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ALDH: aldehyde dehydrogenase

AOX: aldehyde oxidase

CES: carboxylesterase

CYP: cytochrome P450

EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

GST: glutathione-S-transferase

4H3MBA: 4-hydroxy-3-methylbenzaldehyde

LC-MS/MS: liquid chromatography tandem mass spectrometry
3-NPH: 3-nitrophenylhydrazine

Moco: molybdenum cofactor

OE: olfactory epithelium

OR: olfactory receptor

S9: supernatant fraction obtained from organ homogenate by centrifuging at 9,000 g
UGT: UDP-glucuronosyltransferase

XME: xenobiotic-metabolizing enzyme



F—FE fF

AL ORI, B OERENMEMERB LN T 22 xTE 5, 2Ly
€ v ¥ —DREIX, W EX (olfactory epithelium: OE) 1CH 2 WH = o — v v CHIFT
% WL 234K (olfactory receptor: OR) 1T X 5 = 4 f{i5r DFEFKICHD T W % (Buck &
Axel, 1991), OR X G X v X7 EHEMZREORE 277 I —%2BKLTEHH, H#l
ZIE, & MICIX 396 fEEH, ~ v ATl 1130 fFHD OR 23F7ES 5 (Niimura et al, 2014),
ZDOR7Z7 IV =, HF=AABMIH L CTHEBOZEERTR#ART 20, Hirds
bR BHEATC=F AR E2#NT2eELLNL TS, Thbb, FOREFEKD=
F A Gy R 2 EAE TR L, & =44 B I3EE D OR %G 3% (Malnic et
al, 1999), =F A I X Vi E N7z ORIE, cAMP & Dt h vy FA v vy
—HENLTRE =2 —o v ZEHEL, 203 7 F i3 F FRERD RBRE & v ) B
CREIN, ZOBIVEROBEHMRA~LIEEINDL I L TREMICUIE I NS
(Block, 2018), & @D ¥ 7 F MmERREKICIE, —DODOWRHE =2 — v vic 34T O
OR L 223Hle 3 (—mefiie &k —n), $£7, Fl—D OR ZFEBL$ 2 #irdl
fE i3 % Oz % 3 [H— D RIRIBICHFT T2 & IR ® 5 (Zou et al, 2009), % D
20, BED=ZAABRDIRED IS BREVWERT L2002\ RADEIZ, ©ofEE
D OR MEFZEEALT 2025, ORLS—F U —iCid 2 U4 MBI X
DIREIND EEZ 5N T3 (Block, 2018),

Cerebral neocortex

Olfactory bulb

Olfactory c
neurons P
7
(

Qdorants

Y ae g . | Olfactory
® a0 ® - epithelium

Fig. 1-1 Overall view of odor perception in the olfactory system.
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T4, W ERICHEET S ﬁ%ﬁﬁ%ﬁ%% (xenobiotic-metabolizing enzyme: XME) 73,
= A 5o o G % R RICBEEG T 2 a2 Rt 2 >2o5 3
(Heydel ez al, 2019a), XME (%, k4 RAEEY) L WRITECEY) DR & PRit24H 5 —
HORYAZETHY, B IMHBRLSE D HEBRICRIEns, B ITHBERETH S
cytochrome P450 (P450), aldehyde dehydrogenase (ALDH), carboxylesterase (CES) 7z &' (%
AR 2 X0 IO —RUHP LS 2, 20k, & 11 MHEERTH 2 UDP-
glucuronosyltransferase (UGT) *° glutathione-S-transferase (GST) 7z &%, —XfCHWI% &

ikt (Crrnvige s g FAy) Llaasds 2 LT, EERYDOKE
'l‘i WX &, RS~ DR % 3 5 (Iyanagi, 2007), 1990 4E{RIC Lazard 5 D5 IC
£V, 7v OB LR R ERFFRNCHERS 2 UGT 0l 7 n—=v 7 3h,
C DEEFED = A B ionf L CHVE i @%ﬁ?% aﬁﬁiénfuh@umumz
1991), WX DOHhD7uTA+ I 7 AFETICL Y, WHABP O FEICIE—#HD XME 2
T 5 Z &S 2T 78 o T % (Tablel-1, Debat et al, 2007; Hu et al, 2014; Kuhlmann
et al, 2014; Heydel et al, 2019a), %7z, 7~V v HEEA V7 I o—fo =44
ATICD T, vV R EFICET 22 v o0 EH 720 ofRGEHEED, e Iﬁlﬁ'rf;
THDLLWIHEDLD 270 L, ZOREFEEND T TH % (Thiebaud et al, 2013),
5® XME iC X 3 =4 4 iy DRI 2 DILERMERZ 2L T ¢ 5720 :ﬁ%ﬁp
OR&®ﬁﬂﬁ%&ké%éCkf,@ﬁ?7%w@ﬁmﬁlU%mK%5?5ﬂ%ﬁ
DB 5,

Table 1-1 Major XME expressed in mouse olfactory epithelium.

Class Gene Reference

CYP1a1, CYP1a2, CYP2e1, CYP2a4, CYP2a5, CYP2b19, CYP2c29,

CYP2c66, CYP2d12, CYP2j11, CYP2j13, CYP2J9, CYP2s1, CYP3a13, Hu et al., (2014); Kuimann
CYP4a10, CYP4a12, CYP4a14, CYP4b1, CYP4f13, CYP4f14, CYP4f15, etal., (2014)

CYP4f16, CYP4f37, CYP4v3, CYP20a1, CYP27a1, CYP39a1, CYP51a1

CYP

ALDH1A1, ALDH1A2, ALDH1A7, ALDH1L2, ALDH1B1, ALDH2, ALDH3A1,
ALDH ALDH3A2, ALDH3B1, ALDH4A1, ALDH5A1, ALDH6A1, ALDH7AT1, Kulmann et al., (2014)
ALDH16A1, ALDH18A1

GSTA1, GSTA3, GSTA4, GSTK1, GSTM1, GSTM2, GSTM4, GSTM5

GST GSTO1, GSTTH, GSTT3, GSTZ1 ' Kulmann et al., (2014)
UGT UGT2A1, UGT2B1 Kulmann et al., (2014)
CES CES1d Kulmann et al ., (2014)
AOX AOX2 Kurosaki et al ., (2004)

XME:s expressed in mouse olfactory epithelium, which have been identified by proteomic

analysis, RT-PCR, and Western blotting, are summarized.



—fRAVIC, =A A4 B iE, HEFETE, R 400 Da LT, WMEEREE 1 08T
BUKHELAEYITH 5 3%, ZToMmEERELIL, A7, =T2xA70, 7/
—N, T LV, FEAE=ABRELEKETH S (Block, 2018), ZDHFTYH, TiT b FHEIZ
ZA ARG DOTTCHELLLEONEERED—>TH %, HlzlE, Dunkel i Xk 3%
FHTIC X D, B ORI 72 J8 L % P E 3 5 =4 4 i) (key food odorant) IZ33E (X4
72 226 D=AAEGTDSH, H15%BT AT e NEREZET 2{LEMTH L &R
s X LT\ % (Table 1-2, Dunkel et al, 2014; Tsuzuki, 2019), 7z, #HE 7+ FOEALT
Bz {EET 5 2-methylbut-2-enal 7z &', WL O DEMICERE 7 2 aE VIl
TAT e FEEHT 2{LAVPTEFET 5 (Schaal ef al, 2003), 2D XL, TATeF
REFT 2= A4 3B FELAENICEETH I ICHEDLLT, thbn=
I A B DB 2 S BRI O T, 1FEACRHIA TRy, —8, ®E
&MFET5(mTﬁ7w%tb%@é?%:aﬁﬁ%éhfméﬁ,%@%E% T

T ap-AEAI T AT b FICIRE SN TH Y (Heydel er al, 2019b), ks T L5 F
B35 =44 o ORGSR XTI T Tun iz,

Table 1-2 Classification of 226 key food odorants based on structural properties.

Class Number | Class Number
Ester 3 Terpenoid hydrocarbon 11
Higher aliphatic aldehydes 24 Higher aliphatic alcohols 8
Ketone 21 Aromatic aldehyde 6
Phenol 18 Furanone 6
Thiol 17 Lower aicohol 5
Fatty acid 15 Lower aldehyde 5
Thioether 15 Phenol ether 5
Lactone 13 Ether 3
Pyrazine 11 Others 10
Total 226

The classification table of 226 key food odorants by Tsuzuki (2019) was partially modified.
Odorants with aldehyde group are highlighted in bold.



AiFgecid, MERICEBTFE3TAT e FEEZET 3 =44 5 oRH#H % 5 alhEd:
Db HEHRE LTCT AT b FEE{LEESE (aldehyde oxidase: AOX) IC&H L 72, AOX 13E
V7T v EEKENEESRY 7 ) —ICET SEILETLEHRECTH 5, 150 kDa D HEK 2
OPbL S FEZEATH Y, ZOMEMICIE, 15T D molybdenum cofactor (Moco), 2
DT OERWIE 7 7 A & —, 143F D flavin adenine dinucleotide (FAD) 230 TH 5, Z D
BEALBOG I, BE D b EbN BT IIEEFLDOEY 77 V55 FAD & TRefé
PN FIRIERICHE S, B ARy & L ORERREFESER I L5 (Garattini ef al,
2008; Garattini & Terao, 2012), "HFLIHD AOX > FHEDO L, EMfEic X > THEAL 3,
~U AL Ty MImd% D AOX EIET (Aoxl, Aox2, Aox3, Aoxd) ZFib, ZhZt il
DR INCTE M 72 AOX 3 % 22— F L C\» % (Garattini et al, 2008; Kurosaki et al, 2013),
72, ThHD AOX s FHITHMFFEAICRETEL T 0, HlziX, AOX2 i~ 7 AW
FRICRERNICHREIZT 2 2 L 23H 5T\ % (Kurosaki et al, 2004), F 7z, AOX (T <
OPDOTNAT e FEMBLT 22BN TEY, ZDOHITIE, benzaldehyde % n-
octanal 72 ¥ DRFHEMI R B A A R T 2 = A 4 KB E& TN T3 (Sahi et al, 2008;
Kiiciikgoze & Leimkiihler, 2018), % D7-®, AOX2 7z & DM L RFICHKI T 5 AOX 47 1-f&
E7 AT e FEEZET 2 =4 4 Ky 0BRGN 53 2 AlREE 2 EE S L7z,

Z TR TIE, ~ VAR EFICEIT 277 e F=d A4 oo REEE, AOX
T 7740, AOX 5 FHEOEEFFRME R EOFHEiZE L C, 7ArTe F=44
B DRGHARIC BT 5~ AR ERZICHEIE T 25 AOX DEHF 512D W TG L 72,

20 kDa o

202
FAD RH + H,0
40 kDa

Mo (IV) Mo ( IV) RH
FADH -0,

Mo IV

FADH

Fig. 1-2 Components of AOX and enzymatic reaction mechanism (Garattini et a/, 2008;

Garattini & Terao, 2012).



BB <URBERICBIF3T7ATE F=F 4 Ry oBERNARBRIG

B

il

IR D@ D, ~ v Rix EOMFLEW OB LR T AT v FEZET 2 =44 i
AL CHLRBNEEZ R T oI HTH S, £ TRETIE, vV ABEERT L
T FEEZET S A4 o L CBtimt: %2 Ro 2 2 BEE L 72,

TATe FERZET 2 =44 Ko i35 &ELIENED S DI Kl & 3 (Tsuzuki,
2019), ARWFFETIE, WIFNDFEWARA LR T2 3 MBEOKFEHET LT F
(benzaldehyde, vanillin, 4M3HBA) & 3fHHDEMET L7 & F (heptanal, n-octanal,
trans-2-octenal) % ET MEAYIE L CGEIRL, ChoBBLINTEL 2 HVE Vg
R D AR LC-MS/MS I C/E B L 72 (Fig2-1).

Aromatic aldehydes Aliphatic aldehydes
o o]
o O ° :
- \/\/\)J\H - \/\/\)J\QH
benzaldehyde benzoic acid heptanal heptanoic acid
o] (o]
H OH o o

HO —» HO /\/\/\)J\H — /\/\/\)J\OH

/0 /0 n-octanal n-octanoic acid

vanillin vanillic acid

H OH [e] o]
/\/\/\)J\ — /\/\/\)L
HO X H S OH

trans-2-octenal trans-2-octenoic acid

4-hydroxy-3-methylbenzaldehyde 4-hydroxy-3-methylbenzoic acid
(4H3MBA) (4H3Mbenzoic acid)

Fig. 2-1 Chemical equation for the oxidation of selected aldehyde odorants by AOX.
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heptanal, n-octanal, trans-2-octenal % X X & 72 D A1 VR v BT O & BOEE %
LC-MS/MS I X Y & &s7HHli L 72 (Fig. 2-2) o Z OFfER, BELL 22 ToT AT e F=F
ABFITDONT, AR VBREVIOERLRD b, % O4 R IZEEKTIIC
WL 7,
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o 14 =
g 225
= 1.2 =
E g E 27
_O =
E 08 g 15
£ £
> 06 1 = 1
Z 04 =
< 02 < 05
0 4 0 4
1 10 100 1 10 100 1 10 100
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Fig. 2-2 Concentration-dependent oxidation of aldehyde odorants in mouse OE. Aromatic
and aliphatic aldehydes (each 1, 10 and 100 pM) were reacted with mouse OE S9 for 2 min. The
carboxylic acid metabolites were quantified by LC-MS/MS. Data are means £+ S.D. of three

replicates.



EEE MBEMLE Y =T AR FEZ S9 D =% 4 A REIC 5 2 5 O FH

KICw Y A% 9°CTMEMLEE L 72FRic, =7 A ERICE T L7 AT e M
AT 5=A AR OBCICICED X S B ER D 500 % d i L7z (Fig.2-3). %
DAL, benzaldehyde, vanillin, 4H3MBA7x & DA EET V7 b F ORELIHHE X, INEh
ALERIC X D SEAICIHA L, heptanal, n-octanal, trans-2-octenal DOFEUIIGI, fNEVILIH
IC &Y 70~90%FEEEHNHI X 7z,

20 - * * *
ND ND ND

Relative activity, %

Cont Heated Cont Heated Cont Heated
Benzaldehyde Vanillin 4H3MBA

140 ;
120 1
100 1
80 -
60
40 "

20 1 ¥

Relative activity, %

Cont Heated Cont Heated Cont Heated

Heptanal n-Octanal trans-2-Octenal

Fig.2-3 Effect of heat treatment on aldehyde oxidation in mouse OE S9. 10 uM of aromatic
and aliphatic aldehydes were reacted with intact or heated mouse OE S9 for 2 min. The carboxylic
acid metabolites were quantified by LC-MS/MS. Data are means + S.D. of three replicates. *P <
0.05 vs. Cont. Cont: intact mouse OE S9, Heated: heat-treated mouse OE S9, ND: not detected.



0 ANE

ARETI, ~TVRBEERAT AT e FEEZE T2 =4 4 Ko icxt 3 2 LGt %57
fliL7z, ZDfHE, ~v AR ERIE, HEES X CEHEOMEL T VT e F=44
BT 2 ILIEEEZ G L CW A 2 e BHL 2 ICh 572, T2, ZOBRLKIGIE,
9°CONMELERIC XV BEEZ ICHIfl I Nz 2 & h o, BERMICOBEES P RE S LTz,

IR HZ 151 %, benzaldehyde, vanillingn® 4H3MBA 7% & OB FET LT b F ORI
Mz, Z OIHEEEKRTFNIC ER L2, 10 pM fHEDEE CHITbB/R oz, —
77, heptanal, n-octanal, trans-2-octenal IZBd L Tl 100 pM THEEDEEITH 25
Nhrolz, TOMEPS, MEFICEWTERE 6 BEDOT LT & F=34 A {50k
LARGGHIC R 53 2 IR D BRI S, AHEBEDO D DIC DV TR K IEMEIC O W TR N
ERFEZLND,

Benzaldehyde, vanillin, 4H3MBA 72 & O FET LT & F OIS IE, AIELER I
X D EAICIHA L 72—77 T, heptanal, n-octanal, trans-2-octenal 7% & DRRHAET VT &
N OBALSGIE 15~25% R L 72, —MRIVICT LT b Fid{LEicib T he s
W EDBHILNT WS, SHERAD LNz 15~25%RE ORI, £ X5 Rkl
FNRBERIGICE2dbDTHEEEZLND,
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B8 <URBERICBITS AOXFEH vy 74 e AEBREN

E—f M

il

AT, ~7 AW ERICERIACT AT e F=A A4 %2 BILs 2 BREELRD 2
ENREINT, FimThibR7E Y, vV ADOBR EFICIE AOX 3 T D —2TH %
AOX2 DFHHICHRII T 2 Z L ST 3 (Kurosaki ef al, 2004), —/ T, % Dfth
D AOX 73 7fE (AOX1,AOX2, AOX3,A0X4) b T /=~ v AW ERICHKIRT 2 naeMED
Hb, TTTARETIE, v VRABRERICET 2% AOXFERTu 7 7 4 v %2FiL, ~
7 AN bR T 5 AOX 43 11 0 BB R M & 3l L 72,
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Relative intensity

B ~URAREFICET S AOX 0 FED mRNA I X % v o3 7 FREFHM

Mk~ 2 DR ERZICE T 54 AOX © mRNA FIAZFML 7z, Z OfER, <7 =2
R ERZICEHWT, AOX2 28 D mRNA FIL N 23E 0 - 72—J7C, AOX3 ® mRNA
DELRRT e BMERINT, CORBEL VM~ A CRIEETH - 7=
(Fig. 3-1A), KIT, 15D AOX 7 FHRED X v 7 5P % western blot 12 X 0 FFlli L 7=,
Z OFER, AOX2 LU AOX3 Dfisr T~ AW EFICHKIL Tw» b L 2R
L7o Ml AOX 73 FRED % v o5 7 JW & (T Mt~ v A CRIEE TH > 7= (Fig. 3-1B),

Expression of Aox in mouse OE B
0.0014
0.0012 l m male
0.001 o female AOX3 AOX2
0.0008 KDa  Marker ™ F M F

175—| * . | - i AOXs
0.0008 130— s
0.0004 [cne— camms e e - Tubulin
0.0002
0 [l
Aox1 Aox2 Aox3 Aox4

Fig. 3-1 Expression of each AOX isoform in the mouse OE. (A) Relative mRNA expression of
AOX1, AOX2, A0X3, and AOX4 in male and female mice OE. (B) Protein expression of AOX2

and AOX3 in male and female mice OE. M: male, F: female.

13



FEH AOX2 B X U AOX3 IBHIEER # W 72 = 4 4 Bigr o FEA

KiT, mAOX2 3 & U mAOX3 DFfHIIER & 6 DT VT & F =44 K& G
B 7212 D AR VRGP O B BGEREE Z LC-MS/MS I X W E&EiHii L7z, % DFGE,
i AOX T &b, SRBEELAZLTOT AT & FIZ D TEILEEE TR L 72,
mAOX2 % trans-2-octenal IC%f L T b m\ W ifith %78 L, X\ T benzaldehyde, vanillin,
AH3MBA 72 EDFERT V7 & FICH L CTrEvwigtE 2R Lz, mAOX3 3BT v 7
t I (heptanal, n-octanal, trams-2-octenal) X 0 d A&FBKE T L7 v F (benzaldehyde,
vanillin, 4H3MBA) 1% L CHEE ICEWIEEZ R L 72,

mouse AOX2

Benzaldehyde
Vanillin
4H3MBA
Heptanal
n-Octanal

trans-2-Octenal

0 5 10 15 20
Aldehyde oxidative activity
(nmol/min/nmol enzyme)
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mouse AOX3

Benzaldehyde
Vanillin
4H3MBA
Heptanal
n-Octanal

trans-2-Octenal

0 5 10 15 20

Aldehyde oxidative activity
(nmol/min/nmol enzyme)

Fig. 3-2 Substrate specificity of mouse AOX2 and AOX3 for aromatic and aliphatic
aldehyde-odorants. 10 uM of aromatic and aliphatic aldehydes were reacted with purified

recombinant AOX2 and AOX3 for multiple time points. Data are means + S.D. of three replicates.
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0 ANE

ARETHE, TITvVRARERICKEET 2 AOX 0 FROFHI 21T - 72, Z DFEHE, ~
7 AR ERAC I AT X D IRE D B - 72 AOX2 Il 2 T (Kurosaki et al, 2004), AOX3
FRHTEZERHLLICR T2 TDT — XL, Hecker HICX 3722707
b — LR DAER E —ET B (Hecker et al, 2019), F 7z, M EFICHEWTRELIED S
NS TREICOWT, ZORFEORE OB CHREETH o7, —HT, =7
ZDREICE T 5 AOX FHIRIEZT A P AT v VICX 3HliHEZRZ T T b0, HERD
D, HEDTTHE W AOX I EWEEA R T2 L AH 5 LT W3 (Kurosaki e al, 1999;
Yoshihara & Tatsumi, 1997), L EX b, R EFICEHIT 2 AOX2 & AOX3 DFIEHIHENIZ,
& (3R 20 F A=A LICE VIl E N TS 2 EHAREIND,

T/, vV AR EFICEWTHEEALBRED b7z AOX2 X W AOX3 ICD\W\T, 6ff
MOHBEE X CIBBEO T V7 e F =44 K & O RIGHERFHE L 72, % DR,
AOX2 B X UM AOX3 $tic, SETL7ze2To 7 AT e FE2BR{LREYIcEid 3 C
EHIRINTz, F, ZOWEEIIREEOEHICK VR Y, HlxiE, AOX3 iZ heptanal
7 EDRENET VT e F XY b benzaldehyde 7z EDFEFHET 4T & FiTxf LT 10 584
ERwiEEER L2, —/ T, AOX2 TIEZ T EDIAERZEIT R >72d DD, af-
REAMT VT & FTH B trans-2-octenal IZX L Tl b IEHEDRE L, ROTHBET VT
b P T 2R E W & AR E Lz,

LEDfERIZ, AOX2 & AOX3 28~ XA M ERICHIILTED, ZnbDfiEkss,

~ U R ERICE T 2 ERE K ONENIGET v 7 e F ORI R RRLOGICBES S 5
ATREME 2R R L T\ %,
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BUE A0X2 B X U AOX3 DEFERHER 0 ER

B

)

FBoBEECTOMANICL Y, YRR EFICETZT AT F=F 4 K oL RH
IZlE AOX2 B X U° AOX3 ABGF 2 AR EZE 2 bfz, T ZTAETHE, IhbHD
B2 LRl oBL)IGIC EOREZRFR ST 200% BED 5729, AOX2 XU AOX3
W5 PR 2 FP RN A HER OER 2 AT, S oEEGPLRMFES S b
vy A EOFEF AOX WEMEEHET 2 & A I TV S (Obach ef al, 2004;
Robertson & Bland, 1993; Takaoka et al, 2018; Yoshihara & Tatsumi, 1997), % Z C, _Lidod
ft&Poh 6, Il AOX iElEEZMAICHET 2 C L3l ST d 11 fEOME
HLaw % ERL (Fig.4-1), o258 AOX2 B X NAOX3 DFFRIFHEH]TH 5 Al
PEZRRET L 72,

d0 ot c.ﬁ:{‘@ @{D
_ senzamune > 4

I \
Amitriptyline Chlorpromazine Clozapine
N
&
.
| o
o, 0
a0 C
. o]
17B-Estradiol Ketoconazole
Menadione

Loratadine

HO s
: L)~
O - QL
— O o/\/N\/
Norharmane O
o

Raloxifene SKF-525A

Fig. 4-1 Chemical structures of candidate inhibitors for AOX2 and AOX3.
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BT AOX2 BX U AOXSHEEERICNT AHER S Y —= v 77l

PHEA O BHEEM: X 2 oBHERN S L CHRERE ICKFET 2, flz 1, HERED
DMEX D BEL ANIEARDIEE, BHAHECLAOHEREIRET L, WICREHEAH
DEGEOHETRE I ERT 2, L2 LAdD, Kell@fhEoREEE2HHT2 L
DX MHERRICKET 2 HEE 02 R/IMETE 2, AEICEBIT 2HE
Al CHE & LT 72 vanillin ONIIREE X, AOX2 (X2 uM, AOX31E5uM & L7z,
Z DR IIEERD Knfl & 5L 2 IRETH 5 (Kiiciikgdze & Leimkiihler, 2018),

~

A

T, Eido 1 FEOEMLAEYI D 10 uM THW 2D AOX2 5 X U8 AOX3 1T K
THMHEMEE T2 (Figd2), ZDHE, AOX2 I 2T IE, 17B-estradiol,
norharmane, menadione, raloxifene 28 % #1L% 21 55.4%, 81.6%, 88.7%, 96.9% D [HEEM: %
~L, ZofhoftaEWiziz e A LHEEEZ RS b o7z, —7 T AOX3 T,
amitriptyline, chlorpromazine, norharmane, menadione, raloxifene 7% % 41 %Z 31 48.4%,
64.8%, 88.8%, 89.1%, 89.6%DIMHEEM%ZRL 72, % Ot FHI{L &Y < IXHER)
RiTlgtA LD N D 5Tz,

mouse AOX2

Amitriptyline 90.8
Benzamidine 89.9
Chlorpromazine 84.1
Clozapine 102.4
17B3-Estradiol 44.6
Ketconazole 129.5
Loratadine 98.2
Menadione 11.3
Norharmane 18.4
Raloxifene 3.1
SKF525A 105.7
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Relative oxidative activity (% of Cont)
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Amitriptyline
Benzamidine
Chlorpromazine
Clozapine
17B-Estradiol
Ketconazole
Loratadine
Menadione
Norharmane
Raloxifene
SKF525A

mouse AOX3

51.6 H
95.0 [H
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81.7 H
121.4 |+
112.8

[ k112
[ ] 1009
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0 2'0 4'0 éo BIO 1 60 1 '20 1 zlto

Relative oxidative activity (% of Cont)

Fig. 4-2 Screening of mAOX2 and mAOX3 inhibitors. Vanillin (2 pM for mAOX2; 5 uM for
mAOX3) was reacted with recombinant mAOX2 or mAOX3 in the presence of 10 uM each

inhibitor. The incubation times were 50 s and 1 min for AOX2 and AOX3, respectively. The

inhibitory effect of each compound was expressed a percent of activity compared to the control.

All data are means + S.D. of three replicates.
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B AOX2 B X U AOX3 ~DHERR I 2 BEKERE

Kic, BE_fHoBEIcEWT, AL 12D AOX 43 FHREICH LT 50%LL Lo
E3EVE % 7R L 72 chlorpromazine, 17pB-estradiol, menadione, norharmane, raloxifene 12> C,
IO DHEMEICE T B REMKFNE %2 X7 (Fig. 4-3), Z Df5%E, menadione,
norharmane, raloxifene ([ 7> - % FIFEE ICHE L 7z, — 77T, 17B-estradiol I,
AOX2 13t L CPHEMEM 28 L7225, AOX3 ICxt LTIl L = &% (30uM) T
dPHEEH %R & 7 d> > 72, #IC, chlorpromazine (% 10~30 uM {4 T mAOX3 ICFF5
M7 fHE %R L 72,

17B-estradiol
140 - BAOX2 DAOX3

120
100 -
80 A
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40 ~
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0.01 003 0.1 0.3 1 3 10 30
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Fig.4-3 Concentration dependence of inhibitory effects on mAOX2 and mAQOX3 activities.
Vanillin (2 uM for mAOX2; 5 pM for mAOX3) was reacted with recombinant mAOX2 or
mAQOX3 in the presence of inhibitors. The incubation times were 50 s and 1 min for AOX2 and
AOX3, respectively. The inhibitory effect of each compound was expressed a percent of activity

compared to the control. All data are means + S.D. of three replicates.
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0 ANE

KRBT, b ey R EOMET AOXEEZHE ST 2 2 L 3HIo T 2{LE
Yin o, 11 FEHEOELEY Z:EIRN L, 245D mouse AOX2 ¥ X U mouse AOX3 I
w95 BHEEEZ M L 72, % OF55, menadione, norharmane, raloxifene I AOX2 ¥
LT AOX3 #HCi N ICHET 5 C & AR &, F 72, 17B-estradiol 13 AOX2 IR L C
FF¥MIC, chlorpromazine I3 AOX3 IZxf L CHRIEEIICIHEIEEZ /3 2 & 2380 & I 7%

277,

Z #L% TIC norharmane (¥ mouse AOX3 ICEHWVIERMEZ R T C &R RE I N TV
(Vila et al, 2004; Takaoka et al, 2018), 4 [BlDOFRFIIC & Y norharmane (3 AOX3 72 1) T7x <
AOX2 b E/-MHET 2 2 L AWRI N, ZOfRIE, HEOMHEH L OfAENLICE
\J 5 VARG, W AOX 3 FHEOIC I W TS 2 afReth 2 R L T 5, FERRIC,
in silico FE R Y —F T Y v ZICHD 72 mouse AOX1, AOX2, AOX3, AOX4 D& AT
LV, ZhoD 4 FHEOHTIIIEERGR T v P OIAFREICIRE RENRD S D
DD, AOX2 & AOX3 DEEMEAHRT v MIHEIHEL L T\w 3 2 G ST
% (Cerqueira et al, 2015),
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FBHhE ~UVRBEFEOTFALTE FoFd 4 BHOBILICHBIT 5 AOX DFE

E—f M

il

BT ICENT, v v AR ERICHEET 2 AOX2 B X U° AOX3 12Xt 3 2 ) 7 fHE
Alzw o RNL &, BEKREFENZHEENROBES 25, 10 uM menadione,
norharmane, raloxifene (X[l AOX 73 T-H % fHE L, 30 uM chlorpromazine I3 AOX3 % ¥
FHYIT, 30 uM 17B-estradiol 1 AOX2 ZFFHRAVICIHEF T2 Z LRI N, £ TRE
T, ERCOH AOX I3 2 HEMR 2 RE L 2HEAZHHL, =7 AW 1
KTOT AT F=F 4 B oBLKIE~D AOX2 & AOX3 DF5 ORLE % F1HM L 72,
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EO M AOXPHEAIRY R EEOT AT F=t 4 BaoREic5 2 38

10 uM @ menadione, norharmane, raloxifene 3 X U8 30 uM @ chlorpromazine, 17B-
estradiol Z ~ 7 AW |7 SO ICHIALIE L, T D~ R RS9 L 10 uM @ benzaldehyde,
vanillin, 4H3MBA, heptanal, n-octanal, trans-2-octenal D IGIC X W AE U % A7 VK VI
K@% LC-MSMS I X W ERE L 7= (Figs-1). ZDF5HE, 10 uM @ menadione,
norharmane, raloxifene D HIALE (X, SRR L7z 6 HEHOKHFRES X CIEMIET v 7
v F e TOBILKIEE 75~95%FEHIHI L 72, 30 uM @ 17B-estradiol D HiULE 1%, FEH
e X OHEBET VT e FOBL %K 10-30% #IH] L 7z, —J7, 30 uM chlorpromazine
X, oD T AT e F ORI EH 30~60%HNH L 72,

Vanillin
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n-Octanal trans-2-Octenal
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c
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Fig. 5-1 Effects of AOX2 and/or AOX3 inhibitors on the aldehyde oxidation in mouse OE.
10uM of aromatic and aliphatic aldehydes were reacted for 2 min with mouse OE S9 in the
presence of AOX2 and/or AOX3 inhibitors. Menadione, norharmane, and raloxifene were used at
10 uM. 17B-estradiol and chlorpromazine were used at 30 uM. The inhibitory effect of each
compound was expressed a percent of activity compared to the control. All data are means + S.D.
of three replicates. *P < 0.05 vs. Cont. Men: menadione, Nor: norharmane, Ral: raloxifene, Est:

17B-estradiol, Chlor: chlorpromazine.
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B MEROBMPREEOT AT e F=d 4 BaofkEhics z 3 &

~ A EFICETSET AT e P24 ARy oBILAREICEEG 323 5 —D0fHR
ELT, TATre FiikEESE (ALDH) AEz2ob, 70874 I 7 ZfETICX D
ZOREHBIIAHR DD~ ZDW FRICIT 16 D ALDH 43 THEAFIH I 2 2 &
DIEFE X LT\ 3 (Kuhlmann et al, 2014), ALDH 13 % O iGEICHif43E & L T NAD % 7=
I NADP* % #2523 % (Marchitti et al, 2008),

ZZT, wURABER SQO kB FEZT AT F=A 4 Ko RE KSR I,
NAD*/NADP* Z il L 72 B81C, AR VBBREAER R &0 X 5 1T 5 20% LC-
MS/MS I X b iEEGH L 72 (Fig.5-2)e Z DR, NAD/NADP' D% benzaldehyde &
X U 4H3MBA DFE{LIIEE ) 2.5 58N & ¥ 72, —J5C, vanillin OFE(L)IGICIF1T &
AEEE R G 2 b o7,

Benzaldehyde Vanillin 4AH3MBA
7.00 A " 140 - 3.50
2 6.00 - 3 120 - < 300 - o
2 2 2
= 500 - = 1.00 - ® 250 A
s s 5
E 4.00 A E 0.80 A 2 2.00 -
©
T 300 - T 060 - £ 150
£ £ B
G 200 o 040 A 2 1.00 o
L L 5
1.00 A 0.20 A L 050 A
0.00 - 0.00 - 0.00 -
Cont 2 mM Cont 2mM Cont 2mM
NAD(P) NAD(P) NAD(P)

Fig. 5-2 Effects of NAD*/NADP" on the aldehyde oxidation in mouse OE. 10 uM of aromatic
and aliphatic aldehydes were incubated for 10 min with mouse OE S9 in the presence of 2 mM

NAD" and NADP". All data are means + S.D. of three replicates. *P < 0.05 vs. Cont.
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NG

KRETIE, & AOX RIS T 2 HEMRZIE L ZHERZHEHL, v A E
KTDT VT e F=AA B ORELKIGE~D AOX2 & AOX3 DAL DR Z 5 L 72,
Z OfER, AOX2 B XU AOX3 OMin iz HE 3 % 10 uM menadione, norharmane,
raloxifene 1%, 747 b FORMEIC X W EEIC X WV EEDZEITD 25, HEKEL L OHIE
Wik 77 e F OBRILKIGO KD ZIHIL 720 ZOFR2 L, =7 AW EKICE
F2T7 AT F=F A K OBILKIGICIE AOX 28— E M E3F 535 2 L AR S i,

mouse AOX2 % FFRMNICHE % 30 uM D 17B-estradiol 1%, ~ v AR ERZICH 1T 55
Wilkds X A FEBET VT e KOG E 10~30%F 6| L 7z, —/, mouse AOX3
ZHRFERAICH®E 4 % 30 uM chlorpromazine 1Z, ZNLH DT AT b F DL %K 30~60%
MEIL 72, COMEIY, =V 2B EFICETETATE F=F 4 K DMLKIGIC
X, AOX2 ¥ X WWAOX3 13 ICBEG 9 278, AOX3 DHFLD /B XMTH s L
IR X Tz,

NAD/NADP' 23~ v R EF DT AT v F =4 4 5 DL R#Ic S 2 2 8 %5
fii L 7zo % DFEE, benzaldehyde & 4H3MBA D L)IGIZ, #EEFEOAINIC X Y BN
L7c—7iC, vanillin DREACSIGITMEER OILFINIC X Y 2B Rd o7z, TDZ
& 13, benzaldehyde <° 4H3MBA D E{U G IC 13 ALDH 238453 % —75C, vanillin O #
LIJGICiE ALDH 1213 & A LBEG L w2 R an, X b, HEIC K 2:&WN
H2HDOD, v~ RABEFICEITETAT e F =744 5o {t~_#IciZ ALDH b
BH5-9 2 AlREMEAS R E Tz,
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BAE ERBIVRE

WA B W CH OB IIEELRKEEH 2R L CTwd, TF, WO DW &L
ICFBLS 5 XME 28 OR EBREEIC B 2 = A4 4 B ofR##E L <, avofifficik
BICB5 T 2 fRetic o WM E LT B (Heydel et al, 2019a, 2013), A#fF5E T,
~ U A ERICHI T2 XME O—2Th 2 AOX BlRAWT T e FEEAET S =4
AR INEVE~NBLT 22 L 2HLNIC LT, TATE R AR VEEICETE
T3 R)GIEZ DLEVOFHAKEZME ¢ 5, 72, UGT R DAL RVIEICHT S
fAaBERICE Y, ARLZANVKVBORUKER S HIC AT 2 A[aEMED & % (Lazard
etal, 1991), —M&IIC, =A A4 B ORUKMEDRE 725138, WREZEE~O RN L
KTF325LEZLLNT WS (Block,2018), L7223- T, BRERICHFET 5 AOX I, OR
JUBRECH 2T AT e VEEET 2= A o8KkER2E® LT, REY 7
F N DORAEICERG 3 B AIREED B B,

— T, TR ERTDO AOXICX DT AT F=AA4KGDHhnri v~ RH
X, ZO=AAWIBET 2 BAOHZHFME T 2 a[ReMEDHE I NS, FimCThib~
72D, =AW DRADE TR IS ORD XX — I X > THRE XD (Block,
2018), 7Tk F&ZIICHIGT 5 A NFRVIETIE OR WML X2 —v 38 iz, Hl
7%, vanillin [~ 7 2 OR T®H % MORI174-4 3 X X MOR224-13 ZiEM(L 32—
(Kajiya et al, 2001; Oka et al, 2006), vanillic acid |Z =7 & OR T % MOR9-1, MOR15-1
F X X MORI15-3 %7513 2 (Saito et al, 2009; Li & Matsunami, 2011), L 727235 C,
AOX IZ X 2BALEUGDS, TrTe FEEET L =44 52 OR ICHEGT 2HIICAEL
23858, TOR[DEZ DL DPEFINLA[EENLRDH 5,

AiFFETIE, ~7 R B EF SOICEWTAOX BT AT b F =44 oot icE s
LTW3ZEZHL2IC L7z, UHIOMZETIE, ~7 AW EED LW E 5 SRR
FICBWT, TAT e F=A ARG BRNICELIN 2 eAREINTVD
(Nagashima & Touhara, 2010), L 2> L7235, ZOWHFETIX, T DEMEH ORELIG
WCBAG-3 2 B3R (X [AE & LT 72\ (Nagashima & Touhara, 2010), HBRZE W Z & (T,
AOX2 1M L D755 CTh @A Db 4 5 K — < VRO Bl i smFEH S 5 2 &
DIHE TN TH Y (Kurosaki e al, 2004), AOX 1IN F 7 ok 2 & B ic /i X
nNaaeldrd2, 2oX 5% zifisrsd , Eil®D Nagashima & X U Touhara
(2010) IC X W@ I N7z, v~V RBRETCEL BT AT e F=F 4 Ko ORRENE
fLicd AOX2 235 L T 2 A[REMERE 2 b %,
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~ U AICIFET 5 AOX1, AOX2, AOX3, AOX4 O—R7 I /BEECHIIZH 60%D L
FIFELED B D, AOX2 & AOX3 DT IEHY 65% DA TH % (Terao et al, 2016b),
¥ 72, FIFHWREZ AOX3 DffififE 7 — % (PDB: 3ZYV) ICHE DK FER Y —ET Y v
DR, b OEERAHBICOWT 4 T EOMT—TDOENDEH B T &2
HIN T B (Cerqueira et al, 2015), FFICT, AOX2 3 X U AOX3 D HLELIC I WT, M4y
TR D B A A AL ELEERL L T 223, AOX2 ZREE RS AERAL A5 X » Bk ©
HBHEMEINT VD, AWFEICLVED LN AOX2 I L U AOX3 D FE R EM:
FHEREES SO RBELIL Tz ki, Eitois 7 s 2 s i
KFsE2bNd,

BHicld, AOX Eu 7afilfic R Raic B L, REEMIET v 7 & F bombykal
D7 v vonre @Bl C 7T VvoABEICEGT 2RI HAILNT
% (Choo et al, 2013; Rybczynski et al, 1989), % D7z 8, F > WIHIC B W TDHFFIC
mAOX2 7z & OWL [ R RIVICHEI T 20 FHflL, fthd AOX 43 FiE & 1357 2 FE D
7 xmE VR ERBIEL, AIECHEUC T B Pl 7 SEE R T e I b 5 A
VE ORFBICEE &R A H I RERE X b NS, 5%, EHEKICEFHERT L LD
7 RIRD mAOX2 Fr IR E Z HFLH O/ TEEAE 72 LIS X WV RVE T 2 EDH 5,

AWFFRICE Y, w7 AR EFICHKEHT 2 AOX /07 (mAOX2 & X ¥ mAOX3) @
FHE I, chlorpromazine, 17B-estradiol, menadione, norharmane, raloxifene 7% i \»72 X
7=, FFIC, menadione XM FHICH L T d M) RHEMEEZ R L2, W DO0D
FATHZEIC BT, XME [HEFOEHIC X W EvwoMTEICE T 2R EE XME 235872
FTREBHL I N L %A D L (Heydel et al, 2019a; Thiebaud et al, 2013;
Schilling et al, 2010), AWFFE CTHIE X 7z AOX FHEANL, 5%, W LK AOX 23H %
CEWTED X ) R EHKELZR-T0r2EET I ECHARERY — itk T
EBfFE N D,

b O ERICHEHT 5 XME LB ORER 2 RR T oG H L, HlAiE, et
DM FRZICdH CYP, ALDH, CES, GST, UGT & &' ® XME 2% T % & W HEnH
% (Gervasi et al, 1991; Lewis et al, 1994; Jedlitschky et al, 1999; Zhang et al, 2005), % 7z,
ketone 55 L W IHIKIELIND Z & TR A 7 ARY) —DF YV 22T 25 NLHERL,
EFIECH D D7\ CYP2A13 FHER 2 H IR E 1R 2 ICB WIRE RERZ 1T - 72
& T2, CYP2A13 FHEAIIX ketone 55 DFFE) 72 7 AR Y — D&Y D F 72 1FIHRE
720 W A3H B (Schilling, 2017), 2D Z 2, B MCBWTHBEFTO=F
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A DB PTG EL 5 2 2[R R"E L T\wb, —J7 T, AOX FIHICiI~
TRt MCBWTHEAMAND Y, t b TlE AOX2, AOX3, AOX4 134 THELT
fELTHD, AOX]1 DADENEER T L LTHRIT 2 (Terao et al, 2016b), % D725,
A CHERINZR ERICE T 2T AT e F=F A4 oL IGh e b o E R
THEL 2[R ARE 2 2541213, AOX1, ALDH & & 05 % #/EIC AN 5 LEH
»H5,

B OORUFICIBEEREAELD 5, FEBRIC n-octanal 7z EDOEHIET VT & F D
MR RRMEIC (B ANZED B 5 & & % (Cometto-Muiiiz & Abraham, 2010), hexanal % W73 4
TR DRI DIEPAL AN X — v D=y ZADOERICRE (R 5 2 L A —v
VI XD HE I T WD (Fried ef al, 2002), AOX % ALDH 72 £ D 7 L7 b F & {RH
T AR ICIIZ DI AZED D D Z & #HER D L (Chen et al, 1991; Al-Salmy, 2001;
Fuet al, 2013), 2O X5 RO UTTITMEAENREL 2 A =X LDk, ZD
= A A G ORHEER OTEMEIC BT 2 EAEIC X VSN T 505 JReER ® 5,

AWFECTIEHM ERICHE T 2 = AR ofEHIcEHL2d DD, W ERI KRS+ 5
bEa T cofltamicx Lt E wiEatE 2R3 2 s, EEROKGHN L
LChRHEINT WD, Fric, dE4E, B EEOMIRMIE & MR~ L EE o225
2% (nose to brain £21%) %/ L 72 R BB O I N X E IR AT O Tn 5
(Pardeshi & Belgamwar, 2013), AOX I, AW ICHWTEHLZT VT v FLAYILISE
I, BEFEIRELOERBEZBLT 2MELCEEREELZEL Wb 2o, EHE
fREHHIC B W CTEEAKE ZHS 2 L PA LN T WS (Prydeetal, 2010), 2D X IH 7T
EERELDL L, AMTRICI VR LR EFICE TS AOX I X 231X, ~v ALk b
DEAEIZTHICEETILERD L 0D, ERFOBENEG 2% 2 5 L CcEHEZR
BHE x5,

~ 7 AR D AOX i % BHE L 7z raloxifene, chlorpromazine 7z & X [EH M TH 5,
2O XS REHEMIC X 5 XME HEMSBR ERTE L IGEICE, BERICE T2 =41
5y DRENEEME T 92 2 & TRERICM O DN LU 2 A[ReEREZ b S,
KRR, A XME OFEH%Z 7 v MCEERN T 2138 0&5 L 2R, REED
XME D ¥8l B X OEED EA$ 2 &0 ) MEH3%H Y (Thiebaud er al, 2010), &HIC&k5
INTALEY DR EE O BYRENEEE 2L S € 2R IE T+ d 5, 2Dk,
Sk, BEEFICX 2W EKO XME O HECHFENWEICH 2 5 52 % 73 2 £33
B 5,
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AFFEZBE LT, ~ v AR ERICHEAET S AOX2 & AOX3 DEILE VT AT b K%
T2 =A A OBLRBCEET 2 2 ZHO I Lz, ZOMBLMKIGIE, =F
Ao DA EREE 2 25T 2 72, T > 7 F L O RS % 5] Z K 2 3Rl REE 23
» % (Fig.6)o AMHIED X 5 W FRZICHI T 284 7 XME & =74 4 il o R o BIf%
TEICOWTOHRIE, v 2E5TWABYOREA N =X L %2# 25 L TEHETH D,

In the mouse olfactory epithelium
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Fig. 6 Graphical summary of finding and implications from this study. The findings revealed
through this study are described within the dotted enclosure, and the suggestion are described

outside it.
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RER DR

(FAE]
R EABRARYE
Benzaldehyde: B (LK LR 1t
Benzoic acid: F ALK TR 4t
Vanillin: -7 7 4 7 X 7tk &4t
Vanillic acid: FALK T3MRA S
4-Hydroxy-3-methylbenzaldehyde: HU{b ik T &1k
4-Hydroxy-3-methylbenzoic acid: B UL T3ERR &1
Heptanal: HU LA TIEMRF A1
Heptanoic acid: B TR
n-Octanal: HURALRE TRt
n-Octanoic acid: B ALK TRt
trans-2-Octenal: BURALA CEEMR Ak
trans-2-Octenoic acid: FUR LA LEEMR A S

AOX [HFH ML &P

Amitriptyline hydrochloride: FIJGHTEE TR 21k
Benzamidine hydrochloride: B LK TSR 1t
Clozapine: Sigma-Aldrich

Chlorpromazine hydrochloride: F15EAf#E T3k A&t
17B-Estradiol: Sigma-Aldrich

Ketoconazole: H{L L TR 2t

Loratadine: HH (LK TR A &1k

Menadione: Sigma-Aldrich

Norharmane: FIDEATE TRt

Raloxifene hydrochloride: 3 50 {b i T3/ &1t
SKF525A: Enzo Life Sciences

LC-MS/MS 43#t

Ibuprofen: HUR ALK TR 4

2-Ethylbutyric acid: B LK TR &4
3-Nitrophenylhydrazine hydrochloride: B 5t T3 &4k

32



1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride: B 5U{L K T Mk &4
Pyridine: -7 7 4 7 & 7t &1t

~ 7 AW F RS9 FR#l

A 70T v MR TR At
Tris(hydroxymethyl)aminomethane: =71 7 4 7 & 7 ¥k &4t
EDTA - 2Na: [@ AMLAAFZERT

7urT7—XMHER A 7T FHTAT RS
NAD": + 7417 4 7 2 7 B &4t

NADP": + 741 7 4 7 2 7 B &4k

Mouse AOX2 * AOX3 Kz

Mouse AOX2 *+ AOX3 D & ff 2 FEHIFESR 13K Y & LK D Dr. Silke Leimkiihler £ @
WLV — 70 b TG W27, LR OBERIZLARTOHRE ICHE > TR T 7z b
DTH % (Kiiciikgdze & Leimkiihler, 2018),

(55575%]
~ v AW RS9 o

C57BL/6 Zffi~ 7 ZITHAZ L 7 XU Envigo X WIEA L 72, & CoEWERIZ,
KBRS & U~ ) A4 2 Y IR O By R ER R B2 10 kR % (7 BY ) S Bt
ECEoOW bz,

M~ 2 (OlR) 134 Y 707 VIR T ICHE W TREIL S ¢ 7=, EHICR LK
R LIRARERCHE S Y2, 5B EKL%, 2 58D 100 mM Tris-HCI buffer

(pH 7.4, 1 mM EDTA, 1% 7' a7 7 —¥HER A 7 7 E56) fchEYFA XL

(Micro Smash™, ¥R &4k b I —HET), 7272 LA 1g 13 ImL &{RE L 7z, FEV 2
— & LorEE (9000g, 4°C, 20 93[H) L7240 L% SOMisr e L, xR
i EE U7z M EEC SO D &2 v o8 7 HIRIER, v UIMiET V7 3 v TER L 2 BER
FHWCT 7y F 74+ —FiECX W ERL 2,

Real-time PCR

LIRT DA (Terao et al, 2016a) IZfiEV>, RNeasy Mini Kit (Qiagen) % FH\»T~ v R
FREA 5 total RNA Z i L, W5 G Tagman 7° @ — 7 % F > C Real-time PCR %
T\, AOXI, AOX2, AOX3, AOX4 ® mRNA FEHAZFHML 7z, V7 7 L v LT
& L T 18S ribosomal RNA Z 27z, il L 7z Tagman 7'm — 713ZLAF D@ Y (AOXI,
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MmO01255332 ml; AOX2, MmO01255381 m; AOX3, Mm00508167 ml; AOX4,
Mm00508214 m]1; 18S ribosomal RNA, Mm03928990 g1) T& Y, 341D Thermo Fisher
Scientific £ Y A L 72,

Western Blot

FEEOM FE S9 % 8% SDS-PAGE THHfiL, = Frtiu—RBEICHRER, VX
gv7ay b EITol, 5% U MLET A7 2 vEH TBS AR HIC 1,000 53R L 7241
AOX2 i F X OFT AOX3 I3 (Kurosaki ef al, 2004), $1F 22— 7'V v Hilk (v —F 4
vZavia—i) ZRHOCTHEMGEITOBRE L 72,

AR R A

AOX fEMIBER /- 13~ v AL LR S9 %, HHE B X OCHEROHFE TICT, 100 mM
Tris-HCI buffer (pH 7.4) 1C, 37°CIcTA v Fa~x—+ T2 & T, ZhZhofH
EHEZIMMN L 72, G Z 5 7L 4 v Fax—F Lfkic, HE42NMz32&T
SOG % BAME L, PEEHE % & ¥ methanol F 7213 acetonitrile Z Iz % Z & TRIGZEIE
X7z, D%k, mOoHE (14,000 g, 4°C, 5 70 L7z EiE% 0.1%FBEIC X 0 Ff &
72 13FENL (AFICEK#E) L, LC-MSMS IC X W ERBOH L7, £7-, ALDH D5
IR 5791 NAD'L NADP'Z 2 5554 1E, 2 mM NAD'& NADP % W FJZ S9
TV AVFaxX—v a VORFNIHIML 72,

AOX FH % 1 @ FFHl

FEHEHE A I EE 22 <RI % MG T 2 il GESEY T s a7 v 4 v &
2=y avli, 2oL EDOHEEZ vanillin ZFEHAL, FIMEEIZ AOX2 DGH 2
uM, AOX3 DA S UM & L7z, 26 DRI O KL TH 5 2 LA F
T E LT\ 3 (Kiiciikgdze & Leimkiihler, 2018), FHEHIR 7 V — = v 7 5Ffiic 1%
100uM o&LEMZHFHL, BEKEFEEOFNMICIEIUTOREZMEHL -
(chlorpromazine, 0.03~100uM; 17p-estradiol, 0.01~30uM; menadione, 0.001~10uM;
norharmane, 0.01~100uM; raloxifene, 0.003~30uM) , MREE{LAPIFFELE T T DA I 722 X
AV AR % N AOX AREIEE & L TR L 72,

3-Nitrophenylhydrazine (3-NPH) i5:& 1l

Dei Cas &1 X 2 FSEAEHATE D € 2 AHHEDHEIC X U, 3-NPH IC X 2 B8R G
DT LC-MS/MS 30 %17 5 /535705, GC/MS 72 & Dt ke # i 4 2 T8k X
Db, TEESICERFOMEIORNPLENT VS Z LAME TN T 5 (DeiCas et
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al,2020), < DI ITHES, AWK A VR 8 (Heptanoic acid, n-octanoic acid, trans-
2-octenoic acid) ¥, 3-NPH #HE{A{L L 72#21C LC-MS/MS # W CTE RSN L 72, G
SOGHR % &0 L 7215 D _Eif %, 5 mM 3-NPH, 5 mM EDC, 1.5% pyridine & 30 %rfi] 4 v %
2=} QB7CHEN) L7, FFEL L 7ZSIGHRIE 0.1% ¥R TAM L 72121 LC-MS/MS
X VIEBDTL 72,

LC-MS/MS 43 #7

FREDRICHE DO H R %, Sk v~ + 257 4 — (Exion LC™, AB Sciex) &8
EMEF (Triple Quad 5500+, AB Sciex) ZfAa&bE ks a~ b r7 7 4 -2V
7 LE TR (LC-MS/MS) THHT L7z TN e NEbEHE (IS) XA 77
4 7—FicksFszLr 7t —A4 A bk A MbLL, SEMEE=XY
v7" (MRM) IC X W BRI L7z, F5&EBEA AR VS X OgHIE 7 v R v #3-3NPH 55
IO TN R OFFMIZLA T ISR T 5, 2 CTOERMITIZ Analyst®” 7 F 7 =
7 (AB Sciex) Z Fl\»CTfro 72,

OFFEH VR v
LC &:AF
_ Luna® Omega Polar C18 column
717 L
(3 um, 100 mm x 2.1 mm; Phenomenex)
A: 0.1% Formic acid
EZULEESGE
B: Methanol
N e Ibuprofen

ZA A

Time A solution (%) : B solution (%)
(min)

0.0 90 : 10

1.5 90 : 10

5.0 30 : 70

6.0 30 : 70

6.1 90 : 10

7.0 90 : 10
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MRM Z&fF (negative mode)

Analyte Precursor and product ion
Benzoic acid 120.927/77.100
Vanillic acid 166.966 / 107.600

4H3Mbenzoic acid 150.976 / 107.000
Ibuprofen (IS) 205.042/161.200

ORelfilE 71 v R~ liB-3NPH 8 (K

LC 5t
_ Mastro2 C18 column
77 L
(3 um, 150 mm x 2.1 mm; Shimadzu GLC)
A:0.1% Formic acid
BB S —
B: Acetonitrile
AR HE 2-Ethylbutyric acid

A A s

Time A solution (%) : B solution (%)
(min)

0.0 60 : 40

2.0 60 : 40

6.0 10 : 90

9.0 10 : 90

9.1 60 : 40

11.0 60 : 40

MRM Z54 (negative mode)

Analyte Precursor and product ion
Heptanoic acid-3NPH 264.040/137.100
n-Octanoic acid-3-NPH 278.033/137.000
trans-2-Octenoic acid-3-NPH 276.040 / 137.100
2-Ethylbutyric acid-3-NPH 250.034/137.100
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et bT

FERHA =22 1% Student's #-test 35 X UF one-way ANOVA 1% D Tukey's test IC X > TIRIE
EM7z. P<0.05 ZMaIIAERE L L7z,

37



51 FHSCER

Al-Salmy HS (2001) Individual variation in hepatic aldehyde oxidase activity. /[UBMB Life 51:
249-253

Block E (2018) Molecular Basis of Mammalian Odor Discrimination: A Status Report. J Agric
Food Chem 66: 13346—13366

Buck L & Axel R (1991) A novel multigene family may encode odorant receptors: A molecular
basis for odor recognition. Cell 65: 175-187

Cerqueira NMFSA, Coelho C, Bras NF, Fernandes PA, Garattini E, Terao M, Romao MJ & Ramos
MJ (2015) Insights into the structural determinants of substrate specificity and activity in

mouse aldehyde oxidases. J Biol Inorg Chem 20: 209-217

Chen CC, Hwu HG, Yeh EK, Morimoto K & Otsuki S (1991) Aldehyde dehydrogenase deficiency,
flush patterns and prevalence of alcoholism: an interethnic comparison. Acta Med.

Okayama 45: 409416

Choo Y-M, Pelletier J, Atungulu E & Leal WS (2013) Identification and characterization of an

antennae-specific aldehyde oxidase from the navel orangeworm. PLoS One 8: €67794

Cometto-Muniz JE & Abraham MH (2010) Odor detection by humans of lineal aliphatic
aldehydes and helional as gauged by dose-response functions. Chem. Senses 35: 289—299

Debat H, Eloit C, Blon F, Sarazin B, Henry C, Huet J-C, Trotier D & Pernollet J-C (2007)
Identification of human olfactory cleft mucus proteins using proteomic analysis. J

Proteome Res 6: 1985-1996

Dei Cas M, Paroni R, Saccardo A, Casagni E, Arnoldi S, Gambaro V, Saresella M, Mario C, La
Rosa F, Marventano I, Piancone F, Roda G (2020) A straightforward LC-MS/MS analysis
to study serum profile of short and medium chain fatty acids. Journal of Chromatography

B 1154: 121982

Dunkel A, Steinhaus M, Kotthoff M, Nowak B, Krautwurst D, Schieberle P & Hofmann T (2014)
Nature’s Chemical Signatures in Human Olfaction: A Foodborne Perspective for Future

Biotechnology. Angew Chem Int Ed Engl 53: 7124-7143

38



Fried HU, Fuss SH & Korsching SI (2002) Selective imaging of presynaptic activity in the mouse
olfactory bulb shows concentration and structure dependence of odor responses in

identified glomeruli. Proc. Natl. Acad. Sci. U. S. A. 99: 3222-3227

Fu C, Di L, Han X, Soderstrom C, Snyder M, Troutman MD, Obach RS & Zhang H (2013)
Aldehyde oxidase 1 (AOX1) in human liver cytosols: quantitative characterization of

AOX1 expression level and activity relationship. Drug Metab. Dispos. 41: 1797-1804

Garattini E, Fratelli M & Terao M (2008) Mammalian aldehyde oxidases: genetics, evolution and
biochemistry. Cell Mol Life Sci 65: 1019-1048

Garattini E & Terao M (2012) The role of aldehyde oxidase in drug metabolism. Expert Opin
Drug Metab Toxicol 8: 487-503

Gervasi PG, Longo V, Naldi F, Panattoni G & Ursino F (1991) Xenobiotic-metabolizing enzymes

in human respiratory nasal mucgsa. Biochem Pharmacol 41: 177-184

Hecker N, Lachele U, Stuckas H, Giere P & Hiller M (2019) Convergent vomeronasal system
reduction in mammals coincides with convergent losses of calcium signalling and

odorant-degrading genes. Mol Ecol 28: 3656-3668

Heydel J-M, Coelho A, Thiebaud N, Legendre A, Bon A-ML, Faure P, Neiers F, Artur Y,
Golebiowski J & Briand L (2013) Odorant-binding proteins and xenobiotic metabolizing

enzymes: implications in olfactory perireceptor events. Anat Rec 296: 1333—1345

Heydel J-M, Faure P & Neiers F (2019a) Nasal odorant metabolism: Enzymes, activity and
function in olfaction. Drug Metab Rev 51: 224-245

Heydel J-M, Menetrier F, Belloir C, Canon F, Faure P, Lirussi F, Chavanne E, Saliou J-M, Artur
Y, Canivenc-Lavier M-C, Briand L, Neiers F (2019b) Characterization of rat glutathione
transferases in olfactory epithelium and mucus. PLoS One 14: ¢0220259

Hu J, Sheng L, Li L, Zhou X, Xie F, D’Agostino J, Li Y & Ding X (2014) Essential role of the
cytochrome P450 enzyme CYP2AS5 in olfactory mucosal toxicity of naphthalene. Drug
Metab Dispos 42: 23-27

Iyanagi T (2007) Molecular mechanism of phase I and phase Il drug-metabolizing enzymes:
implications for detoxification. /nt Rev Cytol 260: 35—112

39



Jedlitschky G, Cassidy AJ, Sales M, Pratt N & Burchell B (1999) Cloning and characterization of
a novel human olfactory UDP-glucuronosyltransferase. Biochem J 340: 837843

Kajiya K, Inaki K, Tanaka M, Haga T, Kataoka H & Touhara K (2001) Molecular Bases of Odor
Discrimination: Reconstitution of Olfactory Receptors that Recognize Overlapping Sets

of Odorants. J Neurosci 21: 6018-6025

Kiiciikgéze G & Leimkiihler S (2018) Direct comparison of the four aldehyde oxidase enzymes

present in mouse gives insight into their substrate specificities. PLoS One 13: 0191819

Kuhlmann K, Tschapek A, Wiese H, Eisenacher M, Meyer HE, Hatt HH, Oeljeklaus S &
Warscheid B (2014) The Membrane Proteome of Sensory Cilia to the Depth of Olfactory
Receptors. Mol Cell Proteomics 13: 1828—1843

Kurosaki M, Bolis M, Fratelli M, Barzago MM, Pattini L, Perretta G, Terao M & Garattini E
(2013) Structure and evolution of vertebrate aldehyde oxidases: from gene duplication to

gene suppression. Cell Mol Life Sci 70: 1807-1830

Kurosaki M, Demontis S, Barzago MM, Garattini E & Terao M (1999) Molecular cloning of the
cDNA coding for mouse aldehyde oxidase: tissue distribution and regulation in vivo by

testosterone. Biochem J 341: 71-80

Kurosaki M, Terao M, Barzago MM, Bastone A, Bernardinello D, Salmona M & Garattini E
(2004) The Aldehyde Oxidase Gene Cluster in Mice and Rats. Aldehyde oxidase
homologue 3, a novel member of the molybdo-flavoenzyme family with selective

expression in the olfactory mucosa. J Biol Chem 279: 50482-50498

Lazard D, Zupko K, Poria Y, Net P, Lazarovits J, Horn S, Khen M & Lancet D (1991) Odorant
signal termination by olfactory UDP glucuronosyl transferase. Nature 349: 790—793

Lewis JL, Nikula KJ, Novak R & Dahl AR (1994) Comparative localization of carboxylesterase
in F344 rat, beagle dog, and human nasal tissue. 4nat Rec 239: 55-64

Li YR & Matsunami H (2011) Activation state of the M3 muscarinic acetylcholine receptor

modulates mammalian odorant receptor signaling. Sci Signal 4: ral

Malnic B, Hirono J, Sato T & Buck LB (1999) Combinatorial Receptor Codes for Odors. Cell 96:
713-723

40



Marchitti SA, Brocker C, Stagos D & Vasiliou V (2008) Non-P450 aldehyde oxidizing enzymes:
the aldehyde dehydrogenase superfamily. Expert Opin Drug Metab Toxicol 4: 697720

Nagashima A & Touhara K (2010) Enzymatic conversion of odorants in nasal mucus affects
olfactory glomerular activation patterns and odor perception. J Neurosci 30: 16391—

16398

Niimura Y, Matsui A & Touhara K (2014) Extreme expansion of the olfactory receptor gene
repertoire in African elephants and evolutionary dynamics of orthologous gene groups in

13 placental mammals. Genome Res 24: 1485-1496

Obach RS, Huynh P, Allen MC & Beedham C (2004) Human Liver Aldehyde Oxidase: Inhibition
by 239 Drugs. J Clin Pharmacol 44: 7-19

Oka Y, Katada S, Omura M, Suwa M, Yoshihara Y & Touhara K (2006) Odorant Receptor Map
in the Mouse Olfactory Bulb: In Vivo Sensitivity and Specificity of Receptor-Defined
Glomeruli. Neuron 52: 857-869

Pardeshi CV & Belgamwar VS (2013) Direct nose to brain drug delivery via integrated nerve
pathways bypassing the blood-brain barrier: an excellent platform for brain targeting.

Expert Opin. Drug Deliv. 10: 957-972

Pryde DC, Dalvie D, Hu Q, Jones P, Obach RS & Tran T-D (2010) Aldehyde Oxidase: An Enzyme
of Emerging Importance in Drug Discovery. J. Med. Chem. 53: 8441-8460

Robertson IGC & Bland TJ (1993) Inhibition by SKF-525A of the aldehyde oxidase-mediated
metabolism of the experimental antitumour agent acridine carboxamide. Biochem

Pharmacol 45: 2159-2162

Rybczynski R, Reagan J & Lerner MR (1989) A pheromone-degrading aldehyde oxidase in the
antennae of the moth Manduca sexta. J Neurosci 9: 1341-1353

Sahi J, Khan KK & Black CB (2008) Aldehyde oxidase activity and inhibition in hepatocytes and

cytosolic fraction from mouse, rat, monkey and human. Drug Metab Lett 2: 176—183

Saito H, Chi Q, Zhuang H, Matsunami H & Mainland JD (2009) Odor coding by a Mammalian

receptor repertoire. Sci Signal 2: ra9

Schaal B, Coureaud G, Langlois D, Ginies C, Sémon E & Perrier G (2003) Chemical and
41



behavioural characterization of the rabbit mammary pheromone. Nature 424: 6872

Schilling B (2017) Nasal Periceptor Processes. In Springer Handbook of Odor, Buettner A (ed)
pp 73—74. Cham: Springer International Publishing

Schilling B, Kaiser R, Natsch A & Gautschi M (2010) Investigation of odors in the fragrance
industry. Chemoecology 20: 135-147

Takaoka N, Sanoh S, Okuda K, Kotake Y, Sugahara G, Yanagi A, Ishida Y, Tateno C, Tayama 'Y,
Sugihara K, Kitamura S, Kurosaki M, Terao M, Garattini E, Ohta S (2018) Inhibitory
effects of drugs on the metabolic activity of mouse and human aldehyde oxidases and

influence on drug—drug interactions. Biochem Pharmacol 154: 28-38

Terao M, Barzago MM, Kurosaki M, Fratelli M, Bolis M, Borsotti A, Bigini P, Micotti E, Carli
M, Invernizzi RW, Bagnati R, Passoni A, Pastorelli R, Brunelli L Toschi I, Cesari V,
Sanoh S, Garattini E (2016a) Mouse aldehyde-oxidase-4 controls diurnal rhythms, fat
deposition and locomotor activity. Sci Rep 6: 30343

Terao M, Romao MJ, Leimkiihler S, Bolis M, Fratelli M, Coelho C, Santos-Silva T & Garattini E
(2016b) Structure and function of mammalian aldehyde oxidases. Arch Toxicol 90: 753—
780

Thiebaud N, Sigoillot M, Chevalier J, Artur Y, Heydel J-M & Le Bon A-M (2010) Effects of
typical inducers on olfactory xenobiotic-metabolizing enzyme, transporter, and

transcription factor expression in rats. Drug Metab Dispos 38: 1865—1875

Thiebaud N, Veloso Da Silva S, Jakob I, Sicard G, Chevalier J, Ménétrier F, Berdeaux O, Artur
Y, Heydel J-M & Le Bon A-M (2013) Odorant metabolism catalyzed by olfactory

mucosal enzymes influences peripheral olfactory responses in rats. PLoS One 8: €59547

Tsuzuki S (2019) Higher Straight-Chain Aliphatic Aldehydes: Importance as Odor-Active
Volatiles in Human Foods and Issues for Future Research. J Agric Food Chem 67: 4720—
4725

Vila R, Kurosaki M, Barzago MM, Kolek M, Bastone A, Colombo L, Salmona M, Terao M &
Garattini E (2004) Regulation and Biochemistry of Mouse Molybdo-flavoenzymes. The
DBA/2 mouse is selectively deficient in the expression of aldehyde oxidase homologues

1 and 2 and represents a unique source for the purification and characterization of

42



aldehyde oxidase. J Biol Chem 279: 8668—8683

Yoshihara S & Tatsumi K (1997) Purification and Characterization of Hepatic Aldehyde Oxidase
in Male and Female Mice. Arch Biochem Biophys 338: 29-34

Zhang X, Zhang Q-Y, Liu D, Su T, Weng Y, Ling G, Chen Y, Gu J, Schilling B & Ding X (2005)
Expression of cytochrome p450 and other biotransformation genes in fetal and adult

human nasal mucosa. Drug Metab Dispos 33: 14231428

Zou D-J, Chesler A & Firestein S (2009) How the olfactory bulb got its glomeruli: a just so story?
Nat Rev Neurosci 10: 611-618

43



AWTFE OEHE & 7e 5 JFRE X

Naoki Takaoka, Seigo Sanoh, Shigeru Ohta, Mariam Esmaeeli, Silke Leimkiihler, Mami
Kurosaki, Mineko Terao, Enrico Garattini, Yaichiro Kotake: Involvement of aldehyde oxidase in
the metabolism of aromatic and aliphatic aldehyde-odorants in the mouse olfactory epithelium.

Arch Biochem Biophys, 715: 109099, 2022

RSB E L 72228 RR
2020 4E 7 H 13~20 H (Web Fifié)

5 61 M HARA LFESFE - PESCR G2
TAT e N4 ¥y X —¥OEMEREMIAL HIE L 2 &0 THOMHE 7 v 7 7 A L5
Ol e, fege M1, Hil MIS, 2R %38, KH %, Silke Leimkithler, Mami
Kurosaki, Mineko Terao, Enrico Garattini, 5z 75—Ef

20204E 12 A 1 H (1 HEH)

5535 M H AW BREA2F S (Web Filfik)

FHERET VT e FE VKT ORBILAREICE T 2R BT VT b FER{LEEE OB S
Ol e, 2RE IEMI, KH %, Kiiciikgoze Gokhan, Leimkiihler Silke, Kurosaki
Mami, Terao Mineko, Garattini Enrico, i 75—Ef

535 M AAEYBEYRFES BHFOEELE 21

M

2021 FE 9 A 10~11 H (10 HFERK)

74— 7 52021 HAEREY - BRENFan Y —

W EET AT e FEEEESRIC X 2 R EARLEY o K3

Ol e, e 1IEMI, KH /%, Esmaeeli Mariam, Leimkiihler Silke, Kurosaki
Mami, Terao Mineko, Garattini Enrico, i 7F—Ef

44



A

KW AT 510 B 0, WG R & B &S, MM EI5 0 £ L7, HBA
SRFRERREIIER R P EBIRIc O L DAL L BT E T,

T/, AW ZED B ICHY, KIGHEHERE R 2 BEROEIFE RO ICEH K2 5 T
B0 L7, INERFERZHEAFADIZER KRE S8z (B - ARz R
PERFESD), mo i, R IEMIBYE (B - MIAILESZIERIRAHERR) 1) <
LR L B E T,

KR DOZATICEEL TR D TEBc e Y £ L7, JEEBRPERARERFAUTIER
REA  HEREUR, fen FAMEEIZICECHILEB L B E T,

P (L) BIFIch VFEERBL L TCEHSOIWMEEZHY £ L7, IRERFERE
B ARIEDTIERE PR SRR, AR HOLER, WA BT HEBERICE G
LEFET,

AN ZEITTHICHEVEADIYE - Szl L7z, U447 )Ry
92T D Dr. Enrico Garattini, Dr. Mineko Terao, Dr. Mami Kurosaki, 7z 5 WNC, AOX #§
R EY TR WAEZETE LK Y XL KRFD Dr. Silke Leimkiihler, Dr. Mariam
Esmaeeli 1C/0> X O &AL 1 %3

KW DZEITICH =0, BT - DDA A=V T Ty b7+ —LFEHEITBN
T, LB RYHARBENIIE LB v 2 — D B LC-MS/MS8050 b i X ¥ T\ 7=
VAV

AR DOZFITICH 720, FHHIEE DC2 B L NEFHIEHE Nk 7 v 775 LB w»
BEEe ) Wi E, EFENME Y BV & L2 HAREMHRES 1 JE < S
$Ltﬁiﬁo

AR DZRITICH 7Y, EFERELEZTLLIY, $2EEEEZRELLZDDIC
LCIHE & L 2B RBRRE 0 BB AR E DIEEE ST, 1RIEDBERRICH CIEHEL £ 5,

gIC, FAEEEEI R, ASFo TINAEREICTOD D EHEL £,

45



