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Research Article

Introduction

Radiotherapy has been used for a long time in treating 
cancer.1 However, from the clinical perspective, radiother-
apy provides inadequate success due to the radioresistance 
of many tumors as well as the high risk of recurrence, and 
effects on normal cells may occur.2,3 Radioresistance occurs 
as the microenvironment of solid tumors is hypoxic com-
pared with normal tissue.4 In addition, some tumors have 
either an intrinsic resistance to ionizing radiation or can 
attain this property through accumulation of genetic muta-
tions causing an increased survival and proliferation.5 Thus, 
strategies to improve radiation therapy could include 
increasing resistance of normal tissues to radiation and/or 
increasing sensitivity of the tumor cells.6

Radiosensitizing agents increase the sensitivity of tumor 
cells via enhancing the generation of reactive oxygen 

species (ROS), increasing lipid peroxidation, depletion of 
glutathione which leads to DNA damage, inhibition of 
DNA repair, inhibition of DNA synthesis, induction of cell 
cycle arrest, induction of apoptosis, and inhibition of 
proliferation.7 Numerous nutritive cancer chemopreventive 
compounds having antioxidant properties have been recog-
nized to potentiate radiation therapy-induced cytotoxic 
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Abstract
This study hypothesizes that, bromelain (BL) acts as radiosensitizer of tumor cells and that it protects normal cells from 
radiation effects. In vitro and in vivo studies have been carried out to prove that assumption. In vitro MTT cell proliferation 
assay has shown that the irradiated Ehrlich ascites carcinoma (EAC) cell line could be sensitized by BL pretreatment. In 
vivo: animals were randomly divided into 5 groups, Group 1: control (PBS i.p for 10 days), Group 2: Ehrlich solid tumor 
(EST) bearing mice, Group 3: EST + γ-radiation (fractionated dose, 1 Gy × 5), Group 4: EST + BL (6 mg/kg, i.p), daily for 
10 days, Group 5: EST + BL for 10 days followed by γ-irradiation (1 Gy × 5). The size and weight of tumors in gamma-
irradiated EST bearing mice treated with BL decreased significantly with a significant amelioration in the histopathological 
examination. Besides, BL mitigated the effect of γ-irradiation on the liver relative gene expression of poly ADP ribose 
polymerase-1 (PARP1), nuclear factor kappa activated B cells (NF-κB), and peroxisome proliferator-activated receptor α 
(PPAR-α), and it restored liver function via amelioration of paraoxonase1 (PON1) activity, reactive oxygen species (ROS) 
content, lipid peroxidation (LPO) and serum aspartate transaminase (AST), alanine transaminase (ALT), and albumin (ALB). 
It is concluded that BL can be considered as a radio-sensitizer and radio-protector, suggesting a possible role in reducing 
radiation exposure dose during radiotherapy.
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effects on cancer cells, inversely decreasing its toxicity on 
normal adjacent tissues.8,9 In this regard, much research 
has aimed to develop numerous antioxidant drugs of both 
natural and synthetic origin, tested in both in vitro and in 
vivo models and also human clinical trials to overcome inju-
ries caused by IR exposure and to induce killing of cancer 
cells at the same time. Previous studies have reported that 
phytochemical soy isoflavones, genistein, daidzein, and gly-
citein, which exhibit anticarcinogenic properties through 
their antioxidant activities, could be used as potent radiosen-
sitizers to enhance the efficacy of radiotherapy-mediated sup-
pression of the growth and metastatic ability of cancers.10,11 
Along parallel lines, resveratrol and piperine, which possess 
antitumor activity, have been shown to augment ionizing 
radiation (IR)-induced apoptosis and loss of mitochondrial 
membrane potential in murine colon carcinoma and mela-
noma cells via enhancing IR-induced ROS generation.12 
Moreover, pentoxifylline (PTX), a methylxanthine that pos-
sesses antioxidant properties, is known for improving tumor 
tissue oxygenation in murine hypoxic tumors and inhibiting 
post radiation induced normal tissue injury in mice.13,14 
Consequently, searching for a natural product possessing 
anticancer activity that increases radiosensitivity of tumor 
cells and radioresistance of normal cells may lead to a poten-
tial future drug in cancer therapy.

Among the natural products, bromelain (BL) extract 
attracts interest due to its anticancer, antioxidant as well as 
anti-inflammatory effects.15-17 BL, an extract from pineap-
ple stem (Ananas comosus), belongs to a group of protein 
digesting enzymes. It is a mixture of different thiol endo-
peptidases and other components like phosphatase, glucosi-
dase, peroxidase, cellulase, escharase, calcium, and several 
protease inhibitors.18,19 The anticancer activity of BL has 
been examined in various types of gastrointestinal and 
breast cancers cell lines. In in vivo models BL has shown 
antimetastatic effect and reduction in local tumor growth.20-23 
It is also used for reducing the severity of such radiation 
therapy side effects as mucositis, skin reactions, and dys-
phagia in patients.24 Hence, this study was aimed to evalu-
ate the radiosensitizing and radioprotective effect of BL 
using in vivo and in vitro approaches.

Materials and Method

In Vitro Studies

MTT cell proliferation assay.  The growth and viability of 
Ehrlich ascites carcinoma (EAC) cell line were tested in 
vitro by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay according to Freimoser et al and 
Buch et al,25,26 to verify the antitumor and radiosensitizing 
effect of BL. Two plates were designed for this study. The 
first one contained EAC cells (maintained by serial sub-
culturing at the National Cancer Institute, Egypt) incubated 
for 1 hour before irradiation (IRR) (6 Gy), alone and with 

different concentrations of bromelain (BL) in phosphate 
buffer saline (PBS). The second one contained EAC cells 
(serving as a control) and EAC with different concentrations 
of BL. Each test was seeded in triplicate into a plate at con-
centration of 2.5 × 106 cells/well containing RPMI media 
with 10% FBS, NaHCO3, 100 U/mL penicillin and 100 µg/
mL streptomycin and each plate was incubated for 24 hours 
at 37°C in 5% CO2 and humidity atmosphere. Then, 300 μL 
MTT reagent (Bio Basic Inc., Canada) was added over the 
cells in each well and the plate was incubated in the dark for 
2 to 4 hours until a purple precipitate was seen and the 
absorbance was measured at 560 nm. The amount of color 
produced was directly proportional to the number of viable 
cells. Viable cell % = (A samples − A blank)/(A control − A 
blank) × 100. The inhibitory concentration 50% (IC50) is 
the dose of a drug which reduces the viability to 50%, and 
was calculated using non-linear regression analysis.

Free radical scavenging assay.  The antioxidant activity of 
bromelain was evaluated by 1, 1-diphenyl-2-picrylhydra-
zyl (DPPH) radical assay and its scavenging power was 
compared with some antioxidants: naringin (polyphenolic 
antioxidant), garlic oil and glutathione (sulfur containing 
antioxidants). About 500 µL of samples (0.25-5 mg/mL, 
dissolved in dist. water) was added to 500 µL of a solution 
of DPPH (0.002 g/100 mL, dissolved in 95% v/v metha-
nol). After 30 minutes incubation at room temperature in 
the dark, the absorbance was read at 517 nm against a 
blank (500 µL dist. water + 500 µL DPPH/methanol solu-
tion). The experiments were done in triplicate according to 
the method of Braca et al.27 Glutathione (0.007-1 mg/mL) 
was used as a standard antioxidant. The scavenging per-
centage of DPPH was calculated according to the follow-

ing equation:
scavengin( )% =
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, where B 
was the absorbance of the blank and A was the absorbance 
of samples or standard. EC50 is defined as concentration of 
sample that causes 50% DPPH loss, there values were cal-
culated using non-linear regression analysis.

In Vivo Studies

Radiation processing.  Whole body γ-irradiation of mice was 
carried out using Gamma cell-40 (137Cesium, manufac-
tured by the Atomic Energy of Canada Limited, Ontario, 
Canada), installed in the National Center for Radiation 
Research and Technology (NCRRT), Cairo, Egypt. The 
dose rate was 0.675 Gy/min during the experimental period. 
Daily correction for humidity, barometric pressure, and 
temperature were made.

Animals.  Adult female Swiss albino mice weighing 25 to 
30 g obtained from the breeding unit of NCRRT, Cairo, 
Egypt. All animal procedures were performed in accor-
dance with the Committee of Scientific Ethics at Faculty of 
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Pharmacy, Al-Azhar University, Egypt, following the 
guidelines for animal use. The animals were housed in col-
ony cages (10 mice/cage) under proper environmental con-
ditions, that is, 12 hours dark/light cycle, good ventilation 
condition and temperature, 40% to 55% humidity at the 
NCRRT animal house, fed with standard diet pellets and 
provided with water ad libitum. Animals were left 1 week 
for acclimatization on the lab environment before starting 
the experiment.

Tumor transplantation.  The 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 i.p injection of 2.5 × 106 cells/22 g b. 
wt, and allowed to multiply.28 The Ehrlich solid tumor 
(EST) was obtained by the intramuscular inoculation of 
0.2 mL of 1 × 106 viable EAC in the right lower limb of 
each mouse.29 Mice with a palpable solid tumor diameter 
10 mm3 that was maintained within 7 to 10 days after inocu-
lation were used in the study.

Animal grouping.  Animals were randomly divided into 5 
groups (10 mice each), Group 1: control not bearing tumor 
(received PBS i.p for 10 days), Group 2: Ehrlich solid tumor 
(EST) bearing mice (received PBS i.p for 10 days), Group 
3: EST + γ-irradiation (1 Gy × 5) fractionated doses starting 
2 days after tumor appearance (10 mm3) and lasting for 
5 days, Group 4: EST bearing mice receiving freshly pre-
pared BL dissolved in PBS (6 mg/kg, i.p), daily for 10 days 
according to pilot study, starting once EST becomes 10 mm3. 
BL was purchased from Merck KGaA Co. (Darmstadt, Ger-
many), Group 5: EST bearing mice received BL (as in group 
4) 2 hours before γ-irradiation (as in group 3). Mice were 
anesthetized 3 days after last irradiation dose using urethane 
1.2 mg/kg.30 Blood samples were collected through cardiac 
puncture and divided into 2 parts (EDTA coated and plain 
vials). At that time, they were euthanized by cervical dislo-
cation. Liver and tumor tissues were dissected out, rinsed 
with ice-cold saline, dried on a filter paper, and weighed, 
then homogenized in ice-cold PBS (pH 7.4) and stored at 
−80°C until used for subsequent biochemical analysis.

Estimation of total body, tumor, and liver weights.  Animals in 
each group were checked daily for any adverse clinical 
symptoms and deaths. After 7 to 10 days post inoculation 

with EAC, body weights were recorded, so body weight 
change could be estimated. Tumor and liver weights were 
measured during sample collection, and then the tumor 
inhibitory ratio (%) was calculated by the following for-
mula: Inhibition ratio (%) = A−B/A × 100, where A is the 
tumor weight average of the control, and B is that of the 
treated group. Also relative liver weight was calculated as 
liver weight/total body weight × 100.

Histopathological examination.  Three tumors of each group 
were collected and fixed in 10% neutral buffered formalin. 
The specimens were dehydrated in ascending grades of ethyl 
alcohol, cleared in xylene, and embedded in paraffin wax. 
Four micron thick paraffin sections were mounted on clean 
slides, stained with Ehrlich’s hematoxylin-eosin (H&E),31 
and examined using an Olympus microscope (BX41, Ham-
burg, Germany). Histopathological evaluation was done by 
assessment of necrosis and calculation of tumor area per-
centage using image analysis software (Image J, 1.46a, NIH, 
USA) through the following equation: % of tumor area = (area 
of tumor/total area of the field) × 100.

Molecular analyses.  The mRNA levels of Poly (ADP-
Ribose) Polymerase 1 (PARP1), nuclear factor kappa B 
(NF-κB), and Peroxisome proliferator-activated receptors 
(PPAR)-α genes; and of the housekeeping gene β-Actin 
were measured by real time polymerase chain reaction (RT-
PCR). Total RNA was isolated from liver tissues using Qia-
gen tissue extraction kit (Qiagen, USA) in accordance 
with the manufacturer’s instructions. The extracted RNA 
(0.5-2 μg) was used for cDNA conversion using high capac-
ity cDNA reverse transcription kit (Fermentas, USA) and 
12.5 μL reaction volume SYBR chemistry in Applied Bio-
systems 2720 Thermal Cycler, USA to amplify PCR under 
the following conditions: 90°C for denaturation, then 50°C 
to 60°C for annealing using primers mentioned in Table 1, 
and 72°C for elongation.

Results were expressed using the comparative ∆∆CT 
method for relative mRNA quantification of target genes, 
normalized to an endogenous reference β-Actin and a rele-
vant control, equal to 2−∆∆CT. ∆∆CT is the difference 
between the mean ∆CT(sample) and mean ∆CT(control), where 
∆CT(sample) is the difference between the mean CT(sample) and 
the mean CT(β-Actin) and ∆CT(control) is the difference between 
the mean CT(control) and the mean CT(β-Actin).

Table 1.  Sequences of Primers for Real-Time Quantitative PCR.

Gene Forward primer Reverse primer

PARP1 NM007415.2 5′-CCATCGACGTCAACTACGA-3′ 5′-GTGCGTGGTAGCATGAGTGT-3′
NF-κB NC000069.6 5′-CAATGGCTACACAGGACCA-3′ 5′-CACTGTCACCTGGAACCAGA-3′
PPAR-α NC000081.6 5′-ACTCCACCTGCAGAGCAACCA-3′ 5′-TAGATCTCCTGCAGTAGCGGG-3′
β-Actin NC000071.6 5′-GCGTGGGGACAGCCGCATCTT-3′ 5′-ATCGGCAGAAGGGGCGGAGA-3′
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Estimation of lipid peroxidation (LPO), reactive oxygen species 
(ROS), and paraoxonase (PON1) in liver homogenate.  Liver 
lipid peroxidation was estimated by measurement of malo-
ndialdehyde (MDA) formation using the thiobarbituric 
acid method of Yoshioka et al.32 A modified technique of 
Vrablic et al,33 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. 
Paraoxonase activity was estimated by using fluorometric 
assay (EnzChek® Kit, Invitrogen, UK) for the organophos-
phatase activity of paraoxonase, based on the hydrolysis of 
a fluorogenic organophosphate analog.34

Hematological and biochemical analyses.  Whole blood was 
immediately analyzed for complete blood count with plate-
let count using the fully automated analyzer (ABX 45 Cobas 
Micros, Roche, Germany). Estimation of serum alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), 
and albumin (ALB) assays follow the recommendations of 
the International Federation of Clinical Chemistry (IFCC), 
but were optimized for performance and stability using the 
Roche/Hitachi Cobas c 311system.

Statistical analysis.  The statistical analysis was performed 
using one-way analysis of variance (ANOVA) and the 
groups were compared by Tukey-Kramer test. Viability per-
centage at different concentrations and body weight change 
analyzed by two-way ANOVA followed by Bonferroni’s 
posttest. Graphs were sketched using Graph Pad Prism 
(ISI® software, USA) version (5) software. Data were pre-
sented as mean ± standard error (SE) and P values <.05 
considered significant.

Results

In Vitro Studies

Effect of bromelain and gamma-irradiation (BL/IRR) on tumor 
cell growth and viability.  The radiosensitizing effect of BL on 
EAC cells was determined by performing MTT assay. EAC 
cells exposed to 6 Gy γ-radiation showed high cell viability 
percentage reflecting a radioresistance of EAC cell line, 
while BL treatment showed in vitro cytotoxic activity with 
IC50 value of 2.77 mg/mL. However the maximum cyto-
toxic effect appeared when the EAC cells were subjected to 
BL then γ-radiation (6 Gy) compared to control or irradiated 
group with IC50 = 1.42 mg/mL (Table 2).

Effect of bromelain and some natural compounds as free radical 
scavengers.  The inhibitory percentage of each compound is 
shown in Figure 1. The EC50 value (concentration of sample 
that causes 50% DPPH activity loss) is a reliable way for 
estimation of the radical scavenging activity. The EC50 value 
of glutathione (referenced antioxidant) is 0.03 mg/mL, while 

bromelain and garlic oil EC50 are almost equal (0.81 and 
0.82 mg/mL, respectively), however the naringin (phenolic 
antioxidant) is the least potent one (EC50 = 1.303 mg/mL) in 
this comparison.

In Vivo studies

Effect of bromelain and gamma-irradiation (BL/IRR) on tumor 
weight and volume.  Table 3 shows a significant decrease in 
tumor weight in groups treated with BL and/or γ-irradiation 
as compared to the EST non-treated group. The more dras-
tic decrease in the tumor weight ratio observed in the com-
bined therapy group (BL + IRR) compared with the 
EST-irradiated group as well as EST group indicates that 
combination therapy is more significantly effective than 
single agent therapy. The photograph of EST xenografts at 
the time of sacrifice shows the synergistic effect of BL and 
IRR on tumor volume (Figure 2).

Effect of bromelain and gamma-irradiation (BL/IRR) on tumor 
histopathological features of EST bearing mice.  Histopatho-
logical examination of solid tumor sections revealed typical 
malignant features including sheets of malignant cells infil-
trating adjacent muscular tissue. The malignant cells show 
pleomorphism, hyperchromatism and mitotic activity, while 
the necrotic cells appear as nonviable homogenous struc-
tureless material with degenerated or karyorrhectic nuclei. 
Untreated EST bearing group shows a deeply stained tumor 
cells (arrow head) and areas of necrosis (arrow) (Figure 3A, 
100×); also, it displays intact cancer cells (arrow) and giant 
cells (arrow) (Figure 3B and C, 400×). The EST-irradiated 
group shows muscle fibers invaded by deeply stained 
tumor cells (arrow head) and large areas of necrosis (arrow) 
(Figure 3D, 100×), also displays a notable necrosis of cancer 
cells (N) (Figure 3E, 400×). The BL treated group shows a 

Table 2.  Cytotoxic Activity of BL/IRR Against EAC Cell Line. 

Bromelain 
concentration (mg/mL)

Viability %

Non irradiated EAC Irradiated EAC

9 48a,b 10a,b

6 59a,b 15.8a,b

3 60a,b 18a,b

1.5 69a 27a,b

0.75 78.7a 52a,b

EAC (BL = 0 mg/mL) 100 84.2
IC50 (mg/mL) 2.77 ± 0.13 1.42 ± 0.06

Each value indicates the mean of 3 records. Statistical analysis carried 
out by two-way ANOVA followed by Bonferroni posttests, a: significant 
versus control Ehrlich ascites carcinoma (EAC) group, where b: 
significant versus irradiated EAC group at P < .05. IC50 ± SE values were 
calculated by using non-linear regression analysis.
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Figure 1.  DPPH (1, 1-diphenyl-2-picrylhydrazyl) reduction curve for glutathione, bromelain, naringin, and garlic oil, each value 
represents mean ± SE, all experiments were replicated 3 times.

Table 3.  Tumor Weight and Inhibition Ratio of Ehrlich Solid Tumor (EST)-Bearing Mice Treated With Gamma-Irradiation (IRR) 
(1 Gy × 5) and/or Bromelain (BL) (6 mg/kg).

Groups Tumor weight (g) Tumor inhibitory ratio (%)

EST 2.1 ± 0.18 —
EST + IRR 1.25 ± 0.04a 42.18 ± 2.4a

EST + BL 0.9 ± 0.05a 57.83 ± 1.4a,b

EST + BL + IRR 0.72 ± 0.05a,b 65.71 ± 2.04a,b

Abbreviations: EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid tumor + irradiation; EST + BL, Ehrlich solid tumor + bromelain; EST + BL + IRR, 
Ehrlich solid tumor + bromelain + irradiation.
The values shown are mean ± SE of data, a: significant versus EST group, where b: significant versus EST-irradiated group at P < .05.

Figure 2.  A photograph of Ehrlich solid tumor (EST) xenografts at the time of scarification showing the effect of bromelain and 
gamma-irradation (BL/IRR) on tumor volume. E, Ehrlich solid tumor; E + IR, Ehrlich solid tumor + irradiation; E + Br, Ehrlich solid 
tumor + bromelain; E + IR + Br, Ehrlich solid tumor + bromelain + irradiation.
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wide area of necrosis (arrow and N), few groups of cancer 
cells (arrow head) and muscle fiber (M) (Figures 3F, 100× 
and 4G, 400×). However, combined treatment (BL + IRR) 
displays muscle fiber (M), significant regression of tumor 
or wide areas of necrotic cancer cells (N), and few groups 
of intact cancer cells (arrow). (Figure 3H, 100× and 3I, 
400×).

The tumor area percentage per total tissue area could 
determine the degree of proliferation. As seen in Figure 4, 
there is a great regression of tumor area in the group treated 
with BL alone (14.83%) or BL and IRR (11.28%) compared 
with untreated EST (65%) or EST-irradiated group (31.1%), 
indicating that combination therapy significantly more 
effective than single agent therapy.

Figure 3.  Photo micrograph of Ehrlich solid tumor (EST) xenografts in different animal groups, EST sections show the degree of 
tumorogenesis, necrosis (N) regression of tumor by appearance of muscle fibers (M), 100× and 400×. A, B, C: EST (Ehrlich solid 
tumor); D, E: EST + IRR (Ehrlich solid tumor + irradiation); F, G: EST + BL (Ehrlich solid tumor + bromelain); H, I: EST + BL + IRR 
(Ehrlich solid tumor + bromelain + irradiation).
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Effect of bromelain and gamma-irradiation (BL/IRR) on body 
weight change and relative liver weight.  Regarding the day by 
day documented recording of body weight (b.wt) illustrated 
in Figure 5, there is almost no change in b.wt of BL treated 
group, while it increases significantly in the untreated EST 
group; conversely EST-irradiated groups with or without 
BL treatment show a significant decrease in b.wt when 
compared with the control group (Table 4).

Relative liver weight was compared after normalization 
to 100 mg body weight. Untreated EST-bearing group 
shows a significant increase in liver weight by 39% (hepa-
tomegaly), while non-significant changes were observed in 
BL treated groups compared to the normal group (Table 4).

Effect of bromelain and gamma-irradiation (BL/IRR) on the 
poly (ADP-Ribose) polymerase 1 (PARP1), nuclear factor kappa 
B (NF-κB), and peroxisome proliferator-activated receptors 
(PPAR)-α relative gene expression of Ehrlich solid tumor (EST) 
bearing mice.  To test the possibility that BL reduces radia-
tion damage to the liver, mRNA gene expression of PARP1, 
NF-κB, and PPAR-α was measured in the liver homoge-
nates of EST bearing mice and compared to control PBS 
treated mice. The results, illustrated in Figure 6, show that 
IRR causes significant increases in PARP1 and NF-κB 
expression compared to the control group, however com-
bined treatment (BL + IRR) shows a significant increase in 
PARP1 and NF-κB expression compared to control group 
and a significant attenuation compared to EST-irradiated 
group.

Moreover, all EST bearing groups show significant 
decreases in hepatic PPAR-α relative gene expression com-
pared to the control group, except the combined therapy 

group (BL + IRR) shows non-significant change. 
Additionally, BL + IRR group significantly upregulated 
PPAR-α expression compared with EST and EST-irradiated 
groups; indicating that BL might have a hepato- as well as 
radio-protective effect (Figure 6).

Effect of bromelain and gamma-irradiation (BL/IRR) on the 
hepatic lipid peroxidation (LPO) level, reactive oxygen species 
(ROS) content, and paraoxonase-1 (PON1) activity of Ehrlich 
solid tumor (EST) bearing mice.  LPO in liver tissues signifi-
cantly increased in all EST bearing groups compared to 
the control group, except the combined treated group 
(IRR + BL) succeeded in returning MDA (LPO measured 
as MDA (malondialdehyde)) level to the normal level. 
However, liver ROS significantly increased only in 
untreated and γ-irradiated EST bearing groups when 
compared to the control group, while a significant decrease 
in liver ROS showed in EST-irradiated mice treated with 
BL in comparison with both EST untreated and EST-irra-
diated groups. PON1 activity in liver homogenate was sig-
nificantly decreased in EST untreated and EST-irradiated 
groups when compared with the control group. BL treated 
groups revealed significant increases in PON1 when com-
pared with both EST untreated and EST-irradiated groups; 
showing that BL might have a hepato- and radio-protec-
tive effect (Figure 7).

Effect of bromelain and gamma-irradiation (BL/IRR) on hema-
tological measurements.  WBCs and PLTs were significantly 
elevated while HGB and HCT significantly decreased in 
the untreated EST-bearing mice in comparison with control 
mice. However, γ-irradiation resulted in a significant 
decrease in WBCs, RBCs, PLT, HGB, and HCT% com-
pared with the control mice. Treatment of the EST-bearing 
mice with BL shows a significant amelioration in WBCs, 
PLT, and HCT compared to EST untreated mice. Combined 
treatment (BL + IRR) shows an enhancement in WBCs, 
PLT, and HCT compared to EST untreated and gamma-
irradiated EST bearing mice (Table 5).

Effect of bromelain and gamma-irradiation (BL/IRR) on the 
serum alanine transaminase (ALT), aspartate transaminase 
(AST), and albumin (ALB).  To investigate the cytoprotective 
effects of BL against irradiation, the levels of serum ALT, 
AST, and ALB were measured (Figure 8). It was found that 
ALT and AST significantly increased, and conversely ALB 
significantly decreased in EST untreated and EST-irradiated 
groups compared with the control group. However, EST-
bearing mice treated with BL alone show nearly the same 
result of ALT and ALB as control values. EST-bearing mice 
treated with BL in combination with irradiation initiated a 
significant decrease in AST and ALT as compared with 
EST-irradiated group, which may reflect a potential hepatic 
radio-protective effect of BL.

Figure 4.  Percentage of tumor area/total tissue area of Ehrlich 
solid tumor (EST) bearing mice treated with gamma-irradiation 
(IRR) (1 Gy × 5) and/or BL (6 mg/kg). The values shown in the 
plotted area are mean of 15 records from 3 animals ± SE, *: 
significant versus EST group, where #: significant versus EST-
irradiated group at P < .05.
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Discussion

Resistance of tumor cells to chemo-radiotherapy as well as 
the damaging effects to nearby normal tissues remains a 
major obstacle to successful cancer management. Therefore, 
the current study has been conducted to estimate the effect 
of bromelain (BL) as a tumor radiosensetizer and to show to 
what extent it can protect normal tissue from radiation 
hazards.

Radiosensitizers are compounds that when combined 
with radiation therapy, achieve greater cytotoxicity; they can 
be determined in vitro by the MTT assay.26,35 The present 
study has found that the radioresistant EAC cells could be 
sensitized when incubated with BL before irradiation. It was 
known previously that in vitro treatment with BL on mouse 

tumor cell lines resulted in inhibition of cell growth and 
invasion capacities.36,37 The anticancer property of BL has 
been mainly attributed to the protease component through 
digestion and diffusion in tumor cells.38 It may also be due to 
the BL enhancement of p53 expression, as well as another 
activator of apoptosis (eg, Bax).39 In addition, it decreases 
the activity of cell survival regulators such as Akt and Erk; it 
also deactivates Akt-dependent pro-apoptotic regulator 
FOXO3A, thus promoting apoptotic cell death in tumors.40

It is well known that during cancer and radiotherapy, 
excessive energy is used from the host,41 ultimately contrib-
uting to mechanisms that promote loss of weight as shown 
in the present study, which also showed that BL could return 
body weight to a normal level by decreasing tumor weight 
and volume. Currently, the combined therapy (BL + IRR) 
has been shown to be more effective than single agent ther-
apy in reducing tumor volume and weight, indicating that 
BL could possess a radiosensitizing effect. In addition, the 
combined therapy has revealed a drastic decrease in tumor 
area percentage, wide areas of necrotic cancer cells and 
presence of muscle fiber in the histopathological examina-
tion, compared with the control EST and EST-irradiated 
groups. This seems to be in agreement with other findings 
of the role of BL in reducing metastasis and local tumor 
growth.23,42 In chemically induced mouse skin papillomas, 
topical application of BL reduced tumor formation, tumor 
volume, and caused apoptotic cell death.39 BL is a hydro-
lytic enzymatic complex which shows an efficient digestion 
and diffusion in tumor cells through attacking the glyco-
sidic linkages and hence denatures glycoproteins. Thus it 
protects against tumor growth.37 Another study has demon-
strated the use of controlled proteolytic activity on tumor as 
a successful strategy to increase therapeutic efficacy.43

Figure 5.  Effect of bromelain and gamma-irradiation (BL/IRR) on body weight during experiment period, each value represents 
the mean of 6 records ± SE, *: significant versus control group, where #: significant versus EST group and @: significant versus 
EST-irradiated group at P < .05. EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid tumor + irradiation; EST + BL, Ehrlich solid 
tumor + bromelain; EST + BL + IRR, Ehrlich solid tumor + bromelain + irradiation.

Table 4.  Change in Body Weight and Relative Liver Weight 
of Control Mice and Ehrlich Solid Tumor (EST) Bearing Mice 
Treated With Gamma-Irradiation (IRR) (1 Gy × 5) and/or 
Bromelain (BL) (6 mg/kg).

Groups
Body weight 
change (%)

Relative liver 
weight (%)

Control 0.48 ± 0.04 5.61 ± 0.27
EST 10.23 ± 1.01a 7.79 ± 0.26a

EST + IRR −12.54 ± 2.17a,b 7.19 ± 0.22a

EST + BL −0.23 ± 2.01b 7.09 ± 0.26a

EST + BL + IRR −16.04 ± 3.41a,b 6.92 ± 0.26a,b

Abbreviations: EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid 
tumor + irradiation; EST + BL, Ehrlich solid tumor + bromelain; 
EST + BL + IRR, Ehrlich solid tumor + bromelain + irradiation.
Each value represents the mean ± SE, a: significant versus control group, 
where b: significant versus EST group at P < .05. Body weight changes 
percent are related to the initial weight of animals.
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The aim of the radiotherapy protocols is to achieve the 
maximum curative effect on tumor cells with minimal dam-
aging effect on normal cells. Hence, antioxidants and other 
nutrients which do not interfere with therapeutic modalities 
for cancer may enhance the killing property, decrease side 
effects, and protect normal tissue.44

For estimation of the antioxidant ability of BL, DPPH 
assay was conducted in vitro and the free radical inhibi-
tory action of BL was compared with some antioxidant 
compounds. It was found that BL has a powerful free radi-
cal scavenging power. BL belongs to thiol proteases in 
which the catalytic nucleophile is sulfhydryl groups of 
cysteine residues, which in turn accounts for its antioxi-
dant activity.45

The involvement of ROS, MDA and PON1 are impor-
tant mechanisms that play a vital role during radiation tox-
icity. The use of antioxidants is an important preventive to 
decrease the toxic and pathological effects associated with 
oxidative stress caused by radiation.46 The attained results 
show a hepatic impairment on the third day from exposure 
to γ-radiation (elevation of LPO and ROS levels, and inhibi-
tion of PON1 activity) compared to normal mice. However, 

treatment with BL revealed an amelioration in hepatic 
damage caused by irradiation. These results were in accor-
dance with Liu et al,47 who described the effect of radiation 
induced ROS generation which in turn might attack cell 
membrane phospholipids and circulating lipids and, thus, 
increases production of MDA.48 LPO acts as a sensitive 
biomarker for oxidative stress that occurs as part of the 
pathogenesis of irradiation.49 BL has sulfhydryl groups, 
consequently accounting for its antioxidant activity,45 thus 
it could act as ROS scavenger.

Measurement of PON1 post-radiotherapy could be an 
effective clinical biomarker of hepatic and systemic oxida-
tive stress and may be used as an index of the usefulness of 
radiotherapy.50 It has been demonstrated to catalyze hydro-
lysis of lipid hydroperoxides and lactones.51 PON1 protects 
serum HDL and LDL particles against lipid peroxidation.52 
In the present study, the decreased activity of PON1 upon 
radiation exposure, might be due to its super saturation of 
lipid hydroperoxides and lactones. Upon treatment with 
BL, the activity of PON1 was restored near to the normal 
level. Hence, the PON1 protein has an antioxidant function 
against oxidative stress-induced cell death through 

Figure 6.  Effect of bromelain and gamma-irradiation (BL/IRR) on relative gene expression of liver (A) PARP1, (B) NF-κB, and (C) 
PPAR-α, each value represents the mean of 6 records ± SE, *: significant versus control group, where #: significant versus EST group 
and @: significant versus EST-irradiated group at P < .05. EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid tumor + irradiation; 
EST + BL, Ehrlich solid tumor + bromelain; EST + BL + IRR, Ehrlich solid tumor + bromelain + irradiation.
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inhibiting phosphorylation of NF-κB (p65 and IκBα) and 
decreasing ROS production.46,53,54 Also, interleukin 6 (IL-6) 
has significantly increased both the function and protein 
level of PON1 in the human hepatocyte cell line. As IL-6 
increases IκB kinase activity and IκB phosphorylation, 
causing inhibition of NF-κB,55 this is in accordance with 
our results. On the other hand, BL and papain enhanced 
IL-6 production in an in vitro study due to their protease 
activity.56 The enhancement of PON1 activity by BL 
could be new mechanism for its potential radioprotective 
effect.

There is evidence showing that inhibiting NF-κB has 
potential as a treatment of cancer and chronic inflammatory 
diseases.40 The current study has revealed a significant 
increase in the hepatic PARP1 and NF-κB expression upon 
exposure to gamma radiation. In contrast, upon the BL 
treatment significant amelioration in PARP1 and NF-κB 
expression has been reported compared to EST-irradiated 
group. NF-κB is a redox-regulated sensor for oxidative 
stress,57 and is activated by low doses of ROS.58 Ionizing 

radiations are inducers of inflammation, as ROS produced 
during irradiation mediate the NF-κB activation which is a 
family of closely related protein that regulates genes 
involved in inflammation.59-61 Selective COX-2 inhibitors 
like BL have been tested for their therapeutic efficacy when 
combined with chemotherapy.62,63 Nevertheless, BL has not 
been tested for its anti-inflammatory efficacy when com-
bined with radiation.

PARP1 is a transcriptional modulating enzyme that facili-
tates inflammatory responses.64 Also, PARP1 is a mandatory 
for ionizing radiation-induced NF-κB activation through 
stimulating the DNA-binding of the NF-κB complex.65-67 
On the same line, the existing study has revealed that PARP1 
expression has been increased in liver tissue with the increase 
of NF-κB after irradiation, so it is feasible that ionizing radi-
ation-induced NF-κB activation may be partially mediated 
by PARP1 activation. Pretreatment of EST-irradiated mice 
with BL in the current study revealed an amelioration in 
hepatic PARP expression compared to EST-irradiated group 
reflecting a hepatic protection.

Figure 7.  Effect of bromelain and gamma-irradiation (BL/IRR) on (A) lipid peroxidation (LPO; MDA level), (B) reactive oxygen 
species (ROS) content, and (C) paraoxonase-1 (PON1) activity in the liver homogenate. Each value represents the mean of 6 
records ± SE, *: significant versus control group, where #: significant versus EST group and @: significant versus EST-irradiated 
group at P < .05. EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid tumor + irradiation; EST + BL, Ehrlich solid tumor + bromelain; 
EST + BL + IRR, Ehrlich solid tumor + bromelain + irradiation.
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In the current study, γ-radiation induced inhibition of 
hepatic PPAR-α mRNA level, while treatment the EST-
irradiated mice with BL caused amelioration in the PPAR-α 
expression. These results were in accordance with the anal-
ysis of Linard et al.68 It was found that PPAR agonists can 
inhibit the radiation-induced inflammation by inhibition of 
the NF-κB signaling pathway.69 An important antagonistic 
crosstalk could be suggested between PARP1 and PPAR-α. 
PARP1 is the major nicotinamide adenine dinucleotide 

(NAD+) consumer in the cell during stress responses.70 
PARP inhibitors would enhance the DNA binding activity of 
PPARs by increasing binding of non-modified PARP1 to 
PPARs.71 On the other hand, PPARs are negatively regu-
lated by the NF-κB signaling pathways, which provoked its 
anti-inflammatory action.72

In the current study, irradiation causes an increase in 
serum ALT and AST and a decrease in albumin levels com-
pared to the control group. However, BL causes a significant 

Table 5.  White Blood Cell (WBCs), Red Blood Cell (RBCs) and Platelet (PLT) Counts, Hemoglobin (HGB) Concentration, and 
Hematocrit (HCT%) of Normal and Ehrlich Solid Tumor (EST) Bearing Mice Treated With Gamma-Irradiation (IRR, 1 Gy × 5) and/or 
Bromelain (BL, 6 mg/kg).

Groups
WBCs
×103/UL

RBCs
×106/UL

PLT
×103/UL

HGB
(g/dL)

HCT
(%)

Control 2.7 ± 0.09 8.8 ± 0.26 837 ± 42.7 14.1 ± 0.24 44.98 ± 0.7
EST 10.9 ± 0.4a 7.5 ± 0.5 1184 ± 70.2a 9.6 ± 0.5a 26.38 ± 0.7a

EST + IRR 0.8 ± 0.05a,b 6.1 ± 0.2a 105 ± 4.9a,b 10.53 ± 0.5a 26.5 ± 1.1a

EST + BL 5.1 ± 0.6a,b 8.6 ± 0.7 670 ± 53.9b 10.52 ± 0.4a 33.9 ± 1a,b

EST + BL + IRR 2.1 ± 0.19b,c 6.3 ± 0.08a 317 ± 20a,b,c 9.9 ± 0.1a 33.5 ± 0.2a,b,c

Abbreviations: EST, Ehrlich solid tumor; EST + IRR, Ehrlich solid tumor + irradiation; EST + BL, Ehrlich solid tumor + bromelain; EST + BL + IRR, 
Ehrlich solid tumor + bromelain + irradiation.
Each value represents the mean of 6 records ± SE, a: significant versus control group, where b: significant versus EST group and c: significant versus 
EST-irradiated group at P < .05.

Figure 8.  Effect of bromelain and gamma-irradiation (BL/IRR) on serum (A) alanine transaminase (ALT), (B) aspartate transaminase 
(AST), and (C) albumin (ALB). Each value represents the mean of 6 records ± SE, *: significant versus control group, where #: 
significant versus EST group and @: significant versus EST-irradiated group at P < .05. EST, Ehrlich solid tumor; EST + IRR, Ehrlich 
solid tumor + irradiation; EST + BL, Ehrlich solid tumor + bromelain; EST + BL + IRR, Ehrlich solid tumor + bromelain + irradiation.
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amelioration in ALT and AST which are disturbed by IRR, 
but not albumin compared with the EST-irradiated group. 
IRR affected cell membrane integrity that caused a release 
of the enzymes from the liver leading to an increase in the 
serum ALT and AST.47 It has been shown that proteolytic 
enzymes like bromelain or papain or both can modulate 
blood protein, antioxidant, and ROS.23 Recent study has 
suggested that pineapple juice which contains BL has the 
potential to be hepatoprotective through reducing ALT and 
AST and its potential is not significantly different from that 
of silymarin.73

Whole body gamma irradiation resulted in a significant 
decrease in WBCs, RBCs, and PLT count, HGB concentra-
tion and HCT% on the third day from latest irradiation dose 
compared with the control mice. However, BL treatment 
has shown a significant amelioration in WBCs, PLT, and 
HCT compared with the EST-irradiated group. Ionizing 
radiation has well documented effects on blood cells and 
these effects contribute to the hematopoietic syndrome 
observed in animals and human, following exposure to total 
body irradiation.74,75 Moreover, it was reported that the 
increase in the count of PLT (thrombocytosis) and WBCs is 
associated with many tumor types.76-78 BL was previously 
described in vitro and in vivo as an inhibitor of blood plate-
let aggregation.18,79 The mechanism of anti-inflammatory 
and anti-platelet aggregation action of BL is mediated by 
increasing serum fibrinolytic activity, reducing plasma 
fibrinogen, and bradykinin levels. It may also increase 
PGI2 causing vasodialation which in order decreases PLT 
aggregation.80-82 Thus BL could ameliorate the disturbances 
in PLT and WBCs caused by cancer and IRR.

The current results have proposed an insight into the 
molecular mechanism and the potential clinical application 
of BL as a radiation protector to selectively protect normal 
tissues which is a complementary approach to sensitizing 
tumors to radiation and allowing more cancers to be cured 
by exposing them to higher doses of radiation

Conclusion

In conclusion, BL may constitute a novel therapeutic modal-
ity to sensitize cancer cells and at the same time protect nor-
mal cells in the radiotherapy course. Further, studies in this 
field may be designed to bring out BL as a lead radioprotec-
tor in the market for cancer patients and radiation workers.
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