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Abstract

Indian spice curcumin, which has anti-tumor, anti-inflammatory and antioxidant effects, has showed
its potential as an innovative adjunct for the treatment of oral squamous cell cancer (0SCC), as well as
an intriguing chemopreventive drug. The goal of this review was to consolidate the salient characteristics
of curcumin and its cutting-edge nanoformulations, and to further outline the role of curcumin in the
management of 0SCC.

The PubMed, Scopus and Cochrane databases were used to search for evidence-based research papers on
curcumin,

The current systematic review included 35 publications. There were 5 clinical studies and 30 cell line studies.
The included studies employed a wide range of OSCC cell lines, with CAL-27 in 6 studies, KB in 4 studies,
FaDu in 3 studies, and SCC-9in 3 studies, being the most common. Each of the entailed study found that
when cell lines were treated with curcumin, there was an overall decrease in the proliferation of cells and
cell growth when measured by the MTT assay, the luciferase assay and immunofluorescence. In clinical
studies, APG-157 could inhibit tumor cell death by lowering the concentrations of NF-kB-driven cytokines
that induce inflammation. The WCRF International/UoB framework-recommended quality assessment
of cell line studies regarded 6 studies as high-quality and 3 studies were deemed of moderate quality.

The novel formulations of curcumin have been explored for its usefulness in the management of oral
cancer, with promising results.
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Highlights

G. Minervini et al. Curcumin and oral carcinoma

* Curcumin exhibits significant anticancer activity in oral squamous cell carcinoma (OSCC) by inhibiting cell
proliferation, inducing apoptosis via intrinsic pathways, and causing G2/M phase cell cycle arrest.

* Nanoformulation-based delivery systems enhance the bioavailability, stability and intracellular uptake of curcumin,
improving its therapeutic potential in oral cancer (OC) treatment.

* The combination therapies involving curcumin nanoformulations can increase intracellular drug concentration

and produce synergistic anti-cancer effects.

* Clinical and experimental studies suggest that curcumin may reduce tumor size and exert anti-inflammatory and

cytotoxic effects in OC.

* Further research is required to clarify the bio-interactions between curcumin nanoparticles and cellular structures,
and to optimize advanced delivery systems, such as liposomes and polymeric nanoparticles.

Introduction

Indian spice curcumin, which has anti-tumor, anti-in-
flammatory and antioxidant effects, has showed its po-
tential as an innovative adjunct for the treatment of oral
squamous cell cancer (OSCC), as well as an intriguing
chemopreventive drug.! Curcumin has demonstrated
its effectiveness against a variety of chronic conditions,
including tumors, neurological illnesses, hepatic impair-
ment, obesity-related disorders, and arthritic conditions.
As stand-alone treatment or in conjunction with different
therapies, curcumin is exceptionally effective in the man-
agement of cancer. Additionally, this organic substance
has the ability to modulate a number of cellular receptors
and signaling pathways connected with multiple cancers.?

Advanced-stage OSCC cells develop into tumors that
are highly resistant to chemotherapeutic agents due to
their ability to alter key biological processes. These ad-
aptations can lead to therapeutic failure, including inef-
fective drug delivery to target sites, metabolic reprogram-
ming, altered redox balance, and impaired DNA damage
repair mechanisms. Over the past several decades, exten-
sive research has focused on developing innovative strat-
egies to treat cancer cells that are resistant to multiple
therapies by blocking resistance pathways and employing
modern anti-cancer agents. Curcumin, a naturally oc-
curring compound, has attracted considerable attention,
since structural modifications have enabled the manufac-
turing of analogs and derivatives with enhanced anti-can-
cer activity and relatively low adverse effects, contributing
to the development of novel anti-tumor therapeutics.?

Curcumin exhibits a multifaceted anti-cancer mecha-
nism of action by modulating numerous molecular path-
ways.? It inhibits several components involved in cel-
lular proliferation, including mitogen-activated protein
kinases (MAPKSs), c-Jun N-terminal kinases (JNKs) and
cyclin-dependent kinases (CDKs), which are frequently
overexpressed in tumor cells. Curcumin also reduces the
expression of growth factor receptors, such as insulin-like
growth factor (IGF), fibroblast growth factor (FGF) and

epidermal growth factor (EGF). In addition, curcumin
promotes apoptosis by upregulating the pro-apoptotic
protein p53 while suppressing anti-apoptotic signaling
molecules, including nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), B-cell lymphoma
2 (Bcl-2), signal transducer and activator of transcription
3 (STAT3), and survivin. Its anti-angiogenic effects are
attributed to its ability to inhibit the expression of pro-
angiogenic factors, particularly hypoxia-inducible factor
1 (HIF-1), vascular endothelial growth factor (VEGF),
and angiopoietin 1 (Ang-1). Curcumin also modulates
the enzymes and proteins involved in tumor invasion
and metastasis, such as transforming growth factor beta
(TGEF-B), matrix metalloproteinases (MMPs), cell adhe-
sion molecules (CAMs), tissue plasminogen activator
(tPA), and lysyl oxidase (LOX). Furthermore, curcumin
can regulate the expression of microRNAs associated
with tumor initiation, growth and progression. It exerts
anti-inflammatory effects by decreasing the production
of pro-inflammatory cytokines, including interleukin
1 (IL-1), IL-6 and tumor necrosis factor alpha (TNF-a),
while increasing the anti-inflammatory cytokine IL-10,
thereby helping to counteract the inflammation associat-
ed with certain malignancies. Finally, curcumin enhances
immune-mediated tumor cell destruction by promoting
the activity of natural killer (NK) cells and cytotoxic T
lymphocytes (CTLs).>12

In addition to its biophysical and photochemical prop-
erties, the chemical structure of curcumin also contrib-
utes significantly to its therapeutic potential. In particu-
lar, the aromatic ortho-methoxyphenol groups and the
a,p-diketo moiety play important roles in mediating its
biological activities and associated health benefits. Two
naturally occurring curcumin analogs, demethoxycur-
cumin and bisdemethoxycurcumin, have been widely in-
vestigated for their pharmacological properties.

Despite its promising biological effects, curcumin has
several limitations, including poor bioavailability, low
stability, and limited aqueous solubility, which restrict
its broader clinical application. Consequently, numerous
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structural analogs and derivative compounds have been
developed over time to overcome these drawbacks and
enhance its therapeutic efficacy.!314

Nanotechnology-based approaches provide strategies
to prolong drug dissolution, enable targeted drug deliv-
ery and enhance transport across biological barriers. By
carefully modifying the chemical composition, size and
structural characteristics that regulate nanoparticle activ-
ity, a wide range of nanoformulations has been developed
using organic, inorganic, lipid, and polypeptide-based
materials, typically within the size range of 1-100 nm.
These nanomaterials have been widely utilized as carriers
for various anti-cancer drugs.!>-2

The goal of this review was to consolidate the salient
characteristics of curcumin and its cutting-edge nanofor-
mulations, and to further outline the role of curcumin in
the management of OSCC.

Material and methods

Study protocol

This systematic review was performed in accordance
with the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines for study
selection, synthesis and reporting of results.?? The study
protocol was registered in the International Prospective
Register of Systematic Reviews (PROSPERO) under the
registration number CRD42023483768.

Focused question

The focus of this literature review was to investigate the
inhibitory effects of curcumin and its nanoformulations
on cellular proliferation in OSCC at the molecular level.
The review examined studies that explore the molecular
mechanisms underlying the anti-cancer activity of cur-
cumin and its nanoformulations. In addition, it analyzes
the outcomes of in vitro and in vivo studies that have eval-
uated the effects of curcumin and its nanoformulations
on the proliferation of OSCC cells.

Information sources and search strategy

The PubMed, Scopus and Cochrane Library databases
were used to identify evidence-based research articles in-
vestigating the cytotoxic effects of curcumin and its nano-
formulations on OSCC, published between January 2012
and August 2023. Following an initial study of the available
literature, the following Medical Subject Headings (MeSH)
phrase combination was used: (“Curcumin” OR “Curcumi-
noids” OR “Nanocurcumin” OR “Curcumin Analog” OR
“Curcumin Microemulsions” OR “Desmethoxycurcumin”
OR “Bisdemethoxycurcumin” OR “Curcumin Nanomi-
celles”) AND (“Cisplatin-Resistant Human Oral Cancer
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Cells” OR “Cell Culture” OR “Cell Lines”) AND (“Oral
Squamous Cell Carcinoma” OR “Head and Neck Squa-
mous Cell Carcinoma” OR “Oropharyngeal Carcinoma”)
AND (“MTA” OR “Flow Cytometry” OR “Annexin Assay”
OR “Western Blot” OR “RT-PCR”) AND (“Apoptosis” OR
“Cytotoxicity” OR “Interleukin” OR “Signaling Pathway”
OR “Photodynamic” OR “Epithelial-Mesenchymal Transi-
tion”). A manual check of the references for each of the in-
cluded publications was executed to find studies that were
not found in the online databases. The search was done by
two reviewers independently, and screening was complet-
ed using the pre-established parameters.

Eligibility criteria

The eligibility criteria utilized in the present system-
atic review were established based on the PICOS criteria
(Population, Intervention, Comparison, Outcome, and
Study Design).

Population: Patients with OSCC aged 18 years and
above.

Intervention: Free curcumin, curcuminoids or its
nanoformulations.

Comparison: Placebo control group, or the administra-
tion of other synthetic chemotherapeutic drugs or radio-
therapy.

Outcome: In vitro cellular proliferation, cytotoxicity or
in vivo tumor dimensions, or tumor incidence, apoptosis,
cell cycle arrest, and/or the evaluation of protein expression.

Study design: In vitro or clinical studies to evaluate the
cytotoxicity effects of curcumin and its nanoformulations
on OSCC.

Systematic reviews, questionnaire-based surveys, com-
mentaries, case reports or case series, pilot studies, animal
studies, and expert opinions were excluded. Articles not
published in English or those that did not focus on the anti-
tumor effects of curcuminoids or their nanoformulations
were also excluded. The literature search, data extraction
from the included studies, and quality assessment were inde-
pendently performed by two expert reviewers. Any disagree-
ment was resolved through discussion, and when necessary,
a third reviewer was consulted to reach a consensus.

Study selection

The titles and abstracts of all the identified studies were
independently screened by two reviewers. Publications
that did not meet the eligibility criteria were excluded.
The full texts of the selected articles were then indepen-
dently evaluated by the same reviewers according to the
predefined eligibility criteria. In addition, the reference
lists of the included studies were manually searched to
identify any further relevant publications. Any disagree-
ment between the reviewers was resolved through discus-
sion. If consensus could not be reached, a third reviewer
was consulted to make the final decision. The final selec-
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tion of studies was determined through agreement among
all three reviewers.

Data extraction

The following information was extracted using a stan-
dardized data collection template: first author’s name;
study title; journal name; year of publication; country
where the study was conducted; study design; assays and
cell lines used; source of the cell lines; sample size and
baseline characteristics; drug dosage; and key study find-
ings. To minimize errors, data extraction was performed
independently by two reviewers. When additional infor-
mation was required, the corresponding author was con-
tacted for clarification.

Quality assessment

The quality assessment of the included clinical studies
was conducted using the Cochrane Collaboration Risk
of Bias tool (RoB),?* which categorizes the risk of bias
as high, low, or unclear. The tool evaluates 7 domains:
sequence generation; allocation concealment; blinding
of participants and personnel; blinding of outcome as-
sessment; incomplete outcome data; selective reporting;
and other potential sources of bias. A low risk of bias was
assigned when all criteria were fulfilled. A moderate risk
of bias was designated when one domain was not ad-
equately met. A high risk of bias was assigned when more
than one domain was not satisfied.

The quality of the cell culture studies was evaluated
using the World Cancer Research Fund International/
University of Bristol (WCRF/UoB) framework,** which
provides a scoring range from 0 to 6. A score of 0 was as-
signed to parameters that were not met or not reported.
Studies were classified as low quality if they scored 0-2,
moderate quality for scores of 3—4, and high quality for
scores of 5-6. These scores reflected the overall study
quality and were used to assess the degree of risk of bias
for each cell culture study.

Results

Figure 1 illustrates the stepwise procedure for study
selection. A total of 515 studies meeting the inclusion
criteria were initially identified from the aforementioned
databases, and an additional 47 articles were retrieved
through manual search. After removing 114 duplicate
records, 448 publications remained for title and abstract
screening, resulting in the exclusion of 298 articles. Con-
sequently, 150 full-text articles were assessed for eligibil-
ity. During full-text review, 115 studies were excluded due
to deviations from the predefined criteria. Ultimately, 35
publications were included in the present systematic re-
view, as depicted in the PRISMA flow chart.?>->°
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Records Additional records
identified through identified through
database searching other sources
(n = 515) (n=47)

¢ }

Removal of duplicate records (n = 114)

{

Records screened >
(n =448)

{

Full-text studies assessed
for eligibility —>
(n = 150)

}

Studies included
in the final review
(n=35)
(5 clinical studies
and 30 cell line studies)

Records excluded
by title and abstract
(n=298)

Full-text articles excluded
after full-text analysis
with reasons (n = 115)

“ Eligibility " Screening ” Identification|

Included

Fig. 1. PRISMA flow chart of the included studies (adapted from the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses 2009 flow diagram)

Five clinical studies?®2%41:5152 and 30 cell line investiga-

tions?>-27:30-4042-50,53-59 wyere selected (Table 1, Table 2).
Two of the 5 clinical trials were double-blind, random-
ized, placebo-controlled trials,**? and one was single
blinded.?® The included studies employed a wide range
of OSCC cell lines, with CAL-27 in 6 studies,3!:3342:43:46,55
KB in 4 studies,?*3?4>% FaDu in 3 studies,?**?° and SCC-9
in 3 studies®**”°° being the most common (Table 2).

General characteristics

Theselected studies were carried outinseveral countries,
including India,?$34394849535459 China, 2445465556575 the
USA 2935415255 South Korea, 253637 Taiwan, 31404 Brazil 3347
Germany,3®>! Saudi Arabia,? Italy,?” Spain,® Egypt,3? and
Japan.>® All of the studies were published in English be-
tween 2012 and 2023. The MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay, the An-
nexin assay for determining apoptosis, flow cytometry,
the proliferation assay, Western blot, Northern blot, reac-
tive oxygen species (ROS), real-time reverse transcriptase
polymerase chain reaction (RT-PCR), the enzyme-linked
immunosorbent assay (ELISA), and immune histochem-
istry (IHC) were employed in various studies. The cur-
cumin doses utilized in the reviewed studies varied from
0 to 100 pm. Each of the entailed study found that when
cell lines were treated with curcumin, there was an overall
decrease in the proliferation of cells and cell growth when
measured by the MTT assay, the luciferase assay and im-
munofluorescence. All of the in vitro studies had been
conducted on human OSCC cell lines.
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Table 2. Summary characteristics of the in vitro studies included in the review

Country

Curcumin formulations

Cell lines Source of cell lines

Culture conditions

Ahn
etal?
2012

Almalki
etal?®
2021

Ardito

etal?’

2018
Camacho-Alonso
etal

2013

Chang
etal?
2013

Essawy
et al??
2022

De Souza Ferreira
etal®
2019

Ghosh
etal3
2018

Gosangari
and Watkin?*
2012

Jeon
etal3
2012
Kim
etal?’
2012

Koétting
etal3®
2021

Kumbar
etal
2022

Lai
etal
2019

Liao
etal*
2018

C.Lin
etal®
2017

H.Y.Lin
etal*
2012

Lu
etal®
2012

South
Korea

Saudi
Arabia

[taly

Spain

Taiwan

Egypt

Brazil

India

USA
South

Korea

South
Korea

Germany

India

Taiwan

China

China

Taiwan

China

in vitro

in vitro

in vitro

in vitro

in vitro

invitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro
and ex
Vivo

in vitro

invitro

and in
Vivo

in vitro
and in
Vivo

in vitro

in vitro

in vitro

curcumin and PDT

combination
of curcumin,
desmethoxy-curcumin
and bisdemethoxy-
curcumin
free curcumin
curcumin, lycopene,
and the combination
of both

PLGA curcumin
nanoparticles

nanocurcumin

P407/C974P/
curcumin

DNA curcumin complex
with FdU nucleotides

liposomes

EF-24 and
curcumin

free curcumin

free curcumin

curcumin nanomicelles

y-PGA-gefitinib/
curcumin nanoparticles

free curcumin

curcumin analog
diphenyl difluoroketone
(EF24)

curcumin

microemulsions

curcumin, F-CUR-L,
CUR-L

Asan Medical Center,

AMCHN3 South Korea
HNO97 Cell Lines Services, USA
TSCC NA

PE/CA-PJ15 cell lines
irradiated

European Collection
of Cell Cultures

CAL-27-cisplatin-resistant

human OC cells ATCC
SEC aindl Uiz ATCC and CERRMA
gingival fibroblasts
FaDu and CAL-27 (OSCC
cells) and FNB6 (normal
. ) NA
oral immortalized
keratinocytes)
UPCI-SCC-131 CSIR-IICB
SCC-9 ATCC
KB cell line ATCC
VD108 cell lines Yonsei University, Seoul,

South Korea

SCC-1 and SCC-4 cell

. ) University of Dusseldorf,
lines; tumor specimens

of 9 HNSCC patients Ceiimay
cisplatin-resistant OC NA
sublines Cis-KB
SAS human OC cell line
for in vitro arjd 20 four- FIRDI, Taiwan
week-old mice as the
animal model
CAL-27, FaDu cell lines NA

and 4NQO mouse model

CAL-27 human OSCC
cell line

HyClone; GE HealthCare
Life Sciences, USA

0SCC-4 and OSCC-25

; BCRC, Taiwan
cell lines

Chinese Academy
of Science, Shanghai;
Tongji Hospital, Huazhong
University of Science and
Technology, Wuhan, China

KB, Hela and A549 cell
lines

RPMI 1640 medium with
10% FBS, and 100 pg/mL
streptomycin and 100 U/mL
penicillin

2% FBS-DMEM

NA

DMEM with 10% FBS, 1%
antibiotic
DMEM with 10% FBS, 100 pg/
mL streptomycin, 100 U/mL
penicillin, 2 mM L-glutamine,
and 100 pM cisplatin

DMEM with 10% FBS, penicillin,
streptomycin, trypsin/EDTA,
and PBS

RPMI for FaDu, DMEM for CAL-
27,and Green's medium for
FNB6

DMEM with 10% FBS

DMEM, F12 medium with 10%
FBS

minimum essential medium
containing non-essential amino
acids with 5% FBS

DMEM with 10% FBS, and 1%
penicillin and streptomycin

DMEM with 10% FBS

DMEM with 10% FBS

DMEM with 10% FBS, 2mM
L-glutamine, 100 U/mL
penicillin, and 100 pg/mL
streptomycin

DMEM
with 10% FBS, 100 U/mL
penicillin and 100 pg/mL
streptomycin
DMEM with 10% FBS, 100 U/
mL penicillin, 100 pg/mL
streptomycin

DMEM and Ham's F12 medium

RPMI 1640 folate-free medium
with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL

streptomycin
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48 h

48 h

72h

72h

24h

24h

24h

48 h

24h

24h

24h

48 h

48 h

48 h

NA

24 h

48 h

24h

25 uM

35-65 UM

50 UM

6.75 UM

40 uM

60.8 pg/mL

10-2,000 pM

40 uM

0.2,0.1,0.05, and
0.025 wt/wt

10 uM of EF-24, 50
UM of curcumin

40 mM

20 pM

147.96 ug/mL

y-PGA-Gef/Cur
NPs with 20 uM
of Gefand 10 uM
of Cur

NA

30 M

15 uM

14.5 pg/mL for

free curcumin,

16.3 pg/mL for
F-CUR-L and 29.5
ug/mL for CUR-L

MTT assay,
morphological assay
and Western blot

water-soluble
tetrazolium salt,
Annexin assay, Comet
assay, and flow
cytometry
MTT assay, apoptosis
assay, and migration
assay

MTT assay, apoptosis
assay and ELISA

MTT assay, Western blot
and RT-PCR

MTT assay, apoptosis
assay and scratch
wound healing assay

MTT assay, anisotropy
and rheology

MTT assay and
spectroscopy

MTT assay and
encapsulation
efficiency assay

MTT assay, DNA
fragmentation, Western
blot, and caspase
activity assay

MTT assay and Western
blot

Western blot, ELISA,
RT-gPCR, Annexin assay,
and migration assay

MTT assay, flow
cytometry, dual
staining, and DAPI assay

Western blot and flow
cytometry

MTT assay and Western
blot

MTT assay and Western
blot

MTT assay and zeta
potential assay

MTT assay, Annexin and
flow cytometry

The PDT combined with curcumin increased cytotoxic and
apoptotic action through the mitochondria-dependent
apoptosis pathway and ROS generation.

Nanocurcumin significantly reduced the growth
of HNO97 cells, and shows promise in preventing cancer
development. Moreover, curcumin-induced DNA damage
suggests an additional mechanism for the cytotoxic effects
of curcuminoids.

The results suggest the potential utilization of curcumin as
an anti-cancer agent in TSCC.

Cytotoxicity was increased with the curcumin and lycopene
treatment. A synergetic effect was observed with the
combination therapy.

Curcumin nanoparticles enhanced apoptosis in CAR cells
by modulating MRP1 and promoting ROS generation.

Nanocurcumin was found to possess a similar anti-
tumorigenic effect as chemotherapeutic agents.
Additionally, its remarkable luminescence makes it suitable
to act as a dual theranostic agent, combining therapeutic
and diagnostic capabilities.

The cytotoxicity testing showed that the formulations were
selective in targeting cancer cells while sparing healthy
cells.

Curcumin complexed with FAU nucleotides in a DNA
hairpin structure exhibited enhanced cytotoxicity.

Increased bioavailabilty of the drug-loaded liposomes was
observed with notable cytotoxic effects against tumor cells.

EF-24 and curcumin fostered the proteolytic cleavage
of caspases-3, -7 and -9, and increased apoptosis.

Curcumin induces apoptosis and ROS generation in OSCC.

The co-incubation of PIC with curcumin, but not with other
NF-kB inhibitors, led to the inhibition of PIC-dependent
NF-kB activation while enabling the unimpeded activation
of the desired INF-I signaling pathway.

Curcumin nanomicelles induce apoptotic cell death by
altering the mitochondrial membrane potential.

In the study, the animals were treated with PLGA NPs,
free Gef/Cur, and y-PGA-Gef/Cur NPs for 22 days. The
measurements of animal body weight, tumor size and
tumor weight were taken. The results indicated no
significant difference in body weight. However, there were
notable differences in tumor size between the free Gef/Cur
and y-PGA-Gef/Cur NPs groups.

Curcumin demonstrated an effective anti-tumor immune
response by decreasing the number of regulatory T cells
(Tregs) and MDSCs.

The present findings showed that EF24 increased the
amount of cytoplasmic cytochrome c in CAL-27 cells, which
lowered cell viability.

Curcumin microemulsions revealed an enhanced cytotoxic
effect when combined with ultrasound administration,
notably on OSCC-25 cells.

F-CUR-L increased curcumin solubility and specifically
targeted the folate receptor- positive tumor cell line.
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Study inference

These findings imply that the PDT

plus curcumin combination method

has a superior therapeutic effect
in vitro.

Curcuminoids enhance apoptosis
and inhibit the proliferation
of tumor cells.

A marked decrease in cellular
proliferation, as well as apoptosis
were reported.

The cytotoxic activity of curcumin
and lycopene is increased in the PE/
CA-PJ15 cell line.

Curcumin nanoparticles cause CAL-
27-cisplatin-resistant human OC
cells to undergo apoptosis.

Nanocurcumin has better
biocompatibility and more potent
cytotoxic effect than normal
curcumin.

The mucoadhesive nanostructured
curcumin system enhances drug
permeation and promotes selective
activity against cancer cells.
The complex is expected to be well
tolerated, as curcumin and FdU-
containing DNA exhibit low toxicity
in vivo.

These findings suggest that various
liposomal formulations can be
used to meet specific in vivo
requirements for cancer treatment.
According to these findings, EF-24
and curcumin cause KB human OC
cells to undergo apoptosis and stop
proliferating.

Curcumin inhibits OSCC with anti-
cancer properties, through both
autophagy and apoptosis.

Curcumin inhibits the activation
of NF-kB and has the potential for
the reversal of the EMT process.

Controlled drug release resulted in
increased cellular uptake and higher
frequency of apoptotic cells (31%).

The y-PGA-Gef/Cur NPs
considerably decreased tumor size
as compared to the Gef/Cur group.

Both the experiments revealed
PD-L1 and p-STAT3"% inhibition,
indicating an anti-tumor response.

EF24 has a higher cytotoxic effect
on CAL-27 cells than cisplatin.

The microscopic examination
of the cells revealed cell rupture
and damage, following treatment,
confirming the harmful effects
of curcumin microemulsions.

Both dose- and time-dependent

apoptosis was observed in the 2

types of tumor cells treated with
F-CUR-L.
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Table 2 - continuation

Country

Curcumin formulations

Cell lines

Source of cell lines

Culture conditions

China

Mazzarino
etal¥
2015

Brazil

Mishra
etal®®
2015

India

Mukherjee
etal®
2022

India

Ohnishi
etal
2020

Japan

Singh
etal>
2014

India

Sivanantham
etal>
2016

India

Xi
etal>®
2015

China
and USA

Xiao
etal”®
2014

China

Zhen
etal®’
2014
Liu
etal®
2021

China

China

Srivastava
etal”®
2018

India

invitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

in vitro

free curcumin

curcumin-loaded,
chitosan-coated
polycaprolactone
nanoparticles

free curcumin

nanocurcumin,
cetuximab, and the
combination of both

free curcumin

nanoformulated
curcumin-silica
nanocomplex

curcumin and/
or 5-fluorouracil,
doxorubicin or cisplatin

curcumin

free curcumin

free curcumin

free curcumin

5-fluorouracil
and curcumin
nanoemulsions

CAL-27 tongue cancer
cell line

SCC-9 human OSCC

93VU147T cell lines

KB-3-1 cell line

HSC-4 and Ca9-22

SCC-4451 cell line

NT8e

FaDu and CAL-27

SCG-9

SCC-25

HSC3 and CAL-33 cell
lines

SCC-090 and SCC-152
cell lines

Procell Life Science &
Technology, China

Rio de
Janeiro, Brazil

VU Medical Center,
Molecular Pathology
Unit, Amsterdam, the

Netherlands

NCCS

RIKEN BioResource
Research Center, Japan

Institute of Nuclear
Medicine and Allied
Sciences, Delhi, India

Advanced Centre for
Training, Research and
Education on Cancer, Tata
Memorial Hospital, India

ATCC

ATCC

ATCC

University of Wuhan;
Hubei University
of Medicine, Shiyan, China

NCCS

DMEM with 1% penicillin/
streptomycin and 20% FBS

DMEM, F12 with 10% FBS, 100
U/mL penicillin, 100 pg/mL
streptomycin, 10 mM HEPES,

and 400 ng/mL hydrocortisone

DMEM with 10% FBS

DMEM with 10% FBS, 1%
antibiotic-antimycotic solution

DMEM with 10% FBS

DMEM with 10% FBS

DMEM with 10% FBS

DMEM with 10% FBS

NA

DMEM with 10% FBS, 100 U/
mL penicillin, 100 pg/mL
streptomycin

DMEM with 10% FBS, 1%
antibiotic

DMEM with 10-12% FBS, 1%
streptomycin and penicillin
cocktail

PDT - photodynamic therapy; PLGA — poly(lactic-co-glycolic acid); FdU — 5-fluoro-2"-deoxyuridine; y-PGA — y-polyglutamic acid; F-CUR-L - folate-receptor-
targeted liposomal curcumin; CUR-L — non-targeted liposomal curcumin; OC — oral cancer; ATCC — American Type Culture Collection; CERRMA — Center
of Excellence for Research in Regenerative Medicine and Application; CSIR-IICB — Indian Institute of Chemical Biology; FIRDI - Food Industry Research

and Development Institute; BCRC - Bioresource Collection and Research Center; NCCS — National Centre for Cell Science; RPMI 1640 medium — Roswell
Park Memorial Institute 1640 medium; FBS - fetal bovine serum; DMEM — Dulbecco’s modified Eagle medium; EDTA - ethylenediaminetetraacetic acid;
PBS — phosphate-buffered saline; HEPES — 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MTT — 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; RT-PCR - real-time reverse transcriptase polymerase chain reaction; DAPI - 4,6-diamidino-2-phenylindole; CCK-8 — Cell Counting Kit-8;

SRB - sulforhodamine B; ROS - reactive oxygen species; TSCC — tongue squamous cell carcinoma; MRP1 — multidrug resistance protein 1; NF-kB — nuclear
factor kappa-light-chain-enhancer of activated B cells; PIC — polyinosinic-polycytidylic acid; INF-1 — type-l interferon; EMT — epithelial-mesenchymal
transition; MDSC — myeloid-derived suppressor cell; PD-L1 - programmed death-ligand 1; p-STAT3"7% — phospho-signal transducer and activator

of transcription 3; AP-1 — activator protein 1; HGF — hepatocyte growth factor; ERK — extracellular signal-regulated kinase; Bax — Bcl-2-associated X protein;
PARP — poly(ADP-ribose) polymerase; Bcl-2 — B-cell lymphoma 2; EGFR —epidermal growth factor receptor; Akt — protein kinase B; ERK1/2 — extracellular
signal-regulated kinases 1 and 2; Sp1 — specificity protein 1; p65 — transcription factor p65; HSF1 — heat shock factor 1; NA — data not available.
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Curcumin promotes apoptosis
through the modulation of oxygen-

CCK-8, TUNEL assay,
Western blot, and This study uncovered the anti-proliferative and pro- ) 8
; - related signaling pathways and
apoptotic effects of curcumin in CAL-27 cells. o . }
exhibits potential anti-cancer
effects.

24N 100 uM scratch wound healing
assay
Following treatment with curcumin-loaded, chitosan-
coated polycaprolactone nanoparticles, drug retention in The mucoadhesive curcumin
the mucosa indicates that these systems may be useful for  nanoparticles coated with chitosan
MTT assay and zeta . . . A
72h 500 pg/mL ol the local treatment of a variety of illnesses. Furthermore, showed increased cytotoxicity in
potential assay in vitro experiments showed that the nanoparticles the treatment of OC through oral
dramatically reduced the survival of SCC-9 human OC cells administration.
by triggering apoptosis.
MTT assay, Northern Curcumin inhibits transcription factors, such as AP-1 and Curcumin causes HPV16-infected
72h 100 uM bl ' NF-kB, and selectively inhibits transcription of HPV16/E6 OC cells (93VU147T) to undergo
ot and PCR : ) /
oncogene in OC cell lines. apoptosis.
The cytotoxic effect of nanocurcumin on OSCC cells was A significant apoptosis was
found to be dependent on its concentration. Additionally, observed in the nanocurcumin
when combined with nanocurcumin, cetuximab induced group as compared to the
240 <l e/l T EEE7 greater cell death as compared to cetuximab alone. These cetuximab group. The combined
results suggest the potential chemo-adjuvant effect therapy was more effective than a
of nanocurcumin. single-drug regimen.
Western blot, migration [t was shown that curcumin could inhibit HGF-induced The findings suggest that curcumin
48 h 15 uM assay and gelatin EMT and cell motility in the OSCC cell line by blocking is a powerful drug that targets
zymography c-Met and inhibiting the ERK effector pathway. invasive OC cells.
The enhanced photodynamic
activity of curcumin delivered via
SiNPs in OC cells, together with

the rapid accumulation of the

Curcumin-SiNPs revealed enhanced bioavailability, and
nanoformulated drug, suggests

hence higher cytotoxic effects against OC cells than free

S4h 25 uM MTT assaybzlmd Western
ot curcumin due to the inhibition of NF-kB action.
that SINPs may serve as a promising
delivery vehicle.
Curcumin combined with 5-fluorouracil or doxorubicin
SRB assay, nuclear treatment caused apoptosis in NT8e cells by raising Bax, Curcumin, along with doxorubicin
48h 15 UM morphology with DAPI, caspase-3 and PARP, and by inhibiting Bcl-2. This was or 5- fluorouracil, showed increased
flow cytometry, and further supported by y DAPI staining, which revealed cytotoxicity, cell cycle arrest and
Western blot typical apoptotic features in cells, including membrane apoptosis.
blebbing, nuclear condensation and cell shrinkage.
CCK-8, DNA Thg ﬂncﬁngs Arevealed that curcgmin inhibited pro- incgrégsrzlinal:g;?;Z?Sggéﬁ\gézt
24h 12.5 uM fragmentation and SURivel ﬂgrjahng RIS, Ll Lo lpepiiosls el manner, and increases apoptosis
H g9 g [2efp
the suppression of HNSCC FaDu cell growth through the S C o
Vitesiten activation of the pro-apoptotic protein Bik oy el Ui ldsic
pro-apop P ’ mitochondria-mediated pathway.
Current findings imply that curcumin can suppress the The results showed that curcumin
792h 60 UM MTT assay, Western blot growth of SCC-9 cells by promoting the production upregulated the expression of miR-
and RT-PCR of miR-9 and interfering with the Wnt/B-catenin signaling 9, which decreased the growth
pathway. of OSCC cells.
MTT assay, Western blot .Cu'rcg'min et @ liler prolniferation Ameughine patTf:/\r/(;;SZSTfUEnG;ERn:Edr;ggsgthe
48 h 40 uM and RT-PCR inhibition of the phosphorylation of EGFR and EGFR roliferation and invasion of OSCC
downstream signaling of Akt, ERK1/2 and STAT3. P cells
Western blot, RT- The study showed that curcumin inhibited the proliferation Cufrcumm decreases the proldu;t|lon
and NF-kB activity of OSCC cells. of 5p1, pS, alnd .HSF,] +and inhibits
NF-kB activation in OC cells.
5-fluorouracil and curcumin

gPCR, Dual-Luciferase

48h 20 uM
Reporter, and CCK-8
nanoemulsions exhibited enhanced

apoptotic effects via multimodal
therapeutic mechanisms against
OSCC cells.

MTT assay and Western The substantial induction of apoptosis in OSCC cells,
Y SCC-090 and SCC-152, was demonstrated by alterations in
protein expression, particularly in Blc2, Bax, p53, and p21.

9% h 320 pg/mL blot
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Role of curcumin in OSCC management

Curcumin has been shown to inhibit regulatory T cell
(Treg) migration and induce S-phase cell cycle arrest. It
has also been reported to reverse epithelial-mesenchymal
transition (EMT), a process associated with tumor inva-
sion and metastasis. Mishra et al. demonstrated that cur-
cumin reduced cell viability and induced morphological
changes in human papillomavirus (HPV)-positive oral
cancer (OC) cell lines.*® Northern blot analysis indicated
that curcumin suppressed the E6-oncogene-mediated
degradation of p53 in these HPV-positive cancer cells.
At a concentration of 100 uM, curcumin inhibited the
expression of E6, NF-kB and activator protein 1 (AP-1)
in HPV-positive cell lines.*® Additionally, Xiao et al. re-
ported that curcumin enhanced the expression of miR-9,
which reduces the proliferation of SCC-9 cells and sup-
presses the Wnt/f-catenin signaling pathway.>

Zhen et al. conducted an in vitro study showing that
curcumin reduced the proliferation of SCC-25 cells and
induced G2/M phase cell cycle arrest in a dose-dependent
manner.’” The study also demonstrated that curcumin
suppressed the expression of MMP-2 and MMP-9, as well
as urokinase-type plasminogen activator (uPA) and its re-
ceptor (uPAR). Curcumin was found to modulate phos-
phorylated epidermal growth factor receptor (p-EGFR)
and downstream signaling mediators, including protein
kinase B (Akt), extracellular signal-regulated kinases 1
and 2 (ERK1/2) and STAT3. Additionally, curcumin in-
hibited EGF-induced EGER phosphorylation and reduced
EGF-stimulated SCC-25 cell invasion.>’

Both Almalki et al.?® and Zhen et al.*” reported G2/M
phase arrest in curcuminoid-treated cells after 6 h of treat-
ment and demonstrated the ability of curcumin to induce
DNA damage in these cells. According to Lu et al., cur-
cumin exhibited improved solubility and stability when
encapsulated in folate-linked liposomes.*® Chang et al.
showed that curcumin-loaded nanoparticles induced
apoptosis and significantly inhibited proliferation in
OSCC cell lines while demonstrating lower cytotoxicity
in normal cells, highlighting the specificity of nano-based
drug delivery.®! Conversely, Mazzarino et al. observed
that free curcumin (ICsy (half-maximal inhibitory con-
centration) = 93.4 uM) was more cytotoxic than curcumin
nanoformulations (ICsy = 271.5 puM) after 24 h of treat-
ment.*’

Role of nanocurcumins in OSCC
management

Several innovative strategies have been developed to
design curcumin-based nanomaterials as targeted drug-
delivery systems. Polymer nanoparticles are particularly
effective due to their excellent biocompatibility and pro-
longed circulation in the bloodstream. Srivastava et al.
reported that curcumin nanoparticles exhibited che-
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moprotective effects in OC cells, mitigating the adverse
reactions typically induced by 5-fluorouracil.®® Nano-
curcumin also demonstrated antioxidant properties and
modulated the expression of apoptotic proteins, includ-
ing Bcl-2 and Bcl-2-associated X protein (Bax), in the
treated cells.”

Another study investigated the anti-tumor efficacy
of gefitinib and curcumin-loaded nanoparticles in hu-
man OC SAS cells in vitro and in SAS xenograft tumors
in vivo.*® The results showed that y-polyglutamic acid
(y-PGA)-coated gefitinib/curcumin nanoparticles were
effectively internalized by SAS cells, significantly reduc-
ing viable cell counts. Both free Gefitinib/curcumin and
y-PGA-gefitinib/nanocurcumin induced apoptotic cell
death via caspase-3, caspase-9 and mitochondria-medi-
ated pathways. In vivo experiments further demonstrated
that y-PGA-gefitinib/nanocurcumin significantly inhib-
ited tumor growth as compared to the untreated or free
gefitinib/curcumin-treated groups.*

Essawy et al. investigated the effects of curcumin
nanoparticles on OC cells, using a simple and cost-effec-
tive solvent—antisolvent precipitation method.?> Unlike
doxorubicin, which primarily induced necrosis in these
cell lines, curcumin nanoparticles triggered cytotoxicity
predominantly through apoptosis. The study also high-
lighted the intrinsic luminescence of curcumin nanopar-
ticles, suggesting their potential as dual-function ther-
anostic agents.*

Another study reported that the combined treatment
with 200-nm nanocurcumin and cetuximab enhanced
cytotoxicity as compared to cetuximab monotherapy, in-
dicating the potential chemo-adjuvant role of curcumin
nanomaterials in OC therapy.*

De Souza Ferreira et al. developed nanostructured
gel formulations, incorporating curcumin for OC treat-
ment.3 These formulations facilitated the rapid absorp-
tion and localization of curcumin in the hydrophobic core
of nano-sized polymeric micelles, resulting in prolonged
retention in the oral cavity.3? Cytotoxicity assays revealed
that these nanoformulations selectively targeted tumor
cells while sparing normal cells.3® Such strategies improve
the physicochemical properties of curcumin by enhanc-
ing its solubility and tissue penetration, thereby augment-
ing its anti-cancer activity. Given these promising find-
ings, further preclinical and clinical studies are warranted
to evaluate the therapeutic potential of novel curcumin
formulations.

Lin et al. conducted a study to evaluate the effects
of curcumin microemulsions on OC cell lines.** The
results demonstrated that short-term treatment with
curcumin in microemulsion form exerted significant
cytotoxic effects on cancer cells. In SCC-25 cells, these
effects were further enhanced when ultrasound was ap-
plied. This enhancement was likely due to the improved
cellular delivery of curcumin, facilitated by the interac-
tion of microemulsion particles with cell membranes or
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by overcoming transport barriers through ultrasound-
induced membrane permeabilization and localized heat-
ing.** When combined with ultrasound, these biodegrad-
able microemulsions may provide controlled drug release
and improved tissue-targeting capabilities. Additionally,
curcumin nanoparticles have been shown to possess sig-
nificantly higher bioavailability and improved aqueous
solubility as compared to conventional curcumin, which
may enhance their therapeutic potential.

Chang et al. demonstrated that water-soluble
poly(lactic-co-glycolic acid) (PLGA)-based nanocur-
cumin enhanced therapeutic efficacy in CAL-27 cispl-
atin-resistant (CAR) OC cells.?! The nanocurcumin for-
mulation promoted the generation of ROS and increased
the expression of apoptosis-related molecules, including
cleaved caspase-3/caspase-9, apoptotic protease acti-
vating factor 1 (Apaf-1), cytochrome c, and Bax, while
reducing the expression of the anti-apoptotic protein
Bcl-2. These effects collectively activated the intrinsic
apoptotic pathway in CAR cells.3! Additionally, nano-
curcumin modulates the structure and activity of mul-
tidrug-resistance proteins while enhancing ROS pro-
duction, thereby contributing to increased cancer cell
susceptibility to treatment.>* Organically modified silica
nanomaterials used as carriers for curcumin delivery in
OC cells demonstrated improved cellular uptake of cur-
cumin and enhanced phototoxic effects in cancer cells,
highlighting the potential of silica-based nanocarriers to
improve the anti-cancer activity of curcumin.?>>3

Mazzarino et al. evaluated the therapeutic potential
of mucoadhesive polycaprolactone curcumin nanostruc-
tures coated with chitosan for the treatment of OC.¥
Ghosh et al. developed a multifunctional nanoconjugate
by integrating the surface of gold nanorods (GNRs) with
a cytotoxic nucleoside, 5-fluoro-2’-deoxyuridine (FdU),
incorporated into a DNA hairpin structure along with
a hydrophobic curcumin complex.3* The study demon-
strated that curcumin could be successfully incorporated
into small DNA hairpins to improve drug delivery effi-
ciency. When combined with FdU nucleotides, this sys-
tem significantly enhanced cytotoxicity in SCC-131 cells,
suggesting its potential application as a therapeutic strat-
egy for advanced-stage cancers.>*

Clinical trials on curcumin in OSCC

The present review reported elevated levels of cyto-
kines in the salivary supernatant of cancer patients, with
reduced concentrations observed following treatment
with APG-157, particularly for the pro-inflammatory cy-
tokines IL-1 and IL-8. These findings suggest that APG-
157 may suppress tumor-associated inflammation by
reducing levels of NF-kB—regulated cytokines that con-
tribute to inflammatory responses.?

Reiter et al. also demonstrated significant DNA damage
caused by smoke condensate, primarily as a result of oxi-
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dative stress.>® In this context, curcumin and celecoxib
were shown to provide protective effects against such
DNA damage.>

In the study conducted by Arun et al.,, 21 patients with
OSCC were randomly allocated into 2 groups — group A,
comprising 12 patients, and group B, comprising 9 pa-
tients.?® The baseline tumor dimensions were assessed
using contrast-enhanced computed tomography (CECT).
After 3 months of treatment, patients were re-evaluated
using CECT scans, and treatment responses were as-
sessed according to the Response Evaluation Criteria in
Solid Tumors (RECIST), which categorize outcomes as
complete response, partial response, progressive disease,
or stable disease.?

Latimer et al. reported a significant increase in the se-
rum levels of microgranular curcumin administered via
the transmucosal route within 30 min of ingestion in both
cancer patients and healthy volunteers.*!

Quality assessment of the studies
reviewed

When evaluated using the RoB, all the included clinical
trials were considered to have a high risk of bias (Fig. 2).
This classification was primarily due to the incomplete
reporting of the key methodological aspects, particularly
allocation concealment and blinding procedures, which
are essential components of rigorous quality assessment.

Using the WCRF/UoB framework for evaluating cell
line studies, 25 studies were rated as high quality, achiev-
ing scores between 5 and 6, while 5 studies were catego-
rized as moderate quality with scores ranging from 3 to 4
(Table 3).

Risk of bias domains
D1 D2 D3 D4 D5 D6 D7 Overall

D1: Bias due to confounding

Basak et al., 2020

Shin et al., 2019

Arun et al., 2018

Latimer et al., 2015

Reiter et al., 2012

D2: Bias arising from the measurement
of the exposure

D3: Bias in the selection of participants
into the study (or into the analysis)

D4: Bias due to post-exposure
interventions

D5: Bias due to the missing data

D6: Bias arising from the measurement
of the outcome

D7: Bias in the selection
of the reported result

Overall risk of bias

0% 25% 50% 75% 100%
[ tow risk [l high risk

Fig. 2. Risk of bias of the reviewed clinical studies (Cochrane Collaboration
Risk of Bias tool (RoB))
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Table 3. Quality assessment of the cell line studies included in the review, based on the WCRF International/UoB recommendations

Ahn et al

2012

Almalki et al 2

2021

Ardito et al.?’

2018

Camacho-Alonso et al*°
2013

Chang et al?!

2013

Essawy et al.2
2022

De Souza Ferreira et al 33
2019

Ghosh et al 3

2018

Gosangari and Watkin3®
2012

Jeon et al *®
2012

Kim et al?”

2012

Kotting et al?®
2021

Kumbar et al 3
2022

Lai et al 4

2019

Liao et al.#?

2018
C.Linetal®
2017

H.Y. Lin et al.#
2012

Luetal®

2012

Ma et al.*®

2020

Mazzarino et al./
2015

Mishra et al#
2015

Mukherjee et al4°
2022

Ohnishi et al.*°
2020

Singh etal>
2014
Sivanantham et al.>*
2016

Xietal>®
2015

Xiao et al *®
2014

Zhen et al”’
2014

Liu et al 8
2021

Srivastava et al>°
2018

Multiple cell Selective
reporting
1 5
1 6
1 4
1 5
1 5
1 6
1 4
1 5
1 5
1 5
1 5
1 6
1 4
1 5
1 5
1 5
1 6
1 6
1 3
1 5
1 5
1 5
1 6
1 4
1 5
1 6
1 5
1 6
1 6
1 6
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Discussion

Curcumin exhibits antimicrobial, antifungal, antivi-
ral, anti-inflammatory, and pro-apoptotic properties.
Despite significant advancements in chemotherapy and
an improved understanding of the molecular pathophysi-
ology of OC, the survival rates have remained relatively
low, ranging from approx. 50% to 59% in recent years.®
Curcumin has been extensively investigated in numerous
in vivo and in vitro models of OSCC worldwide. Studies
have reported that curcumin reduces the proliferation
of OSCC cell lines in a dose-dependent manner in both
in vitro and in vivo settings.®!

Curcumin modulates multiple signaling pathways in
cancer cells, reduces the expression of the proteins associ-
ated with therapeutic resistance and enhances the efficacy
of anti-cancer drugs at various stages of treatment. It may
also inhibit drug resistance mechanisms by increasing
the sensitivity of chemotherapy-resistant cells.®? Nano-
technology offers promising opportunities for developing
medications with nanoscale dimensions, and nanocarri-
er-based drug delivery systems are being explored to im-
prove the physicochemical properties and therapeutic ef-
ficacy of the drugs administered to these patients.®

Curcumin has been shown to suppress cellular prolifer-
ation and tumor metastasis while promoting apoptosis in
OC cell lines through the modulation of multiple signaling
pathways.” The synergistic effects of curcumin in combi-
nation with the established chemotherapeutic agents, ra-
diotherapy, the emerging therapeutic strategies, or other
plant-derived compounds have been widely investigated
across different tumor types. These studies have reported
enhanced therapeutic benefits as compared to the con-
ventional kinds of treatment alone.

Similar findings have been obtained in OSCC cell lines
and experimental animal models when curcumin was
combined with epigallocatechin gallate (EGCG), resve-
ratrol and photodynamic therapy (PDT). Moreover, the
interaction of curcumin with radiotherapy or chemo-
therapeutic agents such as cisplatin and 5-fluorouracil —
commonly used in OSCC treatment — has been shown
to significantly enhance anti-cancer efficacy. These out-
comes are consistent with the conclusions of a previous
systematic review.%

The development of innovative photodynamic nano-
technologies incorporating precise anti-cancer nanother-
anostic systems has attracted considerable interest over
recent decades. A novel strategy has been developed us-
ing tumor microenvironment-responsive, near-infrared—
sensitive GNR drug conjugates to enable integrated plas-
monic photothermal therapy for cancer treatment.®

Multiple preclinical studies have demonstrated the an-
ti-cancer potential of curcumin in various cancers. Cur-
cumin has been shown to induce G2/M phase cell cycle
arrest, trigger apoptosis and autophagy, and disrupt the
key molecular signaling pathways involved in tumor pro-
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gression. It also interferes with tumor cell invasion and
metastasis, thereby enhancing the therapeutic efficacy
of currently used chemotherapeutic agents. Further-
more, the suppression of pro-inflammatory cytokines
by curcumin may significantly reduce the inflammation
associated with cancer progression. Curcumin also par-
ticipates in additional signaling mechanisms, including
the induction of neutrophil activation and degranulation
through increased cell surface expression of markers such
as CD35, CD66b and CD63.°

Several strategies related to drug formulation and deliv-
ery systems have been developed to overcome the limited
oral absorption of curcumin caused by its poor solubility.
In this review, we analyzed studies that investigated free
curcumin, curcumin in combination with other agents,
curcumin nanoformulations, and curcumin analogs.
Among the included studies, 11 investigations evaluated
free curcumin (37%), 10 examined curcumin nanoformu-
lations (33%), 7 explored curcumin in combination with
other agents (23%), and 2 investigated curcumin analogs
(7%). The findings indicate that curcumin exhibits bio-
logical activity even in its unmodified form.

Although numerous novel curcumin nanoformulations
have demonstrated promising antineoplastic, theranostic
and chemo-adjuvant properties, the field of nanotechnol-
ogy remains relatively new and still faces several limita-
tions. One of the major technical challenges in drug devel-
opment is controlling the size of curcumin nanoparticles
for effective drug delivery applications. In addition, these
technologies are often expensive and have not yet been
widely implemented. Nevertheless, nanoparticle-based de-
livery systems have the potential to overcome the limita-
tions of the low bioavailability of curcumin by improving its
stability, enhancing cellular uptake and enabling controlled
drug release. Therefore, such approaches may offer greater
therapeutic promise than the use of free curcumin alone.*

Extensive research has been conducted to develop im-
proved curcumin formulations. Various delivery systems,
including liposomes, nanoemulsions, micelles and nano-
structured lipid carriers, have been explored to enhance
curcumin bioavailability. However, the surfactants and
organic solvents used in the preparation of these formu-
lations may introduce potential toxicological concerns,
which should be carefully considered in future develop-
ment.%’

The U.S. Food and Drug Administration (FDA) (2013)
classified curcumin as generally safe, with no significant
adverse effects reported. Some isolated cases of tran-
sient allergic dermatitis have been documented.®® Dose-
escalation studies have indicated that daily consumption
of curcumin at doses up to 12 g does not produce serious
toxic effects.®” Furthermore, the clinical investigations in-
volving patients with solid tumors reported no significant
adverse events following the oral administration of cur-
cumin at a dose of 900 mg/day for 8 weeks, apart from
mild gastrointestinal discomfort.”
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A major limitation of the present review is that a meta-
analysis could not be performed due to the heterogeneity
of the available data.

Recommendations for the future

Although nanotechnology-based formulations have
shown promise in overcoming the limited bioavail-
ability of curcumin, these systems often lack adequate
cellular specificity. While many innovative curcumin
nanoformulations demonstrate notable anti-tumor and
chemo-adjuvant properties, several technological chal-
lenges remain in their development. One of the primary
challenges is the precise control of nanoparticle size
to achieve effective targeted drug delivery. In addition,
these technologies are costly and have not yet been
widely commercialized.

Polymeric nanoparticles and liposomal systems have
been shown to improve curcumin bioavailability. How-
ever, the potential risk of off-target toxicities has not been
sufficiently investigated. Curcumin has been reported to
exert cytotoxic effects on cancer cells while displaying cy-
toprotective effects on normal cells at different dosages
and concentrations. These observations should be care-
fully considered in future preclinical and clinical studies
evaluating novel curcumin formulations.

Furthermore, heterogeneity in study designs, formu-
lation types, sample sizes, and routes of administration
in human cancer studies makes it difficult to determine
which formulation possesses the most favorable pharma-
ceutical characteristics.®® Many of these promising for-
mulations have yet to undergo extensive clinical trials and
require the development of cost-effective manufacturing
methods. Therefore, further comprehensive in vivo stud-
ies and well-designed clinical trials are necessary to estab-
lish their potential therapeutic applications.

Conclusions

The combination therapies incorporating nanoformu-
lations have gained considerable attention as promising
drug delivery strategies that may overcome several limita-
tions of the conventional treatment. These systems can
enhance intracellular drug concentrations and improve
synergistic therapeutic efficacy in cancer management.
Novel curcumin formulations have been explored for
their potential role in the treatment of OC, with encour-
aging outcomes.

Curcumin has been shown to exert beneficial effects on
OSCC cell lines by reducing cell growth and viability, pri-
marily through the induction of apoptosis via the intrin-
sic pathway and by causing cell cycle arrest at the G2/M
phase. Furthermore, clinical studies have indicated that
curcumin may reduce tumor size and exhibit anti-inflam-
matory and cytotoxic effects at the cellular level.
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However, further research is needed to better under-
stand how advanced delivery systems, such as liposomes
and polymeric nanoparticles, influence the therapeutic
efficacy of curcumin. In addition, comprehensive inves-
tigations into the bio-interactions between curcumin
nanoparticles and cellular components are required to
clarify the mechanisms responsible for their selective cel-
lular uptake and activity.
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