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ABSTRACT

Purpose: 1. Discuss the sources of radiation injury and roles of
oxidative stress and radiation toxicity. 2. Define the exposure
environment of astronauts and cosmonauts working in space and on
future exploration—class missions. 3. Review the development of
countermeasures for oxidative stress, radiation toxicity and radiation
exposure for workers in extreme environments.

Methods: Multiple placebo-controlled, randomized prospective
studies have been conducted which have studied the therapeutic and
radioprotection effects of various oral, parenteral and combination
countermeasures on the biological consequences and survival rates after
acute and chronic radiation exposure.

Results: Discussion: Employing oral chemoprevention formulas,
parenterally administered MnSOD-plasmid liposomes, and
hyperimmune serum and vaccines directed on radiation-induced toxins,
have resulted in reduced lipid peroxidation and DNA damage, as well as
increased survival in cell cultures and whole animals receiving acute
high-dose radiation exposures. Each of these strategies, alone and in
combination, deserve further investigation in the pursuit of effective
countermeasures and treatment for occupational exposures which
induce oxidative damage.

Key words: Radiation, Space Medicine, Space Environmental
Hazards, Oxidative Damage, Countermeasures

0630pnas wacmo

ABTOpamMu MPOBeACH MOAPOOHBIN aHAIN3 UCTOUHUKOB
pPaavalMOHHBIX TIOBPEXIEHUI, KOTOpbIe MOTYT HWMEThb
3HaueHMe MPU KOCMUYECKUX osieTax. bobiioe BHUMaHUE B
CTaTbe IOCBSILIEHO Pa3dopy COOCTBEHHBIX 0OJee paHHUX
MyOJIMKAaIIA.

PaccmoTpeHa B TOM uuciie posib OKMCIMTELHOTO cTpecca
1 OKUCIUTETLHBIX MTOBPEXIEHUH MTPU HEOIATONPUSITHBIX BO3-
neictBusix. OTMeYaeTcsl, YTO aCTPOHABTbI/KOCMOHABTHI TIPU
BO3MOXHBIX TTosieTax Ha JIyHy, Mapc 1y 0KoJI03eMHEbIE acTe-
POMIbI OJKHBI CTATKUBATLCS C PUCKOM OCTPOTO M XpOHUYE-
CKOT'O OOJTyUeHUSI OT TSKENbIX YACTHULI, COTHEUHBIX YaCTUILL U
rajakTMYecKux KocMuieckux Jjydeir. Kocmuueckoe uziyde-
HUE UMEET CBOIO Creln(UKY MO CPABHEHUIO C «UUCThIM»
PEHTIeHOBCKMM M Yy-M3JlyYeHUEM B IJIaHE MOIIOIIEeHUSs
SHEPIruu U cTeneHu uoHuzauuu. OaHaKo B paaualiMoOHHOMN
3MUIEMUOJIOTUU U B PAAMOOMOJIOIMH C1a00 U3ydeHbl I dheK-
ThI TSKEJTbIX YaCTULL, XOTSI OTHOCUTEIbHO HEMHOTHUE UCCTIeI0-
BaHMSI Ha XKMBOTHBIX U KYJIBTYpax KJIETOK, 00Jy4eHHbBIX BBICO-
KOHEPreTUYECKMMU MPOTOHAMU U TSKEJIBIMU MIOHAMM, TTPO-
JNEMOHCTPUPOBAIN OTYETIUBYIO WHAYKIIUIO OHKOTCHHOM
TpaHchopMalIMU in Vitro 1 oItyxosieo0pa3oBaHust in vivo. Tsi-
JKeJible MOHBI UMEIOT 00Jiee 3HAUMTEIbHbIN KaHIIepOTeHHbII

MOTEHLMAJ, YEM, K TIPUMEDY, Y-U3TYYEHUE B CBSI3U C OCOOBIM
crekTpoM MHAaynupyembix noBpexkaennii JJHK u ¢ ocoboit
TPYIHOCTBIO X pernapaiuu. B cBs3u ¢ 3TUM, OCHOBHAS 11e/Tb
KOCMUYECKOM paioOMOIOTMHA — Pa3paboTKa METOIOB OIICH-
KU 1 TIPEAOTBPALLEHUS TOTEHIIUATBHBIX PAINAllMOHHO-UHIY-
HIUPYEMBIX KJIETOYHBIX ITOBPEKICHUH, KOTOPBIE MOTYT TIPUBO-
JINTh K paKaM WM UHBIM TaTOJIOTHSIM BO BPEMS WJIN TIOCIIEe
JUTATEJTBHOTO KOCMUYIECKOTO TI0JIeTa.

B nipenBapsiioliieM aKceprMeHTaIbHYIO YacTh 0030pe
aBTOPHI MOAPOOHO PAa30OMPAIOT MOJIEKYISIPHbIE MEXaHU3MbI
OMOJIOTMYECKUX TIOCIEACTBUI BO3IEHCTBUS MOHU3HUPYIOIIIe-
TO M3JTyYeHUsI, CPeI KOTOPHIX KIIIOYeBBIMU SIBIISIIOTCS HEpe-
napupoBaHHbie TtoBpexkaeHus JHK, mpuBomsine Kk myra-
LIASIM, artonTo3y, KJIETOUHOMY CTapeHMI0, KaHIIEpOreHe3y 1
rubenu. [aBHasI MpUYKMHA TaKUX MOBPEXICHUN — (OpMU-
pyeMble B pe3ysibTaTe 00JIydeHUs] aKTUBHBIE (hOPMBI KUCIIO-
poJia M MPOIYKThI IEPEKMCHOTO OKUCICHUS JIUTIHIOB.

M3MeHeHUnsT Ha MOJIEKYISIPHOM U KJIETOYHOM YPOBHSIX
CITOCOOHBI TTPUBOAMTD K HAPYIIEHNIO (DYHKIIMOHAIBHBIX CH-
CTeM opraHu3ma 1 K (hOpMUPOBAHUIO MIOBPEKIEHUI 1 IaTo-
JIOTUI in Vivo, BIUIOTb 0 TSIKEIBIX (DOPM JIydeBoii 0os1e3Hu. B
0COOEHHOCTM 3HAUUTEJbHBIM ITOpaxkalioluMm 3¢ heKToM
0071a1a10T TSKeJTbIe MOHBI 1 KOCMUYECKHE YaCTULIbI. ABTOPBI
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paszouparoT COOCTBEHHOE MCCIIeIOBaHUE, B KOTOPOM OOHapy-
3KEHO, YTO KPBICHI, MOJBEPraBIInecs] BO3/ICHCTBUIO 3apSIKEH-
HBIX YACTHUI[ C BBICOKOW 3HEPrueil OT raJlakTU4ecKOoro u3-
JIydeHUsI, COBEpIIalOT OO0JbllIe OIIMOOK B Ipoliecce odyde-
HUS U MPOSIBJISIIOT KOTHUTUBHbIE OCOOEHHOCTH, XapakTep-
Hble Ui nepuona crapeHus. [IpuunHa 3akiioyaeTcs: B TOM,
YTO BBICOKOIHEPTETUUECKUE YACTULIBI MOAABIISIOT AodhaMu-
HEePruyecKyro CUCTeMy, Hapylasi o0yueHue, aMsTh 1 JIOKO-
MOTOpPHBIe (DYHKILIMK Jaxke mociie Bo3aeiictsus B mo3e 0,1 Ip.

JInst yenoBeKa Takue SKCIepUMEHTAIbHbBIE JaHHBIE, TT0-
HSITHO, OTPaHUYEHbI, HO U3BECTHO, UYTO B TEUEHME Teproa
BbIOpOCA COJTHEYHOI 3HEepPruu CHUXKaeTcs: paboTocrnocoo-
HOCTb M CKOPOCTb BBITIOJIHEHUST OTIPEICICHHBIX 3a/1a4.

Bce 310 MOXeT ObITh BaKHBIM B TIJIaHE TOJIETOB Ha
Jlyny u Mapc, tem 6onee, uro JlyHa uiieHa atMocdepsl, a
Mapc umeet paspsikeHHylo atMocdepy, 1, BKyIe ¢ OTCyT-
CTBHEM Y HUX MarHuTochepbl, JaHHbIE MOMEHTbI TPUBOJIST
K TOMY, 4TO (D)OH MOHU3UPYIOLIETO U3JIYUYEHUs Ha YKa3aH-
HBIX IJIAaHETaX 3HAYMUTEIbHO MHTEHCUBHEE TI0 CPABHEHUIO C
rnoJieTaMUd Ha OKOJ03eMHOI1 opouTe. OTciofa ClaeayeT, 4To
3alMTa aCTPOHABTOB/KOCMOHABTOB IpH MnoJietax Ha JIyHy u
Mapc nomkHa BKJIIOYaTh HE TOJIBKO (DU3MUYECKUE CITOCOOBI
CHUXEHUS paJMallMOHHON 3KCTMO3UIIMU, HO U COOTBET-
cTByIOIIME (hapMaKOJIOTUUECKHUE CPEJICTBA, a TakKe TOCT-
MOJICTHBIE MEAUIIMHCKUE TMPOLEAYpPbl, CHUXAMOIINUE TO-
CJIE/ICTBUSI JTy4€BOTO TTOPaXKeHHUS.

B nepBylo ouepelnb HEOOXOAMMO CHU3UTH YPOBEHbBb
OKHCJIUTEIbHOTO CTpecca, KOTOPhIi ¢ HeM30eXXHOCThIO OY-
JIET COIYyTCTBOBATh JUTMTEbHBIM TOJIeTaM. ABTOPBI Tepe-
YUCISIOT OKUCIUTEIbHbBIE areHThbl, CIIOCOOHBIE BBI3BATh
OKUCJIUTEIbHBIN CTpecc B KOCMOCe, U, LIUTUPYS COOCTBEH-
Hble MccaeaoBaHus (aHaAM3 OMOXMMMYECKUX MapKepoB
OKHUCJIUTEbHBIX MTOBPEXIEHUIA 10 U TMOC/e TMojieTa) Mmoka-
3bIBAIOT, YTO ACTPOHABTHI HA CAMOM JIejie UCIIBIThIBAIN BO
BpeMsl 1oJieTa OKUCIUTENbHBIN cTpecc. MHTepecHbIM sIB-
JISIETCSI TOT MOMEHT, YTO TTPUYMHbBI OKUCIUTEIBLHOTO CTPEC-
ca nuddepeHIIMPOBaHbI 7151 IBYX Pa3JIMUHBIX CUTYallUii: BO
BpeMsl KOCMUUYECKOIO ToJieTa M yXe MpU UCCIeI0BaHUM
TUIaHEeThl. AHAJU3UPYIOTCS BCE BO3MOXHBIC MCTOYHUKU
OKUMCJIUTEIbHBIX TTOBPEXIEHUI BO BpeMsl U TIOCJIe TI0JIeTa,
BKJItOUast (pU3NIECKre yrpaxKHeHUsI.

PaccMoTpeHHBIE TTOJIOKEHUST TTPUBOASIT aBTOPOB K BbI-
BOJYy O HEOOXOJMMOCTU MOBBILIEHUS] TEM WJIA UHBIM MyTeEM
AHTMOKCUIAHTHOTO CTaTyca aCTPOHABTOB/KOCMOHABTOB C
napauieJibHOI OMOJT03UMETPUEN C TTOMOIIBIO U3BECTHBIX
mapkepoB (Ha noBpexneHus JJHK u abeppanuit xpomo-
com). lns moctrkeHus 3¢ ¢eKTa 3aluThl aBTOpaMu IIpe-
JlaraeTcsl MpuUeM TpernapaToB MO TaK Ha3biBaeMoii «oral for-
mula», B cocTaBe CMELUATbHOIO «KOKTEWIsI», KOTOPbIiA, C
OJTHOM CTOPOHBI, TOJIKEH MOBBICUTH aKTUBHOCTH 3aIIIUTHBIX
CHCTEeM opraHusmMa (BKJIIOYasi aHTUOKCUIAHTHbIE 1 UMMYH-
HbI€) U, C APYTOil CTOPOHBI, CHU3UTH MOCJEACTBUS OKUCII -
TeJIbHOTO CTpecca.

HazBanHas dopmysia, coctaB KOTOpO#l TNMpPUBEACH B
cTaThe, BKJIOYaeT 0Koyo 30-TU pa3IMYHbIX BUTAMUHOB U
HYTPUEHTOB, [IJIs1 KaXJI0TO U3 KOTOPBIX yKa3aHbl HEOOXOIM-
Mbl€ 103bl. B 0JHOM 13 CBOMX KMCClIeIOBAaHUI aBTOPBI C I0-
MOIIIBIO METOIOB MOJIEKYJISIPHOU OMOJIOTUM TIPOBEIU W3-
yuyeHue 3¢ @GeKTUBHOCTU HEKOTOPBIX KOMIIOHEHTOB Mpe/-

J1araeMoit MU «(OPMYJIbI» B YCIOBUSIX in Vitro U in vivo (Ha
Mbiax Juan C57BL/6NHsd). TTocnennum miepen o6ury-
yeHueM B 03¢ 9,5 [p BHYTpUBEHHO BBOAWJIMU TUIa3MUIY C
reHamMu, KoIUpyroimuMu Mn-cynepokcuaaucmyrasy (aH-
TUOKCUAAHTHBINM (depMeHT). KpoMme TOro, HeKOTOpHIM
rpynmamM MbllIaM JaBaIu «aHTUOKCUAAHTYIO AUETY» Mepen
paaualMoOHHBIM BozeiicTBUeM. PesynbratoMm siBisiics pa-
JINO3aIIUTHBIA 2 dEKT.

Drcnepumenmaavras wacmo

B kauecTBe 00BEKTa OMBITOB HA XXUBOTHBIX N VIVO UC-
TMOJIb30BATUCH MBIIIM, KPBIChI, KPOJIUKH, OBLIbI, CBUHBU, CO-
0aky M KPYMHbBII poraTelii CKOT. 2KUBOTHBIX 00JIyyanu y-
Jlydamu B 103ax BIUIOTh 10 10 Ip v uzyyanu cucreMy MMMYyHU-
TeTa, a TakkKe BbDKMBaeMocTb. Kpome Toro, B yclioBUsIX 0e3
00JTyueHMS NCCIIeI0BAIU BO3ACHCTBUE TUTIEPUMMYHHOI Chl-
BOPOTKM WJIM MapeHTepaJbHON BAaKLIMHBI, BbIACICHHbBIX U3
9TUX O00JTyYeHHBIX XKMBOTHBIX. [TocaenHee MprUBOIWIIO K TIPU-
3HaKaM, XapaKTePHBIM UISI OCTPOI JTy4eBOil TTaTOJIOTUU (BbI-
COKUE JT03bl «PaIMOTOKCUHOB» JlaxKe MHAYLIPOBaIU TMOEb).
CrienimajibHBIe Xe aHTUTeNa, MOJTydYeHHBIe TTPOTUB «PaTio-
TOKCUHOB», CHUKAJIM YKa3aHHbIe HEOIaronpusiTHbIC MOCIe-
CTBUSI M TIPU3HAKM, XapaKTEePHbIE JIJIsT Ty4eBO OOIe3HMU.

Ha monsix ObuU1a M3yyeHa CTeNEHb OKMCIMTEIbHOTO
cTpecca y WIOTOB (10 MapaMeTpaM MepeKUCHOTo OKMCIe-
Hus mununoB, nmoBpexaeHusasM JHK u cymmapHoit anTh-
OKCUJIAHTHOM aKTUBHOCTH). B ciyyae Mcrnoib30BaHMST KOH-
TUHTEHTOM 3alllUTHON (hOPMYJIbI TTOKa3aTe b MepeKUCHOTO
OKMCJICHUSI JIMTIMI0OB ObLJT 3HAUUTEIBHO HIKE TT0 CPABHEHUIO
C TPYINoi miameoo.

Obwee 3axarouenue

B 0030pHOIi YacTu cTaTbu PACCMOTPEHBI: 1) UICTOUHUKU
OKMCJIUTEJIbHOTO cTpecca MPU KOCMUYECKUX MojeTax; 2)
CJIOXKHOCTh PaIMallMOHHOTO BO3IEWCTBUS BOAJTM OT TeoMar-
HUuTOC(hepbl 3eMiH; 3) HEKOTOPbIE TTOTEHIIMATBHO MOTYIIIUE
OBITH YCTIEHTHBIMU HaIPaBJIEHUSI UCCAENOBAHUS IS TIPE-
OTBpAILIEHUS U CHUXKEHUSI TOCIENCTBUI MpodhecCUOHATbHO-
TO BO3/IEHUCTBUSI OKUCIUTEIBLHOTO CTpecca, B 0COOEHHOCTH
OCTPOTO ¥ XPOHUYECKOTO OOTyUeHUSI.

B sKcrniepuMeHTaIbHOM YacTH CTaThbu U3YYEHO BO3/IEH -
crBus «oral formula» (13 oko10 30-TM aHTUOKCUAAHTOB) U
eIMHUYHOTO TTapeHTePaJbHOTO areHTa (JIMIIOCOMBI C TIIa3-
MU0, comepxaleit reH MnSOD) B ycioBusix paaua-
IMOHHOTO cTpecca. OOHApPyKeHO, YTO yKa3aHHbIE areHThI
CHIKAIOT HEOJIarOmpusITHbIE TOCIEACTBUS OOJyYeHUS.
Kpome Toro, aHTuTeNa, MOTyYeHHbIE MTOCTe UMMYHU3ALUN
JKMUBOTHBIX HETOKCMYECKMMH JI03aMU TaK Ha3bIBAEMBIX «pa-
JMMOTOKCUHOB» (COeTMHEHMIA, BBIIEIEHHBIX U3 00yUYEeHHBIX
JKMBOTHBIX), TAKXKe CHUKAJIM TIOCJENCTBYSI paqiallMOHHOTO
BO3IECUCTBUS.

[TpuMeHeHMsT aHTUOKCHUIAHTHOM «(OpMyJbl» Ha JTIOASIX
(MUI0Tax) YMEHBIIAJIO BBIPAXKEHHOCTb OKHUCIUTEIBHOTO
cTpecca, TeCTUPYEMOTO 110 PsiTy OMOXMMUYECKHUX MapKEPOB.

ABTODBI JIeJIAIOT 3aKJII0YEHNE, UTO UX MPEIBapUTEIbHbIC
MUWIOTHBIE MCCJIEOBAHUSI MOTYT OBbITh BaXKHBIM Ha COBpe-
MEHHOM 3Tare He TOJbKO B YCIOBUSX KOCMMUYECKUX TMOJIe-
TOB, HO M JIJISI 3AIUTHI OT MPOGhECCUOHAIBHOTO O0TyUeHH s B
SIIEPHOI SHEPreTUKE U MPU YIpo3e SIIEPHOTO TeppopU3Ma.

0.0.1. A.H. Komepoe



Introduction

Space radiation is one of the primary environmental
hazards associated with space flight. The three major
sources of radiation in space are the trapped belt radiation,
the galactic cosmic rays (GCR) and the solar particle
events (SPE) (fig. 1). Trapped belts of energetic particles,
found in the Earth’s magnetic field, consist predominantly
of protons and electrons. GCRs consist of protons, gamma
rays and high energy, heavy (HZE) particles that originate
outside the solar system. Solar flares — coronal mass
ejections (CME) — are produced by solar magnetic storms
that can last for hours or days. A solar particle event, which
sometimes accompanies CMEs, may be the most potent
space radiation hazard [1-3].

Thus, astronauts/cosmonauts on exploration class
missions to the Moon, Mars, or near Earth asteroids will
face acute and chronic risks of radiation from trapped
particles, solar particle events and galactic cosmic rays.
Ionizing radiation is recognized as a significant
environmental hazard of space travel, posing a significant
health risk to human crews [4—6]. Crew members are
subjected to greater amounts of natural radiation in space
than they receive on Earth, exposing them to immediate
and long-term risks.

Space radiation can differ from gamma rays and x-rays
alone, in terms of energy absorption and ionization
patterns. Although a significant amount of data on
biological effects of gamma rays and neutrons have been
obtained from atomic bomb survivors and nuclear reactor
accidents, there is very little human radioepidemiology
data on bioeffects of high-energy charged particle
radiation. A few studies with animals and cultured
mammalian cells show that energetic protons and heavy
ions can effectively induce oncogenic cell transformation in
vitro and tumors in vivo. Yet, the basic mechanisms of
radiation carcinogenesis remain to be clarified. Even less
known are the effects of charged particles on normal
tissues. Limited experimental data indicate that heavy ions

Heavy-ion
track

Fig. 2. Comparing DNA injury tracks between photon and
relativistic heavy ion

can be more effective than gamma rays in damaging normal
tissues (fig. 2). One goal of space radiation biology is the
development of methods for assessment and prevention of
potential radiation-induced cellular damage that could
lead to cancers or other disorders during and after long-
term space flights.

Considerable effort has been devoted to elucidate the
biological consequences of ionizing radiation. A major
mechanism of effect is the ionizing damage directly
inflicted on the cells’ DNA by radiation [7, 8]. Unrepaired
DNA damage is known to lead to genetic mutations,
apoptosis, cellular senescence, carcinogenesis, and death
[9—13]. Radiation causes injury at the cellular level when
ionizing particles collide directly with cellular molecules
or oxidize water in a cell to form free radicals that break up

Fig. 1. Sources of space radiation: a) trapped particles in the Van Allen belts, b) Solar Particle Event from Coronal Mass Ejection
distorting the Earth’s geomagnetosphere, ¢) Supernova explosion producing GCR



or change molecular bonds. Cells are killed or altered as a
result of the molecular changes. The products of acute
inflammation: ROS, pro-inflammatory cytokines,
adhesion molecules, prostaglandins, and compliment
proteins all contribute to the progression of radiation injury
leading to the symptoms of ARS. Damage to DNA
molecules has particular clinical significance since
alterations to the genetic blueprints of affected cells are
passed onto progeny cells. While single-strand breaks in a
DNA molecule can generally be repaired correctly given
the double-strand redundancy in DNA structure, double-
strand breaks can result in altered genes and genomic
instability when full repair is unsuccessful, leading to
permanent mutations in gene expression and regulation.

The ionizing effects of radiation also generate oxidative
reactions that cause physical changes in proteins, lipids,
and carbohydrates, impairing their structure and/or
function [14, 15]. Similarly, the hydrolysis of water
molecules introduces a secondary source of oxidative stress
in the form of free radicals that also induce the biochemical
alteration, degradation, or cross-linking of cellular
macromolecules [16, 17]. Physical and functional damage
to the plasma membranes and mitochondria has been
reported in irradiated cells [19—21]. Known mechanisms
of action of reactive oxygen species and products of lipid
peroxidation including cross-linking, covalent binding to
proteins, and to DNA, contribute to the toxicity of
irradiation to mammalian organisms. Specific Radiation
Determinant (SRD) biomolecules have newly observed
toxic properties resulting from degradation, cross-linking
and modification of lipids, proteins and carbohydrates
[113]. The degradative enzymes, e.g. phospholipases, are
activated with the oxidative stress induced by radiation. An
isoenzyme of Phospholipase A2 is responsible for releasing
arachidonic acid from membrane phospholipids.
Phospholipase A2 exists in almost all tissues, is also found
in snake venoms, and stimulates degradation of membrane
phospholipids resulting in tissue necrosis. Oxidation of
carbohydrates has important influence on the function of
membrane glycolipids and glycoproteins in cell-cell
recognition (antigen recognition) and proteins and lipids
that protect the cell from the action of lipases and
proteases. The radiation-induced expression of
inflammatory cytokines suggests that inflammatory
responses may contribute to cell death and acute radiation
sickness toxicity [22]. However, the acute toxicity that is
associated with ARS is not always attributed to these
biological mechanisms. High dose or prolonged radiation
exposure is known to increase the occurrence of cancer,
cardiovascular disease, and cataracts [5, 23—25]. In
addition to these long-term, degenerative consequences,
acute, high dose rate exposures of radiation will induce
acute radiation sickness (ARS) and death via well-defined
pathologies [16]. However, the underlying cellular and
molecular mechanisms that drive acute radiation-induced
toxicity are not fully elucidated.

ARS Consequences [26]: An acute dose of 20 Gy or
more (6—40 Gy) is considered fatal in all individuals [27],
whereas 5 to 50 % lethality is expected with exposure to
2 to 3.5 Gy [28]. The prognosis of patients exposed to sub-
lethal doses of radiation depends not only on the dose and
dose rate received, but also the medical care available.
Survival despite maximal medical care is considered
unlikely for exposures greater than 10 Gy [27]. With
intensive medical care — including antibiotics, blood
products, and reverse isolation to prevent secondary
infection — the LD50/60, which is the dose of ionizing
radiation that will result in the deaths of 50 percent of the
exposed population within 60 days, is 4.5 Gy, but falls to
3.4 Gy if only basic first aid is available [29].

Chronic effects of radiation exposure include
progressive likelihood of neoplasia, fibrosis, and neural
damage. The increased incidence of cancer is thought to
be due to genomic instability, aberrant cell cycle regulation
and signaling, and other mechanisms that are not
completely understood [30, 31]. Skin cancer, breast cancer,
leukemia, osteogenic sarcoma, thyroid and lung cancers
can all develop as sequelae of radiation exposure. In
addition, impaired healing and scar tissue formation may
lead to cataracts; fibrosis of various organs including the
heart, lungs, and kidneys; and inflammation of the
gastrointestinal tract. Demyelination of the brain and
spinal cord can lead to neurologic dysfunction [32].
In general, pathology depends on a number of factors such
as radiation dose, dose rate, dose quality, duration of
exposure, and size of the irradiated field (i.e., whole body
irradiation versus focused irradiation) [2].

Radiation exposure has also been demonstrated to have
adverse cognitive effects in laboratory animals. Shukitt-
Hale et al. [33] found that rats irradiated with highly
charged, high energy HZE particles found in galactic
cosmic radiation made more errors in a maze task and
exhibited cognitive decrements similar to aging. HZE
particles also disrupted the dopaminergic system and
adversely affected spatial learning, memory, and motor
function even at relatively low doses of 0.1 Gy [2]. In
humans, data are limited but prediction models suggest
that exposures during large solar particle events (SPEs) are
likely to impair performance. During the peak of a SPE as
large as the August 1972 SPE, one of the largest on record,
Hu et al. estimated that typical tasks would take 1.28 times
as long as normal for completion [34].

With the above radiobiology as a background, the
expectation, for crewed expeditions to the Moon and Mars,
is that the radiation environment will have both general
characteristics and specific distinctions that need to be
taken into account when developing a system of procedures
to ensure crew radiation safety. The Moon’s non-existent
atmosphere and the rarefied atmosphere of Mars, in
combination with the absence of a magnetosphere on these
planets, create an elevated radiation hazard compared with



flights in near-Earth orbits [35]. Protection from radiation
during crewed expeditions to the Moon and Mars will
require the development of a radiation defense system. This
system should include continuous radiation monitoring on
the flight trajectory and during a stay on the lunar and
Martian surfaces, with the ability to predict radiation
events. It should provide means and methods of reducing
radiation exposure, such as a radiation shelter, emergency
pharmaceutical agents, and postflight medical procedures
to arrest the radiation effect [35].

Table 1 summarizes the medical manifestations
expected from radiation exposure. Table 2 provides the
classification of radiation injuries, while Table 3 provides
the basis for classification.

There are specific operational methods that can be
applied to protect astronauts and cosmonauts at the time of
sporadic solar particle events (SPE) that may last from
several hours to several days [26, 35]. They include
intelligent planning of EVAs and moon rover excursions and
the provision of a radiation shelter of adequate size. If an
SPE occurs during an EVA, the time needed to reach the
shelter will be a critical factor. Therefore, the timely warning
of danger becomes important in defining the radius and
duration of a lunar or Mars surface traverse [26, 35].

Sources of oxidative stress. Space flight inevitably
increases astronauts’ likelihood of cellular oxidative
damage since the space environment is replete with
numerous sources of oxidative stress. Some of these include
high linear energy transfer radiation exposure, hyperoxic
(100 % oxygen) conditions during EVA and ascent/decent,
exercise, and acute gravitational stress of reentry, all of
which have been associated with initiating reactive oxygen
species (ROS) and oxidative damage in both human and
animal studies [36—39]. Oxidative damage produces
downstream effects in multiple tissue types, and since the
sources are so widespread, research on oxidative damage
and protection overlaps several governmental agencies and
scientific groups, as can be seen in fig. 3. Countermeasures
for space radiation protection could also be developed for
nuclear power plant worker as well as civil populations near
such sites and in cases of radio-terrorism.

Table 4

Tables 1

Expected Acute General Manifestations Based on
Exposure Dose (ED, in ¢Sv* or rem of exposure)
in 10, 50 and 90 % of the Population Exposed
to the Dose Listed in Less than 24 Hours [16]

Symptoms and Signs

Anorexia | Nausea | Vomiting | Diarrhea| Erythema| Desquamation
ED,, 40 50 60 90 400 1400
EDyy| 100 170 215 240 575 2000
EDy,| 240 320 380 390 750 2600

* ¢Sv = centi Sievert, equivalent to 1/100 of a Sievert or 1 rem

Table 2

Classification of Radiation Injury
(Based on cSv or rem of Exposure) [16]

Classification of Radiation Injury (based on cSv or rem of exposure)

Muild (Survival Probable) <200 cSv
Moderate (Survival Possible) 200 cSv to 500—700 cSv
Severe (Survival Improbable) > 700 cSv

Table 3

Basis for Classification: (LD,,—Lethal Dose for
50 % of the Population Exposed) [16]

Basis for Classification:
(LDyy—Lethal Dose for 50 % of the Population Exposed)

Blood count changes 50

Effective threshold for vomiting 100

200 ¢Sv (ED,,—200;
ED,,—285, EDyy—350)

Effective threshold for mortality

LDy, with minimal medical treatment 350 cSv
LDy, with supportive medical treatment 500 (480—540) cSv
LDy, with advanced medical treatment 1000 cSv

Evidence for oxidative stress during spaceflight.

1. Generalized markers of oxidative damage during space
Slight.

A number of studies show elevated levels of markers of
oxidative damage among astronauts after space flight.
Plasma MDA, 8-iso-prostaglandin F,, (PGF,,), and

Changes in oxidative stress biomarkers during an example ISS mission

Compound analyzed Pre-Night value PostMightvalue | obsered in-lignt | (percentage change from pre-figh
Total Antioxidant Capacity 1.54 1.47 1.29—-1.83 Decreased up to 30%
SOD 1,318 1,172 1,092—1,817 Decreased 10—30%
Glutathione Peroxidase SL.5 50.8 27.5-73.6 Decreased 5—15%
Malondialdehyde 0.8 0.6 0-2.00 Increased 100—200%
4-OH-alkenal 0.45 0.45 0-2.00 Increased 50—150%
Urinary SOHDG 3.2 3.7 0.49-7.29 Increased 40—200%




Oxidative Stress Source:
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Fig. 3. Sources of oxidative stress and physiological consequences of the exposure; synergistic needs and pathways for research
amongst governmental agencies and scientific communities

urinary 8-hydroxy-2’deoxyguanosine (§OHdG) have been
measured during and after flight as indicators of lipid
peroxidation (MDA and PGF,) and DNA damage
(8OHAG) [40, 41]. Several investigations show a significant
elevation of urine 8OHdAG after long-duration missions
(fig. 4 a, b) but not after short-duration missions of 17 d
[40, 41]. These data are supported by NEEMO data where
crewmembers underwent a 14-d saturation dive where
there is an increased partial pressure of oxygen [42].

Urine PGF, a marker of lipid peroxidation, is
decreased during flight but elevated after flight [41]. Plasma
MDA is increased both during and after flight [41]. Along
with increased markers of oxidative damage and decreased
antioxidant defense systems, there is also a decrease in total
antioxidant capacity (see fig. 5a).
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Fig. 4. The percent change of 8-hydroxy 2’deoxyguanosine
(8-OHdG) from pre flight values for Mir (n =2), ISS (n=11)
(Smith et al. 2005), and the ground based analog NEEMO
(n=106) [40]
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Apparent increases in oxidative damage observed
during and after flight could be caused by a number of
factors, including altered repair mechanisms, decreased
antioxidant defense systems, and increased oxidative stress.
While there is not a consistently observed effect of
microgravity on the repair of double-strand breaks [43, 44],
there is evidence that down regulation of antioxidant
defense systems occurs during space flight [45].

Another means of assessment of oxidative stress is to
look at the quantity of constituent oxidative stress
protection molecules pre- and post- flight. Examples
include: superoxide dismutase, glutathione reductase
selenoprotein family (P, W, V, S), glutathione peroxidase
and thioredoxin reductase; the latter three of which require
nominal selenium levels for complete enzymatic function
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Fig. 5b. Urine selenium values

capacity after space flight for pre- and post-flight in ISS

Mir (n =2) and ISS (n=11) crewmembers. (Smith S.,
[42] personal communication)

Fig. 5a. Total antioxidant



(see table 4). Selenium seems to one of several
micronutrients which may be depleted during long
duration spaceflight, and could affect oxidative damage
defense (see fig. Sb). Selenium deficiency has been
associated with impaired function of the immune system
[46]. Moreover, selenium supplementation in individuals
who are not overtly selenium deficient appears to stimulate
the immune response. In two small studies, healthy [47,
48] and immunosuppressed individuals [49] supplemented
with 200 pg/day of selenium as sodium selenite for eight
weeks showed an enhanced immune cell response to
foreign antigens compared with those taking a placebo. A
considerable amount of basic research also indicates that
selenium plays a role in regulating the expression of cell-
signaling molecules — cytokines, which orchestrate the
immune response [50].

2. Sources of oxidative stress during space flight and/or
planetary exploration.

a. Hyperoxia. Currently, astronauts are exposed to
hyperoxic conditions for brief periods during launch
(10—15 min), entry (30—45 min), and when they perform
EVA (6—8 h). The pre-breathe protocol for U.S. astronauts
typically includes 2.5-h pre-breathe of >95—100 % oxygen
[26] to reduce risk for decompression sickness. After the
2.5-h pre-breathe, astronauts are typically exposed to
hypobaric 100 % oxygen for 6 to 8 hrs during EVA. The
literature is replete with studies showing injury to virtually
all organ systems following exposure to hyperoxia or
radiation [16, 51]. A hyperoxic environment can induce
oxidative damage and impair antioxidant capacity, as
demonstrated in numerous ground-based experiments
using both normobaric and hypobaric conditions. Under
physiological conditions (i.e., 21 % O,), approximately
2—3 % of the oxygen consumed by the body is converted
into oxygen-derived reactive oxygen species [52].

Human antioxidant defenses are designed to protect
the body in 21 % oxygen environments, but these defenses
are easily overwhelmed under hyperoxic environments.
It was first suggested in the 1950s that a hyperoxic
environment may be toxic based on eye damage among
premature infants in incubators with high oxygen
concentration [37—39]. Evidence exists for increased lipid
peroxidation after acute (2 h) >95 % oxygen exposure.
Increased lipid peroxidation (measured by urinary n-
pentane), occurs in humans within 30 min of breathing
100 % O, [53]. In another study, elevated plasma
malondialdehyde (MDA, another index of lipid
peroxidation) was reported in healthy humans after
125 min of normobaricl00 % oxygen exposure [54].
Animal studies support the human data [55, 56]. While the
accuracy of n-pentane as a marker of lipid peroxidation is
debated [57, 58], but increased n-pentane and MDA
provide clear evidence that lipid peroxidation increases
during hyperoxia. Furthermore, hyperoxic conditions are

Lipid Peroxidation Assay of M4 and CCD-11
4 Cell Pellets after Irradiation
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Fig. 6. Measures of in vitro lipid peroxidation in lung (CCD-11)
and breast (M4) cells exposed to HZE ionizing radiation, a
component of galactic cosmic rays

also found to induce vasoconstriction in humans [59],
deplete pulmonary extracellular superoxide dismutase
(SOD) in mice [60], and increase apoptosis in PC12 cells
[61], all of which indicate that hyperoxia can induce
cellular oxidative damage.

Antioxidant status also decreases during hyperoxic
conditions. For example, during acute (3 h) normobaric
hyperoxia [62] in birds, serum antioxidant (e.g., alpha- and
gamma-tocopherol, carotenoids) concentrations were
decreased. Hepatic vitamin E stores was also reduced in
preterm guinea pigs exposed to 98 % oxygen for 48 h [63].
Unlike space flight, however, the activity of several
antioxidant enzymes (e.g., SOD, glutathione peroxidase,
glutathione reductase, catalase) increase in animal studies
of acute hyperoxia [64, 65].

b. Radiation Exposure. Astronauts flying to high
altitudes (e.g. ISS, Hubble telescope repair), and beyond
the geomagnetosphere, also have the impact of higher
space radiation exposure. Cytogenetic biodosimetry
assesses the biological impact of radiation exposure, and it
involves harvesting white blood cells and quantitating
numbers of chromosomal aberrations, DNA strand breaks,
and translocations. Other biodosimetry tools allow for
correlation of the physical dose as measured by crew
dosimeters and the quality factor of the radiation as
approximated by the Tissue Equivalent Proportional
Counter. Increases in chromosomal aberrations and DNA
damage after space flight are well documented Damage to
cellular components such as DNA is a complex process and
includes both direct damage from high-energy particle
impacts on the molecules themselves, as well as indirect
damage from the production of ROS [16, 51].

Supporting evidence of the oxidative stress experienced
by spaceflight crewmembers has been observed in
numerous in vitro and rodent experiments which were
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exposed to “space-like radiation” i.e. high energy particle
HZE radiation at particle beam accelerator facilities in the
US and Japan [66]. In these studies markers of oxidative
stress such as MDA and 4-HNE (lipid peroxidation, fig. 6)
and 8OH-DG (DNA adduct) were elevated,
transmembrane potential was altered (lipid damage due to
peroxidation), and chromosomes/nucleic acids were
damaged as revealed by FISH and COMET assays showing
breaks, mutations and ploidy disturbances [66]. Additional
evidence reveals that space radiation induces oxidative
damage that results in the increased incidence of cataracts
observed in astronauts traveling outside the
geomagnetosphere or exposed to HZE radiation with high
altitude low Earth orbit missions [67].

c¢. Interaction with planetary regolith. Through robotic
and Apollo mission analysis of regolith as well as curation-
facility biochemistry of lunar derived soils, scientists and
toxicologists have identified inhaled regolith as a potential
hazard to astronauts performing EVA on the lunar surface.
Lunar regolith is composed of approximately 40 % silica,
most of which is in an amorphous state, and relatively non-
reactive with human tissue. However, freshly cut or
crystalline silica, especially in the < 10 micron size range,
can be quite toxic because of dissemination into the lung
periphery with alveolar trapping and entry into the lung
interstitium. Free radicals and superoxides are generated in
the lung upon interaction of macrophages and other cellular
immune cells with the silica particles, damaging bystander
pneumocytes. Pulmonary damage may be the direct
consequence of toxic interaction between quartz particles
and cell membranes, or may be due to silica-induced
production of oxidant species by pulmonary phagocytes,
that in turn overwhelms pulmonary antioxidant systems and
causes lung injury [68—70]. Data indicate that grinding or
fracturing quartz particles breaks Si-O bonds and generates
*Si and Si—O - radicals on the surface of the cleavage
planes. Upon contact with water, these silica-based radicals
generate hydroxyl radicals (* OH) (fig. 4). These surface
radicals decay as fractured silica dust ages. Freshly fractured
quartz is significantly more potent than aged silica in
directly causing lipid peroxidation, membrane damage, and
cell death. This silica-induced activation results in the
production of superoxide (O,7), hydrogen peroxide (H,0,),
nitric oxide (NO ¢), and other oxidant species that can
damage lung cells [38—40]. The ultimate consequence of
silicosis is pulmonary fibrosis, which can be severely
debilitating or even lethal if the exposure is severe and/or of
long duration [71—78].

d. ROS Generation during Exercise. Exercise-induced
fatigue and muscle atrophy are also mediated in part by
ROS. Electron spin resonance spectroscopy technology
confirmed earlier findings from the 1950s suggesting that
short-lived reactive intermediate molecules like ROS are
present in skeletal muscle after exercise. Since then,
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numerous studies support a role of ROS in skeletal muscle
fatigue. ROS denature proteins directly associated with the
sarcoplasmic reticulum Ca?* release mechanism, thus
compromising tension development. Furthermore,
decreased antioxidant status lowers exercise capacity and
increases onset of fatigue in human and animal studies
[79]. Astronauts perform extensive upper body exercise
during EVA activity, and one of the limiting factors in
completing EVA tasks is forearm and hand muscle fatigue
due to extensive tool operation. The fatigue often requires
crewmembers to stop and rest, thereby prolonging the
duration of EVA and limits the number of tasks performed
during each EVA [80].

e. Monitoring radiation injury and oxidative stress. As
a step toward that goal, researchers are developing newer
methods for evaluating the bioeffects of radiation injury.
These methods, in addition to traditional physical “badge-
type and instrument” dosimetry, may include biomarkers
of exposure: e.g. transepithelial membrane resistance,
measurement of membrane sheer, products of lipid
peroxidation, and DNA-adduct formation. Other possible
methods may evaluate markers of health risk, including e.g.
assessing cellular DNA for chromosomal aberrations,
breaks, and translocations, plus dicentrics, micronucleus
formation, etc. via chromosomal painting, FISH, PCC,
COMET, YH2AX analysis, flow cytometry and newer
methods e.g. genomic or proteomic profiling. For
exploratory class missions of long duration, tools for pre-
flight risk assessment and in-flight monitoring of oxidative
stress and cellular injury will be invaluable to along the crew
to modulate their biological exposure and their
employment of shielding and countermeasures.

Employing an immune enzyme assay is a very efficient
tool for biological dosimetry and evaluation of the
differential diagnosis of acute radiation disease. The
immune assay targets biological markers of radiation
toxicity — high molecular weight glycoproteins with
specific antigenic properties, found specifically in
association with the hematopoietic, cerebrovascular,
cardiovascular and gastrointestinal forms of acute radiation
syndromes (ARS). The important goal of an early
assessment with the enzyme immune assay is the accurate
description of the ARS at the initial phases. Early and
precise differential diagnosis allow physicians to provide an
effective medical management of ARS.

Countermeasures Development. Because acute
radiation sickness occurs within a very short period of time,
the opportunities to treat or mitigate the effects of high-
dose irradiation are very limited. As an augmentation to
treatment, a prophylactic measure could be a more
effective strategy to address this acute radiation-induced
phenomenon. In addition, preventing the onset of ARS
may also be beneficial in minimizing the other biological
consequences of ionizing radiation. For this desired effect,



the authors will describe the development of an oral
formula or “cocktail”, directed at reduction of oxidative
stress, and enhancement of inherent cellular defense
mechanisms. It is likely, if the formula was non-toxic to the
crewmember, that such an approach could also be
employed for reducing the damage associated with chronic
low-dose radiation exposure as well. Secondly, we will
describe the development of a previously untested
parenterally administered agent, to augment the cell’s
inherent defenses against high dose oxidative injury, e.g.
from a high dose rate, acute radiation exposure. The
authors have previously described a novel biological
mechanism of acute radiation toxicity that originates in the
Iymphatic system, associated with novel radiotoxins that
appear in radiosensitive tissues after irradiation, called
specific radiation determinants (SRD) [81]. Thus thirdly,
the authors will summarize the development of an
experimental anti-radiation vaccine against these SRD’s
which, because it is directed at a biological mechanism
other than DNA damage or oxidative stress, this
immunologically based form of prophylaxis may be a
powerful adjunct therapy that will enhance the efficacy of
existing and proposed radiation countermeasures.

This collaboration has pursued 3 areas of
countermeasures development: 1) acute effects mitigation,
2) late effects reduction and 3) oxidative stress modulation
/ prevention. The work has progressed over a decade and
began with cell culture experiments, has progressed to
multiple animal studies, and has included preliminary
human studies.

Oral Agents: Rationale for development of a
chemopreventive / oxidative stress protective formula:

Certain antioxidants, e.g., a-tocopherol, ascorbic acid,
beta-carotene, SOD, glutathione peroxidase, catalase have
properties that protect cells from oxygen free-radical
toxicity [82], and therefore have the potential to decrease
the type of oxidative damage observed among astronauts
that may be caused by hypobaric hyperoxia, and may also
be able to reduce oxidative damage associated with
prolonged hyperoxic environments. Vitamin C is a potent
antioxidant capable of reversing endothelial dysfunction
caused by increased oxidant stress [83]. Though it seems
likely that vitamin C supplementation would mitigate
hyperoxia-induced oxidative damage among EVA, it is
debated whether vitamin C could act as a pro-oxidant
when iron stores are elevated [84, 85]. In one study,
treatments with vitamin A, C, or E protected rats exposed
to acute hyperoxia (80 % oxygen) against oxygen toxicity
by elevating glutathione concentration [86]. In another
study, vitamin E supplementation to rabbits decreased lipid
peroxidation and diminished increases in pulmonary
antioxidant enzymes induced by in vitro 100 % oxygen
exposure [65]. These increases likely contribute
to symptoms of oxidative stress. In another in vitro study,

a-tocopherol was effective in preventing hyperoxia-
induced DNA fragmentation and apoptosis [61].
Flavonoids have been found to exhibit more antioxidant
effects than a-tocopherol in healthy adults, but these
compounds have never been tested against hypobaric
hyperoxia-induced oxidative damage [87]. In additionto a
plethora of other tested agents, e.g. a-lipoic acid, folic acid,
co-enzyme Q10, selenium, beta carotene, glutathione, and
N-acetylcysteine, there are a large number of plant extracts
that have been investigated for their antioxidant properties,
such as strawberry and blueberry, hawthorn, Periplaneta
americana, and curcumin [26].

The FDA’s approval of a cardiovascular health claim
for nutritional products containing 25 gm of soy protein
has contributed to widespread use of soy supplements.
Kaplan’s monkey study [88] indicates that long-term
consumption of soy protein containing a modest amount of
isoflavones inhibits the early progression of coronary artery
atherosclerosis. In addition to reducing the risk of heart
disease, isoflavones are being studied in relation to the relief
of certain menopausal symptoms, cancer prevention, and
slowing or reversing osteoporosis. Biochemical studies
conducted in mice at Johns Hopkins (Nathan Congdon,
ARVO 2003) indicate isoflavones (Genestein) potential in
the prevention of oxidative damage leading to cataract. No.
such data is available in human or non-human primates.
The anti cataract drug OT 551, (Tempol H) a powerful
antioxidant, to prevent lens protein aggregation, and thus
can serve as a countermeasure for lens protein damage
leading to cataract, on astronauts exposed to cosmic
radiation [89]. Other oral antioxidant formulas are now
standard of care in prevention of macular degeneration [6].
Quercetin, a plant bioflavanoid, has shown itself to be a
powerful antioxidant and free radical scavenger while also
demonstrating anti-carcinogenic, neuroprotective, anti-
viral, and cardio/vascular protective properties. It has also
been shown to help prevent cataract formation and exhibit
positive effects on cognitive performance and immune
response [90, 91, 93]. In vitro experiments suggest it may
also be beneficial in protecting against bone loss.
Furthermore, recent studies funded by DARPA (Defense
Advanced Research Projects Agency) have suggested a
protective mechanism against viral illness after exertional
stress in athletes and synergistic properties with other
micronutrients such as Vitamin C, B3, and omega-3 fatty
acids [91-95].

Studies performed by Lupton, Turner and colleagues
with the NSBRI show potential reduction in cancer risk in
animals exposed to carcinogens and ionizing radiation
when supplemented with omega-3 fatty acids and fiber
[96]. Omega-3 fatty acids have also shown benefit in
improving cholesterol and lipid parameters in those with
unfavorable total cholesterol to high density lipoprotein
ratios [97, 98]. The safety and efficacy of using algal source
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omega-3 supplementation, compared with other sources,
such as fish has been shown in multiple studies [99, 100].
Combinations of DHA and EPA, and other fatty acids are
beginning to also show efficacy in improving cognitive
performance and mood, in test subjects with affective
disorders, traumatic brain injury or exposed to
environmental stress [102—110].

Thus it was postulated, that a formula mixing low levels
of each of the most effective protection molecules, allows
delivery to the human without the toxicity associated with
high-dose, single agents, and with conceivably better
efficacy [101].

Parenteral Treatment of radiation toxicity: In addition
to the potential employment of parenteral agents such as
Amifostine (WR-1065) in reducing nephrotoxicity due to
acute radiation exposure, current medical management is
based on cellular component replacement and supportive
therapy. Hematopoietic cell transplantation has been
recommended as an important method of treatment of the
hematopoietic form of ARS. However in several different
hospitals and institutions, 31 patients with the
hematopoietic form of ARS received stem cell
transplantation and, in all cases (100 %), the transplants
were rejected, and the lethality rate was 87 %. Thus new
and innovative approaches are necessary to improve the
outcomes in high dose acute radiation exposures.

Material and Methods

In vitro studies. The formula was initially tested in cell
culture with gamma and HZE particulate radiation from
accelerators in NYC, NY and Chiba, Japan and found to
show promise in reducing lipid oxidative damage and DNA
lesions [66].

In vivo, Animal studies. (Oral + parenteral
countermeasures) C57BL/6NHsd mice receiving
intravenous MnSOD-PL prior to 9.5 Gy total body
irradiation showed increased survival from the acute
hematopoietic syndrome and males demonstrate improved
long term survival [111]. So then, based on pilot data,
suggesting possible synergy with parenterally administered
superoxide dismutase-containing liposomes, the formula
was tested in rodents at the University of Pittsburg.

Study 1 M&M: Evaluation of whether an antioxidant-
chemopreventive diet compared to a regular diet improved
long-term survival in female mice. C57BL/6HNsd female
mice (18 to 20 gm) were housed 5 per cage and maintained
according to IACUC protocols. 160 female C57BL/6NHsd
female mice (8 weeks of age) which were divided into 4
groups of 40 mice. Twenty-four hours before the LD 50/30
dose of 9.5 Gy TBI subgroups of mice were injected
intravenously with MnSOD-PL (100 pg plasmid DNA in
100 pl). Two of the groups were placed on the antioxidant-
chemopreventive diet (table 1) 7 days before irradiation and
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maintained on the diet until conclusion of the experiment.
The other two groups were maintained on the regular or
“house” diet (LabDiet rMH 3000 (5P00) with 0.12 %
hydrogen silicon dioxide from TestDiet, catalog #1812877).
The silicon dioxide is added as an inert compound to
compensate for weight changes due to addition of
antioxidant ingredients. The antioxidant diet consisted of a
micronutrient multivitamin and trace mineral formula
(“AmeriSciences® /NASA  Premium  Multivitamin
Premix”, AmeriSciences LP, Houston, TX) and a non-
essential antioxidant and chemoprevention mixture derived
primarily from natural foods (“AmeriSciences®/NASA
Fruit and Veggie Antioxidant Formula Premix”,
AmeriSciences LP, Houston TX). Of this chow serving size,
99.95 % was chow mix, 0.024 % was the AS/NASA
Premium Multivitamin Formula (table 1), and 0.023 % was
the AS/NASA Fruit/Veggie Antioxidant Formula. The
constituents of the antioxidant and chemoprevention diet
supplements are shown in table 5 [112].

In vivo, Animal studies. Several studies were conducted
at the Moscow Veterinary Academy and other locations,
evaluating the efficacy of both hyperimmune serum and a
parenteral vaccine on survival of animals receiving an
%L D100 dose of total body irradiation.

Study 2 M&M: The following experimental animal
species were studied: mice, rat, rabbit, sheep, pigs, dogs and
cattle. All animals possessed normal blood profiles, weight
and size for age, and body temperatures. The animals were
exposed to gamma rays, based on body weight of the
animals in doses up to 10 Gy, and were irradiated in RUM-
17, Puma, and Panorama devices. The exposure dose rate
ranged from 3—29 A/kg. On the day preceding radiation
exposure, and also 15, 30, and 45 days post-exposure, a
lympho-venous anastomosis was created surgically. Mild,
moderate, severe, and extremely severe acute radiation
sickness of the hematological form, as well as the
gastrointestinal, toxic and cerebral acute radiation
syndromes, were induced in the experimental groups of
animals. Gel filtration and high-performance liquid
chromatography were used to extract the immunochemical
glycoprotein specific radiation determinants (SRD) from
the central lymph of animals. SRD (Specific Radiation
Determinant) radiation toxins have been analyzed and
found to be glycoproteins with the molecular weight ranging
from 200—250 kDa and with high enzymatic activity.

The vaccine was produced from lyophilized SRD
(isolated from the lymph of animals irradiated at doses
inducing cerebral and extremely severe ARS), which were
dissolved in an isotonic solution of NaCl. The dose of
administered was based on computation of the amount of
SRD per unit volume of central lymph and absorbed dose
of radiation. Animals were randomly assigned to receive
placebo, vaccine or hyperimmune serum before exposure
to radiation. The animals received subcutaneous injections



Table 5
Constituents of the rodent chemoprevention test formula, used with and without the Mn-SOD plasmid

Rl RON T RIFNT COMPONENTS

Vitarin A [30°% asvitamin A paimitate and 70% as befa-carotene)

Beta-carotene (part of Witarrin A fotal)
Vitamin C[as ascorbicack)
Vitamin D (as chdecaclerol)

Vitarrin E (a5 d-alpha tocopheryl succina e and mived tocop heroks)

Vitarrin K (a5 phlonadione)

Thiamine (vitarrin B1) (as thiamine monont rate )
Riboflavin (vitamin B2)

Niacin (a5 inositol hesanicotinate)

Vitamin BS (= pyidoxhe hydrochbiide)

Folae (as foic acd)

Vitarrin B12 (as cyahoccbalami)

Bidtin
Pantothenic acid (as d-calciumpantothenate)
Cakium (a3 calcium carbonate , dealcium phosp hate)
lodine (frombkelp)

Magnesium (asmagnesiumodide and chelte)
Zinc [as zir chelate [monomethionine]
Selenium (asL-selenomethioning)

Copger (as copper amino acid chelate)
Manganess (as manganese amino add chelate )
Chromium (as chrorrium polynicotinate)
Molybdenum(as molybdenum amino acid chelate)
Potassium [as potassium citrate)

Choline (a5 choline bitartrate)

Inositol (azinositol and inositol he >anicotinde)
Boron (as boron chelate)

Wanadium (a5 vanady sulfate)

Quercetin

Hesperidin

Alpha Lipoic Aci
N-Acetyk L-Cysteine (MAC)
Lutein

Lycopene

Astasanthin

Plant Sterols

Isofiavones from soy extrad)
Gailic Extract (bub)
Green Tea Extradt (leaf)

[standardzed to 95% polyphenols and 50% e pigal bcatechin galate (EGOG)]

Crudferous Vegetable Exiract (Brassica spp) (plart)
Fruit Blend

(stramberry, escoblb, blueberry,blackberry, cranberry, grape, pomegranate)

Ginkgo Bilcba Extract fled)

Coereyme Q-10
Resverarol

liposomes

Daily dose Equialent Huran Hummntll*®
pecomusrt DailyDase: {1920 y0 genug)
0.2451 IV 750 IV 10,000 W
0.3431 mog 105 mg MNET
0.0817 mg 250 mg 2000 rmy
039211V 1200 U 4000 W
0.0853 U 200 W 1480 U
0.0261 meog 80 meg MNE
0.7352 meg 225 mg MNE
08332 mog 255 mg MNE

9 502 meg 30 mg 5m
0.9802 mcg Img 100 mg
0.1960 mcg 600 mog 1000 mcg
0.0029 meg 9 meg MNE
0.1470 meg 450 meg MNE

4801 meg 15mg NE
0.1634 mg 500 mg 2500 my
0.0098 mcg 30 mog 1100 mcg
6535 meg 200 mg 350 my
4501 meg 15 mg 40 mg
0.0327 mey 100 mog 400 rmcy
00588 meg 018 mg 10 my
06535 meg 2mg Mmy
0.0853 meg 200 meg MNE
0.0183 moy 56 mog 2000 meg
9475 mey 290 mg NE

1634 mey 50 mg 3500 rmy

1634 meg 50 mg NE
0.3267 mey 1my 20 my
0.0163 mey 50 meg 1600 mcg
8 036 meg 25mg

2571 mog 800 mg

1 607 meg S5mg

1285 meg 400 mg

19829 meg 600 my

3214 moy 10 mg

1807 mey 5mg

0.3214 moy 1my

8036 moy 250 mg

8 036 meg Xmg

8839 moy 215 mg

8036 mey 250 my

3214 moy 100 mg

3214 mog 100 my

1929 mog 60 mg

3214 moy 100 mg

1 507 moy Smg

Hunmn NOOF **

10000 IV
25 m
>1000 my
800 W
1200 U
30 meg
50 my
200 my
500 my
200 my
1000 mzg
3000 g
2500 rmcg
1000 mg
1500 mg
1000 mcg
700 m
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of an anti-radiation vaccine in doses of 5, 10, 15, or
20 pg/kg lean mass and the control animals were injected
with 1.5 ml of normal saline solution; 10, 15, 30, 60 and
90 days before irradiation. The animals received lethal
doses of radiation 15, 30, or 60 days after vaccination. The
criterion for vaccine efficacy was survival of the animals
30 days after irradiation: for rats at a dose of 10.0 Gy,
rabbits at a dose of 9.5 Gy, and dogs at dose of 6.5 Gy [81].

Invivo, Human studies. Several small pilot studies have
been conducted to test the tolerance and efficacy of a
formula countermeasure. The studies were based on effects
observed during NEEMO V, XII and XIII missions used to
determine whether there was indeed evidence of oxidative
stress during the mission, a 2 week NEEMO saturation dive
[42]. Along with the increased 8(OH) dG excretion during
the dive, decreased activities of GPX and SOD during
(SOD) and after (GPX and SOD) the dive, imply that
oxidative stress and inflammation increased [42].

Study 3 M&M: A follow-up pilot study was performed
to assess muscular fatigue reduction with a NAC-based
countermeasure formula. The study was conducted on
crewmembers training in the NBL during 6—8 hour
hyperoxic environmental exposures, and examined their
ability to perform tasks observed to induce forearm fatigue
during EVA training activities.

During Neutral Buoyancy Laboratory (NBL)
spacewalk training dives, employing Nitrox (approx. 40 %
oxygen-enriched dual (O2/N2) gas mixture— exposing
crewmembers to UPTD of approx. 1300; lipid
peroxidation markers were measured pre- and post- dive.
On one dive the crewmember received no countermeasure
formula, on the other dive the crewmembers received the
countermeasure beginning 1 week prior to the dive.

Results

Study 1 R: MnSOD-PL administration improves
survival from LD 50/30 total body irradiation:

Mice that received intravenous administration of
100 pg of plasmid DNA in 100 pl of liposomes showed
improved survival as compared to mice in the control group
after 9.5 Gy TBI. MnSOD-PL showed increased survival
from the acute effects of 9.5 Gy TBI (p =0.031) [112].
Mice receiving the antioxidant diet alone did not show an
improvement in survival at 30 days with a percent mortality
of 50 % compared to 45 % for the control diet (p =0.82).
The data confirm the previous publication [111] and
demonstrated decreased 30-day mortality in the MnSOD-
PL group as compared to the control: 20 % mortality in the
MnSOD-PL group vs. 45 % in the control (p =0.031).
Thirty-day mortality was significantly lower in the
antioxidant diet + MnSOD-PL group compared to the
control house diet or antioxidant diet only: 17.5 % for the
antioxidant diet + MnSOD-PL group vs. 45 % mortality
in irradiated house diet controls and 50 % in the
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Fig. 7. Conditional survival curves (animals surviving at least
30 days) for each of four test groups receiving 9.5 Gy total body
irradiation [112]

antioxidant diet (»p =0.015 and 0.0041 respectively) [112].

Antioxidant diet improves conditional survival and
ameliorates radiation-induced life shortening:

Mice surviving the 9.5 Gy total body irradiation dose at
30 days were followed for evaluation of the late effects of total
body irradiation (conditional survival). As shown in fig. 7,
the conditional survival of mice on the antioxidant diet was
significantly improved over the 450 days of observation
compared to those on the house diet (p =0.040). Mice on
the antioxidant diet that received MnSOD-PL in addition,
also showed an improvement in conditional survival
compared to those on the house diet alone (p =0.010, fig. 7)
[112]. These results establish that antioxidant diet
supplements ameliorate radiation-induced life shortening
and provide support for the concept of continuing oxidative
stress in the post-irradiation cellular microenvironment of
tissues, organs and organ systems [112].

Study 2 R: Administration (I/V or IM) of SRD RT to
healthy, radiation namve animals induced the development of
clinical symptoms of ARS. Administration of the RT SRD-
1 (doses ranging: 0.1, 0.5, 1, 10, 30, 50, 70 and 100 mg/kg) to
non-radiated animals induced acute toxicity which compares
to the deleterious effects generated by high doses irradiation
[113]. The highest doses of RT produced death of radiation-
naive animals within hours to days after administration of
toxins. For these animals injected with SRD-1 toxins, a short
period of extreme agitation was followed by deep coma, and
subsequent circulatory and respiratory depression. The results
of postmortem histology showed characteristics of intra-
cortical hemorrhage and other effects similar to high dose
acute cerebral irradiation [113, 114].

Antibodies raised against the SRD antigens can reduce
or neutralize the toxic properties of RT-SRD
administration, as well as reduce the toxicity associated
with acute high dose irradiation (see table 6).

Serum containing anti-radiation antibodies cans also be
an effective method for decreasing radiation toxicity and de-
toxification of these agents, with similar effects to the vaccine,
but of limited duration utility (data not published) [114].

From these studies, it would seem that an anti-



Table 6

Summary of the effect of high dose radiation (expressed in Gy) on various animal species and the impact of
a radiation vaccine countermeasure [113]

Radiation SDRwvaccine MNumber Survival rate (%)
Species 16w} Imakal ofanimals| 0 days GOdavs 180 davs 360 davs
Dogs 65 0 17 0 0 0 0
15 a3 g3 79 65 65
Pigs 75 0 30 0 0 0 0
15 68 65 B1 54 54
Sheep 33 0 px] 0 0 0 0
20 112 o 84 78 78
Horses E5 0 5 0 i] 0 0
20 19 14 13 13 13
Cattle 92 0 10 1} 0 0 0
20 1] 59 57 54 51
Rats 85 1} 250 0 0 0 0
10 3696 33% 3142 - =
|iin- 70 0 300 0 0 0 0
10 2170 1628 1628 su s
radiation vaccine and an anti-radiation immune IgG serum Discussion

preparation can be effective in diminishing the
development of post-radiation burns and improve clinical
symptoms of combined radiation injury. Once immunized,
due to immunological memory formation, the animals are
able to maintain a reasonably high level of resistance to
radiation for several years. Thus, anti-radiation serum and
vaccine, could be considered as a part of a radioprotection
strategy to assist military forces to operate in radioactive
zone of military operations, and to protect civilian
population in areas of nuclear plant accidents or terroristic
attack with nuclear weapon use.

Study 3 R: The following were evaluated: the
magnitude of oxidative stress in EVA crewmembers, as
measured by markers of lipid peroxidation, DNA damage,
and total oxidant capacity; the efficacy of antioxidant
countermeasures in reducing simulated EVA-induced total
oxidative stress; and the efficacy of an antioxidant
countermeasure to reduce muscular fatigue seen during
EVA-type activities during NBL training. Each graph in
fig. 8A reveals the changes in either cellular protection
molecule (e.g. SOD) or oxidative stress marker (e.g. MDA,
4HNE) associated with exposure to hyperbaric oxygen
during an 8-hour NBL Nitrox, hyperoxic training run.

The crewmembers served as their own controls in this
pilot study experimental design. In general, there was less
lipid peroxidation and better hand-grip endurance when
crewmembers were taking the countermeasure formula.

After completing the NBL pilot study, several
astronauts, by their own request, have taken the
chemoprevention formula during both short duration flight
on the Space Transportation System (Shuttle) orbiter and
the International Space Station (ISS). The formula was well
tolerated pre- and in-flight by all four crewmembers, and
there were no in-flight side effects of the formula (personal
communication, data not published). The content of the
human spaceflight formula is shown in table 7.

There are many sources of oxidative stress in the lives
of workers, whether they work in nuclear power facilities,
on the front lines of international conflicts, or in the
reaches of outer space. The exposure dose can vary
substantially, but at minimum will accelerate the aging of
their organ systems, and at worse could result in acute
exposure syndromes that may be fatal. A common thread of
the oxidative stress exposures is ROS-binding to critical
cellular organelles and molecules, which can result in
cellular dysfunction, mutation of nucleic acids, or even
apoptotic cell death [30]. Currently there are no proven
countermeasures for these exposures, aside from a clinical
agent, Amifostine, (Etyhol™), which is used to reduce
mucositis and other side effects from radiation therapy dose
in cancer patients [26]. This manuscript describes: 1)
sources of oxidative stress during spaceflight, 2) the
complexity of the radiation exposure outside of the Earth’s
geomagnetosphere, and 3) some potentially fruitful
avenues of research in developing prevention, mitigation
and treatment strategies for those who are occupationally
exposed to excessive sources of oxidative stress, especially
acute and chronic radiation.

The cytotoxic effects of different types of radiation may
be the single most important clinicopathologic process by
which oxidative damage is induced from reactive oxygen
species and radiation toxicity induced by radiation toxins.
Radiation toxins (SRDs) with high enzymatic activity and
their ability to degraded a wide variety of extracellular
proteins, lipids, carbohydrates and DNA molecules,
induce damage of important intracellular compartments
such as mitochondria, ion channels, DNA, as well as
activating degradation of peptide bonds in important
polypeptides in tissues and vascular endothelium. Yet the
exact mechanism by which radiation toxins stimulate
development of the ARS is poorly understood. SRD
radiation toxins possess both antigenic and toxic
properties; yet the antigenic properties can be utilized to
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Table 7

Constituents of human spaceflight chemoprevention formula, flown on Shuttle, ISS flights

Daily Dose Unit
A.) Multivitamins/Trace Minerals (as tablet)
Vitamin A (as 70 % beta-carotene and 30 % vitamin A palmitate) 2500 1)
Vitamin C (as ascorbic acid) 250 mg
Vitamin D (as cholecalciferol) 1200 L)
Vitamin E (as natural d-alpha tocopherol succinate and mixed tocopherols) 200 U
Vitamin K (as phytonadione) 80 ug
Thiamine (vitamin B1) (as thiamine mononitrate) 2.25 mg
Riboflavin (vitamin B2) 2.55 mg
Niacin (as inositol hexanicotinate) 30 mg
Vitamin B6 (as pyridoxine hydrochloride) 3 mg
Folate (as folic acid) 600 ug
Vitamin B12 (as cyanocobalamin) 9 ue
Biotin 450 ug
Pantothenic acid (as d-calcium pantothenate) 15 mg
Calcium (as calcium carbonate, dicalcium phosphate) 500 mg
Iodine (from kelp) 30 ng
Magnesium (as magnesium oxide and chelate) 200 mg
Zinc (as zinc chelate [monomethionine or glycinate]) 15 mg
Selenium (as L-selenomethionine) 100 png
Copper (as copper amino acid chelate) 0.18 mg
Manganese (as manganese amino acid chelate) 2 mg
Chromium (as chromium picolinate) 200 neg
Molybdenum (as molybdenum amino acid chelate) 56 ue
Potassium (as potassium citrate) (7.5 mEq) 290 mg
B.) Antioxidant/Chemoprevention agents (as capsule) Daily Dose
Quercetin [Source quercetin dihydrate and/or citrus peel)] 800 mg
Rutin/Hesperidin Source citrus peel] 25/5 mg
Green Tea Polyphenols [Source: Green Tea Extract (leaf)] 450 mg
Epigallocatechin Gallate (EGCG) 250 mg
Alpha Lipoic Acid 100 mg
N-Acetyl-L-Cysteine(NAC) synthetic 600 mg
Lycopene [Source: Source: Tomato Extract 5 %] 5 mg
Astaxanthin [Source: Haematococcus Algae Extract 2 %] 1 Mg
Lutein Source [Source: Marygold Extract 5 %] 10 mg
Phytosterols [Source: Soy and Avocado] 250 mg
Isoflavones [Source: Soy and/or Avocado Extracts] 350 mg
Allicin [Source: High-Potency Garlic Extract (bulb)] 7.5/275 mg
Glucosinolates [Source: Cruciferous Vegetable Extract (Brassica spp.) (plant)] 4/100 mg
High ORAC Fruit Extract [Source: strawberry, escobillo, blueberry, blackberry, cranberry, grape, pomegranate] 1000 mg
Coenzyme Q-10 100 mg
Resveratrol [Source: phytoalexin from grape juice/seed extract (incl: flavonoids, polyphenols, proanthrocyanins)] 150 mg
Lipid Supplement (from omega-3 fatty acids alpha-linolenic, as gel capsule)
DHA (docasahexaenoic acid— from algal oil) 1500 mg
EPA (eicosapentanoic acid— from fish oil) 500 mg

neutralize the toxic properties, by inducing specific
antibodies which limit SRD toxicity [113, 114].

This manuscript describes both oral formulas and
parenteral agents, e.g. MnSOD-liposomes which can
reduce radiation exposure-induced biological effects. In
addition, active immunization by non-toxic doses of
radiation toxins, that we call the Specific Radiation
Determinants (SRDs) can also be employed to reduce
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radiation toxicity. SRD immunization must be provided
not less than 24 days before irradiation to have activity, and
can be effective up to three years or more. Active
immunization by radiation toxins can significantly improve
the survival rate (up to 60 %) versus placebo-controlled
irradiated animals. Our studies attempt to show the
potential ability of specific antibodies to neutralize
radiation toxins and thus substantially reduce the effects on
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radiation-induced neuro-, vascular, gastrointestinal, and
hematopoietic toxicity. Antiradiation antibodies prevent
the radiation-induced cytolysis of selected groups of cells
that are sensitive to radiation. Anti-radiation antibodies
derived from different phases of the ARS can compete with
and thus prevent cytolysis mediated by cytotoxic
Iymphocytes. The therapeutic benefit of neutralization of
SRD radiation toxins could make hemopoetic stem cell
transplantation more effective. Antiradiation vaccine and
IgG antibodies have shown activity in animals against
several different types of radiation include gamma, heavy
ions, and neutron irradiation [113, 114].

Conclusion

Developing countermeasures for radiation injury has a
long and storied history, and is proving to be very
challenging. Perhaps the era of high-dose single agents for
this application is coming to an end. The authors of this
manuscript feel that, in order to find a successful approach
to protect the human against either acute or chronic
sources of oxidative damage or radiation exposure, a multi
pathway defense strategy must be developed. Oxidative
damage in humans working or living in extreme
environments is widespread and affects many cellular
components. We have try to show that the downstream

countermeasure.

biological effects from this damage are variable, based on
host factors, dose quality, magnitude and rate, as well as the
presence or absence of countermeasures. Preliminary and
pilot studies in vitro, in animal models and recently in
humans, are showing some promise for both efficacy and
safety/tolerability. The hope is, in these times of
unpredictability in the operation of nuclear power facilities,
possible terrorist weapons of mass destruction, and
spaceflight operations, that this reported work has inspired
the reader to bring forth new ideas and engage with authors
in this important and meaningful pursuit.
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