T.A.; Weinberg, S.E.; Harding, M.C.; Lu, Z.; Miska, J.; Szibor, M.; Budinger,

G.S.; et al. Mitochondria Complex III–Generated Superoxide Is Essential for IL-10 Secretion in Macrophages. Sci. Adv. 2025, 11,
eadu4369. [CrossRef] [PubMed]

88. Vermot, A.; Petit-Härtlein, I.; Smith, S.M.E.; Fieschi, F. NADPH Oxidases (NOX): An Overview from Discovery, Molecular
Mechanisms to Physiology and Pathology. Antioxidants 2021, 10, 890. [CrossRef] [PubMed]

89. Cipriano, A.; Viviano, M.; Feoli, A.; Milite, C.; Sarno, G.; Castellano, S.; Sbardella, G. NADPH Oxidases: From Molecular
Mechanisms to Current Inhibitors. J. Med. Chem. 2023, 66, 11632–11655. [CrossRef] [PubMed]

90. Hille, R. Xanthine Oxidase-A Personal History. Molecules 2023, 28, 1921. [CrossRef]
91. Bortolotti, M.; Polito, L.; Battelli, M.G.; Bolognesi, A. Xanthine Oxidoreductase: One Enzyme for Multiple Physiological Tasks.

Redox Biol. 2021, 41, 101882. [CrossRef]
92. Aziz, N.; Jamil, R.T. Biochemistry, Xanthine Oxidase. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.
93. Cruz-Gregorio, A.; Manzo-Merino, J.; Gonzaléz-García, M.C.; Pedraza-Chaverri, J.; Medina-Campos, O.N.; Valverde, M.; Rojas,

E.; Rodríguez-Sastre, M.A.; García-Cuellar, C.M.; Lizano, M. Human Papillomavirus Types 16 and 18 Early-Expressed Proteins
Differentially Modulate the Cellular Redox State and DNA Damage. Int. J. Biol. Sci. 2018, 14, 21–35. [CrossRef]

94. Marullo, R.; Werner, E.; Zhang, H.; Chen, G.Z.; Shin, D.M.; Doetsch, P.W. HPV16 E6 and E7 Proteins Induce a Chronic Oxidative
Stress Response via NOX2 That Causes Genomic Instability and Increased Susceptibility to DNA Damage in Head and Neck
Cancer Cells. Carcinogenesis 2015, 36, 1397–1406. [CrossRef]

95. Lai, D.; Tan, C.L.; Gunaratne, J.; Quek, L.S.; Nei, W.; Thierry, F.; Bellanger, S. Localization of HPV-18 E2 at Mitochondrial
Membranes Induces ROS Release and Modulates Host Cell Metabolism. PLoS ONE 2013, 8, e75625. [CrossRef]

96. Bianchini, B.H.S.; Martelossi-Cebinelli, G.; Carneiro, J.A.; Rasquel-Oliveira, F.S.; Casagrande, R.; Verri, W.A. Superoxide Anion
Generation, Its Pathological Cellular and Molecular Roles and Pharmacological Targeting in Inflammatory Pain: Lessons from
the Potassium Superoxide Model. Future Pharmacol. 2025, 5, 60. [CrossRef]

97. Fukai, T.; Ushio-Fukai, M. Superoxide Dismutases: Role in Redox Signaling, Vascular Function, and Diseases. Antioxid. Redox
Signal. 2011, 15, 1583–1606. [CrossRef]

98. Sies, H. Hydrogen Peroxide as a Central Redox Signaling Molecule in Physiological Oxidative Stress: Oxidative Eustress. Redox
Biol. 2017, 11, 613–619. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15040486

https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.3390/antiox10050642
https://doi.org/10.3389/fpls.2020.552969
https://www.ncbi.nlm.nih.gov/pubmed/33488637
https://doi.org/10.1021/acs.chemrev.5b00407
https://doi.org/10.1021/ar00072a005
https://doi.org/10.1016/S1452-3981(23)17980-6
https://doi.org/10.1159/000339212
https://doi.org/10.1016/j.bbabio.2011.08.010
https://doi.org/10.1111/j.1749-6632.1999.tb07814.x
https://www.ncbi.nlm.nih.gov/pubmed/10672226
https://doi.org/10.1042/BJ20081386
https://www.ncbi.nlm.nih.gov/pubmed/19061483
https://doi.org/10.1016/j.freeradbiomed.2016.04.001
https://doi.org/10.1016/j.redox.2013.04.005
https://www.ncbi.nlm.nih.gov/pubmed/24024165
https://doi.org/10.1074/jbc.M407715200
https://doi.org/10.1126/sciadv.adu4369
https://www.ncbi.nlm.nih.gov/pubmed/39841842
https://doi.org/10.3390/antiox10060890
https://www.ncbi.nlm.nih.gov/pubmed/34205998
https://doi.org/10.1021/acs.jmedchem.3c00770
https://www.ncbi.nlm.nih.gov/pubmed/37650225
https://doi.org/10.3390/molecules28041921
https://doi.org/10.1016/j.redox.2021.101882
https://doi.org/10.7150/ijbs.21547
https://doi.org/10.1093/carcin/bgv126
https://doi.org/10.1371/journal.pone.0075625
https://doi.org/10.3390/futurepharmacol5040060
https://doi.org/10.1089/ars.2011.3999
https://doi.org/10.1016/j.redox.2016.12.035
https://www.ncbi.nlm.nih.gov/pubmed/28110218
https://doi.org/10.3390/antiox15040486


Antioxidants 2026, 15, 486 22 of 27

99. Koppenol, W.H.; Sies, H. Was Hydrogen Peroxide Present before the Arrival of Oxygenic Photosynthesis? The Important Role of
Iron(II) in the Archean Ocean. Redox Biol. 2024, 69, 103012. [CrossRef] [PubMed]

100. Saxena, I.; Srikanth, S.; Chen, Z. Cross Talk between H2O2 and Interacting Signal Molecules under Plant Stress Response. Front.
Plant Sci. 2016, 7, 570. [CrossRef]

101. Park, S.; Kim, C.; Heo, S.; Kang, D. Endosomal H2O2 Molecules Act as Signaling Mediators in Akt/PKB Activation. Antioxidants
2025, 14, 594. [CrossRef]

102. Marinho, H.S.; Real, C.; Cyrne, L.; Soares, H.; Antunes, F. Hydrogen Peroxide Sensing, Signaling and Regulation of Transcription
Factors. Redox Biol. 2014, 2, 535–562. [CrossRef]

103. Imlay, J.A. Transcription Factors That Defend Bacteria Against Reactive Oxygen Species. Annu. Rev. Microbiol. 2015, 69, 93–108.
[CrossRef] [PubMed]

104. Sun, C.; Diao, H.; Zhang, X.; Han, Z.; Wei, J. Study on Human Papillomavirus (HPV) Infection, Typing, Peripheral Blood Immune
Factor Expression and Vaginal Microenvironment Balance in Cervical Cancer Screening Population. Indian J. Med. Microbiol. 2025,
56, 100883. [CrossRef]

105. Andrés, C.M.C.; Pérez de la Lastra, J.M.; Juan, C.A.; Plou, F.J.; Pérez-Lebeña, E. Chemistry of Hydrogen Peroxide Formation and
Elimination in Mammalian Cells, and Its Role in Various Pathologies. Stresses 2022, 2, 256–274. [CrossRef]

106. Forman, H.J.; Maiorino, M.; Ursini, F. Signaling Functions of Reactive Oxygen Species. Biochemistry 2010, 49, 835–842. [CrossRef]
107. Pravda, J. Hydrogen Peroxide and Disease: Towards a Unified System of Pathogenesis and Therapeutics. Mol. Med. 2020, 26, 41.

[CrossRef]
108. Miller, E.W.; Dickinson, B.C.; Chang, C.J. Aquaporin-3 Mediates Hydrogen Peroxide Uptake to Regulate Downstream Intracellular

Signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 15681–15686. [CrossRef] [PubMed]
109. Bienert, G.P.; Chaumont, F. Aquaporin-Facilitated Transmembrane Diffusion of Hydrogen Peroxide. Biochim. Biophys. Acta 2014,

1840, 1596–1604. [CrossRef] [PubMed]
110. Bertolotti, M.; Farinelli, G.; Galli, M.; Aiuti, A.; Sitia, R. AQP8 Transports NOX2-Generated H2O2 across the Plasma Membrane to

Promote Signaling in B Cells. J. Leukoc. Biol. 2016, 100, 1071–1079. [CrossRef] [PubMed]
111. Hara-Chikuma, M.; Watanabe, S.; Satooka, H. Involvement of Aquaporin-3 in Epidermal Growth Factor Receptor Signaling via

Hydrogen Peroxide Transport in Cancer Cells. Biochem. Biophys. Res. Commun. 2016, 471, 603–609. [CrossRef]
112. Rampon, C.; Volovitch, M.; Joliot, A.; Vriz, S. Hydrogen Peroxide and Redox Regulation of Developments. Antioxidants 2018, 7,

159. [CrossRef]
113. Fenton, H.J.H. LXXIII.—Oxidation of Tartaric Acid in Presence of Iron. J. Chem. Soc. Trans. 1894, 65, 899–910. [CrossRef]
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