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Abstract: Curcumin, a natural polyphenol widely used as a spice, colorant and food additive, has
been shown to have therapeutic effects against different disorders, mostly due to its anti-oxidant
properties. Curcumin also reduces the efficiency of melanin synthesis and affects cell membranes.
However, curcumin can act as a pro-oxidant when blue light is applied, since upon illumination
it can generate singlet oxygen. Our review aims to describe this dual role of curcumin from a
biophysical perspective, bearing in mind its concentration, bioavailability-enhancing modifications
and membrane interactions, as well as environmental conditions such as light. In low concentrations
and without irradiation, curcumin shows positive effects and can be recommended as a beneficial
food supplement. On the other hand, when used in excess or irradiated, curcumin can be toxic.
Therefore, numerous attempts have been undertaken to test curcumin as a potential photosensitizer
in photodynamic therapy (PDT). At that point, we underline that curcumin-based PDT is limited
to the treatment of superficial tumors or skin and oral infections due to the weak penetration of
blue light. Additionally, we conclude that an increase in curcumin bioavailability through the using
nanocarriers, and therefore its concentration, as well as its topical use if skin is exposed to light, may
be dangerous.

Keywords: curcumin; singlet oxygen; melanogenesis; antioxidant; lipid oxidation; oxidative stress

1. Introduction

Curcumin is the main active ingredient in turmeric, obtained from the rhizome of
Curcuma longa [1,2]. This natural polyphenol is a yellow-orange pigment widely used as a
spice and food preservative, and also in medicine, especially in Asia [3]. According to many
studies, curcumin exhibits various therapeutic properties, among them being anti-cancer,
anti-inflammatory, anti-oxidant and wound-healing activities [2,4,5]. The beneficial effects
of curcumin have also been shown in cardiovascular, respiratory and neurodegenerative
diseases, as well as diabetes and metabolic syndrome [6-8]. On the other hand, there
are studies showing the toxicity of curcumin to cells and micro-organisms, especially in
combination with light [3,9-13]. Phototoxicity may lead to the proapoptotic effects of
curcumin, which were observed, for example, in irradiated skin keratinocytes (HaCaT
cells) and the human epidermoid carcinoma A431 cell line [14]. The chemical backbone
of curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] (Figure 1A)
determines its lipophilic properties and various tautomeric forms [4,8]. The lipophilic
properties allow this compound to easily cross cell membranes and act on multiple targets
in different cellular pathways, which plays an important role in the pharmacological
and biological effects of curcumin on a wide range of diseases [4]. Curcumin can also
accumulate in membranes, including plasma and mitochondrial membranes, where it
can alter the membrane environment. This may lead to changes in membrane proteins’
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properties and functions [15]. Membrane location seems to play a role in both the protective
and phototoxic activity of curcumin. In this review, we will present arguments for this dual
role of curcumin in biological systems, putting emphasis on the biophysical aspects of its
activity, such as interactions with biological membranes and light absorption.
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Figure 1. Curcumin chemical structure (A), location of curcumin in the membrane (B), absorption
spectrum of curcumin (10 uM) in methanol in 380-700 nm range (C), scheme of phototoxic action of
curcumin (D). Curcumin localizes in the plasma and inner mitochondrial membranes. Upon blue
light absorption, curcumin undergoes activation and eventually forms an excited triple state (3cur®).
In the presence of oxygen in a Type II photosensitized reaction, due to energy transfer between Scur*
and oxygen, singlet oxygen (10,) is produced as ROS. As a result of 'O,-induced oxidative stress,
protein and lipid peroxidation occurs, forming, for example, cholesterol hydroperoxides (mainly
5¢O0H). In mitochondrial membranes, where mainly cardiolipin is peroxidized, oxidative stress
leads to a decrease in membrane potential, an increase in membrane permeability and release of
cytochrome c. This activates caspase 9 and Apaf-1. Both caspase 8 and caspase 9 lead to activation of
caspase 3 and caspase 7 and consequently to cell apoptosis.

2. Curcumin-Membrane Interaction and Its Relevance to Protective and
Pro-Oxidant Activity

The effect of curcumin on membrane properties, as well as its location and orientation
within the lipid bilayer, are under debate [16]. On the one hand, there are studies showing
a membrane-thinning effect [17,18], fluidization [15,19,20] and an increase in lipid lateral
motion [21] in the presence of curcumin. Also, a favoring formation of non-lamellar
structures by curcumin has been observed [22]. On the other hand, the ordering of lipids
as a result of a curcumin presence in membranes was reported [16,23,24]. There is also
no agreement on the location of curcumin in the membrane. Some results suggest that
curcumin lies flat on the lipid headgroups, where it forms hydrogen bonds with the
lipid molecules [25], or is located near the membrane surface but within the hydrophobic
part [26], whereas some others show that curcumin can penetrate deeply into the membrane
and intercalate with the lipid tails [15,16,23]. Some studies show that curcumin distribution
in the membrane depends on membrane hydration [19] or lipid type [27].
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One of the lipids which may prefer to interact with curcumin is cardiolipin. This
lipid in Eucaryota is present exclusively in the inner mitochondrial membrane, where it
constitutes about 20% of all lipids [28]. Because of the tendency to form microdomains of a
hexagonal structure, cardiolipin is engaged in the regulation of the functions of proteins
involved in respiratory processes, and also in membrane transport and cell division [29,30].
Ben-Zichri et al. [20], using several biophysical techniques, showed in biomimetic and
biological mitochondrial membranes that cardiolipin promoted the association and inter-
nalization of curcumin into the lipid bilayers. According to the mechanism proposed by
the authors, cardiolipin works as a membrane anchor, enhancing the uptake of curcumin.
The preferential interaction of curcumin with cardiolipin may lead to an accumulation
of curcumin near the cardiolipin headgroups, which in turn may increase the membrane
fluidity by loosening the tightly packed phospholipids. This effect on the membrane
structure may alter the activity of the proteins involved in respiration processes, and as
a result, affect mitochondrial functions. Indeed, curcumin has been shown to modulate
different mitochondrial processes. For example, curcumin restored mitochondrial oxidative
functions in a mouse model [31] and contributed to the regeneration of mitochondrial
functions in the inflamed tissues of obese mice [32]. In tumor cells, curcumin affected
mitochondria-induced apoptotic processes [33]. Also, changes in reactive oxygen species
(ROS) production in the mitochondrial membrane potential, as well as in the activities of
mitochondria-associated proteins, were observed in the presence of curcumin [34-36].

The other effects of curcumin on the structural properties of membranes may also
have important consequences. The results presented by Duda et al. [16] suggest that
curcumin adopts a perpendicular orientation within the membrane. Such an orientation
allows curcumin to exert its effect all along the lipid alkyl chains. For instance, it has
been shown that curcumin increases the membrane lipid order at all depths within the
membrane. Similarly, curcumin increases water penetration not only in the headgroup
region but also in the center of the membrane. This means that, on the one hand, an
increased lipid order will protect the membrane by making it more resistant to penetration
by different compounds, such as oxidants or peptides, but on the other hand, an increased
polarity lets more water-soluble free radicals or transition metal ions penetrate into the
membrane, which can initiate or re-initiate lipid peroxidation [16]. Membranes of increased
polarity may be then more susceptible to oxidative stress. The situation becomes even more
complex in the presence of light, which is effectively absorbed by curcumin (Amax of about
420 nm). The process of reactive oxygen species generation by curcumin upon illumination,
as well as curcumin’s role as a possible photosensitizer, will be discussed below. Figure 1
presents the scheme of the most probable location of curcumin in the membrane (B) and its
absorption spectrum in methanol (C).

In model membranes, it has been shown that curcumin modulates the formation of
lipid raft domains. Tsukamoto et al. observed that curcumin induces the fusion of lipid
raft domains at extremely low concentrations through the alteration of the boundary be-
tween the ordered and disordered membrane phases [37]. The authors suggested that the
boundary-specific action of curcumin may explain the fact that different pharmacological
effects of curcumin in the body are expressed by its very low concentration. Our unpub-
lished data show that curcumin prefers to locate not in rafts, but in fluid domains enriched
in unsaturated lipids. Depending on the conditions, particularly on the lack or presence
of light, such an accumulation of curcumin in regions susceptible to peroxidation can be
either beneficiary or harmful.

3. Antioxidant Properties of Curcumin
3.1. Curcumin as Reactive Oxygen and Nitrogen Species Scavenger/Quencher

The chemical structure of curcumin (Figure 1A) determines its antioxidant activity,
as both the phenolic OH and (3-diketone groups of curcumin are involved in neutralizing
free radicals, and their relative scavenging capacity depends on the nature of the free
radicals [38]. The scavenging of ROS by curcumin is considered a very effective process
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which leads to considerably less harmful secondary free radicals [39]. In studies using
macrophages both in vitro and in vivo in a rat model, curcumin was shown to have scav-
enging activity against free radicals such as superoxide radical anion (O,°~) and nitrite
radicals. It was also effective at neutralizing hydrogen peroxide (H,O,) [40,41]. However,
spin trapping studies by Das & Das showed that curcumin is not an effective scavenger
of superoxide and hydroxyl radicals [42]. Curcumin has also been shown to act as an
antioxidant that breaks the chain at the 3’ position, causing an intramolecular Diels—Alder
reaction and neutralizing the lipid radicals [43]. It also inhibits the peroxidation of linoleate,
a polyunsaturated fatty acid that can be oxidized to form a fatty acid radical [44].

Another important point in the consideration of the nonselective, systemic action of
curcumin is its ability to up-regulate the expression of some genes, and in particular to
enhance the production of enzymes involved in biological redox processes (e.g., glutathione
synthase GTS, cytochrome P 450 oxidases CYP-450, etc.). On the other hand, curcumin
may inhibit other enzymes, such as lipooxygenase and cyclooxygenase (LOX and COX,
which are the key enzymes responsible for the transformation of arachidonic acid to
prostaglandins), and therefore prevent lipid peroxidation [39]. There are suggestions that
this antioxidant activity may be related to the anti-inflammatory effect of curcumin [45,46].
Moreover, Dai et al. showed that curcumin pretreatment significantly reduced furazolidone-
induced oxidative stress, leading to a decreased ROS and malondialdehyde formation, an
enhancement of the activity of antioxidant enzymes such as superoxide dismutase and
catalase, and an increase in glutathione content in human hepatocyte L02 cells [47]. The
authors concluded that curcumin protects against furazolidone-induced DNA damage and
apoptosis by inhibiting oxidative stress and the mitochondrial pathway.

In addition to inhibiting lipid peroxidation, curcumin appears to reduce inducible
nitric oxide (NO) synthase (iNOS) activity. This enzyme generates large amounts of NO, pro-
viding the “oxidative burst” necessary for the defense against pathogens in macrophages.
This is possible due to the NO reaction with superoxide anion radicals to form peroxynitrite,
which is highly toxic to cells [48]. The effect of curcumin was confirmed in studies on
microglia cells (brain macrophage analogs) showing a reduced NO production and the
protection of nerve cells from oxidative stress after curcumin treatment [49,50].

Apart from scavenging free radicals and affecting enzyme activity, curcumin may also
exert its antioxidant effect by quenching singlet oxygen ('O,). Singlet oxygen, although
not a free radical, is a highly reactive form of oxygen usually produced in photosensitized
reactions, in which the excitation energy of a photosensitizer’s triplet state is transferred to
molecular oxygen [51]. Das & Das [42] studied the effects of curcumin using Rose Bengal
(RB) as a photosensitizer and an electron paramagnetic resonance (EPR) spectroscopy
technique with TEMP as a spin trap. RB, a hydrophilic compound, absorbs green light,
which is not absorbed by curcumin, and has a high quantum yield of 'O, photogeneration
(76% upon green light irradiation [52]). Das & Das showed that curcumin is only able to
effectively quench 'O, at very low concentrations in aqueous systems, whereas it is not an
effective scavenger of superoxide and hydroxyl radicals [42]. Nonetheless, Chan et al. in
an in vitro study, in which human A431 epidermoid carcinoma cells were illuminated in
the presence of RB with light emitted by a 120-watt incandescent bulb of undetermined
emission [53], suggested that curcumin, by quenching 'O,, inhibits apoptosis. The authors
proved the involvement of 'O, in the process by showing that an observed JNK activation,
cytochrome c release, caspase activation and subsequent apoptotic biochemical changes
were blocked by L-histidine (a known 'O, quencher) and a-tocopherol, but not mannitol,
which is considered a hydroxyl radical scavenger.

3.2. Inhibitory Effect of Curcumin on Melanogenesis

Melanin is the primary skin pigment synthesized by melanocytes, and to an even
greater extent by melanoma cells, in a process called melanogenesis. Melanins, represented
by eumelanin, pheomelanin and mixed melanin pigments, are the end products of the
complex, multi-step transformations of L-phenylalanine and/or L-tyrosine, with or with-
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out L-cysteine and/or glutathione [54,55]. They are commonly considered as versatile
photoprotectors, mainly against UV radiation (UVR), and they prevent radiation-induced
free-radical damage [54]. However, the presence of melanin can paradoxically lead to the
transformation of melanocyte to a malignant state. It was confirmed by Noonan's studies
on mice that melanoma induction via UVA (320400 nm) required the presence of melanin
pigment and was associated with oxidative DNA damage in melanocytes [56].

The regulation of melanin production via the melanocyte-specific melanocortin-1 re-
ceptor (MC1R) signaling pathway is a protective mechanism for the skin of living organisms
against exposure to UVR [57].

The stimulation of melanogenesis leads to a series of closely related oxidoreductive
reactions, causing active melanogenesis, as well as causing melanin to consume oxygen,
leading to relative intracellular hypoxia and a potentially mutagenic environment. In
addition, the hypoxia-induced reprogramming of the metabolism from predominantly
mitochondrial respiration to increased glycolysis in order to maintain ATP levels leads to
HIF-1«x activation, which, combined with immunosuppressive effects, leads to melanoma
progression and resistance to immunotherapy. In addition, the biophysical properties
of melanin make melanoma resistant to chemo- and radio-therapy [58]. Therefore, the
inhibition of melanogenesis in advanced melanotic melanomas can improve the efficacy
of immuno-, chemo- and radio-therapy, and perhaps would itself attenuate melanoma
growth [58]. It turns out that one of the factors inhibiting the melanin production pro-
cess is curcumin. Curcumin and several of its synthetic derivatives have been recognized
as tyrosinase inhibitors with interesting therapeutic antimelanogenic activity. Curcumin
was found to reduce melanin content and tyrosinase activity in mouse B16 melanoma
cells stimulated with x-melanocyte stimulating hormone (x-MSH) [59-61] and human
melanocyte [62], as well as in a zebrafish embryo model [61]. Tyrosinase is the key rate-
limiting enzyme in melanin biosynthesis that catalyzes the hydroxylation of L-tyrosine to
L-dihydroxyphenylalanine (L-DOPA) and is expressed by cells of a melanocytic lineage.
The intermediates of this process, such as free radicals and highly reactive quinone com-
pounds, can be neutralized by curcumin, so that their potential cytotoxic, genotoxic and
mutagenic effects or other regulatory functions will be inhibited. Since its approval by
the FDA in 1970, L-DOPA has been used as a prodrug for Parkinson disease (PD), the sec-
ond most common neurodegenerative disease, as it enhances the intracerebral dopamine
concentration [63]. In an animal model of PD in which rotenone was used, curcumin
showed additive neuroprotective effects to L-DOPA and rasagiline, and ameliorated the
neurodegeneration, DNA fragmentation and motor defects caused by rotenone in mice [64].
It has been shown that the decrease in the activity of tyrosinase under the influence of
curcumin is due to a decrease in the expression of melanogenesis-related genes regulated
by the MCIR signaling pathway, including MITF, TYR, TRP-1 and TRP-2, through the
inhibition of the PI3K/AKT and MAPK/ERK pathways [59,61,62]. As mentioned above,
uncontrolled melanogenesis likely plays a key role in melanotic melanoma progression
and, along with melanin pigment, influences resistance to radio-, chemo-, phototherapy
and immunotherapy [58]. Curcumin’s anti-melanogenetic activity may therefore reverse
melanoma progression and restore sensitivity to current therapies, suggesting the potential
use of this natural compound as an adjunct to modern melanoma treatments.

However, our study points to an additional mechanism of melanin regulation in
melanoma cells treated with curcumin, which is the inhibition of H;O, production [65].
Melanogenesis is well known to stimulate intracellular HyO, production in melanocytic
cells [66]. On the other hand, HyO, production affects melanogenesis [67]. Thus, maintain-
ing B16F10 melanoma cells for up to 72 h in a DMEM medium, which contains higher levels
of L-tyrosine and L-phenylalanine than RPMI, both of which are essential substrates for
melanin synthesis, results in increased levels of melanin, but also HyO,, in the cells tested.
In contrast, the addition of curcumin to the cells results in decreased H,O, accumulation
and melanin levels [65]. Interestingly, the effect of curcumin on H,O, and melanin levels
appears to be dependent on H,O, concentration. At H,O, concentrations greater than
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0.3 mM, the inhibitory effect of curcumin begins to prevail, so the effect of curcumin on
melanogenesis in B16F10 cells will depend on their condition and how melanogenesis is
stimulated [65].

4. Proapoptotic Effects of Curcumin

Curcumin affects multiple signaling pathways that regulate survival, cell proliferation,
apoptosis and tumor suppressor pathways [68]. Based on this, it was concluded that
curcumin inhibits the processes of the initiation, progression and metastasis of cancer
cells [2]. Indeed, it seems that curcumin’s effect on cancer cells is universal because it has
been shown to be effective in breast, lung, prostate, pancreatic, oral and colorectal cancers,
as well as in multiple myeloma and squamous cell carcinoma of the head and neck [2]. The
regular dietary intake of turmeric by Southwest Asian people is thought to be associated
with their lowest incidence of most types of cancer [68]. Curcumin promotes apoptosis
by inhibiting the mitochondrial anti-apoptotic proteins BCL-2 and XIAP, which leads to
an increased expression of the pro-apoptotic proteins BAX and BAK [68] and changes in
the mitochondrial membrane permeability. However, the use of curcumin is limited by its
low solubility, rapid metabolism, poor bioavailability, low bioactive absorption and low
targeting efficacy, among other factors [2]. To increase efficacy, curcumin can be combined
with other anticancer drugs such as 5-fluorouracil, oxaliplatin or gemcitabine [69]. Another
approach is to use other methods and forms of curcumin delivery, such as nanoparticles,
powder or capsules [2]. The formulation of curcumin into nanoparticles (referred to as
nanodiscs, NDs) facilitates its water solubility, and increases curcumin’s binding capacity
and targeting potential, which enhance its therapeutic effects [70]. The summary of the
most important protective activities of curcumin is presented in Figure 2.

Anti-oxidant
* Free radial scavenging
Singlet oxygen quenching

Anti-inflammatory

+ Regulating inflammatory « Reduction of iNOS activity
signaling pathways * Anti-oxidant enzymes
+ Inhibition of production of activation
inflammatory mediators % f * Lipid peroxidation prevention
curcumin

Anti-cancer g % Melanogenesis inhibitor

+ Inhibition of proapoptotic * Decreasein tITe expression of
proteins melanogenesis-related genes
DNA-damage * Inhibition of tyrosinase activity

A . =
¢ Increase of oxidative stress Decrease of melanin content

Figure 2. Curcumin protective activities.

5. Pro-Oxidant Properties of Curcumin Induced by Light
5.1. Photogeneration of Singlet Oxygen (1O3) by Curcumin

One of the first studies on curcumin behavior under illumination was of Chignel
et al. [71], in which they focused on the character of curcumin absorption spectra, its fluo-
rescence quantum yield, and the production of O, and other ROS by curcumin in different
solvents. Since then, the spectral and photochemical properties of curcumin in different sol-
vents have been well described, which helps us to understand the biological photoreactivity
of curcumin in various cellular microenvironments [3,71,72]. Curcumin absorbs light in the
UV-VIS range. An ethanolic solution of curcumin shows three maxima at 220 nm, 262 nm
and, in the VIS range, at 424 nm (Figure 1B). Although curcumin’s photoreactivity has been
confirmed, and its possible use as a photosensitizer in photodynamic therapy (PDT) has
been tested, for example, against micro-organisms or in the case of immunocompromised
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mice bearing the A431 tumor [1,9,10], there is neither a consensus on the mechanism of this
action nor a convincing proof that it can be effective in vivo.

Typically, photodynamic activity is related to Type I or Type Il photosensitized reac-
tions which lead to the formation of ROS [51]. In Type I, a photosensitizer in the excited
state undergoes electron transfer involving either the acquisition or donation of an electron
to form the radical cation or radical anion. The radical anion can react with oxygen to
produce the superoxide radical anion (O,*™), and then in consequent reactions, hydrogen
peroxide (H>O,), and eventually the powerful oxidant hydroxyl radical (HO®). The Type
II process involves an energy transfer from the excited triplet state of a photosensitizer to
molecular oxygen, which leads to the formation of 'O,. Interestingly, most photosensitizers
used for PDT are believed to operate via the Type Il rather than the Type I mechanism [51].

Dahl and co-authors [3] indicated that irradiated curcumin photogenerates 'O,, su-
peroxide radical anions and possibly H,O; in the aprotic environment, and thus mediates
oxygen-dependent phototoxicity in rat basophilic leukemia cells. Our recent studies have
shown that curcumin under blue light irradiation (438 nm) can generate 'O, not only in
solvents, but also in liposomes, which were used as a model of cell membranes. In such
systems, as well as in cells, the curcumin-generated 'O, can diffuse into both the lipid
and aqueous phases and cause the oxidation of the proteins and lipids present there. In
particular, it was shown that curcumin-generated 'O, was the main ROS responsible for the
oxidation of cholesterol in liposomes and cells. The application of blue LED light (438 nm)
in the presence of 10 uM of curcumin to HaCaT cells showed that the amount of 56-OOH
cholesterol hydroperoxides which are O,-specific [73] was 5.5 times higher than that of free
radical-dependent 7o/ 3-OOH hydroperoxides [13]. The quantum yield of 'O, generation
by curcumin was estimated to be about 4% [13], which is not particularly high, especially
when compared to a known photosensitizer such as Rose Bengal (76% [52]), but seems to
be sufficient to induce a photodynamic effect. This is due to the curcumin’s association and
accumulation in membranes.

5.2. Phototoxicity and Lipophilicity of Curcumin as a Base for Its Use in PDT

PDT is based on the use of light of a specific wavelength and non-toxic photosen-
sitizers causing a photodynamic effect in order to treat various skin diseases or tumors.
The dual-specificity of PDT relies on the accumulation of the photosensitizer in diseased
tissue and also on localized light delivery [51]. Due to its hydrophobic nature, curcumin
accumulates readily and rapidly (in less than one hour) in cell membranes [3,14] and in
mitochondrial membranes, which was shown using confocal microscopy and fluorescence
techniques [20]. As a result of such accumulation and blue light irradiation, curcumin-
generated ROS (mostly 10,) oxidize both lipids and membrane proteins [13] (Figure 1D).
Lipid and protein peroxidation was accompanied by a change in the mitochondrial poten-
tial and a decrease in the metabolic activity of HaCaT cells, observed immediately after the
end of cell irradiation, and also after 24 h [13]. Presumably, depending on the curcumin
concentration used, necrosis or apoptosis takes place. The suggested course of action
leading to apoptosis is presented in Figure 1D. However, while various concentrations (in
the micromolar range) of curcumin are available and can be used in vitro, its bioavailability
remains low in vivo, limiting its potential use in PDT. The studies of Wozniak et al. [74] on
melanoma (MugMel2), squamous cell carcinoma (SCC-25) and normal human keratinocyte
(HaCaT) cell lines showed that possible PDT using curcumin can be enhanced by using
curcumin encapsulated in hydrogenated soy phosphatidylcholine liposomes. Moreover,
as a result of the liposome curcumin-based photodynamic effect, an increased ratio of
apoptotic and necrotic cells was observed. The study clearly demonstrated that this form
of curcumin decreased malignant cell motility following the treatment. Interestingly, a
minimal phototoxic reaction was observed in normal keratinocytes subjected to the same
curcumin dose [74]. Therefore, curcumin lipophilicity, which becomes an obstacle in its
direct delivery, can come in handy in producing its different formulas, such as liposomes.
This would offer extended possibilities for a controlled compound delivery.
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5.3. Antimicrobial Photodynamic Activity of Curcumin

The antimicrobial action of curcumin is widely described in a recent review [75]. Here,
we focus on its effect in combination with light, since increasing evidence points to the
antimicrobial photodynamic activity of curcumin [9,10]. Because bacteria are becoming
increasingly resistant to conventional antimicrobial chemotherapy, PDT raises growing
interest among scientists and clinicians. Of course, PDT has its limitations, resulting from
difficulties with access to light. Generally, PDT against micro-organisms would not be
effective in the case of systemic infections but must be focused on the areas where it is
relatively easy to apply light. Especially in the case of curcumin, which absorbs blue light
(Figure 1C) of low tissue-penetration abilities (0.3-2 mm) [76,77], this limitation has to be
considered. However, blue light has high energy, which, absorbed by curcumin, causes
the generation of 'O, which can diffuse through a micro-organism’s cells and damage
different structures. Curcumin-based PDT against micro-organisms makes sense, especially
to combat drug-resistant biofilms, since their thickness ranges from 5 to 88 um, through
which even blue light penetrates. Curcumin-based PDT seems to be especially useful in
the treatment of the bacteria and fungi responsible for oral and skin infections. In Table 1,
we present some examples of curcumin-based PDT against micro-organisms. Lee at al.
showed that the viability of Streptococcus mutans in the presence of curcumin and Curcuma
xanthorrhiza extract (CXE), and their mixture, decreases during 405 nm light-emitting diode
(LED) irradiation, which can be used to prevent and treat tooth decay using devices that
are readily available in clinics [9]. Oral candidiasis, which is the most common oppor-
tunistic infection caused by an increased growth and penetration of fungal species in oral
tissues [78], can be similarly treated as indicated in studies conducted on various species of
Candida. Curcumin combined with LED irradiation was effective at inactivating biofilms
and cell suspension cultures of clinical isolates of C. albicans, C. glabrata and C. tropicalis,
promoting a reduction in the cellular metabolism by 85, 85 and 73%, respectively [79]. The
compound was effective at inactivating C. albicans present in the tongues of mice with
induced oral candidiasis, promoting an approximately 5log10 reduction in cell viability
without causing any damage to the animals’ tongue tissues [80]. Independently, Dahl et al.
and Dujic et al. confirmed that curcumin can rapidly penetrate cell membranes and ac-
cumulate in the cytoplasmic granules located near the nucleus [3,14]. Indeed, Carmello
demonstrated the potential of curcumin-assisted photodynamic action to cause DNA dam-
age in C. albicans [11]. Widespread candidiasis in immunocompromised patients can cause
high mortality [78]. Treatment of Candida spp. infections is routinely based on the use
of drugs, which can be topical or systemic [81]. However, the use of standard antifungal
therapy may be limited due to its toxicity, low efficacy or the resistance of micro-organisms
after prolonged exposure to the drug. Curcumin-based PDT is therefore a promising
tool. In most of the studies, curcumin was used in a form of solution, with the stock
prepared in DMSO or ethanol and then diluted with water (Table 1). However, attempts
have been made to increase the effectivity of the treatment against fungi and bacteria by
using carriers or special formulas. For example, Perezous et al. and Wang et al. [82,83]
showed that the photodynamic activity of curcumin against bacteria can be increased by
using it together with silver nanoparticles (Ag NPs) in the core/shell structure nanofiber
membrane. In this study, curcumin and Ag NPs were uniformly distributed in the core
and shell layers of the fiber membrane, respectively. Ag NPs improve the yield of singlet
oxygen generation by curcumin through the metal-enhanced singlet oxygen generation
effect [84]. Besides this effect, Ag NPs themselves present antimicrobial activity and are
efficient for diagnosis as a contrast in biological images. Thus, the combination of curcumin
with Ag NPs (curcumin@Ag) is an interesting multimodal platform involving real-time
treatment and diagnosis [85]. The experiments showed that the curcumin@Ag-loaded
core/shell nanofiber membrane was very efficient against both Staphylococcus aureus and
Escherichia coli, and its antibacterial rates reached 93.04% and 92.82%, respectively. In-
terestingly, the antibacterial effectivity of the curcumin@Ag was better than that of the
fiber membranes that were single-loaded with curcumin and Ag NPs. Additionally, the
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curcumin@Ag-loaded core/shell nanofiber membrane exerted a synergistic antibacterial
effect on methicillin-resistant Staphylococcus aureus [83].

Although most of the studies have focused on bacteria and fungi cultures or biofilms,
there are also examples of curcumin-based PDT in humans. Leite et al. [86] reported an
in vivo curcumin application for oral decontamination (salivary micro-organisms). Nine
adults were treated with curcumin (30 mg/L) with an incubation time of 5 min and a blue
light dose (200 ]/ cm?); nine adults were treated with only with the blue light (200 J/ cm?);
and nine adults were treated only with curcumin (30 mg/L). After the saliva samples
were collected, the authors observed that the PDT group showed a significant reduction
in microbial viability (up to 5.14 log10- post 1 h) compared with both the blue light and
curcumin groups. Another example is the study on 45 adolescent patients performed by
Paschoal et al. [87]. The authors reported an in vivo evaluation of the antimicrobial and anti-
inflammatory properties of curcumin under light activation on the plaque accumulation
and gingival bleeding of adolescents under fixed orthodontic treatment. Patients were
evaluated using curcumin (1.5 mg/mL) with a fluency of 96 J/ cm? and an incubation
time of 30 min. After the photodynamic intervention, the dental plaque accumulation via
the plaque index (PI) and the gingivitis condition via the gingival bleeding index (GBI),
with 1 and 3 months of follow-up, were evaluated. The authors observed that curcumin
under photodynamic action was able to control gingivitis after 1 month of follow-up. This
outcome was explained by the photodynamic action as well as the anti-inflammatory
properties of the curcumin photosensitizer.

Table 1. Examples of photodynamic action of curcumin against various micro-organisms.

Type of . .
Micro-Organisms Type of Light/Curcumin Formula Used Ref.
Bacteria
Streptococcus mutans 405 nm LED, curcumin and Curcuma xanthorrhiza extract [9]
“oral” bacteria 455 nm LED, curcumin solution [86]

405 nm LED, curcumin@Ag core/shell structure

Staphylococcus aureus and E. coli fiber membrane [83]
Staphylococcus aureus Blue light, curcumin solution [88]
Staphylococcus aureus Biotable® device 450 nm, curcumin solution [89]
Methicilin-resistant Staphylococcus aureus biofilm 450 nm LED, curcumin solution [90]
Propionibacterium acnes 462 nm LED, curcumin solution [91]
Vibrio parahaemolyticus 470 nm LED, curcumin solution [92]
Enterococcus faecalis Blue LED, curcumin solution [93]
Aggregatibacter actinomycetemcomitans 420-480 nm LED, curcumin solution [94]
Fungi

Candida albicans and other candidas 455 nm LED, curcumin solution [79,80,95]
Spores and cells of Aspergillus niger, Aspergillus flavus,

Penicillium griseofulvum, Penicillium chrysogenum, 500-Watt Xenon arc lamp, 370-680 nm, curcumin solution [96]
Fusarium oxysporum, Candida albicans and (propylene glycol and water)

Zygosaccharomyces bailii

Trichophyton rubrum 420 nm LED, curcumin solution [97]

5.4. Photodynamic Activity of Curcumin in Skin and Cancer Cells

The skin consists of the epidermis, dermis and subcutaneous tissue, serving as a
self-regulating protective organ against environmental influences such as UVR. The body’s
homeostasis is regulated by the local neuroendocrine and immune systems through a num-
ber of signaling molecules produced by resident and immune cells. The skin’s neuroim-
munoendocrine system includes the epidermal neuroendocrine system and interactions
with the central systems and organs. Epidermal cells are not only sensitive to neurohor-
monal regulation, but also produce elements of the hypothalamic-pituitary-adrenal (HPA)
or hypothalamic—pituitary—thyroid (HPT) axis, other neuropeptides, biogenic amines,
serotonin, melatonin, nitric oxide, opioids, cannabinoids, catecholamines, acetylcholine,
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steroids, secosteroids, neurotrophins and cytokines. The neuroimmunoendocrine system of
the skin can activate central responses with direct homeostatic, metabolic and phenotypic
consequences, as described in depth in [98]. The constant exchange of neuroendocrine
mediators between the skin and other organs is responsible for maintaining local and global
homeostasis, which can be disrupted by stress including UVR, as well as the presence of
light-absorbing compounds such as curcumin.

UVR, a component of solar light, has both beneficial and harmful effects on animals
and humans. The former includes, for instance, vitamin D3 photoproduction, antimicrobial
effects and mood enhancement, whereas the latter includes inflammatory and hyperpro-
liferative disorders of keratinocytes, structural dysfunction of appendages, pigmentation
disorders, photoaging and malignancies [98,99]. In addition, the neurotransmitters, hor-
monal factors, neuropeptides and cytokines released from nerve endings play a key role in
the skin’s response to the stress of UVR [98]. The uptake of curcumin by the epidermal cells
along with their exposure to UVR may enhance the effect induced by light itself. Indeed,
the proapoptotic effect of curcumin was observed in irradiated skin keratinocytes (HaCaT
cells) and in the A431 human epidermoid carcinoma cell line [14]. It should be noted that
UVA alone causes H,O, accumulation in cells, and the use of curcumin in this case showed
its antioxidant effect. Moreover, curcumin has a weaker ability to generate HyO, than
10, [13]. 1O,-induced oxidative stress leads to a decrease in mitochondrial membrane
potential, an increase in membrane permeability and the release of cytochrome c. This
activates caspase 9 and Apaf-1. Both caspase 8 and caspase 9 lead to the activation of
caspase 3 and caspase 7, resulting in cell apoptosis (Figure 1D). Interestingly, curcumin
combined with visible light mediated tumor growth inhibition in mouse xenograft models
of human skin cancer (A431) in vivo [1]. However, the study of the effect of curcumin and
light, although undertaken on the day of implantation, still did not lead to a complete
elimination of the tumor, which does not confirm the high effectiveness of curcumin’s
action as a photosensitizer in vivo. Despite the not-very-promising results of the in vivo
studies, curcumin has still been considered as a photosensitizer in PDT against cancer
due to its ability to efficiently absorb light and generate ROS. Although, like in the case
of bacterial infections, the use of curcumin is limited by the low tissue penetration of blue
light [76,77] to treating mostly superficial skin or oral lesions, studies have been undertaken
on various cancer cells (not only skin, melanoma or oral, but also kidney, colon and even
liver), and the phototoxic effects of curcumin applied in solutions or in the form of nanopar-
ticles in combination with blue light, or light of the entire visible range, have been shown
(Table 2). To justify the studies on internal organ cells, one can imagine using a suitable
fiber-optic cable with which light can be delivered to tissues through the body’s natural
orifices. Such an approach was successfully applied in the case of prostate cancer, however
using photosensitizers absorbing red light [100]. PDT can also be vascular-targeted, when
photosensitizers accumulate in endothelial cells and a photodynamic effect is imposed not
directly on the cancer cells within a tumor, but in the vascular environment [100]. Using
such an approach, it could be possible to use even blue light in PDT to treat tumors other
than those of the skin, but still of a limited size. Another issue worth mentioning here is the
correct use of the term PDT. It refers only to in vivo studies, while in vitro-observed effects
should rather be described as phototoxic, when a drug and light together induce the effect,
or, more specifically, as photodynamic action, when a drug and light in the presence of
oxygen induce the effect via the generation of ROS.



Antioxidants 2023, 12, 1725

110f18

Table 2. Photodynamic action of curcumin against various cancer cells in vitro.

Type of Cancer Cells Type of Light and Formula Used Ref
Oral cancer
HN cells VIS, 5500 1x, UVA, curcumin solution [101]
Skin cancer cells
A431/xenograft VIS, 5500 1x, UVA, curcumin solution [1]
A431 VIS, curcumin solution
A431 VIS/PEGylated lipid nanocarrier in vitro [102]
SCC 380-550 nm, Lip-cur [74]
Melanoma
G-361, A375 VIS, 5500 1x, UVA, curcumin solution [103]
A375 combination 630 nm + 405 nm polarized [104]
A735,C32 blue light, solution DMSO [105]
MugMel2 VIS (380-550 nm), Lip-cur [74]
Bladder cancer
RT112,UMUC3, TCCSUP VIS, 5500 1x, curcumin solution [106]
RT112,UMUC3, TCCSUP VIS, 5500 1x, curcumin solution [107]
Colon cancer
SW620, HT29 470 nm, curcumin solution [108]
5-ALA + 635nm diode laser
CaCo2 system/solution DMSO [109]
CaCo2 424 nm, CAgNPs [85]
mouse colorectal-CT26 450 nm, F127-curcumin micelles [110]
Prostate cancer
5-ALA + 635nm diode laser
Pes system/solution DMSO [109]
LNCaP 430 nm LED, curcumin solution [111]
Kidney cancer
A498, Cakil, KTCTL-26 VIS, 5500 1x, curcumin solution [112]
A498, Cakil, KTCTL-26 VIS, 5500 1x, curcumin solution [113]
Liver cancer
SMMC-7721 430 nm, curcumin solution [114]
EEI:IA%‘I;IVelpTLHep—GZ, 390-440 nm, curcumin solution [115]
Cervical cancer
HeLa VIS (400-700 nm), curcumin solution [116]
Mel80 445 nm laser, Cur-LDH [117]
SiHa, CasKi 447 nm LED, nano-emulsion [118]
Lung cancer
A549 430 nm LED, Cur-SLN [119]
Ab49 457 nm LED, PLGA nanoparticles [120]
Ovarian cancer
SK-OV3 457 nm, 620 nm LED), Cur-NP [121]
Breast cancer
MCE-7 430 nm, Cur-NLCs [122]
MCE-7 440 nm LED, nano-emulsion [123]
MDA-MB-231 curcumin-LDH nanoparticles [124]
mouse 4T1 Cur NDs [125]
mouse 4T1 Photothermal / Au-Cur nanostructure [126]
Gastric cancer
MKN45 460 nm LED, nano-encapsulated [127]

curcumin with EGF

VIS—visible light, Lip-cur—liposomal curcumin, Cur-SLN—curcumin-solid-liquid nanomaterial,
Cur-AgNPs—curcumin conjugated with the silver nanoparticles, Cur-NLCs—curcumin nano-lipid carri-
ers, EGF—epidermal growth factor, Cur-NP, Cur NDs—curcumin in nanoparticles, Au-Cur—gold—curcumin
nanostructure.

Although the main point of criticism towards curcumin-based PDT is the low penetra-
tion of blue light, the studies mentioned in Table 2 also raise some other doubts, especially
the study of liver cells in culture [115]; while it is known that most photosensitizers concen-
trate in the liver, it raises the question of whether this procedure can actually be used to treat



Antioxidants 2023, 12, 1725

12 0f 18

liver cancer in situ. Additionally, cell viability was assessed using the MTT assay, which
only tests the activity of certain mitochondrial dehydrogenases. Cells were treated with
curcumin for 24-48 h, which would not correspond to any effect achievable in vivo. In some
studies, curcumin was first irradiated and then used to treat cells. Also, clonogenic studies
have not been conducted. To make in vitro studies meaningful, it is important to apply an
appropriate model which can be compared with in vivo conditions. Cell monolayers, which
are usually obtained in cell cultures, can be easily penetrated by blue light, but in vivo
such monolayers are not very common. Blue light, however, can pass through several
layers of cells (its penetration into tissue is in the range of 0.3-2 mm, and in skin about
1 mm, which is the whole epidermis) [77]; therefore, it can be suggested to use spheroids
as a better tumor model. It is known that spheroids cannot be kept in culture for a long
time, but it would be interesting, after the treating of such spheroids with curcumin and
light, to perform a clonogenic test to assess the effectiveness of the curcumin-imposed
photodynamic effect. Spheroids instead of monolayers could be used as a model of cancers
such as gastric, bladder, cervical, colon, or even melanoma. In the case of breast, ovarian,
kidney, or lung cancer, it is difficult to imagine the effectiveness of curcumin-based PDT
due to real difficulties with delivering blue light.

To the best of our knowledge, there are no clinical data available involving curcumin-
based PDT against cancer. Because most of the current research on curcumin in combination
with light is focused on in vitro experiments, and few on animal models, clinical studies are
needed to prove its efficacy in PDT. Doing so, it has to be remembered that the therapeutic
effect of PDT is determined not only by the bioavailability of curcumin, which can be
significantly increased by using different carriers, but also by the depth of penetration of
blue light into tissues. Although blue light is a high energy carrier, its ability to penetrate
tissues is limited to a maximum depth of 0.3-2 mm [76,77]. The removal of only part of
the tumor tissue results in recurrence and may even promote an increase in the metastatic
potential of the cancer cells left behind. Thus, blue light is not suitable for use in the PDT of
solid tumors, but rather shallow superficial lesions. However, there are some advantages
of using curcumin compared to other known photosensitizers, such as its natural origin,
ease of acquisition, low price and most importantly, low overall toxicity. Like many other
natural compounds from plant sources, curcumin is known for its safety and has been
historically consumed by humans for a long period. Also, curcumin’s fluorescence can be
used to follow its localization within the organism or cell [20,71].

6. Conclusions

In this review, we tried to emphasize the double role of curcumin as an anti- and pro-
oxidant. From a biophysical point of view, one can be concerned that a compound which
can both quench and generate singlet oxygen is neither a perfect photosensitizer nor a good
protector against ROS. This would, however, depend on the environmental conditions.
In the case of irradiating with blue light, curcumin can act as a photosensitizer, although
its photodynamic effects are reduced by its simultaneous ROS quenching. The yield of
singlet oxygen generation, which was shown to be at about 4%, is therefore an effective
one, since without the quenching it could be higher. The antioxidant action of curcumin
may prevail when samples are irradiated in the presence of another photosensitizer, such
as Rose Bengal or porphyrins, which absorb light of longer wavelengths. Such a swap from
anti- to pro-oxidant features, as well as the simultaneous generation and quenching of 1O,
by a single species, is a known phenomenon. For example, it was shown for melanin [128]
and carotenoids [129-131]. Another biophysical aspect which raises doubts is the weak
tissue penetration of the light absorbed by curcumin. Curcumin may not be a perfect
photosensitizer, not because it is inefficient at ROS production, but because its use in PDT
has to be limited to the depth of 0.3-2 mm of the tissue [76,77]. It still, however, can be
useful in PDT against micro-organisms. On the other hand, the topical application of
curcumin in the form of creams or sunscreens [132] should not be advised. In the absence
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of light, and in low concentrations, curcumin shows various positive effects stemming from
its antioxidant abilities, and can be recommended as a beneficial food supplement.

As we tried to show in our review, curcumin, due to its natural origin, ease of ac-
quisition and widespread consumption, has been studied thoroughly and in different
aspects. Epidemiological observations indicate, for example, that the regular consumption
of turmeric by the Asian population may promote a decrease in the incidence of various
types of cancer in this population. Curcumin’s spectrum of action is very broad, which
makes its usage tempting not only in traditional Chinese medicine but also in modern
therapies. Curcumin has a relatively poor bioavailability, which, at first glance, may be a
disadvantage. Hence, attempts are made to increase its bioavailability by using different
carriers such as liposomes, nanoparticles, etc. However, it can be suggested that this poor
bioavailability is the key to curcumin’s health-promoting effects, because, as mentioned
above, an excessive concentration in cells or excessive exposure to UVor blue light can have
the opposite, even undesirable, effects on healthy tissues. The use of high concentrations of
curcumin makes sense only in anti-cancer or anti-microbial therapies such as PDT, when
selectivity can be achieved by using nanocarriers or applying light that reaches only the
affected areas. However, one has to underline, once again, that curcumin’s efficacy as a
photosensitizing agent has serious limitations due to its inadequate absorbance spectrum,
its application only to very small tumor volumes in vivo, and the lack of any convincing
information on in vivo efficacy, as most of the current research literature includes only
in vitro examples.
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