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Abstract: Ionising radiation causes the death of the most actively dividing cells, thus leading to
depletion of the stem cell pool. Planarians are invertebrate flatworms that are unique in that
their stem cells, called neoblasts, constantly replace old, damaged, or dying cells. Amenability to
efficient RNAi treatments, the rapid development of clear phenotypes, and sensitivity to ionising
radiation, combined with new genomic technologies, make planarians an outstanding tool for the
discovery of potential radioprotective agents. In this work, using the well-known antioxidant N-
acetylcysteine, planarians are, for the first time, shown to be an excellent model system for the fast
and effective screening of novel radioprotective and radio-sensitising substances. In addition, a panel
of measurable parameters that can be used for the study of radioprotective effects on this model
is suggested.
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1. Introduction

Radioprotectors are the substances that guard the body from damage to its molecules,
organs, tissues, and cells in case of exposure to ionising radiation [1]. Their effect is based
mainly on enhancing antioxidant cell defences by inactivating reactive oxygen species
(ROS) and free radicals which emerge from water radiolysis [2]. Today, a large number
of radioprotective substances are known that can reduce the negative effects of ionising
radiation [3]. One of the most well-known antioxidant radioprotective agents is N-acetyl-L-
cysteine (NAC), which belongs to the thiol compounds family [4]. It is commonly accepted
that the effect of ionising radiation on biological objects leads to the formation of various
forms of free radicals with different lifetimes [5]. Due to the presence of a large number
of unpaired electrons, ROS have a high level of redox activity, which leads to oxidative
damage in components of the cell [6]. The presence of a reduced thiol group in NAC can
effectively neutralise free radicals and ROS generated by ionising radiation exposure [7-9].
There is also evidence that exogenous NAC can be a source of cysteine (Cys), which can
be used for enhanced biosynthesis of intracellular glutathione (GSH), which also acts
as a low molecular weight antioxidant [10]. Today, NAC is widely used as a reference
compound in assessing the antioxidant properties of test substances in various oxidative
stress models [11-14].

Despite significant progress in the development of radioprotective substances for
military purposes, there is still a need for the development of radioprotectors and ra-
diomitigators for medical applications, in particular for radiation therapy [15-18]. Using
various approaches and molecular systems, it is also possible to enhance the effect of
ionising radiation on tumour tissue by changing its radiosensitivity [19]. However, using
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common laboratory animals such as rats and mice, the search for such compounds is
time-consuming and quite expensive. Thus, the development of new experimental models
that are both relevant for biomedical purposes and capable of providing rapid screening
with low cost is an urgent task. Planarians are model organisms that have a unique ability
to regenerate due to the presence of neoblasts in their tissues [20]. Planarian neoblasts
are totipotent stem cells that divide and differentiate into all types of cells in the adult
body, including germline cells. The content of neoblasts in the planarian body reaches
about 30% of the total cell number [21]. These cells endow the planarian body with an
unlimited regenerative potential after damage or during organ self-renewal [22]. Moreover,
planarian regeneration is possible, even from very small fragments, where at least one stem
cell has been preserved [23]. The abovementioned features of planarians have made them
a classic biological model for research into the regulation of stem cell proliferation and
differentiation in vivo, restoration of differentiated tissue, and ageing [24]. In particular,
the Schmidtea mediterranea planarian has a series of advantages over vertebrates as a model
for biomedical research: the animals are cheap and easy to handle, they have a short life
cycle, and they are available in large quantities.

It has previously been shown that neoblasts, like human stem cells, are sensitive to
ionising radiation [25]. Irradiation of planarians in a dose of more than 15 Gy leads to the
death of neoblasts, the inability to regenerate, and the termination of homeostatic tissue
recovery [26]. The loss of neoblasts is accompanied by the characteristic abdominal curling
of animals and further death within four weeks after irradiation [27]. Smaller doses of
ionising radiation lead to the partial death of neoblasts, but the remaining part is able to
restore the worm’s body and provide the ability for normal regeneration [28].

The effect of a sublethal irradiation dose on planarians, which preserves part of the
neoblast and provides further regenerative potential, is the basis of the experimental model
proposed here for studying potential radioprotective agents. Radioactivity is known to
have pronounced and measurable effects on planarians, which can easily be tracked and
quantified, such as on blastema regeneration rate, the number of surviving neoblasts
and their transcriptional activity, the amount of DNA damage, and ROS generation. The
current study has used a well-known antioxidant with proven radioprotective activity
(N-acetylcysteine) in order to develop an experimental model of planarian radiosensitivity,
select optimal irradiation doses and patterns, determine the timing of the effective assess-
ment and establish a panel of trackable characteristics that can be used for analysing the
radioprotective effect of a chemical substance on the planarian model.

2. Materials and Methods
2.1. Animals

The study featured an asexual laboratory strain of a freshwater flatworm Schmidtea
mediterranea (Turbellaria, Platyhelminthes). The animals were kept at room temperature, in
darkened glass aquariums containing a mixture of tap and distilled water at a 2:1 vol., which
is the optimal ratio for keeping freshwater flatworms in lab conditions. Planarians were
fed twice a week with mosquito larvae (Chironomidae). Before the experiment, flatworms
were starved for one week. This fasting stage is necessary to exclude the possible influence
of nutritional components on the effect of X-ray radiation. This technique is generally
accepted in planarian experiments [29].

For the experiments, the animals with nearly equal body lengths (about 8 mm)
were selected. The anterior part of the planarian body (approximately 1/5 of the to-
tal length) containing the cephalic ganglion was cut off (decapitated) using a Carl Zeiss
Stemi 2000 dissecting microscope, with a thin eye scalpel. Prior to decapitation, the pla-
narians were placed on a cooling table for several minutes. The number of animals in each
experimental group was the same (35 animals).
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2.2. Computer-Assisted Morphometry In Vivo

The growth of regenerating blastema was studied using computer morphometry [30].
72 h after decapitation, the images of control and experimental animals were taken using
a Carl Zeiss Stemi 2000 microscope equipped with a Carl Zeiss AxioCam camera. To
assess the blastema growth rate, the regeneration index R = s/S was used. The values of
the blastema area (s) and total body area (S) were calculated using the Plana 4.0 software.
30 animals were used in each experimental or control group. Each experiment was repeated
in triplicate. The relative change was calculated as follows:

(R —R¢) £ (g — 6¢)

AR =
Rc

x 100% 1)

Here, R is the index of regeneration (R) in the experimental group of flatworms; R¢
is the index of regeneration (R) in the control group of flatworms; AR is the difference (%)
between R and Rc; g and J¢ are standard errors of measurement in the experimental
and control groups, respectively. The results presented here are mean values from three
independent experiments.

2.3. Whole-Mount Immunocytochemical Study of Planarian Stem Cell Mitotic Activity

For this study, planarians with a body length of about 4 mm were selected. The number
of mitotic cells in the regenerating worms was determined after seven days. Planarians
were treated with 7% N-acetylcysteine solution for 5 min and fixed in PBS containing 4%
formaldehyde and 0.3% Triton X100 for 20 min. Planarian staining for detecting mitotic
cells was performed according to the protocol provided by Newmark and Alvarado [31]. To
label mitotic cells, we used a primary antibody for phosphorylated histone H3 (Santa Cruz,
Dallas, TX, USA), 1/1000 dilution. A secondary antibody conjugated to a fluorescent label
CF488A (Biotium, Fremont, CA, USA) was used in 1/1000 dilution. Phosphorylated H3
histone has long been used as a classical marker of mitotic cells in studies of the planarian
neoblast mitotic activity [32-34].

After washing in PBS, the whole-mount preparations were placed in Vectashield
Antifade Mounting Medium (Vector Labs, Burlingame, CA, USA) and analysed using
a Leica TCS SP5 confocal laser scanning microscope. The mitotic cell number and the
planarian body area were measured using the Carl Zeiss Axio Image software. The number
of mitotic cells per 1 mm? of planarian body (the mitotic index) was then calculated. The
results obtained were analysed statistically. The average values of the mitotic indices (i.e.,
the relationship of the total number of mitotic cells to the body area of each animal) were
obtained using 10 animals per experimental group, in three experimental repetitions [35,36].
The specificity of immunocytochemical staining was confirmed using a non-immune serum.
All controls were negative and demonstrated the absence of specific and non-specific
fluorescent staining in planarian tissues.

2.4. Experimental Testing Substance

N-acetylcysteine (NAC) (Sigma, Burlington, MA, USA) at final concentrations of
10 and 15 mM was used as a test radioprotective agent. A stock solution of NAC (1 M,
pH =7) was prepared using distilled water. NAC was added to planarians 12 h before
irradiation.

2.5. Planarian X-ray Irradiation

The planarians were irradiated using an X-ray machine, RUT-12 (15 mA, 200 kV). For
irradiation, animals were placed in Petri dishes on filter paper moistened with water. The
radiation doses were 1, 5, 10, 15, and 30 Gy at a power of 2 Gy per min.

2.6. RAPD PCR for Genotoxicity Analysis

Non-regenerating planarians were incubated with NAC, irradiated, and then genotox-
icity analysis was performed using an approved protocol. A detailed description of the
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procedure was reported elsewhere [36]. For each primer, genomic template stability (GTS)
was calculated:
GTS (%) = (1 — a/n)-100% 2)

where a is the number of polymorphic bands detected in each treated sample and 7 is the
number of total bands in the control. Polymorphism observed in a RAPD profile included
the disappearance of a normal band or the appearance of a band in comparison with the
control profile [37]. The sensitivity of the GTS parameter was calculated as a percentage of
the control.

2.7. RT-PCR for Gene Expression Analysis

The level of elimination and restoration of the stem cell population was determined
by changing the expression of 24 neoblast marker genes [38,39]. For this, mRNA was
isolated from five planarians in the experimental and control groups by means of a set with
magnetic particles, according to the attached protocol (Sileks, Moscow, Russia). Reverse
transcription was performed with a Sileks (Russia) kit, using oligo dT primer, according
to the attached protocol. The resulting cDNA served as a template for real-time PCR. The
reaction was carried out using a reaction mixture with SybrGreen (Eurogen, Russia), on a
CFX-96 thermocycler (BioRad, Philadelphia, PA, USA). The level of gene transcription was
normalised by the average transcription levels of housekeeping genes Smed-efl (GenBank
accession number AY067688) and Smed_01699 (GenBank accession number JX010505).
Genomic DNA contamination was determined by the sample without the stage of reverse
transcription based on genome-specific primers. Gene-specific primers were selected using
the Primer Express program (Applied Biosystems, Waltham, MA, USA).

The expression data were analysed using the online service http://www.giagen.com
(accessed on 25 September 2020), the mayday-2.14 program (Center for Bioinformatics,
Tiibingen, Germany), and the Genesis program [40]. Only those results were taken into
account for which changes in the level of gene expression were observed at p < 0.05.

2.8. ROS Measurement in the Planarian Body

ROS levels in the planarian body after irradiation were identified using H2ZDCFDA
(2,7-dichloro-dihydrofluorescein-diacetate-acetyl). This dye is a well-known fluorescent
intracellular sensor of active oxygen species [41]. Animals were placed in a solution
of 10 uM -H;DCFDA (Biotium, USA) and incubated for 60 min in the dark. Next, the
planarians were incubated with NAC, washed twice with water, and irradiated using an
X-ray machine. The positive control group was obtained by pre-incubation of animals for
30 min in 100 uM H,O; (Sigma, USA). Then, the planarians were anesthetised for 5-10 min
in a 0.1% solution of chloroethane (Sigma, USA) [42] and photographed with an Axio Scope
Al fluorescence microscope (Carl Zeiss) (Ex/Em = 492-495/517-527 nm). In the images
obtained using the Image] program (National Institute of Health, Bethesda, MD, USA), the
total fluorescence intensity of the animal body was estimated. The measurement results
were averaged over 15 animals.

2.9. Statistical Data Analysis

The data obtained were treated statistically by the Sigma-Plot 9.11 program (Systat
Software Inc., Erkrath, Germany) using one-way ANOVA analyses of variance.

2.10. Ethical Standards

All procedures performed in this study involving animals were performed in accor-
dance with the ethical standards of the institution at which the studies were conducted.

3. Results and Discussion
3.1. Working Dose Selection

Firstly, to select the dose range for further experiments, irradiation was carried out on
decapitated regenerating planarians with a series of gradually increasing doses and the
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regeneration rate, mitotic activity, and DNA damage were monitored. Dose-dependent
effects on the growth process of the planarian head blastema under X-ray irradiation were
found (Figure 1). The inhibition of blastema growth was observed after 5, 10, 15, and
30 Gy irradiation doses. The blastema size after 5 Gy irradiation was 32% less than in the
unirradiated control group. An increase of irradiation dose to 10, 15, and 30 Gy led to
the inhibition of blastema regeneration in a dose-dependent manner by 45, 63, and 83%,
respectively.
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Figure 1. Inhibition of planarian head blastema growth on the 3rd day after X-ray irradiation

-100

(1-30 Gy). Data are shown as mean values + standard error, n = 90, * p < 0.001.

An assessment of stem cell mitotic activity on the third day after irradiation revealed a
complete absence of mitotic cells after 15 and 30 Gy irradiation. At lower irradiation doses
(1, 5, or 10 Gy), the mitotic activity of the neoblasts was still present in the planarian body.

To evaluate the DNA damage caused by irradiation, the randomly amplified polymor-
phic DNA (RAPD)-PCR technique was used. RAPD is a PCR-based method that amplifies
random DNA fragments through the use of single, short primers of arbitrary nucleotide
sequence, under low annealing conditions. This method is widely used to determine ge-
netic polymorphism in populations and DNA damage from genotoxic chemical or physical
factors [37]. The genomic template stability (GTS) parameter reflects the difference between
the control and the treated samples: a larger GTS value means greater similarity, i.e., less
damage caused to the DNA by irradiation [37].

After 10 and 15 Gy irradiation, significant changes were observed in genomic template
stability (GTS). In particular, GTS after 10 Gy irradiation dropped down to 71%, whereas
after irradiation at a dose of 15 Gy, it made up 60%.

On the basis of the abovementioned observations, the working doses were selected
for experiments on radioprotection. A dose of 5 Gy irradiation did not cause notable
changes in the blastema growth rate, but a 30 Gy irradiation dose led to a significant
slowdown in regeneration, up to complete inhibition. Only medium irradiation doses
(10 and 15 Gy) yielded a significant slowdown in head regeneration, a decrease in the
mitotic activity of stem cells, and damage in the DNA of treated planarians. Based on the
results, only two irradiation doses were selected—10 and 15 Gy—for further studies of
radioprotective action.
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3.2. Blastema Growth Rate in Irradiated Planarians Was Increased by NAC

Next, NAC was introduced to test its radioprotective properties on regenerating
planarians after irradiation. The first and most straightforward parameter to control
was regenerating blastema growth rate. Pre-incubation of planarians in NAC solution in
two different concentrations (10 and 15 mM) before X-ray irradiation led to an increase
in blastema growth rate by the third day of regeneration (Figure 2). Statistically signif-
icant effects of NAC radioprotection were observed on days 3-7. Thus, NAC signifi-
cantly improved the dynamics of regeneration and had a radioprotective effect on the
planarian model.

10 mM 15 mM

mmm Control+NAC
mmmm Control+NAC

mmm 10 Gy mmm 10 Gy
= 10 Gy+NAC 40 === 10 Gy+NAC
.3 15Gy 315Gy

mmm 15 Gy+NAC 20 s 15 Gy+NAC
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2 § -40
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s — = ' 100 L—=% a
3 4 5 6 7 3 4 5 6 7
Duration of regeneration, days Duration of regeneration, days

Figure 2. The radioprotective effect of NAC under X-ray exposure. (a) Radioprotective effect of N-acetylcysteine (10 mM)
under 10 and 15 Gy irradiation; (b) radioprotective effect of N-acetylcysteine (15 mM) under 10 and 15 Gy irradiation,

*p <0.001 via ANOVA.

3.3. Neoblast Survival and Mitotic Activity Was Increased by NAC

To reveal the physiological mechanisms of NAC protective action, an analysis was
made of the activity of the neoblasts after exposure to X-ray radiation (Figure 3). It was
found that the recovery of regeneration potential directly correlated with the number of
neoblasts in the planarian body after irradiation. An analysis of mitotic activity showed
that there were no mitotic cells in the planarian body after irradiation at a dose of 15 Gy on
day 7. When using NAC as a radioprotector (10 mM), the planarians retained about 10% of
mitotically active neoblasts (Figure 3a,b). On the tenth day after irradiation (15 Gy), mitotic
cells were observed mainly in the head while with NAC as a radioprotector they were found
not only in the head, but also in the pharyngeal and caudal parts of the body (Figure 3c). It
is known that doses up to 15 Gy are sublethal for planarians, and doses above 20-30 Gy
are lethal. At lethal doses, the few surviving neoblasts completely lose their proliferation
ability [43,44]. Note, radiation-induced death of planarian stem cells is probably due
to the same mechanisms (DNA damage, repair, apoptosis) that have been described for
mammalian stem cells [45,46]. At sublethal doses of radiation which were used in our
study, the surviving neoblasts were still able to give rise to new clonal populations [47],
but this process is quite slow. Therefore, when the decapitation is done immediately
after irradiation, the deficiency of stem cells significantly reduces the regeneration rate of
planaria and the blastema growth rate. The presence of NAC radioprotector in the planaria
irradiated with sublethal doses preserves higher content of neoblasts which are able for
further proliferation.
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Figure 3. Number of mitotic cells in the planarian body 7 days after X-ray irradiation (10 and 15 Gy)
with NAC (10 mM). (a,b) Determination of the total number of mitotic cells in the planarian body
stained by immunohistochemistry; (c) distribution of mitotic cells in the planarian body 10 days after
irradiation at a dose of 15 Gy. # p < 0.001 (from control), * p < 0.001 (from 15 Gy). Arrows indicate the
absence of mitotic cells after X-ray irradiation.

3.4. NAC Increased the Neoblast Markers Expression and Reduced DNA Damage

Gene expression analysis of planarian neoblast markers showed that, on the third and
sixth day after X-ray irradiation, the concentration of the studied mRNAs significantly
decreased in treated animals (Figure 4). The expression of the Smed-soxP-1, Smed-fgfr-4,
Smed-gata456, and Smed-hnf-4 genes was higher with NAC after a 15 Gy irradiation dose
when compared to the control group [39].
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Figure 4. Gene expression of three classes of neoblast markers in regenerating planarians treated
with NAC (10 mM) for 3 h (a) and 6 h (b) after irradiation. The intensity scale of the standardised
expression values range from —3 (green: low expression) to +3 (red: high expression), with a 1:1
intensity value (black) representing the control (unirradiated).

Similar results were obtained for the stability of planarian genomic DNA after X-ray
irradiation. The damaging effect of radiation on the genomic DNA was least pronounced
after treatment of the animals with NAC, which reduced the degree of change and increased
genomic stability (Figure 5).

100
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Figure 5. Genomic template stability (GTS) of planarians after X-ray irradiation (DNA was isolated
2 h after irradiation). GTS—genomic stability coefficient.

3.5. The Amount of ROS Generated after Irradiation Was Reduced by NAC

Another parameter critical to control after irradiation is reactive oxygen species (ROS)
generation. Results of ROS measurement in a planarian body after X-ray irradiation
are shown in Figure 6. X-ray irradiation led to the formation of free radicals in a dose-
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dependent manner, therefore the minimum autofluorescence intensity of the planarian
body was observed in the control group. Irradiation led to a significant increase in the
amount of ROS, which led to an increase in fluorescence intensity. It is also worth noting
that neoblasts are mainly located in the parenchyma zone, which actively fluoresces after
irradiation. Such colocalization of high ROS levels and neoblasts in the planarian body
after irradiation confirms oxidative damage to stem cells, which affects their proliferation
and migration. Pre-incubation of planarians with N-acetylcysteine (10 mM) resulted in a
significant decrease in the level of dye fluorescence after irradiation of animals in various
doses (5, 10, and 15 Gy). These results confirm directly that NAC acts as an antioxidant,
effectively inactivating ROS under X-ray irradiation.

d
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c 80
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Figure 6. Inhibition of ROS formation by N-acetylcysteine, measured by H2DCFDA fluorescence.
Quantitative determination of the fluorescence intensity in the body of planarians (a); fluorescence
micrographs of planarians after irradiation (b). Standard deviation * p < 0.001.
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4. Conclusions

In this study, a series of experiments was conducted proving that planarians provide
a simple and suitable model for studying radioactive damage and the radioprotective
effects of chemical substances. Using a well-known radioprotector, N-acetylcysteine, as
a model substance, it has been shown that planarians possess a set of easily measurable
characteristics which can be used to quantify radiation damage and the radioprotective
effect. These are: (i) the growth rate of regenerating blastema, (ii) the number of surviving
neoblasts and their mitotic activity, (iii) the expression of neoblast marker genes, (iv) the
amount of DNA damage, and (v) the rate of ROS generation by the planarian tissue.

The first parameter can be used to directly evaluate the efficacy of radioprotection. This
criterion is unique for planarians as model animals; it is simple but requires a microscope
and software. The next two parameters investigate stem cell biology in greater depth and
reflect the stage of neoblasts—the cells which are responsible for planarian regeneration.
Monitoring the status of neoblasts is important, for radiation mostly damages fast dividing
cells and neoblasts can serve as a perfect model thereof. The fourth parameter enables the
measurement of the impact of radiation and the efficacy of radioprotectors on genotoxicity.
Finally, the last of these parameters assess the molecular mechanisms of ionising radiation
damage. Taken together, this set of simple and robust parameters makes it possible to screen
and characterise potential radioprotectors in an inexpensive and robust manner. There are
many new potential radioprotective substances among natural products [48], therefore the
screening system described here has great potential. The search for radiosensitisers is also
a task of high importance, for they enable radiation harm to cancer cells to be increased
without affecting normal cells [49]. The model system described in the current study is also
applicable for the screening of radiosensitisers.

In general, the observed effects of radiation-induced suppression of planarian regen-
eration are associated with partial or complete elimination of the neoblast population
after X-ray radiation exposure. The results reported here show that the remaining pool of
neoblasts after irradiation gives rise to a new population of stem cells and thus ensures the
regeneration of the planarian body. The molecular mechanisms of neoblast proliferation,
migration, and differentiation have been extensively studied using modern methods, in-
cluding RNA interference (RNAI) for gene-specific knockdown [50]. This makes it possible
to clearly monitor the influence of external factors and stimuli, including ionising radiation
or a model drug action, on the planarian’s vital processes. The radioprotective effect of
N-acetylcysteine is based on the suppression of ROS formation during irradiation, which
enables the saving of a fairly large number of neoblasts in the body of the planarian. Obvi-
ously, the survival of stem cells when using a radioprotector is associated not only with
direct antioxidant protection, but also with the effect on the DNA repair rate. The results
have demonstrated the possibility of using planarians as a convenient model for studying
the radioprotective properties of various substances.

Author Contributions: A.M.E.—study concept and design, performance of experiments, data
interpretation, writing of manuscript; K.A.K.—performance of experiments, data interpretation;
O.N.E.—performance of experiments, data interpretation; A.S.B.—performance of experiments, data
interpretation; A.L.P—performance of experiments, data interpretation, writing of manuscript, con-
ception of the structure of the article, provision of overall scientific advice, and manuscript revision;
V.K.I—supervision, writing, review, and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Russian Foundation for Basic Research grants No. 18-34-
00820 mol_a and No. 18-15-00447 a.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in article.

Conflicts of Interest: The authors declare no conflict of interest.



Antioxidants 2021, 10, 1763 11 of 12

References

1. Singh, VK, Hauer-Jensen, M. y-Tocotrienol as a Promising Countermeasure for Acute Radiation Syndrome: Current Status. Int. J.
Mol. Sci. 2016, 17, 663. [CrossRef]

2. Mishra, K.; Alsbeih, G. Appraisal of biochemical classes of radioprotectors: Evidence, current status and guidelines for future
development. 3 Biotech 2017, 7, 292. [CrossRef] [PubMed]

3.  Kamran, M.Z; Ranjan, A.; Kaur, N.; Sur, S.; Tandon, V. Radioprotective Agents: Strategies and Translational Advances.
Med. Res. Rev. 2016, 36, 461-493. [CrossRef] [PubMed]

4. Samuni, Y,; Goldstein, S.; Dean, O.M.; Berk, M. The chemistry and biological activities of N-acetylcysteine. Biochim. Biophys. Acta
2013, 1830, 4117-4129. [CrossRef]

5. Azzam, E.L; Jay-Gerin, ].-P; Pain, D. Ionizing radiation-induced metabolic oxidative stress and prolonged cell injury. Cancer Lett.
2012, 327, 48-60. [CrossRef]

6. Reisz, J.A,; Bansal, N.; Qian, J.; Zhao, W.; Furdui, C.M. Effects of ionizing radiation on biological molecules—mechanisms of
damage and emerging methods of detection. Antioxid. Redox Signal. 2014, 21, 260-292. [CrossRef] [PubMed]

7. Benrahmoune, M.; Thérond, P.; Abedinzadeh, Z. The reaction of superoxide radical with N-acetylcysteine. Free Radic. Biol. Med.
2000, 29, 775-782. [CrossRef]

8. Winterbourn, C.C.; Metodiewa, D. Reactivity of biologically important thiol compounds with superoxide and hydrogen peroxide.
Free Radic. Biol. Med. 1999, 27, 322-328. [CrossRef]

9.  Gao, X.; Lampraki, EIM.; Al-Khalidi, S.; Qureshi, M.A.; Desai, R.; Wilson, ].B. N-acetylcysteine (NAC) ameliorates Epstein-Barr
virus latent membrane protein 1 induced chronic inflammation. PLoS ONE 2017, 12, e0189167.

10. Ono, K,; Jung, M.; Zhang, T.; Tsutsuki, H.; Sezaki, H.; Ihara, H.; Wei, EY.; Tomizawa, K.; Akaike, T.; Sawa, T. Synthesis of 1-cysteine
derivatives containing stable sulfur isotopes and application of this synthesis to reactive sulfur metabolome. Free Radic. Biol. Med.
2017, 106, 69-79. [CrossRef] [PubMed]

11. Aldini, G.; Altomare, A.; Baron, G.; Vistoli, G.; Carini, M.; Borsani, L.; Sergio, F. N-Acetylcysteine as an antioxidant and disulphide
breaking agent: The reasons why. Free Radic. Res. 2018, 52, 751-762. [CrossRef]

12.  Chouchani, E.T;; Kazak, L.; Jedrychowski, M.P,; Lu, G.Z.; Erickson, B.K.; Szpyt, J.; Pierce, K.A.; Laznik-Bogoslavski, D.;
Vetrivelan, R.; Clish, C.B.; et al. Mitochondrial ROS regulate thermogenic energy expenditure and sulfenylation of UCP1. Nature
2016, 532, 112. [CrossRef] [PubMed]

13. Park, E.J.; Min, K.J.; Lee, T.].; Yoo, Y.H.; Kim, Y.S.; Kwon, TK. 3-Lapachone induces programmed necrosis through the RIP1-
PARP-AIF-dependent pathway in human hepatocellular carcinoma SK-Hep1 cells. Cell Death Dis. 2014, 5, €1230. [CrossRef]

14. Wang, C.; Wong, W.-F. Observational wear leveling: An efficient algorithm for flash memory management. In Proceedings of the
49th Annual Design Automation Conference; ACM: San Francisco, CA, USA, 2012; pp. 235-242.

15. Kouvaris, ].R.; Kouloulias, V.E.; Vlahos, L.J. Amifostine: The first selective-target and broad-spectrum radioprotector. Oncologist
2007, 12, 738-747. [CrossRef] [PubMed]

16. Singh, VK.; Seed, T.M. The efficacy and safety of amifostine for the acute radiation syndrome. Expert Opin. Drug Saf. 2019, 18,
1077-1090. [CrossRef] [PubMed]

17.  Du,].; Zhang, P; Cheng, Y.; Liu, R.; Liu, H.; Gao, F,; Shi, C.; Liu, C. General principles of developing novel radioprotective agents
for nuclear emergency. Radiat. Med. Prot. 2020, 1, 120-126. [CrossRef]

18.  Rosen, E.M.; Day, R; Singh, V.K. New approaches to radiation protection. Front. Oncol. 2015, 4, 381. [CrossRef] [PubMed]

19. Liu, Y; Zhang, P; Li, E; Jin, X,; Li, ].; Chen, W.; Li, Q. Metal-based NanoEnhancers for Future Radiotherapy: Radiosensitizing and
Synergistic Effects on Tumor Cells. Theranostics 2018, 8, 1824-1849. [CrossRef]

20. Rink, J.C. Stem cell systems and regeneration in planaria. Dev. Genes Evol. 2013, 223, 67-84. [CrossRef]

21. Reddien, PW,; Sanchez Alvarado, A. Fundamentals of planarian regeneration. Annu. Rev. Cell Dev. Biol. 2004, 20, 725-757.
[CrossRef] [PubMed]

22. Roberts-Galbraith, R.H.; Newmark, P.A. On the organ trail: Insights into organ regeneration in the freshwater flatworms. Curr.
Opin. Genet. Dev. 2015, 32, 37-46. [CrossRef] [PubMed]

23. Gentile, L.; Cebria, F; Bartscherer, K. The planarian flatworm: An in vivo model for stem cell biology and nervous system
regeneration. Dis. Model. Mech. 2011, 4, 12-19. [CrossRef] [PubMed]

24. Pagan, O.R. Planaria: An animal model that integrates development, regeneration and pharmacology. Int. |. Dev. Biol. 2017, 61,
519-529. [CrossRef]

25. Pellettieri, ].; Alvarado, S.A. Cell turnover and adult tissue homeostasis: From humans to planarians. Annu. Rev. Genet. 2007, 41,
83-105. [CrossRef] [PubMed]

26. Salvetti, A.; Rossi, L.; Bonuccelli, L.; Lena, A.; Pugliesi, C.; Rainaldi, G.; Evangelista, M.; Gremigni, V. Adult stem cell plasticity:
Neoblast repopulation in non-lethally irradiated planarians. Dev. Biol. 2009, 328, 305-314. [CrossRef]

27. Reddien, PW.,; Oviedo, N.J.; Jennings, J.R.; Jenkin, ].C.; Alvarado, S.A. SMEDWI-2 is a PIWI-like protein that regulates planarian
stem cells. Science 2005, 310, 1327-1330. [CrossRef] [PubMed]

28. Rossi, L.; Cassella, L.; Iacopetti, P.; Ghezzani, C.; Tana, L.; Gimenez, G.; Ghigo, E.; Salvetti, A. Insight into stem cell regulation
from sub-lethally irradiated worms. Gene 2018, 662, 37-45. [CrossRef] [PubMed]

29. Goupil, L.S,; Ivry, S.L.; Hsieh, I.; Suzuki, B.M.; Craik, C.S.; O'Donoghue, A.].; McKerrow, ].H. Cysteine and Aspartyl Proteases

Contribute to Protein Digestion in the Gut of Freshwater Planaria. PLoS Negl. Trop. Dis. 2016, 10, e0004893. [CrossRef]


http://doi.org/10.3390/ijms17050663
http://doi.org/10.1007/s13205-017-0925-0
http://www.ncbi.nlm.nih.gov/pubmed/28868219
http://doi.org/10.1002/med.21386
http://www.ncbi.nlm.nih.gov/pubmed/26807693
http://doi.org/10.1016/j.bbagen.2013.04.016
http://doi.org/10.1016/j.canlet.2011.12.012
http://doi.org/10.1089/ars.2013.5489
http://www.ncbi.nlm.nih.gov/pubmed/24382094
http://doi.org/10.1016/S0891-5849(00)00380-4
http://doi.org/10.1016/S0891-5849(99)00051-9
http://doi.org/10.1016/j.freeradbiomed.2017.02.023
http://www.ncbi.nlm.nih.gov/pubmed/28189853
http://doi.org/10.1080/10715762.2018.1468564
http://doi.org/10.1038/nature17399
http://www.ncbi.nlm.nih.gov/pubmed/27027295
http://doi.org/10.1038/cddis.2014.202
http://doi.org/10.1634/theoncologist.12-6-738
http://www.ncbi.nlm.nih.gov/pubmed/17602063
http://doi.org/10.1080/14740338.2019.1666104
http://www.ncbi.nlm.nih.gov/pubmed/31526195
http://doi.org/10.1016/j.radmp.2020.08.003
http://doi.org/10.3389/fonc.2014.00381
http://www.ncbi.nlm.nih.gov/pubmed/25653923
http://doi.org/10.7150/thno.22172
http://doi.org/10.1007/s00427-012-0426-4
http://doi.org/10.1146/annurev.cellbio.20.010403.095114
http://www.ncbi.nlm.nih.gov/pubmed/15473858
http://doi.org/10.1016/j.gde.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25703843
http://doi.org/10.1242/dmm.006692
http://www.ncbi.nlm.nih.gov/pubmed/21135057
http://doi.org/10.1387/ijdb.160328op
http://doi.org/10.1146/annurev.genet.41.110306.130244
http://www.ncbi.nlm.nih.gov/pubmed/18076325
http://doi.org/10.1016/j.ydbio.2009.01.029
http://doi.org/10.1126/science.1116110
http://www.ncbi.nlm.nih.gov/pubmed/16311336
http://doi.org/10.1016/j.gene.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29627527
http://doi.org/10.1371/journal.pntd.0004893

Antioxidants 2021, 10, 1763 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ermakov, A.M.; Ermakova, O.N.; Mayevsky, E.I. The role of some intracellular signaling cascades in the activation of planarian
regeneration upon irradiation with low-temperature argon plasma. Biophysics 2014, 59, 552-557. [CrossRef]

Newmark, P.A.; Sanchez Alvarado, A. Bromodeoxyuridine specifically labels the regenerative stem cells of planarians. Dev. Biol.
2000, 220, 142-153. [CrossRef] [PubMed]

Wenemoser, D.; Reddien, P.W. Planarian regeneration involves distinct stem cell responses to wounds and tissue absence.
Dev. Biol. 2010, 344, 979-991. [CrossRef] [PubMed]

Hijioka, M.; Ikemoto, Y.; Fukao, K.; Inoue, T.; Kobayakawa, T.; Nishimura, K.; Takata, K.; Agata, K.; Kitamura, Y. MEK/ERK
Signaling Regulates Reconstitution of the Dopaminergic Nerve Circuit in the Planarian Dugesia japonica. Neurochem. Res. 2021.
[CrossRef] [PubMed]

Hubert, A.; Henderson, ].M.; Cowles, M.W.; Ross, K.G.; Hagen, M.; Anderson, C.; Szeterlak, C.J.; Zayas, RM. A functional
genomics screen identifies an Importin-a homolog as a regulator of stem cell function and tissue patterning during planarian
regeneration. BMC Genom. 2015, 16, 769. [CrossRef]

Ermakova, O.N.; Ermakov, A.M.; Tiras, H.P; Lednev, V.V. The effect of melatonin on the regeneration of planaria Girardia tigrine.
Ontogenesis 2009, 6, 466—469.

Ermakov, A.; Popov, A.; Ermakova, O.; Ivanova, O.; Baranchikov, A.; Kamenskikh, K.; Scherbakov, A.; Popova, N.; Ivanov, V.
The first inorganic mitogens: Cerium oxide and cerium fluoride nanoparticles stimulate planarian regeneration via neoblastic
activation. Mater. Sci. Eng. C 2019, 104, 109924. [CrossRef] [PubMed]

Zhang, H.C,; Shi, C.Y,; Yang, H.H.; Chen, G.W,; Liu, D. Z: Genotoxicity evaluation of ionic liquid 1-octyl-3-methylimidazolium
bromide in freshwater planarian Dugesia japonica using RAPD assay. Ecotoxicol. Environ. Saf. 2016, 134, 17-22. [CrossRef]
Ermakov, A.M.; Ermakova, O.N.; Afanasyeva, V.A.; Popov, A.L. Dose-Dependent Effects of Cold Atmospheric Argon Plasma on
the Mesenchymal Stem and Osteosarcoma Cells In Vitro. Int. J. Mol. Sci. 2021, 22, 6797. [CrossRef]

van Wolfswinkel, J.C.; Wagner, D.E.; Reddien, P.W. Single-Cell Analysis Reveals Functionally Distinct Classes within the Planarian
Stem Cell Compartment. Cell Stem Cell 2014, 15, 326-339. [CrossRef]

Sturn, A.; Quackenbush, J.; Trajanoski, Z. Genesis: Cluster analysis of microarray data. Bioinformatics 2002, 18, 207-208. [CrossRef]
[PubMed]

Lee, ].G.; Noh, W].; Kim, H.; Lee, M.-Y. Generation of Reactive Oxygen Species Contributes to the Development of Carbon Black
Cytotoxicity to Vascular Cells. Toxicol Res. 2011, 27, 161-166. [CrossRef]

Guedelhoefer, O.C.; Alvarado, S. Amputation induces stem cell mobilization to sites of injury during planarian regeneration.
Development 2012, 139, 3510-3520. [CrossRef]

Hayashi, T.; Asami, M.; Higuchi, S.; Shibata, N.; Agata, K. Isolation of planarian X-ray-sensitive stem cells by fluorescence-
activated cell sorting. Dev. Growth Differ. 2006, 48, 371-380. [CrossRef]

Isolani, MLE.; Abril, J.E,; Sald, E.; Deri, P; Bianucci, A.M.; Batistoni, R. Planarians as a Model to Assess In Vivo the Role of Matrix
Metalloproteinase Genes during Homeostasis and Regeneration. PLoS ONE 2013, 8, e55649. [CrossRef] [PubMed]

Fabbrizi, M.R.; Warshowsky, K.E.; Zobel, C.L.; Hallahan, D.E.; Sharma, G.G. Molecular and epigenetic regulatory mechanisms of
normal stem cell radiosensitivity. Cell Death Discov. 2018, 4, 117. [CrossRef]

Sahu, S.; Sridhar, D.; Abnave, P.; Kosaka, N.; Dattani, A.; Thompson, ].M.; Hill, M.A.; Aboobaker, A. Ongoing repair of
migration-coupled DNA damage allows planarian adult stem cells to reach wound sites. eLife 2021, 10, €63779. [CrossRef]
[PubMed]

Shiroor, D.A.; Bohr, T.E.; Adler, C.E. Injury delays stem cell apoptosis after radiation in planarians. Curr. Biol. 2020, 30, 2166-2174.
[CrossRef] [PubMed]

Juan, ].Y;; Zhu, ].Q.; Zhao, C.Z.; Kang, Q.; Zhang, X.; Suo, K.; Cao, N.; Hao, L.; Lu, J. Potential of natural products as radioprotectors
and radiosensitizers: Opportunities and challenges. Food Funct. 2021, 12, 5204-5218.

Tiwari, P.; Mishra, K.P. Flavonoids sensitize tumor cells to radiation: Molecular mechanisms and relevance to cancer radiotherapy.
Int. |. Radiat. Biol. 2020, 96, 360-369. [CrossRef] [PubMed]

Shibata, N.; Rouhana, L.; Agata, K. Cellular and molecular dissection of pluripotent adult somatic stem cells in planarians. Dev.
Growth Differ. 2010, 52, 27-41. [CrossRef]


http://doi.org/10.1134/S0006350914030051
http://doi.org/10.1006/dbio.2000.9645
http://www.ncbi.nlm.nih.gov/pubmed/10753506
http://doi.org/10.1016/j.ydbio.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20599901
http://doi.org/10.1007/s11064-020-03226-5
http://www.ncbi.nlm.nih.gov/pubmed/33464445
http://doi.org/10.1186/s12864-015-1979-1
http://doi.org/10.1016/j.msec.2019.109924
http://www.ncbi.nlm.nih.gov/pubmed/31499991
http://doi.org/10.1016/j.ecoenv.2016.08.016
http://doi.org/10.3390/ijms22136797
http://doi.org/10.1016/j.stem.2014.06.007
http://doi.org/10.1093/bioinformatics/18.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11836235
http://doi.org/10.5487/TR.2011.27.3.161
http://doi.org/10.1242/dev.082099
http://doi.org/10.1111/j.1440-169X.2006.00876.x
http://doi.org/10.1371/journal.pone.0055649
http://www.ncbi.nlm.nih.gov/pubmed/23405188
http://doi.org/10.1038/s41420-018-0132-8
http://doi.org/10.7554/eLife.63779
http://www.ncbi.nlm.nih.gov/pubmed/33890575
http://doi.org/10.1016/j.cub.2020.03.054
http://www.ncbi.nlm.nih.gov/pubmed/32386527
http://doi.org/10.1080/09553002.2020.1694193
http://www.ncbi.nlm.nih.gov/pubmed/31738629
http://doi.org/10.1111/j.1440-169X.2009.01155.x

	Introduction 
	Materials and Methods 
	Animals 
	Computer-Assisted Morphometry In Vivo 
	Whole-Mount Immunocytochemical Study of Planarian Stem Cell Mitotic Activity 
	Experimental Testing Substance 
	Planarian X-ray Irradiation 
	RAPD PCR for Genotoxicity Analysis 
	RT-PCR for Gene Expression Analysis 
	ROS Measurement in the Planarian Body 
	Statistical Data Analysis 
	Ethical Standards 

	Results and Discussion 
	Working Dose Selection 
	Blastema Growth Rate in Irradiated Planarians Was Increased by NAC 
	Neoblast Survival and Mitotic Activity Was Increased by NAC 
	NAC Increased the Neoblast Markers Expression and Reduced DNA Damage 
	The Amount of ROS Generated after Irradiation Was Reduced by NAC 

	Conclusions 
	References

