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W OE E=581: SEMmEYR (PAD) 2 K 4 Fh s T S0 i A 51K B, iR E kT
Ao AR, TAMBAETFIG N H T PAD BIRYT, RIS T —@ MRCR . SR i i A WA AL
W RAR T A RETE . PRI, AR RO 335 - B3 (LC-MS) AR 200 25 450 A Jie iy 18] 52 5+
4 (HUCMSC) ik R il ik i 21 2346 52 op Jr o S 0 AR 5830 3 5 AR 388 40 1, O 5 0540 T 198 12 W4 1l O g
(ASM) —MZ8BERE (Cer) fCIHEFRELL .

Frik s WA AL Zrh 4 B 343 HUCMSC, R5 3R 9 1 5 I AU 40 M AR S e LR T 4r FAmic . 8 Jal b vk
/AINEL (CSTBLI6)) SR F 45 FLIF B W7 FL 2 R B e sl ok . JRC e ik 17 Dy 2 o) 4 1 R e il ASE 7R, 85 3 A 1)
/NERBENLIA 43 W, 43500 T SR AN R BSOR #8  F HUCMSC VR 2 (HUCMSC 2H) 5 PBS (X)) .
SYMTEARIG 3. 7. 14d, BURAL/N BUB O HE RS ILALZY, 4T HE 3 {5 5 Masson Jefa,, X052 5 41 /)N Bk
MALA IS8 4T LC-MS K, H-454 KEGG Bt a4, e w4 LA LU AR T 27 25 57
5. 4y B R4S HUCMSC & #35 CD105 . CD90. CD73, {335 HLA-DR. CD14. CD19. CD34. JE#&
S s, SXIRAA L, HUCMSCHIAR)G 7. 14 d LA 45 5 41 4 AL B 35 40 0] IR 20 B A ol e .
ARG 3. 7. 14 d B HER: WUREAS 4 FE B8 1] £ 5 20 27 K6 D00 2 5 1 687 AR AR, L rP IR A 56 T
P K (34.088%) . B R0 kil ity 22 AR 2L 37 %, 25FP 18, 12808 T 7E1E B 7R
TR 22 AR A L 17 A, Hob L R B, 6 FCN TR SXF R A, Cer I R (FC=043),
. ASM/Cer 38 J% 7 4 i N Tk IE 58U B 5 R % (FC=0.68) . S IFPIZH ARG 3. 7 d B9JHER WUREAS 4 1F 11 25
TR G 19 KECG 3@ J o Br 45 R R, 22 SR =20 SOl AT y- 256 TR REZS il . W &2/
KA . ol . AALBERR AL . BRI . R BEAR A . LS AR A AR SR AR
2518 : 7 HUCMSC 2 /N BRUN BB i #5305 A& b, BRI ™ Wy i A8 (b R #5 7 B 2/E A, g4y
HLIHIT] B8 5 HUCMSC #1011 ASM/Cer 1R 3HE A X,
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Metabolomic analysis of the mechanisms for human umbilical cord

mesenchymal stem cells improving lower limb ischemia in mice
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Shanghai 201318, China)

Abstract

Key words

Background and Aims: Peripheral arterial disease (PAD) is a condition characterized by insufficient
blood flow due to various reasons, and some patients are not suitable for surgery. In recent years, stem
cell transplantation has been used in the treatment of PAD, showing promising results. However, the
metabolic mechanisms involved in its therapeutic effects remain unclear. This study was conducted to
investigate the metabolic pathways and molecules involved in the repair of lower limb ischemic tissue by
human umbilical cord mesenchymal stem cells (HUCMSCs) using liquid chromatography-mass
spectrometry (LC-MS) metabolomics, with a specific focus on changes in the acid sphingomyelinase
(ASM)-ceramide (Cer) metabolic pathway.

Methods: HUCMSCs were isolated from human umbilical cord tissue, expanded in culture, and
characterized using flow cytometry for surface molecular markers. A mouse model of lower limb
ischemia was created by ligating and excising the left femoral artery and vein in 8-week-old male
C57BL/6J mice. Then, the mice were randomly divided into two groups, with one group receiving local
injection of HUCMSCs suspension (HUCMSCs group) and the other receiving PBS (control group).
Muscle tissues from the ischemic limb were collected at 3, 7, and 14 d after surgery. HE staining and
Masson staining were performed to observe morphological changes. LC-MS analysis was conducted
in combination with KEGG database analysis to compare the metabolomic differences between the
two groups.

Results: HUCMSCs expressed high levels of CD105, CD90, and CD73, and low levels of HLA-DR,
CD14, CD19, and CD34. Morphological observations revealed a significant improvement in muscle
atrophy and fibrosis in the HUCMSCs group compared to the control group at 7 and 14 d after surgery.
Non-targeted metabolomic analysis identified 687 metabolites in the gastrocnemius muscle samples,
with lipids representing the largest proportion (34.088%). Differential metabolites included 37 in
negative ion mode (25 upregulated, 12 downregulated) and 17 in positive ion mode (11 upregulated,
6 downregulated). Cer was significantly downregulated (FC=0.43), and the phosphatidylcholine product
of the ASM/Cer pathway also decreased (FC=0.68) compared to the control group. KEGG pathway
analysis of combined positive and negative ion mode data from gastrocnemius muscle samples at 3 and
7 d after surgery revealed involvement in pathways such as y-aminobutyric acid-ergic synapse, arginine/
proline metabolism, mineral absorption, oxidative phosphorylation, protein metabolism,
glycerophospholipid metabolism, and regulation of the actin cytoskeleton.

Conclusion: Changes in lipid metabolism play a crucial role in the repair of lower limb ischemic injury
promoted by HUCMSCs, with some mechanisms potentially associated with the inhibition of the ASM/
Cer pathway.

Peripheral Vascular Diseases; Mesenchymal Stem Cells; Ceramides; Metabolomics

CLC number: R543
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A0 JE LA B (peripheral artery disease, PAD)
S A0 A Bl bk AL Bl bk ok A R Ak OB PR e P 1l A8 e R
B LA P ZE P JDKAE 98 5 RS Y I I TR A R T |
R —ER, BT Z WY, iz, Fabm
FIRITRYCHE, (HAT A I 30% 1 A P A 52
S H TR KU T Sk TR, e R 1A
AR R WU R K 77.8% . MEILAE, T4l RS
VE 93 2630097 T BOIT IR T PAD 193G 97, IR IR
7 — s RCRY, M S T4 (mesenchymal
stem cells, MSC) J&—7F HAG L F AR Y941 GE
IR B0 5 JUPE 1) 200 LA, & RE 68 6 7% O HL € 1) 2l
2 AR AN I A G i A8 A VA B, R T AT LA SR A A
B F, 0. CD166 . CD102. CD54 J CD46
(o BEBRE ) 5, 7E40M -5 40 i 2 18] 59 o] LU
PR 0 P SAHE AR, o B 8] 58 T
40 2 (human umbilical cord mesenchymal stem cells,
HUCMSC) HI 3577 PAD 518 (9 41 8145t , B3 I
i, BA R4 ryim RN AT 5, H ETA SCH AL
WHoe s %, H 3 AT A8 5 T A AT 58 8 R DL I .
1 Pk B i DB B (acid sphingomyelinase, ASM ) 2
e (ceramide, Cer) X353 72 J2& 8 45 200 Jif0 34 4E
U8 T R0 A R R Y OC B R AR, 5 Bl ook AR AL
R L P AR T A S B R I AR A
PRI R . RIRAEYIC AR . H T AT
FEAE HUCMSC i35 PAD Ht ASM/Cer & 18 /2 15 & A= A%
oo ARWFFEET L EW 5, G WA 00 - B
(liquid chromatographu-mass spectrometry, LC-MS) #%
AR UEAT AR HE A 4L 2E 5T, 028 3 HUCMSC
TE i /N BUT BB i AR AR AR, O LR A0 AR
W=, I ST ASM/Cer fR IR 12 19 A2 1L

1 #MREFE

1.1 FE#

Z T Z B (EDTA, Sigma-Aldrich, 3§
), R %% p (phosphate buffered saline, PBS)
MA, MASSON YW, oW, Mm%, W, 4%
ZRWPEERW, KO ILZH, FITC-CD14 558 B4t
f& (BD Pharmingen, 3£[H ), FITC-CD19 5. 3% F& 41
& (BD Pharmingen, 32[H ), FITC-CD34 5. 75¢ [ i
f& (BD Pharmingen, 3%[H ), PE-CD73 5 [ it f&
(BD Pharmingen, 3% [ ), PE-CD79 H. 5 B 4 {4
(BD Pharmingen, 3% [& ), PE-CDI105 . 5 [ 47T &

© WA )3 of [ FF I F A EPTA

(BD Pharmingen, M), Wi 4001% (Countstar,
D, YHTIO ZLAhH 7l B3t (fgk, ),
PowerPac™ i J 1 7K 1% (Bio-Rad, FEHE ), A
0B PR (JY88-1I, H[E), ik (Waters,
ACQUITY UPLC BEH Amide 1.7 pm, 2.1 mm x 100 mm
column, H[H ), AB Triple TOF 6600 Ji i {¥ (AB
SCIEX, ), Agilent 1290 Infinity LC # &5 & & AH
AL (Agilent, fHEE ).

1.2 ZWHE

1.2.1 HUCMSC # 4 & (3 Fo i X 2 JL AL % 52
5% 5 A A e B B8 AR A 7 0 B G e A TR
TR L . A PEAE A HERR ™ 5 0 K M5 e s /35t 1%
g S, TR R RS S . I JE HBV . HCV . HIV |
Mg B B E 1A S % Y o R AT s BURGLR A, iR
JL Apgar P43 10 43, FK RIS YL, BrirRER
Uf o TR, B DRI H de iy, ki
e e A AL AR R SR 150 mm B FR LA . 55 H
10 em 2 47 WA A0 40 (PP RIS 43 ), i PBS 3G
T, KA BT A 2~3 em RO /NEE o Ak o B S AE
A — it R TR g S AL L, Al A O R S R R R 1Y
Bl i bk LA K B B A B ZE 40 K IR 4E F) Y Walton
JE i A G B S TS R 10 WK o OB 50 mL
B0, BT T 55 BT AR FRL R 1~2 mm? (/)
He, FHE A2 B 0.5 mL 22 45 (49 Walton 58V T
75 em® B5 SRR HR o A IF) OO A A b R AL L il
A AR 80% LU b E, ] DL R4 . IF
it 2 A B AN HE AT T bR AR (B AR R
CD105. CD90., CD73, FH % #5 & % : HLA-DR.
CD14. CD19, CD34).

1.2.2 > JCF BB AR A 69 A 3 A= HUCMSC 4 44
SPF 4% 8 J&] #% K /Mgt B 9 B M C57BL/6) /I Bl 30 H
(P Ry R, SEEIARTT R (25+3) g
S AR A5 ST I 3h A b B4 BE 2 B A At v
WAL BE AL T AR ic o /N B 19 19 % L BL 22 4k 42 B
50 mg/kg 1) ) 5 iE AT B SR ORR I, - A A 0 R
WA AT em AT YIIT, 3 5 I b 45 1 A5
Ve k. R Ik B oy SCHEAT BT 4 85, H 6-04%
AR e Bk . R K LN Bl ok A K Y
s g 4L, TE KB sl kA K B i ik i A o, b 45
HoE, BHEK, QRS RRIEGES, ¥
ANEREMBCE TN, fFA SR E, 25
L 378 50X 2 /) BB A dfe i 75 0, i 94 BEL DB a3 B
LT (& 1) . HUCMSC 41 /) B3k B 22 1 v it
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Bl K I J7 10 S A A, sUTETERE 29 0.3 em x 0.3 em),
WL HUCMSC TR 2 W (40 Hd 8 28 1x 10° 4/ 2
100 wL), X B2 Af AR W] 5] 2 1 PBS . B0 H 43
EE WS . T /NR N B AR S, 55
ARG 7. 14 dBBA /N (n=5) SE50HE
WUEAT 4% 2 B A8 IR Sh ORI AR AE o A 2K S5 K [
EHMKIK 433 70% £ B 60 min, 80% £ [ 60 min,
95% Z, 1% 35 minx2 ¥, 100% Z B 30 min, 57T
B +100% 2 F% (1:1) 45 min, S TEE12h, 1IET
BE 4 h 7K, A 60 CHEA R, Yk
5 wm, ZEWKEIF, 37 CHGREA bS5 T
HE 2% {4, F1 Masson 4% {7,

B /NRT AR AR S &

Figure 1 Preparation of mouse lower limb ischemia model

1.2.3 & T LC-MS # HUCMSC 74 47 45 JA o9 4%, 3t 28
F oA AE 80 mg FEZAR I 1 mL ¥ A ¥ 71| H i/
IR (2:2:1, wiv) IRTEIRG, HMR&
MP ¥ i #8 (24x2, 60 m/s, 60s, 21K) 51¥,
4 °C # 7 K R B 5 30 min, -20 C # & 10 min,
14 000 r/min 4 °C &5 .0> 20 min, B L4 CEHZE T
M, 7E LC-MS HP s 100 pL i Z 5w (205 -
K=1:1, viv) FEHEM, BWEE RIS A
JH TripleTOF6600 5T 3% 4% , | JH 1E i 2§ + B Al
(ESD), SE PSS [F] 28 B Ak 45 W i) Al 38 1] 4 35 2 2%
% . HH Agilent1290 InfinitL.C HILIC £ F (2.1 mm x
100 mm, WU B AR 1.7 wm) XFRE & 0E 4T WA (0 3
. OISR IRIE 25 °C; FiE 0.5 mL/min; JEAE R
2 ul; VEITAHARLA: /K+25 mmol/L ZFRE%+25 mmol/L
K, B: ZJiE; BEEE 1 min 4 85% B, 11 min £ 1k
% % 65%, 0.1 min [% % 40%, £+ 4 min, 0.1 min
B8N % 85%, PV I H] 2 5 min. Y 0.4 mL/min.,

© WA )3 of [ FF I F A EPTA

25°C. 4°C, 4°C, 2uL. Bl PIIE B fh o5 iz
7o ESLIEMAME: B FIESIKL (Gasl) H 60,
BT IEAK2 (Gas2) K60, 7R (CUR) H 30,
TR 600 °C, BT WIS AR IFESh £5 500 Vo 454X
i W E 7E 60~1 000 da 1Y 4% b (m/z) YU [, ¥
TOF Jit i 1 22 FURS 8] 3% € 4 0.20 s/spectra, o,
K 25~1 000 da 1) m/z R FE, 7790 85 H L BT
] 15 4 0.05 s/spectra. 77 i & FHRH T &R
W, R T IDA ik, SHEEMT: fif
e (CE) F@EHN35V+15eV; BFEmAL (DP),
60 v (+) F1-60v (-); HEER 4 Da AN AYHIN 5 .
1.3 GritFarE

BOYE 45Tl SPSS 20.0 84 . 45 SR T
TR LA B £ bR 2 (R xs) s, RS
BMOERM kg, P<0.05HERAGIFE L, 0
£ 48 31 43 Bt 58 K I 4G B4 38 i ProteoWizard A
Wiff 4% 25 46 B mzXML, 3 ) F XCMS 4 5 3 F
177 WAL, XfUE Xy 5%, R BB RS OE , 04 i R
AT T M, BT R RIEIT LT SR Bk
BEAT AR W) G5 40 08 Bl AR B, U A S
BOHE BT VR, e S B S b . BUE e T E A
— LG . 2SN 2 R R
ik . 22 SR AR SC e b . R L
HHE B2
Genomes, KEGG) 850

(Kyoto Encyclopedia of Genes and

2 & R

2.1 HUCMSCHI & BFEE

28 AN A A R, 38 R ) 4 A 2R TR AR
Yy, XF HUCMSC #E 17 & BUAG I, 2 B Ho A g 24 %
A g5k B, #F HUCMSC Y 3 1 47 CD105 .
CD90. CD73 f#y & ik, 1M % Ai HLA-DR. CDI14,
CD19. CD34 % T2k, UESZ 40 A & = bs
REIRIT A bR (E2).
2.2 WEZESH

HE Qe 25 R ok, MHXFXFIEZH , HUCMSC 4
AL B UILEF4EHRS 255, LT vEmMe AT 0L (K13A) 5
Masson J& {0, 25 B & 7, i 88 WUNLEF 4 5 i 0 W =
T R, R i AR A R W AR T X AL (3
P<0.05) (EI3B),
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CD19+(0.03%) CD34+(0.03%)

HLA-DR+(0.01%) CD14+(0.00%)

A

CD105+(100,00%) CD90+(99.96% ) CD38+(98.14%)

B2 RAEMAREEER (ELIRAEMRAIRE, NLIRADMEEE)

Figure 2 Flow cytometry identification results (X-axis represents relative fluorescence intensity, Y-axis represents cell count)

HUCMSC 2 HUCMSC 21

14d

RGiHiY
W HUCMSC 4]

LRyl
M HUCMSC 4

P<0.05

E3 SmMBAAAAHAEME A HERE (<100); B: Masson B (x100)

Figure 3 Morphological observation of gastrocnemius muscle tissue on the ischemic side  A: HE staining (x100); B: Masson
staining (x100)
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2.3 ETFTLC-MSHYHUCMSC & ERIR A=
ST

2.3.1 RiftwHTHnitFFor LR ERit Ef

B RS I R % 687 AL, Hoh R T

B 337 Fl, G B AR 350 B, RS HLfk 2R 4r 2
g B T kg, &R MRy Ha G
BN 4 fros, Re 2895 FT o e fe i, i 34.088%,
HR M A VLR S HATEY I (22.489%) .

Superclass

[ Lipids and lipid-like molecules 34.088%

BB Organic acids and derivatives 22.489%

3 Undefined 9.76%

O Organic oxygen compounds 8.204%

B Organoheterocyclic compounds 7.921%

B Benzenoids 7.638%

@ Organic nitrogen compounds 3.253%

B Nucleosides, nucleotides, and analogues 3.112%
B Phenylpropanoids and polyketides 2.97%

B Alkaloids and derivatives 0.283%

O Lignans, neolignans and related compounds 0.141%

B Organosulfur compounds 0.141%

B4 EFHRPYESUZSENBESE (TRBENERRARFEAVUZESLRAREZE, BSERRZUFZSLRAES

BHrEHE SE LRI HBENT L)

Figure 4 Proportion of identified metabolites in each chemical classification (different colored blocks represent different items

of chemical classification, and the percentage indicates the proportion of metabolites in each chemical classification

item relative to the total number of identified metabolites)

2.3.2 E. {BFEXT L3R #4  FH OPLS-DA
MEAIAS B (AR AN RS (VIP), 8% VIP>1 188
77 ) AE AR R U W] A Bl A ol TR 2, LA OPLS-DA
VIP>1 il P<0.05 Jp 22 S AR W 0 e A o . 12 1
BT A Y 22 S AR M 3L 37 A, 25 b B[ 25
5% (FC) >1], 1288 T8 (FC<1), H i Cer &
THEWA R (FC=043); B FHRTIA2ER
B A 62.2% J R BT ; TE ASM/Cer 3 i 1,
Cer W Y NI M2 HERG 1-BE R R A 2 LA (1),
FEIE B RN R I Y 22 AR Ak 17 A, Hop
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1A (FC>1), 6FF i (FC<1); 7E ASM/Cer
W, BEIREEIRGR O (F2),

2.3.3 KEGG % 'g Eob FENETHEIXEIFE,
FHAE W A5 B 2% J7 3 00 0 3k 1 i B A I 3 25 S5 AR
WY AT KEGG M Bk & ot RIFESH 3R (F£)
%7K (4) MKEGG &8 B WrE (KS5)
Wi, Z5MRuY W KEEA y- 25T R
Rfil RS E RS H A . T Rk . A AL
LR AN A S TR AT N & IEE R [ A | e s e S
YL R 8 T
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Table 1 Differential metabolites detected in negative ion mode

A 44 B FC VIP P m/z  PREAIE (s)
Cer(d18:1/18:1(9Z)) 0.43 173 001  562.52 36.49
Cer[ns] d36:2 0.44 1.32 0 62254 36.51
1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine 0.49 176 002  768.53 168.58
Pantetheine 0.49 288 003 27712 68.43
Pi 40:6 0.55 3.09 0 909.55 198.58
Pe 44:11 0.6 335 001 83653 143.89

(2)-2,6-dimethyl-7-(4-methyl-5-oxooxolan-2-yl)-3-[[3,4,5-trihydroxy-6-(hydroxymethyl Joxan-2-

AlloxymethylThept-5-enoic acid 0.63 3.87 0.01  445.19 39.42
1,2-dilinolenoyl-sn-glycero-3-phosphoethanolamine 0.64 1.03 0.04  734.48 150.1
Pc 38:7 0.68 1.87 0.02  862.56 143.98
1,2-di(42,72,10z,13z2,162,19z-docosahexaenoyl)-sn-glycero-3-phosphoethanolamine 0.69 1.31 0.05 834.51 142.08
Pe(16:1e/14-hdohe) 0.69 8.29 0 762.51 148.23
Pc(16:1e/17-hdohe) 0.71 7.31 0.04  864.58 144.49
Pg 34:3 1.34 1.9 0.04  743.49 39.61
1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 1.35 2.69 0 745.5 39.86
Pg 34:3 1.35 1.05 0.05  743.49 39.61
1-palmitoyl-2-oleoyl-phosphatidylglycerol 1.54 6.75 0.02  747.52 40.26
Ile-Pro 1.57 1.28 0.01  227.07 117.56
Phe-met-arg-phe-amide 1.65 1.08 0.04  597.31 175.68
DL-threonine 1.79 1.32 0.04  118.05 378.03
N-acetyl-I-methionine 1.81 2.04 0.04  190.05 207.64
1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1'-sn-glycerol) 1.85 1.19 0 797.54 69.5
1-stearoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine 1.86 1.03 0.03 74254 107.09
1-stearoyl-2-myristoyl-sn—glycero-3-phosphocholine 1.87 1.19 0.04  768.53 168.58
Glycine 1.91 1.15 0.04 74.02 378.13
Pg 38:6 1.91 3.02 0.02 793.5 39.11
Succinate 1.96 2.39 0.04  117.02 85.2
2-arachidonoyl-1-palmitoyl-sn-glycero-3-phosphoethanolamine 2.05 2.48 0.04 73851 150.14
1,2-distearoyl-sn-glycero-3-phospho-I-serine 2.86 4.9 0.01  773.53 76.22
Uric acid 2.92 1.32 0.05  167.02 204.07
Succinate 2.97 2.15 0.05  117.02 85.2
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 2.99 1.56 0.04  237.09 186.94
N-palmitoyl-d-erythro-dihydroceramide-1-phosphate 3.12 1.76 0.04 61848 37.24
Pi 34:2 3.69 1.11 0.04 833.5 39.4
N-Acetyl-D-Glucosamine 6-Phosphate 3.73 1.03 0.02  300.04 170.03
Pe(16:0e/12-hete) 3.85 1.79 0.03  740.52 107.31
Pe(16:1e/15-hete) 4.21 2.77 0 738.51 106.96
Sulfobacin b 6.69 2.23 0.01 57445 34.14
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Table 2 Differential metabolites detected in positive ion mode
INZIRZIE S FC VIP P m/z PREAITIE] (s)
Isoliquiritigenin 0.28 1.82 0.045 257.07 242.53
N-(octadecanoyl)sphing-4-enine-1-phosphocholine 0.32 4.26 0.035 731.6 183.24
1-stearoyl-2-docosahexaenoyl-sn-glycerol 0.6 1.17 0.002 651.53 198.28
N-arachidonoyldopamine 0.65 1.04 0.014 440.33 199.51
N-.alpha.-(tert-butoxycarbonyl)-l-histidine 0.72 1.32 0.043 110.07 428.9
2-docosahexaenoyl-1-stearoyl-sn-glycero-3-phosphoserine 0.73 1.55 0.01 836.54 201.36
1-palmitoyl-sn-glycero-3-phosphocholine 1.16 5.28 0.017 496.34 199.49
4-methylbenzyl alcohol 1.28 1.14 0.004 105.07 39.86
Heptadecasphinganine 1.35 3.67 0.005 288.29 61.47
Acetylcholine 1.38 2.08 0.043 146.12 383.64
Trigonelline 1.47 1.17 0.01 138.05 295.06
C17-sphinganine 1.53 6.19 0.026 288.29 41.71
Glycerophosphocholine 1.59 8.85 0.035 104.11 272.59
1-palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol 1.75 1.36 0.011 601.51 38.99
DL-arginine 1.77 2.05 0.035 175.12 409.96
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine 2.15 10.63 0.027 786.6 120.17
L-methionine 2.6 1.7 0.027 150.06 301.06
GABAergic synapse + @ Neurotrophin signaling pathway =
D-Arginine and D-ornithine metabolism - ) Necroptosis - ®
Leishmaniasis ~
Oxidative phosphorylation + o
Adipocytokine signaling pathway =
Gitrate cycle (TCA cycle) - { ] Sphingolipid signaling pathway ~ [ )
CAMP signaling pathway + [ ] GABAergio synapse - (P
Glucagon signaling pathway - Q@ _ AGERAGE signaling pathway in diabetic complications ~
~logio(P) & &0
@ Alanine, aspartate and glutamae metabolism - @ g Mineral absorption ~ o 35
K Pyruvate metabolism - o ) ic vesicle cycle -
f; ’ - ?Z % Central carbon metabolism in cancer ~ [ ] d
8 Sulfur metabolism ~ a i
z || 6 8 Sphingolipid metabolism [ ® Metabolite number
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Figure 5 KEGG enrichment pathway map (each bubble represents a metabolic pathway, with the bubble's horizontal position

and size indicating the impact factor in topological analysis - the larger the bubble, the greater the impact factor; the

vertical position of the bubble and its color represent the P-value in enrichment analysis - the darker the color, the

smaller the P-value, indicating higher enrichment content)
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