Biomedicine & Pharmacotherapy 109 (2019) 293-303

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomedicine ..
PHARMACOTHERAPY

journal homepage: www.elsevier.com/locate/biopha

Mechanistic approach of the inhibitory effect of chrysin on inflammatory
and apoptotic events implicated in radiation-induced premature ovarian
failure: Emphasis on TGF-3/MAPKs signaling pathway

Check for
updates

Eman M. Mantawy”, Riham S. Said™*, Amal Kamal Abdel-Aziz"

@ Pharmacology and Toxicology Department, Faculty of Pharmacy, Ain Shams University, Cairo, Egypt
® Drug Radiation Research Department, National Center for Radiation Research and Technology, Atomic Energy Authority, Cairo, Egypt

ARTICLE INFO ABSTRACT

Keywords: Radiotherapy is one of the most relevant treatment modalities for various types of malignancies. However, it
Ovarian failure causes premature ovarian failure (POF) and subsequent infertility in women of reproductive age; hence urging
Radiotherapy the development of effective radioprotective agents. Chrysin, a natural flavone, possesses several pharmacolo-
Chrysin' gical activities owing to its antioxidant, anti-inflammatory and anti-apoptotic properties. Therefore, the aim of
ﬁfg’:’;ﬁljﬁon this study was to investigate the efficacy of chrysin in limiting y-radiation-mediated POF and to elucidate the
MAPKs underlying molecular mechanisms. Immature female Sprague-Dawley rats were subjected to a single dose of -

radiation (3.2 Gy) and/or treated with chrysin (50 mg/kg) once daily for two weeks before and three days post-
irradiation. Chrysin prevented the radiation-induced ovarian dysfunction by restoring estradiol levels, preser-
ving the normal ovarian histoarchitecture and combating the follicular loss. Eelectron microscopic analysis
showed that the disruption of ultrastructure components due to radiation exposure was hampered by chrysin
administration. Mechanistically, chrsyin was able to reduce the levels of the inflammatory markers NF-kB, TNF-
a, iNOS and COX-2 in radiation-induced ovarian damage. Chrysin also exhibited potent anti-apoptotic effects
against radiation-induced cell death by downregulating the expression of cytochrome c and caspase 3. Radiation
obviously induced upregulation of TGF-$ protein with subsequent phospholyration and hence activation of
downstream mitogen-activated protein kinases (MAPKs); p38 and JNK. Notably, administration of chrysin
successfully counteracted these effects. These findings revealed that chrysin may be beneficial in ameliorating
radiation-induced POF, predominantly via downregulating TGF-B/MAPK signaling pathways leading subse-
quently to hindering inflammatory and apoptotic signal transduction pathways implicated in POF.

pathogenesis of radiation-induced toxicity, one of these critical me-
chanisms is the inflammatory cascade [5]. Post-radiation, a cascade of
inflammatory reactions are initiated in the surrounding tissue resulting
in production of numerous pro-inflammatory cytokines and chemokines

1. Introduction

The World Health Organization recently stated that about 70% of
the world’s cancer-related deaths occur in middle and lowincome

countries, including Africa [1]. Although radiotherapy is one of the
most relevant treatment options for approximately 70% of cancer pa-
tient during the course of their treatment, there are acute and long term
impediments following exposure to ionizing radiation [2]. Seriously,
rapid ovarian dysfunction has been observed in young females after
initiation of radiotherapy through accelerating menopause leading to
permanent infertility in 55%-80% of patients before puberty [3].
Hence, as survival rates for young cancer patients continue to increase,
the strategy of management has been changed from cure with any cost
to improving the quality of life [4].

A multitude of molecular mechanisms are involved in the

which further perpetuate a long term inflammation and tissue injury. Of
particular importance, transforming growth factor (TGF)-[3 plays crucial
roles in the pathophysiology of various normal tissues toxicities asso-
ciated with radiotherapy [6]. Although, inflammation plays a key
physiological role in folliculogenesis and ovulation, aberrant in-
flammation can result in impaired oocyte quality, premature ovarian
failure (POF), and associated infertility [7,8].

Beside inflammatory process, the apoptotic signaling pathways are
critically recognized as the main cause of several deleterious effects
associated with radiotherapy [9]. Remarkably, apoptosis is the main
pathway of the attrition of the ovarian primordial follicle pool to
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eliminate defective oocytes [10,11]. Prior to menopause, quiescent
primordial follicles are continuously recruited into the growing pool
and pass through different stages of growth to ovulate oocytes. How-
ever, more than 95% of these follicles undergo atresia before reaching
the pre-ovulatory follicle stage [12]. Ionizing radiation delivered to the
cancer tissue produces toxic free radicals and reactive oxygen species
which attack critical macromolecules such as DNA and disrupt mi-
tochondrial membrane integrity, switching on the intrinsic pathway of
apoptosis [13]. Crucially, the rate of follicle atresia can be accelerated
by exposure to ionizing radiation, leading to early onset of ovarian
senescence [14]. Thus, in addition to inflammation, apoptosis plays a
critical role in regulating the ovarian function, which influence the
length of a women's fertile lifespan and the timing of menopause.

In this context, there is a great necessity for exploring radio-
protectors with the ability to prohibit the adverse effects associated
with radiotherapy. Research endeavors with synthetic radioprotectors
in the past have been met with little success primarily due to toxicity-
related problems. Therefore, researchers diverted their attention to-
ward phytochemicals as radioprotector due to their relatively better
safety profile [15]. Flavonoids, a naturally occurring polyphenolic
compound, have been reported to possess radioprotective activities by
different mechanisms [16,17]. Interestingly, flavonoids were stated to
be effective in preventing POF-induced by chemotherapy and radio-
therapy through decreasing oxidative stress and apoptosis [8,18]. One
of the promising compounds belonging to flavonoids family is chrysin
(5,7-dihydroxyflavone) which is extracted from honey, propolis, and
various plants [19]. Recent studies have revealed the numerous biolo-
gical properties of chrysin including antioxidant, anti-apoptotic [20],
anti-inflammatory [21,22], and anti-cancer [23]. Moreover, chrysin
was reported to protect keratinocytes from UV radiation toxicity
through attenuating ROS overproduction, COX2 induction and apop-
tosis [19]. Additionally, chrysin protected mice from lethal effects of
whole-body y-radiation, diminished primary DNA damage in leucocytes
[24], as well as reduced radiation-induced mortality [25]. This, in turn
points out that chrysin can be beneficial in abrogating ovarian damage
and infertility induced by radiotherapy.

Consequently, the aim of this study was to explore the temporal
pattern of ovarian toxicity post-radiation exposure and to investigate
whether chrysin administration could be effective in the preservation of
the ovarian function damaged by y-radiation exposure, besides eluci-
dating the underlying molecular mechanisms focusing on in-
flammatory, apoptotic and TGF-f signaling pathways.

2. Materials & methods
2.1. Chemicals and reagents

Chrysin was purchased from Sigma (St. Louis, MO). It was dissolved
in a mixture of DMSO and corn oil at ratio (1:19). Estradiol ELISA kit
was obtained from Monobind Inc. (Lake Forest, USA). Rat tumor ne-
crosis factor (TNF)-a ELISA kit was secured from Assaypro (Assaypro
Co, USA). Rat TGF-B kit was procured from Cusabio Biotech Co.
(Wuhan, China). All other commercially available chemicals and sol-
vents were of the highest grade.

2.2. Animals

Three-week-old female Sprague-Dawley (SD) rats, weighing
40-50g, were purchased from Nile Co. for Pharmaceutical and
Chemical industries, Egypt. Rats were housed in a controlled environ-
ment under an illumination schedule of 12h light/12h dark with
controlled room temperature (25°C). They were kept on a standard diet
pellet containing not less than 20% protein, 5% fiber, 3.5% fat, 6.5%
ash and a vitamin mixture. All procedures were operated according
with the NIH Guide for the Care and Use of Laboratory Animals ap-
proved by the ethical guidelines of Faculty of Pharmacy, Ain Shams
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University, Cairo, Egypt.
2.3. Experimental design and establishment of POF model

Sixty female SD rats were divided into 4 groups of 15 rats each and
treated for 17 consecutive days as follows; the first control and the
second irradiated groups received the mixture of DMSO and corn oil,
the vehicle of chrysin, (5 ml/kg B.W., P.O), once daily. The third and
fourth groups were orally administered chrysin (50 mg/kg B.W.), once
daily. The dose of chrysin was chosen based on previously reported
studies that produced protective effect against reproductive damage
[26,27]. On the 14th day, the second and fourth groups were exposed to
whole-body irradiation one-hour after vehicle and chrysin administra-
tion, respectively. Whole-body irradiation was carried out using a Ce-
sium (**’CS) source, Gamma Cell-40 biological irradiator, at the Na-
tional Center for Radiation Research and Technology (NCRRT), Cairo,
Egypt. The animals were exposed to a single dose of 3.2 Gy y-rays with a
dose rate of 0.48 Gy/min. Twenty-four hours after the last chrysin dose,
animals were weighed and then; blood samples were collected from the
retro-orbital plexus and allowed to clot. Afterward, rats were eu-
thanized via cervical dislocation; ovarian tissues were dissected, wa-
shed with ice-cold saline, and then, weighed and stored at —80°C.

2.4. Assessment of relative organ weights

The uteri and ovaries were cleared of connective tissues and
weighed. The relative weight of each organ was calculated with relation
to final body weight before euthanasia and expressed as mg/100 g body
weight.

2.5. Tissue collection and processing

Serum was separated by centrifugation at 5000 rpm for 15 min and
kept frozen at -80°C until biochemical assessment of 17B-estradiol (E2)
level. Ovarian tissues were homogenized at ratio 1:10 (w/v) in ice-cold
0.1 M phosphate buffer saline (pH 7.4) with an Ultra Turrax homo-
genizer after that the supernatant was obtained by centrifugation at
10,000 rpm for 15 min then, stored at —80°C until assessment of the
levels of TNF-a and TGF-3 cytokines. In addition, further ovarian tis-
sues were fixed in an appropriate buffer for light microscopical, elec-
tron microscopy as well as immunohistochemical examination of in-
flammatory markers; NF-xB, iNOS, COX-II, apoptotic markers;
cytochrome c and caspase-3, and MAPKs; phosphorylated from of p38
and JNK.

2.6. Histopathological examination

The ovaries of each animal were fixed in 10% neutral buffered
paraformaldehyde overnight, then dehydrated in ethanol and em-
bedded in paraffin. To investigate the distribution of ovarian follicles in
the ovaries, serial sections of 4 um thick were deparaffinised with xy-
lene and then, stained with hematoxylin and eosin (H&E) according to
standard protocols. Slides were examined and photographed using an
Olympus CX21 microscope (Olympus, Japan), and follicles were
manually marked and counted.

2.7. Follicle counts

In all ovarian sections, the fifth cut of 4 um thick was chosen to
count the number of follicles per follicle category and to evaluate fol-
licular development across 6 sections using a digital video camera
mounted on a light microscope. Follicles were classified as primordial if
they contained an oocyte surrounded by flattened pre-granulosa cells,
and classified as preantral if they contained an oocyte with a visible
nucleus, more than one layer and less than five layers of granulosa cells
and lacked an antral space. Follicles were classified as antral if they
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contained an oocyte with a visible nucleus, more than five layers of
granulosa cells and/or an antral space as described previously [28].
Atretic follicles were identified by the presence of a degenerating oo-
cyte or/granulosa cell’s pyknosis [29]. Sum of all follicles demonstrated
the ovarian reserve.

2.8. Transmission electron microscopy

Ovarian tissue specimens were immediately fixed in 2.5% phos-
phate buffered gluteraldehyde (pH 7.4) at 4 °C for 24 h, and post-fixed
in 1% osmium tetraoxide for 1 h and then dehydrated by passing them
through an ethanol series. After immersion in propylene oxide, speci-
mens were embedded in epoxy resin mixture, and finally sectioned into
semi-thin (1-um-thick) slices. The sections were stained with toluidine
blue and examined using a light microscope. Afterward, the tissue
blocks were retrimmed and ultrathin (80-90 nm thickness) sections
were prepared, collected on copper grids, and stained with uranyl
acetate for 15 min and lead citrate for 12 min, examined and photo-
graphed using JEOL 1010 transmission electron microscopy (TEM) at
Regional Center for Mycology and Biotechnology, Al Azhar University,
Cairo, Egypt.

2.9. Biochemical analysis

2.9.1. Assessment of serum estradiol levels

A commercially available ELISA kit was used to measure the cir-
culating level of serum E2 (Monobind Inc., Lake Forest, USA).
Quantitative determination of the hormone concentrations was per-
formed according to the manufacturer’s protocols. The intra- and inter-
assay coefficients of variation were found to be less than 8.2% and 9%,
respectively.

2.9.2. Assessment of ovarian tumor necrosis factor (TNF)-a levels

TNF-a was determined in the ovarian supernatant using specific
ELISA kits (Assaypro Co, USA) according to the manufacturer's in-
structions. The intra-assay and inter-assay coefficients of variation were
5.1% and 7.1%, respectively. The TNF-a levels were presented as ng/g
tissue.

2.9.3. Assessment of ovarian transforming growth factor (TGF)- levels

TGF-f level of ovarian tissue was determined in the supernatant by
using commercial ELISA kit (Cusabio Biotech Co., Wuhan, China) in
accordance with the protocol specified by the manufacturer. The intra-
assay and inter-assay coefficients of variation were 8% and 10%, re-
spectively. The TGF-f levels were presented as ng/g tissue.

2.10. Immunohistochemistry of ovarian NF-kB, iNOS, COX-II, cytochrome
¢, caspase-3, phospho- p38, and phospho- JNK

Sections were stained wusing a fully automated im-
munohistochemistry device. Paraffin embedded ovarian tissue sections
of 3 um thick were dehydrated first in xylene and next in graded ethanol
solutions. The slides were then blocked with 5% bovine serum albumin
in Tris buffered saline for 2 h. Then, IHC staining was performed by a
standard streptavidin-biotin-peroxidase procedure. The sections were
incubated with a rabbit polyclonal antibody to rat nuclear factor kappa
b (NF-kB), (Thermo Fisher Scientific, Cat. No. RB-9034-P); inducible
nitric oxide synthase (iNOS), (Thermo Fisher Scientific, Cat. No. RB-
9242-P); cyclooxygenase (COX)-2, (Thermo Fisher Scientific, Cat. No.
RB-9072-R7); caspase-3 (Thermo Fisher Scientific, Cat. No. PA5-
77887); a mouse monoclonal antibody to rat cytochrome c¢ (Thermo
Fisher Scientific, Cat. No. MS-1192-R7); rabbit polyclonal antibody to
rat phospho-JNK (R& D systems, Cat. No. AF1205), or p38 (R& D sys-
tems, Cat. No. AF869), overnight at 4°C. After rinsing thoroughly with
Tris buffered saline, the sections were incubated with a biotinylated
goat anti-rabbit secondary antibody, after that, the horseradish-
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peroxidase-conjugated streptavidin solution was added and incubated
at room temperature for 10-15 min. Finally, the sections were visua-
lized with 3,3’-diaminobenzidine containing 0.01% H,0,. Counter
staining was performed using hematoxylin, and the slides were visua-
lized under a light microscope. The slides were processed im-
munohistochemically at the same laboratory conditions in order to
obtain comparable staining intensities. The digital colour images were
registered using a light microscope (CX21,0LYMPUS, JAPAN) equipped
with a camera AxioCam HRc (Carl Zeiss, Jena, Germany) and connected
to a computer. Then, the immunohistochemical quantification was
carried out by measuring optical density in 7 high power fields of at
least five rat ovaries using image analysis software (Image J, 1.46a,
NIH, USA).

2.11. Data analysis

Continuous variables are presented as the mean = SD and were
analyzed by one-way analysis of variance (ANOVA) followed by
Tukey-Kramer as a post-hoc test. Moreover, the number of ovarian
follicles was compared using Kruskal-Wallis’s test followed by Dunn’s
multiple comparisons as a post-hoc test. The probability level less than
0.05 was considered to indicate statistical significance. All statistical
analyses were performed using Instat version 3 software package.
Graphs were sketched using GraphPad Prism version 5 software
(GraphPad Software Inc., USA).

3. Results
3.1. Ovarian and uterine weights

Female rats exposed to y-radiation showed significant reduction in
ovarian and uterine weights by 20% and 33%, respectively as compared
to control group. On the other hand, chrysin treatment significantly
counteracted these effects and maintained ovarian and uterine weights
comparable to that of the control group. Animals treated with chrysin
alone did not show any significant differences in sex organs weights as
compared with the control group (Table 1).

3.2. Circulating estradiol level

The impaired reproductive capacity in the irradiated female rats
was confirmed by a drastic decrease in serum E2 levels by 26% as
compared to the control group (151.58 = 21.74 vs. 205.33 = 12.00
in control). Notably, compared to vehicle-treated irradiated group,
chrysin administration significantly increased the circulating E2 levels
by 75% in the irradiated rats (264.72 * 44.24 vs. 151.58 * 21.74)
restoring their levels to that of the control group. Chrysin treatment
alone did not show any significant difference in serum E2 levels as
compared to the control group (Fig. 1 panel A).

Table 1
Effect of chrysin administration (50mg/kg, P.O.) on Y-radiation-induced
ovarian, and uterine weight loss.

Relative uterine weight (mg/
100 g Body weight)

Relative ovarian weight (mg/
100 g Body weight)

Control 54.85 + 7.43 124.80 * 26.72
IR 44.09 * 518 83.60 * 14.58

Chrysin 53.86 * 8.05" 125.92 + 32.76"
Chrysin/IR 54.40 + 7.05" 120.04 + 38.76"

+

Data expressed as mean SD (N = 12). Statistical analysis was done using
ANOVA followed by Tukey—Kramer as a post hoc test.

* p < 0.05 compared to control group.

# p < 0.05 compared to irradiated (IR) group.
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Fig. 1. Serum estradiol levels and ovarian follicles' assembly.

Panel A: Changes in serum estradiol levels of female rats subjected or not to Y-radiation and/or chrysin treatment. Values are given as mean * SD (N = 10).
Statistically significant differences were assessed using one-way ANOVA followed by Tukey—Kramer as a post hoc test. “p < 0.05 compared to control group, ##, ###
indicate p < 0.01 and p < 0.001 compared to irradiated (IR) group. Panel B: Photomicrographs illustrating the effect of chrysin treatment and/or radiation
exposure on the histological architecture of the ovary (using hematoxylin and eosin staining). Normal oocyte (Oo) and zona pellucida (yellow arrow) structure in
control (a) and chrysin (b) groups with different stages of follicle development could be seen with normal-looking follicles. Many atretic follicles (AF), congested
blood vessel, interstitial hyperplasia, vacuolization, as well as marked fibrosis (blue circle) can be seen in the radiation-only group (c&d). Treatment with chrysin
improved these changes as shown by an apparent normal zona pellucida (yellow arrow) structure, numerous healthy primordial (white arrow), secondary (SF), and
graafian (GF) follicles (e&f). Scale bar, 50 um. Panel C: Morphometric analysis of ovarian primordial, preantral, antral, and atretic follicle populations. The
mean * SD from a minimum of five different rat ovaries was performed. Statistically significant differences were assessed by Kruskal-Wallis’s test followed by
Dunn’s multiple comparisons as a post hoc test. *, **, * indicate p < 0.05, p < 0.01 and p < 0.001 compared to control group, *, *#, ### indicate p < 0.05,
p < 0.01 and p < 0.001 compared to irradiated (IR) group. SF, secondary follicle; GF, graafian follicle; AF, atretic follicle; Oo, oocyte.

3.3. Histopathological and morphological findings B: d). In contrast to the radiation group, the primary, secondary, and
graffian stages follicles were observed, and numerous normally-looking
The control and chrysin only treated groups showed normal ovarian primordial follicles were also detected in the irradiated group co-
morphological architecture of cortical and medullary portions with treated with chrysin (Fig. 1 panel B: e&f). In addition, administration
different stages of follicle development (Fig. 1 panel B: a&b). However, of chrysin preserved ovarian tissue from radiation-induced hemorrhage
in the radiation group, almost all of the follicles were atretic and no and fibrosis.
primordial follicles were observed (Fig. 1 panel B: c). Also, the gran- Next, we inquired which stages of follicular development were im-
ulosa layer in the atretic follicles was found to be loosened generally. pacted in different treatment groups. To this end, the population of
Growing follicles had relatively irregular arrangements with a discrete primordial, growing, and atretic follicles of different cohorts was de-
theca layer and also uneven thickness of the zona pellucida layer in termined. Follicle counts of each group are given in Fig. 1C. There was a
some parts of the follicles. Most of the primary follicles were found to statistically significant difference in follicle counts (primordial, pre-
lack oocytes, and the structure of the ovarian stroma was disrupted. antral, antral, and atretic follicles) between studied groups. Sections of
Also, vascular congestion, hemorrhage, and accumulation of collagen control ovaries had a total of 60.25 = 14.88 follicles that were dis-
fibers in the form of fibrosis were detected in the stroma (Fig. 1 panel tributed among primordial follicles, 33.00 *+ 8.81; preantral follicles,
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9.80 = 0.84; antral follicles, 5.20 + 1.81; and atretic follicles,
17.00 = 5.76. The total number of follicles was drastically decreased
by 40% after exposure to Y-radiation as compared to control ovaries.
The population of primordial, preantral, and antral follicles was sig-
nificantly reduced by 65%, 80%, and 60%, respectively in irradiated
ovaries as compared to the control group. Conversely, the number of
atretic follicles significantly increased in the irradiated ovaries by 53%
as compared to the control group. Interestingly, irradiated rats treated
with chrysin showed significant increase in the population of pri-
mordial, preantral, and antral follicles, and significant decrease in the
number of atretic follicles as compared to the irradiated group. There
was no statistically significant difference in the count of different fol-
licles population between the control and chrysin only treated groups.

3.4. Electron microscopy

TEM was used to detect the ovarian tissue ultramicrostructure of
different treatment groups. Oocyte from control group and chrysin
alone treated group have intact cell membranes, normal mitochondrial
cristae distributed among cytoplasm and Golgi complexes, and clear
nuclei with normal morphology. Moreover, zona pellucida, located
between the oocyte and granulosa cells, had a uniform thickness, and
presence of cilia attached it to oocyte plasma membrane (Fig. 2A & C).
Additionally, control and chrysin treatment alone showed normal
granulosa cells structure observed with normal nucleus and chromatin
granules which were homogeneously dispersed throughout the nuclei
as visualized by TEM and the tight junction between granulosa cells
(Fig. 2 B&D).

On the other hand, Fig. 2 (E&F) shows the ultrastructural patholo-
gical changes in ovarian oocyte and granulosa cells after y-radiation
exposure. Strikingly, the oocytes were devoid of their nucleus, mi-
tochondria and Golgi apparatus. Moreover, zona pellucida showed very
thin thickness. The granulosa cells of irradiated ovaries were severely
degeneration as evident by the abnormal nucleus, irregular nuclear
membrane with condensed and un-uniform chromatin, and absence of
Golgi apparatus. Swollen mitochondria with decreased mitochondrial
cristae as well as lipid droplets and autophagosomes were clearly
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visible in the electron micrograph. In addition, fibrous tissue in be-
tween the granulosa cells (polygonal cell) and theca cells (flattened
cell) was obvious.

Chrysin treatment protected the oocytes and granulosa cells from
the damaging effects of radiation (Fig. 2 G&H), as it preserved the
normal oocyte and granulosa cell structure as evidenced by the pre-
sence of nucleus with normal chromatin distribution, multiple golgi
apparatus and normal mitochondria cristae distributed among the cy-
toplasm, presence of oocyte plasma membrane attached to zona pel-
lucida via cilia. Granulosa cells (polygonal cells) returned attached to
each other through the tight junction between them as they were loose
in irradiated ovaries. However, some granulosa cells converted to
neutophils (Nu) and phagocytic cells (P) which are normal looking
granulosa cells. Furthermore, irradiated group treated with chrysin
showed that the ovarian ultrastructure was devoid of granulosa cells
infiltrating the oocyte, fibrous tissues either inside or outside oocyte,
and fatty droplets and autophagosomes that - in contrast - were evident
in irradiated ovaries.

3.5. Inflammatory markers

As a key inflammatory cytokine, TNF-a was assessed by measuring
its ovarian tissue content using ELISA. The ovarian TNF-a level was
significantly higher in the ovaries of irradiated rats by 28% as com-
pared with controls (0.86 = 0.06 versus 0.67 * 0.07). Conversely,
chrysin treatment significantly inhibited the elevation of TNF-a levels
in irradiated rats and kept it close to that of controls. For the non-ir-
radiated rats, the level of TNF-a showed no change after chrysin
treatment as compared to the control levels (Fig. 3A).

The inflammatory responses provoked by radiation were further
assessed by measuring the expression of NF-kB p65 COX-2, and iNOS
proteins using immunohistochemistry. Immunohistochemical staining
of NF-kB p65 revealed that ovarian sections of control and chrysin
treated alone showed a mild degree of immunostaining for NF-kB p65.
Irradiated ovaries showed an increase in the NF-kB p65 im-
munoreactivity in the cytoplasm of follicular oocyte, granulosa and
theca cells, as well as ovarian stromal cells, which was evident by

Fig. 2. Ultrastructural views of normal and altered ovarian follicles of different treatment groups.

Ultrathin sections of control (A&B) and chrysin-only treated ovaries (C&D) represent normal oocyte (Oo) and granulosa cells (GC) structure with normal nucleus (N),
and numerous mitochondrial cristae (yellow arrow). Oocyte cytoplasm contains Golgi complexes (g), rough endoplasmic reticulum (ER). Zona pellucida (Z) had a
uniform thickness and a homogeneous density with visible oocyte cytoplasmic cilia (red arrow). Also, gap junction between granulosa cells is obvious (red circle). (E
&F) Ultrathin sections of ovaries of radiation exposed rats showed absence of golgi apparatus and mitochondria from oocyte cytoplasm. Zona pellucida (Z) showed
very thin thickness. Granulosa cells of irradiated ovaries were loose from each other with abnormal nucleus and condensed chromatin. Lipid droplets (*), autop-
hagosomes (blue arrows), and fibrous tissue in between granulosa cells (GC) and theca cells (TC) were clearly visible. (G&H) Ultrathin sections of chrysin/irradiated
ovaries showed normal oocyte and granulosa cell structure. Some granulosa cells converted to neutophils (Nu) and phagocytic cells (P).
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Fig. 3. Chrysin downregulates inflammatory signaling pathway boosted in radiation-induced ovarian injury.

Panel A: The levels of cytokine TNF-a in ovarian tissues of immature rats were determined using ELISA. Values are given as mean + SD (n = 6). Statistically
significant differences were assessed using one-way ANOVA followed by Tukey—Kramer as a post hoc test. " p < 0.01 compared to control group, *, #*# indicate
p < 0.05and p < 0.01 compared to irradiated (IR) group.

Panel B: Cellular localization of NF-kB, iNOS, and COX-2 proteins in the ovaries obtained from Y-radiation exposure and/or chrysin treated immature rats. Ovarian
sections of control and chrysin-only treated rats show a minimal degree of NF-kB, iNOS and COX-2 expression in follicle oocyte, as well as granulosa, theca, and
interstitial cells. Note the greater levels of NF-kB immunoreactivity (intense brown staining) in granulosa and interstitial cells, as well as marked immunoreactivity of
iNOS and COX-2 enzymes in the cytoplasm of follicle’ oocytes and granulosa cells of irradiated rats. In contrast, treatment with chrysin showed minimal im-
munoreactivity to NF-kB and negative oocyte and granulosa cells’ cytoplasmic expression of iNOS and COX-2. Scale bar, 50 pm.

Panel C: Quantitative analysis of NF-kB, iNOS, and COX-2 staining intensity in the ovaries of female rats in experimental groups expressed as optical density (OD) of
immunopositive cells averaged across 7 fields for each rat section. Each column represents the mean * SD of at least five rat ovaries. Statistically significant
differences were assessed using one-way ANOVA followed by Tukey—Kramer as a post hoc test. ", **, *" indicate p < 0.05, p < 0.01 and p < 0.001 compared to
control group, *## p < 0.001 compared to irradiated (IR) group.

strong positive brown staining. In contrast, chrysin treatment showed 3.6. Apoptotic markers
moderate NF-kB immunoreactivity of the granulosa cells indicating a
significant down-regulation of NF-kB p65 expression in comparison to The effects of radiation on the mitochondrial- dependent apoptotic
irradiated ovaries (Fig. 3B; 1st row). The immunohistochemical pathway was examined by determination of protein expression of both
staining was quantified and the optical density of NF-kB p65 im- cytochrome c and caspase-3 enzyme using immunohistochemical
munopositive cells of the irradiated ovaries treated with chrysin was technique (Fig. 4 A&B). Both control and chrysin only-treated groups
dramatically decreased by 27% compared to that of the irradiated were minimally stained for both apoptotic markers. Cytochrome ¢ and
ovaries (Fig. 3C). caspase- 3 were expressed mainly in the granulosa cells of atretic fol-
In addition, immunohistochemical detection of proinflammatory licles. Their expression was absent in the granulosa cells of healthy
enzymes iNOS and COX-2 revealed that the ovaries of the control and follicles. Contrariwise, radiation caused a marked increase in the ex-
chrysin only treated rats showed minimal expression of both enzymes pression of both cytochrome c and caspase 3 proteins in the ovarian
(Fig. 3B, 2nd and 3rd rows). In contrast, radiation-exposed ovarian granulosa and theca cells as well as interstitial cells which was evident
tissue displayed marked elevation of iNOS and COX-2 im- from the intensive brown color. While treatment of irradiated animals
munoreactivity predominantly localized in the granulosa cells and with chrysin reduced this elevated expression as compared to irradiated
theca of the ovary. Rats treated with chrysin showed moderate iNOS group as manifested by fainter brown staining. The im-
and COX-2 immunoreactivity of the granulosa and theca cells compared munohistochemical staining was quantified as optical density of the
to the radiation-exposed ovary. Optical density analysis of these stained regions using the image J analysis software, and the results are
proinflammatory enzymes’ immunoreactivity was performed using the represented in Fig. 4 C.

image J analysis software, and the results are represented in Fig. 3C.
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Fig. 4. Chrysin opposes y-radiation induced ovarian apoptotic cell death.

Cellular localization of cytochrome c (Panel A) and caspase-3 (Panel B) proteins in the ovaries obtained from Y-radiation exposure and/or chrysin treated immature
rats. Expression of cytochrome c and caspase-3 proteins was weakly detected in the control and chrysin-only treated group's ovary. Marked immunoreactivity of
cytochrome c and caspase-3 in the ovary of Y-radiation exposed rats was detected mainly in granulosa and interstitial cells. Moderate immunoreactivity of cyto-
chrome c and caspase-3 proteins in chrysin pretreatment irradiated rats. Scale bar, 50 pm.

Panel C: Quantitative analysis of cytochrome ¢ and caspase-3 staining intensity in the ovaries of female rats in experimental groups expressed as optical density (OD)
of immunopositive cells averaged across 7 fields for each rat section. Each column represents the mean * SD of at least five rat ovaries. Statistically significant
differences were assessed using one-way ANOVA followed by Tukey—Kramer as a post hoc test. ©, " indicate p < 0.05 and p < 0.001 compared to control group,
### p < 0.001 compared to irradiated (IR) group.

3.7. TGF-/p38/JNK signaling pathway stained regions using the image analysis software, and the results are
represented in Fig. 5C.
To further explore the molecular mechanisms associated with ra-
diation-induced ovarian injury, the role of TGF-B/ MAPK signaling

pathways was investigated in the ovarian tissues via measuring the 4. Discussion
protein expression of TGF-f cytokine and the phosphorylated forms of
both p38 and JNK proteins. The levels of TGF-B cytokine was sig- Preservation of fertility has become increasingly important in im-
nificantly higher in the ovaries of irradiated rats by 225% when com- proving the quality of life of completely recovered cancer patients.
pared with the control (1.11 * 0.22 vs 0.33 = 0.09). In contrast, Pharmacological protective adjuvants that can protect the dormant
treatment of irradiated rats with chrysin prevented the elevation of ovarian follicle pool and prevent follicle loss during radiotherapy is
TGF-B and retained it close to that of controls. No significant change highly effective strategy for preserving female fertility and poses less of
was observed in the ovarian TGF- 1 in the control and non-irradiated a burden on the human body [30]. Interestingly, side by side with the
rats treated with chrysin (Fig. 5A). well-established anticancer activities of chrysin, its radioprotective ef-
Regarding MAPKs, immunohistochemical examination of the phos- fects have been reported in different models of toxicities [19,24,25].
phorylated forms of both p38 and JNK respectively revealed minimal However, the potential ameliorative effect of chrysin in ovarian de-
expression of both proteins in both control and chrysin alone-treated velopment and radiation biology remain elusive. Therefore, this study
groups (Fig. 5B). On the other side, radiation induced activation of both investigated the potential protective effects of chrysin on radiation in-
p38 and JNK as evidenced by the markedly elevated expression of the duced-ovarian damage and elucidated the underlying molecular me-
phosphorylated forms of both proteins. Interestingly, chrysin treatment chanisms.
effectively hindered the activation of MAPKs as shown by the apparent In our study, the ovarian function was significantly impaired fol-
reduction in the expression of phosphorylated protein of both p38 and lowing its exposure to a single dose of y-radiation which was char-
JNK as compared to the radiation group (Fig. 5B). The im- acterized by markedly-reduction of ovarian folliculogenesis and endo-
munohistochemical staining was quantified as optical density of the crine function. Regarding the hormonal status, ovarian failure is

manifested as hypergonadotropic hypogonadism [31]. It is interesting
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Fig. 5. Chrysin downregulates TGF-B/MAPK pathway in ovaries of irradiated rats.

Panel A: ELISA assay of ovarian TGF-( levels. Values are given as mean * SD (n = 6). Statistically significant differences were assessed by a one-way ANOVA
followed by Tukey-Kramer as a post hoc test. " p < 0.001 compared to control group, *, *# indicate p < 0.05 and p < 0.01 compared to irradiated (IR) group.
Panel B: Cellular localization of p-p38 and p-JNK MAPKs in rat ovaries. Positive staining was observed in oocytes and granulosa cells. Expression of p-p38 and p-JNK
proteins was weakly detected in the ovaries of control and chrysin-only treated groups. Radiation increased the phosphorylation of p38 and JNK MAPKs in the ovary
as detected by intense brown staining. Downregulation of p-p38 and p-JNK was observed in chrysin/radiation treated group when compared to radiation-exposed
rats. Scale bar, 50 pm.

Panel C: The expression of the corresponding protein in the ovaries of different experimental groups are expressed as optical density (OD) of immunopositive cells
averaged across 7 fields for each rat section. Each column represents the mean + SD of at least five rat ovaries. Statistically significant differences were assessed

e

using one-way ANOVA followed by Tukey—Kramer as a post hoc test. " p < 0.001 compared to control group, *#, ### indicate p < 0.01 andp < 0.001 compared
to irradiated (IR) group.

that serum E2, but not FSH, is important as a predictive factor for the Interestingly, chrysin treatment remarkably preserved primordial
follicular development, as indicated in the multivariate analysis [32]. follicles’ stock, minimized the follicle depletion induced by y-radiation,
Our result confirmed the previous one which reported a drop in serum and counteracted vy-radiation-induced pathological ovarian ultra-
E2 levels 24 h after radiation exposure [33]. Since estrogen is synthe- structural alterations. Collectively, hormonal, histopathological and
sized and secreted by growing follicles, the observed decrease in E2 ultramicrostructure examinations verified the potent capability of
concentrations in the irradiated group may be partly attributable to the chrysin  administration to prevent radiation-induced POF.
profound toxicity imposed on the follicular ovarian reserve and func- Consequently, the next aim of our study was to explore the molecular
tion [33]. On the other hand, chrysin administration completely-pre- mechanisms underlying these potential radioprotective effects of
vented the decrease in E2 level induced by irradiation. chrysin against ovarian follicles depletion.

Moreover, while the exposure to a single dose of y-radiation nega- The apoptotic events have been reported to play a key role in ra-
tively affected the ovary weight, chrysin treatment reversed such effects diation-induced ovarian damage [33,36]. Ionizing radiation triggers the
preserving the normal “control” phenotype. In this context, the number intrinsic apoptotic pathway which is characterized by destruction of the
of follicles, especially quiescent primordial follicles, is a more direct mitochondrial membrane that contributes to the release of cytochrome
parameter whose assessment allows an accurate estimation of ovarian ¢ from the mitochondria to the cytosol [37]. Then, a cascade of reac-
reserve. The ovary is highly sensitive to y-radiation which destroys tions occurs, which includes cytochrome binding with Apaf-1 resulting
follicles at all stages of growth; however, primordial stage follicles in the activation of the initiator caspase 9 and triggering the activation
appear to be most sensitive [34]. Primordial follicles provide the re- of the effector caspase 3 [38]. Theoretically, radiotherapy targets ac-
serve for the production of growing follicles and ova over a prolonged tively dividing cells. Therefore, the logical targets for radiotherapy are
period of time and once its reserve is depleted, ovarian failure ensues. not dormant, mitotically inactive cells, but rather the proliferating cells
In the present study, histopathological examination showed that y-ra- around growing or mature follicles. Consistently, irradiation did not
diation dramatically depleted the reserve of primordial follicles as well induce primordial follicle apoptosis in our study. Indeed, while the
as growing pre-antral and antral follicles within a time period of four population of primordial follicles decreased without any indications of
days. Our finding is consistent with the hypothesis that ionizing ra- increased apoptosis, prominent apoptotic features were prevalent
diation leads to follicular depletion by damaging rapidly dividing among the primary and secondary follicles as evidenced by the elevated
granulosa cells. This consequently lead to a decrease in gonadal steroid expression of apoptotic markers cytochrome c and caspase 3 in ovarian
secretion which stimulates a negative feedback enhancing the recruit- granulosa and theca cells. Considering that POF is characterized by sex
ment of primordial follicles into the pool of growing follicles resulting steroid deficiency, E2 is a major determinant of follicle development
in the depletion of primordial follicles and eventually POF [35]. These and decreases granulosa cell apoptosis in rodents. Consequently, in our
findings were further confirmed by the results of the electron micro- study, irradiation-induced ovarian follicles atresia might be secondary
scopic examination of the ovarian tissues which displayed some ab- to reduced E2 levels which in turn predispose cells to apoptosis. No-
normal ultrastructural alterations in the ovarian mitochondria such as tably, this was counteracted by the antiapoptotic bioactivities of
swelling, cristae disorder, and vacuolation upon y-radiation exposure. chrysin which are reported to contribute to its beneficial effects
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guarding against many toxicities [39,40].

Another critical pathway which significantly contributes to the
ovarian follicular loss upon exposure to radiation is the inflammatory
signaling pathway [8]. Normally, unperturbed inflammation plays a
key physiologic role in appropriate folliculogenesis and ovulation.
However, increasing evidence has demonstrated that aberrant in-
flammation can alter normal ovarian follicular dynamics contributing
to infertility [7]. The temporal changes in the ovary which appear to
resemble inflammation first led to the concept that ovulation is re-
miniscent of an inflammatory response. Electron microscopy in our
study monitored the morphological changes in the ovary during folli-
cular development and demonstrated a significant rearrangement of
connective tissue and fibroblast activation. Accumulating evidence has
indicated that the transcription factor NF-kB, the master regulator of
the transcription of many inflammatory genes, plays pivotal roles in the
ovarian tissue inflammation induced by various damaging insults such
as chemotherapy, ischemia repefursion injury, or radiation associated
ovarian injury [8,41-43]. In this context, NF-kB activation following
radiation exposure represents a key element in the radiation- induced
inflammatory responses [44,45], where the transcription of a cluster of
NF-kB regulated cytokines, including TNF-a is upregulated hence con-
tributing to radiation-induced tissue damage [46].

Besides boosting the cytokines expression, NF-kB also induces the
expression of many inflammatory enzymes including COX-2 and iNOS
[47], which further contributes to follicular atresia induced by radia-
tion. Overexpression of COX-2, due to inflammation, could be deleter-
ious to the female reproductive organs. Apart from this, iNOS is sti-
mulated by the pro-inflammatory cytokine TNF-a to increase the level
of NO which induces ovarian toxicity [48]. In the current study, Y-ra-
diation elicits potent inflammatory responses as shown by the elevated
protein expressions of the inflammatory markers; NF-kB, TNF-a, COX
I, and iNOS in the ovaries of the irradiated rats. Seriously, follicular
atresia present in ovarian function injury is associated with an in-
flammatory response [49]. Conversely, chrysin administration effec-
tively abolished these inflammatory reactions as shown by the marked
reduction in all inflammatory proteins. These findings are in agreement
with previous ones reporting the promising anti-inflammatroy proper-
ties of chrysin which are mainly mediated by suppressing NF-kB ex-
pression and hence the downstream inflammatory signals [20,50].

Taken together, our previous findings pointed out that chrysin could
effectively abrogate radiation-induced ovarian injury via suppressing
both inflammatory and apoptotic events. In this regard, various mole-
cular mechanisms are implicated in regulating both processes, one of
these critical mechanisms is TGF-} signaling pathway. TGF-f1 is a
member of TGF-f super family of cytokines, which functions in growth,
development, immunity, wound healing, inflammation, apoptosis, and
cancer [51]. Certain TGF-} family members affect the control of gran-
ulosa cell growth and differentiation [52]. In addition, TGF-f super-
family is vital for steroidogenesis process in granulosa cells [53].

Despite the lack of data demonstrating the role of TGF-f3 isoforms in
oocyte endowment or primordial follicle assembly and activation, there
is evidence supporting the inhibitory role of TGF-f in preantral follicle
growth that most likely involves an increase in apoptosis at the primary
and preantral stages of the follicle development [54]. In addition, TGF-
B has been implicated in the development of radiation-induced toxi-
cities in several organs including the skin, lung, and liver [6,55]. Upon
its activation, binding of TGF-P1 to its receptor triggers signals medi-
ated by the phosphorylation and activation of Smad2 and Smad3. Then,
Smad4 binds activated Smad2/3, and translocates into the nucleus to
regulate the transcription of related genes [56].

In addition to the Smad-mediated canonical TGF-f signaling
pathway, several lines of evidence reported that TGF-$ may signal
through other pathways. The mitogen-activated protein kinases
(MAPKs) are one of the non-Smad pathways representing a key signal
transduction pathway in regulating both inflammatory and apoptotic
processes [57]. Curiously, crosstalk between TGF- and MAPK
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pathways is involved in mediating the biological effects of ionizing
radiation. MAPKs are serine-threonine kinases which consist of extra-
cellular signal-regulated kinase (ERK), p38 mitogen-activated protein
kinase (p38), and c-Jun N-terminal kinase (JNK) [58]. They are acti-
vated by diverse extracellular and intracellular stimuli including pep-
tide growth factors, cytokines, hormones, and various cellular stressors
such as oxidative stress [59]. Activation of MAPKs is mediated by up-
stream phosphorylations via MAPK kinases. Once activated, MAPKs
regulate the expression of various genes involved in the regulation of
many cellular processes including cell growth, differentiation, and
apoptosis [60]. In this regard, MAPK signaling pathways positively
regulate the transcription of several inflammatory genes, such as those
coding for TNF-a, IL-1f, and COX-2 enzyme [61]. In addition, com-
pelling evidence indicated that both p38 and JNK kinases contribute to
the activation of the transcription factor NF-kB by promoting the de-
gradation of its inhibitory protein; IkBa [62]. Furthermore, the pro-
inflammatory cytokine TNF-a upon binding to its receptors induces the
activation of both MAPKs and NF-kB signal pathways leading subse-
quently to an amplification loop of inflammatory signals inducing fur-
ther tissue damage [63].

Beside their effects on inflammatory cascades, MAPK have crucial
roles in signal transduction of apoptotic cell death [64]. This is attrib-
uted to activating some mitochondrial-associated factor (e.g., Bax)
which is a pro-apoptotic protein leads to initiation of intrinsic pathway
of apoptosis hence release of cytochrome c from injured mitochondria
and finally caspase activation. Indeed, it was reported that p38 and JNK
are activated during apoptotic death of the granulosa cells of pre-
ovulatory follicles [65]. Besides both kinases were also reported to be
associated with apoptosis of small preantral ovarian follicles caused by
4-vinylcyclohexene diepoxide intoxication in rats [66].

In consistent with the aforementioned studies, the current study
stated that exposure to radiation induced activation of TGF-f signaling
pathway as shown by the markedly elevated levels of TGF-f in the
ovarian tissues of irradiated rats. Consequently, TGF-3 activation eli-
cited activation of the downstream MAPKs as evidenced by the in-
creased expressions of phosphorylated forms of p38 and JNK proteins.
In agreement with our findings, there is substantial evidence supporting
the importance of TGF-f3 in boosting the inflammatory responses and
subsequently developing excessive fibrosis following the exposure to
radiation in animals and humans [67,68]. Moreover, both p38 and JNK
have been reported to be involved in radiation-induced mitochondrial
dysfunction and apoptotic cell death [69]. Notably, chrysin adminis-
tration effectively blunted the radiation-induced activation of TGF-f
signaling pathway as it abolished the elevated levels of TGF-f cytokine
and the phosphorylated forms of both p38 and JNK proteins. Our results
are in consistent with previous one which reported that chrysin effec-
tively guarded against isoproterenol-myocardial injury in rats via sup-
pressing TGF-f signalling and the downstream MAPKs; p38 & JNK [22].

Collectively, this study provides an evidence for the first time for the
cytoprotective effects of chrysin against radiation-induced ovarian da-
mage. Mechanistically, TGF-B/MAPK signaling emerges as a new
therapeutic target implicated in mediating radiation-induced POF. The
potent anti-inflammatory and anti-apoptotic effects of chrysin can be
attributed to its inhibitory effects on TGF-f signaling pathway and the
downstream MAPK cascades. Hopefully, our data provides therapeutic
rationale for using chrysin as an adjuvant therapy to promote the repair
and recovery of ovarian function in POF cancer patients following
radiotherapy.
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