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Introduction

Cancer is one of the most common causes of morbidity and 
mortality around the world. Despite the fact that deaths 
from communicable diseases have decreased as a result of 
medical advancements, cancer-related deaths have increased 
by 40% in recent years. The number of cancer patients is 
expected to rise in the future, with up to 13 million cancer-
related fatalities expected by 2030. There are several issues 
with providing effective cancer therapy, including the inad-
equacy of currently used medicines, a lack of early detec-
tion, and a lack of understanding of the signaling networks 
involved in cancer malignancy.1 Hence, discovering an 
approach to treat cancer at numerous stages could assist 
in rescuing people’s lives. Notably, cancers can be treated 
by combinations of surgical procedures, radiation ther-
apy, chemotherapy, immunotherapy, and hormone therapy. 
Meanwhile, chemotherapy is one of the most reasonable 

cures for early- and late-stages; nevertheless, alopecia, neu-
ropathy, neutropenia, myalgia, nausea, vomiting, diarrhea, 
and fatigue are the side effects of chemotherapy that lead to 
less compliance of patients.2

The rising interest in innovative methods of cancer 
immunotherapy, as well as a high demand for therapeutic 
medicines that can control various forms of immunodefi-
ciency, has prompted research into the immunomodulatory 
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Abstract
The rising interest in innovative methods of cancer immunotherapy has prompted research into the immunomodulatory 
mechanisms of natural and synthetic substances. The goal of this study was to assess chrysin immune-stimulating and 
pro-apoptotic effects on tumor growth and cell susceptibility to ionizing radiation in order to improve cancer therapy. 
Chrysin (20 mg/kg/day) was intraperitoneally injected to mice bearing 1 cm3 solid tumor of Ehrlich ascites carcinoma (EAC) 
for 21 consecutive days. Mice were whole body exposed to 1 Gy of gamma radiation (2 fractionated dose 0.5 Gy each). 
Treatment with chrysin dramatically reduces tumor proliferation in EAC mice; furthermore, IFN-γ activity is significantly 
reduced when compared to EAC mice. When compared to EAC mice, the expression of TNF-α, free radicals, and 
nitric oxide (NO) levels were considerably reduced, along with improvements in apoptotic regulators (caspase-3 activity). 
Moreover, the histopathological investigation confirms the improvement exerted by chrysin even in the EAC mice group 
or the EAC + R group. What is more, exposure to gamma radiation sustained the modulatory effect of chrysin on tumor 
when compared with EAC + Ch mice. Hence, chrysin might represent a potential therapeutic strategy for increasing the 
radiation response of solid tumor.
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mechanisms of natural and synthetic substances. The resin-
ous substance collected by honey bees from various plant 
sources and used by bees to plug gaps in their honeycombs, 
smooth down the inside walls, and secure the entrance 
against intruders is known as propolis (bee glue). It contains 
a diverse range of biological elements, including polyphe-
nols, flavonoids, glycones, phenolic acid and its esters, phe-
nolic aldehydes and ketones, terpenes, sterols, vitamins, 
amino acids, etc.3 In our recent work, we have shown that 
propolis has a pronounced cytostatic, anti-carcinogenic, and 
antitumor effect both in in vitro and in vivo tumor models.4 
It has been suggested that the therapeutic activities of prop-
olis depend mainly on the presence of flavonoids. Flavonoids 
have also been reported to induce the immune system, and 
to act as strong oxygen radical scavengers.5

Chrysin (5,7-dihydroxyflavone), a flavonoid found in 
honey, propolis, and many plant species, belongs to the fla-
vonoid family. Flavonoids have a wide range of biological 
actions, including antitumor, immunomodulatory, anti-
inflammatory, anti-allergy, antioxidant, and cardioprotec-
tive properties. Chrysin is one of a vast group of polyphenolic 
compounds found in food and numerous herbal items that 
have long been linked to a number of key biochemical and 
pharmacological activities in cancer prevention and health 
promotion.1

Low dose gamma irradiation has been authenticated as a 
promising auxiliary strategy to improve the immune adap-
tive response and its implication during the strategy of can-
cer treatment indicates many intriguing results. Feinendegen 
reported that radiation hormesis is the hypothesis for why 
low doses of ionizing radiation (IR) are beneficial, stimulat-
ing the activation of repair mechanisms that protect against 
disease, which are not activated in absence of IR. A low 
dose of IR is a dose that creates a burst of hits and ROS that 
is adequate to stimulate the protective systems and produce 
observable health benefits, within the region of and just 
above natural background levels in the range 0.01 to 
0.50 Gy. Hence, the radiation adaptive response directs 
DNA repair and gives the impression of being a central ori-
gin of the prospective hormetic effect.6-8

This led us to compare how the administration of poly-
phenolic compound deriving from propolis influences 
Ehrlich ascites tumor growth. The present work was an 
endeavor to evaluate the immune stimulating and pro-
apoptotic effect of chrysin on tumor growth and cell sen-
sitivity to IR, targeting the improvement of cancer 
therapeutic protocols.

Materials and Methods

Animals

Adult female Swiss albino mice weighing 25 to 30 g were 
supplied from the animal breeding house of the National 

Center for Radiation Research and Technology (NCRRT). 
Mice were acclimatized in the animal facility of NCRRT for 
at least 1 week under temperature and humidity controlled 
rooms (25°C ± 2°C and 60% ± 5%, respectively) before 
subjecting them to experimentation. Animals were fed a 
commercial standard pellet diet and water ad libitum during 
this period.

Ethics Statement

This study was conducted in accordance with the recom-
mendations in the Guide for the Use and Care of Laboratory 
Animals of the National Institute of Health (NIH no. 85:23, 
revised 1996) and in compliance with the regulations of 
Ethical Committee (REC) of the National Center for 
Radiation Research and Technology (NCRRT), Atomic 
Energy Authority, Cairo, Egypt (Approval Number: 
28A/21). REC has approved this research protocol, follow-
ing the 3Rs principles for animal experimentation (Replace, 
Reduce, and Refine) and is organized and operated accord-
ing to the CIOMS and ICLAS International Guiding 
Principles for Biomedical Research Involving Animals 
2012.

Drugs and Chemicals

Chrysin and other chemicals and reagent in this study were 
obtained from Sigma-Aldrich Chemical Co. (Gillingham, 
UK). Chrysin was dissolved in DMSO and injected i.p. at a 
dose of 20 mg/kg body weight according to Villar et al.,9 for 
21 consecutive days.

Radiation Facility and Irradiation Procedures

Mice were exposed to whole body γ-irradiation at a cumula-
tive dose of 1 Gy divided into 2 fractions; 0.5 Gy/each frac-
tion, which was performed at NCRRT using the Gamma 
cell 40 (Cs137) biological irradiator manufactured by the 
Atomic Energy of Canada Limited, Ottawa, Ontario, 
Canada. Animals were placed in a plastic sample tray with 
lid and supports provided for use in the sample cavity. The 
unit has ventilation holes which align with ventilation parts 
through the main shield to provide a means for uniform irra-
diation for small animals at a dose rate of 0.403 Gy/minute 
at the time of experiment according to the guidelines of the 
Protection and Dosimetry Department.

Tumor transplantation

In the present study the cell line of Ehrlich Ascites 
Carcinoma (EAC) was used as a model of solid carcinoma 
by inoculation in the right thigh of albino mice. The parent 
line was supplied as gift from the Egyptian National Cancer 
Institute (NCI), Cairo University. Human breast cancer is 
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the source of EAC cells modified to grow in female Swiss 
albino mice. The cell line of EAC was maintained by intra-
peritoneal injection (i.p.) of 2.5 million cells per animal. 
Bright line hemocytometer was used to count the EAC 
before i.p. injection and the dilution was done using physi-
ological sterile saline solution. In order to develop Ehrlich 
solid tumor (EST) in the thigh, 0.2 ml EAC cells 
(2.5 × 106 cells /mouse) were inoculated subcutaneously 
(s.c.) in the right thigh of the lower limb of female mouse.10

Experimental Design

In this study, we used 75 mice weighing about 25 to 30 g. 
All the experiments were conducted under National 
Research Centre guidelines for the use and care for labora-
tory animals and were approved by an independent ethics 
committee of the NCRRT. The mice were assigned ran-
domly to 5 equal groups of 15 mice each as follows:

Group (1): Control (C): Mice neither treated nor irradiated.

Group (2): (EAC): Mice bearing solid Ehrlich tumor.

Group (3): (EAC + R): Mice bearing solid Ehrlich tumor 
were subjected to 1 Gy whole body γ-irradiation (2 fractionated 
dose) first at 11 days post EAC inoculation and second at the 
day 14 post EAC formations.

Group (4): (EAC + Ch): Mice bearing solid Ehrlich tumor 
were injected i.p. with chrysin for 21 consecutive days starting 
at the day 11 after EAC inoculation (after the tumor has reached 
1cm3).

Group (5): (EAC + Ch + R): Mice bearing solid Ehrlich 
tumor were injected with chrysin as in group 4 along with a 
first whole body γ-irradiation at a dose level of 0.5 Gy 
30 minutes after the first injection of Ch and the second dose of 
irradiation as in group 3.

Tumor Volume Monitoring

Tumor volume was measured at different time intervals 
during the experimental period using a Vernier caliper on 
the 7th, 15th, 21th days from time the tumor reached 1 cm3 
during the experimental period. The volume of solid tumor 
was calculated using formula [A × B2 × 0:52], where A 
and B are the longest and the shortest diameter of tumor, 
respectively.11

Tissue Collection and Preparation of Crude 
Tissue Homogenates

At the end of the experiment (after 24 hours), mice were 
anesthetized with gentle diethyl ether. Blood was collected 
in test tubes, and then centrifuged at 4000 g (4°C for 

15 minutes) using a centrifuge (Hettich Universal 32A, 
Germany), and the obtained sera were stored at −20° for 
further analysis. The skeletal muscle (normal control), 
tumor tissues, and liver tissues were dissected out, and 
then washed with normal saline and weighed. Thereafter, 
they were homogenized in phosphate buffer (0.1 M, pH 
7.4, ice cold) at a ratio of 1:10 times (w/v), using a 
Teflon Homogenizer (Universal laboratory aid, Type 
MPW-309, Poland), and were collected for biochemical 
investigations.

Biochemical Assays

Quantitative real-time PCR. RNA isolation and reverse tran-
scription: RNA was extracted from the tumor tissue homog-
enate using the RNeasy plus mini kit (Qiagen, Venlo, The 
Netherlands), according to the manufacturer’s instructions. 
Genomic DNA was eliminated by a DNase-on-column 
treatment supplied with the kit. The RNA concentration 
was determine spectrophotometrically at 260 nm using the 
Nano Drop ND-1000 spectrophotometer (Thermo Fisher 
scientific, Waltham, USA) and RNA purity was checked by 
means of the absorbance ratio at 260/280 nm. RNA integrity 
was assessed by electrophoresis on 2% agarose gels. RNA 
(1 μg) was used in the subsequent cDNA synthesis reaction, 
which was performed using the Reverse Transcription Sys-
tem (Promega, Leiden, The Netherlands). Total RNA was 
incubated at 70°C for 10 minutes to prevent secondary 
structures. The RNA was supplemented with MgCl2 
(25 mM), RTase buffer (10X), dNTP mixture (10 mM), oli-
god (t) primers, RNase inhibitor (20 U), and AMV reverse 
transcriptase (20 U/μl). This mixture was incubated at 42°C 
for 1 hour.

Quantitative real time PCR: qRT-PCR was performed in 
an optical 96-well plate with an ABI PRISM 7500 fast 
sequence detection system (Applied Biosystems, Carlsbad, 
California) and universal cycling conditions of 40 cycles of 
15 seconds at 95°C and 60 seconds at 60°C after an initial 
denaturation step at 95°C for 10 minutes. Each 10 μl reac-
tion contained 5 μl SYBR Green Master Mix (Applied 
Biosystems), 0.3 μl gene-specific forward and reverses 
primers (10 μM), 2.5 μl cDNA, and 1.9 μl nuclease-free 
water. The sequences of PCR primer pairs used for each 
gene are shown in Table 1. Data were analyzed with the 
ABI Prism sequence detection system software and quanti-
fied using the v1.7 Sequence Detection Software from PE 
Biosystems (Foster City, CA). Relative expression of stud-
ied genes was calculated using the comparative threshold 
cycle method. All values were normalized to the endoge-
nous control GAPDH.12

ELISA detection. Enzyme-linked immune sorbent assays 
(ELISA) for levels of IFN-γ and caspase-3 were performed 
using ELISA Kit (R& D Systems) according to the 
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manufacturer’s instructions on the supernatants of sample 
tissue homogenates. In brief, microplates were coated with 
100 μl/well of capture antibody, and then they were incu-
bated overnight at 4°C. After washes, the plates were 
blocked with assay diluent at room temperature (RT) for 
1 hour. One hundred microliters of a serum sample was 
added to each well of the plate, followed by incubation for 
2 hours at room temperature (RT). Working detector was 
added into each well, and the plate was incubated for an 
additional 1 hour at RT before the addition of substrate solu-
tion. The reaction was stopped by adding stop solution. The 
absorbance was read using the ELISA reader. The concen-
trations were calculated from standard curve according to 
the instructions in the protocol.

Nitric Oxide Determination

Nitric oxide (NO) level in tumor tissues was determined 
colorimetrically as nitrite by Griess reaction.13

Measurement of Radical-Scavenging Ability in 
Hepatic Tissue Using Electron Spin Resonance 
Spectroscopy

The liver tissues were quickly removed from mice and were 
gently lyophilized and were evaporated to dryness under 
vacuum. All samples were dissolved in a small volume of 
toluene, and were transferred to a round ESR cell. The cells 
were capped with a rubber septum and were thoroughly 
deoxygenated by nitrogen bubbling before ESR spectros-
copy was performed. The ESR spectra were recorded at 
room temperature using a Bruker EPR ER-200D spectrom-
eter, and spectral accumulation was done by using a Bruker 
ER-140 ASPECT 2000) data system. The microwave power 
was 2 mW, the modulation amplitude was 1 G and 1 E4 
receiver gain. The response time constant was 10 ms, with 
a field-sweeping rate of 100 G/42 seconds. The height of 
powder sample inside the quartz tube was about 10 mm. 
ESR spectral analyses were performed through the use of a 
computer simulation program.14

Histopathological Study

Autopsy samples were taken from the thigh muscle of mice 
in different groups and fixed in 10% formol saline for 

24 hours. Washing was done in tap water, then serial dilu-
tions of alcohol (methyl, ethyl, and absolute ethyl) were 
used for dehydration. Specimens were cleared in xylene and 
embedded in paraffin at 56° in a hot air oven for 24 hours. 
Paraffin beeswax tissue blocks were prepared for sectioning 
at 4 µm thickness by sledge microtome. The obtained tissue 
sections were collected on glass slides, deparaffinized, and 
stained by hematoxylin and eosin stain for routine examina-
tion through the light electric microscope.15

Statistical Analysis

Survival data were analyzed using Kaplan- Meier curves 
and compared by Mantel-Cox (Log Rank) and Gehan-
Breslow-Wilcoxon statistics. The data were expressed as 
mean ± SEM. Data normality was verified by Kolmogorov-
Smirnov (KS, P > .1). Statistical analysis was conducted 
using 1-way analysis of variance (ANOVA), followed by 
Tukey-Kramer post hoc multiple comparisons among treat-
ment means. Statistical analyses were performed using 
Prism, version 6 (GraphPad Software, La Jolla, CA). All 
tests were 2-tailed, and p values <.05 were considered sta-
tistically significant.

Result

Impact of Chrysin and/or γ-Irradiation Exposure 
on Tumor Volume in Different Mice Groups

Figure 1 demonstrates that the size of solid EAC tumors 
reached 6500.40 mm3 7 days from when the tumor reached 
1 cm3 during the experimental period, and enlarged to 
38 700.46 mm3 at the end of the experiment. A gradual sig-
nificant decrease in the tumor size during treatment of 
EAC-bearing mice with Ch, was demonstrated, compared 
to untreated EAC-bearing mice. On the other hand, expo-
sure of EAC-bearing mice to γ-irradiation produced a 
marked significant reduction in the tumor size, and a radio-
sensitizing effect was observed in decreasing the tumor size 
of γ-irradiated-EAC-bearing mice co-administered with Ch.

Effect of Ch Administration and/or γ-Irradiation 
Exposure to Mice on TNF-α Expression

The data obtained from the present study showed that the 
expression of TNF-α in tumor tissue was significantly 
amplified compared with the normal control group (Figure 2). 
The TNF-α expression in the EAC group enlarged signifi-
cantly (P < .05) by 96.2-fold when compared with the 
respective normal controls. We observed significant changes 
in TNF-α response in the current study when EAC mice 
were injected with chrysin, wherein the group of EAC + Ch, 
manifested a considerable amelioration by a significant 
decline (P < .05) in TNF-α expression level (40.9%), 

Table 1. Primers used for QRT-PCR.

Primer Sequence

TNF-α Forward: 5′- ACGGCATGG ATCTCAAAGAC-3′
Reverse: 5′- CGGACTCCGCAAAGTCTAAG -3′

GAPDH Forward: 5′- CTCCCATTCTTCCACCTTTG-3′
Reverse: 5′- CTTGCTCTCAGTATCCTTGC-3′
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associated with a significant downregulation in TNF-α 
expression level in the EAC + Ch + R group by (41%) com-
pared with the irradiated mice bearing solid tumor group 
(EAC + R).

Influence of Ch Administration and/or γ-
Irradiation Exposure to Mice on Nitric Oxide 
Concentration

The data obtained from the present study showed that the 
concentration of NO in tumor tissue significantly increased 

compared with the normal control group (Figure 3). The 
NO concentration in the EAC group was significantly 
enlarged (P < .05) by (4.6-fold), when compared with the 
normal control. On the other hand, a substantial deteriora-
tion (P < .05) in NO concentration level was seen in the 
EAC + Ch + R group by (48%) compared with the irradi-
ated EAC group (EAC + R).
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b b
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Figure 1. The effect of chrysin treatment and/or γ-irradiation on tumor volume.
Abbreviations: EAC: Ehrlich solid tumor; R: radiation; Ch: chrysin; b: significantly different from EAC; c: significantly different from EAC + R. Each value 
represents the mean ± SE (n = 6).
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Figure 2. A histogram showing the effect of exposure to γ-
radiation and/or treatment with chrysin on TNF-α expression.
Abbreviations: C: control; EAC: Ehrlich solid tumor; R: radiation; Ch: 
chrysin; a: significantly different from control; b: significantly different 
from EAC; c: significantly different from EAC + R. Each value represents 
the mean ± SE (n = 6).
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Figure 3. A histogram showing nitric oxide concentration in 
the right thigh muscle (control) or tumor tissue in different 
groups.
Abbreviations: C: control; EAC: Ehrlich solid tumor; R: radiation; Ch: 
chrysin; a: significantly different from control; b: significantly different 
from EAC; c: significantly different from EAC + R. Each value represents 
the mean ± SE (n = 6).
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Impact of Ch Administration and/or γ-Irradiation 
Exposure to Mice on Caspase-3, IFN-γ Levels

Figures 4 and 5 showed that mice bearing solid EAC tumors 
manifested significant amelioration of IFN-γ and caspase-3 
levels respectively, where IFN-γ was significantly increased 
by 4.6-fold and caspase-3 was meaningfully decreased by 
87% compared to non-EAC bearing mice. Treatment of 
EAC-bearing mice with Ch resulted in a pronounced decline 
in IFN-γ activity and elevation in caspase-3 level respec-
tively, compared to untreated EAC-bearing mice. On the 
other hand, exposure of EAC-bearing mice to γ-irradiation 
either alone or in combination with Ch treatment produced 

a significant sharp decrease in IFN-γ and upsurge in cas-
pase-3 levels respectively, compared to untreated EAC-
bearing mice.

The Effect of Liver Tissue ESR Free Radical in 
Different Groups

Figure 6 showed that mice bearing solid EAC tumors mani-
fested high significant increases in the free radical peak 
intensity, compared to non EAC-bearing mice. Treatment of 
EAC-bearing mice with Ch resulted in a pronounced decline 
in free radical peak intensity, compared to untreated EAC-
bearing mice. On the other hand, exposure of EAC-bearing 
mice to γ-irradiation either alone or in combination with 
Ch treatment produced a significant sharp decrease in free 
radical peak intensity, compared to untreated EAC-bearing 
mice.
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Figure 4. Interferon gamma concentration (IFN-γ) in the right thigh muscle or tumor tissue in different groups.
Abbreviations: C: control; EAC: Ehrlich solid tumor; R: radiation; Ch: chrysin; a: significantly different from control; b: significantly different from EAC. 
Each value represents the mean ± SE (n = 6).
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Figure 5. Effect of chrysin and/or γ-irradiation exposure on 
caspase-3 levels in the right thigh muscle or tumor tissue in 
different groups.
Abbreviations: C: control; EAC: Ehrlich solid tumor; R: radiation;  
Ch: chrysin; a: significantly different from control; b: significantly different 
from EAC. Each value represents the mean ± SE (n = 6).
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Figure 6. Statistical analysis for the peak intensity for liver 
tissue ESR free radical in different groups.
Abbreviations: C: control; EAC: Ehrlich solid tumor; R: radiation; Ch: 
chrysin; a: significantly different from control; b: significantly different 
from EAC. Each value represents the mean ± SE (n = 6).



El Bakary et al 7

Influence of Ch Treatment on Histopathology of 
EAC-Bearing Mice Irradiated or Not Irradiated

Photomicrographic examinations of control mice thigh 
muscle tissue demonstrate normal histological structure of 
striated bundles (Figure 7A). However, photomicrographs 
of EAC mice displayed compactness of the tumor cells scat-
tered within the muscular tissues and aggregated in a focal 
manner, infiltrating and penetrating the muscle bundles. 
Groups of large round and polygonal cells with pleomor-
phic shapes, hyperchromatic nuclei and binucleation, sev-
eral degrees of cellular and nuclear pleomorphism were 
observed (Figure 7B). Further, in mice exposed to whole 
body gamma radiation, a focal area of aggregated intact 
Ehrlich tumor cells appeared rather than musculature 
necrosis in other sides (Figure 7D). On the other hand, 
the histopathological investigation performed showed a 
great destruction of tumor tissue represented by the 
appearance of dead and necrotic cells after Ch adminis-
tration (Figure 7C) and or gamma radiation (Figure 7E).

Discussion

Cancer is anticipated to be the largest cause of death and a 
major impediment to increasing life expectancy in this 
century; according to 2018 forecasts, there will be over 
18 million new cancer diagnoses with a mortality rate of 

over 50%. Because the immune system plays such an 
important role in cancer formation, researchers have 
attempted to develop tumor-targeted immunotherapies with 
the goal of enhancing the antitumor immune response and, 
as a result, eradicating the neoplasia in progress.16 Patients 
with many tumor types benefit significantly from cancer 
immunotherapy, which can result in full tumor eradication 
in rare situations.17

In an attempt to improve cancer therapeutic protocols, 
this study was undertaken to evaluate the antitumor effect 
of chrysin together with γ-irradiation against solid EAC 
tumors in female mice. Different molecular targets were 
analyzed in order to explore the suppressive effect of chry-
sin on the growth of solid tumors.

In this study, a significant upregulation was recorded in 
IFN-γ activity and TNF-α messenger RNA (mRNA) expres-
sion in solid EAC tumors, compared to non- EAC-bearing 
mice (Figures 2 and 4). Certain cytokines, such as TNF-α 
and IFN-γ, are key factors in determining the contribution 
of the inflammatory process to cancer.18 IFN-γ has a lengthy 
history of being used as a pro-tumor factor. It stimulates 
other immuno-suppressive pathways by allowing the cre-
ation of immune checkpoint inhibitory molecules and 
indoleamine-2,3-dioxygenase (IDO).19 IFN-γ acts as an 
opponent of the immune system through immunosuppres-
sion, angiogenesis, and tumor cell proliferation. Its effect 
on tumors is mediated through induction of PDL1, IDO1, 

Figure 7. Photomicrograph sections of right thigh muscles. (A) Normal control; C displayed normal histological structure of striated 
bundles (→). (B) Mice bearing solid tumor; EAC Ehrlich tumor cells exhibiting pleomorphism, hyperchromatisa (*), infiltrating and 
penetrating the muscle bundles, and aggregated in focal manner in between (→). (C) Chrysin showed malignant cells (red arrow) 
surrounded by 10% of tumor necrosis (blue arrow). (D) Irradiated mice bearing solid tumor; EAC + R showed malignant cells (blue 
arrow) surrounded by 20% of tumor necrosis (red arrow). (E) Irradiated mice bearing solid tumor treated with chrysin; EAC + ch + R 
showed dead cells (red arrow) and necrotic cells (blue arrow) after Ch administration and/or gamma radiation .
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iNOS, FAS, and FASL expression. Prevention of IFNγ sig-
naling decreased PDL1 expression by tumor cells and 
increased IFNγ-responsive gene expression by immune 
cells, including exhausted T cells.17 One common theme 
that shows the pro-tumorigenic effects of IFN-γ is that 
tumors that are exposed to IFN-γ show greater immunoeva-
sive capabilities. For example, several IFN-γ pathway target 
genes are known to be involved in immunosuppressive and 
immunoevasive mechanisms that are geared toward sup-
pression of CTL- and NK cell-mediated antitumor immune 
responses.20 TNF-α acts as an autocrine growth factor for 
tumor angiogenesis by inducing numerous alterations in 
endothelial cell gene expression, including activation of 
adhesion molecules, integrins, and MMPs.21 TNF-α is a 
crucial factor in tumor metastasis. In tumor microenviron-
ment endothelial cells, it enhances the expression of fibro-
blast growth factor (bFGF), interleukin-8 (IL-8), and 
vascular endothelial growth factor (VEGF).22 TNF-α binds 
to 2 receptors, TNFR1 and TNFR2, and exerts its actions. 
TNFR1 is found in all cell types and is widely expressed. 
TNFR1 activation can trigger cell survival pathways. The 
concentration of TNF-α in the microenvironment, as well 
as the actions of other relevant cytokines, are used to regu-
late the receptor’s final downstream activity.23 TNFR2 is 
mostly present on immune cells, where TNF-α activates its 
pathway, which aids in the regulation of immune response 
and inflammation. The activation of TNFR2 on immune 
cells in the TME as well as cancer cells can promote tumor 
development and progression.24 Increased TNFR2 expres-
sion found on regulatory T cells within the TME can sup-
press the immune response and prevent activation of 
cytotoxic T cells, which decreases the ability of the immune 
response to suppress the tumor.23 TNF-α can suppress the 
myeloid-derived suppressor (MDSC) differentiation and 
induce accumulation of MDSC, which enhances their 
immunosuppressive effects in the TME through TNFR2 
signaling.23,25

Further, the significant increase (P < .05) in NO con-
centration of EAC-bearing mice might be due to TNF-α 
over-expression. Our results are in line with Zhang and 
Xu,26 who demonstrated the role of NO in tumor progres-
sion via disrupting the host immune system to allow for 
tumor cell escape from immune surveillance. Jadeski et al. 
determined that NO-mediated tumor growth and metastasis 
of the C3H/HeJ mammary tumor cell line acts via the 
sequential activation of nitric oxide synthase (NOS), gua-
nylate cyclase (GC), and mitogen-activated protein kinase 
(MAPK) pathways.27,28 The production of nitric oxide 
(NO) is a key feature of immunosuppressive myeloid cells, 
which impair T cell activation and proliferation via revers-
ibly blocking interleukin-2 receptor signaling.29

It has been demonstrated that TNF-α is a mediator of 
NO synthesis.30 Nitric oxide synthase (NOS) comprises a 
family of enzymes that can generate NO. The 3 isoforms of 

NOS include neuronal NOS (nNOS), inducible NOS 
(iNOS), and endothelial NOS (eNOS) that are encoded by 
the NOS1, NOS2, and NOS3 genes, respectively. iNOS is 
the most widely studied isoform due to its significant and 
contrasting roles in cancer.31 iNOS expression is regulated 
at the transcriptional level by cytokines (IFNγ, IL-1β, and 
TNF-α), bacterial endotoxins, and oxidative stress/
hypoxia.28 Nitric oxide is a diatomic free radical molecule 
with high reactivity. High output of nitric oxide leads to 
nitration, nitrosation, and oxidation, which can then affect 
cellular functioning. NO can interact with oxygen or oxide 
ions to form reactive nitrogen species such as dinitrogen 
trioxide and peroxynitrite, cause DNA damage through 
nitrosative and oxidative stress. Peroxynitrites can oxidize 
and nitrate DNA and also potentially cause single-strand 
DNA breaks due to an attack on the sugar-phosphate 
backbone.32

The disturbance in the angiogenic and apoptotic regula-
tors leads to tumor proliferation and growth, which was 
clearly demonstrated by the increase in EAC tumor volume 
as shown in Figure 1. Neovascularization enhances the abil-
ity of the tumor to grow and increases its invasiveness and 
metastatic ability.33 In order to progress, cancers need to 
circumvent immune control. This was nicely illustrated by 
a study of carcinogen-induced cancers that arose in immune 
deficient versus immune sufficient mice. Cancers from 
immune deficient mice grew when transplanted into other 
immune deficient mice. However, these same cancers were 
generally rejected in wild type mice, showing that they 
were inherently immunogenic.34 In contrast, tumors that 
arose in wild type mice would often grow when transplanted 
into other wild type mice. These findings indicated that 
tumors that arose in the presence of the intact immune sys-
tem in wild type mice evolved in ways that allowed them to 
evade immune elimination.35

Apoptosis is a programmed cell death that maintains the 
stability of the internal environment through removing 
genetic mutations and unstable cells. However, this process 
is inhibited in cancer which leads to the accumulation of 
various genetically unstable cells. Our results demonstrated 
a significant decline in the level of apoptotic molecule (cas-
pase-3) in the solid EAC tumors, compared to non- EAC 
bearing mice (Figure 5). Caspases have important roles in 
various diseases and it has been shown that caspase defi-
ciency results in tumor development.36 Caspase-3 mediated 
apoptosis is a major focus in the field of cancer growth inhi-
bition, because activation of the proteolytic caspase cascade 
is a critical component in the execution of apoptotic cell 
death.37 The increase in TNF-α expression is accompanied 
with a decrease in caspase-3 activities. These findings are in 
line with Zhang et al38 who found that knockdown of trans-
membrane TNF-α expression enhances the therapeutic effi-
cacy of doxorubicin in a xenograft mouse model where the 
combination of tmTNF-α inhibition and DOX treatment 
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resulted in much more pronounced suppression of tumor 
growth.

Additionally, the free radical level was elevated in liver 
tissue of EAC mice (Figure 6). The presence of tumor in the 
human body or in experimental animals could affect many 
functions of vital organs in the body, even when the site of 
tumor does not interfere directly with this function. Gonenc 
et al39 reported that enlargement in tumor size might cause 
antioxidant disturbances and oxidative stress elevation in 
vital organs of the tumor host. The disturbance in redox 
tone in normal cells could be attributed to influx of certain 
cytokines released from proximal tumor cells. A noticeable 
alteration in muscle bundles and the cellular architecture in 
addition to the occurrence of tumor cell infiltration and pen-
etration in micrographs of EAC and EAC + R when 
matched with the micrograph of normal control thigh mus-
cle bundles (Figure 7). Elbakary et al10 attributed these 
changes to the alteration in biochemistry of tumor where the 
changes in TNF-α signaling and the accumulation of MDA 
in the cells of muscle bundles destroyed the cellular integ-
rity and enhanced tumor proliferation. The current data 
revealed that the upregulation of TNF-α genes and induc-
tion of IFN-γ activity and NO concentration along with 
apoptosis suppression in solid EAC-bearing mice collec-
tively enhance tumor cell proliferation and neovasculariza-
tion, which ultimately resulted in the acceleration of tumor 
growth, invasiveness, and metastatic ability of tumor cells.

Exposure of EAC-bearing mice to γ-irradiation produced 
a significant delay in tumor volume, which was achieved 
through the induction of apoptosis. Radiation-induced DNA 
damage activates a variety of signaling pathways; the intrin-
sic apoptotic pathway has been considered the primary 
mechanism mediating ionizing radiation-induced apoptosis, 
making tumor cells unable to divide and grow.40-42 Many 
cancer cells, including lung, prostate, immortalized kerati-
nocytes, and colon cancer cells, are committed to apoptotic 
cell death when exposed to radiation.43,44 Immunotherapy 
plays increasingly important roles during tumor treatment, 
especially in assisting radiotherapy (RT) to improve clinical 
outcomes.29 Experimental data indicated that immune 
responses activated by RT could be impeded by produc-
tion of NO. L-n6-(1-iminoethyl)-lysine (L-NIL), as a 
potent iNOS inhibitor, enhanced RT susceptibility of 
treatment-refractory head and neck cancer.45 Moreover, 
NO reduction with a highly-selective NOS inhibitor, 
NG-monomethyl-L-arginine monoacetate (LNMMA), 
enhanced the radiosensitization of nonsmall cell lung cancer 
(NSCLC) cells.46 Xu et al29 found that RT could effectively 
inhibit immune system activation and promoted T cell func-
tion via suppressing NO synthesis in immunosuppressive 
myeloid cells, thereby further enhancing the efficacy and 
clinical outcomes of RT.

Currently, surgical resection, radiation, and chemother-
apy are common therapeutic strategies used to fight against 

cancer. However, surgery and the current combination che-
motherapy options are limited by the side effects associated 
with treatment and by some tumor cells eventually develop-
ing drug resistance.47 Therefore, it is imperative to develop 
novel strategies to overcome cancer, including therapies 
that can be applied in combination with current strategies. 
Mounting evidence indicates that natural compounds pro-
vide a new window of opportunity due to their safety and 
potential to overcome resistance to chemotherapy

The result of this study revealed that treatment of EAC-
bearing mice with Ch significantly reduced the growth of 
solid tumors, and a synergistic effect was demonstrated fol-
lowing combination with γ-irradiation. As a key player in 
tumor proliferation, angiogenesis, and inflammatory cas-
cade induction, the down regulation of TNF-α expression 
following treatment of irradiated and non-irradiated EAC-
bearing mice with Ch reduced tumor growth via multiple 
mechanisms, including suppression of tumor cell prolifera-
tion (reduction in tumor volume), angiogenesis (down regu-
lation of tumor TNF-α expression and NO concentration), 
and enhancing apoptosis (induction of tumor caspase-3). 
Where the inducible form of nitric oxide synthase is 
expressed mainly through TNF-α activated pathway,48 so 
TNF-α is the maestro for controlling the angiogenesis pro-
cess. Ch has demonstrated potential efficacy in inhibiting 
TNF-α and NO concentration.49

Our result are in line with Hermenean et al50 who found 
that the increase in hepatic tumor necrosis factor-α (TNF-
α) protein expression in carbon tetrachloride (CCl4)-
induced acute liver damage was significantly decreased in 
the livers of mice pre-treated with chrysin. Chrysin sup-
presses inflammation; it suppressed the levels of IFN-γ, 
NO, IL-1β, and TNF-α expression through inhibition of 
NF-κB signaling. NF-κB is a vital nuclear transcription fac-
tor for inflammation and regulates the transcription of sev-
eral inflammatory mediators. It has 5 subunits: p50, p52, 
p65, Rel, and Rel-B. In the inactive state, these subunits 
dimerize and bind IκBα. When cells receive stimuli, the 
dimers (p65–p50 or c-Rel–p50 heterodimers) are released 
from IκBα and act as the functional form of NF-κB. 
Functional NF-κB activated macrophages secreting TNF-α, 
IFN-γ, iNOS, and IL-1β can induce tissue damage. It was 
observed that chrysin suppressed the expression of p65. 
Therefore, the translocation of activated NF-κBp65 to the 
nucleus may be downregulated in this situation, thus 
restricting the expression of TNF-α, IFN-γ, iNOS, and 
IL-1β.51 Encountering of cancer cells with chrysin resulted 
in DNA damage and prompted mitochondrial membrane 
agitation going along with downregulation of Bcl-2, activa-
tion of BID and Bax, cytochrome c release, and caspase-
3-mediated apoptosis. ROS production by chrysin was the 
critical mediator behind induction of ER stress, leading to 
JNK phosphorylation, intracellular Ca2+ release, and activa-
tion of the mitochondrial apoptosis pathway.2
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In many studies chrysin has been shown to exert ben-
eficial pharmacological activities: it suppressed pro-
inflammatory cytokine expression and histamine release; 
downregulated nuclear factor kappa B (NF-kB), cyclooxy-
genase 2 (COX-2), and inducible nitric oxide synthase 
(iNOS); upregulated apoptotic pathways; inhibited angio-
genesis and metastasis formation, protecting from cancer; 
suppressed DNA topoisomerases and histone deacetylase; 
downregulated tumor necrosis factor α (TNF-α) and inter-
leukin 1β (IL-1β); and promoted protective signaling path-
ways in the heart, kidney, and brain.2,52,53

Recently, radiation technology has been applied to 
enhance the biological properties or physical characteristics 
of various biomolecules through structural modification, 
some molecules transformed through gamma irradiation 
exhibit improved physiological properties.54,55

The results of our study were paralleled with the findings 
of Song et al56 who found that the anticancer effect of chry-
sin was enhanced upon exposure to gamma irradiation. 
Gamma irradiation induces the production of new radiolytic 
peaks simultaneously with the decrease of the chrysin peak, 
which increases the cytotoxicity in HT-29 human colon 
cancer cells. An irradiated chrysin exhibited a stronger 
apoptotic effect in HT-29 cells than intact chrysin. The 
apoptotic characteristics induced by irradiated chrysin in 
HT29 cells was mediated through the intrinsic signaling 
pathway, including the excessive production of included 
reactive oxygen species, the dissipation of the mito-
chondrial membrane potential, regulation of the B cell 
lymphoma-2 family, activation of caspases-9 and 3, and 
cleavage of poly (adenosine diphosphate-ribose) poly-
merase.57,58 The structural transformation is initiated by 
CH2OH radical derived from gamma irradiation. There is 
one possible mechanism; the radical reacts with chrysin 
molecule and induces cleavage of the C=O bond in the A 
ring. The C=O double bond in the A ring was recovered by 
taking away a hydrogen atom from C8, The remaining 
CH2OH radicals react with C8, which forms a hydroxyethyl 
derivative of chrysin. Some previous studies proposed that 
hydroxyethyl derivatives exhibited stronger anticancer 
activity.59,60

Further, the results of histological examination for the 
tumor micrograph of EAC + Ch and EAC + Ch + R mice 
groups compared to EAC mice reveals noticeable ameliora-
tion in cell architecture of the muscle bundle in addition to 
certain improvement in the state of tumor cell infiltration, 
penetration and area of necrosis, and enhancing tumor cells 
apoptosis (Figure 7). The results give the impression that 
Ch plays an efficient role in the inhibition of the TNF-α and 
IFN-γ activation event. It displays anti-proliferative and 
anti-angiogenic activity against cancer cells in vivo.2 A 
pharmaceutical study of Gao et al. showed that chrysin 
absorption is moderate due to its low solubility and moder-
ate permeability. Low bioavailability is the challenge for 

developing chrysin as a therapeutic drug.61 A suggestion for 
future clinical study is to administering chrysin in certain 
formulations (eg, nano-particles) that can enhance its oral 
bioavailability, which should be considered to evaluate its 
in vivo efficacy more appropriately.

In conclusion, treatment of E, E + R groups with Ch 
exerted a marked effect in the retardation of tumor growth 
as compared to tumor bearing mice group. These observa-
tions could be attributed to the immune stimulating, antiap-
poptotic, and antioxidant capacity of Ch. Taking everything 
into account, our study agrees with the fact that natural 
products are versatile compounds in cancer therapy due to 
their capacity in targeting various molecular pathways.
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