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Recent reports have shown that bromelain (BL), a pineapple extract, acts as an adjuvant therapy in cancer treatment and
prevention of carcinogenesis. The present study was designed to investigate the possible mechanisms by which BL could
radiosensitize tumor cells in vitro and in a mouse tumor model. BL has shown a significant reduction in the viability of
the radioresistant human breast carcinoma (MCF-7) cell line using cell proliferation assay. The in vivo study was designed
using the Ehrlich model in female albino mice, treated with BL (6 mg/kg b. wt., intraperitoneal, once daily for 10days)
| hour before exposure to a fractionated dose of gamma radiation (5 Gy, | Gy for 5 subsequent days). The radiosensitizing
effect of BL was evident in terms of a significant reduction in tumor volume, poly ADP ribose polymerase-| (PARP-I), the
proliferation marker Ki-67 and nuclear factor kappa activated B cells (NF-xB) with a significant elevation in the reactive
oxygen species (ROS) content and lipid peroxidation (LPO) in tumor cells. The present findings offer a novel insight into
the radiosensitizing effect of BL and its potential application in the radiotherapy course.
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Introduction

Radioresistance is the adjustment of tumor cells toward the
radiation therapy and developing resistance to the radiation
beams by using multiple genes, factors, and mechanisms.
Also, it obstructs the improvement of cancer patients’ treat-
ments with radiation leading to radiation therapy failure
and poor prognosis."? This is most likely to occur in cancer
cells of some breast tumors which contain lower ROS levels
and enhanced ROS defenses compared to equivalent non-
tumorigenic cells, which may contribute to tumor radio-
resistance.> Moreover, one of the major limitations of
radiotherapy (RT) is that the cells of solid tumor become
deficient in oxygen. The more hypoxic the tumors are, the
more resistant they are to the effects of radiation; because
oxygen causes the radiation damage to DNA.*® So, frac-
tionated irradiation gives chance for reoxygenation between
fractions, leading to an increase in the efficiency of RT and,
to a decrease of normal tissue complications.® Besides, the
usage of radiosensitizers could overcome these limitations
and improve the treatment. Radiosensitizers are substances

that render cells more susceptible to RT.” Targeting for
DNA repair-deficient mechanisms, inhibiting tumor cell
proliferation, and increasing lipid peroxidation and ROS
contents are considered major hallmarks of sensitization to
resistance.®1°

Proliferative activity of cancer cells is an important fac-
tor for assessing the biological behavior of carcinoma, pre-
dicting clinicopathological and prognostic significance.
Ki-67 is widely used to reflect proliferation in breast, lung
and gastric carcinomas to distinguish between tumors with
low and high proliferative activity.!'"!*> PARP inhibitors are
becoming important actors in many resistant cancer cells;
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they are also promising drugs for combined treatments par-
ticularly with radiotherapy.'*!3

The synthetic therapeutics have shown limited improve-
ment in treatment in addition to their side effects. Given
that, searching for natural radiosensitizers is needed to
establish a potential future drug in cancer therapy as they
are believed to be safer than synthetic ones. Using natural
radiosensitizers, such as genistein, curcumin, and quercetin
in combination with RT was found to be more beneficial
than synthetic compounds.!

Bromelain (BL) belongs to proteolytic enzymes. It con-
tains an SH- group which is essential for its catalysis.'® It
has a wide range of therapeutic benefits such as anti-platelet
aggregation, anti-obesity, cardioprotective, anti-inflamma-
tory and analgesic.'7-?° Very recently, it has been found that
BL treatment has significantly weakened the SARS-
COVID-2 infection in VeroE6 cells and COVID-19%"2%;
moreover, it has been also studied during acute asthma and
it displayed a decrease in markers of /ung inflammation.?
BL also has anti-metastatic and anti-proliferative effects,
besides increasing autophagy and apoptosis of cancer
cells.?*?® Polyenzymatic proteolytic drugs were found to
improve the results of RT and prevent post-radiation fibrous
changes and side effects.?’ Thus, utility of systemic enzyme
therapy is capable of improving the quality of life so it
could be beneficial for cancer patients.?® The strategies used
to improve radiotherapy aim to increase the effect on the
tumor or to decrease the effects on normal tissues. The
radioprotection effect of BL on normal cells has been evalu-
ated recently,” hence the current work is designed to study
the radiosensitizing mechanism of BL in vitro as well as in
vivo through inhibiting proliferation and DNA repair mech-
anisms of tumor cells, aiming to find a potential adjuvant
therapy for cancer patients.

Materials and Methods
In Vitro MTT Cell Proliferation Assay

Cell viability of human breast carcinoma cells (MCF-7)
was evaluated in vitro by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay*®*! to con-
firm the antitumor and radiosensitizing activity of BL. Cell
culture MCF-7 cell line (Tissue Culture Unit, The Holding
Company for Biological Products and Vaccines
(VACSERA), Cairo, Egypt) was cultured in growth medium
containing 10% FBS, 1% penicillin/streptomycin at 37°C in
a humidified atmosphere containing 5% CO, and 95% air.
Four groups were used in this study: First: MCF-7 cells
(served as a control). Second: MCF-7 with double-fold
dilutions of BL in PBS (0.009-5mg/ml). Third: MCF-7
cells exposed to gamma radiation (6 Gy).*? Fourth: MCF-7
incubated with double-fold dilutions of BL for 1 hour before
irradiation (IRR). Cells were checked under microscope for

any physical signs of toxicity, for example partial or com-
plete loss of the monolayer, shrinkage and rounding or cell
granulation. Finally, 20ul of MTT reagent (Bio Basic Inc.,
Canada) was added. The plate was incubated for 1 to 4 hours
to allow the MTT to be metabolized and optical density was
measured on a microplate reader at a wavelength of 590 nm.
Each sample made in triplicate.

Viable cell %= (Absorbance of samples—
Absorbance of blank)/
Absorbance of control -
Absorbance of blank)x100

The inhibitory concentration 50% (IC,) is the dose of a
drug that reduces the viability to 50%, and it was calculated
using non-linear regression analysis.

Animals

Adult female Swiss albino mice weighing 25 to 30 g were
obtained from the breeding unit of the National Center for
Radiation Research and Technology (NCRRT), Cairo,
Egypt. This study was approved to be performed by the
Committee of Scientific Ethics at Faculty of Pharmacy,
Al-Azhar University, Egypt, following the guidelines for
animal use. The animals were housed in plastic cages
(10mice/cage) under proper environmental conditions that
is 12 hours dark/light cycle, good ventilation condition and
temperature, and 40% to 55% humidity at the NCRRT ani-
mal house, fed with nutritionally adequate standard diet pel-
lets, provided with water ad libitum. Mice were left 1 week
for acclimatization on the lab environment before starting
the experiment. They were monitored during the study
according to a standardized method by means of monitoring
sheets and scoring chart.3* Mice were treated gently; tough-
ness, pressure, and squeezing were avoided. Injection was
done by a professional staff member.

Tumor Transplantation

Ehrlich ascites carcinoma (EAC) cell line was supplied by
serial sub-culturing at the National Cancer Institute, Cairo
University, Egypt. It was implanted in each donor (female
Swiss albino mice) by intraperitoneal (i.p) injection of
2.5X10° cells/22g b. wt, and allowed to multiply.** To
count the EAC cells before i.p injection, the bright line
hemocytometer was used and trypan blue was added to
count the viable cell under microscope.’* The solid tumor
was obtained by the intramuscular inoculation of 0.2 ml of
1 X 10° viable EAC cells in the right lower limb of each
mouse.*®* Mice with a palpable solid tumor diameter
(10 mm?) that was maintained within 7 to 10 days after inoc-
ulation were used for the study.
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Pilot Studies

Pilot experiments were carried out in order to evaluate the
following:

(a) Any toxic effects of BL and the most proper dose. Five
groups of female mice were used to choose the most effec-
tive dose of BL. The first group included normal mice
injected with PBS, while the other 4 groups examined the
daily injection of BL (6 and 12mg/kg) for 10days, each
dose examined alone and with irradiation.

The mortality rate, body weight change and complete
blood picture were examined. It was found that BL in 6 mg/
kg dose was safer than 12 mg/kg, with low to no mortality
occurrence. So this dose was selected for the further
studies.

(b) The radiosensitizing effect of BL on tumor cells
(ESC) was studied using different irradiation models. Five
groups of female mice were implanted with EAC to form
solid tumors. The first group served as untreated ESC-
bearing mice injected with PBS, while the second and third
groups examined the effect of the irradiation doses, 1 Gy X 5
per Sdays and 2 Gy X 3 per 3 days respectively. The fourth
and fifth groups examined the effect of chosen dose of BL
(from the pilot study (a)) with gamma irradiation doses
1 Gy X 5 and 2 Gy X 3 respectively.

Tumor volume and weight as well as the levels of tumor
LPO were estimated, in addition to the histopathological
examination of the solid tumors from which the tumor area
percentage was determined. It was found that 1 Gy X 5 irra-
diation dose was more effective.

Animal Grouping

Forty animals were randomly divided into 4 groups (10
mice each). Group l: mice bearing Ehrlich solid tumor
(EST) injected i.p with phosphate buffered saline (PBS) for
10days. Group 2: mice bearing EST were exposed to a frac-
tionated dose of y-radiation (1 Gy X 5) daily (the last 5days
of the injection) and injected i.p with PBS for 10days.
Group 3: mice bearing EST received freshly prepared BL
dissolved in PBS (6 mg/kg, i.p according to a pilot study),
daily for 10days, BL purchased from Merck KGaA Co.
(Darmstadt, Germany). Group 4: mice bearing tumor were
subjected to combined treatment, BL daily injection for
10 days then irradiation (1 Gy) 5 times, where BL treatment
was lhr before irradiation process. Mice were scarified
3 days after last irradiation dose.

Radiation Processing

Whole body y- irradiation of mice was carried out using
Cesium 137 Gamma cell-40 biological irradiator (Nordion-
Canada), installed in the NCRRT, Cairo, Egypt. The dose
rate was 0.675 Gy/minute during the experimental period.

Daily correction for humidity, barometric pressure, and
temperature were made.

Estimation of Tumor Volume

Two-dimensional measurements of solid tumors were esti-
mated using Vernier caliper on daily basis and documented
data used for applying the following equation:
Tumorvolume = Y, (length x width®) 3" and the change in
tumor volume was calculated as Vf —Vi/Vix100, where V;
is the final volume and V/; is the initial volume.

Parameters Assessed in Ehrlich Solid Tumor
(EST)

Ki-67 immunohistochemical (IHC) analysis. Formalin-fixed
(10%), paraffin-embedded, 4 um-thick sections of EST tis-
sue of the right thigh muscles mounted on positive charged
slides were used for immunohistochemical staining. Immu-
nohistochemical staining of Ki-67 (a tumor cell prolifera-
tion marker) was carried out according to the manufacturer’s
instructions (Ab: 275R-16 Cell Marque—USA). After
addition of antigen retrieval with 10 mM sodium citrate buf-
fer (pH=06) for 10minute, endogenous peroxidases were
blocked by 3% H,0, in PBS for 10 minute, the slides were
then incubated overnight with primary antibodies against
Ki-67 (1:200 dilution) at 4°C and then slides were washed
and incubated with power stain poly HRP (horseradish per-
oxidase). DAB (3,3'-diaminobenzidine) kit for mouse and
rabbit detection system from Genemed—USA (Cat#
52-0017) was used to visualize any antigen-antibody reac-
tion in the tissues. The sections were counterstained with
hematoxylin dye and digitally imaged (X400) using light
microscope (CX21, Olympus, Japan).

For IHC quantification, each sample scores for at least 5
high power fields (3 animals per group). The % of Ki-67
immunostained cells was defined as the percentage of the
number of positively nuclear stained cells with respect to the
total number of cells in the entire field of the specimens.>®

Molecular analysis. The mRNA levels of PARP-1 and NF-xB
genes; and of the housekeeping gene B-actin were measured
by real time polymerase chain reaction (RT-PCR). Total
RNA was isolated from tumor tissues using Qiagen tissue
extraction kit (Qiagen, USA) in accordance with the manu-
facturer’s instructions. The extracted RNA (0.5-2 pug) was
used for cDNA conversion using high capacity cDNA
reverse transcription kit (Fermentas, USA) and 12.5 ul reac-
tion volume SYBR chemistry in Applied Biosystems 2720
Thermal Cycler, USA to amplify PCR under the following
conditions: 50°C for 2 minute, 95°C for 10 minute, and 40
cycles at 60°C for 1 minute and 72°C for 1 minute; using
primers mentioned in Table 1.
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Table |. Sequences of Primers for Real-Time Quantitative PCR.

Gene Forward primer

Reverse primer

PARP-1 NM007415.2
NF-xB DQ020180.1
B-Actin NC000071.6

5'- CCATCGACGTCAACTACGA -3’
5'- CAATGGCTACACAGGACCA -3’
5'-GCGTGGGGACAGCCGCATCTT-3'

5'-GTGCGTGGTAGCATGAGTGT -3’
5'-CACTGTCACCTGGAACCAGA -3’
5'- ATCGGCAGAAGGGGCGGAGA -3’

Table 2. Cytotoxic Activity of Bromelain and/or y-Irradiation (6 Gy) Against Human Breast Carcinoma Cell Line (MCF-7).

Viability %

Bromelain concentration (mg/ml)

Non irradiated MCF-7

Irradiated MCF-7

5

2.5

1.25

0.625

0.312

0.156

0.078

0.039

0.019

0.009
MCEF-7 cells (BL=0mg/ml)
IC,, (mg/ml)

34.2+0.005* 21.3 £0.006%#
49.1 =0.014* 35.1 £ 0.007*#
80.30.001* 57.2 £0.006%#
31.2£0.002% 74 +0.007*+#
95.8+0.01 79.5 = 0.009*#
99.8+0.012 83.4+0.002%
99.7+0.018 89.7 £0.007
99.7=0.001 924+0.01I6
100 £0.011 100 =0.022
100 £0.014 100 = 0.007
100 £0.014 100=0.014
0.801 =0.02625 0.735*=0.04631

Each value indicates the mean of 3 records = S.E. Statistical analysis was carried out by one-way ANOVA followed by Tukey-Kramer multiple

comparison tests.

*Significant versus control MCF-7, where #significant versus irradiated MCF-7 at P<.05. IC,,* S.E values were calculated using non-linear regression

analysis.

For expression of results, the comparative AACT method
was used for relative mRNA quantification of target genes,
normalized to an endogenous reference B-actin and a rele-
vant control, equal to 274CT. AACT is the difference
between the mean ACT (sample) and mean ACT (control)? where
ACT (Gmpte) is the difference between the mean CT (sample)
and the mean CT (B-actin) and ACT ., is the difference
between the mean CT (control) and the mean CT (B-actin).

Poly ADP ribose polymerase-1 (PARP-1) protein analysis. PARP-1
level was determined by ELISA technique using a readymade
kit (MyBiosource, USA) according to manufacturer’s instruc-
tions in the tumor homogenate. PARP-1 was calculated after
plotting the standard curve and expressed as ng/ml.

Oxidative stress analysis. LPO was estimated by measure-
ment of malondialdehyde (MDA) formation using the thio-
barbituric acid method *°. A modified technique of Vrablic
et al*” was used to measure the generation of ROS by the
intracellular conversion of nitro blue tetrazolium (NBT) to
formazan by the action of superoxide anion.

Statistical Analysis

The statistical analysis was performed using one-way anal-
ysis of variance (ANOVA). The groups were compared by

Tukey-Kramer test, tumor volumes monitoring along days
measured through the experiment were analyzed by 2-way
ANOVA followed by Bonferroni’s posttest and the graphs
were sketched using GraphPad Prism (ISI® Software, USA)
version (5) software. Data were presented as mean =* stan-
dard error (S.E) and P values <.05 were considered
significant.

Results
Effect of Bl/irradiation on MCF-7 Cells Viability

We examined the radiosensitizing effect of BL on MCF-7
cells by performing MTT assay. From Table 2, exposure of
MCF-7 cells to 6 Gy y-radiation showed a non-significant
decrease in cell viability compared to control untreated
cells reflecting the radioresistance of MCF-7 cell line. BL
pretreatment showed significant cytotoxic activity, causing
a decrease in the absorbance readings indicating the pres-
ence of less viable cells (IC50 value of 0.801 mg/ml); how-
ever the most prominent cytotoxic effect appeared when the
MCEF-7 cells were subjected to BL and then to y-radiation
compared to control or irradiated cells. The IC50 value was
decreased to 0.735mg/ml. In addition, BL treatment pro-
duces partial or complete loss of the monolayer and shrink-
age of the cells, as well dead cells could be observed
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Figure |. The progression in tumor volume starting from day 7 after cancer cells inoculation, values shown as mean * S.E. Statistical
analysis was carried out by two-way ANOVA followed by Bonferroni’s posttest.
*Significant versus EST group, where #: significant versus irradiated-EST group at P<<.05.

aggregated together and floating in the medium according
to BL concentration.

Effect of BL/irradiation on Tumor Volume

Regarding the documented observations of tumor volume
growth in Figure 1, beginning from the appearance of
tumor, after 7days from challenge with viable Ehrlich
tumor cells, the treatment of EST bearing mice with BL
alone showed significant decrease in tumor volume at
day16 compared to the untreated EST group. Treatment of
EST bearing mice with BL, and then exposure to radiation
showed a significant decrease in tumor volume at day 13
compared to the untreated EST group at day 16 compared to
untreated and irradiated EST groups. Table 3 shows that the
tumor volume was increased by 50.13% in the control EST
group, while in the y- irradiated EST group it was increased
by 29.06%, but BL treatment resulted in 20.49% increase,
however the combined treated group showed almost no
increase in tumor volume (0.09%).

Effect of BL/irradiation on Tumor Cell
Proliferation Index (Ki-67) in EST Bearing Mice

To find out how tumor cell proliferation is affected by BL/
irradiation treatment, immunohistochemistry assay was
employed on EST to compare the nuclear expression of
Ki-67 protein in different groups. As seen in Figure 2a to d,
treatment with BL reduced Ki-67 expression, with the low-
est expression observed in the combination therapy group.

Table 3. Tumor Volume Change Percent of EST-Bearing Mice
Treated With IRR (1 Gy X 5) and/or BL (6 mg/kg).

Groups Tumor volume change (%)
EST 50.13+2.8

EST +IRR 29.06 +2.8*

EST +BL 20.49 + | 4%

EST +BL+IRR 0.09 + 0.009*#

The values shown are mean * S.E of data, *: Significant versus EST group,
where #: significant versus irradiated-EST group at P<.05. Statistical
analysis was carried out by one-way ANOVA followed by Tukey-Kramer
multiple comparison tests.

Ki-67 index was calculated for each group as the percentage
of the positively stained cells relative to the total number of
cells. Mean Ki-67 index was 10.7% for the BL + EST-
irradiated group, 16.32% for the BL+ EST group and
27.31% for EST-irradiated group, compared with 50% in
the untreated EST group (Figure 2e); indicating that combi-
nation therapy significantly more effective than single agent
therapy reflecting the beneficial effect of BL in sensitizing
tumor cells toward radiotherapy.

Effect of BL/irradiation on PARP-1 Level and

Relative Gene Expression of PARP-1 and

NF-xB in EST Bearing Mice

To test other mechanisms by which BL could sensitize tumor

cells toward radiation therapy, PARP-1 (a DNA repairing
protein) level as well gene expression were estimated. It was
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% of Ki67 immunostained cells

Figure 2. Immunohistochemical analysis of the expression of Ki-67 in the EST xenografts of the right thigh muscles counterstained
with hematoxylin. (a) High nuclear expression (+ ++) for untreated-EST group. (b) Moderate nuclear expression (++) for
irradiated-EST group. (c) Low (+) nuclear expression for bromelain-EST treated group. (d) Low (+) to non-nuclear expression for
BL + irradiated-EST group, (400X), arrows represent the Ki-67 positivity. (d) Ki-67 index values expressed as mean of 15 records
from 3 animals = S.E. (e) Statistical analysis was carried out by one-way ANOVA followed by Tukey-Kramer multiple comparison
tests.

*Significant versus EST group, were #: significant versus irradiated-EST group at P<<.05.

found that, both level and mRNA expression of PARP-1 were ~ compared with irradiated or untreated Ehrlich bearing groups,
inhibited in the tumor tissues upon treatment with BL orradi-  reflecting a potential radiosensitizing effect of BL (Figure 3).
ation compared to the Ehrlich untreated group. However the NF-xB, a proliferation marker, was measured in the cur-
combined therapy showed the maximum inhibitory effect  rent study to confirm the potential radiosensitizing effect of
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Figure 3. PARP-I levels, relative gene expression of PARP-1 and NF-kB in tumor tissues of EST bearing mice treated with IRR
(I Gy X 5) and/or BL (6 mg/kg). Each value represents the mean of 5 records * S.E. Statistical analysis was carried out by |-way

ANOVA followed by Tukey-Kramer multiple comparison tests.

*Significant versus EST group, where #: significant versus irradiated-EST group at P<.05.

BL. It was found that the NF-kB mRNA gene was highly
expressed upon radiation treatment showing apparent resis-
tance, while BL treatment reflected a sensitizing effect
through the significant inhibition of NF-kB compared with
the control untreated-EST and irradiated-EST (Figure 3).

Effect of BL/irradiation on MDA and ROS levels in EST bearing
mice. Biomarkers of oxidative stress, MDA and ROS, are
important tools in assessment of cancer therapy. Their high
level indicates the degree of apoptosis and proliferation.*!
In this study bromelain treatment alone or prior to radiation
exposure showing significant increase in ROS and MDA
levels in tumor tissues compared to control EST or irradi-
ated-EST groups (Figure 4).

Discussion

Many factors may affect the radioresistance of cancer cells
such as reoxygenation, DNA repair, apoptosis, and prolif-
eration. Hypoxia of the solid tumor tissue is considered a
major cause radioresistance. The current study overcomes

this problem by using a fractionated dose of radiation to
permit tumor reoxygenation between fractions and makes
the tumor more sensitive to radiotherapy.* Treatment of
MCEF-7 cell line with BL alone or prior to irradiation showed
a significant decrease in cell viability compared to control
and irradiated cells, indicating that BL possesses in vitro
radiosensitizing activity against the radioresistant MCF-7
cell line. The radioresistance of MCF-7 breast carcinoma
cells was mention before in the study of Jénickeet al.*
Previous reports showed that the in vitro treatment of tumor
cell lines with BL results in inhibition of cell growth and
invasion capacities.?**** It has been reported that BL has a
tumoricidal activity in vitro via induction of ROS and sub-
sequent mitochondrial membrane depolarization, later on
leading to oxidative stress as well as through its autophagy
action.***7 The anticancer effect of BL has been credited
mainly to its protease component through digestion and dif-
fusion in tumor cells.?>?® As another possible mechanism,
BL has been shown to selectively induce apoptosis in tumor
cells by upregulating pS3 and Bax expression. This facili-
tates the release of cytochrome c into the cytosol, and the
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Figure 4. Levels of MDA and ROS in tumor tissues of ESC bearing mice treated with IRR (1 Gy X 5) and/or BL (6 mg/kg). Each value
represents the mean of 6 records =+ S.E. Statistical analysis was carried out by |-way ANOVA followed by Tukey-Kramer multiple

comparison tests.

*Significant versus Ehrlich group, where #: significant versus irradiated group at P<.05.

heme iron of cytochrome ¢ would act as a catalytic center to
enhance ROS production which in turn would provide a
background for the development of apoptosis.?>#

Since the growth of most cancers is partly dependent on
proliferation of the tumor cells, Ki-67 and NF-«xB (a prolif-
erative markers) have been assessed in the current study.
Here, the regression of Ki-67 and NF-kB in BL treated
groups indicates impairments of EST proliferation.
However, when comparing the BL+IRR group with the
IRR group, a low percentage of Ki-67 positive cells and
inhibition of NF-kB expression occurred. The NF-xB
expression signal was triggered in the IRR samples due to
the increase in ROS levels and protein kinase which in turn
activates NF-xB expression.***° Previous study of El-Naa
et al’! has shown that the activity of Ehrlich solid tumors
excised from mice could be inhibited by down-regulation of
NF-kB and Ki-67 expression, since radiosensitizing drugs
should inhibit proliferation.’? Hence, we could postulate BL
as a radiosensitizer. An assessment of malignancy in some
tumor entities has shown that Ki-67 is highly susceptible to
protease treatment.>* A study by Amini et al** reported that
combined treatment of BL and N-acetyl cysteine inhibited
cell proliferation and tumor growth in in vitro and in vivo
gastrointestinal tumor model through the reduction of Ki-67
expression. Several studies have explored the impact of
NF-kB inhibition on radiosensitivity in various models.>*
For instance, cisplatin, one of the main chemotherapeutic
and radiosensitizing agents, through inflicting DNA dam-
age has been shown to inhibit NF-kB activity and expres-
sion of antiapoptotic genes.’’” Moreover, it was shown that
BL-induced blockage of NF-kB/Cox2/PGE2 pathway may

inhibit the inflammatory response in tumor resulting in sup-
pression of tumor progression.’® Further, it was consid-
ered that drugs which inhibit NF-xB, COX-2, and PGE2
activity may have a potential cancer treatment potency.®
PARP-1 is a multitasking enzyme that controls many
intracellular processes, including DNA repair, signaling and
transcription. The proliferating cancerous and non-cancer-
ous cells such as macrophages possess high PARP-1 expres-
sion.®! To gain more insight into the radiosensitizing action
of BL, PARP-1 activity and relative gene expression were
assessed in the current study. EST bearing mice treated with
BL and exposed to radiotherapy revealed significant
PARP-1 inhibition in comparison with either irradiated or
untreated EST bearing mice. These data again support our
conclusion about BL treatment, that it could overcome the
radioresistance of tumor cells. Other reports indicated that
PARP-1 inhibition effectively sensitizes cancer cells to IRR
in both in vitro and in vivo models.3>% Additionally, in
previous studies BL showed an inhibition in PARP-1 cellu-
lar proteins, indicating that BL induces cell death mainly
through apoptosis and regression in DNA repair mecha-
nisms.**% Since the essential role of PARP is double and
single strand break (DSB and SSB) recognition and repair,
the underlying mechanism of radiosensitization by PARP
inhibitors has been suggested to be caused by a delay in
DSB and SSB repair processing, resulting in DNA break
accumulation and cell death,%%%” especially for tumors with
DNA repair defects, such as BRCA mutations.'* In addition,
vasoactivity has been reported for some PARP inhibitors
which may modulate the levels of hypoxia within tumors.
Indeed, as hypoxic cells are more radioresistant than oxic
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cells, the reoxygenation of hypoxic tumors could be of ther-
apeutic benefit.*? Inhibition of PARP activity can sensitize
hypoxic cancer cells and the combination of ionizing radia-
tion and PARP inhibition has the potential to improve
radiotherapy.®¢8

ROS synthesized during mitochondrial respiration exac-
erbate the DNA damage caused by radiotherapy.®® ROS lev-
els may influence the extent to which cancer cells are resistant
to therapies like radiotherapy.>’° LPO has been used as an
indicator for ROS-caused damage to cell membranes. MDA
is one of the paramount end-products of peroxidation of
polyunsaturated fatty acids and is commonly used to estimate
oxidative stress.*""”! In the present study, the MDA level in
irradiated groups was significantly lower than the non-irradi-
ated EST group. while the levels of MDA and ROS were
found to be increased in the tumor tissues of EST bearing
mice upon treatment with either BL alone or combined with
IRR, in comparison with both untreated and irradiated EST
bearing group. The low MDA levels in irradiated samples
may be due to the radioresistant nature of the solid tumor.
Therefore, there is no damage to the cell membrane to pro-
duce MDA. While the increased level of MDA in the cancer
non-irradiated group may be due to the pattern of MDA-
metabolizing enzymes in the tumor cells, the lipid composi-
tion of the cell membranes with a different level of
peroxidizable substrates, such as polyunsaturated fatty acids,
and the presence of inflammatory cells, which can increase
the level of diffusible MDA from the tumor surrounding tis-
sues.”>”® Previous reports suggested that BL induced ROS
production in monocytes of patients suffering from X-linked
agammaglobulinemia and in carcinoma A431 and melanoma
A375 cells causing subsequent mitochondrial membrane
depolarization later on leading to oxidative stress and also
through its autophagy action.**>%7* Also, treatment with BL
has been demonstrated to induce ROS and reactive nitrogen
species in macrophages as well as to decrease levels of free
glutathione (GSH).% Depletion of GSH content may increase
the radiation sensitivity of tumor cells due to a reduction in
the radioprotective reaction.” This action of BL has been
attributed to its cysteine protease activity as cysteine is an
amino acid that limits GSH biosynthesis (ROS quencher).”®
This may account for the high level of ROS in tumor tissues,
which in turn react with the polyunsaturated fatty acids of
lipid membranes and induces lipid peroxidation.”>”” These
outcomes reflect the apoptotic and killing effect of BL
together with inhibiting Ki-67 and PARP-1, which give BL
the opportunity to act as a significant radiosensitizer.

Conclusion

These findings may prove bromelain to be a novel addition
to radiotherapy. BL possessed a radiosensitizing action
through increasing LPO and ROS production in tumor
tissue, inhibition of repair of DNA strand breaks and

inhibition of proliferation. Ki-67, PARP-1, and NF-«xB are
useful prognostic biomarkers in the evaluation of BL as a
radiosensitizer.

Acknowledgments

The authors are thankful to the cooperation of the staff member of
the gamma irradiation unit of NCRRT in carrying out the irradia-
tion process.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iDs

Mai H. Mekkawy
Hanan A. Fahmy

https://orcid.org/0000-0002-1517-2548
https://orcid.org/0000-0002-9593-9664

References

1. Malik A, Sultana M, Qazi A, et al. Role of natural radiosen-
sitizers and cancer cell radioresistance: an update. Anal Cell
Pathol. 2016;2016:6146595.

2. Tang L, Wei F, Wu Y, et al. Role of metabolism in cancer cell
radioresistance and radiosensitization methods. J Exp Clin
Cancer Res. 2018;37:87.

3. Diehn M, Cho RW, Lobo NA, et al. Association of reactive
oxygen species levels and radioresistance in cancer stem
cells. Nature. 2009;458:780-783.

4. Harrison LB, Chadha M, Hill RJ, Hu K, Shasha D. Impact
of tumor hypoxia and anemia on radiation therapy outcomes.
Oncologist. 2002;7:492-508.

5. Thomas SN, Liao Z, Clark D, et al. Exosomal proteome pro-
filing: a potential multi-marker cellular phenotyping tool to
characterize hypoxia-induced radiation resistance in breast
cancer. Proteomes. 2013;1:87-108.

6. Pajonk F, Vlashi E, McBride WH. Radiation resistance of
cancer stem cells: the 4 R’s of radiobiology revisited. Stem
Cells. 2010;28:639-648.

7. Chang JE, Khuntia D, Robins HI, Mehta MP. Radiotherapy
and radiosensitizers in the treatment of glioblastoma multi-
forme. Clin Adv Hematol Oncol. 2007;5:894-902. 907-815.

8. LiuC, Gross N, Li Y, et al. PARP inhibitor Olaparib increases
the sensitization to radiotherapy in FaDu cells. J Cell Mol
Med. 2020;24:2444-2450.

9. Arora R, Gupta D, Chawla R, et al. Radioprotection by plant
products: present status and future prospects. Phytother Res.
2005;19:1-22.

10. Yogo K, Misawa M, Shimizu M, et al. Effect of gold nanopar-
ticle radiosensitization on plasmid DNA damage induced
by high-dose-rate brachytherapy. Int J Nanomedicine.
2021;16:359-370.


https://orcid.org/0000-0002-1517-2548
https://orcid.org/0000-0002-9593-9664

Integrative Cancer Therapies

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Yang J,

Xiao LJ, Zhao S, Zhao EH, et al. Clinicopathological and
prognostic significance of Ki-67, caspase-3 and p53 expres-
sion in gastric carcinomas. Oncol Lett. 2013;6:1277-1284.
Cserni G, Vords A, Liepniece-Karele I, et al. Distribution pat-
tern of the Ki67 labelling index in breast cancer and its impli-
cations for choosing cut-off values. Breast. 2014;23:259-263.
Wu Z, Chen Y, et al. Pre-treatment with
Bifidobacterium infantis and its specific antibodies enhance
targeted radiosensitization in a murine model for lung cancer.
J Cancer Res Clin Oncol. 2021;147:411-422.

Lesueur P, Chevalier F, Austry JB, et al. Poly-(ADP-ribose)-
polymerase inhibitors as radiosensitizers: a systematic review
of pre-clinical and clinical human studies. Oncotarget.
2017;8:69105-69124.

Washington CR, Moore KN. PARP inhibitors in the treat-
ment of ovarian cancer: a review. Curr Opin Obstet Gynecol.
2021;33:1-6.

Bhattacharyya BK. Bromelain: an over view. Nat Prod
Radiance. 2008;7:359-363.

Gléser D, Hilberg T. The influence of bromelain on platelet
count and platelet activity in vitro. Platelets. 2006;17:37-41.
Dave S, Kaur NJ, Nanduri R, Dkhar HK, Kumar A, Gupta
P. Inhibition of adipogenesis and induction of apoptosis and
lipolysis by stem bromelain in 3T3-L1 adipocytes. PLoS One.
2012;7:e30831.

Juhasz B, Thirunavukkarasu M, Pant R, et al. Bromelain
induces cardioprotection against ischemia-reperfusion injury
through Akt/FOXO pathway in rat myocardium. Am J Physiol
Heart Circ Physiol. 2008;294:H1365-H1370.

Pavan R, Jain S, Shraddha S, Kumar A. Properties and thera-
peutic application of bromelain: a review. Biotechnol Res Int.
2012;2012:976203.

Sagar S, Rathinavel AK, Lutz WE, Bromelain inhibits SARS-
CoV-2 infection in VeroE6 cells. Preprint. Posted online
September 16, 2020 doi:10.1101/2020.09.16.297366

Kritis P, Karampela I, Kokoris S, Dalamaga M. The com-
bination of bromelain and curcumin as an immune-boosting
nutraceutical in the prevention of severe COVID-19. Metabol
Open. 2020;8:100066.

Rathnavelu V, Alitheen NB, Sohila S, Kanagesan S, Ramesh
R. Potential role of bromelain in clinical and therapeutic
applications. Biomed Rep. 2016;5:283-288.

Fouz N, Amid A, Hashim YZ. Cytokinetic study of MCF-7
cells treated with commercial and recombinant bromelain.
Asian Pac J Cancer Prev. 2014;14:6709-6714.

Maurer HR. Bromelain: biochemistry, pharmacology and
medical use. Cell Mol Life Sci. 2001;58:1234-1245.

Pillai K, Ehteda A, Akhter J, Chua TC, Morris DL. Anticancer
effect of bromelain with and without cisplatin or 5-FU on
malignant peritoneal mesothelioma cells. Anticancer Drugs.
2014;25:150-160.

Gujral MS, Patnaik PM, Kaul R, et al. Efficacy of hydrolytic
enzymes in preventing radiation therapy-induced side effects
in patients with head and neck cancers. Cancer Chemother
Pharmacol. 2001;47:S23-S28.

Hubarieva HO, Kindzel’s’kyi LP, Ponomar’ova OV, et al.
[Systemic enzymotherapy as a method of prophylaxis of post-
radiation complications in oncological patients]. Lik Sprava.
2000;(7-8):94-100.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mekkawy MH, Fahmy HA, Nada AS, Ali OS. Study of the
radiosensitizing and radioprotective efficacy of bromelain (a
pineapple extract): in vitro and in vivo. Integr Cancer Ther.
2020;19:1-14.

Freimoser FM, Jakob CA, Aebi M, Tuor U. The MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay is a fast and reliable method for colorimetric deter-
mination of fungal cell densities. App/ Environ Microbiol.
1999;65:3727-3729.

Buch K, Peters T, Nawroth T, Sénger M, Schmidberger H,
Langguth P. Determination of cell survival after irradiation
via clonogenic assay versus multiple MTT Assay—a com-
parative study. Radiat Oncol. 2012;7:1.

Jiang W, Liao Y, Zhao S, et al. The role of enhanced radiosen-
sitivity and tumor-specific suicide gene vector in genetherapy
of nasopharyngeal carcinoma. J Radiat Res. 2007;48:211-218.
Paster EV, Villines KA, Hickman DL. Endpoints for mouse
abdominal tumor models: refinement of current criteria.
Comp Med. 2009;59:234-241.

Osman AM, Alqgahtani AA, Damanhouri ZA, et al
Dimethylsulfoxide excerbates cisplatin-induced cytotoxic-
ity in Ehrlich ascites carcinoma cells. Cancer Cell Int. 2015;
15:104.

Hafez EN, Moawed FSM, Abdel-Hamid GR, Elbakary NM.
Gamma radiation-attenuated toxoplasma gondii provokes
apoptosis in ehrlich ascites carcinoma-bearing mice gen-
erating long-lasting immunity. Technol Cancer Res Treat.
2020;19:1-11.

Somasagara RR, Hegde M, Chiruvella KK, Musini A,
Choudhary B, Raghavan SC. Extracts of strawberry fruits
induce intrinsic pathway of apoptosis in breast cancer cells
and inhibits tumor progression in mice. PLoS One. 2012;
7:€47021.

Jensen MM, Jorgensen JT, Binderup T, Kjaer A. Tumor vol-
ume in subcutaneous mouse xenografts measured by microCT
is more accurate and reproducible than determined by
18F-FDG-microPET or external caliper. BMC Med Imaging.
2008;8:16.

Dowsett M, Nielsen TO, A'Hern R, et al. Assessment of Ki67
in breast cancer: recommendations from the international
Ki67 in breast cancer working group. J Natl Cancer Inst.
2011;103:1656-1664.

Yoshioka T, Kawada K, Shimada T, Mori M. Lipid peroxi-
dation in maternal and cord blood and protective mechanism
against activated-oxygen toxicity in the blood. Am J Obstet
Gynecol. 1979;135:372-376.

Vrablic AS, Albright CD, Craciunescu CN, Salganik RI,
Zeisel SH. Altered mitochondrial function and overgeneration
of reactive oxygen species precede the induction of apoptosis
by 1-O-octadecyl-2-methyl-rac-glycero-3-phosphocholine in
pS53-defective hepatocytes. FASEB J. 2001;15:1739-1744.
Katerji M, Filippova M, Duerksen-Hughes P. Approaches
and methods to measure oxidative stress in clinical samples:
research applications in the cancer field. Oxid Med Cell
Longev. 2019;2019.

Guillot C, Favaudon V, Herceg Z, et al. PARP inhibition and
the radiosensitizing effects of the PARP inhibitor ABT-888
in in vitro hepatocellular carcinoma models. BMC Cancer.
2014;14:603.



Mekkawy et al

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Janicke RU, Engels IH, Dunkern T, Kaina B, Schulze-
Osthoff K, Porter AG. lonizing radiation but not anticancer
drugs causes cell cycle arrest and failure to activate the mito-
chondrial death pathway in MCF-7 breast carcinoma cells.
Oncogene. 2001;20:5043-5053.

Racisi F, Shahbazi-Gahrouei D, Raeisi E, Heidarian E.
Evaluation of the radiosensitizing potency of bromelain for
radiation therapy of 4T1 breast cancer cells. J Med Signals
Sens. 2019;9:68-74.

Guimaraes-Ferreira CA, Rodrigues EG, Mortara RA, et al.
Antitumor effects in vitro and in vivo and mechanisms of pro-
tection against melanoma B16F10-Nex2 cells by fastuosain,
a cysteine proteinase from Bromelia fastuosa. Neoplasia.
2007;9:723-733.

Bhui K, Tyagi S, Prakash B, Shukla Y. Pineapple bromelain
induces autophagy, facilitating apoptotic response in mam-
mary carcinoma cells. Biofactors. 2010;36:474-482.

Bhui K, Tyagi S, Srivastava AK, et al. Bromelain inhib-
its nuclear factor kappa-B translocation, driving human
epidermoid carcinoma A431 and melanoma A375 cells
through G2/M arrest to apoptosis. Mol Carcinog. 2012;51:
231-243.

Akopova OV, Kolchinskaya LI, Nosar VI, Bouryi VA,
Mankovska IN, Sagach VF. Cytochrome C as an amplifier of
ROS release in mitochondria. Fiziol Zh. 2012;58:3-12.

Li N, Karin M. Ionizing radiation and short wavelength UV
activate NF-kappaB through two distinct mechanisms. Proc
Natl Acad Sci U S A. 1998;95:13012-13017.

Piret B, Schoonbroodt S, Piette J. The ATM protein is required
for sustained activation of NF-kappaB following DNA dam-
age. Oncogene. 1999;18:2261-2271.

El-Naa MM, Othman M, Younes S. Sildenafil potentiates the
antitumor activity of cisplatin by induction of apoptosis and
inhibition of proliferation and angiogenesis. Drug Des Devel
Ther.2016;10:3661-3672.

Zhang X, Zhou X, Chen R, Zhang H. Radiosensitization by
inhibiting complex I activity in human hepatoma HepG2 cells
to X-ray radiation. J Radiat Res. 2012;53:257-263.

Gerdes J, Li L, Schlueter C, et al. Immunobiochemical and
molecular biologic characterization of the cell proliferation-
associated nuclear antigen that is defined by monoclonal
antibody Ki-67. Am J Pathol. 1991;138:867-873.

Amini A, Masoumi-Moghaddam S, Morris DL. Utility of
Bromelain and N-Acetylcysteine in Treatment of Peritoneal
Dissemination — of  Gastrointestinal ~ Mucin-Producing
Malignancies. Springer; 2016:149-157.

Berger R, Jennewein C, Marschall V, et al. NF-kB is required
for Smac mimetic-mediated sensitization of glioblastoma
cells for y-irradiation-induced apoptosis. Mol Cancer Ther.
2011;10:1867-1875.

Deorukhkar A, Krishnan S. Targeting inflammatory path-
ways for tumor radiosensitization. Biochem Pharmacol.
2010;80:1904-1914.

Campbell KJ, Witty JM, Rocha S, Perkins ND. Cisplatin
mimics ARF tumor suppressor regulation of RelA (p65)
nuclear factor-kappaB transactivation. Cancer Res. 2006;
66:929-935.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bhui K, Prasad S, George J, Shukla Y. Bromelain inhibits
COX-2 expression by blocking the activation of MAPK
regulated NF-kappa B against skin tumor-initiation trigger-
ing mitochondrial death pathway. Cancer Lett. 2009;282:
167-176.

Chobotova K, Vernallis AB, Majid FA. Bromelain's activity
and potential as an anti-cancer agent: current evidence and
perspectives. Cancer Lett. 2010;290:148-156.

Van Waes C, Chang AA, Lebowitz PF, et al. Inhibition of
nuclear factor-kappaB and target genes during combined
therapy with proteasome inhibitor bortezomib and reirra-
diation in patients with recurrent head-and-neck squamous
cell carcinoma. /nt J Radiat Oncol Biol Phys.2005;63:1400-
1412.

Pietrzak J, Spickett CM, Ploszaj T, Virag L, Robaszkiewicz
A. PARPI1 promoter links cell cycle progression with adapta-
tion to oxidative environment. Redox Biol. 2018;18:1-5.
Kesari S, Advani SJ, Lawson JD, et al. DNA damage response
and repair: insights into strategies for radiation sensitization
of gliomas. Future Oncol. 2011;7:1335-1346.

Nile DL, Rae C, Hyndman 1J, Gaze MN, Mairs RJ. An evalu-
ation in vitro of PARP-1 inhibitors, rucaparib and olaparib,
as radiosensitisers for the treatment of neuroblastoma. BMC
Cancer. 2016;16:621.

Miiller A, Barat S, Chen X, et al. Comparative study of
antitumor effects of bromelain and papain in human chol-
angiocarcinoma cell lines. Internet J Oncol. 2016;48:2025-
2034.

Mahajan S, Chandra V, Dave S, Nanduri R, Gupta P. Stem
bromelain-induced macrophage apoptosis and activation cur-
tail Mycobacterium tuberculosis persistence. J Infect Dis.
2012;206:366-376.

Hirai T, Shirai H, Fujimori H, Okayasu R, Sasai K, Masutani
M. Radiosensitization effect of poly(adp-ribose) polymerase
inhibition in cells exposed to low and high liner energy trans-
fer radiation. Cancer Sci. 2012;103:1045-1050.

Lohse I, Kumareswaran R, Cao P, et al. Effects of combined
treatment with ionizing radiation and the PARP inhibitor
olaparib in BRCA mutant and wild type patient-derived pan-
creatic cancer xenografts. PLoS One. 2016;11:¢0167272.
Liu SK, Coackley C, Krause M, Jalali F, Chan N, Bristow RG.
A novel poly(adp-ribose) polymerase inhibitor, ABT-888,
radiosensitizes malignant human cell lines under hypoxia.
Radiother Oncol. 2008;88:258-268.

Shen H, Hau E, Joshi S, Dilda PJ, McDonald KL. Sensitization
of glioblastoma cells to irradiation by modulating the glucose
metabolism. Mol Cancer Ther. 2015;14:1794-1804.

Howard D, Sebastian S, Le QV, Thierry B, Kempson I.
Chemical mechanisms of nanoparticle radiosensitization
and radioprotection: a review of structure-function relation-
ships influencing reactive oxygen species. Int J Mol Sci.
2020;21:E579.

Soliman AM, Mekkawy MH, Karam HM, Higgins M,
Dinkova-Kostova AT, Ghorab MM. Novel iodinated quin-
azolinones bearing sulfonamide as new scaffold targeting
radiation induced oxidative stress. Bioorg Med Chem Lett.
2021;42:128002.



Integrative Cancer Therapies

72.

73.

74.

Skrzydlewska E, Stankiewicz A, Sulkowska M, Sulkowski S,
Kasacka I. Antioxidant status and lipid peroxidation in colorec-
tal cancer. J Toxicol Environ Health A. 2001;64:213-222.
Barrera G. Oxidative stress and lipid peroxidation products
in cancer progression and therapy. ISRN Oncol. 2012;2012:
137289.

Brakebusch M, Wintergerst U, Petropoulou T, et al. Bromelain
is an accelerator of phagocytosis, respiratory burst and killing
of Candida albicans by human granulocytes and monocytes.
Eur J Med Res. 2001;6:193-200.

75.

76.

77.

Raviraj J, Bokkasam V, Kumar V, Reddy U, Suman V.
Radiosensitizers, radioprotectors, and radiation mitigators.
Indian J Dent Res. 2014;25:83-90.

Bilska A, Kryczyk A, Wtodek L. [The different aspects of
the biological role of glutathione]. Postepy Hig Med Dosw.
2007;61:438-453.

Selim NM, El-Hawary SS, El Zalabani SM, et al. Impact of
Washingtonia robusta leaves on gamma irradiation-induced
hepatotoxicity in rats and correlation with STING pathway
and phenolic composition. Pharmaceuticals. 2020;13:E320.



