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Abstract

Background: Bromelain, a proteolytic enzyme extracted from pineapple stems, has demonstrated
anticancer activity in several experimental models. However, its radiosensitizing effect in
colorectal cancer remains insufficiently understood. The present study aimed to investigate the
radiosensitizing effect of bromelain in HT-29 human colorectal adenocarcinoma cells.

Method: In this in-vitro experimental study, HT-29 cells were pretreated with bromelain (70
ug/mL) for 3 h before exposure to 2 or 4 Gy X-ray irradiation. Radiosensitivity was evaluated
using the cytokinesis-block micronucleus assay, clonogenic survival assay, and catalase (CAT)
and superoxide dismutase (SOD) activities. Statistical analyses were performed using GraphPad
Prism version 8.0, with one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test; A P < 0.05 was considered to be statistically significant.

Results: Bromelain alone produced minimal effects. Bromelain pretreatment significantly
increased micronucleus frequency from 39.22 + 2.03 to 46.00 + 2.00 after 2 Gy and from 43.11 +
2.00 to 53.00 + 1.00 after 4 Gy irradiation (P < 0.01). It also reduced clonogenic survival from
57.33 £ 2.04% to 49.00 + 1.00% after 2 Gy and from 46.24 + 1.67% to 29.10 £ 2.01% after 4 Gy
(P < 0.001). Irradiation reduced CAT and SOD activities, whereas bromelain produced an
additional significant decrease only in SOD activity.

Conclusion: Bromelain enhanced radiosensitivity in HT-29 cells by increasing radiation-induced
chromosomal damage, reducing clonogenic survival, and further suppressing SOD activity. These
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findings support further investigation of bromelain as a naturally derived radiosensitizer for

colorectal cancer.

Keywords: Bromelain, Colorectal neoplasms, Radiosensitization, Micronucleus assay, Clonogenic

survival

Introduction

Colorectal cancer (CRC) remains one of the
most significant global health challenges and
is currently among the most frequently
diagnosed malignancies, worldwide.
According to recent global cancer statistics,
CRC ranks as the third most commonly
diagnosed cancer and the second leading
cause of cancer-related mortality, accounting
for approximately 1.9 million new cases and
more than 900,000 deaths annually. Despite
substantial advances in screening programs,
surgical techniques, systemic therapies, and
personalized treatment approaches, CRC
continues to impose a considerable clinical
and socioeconomic burden worldwide,
particularly in patients with advanced-stage
disease.r?

Radiotherapy  constitutes an integral
component of  multimodal treatment
strategies for colorectal malignancies,
especially rectal cancer. Preoperative and
postoperative radiotherapy have significantly
improved local tumor control, reduced
recurrence rates, and enhanced surgical
outcomes. Nevertheless, the therapeutic
effectiveness of ionizing radiation is
frequently limited by intrinsic or acquired
radioresistance of tumor cells. Furthermore,
the escalation of radiation dose is often
constrained by unavoidable toxicity to
surrounding normal tissues. Consequently,
identifying approaches capable of selectively
enhancing tumor radiosensitivity while
preserving normal tissue integrity, remains a
major objective in contemporary radiation
oncology.*®

The biological effects of ionizing radiation
are mediated predominantly through the
generation of reactive oxygen species (ROS),

resulting in oxidative stress and damage to
cellular macromolecules. DNA double-
strand breaks represent a particularly lethal
form of radiation-induced injury and play a
critical role in determining cellular fate after
irradiation. However, antioxidant defense
systems and DNA repair pathways may
enable tumor cells to survive radiation
exposure and contribute to treatment
resistance.”® Therefore, modulation of
oxidative stress and DNA damage responses
represents a potential strategy for improving
the therapeutic efficacy of radiation
treatment.

Naturally derived bioactive compounds have
attracted increasing attention as potential
radiosensitizers due to their ability to
influence multiple biological pathways.
Several phytochemicals, including curcumin,
resveratrol,  quercetin, epigallocatechin
gallate, and genistein, have demonstrated
radiosensitizing properties through
modulation of oxidative stress, apoptosis,
cell-cycle regulation, inflammation, and
DNA repair mechanisms, !0 11

Bromelain is a complex proteolytic extract
primarily obtained from the stem and fruit of
Ananas comosus (pineapple). It contains a
heterogeneous mixture of cysteine proteases
and other bioactive components and has
traditionally been investigated for its anti-
inflammatory, anti-edematous, fibrinolytic,
and wound-healing properties. Growing
evidence has also demonstrated anticancer
effects of bromelain in several experimental
cancer models.?

Experimental studies have shown that
bromelain can suppress tumor cell
proliferation and promote apoptosis and
autophagy, while also modulating cellular



redox balance and signaling pathways
involved in tumor progression.’? 13
Bromelain has additionally been reported to
enhance the effects of conventional
anticancer therapies in experimental models.
These biological activities, together with the
central role of oxidative stress in radiation-
induced cell killing, provide a rationale for
investigating bromelain as a potential natural
radiosensitizer.12-14

CRC represents one of the malignancies in
which novel radiosensitizing approaches may
be particularly beneficial. Among available
experimental models, the HT-29 human
colorectal adenocarcinoma cell line is widely
employed in radiobiological research due to
its well-characterized molecular profile and
relatively resistant phenotype. Evaluation of
radiation-induced micronucleus formation
provides a  sensitive indicator  of
chromosomal instability and unrepaired
DNA damage, whereas the clonogenic
survival assay remains the gold standard for
determining long-term reproductive cell
death following irradiation. Furthermore,
measurement of antioxidant enzymes such as
superoxide dismutase (SOD) and catalase
(CAT) offers valuable mechanistic insight
into radiation-induced alterations in cellular
redox homeostasis.!*18

Although bromelain has been extensively
investigated for its anticancer activities, its
potential as a radiosensitizer remains
insufficiently characterized. In particular,
limited evidence is available regarding its
effects on radiation-induced chromosomal
damage, long-term clonogenic survival, and
antioxidant defense in CRC cells.
Accordingly, the present study was designed
to investigate the radiosensitizing potential of
bromelain in HT-29 human CRC cells
exposed to ionizing radiation by evaluating
radiation-induced chromosomal damage
using the cytokinesis-block micronucleus
(CBMN) assay, reproductive cell survival
using the clonogenic assay, and alterations in

antioxidant defense through the measurement
of SOD and CAT activities.

Materials and Methods

Ethical considerations

The experimental protocol was approved by the
Ethics Committee of Guilan University of
Medical Sciences, Rasht, Iran (Approval No.
IR.GUMS.REC.1402.248). All experimental
procedures were conducted in accordance with
the institutional guidelines for biomedical
research.

Chemicals and reagents

Bromelain (2500 GDU/qg), extracted from the
stem of Ananas comosus, was purchased as a
bulk powder from DarouSazi Salamat
Parmon Amin Co. (Iran). Cytochalasin-B
was purchased from Sigma-Aldrich (St.
Louis, MO, USA). RPMI-1640 culture
medium, penicillin, and streptomycin were
obtained from Dacell Co. (Iran). Fetal bovine
serum and 0.25% trypsin-EDTA were
obtained from Gibco-Invitrogen (Thermo
Fisher Scientific, UK). Commercial SOD and
CAT assay kits were purchased from Navand
Salamat Co. (Urmia, Iran). Giemsa stain,
methanol, glacial acetic acid, and phosphate-
buffered saline were obtained from Merck
(Darmstadt, Germany). All other chemicals
and reagents used in this study were of
analytical grade.

Bromelain preparation and irradiation
conditions

Bromelain was freshly prepared immediately
before each experiment by dissolving the
powder in sterile distilled water under aseptic
conditions and sterilizing the solution
through a 0.22-pum syringe filter. Working
solutions were prepared by dilution with
complete culture medium to obtain a final
concentration of 70 pg/mL. Since bromelain
is a proteolytic enzyme complex rather than a
single purified compound, concentrations are
expressed as pg/mL throughout the study.
For irradiation, culture plates were
transported to the radiotherapy unit and
exposed to either 2 Gy or 4 Gy using a 6 MV



medical linear accelerator (Shinva, China).
Irradiation was delivered at a dose rate of
1.96 Gy/min, with a source-to-surface
distance of 100 cm and a treatment depth of
2 cm. Sham-irradiated control cultures were
handled under identical transportation and
environmental conditions but were not
exposed to ionizing radiation.

Cell line and cell culture

The human colorectal adenocarcinoma cell
line HT-29 was obtained from the National
Center for Genetic and Biological Resources
of Iran (IBRC), Tehran, Iran. Cells were
cultured in RPMI-1640 medium
supplemented with 10% (v/v) fetal bovine
serum, 100 IU/mL penicillin, and 100 pg/mL
streptomycin. Cell cultures were maintained
at 37°C in a humidified incubator containing
5% CO,. The culture medium was renewed
every 2-3 days, and cells were routinely
subcultured upon reaching approximately
80% confluence using 0.25% trypsin-EDTA.
Study design

The present in-vitro study was designed to
investigate the potential radiosensitizing
effect of bromelain on the human colorectal
adenocarcinoma HT-29 cell line. The
experimental design consisted of six
experimental groups: untreated control,
bromelain alone (70 pg/mL), 2 Gy
irradiation, 4 Gy irradiation, bromelain + 2
Gy irradiation, and bromelain + 4 Gy
irradiation. Bromelain was administered as a
pretreatment 3 h before irradiation to
evaluate its ability to enhance radiation-
induced cellular responses.

To comprehensively assess the
radiosensitizing potential of bromelain, four
complementary biological endpoints were
evaluated. Radiation-induced chromosomal
damage was assessed using the CBMN assay,
reproductive cell survival was determined by
the clonogenic assay, and oxidative stress
responses were evaluated by measuring the
activities of the antioxidant enzymes SOD
and CAT. Each experiment was performed

independently in triplicate under identical
experimental conditions.

CBMN assay

HT-29 cells were seeded into 12-well culture
plates at a density of 1 x 10° cells/well and
incubated for 24 h to allow cell attachment.
Cells were subsequently treated with
bromelain at a final concentration of 70
ug/mL for 3 h before irradiation. Irradiation
was then performed with either 2 Gy or 4 Gy
under the conditions described above.
Immediately after irradiation, the bromelain-
containing medium was removed and
replaced with fresh complete RPMI-1640
medium, and the cells were incubated for 48
h at 37°C in a humidified atmosphere
containing 5% CO,. Cytokinesis was then
blocked by adding cytochalasin B to achieve
a final concentration of 6 pg/mL. The
cultures were further incubated for an
additional 28 h before cell harvesting.

The harvested cells were fixed with cold
methanol: glacial acetic acid (6:1, v/v). Three
microscope slides were prepared from each
sample, air-dried at room temperature for 24
h, stained with 10% Giemsa solution for 3
min, rinsed with distilled water, and
examined under a light microscope.'® For
each sample, at least 1000 binucleated cells
were scored, and the frequency of
micronucleated binucleated cells was
recorded for statistical analysis.

Clonogenic survival assay

HT-29 cells were seeded into 6-well culture
plates at a density of 2 x 108 cells/well in
triplicate and incubated for 24 h to allow cell
attachment. The cells were subsequently
treated with bromelain at a final
concentration of 70 pg/mL for 3 h before
irradiation. Irradiation was performed with
either 2 Gy or 4 Gy under the conditions
described above.

Immediately after irradiation, the bromelain-
containing medium was replaced with fresh
complete RPMI-1640 medium, and the cells
were incubated for 14 days under standard



culture conditions to allow colony formation.
The culture medium was renewed every 2—-3
days throughout the incubation period.*
After 14 days, the colonies were gently
washed with phosphate-buffered saline, fixed
with cold methanol:glacial acetic acid (6:1,
v/v), and stained with 10% Giemsa solution.
Colonies containing 50 or more cells were
considered viable and counted under a light
microscope.®

The plating efficiency (PE) and surviving
fraction (SF) were calculated using the
following equations:

PE = (Number of colonies formed / Number
of cells seeded) x 100%

SF = Number of colonies formed / (Number
of cells seeded x PE)

where PE represents the PE of untreated
control cells and SF represents the SF
following each treatment condition.
Determination of CAT activity

HT-29 cells were seeded into 12-well culture
plates and incubated for 24 h before
treatment. The cells were subsequently
treated with bromelain at a final
concentration of 70 pg/mL for 3 h before
irradiation. The culture plates were then
transferred to the radiotherapy center and
exposed to either 2 Gy or 4 Gy X-ray
irradiation under the conditions described
above. Immediately after irradiation, the
plates were returned to the laboratory, and
CAT activity was determined.’

CAT activity was measured using a
commercially available Nasdox™ CAT
Activity Assay Kit (Navand Salamat Co.,
Iran) according to the manufacturer's
instructions. Cell lysates were prepared using
the lysis buffer provided with the kit, and the
resulting supernatants were used for enzyme
activity measurement. Absorbance was
recorded at 550 nm using a microplate reader,
and CAT activity was calculated according to
the manufacturer's protocol.

Determination of SOD activity

HT-29 cells were treated under the same
experimental conditions described for the
CAT assay. Immediately after irradiation,
SOD activity was determined.

SOD activity was assessed using a
commercially available Nactaz™ SOD
Assay Kit (Navand Salamat Co., Iran)
according to the manufacturer's instructions.
Cell lysates were prepared using the lysis
buffer supplied with the kit. The lysates were
centrifuged, and the resulting supernatants
were  collected for SOD  activity
measurement.'® Absorbance was measured at
405 nm using a microplate reader, and SOD
activity was calculated according to the
manufacturer's protocol.

Statistical analysis

All experiments were performed in three
independent biological replicates (n = 3).
Data are presented as mean + standard
deviation (SD) values. Statistical analyses
were performed using GraphPad Prism
software (version 8.0; GraphPad Software
Inc., San Diego, CA, USA). Differences
among experimental groups were analyzed
using one-way analysis of variance
(ANOVA) followed by Tukey's multiple
comparison post hoc test. A P-value < 0.05
was considered statistically significant.

Results

Bromelain enhanced radiation-induced
micronucleus formation in HT-29 cells

The CBMN assay was performed to evaluate
chromosomal damage induced by bromelain,
ionizing radiation, and their combination in
HT-29 cells (Figure 1).

As expected, exposure to X-ray irradiation
significantly increased micronucleus
formation compared with untreated control
cells. The mean micronucleus frequency
increased from 12.21 + 2.00 in the control
group to 39.22 + 2.03 and 43.11 = 2.00
following exposure to 2 Gy and 4 Gy,
respectively (both P < 0.0001 vs. control). In



contrast, treatment with bromelain alone (70
pug/mL) produced only a slight increase in
micronucleus frequency (16.36 = 0.62),
which was not statistically different from the
control group (P = 0.0966).

Pretreatment with bromelain significantly
potentiated radiation-induced chromosomal
damage. In irradiated cells receiving
bromelain, the mean micronucleus frequency
increased to 46.00 £ 2.00 following 2 Gy
irradiation and to 53.00 + 1.00 following 4
Gy irradiation. Compared with radiation
alone, bromelain pretreatment significantly
increased micronucleus formation after 2 Gy
irradiation (P = 0.0042) and after 4 Gy
irradiation (P = 0.0001).

No statistically significant difference was
observed between the 2 Gy and 4 Gy
irradiation groups (P = 0.1305), nor between
the 4 Gy and bromelain + 2 Gy groups (P =
0.3640). However, micronucleus formation
in the bromelain + 4 Gy group was
significantly higher than that observed in all
other irradiated treatment groups, indicating
the greatest extent of radiation-induced
chromosomal damage under combined
treatment conditions (P < 0.01).

Overall, the CBMN assay demonstrated that
bromelain alone  exerted minimal
genotoxicity, whereas pretreatment with
bromelain significantly enhanced radiation-
induced chromosomal damage at both
radiation  doses, consistent with a
radiosensitizing effect in HT-29 CRC cells.
Bromelain potentiated the inhibitory effect
of ionizing radiation on clonogenic survival
of HT-29 cells

The clonogenic survival assay was performed
to determine whether bromelain pretreatment
enhanced the inhibitory effect of ionizing
radiation on the long-term proliferative
capacity of HT-29 cells (Figure 2).

Exposure to ionizing radiation significantly
reduced clonogenic survival compared with
untreated control cells. SF decreased from
100.00 £ 0.00 in the control group to 57.33 £

2.04 following 2 Gy irradiation and 46.24 *
1.67 following 4 Gy irradiation (both P <
0.0001 vs. control). In contrast, treatment
with bromelain alone resulted in only a slight
reduction in clonogenic survival (96.43 +
0.77), which was not statistically different
from the untreated control (P = 0.1165).
Pretreatment  with  bromelain  further
enhanced the inhibitory effect of radiation on
colony formation. SF decreased to 49.00 +
1.00 in the bromelain + 2 Gy group and 29.10
+ 2.01 in the bromelain + 4 Gy group.
Compared with irradiation alone, bromelain
pretreatment significantly reduced
clonogenic survival following 2 Gy
irradiation (P = 0.0003) and 4 Gy irradiation
(P <0.0001).

A significant difference was also observed
between the 2 Gy and 4 Gy irradiation groups
(P < 0.0001), indicating a dose-dependent
reduction in clonogenic survival following
radiation  exposure. No  statistically
significant difference was found between the
4 Gy and bromelain + 2 Gy groups (P =
0.3049). The bromelain + 4 Gy group
exhibited the lowest SF among all
experimental groups, demonstrating the
greatest inhibition of clonogenic growth.
Overall, these findings indicate that
bromelain alone had minimal effects on
clonogenic survival, whereas pretreatment
with bromelain significantly potentiated the
inhibitory effect of ionizing radiation on the
reproductive survival of HT-29 CRC cells.
Effect of bromelain pretreatment on CAT
activity in irradiated HT-29 cells

CAT activity was measured to evaluate
whether bromelain pretreatment influenced
the antioxidant response of HT-29 cells
following ionizing radiation (Figure 3).
Treatment with bromelain alone did not
significantly alter CAT activity compared
with untreated control cells (2.260 + 0.093 vs.
2.285 = 0.013, P = 0.9821). In contrast,
exposure to ionizing radiation significantly
reduced CAT activity. The mean CAT



activity decreased to 1.973 + 0.005 following
2 Gy irradiation and to 1.931 = 0.008
following 4 Gy irradiation, both of which
were significantly lower than the untreated
control (P < 0.0001).

Pretreatment ~ with ~ bromelain  before
irradiation resulted in CAT activities of 1.950
+ 0.057 in the bromelain + 2 Gy group and
1.857 £ 0.025 in the bromelain + 4 Gy group.
However, these values were not significantly
different  from  their  corresponding
irradiation-only groups (P = 0.9883 for 2 Gy
vs. bromelain + 2 Gy and P = 0.4171 for 4 Gy
vs. bromelain + 4 Gy). Likewise, no
significant difference was observed between
the 2 Gy and 4 Gy irradiation groups (P =
0.8680).

Overall, these findings indicate that ionizing
radiation significantly decreased CAT
activity in HT-29 cells, whereas bromelain
pretreatment did not produce an additional
statistically significant effect on CAT activity
beyond that induced by irradiation.

Effect of bromelain pretreatment on SOD
activity in irradiated HT-29 cells

SOD activity was evaluated to determine
whether bromelain pretreatment modulated
the antioxidant response of HT-29 cells
following ionizing radiation (Figure 4).
Treatment with bromelain alone did not
significantly affect SOD activity compared
with the untreated control group (1.201 +
0.054 vs. 1.360 £ 0.010, P = 0.0907). In
contrast, exposure to ionizing radiation
significantly reduced SOD activity. The
mean SOD activity decreased to 1.140
0.034 following 2 Gy irradiation (P = 0.0132)
and to 1.084 + 0.034 following 4 Gy
irradiation (P = 0.0024) compared with the
control group.

Pretreatment  with ~ bromelain  before
irradiation produced a further significant
reduction in SOD activity. The bromelain + 2
Gy group exhibited a mean SOD activity of
0.853 + 0.140, which was significantly lower
than that observed in the 2 Gy irradiation-

only group (P = 0.0017). Likewise, the
bromelain + 4 Gy group showed a mean SOD
activity of 0.701 + 0.024, representing a
significant decrease compared with the 4 Gy
irradiation-only group (P = 0.0001).

No significant differences were observed
between the 2 Gy and 4 Gy irradiation groups
(P = 0.8948) or between the bromelain + 2
Gy and bromelain + 4 Gy groups (P =
0.1122).

Overall, these findings demonstrate that
bromelain significantly potentiated the
radiation-induced reduction in SOD activity,
indicating a greater impairment of the
cellular antioxidant defense system following
combined treatment. A summary of the
effects of bromelain pretreatment on
radiation-induced chromosomal damage,
clonogenic survival, and antioxidant enzyme
activities is presented in Table 1. Bromelain
pretreatment significantly increased
micronucleus  frequency and reduced
clonogenic survival at both radiation doses. It
also further reduced SOD activity, whereas
the additional reduction in CAT activity was
not statistically significant.

Discussion

The present study demonstrates that
bromelain enhances the radiosensitivity of
HT-29 CRC cells when administered prior to
ionizing radiation. Bromelain alone exerted
minimal effects on chromosomal damage,
clonogenic survival and antioxidant enzyme
activity, whereas its combination with
irradiation significantly increased
micronucleus formation, reduced clonogenic
survival and selectively altered the
antioxidant defense system.

A major finding of the present study is the
significant  increase in  micronucleus
formation following bromelain pretreatment
before irradiation. Micronuclei are well-
established biomarkers of unrepaired DNA
double-strand breaks and chromosome mis-
segregation during mitosis and therefore



reflect genomic instability induced by
ionizing radiation.*®?° Since bromelain alone
did not significantly increase micronucleus
frequency, the enhanced chromosomal
damage observed in the combined treatment
groups is unlikely to result from intrinsic
genotoxicity. Instead, bromelain appears to
increase the susceptibility of irradiated cells
to DNA damage, thereby amplifying the
biological consequences of radiation
exposure.

The mechanism underlying this
radiosensitizing effect is likely multifactorial.
Previous studies have shown that bromelain
suppresses CRC cell growth through
induction of apoptosis and autophagy,
increased intracellular ROS generation, and
modulation of signaling pathways involved
in cell survival, including PI3K/Akt and
ERK.?Y 22 These effects may interfere with
cellular recovery following radiation-induced
damage and thereby contribute to the
increased chromosomal damage observed in
the present study. In addition, modulation of
oxidative stress may be particularly relevant
because ROS are important mediators of
radiation-induced DNA damage. However,
the present study did not directly assess DNA
repair pathways, apoptosis, autophagy, or
intracellular ROS levels; therefore, these
mechanisms should be considered potential
explanations rather than directly
demonstrated mechanisms.

Similar radiosensitizing mechanisms have
been described for several naturally derived
compounds, including curcumin, quercetin,
resveratrol and thymoquinone, which can
enhance radiation-induced DNA damage
through increased oxidative stress, inhibition
of DNA repair and activation of apoptotic
signaling pathways.?® Our previous study
using T47D breast cancer cells similarly
demonstrated that  pretreatment  with
quercetin increased radiation-induced
micronucleus formation, reduced clonogenic
survival and further suppressed antioxidant

defenses.?* Although bromelain has not
previously been investigated as a
radiosensitizer in HT-29 CRC cells, these
findings support the broader concept that
naturally derived compounds may enhance
the response of tumor cells to ionizing
radiation through modulation of multiple
biological pathways.

The clonogenic assay further confirmed the
radiosensitizing activity of bromelain.
Although bromelain alone had little effect on
colony formation, pretreatment significantly
reduced the SF after irradiation, indicating
that irradiated HT-29 cells lost their capacity
for  sustained  proliferation.  Because
clonogenic survival reflects the long-term
reproductive integrity of cancer cells, it is
considered the gold standard for assessing
radiosensitivity.”® The parallel increase in
micronucleus frequency and decrease in
clonogenic survival observed in the present
study suggests that the additional DNA
damage induced by bromelain is biologically
relevant and ultimately translated into
irreversible loss of proliferative potential.
Our findings are also consistent with our
recent study in MCF-7 breast cancer cells, in
which bromelain significantly enhanced
radiation-induced micronucleus formation,
reduced clonogenic survival, and potentiated
oxidative stress—related responses. Although
the tumour models differed, the comparable
biological effects observed in both breast and
CRC cells suggest that bromelain-mediated
radiosensitization may not be limited to a
single cancer type and may indicate that
bromelain-mediated radiosensitization is not
restricted to a single tumour model.?

These findings are also consistent with
previous  studies  demonstrating  that
radiosensitization in CRC cells can be
accompanied by reduced clonogenic survival
following inhibition of DNA repair and
activation of apoptosis.?® 27 In particular,
suppression  of the PI3K/Akt/mTOR
signaling pathway has been shown to



enhance the radiosensitivity of HT-29 and
HCT116 CRC cells by attenuating DNA
double-strand break repair through inhibition
of ATM and DNA-PKcs activation.?” Recent
evidence further indicates that agents capable
of increasing oxidative stress while
interfering with  pro-survival signaling
pathways may represent promising adjuncts
to radiotherapy. Although the present study
did not directly investigate these signaling
pathways, the observed enhancement of
radiation-induced chromosomal damage and
loss of clonogenic survival is compatible
with such mechanisms.

Another noteworthy observation was that
bromelain enhanced the radiation response at
both 2 Gy and 4 Gy. These doses were
selected to represent clinically relevant
irradiation conditions. A dose of 2 Gy
corresponds to a conventional daily fraction
used in external beam radiotherapy, whereas
doses around 4 Gy are used in moderate
hypofractionated treatment protocols for
several solid tumors, including rectal
cancer.?8 2° Evaluating bromelain under both
irradiation conditions therefore provides a
broader assessment of its potential
radiosensitizing activity. The absence of a
statistically significant difference between
the two radiation doses for some endpoints
suggests that the magnitude of bromelain-
mediated radiosensitization may not increase
proportionally with radiation dose.
Interestingly, although increasing the
radiation dose from 2 Gy to 4 Gy produced
only a modest increase in micronucleus
frequency, it resulted in a substantially
greater reduction in clonogenic survival. This
finding suggests that increasing radiation
dose does not necessarily lead to a
proportional increase in early chromosomal
damage but may produce a greater loss of
long-term reproductive capacity. Such
observations are consistent with the
radiobiological concept that clonogenic
survival integrates  the  cumulative

consequences of DNA damage, mitotic
catastrophe and delayed cell death, whereas
micronucleus formation reflects only one
component of radiation-induced
chromosomal injury.®

The antioxidant enzyme findings provide
additional insight into the potential
contribution of redox regulation to
bromelain-mediated radiosensitization.
Irradiation significantly reduced the activities
of both CAT and SOD, confirming
alterations in the antioxidant defense system
following radiation exposure.®°32 However,
bromelain  pretreatment  produced an
additional significant reduction only in SOD
activity, whereas CAT activity did not differ
significantly from the corresponding
radiation-alone groups. This differential
response suggests that bromelain may
selectively influence components of the
cellular antioxidant defense system rather
than causing a generalized suppression of
antioxidant enzymes.

The distinct behaviour of these enzymes is
biologically plausible. SOD represents the
first enzymatic barrier against radiation-
induced oxidative stress by catalysing the
conversion of superoxide anions into
hydrogen peroxide, whereas CAT functions
downstream by detoxifying hydrogen
peroxide into water and  oxygen.
Consequently, impairment of SOD activity is
expected to promote intracellular ROS
accumulation at an earlier stage following
irradiation, thereby facilitating oxidative
DNA damage and enhancing
radiosensitivity.>® 33 The absence of a further
reduction in CAT activity may reflect
compensatory  regulation of hydrogen
peroxide metabolism or the involvement of
alternative antioxidant pathways, indicating
that  bromelain  primarily  influences
superoxide-mediated oxidative stress.

The present findings are consistent with the
study of Huang et al., who demonstrated that
bromelain increased intracellular ROS



generation and induced apoptosis and
autophagy in HT-29 and HCT116 CRC cells
through modulation of PI3K/Akt and ERK
signalling pathways.?* Although antioxidant
enzyme activities were not measured in their
study, their observations support the
hypothesis that oxidative stress contributes to
bromelain-mediated radiosensitization.

Similar observations have also been reported
for other naturally derived radiosensitizers.
Several phytochemicals, including quercetin,
curcumin, resveratrol and thymoquinone,
have been shown to enhance radiation-

induced oxidative stress while
simultaneously suppressing DNA repair and
survival signalling pathways, thereby

increasing tumour radiosensitivity.?® The
consistency of these findings across different
tumour models suggests that modulation of
oxidative stress represents a common
mechanism through which phytochemicals
potentiate the biological effects of ionizing
radiation.

The findings of the present study further
support the radiosensitizing potential of
bromelain in HT-29 CRC cells. Bromelain
pretreatment increased radiation-induced
chromosomal damage, reduced long-term
clonogenic  survival and  selectively
modulated the cellular antioxidant defense
system, particularly through suppression of
SOD activity. These findings suggest that
bromelain may facilitate radiation-induced
oxidative stress and impair the capacity of
tumour cells to recover from radiation-
induced damage. Further studies
investigating the underlying molecular
mechanisms and validating these findings in
appropriate in vivo CRC models are
warranted.

This study has some limitations. First, the
experiments were conducted using a single
CRC cell line (HT-29), which may limit the
generalizability of the findings to other
cancer cell types. Second, the evaluation was
limited to  micronucleus  formation,
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clonogenic survival, and SOD and CAT
activities. Further studies using additional
cell lines, a broader range of bromelain
concentrations, and complementary
molecular assays are needed to clarify the
mechanisms underlying the observed effects
and to determine the potential of bromelain
as a radiosensitizing agent.

Conclusion
The present study demonstrated that
bromelain  pretreatment enhances the

radiosensitivity of HT-29 CRC cells.
Bromelain significantly increased radiation-
induced chromosomal damage and reduced
clonogenic survival, while selectively
enhancing the radiation-induced reduction in
SOD activity without producing a significant
additional effect on CAT activity. These
findings support the potential of bromelain as
a naturally derived radiosensitizing agent and
provide a basis for further investigation of its
underlying molecular mechanisms and
therapeutic potential in combination with
radiotherapy.

Acknowledgements

We extend our appreciation to the Deputy of
Research and Technology at Guilan
University of Medical Sciences for their
valuable assistance and consultations during
the course of this study.

Funding
Not applicable.

Authors’ Contributions

Mona Haddad Zahmatkesh conceived and
designed the study, performed the
experiments, analyzed the data, interpreted
the results, and drafted the manuscript. Amir
Shojaeifar contributed to the experimental
work and data collection. Hamid Saeidi Saedi
supervised and performed the irradiation
procedures. All authors read and approved
the final manuscript.



Conflict of Interest
None declared.

References

1. Sung H, Filho AM, Laversanne M, Ferlay
J, Siegel RL, Soerjomataram 1, et al. Global
cancer statistics 2024. GLOBOCAN
estimates of incidence and mortality
worldwide for 34 cancers in 186 countries.
CA Cancer J Clin. 2026;76:70090. doi:
10.3322/caac.70090. PMID: 42417444;
PMCID: PMC13343830.

2. Siegel RL, Giaquinto AN, Jemal A. Cancer
statistics, 2024. CA Cancer J Clin.
2024;74:12-49. doi: 10.3322/caac.21820.
PMID: 38230766.

3. Dekker E, Tanis PJ, Vleugels JLA, Kasi
PM, Wallace MB. Colorectal cancer. Lancet.
2019;394:1467-80. doi: 10.1016/s0140-
6736(19)32319-0. PMID: 31631858.

4. Benson AB, Venook AP, Al-Hawary MM,
Azad N, Chen YJ, Ciombor KK, et al. Rectal
Cancer, Version 2.2022, NCCN Clinical
Practice Guidelines in Oncology. J Natl
Compr Canc Netw. 2022;20:1139-67. doi:
10.6004/jnccn.2022.0051. PMID: 36240850.
5. Glynne-Jones R, Wyrwicz L, Tiret E,
Brown G, Rddel C, Cervantes A, et al. Rectal
cancer: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up. Ann
Oncol. 2017;28:iv22-iv40. doi:
10.1093/annonc/mdx224. PMID: 28881920.
6. Citrin DE. Recent developments in
radiotherapy. N Engl J Med. 2017;377:1065-
75. doi: 10.1056/NEJMral1608986. PMID:
28902591.

7. Barker HE, Paget JT, Khan AA,
Harrington KJ. The tumour
microenvironment  after  radiotherapy:
mechanisms of resistance and recurrence.
Nat Rev Cancer. 2015;15:409-25. doi:
10.1038/nrc3958. PMID: 26105538;
PMCID: PMC4896389.

8. Alamilla-Presuel JC, Burgos-Molina AM,
Gonzalez-Vidal A, Sendra-Portero F, Ruiz-

11

Gomez MJ. Factors and molecular
mechanisms of radiation resistance in cancer
cells. Int J Radiat Biol. 2022;98:1301-15.
doi: 10.1080/09553002.2022.2047825.
PMID: 35225732.

9. Wang VY, Liu Z, Lv Y, Long J, Lu Y,
Huang P. Mechanisms of radioresistance and
radiosensitization  strategies for triple
negative breast cancer. Transl Oncol.
2025;55:102351. doi:
10.1016/j.tranon.2025.102351. PMID:
40112501; PMCID: PMC11964565.

10. Yi J, Zhu J, Zhao C, Kang Q, Zhang X,
Suo K, et al. Potential of natural products as
radioprotectors and radiosensitizers:
opportunities and challenges. Food Funct.
2021;12:5204-18. doi: 10.1039/d1fo00525a.
PMID: 34018510.

11. Abdollahi A, Imani A, Rassouli FB.
Natural radiosensitizers in cancer therapy:
Mechanisms, radioresistance modulation,
and translational prospects. Biochim Biophys
Acta Rev Cancer. 2026;1881:189628. doi:
10.1016/j.bbcan.2026.189628. PMID:
42235835.

12. Pezzani R, Jiménez-Garcia M, Capé X,
S6nmez Gurer E, Sharopov F, Rachel TYL,
et al. Anticancer properties of bromelain:

State-of-the-art and recent trends. Front
Oncol. 2022:12:1068778. doi:
10.3389/fonc.2022.1068778. PMID:

36698404; PMCID: PMC9869248.

13. Forootan M, Amiri MM, Darvishi M,
Sherwin CM, Ghanadi K. The therapeutic
effects of Dbromelain against colorectal
cancer: A systematic review. Current Cancer
Therapy Reviews. 2024;20(4):402-9. doi:
10.2174/0115733947253563230922092456.
14. 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;19:1534735420950468.
doi: 10.1177/1534735420950468. PMID:
32783540; PMCID: PMC7425266.



15. Brix N, Samaga D, Belka C, Zitzelsberger
H, Lauber K. Analysis of clonogenic growth
in vitro. Nat Protoc. 2021;16(11):4963-91.
doi: 10.1038/s41596-021-00615-0. PMID:
34697469.

16. Doherty A, Bryce SM, Bemis JC. Chapter
6 - The In Vitro Micronucleus Assay. In:
Proudlock R, editor. Genetic Toxicology
Testing. Boston:  Academic  Press;
2016.p.161-205.

17. Bendou O, Gutiérrez-Ferndndez |,
Marcos-Barbero EL, Bueno-Ramos N,
Gonzélez-Hernandez Al, Morcuende R, et al.
Theoretical and experimental considerations
for a rapid and high throughput measurement
of catalase in vitro. Antioxidants (Basel).
2021;11. doi:  10.3390/antiox11010021.
PMID: 35052525; PMCID: PMC8773236.
18. Engelbrecht I, Horn S, Giesy JP, Pieters
R. Determining superoxide dismutase
content and catalase activity in mammalian
cell lines. MethodsX. 2023;11:102395. doi:
10.1016/j.mex.2023.102395. PMID:
37791011; PMCID: PMC10542938.

19. Sommer S, Buraczewska I, Kruszewski
M. Micronucleus assay: The state of art, and
future directions. Int J Mol Sci. 2020;21. doi:
10.3390/ijms21041534. PMID: 32102335;
PMCID: PMC7073234.

20. Fenech M, Knasmueller S, Bolognesi C,
Holland N, Bonassi S, Kirsch-Volders M.
Micronuclei as biomarkers of DNA damage,
aneuploidy, inducers of chromosomal
hypermutation and as sources of pro-
inflammatory DNA in humans. Mutat Res
Rev Mutat Res. 2020;786:108342. doi:
10.1016/j.mrrev.2020.108342. PMID:
33339572.

21. Chang TC, Wei PL, Makondi PT, Chen
WT, Huang CY, Chang YJ. Bromelain
inhibits the ability of colorectal cancer cells
to proliferate via activation of ROS
production and autophagy. PL0S One.
2019;14:e0210274. doi:
10.1371/journal.pone.0210274. PMID:
30657763; PMCID: PMC6338369.

12

22. Romano B, Fasolino I, Pagano E,
Capasso R, Pace S, De Rosa G, et al. The
chemopreventive action of bromelain, from
pineapple stem (Ananas comosus L.), on
colon carcinogenesis is related to
antiproliferative and proapoptotic effects.
Mol Nutr Food Res. 2014;58:457-65. doi:
10.1002/mnfr.201300345. PMID: 24123777.
23. Dweh TJ, Taye M, Deka D, Samanta SK,
Talukdar NC. Phytochemicals as
radioprotective and radiosensitizing agents in
cancer radiotherapy: Advances, challenges,
and future perspectives. Planta Med.
2026;92:11-32. doi: 10.1055/a-2654-6072.
PMID: 41086865.

24. Haddad Zahmatkesh M, Pourafrasiabi Y,
Saeidi Saedi H. Quercetin enhances
radiosensitivity in T47D breast cancer cells:
impact on DNA damage, clonogenic
survival, and antioxidant defenses. Journal of
Current Oncology and Medical Sciences.
2026;6(1):1355-62.

25. Haddad Zahmatkesh M, Vojdanpour M,
Saeidi Saedi H. Bromelain as a natural
radiosensitizer in MCF-7 breast cancer cells:
Effects on DNA damage, clonogenic
survival, and oxidative stress. Research
Journal of Pharmacognosy. 2026;13(4):7-
15. doi: 10.22127/rjp.2026.566591.3064.

26. Begg AC, Stewart FA, Vens C. Strategies
to improve radiotherapy with targeted drugs.
Nat Rev Cancer. 2011;11:239-53. doi:
10.1038/nrc3007. PMID: 21430696.

27. Chen YH, Wei MF, Wang CW, Lee HW,
Pan SL, Gao M, et al. Dual phosphoinositide
3-kinase/mammalian target of rapamycin
inhibitor is an effective radiosensitizer for

colorectal cancer. Cancer Lett.
2015;357:582-90. doi:
10.1016/j.canlet.2014.12.015. PMID:

25497009.

28. Nahum AE. The radiobiology of

hypofractionation. Clin Oncol (R Coll
Radiol). 2015;27(5):260-9. doi:
10.1016/j.clon.2015.02.001. PMID:

25797579.



29. Brand DH, Kirby AM, Yarnold JR,
Somaiah N. How low can you go? The
radiobiology of hypofractionation. Clin
Oncol (R Coll Radiol). 2022;34:280-7. doi:
10.1016/j.clon.2022.02.009. PMID:
35260319.

30. Sies H. Oxidative stress: Concept and
some practical aspects. Antioxidants (Basel).
2020;9. doi: 10.3390/antiox9090852. PMID:
32927924; PMCID: PMC7555448.

31. Srinivas US, Tan BWQ, Vellayappan
BA, Jeyasekharan AD. ROS and the DNA
damage response in cancer. Redox Biol.
2019;25:101084. doi:
10.1016/j.redox.2018.101084. PMID:
30612957; PMCID: PMC6859528.

32. Sisakht M, Darabian M, Mahmoodzadeh
A, Bazi A, Shafiee SM, Mokarram P, et al.
The role of radiation induced oxidative stress
as a regulator of radio-adaptive responses. Int
J Radiat Biol. 2020;96:561-76. doi:
10.1080/09553002.2020.1721597.  PMID:
31976798.

33.  Zhang J, Wang X, Vikash V, Ye Q,
Wu D, Liu'Y, et al. ROS and ROS-mediated
cellular signaling. Oxid Med Cell Longev.
2016;2016:4350965. doi:
10.1155/2016/4350965. PMID: 26998193;
PMCID: PMC4779832.

13



Table 1. Summary of the effects of bromelain pretreatment on radiation-induced responses in HT-

29 cells
Endpoint Dose Radiation Bromelgln * P-value
alone radiation

Micronucleus frequency 2 Gy 39.22 +2.03 46.00 £ 2.00 0.0042
Micronucleus frequency 4 Gy 43.11+£2.00 53.00 + 1.00 0.0001
Clonogenic survival (%) 2 Gy 57.33+2.04 49.00 £ 1.00 0.0003
Clonogenic survival (%) 4 Gy 46.24 £ 1.67 29.10 £ 2.01 <0.0001
CAT activity (n 2Gy | 1.97+0.01 1.95 + 0.06 0.9883
mol/ml/min)
CAT activity (n 4Gy | 1.93+001 1.86 + 0.03 0.4171
mol/ml/min)
SOD activity (U/ml) 2 Gy 1.14+0.03 0.85 +0.14 0.0017
SOD activity (U/ml) 4 Gy 1.08 + 0.03 0.70 £ 0.02 0.0001

CAT: Catalase; SOD: Superoxide dismutase; SD: Standard deviation; Gy: Gray. Values are presented as mean + standard deviation.

P-values compare each bromelain-plus-radiation group with the corresponding radiation-alone group.
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Figure 1. This figure shows the effect of bromelain pretreatment on radiation-induced
micronucleus formation in HT-29 CRC cells; HT-29 cells were pretreated with bromelain (70
pug/mL) for 3 h before exposure to X-ray irradiation (2 or 4 Gy). Chromosomal damage was
evaluated using the CBMN assay. Data are presented as mean £ SD from three independent
experiments (n = 3). Statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey's multiple comparisons test.

P < 0.0001 versus untreated control; **P < 0.01 versus the 2 Gy irradiation group; #*P < 0.001 versus the 4 Gy irradiation
group. SD: Standard deviation; n: Number; CBMN: cytokinesis-block micronucleus; CRC: Colorectal cancer; Gy: Gray
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Figure 2. This figure shows the effect of bromelain pretreatment on clonogenic survival of HT-29
CRC cells following ionizing radiation; HT-29 cells were pretreated with bromelain (70 pg/mL)
for 3 h before exposure to X-ray irradiation (2 or 4 Gy). Following treatment, cells were cultured
for 14 days to allow colony formation. Colonies containing at least 50 cells were counted, and SF
was calculated relative to the untreated control. Data are presented as mean + SD values from three
independent experiments (n = 3). Statistical analysis was performed using one-way analysis of

variance (ANOVA) followed by Tukey's multiple comparisons test.
P < 0.0001 versus untreated control; ***P < 0.001 versus the 2 Gy irradiation group; ##P < 0.0001 versus the 4 Gy irradiation
group. SD: Standard deviation; n: Number; CRC: Colorectal cancer; Gy: Gray; SF: Survival fraction
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Figure 3. This figure shows the effect of bromelain pretreatment on CAT activity in HT-29 CRC
cells following ionizing radiation; HT-29 cells were pretreated with bromelain (70 pg/mL) for 3 h
before exposure to X-ray irradiation (2 or 4 Gy). CAT activity was measured immediately after
irradiation using a commercial CAT activity assay kit according to the manufacturer's instructions.
Data are presented as mean = SD values from three independent experiments (n = 3). Statistical
analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey's

multiple comparisons test.
P < 0.0001 versus untreated control. CAT: Catalase; CRC: Colorectal cancer; SD: Standard deviation; n: Number; Gy: Gray
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Figure 4. This figure shows the effect of bromelain pretreatment on SOD activity in HT-29 CRC
cells following ionizing radiation; HT-29 cells were pretreated with bromelain (70 pg/mL) for 3 h
before exposure to X-ray irradiation at doses of 2 or 4 Gy. SOD activity was measured immediately
after irradiation using a commercial SOD activity assay kit according to the manufacturer's
instructions. Data are presented as mean + SD values from three independent experiments (n = 3).
Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple

comparisons test.
*P < 0.05 and ™P < 0.01 versus the untreated control group; **P < 0.01 versus the 2 Gy group; ##P < 0.001 versus the 4 Gy group.
SOD: Super oxide dismutase; CRC: Colorectal cancer; SD: Standard deviation; n: Number; Gy: Gray
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