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Abstract

Over-representation analysis (ORA) is widely used to identify significant pathways in
metabolomic data. However, traditional ORA approaches, such as those implemented in
MetaboAnalyst, do not account for undetected metabolites, potentially resulting in
significant biases since undetected metabolites are automatically classified as non-
significant. In this study, we used fasting mouse metabolomic data and developed a novel
ORA method that leverages information from detected significant metabolites to estimate
the possible range of p-values by considering all possible significance combinations among
undetected metabolites. Furthermore, we introduced two probabilistic models—a binomial
distribution to estimate the number of significant undetected metabolites and a beta
distribution to model their proportion—resulting in narrower p-value ranges. Finally, a
hierarchical Bayesian model utilizing shared information across all pathways was applied,
with resampling from the specified distributions to calculate ORA p-values and achieve the
narrowest p-value confidence intervals. This approach highlights the importance of
accounting for undetected metabolites in pathway enrichment analysis to enhance the
reliability of ORA results.
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Abstract

Over-Representation Analysis (ORA) 1, A XK\ I 7 R7—XICHT5HELIREZ R
ET D7D EHHINTYS, LAL, #E2kD ORA 77w —FTld, Rt ORH
MHBHBICIFAEEREM L L<ikbi b 720, BIENRANA T A4 L 5 AR 5
5, KifFgEClE, Mg~V RAHRD A 2 Km I 7 AT —=2%Hv, BT nzAEREY O
BERZIEH L, A REY 2 &0 7560 p EHAZ M2 EDLEr OHEE ST 287 &
ORA FEZRE L, T oo, RREREYOHEELE Z “HI MWD LIREST 3 €TV
. ZDEEER— 20 TETMMUT ZFELZEAL, K p EHIFAZ KL 7, &k
I, ARIEICHBEOEREHVCIERA X T AL REL 20 v 7Y
vZ7'LT ORA © p fEZREHIL, &b p EEBEXEZERL 72, ZOMEIL, K
MR % RS 25 2 L 0EEEIIR I NI,

Introduction

Over-Representation Analysis (ORA) 13, X & F v I 7 X757 —&IcH5<{ Metabolite Set
Enrichment Analysis (MSEA) IC W T, HREAREKZRET 2720 ICALFHINL TS
FikETh 5[1], ORA X, B NP & v P BERBEEICH W CTHAICA S LB
ZEZ T2 %ML, FEOFAEMNZ p HICESWTHET 2D ICHV LN S P,
ek ORA Fik (ff] : MetaboAnalyst[2]) TldRMHE OREYIIERE & KE S LT
5720 FENTASRICANA T AP L 20[REMED S 5, C OIRGE IR, REHEH# A% T —
Zxy MEWT, REOAEMEZE/NHE$ 2 KL &5,

KRR EYLNCERECTH 2[Rtk b H 2 2 e o, M n@EY o %%
BRI TRIEOAENZ X VEXCFHEcZ 2 Liffan s, £/, T n
HYCET 2 EEREREENT LT, RREAEYOBEN AR ZHEEST 2 C
EMHRETH D, LA L, TNE TOMMETIE, B L ARHOMRHY 2 HENICEET S
ORA OFHEIFRERTH Y . RG2S D 72 & A MEFENE % BAME I 5 775 13T X
T,

AIFFETIE, B~ AHKD A 2R v I 7 27 —2%Ho, KEHAHYI 28 L 7289
7272 ORA FHEERET 2, T MBE~ Y ADT — X2 545547 Principal Component
Analysis (PCA) @ loading % H\w CHERH#Y 2 FrE L B KRR E0 I =
DOETOMAGEDLEEZHERL T p EOHR/NERKNOHPHZEIL 72, 20k, —IHSH
ER=ZDHOMEFRETAEZEAL, BT — 21O CHERNHEEIC X Y p fHHEIPHZ X



LD 72, miZIC, BEE~A XE=T v TR IbE T 2EMREHEe L. REL-
DALV TV v 73528 Tp EHZEHL. ROENEEXMEZIZERT 5 2 & ITHK
L7,

Materials and Methods

ATl HBREDO~ Y X6/ LN ALZERa I 7 RXT =X 2T 21T - 72,
o7 — 2, R E B L RBHB I L B S R % B IcH B2 5 L 72,
BARIICIZ, E8 00 (PCA) 2EfTL. H—FH7 D loading fEAE T, 222 p A
0.05 KitiDfUHP =z AERE#W & LTRIE L 72,

BANC, "= 74 v e LTHEKRD ORA FiEZfH L. AHRE# 2z 2 OFFE L &
BN AT o 72s TOTTEIR, —MRIICHEH T 2 MetaboAnalyst D7 7w —FICHHY
L. RBEHEAREPI D 72 0 TR MHEEREEZZEB L RO TH 5, Ric, REHAGHPIOHLY
P B 2 E R R T 2 720 RREAREVI P EE»IEERErO2ToOMAatabE %
EREL, BEIKICHIT 2 p HOR/NMEL RREZREH L2, 207 7o —Fic X, KR
AT S 72 & TAMERMERIEE B OHEE I KIT T E L ERNICTN T 5 2 &3
AJRE & 7 o 7z,

T o, RBHIAHYICBE S 2 RHERMEZ FERAICH Y 5 720, o DHERET A ZEA
L7zo 3. RRHEAHYICH T 2 HEABY OB —HHMmITHE S LRGEL., il E
A OIEH % T, BRI CORMABNHYBEHEST 2 HET VERM L, %
oo KRR O EEZEIG L LTRA. 2 DEIAR =X MK D LARGEL 72~ —
ZETAOH VT, ZOJER. THETAVORBET Fm—F & LT, WERMICARBHAGH
VMoREEGZIEEST 20D TH S,

RRIC, 2ToRKICHET 2 HHRZEH L, p MOEHEIXEZ X 51D 5 720 1T FEfE ~
ARETANEEA LT, TOET VT, RSO RINHER RN OREIBAEL &5
EHR) 0 [pl 23, &REgICHE T 2 9 ICHE 5 LGE L. FEE&RE o R 1c B 3 2
EMATNCH 572 BAEICIE, TTREROBINEEDOIEL DX ERTANTIA—X 04 %
WEL, ZOIEH2E0d & TEBIEOMIER 0 [p] BBIMIEINZ L L, Ric, &%
D BIIER 0 [pl X, HRIKIC B T 2 REF oG » LBl S N2 FEEOEG uolpl
EbHLIT, BRDIFOLDENTA—X 04 KIOVEHTZ2 DL LTHEEL R, O
HE polplid., HREEOMIBFREYIO > bEE L INREWOEIG LR L. KR
WMEEZERL-AREOHEZIT) 00T -2 L CHWRZ, ET1rDOH VT Y v
XY BREIE S L DEINHER DM G20 b | SR ICH D W CERIKICE T 2
p EOHFIMH ZEH L7z, Zhic X0 RRHAREY B R & 07888 O A R 25 il BE
%0 BT — 2 O BATHKA L 7o B0 @R A B O HEE AR L 72, AR,
RONTEINFERDY v Tk d LT, BREHED p HD 95% FHEXEZHEE T2 2L T,
KEHEREY OB A G X B A BEEHGER X iz,



Results and Discussion
KiFFE TR, Mg~y AHKD A 2R v I 727 =2 % AT, ko ORA Tk Hir:
WCBALHERETVICE 2T 7 r—F % L, R 288 0 F =G 1 5
Z 5 RBICO W CHHIlICRET L 72
T3, fEkd ORA Tk & LT MetaboAnalyst 2% 4 LD ORA % L. RBEHHEY
T RCIFERE LRE L CRIEDE BRI % 17 - 7z (Table 1), Z D FikTld, Glycolysis
(p = 1.00E-07) 2’dEHETH Y, & 51T Pentose phosphate pathway (p = 0.0034)
TCA cycle (p=0.0042) &\ o 7= R D HEMELRD b7z, LA L, Glutamic acid
and glutamine metabolism (p = 0.4552) < Valine, leucine and isoleucine metabolism (p =
0.9491) 7Y OREETIEE W p EREON, AEEMMECFHE S W 2R E R o7, T
TEhH, fEKRD ORA FERIFEHN T — 21 K L. RIEREY AL iR (]
Glycolysis) TREEHASENTIEND ) X2 255 5 2 L ARBE Nz,
Kic, B N7 O 22 H e ORBO AR ZFHE L 72 (Table 2), DL TR,
R % A L, BT — X ICE D CTICRE S 5 2 & T, i & -3 o &
WRAE L 7= RS-l 23 il g & 72 5, Glycolysis (p=2.33E-05) < TCA cycle (p=0.0046)
FIRAR L L CHEEME%2/7R L., X 51T Pentose phosphate pathway (p = 0.034) & X O
Polyamine metabolism (p = 0.034) 2F7-ICHEARZKE L Tianiz, o7 7a—
Fld. RRIARHEYICBE T 2 82 PR L. Bl I N T — 2 0 A CRIEO A B2 KBS
CFHMis 2 Fik L vz 5,
IO DREREEICEET 5 & KRHREM 2 T XU E LIET 256, 4 v X
ZELLT R, FiRE LT p HICKE L EL 52 5 HELRDH 5, BRNICIE,
Glycolysis DI MR N REW O 4 CRHIIT 2 & IFARRWEED V70 85 720,
Ay AHPMEL 20, p X LA L CHEEMESFHGi T A AR o s, —77. KR
HREY % T RCIFEE L IE T 5 MetaboAnalyst O 7R Cld, IFEEARWEE M 2 5
Tl T Ay XHBEL Y., p BN o THRESEKICGFHE S N 25625 5,
ZD Xy, RBRHRFY O NTTIC X » Ty KEBEH L, ARl K & R
FERIZ, 7EkD ORA FEICH T 2HEELHETH L L WA b, T2, KEHAHYZ
TRCIFARLIET 2FETIE, GHICE > CEIBROAEWESE/NHE X N2 7210 T
L WHTERFHI E 5 ) X7 QRS 2, Fric, BRI RE DREEE ICR > TV %
Bae. RHERE NS CEAICIZ, A X R I 7 AT 0T A I ADT—Z kY bIC
BT FRICIKEE L 7254 7 A4 L 2 WM B %,
RiZ, Urea cycle IZ2WTHFEIRICEL L 72, AR CIEARBBAEHYGL S EET 2 72
B KD MetaboAnalyst A X 4 D ORA FETIIAMHEVEZ T X CIEERLIET
% Z LT, p fEICXT 2B PFHCEAEF ICHN 5, BARIICIE, Ureacycle D2YH % MNR
I L7z 7 m 2GR TR, I A ELREY L AR R O 6/17 TH



D, BMHINIEZWEDORERCEEED 6/4 LR THERHIEL CTnwb, 20D, £
IR 2 A E LROE L 256, IFAERRBEME 1S e Ay AHHZHL T p
EBSKEL RZ T ERTFHIENS, T5ic, Ureacycle D X 5 ICKRIRHIE RS WA, K
BESHEZ 2 2 Tr/rAEFHRICBILHEE/IFEEO 2 — vl fRe LTt
ko ORA FIECHEINS p HAXILICELET 2, 2D X5 A, p /NI 3
fiFa b HERR S . FRICHERD ORA TR CIRIEOEEME /B AT S 2 )V A7 BEL
52E0EEZHLNS, fE- T, Ureacycle D& IIRMHEME RS W C &5, KiEWE
ZIFEE LIRET 2R TFE TR, FFICHEEROHES AL EICEZ Y PTwE R 5,
7o, RREREDOETOMAEDE ZER L., Kiti&o p (EFHH (G/IME L mAfE)
ZEHT 27 7a—F%BA L7 (Tabled), ZOFEIL. KRB BEECTH 2 H»IE
HETHIHPDOEAR -V RE[ET 5 LT, p HOHFAEILT 2 )T, KEHR#ED O
BEMEICK o TREEEHl2ZS ENIZ EED VG202 HIEICR T 2 LR TE 5, Hl 21,
Glycolysis @ p fH#IPHIZ 8.38E-06 72>5 0.0001985 TH V., RIKHHETH 5 Z & W
RENB )T, TCAcycle Tl p fHEIPHA 7.27E-06 25 0.1967 LAY, RBHIM
Y OHE/IFEEIRIETMIC R E B A 52 2 C EBRBI NI, ZDT 71 —F (i,
KRR D A T2 23 AR B FTEAM 1< T 32 % E B ICFHE 3 2 720 B ©H % 23,
B/MEE RARMEDOZEDBILR Y T & 5720, AN RH BT BRI 2 0 155,
KBHARHY O E L X 0 CHIPH cHEE T 5 720 RBRHEREY OF B M IC
WS ERELET Fu—F %BA LT (Table5), —JHEFATld, RRHREY D BAHTHE
RIITHHT 5 LIRET 5 2 & T p fHEIPHZ AL D A, RiRH G D2 % —E #HiP i
WHE 22, ZOHIETIE. Glycolysis O p fEHIFHA 2.55E-06 & IEFIHL | fhoFik
WHAREE LT BEWLRE O, 72, Tyrosine metabolism @ p fl#ipHd 1.20E-17 2»
5 1.33E-06 &< REHAREMATEE L COARMESHR I Nz, COHET LT K
527 7u—Fik, BT — xicHo A REMHE & RRHAEY O HERE DT v 2%
L3720, REOHBEWHECE W TREOEWERLIE O L,

o ic, KRRV OEEEI AR — XM IHE S LIRET 2 2 & T KRR O H
Bt 2 R AFHEATRE L 72 2 7 70 —F #EA L 7= (Table6), ~— & 534iid, KR
HRBEY OB G ICHK D& | FMAIEREAT 5720, ZTHET NV XD b JAH R0 n] HE
Th b, BEMICIE. Glycolysis © p {E#HiPA T 2.55E-06 2>5 6.66E-05 IR L, —IH
ETNVCHARBETER Y BREONE 28, KARL L CRWERESER I Nz, /2. TCA
cycle D p &P D 7.27E-06 A5 0.0054 ICFHEExn, “HETF AL FAKICREOER
PR % ZHICITZ 3 2 EBSRENTz, TDOR—ZPHET AT, KRB O EE& IS
U 7= MR 2 5 28 alRE L BT — 2 i & 72 WIRREKFTAN & SR IE L 72,

RIZIC, BEE_AXETVEEAT S 2 8T, &R ICHET 2R A L, R ot
A I N3 5HIERICHE D CEHKXETo p EFHEi%Z 1T -7 (Table 7)., ZO7 7'm—FT
1. REHREY) OB D M DFERE 2> O DIEFRIC X o THITE X 41, 2R & LT X R (EE



XE2ME O Tz, 72 & 21X, Glycolysis @ p fl#iPHIZ 2.55E-06 2>5 6.66E-05 T, fit3k
DFRICHR TR PLCHHFHICINE 572, £z, TCA cycle (p fEHIPH: 1.04E-04 2> 5
0.0237) b [RIERIC e HIPH <Rl < . SR O & RO F B FHGi 2B e & o 7z, &
DR~ A4 XE 701k, 2REEOIAERIC X 08Ul 7 — 2 Off v % R/NRICH 2| %
DHEBEWHFHIICE W TROBEOEWHIRIHBONE T LR LTV,

WET 5L, (kD ORA FETIRMINREY O E 2 EECE I, BT — X Ik
T2 0RBOFEESENHEE NG ) X2 083H -7z, —HT, &laGbEICXs p
EHIPA D HEE 13, RIRHARHY O E L ERNICHEIEST 2 5 X THHTH 57223, p [HDOH
P EA Y 3 &2 2 & T, RO INEEIC 72 2 ATREMED & - 72,
ERETNADOEANCL Y, ZHETARLR—XETAEH VS 2 LT, FEHAHYICB
D AHEREMEZ —ERFICI 200, XY RE L RIS A BETH 2 & & A HER S urz,
I ZIHE 7 TR I Y O TERAVHEE 217 5 © & T8I T — % & R ©
W ANT VY ARCFHEI L. R — X T VITRBHAEY) O EI A O3 5 R R ARE &8
AT 2T, By F ) ARG T 2T &2 aTREIC L 72,

LI, BEE_AXETLOBRIC LY, &REICHET 2 1EME A LR RED o
WL RAINCHET 5 2 L O, BT — 2 IOBEICKIE L 2 WEEEDE - p EFEE A
FEHI Nz, ZOETNIERBEHCHAE SN2 5EUEREHAANS & & T, RBHAH
P B S 2 HEFEME A R b ARSI 2 S, BT — & OfF Y % /DRI 2 72§l
WHEETH - 7,

DL EDFER DS KB 2 EE L 2 R T A EBEERA X T 7 e —F 13, X
ZRw 17 AT REOABELHIOREZ S0 5 L THHTH 5 2 LRI i,
KD T 7' 1 —FF. FRICRBRHAHY) DR E RIS I K & 2 AHEEL b 253
T—RICBWT, ko ORA DRAZEZ 277EL LTHETS 5,

Conclusion

AWHFETIE. kD ORA FESARBREREY 2 AR L AL T I Lic X o TEL 2 RA
LT 2720 i~ AD A XK I 7 2T -2 %L, REHERHEYEERE L 725
JE_AXT 7Tu—F 2 REL 7z, ETORREREYOMAEDE 2R L 7= FPHEE I
M, ZHETANBLUR=ZET A EH WS 2 LT, RIRHREY O HEFRIEL KL >
D p [HOHPHZ KD 5 T &3 TE 7o, wAKIIC, SRR ICHE S 2 HHZ2 G I 2 R~
ARETNEEMNT 52 LT, DBPOEEKMZERL. X VEEZOE Y ORA #R%
B LHRTE,

CORERIZ, REHREYIRAFET 2581 wThH, MSEA o2& 2720 D)
BEELTHERAXT 7o —FREMTHELILERLT05, RfELEFEIE A XK
127 RICHF 5 pathway enrichment analysis OFFE R LICEH S L, KEHAHY 02 %
R L -EHEEOE VISR LR T 20 TH 5, RKIFROMEIFZ. A X Fa I 72T
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Tablel. MetaboAnalyst 2 % 4 L DfEKD ORA IZ X 5 MSEA Dt R

Metabolic pathway p-value q-value
Glycolysis 1.00E-07 2.61E-06
Pentose phosphate pathway 3.40E-03 3.65E-02
TCA cycle 4.21E-03 3.65E-02
Glutamic acid and glutamine metabolism 4.55E-01  1.00E+00
Alanine, aspartic acid and asparagine metabolism 4.99E-02 3.25E-01
Lysine metabolism 9.89E-01  1.00E+00
Valine, leucine and isoleucine metabolism 9.49E-01 1.00E+00
Glycine, serine and threonine metabolism 2.73E-01 7.41E-01
Cysteine metabolism 2.13E-01 6.94E-01
Methionine metabolism 9.68E-01  1.00E+00
Shikimic acid metabolism 8.92E-01  1.00E+00
Histidine metabolism 1.00E+00  1.00E+00
Urea cycle 7.91E-02 4.11E-01
Proline metabolism 5.63E-01  1.00E+00
Polyamine metabolism 1.03E-01 4.46E-01
Tryptophan metabolism 1.00E+00  1.00E+00
Tyrosine metabolism 9.63E-01  1.00E+00
beta-alanine metabolism 8.02E-01  1.00E+00
Taurine metabolism 2.85E-01 7.41E-01
Creatine metabolism 1.79E-01 6.66E-01
Purine metabolism 1.00E+00  1.00E+00
Pyrimidine metabolism 9.83E-01  1.00E+00
Ribonucleotide metabolism 9.31E-01  1.00E+00
Deoxyribonucleotide 1.00E+00  1.00E+00
Conjugated bile acid 1.00E+00  1.00E+00
Nicotinic acid metaboilsm 6.82E-01  1.00E+00




Table 2. BHRH#PIDO A ZFHH L 72 ORA IT X 2 MSEA O fE R

Metabolic pathway p-value q-value
Glycolysis 2.33E-05 6.05E-04
Pentose phosphate pathway 3.40E-02 2.21E-01
TCA cycle 4.56E-03 5.93E-02
Glutamic acid and glutamine metabolism 5.05E-01 8.75E-01
Alanine, aspartic acid and asparagine metabolism 3.05E-01 7.92E-01
Lysine metabolism 8.35E-01  1.00E+00
Valine, leucine and isoleucine metabolism 7.83E-01 1.00E+00
Glycine, serine and threonine metabolism 2.65E-01 7.92E-01
Cysteine metabolism 9.29E-02 3.45E-01
Methionine metabolism 8.52E-01  1.00E+00
Shikimic acid metabolism 5.05E-01 8.75E-01
Histidine metabolism 1.00E+00  1.00E+00
Urea cycle 5.65E-02 2.94E-01
Proline metabolism 2.84E-01 7.92E-01
Polyamine metabolism 3.40E-02 2.21E-01
Tryptophan metabolism 9.32E-01  1.00E+00
Tyrosine metabolism 8.13E-02 3.45E-01
beta-alanine metabolism 8.74E-01  1.00E+00
Taurine metabolism 3.92E-01 8.75E-01
Creatine metabolism 4.89E-01 8.75E-01
Purine metabolism 9.98E-01  1.00E+00
Pyrimidine metabolism 9.27E-01  1.00E+00
Ribonucleotide metabolism 9.91E-01  1.00E+00
Deoxyribonucleotide 1.00E+00  1.00E+00
Conjugated bile acid 1.00E+00  1.00E+00
Nicotinic acid metaboilsm 4.77E-01 8.75E-01




Table 3. v v A ZfilistikE# w7 ORA IC X 2 MSEA O#EH

Metabolic pathway p-value q-value
Glycolysis 8.38E-06 1.09E-04
Pentose phosphate pathway 3.15E-02 1.17E-01
TCA cycle 1.04E-04 9.00E-04
Glutamic acid and glutamine metabolism 4.76E-01 8.25E-01
Alanine, aspartic acid and asparagine metabolism 2.44E-01 6.12E-01
Lysine metabolism 9.33E-01  1.00E+00
Valine, leucine and isoleucine metabolism 8.10E-01 1.00E+00
Glycine, serine and threonine metabolism 1.29E-01 3.72E-01
Cysteine metabolism 9.25E-03 4.01E-02
Methionine metabolism 9.00E-01  1.00E+00
Shikimic acid metabolism 2.83E-01 6.12E-01
Histidine metabolism 1.00E+00  1.00E+00
Urea cycle 3.01E-03 1.57E-02
Proline metabolism 6.29E-02 2.04E-01
Polyamine metabolism 1.59E-04 1.03E-03
Tryptophan metabolism 1.00E+00  1.00E+00
Tyrosine metabolism 2.79E-08 7.26E-07
beta-alanine metabolism 9.50E-01  1.00E+00
Taurine metabolism 2.74E-01 6.12E-01
Creatine metabolism 4.76E-01 8.25E-01
Purine metabolism 1.00E+00  1.00E+00
Pyrimidine metabolism 9.87E-01  1.00E+00
Ribonucleotide metabolism 9.91E-01  1.00E+00
Deoxyribonucleotide 1.00E+00  1.00E+00
Conjugated bile acid 1.00E+00  1.00E+00
Nicotinic acid metaboilsm 3.31E-01 6.63E-01




Table 4. RRIHRF#YIO2MHAEDEZERKL 72 MSEA I X 2 p {HEHIFHDHEE

Metabolic pathway p-value
min min+max/2 max
Glycolysis 8.38E-06 1.03E-04 1.99E-04
Pentose phosphate pathway 5.57E-03 5.15E-02 1.17E-01
TCA cycle 7.27E-06 4.35E-02 1.97E-01
Glutamic acid and glutamine metabolism 5.68E-03 3.55E-01 9.08E-01
Alanine, aspartic acid and asparagine metabolism  9.52E-02 2.72E-01 4.76E-01
Lysine metabolism 1.13E-13 3.58E-01 1.00E+00
Valine, leucine and isoleucine metabolism 8.06E-07 3.71E-01 1.00E+00
Glycine, serine and threonine metabolism 1.77E-08 2.74E-01 9.84E-01
Cysteine metabolism 2.91E-09 2.24E-01 9.50E-01
Methionine metabolism 3.97E-07 3.82E-01 1.00E+00
Shikimic acid metabolism 1.21E-09 3.27E-01 9.99E-01
Histidine metabolism 6.29E-09 4.33E-01 1.00E+00
Urea cycle 3.97E-07 1.72E-01 7.86E-01
Proline metabolism 2.80E-07 2.89E-01 9.82E-01
Polyamine metabolism 1.68E-07 1.64E-01 7.68E-01
Tryptophan metabolism 1.26E-27 3.46E-01 1.00E+00
Tyrosine metabolism 3.49E-27 2.88E-01 1.00E+00
beta-alanine metabolism 2.43E-04 4.39E-01 9.99E-01
Taurine metabolism 3.82E-04 3.04E-01 9.21E-01
Creatine metabolism 9.52E-02 3.86E-01 7.28E-01
Purine metabolism 3.66E-17 4.12E-01 1.00E+00
Pyrimidine metabolism 2.18E-11 3.89E-01 1.00E+00
Ribonucleotide metabolism 3.28E-01 7.70E-01 9.99E-01
Deoxyribonucleotide 7.72E-09 3.68E-01 1.00E+00
Conjugated bile acid 8.51E-01 9.25E-01 1.00E+00
Nicotinic acid metaboilsm 1.32E-08 3.22E-01 9.98E-01




Table 5. —IHD A E T V% V7 RBHEHYI O MSEA 1 X % p fHHEIPHDHEE

Metabolic pathway p-value
lower mean upper
Glycolysis 2.55E-06 2.55E-06 2.55E-06
Pentose phosphate pathway 2.13E-03  2.10E-02 5.83E-02
TCA cycle 7.27E-06  5.15E-04  5.44E-03
Glutamic acid and glutamine metabolism 2.75E-02  4.16E-01 9.08E-01
Alanine, aspartic acid and asparagine metabolism 9.52E-02 2.85E-01 4.76E-01
Lysine metabolism 5.59E-01 9.35E-01 1.00E+00
Valine, leucine and isoleucine metabolism 2.30E-01 7.46E-01 9.98E-01
Glycine, serine and threonine metabolism 4.13E-04 9.46E-02 5.09E-01
Cysteine metabolism 1.08E-05 2.67E-02 2.04E-01
Methionine metabolism 3.85E-01 8.80E-01 9.99E-01
Shikimic acid metabolism 7.17E-03  3.01E-01 8.04E-01
Histidine metabolism 1.00E+00 1.00E+00 1.00E+00
Urea cycle 2.65E-05 1.66E-02 1.53E-01
Proline metabolism 3.62E-04 1.13E-01 5.71E-01
Polyamine metabolism 8.06E-07 4.06E-03  6.29E-02
Tryptophan metabolism 9.89E-01 9.98E-01 1.00E+00
Tyrosine metabolism 1.20E-17  2.53E-07 1.33E-06
beta-alanine metabolism 5.35E-01 8.79E-01 9.96E-01
Taurine metabolism 2.33E-02  3.32E-01 8.10E-01
Creatine metabolism 9.52E-02 4.56E-01 7.28E-01
Purine metabolism 1.00E+00 1.00E+00 1.00E+00
Pyrimidine metabolism 7.40E-01 9.67E-01 1.00E+00
Ribonucleotide metabolism 9.57E-01 9.93E-01 9.99E-01
Deoxyribonucleotide 1.00E+00 1.00E+00 1.00E+00
Conjugated bile acid 1.00E+00 1.00E+00 1.00E+00
Nicotinic acid metaboilsm 1.08E-02 3.46E-01 9.19E-01




Table 6. X — X 53MAE T V& w7 REEARHPIO MSEA I X2 p fEHEHIFHOHEE

Metabolic pathway p-value
lower mean upper
Glycolysis 2.55E-06 6.14E-06 6.66E-05
Pentose phosphate pathway 2.13E-03 1.94E-02 5.83E-02
TCA cycle 7.27E-06 1.04E-03 5.44E-03
Glutamic acid and glutamine metabolism 2.75E-02  3.66E-01 7.28E-01
Alanine, aspartic acid and asparagine metabolism  2.44E-01  2.57E-01 4.76E-01
Lysine metabolism 1.28E-02 7.59E-01 1.00E+00
Valine, leucine and isoleucine metabolism 1.64E-03 5.73E-01 9.98E-01
Glycine, serine and threonine metabolism 4.13E-04 9.83E-02 5.09E-01
Cysteine metabolism 1.08E-05 3.93E-02 2.04E-01
Methionine metabolism 8.56E-03 6.87E-01 9.99E-01
Shikimic acid metabolism 2.66E-05 3.30E-01 9.62E-01
Histidine metabolism 8.98E-01 9.89E-01 1.00E+00
Urea cycle 2.65E-05 1.98E-02 1.53E-01
Proline metabolism 6.58E-05 1.61E-01 7.44E-01
Polyamine metabolism 8.06E-07 1.03E-02 1.43E-01
Tryptophan metabolism 1.06E-03  7.94E-01 1.00E+00
Tyrosine metabolism 6.23E-28 3.12E-02 4.40E-01
beta-alanine metabolism 3.80E-01 8.33E-01 9.96E-01
Taurine metabolism 2.33E-02 2.80E-01 6.44E-01
Creatine metabolism 2.44E-01 4.31E-01 7.28E-01
Purine metabolism 9.74E-01 9.95E-01 1.00E+00
Pyrimidine metabolism 2.87E-01 8.82E-01 1.00E+00
Ribonucleotide metabolism 9.57E-01 9.88E-01 9.99E-01
Deoxyribonucleotide 2.21E-05 5.81E-01 1.00E+00
Conjugated bile acid 8.51E-01 9.95E-01 1.00E+00
Nicotinic acid metaboilsm 1.75E-04 3.57E-01 9.61E-01




Table 7. F§E~ A X7 % A7 REEARHPIO MSEA I X2 p fEHHIFH O HEE

Metabolic pathway p-value
lower mean upper
Glycolysis 2.55E-06 1.33E-05 6.66E-05
Pentose phosphate pathway 1.36E-02 2.93E-02 5.83E-02
TCA cycle 1.04E-04 6.56E-03 2.37E-02
Glutamic acid and glutamine metabolism 2.44E-01 6.18E-01 9.08E-01
Alanine, aspartic acid and asparagine metabolism 2.44E-01 2.80E-01 4.76E-01
Lysine metabolism 1.00E+00 1.00E+00 1.00E+00
Valine, leucine and isoleucine metabolism 9.52E-01 9.89E-01 1.00E+00
Glycine, serine and threonine metabolism 1.33E-01 4.17E-01 7.22E-01
Cysteine metabolism 5.52E-02 4.27E-01 7.82E-01
Methionine metabolism 9.37E-01 9.90E-01 1.00E+00
Shikimic acid metabolism 8.01E-01 9.57E-01 9.97E-01
Histidine metabolism 1.00E+00 1.00E+00 1.00E+00
Urea cycle 2.94E-02 2.02E-01 4.45E-01
Proline metabolism 2.30E-01 7.40E-01 9.52E-01
Polyamine metabolism 7.20E-03 1.92E-01 4.52E-01
Tryptophan metabolism 1.00E+00 1.00E+00 1.00E+00
Tyrosine metabolism 9.99E-01 1.00E+00 1.00E+00
beta-alanine metabolism 9.06E-01 9.80E-01 9.96E-01
Taurine metabolism 2.74E-01 5.89E-01 8.10E-01
Creatine metabolism 2.44E-01 4.87E-01 7.28E-01
Purine metabolism 1.00E+00 1.00E+00 1.00E+00
Pyrimidine metabolism 9.98E-01 1.00E+00 1.00E+00
Ribonucleotide metabolism 9.91E-01 9.97E-01 9.99E-01
Deoxyribonucleotide 1.00E+00 1.00E+00 1.00E+00
Conjugated bile acid 1.00E+00 1.00E+00 1.00E+00
Nicotinic acid metaboilsm 8.51E-01 9.79E-01 1.00E+00




