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AWfgeTld, F8NENiEETH B 7Yt VB (Propionate : PA) ®PC Ffifk ([PCIPA) %#%5 L
7-#L M Caenorhabditis elegans (C. elegans) \Z°C R AATERIGHT 52 & T, C elegans \2B1T
% PA OACHEE % H5E T 2 PCOM AWk & BIFE L7z, MU [PCIPA 285 L, BIEDPCO, 7 A
SIFTEEE AR Z R LT L 2R IS BN O 22K % ML LPCO,/"CO 2l E L7z, @D 5
INEN2228 0 5I1EPCO,DHBAER SN2, T72, PA 285 L2fHICHB VT PA fCH B & (5
T acdh-1DFERPH ML 72, SRS ORED S, PCOH A5 THERR & 72 CO,0 LI,
P55 L7z [PCIPA ZRRAMEIL, L& CToOWIL, fUH 2R TAmIcPil Sz CO,M % K
MLTWwbEEZLNE. L7z oT, b MEEBLZPARBREKEZAT S C clegans ® PA H
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1. #E

SESRIRIAR IR O, IRFEEB L Z6LLT
DbOET. RENLEHEBR TS L0k - 7
O ¥+ Ul (propionate : PA) - F&IRIZ, WP
MEWMMEZ FWET 5 2 TR S, KB LM
LRI EI NI A VF—HE LTRSS
5. JESIREER IR B OBHIRe I A T VIO
P72 & DOFEREYEDOMY, RBFEIRRIIER R &%
AL LY, BEKOZE Y 22T 4 v I A
b FHES 52 EYVERP SR> TWE. T2,
ULAE TR TR S 78R IRimE, ifas %
PR 7 A I W% & O ORERLL 353 F O B
WCHEGSTHELT, Fh [\ FT74 27X @
WETHDH [RAMAFT 47 R] IRIBENT
WBY L L s, —EoEHIRIE O B 2
TR MMRICHEREZ R T I EPMOENTEY, kKR
PEACHBEECTH B 70 ¥t v BRIE 195 2 W 12
REINTVS. ¢ bOE7EEE VEEIAEIIBT
% PAfCHHEIE Z T3 572012, & b EFEBL 2
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PA RO % B 3 SR Caenorhabditis elegans
(C elegans) DSETFNVEYE L THWLNRTED,
Watson et al. DFZE' 212 & 5 T PA &% B
§ 5 BET DL L~V TOFRBLRF A & 2 &
nTwas,

C elegans \ZIEHFEMEOMBREMHRRTH 5. IF
bk L1ghdedy (L1), L2, L3, L4t o %
#C young adult, adult GEIRWHEZRKH) &Kk
L, #widBL 21y ABREETH S, HEHImm &
ZHBBEM O TH/NTH LA, Mo ESEY
EFML 72K RE 2 b oM M AL Tw B Y.

Wiz, BT 0860% U EXxe ot rvya s T
HY, BIEFREVPHBWES I DS, HE

THBEDOIT OV — L & L CTRWAEIZE K L TWw
5. JESRIIBAH ORI BT, ZRAKTE
iZ Ribonucleic acid (RNA) T#727 = v 771X
HZNAMEBBETDO /) v 2T bbb VIE ) v
7o R E 73S R Green Fluorescent
Protein EERATH N TV B LHLAad 5,

BWTARE288 NG FR A ALK 7
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MBI BV CHSIRIIRO R ED OB 22 bx
fERE L 72 iiE 134 .

% 2T, C elegans Wi EW & L THERK
L7z COZIEIC & » TRAPICHE T A2 L1
FEHLZ $4&bb, °CTINNVENE#RLE
P (PClE L&) ZMRIHES L TILTo
BCO,/2COlt (APCOL%) % H5ET 5 °C AT
FEERACSHT 5 22T, BB THIREEE
FERMNICNECTEEEZ . EREWTH S
5 v MAOPCIHR GBI IRE s hTB b,
v MIHG L7z [PCHERAL &8 sk 0 PCO,0
EMHETH 5 2 LA ShTw 2 Y. R TIE,
C elegans DCHEE % W& 5 5 B L\ 4k & A7
T 572012, PCIRSHEDORBA~DIEH S
DWTHET L7 (BUF, ARWFZE TR L7-aWr Ak
ZPCOMAGMET 2).

2. B&
2.1 EERHEZE

[PClE AL &3, [1-°Cl 7w € YT b
Y 7 4 ([1-BCIPA, Cambridge Isotope Laboratories,
Inc.) BIO[PCl HEEMEF MU A (BClBicarbonate :
[CIBA, Cambridge Isotope Laboratories, Inc.) %
WA AT K CLERREICHE L THw, —
72 [PCIPA & 70 €4 B b Y o o (FIG#
TS 2.
2.2 C. elegans DEREBHE

C elegans B X U ¥ TdH %5 KB W OP-501
Caenorhabditis Genetics Center (University of
Minnesota) 7> 5 AT L 72, # X OP50% % A
L7z F S H# (nematode growth medium :
NGM) ET20CHOA vy FaR—FNTHEELAE. 1
B Z LR AFET AR —EREZ Y H LY,
B L NGM ISR L7z, SEBRICH WV AT,

Peptone-free NGM 354t (d 6 cm)

FYhr—%— (R 135m)

\

[ C. elegans + [BC] PA ]

FGATAT =V RRZ B 72D FAPER WA+
v IK50mL, 5% RMEIEFEEET b 1) 7 A E40mL,
5M NaOH 10mL/100mL) % v CRER{L % 47 - 7.
2.3 CO, 4 ZAH/MEBOERK & AIEHE
135mL HE /MBS 7 — % — (AS ONE
Co) DF2—=TaAXT7FIBIONNNVTIZFa—7T
2T, BT AEDICFa—Taxr 70O
Fa—=TI2ay 7 ERWDDF/ 6ecm ¥ v — LI
PE L 72_7 + » 71 — NGM 12 [1-"*CIPA % #% 5
L-MmzEEL, BTy r—7 —WNIZEMBLT
HMEFTACHA v FaR—FHNTEEL. N
TR OF 2 — TIHEHEH A (95% 0,/5% CO,) A
DNy ZEROMHT, bH)—HDFa—TI2vY >
VRO, v s RHELRELY) VYT
D= —NOEKEMILL, RISy 7 (K
BRSNS 12K EH250mL FRELL 72, 7R
ARG T2 POC one (RIFHIEMRA &)
WZERIRPN Y 7 ER=A T 4 v & LTHEHES A A
DNy ZRBERL, TYr—7%—NDA%C0%%
Wz L7z (D). WEIZAPCO% IR s E
THYE LTV, WEEORM (ZAPCO%) 2
THTFT— 7 DK EIT- 72,
2.4 CO,HApMiEEEVECO,NAIE
6cm ¥ —L EIZ75mM[CIBA 100uL & 0.5mol/L
e (DGR A 200ul 2 EhEhoE
WASIN WX DI L 728, T3 7 —4—HI
BLTHERL:. 20#%, Ty r—7—%B{ET
TTFYr—9—HNOBREZEML TS Y, 7
T — 5 —NIZPCO,Z FE S B 721k, PCOH A5
W% 4T o 72, 75mM[“C]BA 100uL O & Z @b L 72
Yxy—LEZarviru—n&lLi.
2.5 KIEH OP-50#/"°CO,H X A hiERICE
T2

E e

OP-50% LB Broth Base (Thermo Fisher Scientific)

—————————
-
’

Pu— b= 95% O,/ 5% CO, HEHEH X —
$ e ISR S 7

4

ARG I T2 1

K1 '°CO,H XA PHEBOER
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ZHWTITCT—Wass 3 L7z, KRLH D OP-50,
75C @ BIK TR BN AL EL L 72 OP-50 (75°C HK
OP-50), 121C C205 M4+ — 27 L —7# L 72
OP-50 (121C HK OP-50) % Z#hZ#6cm ¥ ¥ —L
CHER L7727 b > 71 — NGM 1218472 9 40uL
WAl L7214, Sl C24RE B X 272, 75mM [1-°C]
PA 100uL # ¥ v — L o5 L-%, BEbHicFTy
=y —NIZER L. 4 v Fax—%T20C, 72
B3G5, BCO N AW %247 5 72.

2.6 "CO,HAHMERWEC. elegans D70

EA CBAHORAE
NGM L @ #t W % M9 buffer (Na,HPO, 6.0g

KH,PO, 40g, NaCl 50g/ i 1 4 7K 1L) TMHIX
L CH#IL L 72, 2000rpm T4 [ 0 55 8 L
WEDI00uL 12725 X ) IC EFEZB Y BRWTL1Y
REECBEER LCIREE) Z/ER L7 96well
plate (Z1well 72 V) LI % Z20ul, 121°C HK
OP-50% 30uL &N L 7= 5528 % LA HRICH R 3 %
FCNCHA ¥ Fan—yTHERLSE ZhEh
® well 12 FEAB0mM/150ul & 7% % X 91275
mM [1-°CJPA #100uL #%5- L 72#%, 6cm ¥ ¥ — L
CHERR L72XRT Py 7Y —=NGM IZBLCTEHIZT
V=S —NIZEM L. TV —%—%20C T72
RERIRE 2882, PCO 0 A & 4T > 72, LURE I %

=1 T74<v—0DE5

PCR primers
Gene Forward Reverse
acdh-1 AAGCTGCAATGGCGAAACTG ACCACCGAGCCATTTTACAC
alh-8 TCAGCCAAAATGCCAACAGC ATCCACAGCTTGACAGTTGG
ech-6 GCCGCATTTTCAAGCAAAGC GCGCACAAAGCATTCAAAGC
gob-1 AATTGGGCAGCTCTGTGAAC TTCCAACCAACGCGAATTGC
gsy-1 TTGTGTTCGAATGCGCTTGG ACTTCAAGCCGCCATTTTCC
hach-1 ACGCGTTGAACCTCGAAATG AAAGATCGCACAACGGCAAG
hphd-1 TTAAAAACGCCGAGCAAGCC GCTTCGATTTGGCAAATGCG
mce-1 TTTCGCTGTCCACAAGAACC ACAGCCTCGCTAACTTTTGC
mmem-1 AGGAGCAATGTGCCAAGTTG TTGCATCCAACGCCTTTTGG
peea-1 TGTCGCGTGATCAAAACTGC TTTGGCAGTTGGAGCTTCTC
peeb-1 AAAGTTTGCTGCTGGATGCC TGAAAGCATCGCAGAATCGG
pck-1 TGCACGATCCAATGGCAATG AAGATCTTTGGCGCCTTGTG
pfk-1.2 TCGGCAAGAAAGTGTGCTTC TTGCTTCAACAAGGGGATGC
snb-1

(internal control)

TGGAGCGTGATCAGAAGTTGTC

TCCACCAATACTTGCGCTTCAG

tre-1 ATCCCAGCCGATTTAAACGC TCACGCATTTCCCGTTTTGC
tre-2 AAAATCCGGTGGCAAGTTGC AAAGAGGCGAGCAGTTGAAG
tre-3 TATGAAACCGGCCACATGTG TCCGTTGCTCCATCCAAATC
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M9 buffer {2
7.
2.7 TOEFBKREICL S C elegans D70
EF CBAHEE T FRIEZ( LD
OP-50% #:45 L 72 NGM ([ 1L L 7- L1sh il %
WML LA IR % £ T20C TR L 7214,
M9 buffer "¢ [ L L #1000PC & 7 % X 9 1215mL
-3‘-; TIHEL 72, PA ZR#IRESOMM & 72 %
I ZHE L T20C T24Mp I RE 2 L7z, PA & M9
buffer WEEHEZ CHREL-BERZY bo—
& L7z BiaEfE, 2000rpm T145 R0k L < k-
HEID Bz, 8512 M9 buffer T3MIEEE L,
WARERZ TR Z 8 SRS THB L2
#, RNeasy Plus micro kit (Qiagen) % M\ T#t
HH 5 RNA 23 L7z, ReverTra Ace qPCR RT
Master Mix with gDNA Remover (BEFKRE
) ZHWT, #Hlil L7 total RNA 200ng % #5250
I\ complementary DNA % & & L 72. primer (&
PA R B & 1= T CTdH % pcca-1, pceb-1, mce-
1, mmcm-1, acdh-1, ech-6, hach-1, hphd-, alh-8
% Hvy72 (3%1). Emerald Amp PCR Master Mix (%
B I 8NA F kA A&4E) #125ul, 10uM forward
primer Z05uL, 10uM reverse primer %0.5uL,
cDNA %#3uL, ®WifiK%z85uL ZiRA L7214k, Wilx
H. Polymerase chain reaction (PCR) % 1T - 7.
PCR §:#£1394°C - 245, (94°C - 30f4 1, 55C - 30
I, 72°C - 150H) x30%-4 72 v, 72T - 1040 &
L7z. PCREWIX1% 747 HE—AF V& HWT05X
TBE |2 CESKE) L7z, kB, WSE-53007) ~
b 2757 CMOSI (7 b —#A&4) K TrXVvED
N FaRis L, WRENT Y 7 b Image] & HWT
Ny FPoRGEERIL L. &b, BaFoORBRE
BNTAXF—Y VT BIEFTH 5 snb-I1DFEH B
b EICIERIEL 72,

B EERE I bPo—LE L

3. R
3.1 "CO, i Z2p#iEERVECO,NEIE
75 mM[CIBA % I\ 72PCO, 7 2 5547 D& 5F % 11
IRL7z. WL [PCIBAZEMLY vy —L %
iﬁﬁﬁ LTy ——h50ILL 72225k % 55CO,
DOWHPFER SN2 (2 A®CO,% =SE =26905 =+
340.3).
3.2 KIBE OP-50##"°CO,H XA pMiERICK
Fgrp- -
OP-5012 [1-"CIPA %% 54 % &, RO OP-50
(X A®CO,% = SE =19974+2624) 3 & 75T
HK OP-50 (Z A"CO,% = SE =617.3+654) # 5
BCO,» B 2R S 7z, 121°C HK OP-50T i

BCO,mHHBD MR SN o7z (KM3).

3.3 BCO,HFXPMERWEC. elegans D70
EXCBABHOBES LU TOES U BA
HEAESETFREE(EDOHEER

[1-BCIPA 25 L 72 C elegans 7 55C0O,» Bl

MHER SNz (M4). 72, PARBERIET D

UL, T hu— L RIELTPA %5 LR

W T acdh-1DFERPERIHM LA (K5).

3500 1
3000 A
2500 A

——

2000 A
1500

TABCO,%o

1000 A
500

ND .
Control [CIBA + il
2 13C02j7Z%*ﬁ‘;ﬁ%ﬁﬁb\f:‘]aCOgd)iﬁuE

2500 1

2000 A *I—

1500 A

1000 -

500 A ’—X—‘
ND
0 1 1 J

EW 75°C 1HFRE 121°C 2045

3 KIBE OP-50%#"°CO, 4 A i RICRIT
%

SABCO,%0

350 4

300 A
250 A

TABCO,%0
19
(=)

100 ~

50 A

ND

Control [1-®clPA
+iRH
4 SCO,H AN EBRWEC elegans D7AE
F B OBE
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1.2 4

1.0 A

0.8 A

0.6 A

(/snb-1)

04 A

Relative gene expression

0.2 A

0.0

H %

.

|:| Control

peca-1  peeb-1  mce-1 mmem-1 acdh-1  ech-6  hach-1 hphd-1 — alh-8

[] 50mM 7mes+ g

5 70OEF > BAHEEEETFRRE(LOHES

4, ER

AW TIE, C elegans H3HEH L 72C0,% *CO,
HAGHINCTIES 5 2 & T, FHIRIIRE O HHE
REWTRETH L L EAH L. FF, [PCBA
LB E S S TTF V7 — 7 —WIZBCo, % 554k
S, FZOEREBRPLTHNLIZEZA, T r—
& — P2 S L 72 2255000 & i BE O PCO, A5k
ENTz. 20720, FHEL725CO,0 A 5HrdkiE %
HWTECOZMEMNRETH 5 Z L MRS 72,

C elegans D ¥5EE120& — e W12 FE9w B ME K G &
OPS0BAELE LTHWONTEY, fETHS
OP-50%3°CO, A A 53T i e\ 552 % T3 W] gk A
RME &7z FEBRIZ, OP-500 4112 [1-"CIPA #
BeH L ZARBBEOPCOMHIEE N [FC)
BA OfERA5EAE L 72°C0O,%100% AL L 72356 0
ERET S L, OP-507% 5 3 L 72"°CO,» [
3HKIT74% £ B Z LS, 5 L7 [1-BCIPA Ok
855 % OP-50AMCil§ 5 2 & MR & 7z, OP-50
%#75C TR ALEE L 72 OP-5012 B W T B [1-ECIPA
DRBPMHERENTZ EH S, AL TIEA— b
7 L —7"THW L7 OP50% filf & L CTHwW.
121C HK OP-50THX:%2 L7z C elegans \$FEHi#T
BOEH L T2 5, MBI X W7z )
C elegans DIEHIKIFTTHAOKBIIV LR VWEE R
biad., LeL%aAs, @fHZzEnsix OrP-500
KEAM 2 KT S/ 2 WD D 2 720, OP-500 3
Y RBR AoV TS BT 2L ENDH 5.
F 72, BIMORRICUE L KBRS % & U kE;
WIZ &> THRWICHET 2 305 0, PCo,
HAGH O L0 #Y) % Gelh & 3 3 5 12D 5 h
AT ANENH L.

C elegans \Z CO, N A5H 2@ T 512720,
60mM DL b o 55 i BE U AR R O B R AR B
TT22en6", RIFFETIX PA % 50mM 12

HME L THEBEEIT- 7. C elegans 13 PA OICHR
FIZOWT, ©F 3V B Ik LR L ©
7 3V Bl AR L R (v v MER)
D2o%HFLTEY (K6), PAVEELERETT
¥ v v MEETO PA REESE 2. vy
VMREBETEYO VBEI T VTR R L T 2TV
CoA IR ENBERET CODEREI NG, &5
I27 2 F )V -CoA i TCA B TREIIAH I NS
7o, HIIZ PA ZREK T 5 KK ILTRT COk
oo THAMCHE SN B, 50mM PA ¥ CT24K5 [
FARER LR N OB TFRAEZHAT S L, Tu
Vd=V-CoA%T7 7YY VN-CoAICEHT AT ¥
WV CoA Fke FarFr—¥%a3— V35 acdh-1D%
Hasarybo— Ve ELTB L ZI2ME5FE SR
72. 72, C elegans \Z[1-°CIPA 2% 5. L2k 2
ABCO,D W AR SN2, C elegans 13 PA %
WEALE M TRHT 22 25", BCO,H R 45t
BENTHERENZBCOME, %5 L7z [1-°CIPA %
C elegans D3EHLL, HALE TR, fCHF L7245
ERHLLTWAEEZONSE, ZhLORELY,
AREFFETRIZE L 72 CO N A5 iEZR WA Z & T,
C elegans OSESEIRIFBR A REDOWEHDTHETHD 5
ZEAURE SNz, AR IXEIEE O S S FER
B OLHRFI I EE > TBY, BWEBRONRIC
EE N C elegans |2 B\ THIEWHHE D E
I 2R ACH L OB 2 W B2 5 °CO, 0 R 45#T
B, EHIRIIMA B W CTHER RS Y — VD
=D B EEZLNL. T2 ZTOSHEIZEH
BIEHE D A 72 S FTIRIEAYIC CORB SN AW T
HIUTHEMWEER Z & 205, B EETREHO
ZALAEBIA (EBEOMRHEAL) ICRIFTT LR
RL1DDAZ ) ==y 7L LTOHHTHD L%
AbNhb.
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Propionate
Propionyl-CoA ——+—> Acrylyl-CoA
peca-1 acdh-1 ech-6
peeb-1
. 3-Hydeoxy
> § D-Methylmalonyl Propionyl-CoA _
2 5 -CoA =
=} o 1=}
SR mce-1 lhach—l E Z
s 2 E
g A 3-Hydro = =2
g £ L-Methylmalonyl yeroxy LT
§ § _CoA -Propionate % g
- mmem-1 l hphd-1 ;'D-
Succinyl-CoA Malonate =
' semialdehyde
co, 4/1 alh-8
CO, «—T1CA cycle < Acetyl-CoA
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Measurement of Short-Chain Fatty Acid Metabolism
of Caenorhabditis elegans Using °C Breath Test
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Abstract

In this study, we developed ®CO, gas analysis to measure the metabolic capacity of propionate (PA) in
Caenorhabditis elegans (C. elegans) using “C breath analysis. *C-labeled PA (*CJPA) was administered to the worms,
and after transferring to a *CO, gas analyzer and culturing, the air in the analyzer was collected and the *C0O,/"*CO,
ratio was measured. The appearance of *CO, was confirmed in the air collected from the analyzer. In addition, the
expression of the PA metabolism-related gene acdh-I was significantly increased from the C. elegans to which PA
was administered. These results suggest that the appearance of “CO, confirmed using “CO, gas analysis reflects
the concentration of CO, excreted into the air through absorption and metabolism in the gastrointestinal tract after
ingesting the administered [°C] PA by worms. Therefore, it was suggested that the PA metabolic capacity of C
elegans, which has a PA metabolic pathway similar to that of humans, can be measured by using the *CO, gas
analysis. This analysis can contribute to further understanding of the physiological effects of short-chain fatty acids.
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