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ABSTRACT
Oral squamous cell carcinoma (OSCC) is a common form of cancer, with 390,000 new cases estimated for 2022. OSCC has 
a poor prognosis, largely due to a high recurrence rate and resistance to therapy. Cancer cells develop resistance to standard 
therapy owing to various factors, such as genetic predispositions, alterations in the apoptotic pathway coupled with DNA repair 
pathways, drug efflux, and drug detoxification. This review is aimed at exploring the crucial role of paraoxonase 2 (PON2) in 
conferring resistance to chemotherapy and radiotherapy in OSCC cells. PON2, an antioxidant enzyme, protects cancer cells from 
the oxidative stress caused by these treatments. By influencing apoptotic pathways and DNA repair mechanisms, PON2 can re-
duce the effectiveness of therapy. This review is an attempt to explore the complex molecular mechanisms modulated by PON2, 
such as the mitigation of oxidative stress, enhancement of DNA repair, apoptosis regulation, drug efflux modulation, and drug 
detoxification, which decrease treatment efficacy.

1   |   Introduction

Oral cancer ranks as the 16th most prevalent malignancy 
worldwide and is expected to result in an estimated 389,485 
new cases in 2022, accounting for nearly 2% of all human 

cancers during this period. Moreover, oral cancer is associ-
ated with a substantial mortality rate, with approximately 
188,230 new fatalities projected to occur due to this disease, 
corresponding to 1.9% of all cancer-related deaths [1]. Oral 
squamous cell carcinoma (OSCC) originates from squamous 
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cells that line the oral cavity, including the lips, tongue, and 
floor of the mouth [2]. It is the most prevalent form of oral can-
cer, accounting for 90% of all oral malignancies [3]. OSCC is 
characterized by a relatively high mortality rate, especially in 
locally advanced cases with a five-year survival rate ranging 
between 50% and 60% [4]. Despite advancements in treatment 
modalities, the survival rate has remained statistically stag-
nant, with high recurrence rates and only modest improve-
ments observed in recent decades. Surgery is often the first 
line of treatment, especially for localized tumors, aiming to 
excise the tumor with a healthy tissue margin [5]. It may also 
involve reconstruction techniques to restore functionality and 
appearance [6]. Radiotherapy (RT) serves as an adjuvant treat-
ment or as an adjunct to surgery and can be employed postop-
eratively to decrease the chances of local recurrence in locally 
advanced cases  [7]. Chemotherapy is typically administered 
in conjunction with RT for advanced-stage or as a palliative 
modality in metastatic OSCC [8]. Targeted therapies such 
as epidermal growth factor receptor (EGFR) inhibitors and 
immunotherapy are employed, particularly in cases where 
conventional chemotherapy alone is not viable, focusing on 
specific target molecules to inhibit tumor growth and metas-
tasis [9]. Mutations in drug targets, upregulation of deoxyri-
bonucleic Acid (DNA) repair pathways, drug metabolism, and 
detoxification are well-known factors that can contribute to 
treatment resistance in patients with OSCC [10]. Recent stud-
ies have emphasized the role of cancer-specific antioxidant 
enzymes such as paraoxonase 2 (PON2) in inducing treatment 
resistance, leading to poor patient prognosis [11, 12].

The PON2 is one of the three isoforms of the paraoxonase 
gene family, comprising PON1, PON2, and PON3 [13]. These 
enzymes are recognized for their antioxidant properties and 
their ability to hydrolyse various substrates, such as organo-
phosphates, lactones, and aromatic carboxylic acid esters [14]. 
It exhibits antioxidant properties by mitigating oxidative stress 
within cells and protecting intracellular molecules from ox-
idative DNA damage [13, 14]. The PON2 neutralizes reactive 
oxygen species (ROS), prevents lipid peroxidation, and thus 
protects cells from oxidative stress [15]. Furthermore, PON2 
has been found to maintain mitochondrial integrity and func-
tion by precluding oxidative stress-induced apoptosis [16]. 
Previous studies have reported elevated levels of PON2 in nu-
merous tissues, including the liver, heart, brain, and lungs [17]. 
Earlier studies have demonstrated that PON2 translocates to 
the mitochondria and endoplasmic reticulum, where it plays an 
important role in shielding cells from oxidative stress-induced 
damage [18]. Numerous studies have elucidated the role of 
PON2 in suboptimal treatment outcomes and patient survival 
in various malignancies, including melanoma, pancreatic can-
cer, stomach cancer, and breast cancer [19]. Elevated PON2 lev-
els are associated with invasive disease and a poor prognosis 
in certain malignancies [20]. PON2 aids in defending cancer 
cells from oxidative damage by reducing ROS levels, which in-
creases their ability to overcome the cytotoxic damage induced 
by various therapeutic agents [21]. Various studies have deci-
phered the anti-apoptotic function of PON2, suggesting that 
high PON2 expression can provide a survival edge over vari-
ous cytotoxic agents that aim to upregulate various apoptotic 
pathways [11, 22]. PON2 is located on chromosome 7, and this 
location is shared by other members of the paraoxonase gene 

family, PON1 and PON3 which are also situated in close prox-
imity to the same chromosome [11]. The anti-apoptotic quali-
ties of PON2 can aid tumor cells in avoiding programmed cell 
death, which promotes tumor growth and decreases their sen-
sitivity to treatment [22, 23]. The present review examines the 
diverse mechanisms governed by PON2 that play a significant 
role in inducing resistance to radiotherapy and chemotherapy 
in patients with OSCC.

2   |   Methodology

This review article employed a systematic literature search 
utilizing PubMed, Google Scholar, and Scopus databases. 
Keywords such as “PON2,” “oral squamous cell carcinoma,” 
“radiotherapy resistance,” and “chemotherapy resistance” were 
employed to identify relevant studies. Inclusion criteria encom-
passed original research articles, review articles, and meta-
analyses published in English. Exclusion criteria comprised 
case reports, letters to the editor, and studies not directly related 
to the topic. The identified studies were critically appraised for 
their methodological quality, relevance, and contribution to the 
understanding of PON2's role in OSCC. Data obtained focused 
on key aspects of treatment modalities, PON2 expression levels, 
and clinical outcomes. Using the extracted data were subse-
quently analyzed to elucidate potential mechanisms underlying 
PON2-mediated resistance.

3   |   Role of PON2 in Radiotherapy Resistance

3.1   |   Overview of Radiotherapy in OSCC

Radiotherapy is a crucial intervention for the treatment of OSCC 
because of its ability to induce DNA damage that leads to the 
destruction of cancer cells [24]. This therapy targets tumors 
by employing ionizing radiation, including protons, neutrons, 
or high-energy photons, such as X-rays and gamma rays [25]. 
Ionizing radiation causes molecules to ionize and form free rad-
icals within cells. These radicals damage DNA, causing single-
strand breaks (SSBs) and double-strand breaks (DSBs). The DSBs 
are particularly hazardous because of the complexity involved in 
their repair [26]. Cells tend to halt their cell cycle to amend these 
breaks. If the repair of DSBs is unsuccessful, cells may undergo 
apoptosis or programmed cell death. In cases of severe damage, 
necrosis can be observed, which can lead to inflammation [27].

Although RT is an effective treatment for OSCC, several chal-
lenges and resistance mechanisms often hinder its success. One 
major issue is tumor hypoxia or low oxygen levels, which di-
minish the effectiveness of radiation because oxygen enhances 
DNA damage [28]. Cancer cells often overexpress DNA repair 
mechanisms, allowing them to survive the radiation-induced 
damage [26, 29]. Variations in DNA repair capacity, cell cycle 
states, and the microenvironment contribute to differing re-
sistance levels among OSCC tumor cells [7, 30]. These tumors 
are heterogeneous and consist of cells with diverse genetic and 
phenotypic characteristics. Cancer stem cells (CSCs) are typi-
cally more resistant to RT owing to their ability to self-renew 
and differentiate [31]. If not effectively targeted, CSCs can lead 
to tumor recurrence [32]. Additionally, radiation can alter the 
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genetic and epigenetic properties of surviving cells, thereby in-
creasing the risk of further cancer development, metastasis, and 
resistance to treatment [33]. Some tumors have also developed 
defense mechanisms against the immune system, enhancing 
their resistance to RT [30]. Moreover, radiation treatment ef-
fectiveness and side effects are influenced by individual patient 
characteristics, including comorbidities, overall health, and ge-
netic predispositions.

3.2   |   Molecular Mechanisms of PON2-Mediated 
Radiotherapy Resistance

Tumor cells exhibit a remarkable ability to adapt to radiation-
induced stress through several biological mechanisms, includ-
ing alterations in gene expression, metabolic reprogramming, 
and modifications in signaling pathways [34]. PON2 protein 
has been suggested to be a key player in the adaptive response 
in enhancing radiotherapy resistance [35]. The role of PON2 
in inducing radiotherapy resistance is a significant area of in-
vestigation in cancer research, focusing on the mechanisms 
by which tumor cells evade apoptosis and survive therapeutic 
interventions.

PON2, located in the nuclear envelope, endoplasmic reticu-
lum, and mitochondria, not only performs antioxidant func-
tions but also exerts anti-apoptotic effects on tumor cells 
[36]. The endoplasmic reticulum stress caused by unfolded 
proteins triggers the unfolded protein response (UPR), which 
affects cell survival or death. This stress can lead to the pro-
duction of ROS and the release of calcium (Ca2+), disrupt-
ing mitochondrial function and exacerbating apoptosis [37]. 
Overexpression of PON2 alleviates endoplasmic reticulum 
stress-induced apoptosis and regulates Ca2+ homeostasis 
[38, 39]. Additionally, PON2 reduces mitochondrial ROS levels 
and inhibits pro-apoptotic signals [23, 39]. PON2 influences 
the wingless/Int-1 (Wnt) and beta-catenin (Wnt/β-catenin) 
signaling pathway, which also plays a role in radiotherapy 
resistance in cancer cells by controlling cell proliferation, 
differentiation, and survival [40]. Activation of this pathway 
stabilizes β-catenin in the nucleus, leading to increased gene 
expression that promotes cell survival and repair and conse-
quently enhances resistance to radiation-induced DNA dam-
age and oxidative stress [41]. Furthermore, this pathway can 
also affect the tumor microenvironment, which in turn re-
duces the efficacy of radiation treatment.

As discussed previously, PON2 significantly enhances DNA re-
pair, scavenges ROS, and regulates the cell cycle, thereby con-
tributing to radiation resistance in cancer cells [13, 23, 42]. It 
stimulates the ability of cells to amend damaged DNA and in-
creases their resistance to radiation [43]. When exposed to ion-
izing radiation, PON2 assists in preserving genomic integrity 
by controlling oxidative stress and cellular metabolism, thereby 
preventing extensive DNA damage [35, 40]. This increase in 
DNA repair capacity is closely related to the activation of critical 
proteins and pathways, particularly the ataxia-telangiectasia-
mutated/ataxia-telangiectasia-mutated and Rad3-related 
(ATM/ATR) pathway [44–46]. The ATM/ATR proteins are es-
sential for detecting and repairing radiation-induced DSBs in 
DNA [47]. PON2 may stabilize or upregulate the expression of 

these proteins, facilitating more effective repair of DSBs and 
SSBs, thereby enhancing cell survival following radiation ther-
apy [11].

PON2 overexpression has been linked to increased radiotherapy 
resistance, which is partially mediated through the activation of 
the Phosphoinositide 3-Kinase-Akt (PI3K-AKT) signaling path-
way [11, 45]. This pathway is vital for DNA damage repair, cell 
survival, and inhibition of apoptosis. By enhancing the PI3K-
AKT pathway, PON2 facilitates the repair of radiation-induced 
DNA damage and promotes cell survival [46]. In addition to its 
impact on the PI3K-AKT pathway, PON2 modulates the nuclear 
factor kappa B (NF-Κb) signaling cascade, which is a central 
regulator of inflammatory responses and cell survival [11, 48]. 
The activation of NF-κB by PON2 leads to the upregulation of 
anti-apoptotic genes, thereby supporting the survival of cancer 
cells subjected to RT [11, 49, 50]. Furthermore, PON2 interacts 
with the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathway, which is critical for 
the cellular stress response [11]. By enhancing MAPK/ERK ac-
tivity, PON2 contributes to the activation of transcription factors 
such as hypoxia-inducible factor 1 alpha (HIF-1α), which regu-
lates genes involved in angiogenesis, metabolism, and cellular 
survival [46]. These pathways are crucial for cellular adaptation 
to stress induced by radiotherapy, which enhances the ability of 
tumor cells to survive and thrive (Figure 1). Recent studies have 
emphasized the role of PON2 in modulating these signaling cas-
cades, significantly influencing radiotherapy resistance.

4   |   Role of PON2 in Chemotherapy Resistance

4.1   |   Overview of Chemotherapy in OSCC

Chemotherapy is a treatment option for OSCC, especially when 
the disease is at an advanced stage or when there are few sur-
gical alternatives available [51]. It works best in combination 
with radiation therapy (chemoradiation) to enhance therapeutic 
effectiveness and achieve favorable oncological outcomes [52]. 
Frequently used chemotherapeutic drugs for OSCC include cis-
platin, taxanes, and 5-fluorouracil. Cisplatin creates DNA cross-
links that stop transcription and replication, leading to apoptosis 
[53]. However, enhanced drug efflux, higher DNA repair capac-
ity, and inactivation by thiol-containing compounds (such as 
glutathione) can lead to the development of resistance in cancer 
cells [52–55]. Taxanes, such as Paclitaxel and Docetaxel, stabilize 
microtubules and prevent their disassembly, resulting in apop-
tosis and disruption of mitosis [56]. Chemotherapy targets mi-
totically active cells; however, its effectiveness is often reduced 
because cancer cells develop multiple drug-resistance mecha-
nisms [57]. Drug efflux, in which cancer cells overexpress ATP-
binding cassette (ABC) transporters including P-glycoprotein, is 
the most explored resistance mechanism in various malignan-
cies [58]. This process pumps chemotherapeutic agents out of 
the cells and lowers intracellular drug concentration and effi-
cacy [59]. Chemotherapy-induced DNA damage does not act as 
a barrier to the survival and proliferation of cancer cells because 
of its enhanced DNA repair capabilities [60]. Upregulation of the 
nucleotide excision repair (NER) pathway confers resistance to 
traditional platinum-based chemotherapeutic compounds such 
as cisplatin [61]. Cancer cells can elude chemotherapy-induced 
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programmed cell death through dysregulation of apoptotic sig-
naling pathways, which include mutations in the p53 tumor sup-
pressor gene or overexpression of anti-apoptotic proteins [62]. 
Additionally, by upregulating antioxidant enzymes such as glu-
tathione, cancer cells maintain a more reducing microenviron-
ment to counter the oxidative damage caused by chemotherapy 
[55]. To develop targeted therapeutics to eliminate chemoresis-
tance in OSCC cells, it is essential to comprehend PON2's role in 
these resistance mechanisms.

4.2   |   Molecular Mechanisms of PON2-Mediated 
Chemotherapy Resistance

Recent studies have highlighted the essential function of PON2 
in regulating chemotherapy resistance in cancer cells through 
its antioxidant properties [42, 63, 64]. The PON2 contributes to 
resistance mechanisms by reducing oxidative stress and pre-
serving cellular integrity [65]. The PON2 protein has been found 
to be localized in the endoplasmic reticulum, mitochondria, and 
nuclear envelope; whereby scavenging ROS, PON2 maintains 
redox equilibrium, prevents lipid peroxidation, and protects 
membrane lipids from radical-induced damage [66, 67]. This 
antioxidant defense not only enhances cell survival in adverse 
environments but also impedes the effectiveness of chemothera-
peutic agents [68]. The role of PON2 in the maintenance of gluta-
thione levels, a critical intracellular antioxidant, further reduces 
oxidative stress and aids in the detoxification of chemothera-
peutic drugs [13]. Consequently, decreased oxidative stress and 

damage enable cancer cells to survive and metastasize, thereby 
diminishing the efficacy of various cytotoxic agents [69].

Chemotherapeutic drugs such as cisplatin primarily induce 
DNA damage through ROS production [70]. Some studies have 
suggested that PON2 may play an indirect role in mitigating the 
DNA damage caused by these drugs [71]. DNA damage activates 
checkpoints that inhibit cell division and can lead to apoptosis 
or cellular senescence [72]. However, PON2's antioxidant prop-
erties may limit the effectiveness of these checkpoints, enabling 
repair of DNA damage and evasion of cell death [73]. Moreover, 
PON2's modulation of oxidative stress affects several signaling 
pathways related to cell death and proliferation, influences drug 
resistance, and reduces treatment efficacy [11]. This protec-
tive action is crucial for cancer cells because it inhibits various 
mechanisms of cell death.

In vitro studies have shown that PON2 plays a crucial role in 
modulating molecules that control apoptotic pathways, includ-
ing caspases and proteins of the B-Cell Lymphoma 2 (Bcl-2) 
family [36, 37, 74]. The Bcl-2 family of proteins, which includes 
pro- and anti-apoptotic proteins, regulates mitochondrial apop-
tosis [75]. Furthermore, PON2 influences the expression of drug 
transporters, particularly those belonging to the ABC family [76]. 
P-glycoprotein (an ABC transporter), is responsible for the efflux of 
chemotherapeutic agents from cancer cells and is a significant con-
tributor to drug resistance [77]. PON2 modulates P-glycoprotein 
expression, promotes drug efflux, resulting in the reduction of 
intracellular concentrations of chemotherapeutic agents, and 

FIGURE 1    |    PON2 augments radiotherapy resistance in tumor cells by mitigating endoplasmic reticulum (ER) stress, reducing mitochondrial 
reactive oxygen species (ROS), and modulating significant signaling pathways such as Wnt/β-catenin, ATM/ATR, PI3K-AKT, NF-κB, and MAPK/
ERK. These mechanisms enable DNA repair, hinder apoptosis, and promote cell survival, which in turn contribute to treatment resistance.
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increases drug resistance [78]. The enzymatic activity associated 
with PON2, including paraoxonase, arylesterase, and lactonase 
which plays crucial roles in detoxifying chemotherapeutic agents, 
thus reducing their efficacy [22, 42, 79]. Paraoxonase activity has 
been shown to exert a protective effect against cisplatin by neu-
tralizing its toxic metabolites, whereas arylesterase and lactonase 
contribute to the metabolism and clearance of platinum-based 
drugs, thereby reducing their cytotoxicity [42, 79]. PON2's influ-
ence on the cytochrome P450 enzyme located in the endoplasmic 
reticulum, which is responsible for drug metabolism, affects the 
breakdown and clearance of chemotherapeutic agents, potentially 
diminishing their therapeutic efficacy [42, 80]. Cytochrome P450 
enzymes are crucial for drug detoxification and for maintaining 
physiological equilibrium. They metabolize a wide range of drugs 
and xenobiotics, significantly contributing to drug elimination and 
influencing drug efficacy [81, 82].

In conclusion, PON2's multifaceted role in cancer cells (Figure 2), 
ranging from modulating oxidative stress and apoptotic pathways 
to affecting drug metabolism and efflux, contributes significantly 
to chemotherapy resistance. By maintaining the redox balance 
and altering cellular responses to chemotherapeutic agents, PON2 
enhances cancer cell survival and reduces treatment effectiveness.

5   |   Crosstalk Between Chemotherapy and 
Radiotherapy Resistance

The intricate crosstalk between chemotherapy and radiotherapy 
resistance is mediated by PON2, which plays a crucial role in 
enhancing cancer cell survival through multiple mechanisms. 
PON2's antioxidant properties are fundamental in mitigating ox-
idative stress and preserving cellular integrity, thereby reducing 
the efficacy of chemotherapeutic agents [42]. By scavenging ROS 

and modulating glutathione levels, PON2 diminishes oxidative 
damage, impedes DNA damage checkpoints, and promotes repair 
pathways, thereby fostering resistance to chemotherapy [63, 64]. 
Similarly in radiotherapy, PON2 plays a crucial role in counter-
acting radiation-induced stress [73]. Its presence in the endoplas-
mic reticulum and mitochondria facilitates antioxidant defenses, 
alleviates endoplasmic reticulum stress, and regulates calcium 
homeostasis, thereby reducing apoptosis. PON2 also influences 
the Wnt/β-catenin and PI3K-AKT signaling pathways, enhancing 
DNA repair and cellular survival in response to radiation [35, 40]. 
By stabilizing critical repair proteins such as ATM/ATR and mod-
ulating signaling cascades such as NF-κB and MAPK/ERK, PON2 
further contributes to radiotherapy resistance [11]. These over-
lapping mechanisms (Figure 3) emphasize PON2's central role in 
both chemotherapy and radiotherapy resistance, showing how its 
antioxidant and anti-apoptotic functions, along with its influence 
on DNA repair and cell survival pathways can help cancer cells 
evade multiple forms of therapeutic intervention [23, 42]. However, 
OSCC resistance is more intricate and encompasses multiple 
mechanisms in addition to PON2. Cancer stem cells contribute to 
drug resistance through self-renewal and drug efflux processes. 
The epithelial-mesenchymal transition facilitates invasion and 
resistance to apoptosis [83]. Autophagy supports cellular survival 
under treatment-induced stress, whereas hypoxia-induced HIF ac-
tivation diminishes therapy efficacy [84]. Dysregulated apoptosis 
and immune evasion (e.g., PD-L1 upregulation) contribute to resis-
tance [85]. These factors underscore PON2's distinct role in OSCC 
resistance to treatment.

6   |   Clinical Implications and Future Perspectives

PON2 has emerged as a promising target for the improvement 
of OSCC treatment, as it helps cancer cells resist common 

FIGURE 2    |    PON2 plays a crucial role in resistance to chemotherapy by mitigating oxidative stress, regulating apoptotic pathways, and modulat-
ing drug metabolism and efflux. Specifically, it protects cancer cells from reactive oxygen species (ROS)-induced damage, enhances cellular survival, 
promotes drug resistance, and reduces the therapeutic efficacy of chemotherapeutic agents.
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treatments such as radiation and chemotherapy. The potential 
of PON2 as a therapeutic target is heightened by its overexpres-
sion in tumors and its crucial role under hypoxic conditions that 
are prevalent in the tumor microenvironment. Additionally, its 
capacity to facilitate chemoresistance has a significant impact 
on cancer treatment outcomes. By blocking PON2 (either by sup-
pressing biosynthesis or antagonistic/allosteric inhibition), we 
can enhance the effectiveness of these therapies against OSCC. 
Research in exploring strategies to target PON2, including gene 
silencing, small-molecule drugs, and leveraging the immune 
system, is required. These efforts have a significant potential 
to improve the outcomes of patients with OSCC [86]. Moreover, 
PON2 has the potential to be used as a biomarker for predict-
ing patient responses to treatment [11, 23, 42]. Measuring PON2 
levels or activity could help clinicians customize treatment 
plans to suit each patient's unique profile, thereby improving 
the treatment outcomes. The development of PON2-targeting 
therapies encompasses the identification of PON2's role in dis-
eases, the evaluation of potential drug candidates in preclini-
cal studies, and the implementation of clinical trials to assess 
safety, efficacy, and dosing. Challenges in this process include 
the validation of biomarkers, addressing off-target effects, and 
managing disease heterogeneity. Furthermore, long-term safety 
concerns, regulatory hurdles, and the necessity for personal-
ized treatment strategies complicate its translation into clini-
cal practice. Innovations in molecular targeting, such as drug 
design and nanoparticle-based delivery, may pave the way to 
overcoming these obstacles. Bringing PON2 inhibition from 
research to practical treatment requires collaboration between 

pharmaceutical companies, researchers, and clinicians. Further 
studies are needed to understand how PON2 helps cancer cells 
resist radiation and chemotherapy. This includes investigat-
ing how PON2 interacts with other resistance mechanisms, 
such as cancer stem cells or immune evasion, and identifying 
the downstream effects and signaling pathways influenced by 
PON2. Targeting PON2 offers a promising strategy to overcome 
resistance in OSCC, and using PON2 as a biomarker while de-
veloping effective inhibitors is crucial for advancing precision 
medicine in OSCC treatment.

7   |   Conclusion

This review emphasizes the fundamental role that PON2 plays 
in mediating resistance to chemotherapy and radiotherapy 
in patients with OSCC. By elucidating the complex molecular 
mechanisms by which PON2 confers a survival advantage to 
cancer cells, this review highlights its potential as a therapeutic 
target. Although significant progress has been made, further re-
search is necessary to fully comprehend the complete spectrum 
of PON2's influence on the progression of OSCC and treatment 
response. A comprehensive understanding of PON2's interac-
tions between the tumor microenvironment, cancer stem cells, 
and emerging therapeutic modalities is crucial for developing 
effective targeted therapies. Additionally, clinical studies are re-
quired to validate PON2 as a prognostic biomarker and assess 
the efficacy of PON2 inhibition in improving patient outcomes. 
Ultimately, a multidisciplinary approach that encompasses 

FIGURE 3    |    Crosstalk between chemotherapy and radiotherapy resistance.
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basic, translational, and clinical research is essential to harness 
the full potential of targeting PON2 in the management of OSCC.

Acknowledgments

The illustrations were created with the help of BioRender (https://​www.​
biore​nder.​com). During the preparation of this work, the authors used 
Paperpal (https://​paper​pal.​com) in order to rectify the grammatical er-
rors. After using this tool, the authors reviewed and edited the content 
as needed.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

1. F. Bray, M. Laversanne, H. Sung, et  al., “Global Cancer Statistics 
2022: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 
36 Cancers in 185 Countries,” CA: A Cancer Journal for Clinicians 74 
(2024): 229–263, https://​doi.​org/​10.​3322/​caac.​21834​.

2. A. Almangush, A. A. Mäkitie, A. Triantafyllou, et al., “Staging and 
Grading of Oral Squamous Cell Carcinoma: An Update,” Oral Oncology 
107 (2020): 104799, https://​doi.​org/​10.​1016/j.​oralo​ncolo​gy.​2020.​104799.

3. J. Bagan, G. Sarrion, and Y. Jimenez, “Oral Cancer: Clinical Fea-
tures,” Oral Oncology 46 (2010): 414–417, https://​doi.​org/​10.​1016/j.​oralo​
ncolo​gy.​2010.​03.​009.

4. T. S. Peixoto, M. C. Gomes, D. Q. de Castro Gomes, K. Costa Lima, A. 
F. Granville-Garcia, and E. M. M. de Brito Costa, “Analysis of Survival 
Rates and Prognostic Factors Among Patients With Oral Squamous Cell 
Carcinoma,” Journal of Public Health 25 (2017): 433–441, https://​doi.​
org/​10.​1007/​s1038​9-​017-​0794-​3.

5. D. N. A. Kumar, D. P. S. Dikhit, D. K. Rajan, et al., “Enbloc Resection 
of Primary Oral Cancer Involving Infratemporal Fossa: A Systematic 
‘Out to in and Top to Bottom’ Surgical Approach and Outcomes,” Jour-
nal of Stomatology, Oral and Maxillofacial Surgery 124, no. 6S (2023): 
101515, https://​doi.​org/​10.​1016/j.​jormas.​2023.​101515.

6. C. M. Hurley, R. McConn Walsh, N. P. Shine, J. P. O'Neill, F. Martin, 
and J. B. O'Sullivan, “Current Trends in Craniofacial Reconstruction,” 
Surgeon 21 (2023): e118–e125, https://​doi.​org/​10.​1016/j.​surge.​2022.​
04.​004.

7. T. Basu, S. G. Laskar, T. Gupta, A. Budrukkar, V. Murthy, and J. P. 
Agarwal, “Toxicity With Radiotherapy for Oral Cancers and Its Man-
agement: A Practical Approach,” Journal of Cancer Research and Thera-
peutics 8 (2012): S72–S84, https://​doi.​org/​10.​4103/​0973-​1482.​92219​.

8. J. L. Geiger and D. J. Adelstein, “Chemotherapy in the Definitive 
Management of Oral Cancers: Where Do We Stand Today?,” Oral On-
cology 102 (2020): 104584, https://​doi.​org/​10.​1016/j.​oralo​ncolo​gy.​2020.​
104584.

9. E. d. S. Santos, K. A. B. Nogueira, L. C. C. Fernandes, et al., “EGFR 
Targeting for Cancer Therapy: Pharmacology and Immunoconjugates 
With Drugs and Nanoparticles,” International Journal of Pharmaceutics 
592 (2021): 120082, https://​doi.​org/​10.​1016/j.​ijpha​rm.​2020.​120082.

10. R. M. Castilho, C. H. Squarize, and L. O. Almeida, “Epigenetic 
Modifications and Head and Neck Cancer: Implications for Tumor 

Progression and Resistance to Therapy,” International Journal of Mo-
lecular Sciences 18 (2017): 1506, https://​doi.​org/​10.​3390/​ijms1​8071506.

11. M. V. Kamal, R. R. Damerla, P. Parida, S. Chakrabarty, M. Rao, and 
N. A. N. Kumar, “Antiapoptotic PON2 Expression and Its Clinical Im-
plications in Locally Advanced Oral Squamous Cell Carcinoma,” Can-
cer Science 115 (2024): 2012–2022, https://​doi.​org/​10.​1111/​cas.​16170​.

12. I. Witte, U. Foerstermann, A. Devarajan, S. T. Reddy, and S. Horke, 
“Protectors or Traitors: The Roles of PON2 and PON3 in Atherosclero-
sis and Cancer,” Journal of Lipids 2012 (2012): 1–12, https://​doi.​org/​10.​
1155/​2012/​342806.

13. G. Manco, E. Porzio, and T. M. Carusone, “Human Paraoxonase-2 
(Pon2): Protein Functions and Modulation,” Antioxidants 10, no. 2 
(2021): 1–28, https://​doi.​org/​10.​3390/​antio​x1002​0256.

14. C. E. Furlong, J. Marsillach, G. P. Jarvik, and L. G. Costa, “Para-
oxonases-1, -2 and -3: What Are Their Functions?,” Chemico-Biological 
Interactions 259 (2016): 51–62, https://​doi.​org/​10.​1016/j.​cbi.​2016.​05.​036.

15. A. Bouyahya, S. Bakrim, S. Aboulaghras, et  al., “Bioactive Com-
pounds From Nature: Antioxidants Targeting Cellular Transformation 
in Response to Epigenetic Perturbations Induced by Oxidative Stress,” 
Biomedicine and Pharmacotherapy 174 (2024): 116432, https://​doi.​org/​
10.​1016/j.​biopha.​2024.​116432.

16. N. Apostolova and V. M. Victor, “Molecular Strategies for Targeting 
Antioxidants to Mitochondria: Therapeutic Implications,” Antioxidants & 
Redox Signaling 22 (2015): 686–729, https://​doi.​org/​10.​1089/​ars.​2014.​5952.

17. G. Giordano, T. B. Cole, C. E. Furlong, and L. G. Costa, “Paraoxo-
nase 2 (PON2) in the Mouse Central Nervous System: A Neuroprotec-
tive Role?,” Toxicology and Applied Pharmacology 256 (2011): 369–378, 
https://​doi.​org/​10.​1016/j.​taap.​2011.​02.​014.

18. R. Ravi and B. Subramaniam Rajesh, “Paraoxonase 2 Protects 
Against the CML Mediated Mitochondrial Dysfunction Through Mod-
ulating JNK Pathway in Human Retinal Cells,” Biochimica et Biophys-
ica Acta - General Subjects 1866, no. 1 (2022): 130043, https://​doi.​org/​10.​
1016/j.​bbagen.​2021.​130043.

19. J. Zhao, J. Li, and R. Zhang, “Off the Fog to Find the Optimal Choice: 
Research Advances in Biomarkers for Early Diagnosis and Recurrence 
Monitoring of Bladder Cancer,” Biochimica et Biophysica Acta (BBA)—
Reviews on Cancer 1878, no. 4 (2023): 188926, https://​doi.​org/​10.​1016/j.​
bbcan.​2023.​188926.

20. R. Campagna, E. N. Serritelli, E. Salvolini, et al., “Contribution of the 
Paraoxonase-2 Enzyme to Cancer Cell Metabolism and Phenotypes,” 
Biomolecules 14 (2024): 208, https://​doi.​org/​10.​3390/​biom1​4020208.

21. M. Neganova, J. Liu, Y. Aleksandrova, S. Klochkov, and R. Fan, 
“Therapeutic Influence on Important Targets Associated With Chronic 
Inflammation and Oxidative Stress in Cancer Treatment,” Cancers 
(Basel) 13 (2021): 6062, https://​doi.​org/​10.​3390/​cance​rs132​36062​.

22. F. Parween and R. D. Gupta, “Insights Into the Role of Paraoxonase 
2 in Human Pathophysiology,” Journal of Biosciences 47, no. 1 (2022): 4, 
https://​doi.​org/​10.​1007/​s1203​8-​021-​00234​-​7.

23. R. Campagna, V. Pozzi, A. Salvucci, et al., “Paraoxonase-2 Expres-
sion in Oral Squamous Cell Carcinoma,” Human Cell 36 (2023): 1211–
1213, https://​doi.​org/​10.​1007/​s1357​7-​023-​00875​-​w.

24. C. Papalouka, M. Adamaki, P. Batsaki, et  al., “DNA Damage Re-
sponse Mechanisms in Head and Neck Cancer: Significant Implications 
for Therapy and Survival,” International Journal of Molecular Sciences 
24, no. 3 (2023): 2760, https://​doi.​org/​10.​3390/​ijms2​4032760.

25. R. Baskar, K. A. Lee, R. Yeo, and K. W. Yeoh, “Cancer and Radia-
tion Therapy: Current Advances and Future Directions,” International 
Journal of Medical Sciences 9 (2012): 193–199, https://​doi.​org/​10.​7150/​
ijms.​3635.

26. P. O'Neill, “Radiation-Induced Damage in DNA,” Studies in Physical 
and Theoretical Chemistry 87 (2001): 585–622, https://​doi.​org/​10.​1016/​
S0167​-​6881(01)​80023​-​9.

https://www.biorender.com
https://www.biorender.com
https://paperpal.com
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.oraloncology.2020.104799
https://doi.org/10.1016/j.oraloncology.2010.03.009
https://doi.org/10.1016/j.oraloncology.2010.03.009
https://doi.org/10.1007/s10389-017-0794-3
https://doi.org/10.1007/s10389-017-0794-3
https://doi.org/10.1016/j.jormas.2023.101515
https://doi.org/10.1016/j.surge.2022.04.004
https://doi.org/10.1016/j.surge.2022.04.004
https://doi.org/10.4103/0973-1482.92219
https://doi.org/10.1016/j.oraloncology.2020.104584
https://doi.org/10.1016/j.oraloncology.2020.104584
https://doi.org/10.1016/j.ijpharm.2020.120082
https://doi.org/10.3390/ijms18071506
https://doi.org/10.1111/cas.16170
https://doi.org/10.1155/2012/342806
https://doi.org/10.1155/2012/342806
https://doi.org/10.3390/antiox10020256
https://doi.org/10.1016/j.cbi.2016.05.036
https://doi.org/10.1016/j.biopha.2024.116432
https://doi.org/10.1016/j.biopha.2024.116432
https://doi.org/10.1089/ars.2014.5952
https://doi.org/10.1016/j.taap.2011.02.014
https://doi.org/10.1016/j.bbagen.2021.130043
https://doi.org/10.1016/j.bbagen.2021.130043
https://doi.org/10.1016/j.bbcan.2023.188926
https://doi.org/10.1016/j.bbcan.2023.188926
https://doi.org/10.3390/biom14020208
https://doi.org/10.3390/cancers13236062
https://doi.org/10.1007/s12038-021-00234-7
https://doi.org/10.1007/s13577-023-00875-w
https://doi.org/10.3390/ijms24032760
https://doi.org/10.7150/ijms.3635
https://doi.org/10.7150/ijms.3635
https://doi.org/10.1016/S0167-6881(01)80023-9
https://doi.org/10.1016/S0167-6881(01)80023-9


8 of 9 Clinical and Translational Science, 2025

27. F. Sadoughi, J. Hallajzadeh, Z. Asemi, M. A. Mansournia, F. Alemi, 
and B. Yousefi, “Signaling Pathways Involved in Cell Cycle Arrest 
During the DNA Breaks,” DNA Repair 98 (2021): 103047, https://​doi.​
org/​10.​1016/j.​dnarep.​2021.​103047.

28. O. Surova and B. Zhivotovsky, “Various Modes of Cell Death In-
duced by DNA Damage,” Oncogene 32 (2013): 3789–3797, https://​doi.​
org/​10.​1038/​onc.​2012.​556.

29. S. Bhattacharya and A. Asaithamby, “Repurposing DNA Repair 
Factors to Eradicate Tumor Cells Upon Radiotherapy,” Translational 
Cancer Research 6 (2017): S822, https://​doi.​org/​10.​21037/​​tcr.​2017.​05.​22.

30. A. Cabrera-Licona, I. X. Pérez-Añorve, M. Flores-Fortis, et al., “De-
ciphering the Epigenetic Network in Cancer Radioresistance,” Radio-
therapy and Oncology: Journal of the European Society for Therapeutic 
Radiology and Oncology 159 (2021): 48–59, https://​doi.​org/​10.​1016/j.​
radonc.​2021.​03.​012.

31. J. C. Chang, “Cancer Stem Cells: Role in Tumor Growth, Recur-
rence, Metastasis, and Treatment Resistance,” Medicine 95, no. Suppl 1 
(2016): S20–S25, https://​doi.​org/​10.​1097/​MD.​00000​00000​004766.

32. M. A. Olivares-Urbano, C. Griñán-Lisón, J. A. Marchal, and M. I. 
Núñez, “CSC Radioresistance: A Therapeutic Challenge to Improve Ra-
diotherapy Effectiveness in Cancer,” Cells 9, no. 7 (2020): 1651, https://​
doi.​org/​10.​3390/​cells​9071651.

33. M. E. Lomax, L. K. Folkes, and P. O'Neill, “Biological Consequences 
of Radiation-Induced DNA Damage: Relevance to Radiotherapy,” Clinical 
Oncology 25 (2013): 578–585, https://​doi.​org/​10.​1016/j.​clon.​2013.​06.​007.

34. A. Carlos-Reyes, M. A. Muñiz-Lino, S. Romero-Garcia, C. López-
Camarillo, and O. N. de la Hernández-Cruz, “Biological Adaptations 
of Tumor Cells to Radiation Therapy,” Frontiers in Oncology 11 (2021): 
718636, https://​doi.​org/​10.​3389/​fonc.​2021.​718636.

35. M. Krüger, A. M. Pabst, B. Al-Nawas, S. Horke, and M. Moergel, 
“Paraoxonase-2 (PON2) Protects Oral Squamous Cell Cancer Cells 
Against Irradiation-Induced Apoptosis,” Journal of Cancer Research 
and Clinical Oncology 141 (2015): 1757–1766, https://​doi.​org/​10.​1007/​
s0043​2-​015-​1941-​2.

36. M. I. Shakhparonov, N. V. Antipova, V. O. Shender, et al., “Expres-
sion and Intracellular Localization of Paraoxonase 2 in Different Types 
of Malignancies,” Acta Naturae 10, no. 3 (2018): 92–99, https://​doi.​org/​
10.​32607/​​20758​251-​2018-​10-​3-​92-​99.

37. H. Yoshida, “ER Stress and Diseases,” FEBS Journal 274 (2007): 
630–658, https://​doi.​org/​10.​1111/j.​1742-​4658.​2007.​05639​.

38. S. S. Cao and R. J. Kaufman, “Endoplasmic Reticulum Stress and 
Oxidative Stress in Cell Fate Decision and Human Disease,” Antioxi-
dants & Redox Signaling 21 (2014): 396–413, https://​doi.​org/​10.​1089/​ars.​
2014.​5851.

39. S. Horke, I. Witte, P. Wilgenbus, et  al., “Protective Effect of Para-
oxonase-2 Against Endoplasmic Reticulum Stress-Induced Apoptosis Is 
Lost Upon Disturbance of Calcium Homoeostasis,” Biochemical Journal 
416 (2008): 395–405, https://​doi.​org/​10.​1042/​BJ200​80775​.

40. M. Krüger, J. Amort, P. Wilgenbus, et al., “The Anti-Apoptotic PON2 
Protein Is Wnt/β-Cateninregulated and Correlates With Radiother-
apy Resistance in OSCC Patients,” Oncotarget 7, no. 32 (2016): 51082, 
https://​doi.​org/​10.​18632/​​oncot​arget.​9013.

41. Y. Zhao, L. Tao, J. Yi, H. Song, and L. Chen, “The Role of Canonical 
Wnt Signaling in Regulating Radioresistance,” Cellular Physiology and 
Biochemistry 48 (2018): 419–432, https://​doi.​org/​10.​1159/​00049​1774.

42. T. Bacchetti, G. Ferretti, and A. Sahebkar, “The Role of Paraoxonase 
in Cancer,” Seminars in Cancer Biology 56 (2019): 72–86, https://​doi.​org/​
10.​1016/j.​semca​ncer.​2017.​11.​013.

43. S. Fumarola, “Role of Paraoxonase-2 in Bladder Cancer: Effect of 
Gene Silencing and Overexpression on Cell Proliferation, Migration and 
Chemoresistance,” (2020), https://​hdl.​handle.​net/​11566/​​273502.

44. K. M. Chou, “DNA Polymerase Eta and Chemotherapeutic Agents,” 
Antioxidants & Redox Signaling 14, no. 12 (2011): 2521–2529, https://​doi.​
org/​10.​1089/​ars.​2010.​3673.

45. C. Wang and S. P. Lees-Miller, “Detection and Repair of Ionizing 
Radiation-Induced Dna Double Strand Breaks: New Developments in 
Nonhomologous End Joining,” International Journal of Radiation On-
cology, Biology, Physics 86 (2013): 440–449, https://​doi.​org/​10.​1016/j.​
ijrobp.​2013.​01.​011.

46. F. Alemi, A. Raei sadigh, F. Malakoti, et al., “Molecular Mechanisms 
Involved in DNA Repair in Human Cancers: An Overview of PI3k/Akt 
Signaling and PIKKs Crosstalk,” Journal of Cellular Physiology 237, no. 
1 (2022): 313–328, https://​doi.​org/​10.​1002/​jcp.​30573​.

47. W. L. Santivasi and F. Xia, “Ionizing Radiation-Induced DNA Dam-
age, Response, and Repair,” Antioxidants & Redox Signaling 21 (2014): 
251–259, https://​doi.​org/​10.​1089/​ars.​2013.​5668.

48. C. Curcio, S. Brugiapaglia, S. Bulfamante, L. Follia, P. Cappello, 
and F. Novelli, “The Glycolytic Pathway as a Target for Novel Onco-
Immunology Therapies in Pancreatic Cancer,” Molecules 26 (2021): 
1642, https://​doi.​org/​10.​3390/​molec​ules2​6061642.

49. M. B. Aldonza, Y. S. Son, H. J. Sung, et al., “Paraoxonase-1 (PON1) 
Induces Metastatic Potential and Apoptosis Escape via Its Antioxida-
tive Function in Lung Cancer Cells,” Oncotarget 8, no. 26 (2017): 42817, 
https://​doi.​org/​10.​18632/​​oncot​arget.​17069​.

50. I. M. Medina-Díaz, N. Ponce-Ruíz, A. E. Rojas-García, et al., “The 
Relationship Between Cancer and Paraoxonase 1,” Antioxidants 11, no. 
4 (2022): 697, https://​doi.​org/​10.​3390/​antio​x1104​0697.

51. M. Madera, L. T. Amador, and C. L. Acosta, “Therapeutic Options 
in Unresectable Oral Squamous Cell Carcinoma: A Systematic Review,” 
Cancer Management and Research 13 (2021): 6705–6719, https://​doi.​org/​
10.​2147/​CMAR.​S283204.

52. S. D. da Silva, M. Hier, A. Mlynarek, L. P. Kowalski, and M. A. 
Alaoui-Jamali, “Recurrent Oral Cancer: Current and Emerging Ther-
apeutic Approaches,” Frontiers in Pharmacology 3 (2012): 149, https://​
doi.​org/​10.​3389/​fphar.​2012.​00149​.

53. A. Potęga, “Glutathione-Mediated Conjugation of Anticancer Drugs: 
An Overview of Reaction Mechanisms and Biological Significance for 
Drug Detoxification and Bioactivation,” Molecules 27, no. 16 (2022): 
5252, https://​doi.​org/​10.​3390/​molec​ules2​7165252.

54. A. T. Dharmaraja, “Role of Reactive Oxygen Species (ROS) in Thera-
peutics and Drug Resistance in Cancer and Bacteria,” Journal of Medic-
inal Chemistry 60 (2017): 3221–3240, https://​doi.​org/​10.​1021/​acs.​jmedc​
hem.​6b01243.

55. B. Niu, K. Liao, Y. Zhou, et al., “Application of Glutathione Deple-
tion in Cancer Therapy: Enhanced ROS-Based Therapy, Ferroptosis, 
and Chemotherapy,” Biomaterials 277 (2021): 121110, https://​doi.​org/​
10.​1016/j.​bioma​teria​ls.​2021.​121110.

56. L. Mosca, A. Ilari, F. Fazi, Y. G. Assaraf, and G. Colotti, “Taxanes 
in Cancer Treatment: Activity, Chemoresistance and Its Overcoming,” 
Drug Resistance Updates: Reviews and Commentaries in Antimicrobial 
and Anticancer Chemotherapy 54 (2021): 100742, https://​doi.​org/​10.​
1016/j.​drup.​2020.​100742.

57. M. Rebucci and C. Michiels, “Molecular Aspects of Cancer Cell Re-
sistance to Chemotherapy,” Biochemical Pharmacology 85 (2013): 1219–
1226, https://​doi.​org/​10.​1016/j.​bcp.​2013.​02.​017.

58. Z. Chen, T. Shi, L. Zhang, et al., “Mammalian Drug Efflux Trans-
porters of the ATP Binding Cassette (ABC) Family in Multidrug Resis-
tance: A Review of the Past Decade,” Cancer Letters 370 (2016): 153–164, 
https://​doi.​org/​10.​1016/j.​canlet.​2015.​10.​010.

59. P. D. W. Eckford and F. J. Sharom, “ABC Efflux Pump-Based Re-
sistance to Chemotherapy Drugs,” Chemical Reviews 109 (2009): 2989–
3011, https://​doi.​org/​10.​1021/​cr900​0226.

https://doi.org/10.1016/j.dnarep.2021.103047
https://doi.org/10.1016/j.dnarep.2021.103047
https://doi.org/10.1038/onc.2012.556
https://doi.org/10.1038/onc.2012.556
https://doi.org/10.21037/tcr.2017.05.22
https://doi.org/10.1016/j.radonc.2021.03.012
https://doi.org/10.1016/j.radonc.2021.03.012
https://doi.org/10.1097/MD.0000000000004766
https://doi.org/10.3390/cells9071651
https://doi.org/10.3390/cells9071651
https://doi.org/10.1016/j.clon.2013.06.007
https://doi.org/10.3389/fonc.2021.718636
https://doi.org/10.1007/s00432-015-1941-2
https://doi.org/10.1007/s00432-015-1941-2
https://doi.org/10.32607/20758251-2018-10-3-92-99
https://doi.org/10.32607/20758251-2018-10-3-92-99
https://doi.org/10.1111/j.1742-4658.2007.05639
https://doi.org/10.1089/ars.2014.5851
https://doi.org/10.1089/ars.2014.5851
https://doi.org/10.1042/BJ20080775
https://doi.org/10.18632/oncotarget.9013
https://doi.org/10.1159/000491774
https://doi.org/10.1016/j.semcancer.2017.11.013
https://doi.org/10.1016/j.semcancer.2017.11.013
https://hdl.handle.net/11566/273502
https://doi.org/10.1089/ars.2010.3673
https://doi.org/10.1089/ars.2010.3673
https://doi.org/10.1016/j.ijrobp.2013.01.011
https://doi.org/10.1016/j.ijrobp.2013.01.011
https://doi.org/10.1002/jcp.30573
https://doi.org/10.1089/ars.2013.5668
https://doi.org/10.3390/molecules26061642
https://doi.org/10.18632/oncotarget.17069
https://doi.org/10.3390/antiox11040697
https://doi.org/10.2147/CMAR.S283204
https://doi.org/10.2147/CMAR.S283204
https://doi.org/10.3389/fphar.2012.00149
https://doi.org/10.3389/fphar.2012.00149
https://doi.org/10.3390/molecules27165252
https://doi.org/10.1021/acs.jmedchem.6b01243
https://doi.org/10.1021/acs.jmedchem.6b01243
https://doi.org/10.1016/j.biomaterials.2021.121110
https://doi.org/10.1016/j.biomaterials.2021.121110
https://doi.org/10.1016/j.drup.2020.100742
https://doi.org/10.1016/j.drup.2020.100742
https://doi.org/10.1016/j.bcp.2013.02.017
https://doi.org/10.1016/j.canlet.2015.10.010
https://doi.org/10.1021/cr9000226


9 of 9

60. W. M. C. van den Boogaard, D. S. J. Komninos, and W. P. Vermeij, 
“Chemotherapy Side-Effects: Not All DNA Damage Is Equal,” Cancers 
(Basel) 14, no. 3 (2022): 627, https://​doi.​org/​10.​3390/​cance​rs140​30627​.

61. M. Duan, J. Ulibarri, K. J. Liu, and P. Mao, “Role of Nucleotide Exci-
sion Repair in Cisplatin Resistance,” International Journal of Molecular 
Sciences 21 (2020): 1–13, https://​doi.​org/​10.​3390/​ijms2​1239248.

62. M. García-Aranda, E. Pérez-Ruiz, and M. Redondo, “Bcl-2 Inhibi-
tion to Overcome Resistance to Chemo- and Immunotherapy,” Interna-
tional Journal of Molecular Sciences 19, no. 12 (2018): 3950, https://​doi.​
org/​10.​3390/​ijms1​9123950.

63. S. Fumarola, M. Cecati, D. Sartini, et al., “Bladder Cancer Chemo-
sensitivity Is Affected by Paraoxonase-2 Expression,” Antioxidants 9 
(2020): 175, https://​doi.​org/​10.​3390/​antio​x9020175.

64. R. Campagna, A. Belloni, V. Pozzi, et al., “Role Played by Paraoxo-
nase-2 Enzyme in Cell Viability, Proliferation and Sensitivity to Che-
motherapy of Oral Squamous Cell Carcinoma Cell Lines,” International 
Journal of Molecular Sciences 24, no. 1 (2022): 338, https://​doi.​org/​10.​
3390/​ijms2​4010338.

65. Z. Muračková, Free Radicals and Antioxidants for Non-experts. Sys-
tems Biology of Free Radicals and Antioxidants (Springer-Verlag, 2014), 
3–38, https://​doi.​org/​10.​1007/​978-​3-​642-​30018​-​9_​2.

66. W. Peng, X. Jiang, L. Haiqin, et al., “Protective Effects of Transgene 
Expressed Human PON3 Against CCl4-Induced Subacute Liver Injury 
in Mice,” Biomedicine and Pharmacotherapy 63 (2009): 592–598, https://​
doi.​org/​10.​1016/j.​biopha.​2008.​08.​023.

67. M. Rosenblat, N. Volkova, and M. Aviram, “Macrophage Endoplas-
mic Reticulum (ER) Proteins and Reducing Elements Stabilize Paraoxo-
nase 2 (PON2),” Atherosclerosis 213 (2010): 408–414, https://​doi.​org/​10.​
1016/j.​ather​oscle​rosis.​2010.​09.​029.

68. B. Marengo, M. Nitti, A. L. Furfaro, et  al., “Redox Homeostasis 
and Cellular Antioxidant Systems: Crucial Players in Cancer Growth 
and Therapy,” Oxidative Medicine and Cellular Longevity 2016 (2016): 
6235641, https://​doi.​org/​10.​1155/​2016/​6235641.

69. S. Arfin, N. K. Jha, S. K. Jha, et al., “Oxidative Stress in Cancer Cell 
Metabolism,” Antioxidants 10, no. 5 (2021): 642, https://​doi.​org/​10.​3390/​
antio​x1005​0642.

70. U. S. Srinivas, B. W. Q. Tan, B. A. Vellayappan, and A. D. 
Jeyasekharan, “ROS and the DNA Damage Response in Cancer,” Redox 
Biology 25 (2019): 101084, https://​doi.​org/​10.​1016/j.​redox.​2018.​101084.

71. A. Salvucci, “Down-Regulation of Paraoxonase-2 Enhances Chemo-
sesitivity in Melanoma and Oral Cancer Cell Lines,” (2022), https://​hdl.​
handle.​net/​11566/​​299585.

72. T. Sperka, J. Wang, and K. L. Rudolph, “DNA Damage Checkpoints 
in Stem Cells, Ageing and Cancer,” Nature Reviews. Molecular Cell Biol-
ogy 13 (2012): 579–590, https://​doi.​org/​10.​1038/​nrm3420.

73. I. Witte, S. Altenhöfer, P. Wilgenbus, et  al., “Beyond Reduction of 
Atherosclerosis: PON2 Provides Apoptosis Resistance and Stabilizes 
Tumor Cells,” Cell Death & Disease 2, no. 1 (2011): e112, https://​doi.​org/​
10.​1038/​cddis.​2010.​91.

74. D. Sulaiman, J. Li, A. Devarajan, et  al., “Paraoxonase 2 Protects 
Against Acute Myocardial Ischemia-Reperfusion Injury by Modulat-
ing Mitochondrial Function and Oxidative Stress via the PI3K/Akt/
GSK-3β RISK Pathway,” Journal of Molecular and Cellular Cardiology 
129 (2019): 154–164, https://​doi.​org/​10.​1016/j.​yjmcc.​2019.​02.​008.

75. J. K. Brunelle and A. Letai, “Control of Mitochondrial Apoptosis by 
the Bcl-2 Family,” Journal of Cell Science 122 (2009): 437–441, https://​
doi.​org/​10.​1242/​jcs.​031682.

76. M. P. Petraki, P. T. Mantani, and A. D. Tselepis, “Recent Advances 
on the Antiatherogenic Effects of HDL-Derived Proteins and Mimetic 
Peptides,” Current Pharmaceutical Design 15, no. 27 (2009): 3146–3166, 
https://​doi.​org/​10.​2174/​13816​12097​89057977.

77. C. Karthika, R. Sureshkumar, M. Zehravi, et al., “Multidrug Resis-
tance of Cancer Cells and the Vital Role of P-Glycoprotein,” Life 12, no. 
6 (2022): 897, https://​doi.​org/​10.​3390/​life1​2060897.

78. L. Locatelli, A. Cazzaniga, G. Fedele, et  al., “A Comparison of 
Doxorubicin-Resistant Colon Cancer Lovo and Leukemia hl60 Cells: 
Common Features, Different Underlying Mechanisms,” Current Issues 
in Molecular Biology 43 (2021): 163–175, https://​doi.​org/​10.​3390/​cimb4​
3010014.

79. A. Taler-Verčič, M. Goličnik, and A. Bavec, “The Structure and 
Function of Paraoxonase-1 and Its Comparison to Paraoxonase-2 and 
-3,” Molecules 25, no. 24 (2020): 5980, https://​doi.​org/​10.​3390/​MOLEC​
ULES2​5245980.

80. D. Ayan, M. A. Gül, U. Karabay, and S. M. Bulut, “Bioinformatic 
Investigation of Genetic Changes in Paraoxonase Genes in Breast Can-
cer and Breast Cancer Subtypes,” European Journal of Breast Health 20 
(2024): 178–184, https://​doi.​org/​10.​4274/​ejbh.​galen​os.​2024.​2024-​3-​7.

81. M. V. Kamal, M. Rao, R. R. Damerla, et al., “A Mechanistic Review 
of Methotrexate and Celecoxib as a Potential Metronomic Chemother-
apy for Oral Squamous Cell Carcinoma,” Cancer Investigation 41, no. 2 
(2023): 144–154, https://​doi.​org/​10.​1080/​07357​907.​2022.​2139840.

82. M. Zhao, J. Ma, M. Li, et al., “Cytochrome P450 Enzymes and Drug 
Metabolism in Humans,” International Journal of Molecular Sciences 
22, no. 23 (2021): 12808, https://​doi.​org/​10.​3390/​ijms2​22312808.

83. Z. Ling, B. Cheng, and X. Tao, “Epithelial-to-Mesenchymal Transi-
tion in Oral Squamous Cell Carcinoma: Challenges and Opportunities,” 
International Journal of Cancer 148, no. 7 (2021): 1548–1561, https://​doi.​
org/​10.​1002/​ijc.​33352​.

84. M. Li, J. Tan, Y. Miao, P. Lei, and Q. Zhang, “The Dual Role of Auto-
phagy Under Hypoxia-Involvement of Interaction Between Autophagy 
and Apoptosis,” Apoptosis 20 (2015): 769–777, https://​doi.​org/​10.​1007/​
s1049​5-​015-​1110-​8.

85. J. Y. Sun, D. Zhang, S. Wu, et al., “Resistance to PD-1/PD-L1 Block-
ade Cancer Immunotherapy: Mechanisms, Predictive Factors, and Fu-
ture Perspectives,” Biomarker Research 8 (2020): 35, https://​doi.​org/​10.​
1186/​s4036​4-​020-​00212​-​5.

86. M. V. Kamal, R. R. Damerla, P. Parida, et al., “Expression of PTGS2 
Along With Genes Regulating VEGF Signalling Pathway and Associa-
tion With High-Risk Factors in Locally Advanced Oral Squamous Cell 
Carcinoma,” Cancer Medicine 13, no. 3 (2024): e6986, https://​doi.​org/​10.​
1002/​cam4.​6986.

https://doi.org/10.3390/cancers14030627
https://doi.org/10.3390/ijms21239248
https://doi.org/10.3390/ijms19123950
https://doi.org/10.3390/ijms19123950
https://doi.org/10.3390/antiox9020175
https://doi.org/10.3390/ijms24010338
https://doi.org/10.3390/ijms24010338
https://doi.org/10.1007/978-3-642-30018-9_2
https://doi.org/10.1016/j.biopha.2008.08.023
https://doi.org/10.1016/j.biopha.2008.08.023
https://doi.org/10.1016/j.atherosclerosis.2010.09.029
https://doi.org/10.1016/j.atherosclerosis.2010.09.029
https://doi.org/10.1155/2016/6235641
https://doi.org/10.3390/antiox10050642
https://doi.org/10.3390/antiox10050642
https://doi.org/10.1016/j.redox.2018.101084
https://hdl.handle.net/11566/299585
https://hdl.handle.net/11566/299585
https://doi.org/10.1038/nrm3420
https://doi.org/10.1038/cddis.2010.91
https://doi.org/10.1038/cddis.2010.91
https://doi.org/10.1016/j.yjmcc.2019.02.008
https://doi.org/10.1242/jcs.031682
https://doi.org/10.1242/jcs.031682
https://doi.org/10.2174/138161209789057977
https://doi.org/10.3390/life12060897
https://doi.org/10.3390/cimb43010014
https://doi.org/10.3390/cimb43010014
https://doi.org/10.3390/MOLECULES25245980
https://doi.org/10.3390/MOLECULES25245980
https://doi.org/10.4274/ejbh.galenos.2024.2024-3-7
https://doi.org/10.1080/07357907.2022.2139840
https://doi.org/10.3390/ijms222312808
https://doi.org/10.1002/ijc.33352
https://doi.org/10.1002/ijc.33352
https://doi.org/10.1007/s10495-015-1110-8
https://doi.org/10.1007/s10495-015-1110-8
https://doi.org/10.1186/s40364-020-00212-5
https://doi.org/10.1186/s40364-020-00212-5
https://doi.org/10.1002/cam4.6986
https://doi.org/10.1002/cam4.6986

	Investigation of the Molecular Mechanisms of Paraoxonase-2 Mediated Radiotherapy and Chemotherapy Resistance in Oral Squamous Cell Carcinoma
	ABSTRACT
	1   |   Introduction
	2   |   Methodology
	3   |   Role of PON2 in Radiotherapy Resistance
	3.1   |   Overview of Radiotherapy in OSCC
	3.2   |   Molecular Mechanisms of PON2-Mediated Radiotherapy Resistance

	4   |   Role of PON2 in Chemotherapy Resistance
	4.1   |   Overview of Chemotherapy in OSCC
	4.2   |   Molecular Mechanisms of PON2-Mediated Chemotherapy Resistance

	5   |   Crosstalk Between Chemotherapy and Radiotherapy Resistance
	6   |   Clinical Implications and Future Perspectives
	7   |   Conclusion
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


