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Abstract

HESA-A is an herbal-marine compound which improves the quality of life of end-stage cancer patients. The aim of the present
study was to evaluate the possible protective effect of HESA-A against IR-induced genotoxicity and apoptosis in rat bone
marrow. Rats were given HESA-A orally at doses of 150 and 300 mg/kg body weight for seven consecutive days. On the
seventh day, the rats were irradiated with 4 Gy X-rays at 1 h after the last oral administration. The micronucleus assay, reactive
oxygen species (ROS) level analysis, hematological analysis and flow cytometry were used to assess radiation antagonistic
potential of HESA-A. Administration of 150 and 300 mg/kg of HESA-A to irradiated rats significantly reduced the frequencies of
micronucleated polychromatic erythrocytes (MnPCEs) and micronucleated normochromatic erythrocytes (MnNCEs), and also
increased PCE/(PCE + NCE) ratio in bone marrow cells. Moreover, pretreatment of irradiated rats with HESA-A (150 and
300 mg/kg) significantly decreased ROS level and apoptosis in bone marrow cells, and also increased white blood cells count
in peripheral blood. For the first time in this study, it was observed that HESA-A can have protective effects against radiation-
induced genotoxicity and apoptosis in bone marrow cells. Therefore, HESA-A can be considered as a candidate for future studies
to reduce the side effects induced by radiotherapy in cancer patients.
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Introduction

Ionizing radiation (IR) can cause DNA double strand breaks,
cell membrane alterations, production of reactive oxygen spe-
cies (ROS) and genomic instability in the cells. These injuries
will arrest the cell cycle or lead to apoptosis (Kolivand et al.
2017; Najafi et al. 2018). Normally, cells with a high prolifer-
ation rate are more sensitive to radiation. The turnover of bone
marrow cells is one of the fastest. Thus, the damage to hema-
topoietic system as the most sensitive organ in the body to IR
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leads to hematopoietic dysfunction and myelosuppression.
Hence, the radioprotection of hematopoictic system is
an important issue in cancer treatment (Fleenor et al. 2010;
Shao et al. 2014).

Amifostine is the only radioprotector that has been ap-
proved by Food and Drug Administration (FDA) for head
and neck cancer patients undergoing radiotherapy. The side
effects like nausea, vomiting, and hypotension associated with
it restrict its use in the clinic (Cheki et al. 2018). Therefore, the
screening of natural compounds, mostly from plants, for their
radioprotecting ability has been an area of research in recent
years (Cheki et al. 2016a, b). HESA-A as a natural drug has no
side effects like nausea, vomiting, and hypotension. The
HESA-A is also administered to cancer patients orally, which
is one of the most preferred routes of drug administration,
while amifostine is administered intravenously, and whose
oral administration is not effective. HESA-A is currently used
to improve the quality of life through increasing appetite, in-
duction of weight gain, enhancing liver function, and reducing
pain in case of end-stage metastatic liver, colon, and breast
cancer, as well as osteosarcoma (Abbasi et al. 2015; Ahmadi
et al. 2005a, b, 2009, 2010). On the other hand, HESA-A
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contains trace elements which are known to possess anti-
oxidant and potential anti-cancer properties such as vanadium
(V), nickel (Ni), titanium (Ti), zinc (Zn), strontium (Sr), and
selenium (Se) (Alizadeh et al. 2009; Caruso and Rossi 2004;
Guo et al. 2007; Roudkenar et al. 2012; Zeng and Combs
2008). Further, Penaeus semisulcatus, as a component of
HESA-A, is a species of prawn. Prawns are a rich source of
selenium, zinc, and vitamin-B12, which are important for
strengthening the antioxidant and immune systems of
the human body (Syama Dayal et al. 2013; Bourre
and Paquotte 2008; El-Gendy et al. 2018). The several
studies have shown that selenium, zinc, vanadium, and
vitamin-B12 can reduce the side effects of radiation
(Hosseinimehr 2015; Abou-Seif et al. 2003; Sood
et al. 2011; Crescenti et al. 2011; Al-Hazzaa et al.
2007; Al-Meer et al. 2011). Hence, HESA-A could be
eligible for primary evaluation as a radioprotective can-
didate agent. Furthermore, its antioxidant, anti-inflam-
matory, immunemodulatory, antiviral, free radicals scav-
enging and anticancer effects have been demonstrated in
various in vitro and in vivo models (Ahmadian et al.
2016; Jahanban-Esfahlan et al. 2015; Mehdipour et al. 2013;
Mehrbod et al. 2014; Roudkenar et al. 2012; Vahabpour et al.
2012). Since cellular and molecular damages induced by IR
are mainly related to free radicals, it is expected that HESA-A
as an antioxidant can inhibit these damages. Therefore, the
purpose of this study is to evaluate the protective capability
of HESA-A against IR-induced genotoxicity and apoptosis in
rat bone marrow cells.

Materials and methods
Chemicals

HESA-A was purchased from Osvah Pharmaceutical Co.,
(Tehran, Iran). Phosphate buffer saline (PBS), Fetal bovine
serum (FBS), May-Grunewald and Giemsa stain were obtain-
ed from Merck, (Germany). Annexin-V-FLUOS Staining Kit
was obtained from Roche Diagnostics GmbH, (Penzberg,
Germany). The 2', 7'-Dichlorofluorescin diacetate (DCFH-
DA) was purchased from Sigma chemicals Co. (St. Louis,
USA).

Animals

Adult male Wistar rats weighing 120-180 g were used
in this study. All rats were kept in a room under con-
stant temperature (22+2 °C), humidity (55-60%) and
illuminated from 8:00 a.m. to 8:00 p.m. with free access
to food pellets and water. The animals were accustomed
to the laboratory conditions three days before the exper-
imental session.

@ Springer

Drug and experimental protocol

Reagan-Shaw et al. (2008) reported a good-established formu-
la for converting the dose of drugs from one animal species to
another which has been used in numerous experimental stud-
ies. Based on this formula, the human equivalent dose
(mg/kg) = animal dose (mg/kg) x animal (k,,)/human (k).
K,, for a 60 kg human adult equals 37 and for a 150 g rat
equals 6. Thus, the human equivalent doses of 150 and
300 mg/kg in rat is about 25 and 50 mg/average size person
of 60 kg, respectively. On the other hand, HESA-A is classi-
cally administered orally to human subjects at a dose of 25—
50 mg/kg/day (Ahmadi et al. 2009, 2010). Therefore, the se-
lected doses in this study are within the safe therapeutic range
recorded in humans. Furthermore, 30 days oral administration
5000 mg/kg of HESA-A daily did not cause harm to the mice
and rats (Hajhashemi et al. 2001). HESA-A was freshly dis-
solved in PBS (pH = 7.6) and was daily administered through
oral gavage in a constant volume to rats.
In each of the 5 groups as follows, 5 rats were placed:

1) Control group: rats were orally gavaged with solvent con-
trol (PBS) and exposed to sham irradiation.

2) 300 mg/kg HESA-A group: rats were orally gavaged with
HESA-A (300 mg/kg body weight) and exposed to sham
irradiation.

3) Irradiation-alone (4 Gy) group: rats were orally
gavaged with solvent control (PBS) and exposed to
4 Gy X-radiation.

4) 150 mg/kg HESA-A +4 Gy group: rats were orally
gavaged with HESA-A (150 mg/kg body weight) and
exposed to 4 Gy X-radiation.

5) 300 mg/kg HESA-A +4 Gy group: rats were orally
gavaged with HESA-A (300 mg/kg body weight) and
exposed to 4 Gy X-radiation.

All rats were gavaged with solutions, as described
above respectively, from seven consecutive days. On the sev-
enth day, the rats were irradiated to 4 Gy X-rays at 1 h after the
last oral administrations. All of the rats after deep anesthetize
were sacrificed at 24 h post-irradiation.

Irradiation

Irradiation was performed to the whole body of rats using X-
rays (6 MV) from a medical linear accelerator (Elekta,
Stockholm, Sweden) at a dose rate of 2 Gy/min and a source
surface distance (SSD) of 100 cm.

Bone marrow micronucleus assay

Schmid (1975) reported a micronucleus method in bone mar-
row which was used in this study. Preparation of cell
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suspension from bone marrow was done by injection of FBS
into both femurs. The cells were gathered by centrifuge at
2000 rpm for 10 min. Bone marrow smears were prepared on
the slides at room temperature. After 24 h air-drying, the slides
were fixed with methanol and stained with May-Grunwald/
Giemsa. Based on this method, the normochromatic erythro-
cytes (NCEs) and polychromatic erythrocytes (PCEs) are
stained orange and reddish-blue, respectively, while nuclear
material is dark purple. Cells were counted on each slide using
light microscopy with 1000 x magnification under oil immer-
sion. For each experimental group, five rats were used and a
total of 5000 PCEs and corresponding NCEs (1000 PCEs and
1000 NCEs per animal) were scored to determine the number of
micronucleated polychromatic erythrocytes (MnPCEs),
micronucleated normochromatic erythrocytes (MnNCEs), and
PCE to (PCE + NCE) ratio.

ROS determination

The quantification of intracellular ROS was performed using
DCFH-DA probe. The hydrolyzation of DCFH-DA and its
transformation into nonfluorescent DCFH are carried out by
intracellular esterases, which in the presence of ROS convert-
ed to fluorescent DCF (Halliwell and Whiteman 2004).
Briefly, the suspension of bone marrow cells containing FBS
was washed twice with PBS. Then, 10 uM of DCFH-DA was
added to these cells and incubated in dark for 30 min to allow
the formation of DCF. Fluorescence intensities were quanti-
fied using a Perkin-Elmer LS50B Fluorescence Spectrometer
(Beaconsfield, UK) at an excitation wavelength of 485 nm and
emission wavelength of 529 nm. ROS values were expressed
as fold-difference with the control.

Hematological study

K,EDTA-coated microvette tubes were used for blood sam-
ples collected via cardiac puncture. White blood cells
(WBCs), red blood cells (RBCs), platelets and hemoglobin
were measured by the Sysmex KX-21 N Automated
Hematology Analyzer.

Apoptosis quantification by flow cytometry

According to the manufacturer’s instruction of Annexin-V-
FLUOS Staining Kit, apoptosis and necrosis were measured.
Briefly, the suspension of bone marrow cells containing FBS
was washed twice with PBS and incubated with Annexin-V
FLUOS labeling solution (2 pl Annexin-V and 2 pl propidium
iodide in 100 pl incubation buffer for each sample) at room
temperature, in the dark for 15 min. A bone marrow sample
without the staining procedure as negative control used for
identification of quadrant. Typically, there were 1 x 10° cells/
ml in each bone marrow sample. Bone marrow samples were

counted by flow cytometry on a FACS Calibur flow cytometer
(Becton-Dickinson, San Jose, CA, USA) at 488 nm excitation
and a 515 nm bandpass filter (FL1) for Annexin-V-Fluos detec-
tion and a filter >600 nm (FL3) for PI detection. For each group,
five independent bone marrow samples were analyzed. The
10000 events were counted in each sample.

Statistical analysis

The data values are rendered as means + standard error of
mean (SEM). Statistical analysis was carried out by one-way
analysis of variance (ANOVA), as well as post hoc Tukey's
tests (SPSS V16). P value <0.05 and < 0.001 was considered
as significant and highly significant, respectively.

Results
Micronucleus assay

The frequency of MnPCE/1000PCE and MnNCE/1000NCE
induced by HESA-A or in combination with 4 Gy irradiation
were shown in Table 1. The treatment with 300 mg/kg of
HESA-A did not lead to a significant increase in the frequency
of MnPCE/1000PCE and MnNCE/1000NCE when compared
to the control group (P values: 0.981 and 0.936, respectively).
This shows the non-genotoxic nature of HESA-A. Significant
increase in the frequency of MnPCE/1000PCE and MnNCE/
1000NCE was observed in irradiated group with 4 Gy X-ray
only as compared to the control group (P <0.001). The data
demonstrate that irradiated groups with HESA-A at 150 and
300 mg/kg exhibited a significant decrease in the frequency of
MnPCE/1000PCE and MnNCE/1000NCE as compared to
the irradiated group without HESA-A (P <0.001). The pro-
tective effect of HESA-A on the radiation induced
micronuclei formation in PCEs and NCEs significantly in-
creased with increase in the treatment dose from 150 to
300 mg/kg (P <0.05).

The ability of bone marrow proliferation can be measured
with the PCE/(PCE + NCE ratio (Table 1). The PCE/(PCE +
NCE) ratio in group treated with 300 mg/kg of HESA-A only
was within the range of the control group (P value: 0.987). On
the other hand, significant reduction of PCE/(PCE + NCE)
ratio was found in the 4 Gy-irradiated group when compared
to the non-irradiated groups (P <0.001). The PCE/(PCE +
NCE) ratio was significantly increased by about 26 and 55%
in irradiated groups with HESA-A at 150 and 300 mg/kg,
respectively, compared to irradiated group without HESA-A.

ROS generation

As shown in Fig. 1, ROS level did not show significant var-
iation after treatment with 300 mg/kg of HESA-A as
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Table 1 Effects of HESA-A on

the formation of radiation-

induced micronulei in polychro-
matic erythrocytes (PCEs) and
normochromatic erythrocytes
(NCEs) and the ratio of PCE/
PCE+NCE in rat bone marrow
(values are expressed as the
means + SEM of five rats in each

group)

Treatment groups MnPCE/1000PCE MnNCE/1000NCE PCE/PCE+NCE
Control 6.40+0.50 3.40+0.67 0.47+0.00

300 mg/kg HESA-A 420+0.58 480+1.11 0.46+0.01
Irradiation-alone (4 Gy) 107.40+4.22" 31.40+2.20" 0.27+0.01"

150 mg/kg HESA-A + 4 Gy 69.20+3.92* 19.60+0.97* 0.34+0.01"
300 mg/kg HESA-A + 4 Gy 39.80+2.55% 13.20 +0.86" 0.42+0.01%

MnPCE, micronucleated polychromatic erythrocyte; MrNCE, micronucleated normochromatic erythrocyte

*P<0.001 compared to control
#P<0.001 compared to 4 Gy
*P<0.05 compared to 4 Gy

compared with the control group (P value: 0.999). The ROS
level in the group irradiated with 4 Gy X-ray was sig-
nificantly increased by about 1.7-fold, as compared with
the control group (P <0.001). Pretreatment with 150 and
300 mg/kg of HESA-A prior to radiation significantly
reduced the ROS level as compared with the irradiation-
alone group (P<0.001).

Hematological analysis

As shown in Fig. 2, a significant reduction of WBCs count
was found in the 4 Gy-irradiated group when compared to the
control group (4480.00+124.09/ul versus 5900.00
141.42/ul; P<0.001). In contrast, treatment with 150
and 300 mg/kg of HESA-A before irradiation showed
a significant increase in WBCs count when compared to
irradiation-alone group (5400.00+ 122.47/ul and
5920.00 + 86.02/ul versus 4480.00 +124.09/ul, respec-
tively; P<0.001). No difference was observed in counts
of RBCs, platelets and hemoglobin after irradiation at
24 h (Fig. 2).

Fig. 1 Effect of HESA-A on
radiation-induced reactive 200
oxygen species (ROS) level in rat
bone marrow cells. Values are
expressed as mean = SEM of five
experiments in each group.
*P<0.001: 4 Gy group compared
to control, #P < 0.001: 150 and
300 mg/kg HESA-A+ 4 Gy
groups compared to 4 Gy alone

150

100 T

50

DCEF fluorescence intensity (% of control)

Apoptosis quantification by flow cytometry

As shown in Figs. 3 and 4, irradiation with 4 Gy
caused a marked increase in the percentage of apoptotic
cells (Annexin V' and PI") as compared with the con-
trol group (18.60+0.83% versus 4.65+0.37%;
P<0.001). However, treatment with 150 and
300 mg/kg of HESA-A prior to irradiation demonstrated
a significant decrease in the percentage of apoptotic
cells when compared to irradiation-alone group (11.56
+0.28% and 6.41 £0.67% versus 18.60 = 0.83%, respec-
tively; P<0.001). Also, pre-treatment with HESA-A
demonstrated a strong preventive effect on the percent-
age of apoptotic cells induced by radiation in a dose-
dependent manner (P <0.001). The groups of control
and 300 mg/kg of HESA-A alone exhibited similar re-
sults in the population of apoptotic cells. Furthermore,
the percentage of necrotic cells (Annexin V* and PIY)
and necrotic cells debris or apoptotic bodies (Annexin V' and
PI") was too low and negligible in all different groups (<1.8%,
Fig. 3).

Control

300 mg/kg HESA-A
4 Gy

B 150 mg/kg HESA-A+ 4 Gy
H 300 mg/kg HESA-A+ 4 Gy

*
oo
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Fig. 2 Effect of HESA-A on blood cell counts and hemoglobin
concentration in the normal and X-irradiated rats. Values are expressed
as mean + SEM of five experiments in each group. "P<0.001: 4 Gy

Discussion

During this study, we have observed that 300 mg/kg HESA-A
could lead to 63% reduction in MnPCE, while previous
studies have shown that the maximum administered
doses of peroxiredoxin 2, peroxiredoxin 6, unmodified
hydrated C60 fullerene molecules (C60UHFM), guano-
sine-5'-monophosphate, sesamol, melatonin, amifostine,
sulfasalazine, procyanidins from lotus seedpod (LSPCs),
black mulberry extract (BME), dragon’s blood (DB) and its
extracts (DBE) can reduce IR-induced MnPCE by 40, 85, 58,
42, 50, 41, 51, 49, 56, 48, 30, and 45%, respectively
(Asadullina et al. 2010; Duan et al. 2010; Gudkov et al.
2019; Kumar et al. 2015, 2018; Mantena et al. 2008; Ran
et al. 2014; Sharapov et al. 2019; Sharapov et al. 2017;
Targhi et al. 2017). We have also observed that 300 mg/kg
HESA-A could lead to about 58% reduction in MnNCE,
while Kumar et al. (2015), Mantena et al. (2008), Duan et al.
(2010), Targhi et al. (2017), and Ran et al. (2014) have report-
ed that sesamol, melatonin, sulfasalazine, LSPCs, BME, DB
and DBE can reduce IR-induced MnNCE by 20, 8, 66, 55, 56,
25, and 41%, respectively. Comparing these results shows that

# O Control
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2
&
£
=
£
2
W 6
E
==
4
2
ol L
Groups

group compared to control, *2 < 0.001: 150 and 300 mg/kg HESA-A+
4 Gy groups compared to 4 Gy alone

HESA-A has an acceptable radioprotective effect than other
compounds. In the animal study, Hajhashemi et al. (2001)
observed no noxious effects as estimated by hematology,
growth, clinical chemistry and histopathology in mice and rats
exposed to 1250, 2500, and 5000 mg/kg of HESA-A for
30 days. Furthermore, the administration of 50, 100, and
200 mg/kg of HESA-A to pregnant mice on days 6 to 14 of
gestation did not cause teratogenic effects (Moallem et al.
2011). Above results are in line with our current results, the
induction of micronuclei in HESA-A-treated group were
similar to those in control animals.

Normal cell metabolism requires oxygen to produce ener-
gy, which results in the generation of ROS. ROS are poten-
tially toxic, do not pose a risk at levels produced by normal
cell metabolism, however, under improper conditions, such as
radiation exposure, high levels of ROS are generated and can
seriously damage to the cellular genome and vital macromol-
ecules which finally lead to secondary malignancies and
genotoxicity (Zorov et al. 2014). Roudkenar et al. (2012) re-
ported that the cytoprotective effect of HESA-A on Chinese
hamster ovary and human embryonic kidney cells against
H,0, could be relate to its potent antioxidant and antiradical
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Fig. 3 Effect of HESA-A on radiation-induced apoptosis in rat bone
marrow cells. Rat bone marrow cells were analyzed for Annexin V
binding and for PI uptake using flow cytometry. Representative dot
plots of one set of five independent experiments of Annexin V
and PI staining. The lower left quadrant (Annexin V and PI")

Fig. 4 Effect of HESA-A on
radiation-induced apoptosis in rat

was considered as live cells, the lower right quadrant (Annexin
V* and PI') was considered as apoptotic cells, the upper right
quadrant (Annexin V* and PI*) was considered necrotic cells,
and the upper left quadrant (Annexin V~ and PI") was considered
as necrotic cells debris or apoptotic bodies
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activity. HESA-A protects rabbits against hepatotoxicity in-
duced by thioacetamide through increasing total antioxidant
and decreasing malondialdehyde (MDA) (Ahmadi et al.
2005a, b). In the present work, HESA-A administration
reduced intracellular ROS by 40% in bone marrow
cells. In previous studies to intracellular ROS measure-
ment in rodent bone marrow cells with DCFH-DA
probe, it was shown that mitochondrial-targeted
dihydronicotinamide (Mito-N), astaxanthin, G-003 M
(combination of podophyllotoxin and rutin), and N-
Acetyl-cysteine (NAC) can reduce IR-induced ROS by
about 40, 33, 45, and 62%, respectively ((Jia et al.
2010; Singh et al. 2017; Xue et al. 2017; Zhang et al.
2019). This can show that HESA-A appears to be effi-
cient in reducing ROS level induced by IR in bone
marrow cells.

The hematopoietic system completely repopulate by hema-
topoietic stem cells from the bone marrow which is the most
active and highest turnover system in the body. Hence, it is
very sensitive to IR. Protection and recovery of this
system against IR can help to survive and improve the
quality of life (Green and Rubin 2014). In the present
study, we have observed, that pre-administration of
300 mg/kg HESA-A could lead to about 32% increment
in WBCs count, while Kumar et al. (2015) have shown
that administration of sesamol results in an increase of
about 30% in WBCs count at 24 h post-irradiation. In
addition, they did not observe alteration in counts of
RBCs, platelets and hemoglobin after irradiation at
24 h. Above result is in line with our current result.

Non-repair of IR-induced DNA damage can lead to cell
death via apoptosis. So far, many scavengers of free radicals
have been found to modulate radiation-induced apoptosis in
rodent bone marrow (Mazur et al. 2003; Ormsby et al. 2014;
Suman et al. 2012). In this study, it was observed that HESA-
A at doses of 150 and 300 mg/kg could lead to about 38 and
65% reduction in bone marrow cell apoptosis, respectively.
Suman et al. (2012) reported that treatment with ON
01210.Na (Ex-RAD) reduced apoptosis by 55% in bone mar-
row cells of animals irradiated with 5 Gy gamma-rays. Kumar
et al. (2015) has also demonstrated that sesamol can reduce
apoptosis by 65% in mouse bone marrow exposed to
2 Gy gamma-irradiation after 24 h. Furthermore, in all
experimental groups, our results demonstrated that
radiation-induced cell death in rat bone marrow was
apoptosis, not necrosis. Mohseni et al. (2012) reported
that whole body gamma-irradiation dose of 8 Gy did
not cause necrotic death in rat’s peripheral blood lym-
phocytes. Due to the close relationship between free
radicals, especially ROS, and apoptosis, this anti-
apoptotic effect in our study is supposed to have result-
ed from the action of HESA-A as a direct free radical
scavenger against ROS generated by radiation.

Conclusion

This study showed that HESA-A administration before radia-
tion modulates the harmful effects of IR on bone marrow cells.
Therefore, HESA-A can be considered as a candidate in the
future to reduce radiation damage to bone marrow in cancer
patients undergoing radiotherapy.
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