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Abstract

Human papillomavirus (HPV) has become a leading cause of oropharyngeal cancers, alongside well-
known risk factors such as tobacco and alcohol use. Currently, HPV-positive oropharyngeal
squamous cell carcinoma (HPV-OPSCC) has increased significantly in developed countries, with
HPV-16 being the most common high-risk subtype. Clinically, HPV-OPSCC shows clear differences
in prognosis compared to HPV-negative tumors, especially regarding survival rates and treatment
responses. Patients with HPV-OPSCC tend to have notably better survival outcomes and a more
favorable outlook. Strong evidence indicates that HPV-related oropharyngeal cancers form a distinct
epidemiological, clinical, and molecular group, setting them apart from non-HPV-related cancers. As
a result, treatment strategies for these subtypes should follow specific clinical protocols to achieve
the best outcomes. Additionally, the viral oncoproteins E6 and E7, which systematically disrupt host
tumor-suppressor networks, provide compelling reasons for targeted phytotherapeutic
interventions. Therefore, there is growing interest in exploring plant bioactive compounds with
promising anti-HPV and anticancer effects that target key oncogenic pathways. This review aims to
compile the latest data on bioactive phytochemicals—such as polyphenols, flavonoids, carotenoids,
glucosinolate derivatives, terpenoids, and alkaloids —with mechanistic evidence in HPV-OPSCC and
to highlight their molecular interactions across oncogenic signaling pathways, focusing on research
published from 2015 to 2025.
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1. Introduction

Oral squamous cell carcinoma (OSCC) and oropharyngeal squamous cell carcinoma (OPSCC)
are among the most common and deadly cancers worldwide, causing over 350,000 deaths annually
[1]. Although traditionally linked to tobacco and alcohol use, recent findings have shed new light on
these cancers, especially with the recognition that high-risk human papillomavirus (HPV),
particularly genotype 16 (HPV16), is the main cause in a growing subset of oropharyngeal cancers
[2]. In high-income countries, HPV now accounts for 60-80% of OPSCC cases [3]. HPV-positive
OPSCC displays a distinct molecular profile and unique epidemiological patterns [4], mainly
affecting younger, non-smoking patients, and typically results in a better prognosis than HPV-
negative cases (Table 1).
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Table 1. The main differences between HPV-positive and HPV-negative OPSCC [5-17].

Feature

HPV-Positive OPSCC

HPV-Negative OPSCC

Primary risk factors
Specific patient

Anatomical site

Key oncoproteins

pl6 status
Histology

AJCC staging

TME
Radiosensitivity
De-escalation therapy
Prognosis
Recurrence frequency
Prevention

HPV (esp. HPV-16), sexual
behavior
Younger, male, non-smoker
Tonsil, base of tongue
(oropharynx)

E6, E7 (viral)

Overexpressed (high)
Non-keratinizing, basaloid
Separate, favorable system (8th
ed.)
Immunogenic, T-cell rich
High
Active area of investigation
Significantly better
Lower
Vaccination (HPV vaccine)

Tobacco, alcohol
Older, smoker/drinker
Oral cavity, larynx

Mutant TP53, EGFR
overexpression
Low/absent
Keratinizing SCC

Conventional staging

Immunosuppressive
Lower
Not applicable
Worse
Higher
Tobacco/alcohol cessation

The oncogenic mechanisms of high-risk HPV mainly involve two early viral proteins, E6 and E7,
which effectively disrupt the host cell cycle control and apoptosis pathways [18]. E6 binds to the
tumor suppressor p53 through the cellular ubiquitin ligase E6-AP, leading to its degradation, while
E7 inactivates the retinoblastoma protein (pRb). This, in turn, activates E2F transcription factors and
promotes uncontrolled cell cycle progression [19]. These changes activate several downstream
oncogenic pathways—including NF-kB, PI3K/AKT/mTOR, Wnt/f3-catenin, MAPK/ERK, and
JAK/STAT —that collectively support cancer cell growth, resistance to cell death, new blood vessel
formation, and immune system evasion [20] .

HPV-positive OPSCC (HPV-OPSCC) remains a significant challenge in diagnosis and treatment,
underscoring the urgent need for innovative strategies [20-22]. Despite significant advances in
surgical techniques, radiotherapy, and immunotherapy—especially with agents such as
pembrolizumab and nivolumab that target PD-1/PD-L1 [23,24]. The outcomes for recurrent or
metastatic HPV-OPSCC remain with 5-year survival rates around 60% across all stages [25-28].
Standard treatments can cause considerable side effects, highlighting the need for new solutions [29].

In this context, plant-derived compounds [30,31] have emerged as promising multi-target agents
that could effectively address various aspects of HPV-driven cancer development while reducing
toxic effects compared to traditional chemotherapies [32-36]. This review provides an insightful look
at bioactive phytochemicals with proven efficacy against HPV-positive oral cancer. It discusses their
molecular targets, interactions with signaling pathways, supporting evidence, and potential clinical
applications, highlighting the potential to incorporate these natural products into future treatment
approaches [37].

2. Methods

A systematic search of PubMed, Scopus, Web of Science, and Google Scholar was performed for
literature published through 2015 - 2025, combining terms relating to HPV-positive oropharyngeal
cancer, OSCC/OPSCC, HPV E6/E7 oncoproteins, phytochemicals, and specific molecular pathways.

3. Molecular Oncogenesis and Conventional Therapeutic Protocol of HPV-
Positive OPSCC
The molecular oncogenesis of HPV-positive oropharyngeal cancer is a multi-step process

initiated by persistent HPV-16 infection. The viral E6 and E7 oncoproteins disrupt critical tumor
suppressors (p53 and Rb), while simultaneously activating inflammatory pathways, particularly the
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IL-6/STAT3 axis [38,39]. Additional somatic mutations (NOTCH1, SOX2) and the presence of
extrachromosomal DNA further drive malignant transformation [38,40]. The tumor
microenvironment, including immune cell populations and hypoxic conditions, plays a crucial
modulatory role in disease progression and treatment response [40—43] This complex interplay of
viral, genetic, and microenvironmental factors distinguishes HPV-OPSCC from other head and neck
cancers and explains its unique clinical characteristics, including improved initial prognosis but
heterogeneous treatment responses (Figure 1).

HPV-positive oral cancer: molecular mechanisms

e HPV-16 | HPV-18
Infects oral epithelium

T
Bax / PUMA suppressed | | Mutations accumulate Cyclin E / CDK2 upregulated
: Biomarker for HPV+ OSCC

p16~INK4a overexpressed 1

E6 E7

i E6 oncoprotein E7 oncoprotein

! Binds E6AP ubiquitin ligase Binds hypophosphorylated Rb
3 p53 Rb (inactivated)

; Ubiquitin-medigted degradation E2F transcription factors freed
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DNA repair lost Uncontrolled S-phase entry !

Immune evasion hTERT activated PI3 KI KT /| mTOR up
PD-L1 up, MHC-I down "7 Replicative immortality P querallon survival
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[ HPV+ Oral Squamous Cell Carcinoma

Oropharynx, tonsil, base of tongue
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Figure 1. HPV-induced oropharyngeal carcinogenesis. E6 binds the ubiquitin ligase E6AP to target p53 for
proteasomal degradation. Without p53, cells cannot arrest the cell cycle at DNA damage checkpoints or trigger
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apoptosis, leading to the accumulation of oncogenic mutations. E6 also directly transactivates the hTERT
promoter, conferring replicative immortality on cells. E7 binds hypophosphorylated Rb and displaces it from
the E2F family of transcription factors, forcing continuous S-phase entry. The resulting loss of Rb feedback
paradoxically leads to strong overexpression of the CDK inhibitor pl6"INK4a, which is why pl6
immunohistochemistry serves as the standard surrogate biomarker for HPV-driven tumors, despite p16
normally functioning as a tumor suppressor. Secondary effects include upregulation of the PI3K / AKT / mTOR
pathway (amplified in approximately 50-80% of HPV-positive OPSCC) and immune evasion through PD-L1
upregulation and MHC-I downregulation — the latter being an important therapeutic target given the high
immunogenicity of these tumors. Despite their aggressive molecular profile, HPV-positive OPSCC has a
significantly better prognosis than HPV-negative ones, largely because p53 remains wild-type at the genomic
level (only suppressed by E6) and because the tumor-infiltrating lymphocyte response to viral antigens makes
them highly sensitive to chemoradiation. Solid arrows: direct activation or promotion of downstream targets.
Dashed arrows: indirect or distal molecular effects. Orange/coral boxes: viral oncoproteins and tumor nodes.
Green boxes: clinically favorable outcomes and biomarkers. OPSCC - oropharyngeal squamous cell carcinoma;

HPV+ Oral Squamous Cell Carcinoma — HPV-positive Oral Squamous Cell Carcinoma.

3.1. The E6/p53 Axis

HPV16 E6, approximately 150 amino acids long, contains two zinc-binding domains that create
a surface for binding p53. When E6, E6-AP (an E3 ubiquitin ligase), and p53 form a ternary complex,
p53 is rapidly ubiquitylated and degraded by the proteasome—a process that has recently been
understood at atomic detail [44]. This has significant consequences: loss of p53-controlled G1/S and
G2/M checkpoints, weakened DNA damage response, reduced apoptosis due to lower BAX levels,
and less p21 (CDKN1A) induction [45,46]. Additionally, E6 interferes with the p53-p300-CBP
transcriptional activator complex, decreasing p53 acetylation and limiting its activity even when
protein levels remain relatively stable [47]. From a phytotherapeutic perspective, the E6/p53 pathway
is a particularly promising target [48]. Compounds that can inhibit E6 gene transcription, destabilize
E6 protein, or competitively bind to E6 interaction sites could, in theory, restore proper p53 signaling
and reactivate the cell's innate apoptotic pathways—similar to how MDM?2 inhibitors have been
effectively used in HPV-negative p53 wild-type cancers [49,50].

3.2. The E7/pRb Axis and Cell-Cycle Dysregulation

The HPV16 E7 protein binds to pRb via a conserved LXCXE motif, preventing pRb from
sequestering E2F transcription factors. Consequently, E2F1-3 can activate genes essential for S-phase
entry, such as Cyclin E, Cyclin A, and CDK2. Furthermore, E7 encourages the ubiquitination and
proteasomal degradation of pRb [51]. A recently discovered additional mechanism involves E7
disrupting the DREAM complex, a repressive complex involving E2F4/5, leading to widespread
activation of cell-cycle genes independent of E6's influence on p53 [51,52]. The overexpression of
p16INK4A —used clinically as a surrogate marker for HPV —serves as a compensatory feedback loop
within the pRb pathway, rather than indicating effective tumor suppression [53].

3.3. Downstream Oncogenic Signaling Networks

The loss of p53 and pRb function triggers multiple oncogenic pathways that are further
enhanced in HPV-positive OHSCC:

o NF-xB pathway, activated by viral proteins and inflammatory stimuli, promotes
transcription of anti-apoptotic genes (Bcl-2, cIAP-2, Bcl-xL), pro-angiogenic factors (VEGF, IL-8), and
invasion-related genes (MMP-2, MMP-9, E-selectin) [54-57].

o PI3K/AKT/mTOR pathway is often activated through EGFR overexpression (seen in
about 90% of OPSCC), PTEN loss, or direct viral influence; it promotes proliferation, metabolic
reprogramming, and resistance to apoptosis [58-62].
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o Wnt/[3-catenin pathway supports cancer stem cell maintenance, epithelial-mesenchymal
transition (EMT), and resistance to treatment; (-catenin accumulation in the nucleus has been
observed in HPV-positive OPSCC [63-66].

o In the JAK/STAT pathway, STAT3 is constantly active in OPSCC, aiding immune evasion
by upregulating PD-L1 and inhibiting dendritic cell maturation [67-72].

o MAPK/ERK pathway with downstream EGFR and RAS, encourages cell proliferation and
survival; RAS mutations that activate this pathway are less common in HPV-positive than in HPV-
negative OPSCC [73,74].

3.4. Immune Evasion in HPV-Positive OPSCC

Despite the immunogenic nature of HPV infection, tumors effectively evade immune
surveillance through multiple mechanisms: E6-mediated repression of E-cadherin disrupts antigen
presentation; E7 promotes immune exclusion via MARCHEF8-dependent degradation of FAS and
TRAIL death receptors; HIF-1a-driven PD-L1 upregulation inactivates tumor-infiltrating T cells; and
myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) accumulate in the tumor
microenvironment (TME) [75,76].

3.5. Conventional Therapeutic Protocol for HPV-OPSCC

The conventional therapeutic protocol for HPV-positive oral cancer is shown in Figure 2. The
figure outlines the standard-of-care pathway for HPV-positive OPSCC using the AJCC 8th edition
staging system, which specifically reclassified pl6+/HPV+ tumors as a separate, more favorable
category [77]. The improved prognosis of HPV-OPSCC compared to HPV-negative oral cancers has
driven extensive research into treatment de-escalation to reduce long-term toxicity without affecting
oncological outcomes [78].

3.5.1. Low-Risk Status (Stage I-II)

These patients are candidates for de-escalation strategies to reduce treatment intensity, such as
less invasive surgery, lower radiation doses, or reduced chemotherapy [79-81]. This approach
decreases long-term side effects and improves patients’ quality of life without compromising high
survival rates [82]. When surgical access allows, transoral robotic surgery (TORS) or transoral laser
microsurgery (TLM) is preferred [83-85], with reduced-dose adjuvant therapy if pathological risk
factors like positive margins or extracapsular extension are absent. Radiation alone at a lower dose
(60-66 Gy) is an alternative. [81,86] Several clinical trials (e.g.,, ECOG-ACRIN 3311, PATHOS) are
actively refining these thresholds [82,87-91] (Figure 2).

3.5.2. Locally Advanced (Stage III-1V)

Concurrent chemoradiation remains the standard, typically IMRT to 70 Gy with cisplatin (100
mg/m? q3w) [89]. Post-CRT PET-CT at 12 weeks guides the decision for salvage neck dissection [92—
95]. Surveillance is intensive during the first two years, then tapers off, with focus on thyroid function
(if the neck was irradiated) [96-103], swallowing therapy [82,104-107], and smoking cessation (since
smoking worsens prognosis even in HPV+ disease) [108-110] (Figure 2).
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HPV-positive oropharyngeal cancer — therapeutic protocol
HPV-OPC (pl6+ / HPV16+), AJCC 8th edition staging
.
Diagnosis & workup
Biopsy - p16 IHC - HPV PCR - PET-CT/ MRI
AN J
Clinical staging
AJCC 8th ed. - T/N/M - ENE assessment
Stage 111 (low-risk)
Stagf (]} Stage\"lll—lv
De-escalation eligible Locally advanced
Low-risk - non-smoker - limited nodal disease Bulky nodal disease - T3-T4 - ENE
TORS /| TLM RT alone Concurrent CRT (standard of care)
Surgical IMRT 60-66 Gy IMRT 70 Gy + cisplatin 100 mg/m?
resection + reduced dose g3w x 3 cycles (or weekly 40 mg/m2)
Adjuvant (if surgical) Post-CRT neck assessment
pT3—4 / ECE [ + margins — PORT = cisplatin PET-CT at 12 wks - residual disease
60-66 Gy - de-escalation trials ongoing — salvage neck dissection
)
Response assessment
Clinical exam - endoscopy : PET-CT - MRI
Surveillance & supportive care
H&N exam q1-3 mo (yr 1-2) — g6 mo (yr 3-5
gl G ] (lFsns) Relapse
TSH - swallowing rehab - smokKing cessation

Recurrence - salvage

Abbreviations: TORS transoral robotic surgery - TLM transoral laser microsurgery - IMRT intensity-modulated RT - CRT chemoradiotherapy - ECE extracapsular

Figure 2. Conventional therapeutic protocol for HPV-positive oropharyngeal squamous cell carcinoma. HPV-
OPC - HPV-positive oropharyngeal cancer; AJCC - American Joint Committee on Cancer; TORS - transoral
robotic surgery; TLM - transoral laser microsurgery; IMRT - intensity-modulated radiotherapy; CRT -
chemoradiotherapy; ENE - extranodal extension; ECE - extracapsular extension; PORT - postoperative

radiotherapy.
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4. Plant-Derived Compounds: Mechanisms and Evidence

Fifteen phytochemicals directly target these immune evasion mechanisms, as explained below.
The bioactive compounds belong to various chemical categories: polyphenols (curcumin, EGCG,
resveratrol, their triple combination (TriCurin), quercetin, apigenin, kaempferol, luteolin),

flavonoglicans (silibinin), lactones (withaferin A), carotenoids (lycopene), glucosinolate derivatives
(Indole-3-carbinol, sulforaphane), terpenoids (artemisinin), xantones (alpha-Mangostin), and

alkaloids (berberine) (Figure 3).
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Alpha-Mangostin (CID: 5281650) Indole-3-carbinol (CID: 3712) Sulphoraphane (CID: 5350)
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Artemisinin (CID: 68827) Lycopene (CID: 446925)

Figure 3. Bioactive phytochemicals 2-D structures, as depicted in
https://pubchem.ncbi.nlm.nih.gov/compound).

4.1. Curcumin

Curcumin, (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione), is the
principal bioactive polyphenol extracted from the rhizome of turmeric (Curcuma longa), a member
of the Zingiberaceae family. It belongs to the curcuminoid class and has been investigated in over 150
human clinical trials across oncological and inflammatory conditions

Mishra et al. [111] demonstrates that curcumin is a powerful and highly selective inhibitor of
HPV16 E6 oncogene transcription in the HPV16-positive oral carcinoma cell line 93VU147T. It works
by blocking the transcriptional activators AP-1 and NF-«B, which normally bind to the HPV
upstream regulatory region (URR) to promote E6 and E7 gene expression. Immunoblot analyses
show an encouraging inverse relationship: as curcumin levels increase, E6 protein decreases, and p53
protein is restored. At the same time, the levels of anti-apoptotic proteins Bcl-2 and cIAP-2 decline,
while pro-apoptotic BAX increases —highlighting the reactivation of p53-dependent apoptosis.

Other authors offered a thorough review of curcumin's mechanisms of action across multiple
pathways in head and neck cancer [112]. They confirm that its cell-killing effects in HPV+ cell lines
are mainly due to E6 suppression and the subsequent restoration of p53. The review covers
curcumin's effects on:

- Wnt/B-catenin: It inhibits Wnt ligand-receptor interaction and promotes GSK3{3-mediated
phosphorylation and degradation of (3-catenin, which helps reduce cancer stem cell renewal [113].

- PIBK/AKT/mTOR: It suppresses PI3K activity and AKT phosphorylation. This downregulation
decreases mTOR activity, which in turn reduces the translation of oncoproteins, as shown in oral
cancer cells by blocking EGFR phosphorylation and ERK1/2 [112,113].
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- JAK/STAT3: Curcumin reduces STAT3 phosphorylation at Y705, leading to lower transcription
of genes like Cyclin D1, c-Myc, and PD-L1 [113].

- Notch signaling: It decreases Notch-1 and its downstream targets HES1/HEY1, thereby
reducing invasion and EMT in OSCC cell lines [113].

- miR-31 regulation: Curcumin lowers the levels of miR-31 (an oncomiR that is overexpressed in
OSCC), which reduces AKT activation and C/EBP{-driven transcription [113].

- Epigenetic reprogramming: It inhibits DNMT1 and HDAC activities, reactivating silenced
tumor suppressor genes [113].

- Ferroptosis induction: Recent research has identified this as an additional mechanism,
involving GPX4 modulation and lipid peroxide accumulation, that contributes to cancer cell death
[113].

It was also reported that copper supplementation enhances the cytotoxicity of curcumin in oral
cancer cell lines [114].

4.2. (+/-)-. Epigallocatechin Gallate-13C3

(+/-)-Epigallocatechin Gallate-13C3 (EGCG, [2R,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-
3,4-dihydro-2H-chromen-3-yl] 3,4,5-trihydroxybenzoate) is the most abundant and biologically
active catechin in green tea (Camellia sinensis, Theaceae). It makes up about 40-60% of the total
catechin content in fresh tea leaves and is classified as a flavan-3-ol polyphenol.[115].

Tsouh et al. [116] demonstrated that EGCG: (1) helps slow the growth of HNSCC cell lines and
promotes cell death; (2) decreases pEGER, a key factor in promoting cancer in OSCC; (3) lowers Cox-
2 levels, which helps reduce immunosuppression caused by prostaglandin E2; (4) suppresses
activated STAT3 (pSTAT3), leading to less PD-L1 production; and (5) reduces Cyclin D1, supporting
G1 cell-cycle arrest [116]. EGCG also binds to the proteins Bcl-2 and Bcl-xL, preventing their
inhibition of cell death and thus promoting apoptosis. Furthermore, EGCG can disrupt lipid rafts in
HNSCC cells, displacing EGFR from its signaling hubs and reducing downstream cancer-promoting
signals [117].

EGCG targets HPV at multiple points: it blocks the virus from entering cells by binding to HPV
L1 capsid protein, preventing attachment to epithelial cells—beneficial for both prevention and
treatment. It also lowers E6 and E7 levels by inhibiting NF-kB and AP-1, reducing their gene activity
[118,119]. Additionally, recent research shows that EGCG can inhibit PD-L1 expression by
suppressing NF-kB, helping to restore CD8+ T cell activity in tumors —an important finding for HPV-
positive OPSCC, where PD-L1/PD-1 inhibitors are already approved treatments [120,121]. Recent
reviews confirm that EGCG has anticancer activity, especially against HPV16-related cancers, and
that this promising effect is dose-dependent [116,118-124].

Interestingly, a standardized green tea extract called Polyphenon E, marketed as Veregen®, is
FDA-approved for treating external genital warts caused by HPV [118].

4.3. Resveratrol

Resveratrol, 5-[E)-2-(4-hydroxyphenyl) ethenyl] benzene-1,3-diol, is a naturally occurring
compound classified as a stilbene polyphenol. It is produced as a defensive response, called a
phytoalexin, mainly in grapes (Vitis vinifera), blueberries, mulberries, peanuts, and most abundantly
in Polygonum cuspidatum. This compound has two isomeric forms, cis and trans, with the “trans” form
being biologically active.

Resveratrol can decrease HPV E6 and E7 mRNA and protein levels in HPV16-positive (CaSki)
and HPV18-positive (HeLa) cervical cancer cells [125]. These findings are especially relevant for HPV-
positive OPSCC because they involve similar viral cancer mechanisms. The proposed idea is that
resveratrol interrupts the splicing of the E6 intron from the E6E7 pre-mRNA, a crucial step after
transcription. This leads to several benefits: (1) restoring the expression of tumor suppressors p53 and
p16INK4A; (2) raising BAX levels and lowering Bcl-2, thereby encouraging apoptosis; (3) causing

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1016.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2026

10 of 39

G1/S cell cycle arrest through p21 activation; and (4) reducing phospho-pRb1, counteracting the
effects of E7 on cell cycle control [125].

Chatterjee et al. expanded on these findings by showing that resveratrol and its more
bioavailable form, pterostilbene, also decrease HPV E6 levels and inhibit NF-kB activity in HPV-
positive cancer cells [126,127]. Researchers also found that combining resveratrol with other
polyphenols produces a synergistic effect, leading to the development of TriCurin [128]. In addition
to targeting viral proteins, resveratrol helps shut down persistent NF-kB activation in head and neck
cancers, reducing the secretion of inflammatory factors such as TNF-«, IL-6, and VEGF [129]. It also
inhibits STAT3 phosphorylation and lowers MMP-2 and MMP-9 levels, helping to prevent cancer
invasion [130]. Its ability to stop metastasis is partly due to its suppression of EMT, as indicated by
lower levels of vimentin, E-cadherin, and Snail [131].

4.4. TriCurin: A Synergistic Polyphenol Combination

TriCurin is a rationally designed combination of three food-derived polyphenols: curcumin
(from Curcuma longa), epicatechin gallate (ECG, from green tea), and resveratrol (from grapes),
combined at the specific molar ratio of 4:1:12.5. [132,133]

A detailed analysis of various two- and three-way combinations of polyphenols against HPV-
positive cervical cancer cells (HeLa) and HPV16+ head and neck cancer cells (TC-1) [132,133]. Using
combination index (CI) analysis, they identified a particularly effective mix, TriCurin. This
combination showed the strongest synergy (CI < 1). In HPV16+ TC-1 cells, which produce c-Ha-ras
and HPV16 E6/E7, TriCurin significantly increased HPV E6 protein suppression by 4.7 times, doubled
p53 induction, raised activated p53 (acetyl-p53) sixfold, and elevated activated caspase-3 levels by 1.7
times compared to curcumin alone [134]. When tested in live animals, intralesional injections of
TriCurin into subcutaneous TC-1 tumors in C57BL/6 mice resulted in an impressive 80-90% reduction
in tumor growth during treatment, all without harmful effects on healthy control mice. The treatment
works by the three compounds acting together to interfere with the E6—p300/CBP interaction:
curcumin and resveratrol first reduce E6 transcription by suppressing NF-«kB and AP-1 pathways,
while ECG enhances p300 acetyltransferase activity, shifting the balance toward p53 acetylation and
activation [135]. Piao et al. further explored TriCurin’s effects specifically on HPV-positive HNSCC,
confirming that it can effectively target HPV+ HNSCC cell lines without harming normal
keratinocytes —highlighting its promising potential as a safe and effective treatment option in the
oropharyngeal area [132].

4.5. Quercetin

Quercetin, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one, is common in plants and is
found in high amounts in onions (Allium cepa), elderberries, capers, kale, and tea. It is believed to be
the most widely consumed dietary flavonoid worldwide.

Quercetin's anticancer effects on various OSCC cell lines were investigated using various
methods (MTT assay, flow cytometry, wound-healing assay, invasion assay, and gelatin
zymography). Key findings include: (1) inducing a selective G2/M cell-cycle arrest—by suppressing
Cyclin B1/CDK1—without affecting normal human oral keratinocytes (HaCaT, nHOK); (2) blocking
TGF-p1-induced EMT by targeting the Slug transcription factor, which decreases fibronectin and
vimentin levels; (3) reducing MMP-2 and MMP-9 activity, thereby limiting basement membrane
invasion [136-139].

A scoping review and molecular docking study [140] confirmed quercetin's strong binding
affinity for BCI-2 protein outperforming the reference ligand doxorubicin and providing a structural
basis for its pro-apoptotic activity. The review of nine eligible studies reaffirmed its effects on cancer
invasion, migration, proliferation, and induction of apoptosis across multiple OSCC model systems
[141-145].

Regarding HPV-specific activity, quercetin suppresses NF-«B activity, similar to curcumin and
EGCG. In vitro studies of HPV+ cancer cells show decreased E-cadherin repression and increased T-
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cell-mediated killing compared to untreated HPV+ controls, indicating potential indirect immune-
boosting effects in the HPV-positive environment [146,147]. Moreover, the combination of quercetin
and cisplatin increases apoptosis of OSCC cells by downregulating XIAP through the NF-kB pathway
[148]. Quercetin also augments the oral cancer cells' sensitivity to Vincristine [149].

4.6. Apigenin

Apigenin (5,7-dihydroxy-2-(4-hydroxyphenyl)chromen-4-one) is a flavone subclass flavonoid
found in high amounts in Petroselinum crispum and Matricaria chamomilla. It has attracted researchers’
attention for its ability to slow cell growth and its gentle effect on normal cells.

A recent study examined curcumin, EGCG, and apigenin together in the context of HPV-related
cancer [117]. They noted that apigenin interacts with the PI3K/AKT, NF-kB, MAPK/ERK, and Wnt/[-
catenin pathways, which are often disrupted in HPV-positive OSCC [117]. Its anti-HPV effects are
more indirect, by (1) reducing NF-«xB activity, which leads to less E6/E7 expression driven by HPV
URR, (2) lowering STAT3 phosphorylation, which decreases PD-L1 and helps the immune system,
(3) cutting down Cox-2 and prostaglandin E2, which helps reduce inflammation that can promote
tumors, (4) directly encouraging cancer cell death through caspase-3/7 activation and PARP cleavage
in OSCC cells and (5) working together with EGCG to boost cancer cell death even more, with the
combination showing stronger effects at doses that are safe on their own [117,150-155].

The therapeutic targets of the main polyphenols in HPV-positive oral cancer are illustrated in
Figure 4.
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Therapeutic targets of polyphenols in HPV+ oral cancer
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Figure 4. Therapeutic targets of the main polyphenols in HPV-positive oral cancer. Five well-characterized
polyphenols — resveratrol, EGCG, curcumin, quercetin, and apigenin — converge on multiple oncogenic
pathways. Direct actions include downregulation of E6/E7 (restoring p53 and Rb), inhibition of
PIBK/AKT/mTOR, NF-kB suppression, and VEGF blockade. Downstream effects include intrinsic apoptosis,
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CDK/cyclin inhibition, and ROS induction. Epigenetic and immune effects include DNMT/HDAC inhibition,
miRNA modulation, PD-L1 downregulation, and T-cel/NK enhancement. Collectively, these mechanisms
support adjuvant and chemopreventive use, with synergy reported with cisplatin, cetuximab, and radiotherapy.
Arrow types: Solid green arrow: Direct action of a polyphenol on a molecular target (e.g., E6/E7 suppression,
PI3K inhibition); Dashed green arrow: Indirect or epigenetic action of a polyphenol (e.g.,, DNMT/HDAC
inhibition, immune modulation); Solid grey arrow: Downstream pathway consequence — activation or
inhibition of secondary targets; Dashed grey arrow: Indirect downstream effect converging on tumor
suppression. Color coding: Green: Dietary polyphenols and their natural food sources. Coral / red: Primary
oncogenic targets (HPV E6/E7 oncoprotein activity; PI3K/AKT/mTOR survival signaling). Teal: Anti-tumor
pathway effects (p53/Rb restoration, cell cycle arrest, NF-kB and VEGF inhibition, overall tumor suppression).
Purple: Molecular effectors of cell death (intrinsic apoptosis via Bax/Bcl-2/caspase cascade, CDK/cyclin inhibition
via p21/p27 upregulation, ROS induction). Amber: Epigenetic and immune effects (DNMT/HDAC inhibition,
tumor-suppressive miRNA modulation, PD-L1 downregulation, NK cell and cytotoxic T-cell enhancement).
Blue: Clinical translation — adjuvant and chemopreventive potential, including demonstrated synergy with
cisplatin, cetuximab, and radiotherapy. EGCG: epigallocatechin-3-gallate; E6/E7: HPV early proteins 6 and 7;
PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR: mechanistic target of rapamycin; NF-kB: nuclear
factor kappa-light-chain-enhancer of activated B cells; VEGF: vascular endothelial growth factor; CDK: cyclin-
dependent kinase; ROS: reactive oxygen species; DNMT: DNA methyltransferase; HDAC: histone deacetylase;
miRNA: microRNA; PD-L1: programmed death-ligand 1; NK: natural killer; Bcl-2: B-cell lymphoma 2; Bax: Bcl-

2-associated X protein; p53: tumor protein p53; Rb: retinoblastoma protein.

4.7. Kaempferol

Kaempferol, 3,5,7-trihydroxy-2-(4-hydroxyphenyl) chromen-4-one, is found in many plant
species (Spinacia oleracea, Brassica oleracea, Capparis spinosa, Rosmarinus officinalis).

Molecular docking analysis of five natural flavonoid glycosides (fisetin, kaempferol, morin,
myricetin, and quercetin) against HPV-18 E6 and E7 oncoproteins showed that kaempferol had the
highest binding affinity to both E6 and E7. All compounds adhered to Lipinski's rules of drug-
likeness [156].

A study examining flavonoids (kaempferol, galangin, luteolin, chrysin, quercetin, and apigenin)
in HPV-transformed cell lines found that each compound at 50 uM almost entirely suppressed clones
in cells transformed by HPV16, HPV18, or HPV68. The compounds caused cell cycle alterations,
leading to a notable increase in p53 and p21 levels, which aligns with the disruption of the E6-E6AP
interaction, a process essential for both the induction and maintenance of the virus-induced cancer
phenotype [157].

4.8. Luteolin

Luteolin, 2-(3,4-dihydroxyphenyl)-5,7-dihydroxychromen-4-one, is commonly found in plants
from the Asteraceae, Lamiaceae, Poaceae, Leguminosae, and Scrophulariaceae families. It has been
the most extensively studied flavonoid for directly inhibiting HPV oncoproteins. Luteolin showed a
significant, dose-dependent cytotoxic effect only in HPV-positive cancer cells, not in HPV-negative
cells. It suppressed the expression of HPV E6 and E7 oncogenes, restored levels of pRb and p53, and
increased E2F5 levels. Additionally, luteolin enhanced the expression of death receptors (Fas/FasL,
DR5/TRAIL, FADD), activated caspase cascades—specifically caspase-3 and -8—induced
mitochondrial membrane potential collapse, caused cytochrome c release, and inhibited Bcl-2 and
Bcl-xL [158-161].

Using structure-based virtual screening of the HPV-16 E6-E6AP interface, luteolin emerged as
the most potent inhibitor of the E6-E6AP interaction, which is essential for p53 degradation —
providing a direct mechanistic rationale for its HPV-selective activity [158-160].
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4.9. Indole-3-Carbinol

Indole-3-carbinol (I3C, 1H-indol-3-ylmethanol) is a product of glucosinolate hydrolysis found in
cruciferous vegetables (such as broccoli, cabbage, cauliflower, kale, and mustard) [161]. In the acidic
environment of the stomach, I3C further condenses to form diindolylmethane (DIM), which
contributes to many of I3C's bioactivities [162].

I3C-specific anti-HPV mechanisms consist of the following: (1) I3C counteracts HPV16 immune
evasion by antagonizing E6 protein-mediated repression of E-cadherin, restoring cell-surface
adhesion molecule expression and enhancing antigen presentation to cytotoxic T lymphocytes; (2)
I3C functions as a class I HDAC inhibitor, derepressing tumor suppressor genes silenced by E7-
driven epigenetic modifications; (3) I3C decreases proinflammatory cytokines (TNF-a, IL-1p, IL-6)
and T-cell activation by disrupting HDAC-dependent transcriptional programs [163-165] .

Indole-3-carbinol inhibits nasopharyngeal carcinoma cell growth in vivo and in vitro through
apoptosis based on the PI3K/Akt pathway [166]

I3C and sulforaphane are some of the most scientifically supported cruciferous-derived agents
for preventing oral cancer, noting their combined anti-proliferative and immune-modulating effects
[161,167-170].

4.10. Alpha-Mangostin

Alpha-Mangostin (a-MG, 1,3,6-trihydroxy-7-methoxy-2,8-bis(3-methylbut-2-enyl) xanthen-9-
one) is a xanthone derivative extracted from the pericarp (peel) of the tropical mangosteen fruit
(Garcinia mangostana, Clusiaceae). It is a polyhydroxylated compound with strong antioxidant, anti-
inflammatory, and antineoplastic effects.

Diaz et al. [171]provided direct molecular evidence that a-Mangostin inhibits cervical cancer cell
proliferation and tumor growth by downregulating E6/E7 HPV oncogenes and the KCNHI1
potassium channel gene, which is an E6/E7-regulated driver of proliferation. The inhibitory effects
were proportional to the HPV copy number—the cell line with the highest HPV load (CaSki with
HPV16) showed the greatest sensitivity —directly implicating the E6/E7 suppression mechanism
[171].

Majdalawieh et al. [172] reviewed the anti-OSCC evidence for a-MG, highlighting the following
mechanistic pathways: (1) G1-phase cell cycle arrest through downregulation of CDK4/CDK6 and
Cyclin D1; (2) activation of the intrinsic (mitochondrial) apoptosis pathway via collapse of
mitochondrial membrane potential, cytochrome c release, and caspase-9/caspase-3 activation;
upregulation of pro-apoptotic BAX and downregulation of anti-apoptotic Bcl-2.

Critically, a recent clinical-stage development study tested a 1% a-Mangostin orabase gel
formulation directly against OSCC cells [173]. Additionally, mucoadhesive films loaded with a-MG
[174] demonstrated anti-HPV16 activity at both attachment and post-attachment stages, establishing
dual antiviral and anticancer activities within a single mucosal delivery format.

4.11. Silibinin

Silymarin is the standardized extract derived from the seeds of milk thistle (Silybum marianum,
Asteraceae), comprising approximately 65-80% silibinin, along with silydianin and silychristin.
Silibinin is the most pharmacologically active constituent.

Silibinin, (2R,3R)-3,5,7-trihydroxy-2-[(2R,3R)-3-(4-hydroxy-3-methoxyphenyl)-2-
(hydroxymethyl)-2,3-dihydro-1,4-benzodioxin-6-yl]-2,3-dihydrochromen-4-one, has been shown to
inhibit STAT3 and NF-kB signaling pathways in head and neck squamous cell carcinoma (HNSCC)
cell lines, thereby decreasing the expression of genes related to survival and inflammation [175]. In
the tumor microenvironment of oral squamous cell carcinoma (OSCC), STAT3 activation increases
PD-L1 levels and hinders dendritic cell maturation. The inhibition of STAT3 by silybin offers both
direct anti-proliferative effects and indirect immunity-enhancing benefits [176].
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Silymarin was also shown to have anti-HPV activity, as confirmed by molecular docking in a
study of Fazeli et al. [177].

4.12. Withaferin A (WFA)

Withaferin A, (15,2R,65,7R,9R,11S5,12S,15R,16S)-6-hydroxy-15-[(15)-1-[(2R)-5-(hydroxymethyl)-
4-methyl-6-oxo0-2,3-dihydropyran-2-yljethyl]-2,16-dimethyl-8-oxapentacyclo
[9.7.0.02,7.07,9.012,16]octadec-4-en-3-one, is the main bioactive compound from Withania somnifera
(Ashwagandha) [178].

WFA shows promising therapeutic potential for oral cancer by decreasing cell viability and
blocking cell migration. It decreases viability in oral cancer cell lines like HSC-3, HSC-4, and Ca9-22
through apoptosis, evidenced by nuclear fragmentation, ROS production, and activation of caspases
3, 8, and 9. WFA promotes apoptosis by increasing Bax and Bim proteins and can also induce G2/M
phase cell cycle arrest along with mitochondrial membrane depolarization. Even at low, non-toxic
doses, WFA can hinder migration and invasion of oral cancer cells by suppressing MMP-2 and MMP-
9. Studies also suggest WFA acts as an anti-tumor agent in chemically induced oral cancer models,
reducing tumor size and growth [179-186].

4.13. Sulforaphane

Sulforaphane, 1-isothiocyanato-4-methylsulfinylbutane, and related isothiocyanates (ITCs) are
produced enzymatically when myrosinase in cruciferous vegetables (Brassica oleracea) hydrolyzes
glucosinolate precursors upon disruption [186]. Sulforaphane's primary anticancer mechanism in
OSCC involves the Nrf2/ARE (antioxidant response element) pathway: it alkylates and inactivates
KEAP1, releasing NRF2, which translocates to the nucleus and activates transcription of phase II
detoxification enzymes such as glutathione S-transferases, NQO1, and HO-1. This process reduces
carcinogen-induced DNA damage and oxidative stress. This chemopreventive action is significant
for both HPV-negative OSCC (caused by tobacco) and HPV-positive OSCC (where increased
oxidative DNA damage leads to viral integration instability). A chemopreventive review shows that
sulforaphane induces caspase-3-dependent apoptosis in oral cancer cell lines, as confirmed by
caspase-3 activity assays. Furthermore, sulforaphane's inhibition of HDAC reactivates silenced tumor
suppressor genes in OSCC, supporting the epigenetic effects of I3C/DIM [187-190].

4.14. Lycopene

Lycopene, (6E,8E,10E,12E,14E,16E,18E,20E,22E,24E,26E)-2,6,10,14,19,23,27,31-Octamethyl-
2,6,8,10,12,14,16,18,20,22,24,26,30-dotriacontatridecaen, is a straight-chain, acyclic carotenoid
abundant in tomatoes (Solanum lycopersicum) [187]. Unlike p-carotene, it cannot be converted into
vitamin A, but it has strong antioxidant properties —around twice as potent as (3-carotene.

Lycopene's mechanisms in OSCC include: (1) potent ROS scavenging, which decreases oxidative
DNA damage that promotes HPV genome integration; (2) modulation of connexin-43-mediated gap
junctional intercellular communication (GJIC)—enhanced GJIC is anti-tumorigenic, and lycopene
restores GJIC in cells exposed to carcinogens; (3) direct anti-proliferative effects in OSCC cell lines
through apoptosis induction and CDK/cyclin modulation, as reviewed by Ullah et al. (Antioxidants,
2021). Epidemiological data from multiple case-control studies link higher lycopene intake with a
lower risk of oral cancer, with a meta-analysis showing an odds ratio of 0.69 (95% CI: 0.55-0.87) for
the highest versus the lowest lycopene quartile [188-192].

4.15. Artemisinin

Artemisinin, (B8R,5a5,6R,8aS,9R,12S,12aR)-octahydro-3,6,9-trimethyl-3,12-epoxy-12H-
pyrano[4,3-j]-1,2-benzodioxepin-10(3H)-one, is a sesquiterpene lactone endoperoxide derived from
sweet wormwood (Artemisia annua, Asteraceae), originally developed as an antimalarial drug.
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Semisynthetic derivatives (artesunate, artemether, dihydroartemisinin) are used clinically as
antimalarials and are currently being investigated for cancer treatment.

Artemisinin's anticancer mechanism is fundamentally different from that of other
phytochemicals discussed here. In cancer cells—which accumulate iron through transferrin receptor
overexpression —artemisinin's endoperoxide bridge reacts with intracellular ferrous iron (Fe2+) via a
Fenton-type reaction, producing carbon-centered and oxygen-derived free radicals that lead to
membrane lipid peroxidation and trigger ferroptosis, a regulated form of cell death distinct from
apoptosis. This iron-dependent selectivity makes cancer cells, which generally have higher iron levels
than normal cells, more susceptible to killing.

Artemisinin and its derivatives inhibit VEGF expression and angiogenesis in OSCC tumor
models through NF-kB suppression, and induce caspase-mediated apoptosis across multiple OSCC
cell lines. Artesunate has demonstrated radio-sensitizing effects in vitro in HNSCC, suggesting a
potential role in combination therapies .

4.16. Berberine

Berberine,  16,17-dimethoxy-5,7-dioxa-13-azoniapentacyclo[11.8.0.02,10.04,8.015,20]henicosa-
1(13),2,4(8),9,14,16,18,20-octaene, is an isoquinoline alkaloid found in Berberis vulgaris (barberry),
Hydrastis canadensis (goldenseal), Coptis chinensis (Chinese goldthread), and Berberis aristata. It has a
long history of use in traditional Chinese and Ayurvedic medicine.

Berberine has dual actions—tumor growth inhibition and immune restoration—especially
relevant in HPV-positive OSCC, where immunosuppression is caused by both the virus and the
tumor. Berberine specifically: (1) disrupts the IL-6/STAT3 axis in cancer-associated fibroblasts,
lowering VEGF and PD-L1 levels; (2) stabilizes endothelial tight junctions and reduces oxidative
damage, normalizing tumor blood vessels and enhancing T-cell infiltration; (3) reduces
immunosuppressive MDSCs in the tumor environment, allowing more effective activation of
cytotoxic T-cells; (4) destabilizes PD-L1 protein via STUB1-mediated ubiquitylation, decreasing
immune checkpoint engagement [193].

Berberine also suppresses telomerase activity in cancer cells—a mechanism especially important
in HPV-positive cancers, where E6 increases hTERT (human telomerase reverse transcriptase),
leading to cellular immortalization [193].

5. Convergent Signaling Pathway Analysis

Analysis of molecular targets across all 15 compounds shows clear convergence on a core set of
oncogenic nodes that are amplified or derepressed by HPV E6/E7 activity. This convergence has
significant implications for the design of combination therapies.

5.1. The E6/p53 Restoration Axis

Curcumin, resveratrol, TriCurin, and «a-Mangostin all restore p53 function through
complementary mechanisms: curcumin and resveratrol suppress HPV URR transcriptional activity;
resveratrol also interferes with E6/E7 mRNA splicing; a-Mangostin suppresses E6/E7 at the
transcriptional level. TriCurin's synergy results from simultaneously blocking E6 transcription and
increasing p53 acetylation (activation), thereby restoring p53-dependent apoptosis in a feed-forward
manner.

5.2. NF-xB Pathway Suppression

NF-«B serves as a convergence point for at least eight reviewed compounds (curcumin, EGCG,
resveratrol, quercetin, apigenin, silymarin, artemisinin, and berberine). In HPV-positive OSCC,
persistent NF-kB activation encourages both viral E6/E7 transcription and host oncogenic processes.
The variety of compounds targeting this pathway explains why combining polyphenols often yields
synergistic effects at doses below their individual effective levels.
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5.3. PI3K/AKT/mTOR Axis

EGEFR overexpression in approximately 90% of OPSCC cases activates the PI3K/AKT/mTOR
pathway. Curcumin (by inhibiting EGFR and PI3K), EGCG (by disrupting EGFR lipid rafts),
quercetin (by targeting BCI-2/BCl-xL), resveratrol (by inhibiting Akt phosphorylation), and apigenin
(by suppressing PI3K) all engage this pathway. Importantly, mTOR inhibition by curcumin and
resveratrol decreases cap-dependent translation of oncoproteins, including Cyclin D1 and c-Myc,
thereby increasing G1 arrest.

5.4. Tumor Microenvironment and Immune Remodeling

HPV-positive OPSCC has a relatively high tumor mutational burden and an immunologically
'hot' microenvironment, yet it systematically evades immune killing through PD-L1 upregulation
(STAT3-dependent), MDSC accumulation, and loss of death receptor expression. EGCG (PD-L1
suppression via NF-kB), berberine (PD-L1 destabilization; MDSC reduction), curcumin (anti-PD-L1
through STAT3 inhibition; TME reversal), and I3C (E-cadherin restoration; HDAC inhibition) form a
multi-compound immunological toolkit that could effectively improve the efficacy of anti-PD-1
checkpoint inhibitors.

6. Bioavailability Challenges and Nanoformulation Strategies

The main obstacle to using phytochemicals in clinical settings is their poor pharmacokinetics:
most polyphenols have low water solubility, undergo extensive first-pass metabolism
(glucuronidation, sulphation), are quickly cleared from the body, and therefore reach low plasma
levels after oral intake. For example, the oral bioavailability of curcumin in humans is estimated to
be less than 1% when administered as a free compound.

6.1. Nanoparticle Delivery Systems

Nanoparticle-based delivery systems for phytochemicals offer an extensive platform for oral
cancer applications [194-196].

PLGA (poly-lactic-co-glycolic acid) nanoparticles are biodegradable and biocompatible [197].
Advances in curcumin nanoformulations for oral cancer have been reported, showing that PLGA-
encapsulated nanocurcumin can be up to 9 times more effective than free curcumin due to enhanced
cellular uptake, prolonged release, and protection against degradation [115,116].

Researchers are also exploring other promising options, such as lipid nanoparticles, polymeric
micelles, and cyclodextrin complexes [116-118].

Lipid nanoparticles (LNPs) are self-emulsifying drug delivery systems and nanostructured lipid
carriers significantly enhance the bioavailability of hydrophobic compounds such as EGCG,
resveratrol, and curcumin [198,199].

Polymeric micelles: amphiphilic block copolymers form hydrophobic cores for loading
phytochemicals; pH-responsive micelles enable targeted release in the acidic tumor
microenvironment [200]. Literature data report curcumin and quercetin-loaded polymeric micelles
[201-207].

Chitosan nanoparticles: mucoadhesive, positively charged nanocarriers, especially useful for
oral mucosal delivery; chitosan coating improves retention at oral tumor sites and prolongs drug
exposure [208-210].

Exosome-based carriers: naturally secreted nanovesicles with high biocompatibility and innate
tumor-targeting properties [211-214]

Additionally, encouraging findings from several curcumin-based treatments currently in phase
I/II trials for HNSCC demonstrate that they are safe and effective when combined with standard
chemo/radiotherapy [113,115,116]. Recent studies have also examined the improved suppression of
oral cancer cells by combining curcumin with conventional anticancer drugs (paclitaxel and cisplatin)
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[119,120]. Furthermore, topical curcumin formulations have been shown to be effective for
transdermal delivery to treat accessible mucosal lesions [121-123].

6.2. Local Delivery Strategies for Oral Cancer

Oral cancer's anatomical accessibility provides a distinct advantage: local delivery systems can
reach therapeutic mucosal concentrations without systemic administration. Current approaches
include:

Mucoadhesive films containing a-mangostin adhere to the oral mucosa and provide sustained
local exposure, while also showing anti-HPV16 and anti-OSCC activity [173,174]. Oral gel
formulations allow controlled release at specific intraoral sites; notably, a-mangostin in an orabase
gel showed anticancer activity against SCC25 cells in vitro [173].

6.3. Rational Combination Strategies

The documented synergies between polyphenols (EGCG + resveratrol; curcumin + EGCG;
TriCurin) demonstrate that carefully designed multi-compound formulas can achieve therapeutic
drug levels even at doses too low to produce clinical effects alone. This approach could broaden the
therapeutic window. Moreover, computational methods—including molecular docking, network
pharmacology, and machine-learning-based predictions of the combination index —are making the
development of next-generation phytochemical combinations faster and more efficient.

7. Clinical Translation Status

The main challenges to completing clinical trials include: (1) regulatory classification issues for
natural products with multiple compounds; (2) variability in bioavailability that requires
standardized formulations; (3) absence of validated HPV-specific molecular biomarkers for response
monitoring; (4) funding challenges for compounds that cannot be patented.

Therefore, despite the depth of preclinical evidence, clinical trial data specifically for HPV-
positive oral cancer remain limited. The following represent the most advanced translational
positions.

7.1. Curcumin in HNSCC

Multiple Phase I/II trials with curcumin as an adjunct to chemo/radiotherapy: principal safety
and tolerability findings are positive, while efficacy endpoints are mixed, largely limited by
bioavailability (Curcumin Biomarker Trial in Head and Neck Cancer, available at
https://clinicaltrials.gov/study/NCT01160302, accessed on 13 May 2026).

7.2. Polyphenon E (EGCG) for Oral Leukoplakia

Phase I/II trial at MD Anderson shows acceptable safety and signs of efficacy in reducing
premalignant lesions [215].

7.3. Veregen (Sinecatechins/EGCG):

FDA-approved for HPV-related external genital warts—representing the most important
regulatory achievement for a phytochemical in HPV-associated diseases [187]. Recent clinical trials
showed that Veregen®, a topical ointment containing 55-72 mg of EGCG, is a safe and effective
treatment for vulval warts, benign lesions caused by low-risk HPV strains [216-218].

A phase II randomized controlled trial (RCT) was conducted to assess whether Veregen® is also
effective against usual-type vulvar intraepithelial neoplasia (uVIN), a premalignant lesion associated
with high-risk HPV infection. Patients eligible for the study were randomized to receive either
Veregen® or a placebo ointment (applied three times daily for 16 weeks), with follow-ups at 2, 4, §,
16, 32, and 52 weeks. Twenty-six patients participated; all 13 treated with Veregen® exhibited either
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a complete (n=5) or partial (n=8) clinical response (CR). The Veregen® group showed a significant
improvement in CR compared to the placebo group (p = 0.0026). No differences were observed in
histological response or toxicity between the groups [219].

7.4. Silymarin for Radiotherapy-Induced Mucositis

Clinical observations (420 mg/day or 70mg/5mL oral nano Silymarin solution) showed a
significant reduction in the onset and severity of grade 3—4 mucositis [220,221].

Clinical evidence supports the mechanistic insights; silymarin at 420 mg per day decreased the
severity and delayed the onset of radiotherapy-induced oral mucositis in patients with head and neck
cancer—an aspect that is highly relevant, as mucositis is the most debilitating acute toxicity
associated with radiotherapy for OPSCC [220,221].

Additionally, systemic administration of 140 mg three times daily showed a trend toward
reducing chemotherapy-induced hepatotoxicity, further endorsing silybin's role as a protective
adjunct during standard treatments [222].

7.5. I3C for Recurrent Respiratory Papillomatosis

It is clinically used in adult patients as an adjunct to surgical resection; 200 mg/day for 3-4 years
provides direct antiviral evidence against HPV in mucosal tissue [223].

Furthermore, the drug Epigalin® (a combination of 400 mg I3C and 90 mg EGCQG) is an effective
oncoprotective, normalizing the balance of estrogen and contributing to the elimination of HPV [224].

The combination of 200 mg of indole-3-carbinol and 60 mg of trans-resveratrol for preventing
persistent HPV infection and treating cervical intraepithelial neoplasia shows significant promise
[225]. However, further research is needed to determine the most effective application methods.

In summary, the key molecular targets and evidence level of the main bioactive plant-derived
products are shown in Table 2.

Table 2. The main bioactive phytochemicals, key molecular targets, and evidence level.

Key Molecular Targets References
Phytochemicals / Mechanistic Evidence Level
Pathways
JHPV16 E6/AP-1/NF- In vitro (HPV16+
. «B; 1p53; 93vU147T); mouse
Curcumin Wnt/PI3K/AKT/STAT3  xenograft; clinical [111-113,226-229]
inhibition studies
JEGFR/pEGFR/Cox- In vitro HNSCC;
2/STAT3/Cyclin D1; FDA-approved
EGCG |PD-L1 (NF-xB); Veregen® clinical [216-219,230-240]
apoptosis induction studies
JHPV E6/E7 mRNA & In vitro HPV16/18
protein; 1p53/p1l6/BAX;  cervical & HNSCC
R trol 241-2
esveratro G1/S arrest; NF-xB lines; mouse model; [ 53]
inhibition clinical studies
4.7x 1E6 inhibition vs
curcumin alone; Mouse HPV16+ TC-
TriCurin 1p53/acetyl- 1 tumor model; [128,132-134,254]
p53/caspase-3; 80-90% HeLa cells
tumor reduction in vivo
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Quercetin

Apigenin

Indole-3-

Carbinol (I3C)

a-Mangostin

Silymarin /

Silibinin

Sulforaphane

Lycopene

Artemisinin

Berberine

G2/M arrest; |EMT
(Slug); |MMP-2/9; BCl-
2 binding; caspase-3
apoptosis

JPIBK/AKT/NF-kB;
tapoptosis; |Cox-2;
synergy with EGCG vs
HPV cancers

Antagonizes E6
repression of E-
cadherin; HDAC class I
inhibition;
Jproinflammatory
cytokines

JHPV E6/E7 & KCNH1;
G1 arrest; intrinsic
apoptosis (cytochrome
¢/Bcl-2 family);
JCDK/cyclin

|STAT3/NF-«B; anti-
inflammatory;
hepatoprotection;
radiomucositis
reduction (clinical: 420
mg/day)

Nrf2 pathway; HDAC
inhibition; tphase-II
enzymes; caspase-3

apoptosis; ROS-
mediated death

ROS scavenging;
lconnexin-43;
tapoptosis; |cell
proliferation OSCC;
gap junction
modulation

Iron-dependent ROS
generation; ferroptosis;
INEF-
kB/VEGF/angiogenesis;
caspase activation
osccC

JIL-6/STATS;
|VEGF/PD-L1;
stabilises endothelial
junctions; immune TME
remodelling

In vitro OSCC cell
lines;
mouse model

In vitro
cervical/HNSCC;
limited OSCC-
specific data

In vitro HPV16+
cells; clinical use in
recurrent respiratory
papillomatosis

In vitro OSCC (HSC-
2,3,4, SCC25); mouse
xenograft;
mucoadhesive films
and oral gel
formulations tested

In vitro HNSCC;
Phase Il-like clinical
observation (oral
mucositis and
protective
hepatorenal effects)

In vitro cancer cell
lines; nutritional
considerations for
oral cancer risk
reduction

In vitro HNSCC;
nutritional
considerations for
oral cancer risk
reduction

In vitro OSCC;
limited in vivo oral
data

In vitro, various

cancers; preclinical
HNSCC data

[137,142,143,149,255-260]

[128,133,134]

[161,164,167,170,223,225,261—

265]

[171-174,266-268]

[175,221,222,269-271]

[272-274]

[187,188,191]

[275-283]

[284-293]
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8. Current Key Findings and Future Directions

Plant-derived compounds provide a scientifically supported, mechanistically consistent, and
toxicologically safe adjuvant approach for HPV-positive oral cancer. Thirteen plant-derived
compounds—including curcumin, EGCG, resveratrol, quercetin, indole-3-carbinol, alpha-
mangostin, apigenin, silymarin, sulforaphane, lycopene, artemisinin, and berberine—demonstrate
significant preclinical activity against HPV-positive oral cancer.

Direct targeting of HPV oncoproteins is the most clinically significant mechanism. The
phytochemicals also affect NF-«xB, PI3K/AKT/mTOR, Wnt/B-catenin, STAT3, and PD-L1 pathways,
creating a multi-target pharmacological profile ideally suited for the complex, network-based
development of HPV-positive OSCC.

Curcumin, resveratrol, and their combination (TriCurin) all work to suppress the E6
oncoprotein, which normally hijacks and degrades p53. By restoring p53 function, these
phytochemicals reactivate the cell's own apoptotic processes. Studies on the HPV16-positive oral
carcinoma cell line 93VU147T showed that curcumin selectively inhibits HPV16/E6 oncogene
transcription while also blocking the host transcription factors AP-1 and NF-«kB that promote viral
gene expression. Synergistic combinations offer a promising strategy. The TriCurin formulation
(curcumin + epicatechin gallate + resveratrol at a molar ratio of 4:1:12.5) produced 4.7-fold greater
HPV E6 inhibition than curcumin alone in HPV16+ TC-1 cells and caused an 80-90% reduction in
tumor growth in the mouse model.

EGCG has the most translational data among green tea compounds. EGCG inhibits the growth
of head and neck squamous cell carcinoma cell lines, induces apoptosis, and favorably alters the
expression of pEGFR, COX-2, activated STAT3, and Cyclin D1. A standardized catechin preparation
(Polyphenon E / Veregen®) is FDA-approved for HPV-related genital warts, providing a regulatory
precedent. Quercetin shows selective toxicity that is particularly valuable: it suppresses the viability
of OSCC cell lines by inducing G2/M cell cycle arrest and inhibiting migration via EMT and MMP
pathways, while having no effect on normal keratinocytes. Indole-3-carbinol directly counteracts
HPV immune evasion: I3C counteracts HPV16 immune evasion by antagonizing E6 repression of E-
cadherin and decreases proinflammatory cytokine production via histone deacetylase class I
inhibition.

The primary challenge across all compounds is bioavailability — poor oral absorption and rapid
metabolism limit in vivo concentrations. Current research is actively exploring nanoencapsulation,
mucoadhesive films, and combination strategies to address this problem. Key priorities for advancing
research include developing standardized, bioavailability-enhanced formulations (such as PLGA
nanoparticles, LNPs, and mucoadhesive films) as essential steps before conducting efficacy trials.

Future research on the design of rational combination regimens should be validated using both
computational methods and HPV-positive HNSCC-specific in vivo models, with orthotopic tumor
models preferred over subcutaneous xenografts for oropharyngeal disease. Additionally, prospective
biomarker-enriched clinical trials in HPV-positive OPCs—using HPV E6/E7 suppression, pl6
restoration, and PD-L1 modulation as pharmacodynamic endpoints—could be vital for further
investigation. Future studies might analyze combinations with pembrolizumab or nivolumab, given
that EGCG, berberine, and curcumin all reduce PD-L1 expression and could serve as
chemosensitizers for checkpoint immunotherapy. Moreover, advanced research could examine
epigenetic interactions between phytochemicals and HPV integration sites, especially regarding
HDAC inhibitors (I3C, sulforaphane), which may derepress integration-silenced viral genomes.
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