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Abstract. Background/Aim: There is no satisfactory treatment
of glioblastoma multiforme, a highly invasive brain tumor. The
aim of this study was to analyze the cytotoxic effects of curcumin
(CUR) alone and as a photosensitizer on glioblastoma cells.
Materials and Methods: The SNB-19 cells where incubated for
2 and 24 h with 5-200 mM of CUR. The cells were radiated with
blue light (6 Jlem?) and compared to non-irradiated ones. The
effects of treatment were assessed by measuring mitochondrial
activity with the MTT method and apoptosis progression by flow
cytometry. To investigate CUR uptake, fluorescence imaging of
cells was performed. Results: Photosensitization of CUR
decreased the ECs 6.3 times when the incubation time was 2 h
and over 90% of cells underwent apoptosis. The study of the
uptake of CUR showed that during the 2 h, CUR was placed in
the entire cytoplasm, and over time, its amount decreased and
localized in the subcellular compartments. Conclusion: CUR is
a promising medicament that can be used as a photosensitizer
in photodynamic therapy for glioma treatment.

Gliomas constitute 74% of the most mortal forms of malignant
brain and central nervous system (CNS) primary tumors.
Within this group the most common histology subtype,
accounting for 54.7% of all gliomas, is glioblastoma (1).
Glioblastomas are also known to be the most aggressive brain
tumors with around 50% 1-year survival and 10 - 5% 5-year
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survival (2). Glioblastoma multiforme (GBM) is the most
aggressive of these, graded by WHO as grade 4. Present
guidelines recommend the maximal safe resection or, in case
when it is not feasible, subtotal resection. Further adjuvant
therapy depends on patient’s age and performance status, but
in all cases brain radiotherapy and concurrent temozolomide
therapy are recommended (3). The development of novel and
more selective therapies may lead to more effective treatment.

Photodynamic therapy (PDT) is known as a minimally
invasive therapeutic procedure. It is largely utilized in the
oncological field in multiple specialties. For instance, in
dermatology against squamous cell carcinoma in situ (SCC in
situ) and basal cell carcinoma (BCC) treatment (4). In head and
neck cancers PDT is curatively applicable for early cancer and
local recurrences (5, 6). Moreover, for lung tumor treatment,
PDT is performed bronchoscopically for central-type lung cancer
and often for non—small cell lung cancer (7). In the Barrett’s
esophagus and esophagus cancer, performance of PDT induces
elimination of Barrett’s mucosa and consequently reduction in
the progression to adenocarcinoma (8). Furthermore, PDT shows
promising therapeutic effects for cholangiocarcinomas (9), brain
tumors (10), and urologic tumors (11).

PDT involves two steps: the topical or systematic
application of inactive photosensitizer (PS) and its excitation
by irradiation with appropriate wave length light. Triggering
of PS causes production of reactive oxygen species (ROS)
in two types of reactions: Type 1 — electron transfer reactions
and type 2 — energy transfer reactions. Both mechanisms
take place simultaneously and are dependent on multiple
parameters such as tissue oxygenation and type of PS.
Subsequently, ROS can affect the tumor cells directly or
indirectly activating the inflammatory response or harming
tumor vascularization (12, 13).

The effectiveness of PDT depends largely on the type of
photosensitizer used. There are several types of PS
investigated such as porphyrins, chlorins, bacteriochlorines
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or phthalocyanines, but clinically, for PDT on solid tumors,
porphyrin and phthalocyanine derivatives are the most
common photosensitizes (14).

The main features which need to be considered when
choosing a PS are: the ability to preferentially accumulate in
diseased tissue, low dark toxicity, negligible cytotoxicity in
the absence of light and rapid clearance from the body after
the procedure (15).

Continuous and rapid development of treatment strategies
creates the need of searching for new PS agents also among
natural substances.

One of the substances that, apart from its anti-cancer
effect, can be used as a photosensitizer is curcumin (CUR).
CUR is the principal curcuminoid of turmeric — a member
of the ginger family. Pure turmeric powder has the highest
CUR concentration, on average 3.14% by weight (16). It has
been shown that CUR possesses anti-inflammatory effects
(17), antioxidant effects (18) and hypolipidemic effects (19).
The anti-cancer effect of CUR was observed on multiple
types of tumors including breast, colon, stomach, liver, lung,
prostate, cervical, osteosarcoma and head and neck
squamous cell carcinoma (20-24). CUR attributes its
anticancer effect to several types of mechanisms.

We postulate that the use of curcumin as a photosensitizer
may significantly reduce CUR concentration administered
systemically. The aim of the study was to examine whether
CUR works more effectively as a photosensitizer and leads
to a more efficient elimination of glioblastoma cells in
apoptotic manner than CUR applicated as an anticancer drug
in vitro.

Materials and Methods

Cell culture. The SNB-19 glioblastoma cell line derived from a
surgical resection of a left parieto-occipital glioblastoma multiforme
tumor from a 47-years-old male (25). Cells were grown in
monolayer cultures in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10 % fetal bovine serum (FBS, Sigma-Aldrich) and antibiotics
(penicillin/streptomycin; Sigma-Aldrich) under standard culture
conditions at 37°C in a humidified atmosphere containing 5% CO,.
When needed, the cells were rinsed with PBS and removed by
trypsinization (0.025% trypsin and 0.02% EDTA; Sigma-Aldrich).

Preparation of drug. The curcumin (1E, 6E)-1,7-bis (4-hydroxy- 3-
methoxyphenyl) -1,6- heptadiene-3,5-dione (Sigma-Aldrich) was
dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to prepare
ImM stock of CUR. Stock of CUR was freshly prepared before
every experiment. Subsequently the proper amount of stock was
mixed with DMEM to achieve the required concentration of the
drug. DMSO content in the working solution was less than 4%,
which could not affect the course of the experiment.

The photodynamic reaction triggering. The photodynamic reaction
was performed by a lamp with polarized light (Optel, Poland). The
radiation power density was 6 J/cm2. The blue light was used to
perform the photodynamic reaction with CUR on SNB-19 cells,
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since the light absorption peak of CUR is 410nm. The irradiance
homogeneity over the plate area was proved using a radiometer
(MRT-06, Optel, Poland).

Curcumin treatment with and without irradiation - study in vitro,
Cells were seeded in 96-well plates in count of 1x10% cells per well
and incubated overnight in complete growth medium to allow for
cell attachment. Then DMEM was replaced with media containing
different concentrations (0, 5, 10, 15, 25, 50, 100, 200 mM) of CUR
and subsequently the plates were further incubated in the dark for
2 and 24 h. After this incubation, cell culture medium was replaced
with fresh DMEM before irradiation. Then cells were incubated for
24h and cell viability measurements were carried out afterwards.

Cell viability measurement. Cell viability was measured using the MTT
assay, a method based on the activity of mitochondrial dehydrogenases.
Culture medium was removed from the wells and 100 pl of 0.5 mg/ml
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma) in PBS buffer was added. After 2 h incubation at 37°C 100 ul
of the acidified isopropanol (0.04 M HCI in absolute isopropanol) was
added to dissolve formazan crystals. Absorbance was measured at 570
nm using the multiplate reader (EnSpire, Perkin Elmer, Waltham, MA,
USA). The results were expressed as the percentage of viable cells
relative to untreated control cells.

Cell death quantification assay. The SNB-19 cells were placed on
6-well plates and allowed to attach. Then the cells were incubated
for 2 and 24 h in 10 and 50 uM CUR solution. The cells were
irradiated to determine the effect of photodynamic reaction with
CUR or not to evaluate the action of CUR alone on cell death.
Subsequently, the medium was replaced with DMEM and the cells
were incubated for 24 h, washed with PBS and trypsinized. The cells
were stained with fluorochrome-labeled Annexin V which was used
to detect phosphatidylserine (PS) exposure on the cell surface in the
early stage of apoptosis, and also stained with propidium iodide (PI)
to detect of secondary necrotic cells related with loss of plasma
membrane integrity according to the manufacturer’s instructions
(APC Apoptosis Kit with PI, BioLegend San Diego, CA, USA).
Fluorescent intensities were determined on FACS Calibur flow
cytometer (Becton Dickinson, Biosciences, San Jose, CA, USA).

Confocal laser microscopy study. To analyze CUR uptake and
visualize the cell morphology a confocal laser scanning microscopy
(CLMS) was used. The SNB-19 cells were incubated on cover glasses
in Petri dishes overnight and then treated for 2 and 24 h with 10 uM
CUR. After incubation the cells were washed 3 times with PBS and
DAPI (4,6-diamidino-2-phenylindole; 0.2 ug/ml, ex/em. 358/461 nm)
was applied to visualize nuclear DNA. At the end, cells were treated
with mounting medium (DAKO, Gdynia, Poland). The cells were
observed in Olympus FluoView FV1000 confocal laser scanning
microscope (Olympus, Tokyo, Japan). Plan-Apochromat 60x oil-
immersion objective was used to capture the images.

Statistical analysis. The effect of every concentration of CUR (with
and without irradiation) was examined on 5 or 4 wells. The
experiments were performed in 3 replicates. Data are expressed as
meanz+standard deviation of the mean and were analyzed by two-
way ANOVA (in GraphPad Prism 7), with p<0.05 being considered
statistically significant. ECs, values were calculated by nonlinear
regression (curve fit) of cytotoxicity data using sigmoidal dose
response (variable slope) equation.
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Figure 1. Viability of SNB-19 cells measured by the MTT assay a) after 2 and 24 h incubation in different CUR concentrations, b) after photodynamic
reaction, following 2 and 24 h incubation in different CUR concentrations. Notes: (mean=SD) N=5x3, *p<0.05 compared to control, #p<0.05
compared between different incubation times.

Results observed after 24 h incubation, and was especially visible in

CUR concentrations from 15 to 50 mM. The application of
Cell viability measured by the MTT assay. The incubation with ~ photodynamic reaction with CUR as a photosensitizer
CUR significantly decreased cell viability in comparison to  significantly decreased cancer cell viability after 2 h
control (Figure la). Lower viability of tumor cells was incubation compared with the non-irradiated group (Figure 1).
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The photosensitization enabled the use of 6,3 times lower
concentration of drug to decrease tumor cells viability by 50%
compared with curcumin therapy without radiation (Table I).
The enhancing effect of photodynamic radiation was not
observed after longer incubation time (Figure 1, Table I).

Effect of CUR on apoptosis. To monitor the progression of
apoptosis, the phenotypic changes occurring in apoptotic
cells were analyzed and quantified by double staining of
SNB-19 cells with fluorochrome-labeled Annexin V and PI.
The study revealed that 2 h of CUR treatment using the
concentrations of 10 and 50 uM reduces the percentage of
living cells by 25% and 50% respectively. Incubation for 24
h with 10 uM CUR for 24 h resulted in about 65%dead cells,
whereas with 50 uM CUR gave nearly 100% of dead cell
(Figure 2). Longer incubation time with CUR resulted in a
higher ratio of apoptotic cells (Figure 2a and c), and the
application of photodynamic reaction after 2 h incubation led
to over 90% cell apoptosis (Figure 2a and b). The use of
photodynamic reaction after 24 h of incubation showed an
increase in apoptosis at 10 uM and a decrease in necrosis at
50 uM, compared to CUR treatment alone (Figure 2¢ and d).

The intracellular localization of curcumin. To trace the
intracellular localization of CUR after different incubation
times, fluorescence emitted by cellular CUR was observed.
The green fluorescence emitted by CUR in the cells was
visible after 2 h of incubation and was uniformly distributed
over the entire cell (Figure 3). After a 24-h incubation,
fluorescence was noticed unevenly placed in the cytoplasm
(Figure 3). This suggested that after reaching an optimum in
about 2 h, CUR absorbed by cancer cells changes
localization and decreases with time.

Discussion

In this study, responses of glioblastoma cells to curcumin
treatment were investigated. The ECs for glioblastoma cells
was calculated to be below 40 pM. Hande et al. obtained
similar values of ICs, for glioblastoma multiforme and
medulloblastoma (IC57<50 uM) cells in in vitro studies.
Additionally, they have shown that healthy human fibroblast
cells displayed the highest IC5, of 90uM and were more
resistant to CUR than brain tumor cell lines (24).
Furthermore, several in vitro studies confirmed the selective
effect of CUR on cancer cells. Kunwar et al. have examined
the cellular uptake of CUR and noticed that tumor cells
showed significantly higher uptake of CUR as compared to
normal cells (26). Chang et al. have shown that CUR induced
greater cytotoxicity on osteosarcoma cells than on healthy
human osteoblasts in a dose-dependent manner (27). Finally,
Krishnan et al. have established that CUR after 48 h
incubation showed no significant cytotoxicity on primary
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Table I. ECsy value of CUR as a drug and as a photosensitizer. Results
expressed in mM of CUR.

Time of incubation CUR CUR [uM] + Ratio
[h] [uM] light (fold)
2 36.5£2.0 5.74+0.21 6.3
24 12.8+2.3 21.60+1.20 0.6

cortical neurons and astrocytes in up to 50 uM concentration
(28). The results of these studies indicate that CUR has a
selective anticancer effect, but to uncover the mechanism
further structural and molecular research on tumor and
normal cell lines is required.

The determination of intracellular localization of CUR
might be helpful in explaining the anticancer effect of this
substance. Since CUR has lipophilic properties it was
expected to accumulate mainly in the cell membrane.
Kunwar et al. have confirmed the differential uptake of CUR
in sub-cellular components (26). The highest percentage of
curcumin was observed in the membrane fraction, and then
in the order membrane >cytoplasm >nucleus > mitochondria.

In most of the studies carried out both on humans and
animals, CUR was delivered orally (29). After oral
administration of a 2 g/kg dose, in rats, CUR reached the
maximum serum concentration of 1.35+0.23 pg/ml. In humans,
however, after the same dose, the serum levels of CUR were
either undetectable or extremely low (0.006+0.005 pg/ml) (29).
There are four main obstacles in reaching satisfactory
concentrations of CUR in the bloodstream: poor solubility in
blood due to its lipophilic character, low absorption from the
gut, rapid metabolism and rapid systemic elimination (30).

Clearly poor solubility in water (about 11 ng/ml), limits
its absorption from the gut (31). To overcome this problem
scientists suggested some solutions such as: 1) binding of
CUR to a carrier to facilitate its transportation from the gut
to the bloodstream, 2) addition of inhibitors of the common
phase II enzymes to slow down the metabolism of CUR and
eventually 3) synthesis of analogs or conjugates to not only
improve poor solubility, but also stability of the compound.
Some trials included also combinations of the above-
mentioned techniques (32).

A promising strategy, based on self-microemulsifying drug
delivery systems (SMEDDS), has been described by Saipin
et al. (33). Application of this suspensions showed 14- and
10- fold increased absorption in comparison with aqueous
suspensions of CUR (31).

Another compelling alternative seems to be additional use
of piperine, a natural alkaloid that has been described to
inhibit glucuronidation in both rodents and humans. The
effectiveness of this approach was tested on human
volunteers who after administration of 25 mg of piperine and
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Figure 2. The percentage ratio of undamaged, necrotic, apoptotic and late apoptotic SNB-19 cells after different times of incubation with CUR (a,
¢) and incubation with CUR followed by photodynamic reaction (b, d). Results expressed as percentage of cells.

2 g of CUR developed CMAX of 0.08+0.01 pg/ml (32).
Additionally, the study of Ryu et al. has shown, that usage
of piperine increased CUR brain uptake by 48% compared
to the same dose of CUR without piperine. The uptake from
other organs remained nearly the same (34).

An interesting approach that enhanced CUR bioavailability
was presented in the study of Purpura et al. They measured the
bioavailability of y-cyclodextrin CUR formulation (CW8). CW8
gave a 39.1-fold increase in relative bioavailability of CUR in
comparison with standardized unformulated CUR extract (35).
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Oral administration maybe well described and studied, but
intravenous injections of CUR appear to result in higher
concentrations of the drug in serum. Studies have shown that
10 mg/kg of CUR injected intravenously in rats gave a
maximum serum CUR level of 0.36 ug/ml (in comparison, a
50-fold higher CUR dose given orally resulted only in
0.06+0.01 pg/ml maximum serum level) (29). There are
several studies where scientists attempted to increase
bioavailability of CUR after intravenous administration.
They included Inulin-d-a-Tocopherol Succinate (INVITE)
nanomicelles (36) or used Redox nanoparticles to inhibit
CUR oxidative degradation (37).

The most perspective method is linking CUR with
glioblastoma specific antibodies - CD68. Using this technique
Langone et al. have reached 120-fold decrease in the 1Cs( of
CUR on different glioblastoma cell lines. Moreover, the
applied amount of CUR had no significant effect on healthy
cells. In vivo studies on mice with the CUR-linked antibodies
provided 1.5 pM CUR concentration in the tumor tissue (38).

Therefore, taking into account the studies discussed above,
intravenous administration of CUR seems reasonable in
glioblastoma therapy. Nevertheless, more studies are required
to enhance CUR concentration in tumor site and to establish
more effective curcumin treatment methods. In our study, we
proposed another way of improvement of CUR’s function. To
increase the efficiency of curcumin treatment, we investigated
the effect of photodynamic reaction with CUR on the viability
of glioblastoma cells. We observed a 6.3-fold decrease in the
ECj4 after photoactivation of CUR following 2 h incubation.
However, radiation of cancer cells after 24 h incubation
showed no additional effect emphasizing the importance of a
short incubation time. The study of apoptosis confirmed the
increase in the effectiveness of CUR therapy after the
application of the photodynamic reaction. Cell death occurred
almost entirely via apoptosis. Investigation of the localization
of CUR provided a possible explanation for this phenomenon;
high CUR fluorescence was observed after 2 h. Kunwar et al.
have shown that after 0.5 h fluorescence, CUR in MCF7 cells
was observed in the entire cell, and over time the fluorescence
intensity appeared to be localized in various compartments
(26). The change in CUR localization with time may result in
increased cell survival after 24 h of incubation and application
of photodynamic reaction.

The current study indicated, that this relatively short time
might provide the best safety and convenience of therapy in
future trials and photosensitization of curcumin decreases the
dose which has to be achieved in serum.

Jamali et al. have broached the subject of PDT with CUR
as a photosensitizer on brain tumor cells. They performed the
photodynamic reaction (blue LEDs, radiation dose light 60
J/ecm2) with CUR as photosensitizer on the DKMG cell line.
Results showed significant and promising CUR dose-
dependent reduction in cell viability (39). The outcome
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Figure 3. Intracellular localization of CUR in SNB-19 cells. The FITC
filter was used to detect fluorescence emitted by CUR. DAPI filter was
used to achieve DNA selective fluorescence.

obtained by Jamali et al. is compatible with the results of our
trials. Although the use of CUR as a photosensitizer has not
been tested in any clinical trial, there are numerous other
studies investigating the in vitro effect of CUR in PDT on
multiple cancer cells i.e. oral cancer cells (40), cervical
carcinoma cells (41) as well as human keratinocyte (42), colon
and prostate cancer (43). According to the latest reports, CUR
induces apoptosis by involving several mechanisms: 1)
upregulation of p53 expression, 2) increased Bax expression,
that leads to initiation of mitochondrial apoptotic pathway, and
3) expression and release of cytochrome c (23). Taken together,
our results indicated that CUR is a promising medicament and
PTD photosensitizer for brain cancer. Although a 2-h
incubation time seemed to be optimal to achieve the best
outcome, the actual delay time between drug administration
and radiation in vivo requires further investigations.

Even though there are no recommendations to use
photodynamic therapy as an adjuvant therapy for
glioblastoma, some clinical studies have shown promising
results. In these studies, talaporfin sodium was administrated
intravenously as a photosensitizer and the resection cavity
was irradiated using 664-nm semiconductor laser. The
analysis of treatment efficiency was mainly focused on
newly diagnosed or recurrent GBM. Due to strict criteria and
the fact that brain tumors are relatively rare in the
population, the number of study participants wasn’t high
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enough to clearly confirm the effectiveness of adjuvant PDT.
However, considering the results, the physicians concluded
that PDT may provide an additional benefit to the treatment
of primary malignant high-grade brain tumors and it may
lead to prolongation of patient’s survival. Moreover, PDT is
safe and provides minimal risk of side-effects, so future
studies may safely analyze a high number of patients (44).
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