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Abstract: Objective To explore the gut microbiota causally associated with bronchial asthma by Mendelian randomization (MR), to
investigate the biological basis of the “gut-lung axis” in asthma, and to predict the traditional Chinese medicines (TCM) that may have

regulatory effects on it. Methods The genome-wide association study (GWAS) data were obtained on the association between gut
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microbiota and asthma. MR analysis was performed using R language with inverse variance weighted (IVW) as the main method.
Heterogeneity test, sensitivity analysis, horizontal pleiotropy and outlier test were used for quality control of the results. Protein-protein
interaction (PPI) analysis was performed on the proximity genes of single nucleotide polymorphisms (SNPs) to screen the core genes, and
functional enrichment analysis was performed on the proximity genes to explore the potential mechanisms of asthma mediated by gut
microbiota. The TCMSP database was used to predict the potential therapeutic effects of chemical components and Chinese medicines on
the “gut-lung axis”, and the characteristics of the potential intervening Chinese medicines were statistically analyzed. The core TCM
components were screened and validated using molecular docking. Results MR analysis identified four gut microbiota including
Pseudoflavonifiractor capillosus, Bacteroides coprocola, Blautia obeum, Eubacterium ramulus, and four functional pathways including
homolactic fermentation pathway, coenzyme A biosynthesis pathway, glucose and glucose-1-phosphate degradation pathway and allantoin
degradation to glyoxylate pathway had relatively stable causal relationships with asthma. There was no heterogeneity, horizontal pleiotropy,
or outliers among SNPs, and sensitivity was good. A total of 202 SNPs-proximal geness with insulin (INS), insulin-like growth factor 2
(IGF2), immunoglobulin lambda-like polypeptide 5 (IGLLS5), thy-1 cell surface antigen (THY1) and adiponectin, C1Q and collagen
domain containing (ADIPOQ) as the core genes were obtained, and the functions of the proximal genes were mainly enriched in the
glycosphingolipid biosynthesis, tyrosine metabolism, phenylalanine metabolism, and cyclic guanosine monosphosphate (cGMP)-protein
kinase G (PKG) signaling pathway. Fifteen chemical components represented by apigenin, oleic acid and rutin and 254 herbs of TCM
represented by Mahuang (Ephedrae Herba), Yinxingye (Ginkgo Folium) and Honghua (Carthami Flos) were obtained. The four ¢i of the
Chinese medicines were mainly cold and warm, the five flavors were mainly bitter, sweet and pungent, the meridian tropism were mainly
liver and lung meridians, and the efficacy was mainly heat-clearing. The molecular docking showed that the core TCM components had
good binding efficiency with the core genes. Conclusion Based on MR, eight gut microbiota and functional pathways were found to be
causally associated with asthma, and their mechanisms may be related to glycosphingolipid biosynthesis, tyrosine and phenylalanine
metabolism, and cGMP-PKG signaling pathway. It is predicted that the Chinese herbal medicines such as Ephedrae Herba, Ginkgo Folium
and Carthami Flos could potentially regulate the gut microbiota-mediated asthma development.
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oleic acid; rutin
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Table 1 Information included in Mendelian randomization study
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Table 2 Information on instrumental variable
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s_Pseudoflavonifractor rs10236678 A G 013 003 1.71X10% 22.89 ANAEROFRUCAT. 1511826488 A G 015 003 877X10° 1976
capillosus PWY
rs11074766 T C 0.13 0.03 4.68X10° 20.96 rs17194003 G A -0.10 0.02 9.89X107 23.94
rs1182140 G A -014 003 6.01X10° 2048 162335789 C G -0.10 0.02 8.00X10° 19.93
154352232 G C -013 003 1.48X10° 23.16 19947104 G A -0.08 002 560X10° 20.62
154424244 C T 012 003 166X10° 2295 19990334 A G 007 002 9.17X10°% 19.67
1s6761789 G T 022 005 822X10° 19.88 COAPWY rs10831658 A G -0.10 002 1.98X10° 2261
16778836 A T -0.13 003 234X10°% 22.29 1s117300263 A G -0.17 004 5.95X10° 20.50
1s74412941 C A -0.23 005 8.68X107% 19.78 1s12495388 G A -0.12 003 6.37X10° 20.37
1s75202637 G A 026 006 535X107% 20.70 1s1941024 A G -0.07 002 9.70X10° 19.56
rs7790846 G A -012 003 537X107° 20.70 12509667 A C -0.12 003 4.37X10° 21.09
rs7990301 T C 011 002 3.38X10° 2158 rs286908 A G -008 002 667x10° 20.28
s_Bacteroides rs116667913 T C -0.39 0.08 3.20X10° 21.69 160987385 T G 009 002 1.01X10° 23.90
coprocola 17251031 G T -0.08 002 4.00X10° 21.26
1s12078845 C A -0.20 0.05 6.07X 107 20.46 19599845 C T 010 002 211X10° 2249
1s17141635 A G -041 008 147X10°% 23.18 19931054 C T -014 003 145X10° 2320
15274124 G A 027 006 7.25X10° 20.12 GLUCOSEIPMETAB. rs1250593 A G 0.1 0.02 652X10° 20.32
s_Blautia obeum rs1005544 G C 016 003 516X10°% 29.65 PWY
rs11072031 T C -0.15 0.03 3.18X10° 21.70 rs13403023 C G -0.13 0.03 2.06X10° 2253
rs12581302 G T -0.10 0.02 9.10X10° 19.69 rs17097518 G A 019 004 8.92x10° 19.73
1s140443231 T C 0.8 0.04 5.38X10° 20.69 rs1757700 T C -0.18 0.04 7.45X10°% 20.07
rs17773250 C T -0.19 0.04 6.07X107 24.88 12449502 T G 0.5 0.03 4.01X10° 21.26
1s28802725 C T -0.09 0.02 4.20X10° 21.17 12723521 C T 012 002 1.37x10°% 2331
136122201 C T -0.11 0.02 1.02X107 28.32 rs4747915 A T 011 002 6.00X10° 20.48




SNPs-single nucleotide polymorphisms; EA-effect allele; OA-other allele; B-effect size; SE-standard error; s-species.
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11 0.0870 ——
4 0.8336 I Am—
4 0.0158 e
4 0.0485 ——
4 0.1334 —e—
4 0.1423 |
13 0.9498 S
13 0.0093 ——
13 0.0050 ——
13 0.0484 ——
13 0.0322 [——
10 0.8180 e
10 0.5663 4
10 0.0241 —
10 0.9454 ——
10 0.9297 ——
5 0.5148 *
5 0.0037 ——
5 0.0001 e
5 00714 e
5 0.0874 ——
9 0.6897 *
9 0.03%4 ——
9 0.0378 ——
9 0.1605 H——
9 0.1722 e
9 0.4565 ———
9 0.0779 ——
9 0.0041 ——
9 0.2695 e
9 0.2649 ———
10 0.7333 s Bt
10 0.4850 e
10 0.0223 e
10 0.8880 e
10 0.8653 —
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F2 48D
it B SNPs EAOA B SE P F e SNPs EA OA B SE p F
s_Blautia obeum rs4445887 T C 009 002 1.90X10° 22.69 GLUCOSEIPMETABPWY 1572700025 A G 0.17 004 3.34X10° 21.61
rs4761660 T G -0.18 0.04 1.95X10° 22.64 1s76562182 A G -0.20 0.05 6.52Xx10° 20.32
16570332 T C -0.09 002 851X10° 19.81 PWY.5705 1s10937272 G C 0.7 0.03 3.76Xx107 25.80
rs708686 T C -010 002 1.58X10° 23.05 rs12449342 A G 0.6 0.04 573X10° 2057
rs73098536 G A 0.5 0.03 832X107° 19.86 1s13140123 A T -0.26 0.06 8.07x10° 19.92
rs7793841 A G -0.09 002 1.39X10° 23.29 rs16851172 G A -0.19 0.04 1.48x10° 23.17
s_Eubacterium ramulus rs10848471 A C 0.4 0.03 2.62X10° 22,07 1s16993923 G A -0.21 0.05 7.57x10° 20.04
rs10961097 T C -0.15 0.03 9.31X10° 19.64 1s28465688 A C 0.4 0.03 459x10° 20.99
rs113157937 T C 0.21 0.05 3.03X10° 21.79 1s3820904 G A -0.16 0.04 7.81Xx10° 19.98
1s12474753 T C 024 005 3.92X10° 21.30 rs4669688 C T 0.5 0.03 4.93X10° 20.86
rs12935244 C A -012 002 2.74X107 26.42 rs4683801 G A 0.7 0.04 6.17X10° 2043
rs2368038 T A 0.3 0.03 7.52X10° 20.05 1s7822956 G A 021 0.04 1.68Xx107 27.36
rs6590368 T C 0.2 0.03 6.68X10° 20.28
rs6731499 G A -011 0.03 7.59X10° 20.03
rs75578397 A T 0.8 0.04 843X10° 19.83
rs9804152 C T -013 003 1.06X10° 23.82
SNPs- AL IR L 51k EA-BN SRR OA-HAMMEAIIER; B-RUNME; SE-bRifEiRZE; s-fir.
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2.1.2 JREH| Cochrane’s O FFVEKIGER, O
fHAE 1.908~12.524, P>0.05, FLERANIEAE RIR
£; MR-PRESSO BEHEML o~ P>0.05, KA

0.05. P>0.05, FH MR 3 Hrah BATEAE K250
P B —VEBUBME T EoR, B —5I1% SNP J5 4T
gERR R AR AR, 3R A IR SR AR N AN A A2 B

R E|EHE SNPs; MR-Egger #iBE IR ERBIFE< > SNP SUMIRI AT RE. BAREE WA 3 FIlE 3. 4.

&3 MR HREBIZHIEIEE
Table 3 Results of quality control for MR analysis

5 Jo P B e K2 2
e S - BBHER S P ‘

’ Q P o A (A P
s_Pseudoflavonifractor capillosus 12.524 0.252 0.312 —0.000 30 0.803
s_Bacteroides coprocola 5.514 0.138 0.233 0.000 73 0.840
s_Blautia obeum 16.667 0.163 0.179 0.000 72 0.507
s_Eubacterium ramulus 8.559 0.479 0.511 —0.000 30 0.819
ANAEROFRUCAT.PWY 1.908 0.753 0.812 0.000 25 0.880
COA.PWY 4.398 0.820 0.826 0.000 09 0.943
GLUCOSE1PMETAB.PWY 5.815 0.668 0.696 —0.000 22 0.872
PWY.5705 8.600 0.475 0.510 —0.000 02 0.993

A B c
0.0050
0.001
£ 0.002
g 0.000 0.0025
=]
g —0.001 0.000
£ 0002 0.0000
o
% —0.003 -0.002
-0.0025
0.10 0.15 020 025 030 0.2 0.3 0.4 0.5 0.10 0.15
SNP effect on exposure SNP effect on exposure SNP effect on exposure
D 0.002 E F0.003
g 0.001 0.002
3 0.002
g 0.000 0.001
8 -0.001
2 0.001 0.000
% —0.002
Y -0.001
Z
& -0.003 0.000 0002
—0.004
0.10 0.5 020 025 030 0.10 0.15 0.05 0.10 0.15 0.20
SNP effect on exposure SNP effect on exposure SNP effect on exposure
G H
0.003 0.003
g
g 0.002 0.002
3 N
2 0001 75 AL i GRE
g ’ = 0.001 /MR Egger JIIE 04
& ] B AR
o 0.000 0.000 ’
7
0001 ~0.001
0.10 0.15 0.20 0.25 0.10 0.5 020 025 030

SNP effect on exposure

SNP effect on exposure

A-BRBFHFRKIER;: B-3WATH; C-Ai574¢ KW B Blautia obeum; D-FEANWR & Eubacterium ramulus; E-FIRIFLIRKFERRAT: P-4l A 49

E AR G 2 R - 1 - R A e 1

;3 H-JRFERFEMR CREIRERAE: K4 F.

A-s_Pseudoflavonifractor capillosus; B-s_Bacteroides coprocola; C-s_Blautia obeum; D-s_Eubacterium ramulus; E-ANAEROFRUCAT.PWY; F-
COA.PWY; G-GLUCOSE1PMETAB.PWY; H-PWY.5705; same as fig. 4.

3 BEERMSMEREHERMEN RS E
Fig.3 MR scatter plot of gut microbiota and asthma
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1511074766 rs11072031
1s4424244 rs17141635 rs7793841
1574412941 1517773250
1512078845 136570332
rs10236678 151005544
157790846 1528802725
16778836 15274124 15140443231
rs6761789 154761660
rs1182140 1116667913 rs12581302
157990301 1536122201
1573098536
1575202637 154445887
rs4352232 15708686
All
All All
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MR leave-one out sensitivity anayss for MR leave-one out sensitivity anayss for MR leave-one out sensitivity anayss for
“exposure” on “outcome’ “exposure” on “‘outcome’ “exposure” on “outcome”
D E F
rs6731499 19990334 59599845
1512474753 286908
19804152 rs11826488 15117300263
rs2368038
15113157937 1562335789 Ziiiigi?
1510961097
6590368 rs17194003 51941024
IS
124
1510848471 159947104 1512495388
1575578397 rs10831658
1512935244 152509667
All Al All
—0.0075 —0.0050 —0.0025 0.0000 0.000 0.005 0010 0015 0020 0.022 0.000 0.005 0.010
MR leave-one out sensitivity anayss for MR leave-one out sensitivity anayss for MR leave-one out sensitivity anayss for
“exposure” on “‘outcome’ “exposure” on “‘outcome” “exposure” on “outcome”
G 151757700 H 154669688
rs13403023 157822956
rs17097518 rs12449342
152723521 rs16851172
4747915 1s16993923
rs4683801
1876562182
1528465688
151250593
12700025 rs13140123
8 153820904
152449502 1510937272
All All
0.000 0.003 0.006,  0.009 0.000 0.002 0.004 0.006
MR lez}yeﬂne out sensitivity anayss for MR leave-one out sensitivity anayss for
exposure” on “‘outcome’ “exposure” on “outcome”
4 B—rHRMESIER

Fig. 4 Results of leave-one-out sensitivity analysis
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2.2 BFEBEEN SR A S NZOE R TFE
HR4E SNPs 9“5 S H b i) Gt 4k 7 41 5 r
Mo WRE T 202 NABIEEER . 4 BRI A
STRING 15, MIERTFE S S HiERA h 177
T, 270 ZKIAR ) PPL 4%, FIH] Cytoscape
(V3.10.3) #fFH CytoNCA $lHEAT 4% 30 45y
BT, RIBIFLRME, &2 IRIHIL 515 35 5 2= 2
(insulin, INS). BREZHFEAKE T 2 (insulin-like
growth factor 2, IGF2). fuyZ3KEH L HZHL 5
( immunoglobulin lambda-like polypeptide 5 ,
IGLL5). ffiR4mf /x4 1 (thy-1 cell surface
antigen, THY1). fIREtZ (adiponectin, C1Q and
collagen domain containing, ADIPOQ) 5 /M [KfE

R T B R A B M AR AL R TR . R AR A
5 FiRe
23 IVs SPIEEEhGEEE DT

FIFH Rstudio (V4.4.2) BAFXF 202 /> SNPs 48
I FER HEAT Dy ReFIIE B B S A0 AT, 45 SRl 6 BT
GO EHELRER, BENFEEEAEREERE
(eye morphogenesis). MJiGfii# K H (embryonic
placenta development) %5 BP; ®GEEREHE AW
(immunoglobulin complex) & /R X = (Golgi
apparatus subcompartment) 5§ CC; 51 455 (antigen
binding) # 2 7% P (hormone activity ) %% MF. KEGG
AT aE R R, Fe D 3 B AR IR AR & -
BEFNHT FLBE 251 (glycosphingolipid biosynthesis-
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AN BT EE ], 5 1 UL R AT ROEE A, 5 2 YRR SR AT IR DR A
From outside to inside, they are all genes, genes obtained after the first screening, and core genes obtained after the second screening.
E5 BMEEFNTSERAEROER

Fig.5 Core genes of gut microbiota mediating asthma onset
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Fig. 6 Enrichment analysis of GO functional (A) and KEGG pathway (B) of genes

lacto and neolacto series ) F%Z BZ /X (tyrosine
metabolism ) . 2K P & R 18 #f ( phenylalanine
metabolism ) . ¥ B B % #  ( cyclic guanosine
monosphosphate, cGMP) -4 il G (protein kinase
G, PKG) 155§ SEEE1T

BETR AP AT RS

# 202 4~ SNPs 4B 5K S N\ TCMSP %4
FE, 193] 15 FiAL &P 254 Wk 2. RRAE L
AU EAE T TR 25 D0 Ak HE R
BATG o, SR WA 7 Fios. RIS B

24
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B7 MAPABES. BK. 32, RS EEE

Fig. 7 Statistical radar maps of four ¢i, five flavours, meridian tropism and efficacy of predicted traditional Chinese

medicines
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e MM NRERZOFZ . O SR O
e BAASHNR 4. 5.
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Fig. 8 Network diagram of “genes-chemical components-traditional Chinese medicines”

x4 BROUEYIRINSE

Table 4 Topological parameters of core chemical

x5 BRUBBGHRINSH

Table S Topological parameters of core traditional Chinese

components medicines
WEH) BC cc DC EC thz4 BC cC DC EC
Je3E% (apigenin)  30107.937 0410 164 0.294 IR 2243526 0.443 6 0.102
Z
W Coleicacid)  41329.200 0464 118  0.563 e 2033016 0446 5 0.104
» _ AT 2033.016  0.446 5 0.104
AT Crutin) 23961.879  0.407 77 0.288

( pectolinarigenin ) « A Jlf & (lignan) . Z K &
(sesamin). & & (stigmasterol) 4 FitZ .o 245
KBRSy, WK 60 F F3T PPL 73 A5 2011

2.5 HDFXFIE
F H TCMSP £ 5 FE i ik H 0 28 £ 38 3=
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5 MG FEER (R 5D INS. IGF2. IGLL5. THY 1
ADIPOQ 5 588 il 73 HEAT 43 F % 4% PAIGIE 45 5 20
fe. XIS R 9 s, Fra s 5K

R F 4 TR 2R <8 kealimol, T4 &
it H—36.46 kealimol, Z&7 IS rh 25 514
DHEE CEERD FRE, SR, I

He o
F6 ZLHRARIKENS
Table 6 Key ingredients in core traditional Chinese medicines

D% T2 Mol 1D Mw  AlogP Hdon Hacc OB/% Caco-2 DL FASA- HL
Wiz tsi R pRsE MOL005842 31431  2.56 2 6 4116 07 030 8912 16.55
VNIFES A3 MOL002695 45855  3.77 0 8 4331 041 065 8951 14.87
ZHRER A MOL001558 354.38  2.23 0 6 5654 075 082 5538 1343
ISRl RR¥E. 4046, MRAH MOL000449 41277  7.64 1 1 4382 144 075 2022 557

AlogP-$Hi MR TR Hdon-S B (144, Hace-SU8E 21k,

FASA-- 7R ; HL-F-ZEH.

AlogP-aliphatic and aromatic log P; Hdon-hydrogen bond donor; Hacc-hydrogen bond acceptor; FASA--fractional absorption surface area; HL-half life.

Wiey fa s & -83 86 —70
ENES -93 -78 -7.6
Edii -10.0 94 82
TR -85 -10.0 -8.1

INS IGF2 IGLL5 THY! ADIPOQ

9 UHHXBENSEROER (BAR) WS FiE
&R
Fig. 9 Molecular docking results between core traditional

Chinese medicines and key genes (proteins)
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Fig. 10 Partial molecular docking diagrams

P L IR I A7 55 B My R A XUR: 22 TE ARG BRI
HRRHE . BAWEE Eubacterium ramulus 5N
KA B AAE . UM 8 2 W TE B R b 4
WEZ—, %W JE @ e AR IR TR (short-
chain fatty acids, SCFAs) VT4 1A K, £
5 R I R o R G B S I R HE BRI
FEMEREA P R IAUAT 1 JB = FE S, R R
5AYMMA %4 (interleukin-4, I1L-4) ;P24 5 1EAH
5%, JEIEREGE TH2 40 & ANV HLHIE I T2 Az
Mty JXSSE 127281, A 5555 TR Ja (R AR A A B0 1B My 6 2
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PTG R L8, AT LGB Y p38/222¢
VG 1 (mitogen activated protein kinases,
MAPK) ., i REIEILEE-3-F2 33 (phosphatidylinositol-
3-hydroxykinase, PI3K) /&5 [ B (protein kinase
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