2026, 66(5): 2352-2370 G =i
CSTR: 32112.14.j.,AMS.20250894 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250894 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

DHFMTAAH ) RERER . MERHEIS
Al BB I B BB 4%

st KEM S, EEW WEE ' BHEF T REF

1 WSBHERY: AsdnRbr SHORBE, NS 3k
2 NEEH A IX A A S A YIS B R s, NSl sk
3 ST RO AR A BE, NEEh 1k

T, TR B, AR, SEHISE, R, MR S AT A N BB R 00 AR S It SRR R A LA 4 0]
HEW4R, 2026, 66(5): 2352-2370.

HAN Jie, ZHANG Chongyang, REN Jiacheng, GUO Mingliang, ZHOU Xinyu, ZHAO Hongyu. Multi-omics analysis of the interaction
network among gut microbiota, serum metabolites, and pulmonary genes in the mouse model of pulmonary fibrosis[J]. Acta

Microbiologica Sinica, 2026, 66(5): 2352-2370.

8 E: (B8] KAMA LD R AR, nif Kl BT R £ 7 K F o) R IE, 5
BT S AFRESH AT EAEKRIK. [FE] 2R3 KL EME ) ST AR 4748
BaptE. RARARANFBERSATE A L ST, £ E e K 5 40 o 7 K4
HEA, B RAERANF oA REF KRR EFL., GEENANBEEFH &, t—F
I E AR Rt EH R B0 69 RIS RS E e, [4R] ER AR FF B
YA R IR B R, R B AR A4 4R 4540 & K B F-B (transforming growth factor-beta, TGF-B). A J& 3~
5t [ - -0 (tumor necrosis factor-alpha, TNF-a) VA& 4 4efbAg X LA KX L, 54 R 257, D&
HEMEBREFI. FRABRRM R FARIG I RAFTRFHIE, MAUSHAN, 47 £7
AL A ERMME R LB, L P ERE%4 M L2 KE kkermansia muciniphila)5 R 3LAT A
(Ligilactobacillus murinus) 3 F) X Bk 22 A~ 2 7 Riftdh . A FTX 2 ME2FRbMtv s 27 KAAHEZS
% ABALG, BB IR S ART MG (1) KT ZRBIEARBRIBK, 234
WBIRAEA A R F AR, (2) 3 = B BR (uridine triphosphate, UTP) 2 & AL R & 0 F = 5F
B2 (cytidine triphosphate, CTP); (3) £ & BR/ 7 R BRI EE 11. Fas & 10 22 RER/ Jr R BB VA B IR B 3

TETH . EEK A SRR SR S(62261043); N ZE T H IR X B AR A £ (2025MS03093, 2025QN03136); 20254 5 11 H iR
DA i fi e 55 2R P 5 S 2 RS20 3 0 H (2025KYPTO135); A 52 vy Rb R 27 B AR ALl 55 9% & i 5% <6 (2023QNIS 150)
This work was supported by the National Natural Science Foundation of China (62261043), the Natural Science Foundation of
Inner Mongolia Autonomous Region (2025MS03093, 2025QN03136), the 2025 Inner Mongolia Key Laboratory of Life Health and
Bioinformatics Project (2025KYPTO0135), and the Fundamental Research Funds for Inner Mongolia University of Science &
Technology (2023QNJS150).

*Corresponding authors. E-mail: ZHAO Hongyu, zhaohongyu2000@163.com; ZHOU xinyu, 15690993119@163.com

Received: 2025-12-03; Accepted: 2026-02-03; Published online: 2026-02-25



i S | BUEYIR, 2026, 66(5) 2353

BRAR #ME & 6 B A A S BT B (4) £ R BRE R A ¥ PR ER 09 R i F AR R BR L F LR
B E 4 (5) AT 9 IR & Hy AR ABALAEAL A oA A, (48] M4 k) RARR F i 3 A%
I ER MG AR E R AR AL E 5T AR, HR5) RS AT LB )
BeAR S, AL B EMFIIR A RET T2 AT,

SR M MR B RBHERE; S AF IR

Multi-omics analysis of the interaction network among gut
microbiota, serum metabolites, and pulmonary genes in
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Abstract: [Objective] To investigate the changes in gut microbiota, serum metabolites, and
differentially expressed genes (DEGs) in the lung tissue of the mouse model of pulmonary fibrosis
and explore the potential associations via multi-omics analysis. [Methods] A mouse model of
pulmonary fibrosis was established by the dynamic inhalation exposure method and evaluated.
Metagenomic sequencing was performed to analyze the microecological changes in cecal contents.
Untargeted metabolomics was employed to detect serum metabolite alterations, and transcriptomic
sequencing was conducted to profile DEGs in the lung tissue. Bioinformatics methods were
comprehensively used to explore correlations and potential functional modules among differential
microbial taxa, metabolites, and genes. [Results] Pathological changes of pulmonary fibrosis were
successfully induced in the model mice, accompanied by the upregulated expression of
transforming growth factor-beta (TGF-[3), tumor necrosis factor-alpha (TNF-a), and fibrosis-related
genes in the lung tissue. Omics results indicated the presence of gut microbiota dysbiosis, serum
amino acid metabolic disorder, and lung transcriptome remodeling in the model mice. Correlation
analysis demonstrated that the four differential bacterial species were strongly correlated with
multiple serum metabolites, among which Akkermansia muciniphila and Ligilactobacillus murinus
were jointly associated with 22 differential metabolites. A cross-omics network was constructed
with these 22 differential metabolites and DEGs. Topological analysis identified five key
subnetworks: (1) Inosine triphosphate serves as a phosphate donor and is converted to inosine
diphosphate via multiple pathways; (2) Uridine triphosphate (UTP) undergoes an amination
reaction to form cytidine triphosphate (CTP); (3) Serine/threonine-protein kinase 11, Fas-activated
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serine/threonine kinase, and cyclic GMP-dependent protein kinase act as core kinase nodes; (4) The
reaction between serine and homocysteine bridges the metabolic pathways of methionine and
cysteine; (5) Prostaglandin H; is catalytically converted into thromboxane A,. [Conclusion] There
are significant statistical correlations among gut microbiota, serum metabolites, and DEGs in the
lung tissue in the mouse model of pulmonary fibrosis. We identify the core association network and
potential functional modules, which provide references for the subsequent mechanism exploration
of pulmonary fibrosis.

Keywords: pulmonary fibrosis; gut microbiota; metabolic profile dysregulation; multi-omics

analysis
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Table 1 Primer sequences used in this study

Gene Forward primers (5'—3") Reverse primers (5—3") Product size/bp
GAPDH GCAGTGGCAAAGTGGAGATT GTCTTCTGGGTGGCAGTGAT 187

Fbnl CACGGTTTCCCATTACGC CCCTGCCGATCCCACT 174

a-SMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 200

Collal ACCGATGGATTCCCGTTCG GCTGTAGGTGAAGCGACTGT 237

P4 actamicro@im.ac.cn, 7 010-64807516



Wi SF | BEYEER, 2026, 66(5)

2357

15 B0 A AL B HE S A Cytoscape ~F- 55 1) Metscape
i, Bl LRpath T =44 # 3 (5 o) 5B 5C X
2%, MRS, AR AL 5 5 SR 2 Y GBI 4% . B
J5i 12 Fl MCODE 7 {4 X6 % {4 [ 4% A T AR A2 0
BUMH 5 A D RERAR T E A0 BARE I,
1.9 ZiitZ4E

Gt # i A SPSS 19.0 # A 5Ep . SR
PAR 27 7243 M (analysis of variance, ANOVA) kt
A NT 415 8L PR R () LR Foak K-, A4
50, WE—2diH Student-Newman-Keuls
g AT LA . DL P<0.05 R 255 HA ST
FES, P<0.01 NS E . TR L2 T
FEIS I Tukey-Kramer #6555, I35 & fie/MH XS
F2 B [ (>0.1%) Mz P<0.05; 2= SeARI5H) i 07 ik
PRUER P<0.05; 22 55 3R 15 5L PR Y 7 228 D) >R A%
IEJG P AB(Padjus<0.05)1E R B ML B

2 BER50HM

2.1 BN LTERE AL /N RAREY

SRR PR R A K R R A, ARESE
K B b vk gl S /N U AR e AR B, i
AACRERY R 28 1 5 S A SR A TEUURR T il
BB, SCELH AR RHESZ 4 h 1 SiO, MR WL AL il
N H&E Yt R, 25 X R L/ 523, il
HRBREE ST, TRLF4ifbil % ; 64D 4l B B
lidbi40s, PR RAEANIEIZ I ; 128D 4 ik
— RN IR IR | 2SI Ak, I A RE
WE KA AT, DR = Eagass R ER,
Bifi G 2> Bf () SE R, il 20 20 rp s 6 Jig SR T AR X 3,
BT K, 128D 44T 4k k75 i % & T 64D
2H, BRI R 5 i 2 4 A 7 B 5 i ) 44 A
PEREGE (] 1A), i 4] ELISA 4 B, RAE
ML T TGF-B H1 TNF-a 3¢ J3 B L 2> i ] 4iE 1
B ETHE 1B, 10). I Abbr &Y 5B i
N, 5 NT A, AR HYP K
FTHEr, 1M SOD K-V ZE (K 1D, 1E). [A]
FeHb, 2F4EfbAHCEE A Collal . Fbnl 5 a-SMA

FRBTER L R P B2 i, H 128D A
KRRV T 64D 4 (& 1F), kg aRu],
NZH U5 B 27 0 AR A A8 A S 0 IR 7~ 2 B
BRI E L)
22 MAHNDREBASYIMEERER
gt d

R F2 45 [ Wit 21 A4 A 2 A v i 1 A R
IS4, ASBIF 58 R 2% 56 DR A0 e 4
AR BB /N BB W R AT T 4 A A
JELETT . JB . B 3 Dr K ERGEHE T
HHM 2R K E w8 AN E T,
HCorp R O TR B R Y B R E R T
(Verrucomicrobiota) . % # ¥T ] (Bacillota) .
i B2 M & 1] (Pseudomonadota) . 9 ¥ i 1]
(Bacteroidota) FIJiLZR 1 | ] (Actinomycetota) . £ )&
KA ARG E) 49 A w, Horp R LR £
F5 BT w0 2[R 8 (dkkermansia). FL AT H B
(Lactobacillus) . i % ¥k 18 J& (Staphylococcus) J
K BR T & (derococcus) %5 12 @ o 7E Fp K F
PN 74 B, Forb g R AR R
w2 [K i (Adkkermansia muciniphila) . BFLAT B
(Ligilactobacillus murinus) 1 12 7 % ERK W
(Mammaliicoccus lentus) W) F= FER R o

RRAE T F B B B REN Y,
ABRBE T e/ IMEXT B {E (>0.1%),  HI{X
PR B AE 2/ — A 5206 2 v S B A X A
0.1% AP AT IS 2L et W IR AT .
FPY o 7P 2L R T AR 2 Y 22 5, AR RSN S B
WA AT T 5837081, KN Tukey-Kramer
KA T e, LA P<0.05 /F0 i EPERIE.,
g lon, A 4 DRI R AT W 2
S, ol vE R B v & IR L BFLAT A
H AW FT 56 (Helicobacter japonicus) F1< 3R 7 J&
(R 4325 W ) [Aerococcus (unclassified species)]
(% 2). BREAM S NS NT 41 64D
A W T BFLAT B B AR 2 B AR

http://journals.im.ac.cn/actamicrocn



2358 HAN lie et al. | Acta Microbiologica Sinica, 2026, 66(5)

TNF-o0/(ng/g)
HYP/(ug/mL)

NT 64D 128D

NT 64D 128D

*3k o

30 o Bl NT

SOD/(U/mL)

Relative gene expression level

NT 64D 128D 0 Collal Fbnl a-SMA

El1l A4 AR EADE

Figure 1 Modeling of pulmonary fibrosis. A: H&E and Masson staining of mouse lung tissue (Scale bar:
200 pm); B: TGF-B content in lung tissue detected by ELISA; C: TNF-a content in lung tissue detected by
ELISA; D: HYP content in serum detected by ELISA; E: SOD content in serum detected by ELISA; F: Relative

changes in gene expression levels of fibrosis-related genes Collal, Fbnl, and a-SMA. **: P<0.01.
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Table 2 Results of multiple group comparison analysis of bacterial strains

NT-mean/% 64D-mean/% 128D-mean/% NT vs. 64D (P) NTvs. 128D (P) 64D vs. 128D (P)

Name

Akkermansia muciniphila 10.810 58.780
Ligilactobacillus murinus ~ 55.990 14.140

Helicobacter japonicus 4.213 0.002 0.201
Aerococcus (unclassified 0.311 1.552 1.634

species)

49.140
3.894

0.030 38 0.595 90 0.885 20
0.112 40 0.051 83 0.030 38
0.026 52 0.051 83 0.124 10
0.049 20 0.211 80 0.665 00

%: Represents the relative abundance of the bacterial species within the total sequence count of the microbial community in its

respective group. P values indicate the results of the Tukey-Kramer test for comparisons between groups, with P<0.05 considered

statistically significant.
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Figure 2 Changes in serum metabolites and enrichment analysis. A: Pairwise comparative analysis of

differential metabolites among NT, 64D and 128D groups; B: Differential metabolite enrichment analysis.
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Figure 3  Differential gene and enrichment analysis. A: Volcano plot of differentially expressed genes between
NT and 128D; B: KEGG enrichment results of differentially expressed genes.
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Figure 4 Correlation analysis between differential gut microbiota and differential metabolites. A: Differential
metabolites associated with Akkermansia muciniphila and Ligilactobacillus murinus; B: Differential metabolites
associated with Helicobacter japonicus and Aerococcus (unclassified species). The color intensity represents the
correlation coefficient value, and the color type denotes positive correlation (red) or negative correlation (blue). *
indicates statistical significance at P<0.05; ** indicates statistical significance at P<0.01.

N-[(3a,5b,7a)-3-hydroxy-24-o0x0-7-(sulfooxy)cholan-24-yl]-glycine

http://journals.im.ac.cn/actamicrocn



2364

HAN lJie et al. | Acta Microbiologica Sinica, 2026, 66(5)

*®3 WEEERAFERN

Table 3  Metabolomic analysis of essential amino

acids

Essential amino acid FC P-value
(NTwvs. 128D)  (NT vs. 128D)

Isoleucine 1.021 0.029

Leucine 1.020 0.025

Methionine 0.928 0.006

Lysine 0.895 0.011

Tyrosine 0.927 0.018

Valine 1.029 0.004

Tryptophan 0.924 0.022

TEAZ AT TR ARG 0 25 43 AT (/s YR 8 — iR ]
Y R B e L AT AR 44, 38 3 R0O1327. R0O1964 .
R02867 1 R02849 4 73 H s Ak A A HATT

VIR, IR IR B ZHERR (18] 6A).
[F 0, PR = 8% MR (uridine triphosphate, UTP)7E
MR FF = W% 2 (adenosine triphosphate, ATP)Z 5 T
2 B KA Ny 2R N = B R (cytidine
triphosphate, CTP) (& 6B), 72 FER AL 7 i,
gy M ah R s 22 J R 5 [R] BY 2 bE  RR Gl it
R01289 5 R0O1290 S )i AE il BEwrilik , A 4% 1 H
AN 5 A R A A B AL (B 6C). FEU TG
fFo Mg, 222 1R/95 A MR 11, Fas 161k
22 MR TR A B A 5 RO B 1 P
B A% 09 5, Il RO0162 HT R03632
S5 L5 T i SR Y B IR Ak A2 i AH OC Bk
(51 6D). AL, FIFIMRER Hy fEMAR R A 5 1
AL T b It 2= A, (K] 6E). LiRZE R R
WY, 35X 5 A% 2% 1 BLAE OC &R $R HomT GE )
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Table 4 Differential metabolites associated with Akkermansia muciniphila and Ligilactobacillus murinus

Metabolite FC (NT vs. 128D) P-value (NT vs. 128D)
(6FE,88,102)-8-hydroxy-3-oxohexadecadienoic acid 1.044 5.73x107°
1,2,10-trihydroxydihydro-trans-linalyloxide-beta-D-glucopyranoside 0.960 0.007
2,2,6,6-tetramethyl-4-piperidinone 1.025 0.042
5-hydroxyindoleacetate 0.948 0.009
Acetohydroxamic acid 1.043 0.014
Asparagine-betaxanthin 0.905 0.005
Astromicin 0.849 0.003
Blasticidin S 1.064 0.015
Carboxyphosphamide 0.974 0.016
L-tyrosine 0.927 0.011
Furanodienone 0.967 0.001
Histamine 1.093 0.045
Indolepyruvate 1.032 0.008
Pc[18:0/22:6(42,72,10Z,13Z,162,197)] 0.980 0.030
Pe(pgj2/22:0) 1.018 0.049
Pe-nme[16:0/22:5(42,72,10Z,132,162)] 1.028 0.037
Riesling acetal 1.058 0.006
Tetradecanedioic acid 1.032 0.015
Isokobusone 1.111 0.011
Netilmicin 0.953 0.034
Lysopa[0:0/18:2(9Z7,127)] 0.970 0.038
Lysopi(0:0/18:0) 0.947 0.001
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Figure 5 The interaction network between differential metabolites and differential expression genes. In the
figure, magenta positive hexagons represent related metabolites, gray diamonds represent related metabolic
pathways, light green squares represent enzymes required for reactions, and blue circles represent related genes.
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Table 5 Description of key role networks

Cluster Score Nodes Edges Node IDs

1 3.200 6 8 C00081, C00104, R01964, R0O1327, R02867, R02849

2 3.000 5 6 RO0162, EC 2.7.11.9, EC 2.7.11.12, R03632, EC 2.7.11.8
3 2.667 4 4 R01289, C00155, R01290, C00065

4 2.667 4 4 EC 6.3.4.2, C00075, R00573, R00571

5 2.667 4 4 R02268, C00427, RE 1077, EC 5.3.99.5

Score: Represents the score of this key functional network; a higher score indicates greater importance of the network. Nodes:
Represents the number of elements within the network. Edges: Represents the quantity of correlations between elements in the

network.
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Table 6 Details of key networks

IDs of involved metabolic pathways Details of metabolic pathways

RO1327 ITP+D-mannose==IDP+D-mannose 6-phosphate

R01964 ITP+D-glucosamine==IDP+D-glucosamine 6-phosphate

R02867 ITP+D-sorbitol=IDP+6-phosphosorbitol

R02849 ITP+D-hexose=IDP+D-hexose 6-phosphate

R0O0162 ATP+protein=ADP+phosphorylated protein

R03632 ATP+protamines==ADP+phosphorylated protamine

RO1290 L-serine+L-homocysteine=L-cystathionine+H,O

R01289 L-serine+L-homocysteine==cystathionine+H,0

R0O0571 ATP+UTP+ammonia==ADP-+phosphate+CTP

R0O0573 ATP+UTP+L-glutamine+H,O=ADP+phosphate+CTP+L-glutamate
R02268 Prostaglandin H,= Thromboxane A,

R01590 Arachidonic acid+O,=Prostaglandin G,

R00073 Prostaglandin H,+receptor+H,O<=Prostaglandin G,+reduced receptor
A B C

CTP synthase L-homocysteine

[Goodpasture-antigen-
binding protein] kinase

Prostagland Thromboxane-A
in H, synthase

cGMP-dependent
protein kinase

El6 ALIBISHISKEMLE
Figure 6 Presents five key networks. The magenta hexagons represent associated metabolites, gray diamonds

indicate related metabolic pathways, and light green squares denote enzymes required for these reactions.
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