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Simple Summary: This review comprehensively examines curcumin’s therapeutic potential in cancer
treatment. It addresses the limitations of curcumin therapy due to its low bioavailability and potential
side effects. It discusses how modern approaches can overcome these limitations to support its
consistent and effective use in cancer therapy. Indeed, the role of curcumin in photodegradation
and photodynamic therapy is emphasized through its use in combination with phototherapy. In
addition, improved therapeutic efficacy, increased cellular uptake, and enhanced cytotoxicity have
been demonstrated in various cancer models using curcumin-loaded nanoparticle drug delivery.
Overall, the present review highlights the promising impact of curcumin in cancer treatment and the
importance of optimizing its therapeutic efficacy, considering potential interactions with drugs used
to manage side effects and collateral effects of cancer treatment.

Abstract: Curcumin, a polyphenolic compound derived from Curcuma longa, exhibits significant
therapeutic potential in cancer management. This review explores curcumin’s mechanisms of action,
the challenges related to its bioavailability, and its enhancement through modern technology and
approaches. Curcumin demonstrates strong antioxidant and anti-inflammatory properties, contribut-
ing to its ability to neutralize free radicals and inhibit inflammatory mediators. Its anticancer effects
are mediated by inducing apoptosis, inhibiting cell proliferation, and interfering with tumor growth
pathways in various colon, pancreatic, and breast cancers. However, its clinical application is limited
by its poor bioavailability due to its rapid metabolism and low absorption. Novel delivery systems,
such as curcumin-loaded hydrogels and nanoparticles, have shown promise in improving curcumin
bioavailability and therapeutic efficacy. Additionally, photodynamic therapy has emerged as a com-
plementary approach, where light exposure enhances curcumin’s anticancer effects by modulating
molecular pathways crucial for tumor cell growth and survival. Studies highlight that combining low
concentrations of curcumin with visible light irradiation significantly boosts its antitumor efficacy
compared to curcumin alone. The interaction of curcumin with cytochromes or drug transporters may
play a crucial role in altering the pharmacokinetics of conventional medications, which necessitates
careful consideration in clinical settings. Future research should focus on optimizing delivery mecha-
nisms and understanding curcumin’s pharmacokinetics to fully harness its therapeutic potential in
cancer treatment.

Keywords: turmeric; curcuminoid; photochemotherapies; photodynamic therapy; drug targeting;
drug delivery; nanoparticle; oxidative phosphorylation; cell metabolism; oxidative stress; tumor;
anticancer agent; antitumor drugs; cancer; chemotherapy
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1. Introduction

Curcumin, a polyphenolic compound, is synthesized in the rhizome of Curcuma longa,
or turmeric [1,2]. This process involves several enzymatic steps within the plant. It starts
with phenylalanine ammonia-lyase converting phenylalanine into cinnamic acid, a critical
step in the biosynthesis of phenylpropanoids, of which curcumin is a part [3]. Cinnamic
acid then undergoes a series of enzymatic reactions in which p-coumaric acid acts as a
key intermediate compound, forming curcumin precursors known as curcuminoids [3].
These precursors, including curcumin, demethoxycurcumin, and bis-demethoxycurcumin,
are further modified through a series of enzymatic reactions [4]. These reactions lead to
the formation of molecules commonly known as curcumin, the main active compound
responsible for turmeric’s therapeutic activity and characteristic yellow-orange color [5]
(Figure 1). This biosynthesis and accumulation process occurs in the rhizomes of the
turmeric plant, where it serves various functions, including protection against oxidative
stress and defense against pathogens [1].
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Figure 1. The biosynthesis pathway of curcumin in turmeric. The biosynthesis of curcumin in
the rhizomes of Curcuma longa involves several enzymatic steps. It begins with phenylalanine
ammonia-lyase converting phenylalanine into cinnamic acid. Cinnamic acid is then converted into
p-coumaric acid, a key intermediate. Through a series of enzymatic reactions, p-coumaric acid
forms curcuminoid precursors such as curcumin, demethoxycurcumin, and bis-demethoxycurcumin.
Notably, demethoxycurcumin is formed from the intermediate ferulic acid derived from p-coumaric
acid through methylation and other modifications. These rhizome processes contribute to the plant’s
defense mechanisms and protection against oxidative stress and pathogens.

Curcumin, found in approximately 130 species of Curcuma, has a long history of tradi-
tional medicinal use [6]. Mainly, Curcuma longa (turmeric), Curcuma aromatica (wild turmeric),
and Curcuma xanthorrhiza (Javanese turmeric) have been used for health maintenance and
disease management, dating back to ancient Indian and Chinese medicine over 4000 years
ago [6-8]. In these traditional practices, turmeric, containing curcumin, was used to treat
various conditions such as respiratory disorders, liver diseases, anorexia, rheumatism, and
diabetic wounds [9]. Despite the long history of traditional medicinal use, a comprehensive
understanding of the therapeutic actions and health benefits remains to be validated.

Curcumin, as highlighted in the literature, holds immense promise in health. Its antiox-
idant properties enable it to neutralize free radicals and protect cells from oxidative damage,
while its anti-inflammatory action inhibits the expression of inflammatory mediators and
reduces inflammation at the cellular level [10]. Curcumin has demonstrated neuroprotec-
tive effects and potential benefits in treating neurodegenerative diseases. Recent studies
have underscored the role of curcumin in reducing brain inflammation, protecting neurons,
and promoting neurogenesis [1]. Moreover, numerous studies have illuminated the anti-
carcinogenic potential of curcumin in various types of cancer, including colon, pancreatic,
and other high-risk cancers. Curcumin has been studied for its ability to inhibit tumor cell
growth, induce apoptosis, and reduce resistance to chemotherapy and radiotherapy [1,11].
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While the positive effects of curcumin have been observed mainly in in vitro experi-
ments, it is crucial to be aware of its in vivo limitations (Figure 2). Once administered, its
low absorption and rapid metabolism might compromise its bioavailability and clinical
applicability. Curcumin has poor water solubility, rapid hepatic metabolism, and low
intestinal absorption [12,13]. This means that the body may not effectively absorb a large
amount of ingested curcumin. In particular, after ingestion, the liver rapidly metabolizes
curcumin into compounds with lower biological activity than curcumin itself, limiting
the amount of the active molecule that reaches the systemic circulation and potential tar-
gets [12]. This necessitates the intake of high concentrations of curcumin to achieve efficient
bioavailability and therapeutic activity. Curcumin is generally considered safe and well
tolerated, with the FDA classifying it as “generally recognized as safe”. However, high
doses of curcumin can cause tolerance issues that may be unmanageable for patients, such
as experiencing allergies, gastrointestinal disturbances such as nausea, diarrhea, or stomach
discomfort, as well as issues related to its hepatotoxicity [14,15]. Moreover, curcumin might
affect blood coagulation. Numerous studies indicate that curcumin possesses anticoagulant
and antiplatelet properties. Specifically, it has been shown that curcumin can prolong
activated partial thromboplastin time and prothrombin time, both tests measuring blood
coagulation levels. These effects suggest that curcumin can slow blood clotting, reducing
the risk of clot formation [16]. Additionally, curcumin has been shown to inhibit platelet
activation and aggregation, further contributing to its antithrombotic properties. This effect
could be particularly useful in preventing thrombosis and atherothrombosis, which are
significant risk factors for cardiovascular diseases [17]. However, it is essential to note
that although curcumin may offer benefits as a natural anticoagulant, its use should be
carefully monitored, especially in combination with other anticoagulant drugs, as it could
amplify the effect of these drugs and increase the risk of excessive bleeding. Therefore,
anyone already undergoing anticoagulant treatment should consult their doctor before
taking curcumin supplements or turmeric-based products. Moreover, curcumin may also
interact with some medications, such as anti-inflammatory and antitumor drugs [18].

Figure 2. The limitations in the therapeutic application of curcumin in patients. Curcumin’s low
bioavailability due to its poor water solubility, rapid hepatic metabolism, and low intestinal absorption
results in ineffective absorption by the body. The necessity of using high concentrations of the
molecule can lead to side effects such as allergies, gastrointestinal disturbances, hepatotoxicity,
and sometimes anticoagulant and antiplatelet effects. Curcumin may also interact with certain
medications, including anti-inflammatory, cardiovascular, antibiotic, and antitumor drugs.
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2. Well-Known Curcumin Effects on Cancer Cell Growth and Proliferation
2.1. Inhibition of Cell Proliferation and Induction of Apoptosis

One of the primary mechanisms by which curcumin exerts its anticancer effects is
through the inhibition of cell proliferation and the induction of apoptosis [19-21]. Stud-
ies have demonstrated that curcumin can suppress the proliferation of cancer cells by
interfering with the cell cycle [21,22]. Specifically, it induces cell cycle arrest at the G2/M
phase in several cancer types [23-26], modulating the level of cyclin-dependent kinases
(CDKs) and cyclins through the increased expression of CDK inhibitors [27,28]. Further-
more, curcumin induces apoptosis through both intrinsic and extrinsic pathways [29-31].
Curcumin enhances the expression of pro-apoptotic proteins such as Bax, Bak, PUMA,
Bim, and Noxa and death receptors such as TRAIL-R1/DR4 and TRAIL-R2/DR5 [31-34].
In addition, curcumin decreases the levels of anti-apoptotic proteins like Bcl-2, Bcl-XL,
survin, and XIAP [32,35]. This shift in the balance of apoptotic regulators facilitates the
release of cytochrome c¢ from mitochondria [33,35] and activates caspases [35-38], leading
to programmed cell death (Figure 3).
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Figure 3. The mechanisms of curcumin’s anticancer effects. Curcumin, a polyphenolic compound
derived from turmeric, exerts its anticancer effects through multiple mechanisms. These include the
inhibition of cell proliferation and the induction of apoptosis via cell cycle arrest and the modulation
of apoptotic proteins. Curcumin suppresses the activity of key transcription factors like NF-«B,
STAT3, and AP-1 and interferes with critical signal transduction pathways such as PI3K/Akt/mTOR
and MAPK/ERK. Additionally, curcumin inhibits angiogenesis and metastasis by downregulating
VEGF, VEGFR2, and matrix metalloproteinases (MMPs). Epigenetic modifications through the
inhibition of DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) further contribute
to its anticancer properties. Finally, curcumin alters mitochondrial energy metabolism and reduces
oxidative stress by inhibiting FoF1-ATP synthase, thereby impacting ATP production and reactive
oxygen species (ROS) generation, which are crucial for cancer cell growth and proliferation.

2.2. Suppression of NF-xB and Other Transcription Factors

Curcumin’s anticancer efficacy is also attributed to its ability to inhibit nuclear factor
kappa B (NF-kB) [39-43], a transcription factor that plays a pivotal role in cancer cell survival,
proliferation, and metastasis [44]. NF-«B is often constitutively active in various cancers, pro-
moting the expression of genes involved in inflammation, cell survival, and angiogenesis [45].
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Curcumin suppresses NF-«kB activation by inhibiting IkB kinase (IKK), thereby preventing
the phosphorylation and degradation of IkBe, an inhibitor of NF-«B [46—48], and reducing
the transcription of NF-kB target. In addition to NF-«B, curcumin also modulates other
transcription factors such as STAT3 and AP-1 [49-53]. By inhibiting these factors, curcumin
reduces the expression of genes involved in cell proliferation and survival, contributing to its
anticancer properties [49-53].

2.3. Modulation of Signal Transduction Pathways

Curcumin’s impact on various signal transduction pathways further elucidates its
multifaceted anticancer effects. It has been shown to interfere with the PI3K/Akt/mTOR
pathway [52,54], a critical signaling axis for cell growth and survival. Curcumin inhibits
the phosphorylation of Akt [54,55], leading to the suppression of downstream targets
involved in cell proliferation and survival. Additionally, curcumin affects the MAPK/ERK
pathway [53,56], which is implicated in cell differentiation, proliferation, and apoptosis. By
inhibiting this pathway, curcumin can reduce cancer cell growth and induce apoptosis.

2.4. Inhibition of Angiogenesis and Metastasis

Curcumin also exerts anti-angiogenic and anti-metastatic effects [57-59], which are
crucial for limiting tumor growth and spread. Curcumin inhibits angiogenesis by down-
regulating the expression of vascular endothelial growth factor (VEGF) and its receptor
VEGEFR?2 [60,61]. This inhibition prevents the proliferation and migration of endothelial
cells, thereby reducing blood vessel formation. Moreover, curcumin inhibits metastasis
by modulating the expression of matrix metalloproteinases (MMPs) [43,62,63], enzymes
involved in the degradation of the extracellular matrix, a key step in cancer cell invasion
and metastasis. Curcumin downregulates MMP-2 and MMP-9 [63], thereby impairing the
invasive capabilities of cancer cells. Also, it inhibits the chemokine CXCL12/CXCR4 axis,
whose activation is involved in tumor epithelial-mesenchymal transition (EMT), cancer
cell motility, and metastasis [64].

2.5. Epigenetic Modifications

Emerging evidence suggests that curcumin can also exert its anticancer effects through
epigenetic modifications [65]. These modifications include the inhibition of DNA methyl-
transferases (DNMTs) and histone deacetylases (HDACs), which play a role in gene expres-
sion regulation [66]. By modulating these epigenetic factors, curcumin can reactivate tumor
suppressor genes and inhibit oncogenes [67,68], contributing to its anticancer activity.

2.6. Alteration in Mitochondrial Energy Metabolism and Related Oxidative Stress Production

Although the energy metabolism of cancer cells appears to be supported more by
anaerobic glycolysis (the Warburg effect), mitochondria play a pivotal role in cancer cell
physiology, driving both energy production and the biosynthetic processes essential for
rapid proliferation [69]. Several studies reported that cancer cells often exhibit altered mito-
chondrial function, characterized by enhanced oxidative phosphorylation (OXPHOS) and
increased mitochondrial biogenesis [70,71]. These adaptations support the high metabolic
demands of tumorigenesis [72], since mitochondrial function reprogramming can confer
resistance to chemotherapy and contribute to metastatic potential [73,74]. Beyond energy
production, mitochondria play a pivotal role in cancer cell growth and proliferation, pri-
marily through the generation of reactive oxygen species (ROS) [75-77]. A mild ROS
concentration induces the activation of signaling pathways such as MAPK, PI3K/Akt, and
NE-«B, which are involved in cell proliferation and survival [78,79]. Moreover, oxidative
stress can induce the expression of growth factors and cytokines, enhancing tumor progres-
sion and metastasis [79]. In this scenario, curcumin appears to be one of the most promising
molecules to modulate OxPhos activity and the related oxidative stress production [80].
The literature reports that curcumin directly inhibits the activity of F,F; -ATP synthase
(ATP synthase) [39,81], as it binds to the F1 moiety through its 4hydroxy groups and a
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-diketone [82], reducing the available energy to support the proliferation and growth of
cancer cells. In addition, ATP synthase inhibition not only impacts ATP production but also
modulates oxidative damage. In coupling conditions, ATP synthase reduction slows down
electron transport chain (ETC) function and the relative ROS production [81], switching off
the proliferation signaling associated with the pro-oxidant environment. By contrast, when
mitochondria are damaged, curcumin concurs with the oxidative stress increment [83].

3. Improving Curcumin’s Therapeutic Effectiveness: How Light Affects
Curcuminoids—Photodegradation vs. Photodynamic Therapy

3.1. Photo-Oxidation and Photoisomerization

The commercial form of turmeric root, commonly known as “curcumin”, is a mixture
of three compounds: monomolecular curcumin or pure curcumin, demethoxycurcumin,
and bis-demethoxycurcumin at a ratio of about 80:15:5. Therefore, molecules such as
demethoxycurcumin and bis-demethoxycurcumin are available in smaller amounts than
monomolecular curcumin [84]. However, these molecules significantly affect curcumin’s
stability and its biological interactions. Studies indicated that demethoxycurcumin and
bis-demethoxycurcumin affect monomolecular curcumin’s stability under certain light
conditions [85]. The photophysical properties of curcumin are closely related to its chemical
nature. It is a polyphenol with a diarylheptanoid structure consisting of two aromatic
rings linked by a chain of seven carbon atoms. Its molecular formula is 1,7-bis(4-hydroxy-
3-methoxyphenyl)hepta-1,6-diene-3,5-dione (C21H2006). C20H1806 is the formula for
demethoxycurcumin and C19H1606 is for bis-demethoxycurcumin [86,87]. Furthermore,
curcumin’s molecular structure exhibits keto—enol tautomerism, with different confor-
mations depending on the solvent and pH. The keto form is predominant under acidic
and neutral conditions, whereas the enol form is present under alkaline conditions [88].
It is important to note that the enol form of curcumin is the most stable in an organic
solution. This is because it exhibits greater electron delocalization within the conjugated
bond system. It absorbs light in the visible region, with a maximum absorption of around
420 nm. The keto form is less stable and tends to convert rapidly to enol. The keto form
absorbs light at higher wavelengths than the enol form, with a maximum absorption of
around 500 nm, due to the position of the double bond within the molecule [89]. Further-
more, Bernd [90] highlighted that considering the cis or trans conformation of curcumin is
important when studying its interaction with light. Curcumin can exist in two isomeric
forms that can absorb light in different regions of the electromagnetic spectrum. The cis
form has absorption peaks at wavelengths around 405 nm, whereas the trans is known
to have absorption peaks around 420 nm. This difference in light absorption between the
two isomeric forms can influence how they interact with visible and UV light at low doses,
potentially affecting their therapeutic properties. The modification of curcumin under
light exposure can influence its bioactivity profile due to the initiation of photochemical
reactions (photodegradation, including photo-oxidation, photoisomerization, and photoac-
tivation/photosensitization). Light can lead to changes in its molecular structure [85]. The
breaking of chemical bonds, degradation, and the formation of new molecules can occur
after the exposure of curcumin to visible light and UV radiation. These events may affect
the stability of curcumin and its ability to maintain its desired biological properties [90].
The photodegradation induced by UV light in the solid state and solution can lead to the
fragmentation of the dicarbonyl system, as Tennesen et al. [91] reported. In particular, the
process of photo-oxidation of curcumin is a complex phenomenon. The absorption of light
energy at specific wavelengths, such as UV or visible light, triggers curcumin, placing it in
an excited and reactive state [92]. This excited state can lead to oxidation reactions within
the curcumin molecule, forming degradation products. The photo-oxidation products of
curcumin can vary depending on the experimental conditions, such as the type of light
used and the presence of solvents or other reactive compounds. The photo-oxidation of
curcumin can remove a methoxy group (-OCHS3) to form demethoxycurcumin. Subse-
quently, demethoxycurcumin can undergo further oxidation, resulting in the loss of another
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methoxy group to form bis-demethoxycurcumin [88,92-94]. Considering the more general
degeneration process of curcumin degradation, shorter phenols such as vanillin, ferulic
acid, vanillic acid, and ferulaldehyde are formed, as well as more complex and not yet fully
characterized mixtures [85,95]. Recently, Ravera et al. [96] demonstrated how irradiation
with a 450 nm wavelength diode laser with parameters of 0.25 W, 15], 60 s, and 1 cm?
and in continuous wave mode was capable of inducing curcumin in a DMSO solution
to generate degradation products exhibiting absorption peaks at 280 nm and 350 nm, in
addition to the classical peak around 420 nm. Compared to monomolecular curcumin, the
degradation products enhanced antitumor activity toward a head and neck squamous cell
carcinoma cell line. Chatterjee and colleagues [93] have shown how UV-A light can induce
changes in the molecular configuration of curcumin using techniques such as drift-tube
ion mobility mass spectrometry, high-performance liquid chromatography, and collision-
induced dissociation of selected molecular ions. In particular, changes around the C=C
bonds led to two curcumin photoisomers forming precursors for forming isomeric dimers
via a [2 + 2] cycloaddition reaction and Hj loss products. Marazzi and colleagues [94]
identified possible trans-to-cis photoisomerization of cyclocurcumin upon exposure to
visible wavelengths ranging from about 400 nm (blue-violet) to 700 nm (red). In many
cases, the photo-derived products retain a conjugated structure. They can exhibit photo-
physical characteristics similar to those of curcumin, allowing them to interact with light
and potentially play biological or chemical roles. However, their properties may differ
slightly from the original curcumin [88].

3.2. Photodynamic Therapy

The photoactivation/photosensitization process of curcumin molecules is responsible
for supporting photodynamic therapy (PDT) [97-99]. In summary, when exposed to light,
the photosensitizer (such as curcumin) is excited from its ground state to the first excited
singlet state and then transitions to the triplet state via intersystem crossing. The longer
lifespan of the triplet state allows the excited photosensitizer to interact with surrounding
molecules. It is widely accepted that this interaction leads to the production of cytotoxic
species during the PDT effect. Researchers categorize PDT into two types based on the
oxygen levels in the examined tissues. In both types, photosensitizers transition from
the singlet ground state (0S) to the singlet excited state (1S) when exposed to light. The
process of energy generation is divided into two phases: diagnostic and therapeutic. Both
mechanisms lead to a transition from the singlet excited state (1S) to the triplet excited
state (35) [98,100]. The subsequent steps of the first and second phototherapy mechanisms
differ significantly. The Type I mechanism involves hydrogen atom abstraction or electron
transfer reactions between the excited sensitizer and a substrate, which can be a solvent or
another sensitizer, resulting in the formation of free radicals and radical ions. These highly
reactive radical species can interact with molecular oxygen to produce reactive oxygen
species such as superoxide anions or hydroxyl radicals, causing oxidative damage and
biological lesions. In contrast, the Type Il mechanism involves energy transfer between
the excited triplet state of the sensitizer and ground-state molecular oxygen, producing
singlet oxygen, the first excited state of oxygen. These zwitterionic species are highly
reactive and can interact with various biological substrates, leading to oxidative damage
and cell death. Type II processes are generally considered dominant in PDT, with singlet
oxygen being the main cytotoxic agent responsible for the biological effects [101]. Type I
reactions, however, become more significant at low oxygen concentrations or in more polar
environments [102]. After irradiating the photosensitizer with light of a specific wavelength,
biochemical and physiological processes occur, leading to intermediate and final effects at
the cellular level [97] (Figure 4). Reactive oxygen species (ROS) are generated, in particular,
singlet oxygen, hydroxyl radicals, and hydrogen peroxide. The occurrence of damage
to lipids, proteins, and nucleic acids is observed. This damage leads to mitochondrial
dysfunction and cellular imbalance, resulting in cellular stress signaling, such as increased
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor
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and increased production of inflammatory cytokines. Subsequent cell death occurs directly
through apoptosis and necrosis. It can also occur indirectly by activating the immune
response. [97,98,103].
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Figure 4. Photodynamic therapy mechanism of action. Upon irradiation, the photosensitizer (e.g.,
curcumin) transitions from the %S ground state to the 'S excited singlet state and then, via intersystem
crossing, to the 3S triplet. The longer-lived triplet interacts with surrounding molecules, generating
cytotoxic species such as reactive oxygen species (ROS). These include singlet oxygen (-O?), a hydroxyl
radical (-OH), and hydrogen peroxide (H,O,). PDT is divided into two types based on the tissue’s
oxygen concentration: both involve the transition from the basic singlet state (°S) to the excited
singlet state (1S). In the Type I mechanism, reactions with the excited sensitizer produce free radicals
and reactive oxygen species, which cause oxidative damage. In the Type II mechanism, the excited
triplet transfers energy to molecular oxygen, producing singlet oxygen. This interacts with biological
substrates, leading to oxidative damage and cell death.

3.2.1. Curcumin-Mediated Photodynamic Therapy: Impact on Potential
Tumorigenic Microorganisms

Curcumin PDT has been utilized and investigated across various cancer cell types
and a spectrum of microorganisms and viruses [104,105]. It is important to note that cur-
cumin itself can impede bacterial growth and thwart virulence factors through multiple
mechanisms, including the inhibition of the bacterial quorum sensing system, pivotal for
biofilm formation and virulence factor expression; the suppression of extracellular poly-
meric substances (EPSs), crucial components of biofilms facilitating bacterial growth; the
targeting of cellular structures such as cell membranes, cell walls, proteins, and DNA, re-
sulting in bacteriostatic and bactericidal effects while restraining the expression of virulence
factors [106-111]. However, activating curcumin via PDT with blue light can enhance its
capacity to induce toxicity and inhibit bacterial growth. This process may refine curcumin
targeting and reduce the required dosage and exposure times to achieve an antibacterial
effect [106].

Pilegi et al. [112] investigated the effectiveness of curcumin-mediated PDT inactivation
against Enterococcus faecalis. They discovered that a concentration of 5 uM of curcumin,
coupled with light irradiation at 450 mW /cm? for 4 min and a pre-illumination time of
30 min, resulted in a viability reduction of 7 logs in planktonic cultures compared to the
negative control group.

Curcumin demonstrated its broad spectrum of antimicrobial activity on Streptococcus
mutans biofilms, with a concentration of 40 M, an LED with an intensity of 19 mW/ cm?,
and a wavelength of 450 nm, significantly decreasing biofilm viability. Similarly, concentra-
tions of 5, 10, 20, 30, and 40 pM of curcumin and light irradiation doses of 5.28 J/ cm? and
18 J/cm? affected Candida albicans biofilms [113].

The antimicrobial effect of curcumin photodynamic therapy on Porphyromonas gingi-
valis and Aggregatibacter actinomycetemcomitans was achieved under specific conditions.
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This included irradiating with 20 and 40 pmol/L concentrations and using a 450—470 nm
LED wavelength and a 300 mW /cm? power density [114].

Photodynamic therapy with a 450 nm laser light, a fluence of 10J/cm?, and a curcumin
concentration of 500 ng/mL significantly impacted the viability of Leishmania major and
Leishmania braziliensis; even 31.25 pug/mL showed some effect [115].

Despite not representing a direct treatment of tumor cells, the possibility of utilizing
the effects of curcumin PDT on bacterial consortia appears of great interest in the prevention
of various forms of cancer. Based on research observations and comparisons, more authors
propose that cancer cells may have a bacterial origin, suggesting a novel perspective on the
fundamental problem of cancer cell origin [116]. Moreover, the role of the microbiota in
carcinogenesis has recently emerged [117]. It is now widely demonstrated that various bac-
teria, such as Streptococcus mutans, Helicobacter pylori, Salmonella typhi, Chlamydia pneumoniae,
Aggregatibacter actinomycetemcomitans, and others, are associated with different types of
cancers, highlighting the role of bacteria in cancer development [118]. Monas gingivalis and
Fusobacterium nucleatum can act in various ways to promote carcinogenesis. Porphyromonas
gingivalis can interact with gingival epithelial cells and accelerate cell progression through
the cell cycle, the induction of pro-Matrix Metalloproteinase-9 and its activation, and the
upregulation of B7 Homolog 1 (also known as PD-L1, Programmed Death-Ligand 1) and
B7 Dendritic Cell (also known as PD-L2, Programmed Death-Ligand 2) receptors on oral
squamous carcinoma cells [119]. Fusobacterium nucleatum increases collagenase produc-
tion and epithelial cell migration, promotes colon-rectal carcinogenesis by modulating
E-cadherin/beta-catenin signaling via Fusobacterium adhesin A, recruits tumor-infiltrating
immune cells, and generates a pro-inflammatory microenvironment conducive to colorectal
cancer progression [119]. Microorganisms can influence the tumor microenvironment,
promote chronic inflammation, and interact with host cells to promote tumor growth and
progression [120].

3.2.2. Curcumin-Mediated Photodynamic Therapy: Impact on Tumors

Curcumin has emerged as a beacon of hope when used in photodynamic therapy
for tumor treatment [49,104,121]. Studies conducted in vitro and on animal models have
illuminated curcumin’s potential to modulate various molecular responses, inhibiting
inflammatory and pro-survival pathways related to transcription factors like NF-«B or
Activator Protein 1 [122]. Curcumin increases the likelihood of apoptosis in tumor cells
and stimulates the production of radicals capable of eliminating such cells through the
PDT-activated pathway. However, curcumin’s poor water solubility, limited bioavailability,
and rapid metabolism into derivatives present significant hurdles for its clinical application
in cancer treatment. As a result, PDT with curcumin is accompanied by the development
of stable drug carrier formulations that enhance cutaneous penetration and therapeutic
efficacy while simultaneously reducing side effects.

In the realm of breast cancer treatment, PDT with curcumin has demonstrated remark-
able efficacy in vitro. Machado et al. [123], using the human mammary cell line MCF-7
and curcumin concentrations of 20 uM, 40 uM, 80 uM, 100 uM, and 120 uM, performed
PDT through irradiation with an LED device operating at 447 (£10) nm, with a power
of 420 mW and a total power of 2.52 W, for an irradiance of 209 W/cm? and a fluence
of 80]/cm?, and set at 6.4 s/application. The study reported a high phototoxic effect on
MCEF-7 cells, decreasing to less than 10% of viable tumor cells after two irradiations. This
combination also increased the production of ROS and levels of caspase 3/7 activity, indi-
cating the induction of cell apoptosis and ultimately leading to cell death. The minimum
effective dose of curcumin in the experiment was 20 uM. No significant activity of caspases
3 and 7 was observed in healthy fibroblast cells of the human embryonic fibroblast cell
line following treatment. The authors developed a curcumin nanoemulsion capable of
stabilizing curcumin and increasing its solubility to enhance curcumin’s bioavailability.

Sun et al. [124] studied the murine breast cancer cell line 4T1. A total of 6.25 ng/mL of
free curcumin or curcumin nanodrugs and irradiation at 450 nm and a power of 640 mW
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for 1 min induced an increased percentage of apoptotic cells. Specifically, treatment with
curcumin nanodrugs led to a higher percentage of apoptosis through the c-Jun N-terminal
Kinase/caspase-3 mediated pathway compared to free curcumin.

Khorsandi et al. [125], using the human breast cancer cell line MDA-MB-231, curcumin
concentrations of 25 and 100 pg/mL, and irradiation with a blue LED light source with
a wavelength of 465 nm and a power density of 34 mW/cm? for 15 min, observed a
dose-dependent induction of cytotoxicity, cell cycle arrest in the GO/G1 phase, apoptosis
induction, and autophagy induction.

In the study by Zhang et al. [126], curcumin was tested on male nude (nu/nu) mice
deficient in T cells with xenotransplanted A549 lung carcinoma tumors. Curcumin was
administered as nanoparticles at an equivalent 15 mg/kg dose. Photodynamic therapy was
performed by irradiating the mice with an LED light source. The observed effects included
significant regression of the tumor, with a reduction in tumor volume of ~74% in the group
treated with co-doped nanoparticles and irradiated compared to the control groups.

Prathyusha et al. [127] conducted in vitro studies on human mammary cell lines MCEF-
7 and HEK-293. The curcumin concentrations used in the study were 1, 2, 4, 8, 16, and
32 ug/mL irradiated with blue light (460 nm) for 15 min. Liposomes loaded with the molecule
were synthesized to improve curcumin delivery. The study observed that liposomes showed
a higher generation of ROS than free curcumin in HEK-293 and MCF-7 cells. The increase in
ROS levels in cells induced macro-molecular and organelle damage, triggering apoptotic cell
death. It was demonstrated that ROS generation is concentration-dependent, with increased
ROS generation and increased curcumin concentration in liposomes.

An in vitro experiment was conducted by Shao et al. [128] on human lung cancer cell
lines A549 and SPCAL1. The study treated cells with a concentration of 20 M curcumin
for 12 h. This concentration was chosen as the maximum non-lethal dose for the cells. The
irradiation parameters used were a wavelength of 425 nm and an intensity of 40 mW /cm?
for 60 s, corresponding to a total light dose of 2.4 J/cm?. The study’s observed effects of
PDT with curcumin included the inhibition of epithelial-mesenchymal transition in lung
cancer cells, the induction of autophagy, and a reduction in the migration and invasion of
tumor cells.

Bechnak et al. [129], studying human lung adenocarcinoma (A549) and human malig-
nant melanoma (A375) cells, highlighted that a minimum dose of curcumin of
1.8 = 0.1 uM for A549 cells and 3.9 &+ 0.1 uM for A375 cells in the form of nanocap-
sules and irradiation with blue light for a total of 30 min after a 6 h drug incubation period
resulted in a significant increase in single- and double-strand DNA breaks in cells exposed
to light.

On melanotic melanoma (A375) and amelanotic melanoma (C32) cell lines, human
keratinocytes (HaCaT), and human fibroblasts (HGF), Szlasa et al. [130] found that concen-
trations of curcumin ranging from 5 uM to 50 uM and a wavelength of 410 nm induced
increased cell death, increased expression of caspase-3, and DNA cleavage. Additionally,
reduced cell proliferation was observed due to the rearrangement of the actin cytoskeleton.
The minimum effective dose of curcumin in lowering melanoma cell viability was 5 pM.

Wozniak et al., [131] in an experiment conducted on three different cell lines, MUG-
Mel2 (melanoma), SCC-25 (squamous cell carcinoma), and HaCaT (normal keratinocytes),
with curcumin and irradiation parameters of a constant radiation power of 20 mW /cm? for
2 min (2.5 J/cm?) with blue light (380-500 nm), were able to induce increased apoptosis
in SCC-25 and MUG-Mel2 cells 24 h after the proposed therapy. SCC-25 cells showed
increased apoptosis as the leading cause of cell death, while MUG-Mel2 cells showed both
types of cell death as possible mechanisms.

Kazantzis et al. [132] conducted an experiment using the LNCaP prostate cancer cell
line. Cells were treated with 3 uM curcumin for 1 h, followed by blue light at 360 mJ/cm?,
inducing death in 40-50% of cells 24 h after irradiation.

He et al. [133], in a study on the cervical cancer cell line Me180 and in vivo through
xenotransplanted mice, showed that a minimum dose of curcumin of 5 pmol/L and blue
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light irradiated at a dose of 100 J/cm? for an irradiation time of 180 s induced apoptosis of
Me180 cervical cancer cells and the3 suppression of tumor growth in vivo. In particular,
treatment on xenotransplanted mice resulted in a significant reduction in Notchl gene
expression. Furthermore, histopathological analysis of xenotransplanted tissues revealed a
reduction in tumor volume, a decrease in the nucleoplasmic ratio, the presence of pyknotic
nuclei and perinuclear halos, as well as a decrease in mitotic figures compared to the control
group. Notably, significant necrosis was observed in treated tumor tissues.

HeLa (human cervical cancer) and HT-29 (human colon adenocarcinoma) cell lines
were exposed to a concentration of free or micelle-bound curcumin of 10 pug/mL and
irradiated with a tungsten lamp at a power of 0.04 W/cm? for various periods and showed
effective inhibition of cell growth, with increased cell mortality observed with the use of
micelles [134]. Jamali et al. [135], on the DKMG/EGFRVIII cell line derived from glioblas-
toma multiforme, were able to assess the intrinsic cytotoxic effect of blue light, curcumin,
and poly(lactic-co-glycolic acid) nanoparticles containing curcumin. Finally, photodynamic
therapy with curcumin is effective in oral squamous cell carcinoma cells, inhibiting cell
proliferation and apoptosis induction. Beyer and colleagues [136] discovered that treating
human head and neck squamous cell carcinoma (HNSCC) lines with curcumin concen-
trations between 0.027 uM and 2.71 uM for 1 h, followed by 5 min of exposure to either
1J/em? UVA or a Philips visible light bulb (spectrum: 380-780 nm), resulted in decreased
cell proliferation, increased ROS production, and enhanced DNA fragmentation. In a sepa-
rate study, Dujic et al. [137] demonstrated that pre-treating cells with curcumin concentra-
tions ranging from 0.677 uM to 5.42 uM for 1 h, followed by 5 min of exposure to either UVA
(1]J/cm?) or a Philips visible light bulb (5500 1x, spectrum: 400-500 nm), yielded significant
results. Specifically, combining 2.71 uM curcumin with visible light reduced cell prolifer-
ation to 17.3%, whereas the combination with UVA reduced it to 31.1%. Additionally, a
decrease in metabolic activity was noted in cells treated with both curcumin and light, but
not in those without light exposure. Notably, the combination with visible light led to a
greater reduction in cell viability compared to UVA, resulting in 50% and 35% reductions,
respectively [136].

4. Improving Curcumin’s Therapeutic Effectiveness: Applications of Nanotechnology
for Anticancer Drug Delivery

As described in the preceding paragraphs, while numerous studies highlight the
therapeutic properties of curcumin and curcuminoids, bioavailability issues restrict their
consistent clinical application. The challenge, therefore, lies in overcoming problems
associated with its poor water solubility, rapid metabolism, oxidation, and hydrolysis
in the gastrointestinal environment [138]. An approach to this challenge has involved
exploring innovative solutions, such as drug delivery systems based on carrier compos-
ites [139]. Through this approach, it is theoretically possible to enhance the dissolution
rate of poorly soluble molecules, improve adhesion to the intestinal mucosal membrane
for prolonged residence time, facilitate greater drug permeation, and offer the advantage
of bypassing first-pass metabolism by facilitating transport through M cells [140]. Carrier-
and nanocarrier-based drug delivery systems developed for curcumin are represented by a
broad family of formulations that can be mainly divided into hydrogels, microemulsions,
and nanoparticles (Figure 5); however, the formulations may frequently be hybrid and not
so categorizable. Implantable nanofibers, liposomes, phytosomes, and polymeric, magnetic,
and solid nanoparticles have seen functional applicability for curcumin.

4.1. Nanoparticles

Nanoparticles, a key player in drug delivery, offer specific and targeted delivery of
drugs. They shield drugs from degradation, provide structural stability, and enhance the
bioavailability and specificity of administration. The types of nanoparticles vary based on
their constituent components, offering a diverse range of options for drug delivery [140].
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Figure 5. Improving curcumin’s therapeutic effectiveness: applications of nanotechnology for
anticancer drug delivery. This illustration highlights various drug delivery systems developed
to enhance curcumin’s bioavailability and therapeutic efficacy. These systems include hydrogels,
microemulsions, nanoparticles (phytosomes, polymeric nanoparticles, liposomes, and magnetic
nanoparticles), and implantable nanofibers. Each system offers unique advantages in terms of
stability, targeted delivery, controlled release, and increased bioavailability, addressing the challenges
posed by curcumin’s poor water solubility and rapid metabolism.

4.1.1. Phytosomes

Phytosomes, a unique and advanced technology, enhance the delivery and efficacy of
plant compounds. They do so by leveraging phospholipids’ biocompatibility to optimize
active ingredient absorption [141]. The literature demonstrates that phytosomes can im-
prove drug selectivity, allowing for a higher concentration of curcumin in cancer cells than
in healthy cells. Phytosome carriers derived from soy lecithin/microcrystalline cellulose
increased bioavailability 9-fold in patients given a dose of 367 mg curcumin [142]. A similar
nanocarrier-based formulation further improved bioavailability by 12.7-fold [13]. In a
mouse model, soy lecithin nanocarriers increased curcumin’s bioavailability at a dose of
250 mg/kg by 5.6-fold [143]. Applied to clinical anticancer research, the curcumin lecithin
delivery system (Meriva®) alleviated the adverse effects of chemotherapy and radiotherapy
in 160 patients. Phytosomal curcumin administration (500 mg/day) influenced the up-
regulation of antioxidative responses and reduced inflammatory pathways [144]. Meriva
phytosomal curcumin, administered in two 1000 mg daily doses, improved all International
Prostate Symptom Score items, except urinary incontinence, in both groups, with a trend
toward greater efficacy of phytosomal curcumin and no adverse reactions [145]. Curcumi-
noids contained in Meriva® administered as three 300 mg capsules (one capsule) per day
induced the reduction in Tumor Necrosis Factor-alpha, Transforming Growth Factor-beta,
interleukin-6, Substance P, high-sensitivity C-reactive Protein, Calcitonin Gene-Related
Peptide, and Monocyte Chemoattractant Protein-1 in patients with a solid tumor [146].
Pure or phytosomal curcumin (Meriva®) was administered orally to mice with oral tumor
lung metastases. Phytosomal curcumin caused a significant increase in the expression of
Matrix Metalloproteinase-9 and inhibited lung metastasis [147].

4.1.2. Polymers

Polymeric micelles are a promising drug delivery system designed to achieve different
sizes and shapes. The system can protect the encapsulated drug from the harsh conditions
in the gastrointestinal tract by facilitating controlled release at specific target sites. The
mucoadhesive properties of the micelles increase dwell time and inhibit efflux pumps,
leading to improved drug accumulation and efficacy [148]. The y-cyclodextrin nanocarriers
loaded with 207 mg curcumin increased the bioavailability of curcuminoids by 29.8-fold in
patients [149]. A polymeric solid dispersion formulation loaded with 367 mg curcuminoids
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resulted in a 45.9-fold increase in human bioavailability [13]. Particles of polylactic-co-
glycolic acid-polyethylene glycol with 50 mg/kg curcumin improved bioavailability by
55.9-fold in rats [150]. Also, in the mouse model, the increase was 9.3-fold when cur-
cumin was administered in D-a-Tocopheryl polyethene glycol succinate (D-x-Tocopheryl
polyethene glycol succinate) nanoparticles at a dosage of 75 mg/kg [151]. Chitosan or
eudragit-coated chitosan particles used to administer 10 mg/kg of curcuminoids to rats
resulted in a 2.1-fold and 3.6-fold higher bioavailability of curcumin [152]. Xie et al. [153],
via polymeric nanoparticles, increased curcumin bioavailability in rats by 5.6-fold. Human
mammary carcinoma tumor cells (MCF7) and normal mouse lung fibroblast cells (L929)
were tested with nanoparticles composed of chitosan modified with folic acid and loaded
with 0.5 mg curcumin. The results showed that curcumin-loaded nanoparticles significantly
affected human mammary carcinoma tumor cells. However, they had the opposite effect on
normal mouse lung fibroblast cells, increasing cell growth and proliferation [154]. Micelles
consisting of a methoxy-polyethylene glycol-poly,l-lactide copolymer (mPEG-PLA) loaded
with curcumin at a concentration of 11.06 & 0.8% (w/w) were tested for their potential
anticancer activity on B16F10 murine melanoma cells and MDA-MB-231 human breast ade-
nocarcinoma cells. Doses of 50 and 100 pg/mL of free curcumin or curcumin-mPEG-PLA
formulations were administered for 1 h and 4 h, respectively. Increased cellular uptake was
observed. This resulted in increased cytotoxicity compared to free curcumin [11]. Micelles
consisting of an amphiphilic polymer derivative of poly(beta-aminoester) and containing
D-alpha-tocopheryl succinate/phosphatidylethanolamine as the main components were
loaded with a drug load of 98.3 &= 1.92% and an encapsulation efficiency of 14.8 + 0.16%.
Their efficiency was tested in mice with Lewis lung carcinoma (3LL) and mammary carci-
noma. A significantly higher ability to reverse multiple drug resistance was observed. The
tumor size was also described [155]. Abruzzo et al. [156] prepared chitosan-based nanopar-
ticles that could encapsulate lipophilic molecules and be loaded with curcumin. Curcumin
could be delivered to colon cancer cells in vitro. Nanoparticles with or without curcumin
were prepared with chitosan, hyaluronic acid, and sulfobutyl-ether-3-cyclodextrin. The
optimized formulations led to a reduction in tumor cell proliferation. This was due to
the increased expression of genes involved in apoptosis. A self-assembling structure of
curcumin—cyclodextrin using inclusion complexes was developed by Yallapu et al. [157] in
DU145 prostate cancer cell lines, and the optimized inclusion complex was evaluated for
increased intracellular uptake and anticancer activity. Compared to free curcumin, an in-
creased cellular uptake of curcumin was reported. The micelles were shown to have potent
anticancer effects through the induction of reactive oxygen species production, preferential
uptake into tumor cells, and improved magnetic resonance imaging properties for better
tumor targeting. Shahriari et al. [158] highlighted the antitumor effects of curcumin-loaded
polymeric nanoparticles in a literature review; curcumin-loaded nanoparticles showed
significant cytotoxicity in the SCC25, MDA-MB-231, and A549 cell lines, with a decrease in
tumor cell proliferation, an increase in ROS, and an increase in apoptosis.

4.1.3. Liposomes

Liposomes are small, spherical, synthetic vesicles that can be made from cholesterol
and natural phospholipids. They are non-toxic and immunogenic. They are flexible,
biocompatible, and biodegradable. Through the incorporation of drugs, they provide good
thermal stability and solubility. They are both hydrophobic and hydrophilic. These unique
properties of liposomes make them suitable as drug delivery systems [159]. Liposomes
of curcumin coated with thiol-derived chitosan achieve a drug encapsulation efficiency
of 94% and exhibit more excellent stability at room temperature and pH than uncoated
liposomes, demonstrating the feasibility of targeted curcumin delivery to the cancer cell
line [160]. Similarly, Cuomo et al. [161] developed chitosan-coated liposomes loaded with
curcumin. These liposomes can increase the bioavailability of curcumin compared to free
curcumin. When liposomes loaded with curcumin were administered to Sprague-Dawley
rats at a dose of 100 mg/kg, the bioavailability of the molecule was increased by a factor
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of 5 [162]. Using uncoated liposomes and Trimethylchitosan-coated liposomes to deliver
40 mg/kg of curcumin to Wistar rats resulted in a 2-fold increase in bioavailability, as
reported by Chen et al. [163]. Curcumin-loaded salbutamol liposomes were tested on
the human neuroblastoma BCI-NS1.1 cell line. The anti-inflammatory properties of the
liposomes were evaluated. The liposomes reduced the levels of several proinflammatory
markers, including interleukin-8, -6, and -1$3, and Tumor Necrosis Factor-alpha [164]. In
lung cancer, curcumin liposomes’ effect on the Lewis LL/2 lung carcinoma cell line in
mice showed the ability to block LL/2 cells in the G2/M phase. This indicates a potential
anticancer effect [165]. Furthermore, improved cell delivery and superior anticancer efficacy
were demonstrated using curcumin—polyethyleneglycol-polyethyleneimine liposomes
(200 pg/mL of curcumin) on lung carcinoma A549 cells [166]. Curcumin liposomes with
-cyclodextrin showed better inhibition of A549 cells, higher cytotoxicity, and fewer side
effects [167]. In cervical cancer, curcumin-loaded cationic liposomes on cervical cancer
Hela and SiHa cells increased cell apoptosis and enhanced cytotoxicity [168]. In addition,
curcumin-loaded (-cyclodextrin liposomes on Hela cells showed additional stability and
cellular delivery. They protected against leakage and provided a longer retention time with
higher cytotoxicity [169]. In prostate cancer, curcumin liposomes on PC-3 human cancer
cells promoted the drug’s uptake, with a superior concentration- and time-dependent
inhibitory effect and targeting activity [170]. In addition, nanoliposomes of curcumin
on human prostate cancer LNCaP and C4-2B cells improved the bioavailability and the
anticancer effect [171]. In breast cancer, curcumin nanoliposomes on MCE-7 cells showed
dose-dependent inhibition of cell cycle arrest and induction of apoptosis. Its bioavailability
was also improved [172]. Liposomes of curcumin—y-cyclodextrins on MCEF-7 cells have
been shown to have superior antitumor activity with fewer side effects [173].

4.1.4. Magnetic Nanoparticles

Magnetic nanoparticles offer several key advantages in biomedical applications, mak-
ing them extremely attractive for various purposes [174]. External magnetic fields can
remotely control magnetic nanoparticles, enabling targeted drug delivery, magnetic sep-
aration, and manipulation within the body. In addition, magnetic nanoparticles exhibit
negligible background signals in biofluidic samples and biological tissues. This reduces
interference with magnetic signals in biosensing and imaging applications [174,175]. Mag-
netic nanoparticles can be used in hyperthermic magnetic therapy. Their dynamic magneti-
zation under alternating magnetic fields makes them effective tools in cancer treatment.
Magnetic nanoparticles exhibit greater reactivity and versatility than bulk materials due to
their high surface-to-volume ratio. In addition, magnetic nanoparticles can be designed
with surface modifications to improve their biocompatibility [176]. This makes them suit-
able for various biomedical applications [174]. Iron oxide (Fe304), magnetite, or other
magnetic materials can form these nanoparticles. Curcumin-loaded Fe;O4 nanoparticles
coated with L-tyrosine may provide a versatile transport system for potentially deliver-
ing curcumin [177]. Magnetic nanoparticles of c-Fe;O3 (iron oxide) functionalized with
curcumin via the biodegradable polymer chitosan enhanced controlled and pH-sensitive
curcumin release [178]. Magnetic nanoparticles based on poly(lactate-co-glycolate) loaded
with paclitaxel and curcumin enabled curcumin to cross the blood-brain barrier for targeted
drug delivery to brain tumors [179]. In a recent review, Rezae et al. [176] highlighted how
combining magnetic nanoparticles and curcumin offers new opportunities for improved
biocompatibility, precise targeting, controlled drug delivery, and innovative therapeutic
applications such as hyperthermic magnetic therapy in treating cancer.

Iron oxide nanoparticles decorated with folic acid and loaded with curcumin were
tested on cervical cancer, specifically on HeLa cells and L929 fibroblasts. The nanoparticles
were shown to be tumor-targeting with increased selectivity, allowing for targeted uptake
of curcumin into the tumor. The viability of HeLa tumor cells was reduced over time
due to the high cytotoxicity. The nanoparticles increased T2 signal intensity on MRI. This
facilitated the diagnosis of cervical cancer cells. A low level of toxicity and transient effects
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were observed in fibroblasts [180]. Fe;O4 nanoparticles coated with carboxymethyl chitosan
containing curcumin in combination with hyperthermia significantly reduced the metabolic
activity of breast cancer cells and induced cell death [181]. In addition, the encapsulation of
curcumin in Polylactic acid-hyaluronic acid /Fe3O4 nanoparticles significantly increased
toxicity toward colon cancer cells (HCT116) [182].

4.1.5. Implantable Nanofibers

Nanofiber systems are promising for effectively delivering curcumin. Curcumin-
loaded polylactic acid nanofibers are prominent among the various nanofiber systems used.
Studies using water uptake, percentage porosity, morphology, cytotoxicity, and in vitro
drug release have demonstrated controlled drug release from these nanofibers [183]. Fur-
thermore, polylactic-co-glycolic acid nanofibers loaded with curcumin have shown efficacy
in treating tumors, with a high drug encapsulation efficiency and sustained release without
initial bursting [184]. Another interesting option is using mesoporous silica nanoparticles
embedded in polylactic-co-glycolic acid to sustain curcumin’s release [185]. These nanopar-
ticles can improve the drug’s bioavailability. Due to their small size, they can accumulate
at the tumor site due to enhanced permeation and retention effects. Thangaraju et al. [184]
worked on fabricating a Poly-L-Lactic acid scaffold loaded with curcumin and reported con-
trolled drug release by evaluating several parameters such as water absorption, percentage
porosity, morphology, cytotoxicity, and in vitro drug release. Thuy et al. [186] conducted
an in vivo experiment on nanofibers and developed a nanofiber patch for wound healing.
The curcumin-loaded Poly-L-Lactic acid nanofibers had an estimated mean diameter of
562 nm with a range of 300-1200 nm and pores on the surface of the nanofibers, probably
due to the use of a mixture of the volatile solvent dichloromethane and the non-volatile
solvent N,N-dimethylacetamide. These pores on the nanofibers’ surface can increase the
surface area. This could promote cell adhesion, enhance controlled drug release, and
promote wound healing.

In addition, curcumin-loaded xanthan—chitosan nanofibers and curcumin-loaded zein—
silk—chitosan nanofibers have been proposed as active wound dressings. They have significant
potential in promoting skin wound healing [187]. Other approaches include curcumin-loaded
Bombyx mori silk nanofibers, which have a high porosity and water absorption capacity,
making them suitable for drug delivery [188]. Furthermore, under both saliva-stimulated and
gastrointestinal-stimulated conditions, almond gum/polyvinylpyrrolidone nanofibers loaded
with a curcumin-b-cyclodextrin complex demonstrated good drug loading performance and
a significant release profile [189]. Overall, these innovative delivery systems demonstrate sig-
nificant advantages over conventional drug delivery. They improved curcumin’s therapeutic
efficacy, stability, and bioavailability for various medical applications.

In the study by Xie et al. [153], a curcumin-silk fibroin nanofibrous matrix was used to study
solid tumors formed by HCT-116 cells in vivo in BALB/c nude mice. Curcumin silk fibroin
nanofibrous matrices showed improved intracellular uptake, enhancing anticancer activity.

Cheng et al. [190] implanted a curcumin/gelatin nanofibrous matrix on pancreatic
adenocarcinoma in wild-type mice. They showed that topical application suppresses the
growth of the xenografted tumor. A breast cancer cell line (MCE-7 cells) treated with a
curcumin—polycaprolactone/Poly(amidoamine) nanofibrous scaffold showed high cell
death rates [191].

Sedghi et al. [192] used curcumin-loaded silk fibroin (54) /Polyvinyl alcohol nanofibers
in breast cancer models (normal fibroblastic cells and 4T1 tumor cells) that inhibited tumors
without showing cytotoxicity to normal cells. They also induced increased proliferation
of healthy cells. Curcumin-loaded poly-L-lactide nanofibers showed a 60-80% inhibitory
effect on C6 glioma cells, compared to 15-25% in the normal cell line (NIH 3T3 fibroblasts).
Curcumin stimulated the growth of fibroblasts at low doses, while it inhibited their growth
at high doses [184].

Guo et al. [193] observed in a study on glioma 9L that poly(e-caprolactone)-poly(ethylene
glycol)-poly(e-caprolactone) (PCEC) fibers affected the tumor without cytotoxicity to healthy cells.
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4.2. Microemulsions

Microemulsions are isotropic and thermodynamically stable systems composed of oil,
water, surfactants, and often co-surfactants. Particle sizes range from 20 to 200 nm [194].
A microemulsion denotes a classification based on thermodynamic stability and compo-
sition rather than size, although droplet sizes can be nanometric. These microemulsions
can encapsulate hydrophilic and hydrophobic drugs, protecting them against enzymatic
hydrolysis and oxidation. They can also enhance the solubility of lipophilic drugs, thereby
improving their bioavailability [194,195]. Oil-in-water emulsions using sodium caseinate as
an emulsifier have been shown to improve the solubility of curcumin. This improves its oral
delivery as a drug [196]. Similarly, an emulsion containing casein and soy polysaccharides
improved curcumin’s solubility, stability, and bioavailability [197]. Sophorolipid-coated
nanoparticle microemulsions increased the bioavailability of curcumin (dose 100 mg/kg) by
3.6-fold in Sprague-Dawley rats [198]. In the same model, the bioavailability of 200 mg/kg
of curcumin was increased by 22.6-fold in a microemulsion containing Capryol 90 (oil),
Cremophor RH40 (surfactant), and Transcutol P aqueous solution as a co-surfactant [199].
Ochoa-Flores et al. [200] showed that the bioavailability of curcumin (dose 50 mg/kg) in
BALB/c mice was improved by 188-fold by using a nanoemulsion containing phosphatidyl-
choline and phosphatidylcholine enriched with medium-chain fatty acids (42.5 mol%)
combined with glycerol as a co-surfactant. In Sprague-Dawley rats, the bioavailability
of curcumin (20 mg/kg) was increased by 7.9-fold using Conventional Self-Double and
Amorphous Solid Dispersion curcumin nanoemulsions [201].

Recent advances in encapsulating curcumin in nanoemulsions include techniques
such as phase inversion temperature, phase inversion composition, ultrasonication, high-
pressure homogenization, and microfluidics [202]. These methods control the droplet size
after incorporation and play a crucial role in improving curcumin’s loading efficiency and
encapsulation. Furthermore, in designing effective nanoemulsion systems with enhanced
stability and bioavailability, factors such as emulsifier type and concentration, oil type and
volumetric fraction, and emulsifier—curcumin interactions are fundamental [203]. Chen
et al. [204] demonstrated significant effects on the cell cycle, apoptosis, and expression of
key proteins in HT-29 colon cancer cells using poly(lactate-co-glycolate) microemulsions
and liposomal formulations containing 5 to 40 uM of curcumin. The treatments induced
cell cycle arrest in the S phase. The microemulsion showed a higher proportion of apoptotic
cells compared to the free curcumin extract. Both treatments led to a dose-dependent
decrease in viable and necrotic cells. There was a dose-dependent increase in early and
late apoptotic cells. Both treatments resulted in a dose-dependent increase in the expres-
sion of key proteins such as cytochrome C, providing strong evidence of the efficacy of
microemulsions in drug delivery. Peng et al. [205] observed significant inhibition of tumor
growth, necrosis, apoptosis, and the suppression of proliferation compared to free curcumin
in BALB/c nude mice bearing Hep G2 hepatocarcinoma tumors using nanogels loaded
with curcumin at a concentration of 20 mg per kg body weight. Guerrero et al. [206] used
a curcumin nanoemulsion system consisting of curcumin, Miglyol 812, Epikuron 145V,
acetone, ethanol, and Milli-Q water. The curcumin dose was 1500 uM. The study was
carried out in C57BL/6 mice using B16F10 melanoma cells. It demonstrated the efficacy of
the nanoemulsion in preventing tumor recurrence and metastasis. Using MCF7 (human
breast cancer) or HepG2 (human liver cancer) cancer cells and Human Umbilical Vein
Endothelial or Human Embryonic Kidney 293 cells, Notarbartolo et al. [207] demonstrated
that curcumin microemulsions exhibit high antitumor activity. In particular, compared
to free curcumin, curcumin nanoemulsions induced higher cytotoxicity in MCF7 cells. A
synergistic effect was observed in tumor cells when curcumin was combined with cisplatin.
In addition, Ombredane et al. [208] reviewed that curcumin nanoemulsions exhibited
high antitumor activity in liver and breast cancer. Malignant tumor cells showed greater
sensitivity compared to normal cells.
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4.3. Hydrogels

Hydrogels are three-dimensional networks of hydrophilic polymers with a high capac-
ity for water retention. They are used for drug delivery. They can release active ingredients
in a controlled manner. Their porosity, as well as their response to pH and temperature,
can be adjusted. Hydrogels can be designed to be biocompatible and biodegradable [209].
In terms of size, hydrogels are not typically classified as nanocarriers. Their structures are
often much more significant (typically microscopic rather than nanoscopic). However, there
are “nanogels”. These are a subclass of hydrogels designed with nanoscale dimensions and
can be considered nanocarriers.

Hydrogels have improved the delivery and biostability of curcumin molecules. Ef-
ficacy against inflammatory processes and bacterial infections has been demonstrated
with curcumin hydrogels based on polyvinylpyrrolidone and poloxamers [210]. Polyvinyl
alcohol and borax (sodium borate) hydrogels have been shown to have potential in wound
healing and tissue regeneration [211].

The use of hydrogels for curcumin delivery was evaluated against emulsions and
aqueous solutions in a review by Zheng et al. [212]. They identified several advantages:
Hydrogels can provide more excellent curcumin protection than aqueous solutions, as cur-
cumin is entrapped within the microgel structures. Hydrogels can provide more excellent
chemical stability for curcumin compared to emulsions and aqueous solutions, particularly
at neutral pH. Hydrogels can be used in highly viscous and opaque products. This offers
flexibility in incorporating curcumin into different types of products. However, some
drawbacks have been noted: Hydrogels can promote curcumin degradation at both acidic
and neutral pH, particularly when curcumin is encapsulated in alginate beads. Hydrogels
can quickly sediment in low-viscosity and transparent products, limiting their applicability
in certain products.

As highlighted in a recent review by Stachowiak et al. [213], hydrogels can be de-
signed to release curcumin in a controlled manner, allowing for prolonged and targeted
therapeutic action. However, their true potential lies in incorporating multiple therapeutic
agents alongside curcumin. This opens up possibilities for synergistic effects, potentially
revolutionizing treatment efficacy.

As demonstrated by Hussein et al. [214], the success of curcumin-loaded Polyvinyl
alcohol/cellulose nanocrystal hydrogel membranes in cancer treatment is a beacon of hope
in the field. These membranes, with their prolonged release profile of curcumin, offer better
bioavailability and prevent rapid metabolism and elimination from the bloodstream. The
curcumin in the membranes showed cytotoxic effects on breast MCF-7 and liver Huh-7
cancer cells while not significantly affecting the viability of normal cells. The membranes
effectively inhibited cancer cell proliferation through inducing apoptosis and influencing
cell cycle progression, marking a significant step forward in cancer treatment.

5. The Curcumin-Drug Interaction: A Mixed Blessing

Conventional medicine derives most of its drugs from natural compounds, which
undergo chemical modifications to enhance their safety and efficacy. On the other hand,
phytopharmaceuticals are botanical formulations containing purified plant materials or
extracts commonly used in their natural state and readily available as dietary supple-
ments [215]. However, it is crucial to consider that phytopharmaceuticals can interact with
conventional drugs, much like traditional drugs [216]. Recent research by Choi et al. [217]
has highlighted potential interaction effects of phytopharmaceuticals on the metabolism
of drugs such as warfarin, cyclosporine, antihypertensive agents, oral contraceptives, and
neurological drugs. For instance, pathways like cytochrome (CY) P450 and other drug
transporters play a crucial role in altering the pharmacokinetics of conventional medica-
tions when combined with herbal supplements, as demonstrated in a study by Wang on
patients with cardiovascular issues [218]. Garlic, which possesses anticoagulant properties,
may induce bleeding when combined with warfarin [219]. The prescription of St. John's
wort used as an antidepressant may alter oral contraceptives, immunosuppressants, lipid-



Cancers 2024, 16, 2580

18 of 33

lowering agents, other antihypertensive drugs, and even chemotherapeutic agents [220].
As described in the preceding paragraphs, the literature data on curcumin arouses interest
in its potential therapeutic properties. Therefore, it is crucial to consider the interactions
that curcumin might have with other drugs, as these interactions can affect the efficacy and
safety of pharmacological treatment (Figure 6).

ANTIDEPRESSION
-m fluoxetine midazolam
CARDIOVASCULAR

losartan talinolol  celiprolol *mmm digoxin
ANTINEOPLASTIC

paclitaxel docetaxel etopaside tamoxifen everolimus phospo-sulindac
ANTHNFLAMMATORY
ANTICOAGULANTS

warfarin

~ miscellaneous = ‘
phase Il drug-metabol i ANTIBIOTICS

norfloxacin

Figure 6. Curcumin and drug interactions. Curcumin has demonstrated an ability to interact with
cellular pathways such as cytochrome P450 and other drug transporters. These play a key role
in modulating the pharmacokinetics of conventional drugs. Consequently, through synergistic or
antagonistic behavior, curcumin can influence a drug’s efficacy. In some cases, there is no discernible
effect (yellow clouds); in others, the effects are mixed and concentration-dependent (blue clouds).
Lastly, curcumin can support the drug effects (green clouds) or be potentially dangerous (red clouds).
Thus, the therapeutic activities of various categories of drugs used in antitumor therapy, in managing
tumor-related side effects, or in specific therapies can be altered.

Curcumin’s interactions with other medications can be complex and depend on vari-
ous factors, including dosage, treatment duration, and individual patient characteristics. Its
anti-inflammatory and antioxidant properties may positively and synergistically interact
with some cardiovascular, antidepressant, antimicrobial, and chemotherapeutic drugs,
enhancing their therapeutic effects. On the other hand, curcumin’s interactions with drugs
may lead to increased side effects and decreased pharmacological efficacy [215,216,219].

As highlighted in a review by Bahramsoltan et al. [216], curcumin may influence
drug metabolism and the activity of drug-metabolizing enzymes and transporters such
as CYP450 and drug transporter P-glycoprotein (P-gp), as well as various phase Il drug
metabolizers. In particular, curcumin may inhibit several isoforms of CYP enzymes, which
play a crucial role in the metabolism of many drugs. Curcumin’s inhibition of CYP enzymes
may lead to altered metabolism and clearance of co-administered drugs, potentially affect-
ing their efficacy and safety. For example, in a comprehensive study by Appiah-Opong
et al. [221], curcumin is described as a competitive inhibitor of CYP1A2, with an IC50
value of 40.0 uM. However, Bahramsoltan et al. [216] suggest conflicting reports on the
exact IC50 value of curcumin for CYP1A2, with some studies showing a higher value.
Demethoxycurcumin, another compound present in turmeric, also inhibits CYP1A2 [216].
Furthermore, curcumin and curcuminoid extract are competitive inhibitors of the CYP2B6
enzyme, with an IC50 of 24.5 uM [221]. Curcumin affects CYP2C9 as a non-competitive
inhibitor, with an IC50 of 4.3 uM [221]. Additionally, it inhibits CYP2C19, responsible
for metabolizing drugs like clopidogrel. Curcumin acts as a non-competitive inhibitor of
CYP2Dé6, with variable IC50 values reported in different studies [216,221]. It is important to
note that curcumin’s effect on CYP activity, such as that of CYP2D6, may vary depending
on the experimental model used.
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The interaction of curcumin with P-gp and other drug-metabolizing enzymes is crucial
for understanding its potential effects on drug metabolism and bioavailability. Curcumin
can inhibit P-gp activity at various concentrations, influencing expression and reducing the
activity of multidrug resistance protein 1 (MDR1) levels [222,223]. Additionally, curcumin
affects uridine diphosphate glucuronosyltransferase, essential for glucuronidation reactions
in drug metabolism [224]. Curcumin inhibits sulfotransferase activity, which transfers a
“sulfur” moiety to xenobiotics, as well as glutathione-S-transferase enzymes, which play a
role in detoxifying electrophilic substrates [225]. These interactions could result in altered
pharmacokinetics that may lead to variations in the effects of antineoplastic drugs and drugs
that can be used in managing the side effects of antitumor therapy and the disease itself.

Curcumin has shown a positive impact by enhancing the effects of various antineoplas-
tic agents. The co-administration of curcumin with paclitaxel led to a significant increase
in the Area Under the Concentration-Time Curve (AUC) and the bioavailability of pacli-
taxel, along with the increased accumulation of paclitaxel in tumor tissue [226]. Curcumin
increased the AUC and reduced the clearance of docetaxel significantly, suggesting a po-
tential enhancement of this drug’s efficacy [227]. It also significantly increased the AUC,
Cmax, and bioavailability of etoposide due to decreased intestinal P-gp and CYP3A4 activ-
ity [228]. However, the effect of curcumin on intravenously administered etoposide was
insignificant. Curcumin altered the pharmacokinetics of tamoxifen by reducing CYP3A4
and P-gp activity, resulting in increased Cmax and AUC [229]. Curcumin influenced the
pharmacokinetics of phospho-sulindac by increasing the Cmax and AUC, both in solubi-
lized and nanoparticulate forms. This interaction could positively impact the anticancer
activity of phospho-sulindac. However, it is crucial to consider that P-gp and CYP inhi-
bition could also lead to an increased risk of toxicity or adverse effects [230]. Finally, the
co-administration of curcumin with everolimus resulted in a significant decrease in the
AUC and Cmax of everolimus, which could negatively influence its therapeutic efficacy
and increase the risk of side effects [231].

Interactions with antidepressant drugs have also been described with midazolam. In
the case of rats, oral administration of curcumin increased the AUC of midazolam and
reduced its clearance, primarily through the downregulation of the intestinal CYP3A4
isoform. However, a randomized controlled study on healthy volunteers showed no signif-
icant changes in midazolam pharmacokinetics with short-term curcumin treatment [232].
Additionally, while curcumin enhanced the antidepressant effects of fluoxetine in mice, no
changes were observed in serum and brain levels of fluoxetine when administered with
curcumin, indicating the absence of pharmacokinetic interaction [233]. However, a study
conducted on Sprague-Dawley rats showed that the co-administration of curcumin with
buspirone did not significantly change buspirone pharmacokinetic parameters [234].

Curcumin showed a supportive effect during cardiovascular drug therapy. Oral ad-
ministration of curcumin resulted in a 3.5-fold increase in losartan’s Cmax and a 1.7-fold
increase in the AUC. Additionally, curcumin significantly altered the pharmacokinetics of
EXP3174, the active metabolite of losartan, with 3.2-fold increases in the Cmax and 1.9-fold
increases in the AUC [235]. The administration of curcumin for four days with celiprolol
in rats caused a significant increase in celiprolol’s Cmax and AUC and a 22% reduction
in celiprolol’s clearance [232]. The co-administration of curcumin with rosuvastatin in-
creased rosuvastatin’s Cmax, AUCO0-c0, and AUC0-24 in animal models. This interaction
is mediated by the inhibition of OATP transporters by curcumin metabolites. However,
since statin-associated myopathy is a critical dose-dependent side effect, increased serum
levels of these drugs could lead to increased adverse effects [236]. Negative effects were
described in a study on healthy volunteers, where curcumin administered at 300 mg per
day with a single dose of talinolol significantly reduced talinolol’s Cmax and AUC and
increased talinolol’s clearance. Excessive activation of multidrug resistance-associated
protein 2 in response to curcumin, which inhibits P-gp, is hypothesized to be involved in
this pharmacokinetic alteration [237]. Curcuminoids in turmeric can inhibit P-glycoprotein,
a transporter involved in digoxin transport through the intestine. This could increase
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plasma digoxin concentrations and potentially increase the risk of digoxin toxicity [238].
Finally, a study on healthy volunteers showed that the combination of turmeric extract and
nifedipine did not have significant interactions [239].

Regarding a possible effect of curcumin on anticoagulant and anti-inflammatory drugs,
studies have shown that the co-administration of curcumin and warfarin for seven days
resulted in a 1.5-fold increase in warfarin’s Cmax and a 1.6-fold increase in the total war-
farin AUC, with a 57.14% reduction in warfarin’s clearance. Despite these pharmacokinetic
changes, it has been reported that warfarin’s pharmacodynamic parameters, such as antico-
agulant activity, were not altered during the experiment. However, since warfarin has a
narrow therapeutic window and even small increases in its serum level can cause bleeding
and subsequent complications, it is essential to carefully monitor the co-administration
of curcumin and warfarin [240]. The co-administration of curcumin with paracetamol
and flurbiprofen showed no significant changes in pharmacokinetics [241]. Regarding
antibiotics, the co-administration of norfloxacin with curcumin increased the AUC and
other pharmacokinetic parameters, with a reduction in the required norfloxacin dose [242].
Prolonged use of this combination may need to be evaluated, as it could increase the
adverse effects of norfloxacin.

Finally, considering the critical role of curcumin in the prevention and treatment of di-
abetes and its associated disorders, it is essential to consider that curcumin could favorably
affect most of the leading aspects of diabetes, including insulin resistance, hyperglycemia,
hyperlipidemia, and islet apoptosis and necrosis. Therefore, it is essential to carefully
monitor blood sugar levels or other blood parameters if taking diabetes medications [243].

6. Outlook for the Future: Curcumin Combination Chemotherapy

The unique properties of curcumin and its potential interactions with other drugs have
led to the emergence of combination chemotherapy with curcumin. This innovative ap-
proach, explored across various cancer types, has shown significant promise. Notably, it has
been found to boost therapeutic effectiveness while reducing adverse effects. For instance, it
can counteract oxidative stress, a pivotal factor in the onset of several cancers. This stress is
triggered by the excessive production of ROS, harmful by-products of metabolic processes,
and immune responses. High ROS levels result in substantial cellular damage, including
DNA mutations, lipid peroxidation, and protein oxidation, all of which contribute to cancer
initiation and progression [244]. Lipid peroxides, hypochlorite, hydroxyl radicals, singlet
oxygen, hydrogen peroxide, hypochlorous acid, and superoxide anions are among the
primary forms of ROS involved in cancer. These reactive molecules interact with cellular
components, disrupt cellular functions, and promote oncogenic transformations [245].
The chronic presence of ROS leads to the sustained activation of inflammatory pathways
through the transcription factor NF-«B, which plays a central role in promoting inflam-
mation and carcinogenesis [246]. Inflammation, a natural response to injury or infection,
can become a significant risk factor for certain cancers when they become chronic. This
is particularly true for colon and pancreatic cancer. Chronic inflammatory responses can
ramp up cell proliferation, survival, and angiogenesis, while inhibiting apoptosis, all of
which are key features of cancer. Transcription factors like NF-«B and STAT3, inflammatory
enzymes such as COX-2 and MMP-9, and pro-inflammatory cytokines like IL-1, IL-6, IL-§,
and TNF-« are crucial in inflammation-induced cancer. Understanding and targeting these
mediators could offer new avenues for cancer treatment [246,247].

The IL-6/STAT3 signaling pathway is also essential in inflammation-associated can-
cers. These include liver and stomach cancer. IL-6 activates STAT3, which promotes the
transcription of genes involved in cell survival and proliferation. Increased activity of
IL-6 and STATS3 is associated with a poor prognosis in several types of cancer, including
colorectal cancer [248]. Persistent activation of these pathways promotes tumorigenesis
and contributes to chemo- and radioresistance, making cancer treatment difficult [249].
Curcumin may reverse cancer progression through the inhibition of IL-6R/STAT3 [250]. It
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also sensitizes cancer to antitumor and antimetastatic effects by suppressing the NF-kappa
B cell signaling pathway [251].

Therefore, curcumin is an attractive candidate for combination chemotherapy due to
its broad spectrum of biological activities. Its anti-inflammatory, antioxidant, and antitumor
activities improve the efficacy of conventional chemotherapeutic drugs while reducing side
effects [252].

In colorectal cancer, curcumin has been shown in vitro to sensitize cancer cells to
5-fluorouracil (5-FU) and oxaliplatin. Studies have shown that curcumin enhances the
cytotoxic effects of these drugs by modulating several signaling pathways, including
NE-«kB and STATS3, leading to increased apoptosis and the inhibition of cell proliferation,
migration, and invasion [253,254]. A synergistic effect in overcoming drug resistance was
demonstrated by Howells et al. [255], who found that curcumin enhanced resistance to
oxaliplatin chemo induction in both in vitro and in vivo colon cancer cells.

Tian et al. [256] showed that curcumin potentiates the antitumor effects of 5-FU
in esophageal squamous cell carcinoma cells by downregulating NF-kappa B signaling,
leading to increased apoptosis both in vitro and in vivo. Hartojo et al. [257] reported
complementary mechanisms of apoptotic pathway activation, stating that the combination
of curcumin and cisplatin had an additive effect in inducing apoptosis in esophageal
adenocarcinoma cells.

Curcumin showed synergistic effects with paclitaxel and doxorubicin in breast cancer
cell lines. Farghadani and Naidu [56], Mohammadian et al. [258], and Vinod et al. [259]
found that the combination of curcumin and these chemotherapeutic agents downregulated
HER?2 and EGFR, which are often overexpressed in breast cancer, inhibited cell proliferation,
and induced apoptosis. Curcumin sensitizes breast cancer cells to 5-FU by modulating
signaling events involved in cell survival and apoptosis.

In clinical trials [260,261], patients with advanced breast cancer who received curcumin
combined with docetaxel showed higher response rates compared to docetaxel alone. The
combination was well tolerated and resulted in fewer side effects. This suggests the
potential of curcumin to improve the efficacy of chemotherapy.

The combination of curcumin and gemcitabine significantly reduced tumor growth
compared to either agent alone in a mouse model of pancreatic cancer. The combination
therapy worked by inhibiting angiogenesis and inducing apoptosis by suppressing the NF-«xB
and COX-2 pathways [262]. Yoshida et al. [263] showed that curcumin can sensitize human
pancreatic cancer cells to gemcitabine, potentially overcoming gemcitabine resistance.

Treatment with a combination of curcumin and cisplatin significantly reduced tumor
size and weight in a mouse xenograft model of ovarian cancer [264]. The combination
therapy was more effective than either agent alone. Also, it attenuated cisplatin-induced
nephrotoxicity, highlighting curcumin’s protective role against chemotherapy’s side effects.

A phase II clinical trial in patients with metastatic colorectal cancer showed that
adding curcumin to the standard FOLFOX regimen (5-FU, leucovorin, and oxaliplatin)
improved overall survival and progression-free survival compared to the standard regimen
alone [265].

Therefore, combining curcumin with chemotherapeutic agents in vitro and in vivo
has shown a synergistic effect in cancer therapy.

As with the single molecule, using nanotechnology and drug delivery to combine
curcumin with anticancer agents may offer significant advantages in cancer therapy, in-
cluding enhanced synergistic effects, increased selectivity toward cancer cells, and reduced
side effects. As expressed in a recent systematic review, in vitro studies have shown that
combining curcumin with other anticancer agents in nanocarriers is feasible and can have a
synergistic and even more targeted effect in destroying tumor cells [266].

7. Conclusions

In summary, curcumin demonstrates substantial therapeutic potential in cancer treat-
ment [267] due to its multifaceted biological activities, including antioxidant, anti-inflammatory,
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and anticancer properties, exerting its potential therapeutic effects against various types of
cancer [268-270]. For example, curcumin exhibits substantial anticancer properties particularly
against gastrointestinal cancers, such as colorectal and pancreatic cancer, by inducing apopto-
sis, inhibiting cell proliferation, and modulating multiple cell signaling pathways [271,272].
Additionally, studies have shown promising results in the treatment of breast cancer, where
curcumin interferes with cancer cell growth and metastasis [273]. The compound has also
demonstrated efficacy in prostate cancer by targeting androgen receptor signaling [274] and
in head and neck cancers through the inhibition of tumor growth and angiogenesis [275].
However, its clinical application is significantly hindered by its poor bioavailability, rapid
metabolism, and low absorption [268]. Recent advancements in drug delivery systems, such
as curcumin-loaded nanoparticles and hydrogels, have shown promise in overcoming these
limitations, enhancing bioavailability, and ensuring sustained therapeutic efficacy [276]. Ad-
ditionally, the integration of curcumin in photodynamic therapy has exhibited encouraging
results, particularly in improving apoptosis and reducing tumor viability in vitro [277,278].
Despite these advances, further research is essential to optimize delivery mechanisms and
fully understand curcumin’s pharmacokinetics and interactions with conventional drugs,
especially given its potential to alter pharmacokinetic parameters and influence drug efficacy.
Consequently, while curcumin holds great promise as an adjunct in cancer therapy, carefully
considering its interactions and the continued development of innovative delivery systems is
crucial for its successful clinical translation.
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