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Abstract

Human Papilloma Virus (HPV)-related cervical cancer (CC) still drives cancer-related mortality in low-to-middle income countries (LMICs),
exacerbated by disparities in HPV screening, HPV vaccination status, specialist availability, and treatment costs compared to higher-income
countries. This study describes how botanical nutraceuticals may provide a viable, low-cost strategy to target molecular hallmarks of HPV-
related CC that would specifically benefit regions with limited access to specialized oncologists or radiotherapy infrastructure. Additionally,
this study discusses recent studies that indicate how these botanical agents may double as radio-sensitizing agents, which may decrease
the frequency of radiation therapy. We also discuss how topical use could potentially overcome the primary issue of bioavailability, and
modern innovations in utilizing chitosan-based hydrogels and mucoadhesive wafers that enhance localized concentrations of nutraceuticals.
Botanical therapeutics represent a scalable, economically feasible adjuvant to standard care in CC in LMICs. By leveraging widely available

natural products, we can work towards ensuring that no woman is left without a treatment option.
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Introduction

Cervical cancer (CC) remains a significant global health
challenge that has, in recent years, become defined by
disparities between high and low-to-middle-income countries
(LMICs). While high-income countries continue to reduce the
diagnoses of CC due to HPV vaccinations, sexual hygiene,
and molecular screening programs, lower-income countries
continue to suffer from high rates of CC diagnoses. CC is
the leading cause of cancer-related deaths in 37 countries,
associated with high risk HPV strains (HPV-16 and HPV-18)
identified as class | carcinogens. These countries are mainly in
sub-Saharan Africa, as well as South America and Southeastern
Asia. The rates of diagnoses are also ten times lower in these
countries when compared to North America [1].

Following a diagnosis of CC, there are additional barriers
to treatment that lower-income countries tend to face

compared to higher income ones. For example, the cost
of cancer treatment in LMIC results in 58.42% of patients
having catastrophic healthcare expenditure, defined as
costs exceeding 10% of the total household expenditure [2].
While the effects on treatment abandonment are not well
documented, one study notes that in Kenya, 40% of women
with stage II-IV CC are lost to follow-up [3]. While this may be
caused by multiple factors, affordability should be considered
a major barrier to access and continuation of treatment.

Perhaps the largest barrier to care is the lack of oncologists
qualified to care for CC patients in LMICs. According to reports
presented at the ESMO Congress 2025, 92.2% of oncologists in
the world work in high and higher-middle-income countries.
This leaves about one oncologist per 7,160 new cancer cases
in LMICs, this is compared to the 1:256 ratio found in higher-
income countries [4]. Shockingly, countries like Rwanda
operated with fewer than 10 oncology specialists, and other
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countries, including South Sudan, Lesotho, Benin, Gambia,
and Sierra Leone have no oncologists [5,6]. This increases wait
times to get into the oncologist and increases the distance
patients may have to travel for care, which negatively impacts
patient outcomes. A depiction of these barriers can be seen in
Figure 1.

To address these concerns, there is a strong necessity for
low-cost and widely available therapeutics for HPV-related
CC. While there are certain options that overcome the
barriers discussed, such as Metformin or oral metronomic
chemotherapies, we posit that more attention should focus on
“nutraceuticals” that target CC cells to increase the availability
and affordability of treatment.

HPV Oncogenesis and Immune Evasion in Cervical
Cancer

HPV, a double stranded DNA virus, is implicated in multiple
human cancers, most notably CC. HPV enters host basal
keratinocytes through cervical micro-trauma sustained
during sexual intercourse [7]. Inside the cell, HPV oncoproteins
E6 and E7 create an environment suitable for HPV virion
replication by stimulation differentiated keratinocytes of the
cervix to transition into the S-phase of the cell cycle; E7 most
notably accomplishes this by inactivating RB, preventing
retinoblastoma protein (pRb) from binding to and inhibiting
E2F transcription factors. The resulting activation of E2F drives

transcription of cyclins, which mediate cell cycle progression
by bypassing cellular checkpoints. Simultaneously,
oncoprotein E6 is implicated in the degradation of p53,
disabling DNA-damage checkpoints and preventing the
virally infected keratinocytes from undergoing apoptosis
[8]. HPV oncoproteins, therefore, turns off DNA synthesis
regulatory mechanisms, resulting in genomic instability and
the production of cells with mutant DNA, ultimately leading
to cervical dysplasia.

Although infection with lower risk HPV types are usually
cleared by the immune system, high risk strains, such as HPV-
16 and HPV-18, are more likely to lead to chronic infection and
drive carcinogenesis. High risk HPV infections may persist and
lead to CC by altering the tumor immune microenvironment
(TIME) through oncoproteins E6 and E7. The degradation of
p53 by E6 decreases type | interferon production, preventing
neighboring cells from activating viral defense mechanisms
[9]. E7-induced inactivation of retinoblastoma protein results
in reduced transcription of antiviral genes, which impairs
dendritic cell maturation and inhibits phagocytosis of HPV
infected cervical keratinocytes. E7 also aids in immune evasion
by upregulating PD-L1, an inhibitory T cellimmunomodulator,
and immunosuppressive cytokines, such as IL-10. Through
these mechanisms, HPV creates an immunosuppressed TIME,
preventing an effective immune response and allowing
the virus to persist within cervical keratinocytes and induce
carcinogenesis [9].

Cost and Availability of
Radiotherapy

Barriers of Care in LMICs

Lack of Oncologist

Lost to Follow Up
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Expenditure patient in LMICs Follow-Up

Figure 1.The barriers to care are depicted here. First are the cost and availability of radiotherapy, 58% face catastrophic financial expenses
because of radiotherapy. Second is the lack of oncologists available in LMIC, with multiple countries having zero oncologists in total. Finally,
these struggles all contribute to large losses in follow-up amongst citizens.
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Nutraceuticals that Target CC
Proliferative arrest via cyclin-CDK inhibition

As the molecular landscape of HPV-driven CC is defined
by the disruption of the Rb/E2F pathway and unregulated
S-phase entry, re-establishing cell cycle control is therefore a
goal of therapy [7]. Cyclins, cell cycle progression regulatory
proteins, are a potential therapeutic target. Previous studies
from our laboratory have demonstrated that extracts from
spinach and mangosteen effectively downregulate cyclin B
and D [10,11]. Additionally, mangosteen also downregulates
cyclin E [11]. These cyclins function at the G1/S and G2/M
transitions; their depletion effectively starves the tumor of the
machinery required for replication (Figure 2) [12].

Furthermore, a study on olive extract demonstrated its ability
to inhibit proliferation via the potent upregulation of p21, a
p53-induced CDK inhibitor, indicating that combination with
CDK downregulation therapies could increase treatment
efficacy [13]. As an inhibitor of CDKs, p21 functions as a
cellular brake on the cell cycle; therefore, the combination
of CDK downregulation, combined with the upregulation of
p21, may suggest a potential synergistic strategy for fighting
CC proliferation and progression [14]. These botanical agents
are available globally at low cost, and in vitro studies show
they are effective against CC. Further in vivo studies should be
considered to confirm this effect.

Reinstating apoptosis and rescuing p53 regulation

The survival of CC cells depends on evasion of apoptosis,
often mediated by the HPV E6 oncoprotein’s ability to target
the tumor suppressor p53 for proteasomal degradation [15].
Previously, studies have shown that raspberry extract can
rescue this apoptotic program by upregulating p53 and the
death receptor Fas [16]. Additionally, sesamin from sesame
seeds have demonstrated the ability to upregulate p53
and attenuate p53/PTEN apoptosis [17]. In preclinical trials,
sesamin has been shown to inhibit HelLa cell proliferation
through the upregulation of p53 and PTEN, inducing
apoptosis [17]. These results indicate that widely available
extracts and even viral-derived peptides can bypass the
E6-mediated inhibition to trigger intrinsic and extrinsic
apoptosis pathways.

Additionally, both the Raspberry extract and the SARS-CoV-2
Spike protein affect anti-apoptotic proteins, which prevent
CC cells from evading apoptosis [16,18]. Both mangosteen
and spinach extract have been shown to significantly
downregulate FLIP and survivin [10,11]. Both molecules are
frequently overexpressed in advanced CC to evade apoptosis
and may also be associated with more aggressive pathology
[19,20]. Making the cell vulnerable to apoptosis may also
sensitize the cells to the patient’s own immune clearance
[21]. This is a helpful consideration in LMIC, where specialized
immunotherapies may be limited.
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Figure 2. The botanical extracts that contribute to decreased cell proliferation in CC cells are depicted here. Olive upregulates p21, which
inhibits progression in the cell cycle. Spinach downregulates cyclin D and B, inhibiting progression at the M/G2 and G1/S checkpoints.
Similarly, mangosteen downregulates cyclin B, D, and E, thereby inhibiting cell cycle progression at the G1/S and G2/M checkpoints.
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The radio sensitization frontier

As discussed previously, radiotherapy is often limited
in LMIC, with only 160 total centers in Africa, and 60% of
these centers are located in Egypt and South Africa [22].
Additionally, radiotherapy can have unpleasant side effects,
including neurological, gastrointestinal, dermatological, and
genitourinary symptoms [23]. Therefore, the need to reduce
the frequency and amount of radiotherapy would be useful to
address these barriers in LMICs. Radiosensitizers are molecules
that allow less radiation to be used and potentially may require
less radiation.

Our lab’s work with Blueberry extract highlights its potential
as a radio-sensitizer. It does so via the downregulation of
cyclin D and E and the upregulation of TRAIL. Additionally,
other works in the field have shown that alpha-mangostin
similarly enhances radiosensitivity in HelLa cells by enhancing
G2/M arrest [24]. There is a result that supports our previous
discussion on mangosteen downregulating cyclin B, D, and E.

More recent research has suggested other nutraceuticals
may be active against CC cells, including Azadirachta indica
and Celosia argentea, which promote the G2/M phase arrest
of CC cells [25]. Further studies should investigate their use
as a radiosensitizer because cells are particularly vulnerable
during the G2/M transition. Therefore, these extracts may
lock the cell in a radio-sensitive state. There is also research
supporting the use of Artemisia kopetdaghensis, resveratrol,
plumbagin, and ferulic acid as radiosensitizers in CC cells [26—
29]. All these extracts are from relatively common plants and
can be obtained easily and with minimal cost. Additionally,
studies should explore other extracts to allow for a broader
base of papers that can be used to compare these extracts
amongst each other.

Safety and Bioavailability of Phytochemicals

Lutein and [-carotene in spinach extract are generally
considered safe, but high doses of carotene have been shown
to interact with fat-soluble vitamin absorption; consequently,
due to the interaction of carotenoids with lipids, lipid-based
formulations can enhance the absorption of therapeutic
carotenoids [30]. Oral preparations of spinach components
have a low bioavailability, so a topical route of administration
would be best for enhancing therapeutic effects.

Resveratrol is also considered a safe therapeutic
phytochemical in the treatment of cervical cancer. However,
the bioavailability of resveratrol is a limiting factor in its use.
As resveratrol undergoes metabolism into glucuronic acid and
sulfates, oral administration is less efficacious than topical.
High doses are required to achieve therapeutic effects, which
may cause adverse effects and CYP3A4 inhibition, but data
have shown that the therapeutic dose of resveratrol will likely
be well below the dose at which toxic side effects occur [31].

Raspberry and blueberry extracts are generally safe for
therapeutic use but have low oral bioavailability. Polyphenols,
active compounds in blueberry extract, are absorbed from
the small intestine and are hydrolyzed by intestinal enzymes
or colonic bacteria, reducing the oral bioavailability [32].
Bioavailability of active compounds in raspberry extract is also
affected by intestinal absorption and metabolism, reducing
oral bioavailability and increasing need for targeted, topical
administration to cancer cells. Active compounds in raspberry
extract have also been determined to be safe, with minimal
interactions with medications [33].

Ferulic acid undergoes moderate oral absorption but is
rapidly metabolized and conjugated to glucuronide and
sulfates, decreasing systemic levels of compounds active
against cancer cells. Ferulic acid is generally safe, with low
toxicity, and little evidence of significant drug interactions
has been observed. However, this phytochemical action as an
antioxidant should be considered when in combination with
ROS-dependent chemotherapy and radiotherapy [34].

Mangosteen and a-mangostin are usually well tolerated, but
certain studies have demonstrated that high oral doses have
led to hepatotoxicity and Gl upset in animal models; effects of
continuous high doses of mangosteen in humans has not been
well studied. Similar to other phytochemicals, mangosteen
undergoes extensive first-pass metabolism by CYP 1A2 and
conjugation to glucuronide/sulfates, decreasing the oral
bioavailability [35]. Similarly, sesamin is rapidly absorbed and
rapidly metabolized. However, sesamin metabolism in the
liver produces a catechol metabolite that is a more potent
antioxidant. Although nutritional doses are safe, the safety of
therapeutic doses of sesamin in humans is not well defined.
Sesamin has also demonstrated concern for the potential
of specific drug interactions and should be considered in
therapeutical use [36].

Plumbagin, Artemisia kopetdaghensis, Celosia, and
Azadiratcha indica have limited studies on their bioavailability
in human patients. In animal models, plumbagin is a potent
ROS generator that demonstrates rapid absorption and dose-
dependent hepatoxicity and nephrotoxicity [37]. The safety
profiles of Celosia and Artemisia kopetdaghensis are not well
studied in human models. Adverse effects, dosing, and drug
interactions for Plumbagin, Artemisia, Celosia, and Azadiratcha
should be further investigated.

Overcoming the bioavailability barrier

Although phytochemicals show mechanistic efficacy in CC
therapy, most undergo extensive first-pass metabolism and
exhibit low oral bioavailability, limiting their ability to reach
therapeutic concentrations systemically. For example, the oral
bioavailability of lutein and -carotene, two major molecules
within spinach extract, were 21% and 6.8%, respectively [38].
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While there have been multiple formulations that have been
developed to enhance the bioavailability of hydrophilic or
hydrophobic molecules, to our knowledge, there is no study
that has demonstrated the ability to preserve all contents
within spinach extracts [39]. To bypass these challenges,
topical delivery systems might be able to increase localized
concentrations to have an effect against CC.

According to recent papers, advances in polymeric
nanoscience have allowed the development of chitosan-
based hydrogels or mucoadhesive wafers that can extend
the localized concentrations of anti-cancer drugs, growth

factors, and bioactive chemicals for increased amounts
of time [40,41]. These localized delivery methods offer a
significant clinical advantage in LMICs because they can be
self-administered or applied by community health workers.
Topical chemotherapies are already being explored in Africa
for self-application; a preliminary study revealed that patients
enjoyed being able to self-administer treatment more than
going to the doctor. Additionally, many cited this as being
more comfortable and private [42]. Self-administered topicals
would directly address the workforce shortages in LMICs and
potentially reduce the necessity of frequent appointments
with oncology.

Table 1. Evidence matrix table summarizes the mechanism, experimental model, and relevance of phytochemicals evaluated as they relate
to immunomodulation of HPV cervical cancer cells. The “Immune Mechanism Evidence” column indicates if the mechanistic pathway was
supported by experimental data and a summary of the pathway. “Model Type” indicates which experimental model was used to acquire
the phytochemical data, and “Therapeutic Dosage” determines whether concentrations used in experimentation are feasible for human
treatment. “Endpoint Relevance”lists the biological outcomes, such as apoptosis for example, of therapy for each phytochemical.

Phytochemical Immune Mechanism Model Type Therapeutic Dose Endpoint Relevance
Evidence
Spinach extract [10] LFLIP Hela Cell line 50 pg/mL Topical Apoptosis, cell cycle arrest
! survivin
! Cyclin B
! CyclinD
Mangosteen [11] ! CyclinB SiHa Cell line 50 pg/mL Topical Apoptosis, cell cycle arrest
1 CyclinD
L FLIP
! survivin
Olive extract [13] T p21 Hela Cell line 50 ug/mL Topical P21 upregulation,
proliferation inhibition
Raspberry extract [16] Tp53 Hela Cell line 50 pg/mL Topical P53 activation, apoptosis,
1 Fas Fas upregulation
Sesamin [17] Tp53 PTEN Cell line 75-100 uM Topical P53/PTEN signaling,
apoptosis
Blueberry extract [49] ! CyclinD SiHa Cell line 50 pg/mL Topical + 4 Gy  Radiosensitivity, TRAIL
L CyclinE radiation expression, cell cycle
progression
TTRAIL
Azadirachta indica [25] T G2/M arrest Hela Cell line 125 mg GAE/g Topical Cell cycle arrest, |
proliferation, radiosensitivity
Celosia argentea [25] T G2/M arrest Hela Cell line 95 mg GAE/g Topical Cell cycle arrest, |

Artemisia kopetdaghensis Hela Cell line

[26]
Plumbagin [28]

T Radiosensitivity

T Radiosensitivity
T ROS generation Lines

Ferulic acid [29] T Radiosensitivity

T ROS geration lines

Hela, SiHa, C33A Cell

Hela and Me-180 Cell

proliferation, radiosensitivity

25-250 pg/mL Topical + 2
Gy Radiation

Radiosensitivity, apoptosis

0.75-2.5 uM Topical + 2-10
Gy Radiation

Radiosensitivity, apoptosis

10 pg/mL Topical + 6-12
Gy radiation

Radiosensitivity, apoptosis
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Standardization

The transition to nutraceuticals from in vitro models to
clinical medicine will require significant work to standardize
the process. A significant barrier in the current literature
is the phytochemical variability of plant extracts, and the
preparation of these extracts varies between companies.
For example, the choice of extraction method has been
demonstrated to determine the chemical composition and
bioactivity of natural product mixtures [43]. Traditional
extraction methods, including maceration, Soxhlet extraction,
and hydro-distillation, are often used because they are low-
cost. However, these methods also suffer from potential
degradation of flavonoids and polyphenols, which would
decrease the amount of desired therapeutic compounds
[44,45]. To illustrate this point, literature reveals a significant
lack of consensus regarding the primary active constituents
of spinach; while some analyses identify common aglycons
such as apigenin present in moderate amounts (0.017%
fresh weight), other studies have revealed significantly
higher concentrations (0.3% dry weight) [46,47]. To address
these variations, future clinical and pre-clinical studies must
utilize high-performance liquid chromatography with mass
spectrometry to establish phytochemical fingerprints to
ensure consistency from study to study.

High-performance liquid chromatography (HPLC) and
mass spectroscopy, tools used to detect and quantify a
specific compound in a sample, should be used to determine
standardization across batches. For some phytochemicals,
like Resveratrol, higher-than-therapeutic doses can cause
adverse effects and CYP inhibition, altering drug metabolism
in patients. Alternatively, HPLC may also be used to ensure
that the minimum therapeutic dose is maintained in
manufactured products. To avoid adverse effects that could
result from excessive or insufficient concentrations of active
phytochemical compounds in formulations, tools such as
HPLC should be a standard of manufacturing [48]. Prior
to widespread use of nutraceuticals and phytochemicals
therapeutically, more studies should be conducted to
investigate the most efficacious method to standardize
therapeutic doses across all manufacturers.

In conjunction with standardizing doses across formulations,
adequate evaluation of dosage safety and efficacy need
to be studied. Currently, many of the clinical trials studying
phytochemicals are conducted with animal models. However,
for some phytochemicals, such as plumbagin, Artemisia
kopetdaghensis, Celosia, and Azadirachta, minimal clinical
trials have been conducted to study their safety [37]. More
clinical trials are necessary to determine safe dosing and
to determine potential adverse effects with long-term
phytochemical use before phytochemicals become standard
of care.

Phytochemicals have demonstrated great promise in
treatment of CC by impacting apoptotic pathways, cell
cycle progression, and radiosensitivity; however, the
transition to using phytochemicals in CC therapy requires
the standardization of phytochemical doses across all
manufactured formulations, determination of safe and
toxic doses, as well as effects of chronic use. HPLC, mass
spectroscopy, and an increasing number of clinical trials are
vital steps in this direction.

Conclusion

The disparity in CC survival is an economic and logical
problem, as much as it is a biological one. While high-income
countries move closer toward eliminating CC through
excellent screening and the HPV vaccination, much work is
necessary in LMICs to reduce the CC burden and mortality. We
believe that widely available and cheap plant-derived agents
can be leveraged to attack CC molecular pathways at multiple
points in the disease process. These pharmaceuticals do not
seek to replace chemotherapy or radiotherapy but rather work
alongside them to ensure that women have increased access
to care, regardless of geographic or socioeconomic status.
We believe that these botanical agents can address the major
difficulties, including a lack of specialists, the cost of care, and
side effects from radiation and chemotherapy.
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