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Highlights

In nature, there are bacteria and eukaryotic multicellular organisms (insects, arthropods) that have extraordinary,
nevertheless still poorly understood radiation resistance. Knowledge of its mechanisms can significantly increase the
effectiveness of radioprotectors and can lead to fundamental discoveries for the radioprotection in humans.
Relevance. The growing threat of nuclear war and nuclear accidents requires updating and deepening the knowledge
of the occurrence of radiation resistance in nature and the development of pharmaceutical means for human radiation
protection.

The purpose of the study is to summarize the ideas available in the scientific literature about the mechanisms of
increased radiation resistance of some living organisms and about modern radioprotectors.

The source base of the study. Scientific publications available through the biomedical research database PubMed.
Research method. Analytical.

Discussion. The reasons for the high radioresistance of the bacterium Deinococcus radiodurans and scorpions of
the genus Androctonus are considered. For D. radiodurans, the radioresistance is based on the ability to protect its
proteome, and not the genome, as previously thought. The resistance of bacterial cells to radiation is regulated by
manganese antioxidants. With this ability, D. radiodurans can repair up to 500 breaks, while E. coli can repair two or
three DNA breaks at once. The new bioconcept can be expressed as “Primacy of the proteome over the genome”. The
principle of the radioresistance of scorpions is less clear. It is known that the main role is played by the hemolymph
cells the anulocytes (“hémocytes annelés”), and hemocyanin molecules present freelely in the hemolymph. The paper
further describes general therapeutic approaches to the development of new radioprotective agents. Radioprotectors
are supposed to prevent/inhibit the formation of free radicals caused by radiation (most of which are formed during
radiolysis of water), thereby inhibiting their reactions with biomolecules reducing the frequency of DNA strand breaks
and preventing the occurrence of cellular disorders. The classification of radioprotectors is given, their properties are
described in detail.

Conclusions. For the future development of radioprotectors, it is important to recognize the “new” paradigm of
radioresistance — the “primacy of the proteome over the genome”. From today's practical point of view, the cytoprotective
complexing drug Amifostine can be recommended in radiation protection.

Key words: Amifostine; anulocytes; Deinococcus radiodurans; DNA; hemocyanin; manganese (Mn); nuclear explosion;
protein; proteome; radioprotection; radioresistance; scorpion
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OCHOBHbIE€ MOMEHTBDI

Cy1ecTBYIOT 6aKTepuu U 9YKapMOTHYeCKyie MHOTOK/IETOYHbIE OPTaHU3MbI (HaCeKOMBIe, YIEHICTOHOTE), IMEIOIIye
OUYeHb BBICOKYIO YCTOMYMBOCTD K PafinaliMOHHOMY M3yIeHUIO0, IPUPOJA KOTOPOII 10 KOHIIA He M3y4yeHa. SHAHUA O
MeXaHM3MaX Pa3BUTIs JAHHON YCTOYMBOCTY IIO3BOIM/IN ObI 3HAUNTETLHO HOBBICUTD 9 PEKTUBHOCTD CYILIECTBYIO-
LIMX CPEJCTB PafMAlIOHHON 3aLUThI U C/Ie/IaTh IPOPBIB B 00/1aCTM pafMaLIOHHON 3aLUThI Ye/T0BEKa.
Axmyanvrnocmo. IlocToAHHAA yTpo3a AepHOI BOJHEI, a TAaK)Ke Ype3BblualiHble IIPONCIIECTBNA, CBA3aHHbIE C yTeu-
KOl PajMOaKTUBHBIX BeleCTB, BBIHY>X/JAIOT HAC PacIIMpATh MMeIoIIMecss 3HaHUA O MeXaHM3MaX BO3HUKHOBEHUA
COIIPOTUBJIEHVSI PALUALIOHHOMY U3Ty4eHIIO B IIPUPOJIE, a TAKXKe 0 pa3paboTKe papMalieBTUIECKIX CPeACTB Pajji-
AIMOHHO 3aIUThI YeJIOBEKa.

Llenv pabomur. O6061eHNe MHOPMALYM O MeXaHM3MaX BO3SHIUKHOBEHNs MTOBBILICHHOI PaallyIOHHOI YCTONYM-
BOCTH Y )KMBBIX OPTAaHU3MOB U TAHHBIX O COBPeMEHHBIX MeAMIVHCKIX CPefICTBaX PaAUallIOHHO 3aIIUThI, TPeCTaB-
JICHHBIX B HAyYHBIX paboTax.

Hcmounuxosas 6a3a uccnedosanus. Hayansle paboTsl, IIpefcTaBIeHHble B 6a3e JaHHBIX MEANIIHCKIX 1 OVOJIOTH-
geckux mybnukanmii PubMed.

Memoo uccnedosanusi. AHATUTUIECKUIA.

O6cyxcoenue. B craTbe paccMaTpUBAIOTCS IIPUYVHBI IOBBIIIEHHON YCTONYMBOCTY K BO3[IE/ICTBIIO PaAMalini, BbIsB-
neHHoI1 y 6aktepun Deinococcus radiodurans vt ckoprinonos popa Androctonus. Uro xacaercst 6akrepuu D. radiodurans,
ee IOBBIIIEHHAs paJialjlOHHas CTOMKOCTh 00YC/IOB/IEHa CIIOCOOHOCTDIO 9TON 6aKTepuy 3alMIIaTh CBOJ IPOTEOM,
a He T€HOM, KaK CYMTanoch paHee. CloCOOHOCTD KIETOK ZaHHOI 6AKTepu IPOTUBOCTOATD BO3AEIICTBUIO PagyaLiiy
3aBUCHUT OT HA/IMYVsI aHTMOKCUJAHTOB MapraHiia. brarogapst ykasanuomy csoiicty D. radiodurans MmoxeT BoccTa-
HaB/mBath 0 500 BO3MOXKHBIX paspeiBoB Motekysl JJHK, B To BpeMst kak 6aKkTepyst KMIIEYHOI TA/IOYKN CIIOCOOHA
BOCCTaHAB/IMBATh NI 2-3 MOKOOHBIX pas3pbiBa OJHOBpeMeHHO. Ha OCHOBaHMU BBIIIEN3/IOKEHHOTO MOXKHO Clie-
7aTh CTeAYIOMINI BBIBOJ, — «IIPOTEOM BayKHee reHoMa». MeXaHM3Mbl BOSHMKHOBEHIA TOBBIILIEHHON YCTOMYMBOCTY K
BO3JIEMICTBMIO pafiMaliuyl y CKOPIIMOHOB He TaK XOPOUIO M3y4eHbl. VI3BeCTHO, YTO K/II0UeBYIO PO/Ib B 9TOM IIpoliecce
UTPAIOT KJIETKU TeMOMMOBI — CPepOLTEI X MOJIEKY/IbI TeMOLVIaHIHA, LIMPOKO IIPeICTaBIeHHbIe B reMonuMde. Tax-
JKe OTMCAaHbI 001I[1e TepareBTIYeCKIe TTOXObI K pa3paboTKe HOBBIX CPEICTB 3aIUTHI OT BO3/IEVICTBUS pajiUallViL.
[IpenmonaraeTcsi, 4YTO 3TM CPeACTBA HO/DKHBI IPefOTBpAIATh WM 3aMeN/IATh IMpolecc 0OpasoBaHysi CBOOOIHBIX
PafMKaJIOB, MOSAB/IAIOIINXCS B pe3y/IbTaTe BO3AENCTBIA pagyuanyy (GONbIINHCTBO STUX PafUKaIoB 00pasyloTcs B
pesysbrate pajuo3a BOABI). BeiecTBIE 9TOTO, 3aMeIIOTCS Peakiyy 9THX PafUKaIoB ¢ OMOMOIEKYIaMM, 9TO B
CBOIO OYepeNib CHIDKAET YaCTOTY BOSHMKHOBeHMA pa3peiBoB Morekyn JJHK u npegoTspamiaeT HapyIeHNs CTPOSHA
K/IeTOK. B pabore npusenena nmogpobHas knaccudukanyss MEFULMHCKIX CPEACTB 3aIUThI OT pafjualiuy C OIMCAHN-
€M UX OCHOBHBIX CBOJICTB.

Bui60o0owt. «HoBast» mapaguryma pagyanyioHHO YCTOMYMBOCTY, KOTOpas IJIACUT: <IIPOTEOM BaXKHee FeHOMa» — KpaliHe
Ba)KHA A pa3paboTKy 3G GeKTUBHBIX CPeICTB 3allUThl OT BO3MEICTBMA pafuanyu B 6yayieM. C IpakTIdecKoi
TOYKM 3PEHIsI, KOMIUIEKCHOE LI TOIIPOTEKTOPHOE CPefcTBO AMMMOCTUH MOXKET OBITh PeKOMEHJOBAHO KaK CPEfICTBO
3aI[UTBI OT BO3AENCTBIUA PagUAIIIL.

Kniouesvie cnosa: Amupocmun; bakmepus; 6enok; Deinococcus radiodurans; JTHK; eemoyuanun; mapeaney, (Mn);
npomeom; paouUAUUOHHAS 3aUUMA; PAOUAUUOHHAS CIOTIKOCb; CKOPNUOH; Cheponum; si0epHbiil 83pvi8

Jnstyumuposanus: Jlakoma A. Paduayuonnas sausuma 6 21 eexe. Becmnux eotick PXB 3aujumut. 2024;8(4):305-322
EDN: xckbzz.
https://doi.org/10.35825/2587-5728-2024-8-4-305-322

IIpospaunocmv Punancosoii desmenvHoCMU: ABMOP He UuMeermn GUHAHCOB0T 3AUHINEPECOBAHHOCU 8 NPe0Cmas-
JIeHHDLX MAMEPUATIAX UL MeMO0ax.

Kongnuxm unmepecos: asmop A61semcs uneHom peokonneeuu syprana ¢ 2023 e. Imo He nosausno Ha npouecc
PeuUeH3UpPOBAHUS U OKOHUAMENIbHOE peuierue.
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The development of radioprotective agents
in the past decades became one of the main
challenges of mankind. The reason is obvious -
use of nuclear materials in civil, military
and possible misuse by terrorists. Here we
present approaches which can be helpful in the
development of such agents. The research in
molecular biology of the bacterium Deinococcus
radiodurans, one of the most radioresistant
organisms on the Earth, can bring rather simple
solutions in the development and practical use
of radioprotective agents. On the other hand,
the radioresistance of eukaryotic multicellular
Arthropods - scorpions is known for decades.
Nevertheless, the detailed results of this research
are not known so far. At last, however not least,
we review of the currently searched spectrum of
radioprotective agents.

Introduction

“Gurkha, flying on a fast and powerful
viman, threw a single projectile charged with the
power of the Universe at three cities. A glowing
column of smoke and flame, as bright as ten
thousand suns, rose up with all its splendor. It
was an unknown weapon, an iron lightning, a
gigantic messenger of death that reduced to ashes
an entire race of Krishnas and Andhakas.” This
is a quote from Book VII of the Mahabharata.
A slightly softer and less “radiant” expression
“Brighter than a thousand suns” was used by the
writer austrian journalist Robert Jungk (1913-
1994) as the title of his book. This statement
was (supposedly) said by J. Robert Oppenheimer
(1904-1967) when the atomic bomb was
detonated near the city of Alamogordo, New
Mexico in 1945. Oppenheimer is widely known as
the “father of the atomic bomb,” who infamously
summed up his life's work in a 1965 NBC News
documentary by reciting a line from the sacred
Hindu text Bhagavad Gita: “Now I have become
death, the destroyer of worlds.” Quite apt, isn't it?
Nevertheless, we do not intend to analyze either
the “Eastern” books or the mysticism of India.
We were interested in another superstition,
widespread in India, original Persia, and Arab
countries. It claims that a scorpion will not burn
in a fire. If you “get” a scorpion and throw it into

the fire, the scorpion will burn very quickly and
turn into ashes. However, in Sanskrit the word
“fire” has plentiful meanings. In the 1960s,
France carried out tests of nuclear (atomic)
bombs in Reggano and In Ekker (Sahara region)
in Algeria. Similar tests were carried out by the
U.S. at a nuclear shooting range in Nevada. The
first discovery that scorpions have an unusually
high resistance to ionizing radiation was known
as early as 1960. The only creatures that survived
detonations in nuclear weapons testing near the
epicenter of the explosion (“ground-zero”) were
scorpions (genus Androctonus) and some beetles
of the superorder Coleopterida (genus Pimelia).
The resistance of these animals to radiation was
soon (in 1963) confirmed in laboratory tests [1],
and repeated in the field (in 1973) at a test site in
Nevada in the United States.

Since that time several studies have sought
to identify the characteristics of animals

that determine susceptibility to ionizing
radiations! [2, 3].

Main

Bacterium  Deinococcus  radiodurans.
Despite the radioresistance of scorpions

mentioned in the part Introduction we will
start with another “highly radioresistant” living
organism Deinococcus radiodurans. Bacteria of
D. radiodurans were discovered accidentally in
1956 when cans of ground meat were treated with
massive doses of ionizing gamma radiation to rid
them of dangerous bacteria. This bacterium was
found to be capable of surviving radiation doses
up to 10000-15000 Gy i.e. one thousand times
higher than that which is lethal for a human
being [4]. Among biologists and biophysicists,
this extremophile is often known jokingly as
“Conan the bacterium” [5].

Deinococcus radiodurans is also on the list of
“the world’s toughest bacterium” in the Guinness
Book of World Records’.

It is known that ionizing radiation causes the
most deleterious influence on genetic material
because it induces Double-Strand Breaks (DSB)
in DNA. In most cases, this kind of damage
cannot be effectively repaired. In other words,
DSB disrupts DNA strands, shattering them into

! Max Goyffon: Resistance to ionizing radiation. P. 157-163. In: Stockmann R., Ythier E. Scorpions of the world. N.A.P.
Editions, Verrieres-le-Buisson; 2010. 565 p. ISBN 978-2913688117. https://11ib.sk/book/2034275/80fdf1/scorpions-of-

the-world.html

* Most radiation-resistant lifeform. URL: https://www.guinnessworldrecords.com/world-records/most-radiation-

resistant-lifeform (date: 30.08.2024).
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myriads of small pieces of different sizes. The
former process is mainly due to the deleterious
activity of Reactive Oxygen Species (ROS)
produced by water radiolysis, leading to DSBs.
Besides DNA mutilation, ROS inflicts severe
damage on the cell’s proteome, which plays a vital
role in DSB repair; therefore, this mechanism is
unfeasible.

In further studies it has been shown that
ROS stimulates protective reactions that donate
electrons to the free radicals, thus making them
nonreactive. As shown by some of the pioneering
studies [6, 7], the amazing radioresistance of
D. radiodurans is attributed to a scavenger that
exists in the cytosol (moieties of less than 3 kDa).
These small molecules protect D. radiodurans
proteome from oxidizing radicals by quenching
the ROS produced by radiation. The secret
behind D. radiodurans’incredible radioresistance
lies in its ability to protect its proteome. Thanks
to this ability, D. radiodurans can repair up to
500 breaks, while E. coli can fix two or three
breaks at once in its DNA only. This peculiarity
is generalized by the following concept: A cell
dies when its proteome ceases to function, as the
most critical biological information comes not
from its DNA but from its protein structure.

A new bio-concept, expressed as “The
primacy of Proteome over Genome”, or “The
primacy of biological function over information”,
was both proposed and demonstrated by Krisko
and Radman [8].

In short, they argue that: (1) a cell dies
when its vital functions performed by the
proteome cease, whereas (2) genome integrity
is required (in addition to an active proteome)
for the perpetuation of the surviving cell. It
is of importance to note that the preservation
of vital functions of proteins is fundamental
for transmission of information—however,
information is effectively useful once transmitted
and received.

A small theoretical experimental
summary concerning the radioresistance and
radiosensitivity of D. radiodurans can be found
in the reference [9].

A comprehensive description of
astonishing DNA repair ability has
described in a review article [10].

According to the author - soon after the
structure of DNA was published, the field
of radiobiology coalesced around two ideas:
(i) cellular damage is indiscriminate in irradiated
cells and caused mainly by ROS, and (ii) DNA is
the critical radiation target. Because individual
proteins in a cell typically exist at much higher
levels than their corresponding genes, “death by
DNA damage” became radiation dogma [11].

the
been
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Over the next decades, however, the two
central tenets of classical radiobiology were
repeatedly tested and refuted. It has been shown
that:

i) cellular damage in irradiated cells is not
indiscriminate, but instead dependent on a cell’s
Mn?** antioxidant content,

ii) proteins are the critical targets of radiation
in sensitive cell-types, not DNA [12-16].

The three earliest D. radiodurans findings
that set the stage for overturning the central
tenets of DNA-centric radiotoxicity models are:
1) in 1964, A.K. Bruce demonstrated an LMW
(<15 kDa) protein-free D. radiodurans extract
capable of protecting E. coli against the lethal
effects of ionizing radiation [17]; 2) in 1964,
J.K. Setlow and colleagues showed that DNA in
D. radiodurans is no more protected from UVC
radiation than DNA in radiosensitive bacteria
[18], and 3) in 1976, A.K. Bruce and colleagues
further showed that D. radiodurans accumulated
100 times more Mn** than E. coli,and importantly,
that lowering the concentration of Mn** in the
culture medium resulted in a marked decrease
in the survivability of D. radiodurans after UVC
irradiation [19].

Evidently, any protein expressed in
D. radiodurans or D. geothermalis is protected
from ROS wunder high-level chronic ionic
irradiation [20].

This form of protein protection was shown
to be independent of MnSOD, yet dependent on
the accumulation of Mn?* ions in the cells. This
led M.]. Daly and colleagues to shift their studies
from DNA repair to cell-cleaning functions,
and in 2004, they reported the identification of
a widespread Mn?*-dependent, nonenzymatic
mechanism required for extreme radiation
resistance [12]. Moreover, the Deinococcus group
further showed that cellular Mn** does not
protect DNA, which implied that proteins are the
targets of Mn protection in D. radiodurans [21].

In 2007, extreme radiation resistance among
bacteria was shown to consistently coincide with
a greatly diminished susceptibility to radiation-
induced protein oxidation but with similar
radiation-induced DNA lesion-yields as in other
organisms. Thus, a new model of radiation
resistance was proposed in 2009 wherein naturally
sensitive bacteria are killed by radiation mainly
owing to protein oxidation, whereas Mn?**-
metabolite complexes accumulated in extremely
resistant cells protect enzymes needed to repair
DNA and allow survival [22].

The new theoretical contribution to the
understanding of radiation resistance is a new
concept where a cell’s proteome, rather than
its genome, is the prime target responsible



for radiation-induced cell death, and that
cellular radiation resistance is governed by Mn
antioxidants [23, 24].

Resistance to acute and chronic forms
of ionizing radiation in archaea, bacteria,
fungi, and simple animals critically depends
on the intracellular accumulation of Mn
antioxidants, nonenzymatic Mn?* ions bound
to LMW metabolites such as orthophosphate
(Pi) and peptides. The resulting Mn complexes
catalytically quench O, radicals and have been
shown to confer greatly enhanced radiation
survivability on polyploid cells by enhancing
their capacity to mend DSBs. Manganous ions
first facilitate radiation survival by preventing
O, damage to proteins: by replacing Fe** with
Mn?* as mononuclear cofactors in enzymes,
which protects active sites from oxidative
damage. More importantly, surplus Mn** ions
(i.e., the portion of a cell’s Mn** budget that is
not bound to proteins) spontaneously form
Mn antioxidants, which provide global protein
protection and thereby preserve the functions of
irradiated enzymes.

For completeness we include here the
physiological roles of manganese in humans.
Adult humans have 15-18 mg of manganese,
stored mainly in the liver [25].

Mn?** functions include: 1. Cofactor or an
activator of enzymes such as arginase, glutamine
synthase, isocitrate dehydrogenase, pyruvate
carboxylase, glycosyltransferases, cholinesterase,

lipoprotein lipase, phosphotransferases,
hydrolases, acetyl-CoA carboxylase, squalene
synthase, =~ ALA  synthase, mitochondrial

superoxide dismutase, and all three enzymes
of the oxidative phase of pentose phosphate
pathway (glucose 6-phosphate dehydrogenase,
gluconolactone hydrolase, 6-phosphogluconate
dehydrogenase). 2. Role in carbohydrate
metabolism - as a cofactor of isocitrate
dehydrogenase, pyruvate carboxylase, and the
enzymes of oxidative phase of pentose phosphate
pathway, Mn?** plays important roles in the TCA
cycle, gluconeogenesis, and pentose metabolism.
3. Role in mucopolysaccharide and proteoglycan
synthesis — participating in glycosyltransferase
activity, Mn** plays a role in the synthesis of
heteroglycan mucopolysaccharides such as
chondroitin sulfates, which are than incorporated
into proteoglycan aggregates of extracellular
matrices of connective tissues, tendons, and
bones. 4. Porphyrin synthesis - Mn?* may help
in heme synthesis as a cofactor of ALA synthase.
5. Antioxidant action - as a constituent of
mitochondrial superoxide dismutase, Mn** helps
in the conversion of superoxide free radical to
H,0, (20, + 2H*= O, + H,0,)).

PapgnaunoHHas 3awmTa B 21 Beke
Radioprotection in the 21st Century

Manganous ions are unique among redox-
active transition metals that accumulate in cells
in that they are innocuous under conditions
where other biologically active transition
metals (in particular, Fe**) tend to promote the
formation of ROS. Electron-dense cytoplasmic
granules in D. radiodurans cells are depots of Mn
antioxidant precursors (Figure 1A), and contain
the highest intracellular Mn (3 mmol/L) and
Pi (25 mmol/L) concentrations in the cells
[10] cells can accumulate up to millimolar
concentrations of Mn?* ions in the form of
cytoplasmic Mn antioxidants, in addition to the
MnSOD [23]. Both MnSOD and Mn antioxidants
catalytically scavenge O, formed through
metabolic processes or by radiation exposure,
converting these ions to H,O, (Figure 1B). H,0,
is membrane-permeable and can escape the cell,
whereas O, is not membrane-permeable and
would become trapped and accumulate inside
irradiated cells [26].

It should be noted that the Mn ions are
radioprotective against acute radiation syndrome
ifadministered in the form of MnCl, in mice [27].

Early tests of the “death by protein damage”
radiation model gave rise to a novel irradiated
vaccine technology [28].

The tests revealed that while proteins in
D. radiodurans are highly resistant to ROS during
irradiation, they are as sensitive to ROS as E. coli
proteins when purified from the cells. However,
when purified E. coli proteins are mixed with
Deinococcus Mn antioxidants, they can survive
undamaged after exposures greater than 30 kGy
of gamma-rays, a dose that obliterates similarly
treated DNA. Mn antioxidants have been found
to protect the activity of a range of irradiated
enzymes in vitro, including the DNA repair
enzyme T4 DNA ligase [29].

Ionizing radiation is a commonly used
method for sterilizing laboratory and medical
supplies, and it has been reported as a vaccine
production strategy since the early days of
vaccinology. However, decades ago, irradiation
was largely abandoned as a vaccine development
approach because of the coincident oxidative
destruction of critical surface epitopes during
pathogen inactivation. In aqueous conditions,
nucleic acids and proteins are severely damaged
by the indirect action of ROS generated from
the radiolysis of water. In vaccine production,
radiation-induced destruction of the nucleic
acids in a pathogen is desired while damage
to the structural proteins on the surface of a
pathogen is not because it reduces antigenic
potency. Deinococcus Mn antioxidants thus can
be used to selectively protect surface proteins
of cells and viruses from the indirect effects
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Figure 1: Deinococcus radiodurans antioxidant defenses. (A) Electron-dense granules are highly enriched in Mn?* and
phosphate precursors of Mn antioxidants, visualized by transmission electron microscopy (TEM), identified by arrows inside
a dividing. The 4-8 identical genomes per cell in D. radiodurans are condensed into nucleoids (N) wherein the chromosomes
and plasmids are highly recombinogenic. Scale bar 0.5 um. (B) lonizing radiation-driven reactions that generate reactive
oxygen species (ROS) and cellular mechanisms related to dismutation of superoxide (O,) by Mn-dependent superoxide
dismutase (MnSOD) and Mn antioxidants, illustrating the two complementary catalysts of superoxide defense, MnSOD and
Mn antioxidants (H-Mn). Importantly, O,*~ damages proteins, but not DNA. (the figure is adapted from [10])

PucyHok 1 - AumuokcudaumHelie 3aujumHole ceolicmea 6akmepuu Deinococcus radiodurans. A - 21eKmpoHHO-N/A0MHble
2paHynel 060zauwjeHbl Mn?* u hocchamHbiMu Npomomunamu aHMUoOKcUdAaHmMoe MapzaHua Mn, Komopble MO}CHO pasans-
O0emb Yepe3 npoceevusarowuli 31eKmpoHHbIl MUkpockon. OHU 8bl2a5105iIM Kak cmpesibl BHympu paspe3a 4 -8 udeHmuyHbIx
2eHoMoe Ha knemky D. radiodurans cnpeccoeaHbl 8 Hykneoudul (N), XxpoMocoMbl u naasmudel, 8 Komopbix 061adarom ebi-
cokoli pekoMbuHaHmHocmoio. LLIkana O0esneHus 0,5MKM. B - Bo3z0elicmsue paduayuu ebi3bléaem pedkyuu, 8 pesysbmame
Komopblx 06pasyomcs yacmuubl KmugH020 KUC/10p0da, a makyce 3anyCKaromcs K/iemouHble MexaHu3Mbl, omeeyaroujue
3a ducmymauuto cynepokcuda (O,*") nocpedcmeom mapzaHey-3asucumoli cynepokcudducmymasel (MnSOD) u aHmuokcu-
0aHmMo8 Mapz2aHuya, Ymo no3eos5iem HaM ysudemsb 08a 00NOAHUME/bHbIX Kamaausamopa 3awumsl cynepokcuda, MnSOD
U aHmuokcudaHmol mapzanya (H-Mn). BaxcHo ommemumb, umo O,°~ noepexcdaem npomeuHol, HoO He HGHOCUM HUKAK020

epeda [HK (pucyHok nodzomoesen no [10])

of gamma radiation, while leaving DNA and
RNA inside cells and viruses unprotected. This
approach gave rise to a rapid and highly effective
means of producing inactivated vaccines with
preserved antigenic epitopes at supralethal doses
of irradiation [30].

Mn antioxidants constitute about 70% of the
cytosolic Mn** in D radiodurans, where they form
complexes with Pi and peptides [7]. Through
the analysis of naturally occurring Deinococcus
Mn complexes, the peptide components of Mn
antioxidants were rationally designed to yield
a synthetic complex called MDP (manganese—
decapeptide-phosphate). The MDP complex
forms spontaneously when the decapeptide
DEHGTAVMLK, Pi, and Mn®" are combined
(Figure 2). The ability of MDP to preserve
neutralizing epitopes during supralethal
irradiation has been critical to the commercial
development of irradiated vaccines®.

Over the past 50 years, radioprotection
approaches have firmly focused on compounds
that protect DNA and those that modulate
cellular radiation responses, but they have
yielded few radioprotectors. MDP, which is

innocuous in mice and rats, has been tested as an
in vivo radioprotector in a murine model at the
Armed Forces Radiobiology Research Institute
(AFRRI) [29].

Notably, MDP has been shown to completely
protect mice from a typically lethal gamma
radiation dose of 9.5 Gy when administered both
pre- and post-irradiation [29] (Figure 3).

Manganese antioxidants based on peptides
are also accumulated in eukaryotes, including
vertebrates. However, whereas peptides in Mn
antioxidants of bacteria are derived mainly by
proteolysis, Mn**-binding peptides in eukaryotes
are synthesized mainly from amino acid
precursors (e.g., glutathione). A second example
of Mn antioxidants shown to act as in vivo
radioprotectors is glutathione (l-y-glutamyl-
l-cysteinyl-glycine), the most abundant LMW
thiol in animals, ranging from 0.5 to 10 mmol/L.
Mn-glutathione-like complexes act as in vivo
radioprotectors when administered to mice [31].

MDP provides exceptional hematopoietic
protection as reported in the AFRRI study
where MDP significantly protected against
hematopoietic ~ acute radiation syndrome

* Phelan M. Bacteria Found in Nuclear Reactors Could Be the Secret to Faster, Cheaper Vaccines. URL: https://
gizmodo.com/bacteria-found-in-nuclear-reactors-could-be-the-secret-1843965129 (date: 30.08.2024).
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Figure 2: Radioprotection by the rationally designed Mn antioxidant manganese-decapeptide-phosphate (MDP).
MDP: 3 mmol/L decapeptide [DEHGTAVMLK], 25 mmol/L phosphate buffer (pH 7.4), and 1 mmol/L MnCl2, added in
that order. The previously published material reused without changes; representative Chlamydia transmission electron
microscopy (TEM), Uniformed Services University of the Health Sciences (USUHS)). Irradiations: °Co (kGy) (the figure is

adapted from [10])

PucyHok 2 - 3awuma om eo30elicmeusi paduayuu NnocpedCmeoM UCKYCCMBEeHHO C030dHHO20 aHMUOKcUOaHma
MapaaHua - dekanemud ¢ocgpam mapzavua (AOM). AOM: 3 mmone/n ddekanenmud [DEHGTAVMLK], 25 mmonb/n ¢poc-
tamnozo 6ydepa (pH 7,4), u 1 mmonb/n MnCl,, cMewaHbl umeHHO 6 makom nopsdke. [106MOPHO UCNONMb306aHHbIL paHee
0ony61uKoeaHHbIli Mamepuan 6e3 usmeHeHull; 06paseuy xaamuouu, paccMompeHHbIli Yepe3 npoceeyusarowuli 31eKmMpoH-
HbIl Mukpockon(TEM), BoeHHo-MeduuyuHckuli yHusepcumem CLLA (USUHS)). Uznyuerus: ¢°Co (klp) (pucyHok nodzomose-

neH no [10])

(H-ARS) in mice exposed to 9.5 Gy. MDP
pretreatment improved hematopoietic recovery,
suppressed radiation-induced erythropoietin
and thrombopoietin levels in the serum, and
attenuated radiation-induced splenomegaly and
hemorrhage in the brain. Moreover, MDP also
protectedbone marrowagainstradiation-induced
injury, preserving bone marrow cellularity and
preventing adipogenesis, compared to untreated
controls where bone marrow was largely occupied
by fat cells by the end of the study. These results
support a possible role of MDP in late mitigation
of radiation-induced anemia, a major contributor
to mortality after irradiation [29].

In the context of enhancing proteostasis, it
will be interesting to consider the substitution
of the levorotatory (L) decapeptide component
of MDP with the dextrorotatory (D) isomer
to harness a fundamental characteristic of all
organisms: enzymes cannot degrade D-peptides
(nor D-amino acids), but D-peptides retain
the same chemical properties as the L-forms,
and with indistinguishable ROS-scavenging
capacities. D-MDP is thus expected to provide
a metabolically more durable form of in vivo
proteome protection than L-MDP [29].

Scorpions. As mentioned in the part
Introduction the only creatures that survived
detonations in nuclear weapons testing (French,
U.S.) near the epicenter of the explosion (“ground-
zero”) were scorpions (genus Androctonus).
Experimental irradiation trials with cobalt-60
in three species of Androctonus demonstrated
radioresistance, with an LD, of 400-820 grays

(Gy) over a period of 30 days, which is much
higher than that for many other animals (640 Gy
for adult Drosophila, 15 Gy for tortoise, 9 Gy for
mice a dose of 40 Gy is sufficient to cause instant
death in humans and a dose of 2-6 Gy may cause
serious blood and digestive problems. (The LD_|
inhumansaccordingto othersourcesis3.5-4 Gys.
Irradiation of A. mauritanicus at a dose of 100-
200 Gy causes the reversible arrest of gonad
cell mitosis, this arrest becoming irreversible
at higher doses. There may be multiple reasons
for this exceptional resistance. DNA is highly
sensitive to irradiation, but mitosis is rare in
scorpion tissues other than during molts and
other than in the gonads; scorpions have high
circulating taurine (a radioprotective amino acid)
concentrations that do not increase following
irradiation, low levels of metabolic exchange, low
levels of oxygen consumption, and hemocyanin,
which has antioxidant enzymatic properties,
neutralizing the effects of the radiolysis of water.
Desert scorpions from arid areas (Buthidae) seem
to be the most resistant [32, 33].

It has been shown that hemocyanin plays a
role in the radioresistance ot the scorpions [34].

This  blue pigment of hemolymph
is undoubtedly an important factor in
radioresistance because of its copper content and
oxyphoric properties, and of its catalytic activity.
This molecule possesses a triple antioxidant
effect, having enzymatic activities for catalase,
peroxidase, and superoxide dismutase [35, 36].

It should be noted that in contrast to
hemoglobin the enormous molecules of

BecTHuK Borick PXB 3awutbl. 2024. Tom 8. N2 4

SNOdVIAM d4VITONN WOY4d NOILDI1O0dd ANV ALI4dVS NOILVIAVY

BEUXKAdO OJ1OHdITE 10O VLUTTVE N 91.D0HDVUOEI9d BYHHOUTNVYUT Vd

311



PAOVNALUNOHHAA BE3OIMACHOCTb N 3ALLUNTA OT AOEPHOIO OPY>XWA

RADIATION SAFETY AND PROTECTION FROM NUCLEAR WEAPONS

312

JlakoTa A.

Lakota J.
A Survival B Body weight
120 30
804 25
X 604 () k
404 20
204
AN
& ;
D P NPT M A A & DR R S I WA,
C Clinical score

- Veh+Sham
—— MDP+Sham
== Veh+IR
~— MDP+IR

* p-value < 0.05 in comparison to Veh+Sham
A p-value < 0.05 in comparison to Veh+RI

Average score/ group
s T e ET

Figure 3: MDP confers radioprotection in vivo and results
in improved clinical scores in animals post-irradiation.
(A) 100% 30-day survival in MDP-treated irradiated mice.
(B) Reduced body weight loss in MDP-treated irradiated mice.
(C) Lower average clinical scores in MDP-treated irradiated
mice. All the animals were monitored daily for any clinical
signs of morbidity or mortality associated with IR exposure
and scored accordingly. IR exposure dose was 9.5 Gy.
*p < 0.05 vs. Veh+Sham; *p < 0.05 vs. Veh+IR. Veh, vehicle
(the figure is adapted from [29])

PucyHok 3 - [I®M noseossiem noayyume 3aujumy om pa-
ouauuu in vivo, a makice yayyuwiaem KAuHUYeCKue nokasa-
mesiu WUBOMHbIX, hodsepauwiuxcs 0bayueHuro. A - 100 %
30-0HesHas ebiicusaemMocmv y MCUBOMHbIX, KOomopble
noosepznucb o3delicmeuro paouauuu u hpowau Kypc
neyeHus APM. B - MeHvwas nomeps eeca y Mbiwel,
Komopble nodsepz/uch 8030elicmeuto paouayuu u npowsu
Kypc neuveHus [®M. C - bosee HusKue K/auHuyeckue
nokasamenu y Molweli, Komopble nodeepzaucb eo3deli-
cmeur paduayuu u npownau Kypc neyeHus ®M. Cocmo-
SIHUe 8ceX W CUBOMHbIX exceOHEe8HO KOHMpOoaAUpoedau Ha
npedMem HAAUYUS KAUHUYECKUX NPU3HAKOE 60se3HU uau
71emasnbHo20 Ucxo0a ecsnedcmeue eo30elicmeusi paouo-
aKmueHo20 ussy4veHusl. 1o pe3ynbmamam npoeepoK ebi-
cmaensnuce 6annvl. Joza paduayuu, Komopyo nosayyanu
sueomHble cocmaensna 9,5 p. *p <0.05 vs. Veh+Sham;
“p<0,05 vs. Veh+IR. Veh, mpaHcnopmHoe cpedcmeo
(pucyHok noozomoesieH no [29])

hemocyanin are freely circulating in the
hemolymph and are not found in any of the
cells. These characteristics, found in crude or
purified hemocyanin and in its heavy dissociated
products (i.e. dodecamers and hexamers) showed
that hemocyanin may neutralize the effects
of irradiation by disproportionation of the
toxic H,O, product. The finding that catalase
is a component of this complex oxyphoric

metalloprotein is an interesting discovery that
warrants further study since catalase activity is
considered essential to cell protection against
all types of irradiation. However, the situation
about the scorpion radioresistance is much
dimmer as the author of this article expected.
Strangely enough the research data are extremely
difficult to find. They are simply inaccessible.
From the rare amount of data which is accessible
we will present PrintScrn figures which are
mainly in French. The author apologizes for
any inconvenience. As an example of the above-
mentioned status, we are providing the following
example:

On April 3, 2023, author M. Allen published
a popular article “Résistance aux radiations
des scorpions: une explication scientifique”
(“Radiation resistance of scorpions: a scientific
explanation”) which was available on the web
until the author asked for details. After that the
link disappeared. At the end of the article the
author published three references (“Références et
lectures complémentaires”):

1. Gantenbein B, Fet V, Gromov AV. Scorpions
du monde. les éditeurs Pensoft; 2013.

2. Khan SA, Jabeen S, Khan SA, et al. Résistance
aux radiations chez les scorpions : mécanismes et
applications. Mutat Res. 2016;770(Pt B):236-243.
doi:10.1016/j.mrfmmm.2015.05.009

3. Moustafa IM, Foster RA. Résistance
aux radiations chez les scorpions. ] Arachnol.
2014;42(3):226-232. doi:10.1636/P13-16.1

By careful search one concludes that all three
references are “false”.

Scorpion hemolymph contains variable
amounts of cells (16000 +/- 7900 cells/pl), three
to four different cell types were described [37].

In the historical paper “Modifications
comparées des éléments figurés de 'hémolymphe
du Scorpion saharien Androctonus australis (L.)
Hector C.L. Koch soumis soit a des agressions
d'ambiance soit a une irradiation expérimentale™
published in 1967 the authors analyzed the
hemolymph of scorpions after irradiation.
They introduced a new type of cell “hémocytes
annelés” (anulocytes) (shown in Figure 4).

These cells are present under “normal”
conditions in the hemolymph and their content
is less than 2%. Their number increases after
trauma, chemical, thermal injury (up to 16%)
and reaches more than 50% after an irradiation
(Figure 5).

The “kinetics” of the percentage of the
anulocytes 1, 2 and 3 days respectively after
irradiation (500, 750 and 1000 Gy, respectively)
is shown in Figure 6 as a histogram.

* Modifications comparées des éléments figurés de I'hémolymphe du Scorpion saharien Androctonus australis (L.).
URL: https://www.biodiversitylibrary.org/part/267677 (date: 10.09.2024).
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Figure 4: Anulocytes (“hémocytes annelés”) (the figure is
adapted by author from the web-page URL: https:/bsam.
biopharm.dz/public/uploads/posters/poster-11.pdf; date:
10.09.2024)

PucyHok 4 - Cepouumbl (“hémocytes annelés”) (pucy-
HOK nodzomoesieH demopoM ho Mamepudsaam calima:
URL:  https:/bsam.biopharm.dz/public/uploads/posters/
poster-11.pdf; dama obpawenus: 10.09.2024)

Here, the anulocytes are cells which appear
in the scorpion’s hemolymph after irradiation
and are “probably” responsible for the radiation
resistance. In the year 2024, almost 60 years

Pourcentage d'llémocytes observés (m =f: 6 et Sm).

Hémocytes granulo- | "
o el Cellules sphéruleuses

.‘,"’.'",
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27,86 4 2,2
Sm ~ 0,90

men).

ST
Sm = 0,9
S 182 4 1,3

Sm = 0,6

Figure 5: Anulocytes in the scorpion’s hemolymph after
different types of injury (right column). 100 r = 1 Gy,
J - day (the figure is adapted by author from the web-page
URL: https:/www.biodiversitylibrary.org/part/267677;
date: 10.09.2024)

PucyHok 5 - Cepepoyumul 8 zemonumcpe ckopnuoHa nocse
noslyyeHUss UM pasAuyHbiX mpaem (npaewili cmoabuk).
100 pao = 1 zpeli, J - cymKu (pucyHoK nodzomoesieH
aemopoM no mamepuanam catima: URL: https:/www.
biodiversitylibrary.org/part/267677; 0ama ob6paweHus:
10.09.2024)
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after the “anulocyte paper” a poster’. “La
cellule immune de la radio-résistance: de
I’analyse morpho-fonctionnelle aux perspectives
pharmaceutiques” (“The immune cell of radio-
resistance: from the morpho-functional analysis
to pharmaceutical perspectives”)®, appeared.
The authors without any doubt claim that the
anulocytes are responsible for the radioresistance
of scorpions. In the conclusion the authors claim:
“The cytological belt of the anulocytes is the
main actor of the radio-resistance and survival
to extreme physical attacks identified in the
(scorpion’s) immune system. Further analyses of
large highly basophilous granulations resulting
from the fragmentation of the ringed formation
(of the anulocytes) are open for the development
of pharmaceutical products of radiation

protection”. We add that careful biochemical
and molecular-biological analysis of the whole
process can bring not only new radioprotectors
the

but new deep discoveries in field

of biology.

S
7o némocytes
annolés,
704

60.
E e

40

301

I41 J42 I3,

S b S )
50.000T. 75.000 . 100.000 r. |
t_____ irradiations  expérimentales. ____J

Figure 6: Histogram of the “kinetics” of anulocyte
percentage after irradiation (100 r = 1 Gy, J - day)
(the figure is adapted by author from the web-page
URL: https:/www.biodiversitylibrary.org/part/267677;
date: 10.09.2024)

PucyHok 6 - CeooHas mabauuyd OUHAMUKU U3MeHeHUs
NpouyeHMHo20 COOmHoweHus cgepoyumos nocse obayye-
Hus (100 pad = zpeii, J - cymku) (pucyHok nodzomoeseH
aemopoM no mamepuanam catima: URL: https:/www.
biodiversitylibrary.org/part/267677; 0ama ob6paweHus:
10.09.2024)

> Modifications comparées des éléments figurés de I'hémolymphe du Scorpion saharien Androctonus australis (L.).
URL: https://www.biodiversitylibrary.org/part/267677 (date: 10.09.2024).

¢ Kerboua KE, Lasla S, Kaddouri FZ. La cellule immune de la radio-résistance: De 'analyse morpho-fonctionnelle
aux perspectives pharmaceutiques. URL: https://bsam.biopharm.dz/public/uploads/posters/poster-11.pdf

(date: 30.08.2024).
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Radioprotectors. In their paper [38]
the authors suggested the classification of
radioprotective agents as shown in the Figure 7.

Asterisks indicate agents approved or under
considerations for clinical use as follows:
Amifostine (Ethyol) is specifically approved by
FDA as a radioprotector that prevents cumulative
normal tissues toxicity associated with cancer
treatments and offers significant reduction of
radiation-induced xerostomia in head and neck
radiotherapy patients. Genistein (BIO300) has
currently an investigational new drug (IND)
status as radioprotector of normal tissues to
prevent acute radiation syndromes. While FDA
has approved Neupogen (filgrastim), Neulasta
(pegfilgrastim) and Leukine (sargramostim)
to ameliorate neutropenia induced by cancer
treatment, these compounds are currently under
investigation as radiation countermeasure agents.
Palifermin (Kepivance) is an FDA-approved
recombinant derivative of human keratinocyte
growth factor (KGF) that is used to treat oral
mucositis in patients undergoing hematopoietic
stem cell transplantation.  Recombinant
salmonella flagellin CBLB502 (Entolimod) is
FDA approved as off-label drug that can be
used during nuclear or radiological accidents
to protect against acute radiation syndromes.
Prussian blue (Radiogardase) and potassium
iodide (KI) are FDA-approved decorporating
agents to increase the rate of elimination of
radionuclides in internal contamination”’ [38].

Here the authors describe general therapeutic
approaches to develop novel radioprotective
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- Vitaming, minerals and
Cysteine, cyiteamine (oo Classes of hormones:
MeChptoechybmine, MEA) adiapratec Vitamin A, vitamin €, vitamin E
asnifostine (WR2T21)", L Ll o
Eytaphos (WR-635) selenomethioning, a-lipaic 3cid,
/{ /{ \:‘\ Meacetyl cysteine, selemium and
Pl ] Botanicaland herbal extracts: kb et et ot
Curcumin, genistein (B10300]*, PO Pk sl :
Podophyam hixsdéndmunm Bacterisl gutracts:
sesamel i Bronchavansm, Lactobatillus
EifsenE Rostenarinu i, FeCOmBEnant ialmoneile
(A bievdingg gt wificinalis, Aloe vers, Alitonis flagellin {CRLBSO2], lipopeptide
HEXIEE, HIBMAD, ‘seholarts, Mentha piprats, of Mycoplasma [CBLB613),
 diommolybdenum, Ageratum comyzosses, Atgle nwwmmd
HI3342-OMA, H33342-TRE, 1] ommeinshs, Emblica otfeinatis,
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Iu].lt;a:cﬁmqﬁmw‘ GLSF & chanvaryaprash, mist (Mentha DTPA, DTPA di- 30 tii-athyl
atim arverdh), Syryghum cumani 308, sadium bicarbonate,
peghigrastim®, lenagratism, [lamun), Coleus aromaticus, recombinant Chiceella, silica
sargramastim®), Palifermin® Chrberithn, Vicenin based materials

Figure 7: Schematic representation of various classes of
radioprotectors citing most studied compounds (the figure
is adapted from [38])

PucyHok 7 - Cxemamuyeckas knaccugukayuu pasnuyHbix
cpedcme 3aujumsl om paduayuu co ccbl/IKamu Ha Haubosee
u3yyeHHble KOMNoOHeHMbl (pUcyHoK nodzomoeseH no [38])

agents. Radioprotectors should prevent/suppress
the formation of radiation-induced free radicals
(most of them are produced during radiolysis
with water), thereby inhibiting their reactions
with biomolecules, reducing the incidence
of DNA strand breaks, and preventing the
occurrence of cellular malfunction. Since free
radicals are short-lived (approximately 10-10 s)
and interact rapidly with biomolecules, it is
necessary that radioprotectors are present
in sufficient concentration in the cellular
milieu, at the time of radiation exposure.
Molecules or compounds which increase the
activity or expression of antioxidant enzymes
are also considered radioprotectors. Many
antioxidants have the potential to act as
radioprotectors; however, not all antioxidants
offer radioprotection, and this paradox may be
explained by the relative activity of a compound
when reacting with radiation-induced reactive
species compared with those generated under
H,O, induced oxidative stress. Conventional
antioxidants may not be able to scavenge this less
reactive secondary species because either they do
not accumulate in proximity to the secondary
radicals, or they may not have enough kinetic
reactivity to scavenge them effectively. Thiols
(e.g., amifostine), hydrophilic antioxidants
(e.g., GSH), and newly developed cyclic nitroxides
have adequate reactivity to effectively scavenge
+OH and secondary radicals as well. Molecules
or events that play a role late in signaling and IR-
induced apoptotic pathways may act as potential
targets for post-irradiation interventions
(Figure 8).

i) ATM/ATR is activated by DNA damage
and DNA replication stress; however, they often
work together to signal DNA damage and trigger
apoptotic cell death by upregulating proapoptotic
proteins such as apoptotic protease-activating
factor-1  (Apaf-1), phorbol-12-my-ristate-13-
acetate-induced protein 1 (Noxa), and Bcl2-
associated X (Bax) after IR.

i) Pifithrin (PFT)-p
(2-phenylethynesulfonamide) directly inhibits
p53 binding to mitochondria as well as
inactivates the antiapoptotic proteins Bcl-xL
and Bcl-2 on the mitochondrial surface, thereby
suppressing subsequent release of cytochrome c
and apoptosis, whereas PFT-p reversibly inhibits

transcriptionally  mediated  p53-dependent
apoptosis.
iii) Signal transducer and activator of

transcription 3 (STAT3) can be activated by
various growth factors and protects against IR

7 The interested reader can find the list of current (FDA approved and not approved) radioprotectors at: Curated
database of radioprotectors. URL: https://radioprotectors.org/home (date: 30.08.2024) and in a more recent

publication [39].
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Figure 8: General therapeutic approaches to develop novel radioprotective agents. lonic radiation, directly or indirectly,
causes damage to macromolecules such as DNA, lipids, and proteins. As a result, oxidative stress is generated, which either
triggers DNA damage repair or induces p53-mediated cell disorders, such as cell cycle arrest and cell apoptosis. When the
damage exceeds the cell’s ability to repair itself, the cell appears to follow the death program. The protective activities
of potential radioprotectors should target such phases/mechanisms with the aim to shield the normal cells from harmful
insults of irradiation (the figure is adapted from [39])

PucyHok 8 - O6wue mepanesmuyeckue no0xo0bl K paspabomke UHHOBAUUOHHbIX cpedcme paduayuoHHol 3auumebl.
UoHusupyrowee usayyeHue npsAMo UAU KOCBEHHO hospexcodaem MAaKpomoseKkysnbl, makue kak JHK, aunudsl u 6esaku. B
pe3ynbmame npoucxo0um oKucaumesbHbili cmpecc, Komopbili aubo 3anyckaem npouecc eoccmaHoeneHus HK, au6o
ebi3bleaem p53-onocpedoeaHHble KnemoyHble HapyuleHus, Hanpumep, 0CMAHOBKY K/emouH020 UUK/A Uau ympamy Kne-
mok. Ecau noepexcdeHue Kaemku HACMO/bKO CU/bHOe, YMOo OHA He MoJcem pezeHepupoeamscs, 3anyckaemcs npouecc
ommupaHus Kaemku. Ceolicmea nomeHYUds1bHO HOBbIX CpedCcMe 3awumsl om paduayuu 00/4cHbl N0380/155Mb UM omce-
HUueamp yKa3aHHble NPOUEeCChbl 8 KemKax € Uesblo 3auumol 300p08biX KaAemoK om 2y6umesibH020 8030elicmeusi paouo-

aKmMueHo20 u3ssy4yeHus (pucyHok nodzomoeseH no [39])

damage. The protection mediated by STAT3 is
attributed to its genomicactionsasatranscription
factor (such as upregulating genes that are
antioxidative, antiapoptotic, and proangiogenic,
but  suppressing anti-inflammatory and
antifibrotic genes) and other nongenomic
roles  targeting  mitochondrial  function
andautophagy.

iv) Nuclear  factor-erythroid  2-related
factor 2 (Nrf2) is a well-characterized ubiquitous
master transcription factor, whose activity is
tightly controlled by cytoplasmic association
along with its redox-sensitive transcriptional
inhibitor Kelch-like ECH-associated protein 1
(Keapl). A well-known mechanism of activation
of Nrf2 signaling protects cells against radiation-
induced oxidative stress and also maintains
cellular reduction-oxidation homeostasis. Upon
oxidative stress, Nrf2 dissociates from Keapl
and translocates into the nucleus to activate a
series of antioxidant response elements, such
as GPx, SOD, CAT, and oxygenase-1 (HO-1),
increasing total cellular antioxidant capacity
(TAC), accompanied by suppressed expression
of inflammatory-related genes, avoiding
oxidative stress and excessive inflammatory
response, which is particularly important in
radioprotection.

v) Heat-shock proteins (HSPs), molecular
chaperones, are induced in cells during stress
conditions. Importantly, HSPs are cytoprotective
and can mediate cell and tissue repair after IR-
induced deleterious effects. Higher cytosolic
levels of HSPs have been shown to induce
radioprotective effects by interfering with
apoptotic pathways.

vi) Peroxisome proliferator-activated
receptor-y (PPAR-y), ligand-activated
transcription factors, is a part of the nuclear
hormone receptor family. It suppresses IR
induced survival signals and DNA damage
responses and enhances IR-induced apoptosis
signaling in human cells.

In the following text we will include the
most important (in our opinion) groups of
radioprotective agents:

Thiol-Containing Molecules

In the search for an effective radioprotective
agent, the Walter Reed Army Research Institute
(USA) screened approximately 4500 compounds
from the late 1950s. Cysteine was the first agent
to confer radiation protection in mice after total
body irradiation (TBI) in 1949. Later, various
synthetic compounds with the aminothiol group
were developed and proved to be highly effective
in preclinical models [40].
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Among them, the most effective was WR-2721
or amifostine, a prodrug activated by alkaline
phosphatase to an active sulfhydryl compound
WR-1065, and at this moment, it is the only
cytoprotective agent specifically approved by
the FDA as a radioprotector. The efficacy of
amifostine is attributed to the free radical
scavenging, along with DNA protection and
repair, all of which are coupled with the initial
induction of cellular hypoxia. At the cellular
level, amifostine has significant effects on cell
cycle progression and has antimutagenic and
anticarcinogenic properties [41].

In fact, amifostine indirectly induces the
expression of proteins involved in DNA repair
and triggers antiapoptotic pathways [42] and
expression of antioxidant enzymes. Some authors
have also proposed that it may enhance protective
effects by increasing nuclear accumulation and
inducing transcription factors related to p53
expression [43].

It should be noted, that WR-1065 accumulates
more rapidly in normal tissues than in malignant
cells, because the concentration of membrane-
bound alkaline phosphatase tends to be higher
on normal cells. Moreover, the lower vascular
supply and the acidic environment of many
tumors reduce the rate of dephosphorylation
of WR-2721 and its uptake. It thus seems to
be a unique molecule that might potentiate
radiotherapy (RT) efficacy in two opposite ways
at the same time [44].

The US FDA has approved the use of
amifostine in pre enting/reducing xerostomia
(dry mouth) in head and neck cancer patients
undergoing RT [41]. It has also been assayed in
clinical trials to reduce mucositis, dysphagia,
dermatitis, and pneumonitis during radiotherapy
of head and neck cancers [45].

However, like  other radioprotective
aminothiols, the safety profile of amifostine
has considerable limitations. Although the
side effects such as nausea, vomiting, and
hypotension are not life threatening, they can
further aggravate the gastrointestinal syndrome.
As it will be exposed latter, amifostine has
been assessed in combination with other FDA-
approved drugs (growth factors, cytokines,
vitamin E, metformin, etc,) looking for additive
or synergistic radioprotective effects to prevent
Acute Radiation Syndrome (ARS). Nevertheless,
in most of cases none of these novel strategies
completely counteracts amifostine’s toxic side
effects at the doses needed to be efficacious
as radioprotector [44]. The mechanism of
amifostine protection is shown in Figure 9.

Cyclic Nitroxides (NRs)

NRs, like Tempol, JP4-039, XJB-5-131,
TK649.030, or JRS527.084, are stable free
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radicals containing a nitroxylgroup (-NO.) with
an unpaired electron. The action of nitroxides
to metabolize ROS is ascribed primarily to
cyclic one or two-electron transfer among three
oxidation states: the oxoammonium cation, the
nitroxide, and the hydroxylamine. Nitroxides
undergo a very rapid, one-electron reaction to
the corresponding hydroxylamine, which has
antioxidant activity. In addition to their ability
to neutralize free radicals, NR can easily diffuse
through the cell membranes (and have SOD-
like activity), prevent Fenton and Haber-Weiss
reactions by oxidation of transition metal ions
to a higher oxidation state, confer catalase-
like activity on heme proteins, and inhibit
lipid peroxidation. NRs are able to mitigate
TBI-induced hematopoietic syndrome, when
are administered before or as late as 72 h after
radiation exposition [46].

Phytochemicals

Over the last decades, plant-derived
polyphenols have been screened for their
potential ability to confer radioprotection. The
free radical scavenger potential and antioxidant
activity of polyphenols depends, in part, on
their ability to delocalize electron distribution,
resulting in a more stable phenoxy group.
Moreover, intercalation in DNA double helices
induces stabilization and condensation of DNA
structures making them less susceptible to free
radicals’ attack, reducing genotoxic damage
induced by IR [47].

They are capable of trapping and neutralizing
lipoperoxide radicals and can chelate metal ions
(i.e., iron and copper), which play an important
role in the initiation of oxidative stress
reactions [48, 49].



Polyphenols radioprotective efficacy is
mainly attributed to its antioxidant and anti-
inflammatory properties, to their capacity
to detoxify free radicals, eliciting DNA
repair pathways, stimulating the recovery of
hematopoietic and immune functions [48, 49].
In addition to the biochemical scavenger theory,
there is also evidence of another potential
mechanism by which polyphenols activate
Nrf2, exhibiting cellular protection against
excessive ROS production, oxidative stress,
and inflammation as well. Since the chemical
features of these natural organic compounds
are analogous to phenolic substances, their
antioxidant and antiradical/scavenging radical
(such as H,O,, 2,2-diphenyl-1-picrylhydrazyl)
properties may be correlated positively with
the number of hydroxyl groups bonded to the
aromatic ring. They can exert their protection
against environmental stimuli with the aid of
remarkable antioxidant power by balancing
the organic oxidoreductase enzyme system,
regulating  antioxidant-responsive  signaling
pathways, and restoring mitochondrial function.

Oligoelements

Many antioxidant/defense enzymes, like
SOD and metalloproteins, require trace elements
as cofactors. The main oligoelements showing
protective effects against radiation-induced
DNA damage are zinc (Zn), manganese (Mn),
and selenium (Se) [50].

The principle how these elements are involved
in radioprotection is shown in the Figure 10.

Superoxide Dismutase (SOD) Mimetics and
Nanoparticles

SODs are a group of metalloenzymes that
catalyze the dismutation of superoxide radicals

i A

Increase SOD to
scavenge oxidants

2 /
w\
n VI\I . &; F
58 MT gene
@ ; tivation of  Abundant production of
Se

o™

Increase activity of GPx
and Thio.reductase

Inhibit ROS production

MT gene (M)

DNA damage

&

Inhibit NF-x8 signalling

2 ) ]‘ i
Stabilization of zinc RNANRG

finger domain of  ——» ’ [
Transcription factors

Inhibit DNA strand

§
break formation g

GSH peroxidase

Trigger DNA damage

repairing proteins,
enzymatic antioxidants

Figure 10: Radioprotection by oligoelements (the figure is
adapted from [39])
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(0,7) to HO, and O,, thus are first line of
defense to prevent IR éamages. In the event of
a radio-nuclear attack or nuclear accident, the
skin damage used to be severe. A synthetic SOD/
CAT mimetic (EUK-207) administered 48 h after
irradiation significatively mitigated radiation
dermatitis, suppressed indicators of tissue
oxidative stress, and enhanced wound healing
[51] Mn porphyrin-based SOD mimics (MnPs)
are reactive with superoxide and with other
reactive oxygen, nitrogen, and sulfur species.
MnPs have CAT and GPx-like activities and
peroxynitrite-reducing activity [52].

MnPs administered before and continued
after radiation exposure protect from y-ray,
X-ray, and proton beam irradiation damages
in different animal models, and a few studies
indicatethatbeginningtreatmentwith MnPsafter
radiation exposure is also effective. In normal
tissues, MnPs treatment reduces oxidative stress,
NF-kB, and TGF-B signaling pathways and
activates Nrf2-dependent pathways. Strange
enough MnPs administration in combination
with cancer therapy results in more oxidative
stress in cancer cells, which leads to the reduction
of NF-xB and HIF-la and their downstream
signaling pathways. These changes are associated
with increasing apoptosis and reducing overall
cancer growth [53].

Hormonal  and
Radioprotectors

Several hormones are known to exhibit
radioprotective characteristics, and melatonin,
N-acetyl-5-methoxytryptamine, one of the “most
protective”, is one of them. It is the main secretory
product of the pineal gland. Its radioprotective
properties are outlined in Figure 11.

Hormonal Mimetic

Release of cytochrome C
Apoptogenic factors.
Activation of caspase

Maintaining genomic integrity
Reducing chromosomal aberrations

Figure 11: Melatonin and its radioprotective and
radiomitigative effects (the figure is adapted from [39])
PucyHok 11 - MeaamoHuH u ez2o ceolicmea, hoseonswoujue
YMeHbWUMb HezamueHble nocsedcmeausi om go3oelicmeus
paduayuu (pucyHok nodzomoeseH no [39])
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Figure 12: The five levels of Mission Oriented Protective
Posture (the figure is adapted from Chemical, Biological,
Radiological, Nuclear. URL: https://web.archive.org/web/
2019062822004 6/https://www.armystudyguide.com/
content/army_board_study_guide_topics/cbrn/cbrn-study-
guide.shtml; date: 25.08.2024)
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URL: https:/web.archive.org/web/20190628220046/
https:/www.armystudyguide.com/content/army_board_
study_guide_topics/cbrn/cbrn-study-guide.shtml; date:
25.08.2024)

U.S. Military Guidelines. At the site of the
U.S. Department of Health & Human Services
Radiation Emergency Medical Management
some “guidelines” for the military are present:
https://web.archive.org/web/20190628220040/
https://www.remm.nlm.gov/MOPP.htm

Mission Oriented Protective Posture (MOPP)
Gear: Military PPE

o MOPP Gear: personal protective
equipment (PPE) ensemble worn by troops in
CBRN-contaminated environments

° Protects against:

» Chemical agents;

= Biological agents;

» Radioactive material: external
contamination and internal contamination.

° Cannot protect against exposure to high
energy, highly penetrating ionizing radiation:

» Neutrons and gamma radiation pass
through all forms of PPE.

° Reduces spread of contamination.

° Not intended for hot zone entry.

It should be noted that a crucial warning
is included: “Cannot protect against exposure
to high energy, highly penetrating ionizing
radiation. Neutrons and gamma radiation pass
through all forms of PPE”. On the site® the MOPP
levels are more specified (Figure 12).

Conclusion

In the present paper we have described two
“highly” radioresistant organisms Deinococcus
radiodurans and the scorpion. This feature is
widely recognized and has been analyzed from
different points. For future development it is
important to recognize the “new” paradigm of
radioresistance — a new bio-concept, expressed
as “The primacy of Proteome over Genome”,
or “The primacy of biological function over
information” ~As mentioned above, the
preservation of vital functions of proteins is
fundamental for transmission of information—
however, information is effectively useful only
after it has been transmitted and received. We
believe that this research will bring new effective
radioprotective agents. Some of them (described
in this paper such as MDP: 3 mmol/L decapeptide
[DEHGTAVMLK], 25 mmol/L phosphate
buffer (pH 7.4), and 1 mmol/L MnCl,,) showed
a strong radioprotective activity in the lethal
irradiated mice. Such kinds of radioprotectants
will presumably in the future be used in men
too. On the other hand, in our opinion, the
scorpion’s analysis from the point of view of
a multicellular organism (Arthropods) can
bring new fundamental discoveries not only in
radioprotection but in molecular biology. Here,
the hemolymph’ anulocytes are presumably the
“key” to explain the incredible radioresistance
of scorpions. This could further shift our
understanding of radioresistance in the nuclear
era of mankind. From today’s practical point of
view, in radiation protection we can recommend
the only FDA approved drug Amifostine. We
believe that further research will bring new
agents with a high radioprotective index.

¢ Chemical, Biological, Radiological, Nuclear. URL: https://web.archive.org/web/20190628220046/https://www.
armystudyguide.com/content/army_board_study_guide_topics/cbrn/cbrn-study-guide.shtml (date: 25.08.2024).
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Limitations of the study / Ozpanuuenus uccnedosanus

B maHHOM aHATUTIYECKOM 00630P€e OCHOBHBIM OTPaHIYEHIEM SIB/ISIETCSI OTCY TCTBYE HEKOTOPBIX JAHHBIX, KO-
TOpbI€ IT0 HEM3BECTHBIM IIPUYMHAM He ObIIN Oy OIMKOBAHBI B O(UIIMAIbHBIX NICTOYHNKAX — B OCHOBHOM 9TO Ka-
caeTcs MHPOpMAIK 06 MCCIefOBAaHUAX IO PaMallMIOHHOI ycToIYnBOCTY ckopinoHos / Lack of some data which
are for unknown reasons not publicly available - mainly on research into the radiation resistance of scorpions.
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