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Spermatozoa  Renal arteriole ’ Skin (keratinocytes) 7 5

- o \)\/\é/ Q«O/\/K
Mo, O H mel o oif7s \?RZAT4 H

(0]
He s ) o OR1D2 ”i\QJ OH \/Oxyphenylon
Vil : N § ‘
Undecanal \/ i Bourgeonal htopionate | Pandalore e h
\ Ciz+ CAMP — /> ATP
= Lyral " : = ! L / Pannexin
Gpra1 E CN‘H'G 5 Ca?
1 .
; channel ERKA/2, I:’%ﬂokme
Renin
secretion £ Pr&'!ferat%ion +
B igration
v s/
Sperm chemotaxis Wound healing
& chemokinesis Blood pressure
regulation
Hatt H and colleagues Pluznick J et al Busse D et al

2003 Science 2013 PNAS 2013 J Invest Dermatol




Dr. Jennifer Pluznick
Johns Hopkins University, USA

v v

M 0y o

OIfr78 (mouse);
Gprdl Gprd3
PF BE ORS51E2 (human)
Q o]
Ligands i
o ~on -

o

\)J\OH \iOH \)T\ i
/\)J\OH /\)'I\OH

Acetate, propionate, Acetate, propionate, Acetate and
and butyrate; also responds  and butyrate; also responds propionate
to some other falty acids to some other fatty acids

Olfactory receptor responding to gut microbiota-
derived signals plays a role in renin secretion
and blood pressure regulation

Jennifer L. Pluznick™", Ryan J. Protzko®, Haykanush Ge: \lDngi ", Zita Peterlin’, Arnold Sipos®, Jinah Han'

Isabelle anul La-Xiang Wan’ Fndunchy Tong Wang Stuart 1. Firestein®, Masasmv.magusam"
Jeftrey 1. Gordon, Anne Eichmann, Janos Peti-Peterdi”, and Michael J. Caplan’

“Department of Physiciaqy, The Johns Hopiins Uiversity School of Medicine, Baltimare, MD 21205; "Departments of Physiology and Biaphysics and

DN A

Prof. Dr. Dr. Dr. med. Habil. Hanns
Hatt
Ruhr Univerity Bochum, Germany
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fil “qmt"m im‘n'm' L !'I véwn‘l(n‘ﬂ‘lfﬂr' "ﬂ"lf 'H'”"u i 1,

leunwul'l! i ,)J Hea; """
st e \_/
k_‘}""/\ Gop GP GoP GTP CANE, } M
ATP — (=7 ATP 2

<} Identification of a Testicular
8 Odorant Receptor Mediating
)

Human Sperm Chemotaxis
ch) Marc Spehr,’ Giinter Gi

Jeffrey A. Riffell,? Christian H. Wetzel," Richard K. Zumm-rz-’
Hanns Hatt™

1 a1 4 plawski,’

Prof. Inge Depoortre
Leuven University, Belgium
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o
o © © Endocrine cell
Uehrenn CCK,

GLP-1
agustducm :\\

TAS1R2/ TASlRl/ TAS2Rs GPR40 CD36

TAS1R3  TAS1R3 GPR120
A A A
Sweet Umami Bitter Fat

Bitter taste receptors and a-gustducin regulate the
secretion of ghrelin with functional effects on food
intake and gastric emptying

s imnsren, forien Lasrmany, Fas-lan Verbubn, Theo Thigs, dan Tack, and inge Cepooriens”
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Hepatocyte N White adipose tissue
o o
< i,
elaic aci
OR1A1‘/ Olfr544 / \ Olfr544
(-)-carvone

N
cAMP cAMP

PKA/CREB/HES-1 PKA/CREB ¥
il v o
PPARy PPARa HSL
¢FAS TF (o) TG FFA--—=-=~ =
N ¥ ;FA
J Hepatic steatosis
J Adiposity

Wu C et al 2015 Int J Biochem Cell Biol
Wu C et al 2019 BBA Mol Cell Biol Lipids
Wu C et al 2017 J Clin Invest

78 282 = U 717 18 7153 GPCR THHE ER AoF I FY
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e REVIEWS

fTherapeutic potential of ectopic

olfactory and taste receptors

Sung-Joon Lee®'**, Inge Depoortere®* and Hanns Hat

Abstract | OlFa tory and taste rece plors are expressed primarily in the nasal ol fac tery epi thelium
and gustatory taste bud cells, where they transmit real-time sermsory signals to the brain, However,
T|'n-":,' are also l.‘"‘AIII".‘"“\‘v."'[] in |'|'||,.|ri|1|r~t-";.T|'.-|-|'|.:l'\d| ancl extra-oral [i-nln-e'\.h[-*il'ﬂ i|'|'|| licated in diverss
hiclogical processes including sperm chemotaxis, muscle rgenemtion bronchoconstriction and
bronchodilatation, inflammation, appetite requlation and energy metabolism. Elucidation of the
physiological roles of these ectopic receptors i revealing potential therapeutic and diagnostic
applications in conditions including wounds, hair loss, asthma, obesity and cancers, This Review
autlies current lll'll:]t"l"u[njl'llilll'lu of the diverse functions of ectoplc olfac tory and taste receptons
anil assessas [|}t-"i|'||-::-te-'|'|l;i.-|| to be therapeutically exploitad,

NATURE REVIEWS [DRUG DISCOVERY

20193 Nature Review Drug Discovery (IF 57) 2| &
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B H2 X=X 7T S|AeF tHE M2FAL 2 =82 A9 At

» NGMI} Merck®| A2 (20159): NGMO| H|THX| 2 X| QK| CHA 7HE HT 2tE Al Merck= $94M Up-
front X $106M X| 20l FZ 5E7F $250M F7t FEXI5H= A K &2

» Orexigeni} Takeda Pharmaceuticals?}t O|= T3 A2 $50M Up-front (2010H), $100M (2014H),
= Z U2l 20%~35% ZLE| X5 AL HZ

» Palatin Technology @} AstraZenecal| 22 T3H U 3F A 7HE A2 $10M Up-front,

OpZA=0f el £ $300M 7HA| X =E0f| WE TAX 2EE| X5 A% M2
p SO HREHS 7|F 0| B2 0] Zafgen A2| IPOA| A7} SH2 $320M: At =H 2 Y82 =
IPOE 3 AT $320MS W, L3y Tt A5 $1.58 2. 2016F HEEY EWS

22 ST Sl chondrial Therapeutics?t 2 H

13



©
=
c
(]
e
=
c
o
O

2
S
3
O
S
L2
£
Y ]
od p
BoS
S
ol
md tn
1
N 3
Q K
_ B 2
! of
ml 20 J
LO o0 N Klo
0
2 ﬂﬂ
S 2 ©
i
=7 T} )
=] wjr ur
orl =
o = i
B A ur &
T M =X o
CR u Klo
=< g0 i b
X0 e W___ N
KM | u._ <
n < o
N
E
oM H_ = 3 _
DT Rg =L w..x. 5
N L|-_ —_ _.In —_— .r_”_
Fo e 2 % A H
i1 o7 w. H T [ wfl
K (] =T
|
X < =) (§ )
M.____ Kl Kl Kl Kl
- il il il O

4

1



©
=
c
(]
e
=
c
o
O

X|
L

o =X
B =839 F

ot &

2: 7E AAL OFE

&

=
S

El
S

2| IHE L O

=
=

o =2

o
—

AIA

0l

off 2 AY: Of= BA}, OtZ2t4t e HIEIR 2

{24
=

FXEZE X=X O] FDA 52 g5

F 70 O|= EFIL Pharma, H| 2t

AlO
— 1

15



©
=
c
(]
e
=
c
o
O

~
oH
=J
L
ol
o}
IH
ol
o)

< <
N0 ~NO
ol MAﬂ 8l of I
N BB ol @ = or or B
0 = = - o K N0 RO KO fol’
5 OO BT RN O
N ol ol 1 4qr ol Bl ol ol KO0
E IO = U, [ N
= o — T ofl ¥ T
= & e o = S
or iu{lﬁkﬂmu_lur_ngﬂgﬂm
%0 L Em =N ETKETETM
~ o - - = O o o o o ©
A_l U _M.m_V “.o_._. o 1ol L <t © O —
2o ok °° NG g g8 Sk
m_om:ﬂH.M Mmoo oy o &g R
- gl - ™M o0 < (98} L,n O O v (@V/
of 3 . O 0O O O O O O O O
W= By 22223 ag g
[I] a a
MD m m m [ ] [ ) [ ) [ ) [ ) [ [ ] [ ] [ ]
<
=~ ~O <k
o <0 E
> o &}
< ™ ol
<r 1ol ol
- ol of RO
- MI_ _ RO EO ~
K ot Mo = < 0
|__|.|_ﬁ = ol jol pal 70 oll =l
fol N O O . oz ol
O] L o o o H = F ©
T - = = = ol jol jol E|
KO = ol ol ol = = = § .
. HdAH®EwpaexlF
o) Ko 3 ﬁﬁm"o7ﬁm_ﬁ%
(1} N [ TR R AR E
=, K ml Tl T LHo
< <= “MV_._.._ Ol O Ol & & ~ K{ —
ol 3o TXTXT 3SR
Klo 1
E B0 or - = N X B
H 80 = o mom oW, ) &
oF © X 70 533 &I Qa0 S
>0 O I .80 & S 2D
M W T T o

16



&
+—
c
[}
e
=
c
o
O

KK

70
1)
0| H
o 4
TH or
s 3
o Joil
~ o
= o
S LN
[
A Ko
1o o i
N IH IH0
.__Allg = mujn
P 5
0
5 % O i
T s
o T 2 2
. g © o
ol — RO
o < G
A - oK
LN o >3
=1 <o X
@ T b Kl
sg  F %O o
kK0 ml <M xl_.
w T ~
o= & =
8l L & N
+m__. = En
T M0 M o5 =
o O R ™
EREE :
T S o S
|=r_“_ oS g ol o
ol & = T o
. S o
M= o X
o m 0 S 7 2
N ol 2 S = ~
= oz oo ol i
T gz Ey ogrk
ol < N Ll B K =3 >
2 B DR Es =l OF
il < ol 4 K S K K ¥
Koom © @ oK K Wk ub o uk

7

1






©
=
c
(]
e
=
c
o
O

mO
B <
© 4
< ~d
o
o N T A0
y P E X
. o B o
e
W g W
o ¢ ¥ & W
2 Kl M ru [®) o
w2 - o
Kir = K X w
@_ I o X T ol
N R -
00 & =
= 5 Mr < K 10
= —-— O o =
= m__m |._A|L O O =
T R =TT,
= — K <r T =
0 - - - =<-
roIf 0 i
G » o4 % B oo
7I_ _-A _./. . . O.
N . o — al o
(o) (o)) — — — ™
ifd
4
H
Gl
T T =
o KM M__ PO
K <4 g @ o
N S 3 oo o
R R Ko X0 o o

F
Of
2. M|
=
4. 0|2}
(0]
o}
0]
o}

9

1

15. Olfr544 2 O 20| A OPREHI | 2 M7t Aty

7. RIS AOIA X 2o &



©
=
c
(]
e
=
c
o
O

ol
o T T T o|lT|IT| OO
Nl i i F - I T N N
i = = = H e H || H
Ujo
of 2
[ o re)
=T = g |2 ol 8| o
N 10 ) S S|lo|lw | 2|
- ™ o) © o N © o o
mr 3 S 8 S D28 | =
: O
ujo 5 e e = 8|18 | L | %
o o o (&) [e'e) © o Yo
~— ~— ¥ o ~— s N ~—
! ne
ol __Lom 00 %m ofF o ol o ol |om
10 __f z __f md o | (o [do  |do
e I e L I R B
BO ﬂ__:___%__: _%_____o % 0|7 0|7 0 | ol
m_m IH %0 oH H o ot IH Z0|{IH Z0[IH Z0|IH Zo{mH Z0
I e O GO e e e R
e RS L R [ 0 B e e e e e
o [0 OF . |OF - DM}Z0 fr|Z0 Ar|X0 ar|X0 ar|<0 ar
O Rllgy O oy X0[4I0 RKIO B0 RUIKIO R0 R
KA JW|ar N OHjAr ool KA JlfKA JUKA JWIKA JHjKe
o0 K|Rl 20 Z0|7M I Km0 K150 K |70 K (20 K20 K
K No K Kllog fNk ~NK NK ~NK NK N
mr
uo | mr| o M| of | o | oft | om | o
o o | o | o | | b | S| N
N
wE S e | ® | ®
:.m_. e |l ur |5 | M| o |0
ZAH T T | T || T
i i <1

20



S PN I~

2. OlREALS| HIZZA 7|% G171 WE &=

d Hepatocyte

L. I
/

€ White adipose tissue

ORIAl  OLFRS#4 .
lang " A

o OLFR544

|
QIE
@D

=

S

PPAR

Q HSL /
Fatty aci Farty acid) / Tri J reefarty
e

LHepatic steatosis Ladiposity ree forry ocid)

Lee SJ et al. (2019) Nature Reviews Drug Discovery (IF 57)
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: Olfr544 EXHX| 2|

Olfr544 r‘nfo
|
J

|
— X
' v
: Mitochondrial
—> — biogenesis T Autophagy T

_[ CRE | PGC-la | ' | |

¥

| Mitochondrial content T |

Wu C et al. Frontiers in Physiology 2020
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S8MdEY A C|xtel Al 23t HnEd
. A E
‘ﬁéﬂgq LDs, > 5 g/kg bw RTECS",1997
g = |+ RO EO] (T3] NEI|S, BFNHA 715,
sene - 81 E: 800 or 1000 mg/kg bw/day HE o4 g
Toepert et al., 1989
° HI_I-% XO-“:I—IIII E_o:l (6OE|) 7t 7|h Ol*l' 812
- E7)|: 100 mg/kg bw/day = ole e e
- 40| g (90¥)
- BiE: 140 or 280 mg/kg bw/day MESHY X8 Ho Mingrone et al., 1983
CHy| 4 - £7]]: 200 or 400 mg/kg bw/day
. HIE 7410 E ol Q| At
__gﬂél-"rl%—%ﬁl (30 O1&) 258 BlS Toepert et al., 1989
. 40| 4% (1802)
g7l =4 - BiE: 140 or 280 mg/kg bw/day Oral NOAEL : 280 mg/kg bw Mingrone et al., 1983
- E7]]: 200 or 400 mg/kg bw/day
* Invitro oA
- Ames test, HGPRT test =<
a8 =4 - Toepert et al., 1989
s /nvivo o M
- 24 X|AF A (dominant lethal test) =<

U RTECS: Registry of Toxic Effects of Chemical Substances (0| = 3}stE X =4 FJstatz|
DMEBSIY X|H: P 3tet K|, HUBIH K|, HH CHHE Y M, 2 B9 xES
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4. Opatte| 0|3etE S

Properties O O

Chemical CoH1604 HO)J\/\/\/\/lLOH

formula

Molar mass 188.22 g/mol
Appearance white solid
Density 1.443 g/mL

Melting point | 109 to 111 °C (228 to
232 °F; 382 to
384 k)l

Boiling point | 286 °C (547 °F; 559 K)
at 100 mmHg[”

Solubility in 2.14 g/Llel
water

Acidity (pKa) | 4.550, 5.498l¢

23
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. e« Cpgy = 623 mg/L
£ ] * tmax = 90 min
3 e Clearance = 842 L/hr

I ; T T T T T T T T T 1
0 40 80 120 160 200 240

Time (min)

g/hr—'—EE Moiog2 =

1K)

£ X : Bertuzzi et al., Clin Pharmacokinet, 1991
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A,

cAMP (nM)

Relative PKA activity %0

100+

80+
60+
40+
20

Triglyceride (pmol/L) &

Cholesterol

200,
Qo -
2 &
B E 150
[7}
€% 100
-
3
S 50
L
[WVE
C
C FSKAzA
serstp. S
HSL [=a= =]
B-actin [ e o]
—~1.5- —~ 37
= -
o E
E [=2]
S 1.0 £ 24
: :
f=)]
E 05. g 1.
= =9
£ 5
= <
0.0- 0-

%,

Relative protein expression

Glycerol
(nmol/mg of protein)
[=:]

=3
54
S 8000, Adipose
€ 000l T tissue *eAMP
Q PKA
o % 4000 TG @
E 2000 @<« HSL-P HSL
=
T ol NEFA + Glycerol
e
p-HSL  HSL p-HSL
/HSL
b
b
c b

-
L]
1

i

[+
1

0-

S

C: control

FSK: forskolin 1 uM

AzA: azelaic acid 50 uM

cAMP: cyclic adenosine monophosphate
IP: inositol phosphates

PKA: protein kinase A

HSL: hormone-sensitive lipase

Confidential

27




Confidential
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8. OPEt4t0] ZE=E] M Z oA X4t} ST ©-Agonist
' Olfr544
A B :
_ 4
10+ b . f_‘gm]_ . 515000 g o
8 £ £ 150 b 8 3
E N g.g ool 2 a N % 100009 E g ., C (Golfa> — [Adenylyl cyclase]
(= it —
E 4 § g ,E 5000 g§’ a l
a o= 0 E= 0 o 0 P
0 ' : N CREB CREB
G Q’-’* ?3?' < :9,\{} ?:,?' o v’? ) (‘él- vfy. | |
v PPAR alpha
C p-CREB CREB p-CREB/
CREB FAO

Cet Ce Cer

C: control
D . Ppara < Ppara  Acox1 Cptla Oc E FSK: forskolin 1 uM
29 B 3 B AzA 5 81 AzA: azelaic acid 50 uM
o * g *k iy &k 8 E“E- IP: inositol phosphates
s 2 o 1 5 2, CREB: cAMP response element-binding protein
= = 53 Ppara: peroxisome proliferator-activated receptor o
>N ;"' z52 Acox1: peroxisomal acyl-coenzyme A oxidase 1
= 8, ﬂ |-| |-| i o Cpt1a: carnitine palmitoyltransferase 1A
2" H & Pri © &
epa rimary .;i“@ ?3? o8
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9. O} 2ol X|HHELSH 2 1l= OIfr544S BEXO 2

Olfr544
A Scr OIfr544 % 1.5 B £ cAMP 2.0
g s
g T b £ 15/
& 1.0 4 3
: 2 £ 10]
=]
5 05 o 2 é
2 - 3
E 0.0 T o = 0.0
Scr Olfrb44 9] ¥}
ShRNA  shRNA ShRNA M ShRNA M
Olfr544 shRNA Olfr544 shRNA
C
< p-CREB CREB p-CREB/
Scr  Olfr544 shRNA F 1 CREB
shRNA ¢ FSK AzA =
R+
crRes[ T 70 T 7] (B ¥
B.\acunl——_’l i’ ]
2
E Ser G 4= Ser U ¢ Ser O g
a5 shrna S W onRNA & W
Olfr544 shRNA Olfr544 shRNA Olfr544 shRNA
D = Ppara
2 3 Scr shRNA: Scrambled shRNA, non-target short hairpin RNA control vector
4 C: control
X 21 FSK: forskolin 1 uM
2 a a AzA: azelaic acid 50 pM
& 1] = T cAMP: cyclic adenosine monophosphate
E PKA: protein kinase A
< 0 : CREB: cAMP response element-binding protein
(4

Ser Y Ppara: peroxisome proliferator-activated receptor o
shRNA —Y’? P P P P
Olfr544 shRNA 29
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Al (o) A H ol xE=X|o = r<)
10. OpP&2f4te| 7h =X X|HH4tgt ZXI2 Olfr5448 HEHO R o
A B
Scr  Olfr544 5, DOffrsad 5- "
shRNA shRNA 8 . ) g
onrses [EEERTIRTPCR § .| T N 827
: S * e §§ 2
Olfr544 [svs | s = 2 2
] IB s 054 b a a s a
poctn T 1 e N5
£ g
< 00-H 0- 0l
=4 Scr Olfr544 Ser © {-. ij' Ser ©
shRNA shRNA shRNA g shRNA S B
Qlfr544 shRNA Qlfrs44 SI'IRNA
C D
c p-HSL HSL p-HSL/
® _ 12,
Scr Olfr544 shRNA § s . b
a -
shRNA ¢ Fsk AzA s 8 |a a a
£ 55
Serﬁﬁﬂp_HSng -~ - r— | % ;g 6
L m“--.
HSL | 88 B =8 || B & S 3
=
B-actin [F————] | = =
B Ser O & Scr O Scr O Scr ©
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FIGURE 1 | Activation of Olfr544 induces the PKA-CREB-PGC-1a signaling axis in cultured skeletal muscle celis. (A,B) AzA induced pCREB expression in C2C12
myotubes but not in cells with Olfr544 knockdown. Immunoblotting analysis of pCREB and total CREB proteins (A, n = 3); the ratios of pCREB-to-CREB were
normalized to p-actin (B, n = 3). (C,D) AzA induced the expression of PGC-1a both at the mRNA (C, n = 3) and protein levels (D, n = 3) in a dose-dependent manner
as measured by real-time gPCR and immunoblotting, respectively. (E,F) Olir544 gene knockdown lessens Pgc-1a gene expression (E, n = 3) and protein expression

(F, n = 3). Data are the mean = SEM. Data are statistically significant different denoted by * for P < 0.05 using Wilcoxon test and one-way ANOVA followed by
Tukey's HSD test.
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FIGURE 2 | AzA induces mitochondrial biogenesis in skeletal muscle cells. (A) AzA induces mtDNA content in a dose-dependent manner as measured by Qper

(n = 4). (B) Mitochondrial contents were probed by green MitoTracker and measured by a spectrophotometer (1 = 4). (C) and the levels of mitochondrial content was
confirmed under confocal fluorescence microscopy (n = 3). Blue, nucleus; green, mitochondrion. Scale bar, 50 pm. Data are the mean + SEM. Data are statistically
significant different denoted by * for P < 0.05 using Wilcoxon test and one- ANOVA followed by Tukey's HSD test.
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FIGURE 4 | AzA-driven Olfr544 activation stimulates ERK1/2 phosphorylation in cultured skeletal muscle cells. AzA induced phosphorylation of ERKA/2 on Thrd3/44
{PERK1/2} in myotubes but not in Clfr544 knockdown cells. (A,B) Expression of total ERKA1/2 and pERK1/2 was probed by immunobilotting. Ratios of pERK1./2 to
total ERK1/2 were normalized to p-actin (7 = 3). (C,D) AzA-stimulated myotubes increased the LC3-lI-to-LC3-1 ratio, a marker of autophagosome formation, but not
in Olfr544 knockdown cells (7 = 3). Data are the mean + SEM. Data are statistically significant different denoted by * for P < 0.05, ** for P < 0.041 using Wilcoxon test
and one-way ANCOVA followed by Tukey’s HSD test.
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induced the expression of PGC-1a, pCRER, pERK1/2 and LC3 protedn in wild-type mouse skeletal muscle tissuss but not in those of Ofir544 KO mice.
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Mouse olfactory receptor 544 (Olfr544) is ectopically expressed in varied extra-nasal
organs with tissue specific functions. Here, we investigated the functionality of Olfr544
in skeletal muscle cells and tissue. The expression of Olfr544 is confirmed by RIT-
PCR and gPCR in skeletal muscle cells and mouse skeletal muscle assessed by
RT-PCR and gPCR. QOlfr544 activation by its ligand, azelaic acid (AzA, 50 M),
induced mitochondrial biogenesis and autophagy in cultured skeletal myotubes by
induction of cyclic adenosine monophosphate-response element binding protein
(CREB)-peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a)-extracellular signal-regulated kinase-1/2 (ERK1/2) signaling axis. The silencing
Olfr544 gene expression abrogated these effects of AzA in cultured myotubes. Similarly,
iIn mice, the acute subcutaneous injection of AzA induced the CREB-PGC-1a-ERK1/2
pathways in mouse skeletal muscle, but these activations were negated in those
of Olfr544 knockout mice. These demonstrate that the induction of mitochondrial
biogenesis in skeletal muscle by AzA is Olfr544-dependent. Oral administration of AzA
to high-fat-diet fed obese mice for 6 weeks increased mitochondrial DNA content in the
skeletal muscle as well. Collectively, these findings demonstrate that Olfr544 activation
by AzA regulates mitochondrial biogenesis in skeletal muscle. Intake of AzA or food
containing AzA may help to improve skeletal muscle function.
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