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Abstract

Background and aim. Photodynamic therapy, PDT, is a promising option among
the local treatments with oncolytic potential. Although the basic principle is simple,
its intricate mechanisms allow for a broad range of optimization methods. The
purpose of this study was to assess the effects of Resveratrol and Curcumin as
adjuvants of PDT on experimental tumors.

Methods. Sixty-six Wistar male rats were divided into 11 groups: control, Curcumin
(CUR), Resveratrol (RES) alone or followed by irradiation (IR) (CUR+IR
and RES+IR, respectively), 5,10,15,20-tetra-sulphonato-phenyl-porphyrin
(TSPP), TSPP+IR (PDT), and CUR or RES administered prior to or after PDT
(CUR+TSPP+IR, RES+TSPP+IR, TSPP+IR+CUR, TSPP+IR+RES).

Results. Both CUR and RES significantly decreased lipid peroxidation, while
RES also showed an increase in glutathione (GSH) levels, especially when it was
administered before PDT (p<0.01). Both antioxidants decreased cyclooxygenase
(COX)2 expression, to a minimum when they administered prior to PDT (p<0.001
and p<0.01) while nitric oxide synthase (NOS)2 expression diminished in the
combined regimen, particularly in RES associated with PDT. CUR and RES induced
similar changes in terms of cell death, but CUR seemed to be more efficient on
tumor necrosis and showed a higher apoptotic index when was administered after
PDT (p<0.001).

Conclusion. Both RES and CUR in association with PDT decreased oxidative
stress, diminished the COX2 and NOS2 expressions and increased cell death by
positively influencing the necrotic rate and apoptotic index, particularly when CUR
was administered after PDT. The results show that CUR is a promising class to
study in PDT optimization and further invites to exploit its promises.
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Background and aims

Photodynamic  therapy is a
known oncolytic treatment in which
the administration of a photosensitizing
agent causes a sequence of photochemical
and photobiological processes, which
result in selective damage to the target
tissue [1-3]. Although it was initially
used for benign diseases, PDT has lately
been added to the resources mounted to

fight the burden of cancer [4] showing
promise in this struggle mainly due to its
advantages in terms of diminished side-
effects over other therapies. Specificity,
healing with little or no scarring, and non-
invasiveness further add to this [5].

PDT relies on three components: a
locally-applied/systemically-administered
inactive substance (photosensitizer, PS),
its activation by light of appropriate
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wavelength and oxygen. The specific accumulation of the
photosensitizer in pathologic tissues and the activation of
its molecules generate intense oxidative and nitrosative
stress in the tumor tissue. The reactive oxygen species that
are consequently formed (2) exert their action by direct
cytotoxic effects, innate and adaptive immunity recruitment
and activation, and by tumor vessels damage [6,7] (Figure 1).
Subsequently, cells die by apoptosis, necrosis and autophagy.
Despite promising results, lack of phase three
trials cannot make PDT an independent competitor to
surgery, chemo- or radiotherapy. For this reason, numerous
attempts have been made to improve on the therapy by
finding new photosensitizers, combining them, discovering
new ways of enhancing their accumulation in the tissue,
altering administration by metronomic PDT, cytoprotective
blockade, combining PDT with other therapies or adding
new drugs/substances as adjuvants to the therapy [8,9].
Such an adjuvant could be Curcumin, a natural
compound extracted from the Turmeric plant (Curcuma
longa), which has been described as having antimicrobial,
antiinflammatory and antitumor characteristics [10-12].
It enhances PDT due to its internal molecular resonance
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stability, which confers radical chain inducing potential
[13]. Curcumin can also scavenge nitric oxide directly and
inhibit its biosynthesis [14,15]. Some studies on Curcumin
therapy in combination with PDT, performed with UVA
or blue light, underlined its antitumoral in vitro activity
on tumor cells. Another study presented the effects of
Curcumin with phototherapy (visible light) in a murine
model of a human subcutaneous tumor [16]. Among the
most important actions of Curcumin though seem to be the
inhibition of induction pathways of fibroblast growth factor
(FGF)-1 [17].

Resveratrol  (3,5,40-trihydroxy-trans-stilbene) is
another natural compound, a stilbenoid found in blueberries,
raspberries, red wine, grapes, peanuts, pomegranates, or
soy beans. It is known to be a biologically active substance
against diabetes, inflammation, obesity [18], but also
a potent growth inhibitor in many types of cancer [19]
including thyroid [20], lung [21], breast [22] and gastric
cancer [23]. While it can protect normal cells from ROS-
induced cytotoxicity due to its antioxidant property,
Resveratrol can also help in differentiating cancer cells and
hindering their growth [24].

Dendritic cells

Figure 1. Principles of photodynamic therapy (PDT). Upon injecting the inactive photosensitizing agent and its accumulation in the
tumor, light of an appropriate wavelength is used to activate it (here, red light). Therefore, a change in state ensues and a triplet state
is reached, with a greater energy, but shorter lifespan. The subsequent photochemical and photobiological reactions exert their effects
by: (1) innate immunity recruitment and generation of a systemic inflammatory response with adaptive immunity activation, (2) direct
cytotoxic effects, and (3) tumor vessels damage. Their synergistic effect results in cell death, either apoptosis, necrosis or autophagy (original
illustration reproduced by courtesy of Tiberiu Popescu adapted from Castano, 2006).
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Based on these data, our study investigated
an alternative method of PDT optimization by using
Resveratrol and Curcumin, individually, both before
and after PDT. The effects of the combined therapeutic
regimens were evaluated by assessment of oxidative and
nitrosative stress parameters (malondialdehyde - MDA,
glutathione reduced - GSH, glutathione oxidized - GSSG,
NOS2), level of inflammation (COX2 expression) and
cell death (histopathological and immunohistochemical
quantification of apoptosis).

Methods

Reagents

O-phthalaldehyde, reduced glutathione, Bradford
reagent, Curcumin and Resveratrol were provided by Sigma-
Aldrich Chemicals GmbH (Munich, Germany), while
EDTA-Na2 and 2-thiobarbituric acid were purchased from
Merck KGaA (Darmstadt, Germany). Absolute ethanol,
hydrogen peroxide and n-butanol were obtained from
Chimopar (Bucharest, Romania) and TUNEL assay kit was
supplied by Roche (Mannheim, Germany). Polyclonal anti-
NOS2 antibody (1:200) and anti-COX2 antibody (1:300)
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) and LSAB-HRP kit from Dako, North America
(Inc. CA, USA, KO0679). 5,10,15,20-tetra-sulphonato-
phenyl-porphyrin (TSPP) was received as a donation from
Mrs. Rodica-Mariana Ion, from National Institute of R&D
for Chemistry and Petrochemistry — ICECHIM, Bucharest,
Romania [25].

Experimental design

Sixty-six Wistaralbinorats (190+10 g) provided by the
Animal Facility of the Experimental Medicine and Practical
Skills Center, Iuliu Hatieganu University of Medicine and
Pharmacy, Cluj-Napoca, were used in the experiments. The
animals were housed for ten days in the Animal Facility of
our Department for acclimatization before treatment. Food
was supplied twice daily (standard pellet) and water was
provided as libitum. Prior to starting any animal experiment,
the Ethical Comittee on Animal Welfare of Tuliu Hatieganu

University of Medicine and Pharmacy, approved the study
protocol as of decree no 143/30.03.2017, in accordance with
the Romanian legislation enforced by European Union (EU)
directive 2010/63/EU, and with the National Veterinary and
Food Safety Authority.

Each rat was inoculated subcutaneously (s.c.)
in the right thigh with Walker 256 -carcinosarcoma
fragments, by means of a trocar and under anesthesia.
Walker carcinosarcoma is a transplantable carcinoma
that originally appeared spontaneously in the mammary
gland of the pregnant rat. After multiple transplantation
the tumor become sarcomatous respectively a mixture
of carcinoma and sarcoma. The tumor cells transplanted
can induce primary tumors, both subcutaneously (solid)
and intraperitoneally (ascitic) and may metastasize after
intravenous injection.

Treatment started when the tumor volume reached
1 cm®. The animals were randomly assigned into eleven
groups (n=6) as follows (Figure 2):

* group a (control) — untreated group;

* group b — Curcumin (CUR) 50 mg/kg body weight
(b.w.), dissolved in 0.5 ml carboxymethyl cellulose (CMC)
0.5% administered through oral gavage for 7 days;

* group c — Resveratrol (RES) 10 mg/kg b.w. in 0.5
ml CMC 0.5% through oral gavage for 7 days;

* group d — Curcumin + Irradiation (CUR+IR);

* group e — Resveratrol + Irradiation (RES+IR);

» group f — TSPP (10 mg/kg b.w., single dose, oral
gavage);

» group g — TSPP + Irradiation (TSPP+IR), or the
actual photodynamic therapy (PDT) regimen;

* group h — Curcumin 50 mg/kg b.w. administered
for 7 days before PDT (CUR+TSPP+IR);

* group i — Resveratrol 10 mg/kg b.w. administered
for 7 days before PDT (RES+TSPP+IR);

* group j — Curcumin 50 mg/kg b.w. administered
for 7 days after PDT (TSPP+IR+CUR);

» group k — Resveratrol 10 mg/kg b.w. administered
for 7 days after PDT (TSPP+IR+RES).
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Figure 2. Experimental design.

MEDICINE AND PHARMACY REPORTS Vol. 95 / No. 2 /2022: 165 - 178

for groups g-k

b.w for group j
RESVERATROL 10 mg/kg
b.w for group k

tumor harvested)




Oncology

Irradiation (IR) was performed under anesthesia
24 hrs after CUR or RES or TSPP administration and
was delivered by means of a D-58 Therapeutic Laser
model (irradiation parameters: A=685 nm, mean power:
25 W/ecm?, dose: 50 J/ecm?, frequency: 10 Hz, spot
diameter: 10 mm, duration: 15 min). General anesthesia
was acquired by means of a 10% ketamine and 2%
xylasine combination. Blood samples and tumor tissue
fragments were harvested 24 hrs after the last treatment
for histopathology, immunohistochemistry (IHC) and
biochemical analysis. All parameters quantified in the
tumor tissue were mentioned with ’t” before the name and
the parameters evaluated in serum samples were noted
with s” before the name of parameter.

Isolation of tumor samples

In order to perform the biochemical analyses, the
harvested tumors were stripped of the adjacent connective
tissue and minced on ice with a Polytron homogenizer
(Brinkman Kinematica, Switzerland) for 3 min, in PBS
(pH 7.4), ratio 1:4 mass/volume [26]. For obtaining
the cytosolic fraction, the subsequent suspension was
centrifuged for 5 min at 3000 rot/min and 4°C. Protein
measurement in the homogenates followed the Bradford
protocol [27].

For pathology examination, part of the harvested
tumors was fixed in 10% neutral buffered formalin
and kept for 18-24 hours at 4°C. Fixed tissue was
subsequently dehydrated in growing concentrations
of ethanol (70%, 95%, 100%), washed in xylene and
paraffin-embedded. Serial 5 um sections were obtained
and processed for conventional hematoxylin—eosin
staining, immunohistochemistry for COX2, NOS2 and
the TUNEL assay.

Oxidative and nitrosative stress markers

In order to quantify the redox imbalance induced
by PDT and the impact of CUR and RES on the PDT
efficiency, the malondialdehyde (MDA) levels and
glutathione reduced/glutathione oxidized ratio (GSH/
GSSG) were assessed. MDA levels were determined
using the fluorimetric method with 2-thiobarbituric acid
[28] and the results were expressed as nmoles/mg protein
[29]. Reduced and oxidized glutathione (GSH and GSSG,
respectively) were determined using the fluorimetrical
method based on o-phthalaldehyde reactive [30].

Histopathology and immunohistochemistry
evaluation of COX2 and iNOS2

Five um sections were incubated overnight at 4°C
with primary polyclonal goat anti-NOS2 and anti-COX2
IgG antibodies (Santa Cruz, CA, USA) in concentrations
of 1:200 and 1:300, respectively. The sections were then
prepared with a LSAB® peroxidase kit (K0679)-HRP
kit (Dako Agilent, CA, USA) and the reaction products
were detected by a DAB reaction. IHC reactions were
scored according to a system based on the extent and
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intensity of the positive stain as previously published
[31,32] as follows: 0, negative reaction; 0.5-1+, low
reaction; 2+, moderate reaction; 3+, intense reaction;
4+, very intense reaction. To check the specificity of the
immunohistochemistry tests, tissues in which primary
antibodies were omitted from the initial incubation were
used as a negative control. All samples were examined by
two morphopathologists blinded for treatment conditions
by using Optika B-383LD2 microscope, with a CCD
sensor camera. The percentage of TUNEL positive cells
divided by the total number of all cells from each section
were used to appreciate the apototic index (%). For the
detection of necrosis, conventional hematoxylin-eosin
staining was performed. The Weibel scale was used to
dimension the microscopic field. Each field had a surface
of 7.56 mm?. The percentage of necrotic cells within the
total number of cells on 3 randomly chosen microscopic
fields was calculated and the % of necrotic cells/mm? at
x200 magnification was determined [33,34].

Statistical analysis

Descriptive statistical analysis was done for
quantitative variables using means + standard deviations
and column charts. The necrotic and apoptotic indexes
were presented in percentages +standard deviations and
column charts. One-way ANOVA was used to check
statistically significant difference between group means,
followed by multiple comparisons using a pairwise
Tukey’s Post-hoc test since all groups’ size was the same.
Kolmogorov-Smirnov and Shapiro-Wilk were used to test
the normality of data using statistical software SPSS 17.0.
The values were statistically processed using GraphPad
Prism version 5.03 for Windows, Graph-Pad Software,
(San Diego, CA, USA). The threshold significance level
was p<0.05 (***p<0.001; **p<0.01; *p<0.05 compared
to the control group; #p<0.01 and **p<0.001 compared to
TSPP+IR group or PDT group)

Results

Oxidative and nitrosative stress markers

MDA levels express the action of reactive oxygen
species on lipids (Figure 3). Lipid peroxidation increased
in tumor tissue of the PDT group compared to the control,
untreated group (tMDA: 0.70+0.19 nmoles/mg protein vs.
0.18+0.07 nmoles/mg protein; p<0.001) (Figure 3a). MDA
levels were invariably lower in the groups subjected to
combined therapy than PDT alone (TSPP+IR), irrespective
of the sequence of CUR or RES administration. Indeed,
the addition of RES prior to PDT significantly lowered
the tumor MDA (tMDA) levels to 0.30+£0.11 nmoles/mg
protein (p<0.001), as did its administration afterwards
(2.26+0.04 nmoles/mg protein; p<0.001) when compared
to those in the PDT group (0.70+0.19 nmoles/mg protein)
(Figure 3a). The same was observed for the serum MDA
levels (sMDA) (Figure 3c). PDT induced lipid peroxides
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formation (3.49+0.92 nmoles/ml vs. 1.58+0.07 nmoles/
ml in control group) while the combination regimens
significantly lowered the values to 2.04+0.33 nmoles/
ml (RES+PDT) and 1.72+0.55 nmoles/ml (PDT+RES),
in comparison to the PDT alone (p<0.01 and p<0.001
respectively).

A similar tendency was noted in the Curcumin
regimens, where pre-PDT tMDA and sMDA decreased
compared to the PDT group (0.28+0.12 nmoles/mg
protein in tumor and 1.784+0.26 nmoles/ml in serum vs.
0.18+£0.07 nmoles/mg protein in tumor and 1.58+0.07
moles/ml in serum of PDT group; p<0.001) (Figures
3b and Figure 3d). However, for the post-PDT tMDA
(0.2440.05 nmoles/mg protein) and sMDA (0.68+0.41
nmoles/ml) levels, a marked lower value was observed
in the latter, when Curcumin was administered after PDT
(p<0.001).

tMDA

nmoles/mg P

sMDA

nmales/ml

Reduced glutathione (GSH), one of the most
important ROS scavengers, and its oxidized counterpart
(GSSQ), are non-enzymatic parameters used to evaluate
antioxidant capacity and assess the redox status (GSH/
GSSG ratio). As shown in Figure 4, RES and RES+IR
increased the glutathione reduced levels in tumor tissue
(23.50+2.41 nmoles/ml) when compared to the control,
untreated group (12.01£2.11 nmoles/ml; p<0.001) (Figure
4a). The administration of RES before PDT increased the
GSH levels in tumor homogenates (21.64+5.26 nmoles/
ml) in comparison to animals subjected PDT (14.14+3.07
nmoles/ml; p<0.01).

There were no significant differences in the
groups receiving CUR when compared to the PDT group,
irrespective of the sequence of administration (Figure
4b). The same stayed true for GSSG levels in tumor tissue
(Figure 4c and 4d) and in serum (Figure 5c and 5d) in the
RES or CUR treated groups (p>0.05).

tMDA

1.0

nmolesimg P

sMDA

nmoles/mi

Figure 3. MDA levels in tumor tissue and serum in groups treated with RES and CUR associated with PDT. PDT with TSPP
increased MDA levels in tumor tissue both in regimen which associated RES (a) or CUR (b) to PDT. In addition, PDT enhanced MDA
levels in serum in the same groups (c, d). RES administration prior to PDT or after PDT diminished lipid peroxidation in tumor tissue
(p<0.001) and serum (p<0.01). The regimen which associated CUR before PDT reduced also MDA levels in tumor and serum (p<0.001).
Data are depicted as mean + SD. Statistical analysis was performed by a one-way ANOVA, with Tukey’s multiple comparisons posttest
(*p<0.05, ***p<0.001 as compared to control group and *p<0.01, **p<0.001 as compared to PDT group).
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Figure 4. GSH and GSSG levels in tumor homogenates in groups treated with combined regimen. PDT with TSPP decreased GSH
levels in tumor tissue (a) while RES, RES+IR and RES+PDT increased GSH values compared to control group (p<0.001 and *p<0.01).
GSSG levels in both combined regimens and in PDT associated with CUR did not increase. Data are depicted as mean + SD. Statistical

analysis was performed by a one-way ANOVA, with Tukey’s multiple comparisons posttest ***p<0.001 as compared to control group
and #p<0.01 as compared to PDT group).

IZ' sGSH IZ'

nmoles/ml

sGSSG sGSSG

Figure 5. GSH and GSSG levels in serum in groups treated with combined regimen. PDT with TSPP did not change significantly

the GSH and GSSG levels in serum of animals treated with combined regimen. Data are depicted as mean + SD. Statistical analysis was
performed by a one-way ANOVA, with Tukey’s multiple comparisons posttest.
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Evaluation of COX2 and NOS2 by
immunohistochemistry

COX2. CUR and RES, both alone and in the
irradiated groups (groups b-e), induced a significant
decrease of COX2 expressions (p<0.001) (Figure 6 a-k and
1-m). TSPP exposure followed by irradiation (group g) did

not significantly change COX2 expression in experimental
tumors. Nonetheless, the addition of CUR and RES to
PDT significantly decrease COX2 compared to PDT group
(groups h-k vs group g), especially when the antioxidant
agent was administered before PDT (p<0.001).

drivdr

IHC reaction score

COX2

IHC reaction score
p_ @ & &

=
1

=1

Figure 6. Inmunohistochemistry for COX2 in control and experimental groups. a-Control, b-CUR, c-RES, d-CUR+IR, e-RES+IR,
f-TSPP, g-TSPP+IR, h-CUR+TSPP+IR, i-RES+TSPP+IR, j-TSPP+IR+CUR, k-TSPP+IR+RES. x200, scale bar = 20 um. Data are
depicted as mean + SD. Statistical analysis was made with one-way ANOVA, using Tukey’s multiple comparisons posttest ***p<(0.001
as compared to control group and #p<0.01 and ##p<0.001 as compared to PDT group).
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NOS2. NOS2 expressions decreased significantly in ~ control group (p<0.001). The combined regimens (groups
the groups receiving RES, RES+IR and CUR+IR (groups  h-j) showed a significant decrease of NOS expression
c-¢, Figure 7). A different expression pattern was observed  compared only to PDT (p<0.001). RES administered after
after CUR administration and irradiation (group b). In  PDT (group k), didn’t show significant changes in NOS2
this group, NOS2 decreased significantly compared to  immunoreactivity compared to PDT.

IHC reaction score
IHC reaction score

T
T
P

Figure 7. Inmunohistochemistry for NOS2 in control and experimental groups. a - Control, b-CUR, c-RES, d-CUR+IR, e-RES+IR,
f-TSPP, g-TSPP+IR, h-CUR+TSPP+IR, i-RES+TSPP+IR, j-TSPP+IR+CUR, k-TSPP+IR+RES. x200, scale bar = 20 um. Data
are depicted as mean = SD. Statistical analysis was performed by a one-way ANOVA, with Tukey’s multiple comparisons posttest
**%p<0.001 as compared to control group and **p<0.001 as compared to PDT group).
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Necrosis and apoptosis evaluation noticed. CUR and irradiation (CUR+IR) (group d) induced

Histological evaluation revealed that CUR and  focal karyorrhexis associated with hyperchromic nuclei
RES (groups b and c) induced similar changes in tumor  whereas RES+IR (group e) induced slight changes such
structure (Figure 8). Thus, karyolysis without inflammatory ~ as hyperchromic nuclei. Pretreatment with CUR and RES
infiltrate, piknosys, spongious and hyperchromic nuclei  before PDT (groups h and i), showed that the CUR had
and cytoplasm with vacuolar degeneration tendencies were  similar effect with RES on tumor necrosis.
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¥ ‘s ]
oy % ..1‘-’ ‘J‘
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g 8

% necrotic cells
% necrotic cells
E3

Figure 8. Histopathological examination of tumor sections for necrosis assessment. a-control, b-CUR c-RES, d-CUR+IR, e-RES+IR,
f-TSPP, g-TSPP+IR, h-CUR+TSPP+IR, i-RES+TSPP+IR, j-TSPP+IR+CUR, k-TSPP+IR+RES, x200, scale bar = 20 pm. Data are
depicted as mean + SD. Statistical analysis was made with one-way ANOVA, using Tukey’s multiple comparisons posttest ***p<0.001
as compared to control group and **p<0.001 as compared to PDT group).
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In the TSPP+IR+CUR group, histological exam
revealed large areas of necrosis, diffuse cytoplasm,
frequent karyolysis without inflammatory infiltrate
whereas in the TSPP+IR+RES group, histological
evaluation showed rare pyknotic nuclei, well condensed
nucleoli and rare necrosis.

The same changes were observed when CUR
or RES were administered before PDT (groups h and
i). In tumors subjected to CUR+TSPP+IR, histological
evaluation revealed vacuolated hyperchromic nuclei, clear

cytoplasm, frequent necrosis and karyolysis, frequent
cells in the post-mitotic phase marked by two nuclei in
the same cell and nuclear dysplasia. The percentage
of necrotic index calculated on 3 randomly chosen
microscopic fields showed an important percentage in
PDT group (64.27+1.75 %) compared to control group
(4.23+0.12%, p<0.001). The administration of CUR after
PDT increased the necrotic cells per mm? (15.31+0.30 %)
compared to control group (p<0.001) but the values were
significantly lower than those obtained after PDT.

apoptotic index

index apoptotic (%)

apoptotic index
15
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Figure 9. TUNEL assay and apoptotic index for programmed cell death assessment in control and experimental groups. a-control,
b-CUR, ¢-RES, d-CUR+IR, e-RES+IR, f-TSPP, g-TSPP+IR, h-CUR+TSPP+IR, i-RES+TSPP+IR, j-TSPP+IR+CUR k-TSPP+IR+RES,
x200, scale bar = 20 um. Data are depicted as mean + SD. Statistical analysis was made with one-way ANOVA, using Tukey’s multiple
comparisons posttest ***p<0.001 as compared to control group and “*p<0.001 as compared to PDT group).

174

MEDICINE AND PHARMACY REPORTS Vol. 95 / No. 2 /2022: 165 - 178



Original Research

The TUNEL assay revealed a pro-apoptotic effect of
both CUR and RES in association with irradiation (CUR+IR
and RES+IR) (Figure 9, groups d and e) or in PDT (group
g). CUR amplified the effect of PDT (apoptotic index >10%
whereas in the control group the apoptotic index was 3.5 -
4+0.2% and in PDT group about 7.5 - 8+0.4%) similar with
values obtained in CUR+IR (p<0.001).

Discussion

Photodynamic therapy made its way as a known
weapon in the armamentarium against cancer, as did new
conceptual approaches of tumors based on observations
proposed by Hanahan and Weinberg in an update of their
seminal paper [34]. They described new enabling and
emerging hallmarks of cancer such as avoiding immune
destruction, deregulating cellular energetics, and tumor-
promoting inflammation. PDT can be synergistically used
as a means of exploiting them in order to increase tumor
response. It has been shown to downsize tumors, prevent
growth of metastases and prolong survival in a mouse
model subjected to PD-1/PD-L1 blockade [35], or help in
establishing a DC - mediated immune response [36]. Some
classes of drugs, such as nonsteroid anti-inflammatory
drugs (NSAIDs) [37], have been shown to be a good
match for photodynamic therapy, since COX2 expression
offers tumor cells a growth advantage [38]. Clinical
guidelines already indicate the use of this class of drugs for
chemoprevention for colorectal cancer [39,40].

Lastly, deregulated cellular energetics, with
shifted redox equilibrium, can modulate different cellular
processes, including cell proliferation and survival [41].
In this context, the use of antioxidants, such as Curcumin
[42] and Resveratrol [43] was proposed as a way of
preventing cancer or be used as adjuvants to its treatment.
PDT with TSPP increased lipid peroxides formation and
induced apoptotic response of tumor cells as mechanisms
of cell death. Both natural antioxidants diminished MDA
generation, increased antioxidant capacity in tumor
and reduced inflammation, especially when they were
administered before PDT. The apoptotic index decreased
in the combined regimen of PDT with RES, while CUR
administered after PDT increased apoptosis, when
compared to PDT.

Low levels of tumor and serum MDA, as a
surrogate of ROS damage on membrane lipids in the
groups subjected to the combined regimens (CUR and RES
associated to PDT) might be interpreted in conjunction
with an increase in antioxidant cell capacity, as shown by
the GSH levels in the same groups. This was expected from
two compounds well known for their purported antioxidant
properties. In order to prevent oxidative damage, the GSSG
reductase reduces GSSG to GSH. While in a normal cell
there is an evident surplus of GSH at molar ratios greater
than 100:1, different models of oxidative stress bring this
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ratio (i.e. GSH/GSSG) down to 1:1 [44]. Some studies tried
to use this ratio as a surrogate for redox status and as a
marker for oxidative stress in pediatric tumor patients [45].

On the other hand, added to PDT, irrespective of the
sequence of administration, RES and CUR seem to have
decreased tumor inflammation and down-regulated COX2
and NOS2 expressions. This was more obvious for NOS2
and for the groups treated with CUR, which raises the idea of
CUR decreasing oxidative stress. Kumari et al. [46] brought
further evidence in this regard. Thus, CUR decreased
stress parameters (nitric oxide, MDA) and increased the
antioxidant protection after intranasal administration
for acute lung inflammation. Nitric oxide (NO), the end-
product of NOS2 activity, seems to have a dual activity in
tumors. On the one hand, it has an antitumoral effect due to
its interaction with superoxide and peroxynitrite generation.
On the other, NO-induced vasodilation sustains tumor
nutrition, inhibits the expression of adhesion molecules and
hinders the immune response [47].

A greater percentage of necrotic cells have been
identified in the combined regimen groups when CUR
was administered after PDT compared to control group.
This, in conjunction with a downregulated NOS2, fairly
supports the idea of the anti-tumor effect of NOS2 activity
and NO generation, rather than its protective activity. This
is further supported by a greater apoptotic index in the
same regimen, compared to the effect of RES associated
to PDT, administered before and after PDT. Moustapha
et al described the existing crosstalk between autophagy
and apoptosis induced by CUR [48]. Other studies stated
the pro-apoptotic effect of CUR in cervical carcinoma cell
lines by up-regulation of Bax and activation of caspases-3
and -9 [49]. In combination with light, CUR induced 95%
phototoxicity of nasopharyngeal carcinoma cells [50]
and diminished the cell viability to 5% when was used as
photosensitizer in photodynamic therapy. The efficiency
of PDT has increased due to higher internalization of
Curcumin-nanoemulsion, both in cervical carcinoma cells
and in HaCaT cells [51]. On pediatric epithelial liver tumor
cells, PDT potentiated the antitumoral effect of Curcumin
[17] and acted synergistically with it on Caco-2 cells and
PC-3 lines [13]. In our study, CUR followed by irradiation
induced a high rate of apoptosis in tumor tissue compared
to PDT and administered after PDT maintained an elevated
level of apoptosis.

Previous results obtained with combined regimen of
PDT and Cornus mas fruits extract showed an increase of
apoptotic and necrotic indices in tumor tissue, associated
with a strong inflammatory reaction and DNA damage,
particularly when the extract was administered before
PDT [52]. Our results were in agreement with these and
confirmed the potential antitumoral effect of Curcumin
followed by irradiation or when was administered after
PDT.
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Data concerning the effect of combined regimen
in PDT with antioxidants are rather contradictory and
depend on the antioxidants used, dose and regimen of
administration. In our study, a lower effect of RES on
cell death can be explained in light of a new and spatial
perspective on ROS [53]. It seems that the greater intrinsic
tumor cell antioxidant capacity annihilates distant ROS
damage, while at the same time it allows localized ROS
signaling to promote cell proliferation and cell survival.

Another explanation for the results can be related to
the small number of animals studied. Using small samples
some of the statistical comparisons may not reach the
threshold of statistical significance. However, the obtained
results draw attention to these effects and motivate us to
continue research with a larger study with greater power,
in which to take into account all the factors that could
be involved (heterogeneity of tumor, the variability of the
amount of energy that reaches the cells, etc).

In this context, dietary antioxidants can increase
the pool of antioxidants that will act distantly, whereas
local tumorigenic ROS levels remain rather unperturbed.
The same pattern was noticed when Silimarin was
administered prior to PDT-it inhibited ROS generation and
apoptosis and consequently reduced the efficacy of PDT
on Walker carcinosarcoma in rats [54]. Unlike our results,
other studies revealed that RES associated to ALA-PDT
enhanced the effect of PDT on A431 cell proliferation and
apoptosis. Moreover, the expressions of p-ERK, p-p53,
p53 and caspase-3 increased after the combined therapy,
suggesting an effect mediated by p38/MAPK pathway
[55]. The extracts of Lumnitzera racemosa, Albizia
procera and Cananga odorata photoactivated were
cytotoxic against MCF-7 cells compared to the effects on
non-tumor cells and induced apoptosis [56]. All these in
vitro and in vivo results can be validated by confirmation
in patient therapy. However, the translation to the clinic
involves overcoming certain difficulties related to the low
penetration of the light into the tissue. For this, a new
class of up converting nanoparticles was designed, which
can convert near-infrared light, more penetrable into the
tissue, in visible red light in order to better activate the
photosensitizers [57]. The side-effects of PDT in clinical
practice, especially the damage on non-tumor cells, can
be limited by using selective PDT drugs which are located
mainly in the tumor cells or by using focused lasers as light
source. PDT damage can be reduced by using two-photon
excitation of photosensitizer [58] or by using metronomic
PDT (mPDT), method in which the drug and light are
delivered at very low dose over an extended period of
time [59]. Probably when using natural extracts associated
with PDT, an important step is the isolation of the active
compounds from the extract and their purification in order
to prepare specific drugs for PDT.
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Conclusion

In conclusion, both RES and CUR reduced
ROS generation and diminished the COX2 and NOS2
expressions, especially when the natural compounds were
administered before PDT, thus increasing the antioxidant
endogenous capacity. The combined regimen with CUR
was associated with an improved necrotic rate and apoptotic
index compared to control, particularly when CUR was
administered after PDT. Conversely, RES enhanced the
expression of NOS2, which might partially explain its
inability to increase the apoptotic index when compared
to the PDT or CUR-based PDT regimens. However, a
new perspective on ROS might change the strategy of
antioxidants use in PDT optimization by shedding a new
light on their mechanisms and by emphasizing both their
promises and perils.
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