25 % 4Rk Acta Pharmaceutica Sinica 2025, 60(3): 655-666 © 655 -

ERERRFEFHEFERARAREFIRNETYHERRHD
T

Y, wHEREY, A G RS, BREWR, 255, A

(1. ZRERIR 50, 280 A8 230032, 2. HEAN RN EREEREK%4%R, LT (0 #)
A= VI 8 B S S0 =, B 200433; 3. JLFHZGRI RS A2 0E, 107 PR 117004; 4. TP E N RRE
%5904 EE Bt YL To4% 214000)

WE: A0 70ia A AR AR 4 52 45 A 16S rRNA eyt 5 5 B AR 97T A T V8 78 1) W 1 81 A 3 P B S v
PR o B 2GR A I AN AT TP SR I (chronic unpredictable mild stimulation, CUMS) Bt & 9055 7 by
R EAMAT AR . PR v A € 1% - DU A AT I ] 5T 1% (UHPLC-Q/TOF-MS) A, %f K BE W A AW ik 47
R A 2H 22 23 b, T 2 AR . I 16S rRNA Sl &l PR B B I W A 22 57 BB W E, R EX 2=
AR 5 I 1 B AT A DG /AT o X LU IR R ZH AR R 20 DA e T B R T AL AR RS I, RIS IR A L,
FERL A A 147 PR T, 381 R LR, SIS AL AR L, Ba Va7 2R 212 A AR A, 288 PRI 4
T, SRJE4EE % 7 52 (fold change, FC) > 2. P < 0.05 ¢ 8 & #% 5% B %4k (variable importance in the projection,
VIP) > 1 (IG5 45 1« — 2% PRl B B0 P Eb Xk, e & 58 55 e =4l 1A) 22 7 B2 AU . AQIHE % & S5 0 B &%
IR, TR ) 22 A B0 25 S ARUHE R, S R R AR AEY & N R AR SRR M O
HIEDD A il R R R AR AR &R 5 I &R 104 1T . 16S rRNA I 7 45 5, 83— B 37R 748 74 vl fe i@ id 52 i
T BB 3 0 B R AR AR R AR BUIIARAE F, S - i ZE S ERE V6 97 SRS IR BT Lk TR IR . T a3
T LW TR RSP AR A S & ettt

SKHRIA): HIARAE; B N A, SRR A AL 2%, Ba 11 i B R

FESES: RIT SCHRFRIRAS: A MEHS: 0513-4870(2025)03-0655-12

Untargeted metabolomics analysis of differential metabolites in
cecal contents of rats after geniposide administration

LUO Miao-miao"*, XU Hong-zhan**, HE Jing’, LIU Xiao-jing’, ZHAO Zi-xin’,
JIANG Yun-yun'*', ZHOU Ting-ting”

(1. School of Pharmacy, Anhui Medical University, Hefei 230032, China; 2. Shanghai Key Laboratory of Drug
(Traditional Chinese Medicine) Metabolite Research, Department of Pharmacy, PLA Naval Medical University, Shanghai
200433, China; 3. School of Pharmacy, Shenyang Pharmaceutical University, Shenyang 117004, China; 4. The 904
Hospital of the Chinese People's Liberation Army, Wuxi 214000, China)

Abstract: In the study, we employed an untargeted metabolomic approach in conjunction with 16S rRNA

Wik H91: 2024-10-30; &1 H391: 2025-02-08.

EEWH: HRKARREESER (X)) AESZRITHE (82461160264); [F 5K [ 48K} 2 54> (82474056); L85 11T PAEZ1H LI H (M202310); Ll
TA R DA R Sk AR (2022XD0037); B i RIZ R AT 3003 (21521902400).

L — 1R

*JBIAEH Tel: 13636382618, E-mail: tingting_zoo@163.com;
Tel: 18921150318, E-mail: 20791374@qq.com

DOI: 10.16438/7.0513-4870.2024-1068



© 656 - 2% % Acta Pharmaceutica Sinica 2025, 60(3): 655-666

high-throughput sequencing to identify potential antidepressant active effectors mediated by gut-flora among
geniposides. Firstly, the rat depressed model was constructed using chronic unpredictable mild stress stimulation
(CUMS) combined with orphaned model. Then the cecal contents of the rats were analyzed by untargeted
metabolomics using ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC-Q/TOF-MS) in order to identify differential metabolites. The intestinal genera exhibiting significant
differences in the cecal contents were identified through 16S rRNA high-throughput sequencing, and correlation
analysis was subsequently conducted between the differential metabolites and the intestinal genera. The
comparison of the metabolic profiles between the normal control group, the depression model group, and the
geniposide treatment group revealed that 147 metabolites were down-regulated and 381 metabolites were up-
regulated in the model group compared with the normal group. Furthermore, 212 metabolites were up-regulated
and 288 metabolites were down-regulated in the geniposide treatment group compared with the model group.
Subsequently, the combination of the screening conditions of FC (fold change) > 2, P < 0.05 and VIP (variable
importance in the projection) > 1, secondary mapping and database comparison led to the identification of 55
metabolites with significant differences among the three groups. The results of the metabolic pathway enrichment
analysis indicated that the identified differential metabolites were primarily involved in five metabolic pathways,
namely tryptophan metabolism, arginine biosynthesis, phenylalanine biosynthesis with tyrosine and tryptophan,
phenylalanine metabolism, and arginine metabolism with proline. The 16S rRNA sequencing results further
indicated that Gardenia jasminoides extract may exert its antidepressant effects, thereby providing a new basis for

the study of the gut-brain axis in the therapeutic strategy of depression. All animal experiments were conducted

with the approval of the Biomedical Research Ethics Committee of the Naval Medical University.
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Figure 1 Effect of geniposide treatment on the behavior of depressed rats. A: Hanging tail immobility time; B: Sugar preference percentage;

C: Forced swimming immobility time. TST: Tail suspension test; FST: Forced swimming test; Con: Normal group; M: Model group; G:

Geniposide group. n=6,x+s. P<0.05, "P<0.01, P <0.001
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Figure 2 Multivariate statistical analysis. A, B: Plot of PCA scores in positive and negative ion mode; C, D: Plot of OPLS-DA scores in
positive and negative ion mode (C vs M); E, F: Plot of OPLS-DA scores in positive and negative ion mode (M vs G); G, I: Plots of permuta-
tion tests in positive and negative ion mode (7 = 200 times, C vs M); H, J: Plots of permutation tests in positive and negative ion mode (n =

200 times, M vs G)
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Figure 3 Differential metabolite related information. A: Volcano plot of all differential metabolites in cecal contents between Group C and
M; B: Volcano plot of all differential metabolites in cecal contents between Group M and G; C: Differential metabolic pathway maps; D:

Hierarchical clustering heatmaps of the 55 differential metabolites

Table 1 Differential metabolites screened from the cecal contents of rats

. Measured ty P value
No. Metabolite HMDB ID Formula N MS/MS Adduct .

m/z /min CvwsM MG

1 Sulfite HMDB0000240 H,0,S 80.965 2 534 79.9576,71.0147, [M-H] 0.0434 0.0027
59.014 3

2 Glyceric acid HMDBO0000139 C,HO, 105.0252 1.44  87.009 8,79.9573, [M-H] 0.0007 0.029 8
57.034 5

3 Acetylenedicarboxylic acid HMDB0247933  C,H,0, 1129856 11.22  96.960 6,79.9577, [M-H] 0.001 0  0.000 6
68.996 9

4 3-Ethylphenol HMDBO0059873  C.H, O 121.064 9 6.10 119.050 3, 107.050 6, [M-H] 0.0027 0.0397
79.958 0

5 Nicotinic acid HMDB0001488  CH,NO, 122.973 7 0.95 112.9818,104.956 4, [M-H] 0.0050 0.0135
92.9279

6 3-Methylcatechol HMDBO0301753  C,H,O, 123.045 5 8.49 105.0358,79.9578 [M-H] 0.006 1 0.0296

7  L-Aspartic acid HMDB0000191  C,H,NO, 132.066 4 8.84 150.078 0, 132.030 8, [M-H] 0.0122 0.008 7
119.050 3

8  Indole-3-carboxaldehyde HMDBO0029737 C,HNO 144.046 8 6.28 122.047 6,114.0557, [M-H] 0.0243 0.0433

74.025 9
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Continued
. Measured t P value
No. Metabolite HMDB ID Formula R MS/MS Adduct

m/z /min CvwsM MG

9  Norepinephrine HMDB0000216  C.H NO, 168.067 6 6.48 109.0639,80.9656 [M-H] 0.0056 0.000 4

10 Indoleacetic acid HMDBO0000197  C, H,NO, 174.057 6 5.58 129.0905,106.0452 [M-H] 0.0042 0.029 4

11 L-Tyrosine HMDB0000158  C,;H NO, 180.066 6 5.36 124.076 6,106.051 0, [M-H] 0.0201 0.000 4
80.965 5

12 D-Glucuronic acid HMDBO0000127 CH, O, 193.021 5 091 161.0454,111.0227, [M-H] 0.0206  0.000 6
73.028 9

13 Tryptophan HMDB0000929 C H,N,O, 203.0472 1.21 159.083 7,134.055 1, [M-H] 0.0134 0.0003
116.047 5

14 2-Methyl-2-[(1-0x0-2-propenyl) HMDB0031200 CH NO,S  206.046 9 5.83 112.9859,96.9607, [M-H] 0.0367 0.0199
amino]-1-propanesulfonic acid 80.965 8

15 Undecanedioic acid HMDB0000888  C H, 0, 215.111 6 5.17 142.0506, 112.041 0, [M-H] 0.0236 0.040 5
84.045 8

16  N-Acetyl-L-tyrosine HMDB0000866 C, H ,NO,  222.078 0 537 163.0442,145.0668, [M-H] 0.006 7 0.000 5
109.040 3

17 6-Benzylaminopurine HMDBO0039238  C,H, Ny 224.092 8 6.15 197.0839,134.042 1, [M-H] 0.0330 0.0458
107.036 4

18  y-Glutamyl-S-methylcysteine HMDBO0031985 CH N,0.S 263.067 8 4.70 162.0559, 118.0322, [M-H] 0.0158 0.0123
96.962 1

19 Adenosine HMDB0000050 C,H )N.O, 275.1076 4.32 180.994 7, 162.056 3, [M-H] 0.0250 0.0494
118.0351

20  Hexadecanedioic acid HMDB0000672  C, H, 0, 2852063 10.57 267.2180,221.1777, [M-H] 0.0082 0.0148
199.694 7

21  Enterolactone HMDBO0006101  C, H O, 297.114 6 4.66 253.1224,121.0650, [M-H] 0.0218 0.028 1
107.049 9

22 Fructosyl-lysine HMDBO0252495 C,,H,N,O, 307.1511 426 245.1143,215.1037, [M-H] 0.0202 0.0110
145.098 3

23 Glutamyl-tyrosine HMDBO0011741  C H N,O, 309.1099 4.65 259.1525,215.093 7, [M-H] 0.0130 0.0002
123.053 0

24 N-Glycolylneuraminate HMDBO0000833 C, H,/NO, 3241222 7.97 306.0831,159.0293 [M-H] 0.0101 0.0032

25  2-Dodecylbenzenesulfonic acid ~ HMDB0031031 C H,0,S 325.1844 1435 260.376 7,169.161 0, [M-H] 0.0168 0.0218
197.029 3

26  Acetaminophen glucuronide HMDBO0010316  C,,H NO,  326.090 4 091 272.0396,196.1019, [M-H] 0.0318 0.0063
101.061 1

27  Deoxycholate HMDB0000626  C,H, O, 391.2865 10.66 327.2689,345.2783 [M-H] 0.0049 0.0030

28  Glycoursodeoxycholic acid HMDB0000708  C,H, O, 4332968 13.98 373.2748,269.1912 [M+HAc-H] 0.0306 0.0229

29  Cholic acid HMDB0000619  C, H, O, 815.562 2 8.30 429.237 6,403.250 3, [2M-H] 0.0210 0.0414
96.960 7

30  L-2,3-Diaminopropionic acid HMDB0002006  C,HN,O, 105.070 7 10.93  95.0849,81.0694, [M+H] 0.0298 0.0257
55.054 0

31  Proline HMDB0000162  C,HNO, 116.067 8 7.83 110.070 4, 84.078 5, [M+H]" 0.0140 0.0203
70.063 4

32 Isocaproic acid HMDB0000689 CH, 0, 117.0917 17.91 107.0727,91.0550, [M+H]" 0.0091 0.044 6
77.039 6

33 L-Valine HMDB0000883  C,H, NO, 118.090 6 0.84 106.066 0,94.0658, [M+H] 0.0225 0.0141
77.039 5

34 Leucinic acid HMDB0000665 CH,,0, 115076 4 17.17  97.0624,87.0456, [M+H-H,0]' 0.0032 0.037 1
59.0533

35  Tyramine HMDBO0000306  C,H, NO 121.0612 10.09 115.074 3,87.0450, [M+H]" 0.001 7 0.027 3
59.051 4

36  4-Acetylbutyric acid HMDB0061881 CH, O, 131.0845 14.46 105.068 6,93.068 8, [M+H]" 0.0392 0.0404
81.068 9

37  Ornithine HMDBO0000214 C,H N,O, 133.0980 14.28 109.099 0, 81.068 6, [M+H]" 0.0131 0.0040
59.0530

38  Phenylethanolamine HMDB0062626  CH ,NO 138.092 3 4.08 122.0965,105.630 1, [M+H-H,0]" 0.0284 0.003 0

77.108 2
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Continued
. Measured t P value
No. Metabolite HMDB ID Formula R MS/MS Adduct

m/z /min CvwsM MG

39  5-Hydroxylysine HMDB0000450 CH N,O, 145.101 7 9.32 105.068 4,81.069 0, [M+H] 0.0495 0.0447
67.053 6

40  L-Glutamine HMDBO0000148  C,HNO, 148.076 6 748 112.8941,142.9370 [M+H]" 0.0478 0.0010

41  Indole-3-acetaldehyde HMDB0001190  C,;HNO 160.100 6 8.02 142.064 3,118.0652, [M+H] 0.0383 0.0380
130.065 1

42 Tryptamine HMDBO0000303  C, H N, 161.129 0 7.96 158.9640,121.087 0, [M+H]" 0.0477 0.002 1
58.066 2

43 Indole-3-carboxylic acid HMDB0003320 C,H,NO, 162.0562 10.99 144.0439,55.0539  [M+H]" 0.0076 0.028 0

44 Phenacemide HMDBO0015253  C/H,N,O, 165.0939 12.86 119.048 2,91.054 1, [M+H]" 0.0311 0.0274
77.038 3

45 Phenylalanine HMDBO0000159  C,H, NO, 166.086 2 7.48 120.036 8, 103.0259, [M+H]" 0.0147 0.0350
92.994 1

46  Pyridoxamine HMDB0001431 C.H N,O, 169.101 3 8.32 95.0784,84.0771, [M+H] 0.0033 0.0320
70.062 1

47  N-Methyltryptamine HMDBO0004370  C, H N, 175.1339  17.17 144.066 5, 117.056 5, [M+H]" 0.0011 0.0152
91.043 7

48  Geraniol HMDBO0005812 C, H, O 177.1145 17.15 155.143 6, 137.133 0, [M+H] 0.0214 0.0214
109.101 7

49  Indole-3-propionic acid HMDB0002302  C, H, NO, 190.107 2 6.38 130.0647,172.0773 [M+H]" 0.0430 0.0473

50  Metyrosine HMDBO0014903  C, H,,NO, 196.101 4 6.06 129.0990,95.0810, [M+H] 0.0499 0.0104
70.063 4

51  Alanyl-leucine HMDB0028691 C/H N,O, 203.136 0 722 159.1114,119.0810 [M+H-H,0]" 0.0100 0.00138

52 Glutamyl-glycine HMDB0028819  C_H )N,O 205.1578 13.15 187.062 7,102.053 0, [M+H]" 0.0372 0.0440
85.0259

53  Dihydrojasmonic acid HMDBO0033601  C,,H, 0, 213.1501 17.16 163.1057,131.0823, [M+H]" 0.0040 0.0167
107.081 9

54 Melatonin HMDBO0001389  C,H N,O0, 233.1659 1791 191.1804,174.0913 [M+H]" 0.0023 0.0435

55  Valyl-isoleucine HMDB0029130  C, H,,N,O, 231.1596 17.15 187.063 1, 164.0943, [M+H]" 0.0030 0.0189

119.081 6

2.3 EFNBHRBESF

K15 211 55 42 7 AW

3 ETFHEHMKRBERFEHWRME

) HMDB ID 5 \ MetaboAnalyst (https://www.metabo-
analyst.ca/) 93l {5 FH 3@ B 2 A A, EAT ' AR
Mro BAP<0.05H Impact > 0.1 AR #E, 57 % 77 & %A+
PIAGHE R (B 3C, % 2), 5 R Eonie v miE w
AU R FEHUHIAR AR F AT e 5 Re = AR s B R AR Y
KMg AR O, T2 R O RmRAVE R RAEY S
RN R 5 AR S = R A L R R
DA RS B A A B AR IX 5 xR is 12 . 456 %
SE HH IR 22 S A A 2 B AR A, AHE DN O IR A T AR
R ey AR NE B (K 4).

T E o A A R R ) P 2E O T S, A
W FE R 16S rRNA sy & 5 B A 15 H 4 AL
MINE T H 4 210 R RN E W W B R A #4720 #r .
Alpha £ ¥ V£ W 22 #) 48 0 : Chao. Ace. Shannon I
Simpson. Z5HER (B 5A), 5 CAMHEL, M4 .G 4K
Shannon Al Simpson 8 203 L . # M 2 5 M 41
Chaol 5l Ace 1 800 & PRAK, G AL L W E 2 7 .
5 M4 ML, G4 Chaol 48 ¥ & & TF i . U W
CUMS g A5 AL 404l KX BRH W N 25 70 b B8 R 22 1 1R DL
DR FH A 5 A BRI . Beta 281 T XEATH

Table 2 Results of differential metabolic pathway analysis. Total metabolites: The total number of metabolites in this metabolic pathway;

Hits: The number of metabolites in this pathway matched with the differential metabolites detected in the study

Label Pathway Total metabolite Hits P value Impact
1 Tryptophan metabolism 41 6 2.035 1E? 0.224 21
2 Arginine biosynthesis 14 3 1.014 8E™ 0.177 66
3 Phenylalanine, tyrosine and tryptophan biosynthesis 4 2 1.311 2E° 1
4 Phenylalanine metabolism 8 2 5.894 5E” 0.357 14
5 Arginine and proline metabolism 36 3 1.596 6E™ 0.181 39
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