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Foreword

Akira Hishida

Project Leader

Emeritus Professor, Hamamatsu University School of Medicine

Summary

It has long been known that excess salt in the body is associated with the onset of hypertension and heart
failure, and that salt deficiency causes a risk of dehydration. In the aging society, both the salt excess and salt
deficiency are the major risks to healthy life.

Understanding the mechanisms of the perception of sodium taste, and the regulation of salt absorption and
excretion in the digestive tract and kidney, which affect salt balance, is an important issue for maintaining an
appropriate salt balance. In addition, understanding the effects of abnormal salt balance on health disorders, such
as high blood pressure and sarcopenia, is also today's key issue.

The Salt Science Research Foundation took up "Salt balance and biological function" as the theme of project
research in the medical field from fiscal year 2018 to 2020, and adopted five subjects under two sub-themes, "New
regulatory mechanisms of salt balance" and "Effects of salt balance on organ function".

Regarding the new regulatory mechanisms of salt balance, " Clarification of regulatory mechanism of salt
balance through intercellular tight junction by kidney-gut interaction” and " Amiloride-sensitive salt-sensing
mechanism in taste buds” were adopted. Regarding the effects of salt balance on organ function, three research
plans were adopted: “The effect of aberrant ENaC activation on salt-sensitive hypertension and blood pressure
circadian rhythm in chronic kidney disease®, “Therapeutic strategy against salt hypertension and renal aging via
novel dual actions of receptor-binding molecule” and “Mechanism of sarcopenia induced by inappropriate sodium
intake"

Many new and important discoveries have been made in this project research. Ikari A. revealed that salt
transport in the large intestine and renal collective tubes is controlled through the regulation of claudine, an
intercellular adhesion factor. Taruno A. showed that the entry of Na" induces depolarization for action potential
discharge driving voltage-dependent neurotransmitter release via the CALHMI1/3-dependent channel in a
subpopulation of taste cells. Kakizoe Y. found that urinary extracellular serine proteases which increase with
proteinuria in chronic kidney disease, are involved in salt-sensitive hypertension through activation of ENaC.
Tamura K. demonstrated that ATRAP (typel angiotensin II receptor binding factor) in the proximal tubules is not
involved in the Ang Il-mediated hypertension. Nishiyama A. found that chronic kidney disease may lead to
sarcopenia as a result of increased use of energy and nitrogen in skeletal muscle for osmotic substance production

in the liver.
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Fig. 2 Effects of ANG, ALD, and inhibitors on claudin-7 expression in MCE301 cells.
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Fig. 3 Effects of ANGII and inhibitors on the cell localization of claudin-7 in MCE301 cells.
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Fig. 4 Effects of ANGII and inhibitors on paracellular permeability.
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Fig. 5 Effects of ANGII and inhibitors on the promoter activity of claudin-7.
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Fig. 6 Localization of claudin-2 and -7 expression in the
crypt of mouse colon.
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Fig. 7 Effects of culture days on claudin expression.
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Fig. 13 Effects of claudin-2 or -7 overexpression on the expression of ion transporters.
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<C

Claudin-3

| B-Actin
NS

Il 1
o o
o o

~ ~—

200

{9) uj0d c-upnep Jo

o
w

uo|ssaldxa aaneey

ZH
]
i q
L L L L L
2888 8 °
[V} m - -
(%) WNY W g-upne|d Jo

uo|ssaldxa aagepy

RU

veh Spi

Cont

ALD

o

RU

Veh Spi

Cont

ALD

Fig. 15 Effects of ALD and inhibitors on claudin-3 expression in mIMCD-3 cells.

-16-



1000

o~ 800 p
§ 600 T
g ==
v 400
[
}_
200
0
Cont Veh Spi
ALD

20
15 =
< 10}
o
05F
0
Cont Veh Spi
ALD

Fig. 16 Effects of ALD and inhibitor on paracellular permeability in mIMCD-3 cells.
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Fig. 17 Regulatory mechanism of claudins expression in colon and collecting duct cells.
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Summary

The absorption (reabsorption) of Na' and CI° in the intestine and kidney is controlled by
renin-angiotensin-aldosterone (RAA) system, but the mechanisms are not fully understood. In mice fed with
NaCl-depleted diets, the expression levels of claudin-2 and -7, tight junctional proteins, increase compared to those in
control mice. Claudin-2 expression is upregulated by ALD, but the regulatory mechanism of claudin-7 has not been
clarified. Here, we found that angiotensin II (ANGII) increases claudin-7 expression mediated by the activation of
NF-kB pathway in mouse colonic MCE301 cells. Dilution potential assay indicated that ALD may inhibit Na*
secretion mediated by the reduction of claudin-2 expression and ANGII may promote CI" absorption mediated by the
elevation of claudin-7 expression. Furthermore, the expressions of claudin-2 and -7 may be inversely regulated by a
complex of p53 and HNF4a in the colon crypt.

Expression linkage between claudins and ion transporters expressed in the plasma membrane were investigated using
MCE301 cells. ALD decreased the mRNA levels of Na”/H"-exchanger 2 (NHE2) and NHE3, which were inhibited by
claudin-2 siRNA. Furthermore, the expression levels of NHE2 and NHE3 were decreased by the overexpression of
claudin-2. These results suggest that the expressions of NHE2 and NHE3 are controlled by claudin-2 in the colon.

In the collecting duct of mice fed with NaCl-depleted diets, the expression levels of claudin-3 and -8 were
upregulated and downregulated, respectively. ALD increased the mRNA level of claudin-3 in mouse collecting
duct-derived mIMCD-3 cells, which was inhibited by spironolactone, a mineralocorticoid receptor antagonist. In
addition, the permeability of Na* was decreased by aldosterone, which was inhibited by spironolactone and claudin-3
knockdown. These results suggest that ALD may inhibit the secretion of Na* mediated by the elevation of claudin-3,
resulting to promote salt reabsorption in the kidney.

In the present study, we found that the expression levels of claudin-2 and -7 in the colon and claudin-3 and -8 in the
collecting duct are controlled by the RAA system. In addition, the expressions of NHE2 and NHE3 were
downregulated by claudin-2 in the colon, suggesting that claudins are involved in the regulation of not only paracellular
ion transport, but also transcellular ion transport. We suggest that the homeostasis of salt balance is cooperatively

regulated by claudins and ion transporters in the plasma membrane in the colon and kidney.
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glucose, 1 uM amiloride, and 10 mM HEPES, pH 7.4. %
YEE' X RNIATR 140 mM CsCl, 1 mM CaCl,, 2 mM
MgCl,, 11 mM EGTA, 10 mM HEPES, 2 mM Na,ATP,
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and 0.3 mM Tris-GTP, pH 7.3. FE}fi[EE TOEBROE
> RN : 140 mM KCI, 11 mM BAPTA, 2 mM MgCl,,
11 mM EGTA, 10 mM HEPES, 2 mM Na,ATP, and 0.3
mM Tris-GTP, pH 7.3.
2. 6. VyOTAE

~ ARG Z TR DD v I T AN T o
7= (Ma et al., 2018; Taruno et al., 2013b) , <7 AAS 5 FH[H
DR R R ORI EIR MLV A ERD D (V7 35) D
ZEHAIL, Vo[BS NNEE ZDTRIROWAZ I L
LU TODERINT 5, TANT HBEIE L Ty A%
WU PR SAE FICEWTERL TV, kT Ak
Tl 24 KRB R ZIRBEIZL, S EWR- HBROT XK
TlE 24 FERETRTSSIE RO 2)—Hl RIC L D HLARIRRE IS,
W BRWR DT ANTIX 24 FEREIATBAKE 52720 ik
RIBICU CEBRE T -T2, T ANRIRIZARE KICE AL
BMERIRUT=b D% V-,
2. 7. REMRIGELR

< AD FH SO BRHNGN %5 KM AR IR 0D IR
R LUT2, HIRIZ AT ICE 72 (Ma et al., 2018;
Taruno et al., 2013b) , JREY N D~ ADE FEAFR B
TS TR AL SV AE RS, TV ERES TS
T THRRIGE D IE BT AT o T, WHRIZZRBE AKIC
EHCEMETRLUT-b 0% AW,
2. 8. HALF@E B F AR KR

Vx AR T Oy T 4 T B IO AT IR, TR
IR ETOSEERE ALY OF abha/ W IR E iR LB
Mz & (Kashio et al., 2019; Okui et al., 2021),
2. 9. Cryo BFIAMIEIC & BRI FHEAT

Taba)V iR EF iR L E S RO E (Demura et al,
2020),
3. HIEHER
3. 1. RHRERTF v IV T T RAD B - #EE D fEEA
3. 1. 1. ;i¥ IR CALHM1 HifkDT R+

E/VEYMfE EICHIY YA CALHMIL RY7m—F 1
PURZERIL, PURO R RMEOFMN AT 72, 77,
HFEBLRIZBIT DY = AX 7 ay ML ZOFRITER
B~ R CALHMI #2837 &k B,
CALHM3 ~AZER i a S h-7= (B1A),, £, sl
FEBLRICHIT DG IR W THIE I RE T 5~
A CALHM1 #2737 % TE (K 1B) . SHITHHAK



FfE Ye (01 L0 A SRFLEEIC 35\ T A A B A (2 a5tk
DINSTe T T FIVBEH AL, CALHML /v 77D MAE
BN TZEDOT 7 T /ITERL TV (B’ 1€ BLD
D)., U EOFERNOIERLUIZHi~7 A CALHM1 HifEn
BREERHA D CALHMI Zo /R0 B A KPR T
DIENRHLINE ST,
3. 1. 2. BRMIIEFEACALHM F v RV TROBTE L 1EE
CALHMI1/3 ZARZEWE O KR &3 2T
IV A (Ma et al., 2018; Taruno et al., 2013b) DJF
TEOREIE 1T R o TR, 22T, ETERILZHT
~DUA CALHM1 HifE W T~ AF FALIEREICE
(75 CALHM1 D JRfEZfEHTL, CALHM F ¥ R/ 23
PLCB2 & TRPMS Z R HLL TH IR Wk - S FRAZ KT 5

~ N O
Q &éfx\
. SEE
150_ E
1004 <
75 Q
m ™—
Q 504 -
® 5
374 <
. O
204
C CALHM1

Calhm1++

O

CALHM1

pre-absorbed

ZENPHIBILTWD T BRI ORI T, ATP 24
& P2X2R ZHHL3 DR OMEMHIIR LT DR A1
JRETHZEEHLNICLZ (K 2),

PLCB2 & TRPMS Z 38U 2N T, Rl MEmAR
PREBET D DIRE A BT H T HI0ICE RRIh=
YRUT BIFAET DIERMBITND, ZIHDOFE R,
ERIF=RUT (ATP U#—/3—) ~CALHM1/3 F¥>1
IV (ATP HHEAL) ~ RO PEBR S (ATP LY — 3 —) 3
TELRRAY 22 R 8 A LD Z & CRR IR D2 E LT iR
BEEZAREICL QWA ZENRRBENT-, UL B E X
THAEBZOLNTWDLT XY RV T T AOHIEET V%
X 3 2R,

N2a

no primary Ab.

Calhm1”

X 1. Hi~ A CALHMI RV 71— F L HURO Ky FLPEFEA
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>

TRPM5 P2X2R

CALHM1

CALHM1 TRPM5

PR 1K

Dlstance (um)

Intensity (A.U.)

X 2.4 ZRFLEEMANARIZ B1FD CALHMI (%) O JBEM#AT. PLCb2 & TRPMS 1 11 BRI~ — 5 — %2237 P2X2R 1%
ROESHII -~ — D — %237 CALHMI 73 IT BRI AR B CoR DM SR fi 3~ A ERALIZ RTEL TWAZEND
AR,

Type |l taste cell

(DAtypical mitochondria P2X,/:R-positive
. —S nerve ending CALHM1+CALHM3 CALHM1+CALHM3
e
~
ATP o —Su8>

@CALHM1/3 éhannel

3. CALHM F LS F 7 ADHETEET L

IHIZ, MDCKII HifaAs->< DA F~D CALHM
7 2=y OBEHIFEBLRE T, CALHM T R/ 234
AR E BRI — T v T SN D IR 2D D
ZERHBNTI o7 (B 4), AT, MERSY —F 122

:gz\gfoayﬁ‘%w@aﬂ@~ﬁ%5‘ééﬂt&bfzo X 4. €7V ERAEIZISIT S CALHM T 1oL (%) O
R AR, AT LU THRELTIND R —T 47 A TIHEPERIIR T, B CIIMIEE
IR TYEBEINTND

(Kash10 etal., 2019),
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3. 2. CALHM F ¥ LD ILIAIEEDRE

R BRI = L O I FIRFFEIZ LY, Cryo
BT BEPRBEIC LD KL T-iAT &2 FHVCAX 1 CALHMI
(B'5), e CALHM2, ##H CLHM-1 OSLIRHEIEZ I E
L7 RARITFREFERCEL THREL QD (Demura et
al., 2020) , ZZ T, HRICEY 5795 CALHMI F /b
DB MRBED SIS DWW TG T 5,

AXF) CALHMI IFSEATAFFE TP ARS LTV 6 Bk L
IZH720 (Siebert et al., 2013), HF 8 EIAETZAL, H Y-
(AR L TR BB DA A AR T 28>, Bl ke
T N RIgAU o7 ZRT Db s a ek L, 20
BT 1.57 nm Tho7-, ATP 253 FDKEXTHI 1.2 nm
THHDT, ZORERRTIZEST ATP NEETEDD
DEEZ BN, IBIT, RTEVEDLT /BRI LB R4
HONTEDLT, CALHMI F v 1/ UERRED K 72 Reoo—
DTHEINT AT =AU b IEERNIER T DN
TELHEVOME A LSHAT 2B BN o7, PR
DI, RREAMIRZEICRDD ATP T v 773
J—CALHM O ATP 3% &0 4y - Bz A B 5724
DHIENTET,

ARFGETIEAY 77 CALHMI OREEZIRTE LI, T
2=y RARFF AN —ZWRIE T DO B2 T R
FIOFFEINED D, Eh CALHM1/3 F ¥ F/bid~T 11 8 &k
EIRT HZENTREINDN, 5%, eh CALHM1/3 @
HIEZRET HLERD D,

3. 3. BERBIEERIZELSD CALHM1/3 F )L DHEREH
ERE D #ZEA

CALHMI1/3 F ¥ RV OWFRMTRREIZI T 2% E N
L 7e o723, E ORI XL A E R TH D,
2T, CALHM1/3 OFY T 2=y MIxt§ 28R &
fifilzDOVT, N-ZVai ufubf&ffil S-2 LI AL ESf
DOVEE S O O EIDOfREREZ B L T, ARRBCRITRE
FRCELTHFE L TS (Okui et al., 2021),

SR A BRI W T, CALHM3 O 4R8I LD
CALHMI1 D& i Ml R e D LN RO iz
2, ZOBGO 5T CALHMI DAL AHERA AL T
WD RREPEIZ DWW T = AZ Ty T 47 CRGELT,
J5HE, CALHM3 FEBUZHE, ) 45 kDa @ CALHMI v~
T VAR D5, K940 kDa D7 FVEEIL T
Wz, RIZ, 20O CALHMI1 Oy 8B28KIZBEL T, N-&
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Vs U EBLERI T DY =~ A2 =0 N B2 R 25
95 PNGase F, TARTXUAfERNAT VR T F~>
J =AY TPEE Y)W % Endo H & AW CTRRGGEL 7=, £ D
#E ., CALHM3 DOTE(EIL CALHMI @ N AUpEgE o~
V)= ABINENAT U MR R ~D T o T %
RIETDHZEDRHALNE ST, EBIZ, Fvy ) —A8)
SAAT VYNSRI ~D T a7 R IR DK
IR TH S Lecl HIIZ35V T CALHM1/3 DFENAK
FHEIEELX 2T 0 7 ADOWEE DB S Tz, £z, N—
Q MRS, CALHMI & CALHM3 1Z2h 2
AUN139 L TNN142 |2 N BRSNS D 23 B
\Zhpole, 22T, £V 7 2=y )Y N-ZUaifbaIind
ZEDERESLANTKRFELT-, CALHMINQ %8 BAS
VN AV BT I T v VA H T AE R
L7z—J7, CALHM3NQ Z BAR Tl BN b
T 47 ADWIENR LRS-, CALHMINQ Z Bk
=H AT AL N CF ROV RE DB TE e o T
JERIE, CALHM1 ORI~ JHIEAH S TDE
ENRK T DT EN RIEMATIZ RO Ep Tz, 2D
JRREL T, CALHMINQ A SRR TT a7 7Y —AZEIT
% MG132 &S 3G DN TTHEL TOD IS
MERY, CALHM1 AR DOEED IELNT 3 — VT 47\
N-Z7 Vs WAL N E BB Z e RB Sz, LA
EO#ERNS, CALHM1/3 OFH 7 2=y MNIBITH N-
TVay WALER D 5% D7 vt v 7 BT v R v
TERRDHERE E CTEARZRHIENCB 5L QD2 EAMRIF S
iz,

WIZ, CALHM3 2332172 S-7LIRA MBI D Al 3k
MAE AL FAENTREEL, CALHM3 @ S-2 LA UL
JE AN CHHZ EEBIC LT, RIZ, CALHM3 O
C—S B RARZ VTSV LN A FRREL T2 & 25,
C99, C200, C204 73 CALHM3 /LA WAL T
HZEER R L, WIC, CALHM3 & 23 ¥ DHHC
PNV IER Z L BISEHZET CALHM3 D/
NN I TEER A RFEL 2L 25, DHHC3 O
DHHC15 7% CALHM3 D/ LIhA AL~ L 2B NS
HZEA R L, F7-, DHHC3 & 1513 CALHM3 L4k
kR 52k, Dhhed KON 15 /v 7B 7 F5H2LT
CALHM3 O/ SR L~V O FEBIER LT, Zh
SOHEFIE, DHHC3 & 15 78 CALHM3 /LA /UL



X 5. A% 7 CALHM1 DO~7 AR

BLEE THAZLEIRIRIEL TVA,

SHIZ, CALHM1/3 DOFEREFEHLICEITSH CALHM3 D
PN IACD EFeH B B DL ENE, CALHMIL &
D BRI, MIEREEWHYBLS CREELTZEZA,
CALHM3 D/ ULIRAABITZE ISR L TR 2L
3otz LsL, B4R CALHMI + B4 CALHM3 (1
He~CE AR CALHMI +CALHM3CS Z8 BAKTldLy
T2V N7 =T — B ERCEE W THIES LD
ATP OJFHARENFRIFHIL TNz, iz, o TFIT70 7
EHIFENLE EVE T, ATP HHREDIK TR # 74
VADIK TFICEDE D ThOZ LA LTz, LA EORER
235, CALHM3 D7 LM /U KIET v RV OTE AL - il
BRI TR <HEREZ DB DA HIEIL TOBZENBH S
Llpot,

LA Eoi#h, CALHM1/3 F % R/v D N-ZVai AbK
JE& S-S MBS OVEE & OBEREFE B 35T 5
BERAMYILZ (X 6),

3. 4. IERMBDEIEL, MIERNESV AT I3 - i
ImEIBEDAZEA
3. 4. 1. ENaCa B KELEEKRMIla D —FT7IOI/F
BREICKYEHELRNELS

ENaCa-GCaMP3 v AD HRFLIAF L O FFLIALY
HAffEL 72 GCaMP3 #EA R DM (ENaCo ) 1255t
LT, BT EYFE—R o FI7 S IRICLDIEENE
NEFEER I Y GCaMP3 # HDIFEIZ L D[CaZt i A A—2
7 ORIEFHIIZIT-72 (K 7A), 22T, 2 mM Ba?'iz
KU CIFENV BN 2 £ UL B A ROl 28I L,
ENaC PG LA 72 sh 7 I 7 A4 R o Esbr %
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(TInTARERE), BIOHIRRA M L (pH6) D 2 DD
PPN T DM E A 3 LT, 2 ORGSR, A #5LEH
DD HEEL 72 ENaCo il CIET InTARBREIIGE S
J* pH6 (2% L CIEEN AL /S — AR K O FUTEED
[Ca® | B R o 7= (K 7C, E), — 5T, HARFLIEDD
HABEL 72 ENaCor #liR Tl pH6 (26 L TR A RS TS,
T I T A RBREICRIL TEB BN S — AR bz, L
DL DORE, BB S— AN [Ca> ] AT RS
720572 (K 7B, D), ZDOZ &1, ENaCot B FLEEMR AR
WA DA e Ch D EE R L T0D, Eo,
A EFLEA ENaCo BRI AN R RO L SN E AR LTS
Z &%, ENaCo A 51 5L S bR AR e 23 e R AR i~ — o — i
L1 ERBIL TV A LT 20T 504S B (Chandrashekar
etal, 2010) LB ET DGR TH T,
3. 4. 2. ENaC ZrL1= Na"RAIZ & YSEBBMNFRET S
R DOIEBE BN RLER - [Ca ) A A=V T ITB &,
Ry F 770 T8 E AT QN FRE > CTrv
T AT = RIPHHR— /LRI T LRI RELIZ
TETDAT L F v RN E B A TN LT,
J 5L, -80 mV IZ[EE L7 ENaCo EIR FLEEMSHIE CIE
TIRTARFREIZE > THE RS Na BN A E & i3
AECT=DIZXIL, ENaCo A FRFLEAR ML CTlE T In 7 AR
EZ M BIRITBIE TER 5Tz, 2D X, ENaCa'H
WALIARMIT T In T AR Nat Bk, T7ebb
ENaC Eiz AL TCNDIENDLNY, ZNHOHIFEICIE o
BT 2=y MIINA T, ENaC 2R DDIZHED B I
Wy BT 2=y MBI L TOAIEDRIBSNT-, — 5T,
ENaCo A #8FLEERAIE CIE p b LT y 7 2=y D



CALHM1
N-glycosylation
acquisition: proper folding
processing: gating kinetics 1 N139
out

in
c207

S-palmitoylation
activity |

DHHC3, DHHC7 & DHHC20

A Fungiform Circumvallate

CALHM3

N-glycosylation
acquisition: gating kinetics 1

42

C200/C204

S-palmitoylation
activity 1

DHHC3 & DHHC15

Fungiform C Circumvallate
L Amiloride . Y Amilorid L
Amiloride removal Amiloride Amiloride _removaf Amiloride
[— ' 11 [ &
Ba** pH6 Ba* pH6
_110pA _lopa
2s 2s
GCaMP3 fluorescence 150% 150%
Va v A A
D E ,
> 8 100 = 20 400
‘.:) . g . >
[} r] . .
- > * o
o - > o S p >
41 » i 50 O_10{ o T . 200
=N . - N . -
aXl 2 a Tl
<v <V . » S 4
: = Y HE
< o 10 g o ’ — 0
S Ba? Amiloride pH6 S Ba? Amiloride pH6
O O val
X 6. N-7'U :rww tﬂkﬁﬂi& S-SV NWAKIERRIZ LD CALHM1/3 %M’/W)i%% EHIEE
X 7. ENaCa-GCaMP3 i@ B — il i 2 AT
BB KT TCNDEE X BT, 3. 4. 3. HIRFLEAIZIXENaAC & CALHM1/3Z £ &R

S5H1Z, ENaCo ERFLEIR M 2 B W Tl — b1
I EEEIC LA AT /2 572L 25, ENaC ZJ1TLT-
Na i AT Lo TEUA M AN EE AL A ESE DD

\ZF S ThHoT- (K 8), 7=, 34.1. TORERLEEDET
ENaCo B FLEAMGMAEAY Na i AL TR BB A
EUDIFR K N EDFERIZIBWT, M Ca¥ > 7)1
DRI G R AL EL BB o7,

HEEMMENEFET D
BT, BAARF L X I X L AT Lic 2 A,
ENaCo B R FLIAM AL iaﬁuﬁkf Pt Na'(Nav) 7
FIVEFIININZ T, carbenoxolone Ji&3z PN AT+
M E BN BIEES T, — 7 C, ENaCo' A ZBFLEA M
fulx Nav F¥ R VERIZTZRD, S EERITA DI
TnoTe,
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Amiloride Amiloride

cell-attached %HM
15pA

current-clamp
0
(mV) [
voltage- cIame M
120 pA

-50
X 8. ENaC # 41 L7= Na" it AZ L ATREVEN DR A

2s

ENaCo F R FLEARAMAZ O ;> carbenoxolone sz M
ENARTF AN EETE, £ OIRFIRSZ 07 — Mg
(ZH R R - O R A2 A T DM TR & 23 e THIFSE
TH L ATP BT v /L CALHMI1/3 (Ma et al.,
2018; Taruno et al., 2013b) DMHE L@ 3 A BT
O, ZOHNEN CALHM1/3 F ¥ RIVERFOZENRIBE
N7z, #Z T, CALHM3 #iffd’’ tdTomato C, ENaCo il
fil 23 GCaMP3 THEFE SN 7B FHE~T A
(ENaCa-Cre' .Rosa26GCaMP3/+..Calhm3Tomato/Tomato -?;7;() 72
VERLL , R Ol s T- D3 B & — o ORI iR
WratT7eolc, TORER, BERALHEKE TSN T
tdTomato & GCaMP3 OHFEHL, 4725% CALHM3 &
ENaCo OHFEBLNH O (K 55%D ENaCa' Fllfa A3
CALHM3 Z#8IL T\, B 9), —J5C, AEFLEATIE

HREIUTIZEAE RN oT2, ORI, ENaCa®
A GCaMP3 tdTomato B
u’ENaCacx‘ ce3||s> (CALHMIB* cells) Merge
E
L
Es)
o
-
w
2
o
E
£
-
<
E

Fungiform (152 cells)

+
ENaCat(88) CALHM3™(112)

ERALTEBR AN OFED carbenoxolone M EAKAF
PEAAREE A CALHMI1/3 Fv RWUIZE DL D THSH ]
REMEZ R TV,

ZZC, Calhm3 KO ~ 7 A5 HEEL 72 ENaCo HRFL
SHMRHIAEIZ R C 3.4.1. O 3.4.2.LIRERD FEBR AT -T2
LZA, Ba CIEENENL A E TS Calhm3 KO ENaCa HR
FLEAEAIAIX T I 7 A RBRBIC Lo IR M 2 4L,
ENaC M X Nav F¥ RV EREYESLOD, EARIENE

SAIE B TE AT T, P ook B 3T
FHILFED 112 ENaC, Nav, CALHMI1/3 D 3 SDAFF

¥ AN ERFOMBADFAE T HZ AR T,
3. 4. 4. Nav ¥ CALHM1/3 %#1-9 ENaC D#H&H
WY M EFET S

ZNETOERIT, Ba? CIHBIENM 24 U5 E A B
EBMEA R ENaCo il 7= 1) 25 R L T Th il T& 7=,
ZZT TITHE MRS ORIREMERLIZETO
ENaCo H IR FLEERHIIE TR — L2y F 7T 750
B AEATIeoT, THE, BEZE 60%DMMIEA _EFLO ENaC,
Nav, CALHM1/3 @ 3 DDOAF T vV ZFEOflild T
Holz, SHIT 10%FEEDOMILA ENaC 7217 % FFH Nav
F ¥RV KT CALHMI/3 T RVAE R 700 FEBUE
DHIABIFAET DI ENHLMN TR oT2, FEVD 30%1%
Nav T /L %&FF278 ENaC $, CALHM1/3 T /L Ff
1272 notz, ZOXHIZ, ENaC Rl Bk S IR B 1
IR ORERERIIZ < B0 5 2 FEOMIBA RO Z LM
BHSMNEIRoT2,

- -
y

Circumvallate (226 cells)

+
ENaCat (130) CALHM3*(105)

9. EKELEEICH T4 ENaCa & CALHM3 D HIR
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3. 4. 5. 7EOTAFRZMIBLR(E CALHM1/3 Fy )L
FTRAES

ENaC %% -2 B MRl & IR B PEML, & H02373
1A RS PEH R A > TOD D2 557y, 2z AH)
(295729012, CALHMI iR 36V TR AYIC ENaCa
DKL= T 4 a) /L ENaCa /v 7T IR~ A
(ENaCa-cKO) #/ERIL, 2N 5D~ RO BRT A % fif
Hride, v ha—/L= 7 AIZKL T ENaC-¢cKO v AT
1% NaCl (2957 I0 7 A RS M AR RIS B 3 5242
[ZIERL, Vo277 ANTRHIEID NaCl 12kt d- 2 g 4%
1TENL F<HEI L T = (K110) , —J5C, ENaC-cKO <77
AILE DM DOREN 5T DR RIS A AT BN Z 1T
2IEH Tholz, ZOZEND, CALHMI/3 Fv 3L %
FEHLTDEE M A FF> ENaCo ERR LIS Y 7 30
FTAREZ VR R A ML, b bIERML ChoZ
ERRES T,

SHIZF & 1F, Calhm3 KO =7 A28 WNTH NaCl 2kt
T 5T IRTA RSB RPN 36 L OWE LR T )
DFERITTHRL TWAZEE LT, 61T, BF &R
WEEEIZ2C XD, CALHMI 28HEMARIEIZ 38U TRk

HARRE L O F T AN RTEL TODFEE LU,
INEF RN T T AOEEN RO D> THD
(Kashio et al., 2019), LI XD, H Bk FhkEFIRE
\Z CALHMI1/3 T /by 7 AN O R 21
STNWAZEETRRIEL TV,

UEORERIY, BHLHREMBDOSL, ENaC &
CALHM1/3 F ¥ xRV Z [ARFICHBLT DLV R EE s -
TIPS T Im T A NS MR O B2 Y T 5
Mifa, 72BN Ch L LA ZEX LD, EBIT,
HERRA R S RIS A L TEMAL T2 A Z DL T o
JOCIABNC LTz, 9 ENaC &2/ L CHEFANIC Naths
WMATDHE, Na'lI 7T TADOERZH N TWDTZDEFUUT
FoT Nav Fr /L NEMALL TEH7e5 Na it ADSEEZ
%, 2O Nav T /L&A Uiz Na it A MR 2 iE Eh
B AR ESED, ZOIEENENIZSE LT CALHM1/3
F X FNDPHRAREWE ATP ZHH L, KooMEmphit
(BERAIR) AL ST D TR Z A LS TS
(B 11) . REEHRITFE R SCEL THEFRL TS (Nomura
etal., 2020)

Salty (attraction) _— Sweet Umami
% . -O- Control = -O- Control
307 O~ Control @ 3072 ENaCckO © 207 _A- ENaC ckO
@ - g 7 o 4
w 27—/ ENaC cko o g 12
> e v 101
s 207 e =
£ 154 o 2 5 s
g 2 :
£ 10+ 2 I -
& % &
e 5 4 T T T T -5 T T T T
) N 32 100 320 1000 32 10 32 100
g 0 F - A e Sucrose (mM) MPG (mM)
-5
; ! . : ! Bitter Sour
30 60 120 240 480 = 10+ -O- Control = 10- -O- Control
NaCl (mM) a A~ ENaC cKO @ |- ENaCcko
o O === ==-- =
£ 110+ 2.
2 2
< 201 =
T T
- -30- =
=5 =t
5 -40 < 40

0032 01 032 1
QHCI (mM)

32 10 32 100
Citric acid (mM)

X 10. V7T AMZ LS ENaCo-cKO ~77 ZAD BT RN 64 B TEI I
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=l S i)
CALHM1
SROERRAE

S
X 11. WHRZ RO T AH =K L (A) LY IO
AR BES S 5 H (B)

4. &% B

PLEDWRIZE ST, BICBITIRTE o —aE T
HOREZRIT DT I TA RS RS R O 1-
HAE D IR oy 2 R B §-5 Z L A3 T& 7= (Kashio et al., 2019;
Nomura et al., 2020; Okui et al., 2021), WAL O
FHREITHAED, B —5F ENaC O Fiidv o)
NNTUARE gy, 2 1LC CALAML/3 T L7 A
WCEAMRRAR DAL R o T, I, BRI b=aRY
THBEIANTET v T T AOMBEE, SO RE
e ATP OfittHi& CoHhso CALHM T L OfEE R L
OMERER BLO HEIEAE ECEIILMNICTHIENTET,

HODDLAEM P AELFDT-DITH THIEAN KR TH
DRSS DRI 5y A A0 = K LD BRI AT TR EL
ATE T2 LN TEIo, BANTHIR~T@Y, ARBFFEITE
PR FEN RS DV B G O B RS I LAl R 7
HEDEBDIZDIIToT2b D TH D, 4 RS-
BHOBOWLEDOERIZH L AEIEAE LIRS
SAFEIFIED, AT AR, HT LW EERHIEH i 4 Al
H9 28D EMIFFT 5,
5. §ERDFEE

EOEVRIEIZB T DIERSZ T AN =X LSBT
o7z, Fox DHERIKERO RN T T, RIFTH
<HNTIERIERNE DI U T CTREES N, BB
BRoRZE B DR AR LA S L CWANEBILNICT 5L
DEBOHETHD,
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Amiloride-Sensitive Salt-Sensing Mechanism in Taste Buds

Akiyuki Taruno
Department of Molecular Cell Physiology, Kyoto Prefectural University of Medicine

Summary

Sodium taste promotes salt ingestion by mediating attraction to sodium salts, and excessive dietary sodium
intake has been linked to elevated blood pressure. Thus, understanding the mechanisms of the perception of
sodium taste is important to devise strategies to reduce salt consumption. The amiloride-sensitive epithelial Na*
channel (ENaC) has been identified as the Na* sensor in taste cells dedicated to sodium taste, a.k.a. sodium cells.
However, the identity of sodium cells and their intracellular signal transduction cascade downstream of ENaC,
including the involvement of action potentials and Ca>* signals and neurotransmission mechanism, have remained
unknown. Therefore, we continue to lack understanding of the cellular and molecular basis of the peripheral
perception of sodium taste. In this study, we have discovered the identity of sodium cells and elucidated the
underlying mechanism of sodium sensing in taste buds. We demonstrate that a subpopulation of taste cells
expressing ENaC generate action potentials in response to Na® influx through ENaC, and possess a channel
synapse with afferent gustatory neurons involving CALHM1/3, a voltage-gated neurotransmitter-release channel.
Furthermore, conditional knockout of ENaC in CALHM1-expressing cells and conventional Calhm3 knockout in
mice negate the animals’ ability to perceive sodium taste. In summary, cells expressing ENaC and CALHM1/3
constitute sodium cells, in which the entry of Na" induces depolarization for action potential discharge driving
voltage-dependent neurotransmitter release via the CALHM1/3-dependent channel synapse. We also revealed
the structures of the channel synapse and CALHM channels, further deepening our understanding of sodium taste

mechanisms.
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P2 ME R IR (2 351F 5 ENaC DA G 7aiE A b 2SN B R s M s L,
M) H NV R LAV T T 2

REA R SR Be i B AT F ET R i N R i

B =
(EFR)BEDETIERAD 8 AT 1 AWM EF (CKD) LS &4, CKD ITBEHTEAD &7 57, (L& (CVD) -
HEDVAZR - THHY, FHEARE R TG ATV A BRI E 5, EITUBERIFBERED IO EER
FURZ DRI, 1RSI EO RS M & i E - 2 e 23528032\, B Na v /L (ENaO) 1B S
JRANE TR D Na T A& FHEIL THY, v subunit 232V 7 07 7 —1 (SP) IZKV IR SAUEHEALE DS, B IER
ligsps (CKD) TIE, JRE FIFEWBRE R BRI DIRH L7 i F o> SP 23, JRAEEIEN TT VR AT ar JHEAFRIC
ENaC ZiEMEAL 322 &3 B LT - PRI O — RIS S CD, ARFZED B 19X, R HREFES CKD I8V T, SP I
X% ENaC {EHALFAfEBAL, SP X° ENaC ZAERE LT HBE ERIED BT 21TV, SofdaIiZ CKD BE ORI

RE~DOHITIB IO CVD AU OGN BRITHZETH D,
(F3%) 5 Hiind Dahl £ (DS) 7, 0.3% NaCl £ (NS), 8.0% NaCl £ (HS), HS+ SP BHESK AT /LR £ A
2y M5 (0.1%1REE 5., HS+CM) O 3 BEIZ /01T, RRIFEICIHE AT, 24 REfZIRZ1TV, 5 #7412 sacrifice L7z,
JRAE &, RSP HEHi - 1E M, SOICRIFN/2 R =2 — 2\ ENaCy subunit DiEMALZFHML 72, RIZ, SP+ 7T A3
DEEEFRDT-DIZ, DS TyMIK L TT TAIUVHEIHK THHNT 2V A0 (TA, 0.5 mg/ml HokE5) BELOYO-2
(4 mg/kg/day JEENT 5) 24 5- U, BEIE - BB R ARG U7, IR, SIUESE AREZ R T2 CKD BFORS
SP ZFFAmL 7=,
(#ER) AN DS Iy NIRRT FR-LREAOHEMAZRL, 1 BEBIVRTFIAI ) —4 /7523 B L
VT aAZ L OPEMTUE, 7 TAIL OIEMEALEFRD, R — 50 ENaCyOHEMTTHE - SPIZ X DT ML A58 T,
INHOZEAIE CM ICEv ISz, TA 1ZRY SP, @it OVE AROSEDRE A L -727%, YO-2 1X CM
LIRERITIR 1 SP Z8{kd ENaCyDIEME LA INHIL, FEE - B IRFEN R A AL 7o, £z, CKD BFDRF SP 1L DS 7>
MERIBRITEMEAL - B O 27RO 72,
(EBER-#55) CKD TIXE ARSI DITONRF SP & ENaCy@/aEmt%ﬁcoﬁiﬁfW PE R L E 2785, Zhbm
ZAEIZ CM £ YO-2 THIIESNT=ZEn D, T TAIL ZFLT % SP OFEETEMENIRRBICRE 5L Q1D EE 2 bz, CKD
BEORPIZBWTHFERED SP Z{bA380TEY, SP-ENaC @;ﬁ%ﬁ%é’ﬂ&bfzﬂ?ﬁfﬁﬁﬁﬂf'%xf%ﬁé‘]ﬁﬁﬁ@ﬁﬁ‘éﬁﬂ%
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1. IROEREEM CKD [TBEHTEAD 725 F i L L3956 (CVD) = JE T L%
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IIABRIC L DBE & TR M ESTFEASGEL, LIXLIE
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R Na T /L (ENaC) X E A TR TIRN D
Na/\T U A% AL TV, aby O 3 D0 subunit
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BY, TIVRAT 0 AZIFES s SP 7 mAs
TR HBV I AL D ENaCyz YW - 1AL 35 s &
nCn5a0, — 5T, mEERARYETS CKD Tl B
IR SIRI LB BR MG h O F T A —4
U PRAMAE A AN T uPA(urokinase type plasminogen
activator)iZd&Y) SP+ T AIL ~EEHE N, TIVRAT R
VIEAFHINT ENaC A9 HZ &3 @ I - PR
—REMBESNTEY, MED EFITESHIZIRE A ZHN
&, ENaC IEHEALATTHET D) B BR A4A< @, FAE
lZx7ue—t% 295 Dahl BHURZMEEINTET TR
o SP-7 AZ L HEITTE L ENaCyDTEMEA L3 TTHEL
ENaC PREFETInTARRLE K SP HEFHAT VIR EA
&y RS LB R EEA I T 5L AL 729, F
72 CKD TiX %A E® non-dipper & M ENZ L
DAESNTNDEY, DL EDZEND, EARELES CKD
?D CVD AU MEINE, R SP IZL 518572 ENaC &
PEABIZ Z o T ER-CME B NV R ADZELRNELSD
ZER—HEHERITED, INFETREATDTTAIL,
TRAZL L uPA, HVILA DS ENaC TG AL O A
SP L THEIFHIVTNDNY, JiiBIZEE 57 5H D SP I
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&% ENaC iHHA LB P2 R, SP X° ENaC ZARRYEL
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TR EREEOBIRZ1 TV, Ff&IIZ CKD BE DR
BB R E~DOHEITIH L CVD AU b FETE O
FHZETHD,
2. HEAE
2.1 BIEERZMHESOESYMIBLTRSE SP [2&£5
ENaCyEtASMmEICRIFTEEL SP BE
EOBREHRDEE
Dahl BHEEAZE (DS) 7y h Tl A ARTIZ LY & i+
EEEDOEARE T HN, ZOFRKICRET O SPr AL
UHRETTHEE ENaCyDTEMALZ PR Z &2 HIEL T 50,
L2L, ZHETITRRFFRYZ2 R 1 SP & ENaC {EMEL D2
b2, o> SP DB 5 DWW TIIMRF TE TV -T2,
5 #RD DS 7 b, 0.3% NaCl £ (NS), 8.0% NaCl £
(HS), HS+SP BHEHAT NI EAS Y M5 (0.1%{REH
b, HSHCM) O 3 BSOS, FREEAGICIHE T, 24
FERE R E1TV, 5 HFRIT sacrifice L7z, JREAIZ 1 A
RE A EBBIORYL I LR L 72, 47 Na ik i
BILOBE S F DR E% real-time PCR TR L7z, JR
i SP {EMEIT SP RF ARG IR A L7 double
layer fluorescent zymography (DLFZ) {£ CH#IZL7-O), &
TRP DT TAI )~ [FTAIL, TaRz o
25{b% Western blotting (WB) TRHIiL 72, SHIZFRREAY72
ENaCy subunit OIEHE(LAFHIT 57280, IRV — 24
% v T Western blotting #1757, JR=27Y Y — A%
ExoQuick-TC (System Biosciences) & AV TEIML, R
LT F = AIELm s ) — NE A% WB IS LT,
2.2 RIERZMHSMNESYMIBTSPREEIZLS
RIKARRENRDRE
CM 1FZDREENRITATL CEARIRE B Z)
AL, FED DS 7vhoH 7V EERL
SRERIRFEE A G L 72, PAS (periodic acid Schiff) YetalZ
LD AR ERIRIE L O FTAf, WT-1 6 S duta |2 kD4R ER
IR R R A R) BEEZE ORI, TUNEL 4:(al285
SRERIENT R — 2 ZADFHlid6 L O FE B e~ — o —
@ mRNA Z&Hi% real-time PCR CiMtiL 7=,
2.3 BIERZFMSMESVYMIETENSRFY LED
RE-BREDRDRE
AWFFENTIBNT, BHEAR DS Ty DR TT TR
— T UNTTAI DYE LD, FIRERIRIZT T2
=TT TAI DR EERBDTTD, T TAIL DY
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I B L I B0 I, 24 BRI B R 24TV, 5 BRI
sacrifice L7z, JRIPD T TAI )= LT TAI, TaAK
L% DLFZ j£& WB CREfiL 7=,
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YO-2 DR -BRENRDIEE
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iR k04 B) 2 VTt a7 -7209,
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JENF G-, HS+YO0-2) D 3 BEZAYF, RREEALZISHE A i
£, 24 BRI IRZATV, 5 #21 sacrifice L7, JRF DT
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TiMiiL7=, JR=2>—LH D ENaCy% Western blotting
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FHmL 7=,
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(mmHg)
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DN REFAML T2, ESHITRF A7V FHEMEIR IR
BT Cre Vv —EEHBLT 5 Pax-8/LC-1 DA
FRERWCIRIE 7 axzsy KO <=7 A% ERILOD,
JRANE 7 a2gy DT NVRAT a2 D ENaCylh
ML ~DF AL T,
2.6 FRUTZIADIEEIDRIZEITHRF SP &
U ENaCy;E 1L 0 5Fi
~17A(C57BL/6J, BALB/c) DJEHEAREV T KU T~ A
> 10mg/kg ZHiEIEE G L, B HREZES CKD 7 /L~
AZAERUT-, BRIFIC 24 BFREIR 21TV, JRE BRI,
JRA SP G, IR TAI ) — [T FAI BL N B
25 DM E T L 72,
2.7 BEELERREEY % CKD BERFP D SP &l
REA R IR B D fi B2 B K% I B BN R ks
Fe R A RE S MEZED CKD & DRAERIL, R
tf SP {& 1 - HEit % DLFZ #:& WB Talfiiz4T 572,
3. AEHER

3.1 BIERZMESMESYMEWTRHP SP [2&D
ENaCyiEtH it BIEICRIFT HEL SP BE
EDORBRESHRDIRE

NS, HS, HS+CM @ 3 BECRECAEFEIEIZ 2270
7273572, HS & HS+CM FECIEFRREEZ R EDSHEML, £
HEARICEYMIETRO T VR AT A LR S HIS LT
72o HS BECIERRFINC T EA-EJRE A OININEFRD 7o
(Fig. 1), real-time PCR Ti%, B AMIZLY ENaCyD
mRNA FBUTEL RO 7203, o> 3725 Na BkfAis KON
B O FEBLE I TR 727> 7= (Fig. 2)

*P <0.01vs. HS.
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Fig. 1 The effect of camostat on blood pressure and urinary protein excretion in DS rats with HS diet
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Fig. 2 The effects of HS diet on mRNA expression of sodium transporters and related-molecules in the kidney of DS rats

PROGEYAE T, RRRFA)72 R EE A PR OB 25D 7,
F7, BEART 1~2 BBIVRTTIAI ) —F /T TA
BB wRE O, P AESTT7 44— Tl
TIAI OIEMALZ TR T (FeATHERD WB TF I3
U TChHT AR (Fig. 3),

AR A RIS CIEME(EE 72 ENaC 13 Nedd-4 (219
AR FoALEN T BT I — AMTBWTHRENDHN,
—ERIIIRTT ) — AHRICHE S DT, R T VA
VT ENaC OTEH VA RIS 2 FESHIESI T2,

JR=2 ) — [, ENaCy?D WB #1195&, & Ak
e JRAP SPIGTENN TLHET 5% 4412 ENaCyD R TLHE
P, SHIZ SPZLATEMERID S R A LT (Fig. 3).

HS+CM Eaéf‘ VRIHE I E 0> 5 de JOVR R A HEIEDS
IS T (Fig. 1), SHIZ WZEOIRP T TAI
G, IRTTAI ) = [T TR BT aAZ v B
MEANHIEAL, HS ISR TEESIV RV — LD
ENaCyDiE AL Bl <40 Cu 7= (Fig. 4)
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Fig. 3 The effects of HS diet on urinary SPs and exosomal ENaCy in DS rats
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Fig. 4 The effects of camostat on urinary SPs and exosomal ENaCg in DS rats with HS diet
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DILEDHER TET, F72 PAS Yt CIIRERIRRE 154
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M (TR DA BRI L B PR R R OB T2 R 357
W, TIR—P AL EE ~ — I — D217 >72, CM
I HS IR DARERIRIN DT AR — AHER 0, B
@ cleaved caspase-3 @ JL i, IL-1B, TNF-a, Fas,
Fibronectin 2% g &~ — % — @ mRNA FELTTHEZ )
Il 7= (Fig. 6) .
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Fig. 5 The effects of camostat on glomerular plasminogen/plasmin, glomerular sclerosis, and kidney injury markers in DS rats

with HS diet
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Fig. 6 The effects of camostat on renal apoptosis in DS rats with HS diet

3.3 BERZUBNESYMNIBFTEITSRIVEEE
FoRFH LEORT - BERENRDRE
RT 2%V ABROYOK L 51, HS BEC LSz
IRERIIE, 1 HIRE A&, R T TAILENE - P,
PRI T AL AR B R F 372757 (Fig. 7).
3.4 BERZUSMESYNMIBITEIERTIAIVIE
EE Y02 DRE-BHRENROBKE
BT TAIPLESRR YO-2 1% HS (L DUGHEH i £ o

EREREAPRTOEZINHEIL, B EEOHEMN, M K
O THAFEISHIHIL7= (Fig. 8), £7= CM EFEIEEIZ, HS
IZRDIRF T TAILAENEAL, IR TAI) =5 /T FAI
RN, RV — LD ENaCyOD‘ZE‘réHI:%TfDﬁ%IJLf:
(Fig. 9) . EHIZYO0-2 13 CM L[FIERIC HS (2 XD R ER (AR
b, REY AL (WT-1) DI, aéﬂdzw\ja)?nﬂw«yzﬁ:ﬂi
Fa BN, BAAR D cleaved caspase-3 D JLiE, B fEE~
—71—® mRNA FEBLTH#EAIHIL 72 (Fig. 10-11)
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Fig. 7 The effects of Tranexamic acid in DS rats with HS diet
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Fig. 8 The effects of YO-2 in DS rats with HS diet

NS

HS

HS+YO-2

U-SP activities
(zymography)

U- plasminogen
/plasmin

U- prostasin

4= plasmin

. = plasminogen
4= plasmin

U-exosomal

ENaCy 50 =

4= full length band
& cleaved band

Fig. 9 The effects of YO-2 on urinary SPs and exosomal ENaCy in DS rats with HS diet
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Fig. 10 The effects of YO-2 in DS rats with HS diet
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Fig. 11 The effects of YO-2 on kidney injury markers in DS rats with HS diet
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~UAIZEBVTH Dahl 7y hEFRROBIREZFBLICEIL THLIT NAVRATRVAMET LV TRFEITo72, T/VR
LM SP D /T IR A WIERRIMTZ ATV AMT YRR T VR AT B T &
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’—17-57_4:@ ENaCy@ SP | J:é@:”—ﬁ {E lﬁi'ﬂfa%mu y)f:o L75>l/,

TNARATa A7y R Z B2V RF OTarby w0
P TCHEZ RO 7203~ 72 (Fig. 12A) B9, ZOET VTH
TR MRl TG L7273, ENaCy?® SP (2k5Y)
Wr - TGP L ZH D2 LT TE P, JRPEME ~DR R
HaRsO7RN T2 (Fig. 12A) , IRICIRAME R 7 m 2z
> KO <7 A(TKO) ZERILT=, LA 27U ok 5
XM B LR P O T aRL L IR B ORI M
MR T&Tz, LL, flox <AL TKO THXFRAERIZT VR

2ZH 0 KO Tk ENaCyDiEMAL Il ST
(Fig. 12B).,
3.6 FRUTIALUIREIIRIZEITERF SP &
U ENaCy & 141 0 5Tl

VT, CSTBLO/ (T RU T~ AL v aEBL, X771
—BETNVOMERER T, LivL, CSTBLO/I 1T RUT
AT DR MEMENZ ERNRIES TR, 4 HO
EB TR —BIEEREZHE TR oTe, TOTD,
JRH SP {EMEDTTHER, 7T A/ —7 PRI TTHED R

AT AAZED ENaCyDO Ul -TEMEL AR, JRAME 72 72257 (Fig. 13),
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Tl e ey | @ cleaved
U-prostasin ........- *
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0.6/
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prostasin sEar | Y |
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Fig. 12 The effects of camostat on ENaCy in aldosterone-infused C57BL6j mice
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Fig. 13 The effects of Adriamycin on C57BL6j mice
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TR T, LLRNS, F7a—RIRBIZB WO THIR

T aRE L DY B HITERO 727 o7 (Fig. 14)
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Fig. 14 The effects of Adriamycin on BALBc mice
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Fig. 15 The urinary SPs in the proteinuric CKD patients with hypertension
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4. &8

ENaC &y subunit DFlfasL— 7723 SP 2LV IS
[EMER ENaC 720, ZORITABITIZFELL T LR
AT RAZLOFRES N TS, T4, REEAREYET
% CKDIZIRWT, JRE IRV RERIA ST H L7 i
D SP S, JRAIE BEVENTT VR AT L JERTFIINC
ENaC Z &b T 52 LA S41 TV %, Sveninngsen &
I, B SP EL TRy —BIEMERERTE - T RO RN
TIAIERIELIZ, Teoh, TR CrEASNIZTE
BRI TH D F T A ) — 47 L D3RRI S L0 R o~
HIL, RS ICRBLId 5 uPA ICE-> TEMRID 7T 23
L7120, TTAIL N ENaCy Yl - 1E ML $D LW R
Thbd, A7 —7FeMNZBW T, 27 a—BEfEE
BT/ NB R ERIRE 5, HEAT LT REIRISIEEE, 4T
W e IR R 72 & TR FUR ISRV R 77 A Bt -
TEMEDTLHEL, BBE DRIT in vitro D% T ENaC Z15MH:
Ib452L, ZOERIZTIAIL DIERTHHa2-7F

AU A X — TS NA T LR B B LT B0,

ZOBEFFII R 7 o —BRERREC BT, TAVRAT RV FE
{KAFEHI72 Na BT O — R E 2B TD,

AFFEICIBNT, @mERARE R 5 &S
MEET VTR DS TyMNIZEBNT, FTAIZF LT
DR SP OHEE VEM UL R =7 — L ENaCydD
TEMALE A ML E 238 7, 228 kit SP H
FIKAL VIR T AL v (CM) THIfl SN, E512, CM
IXZNFETOYHEOWE L FERICRE D RITEITLT
JREE A S 72728, SP IR E IR FIEIC R BRI
PEEAHEL QOB AREENE 2 DIz, TN E TOHFSE
(2B W TR M & i E CIE B Rk P o7 72300
TEPEDTLHE LB PR E 2 758 L QD AT RE MUY (B RRATF
7% 1532), CMASRER(R ERZARAE GRR A1) DT AR h—
TAEIHTDEEBITRE BB N RE RO e AW
LTV 575 (J Pharmacol Sci 2021. 146: 192-199. BhjfAfze
1632), 7 TAIL D SRERIE~DVEH LR TE T e
ST, AT, BIHEAN DS 7y hORERIKIZT T A
)= T FAIL AL TEY, 2O CM TH
HlSHL T, EHIZ CM IESRERIRN O 7 AR h— 2 A e
DS, RV AMRGENREZLIZZENE, CM 1T
TIAILE T DT E THRERIRIRFE N R A F L T
B AREMENE 2 Bz,
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WA, AU M L 38 L OSRERIR IR E ~ D77 2
DR AELFENCIR DT80, 2 FFO T T AI B
EIZE N TREIEIT 572, b7 33 ABRIXER R TH Al
HESnb 772 HEIKTHY, HIERNITLELS H
MARRECIE M RERIE T D, TTAI)—F /T TA
ATV FERTNLE D, 747V DV LA AT
HZETT4T Vo Z U ER 2R, RT3 A
FRIXV OSSR/ L TRY, TIAI ) =TT
A ET4 TV OF EAERZ A RN IRE 3508, 77
A OFEFIE M A EHE L E T 5 EMIZs W), — 75T,
YO-2 [ E7TAI OEERIEEH DA ERE L E T 5720,
ZOERITT7 47V &I, REFFETIE, hT7 ¥
T LRI B AR DS Ty hOE MLES RE A IH L7
o1, YO-2 1IAEAZy REFRRICIE E5- IR
FTAIAENE, ENaCyEME(L, AR AR SRER IR E 2 )
HIL7z, 7T AINCLED ENaC FEMEALORER IR E 23
WCIE T TAIU 747V O EAEA OB S I3RS Sh
TELT, 2072 DS 7y ko> ENaC JEPE(bERER(AFE
FIIRT R Y AR TIIIHISNT, 7 TAI DORERTE
PEAEERETS YO-2 BLOYCM [2Xviiflani-L%&
ZH5,

AFFRIZB DN TUIY B AN ETRFEZERCES
BAY L D RIE R KO ~ 7 A& AERIL THGTEAT
o, TNETIZT NVRATa AR 7y N CIERF 7R A
a2y OPETTHEE ENaCyDIHMALAFRD, CM TR H
Taag o YEitE ENaCyOTEMEALZmHIL, JRH Na HE
MAEEINSEDZEEREL TQNDED), L LT A IZBW
TTIVRAT T ENaCyDIEHEALZ R ETHH 00, JR
R aRs L A YEINEIEIE T, CM (XD R e RS
PRI ENaCylE (L O RAFRDHIEM TE
7elpote, SHIZRME R mAZ KO T RIZ
BWTHLTVRAT LD ENaCyDTEMAL 2] 4%
ZEINTEI -T2, 20D KO =7 AZ W, EARICK
L7 NVRAT e FEEAFHI7: ENaCylEHEAIZ DU CRRET
ZRATZDY, CSTBLO/] <D AT RUT ~A L i Tdh
0, F7a—VEFHESHZENTE2M 72, BALBc ~
JATIXT RIT AT ALV ER R IRE A OHEINER
H SP HEMTCHE AR 7272, 51413 BALB/c /X775
7RO KO v AOIERZRFIL T D,



VAR, A Eis% 5t ENaC EMALTER &4 9 5
i SP DT N A% WA FEAE R i S ST
WA, MUAED VL AT in vitro Tl ENaC iEMALIER
DEESNTRY, TR T ~AY o B h~ A TIIRER
LFHBIL TR A~HRttSID, LsL, /o7 T IR~ AT
Iz hr— L ERRRIZ Na fr & 2L, invivo Tl ENaC
TEVE(LIZBE G- L QR ATREME DS U S 732, BLBRTR
WZEIZ, WPA D /7T IR ATIE, R7r—E TRH
IR LT TAI) —F U N T TAI L~ LR b S 7
WIZHD b5, v he— LRSI Na T &Sk =L@,
SOIZTTA) =7 ) I T UM TRZBNTHRTR—
FlzkD Na I8 ITar b — L LRIFRIZERD A2 E03 il
S, WPA-TTAI ) —F L DRNR T —PIEGRECE
(7% ENaC &AL D F725 SP WA —R Tl Al geErE
DRBINTND®, — T, BIDT V—T 608
T, *7 e — BB~ A2 uPA ORI FHUALZ RS-
TbE, R T TAI ) —F U N T TAI L ~EIERLE
7, ENaCyD{EME(b & Na B 3 i S 7=, Wiz
LCh, INHDO X7 —BiEMERE~TY AD Na B7E 1T
ENaC [HEHFT7InT (RS0, Rk SP [HEH T =
THHIENAZ LN, SP-ENaC DRNEETHHZ LT
FEVRNED THH), SP ITREER IR FREINDIIIC
D SP BAA T —RENLTHLD SP 5T 57
¥, ENaC {EMEALICEZE THY R EIREOEOERN L5
SP NH—TH o), 5D SP BMHAIZ/EML T ENaC
EFEMEAEL CODDNT DN, S B EDR DR
Thb, Tz, AL TIIRAEDOB EDORE LD LT,
TNVRATEAZLD SP- T uAZ L OEffeL SP [HESK
® ENaC Il ZhRN Ty b~ T A TR HZENPVHA LT,
DS 7w h& CKD BE DR H SP X FREED B R fe 8 LT-
N, TN TELNZH BB MIGH TEDNIES B O
RIS COMR LI THD,

ARFZETBITEARL CVD AU b RRIET DY AT N
BV AREED CKD BE ORI & i E o=
rr— L EE IO EMTPHREGELZ BELTITWL, 2
DIDTIFREITH L CTTTAIL ZHFELETH SP AL LT
ENaC EMENHNC LD BE TR O Al REME DS RR S 472,
EBIZ, ARERESIRH LT SP TR D ENaC iEPE(L
DIHIeHT, RERRREE 2S5 JRE H A HN
FTHENEREERDIE RSN, SP BLESKIXZOH A
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Hil42LE 207, EMIIZBESRICEY CVD 5
FEAH CEHEMFINDA, SP ASRERIRICIEAE LIE
PR A A 95200, mENIRSCMN L8 T /TR 7e
SPIEMEAL AL, MUEIRKAFAIC CVD 2358 27 HE
PN, FNEDZAVETOMRFIT SP FHERI TR+
IHRAFHN IR E D R A FF O T LA AE L T2
(J Pharmacol Sci 2021. 146: 192-199. Bhp%AF5E 1632), A
W CIE—ER8D HS BEZ NS MU RRELE R 2 S L7121
B LT, BERIZR R R TR NS, I i A B 5 1
KT LT IR D, BRI 8IZ CM BETIEZ
DIHRIERITFRD 22T, FT2, B EORFIT CM 1%
DS FYhDLEREIHITLZEBMERL TD, Sk
SP [HEIRNE MEE CKD O&H7e5T CVD 28 H7-iR
PRI D ATREMEA ARG T2 T IE Th D,

BURE R CIIA B ORGET Tl 573, sl & H IR
ZH CKD BHFIZHE W TH DS Zy hE[EERIZRH SP Ik
PR R A fERR C& T, S RITIEFIEZIEPL, R
SP LERIRT — X DFBIZRNT 5L 012, RAHIZIZD
NHOBE RV T SP-ENaC ORI E LT R E A
D B ESRIENA I THHORR, EHIAIC CKD H
FHORME R E~OEITEBL N CVD AU bS8 D)
HCBIF A LN TEDD DR BN ETH D, EHIRE
P EIME R OBEERLL CIHAEL =0 - T o VT
> (RA) SRIAEFENE —RPGEL L TR STV,
FLEEILI® EIZ CKD BT /L7 MZEB W T RA RAESK+
CM DOOFHTRIFRICERY, BMIRRIZ A~ THATAIZ IR E
FRA LR REEN AT 22LEMmEL TNDHE),
RA R EFEPFERIFIEBE/2E D CKD OHERIHNC
RIELTZRENIRENL OO, RIZHEITIIHIIX A5 Tl
<, SP FHEIEAEMIIBWTH A AR A3 20 08
FRMETHD,

5. SERDFEE
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AL e G OBERE SN CNDDS, RO SP D /v
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WREBZMHS CKD OREEIRROBFREIZMT TEETH
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BRIV - OO ST T SP I U
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T DEATIRR IR D ATREME D B D, £ 2 1T IM
PR SO ML OR B - DR 2T VB IBO TH R
ZATOTIETHD,

CKD Tl CVD AU NERHENNT 5T 1% 4 B 0 non-
dipper & MLER LW ERMESILTIY, RBFZE T
CKD |Z3531F % ENaC {E AL AN MED H WU AL RIE T
WEZRETT DT E ThHoT2, Bl R CIIRER TH

%, ITAE, BHASRT DS ZyFCIIREADHBIE LT
non-dipper & Ifi £ & 7052 LAV S TEDEO, Dahl
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The Effect of Aberrant ENaC Activation on Salt-Sensitive Hypertension and

Blood Pressure Circadian Rhythm in Chronic Kidney Disease.

Yutaka Kakizoe
Department of Nephrology, Kumamoto University Graduate School of Life Sciences

Summary
Background: Chronic kidney disease (CKD) causes the salt-sensitivity and disrupted circadian rhythm of blood
pressure. Epithelial sodium channel (ENaC) in the renal collecting duct plays pivotal roles in the regulation of
sodium homeostasis and blood pressure. The proteolytic cleavage of ENaCy by extracellular serine proteases (SPs)
is important process for the full activation of this channel. In the setting of CKD with proteinuria, circulating SPs
filtered through injured glomerular filtration barrier could activate ENaC, leading to Na retention and hypertension
independently of aldosterone. Several SPs such as plasmin, prostasin and uPA are suggested to be involved in this
process. In this study, we evaluated the effects of aberrant ENaC activation by SPs on the salt-sensitive
hypertension and alterd circadian rhythm of blood pressure in the proteinuric CKD. Furthermore, we elucidated
the antihypertensive effect of SP inhibitors.
Methods: Five-week-old Dahl salt-sensitive (DS) rats were divided into normal salt diet (NS), high salt diet (HS)
and HS+SP inhibitor (camostat mesilate, CM). After systolic BP measurement and 24h urine collection were
performed for 5 weeks, rats were sacrificed. Urinary SPs excretion and ENaCy activation were evaluated by
zymography and western blotting. The antihypertensive effects of plasmin inhibitors (tranexamic acid and YO-2)
ware elucidated. Urinary excretion of SPs in the proteinuric CKD patients were also studied.
Results: HS diet induced severe hypertension, marked proteinuria and urinary SPs activation as well as the
proteolytic activation of urinary exosomal ENaCy. The treatment with CM and YO-2, but not tranexamic acid,
significantly suppressed these changes and mitigated glomerular injuries. Urinary SPs activation was also observed
in the proteinuric CKD patients.
Conclusions: Our current study indicates that urinary SPs including plasmin are associated with the pathogenesis of
salt-sensitive hypertension and glomerular injury in CKD with proteinuria, and serine protease inhibition could be a

novel therapeutic strategy for CKD.
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HIE L7= Ang 11 (1,000 ng/kg/min) 4% 5-73, BpARI<r7 2
(WT) &AL IRAE 5 5469 ATRAP /> 7 T k<7 A (PT-
KO) O USHe 1 12 R V9502, BT AR MERR
75, A N=7-8 JPLF"D, *P<0.05 vs vehicle % 5, (B)
vehicle £721% Ang 11(1,000 ng/kg/min) % 2 J fEj# 5- L7
IR ODINAfE S0 i FE D SN &, (B TR YRR, AR
N=7-8 PL9"->, *P<0.05 vs vehicle % 5-#f, (C) Ang I
(1,000 ng/kg/min) & 523 OFAENC AT T 828, fEI3F
PIBHAEAERR S, £RE N=7-8 JL9"D, (D)vehicle F7-i%
Ang T1(1,000 ng/kg/min) % 2 i 4% 5-U7-FRED IR T2 L
o, IR ERR S, 250 N=7-8 LD, *P<0.05
vs vehicle % 5-%,

Ang |l FIBAGEGIRMERFRM ATRAP /v IT7 R
DRAEBFERTHOROBMAMTICRITTEZE
Fx 1, TUAN = 2T L% FAV TR A 4

#) ATRAP /77 U= ALE AR 228175 Ang
1 $5- OB 1T KT 528 % leh | LR
L7, 24 ARG d 1%, Ang 11(1,000 ng/kg/min)
Z 2 WG 2L, EALRAMAE FEEH) ATRAP /77

VR DAL AL TH B ORI EICE LT
GIENLIR A 5 B ATRAP /7 77 b~ A2 Ang 1l %
B G.UT-RE vs AR~ |2 Ang 1T 285 U728, #0

WLDHD 2 JLEE S HTIE, F=0.04280, P=0.8407)

(X 3), £7=, Ang I1(1,000 mg/kg/min) % 2 HEH 595
EEEIREGIINE (X B TP 72 e, R AL RN
K E) ATRAP /o7 T O h=D AL B A< 2L TH E
DAO[RFRFE I 7, [FIBRIT, 24 IRE R PR HRRRI i+
1%, Ang I11(1,000 ng/kg/min) % 2 #5579 5&, TR
HE R FE ATRAP /v T U< ALB AR 2T
B EORFREEITH U7 GIEALIRANAE FE 5L ATRAP
I TN AT Ang 11 28 5-UT-#E vs B < 2
(2 Ang 1T ZHe5-U728E, MOIRLOBHS 2 JohdE 085y
Mrik, F=0.02541, P=0.8769), £7=, Ang II (1,000
mg/kg/min) % 2 8 A1 52 S SER IR X B 72
(e, KGR ME R 28 ATRAP /7T Uk~
DAL AT~ 2L TR B RIFREITHINL T,

owr
W PT-KO

-4~ WT+Ang Il (1000 ng/kg/min)
-2 PT-KO+Ang Il (1000 ng/kg/min)

180
1 160
3
2E 140
120
100
0 [ 13 -+ 4
&5 (Day) —I 1 —‘,,4“”
C D
aowr
-4~ WT+Ang Il (1000 ng/kg/min) W PT-KO

130 -# PT-KO+Ang Il (1000 ng/kg/min)

120

aR I
(mmHg)

7 13 — e
{500 (Day) Hrp (et
3 TLAN =L AT L& AW THIZELZ, Ang 11(1,000
ng/kg/min) 2 3 (4% 5- 110D 24 FEESEUHE B MLE (A) &
LRI E (C), B EEMIZH TS, Ang 11(1,000
ng/kg/min) 2 3 #5520 S EIGHE L E (B) &8
JRAEM M (D) . WT; B AR~ A, PT-KO ; 3T R
ERFERA) ATRAP /T IR T A, Ang ;7 VAT
T BT E AR YRR, B RE N=6 L9 .
**¥P<(.01 vs Ang I1 £ 5-/ij 0D Mfi[EA,
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Ang Il RIBAGEGIFRMERFRER ATRAP /v OT7 IR
DREBHERTIRD TR D LNTGURIZRIFTHE

IHIZ, F4 1% Ang 11(1,000 ng/kg/min) £ 5-FDF K
U LNT R, ITALIRANE R SHY ATRAP /7T U h~
AL AR AT LTz, Ang 11 2558 TH
% 2 EROEE F NI LT AT, A RS E Y
ATRAP /T U~ AL AR < 2L CRI%E Th o7
GIEAT RS 5 B ATRAP KHE~T A vs BpERI~T
153.3+141 vs 194.7+62.1 mmEqg/day1-13, P=0.9075, %t
JEDTRN t FRE) (K 4),
Ry B— iR R E M0 1R

NI IR AE AR 31T D ATRAP OFSREZ /4T3
512912, RFEAL RPTEC ZAERILT-, RIZ, ZORFE(L
RPTEC DZ7m—AbZfT\V, Bbivic 12 7ua—rinb
mRNA ZfliH L C, T fRAlE ~— A —ThDHSGLT2 ¥
X OV DPP4 O HE% RT-qPCR 1L CTREML 7=, b7
12 O7a—HiflakkooH, 1C-8, 2B-1 BLOY 2F-5 1,
SGLT2 mRNA FHHNEN»-72 (K 5), b 3 2D 7nm
— MR D H T, 2B-1 7% DPP4 (35 HE V) mRNA %
BlaRrL, RIZ, 27— Mlakicsids
ATRAP LN AT1 S AR mRNA FBL &2 fEr L7, 12
71— _TT ATRAP HELAZRD, 2B-1 ThbE W
WNTEPE ATl SREFBA RO (K 5) o WIZITAZ IR
B~ — I — T AR E ~ — I — DOFBLU A A
SEAL AT RPTEC & 2B-1 D7 a— AL ARSEACARIERE Tl
B 72, ASEALRT RPTEC 1B MBI A AE ~— B — D
SGLT2 EmNRME ~—H—DANE T 4 1 BIY
TIT RIS 2 O FEFBLIL, mALRAE MR REAL
TWDATREMEAVRIRS LT, — 77, 2B-1 77— AUARSE
{LHIBERECIX, SGLT2 &LEHELC, AT 40 1 BX
777 ARV 2 mRNA FEBLEDMD TURNZ &2 R L
770 E5IT 2B-1 70— AU ARFEALHIIRRED Ang 1T FlE4IZ
KT DBOSMES AL 72, IO RHIE R B2 8972 Na v %
/L NHE3 mRNA %8 &2 BE#0AY, Ang IR KRR
FRFBHIEEBEELI, UL EOFERNE 2B-1 7u—2 1k
ARFEALAEREE clonal immortalized RPTEC (ciRPTEC) &
LCZDSEDEBR I,
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ATRAPOMRNA 7 i1 11

[JWT (1000 ng/kg/min)
[l PT-KO (1000 ng/kg/min)

0.5~
N —_—
D =
~ £ 0.4
g ~ 0.34
N~
= & 0.24 [
N~ 0.1
&=
= 00

X4 720472 111,000 ng/kg/min) % 2 [ $e5-
LTZREOREE R T 47 T NI LT A, WT; B AR~
U, PT-KO; T JRAME R 1Y ATRAP /> /7 Uh~D
A, MEIF R AR HERR 7S, 258E N=6 JICJ" D,

B
3 1.5
3 210
4 4
£ E
& Fos
5 &
(U] [a]
0
0 0.0
O N AR QD QN R S AN Oo® NN RN N NSO AN
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D
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1.0 %
2
x10
0.5
£s
<
0.0 0

O DS IADAJSOI AN D H AN
QQ“Q\Q’@’ SESANRARA SR R

5 12 7u— 2 OARFALITALRARE AL (ciRPTEC)

28175 RT-qPCR % W /- &8 {51 mRNA F Bk, (A)
SGLT2, (B)DPP4, (C) ATRAP, (D) ATl Z &K
(ATIR), BB FHIT 18S UARY— 24 RNA FHEIC

F o> THIIEL 72, RPTEC mRNA ¥ H &4 | LLTHI/n—

VHIBIRR DIEAR R BL R A A M L 72, &Ff N=3,
EIXFHAFERERR 24 K3, RPTEC; RAE(LRTDOENIAL

PRABAE A,



TR/ O—LiEREEREDORERLEE

WO E YL (a2 ciRPTEC @ SGLT2 & DPP4 DX
UREHEBEMERLTC (K 6), SHIT EE M~ — I —
D Z0-1 OFBILBILE LT, T, MARZIMEE AT
ciRPTEC DM REABIZZLT- (K 7)., d e yetal
FHV = SGLT2 3L DPP4 D HLiA% VT, ciRPTEC O
BRI FEBUZDOWNWTHY =R 7 ay METHER LT
&7,
T /O—ALERREE RO ROREIITT S
RIstE

ciRPTEC (Z%f9% Ang II #I¥72%, ATRAP BL N
SIRT1 mRNA FEHEIZE D ISR L 5.2 HHTAfh L
72, ¢iRPTEC Ti, Ang II #II#IZLY ATRAP mRNA 3§
BENFEIETLZ (K 8), —J7 T SIRTI mRNA J¢E51

ZIFE AR D -7 (K8) . £72, SIRT1 & ATRAP
DFBLEA FA-SEGDFMEL T, miEHERREAZvE
THAESI TS (Shang L, et al. J Cell Mol Med, 13(10):
4176-84, 2009 ; Matsuda M, Tamura K, et al. Physiol
Genomics, 43 : 884-894, 2011) , = Z TR I TH
ciRPTEC (Zxt3 2 Mg AR LD, ATRAP BEW
SIRT1 mRNA B85 2 DRI OWCRIEL =, &

OGS, MmEHERFITLIZ LY ATRAP 35 LT SIRTL
mRNA BB EFFREICEAL(KS),
ATRAP /995 9 %11 o1=BOAE{L s 0—1ba kL
FREIEHARIZE TS SIRT1 DRFELEEH KXY SIRT1 4
DINIDEFH~NDEE

ciRPTEC (23T, siRNA % iV /= ATRAP /> 74
YEATVY, SIRT1 OB E~G X HEEZFNLT,
ciRPTEC (28T ATRAP /27X 728D, ATRAP
mRNA BLOF L ~EREBEEITEAD L (K 9), 7o,
M IEHLARAIEIZLY ATRAP mRNA FEHEHINLIZ,
—J7, ATRAP # > /X7 3B 8T DUNCIRii SR
TEAITRBD -7 (B 9), SIRTL 225\ T,
ATRAP /27477 C mRNA FBL &I LB L 72 -7
BRI B LT-, ATRAP /o750 D
AEIZBOL T, Mg HBEAITRIZ L > T SIRT1 mRNA 3§
TR HEINL 7=, L2>L, SIRTI mRNA O3B ERE NI
BbD g, o R B BT b E RO -7, R,
ATRAP /o7& 778 SIRT1 X780 D42 eI %
B2 BMEINEFM T D012, X2 A R E A

@
K

DAPI

Alexa-488 or 555

’
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a) SGLT2

b) DPP4

¢) ZO-1

Alexa-488 Alexa-555

Alexa-488

¢) A —JL/N—; 20um.

6 HOEYLAIZ L% SGLT2, DPP4, ZO-1 D¥EH]
B g e A DY, B ciRPTEC O
BYeth, TR &Z B0, (a) SGLT2, (b)
DPP4, (c)ZO-1,

CiRPTEC
#1 #2 #1 #2

0 W <DPP4

SGLT2» o

R —Jbs8—; 100pm.

X 7 ciRPTEC Offifufzigly =247y MEICES
SGLT2, DPP4 DXL 37 BEEOFM, A @E DT v
v a THEFESNT- ciRPTEC O %8 14, EVOSFL A7
2 (Life Technologies) Z{i i L CTHzAH= 7 AN {4 28]
2T, A7 —)L3—F 100um Z7~9°, B;SGLT2 8L
DPP4 $iiR%E T, &40 7 Eaiti Uiz, KEEl iH
W _PEO TSNy F&EErT, #1 82
¥705 HIZ[ANX L 72 ciRPTEC i&//\%ﬂau“j«éz%ﬁﬁ)ﬂ L
7=



X8 ciRPTEC|ZXxt9 D7 AT v 117

A B : R
15 s B XM IFRLIZ XD, ATRAP, SIRT1 @
& } FRELEEFZOWVWT (A) 7oA T
g ' - ~ 10 11 4Tk % ATRAP mRNA OO FEHLRZE
z% o F: o g, (B)7r oA Tryy 11 #igicst+ 5
E E SIRT1 mRNA DI EZLH), (C) Mg ALK
0.0 0.0 %9 % ATRAP mRNA OFELEZ°E), (D)
45 I $ : S 5 o
(104M) (10°M) ! I35 HLERRNE %5 SIRT1 mRNA D3 EL
c o BAE, £RE N=3, (HIT I e s
**P=0.01,vs 7oA T 0 (10-6M) -,
2e $P=005, + % +P=0.001vs IMi5E+,
% 2.0
‘éi 1.5
2 g 1.0
£
0.0
A B
ATRAP-
B 77 V- e S S S
na
3 150 i
0p 2 ~ 2100
: 5e
’Eé 1 % 3 50
< :2 >
0 0
avka—iL ATRAP o :1‘/#1:1;/.1, ATRAP
I9DFE9 ok vl
c D

SIRTT- | e S— S

1501

> 100

SIRT1

\ 501

SIRT1BT 7 7

:‘/H:I—‘)'L’ ATRAVIFD' l avko—)L ATRAP

kv IIDE9
X 9 ATRAP /v 7% 7 2k% SIRTI mRNA, > /X7 EOFEBELE K OV SIRT1 X237 O M-~ 2%
ciRPTEC %, 2 h—/L siRNA (=2 hz—/1), ATRAP siRNA (ATRAP /7 X0 ) T 48 BFEJMLEEL7-%, 24 BFE D
M5 HLER B 2T 7= (A) M5 HLARH A £ T ATRAP mRNA OFSHLE258), (B) s ALARBIMA &£ To
ATRAP #2737 DI BB E), (C) IMLTE ARSI A 2T SIRT1 mRNA OB EZH), (D) figHLEkA #ECTo SIRTI
KR DFEBIEEE), (E)ATRAP /v 27X 7255 ciRPTEC @ SIRT1 #2737 DM Afi#HT, ciRPTEC ~ siRNA b
TURT 27T aFAT, 48 WERIZHTHLA L /A AT 2 = AT L ALBREAT o7, ZATFUALBED 0, 2, 4, 33
O 8 W2 2 VIR A B L 7=, B 0 0 SIRT1 Zo 7R3 BIL~ULAS ATRAP /o7 X 7 RECHAD LTz
D, 0 KT SIRT1 #o/ IOfE SR EITEE R ZfiHE T 522120, a2 h—/VHEE ATRAP /v /XD RETIH
EIZLTz, (A)-(D)IEZIeBLE S B T I Ko THRHT U 72, B AR ERR 222, **P<0.01, ***P<0.001 vs L.
& (+), #P <0.05, ##P<0.01 vs T2 hr—/L,
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THHTAF &ML T, ATRAP /o7 F D FTOH
ciRPTEC (283175 SIRT1 #2373 L 7=,
ATRAP & /7277 1% ciRPTEC @ SIRT1 #2730 D%
TEVEICIZ B E 5.2 7072 (K 9).
ATRAP /997 )rE4TozBEOARELIO—1EE AL
FRABEMARIZEH TS SIRT1 DHREELE)

ciRPTEC |28\ C, siRNA (255 ATRAP /v /X w7
T, —E&ED ATRAP mRNA 2RI 5 HLER S~ TR
FFL QU z, ZD7=8, CRISPR-CAS9 AT L% HW T
BERERY72 ATRAP % /7 7 7 RLTZBEIZ SIRT1 2737 D
HELEICHE XD EAMHT LT, ATRAP /> 77T Uk
ciRPTEC OIERLIZIE, CASY LB =—m~A T U itE R

A
ATRAP-| S
Bt V] co— —m— —
2001
T
. 311501 T
&~ 100f —
Q
&
= = 50
‘ m N
0 8
avka—)L ATRAP
O bdrl
C
SIRTT- | *l S S S
3| —_ ————
150+
: 1004 I
é« I
- 50+
o
7}
) 0
avko—)L ATRAP
vl

¥, BELOEN ATRAP &5 DAY D 3P DA
TAY L TENE AR &5 sgRNA (single guide RNA) F
ToIEIEEER) sgRNA ZFEEBLT DL T UA VA% Ve,
LU FIANAEENF I ciRPTEC (JEYLEE, B a—n
VATV LDHARIRAAT VY, Vo RZ Ty MET
ciRPTEC ™ ATRAP %> /37 DB L L T2 L& s
L7z, ZOBS, ATRAP #2/)0D/RIEIL, EFIRIEEZ 1T
IMIEHERAE T OV BT SIRTI mRNA JE5
R 5.2 e o72 (R10) . — 5, SIRT1 X2 737 D%
BiElE, ATRAP /770 MEIZ I\ TG SR I
FOFE B LR, avha— VBT SR 1
7072 (K 10)

SIRT1

arvka—iL ATRAP

JIDT Ik

X 10 ATRAP /v 77 7MZL% SIRTI mRNA, #o/ \75BlaOFBLEEH) (A) MG HLERRIEA BETo ATRAP 2
PNIDOFEREZEE), (B) MIEHERFELA O SIRT] mRNA OFHEZLH), (C) MiEHLEA HETO SIRT1 #2370
S EZSH), ATRAP, SIRT1 Zo NV DREBEL -7 F L Earba—n el TERILLZ, ot ESiatrick-
THEAT U7, I EHE AR 5 A 264, #P<0.05, **¥P<0.001 vs 1L} (+), ##P<0.01 vs =2 h1—/L
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4. &8

in vivo O FEERFEFENDI, B UTALRAME R A7
ATRAP DJRjpTi)7e R BUR T I8 M Ang 1T FITHME & .
JEZHES 2N ERBALNT o T, FEREE LI,
INFETIZES M ATRAP-KO ~ 7 A TlLEM: Ang 11 i
WIZ Lo TH R AW ASEINL, 18V Ang 1T fIIJIE
BIMESHET LI 2R/ EL TWD, — T, BIRME
ATRAP @58L~7 A TIXIENE Ang 1T FIKICE ST R
LW O INAS I S AL, 18P Ang TTRREM: & i 23
PHlSNAZELMEL TV, ZRHOREIZBNT, 8
P Ang IT FIIC T Tl EEETFRID LF v 1)L (epithelial
sodium channel ; ENaC : (7R A R D FEFE/2F R T A
T 1V) DFRBULHED, 25 PE ATRAP-KO ~7 ATl
By R Ry R PERG L CHE TR QU e, ICRHE, B IRAE
ATRAP @EFBL~T A TILE AR~ 2L LT, Na'~
CI" cotransporter (NCC) K> ENaC &\ o 72 AL IR SR D
FF 2N T LT L OIENE Ang 1T FIFIZ LD BT
HERIHIS T, Lo, I RAE RO £k
U NF X)L Ch 5 sodium-proton antiporter 3 (NHE3) ™D
FEUL, 18 Ang 1T B NIBWT, 2581 ATRAP-
KO ~wUAREHAER <A, HAHVNIEIRME ATRAP &
B~ ALI AR < AL TRIS TH T2, A B0
FEREFFRAREFELOZNETOIMADLREINTE L
T HE, 1B Ang 1T fIE & I E O EFZ I I CFF
ITALIRANE ATRAP D3RI &ENI/ NS, & ATRAP
I EICEEN R ATRAP 2 LT- A = A AL g
PE Ang I1RIREME & i E A B D EHA ST 285 2
bivd,

in vitro DFEFRFEFD, ciRPTEC (2815 — @D
ATRAP FHUEL T Ang 11 FIJE7eLIZ SRITL #2378
DRBEF R TIELEEHLNILT, 7205, T
ALRFE IZFU T, ATRAP 28 Ang II-AT1 267
JARTERR M L IERAFAIC SIRT 1 &2 /7B D3 B % 7
LTWDIENRIESNTZ, —J7, ATRAP D/ 7 X7 R2
KHE1E SIRTI mRNA DR BEZ (LI RN o7z,
ciRPTEC (23T, SIRT1 ¥/ 7B D¥ELIL, SIRT1
mRNA DOFBELT L —EET, MIFHMICL-T
SIRT1 mRNA ZfEZFHEL7-LLTH SIRT1 #7377 D
FBUIEAL L2 -T2, ZDZ LI, ¢iRPTEC (2815
SIRT1 > /G OIFIERD, BN I EHRA KR E
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TX L EMED L~V TS 1, mRNA $55 F/2 3208

PEDOL LTI SN2V ZEZ R THDO THHLE X

BND, SIRTL 1, NN AE I igtps O A B 5

FTL0FTHY, #ex B2 L CBIBZIILD, I

RN Z T TS, A [ OBFFEIIINE D &

IOBRAEIIZ ATRAP DB G- AR LT3k 4 D LART O

EE T, ATRAP A SIRT1 87 E S AL,

Jnde (DB M B MR D FAERE P 12 E D ISR B LT

WDIDAT =X NRTDO—BNTI2 o5 2 BIVIZ,

5 SHROZRE

AIFFEDRER, 2H M ATRAP-KO ¥ A% fW\TD

RETCIIARME T o7z, ITALRHE L AR DX

Sy LAY ATRAP O RAEFERERIEIEH O — b2

BAD NCE T, A HRITIEALIRME ATRAP OHEEERZ

DFEBLTEVEFREHE T IC R0 B A Y T, BRI R

R ER R L GO TOLHE LT 2 HEEL THT

ETH %7)(1-27>o
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Summary
Background:

Angiotensin II type 1 receptor (AT1R)-associated protein (ATRAP), which was originally identified as a molecule that
binds to AT1R, is highly expressed in the kidney. We have shown that ATRAP functions as an endogenous inhibitor that
suppresses AT1R hyperactivation at local tissue sites. In addition, we recently demonstrated that ATRAP deficiency
exacerbates ageing-associated renal function decline and tubulointerstitial fibrosis using systemic ATRAP knockout mice.
As a key mechanism, renal SIRT1 expression was significantly decreased in the aged ATRAP-knockout mice compared to
the aged wild-type mice, possibly in an angiotensin-independent manner. The present study was performed to investigate
the functional role of ATRAP in proximal tubules using proximal tubule-specific ATRAP knockout (PT-KO) mice and
aclonal immortalised human renal proximal tubule epithelial cell line (ciRPTEC).

Methods:

We created proximal tubule-specific ATRAP knockout (PT-KO) mice using the Cre/loxP system with Pepck-Cre, and
examined a functional role of proximal tubule ATRAP in angiotensin-mediated hypertension. Normal human RPTEC cells
were immortalised by infection with lentivirus expressing hTERT and short hairpin RNA (shRNA) targeting pl16
(plenti6 TERT sh-p16). Then, we cloned the immortalised RPTEC and characterised the cells based on the expression of
two proximal tubule markers, SGLT2 and DPP4. ATRAP knockdown and knockout tests were performed using ciRPTEC.
Results:

The BP of PT-KO mice was comparable with that of wild type (WT) mice at baseline. Moreover, the BP was
significantly and similarly increased in response to 2 weeks of Ang II infusion in both PT-KO and WT mic. In addition,
cumulative sodium balance during Ang II infusion was comparable for PT-KO and WT mice. In ciRPTEC, ATRAP-
knockdown significantly reduced the SIRT1 protein expression level in the steady state. On the other hand, there was no
significant difference in the expression level of SIRT1 mRNA by ATRAP-knockdown. ~Furthermore, in ATRAP-knockout
cells compared to control cells, SIRT1 protein expression was significantly reduced in a serum starvation-dependent manner.
Conclusion:

We demonstrated that proximal tubule-specific down-regulation of ATRAP did not affect the Ang II-mediated
hypertension in vivo. The results of in vitro study indicated that ATRAP may be one of the molecules involved in regulating
the abundance of SIRT1 protein but not SIRT1 mRNA independent of blocking of AT1R signaling,
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BEIDBREH (RFERT—H)

HEPE CSTBL/6 ~m AL IEH B2 (0.3% NaCl) &
KiEARZEEE (n=9), B AN A (4% NaCl) A FA
57K (0.9% NaCl) % 40 H[H# H & 5-Uz, BIOREZIB W
T, HEME C57BL/6 <7 AIZ%tL sham ope (n=20), HDV
VI B A AR O AN B T (n=20) A Jita 1 7L, BT FE R
CRFRIC A BRI AE A (4% NaCl) L AEE A K (0.9%
NaCD)% 40 AfER G-, RFEELAELZED =
H—L, BHRVRXLIIIFIRO IR FREE RIS T v
—PIEMAREL LT, &5IC, ZhEe<XFILFaha—
TS T, AFIBAS AR DWW T ORE 2 I E LT,

2.3 BERZIUHSEOESYIFBESTZALCKFEOM
EOBRIXLDELDEE (FERAX 4)

20 VD 4 @it — L RHERSE T Ml i R
£ (0.3%NaCl) T 2 BE#ERL, 7L AN —ZH#DIAAT
—IARIOV A1) —D%, THEREY, 10 LIXZEOFEEDE
AR (0.3% NaCl), 10 PLid s & A (8% NaCl) IZA
AvFL, LIk 10 BRI 24 T L E AR O LA
HGE E L7z, & AROBIEIRBS — Ik DEIRIC
THETLIZ, 9 BEND 16 REECOEE M2 L7l
ZAE IR, 21 FREDSHEIR 4 RFECo I EEA TS B
RFLEE L7z, 10 HEBIEER, mRE kG2 — VR
BTy MIRIL TR, 3, BEBEEICAAYTL,
IHC 3 AEMIBIEL,

2.4 BIERZMHEMNEDRIEICHEITS RAAS D5
[ZDWTHET (FEFRAX 1, 2, 5,6, 8)

BNL = T DO T L s RN AR LD AT
DT NFF—BIEMERCIRBEAIZEA G L TWHDENEI M
(ZOWT, BIEET L OA T 1 e 545 T
xR~ — B FEEZ G5 2RI TRET L7, BEE
C57BL/6 D AIZKIL, iRt (4% NaCl) &P
7K (0.9% NaCl) Z#¢5-L, BL T OALE A 4 HEFFERL 7,
1) BE—INVEERE, 2) B —In+T ATy 13
ug/kg/min) $¢ 5-8f, 3) BIRVES~—PFHE S TEI-F0086
(100 mg/kg/day, p.o.) D 3 FETHD, 7oA T 11,
RBIER T HFAL TR TG Uz, fEiXT—n
TETTHERIEL, 4 BRI Le 22—/ Ny
LB G T 77 7 A R T t%, BlgEm LT



AT OFEAERRILE,

H— LV EERZ TN ME EFEAT=ALELT,
RAAS DHYBT VRAT 0L DZFIKTHHIFRT VLT
AR5 244K (mineralocorticoid receptor: MR) M B8 5-(2>
WCRBIE T o7, 5 kY — VB T v b
v ML, EH A A (0.5% NaCl, n=10), FRIER
(8% NaCl, n=10), HOVNIFEEEAR + MR 7y h—-
THF¥L /2 (1 mgkg/day, p.o., n=10)% 6 HEEEL
720 SRERIRERAE M MR AL — Y —F v 7 T ¥
—HRICE S TR, TR A NS (R -K
Ry) LRHEL (a-SMA, 225 —742 1, TGF—B) ~— /71—
DL FBZHE LT, PAS: Azan Y IZ L BEEE,
TAIVREAIZ LR RN A NEE A, 4-HNE Yefa b
NADPH oxidase =2 —R ME{RFFEELUZ I EED
FRIL AN A& E N E IR L 72,

2.5 BEEZELCEBOHIRIILE, ThIZHESE
BOEL(RERT—H)

7 BEOHENE Wister 7> MIxtL, 4T i(n=18), &%
VN 56 BN (LU, 5/6 Nx: n=33) 21T\, B faET
TNEERLTC, 1) BEEIYMIBIT K ETRIT A
DHAADEALDRE, 2) BEET Y MIIBT DTS )
WD ARV A LDREE FEHL Tz, AZRrn—LT a7y
ANVSFHTEL T, IRFEFRS T R TOREH (Z L a—2,
T, NENGER, JRFE, AT VTV, TUARRE, £
RS, A TERE LC-MS/MS (UPLC-MS/MS)
(Metabolyn ; Metabolon Inc., Morrisville, NC) Tl & L7z,
Tha—A, T, B, RFE, AF LTV, T
O FEERRER) 1, EEERE LC-MS/MS (UPLC-
MS/MS) (Metabolyn ; Metabolon Inc., Morrisville, NC) C
HIEL,

3. AR

3.1 BRERZMENESYMIBTIRIFHSRIEE
WIZ&BHHARY XLk mortality, RSB R
R D5 DRE

A — VRIS T Ty M2 BT 2 E BRI
LB HRVALEERBIREARGEL , B AR O UIBR
\ZEDEERETHIEEHEL, Fx B EONF
FTIZE- T, v~V RCEBEE 5 X THERIVALIT S
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ETIVEREEL TODLD, 7Y TCORFHIZNETITH
NCUW7RU, ZZC, Sprague-Dawley (SD) 7 hafi L
THRRILT7Z, ZOHEE, 4% NaCl BRI R HK
ZOKSELZ LIS TIREDRED 27RO (B 2),

BFEEN—EIZLPPDOOLTERENFDL TNDHIL
b, v ALERICE BIER GAZ Lo THERY X LR
ELTWDHEDEE R, Utk, 7R Th 4% NaCl BHLRIZ
AP EEKEROKSELET VM AT 5L,

RIZ, SD T h&H — NV EBHERSET Y ML, 7L A
) —2E 8 A 6D JA Fx IE B A (0.3% NaCl) L7KEK
Z 4 HHREG LRI (4% NaCl) L/KiEKE 4 H
5L, fil TR & 4% NaCh)EAFE R K (0.9%
NaCl) % 4 H[E# 5 U BRI VR, A2 i Ig s 4 ot
TE=F—L7 (K 3), ZORER, SD Ty M m BHUIREE
WU TH MR BB IE e o 7oy, ASERARFRTE
ORI o T DB 2RO T2, ZNHD G
1%, BERVRLEN LT BIRO LS 72K/ >TDh
DTIFRVDEEZ TD (B3 ), — 4, ’I3AITRT
X — VB ES M E S AR RE I 5L, SD T N ChL
DI R EARIE B LA DI T R 6T, 28
PRGN I LATUEL T, ZORER, MEDEAZ E
HAEBDT,

WIZ, BRI DEIBRIZE > TE D IR B LR AEL
DOV THRFTLIZ (K 4), F7°, B AR ERAR
DNIEREIZ FERES U TUOD DN O TR ek o> /v
TR 7Y % HPLC IEIZ L > TRIEL -, TOHEE, X 4
EIRT IO, BARAPRRBR R T, Bk L
ERXTUARENIIE R IR T, Tbh, A4
ORI, FMICERSN TWDLOEE 2 DI,

P=0.36 o GARRK + Kilik
@ 20 _ 480 o WRERK+ ERMORMK
= 3B 350 P<0.01
z 10 g 280
180 + r \
ARK BRAR 2
Aok ERORAK (Day)
(2. Sprague-Dawley (SD)S v MMCH T D ERIESE




s 120 E
=1t 105 =
900 4 8 12(H

X3. BRIBEEOZMLIC KD MITEEDZL

— 07, BABARRYIRIT S — VBT v MR
T HE ARG LDMED ERIC R 5.2 2ot
(44,

Fe T, 6 TEROREMSY — L BRI E T Y M
Bir5, £ mREERIZIA 2R X L IMEOZE
LB EAPIRDOUIBRICL DR, ORI T %2 M
Flie, X — NV BHEEEZER LT N BRI B &
B (0.3% NaCl) + HKiEKEHEG LR, AFINEER
W (4% NaCl) + AR KEZR G U, B
RO E M B A (4% NaCl)+ AF Ak E# 5L
FECDTC, MEDOE(LERE LA, B RS
RELLLERL, BRI SR CITA B MED EH D
BTz, ZAUSKIL T, B AEAREIBRINIL 6 JEE DB
S CIIABERMEDIKR F 2R -7z, —J7, fif
BRELEREOEEFMUI-EZA, (HEREIXREM
THBRENRPSTITHDND LT, (KREIT AT e
ERER (4% NaCl) + AHAEKEHR G LT R
(AL TV, ZOXI @ BRI KR ERA T, &
ARG BRI I Lo TS TN, — 05, #—v
BRSNS INET v N CIXRFB A2 VB 53 D0F
WERDOEERTENED B WD EHESNTNDD, AHFSE
CTHIFBO T VX —BIEEIT R CH B 2T A0
IR0,

WIZ, BIOL — VAR M i 5 2 MR I R

SRS SMES
) aRig
LER + B
$ 081 . L pmemrey il
0.6
500
£ 400
300 ;
140 i
%120 i
E 1004F FRESE S Rl N
80 , i
0 4 8 12(8)
P<0.01 o %
py © .y ® BRERKE
NE ° C 250 -® BRAR + REEHEOHR
2 | £
ne ° 4200 -
Ns |
RZ% ? & § 100
o-ﬂ#tﬁﬂ‘&&n& 0123456 (&)
T

H4. 5 —)LRIEREMS v MIH T DB RBAETIPR
(CL2BEM/ILITERDT VU BEMEDEAL

B2 G L CTAFRERFILIZEDA, BARERRD
GIBRDS, A EICEFREN ESEDLIENHLNER ST
(B 5), ZN6ORERIE, BUEZEEET Y MOE R
WEABRSE CEMENECTES, BRO A2 BAhRE
PEAL DS L)L 13RS UL E A R NERAECTAETF
KL T O TICE 5L TWDE, HHRY X LD T EH M)
ZOIREIZB G- T D LERIBTHL D THD,
3.2 BRIETELSHIRIXLIZEITEHRBEMED
oY : 5y

C57BL/6 =~ AIZIU N TR AZEANRE D Bt 2 FEHE L,
B AR TR D T VX T —BiGHEC R FBREL A
S 7=, FT, IEH~T7 AT 4% NaCl £ LA FER i K
Z 3 ARG DL, BRI (0.3% NaCl) T/KIEK
ZERATODREE L C, R EOMMA Aoz, L
ML, KEOHINIEFEK ThH T, —F, T 74—
TATIIL TR ERE —EITT D,
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B R
i3

o PEX

40 L‘_'*

20+

Percent survival

Hazard ratio: 0.2211 (95%Cl: 0.05881-0.8310)
c L} L] \d
0 50 100 150

Days

K5. RERZUSMES v NDEFX
BRI EHEA BB, @ RKEKELVL A E
ZREO TIREDORAD D RHH72, 4% NaCl AR
WK% 3 HEE G LIZSE, W O FEAKEKRDERK
SOLEENHEZ VI BEL TOFRIXLBEL TS
DINTOWTHERR T D720, RIS 40 A#IZ~Y T A%
F2UL, IR Z 6 LRk P o R FEPEAE D HL
R o T B TH LT X —BiE AR E LT,
ZDOFER, 4% NaCl BEAB R KE 3 B 5425
LI OBRELHOKD~T AL LT, BB
TIVXF—BIEEN EF/ A LN MR T,

WIZFh 2 1%, BASRARE DO YIRS 4% NaCl LA 5
HIRIEKIZES THEUD A HRV A LSO A TOUNT
MRtz £, BRI OUIBRA BRI THI T
DPEIMIZONTERME T O/ Ve Rx 7 EH &
HIE T HZELICIVRE LTz, ZOFER, B ARG
PROSERIATON, BlMPo/ v oex7 Vo EhH &
BIRFEE R DZ M8 LT, B AR O YIRS 7
NATHOINIIRAE T 4% NaCl & L AEB BRI IS h
SRV W 1E 5 B (0.3% NaCl) L/KGEKDOREE Hriik
L7z, ZOR5E, B 6 TrR7 LI, IEH Tiiigsns
4% NaCl LA BEEKIZIS>TAELLZBEFEOHM
DRONRLIp>TWe, — 77, (REOEEINZOWTIE,
A HRICBINSE G A8b T T —T 4 T LT
B, 4% NaCl E+AEFT)RHK L OB FKIE KD
M CAEITERDLIRD -T2 (1" 7).,

IHIT, 4% NaCl BB RIEKE 3 ik 5358, @
WORFLHRD~T ALHELC, A BN 1%
F—PIEMEA LR 503, ZO RGN B D AR )
BRI DZLIC Lo T RO DT EVHIFLT- (K 8).,
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3.41
3.2
3.0
2.8+
0.3% NaCl 4% NacCl
tap saline

X6. BRRHRVIRYDR(CH TS
ERIERIEHT CTOERE(9/0)

22 -

0.3% NaCl + tap
4% NaCl + saline

Ad libitumiBE
14 21

Pair-feeding

(day)

19
0o 7

X7 BRZRBRUBRY DO XICHTD
ERIEREINT TOHRE(g) DZE(L

28 35

(units/L/mg tissue)

7000+
5000+ .
.I. Yyv
3000- i.- _7'_—1
] vy
1000

0.3% NaCl 4% NaCl
tap saline

8. BRXRMHFRVIPRY DA (CHITD
RFiE 7 )L+ —CEHEDZEAL




—J7, STBL/6 ~ AT I\ CTFIAZ At o B
ZFEML, 4% NaCl B LA A BHK AL IZPED D
TR S —BIEM AN LT, ZDORER, RO 22 #eph
RARHEZ AR 28I (Liver denervation: LDN) §-5¢&,
FHENRT Y, gD L e 27 R EIC
B LT &, NI A2 AR B BRI LR <SS T
WHZEDMEGRTE T, LvL, EERFIAERE OITHRE
DEACZIICD ET 5, EUIRRED R B L2 5 %<
RN, T XTOEREHEETHIZEEL
7

DL EORERIT, ZRBAHERIDMATSND AT =AML ST,

AR IR TO I ZRY X LZHIFEL TWDZ
LETRETHHD ThD,
3.3 RERZIMHSMLESYIBEETZALFEOM
FEOBRYXLDOELDERET
Z— VRIS MR B R R G358, |

I ED EHRRBOONIZ, ZOMED LRI, .—Jﬁik
OG- IR AR ISR 23, IR EICAA Y TF
THE, K FICHEREU T, L, mEHEREICI> T

TI5H00, @EERGRIOMEE TIZITRO/20 -7
(B 9 137 L AN —{ETRIFE L7z 24 R O OB R IE
), — 0, IEEI LR 12 RIS L OB IRE

DFEEEIZHSOWTIL, @ BIER G FRBOEH %D
extremely dipper /3% —2ZRUTZAS, & FROEEINITEL
LBIN -T2 (K10), mREA G LT 5L M ERS
HIZ EHL, 2 HEIVEPRGBIZES (K 11), Bk
NI LI, BAROEIMIZfE> TlED B NEE) )
AL, 7 B%ELZITIZIE A LT (non-dipper /3%
—), 14 S B R G% 2 R (0.3% NaCl) ([ZZ8 5
THE, MEEAROEK T a2t TiED B NZE#)R
B L7, KEBRENZ S, 2B TIE, B
LA D ML %b)KEF'HaEIEF#EEJ:ﬁ@*HF%%mLT
[AY N

INBOFERKY, & — Gl S EZ Y T
BB 1255 non-dipper /X7 — DI E _F5H-23E A
PROJERIZA > THELT Db DEE X BT,
3. 4 BIERZMHESMEDNRIEIZHITSH RAAS OEE

[ZDULTHEEY

¥~ — BRI AR & ML EOJRRE TPl D 7

LT —BIEMECIRFFE LI 5L T E DT>

>
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9

(mmHg)

192465 mE

O~ NS(EERI) 8- NS — HS (ERi)—~ NS

10 EEH & TR DIMES

{(mmHg)

NS . HS NS

Baselne oS W10 wWe17 W Wh21
21 Twr T ws
e
*P<D.05 vs. on'y NS treatment
500
E -
% 0
£ £t
~ w
2%
X ..
{I]
i -
©
°

X11

W7 e W12 WS WRYT W19 Wt

*P<0.05 vs. only NS treatment
#P<0.05 vs. Wk-17




W, BHLT L OF Ty 1 RN 4HET LT
Fv—EBHFEREE G T HERICTRFIL, ZORE,
¥~ — BIX R A T NFIRD 7 LX) —BIEMER
PREEPEAITEA G L TN EAHIBA LT,

—J7, X —VEHEEZET Y NCE RE R AR 59 5L,
FLWMED FRE TR AR, SRERISEE, REE
B DR, R ANEFEZ AT T, FERTEAR
AIMR 7oy —TCThoHTHFEL /2 (CS-3510) 1%, Zh
SO A BITMHI LIz, mER A TRE 2RI
i« g T A= — T LT, =L 30T
HHEEIHHILZ, L EORERED, BAL = AEMEME
WV RS2 M L E DR RE T, 7/VRAT o D%
{KTHD MR BBEEL CTODATHEMEDS RIBE N, LL,
T XL S ATRIE AR fF RO 7 VX —BTE
PR IR FRIEAIT L 5. 2 e o7,

MOETNEELT, ERERE 2 TBERP KKAy
< ACBIIDIREEICEITD MR OGOV TH#R
L7z, HEVE 11 8l 2 BOBEIRIF KKAy ~0 A% 85 2
£ (0.3% NaCl, n=5), HAWIE R (4% NaCl, n=8),
EREA + =%kl /2 (1 mgkg/day, p.o., n=8),
or BRHER + At /77 (20 mg/kg/day, p.o.,n=7) D
3 FECT, 8 WEMERF LT, EIXT — v 73EICTHI
EL, 7 — VI CTRIRL CT V7V RERIE LT,
o, b= =% T TF v —IkE R AL TREREAR R >
Ve XZVOBEFRBEZREL, B OBE LA 2
1%, dihydroethidium e (Z TR L 72, Z D5 %, @H
BERG LALLM C, BREES AR L 2 B
BERIG KKAy ~T AL, KO e7emifE, 7173
PR, SRERIERR S v X7V DG FIRBLOIE T, KBk
IEEA L GRER{APN Periodic acid-Schiff stain FPEERAL) , B
B RAE L (Asan BMSE0T) , B OB L AR A TTHE
Rl Xkl 2w )57 AL ERRICHEE
R AEIRUIZN, AE BT 7R LBl Tkl /v
X, ARISRERIKARR Y v« 27V OBIR T BT
ET VT IR B E A I, BT oPiE L
WRAERUTZ, L EORERIY, maERE I L S5 i+
A B RIB O EETIX, TARAT O ORI THSD
MR 25B5-L CWDATEEMEAV RIS T2, LL, =%
L ATEE AR RO 7 VX —BIG P IR
FRIEARITHEE 52 o1,
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3.5 BEEZ4 LEEOALRYXLE, FhIZfE
SEHDEI

F77, 5/6 Nx 7 MIBWT, BHEREOIK FICfE-> TR
H D12 Z [ EE K D HEIE BN 35 AT BN OV
THEELT- (B 12) . EOFER, BMEEEEIRFOA A
ETAMEIEL, a2 br—LTvhE 5/6 Nx 7O T
W7 (R 12A) , LZAD, 5/6 Nx 7 hD KA TERL
BT RHERICHINL, [FIRFIC R &EB AL (K 12B),
JREDBEINUTZ728, RO Na®, K, JRFEDIRBTEY
BOREMETL (K 12B), JRTFOFRBENEFLILT
L CIiEEFE D EF- L2 (R120) , ZNHDORERIE, A
B ETT LV CIIRPIRMES N2, LRI TR
KM RN <Y, Tz Ko EREOR X
STERIT N~ T-Z LB RL TN,

—75, 5/6 Nx 7vhClL, KEBLIOEHO NatBLW
K& &ML (K 12D 83X 12E), KoaBEbREE
EHL UL TENINL (K 12F), S5, YRR, IHEE,
SERJEIARINE D _EH RO BN (] 12G),

ZDXHRIRRBIZI N T, KORFFOTZOITIFICEIT D
RBIEWE - RFBOERDTZD, FHROTFLX — L%
FRBDAELDDINEIDNCHONTIRELT-, 5/6Nx T b
TRlESN MR FEED FE (K120) 1%, EERR
BATBITDEIE DWW BPRIEFIRIFTOA LRI L%
BlEHZLI-Z AR/ TV, ZORMAREET 5720,
RBYA 7NN —REE LT (B 13), JRFE
FERZEEME THY, (KRPIZHFEIIFALTND
72, AHRE PN SCHI RS O IR B A B SE I IS 52
L7, MRERPNIT K 3 Z AR FF T D, B C DR FE AR
X, T BT VA TR~DEFZBENE TV NEA L
ULk (CP) AR D=8 D NH4 L L COZERBEN ML E
TH5(E 13A), EFE, 5/6 Nx 7YMIBNT, fFr3 /%
WREED b5, a7 N7 VEI YR EE (0-KGM; JIF NH4 it
FIAMOEIE) O _E5H, N-TB2F T2 B (N-
Acetyl-Glu) ® L5, 7 ¥ —BRERENE (T L=y
MOIRBDEFREATOREESR ;K 13B) D 5., T
WP OIRFBOEH BN HZ L2 FRELT, R,
FRAHO NHA BRI AR, 74X —BiEko L5, R
FRED EAN AN (K 13A, 13B), ZhHDOfRER L
BB RA 5/6Nx T R T, BOKRDBEIIMAK Sy
ERESEDHI-0IC, HFBIOMIOREIZEIEDME

_B

En =
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A 24-h Food Intake and

B 24-h Water Intake, Urine Volume and
Urine Osmolyte Concentrations

C

2000
6’ 1500

%;%* o§1000

mmol/L
mOsm/kg

Urine Osmolyte Excretion
¥
6010 o 160 150 o
R &é 8 § 3 & $
3 0] "6 %“% 3100 & }
® 20 9§ of20& F s0f® 8
O control Qo
0 © 5/6 Nx 0 0
Food UNaV UKV UreaV Water Uring
Intake (cations 2-fold) Intake Vol

D Skin, Skinned Carcass, E

Skin, Skinned Carcass, F

500
U[Na] U[K] U[Urea]
(cations 2-fold)

Skin, Skinned Carcass,

Plasma Osmolality and
Osmolyte Concentrations

300 » 290
& 280
290 Zg %@ «  §270
280{# 9@ é1s
10
270{° 8 5
260
Plasma P[Na) P(KI P(Urul
Osm (cations 2-fold)
G Telemetric

mmol/L

No change:! :L] Unmeasured: L}

and Body Na* and Body K* and Body Water Blood Pressure
25
* L 5
03| &3 g ®
3 §§ Qé 2 % E
(2 o 2.0 t £
s 02{ , » o =
Eoalsd JREL :
0.1 Slg
Skin Car TB Skin Car TB
Car = B85 + &, TB = A&k, MAP = HBIRE
13
A [TrRansammanion | Gle6-P || Fre-1,6-8P - 3P Giycerate | BCAA CATABOUISM B
o] (o] [ e ety 3 e @ Arginase Activity
[ow]
e M— e — MG 246 2MC V1 e "
S 0|A FATTY ACIDS m[& mm - 3 O control
‘ | ] C20-Car | C22-Car N O 5/6 Nx
rhe SR°3 Sl s 2w 2me.
| N\ W : o) W ~ CoA j3H8 _ CoA 2 P:o 08
TN I - e N S Q
\ | J ’ 2 AN
e E3\ m_ + G 3 Pl | < w
w [“oyr ] 7 ‘”‘9] [ ) Cycle TA ‘ )
T - N = 1 %
E s’ \) | opy B (o o Q °
[“‘”4 7\ OSMOLYTE m M:ﬂ n
[ \ GENERATION oA
(- Brfies) e %x :;f,':&"’“zw Liver  Muscle
‘D[AMINAHON —— m 1654 @ C 3@ MDH1 Activity
| Pro | Glu EXCRETION
m s d nrocen | /7 R m ‘—J “'0 ) B P=0.08
(EEIERTY el & et mcemlo g e o
\Au] m [r'vlm mm][»um — GkHGkbr}‘ Fre- 1,&»~WH 3-P-Glycerate | BCAA CATABOLISM o 2 e %
MaPent | Mebtex ntocmwsmoswu« 2P Oveenee 1] ¥ ‘J < le) 8 o O
!@ [::] rarrvacos [ci2 | c1s s || ciecor (ciscar | PPL T 1 ? 9 o Q
\E’:m] m 6] 17| 18| cao[ 0|22 ® oo o
@ | (@) Acevicon
et (ew | neo, [aa}- @ Liver  Muscle
w | B (o] ( @l=l
ol m (o Laxa | T o v ® ASATActivity
v = c': =3 .. o] Crcle 5 O
<) [ anop . = o [axc)
g @ j} ‘ g:::mm D] ( '?‘:Ll'v 3o BT 4 o
Ty E Swee ot r ']
& | i:::;:::m —i— GLUTATHIO! 3 *
Uroc RECYCUNG et | Raad i §-P-ghuco 3 1 5 m§
: acetate — X “GSN] § b @
o B e [} [mmre] 1.0{ © &%
m m / m m Iml{cnav (e ] 2-M8T o 5 G
MUSCLE NITROGEN STORES [ wu m m "'::::‘ ‘K:Kl':l;hol,‘:'): Glu m :
Increase: [l P<0.05 Decrease: [l P<0.05 Liver Muscle
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A BREEHINESE D720 DO 2R X LR L E 5 &
EZLT=DOTIIZRVInEE 2 BT,

JREBITITEFR - TIUVBDBRLEZETHHN, 56
Nx TN CIHEREOIMNTE
T T, B RIEDRACTT IR AL TNDDEIMIT
DUWTHFELTZ, HCO3 & NH4 50 CP A RIZINZ, R
TV AN A~DEZBENT) T (Mal) 2D R A2
2 FERE (OXA) DAL E KL TWDDS, Ml E OR%
BTHHT ARG UEET I/ NT VAT 27— (ASAT;
X 13A BLO 13D) (k> TS ND, 5/6 Nx T T
1, M E CoA T afi ARk MEES L (B 13C),
ASAT {EMED ERICI RgIEMEESL (K 13D),
RFBIA TN ASDEFEDORBATHENINL TNDZED DD
“o ZOT AL, BERUBLGREL CTHERET HilEHET
UBROFIAEE@mDOLIERLETHLEZ X LN
D, T IR L E I ICEHIN LT RV
— BERIFELTHOND I ) 2T ) O
AT,

T/ (BCAA) ThHAYEAT 2 (ILeu), 2A
v (Lew), NV (Val) BREALTHZET, h-B-AF /LN
LL—h(KMV), Fh-AVH 7 rx—k(KIC), 7h-AYN
L —R(KIV) 2 ERE VA (K 13A) . BCAA O3 filE
BCAA DZEFEIENE /L (Pyr) | $f:$’§’7bf77:/
(Ala) 12, AV uT7 27—k (OxA) IZIEB L CTT A/RTF
VR (Ast) 12, HDVNIZ RNV VEE (KG) IZERB LT
NWAIVEE (Glu) 127252 L CTRthSNHEE 26D (K
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Mechanism of Sarcopenia Induced by Inappropriate Sodium Intake

Akira Nishiyama
Kagawa University

Summary

In the present study, we have investigated how catabolism is induced by high salt intake which leads to
circulatory changes and sarcopenia during the progression of CKD. Specifically, we have investigated the specific
roles of high salt intake, renin-angiotensin system and sympathetic nervous system in high salt-induced catabolism
and associated changes. Data have shown that high salt intake induces catabolism and circulatory hemodynamic
depression in normal rats, i.e., a typical aestivation response. The central metabolic change in this response is the
activation of the urea cycle in the liver, which is associated with arginase activation. These responses were
suppressed by renal sympathectomy, suggesting a significant involvement of the sympathetic nervous system. On
the other hand, in Dahl salt-sensitive rats, dipping changes in blood pressure was absent in proportion to the degree
of kidney damage. Furthermore, the catabolism-induced aestivation response observed in normal animals was
absent, but this response was restored by renal denervation. In addition, renal denervation markedly improved
survival rate. Specific roles of chymase and mineralocorticoid receptor in the development of salt-sensitive
hypertension and its associated renal damage were also shown. Specific relationship between catabolism and
sarcopenia in the setting of renal injury was also examined in detail. Data have indicated that the CKD model rats
may prevent lethal dehydration by producing and accumulating inorganic and organic osmolytes in the body. In
other words, the urine concentrating capacity of the kidney is impaired and the body is constantly losing water, but
the body retains fluid by triggering extrarenal compensatory body responses. Such a response may be induced by
the production of osmotic substances such as urea and osmolytes in the liver, which requires a continuous supply of
endogenous energy and nitrogen from skeletal muscle to support this metabolic demand. In conclusion, biological
mechanisms to cope with fluid loss may be an important factor in the pathogenesis of sarcopenia associated with

renal failure.
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