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ABSTRACT

Background: High-dose radiation altering the genetic material in patients’ bone
marrow cells can lead to hematopoietic radiation syndrome. Accordingly, the presence
of radiation protections agents is critical to preventing these adverse effects.

Objective: This study aimed to evaluate the radioprotection of the exclusive or
combination effect of resveratrol and crocin extracts at various concentrations on ir-
radiated human lymphocytes.

Material and Methods: In this experimental study, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method was used to evaluate the cell
viability in pre-treatment with resveratrol, crocin, or a combination of both, using a
concentration range of 5 to 4800 M / ml in 24 h. The chromosomal aberration test was
employed to determine the aberration frequency in 48 h. This study was performed
on human peripheral blood lymphocytes treated with 2 Gy radiation and reliability of
measurements performed by the triplicate repeat.

Results: MTT results showed that the groups treated with either resveratrol or cro-
cin at concentrations of 5 to 4800 uM had no significant reduction in cell viability. The
cytogenetic analysis of irradiated lymphocytes with 2 Gy X-rays revealed a reduction
in the frequency of dicentric chromosomes in all treated groups in contrast with the
control group. The most significant reduction occurred in those treated with a single
agent at the concentration of 100 uM and a combined drug at the concentration of 50
uM.

Conclusion: The combination of resveratrol and crocin is considered a potential
radioprotector and prophylactic for patients before radiation therapy.
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Introduction
t is well-known that high-dose irradiation altering the genetic mate-
rial in bone marrow cells of patients can lead to hematopoietic ir-
radiation syndrome. Therefore, radioprotector agents are necessary
to prevent these adverse effects. Radioprotection of bone marrow, the
main site for blood cell production, is an important factor in the survival
and well-being of patients after exposure. Free radical and deoxyribo-
nucleic acid (DNA) damage induced by radiation are the underlying
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causes of chromosomal aberrations (CAs) that
alter normal cells to tumor cells. Irradiation of
the whole body with a dose of 2 Gy and more
increases CAs in bone marrow cells that im-
pair the hematopoietic system [ 1-3]. Radiation
is often delivered in fractions with a radiation
dose of 2 Gy per session [4, 5] to avoid dam-
age to the bone marrow.

Ideal radioprotectors should mitigate tissue
injury caused by free radicals induced by ra-
diation and should not produce toxicity along
with their effect [6]. Various cellular growth
factors, including sargramostim, filgrastim,
and pegfilgrastim are administered after expo-
sure to aid the recovery of radiation-induced
bone marrow failure [7].

Synthetic radioprotectors, such as palifermin
and amifostine are used to decrease the inci-
dence and duration of oral mucositis caused by
radiotherapy for head and neck cancers. How-
ever, none of these agents are approved by the
United States Food and Drug Administration
(FDA) in preventing hematopoietic diseases
with significant adverse effects [8]. Currently,
no natural protective drug exists with FDA ap-
proval [9]. Natural radioprotectors are vital
especially due to their impact as natural poly-
phenols on healthy cells (anti-apoptotic) and
sensitivity to tumor cells (pro-apoptotic) [10].

Resveratrol is a natural polyphenol sub-
stance in cis/trans isoforms [11] with antioxi-
dant and anticancer properties and radiation
protection effects [12] and also reduces the in-
cidence of oxidative cardiovascular diseases,
such as heart attack and atherosclerosis by re-
ducing low-density lipoprotein (LDL) levels,
platelet aggregation and adhesion, and DNA
oxidative damage [13]. Besides, resveratrol
can scavenge free radicals induced by radia-
tion, chemicals, and H,0O, that damage DNA
molecules on chromosomes [14]. Its radiopro-
tective effect is mainly due to intracellular an-
tioxidants, such as glutathione and superoxide
dismutase [15]; however, its polyphenol prop-
erties are influenced by various concentrations
and cell types [16].

Crocin is also a natural substance from the
carotenoid family derived from saffron that
possesses anticancer properties through al-
tering the apoptotic gene expression and the
potential of reducing the doses of chemothera-
peutic agents in cancer patients [17]. More-
over, crocin also inhibits the growth of can-
cer cells with the least detrimental effects on
healthy cells [18]. Because of its antioxidant
properties, crocin inhibits the chemical altera-
tion of irradiated cells and reduces oxidative
stress significantly [19]. Recent studies have
shown that crocin alone can reduce the chemi-
cal damage caused by light radiation in ani-
mal retinal cells [20-22] and play an essential
role in cell division and cytotoxic function of
T lymphocytes in childhood leukemia. Ad-
ditionally, some studies have indicated that
crocin can significantly inhibit cell division
in tumors [23-25]. A study published in 2019
showed that using a combination of crocin
and resveratrol extracts of different concentra-
tions can protect human retinal pigment epi-
thelial (hRPE) cells from damage caused by
light radiation [26]. The current study aimed
to evaluate the radioprotective concentration-
dependent effects of resveratrol as a polyphe-
nol and crocin as a carotenoid on irradiated
healthy human lymphocytes.

Material and Methods

Reagents

In this experimental study, resveratrol and
crocin were obtained from Sigma Aldrich,
USA. Ethanol (95%) and Dimethyl sulfox-
ide (DMSO) were used as a solvent for res-
veratrol and crocin, respectively. Resveratrol
was stored at -20 °C and crocin at 2-8 °C in
dark conditions; the drugs were made in vari-
ous concentrations of 5, 50, 100, 200, 400,
and 800 uM for cytogenetic analysis and ad-
ditional concentrations, such as 1600, 2400,
3200, 4000, and 4800 uM for the MTT test.
RPMI1640, FBS, and PHA (Merck Company)
were used for blood culture. Methanol and
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acetic acid (purchased from Merck) were used
as fixative agents, and Gimisa (Sigma Aldrich)
was applied d for staining chromosomes.

Irradiation Conditions

Blood samples were taken with the individu-
als’ consent and kept in heparinized tubes (to
prevent blood clotting) and pretreated with
different concentrations of resveratrol, cro-
cin, or both at 37 °C for 1h before irradiation.
Various treated groups were firstly placed in
a 6-well culture plate and exposed to 2 Gy X-
ray radiation at a 6 MV using Elekta Compact
linear accelerator (at a dose rate of 50 moni-
tor units per minute). All radiation procedures
were performed in Asia Hospital in Tehran,
Iran. Irradiated samples were immediately
transferred to the laboratory, cultured in an ap-
propriate medium, and incubated for 48 h. The
International Atomic Energy Agency (IAEA)
protocols were observed in all stages [27].

Culture Conditions

For each treatment group, 0.5 ml of whole
blood was added to 4.5 ml of Roswell Park
Memorial Institute medium (RPMI) culture
medium along with 20 ul of resveratrol, crocin,
or a combination of both in equal proportions
as a radioprotector in different concentrations
(5 to 800 uM). Each 6-well culture plate was
irradiated following the addition of phytohae-
magglutinin (PHA), fetal bovine serum (FBS),
and penicillin-streptomycin. Plates were incu-
bated at 37 °C for 48 h and transferred into
tubes. A total of 50 pl of colcemid was added
to each culture tube 2 h before harvest to ar-
rest the cells in the metaphase phase. The cells
were harvested and their nuclei were removed
and fixed with a stabilizing solution (ethanol
and acetic acid with a 1: 3 ratio).

Cytogenetic analysis

A total of 3 to 5 slides were prepared from
each cell group by lysing the nuclei to ob-
tain chromosomes. Slides with cellular chro-
mosomes were dried, aged for 2 to 3 days,

and then stained with Giemsa to perform the
karyotyping [20]. One hundred metaphases
were analyzed for each group using light mi-
croscopy. Furthermore, CAs are counted as the
dicentric, ring, acentric, chromatid exchanges,
and gaps. Other aberrations, such as chroma-
tid breaks (Ctb), translocations, and inversions
were recorded only by providing visible.

MTT assay

The MTT assay was performed to determine
the potential cytotoxic effects of each agent.
The assay works with water-soluble yellow
tetrazolium substance regenerated by a liv-
ing cell system of mitochondria, converted to
water-insoluble purple formazan cells’ prolif-
eration, and the interfering cytotoxic proper-
ties were investigated indirectly [28]. First,
lymphocyte cells were isolated and counted
using Ficoll-Hypaque; 10,000 cells were sec-
ondly suspended in 96-well culture plates. The
samples were prepared in triplicate for each
group, followed by pretreatment with resvera-
trol, crocin, or a combination of both extracts
at different concentrations ranging from 0 to
4800 uM/ml. The culture plates with the treat-
ed cells were incubated at 37 °C with 5% CO,
for 24 h. A total the 50 ul of the MTT solution
was added to each well 24 h after incubation,
and plates were then transferred to the incuba-
tor for an additional 4 h. The culture medium
containing MTT solution was removed, and
the remaining precipitate was exposed to 200
ul of DMSO with 25 ul of Sorensen’s buffer
incubated at 37 °C for 30 min. Finally, the cul-
ture plates were read at 570 nm using an en-
zyme-linked immunosorbent assay (ELISA)
reader.

Statistical analysis

The data and diagram were prepared and
analyzed using the SPSS (version 26) and
PRISM software (version 8 ), respectively. In
addition, the Kolmogorov-Smirnov test, Stu-
dent’s t-test, and Poisson distribution of the
obtained data were conducted.
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Ethical consideration

The Ethics Committee of Iran University
of Medical Sciences approved the proto-
col of the study (The Ethics code: IR.IUMS.
REC.1397.1093), and the informed consent of
the volunteers that agreed to participate was
obtained in this study as well.

Results

Measurement of cell viability by
MTT method

The MTT was conducted for each pretreated
group with resveratrol, crocin, or a combina-
tion of both (Figure 1).
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Figure 1: The survival rate of normal blood
lymphocytes, measured by the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and treated by (a) resve-
ratrol, (b) crocin, and (c) combination of
both. *Pvalue>0.05 **Pvalue>0.01 ***Pval-
ue>0.001

Examination of different concentrations of
resveratrol (from 5 to 4800 uM) showed no
significant reduction in the viability of healthy
cells. On the other hand, concentrations of
resveratrol increased cell viability compared
to the control group, which was significant at
concentrations of 4000 and 4800 uM (p<0.05,
and p<0.001). However, the examination of
different concentrations of crocin (5 to 4800
uM) showed no significant reduction in the
level of cell viability, it shows increased vi-
ability at 200 uM concentration compared to
the control group (p<0.05). The group treated
with both resveratrol and crocin concentra-
tions of 5 to 4800 uM also had no significant
decline in cell viability. However, an increase
in cell viability compared to the control group
was observed at two concentrations of 400 and
4800 uM (p<0.01).

Cytogenetic results in treatment
groups after 2 Gy X-ray irradia-
tion

The cytogenetic analysis of irradiated blood
lymphocytes in the presence of different ex-
tract concentrations is shown in Table 1.

The frequency of dicentric chromosomes de-
creased in all treated groups compared to the
control group, with the most significant reduc-
tion in both resveratrol and crocin groups at
a concentration of 100 uM (p<0.05). In the
group with the combined drugs, dicentric ab-
erration decreases significantly at a concentra-
tion of 50 uM (p<0.05). Accordingly, the level
of protective criteria for each treated group
was measured by the following formula in
equation 1 [8]:
¥ =100— dicentric frequency in treatment groups x 100

dicentric frequency in the control group (

where Y is protective criteria (%), and dicen-
tric frequency is the number of dicentric chro-
mosomes.

Based on the above formula, the maximum
level of radioprotection in the resveratrol
group occurred at around 66% with 100 uM
concentration and the minimum with 13% in
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Table 1: Chromosome aberrations in human lymphocytes exposed to 2 Gy of X-ray radiation in
different conditions: without extracts (control group) and pretreated with various concentra-

tions of resveratrol, crocin, and combination

Chromosomal . a0ther chromosome aberration Total aberrant
. N Dic Y _*SE R Ace
aberration die Ctb gap others cell
0 (with 2Gy) 100 30 0.30+0.054 4 36 2 0 2 46
Resveratrol (uM)
5 100 24 0.24+0.048 0 16 6 0 0 30
50 100 14 *0.14£0.037 2 12 0 0 2 24
100 100 10 *0.10+0.031 2 12 0 0 0 18
200 100 12 *0.12+0.034 2 9 4 0 4 22
400 100 18 *0.18+0.042 2 34 6 0 2 26
800 100 26 0.26+0.051 0 18 10 0 0 44
Crocin (UM)
5 100 16 *0.16x0.040 0 22 4 0 0 36
50 100 18 *0.18+0.042 4 28 6 0 0 30
100 100 14 *0.14+0.038 4 12 0 0 0 20
200 100 16 *0.16+0.040 4 10 0 0 0 22
400 100 20 0.20+0.044 2 24 2 0 0 36
800 100 16 *0.16+0.040 2 34 2 0 0 22
Combination (uM)
5+5 100 28 0.28+0.052 2 13 4 0 0 34
50+50 100 8 *0.08+0.028 4 9 4 0 0 16
100+100 100 10 *0.10+0.031 2 15 6 0 2 18
200+200 100 12 *0.12+0.035 2 16 2 0 0 26
400+400 100 16 *0.16+0.040 2 26 4 0 0 32
800+800 100 12 *0.12+0.035 2 16 2 0 0 24

N: Number of analyzed cells, Dic: Dicentrics, Y,
ments, Ctb: Chromatid breaks

a: Others included translocations and inversions

+ SE: Frequencies of dicentrics + standard errors, R: Rings, Ace: Acentric frag-

*: The different frequency of dicentric chromosomes with statistically significant (p<0.05)

800 uM concentration. In the crocin group, the
maximum protection, with 53%, was related
to 100 uM concentration and the minimum be-
longed to the concentration of 400 uM with a
rate of 33%. Moreover, the highest protective
effect in the group treated with the combined
drugs was detected at a concentration of 50
uM with 73%, and the least (6%) at the con-
centration of 5 uM. The changes in the fre-
quency of dicentric aberration and abnormal
metaphases, resulting from different drug con-

centrations separately and cooperatively are
shown in Figures 2 and 3. Decreased dicentric
frequency was observed in the separate groups
of cells treated with resveratrol or crocin at a
concentration of 100 pM and in the combined
group at a concentration of 50 uM.

Cytogenetic results in treatment

groups without X-ray irradiation
Table 2 shows the results of cytogenetic

analysis of treated groups at various concen-
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Figure 2: The effect of various concentrations of resveratrol, crocin, and their combination on
the frequency of dicentric chromosomes in lymphocytes irradiated at 2Gy X-ray.

Number of abnormal metaphases with 2Gy x-ray radiation

50

30

Number of metaphas

20

== RSV
== CRO
=== COM
2 RSV
° CRO
+ COM

o
6]

50 100

200 400 800

concenteration(uM)

Figure 3: The effect of various concentrations of resveratrol, crocin, and their combination on
the frequency of abnormal metaphase in lymphocytes irradiated at 2 Gy X-ray.

trations without irradiation. Neither the di-
centric nor ring chromosomes were generated
in the pretreated group. The majority of CAs
were acentric chromosomes in the treatment
groups, and the frequency of acentric chro-

mosomes was proportional to the number of
abnormal metaphases. The highest abnormal
metaphases and acentric chromosomes were
detected at the highest concentration in the res-
veratrol group (800 uM), and the highest level
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Table 2: Chromosomal aberrations in cultures pretreated with resveratrol, crocin, and com-

bined state non-exposed of X-ray irradiation

Chromosomal aberration N Dic R Ace Ctb Gap Other Total aberrant cell
0 (Non-Expose) 100 O 0 1 0 0 0 4
Resveratrol (uM)
5 100 0 0 2 0 0 0 3
50 100 O 0 2 0 0 0 3
100 100 O 0 1 0 0 0 2
200 100 0 0 3 0 0 2 2
400 100 O 0 2 1 0 1 4
800 100 O 0 6 1 0 0 6
Crocin (uM)
5 100 O 0 3 0 0 1 6
50 100 O 0 2 1 0 0 4
100 100 0 0 1 1 0 3 0
200 100 0 0 0 0 0 0 2
400 100 O 0 4 0 0 0 6
800 100 0 0 1 0 0 0 2
Combination (uM)
5+5 100 O 0 1 0 0 0 3
50+50 100 0 0 0 0 0 0 2
100+100 100 0 0 2 0 0 0 4
200+200 100 O 0 2 0 0 1 3
400+400 100 O 0 2 0 0 0 5
800+800 100 0 0 0 0 0 0 2

N: Number of analyzed cells, Dic: Dicentrics, R: Rings, Ace: Acentric fragments, Ctb: Chromatid breaks

of CAs was considered at the crocin concen-
tration of 400 uM. A lower CA was observed
in combined groups (resveratrol and crocin) in
contrast to groups with a single drug.

Discussion

In the present study, two natural compounds
(resveratrol and crocin) with antioxidant and
radioprotective properties were used with ap-
propriate compositions and concentrations
to protect against irradiation-induced genetic
malformations [29, 30]. An ideal radioprotec-
tion should have no or very low toxicity for
normal cells, a wide range of effective concen-
trations for administration, and well-defined
protection for the cellular genome against ir-

radiation biohazards [31].

The MTT test was used to determine the tox-
icity by measuring the cell viability at various
concentrations, from 5 to 4800 uM for each
extract. Resveratrol did not cause any signifi-
cant reduction in cell viability; however, a sig-
nificant increase in cell viability was detected
at two concentrations of 4000 and 4800 uM
compared to the control group (p<0.05, and
p<0.001). Based on these results, resveratrol
acts as a potent stimulant of cell proliferation
with no negative effects on healthy cells. In
agreement with these results, a study by Hos-
seinmehr et al. also showed that resveratrol
could increase the growth and proliferation of
healthy cells [32]. The crocin extract did not
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cause any reduction in cell survival at the pre-
pared concentrations, indicating no toxicity to
cells. However, at a crocin concentration of
200 uM, a significant increase in survival was
detected (p<0.05). Another study also showed
that crocin inhibits the growth of cancer cells
while it does not harm the growth and viabil-
ity of normal cells [33]. The combination of
resveratrol and crocin extracts at various con-
centrations did not cause a significant decrease
in cell viability, whereas concentrations of 400
and 4800 uM showed increased viability com-
pared to the control group (p<0.05). Accord-
ing to the present results, all the pretreated
concentrations of extracts in combination did
not harm cell growth and in turn, provided a
better radioprotection. Another study showed
that using both resveratrol and crocin has no
toxic effect on the viability of normal cells and
can even increase its rate [26].

Chromosome analysis of pretreated cells
with selected concentrations of resveratrol
without radiation showed a small number of
structural aberrations, such as acentric and
chromatid breaks in healthy lymphocytes.
Several CAs, such as gap, acentric, and chro-
matid breaks were also observed in the pres-
ence of a different concentration of crocin ex-
tract without irradiation. However, the number
of CAs in the non-irradiation group pretreated
with combined extracts was very low and
negligible. The extracts in the combined state
can seemly neutralize their negative effects
on the chromosome. In agreement with these
results, a study by Sebastia et al. showed the
presence of small cytogenetic effects (acentric
and gaps) of resveratrol on healthy blood cells
without radiation [8, 14]. The leading cause of
structural aberration in non-irradiated chro-
mosomes pretreated with resveratrol extract
could be a specific activity known as topoi-
somerase toxicity. The toxicity of topoisom-
erase results from its ability to increase new
homologous and non-homologous compounds
in normal cells [34]. The study by Hoshyar et
al. showed that with increasing the crocin con-

centration, cell division in the HepG2 cell line
decreases providing an increasing the rate of
apoptosis and cell death [35].

In the irradiated group treated with either res-
veratrol or crocin at different concentrations,
the CAs reduction occurred along with specif-
ic structural abnormalities, including dicentric
chromosomes. The resveratrol, at a concentra-
tion of 100 uM, showed the greatest effect on
reducing CAs (including dicentric and abnor-
mal metaphases) occurring at the rate of 66%;
however, the resveratrol had the least effect of
13% at concentrations of 800 uM. The highest
(53%) and lowest (33%) levels of radiopro-
tection of crocin were detected at a concen-
tration of 100 uM and 400 uM, respectively.
Cells treated with both radioprotectors in the
combined state with a lower concentration (50
uM) showed a significant reduction in dicen-
tric chromosomes (p<0.05) in comparison to
a higher concentration of each agent alone.
Therefore, 100 uM of radioprotectors crocin
and resveratrol in the combined state not only
reduced the CAs but also increased protection
against structural aberration induced by radia-
tions even at a lower concentration. The low-
est radioprotection was observed in 5 uM at
6%, and the highest was in 50 uM at 73%.

According to the results of the present study,
resveratrol had a biphasic effect [36], in which
the highest and lowest radioprotection was ob-
served at a low concentration (100 uM) and
a high concentration (800 uM), respectively.
Evidence maintains that polyphenolic com-
pounds can exert these protective properties
[8, 34]. Reduced CAs by resveratrol-depen-
dent free radical scavenging oxidative damage
were associated with hydroxyl groups in the
resveratrol structure [37]. Other studies have
concluded that crocin protection against DNA
damage was due to antioxidant, anti-inflam-
matory, and protective properties against free
radicals [34, 38]. The findings of the present
study indicate that the group treated with the
combined drug at 50 uM concentration had
the most significant protection by reducing the

VIII \
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number of CAs.

In the concentration of 800 uM, the resve-
ratrol-treated group had the least radioprotec-
tion; however, cells treated with crocin or a
combination of both had a better protective
response at this concentration. The improved
response in the combined state may be due to
the moderation of polyphenolic properties of
resveratrol by crocin [1, 39, 40] and also the
reduction of irradiation-induced free radicals,
leading to a decrease CAs in treated cells as
well. Various evidence indicates that polyphe-
nolic compounds have hormesis or a biphasic
response curve in which positive and negative
effects are shown at low and high concentra-
tions, respectively [34]. An in-vitro study by
Stefan et al. (2019) was reported that the com-
bination of resveratrol and crocin provided
more protection against DNA damage in the
cell by increasing intracellular glutathione and
reducing oxidative stress [17].

Conclusion

The results of the present study confirmed
that combining the two extracts produced a
more substantial protective effect on healthy
cells by reducing free radicals and CAs. There-
fore, the results of this study can be useful in
radiation therapy before starting the treatment
process. In this study, a wide range of different
drug concentrations were prepared to assess
their effects that the combination of the two
extracts at lower concentrations demonstrat-
ed a greater prophylactic effect against DNA
damage than at higher concentrations.
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