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Abstract

Background/Aims: One of the treatments for breast cancer is surgical resection of the tumour
and prevention of recurrence with postoperative radiotherapy. Unfortunately, radiotherapy is
not always effective enough due to the low sensitivity of cancer cells to ionising radiation.
This study aimed to evaluate the radiosensitising properties of resveratrol, piceatannol and
polydatin on breast cancer cells, which differ in the presence of hormonal receptors on their
surface. Methods: The experimental part was carried out on triple-negative breast cancer
cells (HCC38) and hormone-dependent cells (MCF7). The study assessed the level of cell
death, changes in the expression of genes (BAX, BCL-2) and proteins related to the apoptosis
process (CASPASE 3, 8 and P53), changes in the expression of antioxidant enzymes (CATALASE,
SOD, GPx1/2) and NRF-2. Additionally, the expression level of RAD51 protein and histone
H2AX, which are involved in DNA repair processes, was assessed. Statistical significance was
evaluated by a two-way analysis of variance (ANOVA) followed by Tukey's post hoc test (p
< 0.05). Results: lonising radiation in combination with resveratrol or piceatannol activates
the apoptosis process by internal and external pathways. Greater sensitivity of MCF7 cells
compared to HCC38 cells to ionising radiation in combination with resveratrol is associated
with a weaker antioxidant response of cells and reduced intensity of DNA damage repair. DNA
repair induced by ionising radiation occurs more effectively in HCC38 cells than in MCF7 cells.
Conclusion: Resveratrol has the highest radiosensitising potential among the tested stilbene
for cells of both lines. The effectiveness of ionizing radiation in combination with resveratrol

(to a lesser extent with piceatannol) is more significant in MCF7 than in HCC38 cells.
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Introduction

Cancer is the second leading cause of death in the world. According to the oncology
report of the World Health Organization, the greatest threats to human life and health are
breast and lung cancer, and the number of cases of colon, prostate, stomach and liver cancer
is also increasing. Both in the prevention and treatment of various cancers, compounds of
natural origin play a vital role [1-3]. It is estimated that 60 to 80% of drugs used to treat
cancer are derived directly or indirectly from naturally occurring species [3, 4].

Currently, several studies are carried out on compounds of natural origin that would
sensitise cancer cells to ionising radiation [5, 6]. Compounds from the polyphenols group
are of particular interest and are the subject of much research. Several representatives of
this group have anticancer activity. The advantage of these compounds over synthesised
synthetic agents is their widespread availability, relatively low acquisition costs and well-
characterised safety profile.

The most well-known compound from the group of polyphenols is the stilbene derivative
- resveratrol (3, 4,5-trans-trihydroxystilbene, abbreviated R) (Fig. 1). It was first discovered
by Takaoka in Veratrum grandiflorum in 1940 [7]. It is characterised by solid antioxidant,
neuroprotective, anti-inflammatory, and anticancer properties [8-11]. Unfortunately, the
main problem with using resveratrol in clinical treatment is its poor bioavailability. The
gastrointestinal tract strongly absorbs, rapidly metabolises and excretes it in the urine [12].
To solve this problem, effective carriers are being sought that would allow resveratrol to
be delivered to cells in a higher concentration. Research is also conducted on resveratrol
analogues, which, thanks to minor changes in the structure, are characterised by much
greater bioavailability [13].

One such compound is one of the resveratrol metabolites - piceatannol
(3-hydroxyresveratol, abbreviated as ROH). Piceatannol differs from resveratrol by adding
a hydroxyl group in the 3’ position. Previous studies conducted with piceatannol showed
it is more stable in the metabolic process than resveratrol [14]. In addition, studies using
ROH have demonstrated that it exhibits several bioactivities, such as anti-inflammatory,
antioxidant and anticancer effects [15]. Another compound from the stilbene group,
with better pharmacokinetic properties than resveratrol, is the precursor of resveratrol -
polydatin, also called piceid (glucoside of resveratrol in which the glucoside group bound
to the C-3 position substitutes a hydroxyl group, abbreviated as RG). Previous studies have
shown that polydatin can retain the biological properties of resveratrol but is less susceptible
to enzymatic oxidation. In addition, polydatin is much more soluble in water than resveratrol
[16,17].

Breast cancer is one of
the most common cancers in
women and has the highest
mortality rate. Despite many '/J/
years of research, the incidence HO\M/\/ NN

of breast cancer continues to T//

rise in some countries. Every OH

20th woman in the world and
every 8thin developed countries

has breast cancer [18]. In 2020,
the number of cases amounted
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Unfortunately, the prognosis is HO’Vo ; 1
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million [19]. In the case of breast

Chemical structure of resveratrol (on the top), polydatin
(on the left) and piceatannol (on the right).
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cancer, recurrences are also a problem, as approximately 30% of patients diagnosed with
early-stage cancer have recurrence [20]. Breast cancer can be divided into three types. This
division concerns the molecular markers of progesterone (PR) or estrogen (ER) receptors
(their presence or absence) and the presence or absence of human epidermal growth factor
receptor 2 (ERBB2; formerly HER2). The most common subtype of BC is the presence of
hormone receptors and ERBB2 negative, which occurs in approximately 70% of patients.
The hormone-positive and ERBB2-positive subtype accounts for about 15-20% of all cases.
In contrast, the triple-negative subtype (TNBC), i.e. one in which none of the three molecular
markers is present, accounts for approximately 15% of the cases [21]. Triple-negative breast
cancer cells are much more invasive and aggressive than others [22].

Most patients with breast cancer, as much as 90% of cases, do not have metastases at the
time of diagnosis [21]. In such patients, treatment is mainly based on surgical resection of the
tumour and prevention of recurrence with postoperative radiotherapy (RT), chemotherapy
or hormone therapy, depending on the tumour subtype [23]. However, relapses are more
frequent in patients with the triple-negative breast cancer subtype than in patients with
the other two BC subtypes [24, 25]. Treatment of patients with metastatic breast cancer
is closely related to the cancer subtype and aims to prolong life and improve its comfort
by alleviating the symptoms of the disease. The worst prognosis for breast cancer is the
triple-negative subtype, with a median survival of about one year, compared to the other two
subtypes, where the median survival is five years [21].

As mentioned above, radiotherapy is also used to treat breast cancer. It is used as a
permanent element of sparing treatment after surgical tumour removal. After mastectomy,
postoperative radiotherapy reduces the number of local recurrences and increases the
likelihood of long-term survival. In cases where the advancement of the cancer or the patient’s
general condition does not allow for surgical treatment, radiotherapy is the only method of
treating local breast cancer. Unfortunately, RT is not always effective enough, which may be
due to the low sensitivity of cancer cells to ionising radiation (IR) [26].

Therefore, we decided to check whether resveratrol and its two derivatives (piceatannol
and polydatin) can enhance the effect of ionising radiation on triple-negative breast cancer
cells (HCC38; ER™ PR, HER2") and hormones dependent cells (MCF7; ER*, PR, HER2"). The
conducted research also allowed us to indicate which of the tested com-pounds enhances
the effect of ionising radiation to the greatest extent.

Materials and Methods

Cell Line

The experiments were conducted on the human breast carcinoma cell line MCF7 (hormone-dependent
cell) and HCC38 (triple-negative breast cancer cell line). Both lines were obtained from ATCC (Manassas,
VA, USA). MCF7 were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and antibiotics (10U/mL penicillin and 50pg/mL streptomycin). HCC38 were cultivated in
Roswell Park Memorial Institute medium (RPMI-1640) supplemented with 10% fetal bovine serum and
antibiotics (10 U/mL penicillin and 50 pg/mL streptomycin). Cells were grown in standard conditions (37°C,
5% CO2). After reaching 80-90% confluence, cells were carefully removed with trypsin/EDTA and washed
with fresh phosphate-buffered saline (PBS). Cell viability was determined using the trypan blue assay.

Chemicals and Reagents

Cell culture media, antibiotics (penicillin/streptomycin), and fetal bovine serum were purchased from
Sigma-Aldrich. Reagents for detecting apoptosis were purchased from Molecular Probes. The reagent for
the RNA EXTRACTME isolation kit was obtained from BLIRT. RevertAid First Strand kit for cDNA synthesis
was purchased from Applied Thermo Scientific. 5x HOT FIREPol® EvaGreen® qPCR Supermix comes
from Solis Biodyne. Specific antibodies for BCL-2, CASPASE 3, 8, SOD1 and SOD2, GPX1/2, CATALASE, P53,
NRF2, RAD51, H2A X and B-ACTIN and secondary antibodies were obtained from Santa Cruz Biotechnology.
Oligonucleotide, Bax, Bcl-2 and hypoxanthine phosphoribosyl transferase (HPRT) were obtained from the
Genomed firm.
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Three stilbene derivatives were used in the experiment: resveratrol (3, 4',5-trans-trihydroxystilbene,
R), (Sigma-Aldrich (St. Louis, MO, USA)), piceatannol (3, 3',4, 5'-trans-trihydroxystilbene, ROH) (Cayman
Chemical (Ann Arbor, MI, USA)) and polydatin (3, 4',5-trans-trihydroxystilbene-3-0-B3-mono-d-glucoside,
RG) - the glucoside form of resveratrol (Sigma-Aldrich (St. Louis, MO, USA)). All stilbene compounds
were dissolved in ethyl alcohol to the specified initial concentration. The concentration was determined
spectrophotometrically at a wavelength of 304 nm in the case of resveratrol and polydatin and 326 nm in
the case of piceatannol. The concentrations of the compounds were calculated based on molar absorption
coefficients: for resveratrol and polydatin, this value was 30, 335 Mlcm™ [27], and for piceatannol 33, 100
M-cm? [28]. Depending on the type of experiment, the compounds were diluted to a specific concentration
and added to the cell medium.

Detection of Apoptosis and Necrosis by Flow Cytometry

Apoptotic, necrotic, and living cells were quantified by double staining with the Annexin V Apoptosis
Detection Kit I, employing FITC-labelled Annexin V. Annexin V binds to cells that expose phosphatidylserine
at their surface, a feature of cells that are undergoing apoptosis.

Cells were seeded on sterile dishes (3 40 mm) in 1,000, 000 for MCF7 cells and 500, 000 for HCC38 cells,
then incubated for 24 hours. After this time, the cells were preincubated with resveratrol or its derivatives
(piceatannol or polydatin) at a concentration of 25 uM (MCF7 line) or 50 uM (HCC38 line) for 3 hours at
37°C. Then, they were exposed to ionising radiation at a dose of 6 Gy. Cells were incubated for 24 h and then
trypsinized, washed with DPBS, and suspended in 1x binding buffer to which 5 pl of FITC annexin and 5 pl
of propidium iodide were added. The cells were incubated for 15 minutes in the dark, and then fluorescence
was measured within an hour. All fluorescence measurements were performed on a Becton Dickinson LSR
II cytometer. Cells emitting weak green fluorescence (FITC annexin) and weak red fluorescence (propidium
iodide) were counted as apoptotic.

Gene Expression Analysis by Real-Time PCR

Total RNA was extracted using the Extractme Total RNA kit according to the manufacturer’s
instructions. The concentration of isolated RNA is determined using a NanoDrop spectrophotometer. All
RNA samples obtained were stored at -80°C for further analysis. Approximately 1 pg of extracted RNA was
reverse transcribed into cDNA using a reverse transcription kit (RevertAid first-strand cDNA synthesis kit)
according to the protocol established by the manufacturer. The cDNA sample was stored at -20°C until use.
The BCL-2 and BAX genes were expressed using an Eva Green probe (Solis Biodyne, Tartu, Estonia). The
HPRT gene was a reference gene. Sequences of PCR primers used for RT-PCR with expected product size
are listed in Table 1. Polymerase chain reaction during the reaction using the Eco 48 Real-time PCR thermal
cycler. The preparation consisted of: 2 pl EvaGreen Supermix, 1 pl cDNA and 0.2 pl of each set of primers,
6.6 ul H20. All were amplified three times. The final profile was 12 s at 95°C and 40 cycles of 95°C for 15 s
and 60°C for 20 s.

Western Blot and Densitometric Analysis

Cell preparations were lysed in RIPA buffer (Sigma-Aldrich (St. Louis, MO, USA)) supplemented with
AEBSF protease inhibitor cocktail, aprotinin, bestatin, E-64, leupeptin, and pepstatin A (Thermo Scientific
100 x Halt protease inhibitor cocktail). Then, they were incubated on ice for 30 minutes. After incubation on
ice, the samples were centrifuged at 5000 rpm for 5 minutes at 4°C. Protein concentration in cell preparations
was determined using the Lowry method. The separation of protein in cell lysates was performed using
12.5% SDS-PAGE. Proteins separated in a polyacrylamide gel using the Towbin method were transferred
electrophoretically to an Immobilon-P membrane (pore diameter 0.45 um). Proteins immobilized on the
Immobilon-P membrane were subjected to immunodetection. To detect proteins on immunoblots, specific
primary antibodies were used: an-ti-
BCL-2 (sc-7382), anti-CASPASE-3 (sc-
7272), anti-CASPASE-8 (sc-56070),
anti-GPx1/2 (sc-133160), anti-SOD1

(sc-17767), anti-SOD2 (sc-133134), Primer Sense Antisense
 CATALAS 271803  pE3 HPRT ATGGACAGGACTGAACGTCTT ~ TCCAGCAGGTCAGCAAAGAA
anti-CATALASE (sc-27 ), anti-P BCL-2  TTGTGGCCTTCTTTGAGTTCGGTGGGTGCCGGTTCAGGTACTCAGTCA

(sc-393031), anti-NEF2 (sc-365949), BAX CCTGTGCACCAAGGTGCCGGAACT CCACCCTGGTCTTGGATCCAGCCC

Table 1. Primer sequences used for real-time quantitative
reverse transcriptase polymerase chain reaction (qQRT-PCR)
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anti-RAD51 (sc-56212),anti-H2A.X (sc-517336). M-IgGk BP (sc-516102) were used as secondary antibodies.
For loading, the control detection of 3-ACTIN was performed by an anti-B-ACTIN antibody (sc-477778).
All antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA. The resulting complex
(antigen-antibody) was identified using the chemiluminescence method using the SuperSignal™ West Pico
PLUS Chemiluminescent Substrate kit (Thermofisher ScientificTM, Lithuania). The analysis was performed
using a high-performance Western blot system - Azure Imaging Systems (Syngen, Wroctaw, Poland). The
results obtained at the level of the tested proteins were subjected to densitometric analysis in the Image ]
program. The results were presented as average integrated optical density (10D) values. The optical density
values obtained for the bands corresponding to individual proteins were divided by the optical density
value obtained for the 3-ACTIN band.

Statistical Analysis
Allresults are presented as the mean + SD of three independent repetitions. Treatments were compared
by a two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p < 0.05).

Results

The concentrations of the compounds that were tested in this study were determined
based on the level of apoptosis assessed by the cytofluorimetric method of Annexin V-FITC/
PI staining. The concentration that was selected the one at which resveratrol combined with
ionising radiation (6Gy) induced a comparable level of apoptosis (approximately 33%) in
both cell lines. For MCF7 cells, the concentration was 25 pM, and for the HCC38 cell line, it
was 50 pM.

Stilbene derivatives alone and in combination with radiation promote the activation of
caspases and induce apoptosis of breast cancer cells

The level of apoptosis in MCF7 and HCC38 cells treated with stilbene derivatives and
combined with ionising radiation is shown in Fig. 2.

The results showed that MCF7 cells are slightly more sensitive to radiation than HCC38
cells (apoptosis levels are approximately 20% and 10% for MCF7 and HCC38, respectively).
The highest level of apoptosis (approximately 33%) was observed in cells of both lines
irradiated with a dose of 6Gy, which were previously incubated with resveratrol (25 pM for
MCF7 cells and 50 uM for the HCC38 cell line). For the HCC38 line, a similar level of apoptosis
was obtained in cells preincubated with piceatannol. The next task was to determine the
molecular mechanism by which apoptosis is activated.

We examined protein expression levels involved in apoptosis: BCL-2, P53, CASPASE 3 and
8 (Figures 3 and 4). We also attempted to evaluate BAX protein expression, but we obtained
no results in any tested cell lines (HCC38 and MCF7). We conclude that the purchased
antibodies were of poor quality. Therefore, we additionally determined the expression level
of the BAX and BCL-2 gene. The BAX to BCL-2 expression ratio determines cells’ life or death
in response to an apoptotic stimulus; an increased BAX/BCL-2 ratio decreases the cellular
resistance to apoptotic stimuli, leading to increased cell death [29]. Discussion of the BAX/
BCL-2 ratio is a better indicator of further cell fate than analysing the level of only one of
these proteins.

In MCF7 cells, we observed an increase in the BAX/BCL-2 ratio in all systems tested.
The most significant BAX/BCL-Z ratio increase was observed when the cell was treated with
resveratrol combined with IR (Fig. 3B). In the same system, we also observed the highest
level of apoptosis.

The level of the anti-apoptotic protein BCL-2 slightly increases in all systems tested
except for cells treated with polydatin and then irradiated compared to control cells (cells
not treated with any of the tested factors). It should be emphasised, however, that in systems
where cells were treated with the tested compounds in combination with radiation, the
protein level decreased compared to cells irradiated solely (Fig. 3C).
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Fig. 2. The level of apoptosis was
assessed based on the cytofluorimetric
method using Annexin  V-FITC/PI
staining. (A) the MCF7 cells were treated
with 25 pM of resveratrol (R), piceatannol
(ROH), or polydatin (RG) alone and in
combination with IR (dose of 6 Gy).
Own data, adapted from [26]. (B) the
HCC38 cells were treated with 50 uM of
resveratrol (R), piceatannol (ROH), and
polydatin (RG) alone and in combination
with IR (dose of 6 Gy). Data are shown
as the mean * SD of three independent
repetitions. The mean difference (*) was
compared with the control and (#) with
IR.

Fig. 3. Expression level of selected genes
and proteins involved in the apoptosis
process in MCF7 cells: (A) representative
image of western blotting results
obtained in this study, lines: (1) - control
cells, (2) - cells irradiated with 6 Gy, next
cells treated with: (3) - resveratrol, (4)
- piceatannol, (5) - polydatin, and (7) -
resveratrol and 6 Gy, (8) - piceatannol and
6Gy, (9) - polydatin and 6 Gy. (B) the BAX/
BCL2 gene expression level ratio assessed
based on the real-time PCR method—
own data, adapted from [26]. Relative
level of proteins identification by Western
blot method: (C) BCL-2 protein, (D) P53
protein, and (E) CASPASE 8 in MCF7 cells
treated with 25 pM of resveratrol (R),
piceatannol (ROH), and polydatin (RG)
alone and in combination with IR (dose of
6 Gy). The results obtained in each kind
of sample were compared to controls, i.e.,
cells not treated with any of the tested
factors. The mean difference (*) was
compared with the control and (#) with
IR.
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In none of the tested systems, MCF7 cells had an increased level of P53 protein compared
to the control. This means that apoptosis is activated independently of the P53 protein in
MCF7 cells (Fig. 3D).

The studies performed showed significant increases in the level of CASPASE 8 in MCF7
cells treated with radiation alone, with the compounds alone, and with resveratrol or
piceatannol in combination with IR (Fig. 3E).

The study also attempted to assess the level of CASPASE 3, but as expected, this protein
was not detected in MCF7.

In HCC38 cells, the BAX/BCL-2 gene expression ratio increases in all systems but to the
greatest extent in cells treated with resveratrol or piceatannol and combined with ionising
radiation (Fig. 4B).

BCL-2 protein levels, assessed by Western Blot, increased slightly in cells treated with
piceatannol or polydatin and polydatin combined with IR. In other systems, its level is close
to control values (cells not treated with any tested factors) (Fig. 4C).

P53 protein levels increase in almost all systems tested except polydatin and IR-treated
cells (Figure D). Moreover, in the case of this protein, we observe a trend of changes similar
to those observed in the BAX/BCL-2 expression ratio (Fig. 4B).

The most significant increase in CASPASE 3 levels was observed in HCC38 cells
preincubated with resveratrol or piceatannol in combination with ionising radiation (Fig.
4E). The highest levels of CASPASE 8 were observed in cells exposed only to irradiation
and incubated with piceatannol combined with IR (Fig. 4F). In the case of polydatin used in
combination with IR, a significant decrease in CASPASE 3 and 8 levels was observed.

Stilbene derivatives alone and in combination with radiation affect the level of antioxidant
enzymes

The primary assumption of radiotherapy is to induce the death of cancer cells by
generating reactive oxygen species (ROS). Therefore, reducing the antioxidant potential
of cancer cells should enhance the effectiveness of radiotherapy. The study examined how
stilbene compounds used alone or combined with ionising radiation affect the expression
level of antioxidant enzymes: catalase, cytoplasmic (SOD1) and mitochondrial (SOD2)
superoxide dismutases and glutathione peroxidases (GPX1/2). The level of NRF2, an
essential protein in the cell’s antioxidant defence response mechanism, was also assessed
(Figures 5 and 6).

Superoxide dismutases

In MCF7, a statistically significant, approximately two-fold increase in SOD1 level was
observed in all tested systems (Fig. 5B). However, there were no changes in the SOD2 level
compared to the control (Fig. 5C). The response of HCC38 cells to changes in SOD1 and SOD2
levels in our studies was generally opposite to the response observed for MCF7 cells (Figures
6 B and C). The status of SOD1 did not change significantly or decrease by about 20% and 40%
for cells treated with resveratrol alone and polydatin combined with IR, respectively. In one
case, cells treated with piceatannol and IR showed an increase in SOD1 level (about 40% vs.
control). In the SOD2 level, a significant increase was noted in cells treated with resveratrol
or piceatannol, also in combination with ionising radiation. The effect of resveratrol was
approximately 1.5 times stronger than that of piceatannol. Radiation, whether used alone or
combined with stilbenes, does not affect changes in SOD2 expression.

Catalase

In both cell lines, an increase in catalase levels was observed in all systems tested except
one in which MCF7 cells were treated with polydatine and IR (Figures 5D and 6D). The main
difference between MCF7 and HCC38 concerns the response of cells preincubated with
resveratrol or piceatannol in combination with IR compared to cells subjected to irradiation
only. In the case of MCF7, the level of catalase in cells preincubated with compounds in
combination with IR is much lower than in cells only irradiated. In HCC38, we observe the
opposite tendency, i.e. in cells treated with resveratrol or piceatannol and then irradiated,
the enzyme level is approximately 2 times higher compared to cells only irradiated.
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Fig. 4. Expression level of selected genes and proteins involved in the apoptosis process in HCC38 cells: (A)
representative image of western blotting results obtained in this study, lines: (1) - control cells, (2) - cells
irradiated with 6 Gy, following cells treated with: (3) - resveratrol, (4) - piceatannol, (5) - polydatin, and (7)
- resveratrol and 6 Gy, (8) - piceatannol and 6Gy, (9) - polydatin and 6 Gy. (B) BAX/BCL2 gene expression
level ratio assessed based on the real-time PCR method. Relative level of protein identification by Western
blot method: (C) BCL-2 protein, (D) P53 protein, (E) CASPASE 3, and (F) CASPASE 8 in HCC38 cells treated
with 50 pM of resveratrol (R), piceatannol (ROH), and polydatin (RG) alone and in combination with IR
(dose of 6 Gy). The results obtained in each kind of sample were compared to controls, i.e., cells not treated

with any of the tested factors. The mean difference (*) was compared with the control and (#) with IR.
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Glutathione peroxidases

The last enzyme analysed was the glutathione peroxidase level, isoenzyme 1 and 2. We
did not detect these proteins in MCF7 cells (Fig. 5, on the right side of drawing A), probably
due to their absence or low level in cells of this line, which other authors previously noticed.
Kulak et al. observed low levels of GPx1 mRNA but did not demonstrate the presence of the
protein by Western Blot [30]. In turn, Chu et al. reported GPx2 activity but showed deficient
cell protein levels [31]. In HCC38 cells, the greatest changes, consisting of a significant
reduction of the enzyme level, were observed in cells pre-incubated with the tested stilbenes
and then subjected to irradiation. The most significant reduction of enzyme levels was
observed in cells treated with resveratrol in combination with radiation (Fig. 6E).

Nuclear factor-erythroid-2-related factor 2 (NRF-2)

In MCF?7 cells, no changes in NRF2 levels were observed in any of the tested systems
compared to the control (Fig. 5E). In HCC38 cells, ionising radiation did not affect the
expression level of NRF2, while stilbene derivatives alone increased expression by
approximately 1.5 times on average (Fig. 6F). Using resveratrol or piceatannol combined
with ionising radiation increased the level of the NRF2 factor but slightly less than the effects
of the compounds alone.
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Fig. 6. Immunoblot assay to detect the expression level of antioxidant enzymes in HCC38 cells: (A)
representative image of western blotting results, lines: lines: (1) - control cells, (2) - cells irradiated with
6 Gy, next cells treated with: (3) - resveratrol, (4) - piceatannol, (5) - polydatin, and (7) - resveratrol + 6
Gy, (8) - piceatannol + 6Gy, (9) - polydatin + 6 Gy, (B) level of SOD1, (C) level of SOD2, (D) level of catalase,
(E) level of GPX1/2 and (F) level of NRF-2 factor in cells treated with 50 uM of resveratrol (R), piceatannol
(ROH), and polydatin (RG) alone and in combination with IR (dose of 6 Gy). The results obtained in each
kind of sample were compared to controls, i.e., cells not treated with any of the tested factors. The mean
difference (*) was compared with the control and (#) with IR.
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Activation of proteins responsible for repairing damaged DNA is more effective in HCC38
than in MCF7 cells

The radiosensitivity of cancer cells largely depends on the effectiveness of repairing
damaged DNA. Therefore, the study determined the expression levels of two proteins
involved in DNA repair processes - RAD51 protein and histone H2AX (Fig. 7). RAD51 is a
recombinase that mediates the repair of double-stranded DNA breaks by homologous
recombination (HR) [32]. In turn, the level of H2AX expression is a parameter indicating the
intensity of induction of the DNA repair process, tumour aggressiveness, and the prognosis
of breast cancer patients. According to the authors Katsuta et al. (2022), the expression level
of H2AX is as good a parameter as the most frequently analysed level of phosphorylation of
this histone (y-H2AX) [33].
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Fig. 7. Immunoblot test detecting the expression level of two proteins involved in DNA repair processes
- RAD51 protein and histone H2AX in cells of both lines: (A and B) representative image of Western blot
results for MCF7 and HCC38 cells, respectively; the lines on both blots represent: (1) - control cells, (2)
- cells irradiated with 6 Gy, and cells treated with: (3) - resveratrol, (4) - piceatannol, (5) - polydatin, (6)
- resveratrol and 6 Gy, (7) - piceatannol and 6Gy, (8) - polydatin + 6 Gy. (C and D) H2AX level in MCF7 and
HCC38 cells, respectively, (E and F) RAD51 level in MCF7 and HCC38 cells, respectively. Cells were treated
with stilbene derivatives at a concentration of 25 pM for the MCF7 line and 50 pM for the HCC38 line. The
results obtained in each kind of sample were compared to controls, i.e., cells not treated with any of the
tested factors. The mean difference (*) was compared with the control and (#) with IR.
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The results indicate that the tested stilbene derivatives alone and in combination with
IR did not enhance, and in some cases even reduce, the RAD51 and H2AX protein expression
levels in MCF7 cells. The only instances in which we observed an increase in the level of
RADS51 protein, compared to the control, were in cells treated with piceatannol alone. HCC38
cells showed an increase in RAD51 levels in all systems. In cells treated with resveratrol
alone, the increase in protein levels was relatively small and amounted to approximately
20%. They significantly increased by about 80% when cells were additionally treated with
radiation. Opposite trends were observed in cells treated with piceatannol and polydatin, i.e.
the compounds alone significantly increased protein expression, while in combination with
radiation, the RAD51 level significantly decreased. In the case of changes in the expression
level of H2AX, the nature of the observed changes was similar to that of the RAD51 protein,
but the expression level of H2AX was much lower.

Discussion

The study compared the radiosensitising properties of resveratrol and its two
derivatives: piceatannol and polydatin. The choice of monohydroxylated and glucosylated
derivatives of resveratrol was dictated by their greater bioavailability than resveratrol [34,
35]. Moreover, it resulted from the lack of literature data regarding their use, in combination
with ionising radiation, on cancer cells.

The study does not present the results of metabolic viability obtained using methods
based on tetrazolium salt reduction (MTT or MTS test). Our observations and other authors
indicate that ionising radiation affects the biogenesis and hyperactivation of mitochondria.
Hence, metabolic viability studies in experiments with ionising radiation do not give an
accurate picture of cell viability compared to the actual number of cells [36].

The concentrations of compounds used in the studies for a given cell line were selected
based on the determination of the level of apoptosis in cells treated with resveratrol and
ionising radiation. This concentration caused a comparable level of cell death for both cell
lines, i.e. 25 pM for MCF7 cells and 50 uM for HCC38 cells. According to literature data, these
concentrations are not toxic or have low toxicity for normal cells [37-40]. In many types of
cancer cells, resveratrol in similar concentrations activates many processes and pathways,
leading to cell dysfunction and, consequently, death [38, 41, 42]. In most in vitro studies on
the effect of stilbene derivatives (the vast majority concern resveratrol) on various cancer
cells, these compounds are used at concentrations of 10 - 150uM.

The experimental part was performed on cells from two lines derived from breast cancer.
Selected cells, MCF7 and HCC38, differ in the presence of hormone receptors: estrogen
and progesterone. The selection of cell lines was made after the analysis of statistical data,
which shows that the most common type occurring in patients is HER2-negative hormone-
dependent breast cancer (approx. 70% of diagnosed cases). The most aggressive and
challenging to treat is triple-negative breast cancer (approx. 15-20% of cases) [43].

In both cell lines tested, MCF7 and HCC38, the highest level of apoptotic cell death was
observed in the system where cells were preincubated with resveratrol and irradiated.
In HCC38 cells, an equally high level of apoptosis was recorded in an analogous system
containing piceatannol. The use of RT-PCR and protein immunodetection using the Western
blot method allowed us to conclude that both the internal and external pathways induce
apoptosis in both types of cells. However, there are differences in the molecular mechanism of
the process. In HCC38 cells, apoptosis is induced by the P53 protein, and the process involves
CASPASE 3 and 8. Activation of the internal pathway is evidenced by an increase in the ratio
of gene expression levels of the pro-apoptotic protein BAX to the anti-apoptotic protein
BCL-2 (BAX/BCL-2). The apoptosis process in MCF7 cells occurs without the participation
of the P53 protein and in the absence of CASPASE 3 in the cells. A similar mechanism of
apoptosis induction in MCF7 exposed to ionising radiation, independent of the P53 protein,
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was also observed by other authors [44]. In MCF7, the receptor (external) apoptotic
pathway is activated (increase in CASPASE 8 levels). An increase in the ratio of BAX/BCL-
2 gene expression levels was also observed. However, identifying a more precise intrinsic
pathway by which apoptosis occurs in MCF7 cells requires further, thorough analysis. Many
authors indicate that CASPASE-7, which belongs to the caspase-3 subfamily, is involved and
compensates for the lack of CASPASE-3 in MCF7 cells [45, 46].

The mechanism of radiotherapy action is the production of excessive amounts of
reactive oxygen species, which damage cancer cells and contribute to their elimination.
However, cancer cells can possess or acquire increased resistance to ROS through adaptation
to oxidative stress due to increased expression of antioxidant enzymes. Therefore, the
study checked the expression level of primary antioxidant enzymes in HCC38 and MCF7
cells exposed to ionising radiation, selected stilbene derivatives, and used both factors
simultaneously. The research showed that the studied cell lines differ significantly in their
antioxidant response to the action of the factors used.

Significant differences between MCF7 and HCC38 cells can be indicated in the expression
of superoxide dismutase: SOD1 and SOD2. The level of SOD1 in MCF7 cells increases in all
systems tested, while the level of SOD2 remains unchanged in most systems. Conversely,
in HCC38 cells, SOD1 levels are close to or lower than control values in most experimental
systems. It increases by approximately 30% only in cells treated with piceatannol in
combination with ionising radiation. Unlike MCF7, the increase in SOD2 expression in HCC38
cells stimulates resveratrol and piceatannol.

Superoxide dismutase in the cytoplasm (SOD1) is the main isoform responsible for
maintaining a low level of superoxide anion in the cell [47]; the lack of a significant increase
in the level of this enzyme in irradiated cancer cells is very beneficial from the point of
view of sensitising cells to radiotherapy. The role of mitochondrial superoxide dismutase
(SOD2) in cells is much more significant than just the removal of superoxide anion. It has
been shown that SOD2 genes have a suppressor effect. Their activation contributes, among
others, to reducing cancer cells’ ability to metastasise, extending the time of cell division and
inhibiting tumour formation [48]. Literature data also indicate that the induction of SOD2
expression leads to a strong inhibition of the proliferation of various cell types, including
glioma, pancreatic and breast cancer cells [49]. Other studies compared the expression level
of SOD2 in MDA-MB-435 and UACC-893 breast cancer cells and non-cancer MCF10A breast
epithelial cells and showed 2-3 times lower expression in cancer cells than in non-cancer cell
lines [50]. Lower SOD2 activity may result in excessive mitochondrial DNA damage due to
exposure to increased levels of ROS, which consequently leads to breast cancer progression
and metastasis [49, 50].

The level of CATALASE expression in both cell types increases in all tested systems
except MCF7 cells, which were preincubated with polydatin and then irradiated. However,
the enzyme level in HCC38 is much higher than in MCF7. Additionally, an opposite trend
was observed in MCF7 cells treated with stilbene derivatives in combination with IR; the
level of CATALASE decreased compared to cells exposed to radiation alone, while in HCC38
cells preincubated with resveratrol or piceatannol and then irradiated, the level increased
significantly. The importance of catalase in cells exposed to ionising radiation is confirmed
by the results obtained by Zhao et al. In studies on cells from various cancer lines (HepG2,
HeLa, A549 cell lines), the authors showed that the critical role in cell resistance to ROS is
played by catalase, and not the level of reduced glutathione, as previously assumed [51].
Effective removal of hydrogen peroxide in cancer cells exposed to IR protects them against
the induction of apoptotic processes. Moreover, H,0, in the cell induces oxidative damage
and is a direct and potent inducer of the apoptosis process [52, 53]. It can be concluded
that in MCF7 cells, stilbene derivatives increase the effectiveness of ionising radiation by
reducing catalase expression.

The last enzyme studied in this work was glutathione peroxidases (GP,). The Western
Blot assay assessed the level of GP,1/2 isoenzymes. In HCC38 cells, all compounds combined
with ionising radiation significantly reduced GP,1/2 expression. However, the GP,1 and GP,2
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isoenzymes were not detected in MCF7 cells. This is probably due to their absence or low
level in cells of this line, which other authors previously noticed. Kulak et al. observed low
levels of GPX1 mRNA but did not demonstrate the presence of the protein by Western Blot
[30]. Similarly, Lee et al. (2020), by immunoblot analysis, showed that GP,1 expression was
high in the mammary epithelial cell line MCF10A, absent in luminal-type BC cells (MCF7
and T47D), and re-appeared in TNBC cells (MDA-MB-468, BT549, Hs578T). In turn, Chu
et al,, although they noted GP,2 activity, showed a very low level of this protein in MCF7
cells [31]. A decrease in GP,1/2 levels during radiotherapy may result in a desired increase
in ROS accumulation. Vibet and colleagues suggest that inhibition of GP,1 activity may be
the primary mechanism of tumour sensitisation to anthracyclines. Tumor regression after
chemotherapy correlates with low GP,1 activity [54], and an increase in GP, 1 levels leads to
radioresistance of glioma stem cells [55].

In addition to antioxidant enzymes, the study also checked the level of the NRF2 protein,
a crucial factor activating the mechanism of the cell’s antioxidant defence response. In
response to oxidative stress, approximately 200 cytoprotective genes are regulated by this
protein [56]. Studies by other authors have proven that blocking NRF2 activity makes cancer
cells susceptible to apoptosis and increases the effectiveness of radiotherapy/chemotherapy
[56-58]. It has been shown that in MCF7 cells, its level does not change in any of the tested
systems, while in HCC38 cells, its growth is stimulated by polyphenols used in the work.
The results show that resveratrol and its derivatives activate the antioxidant response more
effectively in HCC38 cells than in MCF7 cells.

The lastissue analysed in this work was the assessment of the effectiveness of DNA repair
in cells of both lines exposed to irradiation in the presence and absence of polyphenols. For
this purpose, the levels of RAD51 protein and histone H2AX were checked, the increase of
which, according to literature data, indicates the activation of damaged DNA repair processes
[32, 33]. HCC38 cells showed a statistically significant increase in the expression level of
both proteins in most of the tested systems. On the contrary, in MCF7 cells, in most cases,
the levels of both RAD51 and H2AX are comparable to control values or lower. Therefore,
radiation-damaged DNA repair occurs more effectively in HCC38 cells than in MCF7 cells.

Among the tested stilbene derivatives, resveratrol has the lowest bioavailability in
the human body. Still, it has the most significant radiosensitising effect on breast cancer
cells, especially on hormone-dependent breast cancer cells. Therefore, research should be
continued, e.g. by administering resveratrol with other compounds, increasing its biological
activity and bioavailability (piperine, quercetin), using various innovative resveratrol
delivery systems, such as e.g. liposomes, micelles, polymeric nanoparticles, which will
contribute to increasing the stability, solubility and the ability of resveratrol to penetrate
biological membranes, providing more effective access to cancer cells [61-64].

Conclusions

The study showed that resveratrol has the highest radiosensitising potential among the
tested stilbene derivatives for cells of both lines; piceatannol is slightly less effective, while
polydatin has the minor biological activity. It was found that MCF7 cells are more susceptible
to radiation damage in the presence of resveratrol than HCC38 cells. Based on literature
data, this can be explained by a more substantial biological effect of resveratrol on cells with
estrogen receptors (ER) compared to cells that do not have these receptors. Literature data
confirm that resveratrol and its derivatives are more active in ER* cells than ER cells [59, 60].

The most critical observations obtained after conducting the research presented in this
work:

1. Ionising radiation in combination with resveratrol or piceatannol activates the
apoptosis process by internal and external pathways.

2. Activation of apoptosis in MCF7 cells induced by ionising radiation is independent of
the p53 protein.
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3. Greater sensitivity of MCF7 cells compared to HCC38 cells to ionising radiation in
combination with resveratrol is associated with a weaker antioxidant response of cells and
reduced intensity of DNA damage repair.

4. DNA repair induced by ionising radiation occurs more effectively in HCC38 cells than
in MCF7 cells.
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