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ZOT HEBETALYLY VY SRT AL L BEHETRERTIL . FHICTHEDOY

DADBERS X UVEFEEZE Pre-flight o g
T FEERIZENTE Acclimation Before launch Flight (After retrieval)
MEICEITEBERERTF daciem
LRNJDESHIEEMA Fuor c'ondition O ) g O
awacemEL.e T x
TAHICKYFFMELAEE g o o 5 5
ERICTT, Mouth O ©) O O
Eye o O o o
TR LB A L Noe o 5 o o
PR Z 8l (28BS ULVF=EE{ME  Proctology O o . o
#2&Y . BEORERRE ™ © O o o
OELEARETHE - 2 ; 0
NTE. TESORHAM 5 3 . 5
[CDIEIFHTEMTE . Abdominal tone x o) . o



3.3 EH

AREER(L, JAXA DB LI-/NEEREEE (Mouse Habitat Unit ; MHU) %I L TEM
SNtz T, CHETOIAXANEYZS v a VIZEWTEBEINEEESLUYIRD
BESHRICETIEEREKHICTERELT=.

34 754 FERERRE (FBEX - ELRBRE—F - BIUREEL L)

AEBOEBRBEARTHEITIRIE NASA TR T A AR—XEUA2— (KSC; kE7RYHF
M) M. FEE CKE SpaceX #t K5I UFEM) TEBRFHRAT—a Y (ISS) (2@
EEIh, BBEELTEETCICERNBR SN, SLELERPIE, HKFEEUE2—ICTE
—aThnhtz, 312754 FEEBOEBME, M4 [CHELIYVRBIUVEBIRED

A—%r9,
€ — @ 7R T (BB )
@’ i | #E E(ZemT
“®., 018%4H4B-5A5H «.
REREEA~OFH 12T EF 12 RS
r—SRt - ] -
(7'7/X¥TJ:l‘f‘ﬁ?]) MELFAAG1E) I_
A %L%i Hﬂ l’) II:H L, A . o ) )
| A A A A
cex. . $E-KIER. BB MEIREDAEr— A ) -
L 25+ A GRIERE) SpaceX14
\___ BUEEYU T (MENR) FER ) FoT i
TERIER e Y R %
. \
3AsR-afaB A 7Ll TERTEMIOIER  spsE  sgim~shem
<»z3EL A 4A28 w5k A A<o22s
4ag18 Hyz+r=7¢) SHA78
Y s \ o (&)
1200C (Fr £ RleoL ) S
7957 ™ R60lL) D 212t F £ 7RI
T A 5120C (F6PL) ~
&5, TEF

38 734 FRBROERME

BEYIOR (BFEBREITIRBEIUNR RETIR) DEFF. BRFvr—ILR Y IN—IZT,
2017 £ 12 A& YRR L. OFEEZRINMSERKRETEIT o1z, 8 BT, BAMN L KSC
~EEL. 2018 £ 3 A 5 B (BRHEFME. LUTRE) M5, KSC [ZT., BARF—LE JAXA,
KSC XA v 7I2&kY., IORDTS54 FADEEE KUK/ AIL~DEIEE. FTH LITH
BIEEE1T o=, BMEEARIRIZ, IERF—LICEY ., FiES v FORREOFEDRE. BEEE
m#E=REL., TOHERE, BHERRZEZEHOE T, BHIIRERIRLz, ITLITO# 24 8%
FIENC< DR (12 8% Z3T LIF/EUNZIEZE (Transportation Cage Unit; TCU) IZH&# L .
FEHEEICSIEE L=,

YORZEHEL-FHEEE. 4 B2 BICfTbEIFont-, FEEMNISS ITFEE L. TCU A
ZFSHMAITBURAEN-EZ,. YHRFIFTO—TRy Y ANTEHERTTIZEY TCUA S
#:& L8 E ~ — 2 (Habitat Cage Unit; HCU) IZ# LE x 5h. HCU A CBEF [ZER Y {11+ 5
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nT, LB LFEEM RSN GA4H) (B4 (1)),

(@)
i

IHHA—FIvDERT T«
LE—DEE

,6/5’@:

A A A A '
2 week 3 week 4 week RERK
pX 14 / SpX-14
TEIF / (5) $ @ I@E

) & ©

Q) prame ©

FeUX TR MR
(Waste collection equipment
/ Odor Filter %7 $k)
. .
1: once during experiment. Transportation Cage Unit

Mouse Habltat Ca e Umt/\

ADZD DB
(©) vn—Ikvsamtg -

M4 BELYORESIUVEEREIO—

MELFAEHMZEL T, MNEHRBECTHEEMET S22 LN TE -, HCU [, FER
TXIZEYTEEMIZEEA— Ry O, BKNIL—o~ADKMER (B4 (2), BRI«
LA, HEHYIEIRED A VTR (B4 (3)) EELTTHONT-,

Fr-.ELTORAE 2 LF‘ﬁ’éE&IL FERITEVREREL YHERMZITL (R4 (4)),
kY > TIVITR DS B, “i’clmiﬁ’t"é‘éhto

TORBERIL, FERITENYIRXEHCUAD TCUIZF LR, TCU £FHEIERNIZHK
BLZ (B4 (5), 495 A2 BICREFEL o110, ISShoFEEEUI YRS RIA

5A1RH) IZ. IYRIFITCUICHLEZ DN, TDE. TEHEOUYE LAEEL A
2z, ZOFEFE TCU NTHEI MG SNz, FEEEIS A5 BIZKELY 74T
[Z&EKL., MIZKBEUN, FE%. 587 BIZTCU # NASAW 2Lz, XKETEEED
EREREER (Explora BiolLabs : KEH ) 7+ )L=7 ) TEHEL=BAT. SNEBOERE
N, EEIMBEDRECTIEBELZILEEALL,

B H. ExploraBioLabs [CEWT., IRF—LALIZEY ., FELI=-YDR (17 BEF) 2COA
WRAFz VI ELVTEI TR FOERR.EZEH 70— (B 5) [C LA > TR THhNI T,
AEBLUABREFELLEME. 5 A9 HICHRIhTHMEEFCSIETESIAzE. 5A 118
ICREFHEE2—ICEEL, B, RLEXKZBICTHREF—LASITESINT,

Fr-. i EBERRE, JAXXATKFEEO S —IZT, #iEARFEEZRANT, 754+
KBROFABEHE. A7V1—ILICELTERL (8 A 21 BEIEER. 10 A 23 BEHIE
XKT)o

BH. 774 FERICEILEL, YORADITLIFEREED ) /N—FI)ILE KSC ITTEML.
AT E. MBER - iR, FEIRE. HERFOHRE. EXFIE. FXERAHTEEHER
L. TOHERZI7 54 bRERICRBRS 1=,
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4. RBRERBIUHR

4.1 Mouse Stress Defense(MHU-3) 70 x4 MR
(BB X FEATERX 1. Fig. 1)

FHEAMLRICHT HEKGH. SEIUFHEFETOEBEEFICE TS N2 DF5 &
SE9 A 1=IZ. Mouse Stress Defense(5 3 BRI REABTIvI a3y ;MHU-3) AT ) + %
EWLT=, ZADN2-KO ¥ DR (ZEZ3E 10:Itoh et al., 1997) EFFER (WT) YD X
#WHEL. 754 FRISERL-, COEBMD=®HIZ, 8 BED WT ¥ X 60 L& Nrf2-
KO <X 60 EA, TEEIFD 3BMFN7 T4« FEHEZY 22— (KSC) IZEIF o, HA
DEFAET—VICIBRE ST, IBG#E. RE. HEHE L KTEREDO LRI, BELUFES v
VrORBFEORMIZEDNT, ISS~ORTAICI12EDTVRZERL: (3. ERE
% - ERZSR),

T RIE TCU TRk, Space X #HDRSTUEHAMER 14 B4 (SpX-14) [THE#EH S,
2018 £ 4 B2 B (GMT) IZKSC i 5H3TH EIF= (R 6a), ISSIZEIE L-#%. ¥ OXR(EF
BRITEICEDTHCU IZBEINf=, ¥—PTEICT1EDIYIREZWNATE S HCU ##/H
L7z (ZZX# 8: Shiba et al., 2017, 3. ER%(E - ERZSHR), HEKIZIFEET HHIIC.
YIREBEUTCUIZREN, FSdrvAa Tz ni=%. 5 A5 BIZEAY 7+)L
—T7HhOHEDKRFEFICEKLTERENFz. 5 B7BIZROREZE LM, TRTOY
DRSFERBCEF LTV — MG -

BEFME —EDTH TR FDE.£T Flight experiment (FL) ood cattion Transoriptome analysis
DYHYREREFR S . ERETHREIL 6WT mcs LS Metabolome anayss
THRBEIE LT, > [ et 1 ey e
Launch Live return H
201 8 ﬂi 9 H 17 E 75\ 6 10 ﬁ 20 E i —Gs o 2018.4.2 GMT 2018.5.5 GMT R ; Phenotype
JAXA TENE LEERERZ EFEICIEE L 1= L:mh - . ; analysis
iﬂiﬂﬂﬁ'%%ﬁ (GC) %%Hﬁ L T— > (Kennedy Space Center) w;a;:ggc?:ast) i
1 FEER (FL) LR LEAEEEI WT < Sy o cong
X 6 PL& Nrf2-KO ¥ R 6 Pt Z1{&E 5
[CEAB L1z, TCU B KU HCU (L. 128 b |3 warmor -
FOB/MEY (VL TERSAEBEIC 3
el | s
EEE I, HCU ADOSHR (0.2m/s) (X ;

FL &R CEEICSAE ST,

MELDOIODRDERERKEL. FH2
DO ENTETAEN L TH ELOEKE
IZk>TERBERIN- (BRI X ME
fiTEH3C 2 : Yumoto et al., 2021), HCU
AD12EDTIRADRRMLEEZEEZX Flight (FL/L+18) Ground control (GC/L+18)

6b IZRY . 754 b, BEELEER .mﬂ @
THICEBIN . ZBIERRET VES
TOREFELANVIZHESA (3.

ERER - ERZSR) . RITDORIN e
#REZR(L 0.29 mGy/day TH o 1=, B 6 MHU3 BB LBE LT R DHFEEE L IRMm

FECTYVADEN D REMZHRIT

Nrf2-KO mice

QL

AAA AL
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B-HDHLVEEZHFFEL: (B 6c), BMZR/NRICHIZLENG, HEIVANGHE 40
L DI ZRE L= (EF6d), EhoDFEME, ITHEIFRTIEmER. HXU GC 8RR &
B LAETEITSNT,

HIKIZR =Y ADRYVDITHEEICSWT, BRET IR EFEE - Nrf2-KO [F—HIZF
BE - NNSURDBELEHFADETZER LIz, Nrf2-KO 754 F<™ X No. 4 (FL04) (X,
BEFICEEORHEOMAREINT, RRIEFFTEATH =0, BEHFREN L. ThITHERN
2HH. BoKRERDYIVvIICEDIEDEHEESNE, TORDFLMADT—42IE. £
CHAETHNEERGEESN-DT. LUEOEN TIEFLO4 OT—2 (FBRSM LT,

4.2 FHA FLRICL D N2 @BOFMLE (R R FEMERX 1. Fig. 2)
FHAROBAOEKO—D> @

. WT KO TpB MdB
[T.FHERX LA Nrf2 #2 spl  Liv
GC pl | RNA-sequence
BEEMHIET Z00ESH B, B, M) eWAT iBAT analysis

Thy Kid

<hb., CORET IO FLAR, &, D

—F9BHI. TFEEE b

Setas 0

HBEBOFSVRY YT Gowr | FLWT GC_KO FL_KO
—4 (RNA-seq) BTZ1T 285:55 2252 5:55205/2852552
21z COHOEMT, TR TpB [ | HE E = Abcc2
[$H% L - B &S REED o i
ZICEEEIL . AI5EE (TpB). L:xm m g It
-F:_:EE'E' (MdB) . Hﬁﬂ@ (Spl) N F Gelm
FEBE (Liv). B8 (Thy). B3 ol o —— e
s (eWAT)., 88 Kid Gsta2
BERR MR (BAT) . B oo :..-Gsm
Gstm1
Gstm3

(Kid), & U= (Cbr)

Gstm4
7:;803,‘@%%\6 RNA H#> 4 o 5'2':'3“;1
TILEREL . RNA-seq #Z - 1 Mafg
et (B 7a). - S N SN Ry S
REBRS & CHBLS ~ g N Tako?
N B EBRED Nrf2 12 Txardt
WRIEFTHE 26 BEF borowasar PR
ZEIRL, E— by THE Nqo1 . Hmox1 _ space stress
B L= ZA.GC_WTY O [ pcon —— 2 Pﬂtpﬂ Microgravity
HREHEELT.FLWT R 2 | $ 10} Cosmic radiation
YRADEEEELEH TR nl T o s} T <L
BT Nrf2 BHEGFD =l o ® T =1 e ; Nrf2 activation
HEMNLEHIESATUL (= = & = 2 s ° ‘
(@70, —F. chom O ° ife T
- - ° N o o Up-regulation of
26 Bz FOHEREIL., GC - 5| 2 cytoprotective genes
FL @& ®D Nrf2-KO <™ X o, .

3 2 - GC FL GC FL

HHTELCETLTL 6 RGO R e
(K 7b), BlH. Nri2 D% wr Ko wr Ko

BiF. FHAMLRARETFTTELCESRLE BH7 HIFLRIE NP BBEEMHIETS
LTWBHZ &, Ffzo N2 [FFEAX FLA
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[CINET DBEEGEFHRORBEICKECESELTWS I ENERSIT,

S IT. MRRICEH T HHEEMLE Nrf2 BEERF Ngol & U Hmox1 DR EFN=L 2
A, bROE— by THBE—HLT.FLWT TROMNE-HRIFHEEA FL_KO THEEIEL
TWz (B 7¢c), LAL., FLWT TRONEHREZEEX, Nrf2-KO [TEWTELITERT
BOTIELEL BELLTETORBEFTENEDOONSZ LMD, FHRAMLRIZK>THh
DFIEEERLEBFICHELEZTTEY.,. ChoDBEGFRBICZLELFELTNS I E
NREEINT-,

UEDHERIT, FERXMLRIZE>TEOEENR N LHH T, Nrf2 EENRRICFH
RITHICHFES ., MEREECFORBREIERT S EEHEICTLTE Y. KA Nrf2
DUFIMGERBREZFMALTFER FLRICH - BIETHZEEFAL TS (B 7d),

4.3 FHAMLRABE LY Nri2 REICKDBIEFRE~ADEE R X MEME®HX 1.

Fig. 3)
. a b
FHR FLANBREFER | Thymus | eWAT

[CRIZTEELE Nf2 DFE + FL_KO GC_ KO '
EILICHALOMNIZT S8 5 1 .:\FL_WT
[Z.RNA-seq T—2H DT L AN
THEEEMORERELN)L
XA (PCA) Lt Rwr /  GewT 5] KO,
ZORRE. TS5/ FENM2R 5] . 1 3
KOEAMBEFRERTO | ! .
TP AIVICEHEERIZL., 4 ® 5 8 0 Tt "
SNERKLBNRAE—VELE d
5T EMRBELMICHE ST, 101

iR (Thymus) & B&A5HAHE | £ ==
# (eWAT) Tl¥. PCTILFL “ . GC_WT [

& GC Z 578 L .PC2 [LNrf2- o FLWT A 87 GC WT |
KO & WT %438t L 1= (X 8a, . ;

b). SHEBEAIZ. FFEE (Liver) S , 2
L B&E (Spleen) TlE. &1 /" GC_KO
a5 (PC1) & Nrf2-KO & - "
WT Z53BEL. PC2 X FL &
GC Z#nBtL1- (®8c. d), I iBAT ] Chbr
ChODERIZ. THR ML ¢ )
A& N2 REDMEH L F > T G6Cko | A=
LT, #EFRRIaT74 ) - /{V_,, <
LEBFeEEELEERE S || | AT | 5%
LT.E1BLUVE2D/ 4 : :
—VEMBR LI 0L BR T S
ENnd, J KO :

GC_WT

0 10 5 0 5 10
PC1 PC1
B 8 RNA-seq T—H D XM 5 347
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FEIBFDNIF—UIFEBERIEN (BAT) TREOLNE=3D T, PC1IEFL & GC 58t L1=hH%.
PC2 (DI IN—TE2E =< DBELIEMN-T- (B8e), Thlk. FHA FLAMNIBATIZ
B3 BEFRBIEELZS5Z-DIZxt L, Nrf2 REFEEE5Z2 LN EERLT
W3,

FEABBD/INE— LM (Cor) THY . PCAIZKDEEFRI/NNY— DR E#T
Ronighotz (A8, Chid., Cor NEHRTAH—LGHlaZzSO-HEMERINS, L
£ D RNA-seq [Z&BBFAHND, FHANLAE N2 R&(FIMILTEEFRBICHELEE5Z2S
DEEZLONT-D ., TOFEIIBRRICKYKREKEL L ENBELHI ELEST=,

4.4 BEESSIUBEE~OEE (R X FE1iEHX 1. Supplementary Fig. 2)

% 1 EvoRFEBEIvVIEY 3
(MHU1) &% 2 BT RE
BHIviar (MHU2) D&
I2&dE. BEECHAE
DBV EDELDRITE
X, 1M AIChi=%FH
RITHICMFEEI N (B
3k 8 : Shiba et al., 2017,
SEHL 9 : Tominarietal.,
2019) . AR DFERIL. C
NoDBRERESIECE
HLfze ¥4 0032V Ea
— A —HBRFZEZE.
GC_WT &1V GC_KO <

WT Nrf2 KO

4 o, 7 :
™ (1)) sﬁ & tk#8 L T b BMD (mg/cm?) Cc " Soleus muscle dsj . p<0mGast'rn|Lcs|::uus
FL WT 8& U FL KO <™ 850 - 05 (%BW) S (%BW)
ADBEDBEEDETZH p<001  p<0.01 ° p<0.01
HEIZRLE (9. b), PR o ® - 3

800 F o ° 04 & : 1 8 %
L L. FRIK LT N2 ¢ . - 4 L °
REFT A Mk BB MRS - wl © 3
#E (BMD) OEbEmE [ ° v . a °
LMot EZ AR s o -
(Soleus muscle) & BERERA 700

02 ——— 4
GC FL GC FL GC FL GC FL GC FL GC FL
WT KO WT KO WT KO

(Gastrocnemius muscle)
DHEAREL T A MKV
KigEEbERLEZA (B9, d). Nrf2 R&IEZh 9 BEELIUHEE~OEE
LNREERVICITFEE LLEM 1=,

LML, SOLLBHOER. HFERBVLTIEINR OERIER OGN 2E=3DD. 5
W2 A TOBITICEVWT N AERLTWS Z ENRE SN (4.12 888, Hayashi et
al., #&Rs),
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45 FHAFLANSIESRBCTMEBELE FEREJU X MR 1. Fig. 4)
FL WT &R LT FLLKO ¥ X

DEHEWRATHRIZ. BEHANEL 8 wr w b ™ |

DB LM EIENEMN o tzsh, AR LB e w1
mipIcEEY Bk EOEE A A @Q

o YA e R g N
DMEIZHESEILA NA2 2k > T . \X/J
HEEh B HEIRES R T LOR e e

BICk > TMEENBZME S Mewoomemarsis - &
B L, 22T IREEZDODTY ¢ Glycerol (uM) d Siycine (uM) e Succinate (uM)
2D FRERIRD S M3E % UNE L. Nk o ’

NMR ZH V- A 2 RO — L@
To1- (K 10a), A2:RO0—LFEHT
M PCA Tl&. b5 R Tb—LfiE
FEYEEMTHLOD. PCT
TFL KO & FL_WT D4 B R 1= SLeln W Ko

ZEML (B10b). FHEA LR E  f Giycerol @) 0 aycine iy N Succinate (uM)
Nr2 R&EDEHMNIER SO L : e

EIZFEELI-CLETES D, % %
' |

RIS, FEAMLRADA, F£=1E
FHRA LR E N REDEAIZ

Ko TET HMERBEMEIER ol
L7z, TOFER. KFHIE LT,

GC FL GC FL

Ageing-associated

gUta—L, TYIU BLU

Space stress ——+» Glycerol I metabolites
/Y E&t E E’ HLT= o ( 10c- |Ticrogravity/()osmic radiation S Glycine l
o 7)EH—ILLAILE, WT [ w2 defciency |3 §poinate |
YR ENf2-KO Y9 RADMWA
T. GCYORELLBLTFEHRE? B 10 MmigA2RO0—LfRHT

FA4 MIk-oTHEML., Nf2 REDEEILIZ

EAERBNTGEA STz (B10c), —A. U (B10d) &a/nYEE (K 10e) DI
LARJLIF, FLWTIORIZBWTGCWTYIREY £LEM D=, GC_KOTIRDTY)
DoEANTBEDLANILE GCWTIOREY HEMN SN, SHITDVTIFFER ML
ATEHIZETT A EITHEM 2= TNLDFERIT. BEORBMIZDOULNTIE, Nrf2 R
KEFHRX FLADNEHOEILESIZTHEILE-EDEEREINDS,

NHDORBEMOELD. £E FOBLRIZES REVOEILEBRT 5MARNS=HIC, B
AT AR AAN I HKE (ToMMo) TERSINzE P AZRO—LT—42ZFRALT

ToMMo DA E afk— AR T, BE (20-40 %) BELUEE (60~80 &%) DS MEDIM
BHRORBEMETAR-ECH . P EO0—)LLRILIL60-80%D T IL—TTHEML (F10f).
IS4 MIDRDBEREFBIZES—HLIz. £ )2 (R109) BLUVaNT B (B
10h) DmMIFLAILIE, 20-40 HDTIL—T &Y 31 60-80 DT IL—TDAMNMEMN 1=, =
NoDEEE. 7254 FIXORADEILEFEEICE L —F L, BED 2 DOREMIX. Nrf2
REIIATHHEDOL., Nf2 NELLZELEDIEHEZLTVWDEVNSEZZXET S, L
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=h>T,. CHODFERML., FHA MNLAAMBRFMDZILIETLEZSIZRIT L.
F=. N2 R&EDREHEODEZBILRELZSIESRR T ENTREEINS (K100,

46 N2 REKIZKD 754 FhDEFREMOEET (KRR X MM X 1. Fig. 5)

IRETVRADBRKELFFAN-E. @B L CREABEEDORES & UHEBFENEITZ1T-
f=o COFBMIZENT, RLVHALREBED 1 DX, 754 b Nrf2-KO ¥ XA DAEEM
MRIMLTW=C¢ETH-= (H11a), FTBLEITHDOYIRIE11BE&HTHY .. YT ADIK
BlIFEENTEBHTHD, EE. FLWT IR, GC_WT YR, GC_KO ¥ R(FLY
Tt FEXRCEEICEKENEML Tz, CORBEOEREEDIAN=ZXLIZDINT
X, BERTEFTETHS N, §%&. A I HRO—LBIHCLS VRV ) T h—L@BHZEER
LT. BRI FETH D,

RIZ. eWAT, iBAT. R, BREE. A, MAR. DiE. BR. BRGEOMBEELRANT,
AREHI-Y eWATEE(X, 7574 MMk > TKRIBIZEML A, ZOEMIXFL_KO TR
TKRIBIZIEET L (B 11b), EERL I L(X. 2D eWAT EEDFEADIE. GC_KO YHRT
FRONGENSI=CETHD, AEFIC, I BATOEEZFFLWT YORATHEEIZEMLT-, L
ML, eWAT EIZEAY, FLKOYDRTROLASH(ICEMLE (KH11c), BB, Ch
5D 2 DOEHMEBOBEIE - HBMTH-fz. —A. FIBOEEIE. 754 bET:
[ENM2 REICEH>TREBELRIEIR SN GEL -2 (B 11d),

ISSHEFDT I RADELEEL L WEBKEICDT., KREFOHBKEFEEZL EICEHLE (K
11e), TDFER., 754 FEELH ERBREOMA T, WT ¥ X E Nrf2-KO T XDET
EERLUVEKEICAEZEZIROAGNA = (R 11f. g)s ChoDIERIL, BEHER &
WEKEBZELEZDHIEHEL . N2 REICE > TEERITPOAKREEMABE SN2 L%
Y. ULD#ERIE. BEEHABOEMIIIH S NI=2HIZ Nf2 RET I XDFERIT
FOREEBMAEETINI-CLERET D,

FEHAMLADNBEECHEORBOREICRFTHZEICOVWTILIZHARS=HIZ, BEL
#THLEIFE 18 HE. L+18) LIRmE®R 2 HR (R+2) IZTYOREMNGFL Iz TIL
FAWVC, LEMEDOAARO—LBEHZTo=z (B 11h), BH. ChIXFHHBERIZT
DANLEMEN-MEDRVDEHTTHS.

mFEESA FHRO—LETOFER. SLELFETDO WT X & Nrf2-KO ¥ XD
THIALATO—ILTRTIL (CE) LRJLIZEIELEA o1 (L+18) (B 110), IFER (R+2)
D FLWT ¥ROXTIFH CE LRILDEFEMNR SNTF=H. Nrf2-KO TIER ooz, —
A EBRVTYEYE TG LALIE, 8L (L+18) TIIEEBTRELEILEFT AL (B
11k), #EF (R+2) TIEXWT & Nrf2-KO WFhEET LR (B 1), IBERO WT <
A (R+2) OHTHHCE LRNLDEMNR 5fzZ EIZDWTIETE LR =S 5RBAIE ALY
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Principal Investigator, Masayuki Yamamoto
(Tohoku University)
April 2021

Now that human beings are familiar with space exploration, it is important to clarify the
health problems that occur when we stay in the space environment and to develop the
technique to protect our bodies against the space stress. The main effects of the cosmic
environment on living organisms are due to cosmic radiation and microgravity. When
exposed to cosmic radiation, reactive oxygen species (ROS or oxidative stress) are
generated, causing DNA damage and cell death. Microgravity exerts mechanical
stimulus and stresses on cells, and disrupts the intracellular signal transduction. In this
study, we focused on the transcription factor Nrf2, a master regulator of stress defense
genes, and aimed to clarify contributions of Nrf2 to the space stress.

Our previous studies have shown that Nrf2 regulates expressions of genes involved in
anti-oxidative and anti-electrophilic response, and helps to maintain homeostasis. Nrf2
is ubiquitinated via Keap1 and degraded through the proteasome under basal condition.
Keap1 also functions as a stress sensor and stops ubiquitination reaction of Nrf2 when
it senses a stress stimulus. Stabilized Nrf2 accumulates in the nucleus and activates
transcription. Nrf2-deficient mice are susceptible to the stress caused by ultraviolet
radiation. In addition, it has been clarified that Nrf2 is involved in the response to
mechanical stress. Thus, Nrf2 not only activates anti-oxidant genes, but also contributes
to vascular protection against mechanical stress and bone formation. Therefore, it has
been suggested that Nrf2 has a potential to counteract to cosmic stress.

We have established a research team that enables comprehensive analyses of the gene
and metabolite expression by including researchers of Department of Integrative
Genomics at the Tohoku Medical Megabank Organization (ToMMo). In addition, by
utilizing the cohort data accumulated in the ToMMo, we aimed to collaborate and analyze
human and mouse data and create a database thereof.

Six wild-type and six Nrf2 gene knockout mice, a total of 12 male mice, were launched
from the Kennedy Space Center and bred on the International Space Station (ISS) "Kibo".
After 31-days stay in ISS, all 12 animals returned safely to the earth. This study
succeeded in the first gene knockout mouse survival and return experiment in space.
The results of this research will become role models for future space experiments using
pathological model mice. In particular, since aging-related experiments that take many
years on Earth can be reproduced in space in a short period of time, and application to
various experiments is expected in the future.

Comprehensive gene expression analysis by RNA-sequencing of the returned mouse
sample showed that Nrf2 is activated in various organs during the space stay, clearly
demonstrating that Nrf2 activity is actually induced by space travel and enhances the



expression of cytoprotective genes. This result indicates that the Nrf2 pathway is utilized
to counteract against the space stress. In addition, some of the gene expression
alterations related to aging were also observed in space mice.

Plasma metabolome analysis identified changes in blood metabolites in space flight mice.
Of note, some of the changes are the same as human aging-related changes observed
in the cohort data of ToMMo. Whereas aging-like phenomena such as atrophy of muscle
and bone when staying in space have been known, aging-related changes in blood
metabolites are identified for the first time in this study. From the above results, it was
found that space stress causes various aging-related changes at a rapid rate, and that
Nrf2 has a role to counteract and stop the aging-related changes.

In this study, we have developed a new blood collection procedure that is minimally
invasive and easy-for-use for astronauts. Capitalizing on the development of the new
device, we successfully collected small amounts (40-pL) of blood from mouse tails during
the flight. Subsequent mass spectrometry-based metabolome analysis successfully
detected plasma metabolites in the small volumes of plasma. Our results show that there
are changes in plasma metabolites that are found only in in-flight samples, but not in
post-flight samples. We also found that Nrf2 contributes to the specific metabolic
response during the spaceflight. This is the first analysis of blood that was collected from
mice during their stay in the space environment and detailed metabolome analysis.

Detailed examinations of the returned mice revealed that Nrf2 disruption impairs body-
weight gain and white adipose tissue volume change in mice during the spaceflight. This
result indicate that Nrf2 is important for maintaining white adipose tissue homeostasis.

A part of the data of comprehensive gene expression analysis and plasma metabolome
analysis is released to public in the life science database ibSLS (Integrated Biobank for
Space Life Science). This makes possible to distribute samples and analysis data of
space mouse missions to researchers more broadly. Further research on space will be
valuable for aging research on the ground and research to protect the health of the elderly.

It has been known that there is a specific - -

. . ] . International Space Station
regulatory single nucleotide polymorphism in “KIBO” breeding (31days)
the NRF2 gene that downregulates the Alive return
expression of Nrf2 and increases the risk of Launeh Nrf2 gene knockout mice

diseases in humans. The results of this study
suggest that people with this polymorphism [ Space stress ]
99 peop poly P Microgravity Activation!
Cosmic radiation

have a high health risk during space stay.
@ Cytoprotective
gene

/

Furthermore, the results of this study show
that drugs that activate Nrf2 are effective in  Acceleration AV A/ AN\
overcoming the health risks of staying in
space. In the future, Nrf2 activators are
expected to develop into research on drugs
that protect the health of the elderly on the
ground, not only when staying in space.

Ageing-like change

. Prevention!
Gene expression

Blood metabolites
Adipose homeostasis
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T3EM. BLUBEMREELERFOIINASA—C%, i ETI3EMMB LU 6 EHREE
LI-BFELEMICLEE Lz, ZOHKE. TEHTIEMREFEL 6 EHERTFEDBIZFHEF DNA
DEA—DIFENEWNCENBALIELST= (RI10C~E), $Zo<KITbEITERIC
[TIREGLEDERTH EREREENEL SN, ISSHATEELE-REZHELE-ES.
SERETEENHELZLDIEERDONT,

TNEDBFEWFABEBBIALIZES A, 91 0% REETINFAFIHIEE T ZHICK
LTz, CNIEIBFICEENLSIZHERFHIREFHABDICED - EHLI-EHZEEZ OGN
B0, thtEFEHTRREARERIZCENRONGL 22 EME, 7U—X R4 ELUVT
VITEUREICKBEEL LRI,

(3]
=

n

=)

>
n

S3S6 S3 86 S3S6 8386 5386
_BD BC Tg B6 Total

| B

BDF1 BCF1
‘e B6

Fertilization failure (%) Rﬂalivc length of tail (T3
=

o G G & %
K10 FHEFLEEGEBEFICESNSDNA S A— (Runl/Run2)

A FERELEASRATUIILEY, B) Y4BT =_EaL—4—THEFEEYY

Ty ITLTWBHEF, C-FE) axAvb7yvta, TEIEREFLFHOEREMNHETO

AYRT—ILORIZHE LIz, REBTESODZFEIREONI=D., FHIFERFLFHO

FREFICIHELE DNAMEES) FRoshEh-1z, (F) BB ETo-BEHE. G) F
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HREBEFZWNFAIAT D E, BREIANTOWMFRIEFECZHE L, H) WFAICE
ALERF (B BT . A : AFXLEB) . () R E. BEIUFHIFLFH
6 FRELEBFEZAVEEDRFEE,

RIZ, PFANFEAL-ERODNABEICDONT rH2A x iR Z AV TRERNLLEEETH
Rt=, BFENRGEHE T ONABEEMMICENAONEINEETIELZL., FEMERFEETF
HERELEDOMH. PLUSERELOFREDHICEEZIROA LN (BI1 1A~
C),

Ay FBEUYHA X TIXHHLZ DNA & A —JIFBIETEEIAKRELST A —FHAR
LN, FIT. EENDDNAEBETELZLBASREE S 2 MIEHOKTRE L
o TR, RACLREYRCHRT S ELYFETRELEEFT. EEDODNAS
A—UNEZBERNRLONT: (K1 1), EAREFEHENRC LGS E, ETEHFHT
LEAA—TUDFEB LS BIERNH 1=,

S6
A G6 9 & BDF1 BCF1 ‘
% [ ] [g B6
:c 2.0 L 4
v-H2AX H3K9me2 | y-H2AX H3K9mge2 S g o [ ** x
ad - g * **
7 W, 215 ;&i,
- ] @ &) ;
: = e '’ X
=
2 1.0 T T

G3 G6 S3 S6

(=]
o

B Normal [ Light
80 [ 'Moderate ["1Heavy MMLethal

NA NA NA NA
G3 G6 S3 S6

H11 FHEHEBTFLEZRELEZEICETSDNAFA—C0RIE (Runt/Run2/Rund)
(AB) Hh F 6 ERFLFHOFERTFOBFCZRLIREIZH TS rHA XERBEHLEE
ETRAELEED, O 4RMELUMESE, hE6fFE, FHIE, RUFH6GER
FOREFTEZRLEZEDO YA XDIEEZT 5 7 TRLEZHD, RFEFTIEZLDEVNS
HhdEICRADD, MERFLFEREF. HAVIFEIERFLFHOERFDMAEIC
FERBEFRON G, Tz, (DE) L6 FERFLFHOFERGFOBFCTZHELIz2H
REIEICE 1T 22 BHREE (ACS R L CLWSEEBELM/MML ZA10, (F) #ht
BF, E6F, FHIF, RUFHOFERFORF TR L 2MEHKICR oNT:
ACSIZDINT, ZDLARILEBERNESE (Light) M5B (Lethal) FETHDA4ER. XU
EEZ2HBEERE (NCS) TR, TDEIEEZJ 77 TRLEZL0D, M ERFLFHER

60

40

20

0

Ratio of NCS and ACS (%) i
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7. BAIVEIFHIFRFLTFHOERFOMICHERGEZEZXR ohGEh o1,

RIZZFBEINOEERIZOVWTHEBRAANDEERLEBEELUVT R - RAGHEZ LR
Lf-. BBRADEERCOVWTERKEBETESDELANEL, ERHEEIT L5
B MEEFHERESLIUSEFLEERFOVWTNTHLENR OGN (B12A,
B)o COXRBRTHON-ERBEZRERAICKY NIMAELREERENTERICEOD T
RHELRE L. FET6FRMRET S LETEARRBOMBKINET I 2ERNR
bnf- (B12C~E), —#OREBREICOWLNTIE, TUINELEZRWVWTTZ R F— X B
MIRRZANER, HERFICHRFHERRFOANOPLT R F—L XGHMENER 5
tERARLhz (B12F~G),

BlOO %
080
=60 G3 +G6
240 53 +56
% 20
0 pn 2c 8C MB Bl
E 100
g 80 i B Cdx2 MNanog MNega
£60 : :
= n il &
Ey4p
B Tee Tei¢ 20T 2o0% TETS
G S G S G S G S G S
BDFI BCFl1 Tg B6 Total

¢ 33 G6 mS3 mS6
)

TUNEL positive area:
B

(%) (
TUNEL ;
*
Y i | I
BLEYR N
Analysis 0 BDF1 BCF1 Tg B6  Total

H12 ZHEWFOKREHRZE (Run2/Runl)

(A) FETOERBREELI-GP-TGITORDEFTZFEL., BMBREFETRE LI-IE,
GFP BEFOHERBIZLYKZEBIZHK >TSS, B) #HEIF, thEt6F, FHEIF., KUY
FHOERFOREF CZHELE s AREE LEBR~ANOREEEZRARNIT S0, EIF
Hhotfzs (D) HMEERLIUVFHOFREFL-BFTIHL. MBIEETREL:
FEERERLEELEZED, () 4RSS ICRERHET. AERMEEEE (Nanog 54
i) ERBHNEE (Cdx2 [GHEMRE) (CEHHT. HBERZELER LTS5 7, £HORX%E
FeH-Total DTS T72RBE, hEEFERIUSERFL 6 EREDHEICELEL
e B, (FH) MEERUFHOFEREL-BF TR LEBBEARELE
DT7RE—RABHEMEERARELD, H 4RZHELVCRERBTTZ R =X Bt
MromE (BROEICKYRBRAOCEIEZEDY) &LV 57, 2HORZFL
OHtf=Total DTS T7%2R5L. MELFEELIUSFERHFL 6 FREFORHICENENI L
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ANV BT

LMALEZRBIMEARTIAABIEL TEFADEEXRZRANDS L. FHTIFMREFL
=1maE (12.3%) & 6 FRRFLEEZES (12.9%) ETEEGLS, F-, L IFRE
(12.4%) © 6 FRE (12.1%) LLEFRonGhofz (13 1), ABETEFH
TOFEMRFLI-BFNOEE 168 COEFNEENTN (R7). WTHINREEE
THY (H13J), BEMECFREEBHITLEEFIRohGh o= (B13), —&#D
RORTDOVTIFHERBRRICKEL ., BEGFEIUVERESEFNS L EHALE (K1
4),

A30 C Ground pup
G3 mG6 #1H#6 #2 #5 H3 #4 #

= 25 mS3 mS6 —
20 . —
[ J
= 15
T
£10
" II

0

BDF1 BCF1 Total

13 ZHENOSERELEFOEEM (Run2/Runl)
(A) HEEDT ST, 4RMBLIUVRERMTREESOENAO5NIHN., 2BOREFE
EH1Total DTS T72RZH L. thEEFHEBFLUIFERTFL6FRFORICENEN
Enhd, (B) FHOE6FMRGTEENEF (FEYVR) . (C) C57BL/6%RHHD
6 FRFELFHOFERFETEEN-EF (TNTN8IE) DINZFEYH LT, RNA-
seqll & HMBEHN L EGCTFREENEZT o1z, MBICIFLAEEWIGEI ST,
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K7 Iy avTERBEL-EBIERBOSHERE (Runl~Run3)

Period of No. of oocytes No. (%) of No. (%) of two-cell No. (%) of

{R7Fi5fg= DPreservation surviving after fertilized embryos embryos at 24 h* offspring
strain 1CSI

Mouse

BDF1  Original 0 89 74 (83.1) 68  (76.4) 20 (29.4)
Ground ly 216 208 (96.3) 165 (76.4) 19 (1L.5)

3y 502 452 (88.1) 408 (90.3) 8 (2.0)

6y 418 338 (80.9) 284 (84.0) 30 (10.6)

Space ly 367 359 (97.8) 262 (71.4) 24 (9.2)

3y 862 783 (90.8) 636 (81.2) 38 (6.0)

6y 434 425 (97.9) 396 (93.2) 49 (12.4)

BCF1  Original 0 98 98  (100) 74 (75.5) 23 (3L1)
Ground ly 423 366 (86.5) 278 (65.7) 10 (3.6)

3y 266 289 (94.4) 253 (87.5) 58 (22.9)

6y 329 320 (97.3) 303 (94.7) 66 (21.8)

Space ly 282 256 (90.8) 182 (64.5) 15 (8.2)

3y 581 664 (93.7) 597 (89.9) 94 (15.7)

6y 348 343 (98.6) 324 (94.5) 51 (15.7)

129B6F1 Original 0 49 48 (98.0) 38 (77.6) 16 (42.1)
Ground ly 242 231 (95.5) 213 (88.0) 27 (12.7)

3y 214 181 (84.6) 167 (92.3) 15 (9.0)

6y 204 165 (80.9) 137 (83.0) 14 (10.2)

Space ly 341 327 (95.9) 279 (81.8) 24 (8.6)

3y 418 395 (94.5) 345 (87.3) 55 (15.9)

6y 225 180 (80.0) 155 (86.1) 43 (27.7)

C57BL/6 Original 0 75 75 (100) 55 (73.3) 17 (30.9)
Ground ly 140 133 (95.0) 97 (69.3) 15 (15.5)

3y 142 161 (99.4) 138 (85.7) 39 (28.3)

6y 565 418 (74.0) 297 (7L.1) 14 (4.7)

Space ly 86 75 (872 61 (70.9) 10 (164)

3y 550 479 (87.1) 403 (84.1) 56 (13.9)

6y 617 498 (80.7) 426 (85.5) 25 (5.9)

Total  Original 0 311 295 (94.9) 235 (79.7) 76 (32.3)
Ground ly 1021 938 (91.9) 753 (80.3) 71 (94)

3y 1124 1083 (96.4) 966  (89.2) 120 (12.4)

6y 1516 1241 (81.9) 1021 (82.3) 124 (12.1)

Space ly 1076 1017 (94.5) 784 (77.1) 73 (9.3)

3y 2411 2321 (96.3) 1981 (85.4) 243 (12.3)

6y 1624 1446 (89.0) 1301 (90.0) 168 (12.9)
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K14 RAHEKBLIEE (Rund)
FHOEREREF TEFTNLEFRES VA LICRERY, MRBRICKELAHEREZEL, £
DRERDERA LR, REKBMTRERE LRAEKZEL Lz, BFFITELTDNA
EENRELLGYRRTLITMRENEZER. SHORLKHEREZELHLTLED, WEEIa
—T—I 3 VIER DM TULVELY,

(3) SROEBEF

Fk, NENFETEERTHHERICIE. THABRCREOALRBORLOIC. RERT
DOFREEDZENSGULEIZTONSEEZOND S, AHARIE. FETLRERTE
FEo-EENARETHAIZ EEZWNOTRT ENTE =, AAETIToUIT7LURE
B 7)) —XRSABFORSFRMHEFIEEICEC (HKRI0Gy). EBRIZISSHT 6 F/H
DREFHRFIZRKEL LEFHKSHEE (0.3TmGy B) 5. 7U—X KS A EFIEFEH
AT—L 3 U TCTHEHREN200EMRETESZEHhM o= (30, 000mGy 0. 37mGy =365 H
=222%), AMECIEREHRHEEZ—IToTLWRWI &b, SEHRGHRIER L%
RTHILT. JYRPBOFERENAREICLES ERDNS,

BORRKICIE, NBIFMDEABELEFTT S LICHEDLITHA S, IR THEROE
MIBEZHRT H-DICIF. ERBIEZRTEMZHREZTF-E 5012, ThTIhOET
ZHOBEREFRIMANEEZRTNELESEL, AR, BFEERBERTESZ LIZE
Y, BPEEMDE~NEWRT 520N R FERSFELEDEEZRLTLS,

FESROHMEN L., 7V —XRSABFEIEVE L URHRADOBEFREIL EFH
T AMEFELTELFATEDIENHALINEL o1z, FEHBSBRORBRADELES

21



FARDZENTELRENEIINDLMOTTH S, LH LEELOknEESEEFHERT—
DI VITHEROHIBZICHREINTEY . APKEICITL LEFITHIEL T HEFHOMAHR
TMRI D EIEXTELGL, 2024FE0 L EBENIRFE S ARARNEDOHERERFERT— 3
U IF—roz4] ZRAVNIESEFEBRSHROARIEAEEIZLZESA. ZIICTFHERITLE
BEELGW O, #BFEENMDELGERIIEHBTERLGL, —A. AR TRV EREEE
BFEIERRENTAGETHY . HEFEENTETHD, COHIEHEAEDLENEL, FH
RITENEEBELGEVWT— oz A THHoTEHLREEABOFEREERNAREICGZ D LB
Z

—7A. BEOHIKIZENTYH., £EVEHKE. TGO ERERIAEOEELGHMETH
Y, ATRELGRRY K DELFEREKAICRET AMLELNH D, BYDOEFIE. ELTA
Y AHE L TKAELOMTICEFIBRENMEONRENBE>TLASD (R/A—JLN
IWHEREFITBRE) .. BMOLBEMBORFICIERAZRSIDLETHY .. TO LS LTHERIE
T, AMRESHERE L-BFOEBEZERERMZRAVAE. BMOEGTFERLIE
MOEFLRKRICERTHEICRIRETELILEDNS, LT AN, HEKEICITKE
DK, BERIE. FEREBHICEDOIMHFAREFRLGENHL-O. RAMEERIZRETEZ S5
TiEELy, £ LADHIAL O ZDEICHLBERICEMORERIIE L-LEHREZRET S
ZENTENIE, HIKICKELKENEZ 2B ETEREICHEXKAMICRETESMD
(BF (R AN

AHARIEINODAEEEZ MO TAALZERHNGELDT,. 1 ORI I 702—0DF
W2 DDHEEICIBE S M7= (Wakayama et al., PNAS 2017, IF=10 # & Uf Wakayama et al.,
Science Advances 2021, IF=14), £ =ERZ T THELHEDA T4 7 TRN = (K1 5),
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(3) H ETHOXREHERDGEZ ) J7 LR E L TEMIZHERLIBA, 7—XF
TARFIEFET20 0FLULREFETEIEEMMNREINTZ, 1212 LFEBESHRIIXR E
(FIRFEAKRECERL D120, ERORFAEHHITISEOARISILETH D,

(4) BBENECTFEREBFMLGEICEYFHIIANEETHS Z EFMHL, RiERA
DFEEBLLVWILZHAL: (BRExR), MABEOFHEEE L RERAOZEZHAR:
HREVDHFETH S,

(5) RAZEIE. EYVORBRADEELZRANCNIHE—DNAF FI A2 -T2 51
(FTTHL, RETHEITTREBOEEZARDIZENARETH S0, REBEFEANS
F— b/ I2E T 5 FFERECORSRARICLFALHAFIND,
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HABEOEBEICES TAFHEBEEOEE
(Space Pup)

RRUIRE FLUERE(WRXF)
A

A BEEZESISERLE=OILYOEXEY)

AARE. HAEOFHRRRE CORBEORIGEEMZREITHIEZAMELT. K
HIREIShH =2 TEE LR ELIZRGRIRR F&. HRRET YA/ T ETHEMNLIZE
DTHBD. TDHRAREMENF BN EZTRLECEF. EEGHRETHD,

ARARICEDAEN, FHEHTOHMEBEEARICIntHEZT S A= EIEE<EHET
=B, S IRAHESISHESHE. TRIEL, ARTHE)—FTOHARAH
RSEHEEHFI D,
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Al #K2-3

SESFAT—

FEEOEBEIE TEFHREDEZE (Space Pup)
GEADE

MEAKE ; HLU BE (LUREXE)
2022%3H

[(BFR] HRAREMOAR—Ra0 -G ENBRINKET DRFRMNKERF, ANEE
FTHKREOLENE - KLV EICL DA, FHIRRIEENCRALGFHEBSHRNEY
FECO, FERITERANEZTTHECRERANOZENBISIATNS, 0, YORAG
EDHIEZ ISS TRYUMBABT IS LERBTHY . RAERAFEZ L ISS TITATE
Mz RAMRET S EHHELG S, HAEOAEICET AMREIETHhhTL
BMotze —AERIBEFOI7 - PS5 REEMZRAFEL. ERITBRAEBRTR TN
[(FREFERGA SR FEEHRR THNEEERTHLRETREIC Lz, COREMEZRAVNIEL,
B4y FTOEMREEBUBFNERTITA. ISS NTIE-95 COSEETHRET 52 L T.
BFORMRENFRIZAY . FERSROLRERBA~DEZE., ST OFEFMN L
EFENRERADEEBENOTHLONMITHENTE =, Fo COWEIL ISS TH
FERELERRICHEANBERINT 510, AEMEOARTERSNIBEBIRET TOER
LE-BEEZRELET. FERTIMELSTIERRLEEAELL., I, CORRIC
S YFHTOMILERFORPREAEIRAETENE, REEFIRX FOFELGFEHE
FHcWIAEDERALG ENBGERORIBHULGRESHELGDEIT THDS, CDEIIZ
ARRBEFIANEDFETCOERD-OLETTHCEORFLEVWS ATHLEELGRRER
155,

[(#£R] 4TBEOVIANLEFERLIE-7UV—XRSA4HEFIX. 201 3FE8AICHTBLEIT
bh., ISSHOAEETOMNA., MNSE, HeERBREIN-DOLIZENREIN-, HEREK
LT RALEFISERLIEZ7) ARSI BFERARTCRLELETRELE:., 1=
)77 L URELTHET X IREBHEBRET o, [SSMSEYNE., PADLES I &k Bt
BELK EFFAREER, 7V —XFSABFOFHHEIELL E1L0. mGy/day THY . Lk
D17 0OBOMESHREHEL LTWBR I ENDM o=, BRIICOBFEE-T. BF
DDONAF A= Z¥ERE. RERE, EF~AOREREEZRRLAETHRIEL: (B1),

/ =7 A omBam R

Space Pup
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B @Sieh OvH2AX  GREE CEEM 97 Fr— OBEFER
B YRR MRS ozEE | R |
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BFDIEIE % Rt = FEON DR EFOEEMH
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BFZDLDODOINAT A =BT LEHER. FETRARFELIZIFETOINAS A —D (i
TRELLEBELTOPEZ ZERANELONA (KI2C, D) . TALDREFEINFA~E
ALBEDOZRE, RBA~OHRER, FLIUKEORKEICIE, FERELHERE. &
FUFHIFREFL 6ERFOMICARLEZFIR oG-z (RE~K) .

- ] = [0 i —uy
B ‘\.\ ° .g_ ‘. 1

K Se6
= "dx?2 DAPI Cdx2
i
m

E2 HEODNALA—T, BHtE. & & CERIBOESNE

ZHRENE. BYBEHOME~ABIELL-ER. H ERESSUVUFEHRERFI S ZHOEE
BEF (FEHIDR) #2852 &ICHML. hbEFH., SLURFHROB THREIZE
FRoNGEMN Tz, —EBDEMFICT DL TIERNA-seqlZ &K 5 BB LBEGFRIRBHTZITL.
FHEFOZEZRAND., M ERFOEFLARGEVIGN oz, T, LEAFH
RERTFOINAZEELH > THLRFENEATOELGY . EFICITEENELZOATREEED
W=, FHEFRERBRFCTEFEN-EFES
UELITEY, MREREICKE LRERZESL,
ZTOREROSERAL-ER, RIEKM TREKRKE
LRAEEKZMEL L=, BFICELC-DNAZENK
EICHENITEGCFRIRT HAREENH D -HZH
L DORAERKZEMELLTLSEN, WEEIa—T—
U3 ViEROMoTLVEL (B3) , M1 ETITo
FXRBHRER L TICRELZERE T HMICRET
Fig 3. TH< ™ cb?%ﬂﬁo s, WTHETEE. TU—XFSAHEFEISSTH
T—ryarviERoh>TLiah 200 REFA[REE LS FERICHE o 1=,

(#53m] AR, HATUNO TFEREFRTFEEOTIR (FHYIR) 252 LIC
B L. FERSROBFOFRADELZICERDFERETIXIFEALEENL L ZH)
HTERLIz. RAEIIRETHEITTEYNORERADEZEZFTNONENAF RO A—
A—ELTHLRATESO. AEEEALRT — bV A28 T 5 RFHRIETOMRS
BRARICHLRAEELREZMALZ, ARARIEA VNI T 70 3 —DE 2 DDOHMEE
(258 S 7L f=(Wakayama et al., PNAS 2017, IF=10 & & U'Wakayama et al., Science Advances
2021, IF=14), F=ERLZITTHELEHEDOA T4 7 THRNA ST,




B 2-4

Summary report of the ISS-Kibo utilization mission,
“Effect of space environment on mammalian reproduction (Space Pup)”
Principal Investigator, Teruhiko Wakayama (Univ. Yamanashi)
March/2022

Currently, NASA and several organizations are beginning to plan manned missions to Mars.
In the future, humans will probably live in other space habitats or planets for over many
generations with animals such as dogs, cats, and livestock. However, interplanetary deep
space is populated not only by microgravity, but also by strong radiation such as galactic
cosmic rays. If radiation were continuously irradiated into the body of a species and several
mutations accumulated in germ cells over a long period of time, then the species would
become a different species. Therefore, it is very important to examine the effects of space
radiation on not only living organisms, but also on future generations before the “space age”
arrives. However, it was almost impossible to use live animals on the International Space
Station (ISS) for longer periods of time. Similarly, mammalian oocytes, embryos, and
spermatozoa cannot used on the ISS, because these cells require liquid nitrogen or ultra-
deep freezers for cryopreservation, which are not available to rockets or on the ISS. In this
study, we decided to use mouse freeze-dried spermatozoa (FD sperm) for space radiation
experiments because FD sperm can be preserved at room temperature for more than one
year, which allows us to launch and keep the FD sperm on the ISS without the need for a
deep freezer.

Preserved on the ISS
A Q ‘;'g ﬁﬁﬂﬁ ﬂ ﬁ Launch 9 M (S1)
30 to ISS B> 92 Y 9 M (S3)
/mpulcs

Y 10 M (S6)
Lot check — ::> j Preserved on the Earth
9 M (G1)
Select 12 best Select 24 best » Control[:> 2Y 9 M (G3)

males from 66 ampules from
males each males SYIOM (G6)

Divide into 6 boxes

Blastocyst Space Pup

B Oocyte 1-cell 2-cell
/ 3
(Tl o DT ol

5. In Vitro generation
development @ X 8. Full-term

1.
9.G
| Comet 2. Fertlllty 3. 'yHZAx 4. ACS }\ num%l 7. Apoptosis expr?:]élgionj
Examination of sperm damage Examination Oermbryo quality

Fig 1. Schematic diagram of the preparation of FD sperm and experiments
The 12 best males were selected from 66 males by the quality lot check of ampules, and the
24 best ampoules were divided into 6 boxes. Three boxes were preserved on the ISS for up
to 6 years, and the other three boxes were preserved on Earth (Fig 1A). After preservation
on ISS, damage of spermatozoa and the quality of embryos after injection of those sperm
were examined (Fig. 1B).



When space-preserved FD sperm were rehydrated, some of the sperm heads separated from
the tails (Fig. 2B). The Comet DNA breakage assays showed that although there were
significant differences between their preservation periods in space, it was very small. This
result suggests that long-term exposure to space radiation on the ISS did not cause DNA
damage to the FD sperm (Fig. 2C, D).FD sperm were injected into fresh oocytes, then most
of oocyte fertilization with FD sperm irrespective of preservation period on ISS (Fig. 2E-G).
These results suggest that space radiation did not affect the cytoplasmic factors of
spermatozoa too. When embryos were cultured for 5 days, the developmental rate to the
blastocysts derived from space preserved spermatozoa was comparable to the ground
control (Fig. 2H, I). Immunostaining of blastocysts showed that the quality of blastocyst is
also similar to ground control (Fig. 2J, K). After embryo transfer into recipient female,

£ N 1

Fig 2. Examination of sperm damage and the quality of embryos after fertilization

healthy offspring were obtained from 6 years space preserved spermatozoa without reduce
the success rate compare to the ground control. There was no difference in the gene
expression profiles between all ground control pups and all space pups, and randomly
selected offspring grew to adulthood without exception. Although, the lifespan of the
randomly selected five C57BL/6 space pups were slightly shorter (ranged from 387 days to
816 days) than general mice (around 800-900 days), when randomly selected male and
female space pups were mated each other and then, the next generation were mated again
and the third generation was obtained, all the offspring appeared normal (Fig. 3).

From reference experiment of X-ray
irradiation to the FD sperm on ground, although
there are differences between X-rays and space
radiation, it can roughly predict that FD sperm can
be preserved on the ISS for over 200 years. These
results suggest that the effect of deep space
radiation on mammalian reproduction can be
evaluated using spermatozoa, even without being
monitored by astronauts in Gateway. In the future,
when the time comes to migrate to other planets, we
Fig 3. Healthy third ;gehe-ration of mice Will need to maintain the diversity of genetic
derived from space pups resources, not only for humans, but also for pets and
domestic animals. For cost and safety reasons, FD sperm would be the optimal material for
such studies due to their high tolerance. These studies were published to the high impact
journals (Wakayama et al., PNAS, 2017; Wakayama et al., Science Advances 2021).
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Summary report of the ISS-Kibo utilization mission,
Environmental response and utilization of mosses in space —Space Moss—

(Space Moss)
Tomomichi FUJITA (Hokkaido University)
Dec./2021

The establishment and utilization of ecosystems in space is an important issue in the
recent accelerated human expansion into space. In particular, the space utilization of
plants as primary producers in ecosystems is one of the most important and urgent
issues. However, the opportunities for plant cultivation experiments in space are very
limited. In addition, we have not yet been able to clarify the mechanisms and
physiological responses of plant growth and morphogenesis in the space environment:
To what extent they are the same as those on the ground, and to what extent they differ.
In addition, comparative studies of how other plants besides flowering plants grow in
space are also important for the effective utilization of diverse plant resources in the
space environment.

Mosses are important pioneer plants that grow everywhere on land, including harsh
environmental regions such as polar regions, big cities, and volcanic deserts. Among the
mosses, Physcomitrium patens was the first to attract attention as a moss that has a
high rate of homologous recombination and can be used for gene function analysis by
gene targeting. Since the whole genome has been determined, genome-wide studies can
be performed on P patens. In addition, its small size makes it possible to conduct
repeated experiments even in the limited space of the International Space Station (ISS).
Therefore, under the microgravity (12 environment of space, changes in physiological
responses such as growth, morphology, and photosynthetic function, as well as gene
expression and cellular responses, can be simultaneously and multilaterally analyzed.

In this research, we utilized the plant cultivation technology developed for the ISS
Japanese Experiment Module "Kibo" to grow a large number of P patens by minimally
modifying the existing culture system. We succeeded in bringing the cultivated samples
back to the ground, and clarified the differences in growth and environmental responses
between the ground and space. In addition, we challenged to observe the growth of the
moss cells growing on the ISS in real time. Furthermore, by comparing the results
obtained for P patens with other plants such as Arabidopsis thaliana, we aimed to
understand the commonality and diversity of plant growth and response in space.

On the ground experiments, we found that the 1g 10g
growth rate of P patens was enhanced when it was .
grown under hypergravity (Fig. 1). The reason for
this was the increase in chloroplast size and the
number of gametophores, which resulted in an
increase in the rate of photosynthesis per biomass
and in promoting growth. On the other hand, these
results suggest that the growth rate of the plant is

Figure 1 Hypergravity cultivation



expected to decrease in the pg environment
of the ISS and in the low gravity
environments of the Moon and Mars (Fig. 2). 4

The change 1in growth rate due to N
gravitational changes can be attributed to \ 7
either (1) gene expression-dependent effects, & , ,I
(2) physical effects such as changes in g Y o3
intracellular flow, or a combination of both & ‘I;/'/

(Fig. 3). Therefore, the goal of this research
was to understand the mechanism by which A -

gravitational stimuli regulate growth by ‘r%(/
comparing these working hypotheses with
cultivation under hypergravity and on the 1
ng 1g 10g

ISS. By understanding this mechanism, we
aimed to propose a new method of growth
promotion to cope with the expected
reduction in growth when plants are grown in the space environment in the future. The
outcome obtained in this research can be used not only for plant cultivation in space,
but also for increasing plant productivity, environmental conservation, and greening on
the ground, which should contribute greatly to human society.

Figure 2 Gravity change and moss growth

In December 2015, the Space Moss project was selected for the feasibility study and
conducted the study in cooperation with JAXA's support team. After two launches (July
2019 and December 2019), we conducted cultivation experiments and time-lapse
observations of P patens under pg on the ISS, Kibo, and completed the entire process
on schedule. In parallel with these ISS experiments, hypergravity cultivation
experiments on the ground were also conducted.

Through these studies, we found that the morphology and growth rate of gametophores
and rhizoids changed from pgto 10 g, and the photosynthetic rate also changed. RNA-
seq analysis of the expressed genes revealed significant changes in transcription factors
and enzymes involved in protein phosphorylation. In particular, a member of
transcription factors was found

to play an important role in the
change of total growth rate with
the change of gravity. Therefore,
we propose that controlling the
expression of this transcription
factor may be able to suppress
the expected decrease in growth
rate under pgor low gravity. The
movement of cell organelles also
changed with the change in
gravity. Therefore, it is also
considered that growth control
could be achieved by changing
the physical state in the cell.
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Figure 3 Working model that hypergravity increases total growth
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Summary report of the ISS-Kibo utilization mission
lnterfacial Behaviors and Heat Transfer Characteristics in Boiling Two-Phase Flow]
Principal Investigator, Haruhiko Ohta (Kyushu Univ.), Hitoshi Asano (Kobe Univ.)
October, 2021

1. Introduction

Requirements in power capacity for international space exploration and large commercial
communication satellites are increasing. Since heat generation density are also increasing, it is essential to
realize a compact and lightweight thermal control system that can realize the high heat flux cooling and high-
density heat transportation in order to enhance international competitiveness. Therefore, an innovative thermal
control system with the ability beyond liquid single-phase flow loop and loop heat pipe system is necessary.

The purpose of this research is to develop an active thermal control technology based on boiling and
two-phase flow loops, which can realize high heat flux cooling and isothermal cooling of a large heating area
by utilizing the latent heat of evaporation of the refrigerant. It is expected that latent heat utilization increases
the heat transportation amount per unit mass flow rate, making it possible to reduce the size and weight of the
system compared to a liquid single-phase flow loop. Furthermore, the cooling temperature can be controlled
by changing the saturation pressure of the refrigerant.

Heat transfer and flow characteristics of boiling two-phase flows strongly depend on gas-liquid interface
structure, and boiling flow characteristics under microgravity would be different from those under normal
gravity due to the loss of buoyancy. Boiling two-phase flow loop experiments had been carried out under the
stable microgravity condition in ISS in order to verify the heat transport ability and clarify the effect of gravity
on the boiling heat transfer.

2. Experimental outline

. . . Unheated Heated
A schematic diagram of experimental setup of testsection _ festsection t
. i . N S0, SESLERSNNL.  Transparen
boiling two-phase flow loop is showq in Fig. 1. Tralnstpab;ent TR 08 heatedtube
Perfluolohexane was used as the refrigerant. The resin tube T T %
refrigerant was circulated by a gear pump. All the Condenser 0 :
components, such as a refrigerant circulation system Ry I——I = I e
i i : 3 : Preheater
including pumps, ﬂowmeters, gnd accumulators, and £ "‘l | R S— o pé‘r Teaediibe 1
preheater, copper heating section, transparent glass =34 ] Accumulators
heating section with thin Au coating as a heater, 5 EE
. . Q

observation section, condenser, and temperature g
measure system, were designed, selected, and tested iy, \ A
by researchers in charge. Especially, the copper

Cold plate Gear pumip urbine flow meter

heating tube, the transparent glass heating tube,
observation section, and the cold junction for thermo- Fig. 1 Experimental setup of two-phase flow loop.
couples were originally developed. The channel

diameter and the kind of refrigerant were also selected by the researchers.

3. Experimental results
The obtained results are summarized as the followings.

(1) It has been successfully demonstrated that the two-phase flow loop operates stably on ISS. Especially, flow
instability had not been observed under the condition with very low mass velocity of G=30 kg/(m?-s) and at
a sudden boiling with a wall temperature overshoot.

(2) Heat loss from the two-phase flow loop affecting the experimental condition might be not low in the flow
of avionics air. A numerical model based on the limited experimental data to predict the heat loss had been
developed, and the inlet condition of refrigerant and heating condition were calculated with high accuracy.

(3) High accurate data had been completely acquired under all the experimental conditions set in the
experimental design.

(4) At the copper heating tube, a numerical model considering the axial heat transfer through the heat transfer
wall had been developed. The axial distribution of heat flux and heat transfer coefficient could be evaluated
with pretty high accuracy. On the other hand, the wall temperature during the process leading to CHF, where
dryout occurs at high vapor quality, was measured in detail. An example of the transient change of the wall
temperatures, the pressure at the outlet, flow rate, and heat flux is shown in Fig. 2. The numbers of #1 to
#10 show the wall temperatures from the upstream. The wall temperatures were gradually increased due to
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deterioration of the heat transfer
coefficient caused by dryout and the

&
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heat capacity and heat diffusion of 3 8
. . Q.
the copper tube. In practical use, it £ 7
was found that the boiling crisis, in £ 6
which the wall temperature rises ‘;“
rapidly, could be avoided by 313
increasing the heat capacity of the % 4,
heating equipment. 0 11
(5) At the transparent heating tube, § 10
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correlation between wall
temperature and gas-liquid interface
structure can be evaluated with high
accuracy (Fig. 3). During the
passage of long slug bubbles, the
wall temperature increased, i.e., the
heat transfer coefficient decreased,
but during the flow of small bubble
clusters, the wall temperature decreased,
1.e., the heat transfer coefficient increased.
Local heat transfer coefficient could be
measured by using the short heating tube
with the heating length of 5 mm.

(6) At the observation section, three-
dimensional measurement of the vapor-
liquid interface structure was successfully
carried out. Continuous bubble flow (Fig.
4), a unique flow pattern under micro-
gravity, was observed for the first time in
the world, and the observed conditions
were identified. Clarification of the
mechanism of this flow pattern will
contribute to the prediction of the nucleate
boiling heat transfer, and also to the
prediction of the flow on the boiling heat
transfer enhancement surface, which
should be studied for practical use in the
future.

(7) For the condenser, it was demonstrated

_= = N

Heat f|l£X
[kW/m<]

that vapor had perfectly condensed under all experimental conditions. A
numerical model had been developed to predict the condenser

performance.

4. Future work

Design criterion for two-phase flow loop system can be constructed
based on the present experimental results under the steady condition.
However, to confirm the reliability of the two-phase flow loop, it is
necessary to clarify the transient characteristics of vapor-liquid two-phase
flow, heat transfer and heat transportation. Furthermore, since the
experimental conditions in Phase I and II were limited in some areas to
prevent heat transfer tube failure, expansion of the range of application and
validation of analytical models are required. Additional experiments

focusing on transient phenomena (Phase III)

realization of a two-phase flow loop for high heat flux cooling and high-
density energy transportation. Under the current situation, the experimental
setup are stored in the ISS in a healthy condition, so it is easily feasible.

es]
Fig. 2 Transient change in Wall temperature at CHF.
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Fig. 3 Correlation between wall temperature and gas-liquid
interface structure measured at the transparent heating tube
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are essential for the early

Fig. 4 Continuous bubble flow
captured by stereo observation
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Summary report of the ISS-KIBO utilization mission
[ Spatio-temporal structure of Marangoni convection (Marangoni UVP) |
Principal Investigator, YODA Shinichi (JAXA)
January 2022

1. Introduction

Marangoni convection is a flow driven by a surface tension gradient, which is a micro flow
generated in droplets, bubbles, liquid film, a coolant flow inside a heat pipe, condensation of
mixed solvent, and bubble surface vicinity of heated surface in boiling. It is a flow that has been
widely observed and used in our daily lives and in the industry, such as liquid behavior, mixing
enhancement and separation of mixed liquids. This flow is a system in which the surface
tension gradient is given by the temperature difference along the gas-liquid interface, and is
also called the thermocapillary convection. In general, temperature difference is accompanied
by density difference, so temperature difference driven Marangoni convection is usually
affected by buoyancy convection under gravity (in some cases, it is obscured).

This can be fatal, especially in investigating flow instability in Marangoni convection.
Therefore, the origin of this research is to investigate the characteristics related to the instability
of Marangoni convection utilizing microgravity environment where buoyancy does not exist. In
a series of space experiments in KIBO, a systematic study was conducted on the transition
from a steady flow to an oscillating flow and clarified the formation of the Particle Accumulation
Structure (PAS), and many findings were accumulated.

On the other hand, from the viewpoint of convective instability, the transition process from
oscillating flow to turbulent flow is also important in understanding the basic phenomenon.
Unlike buoyancy convection, which is driven by body force, Marangoni convection is a flow in
which the driving force acts only on the interface, and it is not clear whether the transition
scenario to turbulence can be understood in a unified manner.

In this study, the flow transition toward the chaotic and turbulent of the Marangoni convection
is investigated by making full use of observation methods such as the Ultrasonic Velocity
Profile method (UVP) and the infrared surface temperature measurement method. The results
will contribute to the academic progress in the field of fluid mechanics and return the results to
society by providing basic knowledge for the sophistication of the crystal growth process.

2. Experimental method

In the space experiment, the flow and temperature fields were observed with a large liquid
column with a diameter of 50 mm and a height of 25 mm, which cannot be formed on the earth.
As the test fluid, silicone oil with a kinematic viscosity of 5 mm2 / s (5¢St), which is a high
Prandtl number fluid, was employed. The spatiotemporal structure of the Marangoni
convection generated in the liquid column is analyzed by observation methods such as the
Ultrasonic Velocity Profile method (UVP) and surface temperature measurement. A schematic
diagram of the observation and a liquid bridge is shown in Fig.1.

&) 6 (&)
Y1 &
A ol

“u l/ Top view

Side view / Heating Disk

— IR imager
-

- -aln A

= L! Aﬁ\

TC Insertion /;ﬁ\ulxr';l

UVP Liquid Bridge

Heating disk

B Liquid bridge

Cooling disk
Cooling Disk = —~

(1) Observation methods (2) Liquid bridge
Fig. 1 Schematics of observation and liquid bridge




3. Results and discussion
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3.1 Critical temperature difference o
The critical temperature difference AT. was ¥=0013%-0050 e
determined when the aspect ratio was 0.5 (D = 50 o

mm). The heating disk temperature Ty and the :
cooling disk temperature T¢ are kept constant, some :
temperature differences are given to the liquid g
column, the temperature near the interface at that

0.02

time is measured, the critical temperature difference A
is determined from the fluctuation amplitude, and \ |
AT, can be determined 3.84 °C (Fig. 2). ’ ’ Yo 0"

3.2 Interface temperature fluctuation

In order to investigate the characteristics of the
surface temperature of the liquid column, which is
the driving force of the Marangoni convection, we 0.20F
investigated the frequency characteristics and chaos
characteristics of the temperature near the liquid
column interface in the turbulent flow region from the
oscillating flow. The complexity of the surface
temperature is evaluated using the global entropy
He. Figure 3 shows the Hg of the liquid column
surface temperature at each €. In Hg, € rises from
0.07 to 0.14 from 1.3 to around 7, and during that
time, the temperature distribution structure due to
Hydrothermal Wave on the surface is considered to Fig.3 Global entropy on surface
be complicated. Since then, Hg has remained almost temperature
flat and the temperature distribution structure has ‘ . .
remained complicated. £ 8 Sl 5
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The time-series data of the velocity vector on the
measurement line of the ultrasonic transducer was

acquired by the ultrasonic transducer installed on the ... [EEEIE R TR 1

cooling disk, and the spatiotemporal structure was " rr— e ———

created (Fig. 4). g o IO

4. Conclusion _ _ Fig. 4 Spatio-temporal structure of
The following results were obtained from the Kibo internal flow

utilization mission "Spatio-temporal structure in ((a) original, (b) mode 1

Marangoni convection". (c) reconstruction of mode1-5)

(1) Using a test fluid with a Pr number of 68, the
critical temperature at which the transition from
the steady flow to the oscillating flow was accurately determined at 3.84 °C in a liquid
column with a diameter of 50 mm and an aspect ratio of 0.5.

(2) By further increasing the temperature difference after the oscillating flow transition, the
driving force of the flow increased and the transition to chaos and turbulence was made,
and the process was clarified by chaos analysis.

(3) As the driving force increased, the surface temperature distribution became complicated
and disordered. On the other hand, with regard to internal flow, the global entropy was
rather small, and the result was that regularity increased.

(4) It is considered that the global entropy became smaller due to the predominance of m = 1
as the number of modes in space by mode analysis. However, increasing the driving force
with respect to time fluctuations resulted in increased randomness.



	別紙
	２０２１年度　ISS・きぼう利用ミッション科学成果評価結果��哺乳類の繁殖における宇宙環境の影響�（Space Pup）�代表研究者　若山照彦（山梨大学）

	別紙
	２０２１年度　ISS・きぼう利用ミッション科学成果評価結果（案）��宇宙におけるコケ植物の環境応答と宇宙利用�(Space Moss)��代表研究者　藤田 知道（北海道大学）

	別紙
	２０２１年度　ISS・きぼう利用ミッション科学成果評価結果��沸騰・二相流体ループを用いた気液界面形成と熱伝達特性�(TPF1/TPF2)��代表研究者；大田 治彦（九州大学），浅野 等（神戸大学）

	別紙
	２０２１年度　ISS・きぼう利用ミッション科学成果評価結果（案）��マランゴニ対流における時空間構造�（Marangoni UVP）��代表研究者；依田 眞一（JAXA）




