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[Abstract] Objective To identify potential biomarkers of atrial fibrillation (AF) using bioinformatics, machine
learning (ML) and experimental methods. Methods AF transcriptomic data were obtained from the GEO and MSigDB
databases to screen for differentially expressed genes (DEGs) and inflammation-related gene sets (IRGs). The overlap
between DEGs and IRGs was used to identify the DE-IRGs set. Two machine learning algorithms were used to filter AF-
related DE-IRGs. Twelve male SD rats were randomly divided into a control group and an AF group. Rats received
acetylcholine (66 pg/mL) and calcium chloride (10 mg/kg) via tail vein injection for five consecutive weeks to establish the
AF model. Morphological characteristics of atrial myocytes were assessed with HE staining, while RT-qPCR and
immunohistochemistry (IHC) were used to measure changes in mRNA and protein levels. Results In the training set,
119 DEGs were identified, with IRGs showing the highest correlation with two co-expression modules (r = 0.60 and 0.56,
P < 0.0001). The intersection of DEGs and IRGs yielded nine DE-IRGs. The SVM-RFE and RF algorithms identified 5-
hydroxytryptamine receptor 2B gene (HTR2B), latent-transforming growth factor beta-binding protein 2 gene (LTBP2),
matrix remodeling associated protein 5 gene ( MXRA5), and transforming growth factor B-induced protein gene (TGFBI)
as highly expressed in both the training and test sets in AF groups with high diagnostic efficacy (AUC > 0.77). The
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electrocardiogram limb leads of AF rats showed numerous f-waves. HE staining revealed disorganized atrial myocyte

arrangement and inflammatory cell infiltration in the AF group. The TUNEL fluorescence assay showed an apoptosis rate
of (55.34 + 4.29)% in the AF group, compared to (8.69 * 3.12)% in the control group (P = 0.000 1). There were statistically
significant differences in the relative expression levels of LTBP2 and TGFBI between the AF group (4.97 + 4.20, 2.62 +
1.85) and the control group (1.12 + 0.21, 1.18 + 0.77) (P = 0.0137, P = 0.0444). IHC revealed positive rates of LTBP2 and
TGEFBI proteins in the AF group of (36.50 + 1.31)% and (27.39 + 4.57)%, respectively, compared to (22.95 + 2.62)% and
(18.26 * 3.70)% in the control group (P = 0.0008, P = 0.0485). Conclusion The characteristic genes LTBP2 and TGFBI
are highly expressed in AF and serve as valuable diagnostic biomarkers.

[Key words] Atrial fibrillation

U5 B3 (atrial fibrillation, AF ) J&—Ff i U0k
B TR R AR T T, IO LRI o0 T 5
U O URPERR RSO A A R FAE RSN, £993%AFK
YETCHEAR, H Rk I T B USRS A TR, AFIE
SO IR HE RG, A010 77 28 L AN U B AL
BARKJE (NT-pro BNP) KV i I BE S AR Z A
THRIAR S5 O B IR U T B PIIE A, £334 .0
LR BIMERE . R, A L ER ARRITARL IR AL,
P B FER BT E PR IR R 2 R AT %

JORE SR AE AR 2 A AN fs b R CHAVE I, 25
O P A SO NE R A R CR R, SR 4R
P L T 3 00 R0 285 B 0 - 1A B B LA L 4 P /N
RAEAFR AR B FEAERY . A %K E 1A Hi
IL-6. TNF-a% 35k, H 5JAK/STAT3FINF-kB45 (5 538
PR BOE AT . CD4" T A W20 iR 5 AR )
SRS A DA O, e R 50 s LR A =2 [R] ) A
HAEFIRE BB AR AL, SR AR E R AN, R
P 4 L DXL S e o LA B P 2 TR B T, S0 AR
SEFLAAS R BIRER, 15O LA B 4 1 TR 264, TR
TEAFR RO . AT iR R ML BT &3
B AFIZWTR S

ARWFFTHE T GEOKU IE AR M M R R
HIREAS, B G A= W 15 B 2 BOR FIBLAR 2 > Sk E AR AH
F g ERR Y, IR K AR RN LA, (575 N AF
I RIS AR T4 BERT 1 BRI A AR YT HE A

1 #MR5FE

1.1 SEIewA
1.1.1 %34

SPFZMEMESD KL, Fh12 H, A 8 A, 1 i &
250 g/ H, g H SBF (b 50) 24 A) (I AT HIE-5 SCXK- 51 2019-
0010), SEEAE 2= g DU 28 A W RHE A B A R 3 S 561
BEEAT, I A A S S P e B DL ot iE (BST -
PZ-RAT-20240815-01), i ENIH L6 s i 146 R

Machine learning algorithms

Biomarkers Inflammatory response

112 F&2KA

A - G AT UNE LA A 1A 32857 &0
FServicebio; SweScript RT Il 2 —4%cDNAS AN &
(¥ gDNAZEFRHF]) T Servicebio; HL TGFBIFLIA FIHT
LTBP2Hi 1AM H F Abcam; Alexa Fluor 488%5ic AY LU 24T
HlgG _HiW T Abcam; /K& A BA I T4 1; LEEHE
W (Ach, 66 pg/mL) FIE K55 (CaCl,, 10 mg/kg); 2xT5 Fast
qPCR Mix(SYBR Green [ )7l TR EY)

113 E2ik&

A B R AE 1 £ Powerlab 15T [ ADInstruments;
HAM AL =4 R BISWE-3D W FServicebio;
NanoPhotometer N503 )¢ H T Implen’s Al;
HistoCore BIOCUTA1 ¥ Y1 AL T3¢~ /A Bl ; ECLIPSE
Ts2R7EE B BE I T JE HE; CFX96TM S i 9 )i i it
PCR{YI TBio-rad/AH].,

12 REHE
1.2.1  #IERR

S FEEE FEGEO T AP B 42 GSE 115574 1
GSE41177. GSE115574+% 28/ AF 5% 131 52 00
(sinoatrial rhythm, SR) X} L0 B S UREAR ; GSE411774i4E
L3S REA: AR 3200 FISRXF B 615 b, MY
TREEE ZEMSigDB AR IS S AH G K 4E (Inflammation
Related Genes, IRGs), 1£:2001~3& K]

122 AME &F 5T

i FHRIE F limmafk (4 GSE1 155748 4 19 AR 2L
5%t R R 725 57 635 2 [H] (differentially expressed genes,
DEGs) 7347, fii ik br i 1% & M |log,FC|>0.5. P<0.05H.
Q<0.05, IRGsHyH {7 FH AL K A 3 26 35 10 2% 3 By
(WGCNA, Weighted correlation network analysis)"*, 3
T200 N IRGSRHGSVAHL A GSE1155744E By HRE AL
R4 & £ 7M1 (single-sample gene set enrichment analysis,
ssGSEA) PESY, I3 T H 5B AR AR M A DG, T e hrife
ARG R B XHE R T0.3 HLPIE/NT0.05, M Hstats o
“Hclust” BREHAT /32 R HT IHERR S (AR A e



718 PR (BE2E R

5 5745

J , P TCARE P45 [ BRI (scale-free networks )signed R*K
F0.85, JFWGCNA U [ “pickSoft Threshold” R A% 45
4K B, PR FH Pearson 43 B33 H 14 50 B (LB XoF Iy 3k
RIAH DGR I 5, i NSRS 2
RARLARIE, FAH LB R 73 A AN R R g A
)i, il ) Pearson M AT A MEIH 5 ss GSEAE 43 22 1]
FIAHSEME . AR 28 cor|>0.5 H.P<0.05 715t A Ee,
FHRBOCHB L g 2R B IV NIRGs HH TS 22534
123 MEF 3 Frikin gL R

K S FE ]S AL 3 R AR 3 BR (support vector
machine-recursive feature elimination, SVM-RFE ) FIFf#1
FEM (random forest, RF) 37X DEGs S IRGsFUAT £ 3515
DE-IRGsA i LERHIEFE R BOUT AR, 19« ARFH G4
fEREIN” . GSE115574 A YIZRAER ML &2 ) LB,
GSE411771E R ok LA A AU AL eI T2l 32 10 TAERR
fiF (receiver operating characteristic, ROC) R4k, FEIUFF
P, EGSE115577 HIGSE411704E Hf, [l it A2 LA R 34
SAERRAESE R 2 SO AFAH DGR S I (1) SE PRI ik
FETEW] B 25 5 (2) BEPH AR AT AN R R0 a0 4 vh— 3
(3)ROCHHZE T i F (area under the curve, AUC){EL K T0.7,
124 AB%E &5 ATAKEGGE# 4 At

K GSE115574%4)8 A A AR AERE DA 73y i 28 AN
FIRAH, limmatd 53 M 20 ] (1) 25 57 RIA LR Jf-4#log, FCIH
R S A i L A 91 26, F H clusterProfiler PR, LA
MSigDBHE 2 KEGGHE K 4R (C238 1)) y 2= % AT
GSEA, HXTQ<0.05/Y {3 & Sl MO TR AT nf AL . it
J 18 1:F Spearman Al X /3 A AL FRAE L 5 KEG G 1%
IRBHERE PR A AH DG o
125 KRAAFEA M

4 SDK A W20 - % FRZH FIAFAH (B3 4n=6) . X iR
LSDR I RO, TR OHE SR . AFZHSD R
) % 225 )5 A7 R i bk T i Ach (66 ug/mL) FiCaCl,
(10 mg/kg) IRA W (4£100 g i E:410.1 mL), SRJ5 R
P J A MO 1 52 , A7 F PRI ) ATASE R0 44) 2 1l Ty 4]
bR TR TR I A2 AR 250 (1) IBZS | PRIEFITAEA—
e I, (2)PUER, (3)R-RIEHHLXTASFT, (4)QRS
W 5 AR AT I SR FH GBS L 22 A R e T R P A
FEPAA K OISR ORIV TR 2585 .
12,6 ALBFHEE

R H o 4% 2 - W RE[E 2 0 E 412124 hie H
PBS W, R FH A 5 A 25 il 45 R 4 ym ) 1,
THUR RS | BB EE 2K AR, FTHEGL 6, K E A
W, ARSI RS EE ST RIS .

LYY il FHEY @, J5 U F ik B T —
IR B b B 5 7K Ak, #5# A 10 mmol/L EDTA
(pH=8.0) W, TEE 1 K &2 8 min, 155K 7 min, &
522005 Z R R 130 min; FRAE3%H,OI K T % iAb 2
10 min, PBSIEEUE/E 10%FBSES i Ab B 10 min; 52065 4371
T INTGEBIHLA (1 : 100) X LTBP2HiiA (1 : 100)4 CHFE
24 h; it AHRPARIC —HU AL G55 fo )5 FH IR AR 5 e 4i
WK%, G PE G 3 o e . WA N I SR
SANARE S, THA PRI A 3 L

1.2.7 TUNEL% &,

FAES ITMR(ZL65) FRic i TUNELZH L I8 745 )
B Ui 47, Alexa Fluor 488%RiC LU =EHi e — Pt
(1 : 2000) % JEEHEFEE 1 h, PBSEEYE3YR, 47K 15 min, ¢
pIRtTA T e e LI E B o T
1.2.8 RT-qPCRZE:

Wi 5 AFAEE Y 20 R BRAL 0 i 1 414 °CTF WF S,
TRIzZolX IR BUZHZLERNA, Ml ERNAKKE . LA10 ng
RNA NN, 7655 CHM N RNAM L SR cDNA, Fif
JE i FH2xT5 Fast qPCR Mix (SYBR Green [ )74
mRNAFIK, )R 2R : 95 CHIAEM:60 s, 2R 5 LA
95 CHFLE10 s, AN[AlE KO BEHFLE5 s, 72 CHFZEL5 s —
ANEER, T 40MEH, LTBP2, TGFBI, HTR2B, MXRA5
FIGAPDHIR J R 435 60 °C. 65 °C. 60 °C 55 CAl
60 °C. VAGAPDHYE NS LA, K27 X) L AF4
5% RIS R A 22 5. ST AR,

1 PCREMEFEBNRIZESY

Table 1 PCR primers for genes expression

Gene name Primer Primer sequences from 5’ to 3’
LTBP2 Forward AGCACCAACCACTGTATCAAAC
Reverse CTCATCGGGAATGACCTCCTC
TGFBI Forward TACAGCACGGTATGCAAGCC
Reverse GCAACCGATCTAGCTCACAGAG
HTR2B Forward TGATTTGCTGGTTGGATTGTTTG
Reverse ATGGATGCGGTTGAAAAGAGAA
MXRAS5 Forward CATCCCCGATGGAGCTTTAAG
Reverse TCAATGTGCAGCCTCATTAAGTT
GAPDH Forward GGAGCGAGATCCCTCCAAAAT
Reverse GGCTGTTGTCATACTTCTCATGG

LTBP2: latent-transforming growth factor beta-binding protein 2 gene;
TGEFBI: transforming growth factor B-induced protein gene; HTR2B: 5-
hydroxytryptamine receptor 2B gene; MXRA5: matrix remodeling
associated protein 5 gene.
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Fig 1 Feature genes screen by machine learning

A, Feature gene selection using the SVM-RFE algorithm. B, Feature gene selection using the RF algorithm. C, Venn diagram showing the intersection of feature genes

selected by SVM-RFE and RF algorithms.



720

PR A=A (B 2D

5 5745

GSE115574

HTR2B

LTBP2

MXRA5

TGFBI

1.00

=}

~

w
T

Sensitivity
(=]
Ul
o
T

AUC =0.757

AUC =0.722

AUC =0.727

AUC =0.758

0.25 F
old 95% CI: 0.632-0.882 | 95% CI: 0.592-0.852 I 95% CI: 0.595-0.859 | 95% CI: 0.631-0.885
0 025 050 0.75 1.00 0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
1-Specificity
GSE115574
HTR2B LTBP2 MXRA5 TGFBI
6L EEE3 10 EE3 10F EE3 EEE3
» .
g s 9 l or
& 5 l 3 |
S 8 st
g 3
?, 4+ 7r 6
£ | T I
=
28] ‘ 6 |
3r i 6t
5+ 4 ] . -
AF SR AF SR AF SR AF SR
GSE41177
HTR2B LTBP2 MXRA5 TGFBI
1.00 b AUC=0.911 AUC=0.917 AUC=0.771 AUC =0.938
0.75
&
Z
= 0.50
=]
Q
w
0.25
0 95% CI: 0.819-1.000 95% CI: 0.823-1.000 95% CI: 0.607-0.935 95% CI: 0.859-1.000
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
1-Specificity
GSE41177
HTR2B LTBP2 MXRA5 TGFBI
10 e 12 —E 12 —— —E
g 1} nl 1t $
Y
oo gl .
S [—]
S 10} 10
=] °
|5 | i
£ o g |
o
s ° gt ¢ 8-, 7t
L]
4+ ° 7 ° 7t ° °
AF SR AF SR AF SR AF SR

2 4MFHIER BRI ZRERFNIITE S5 IS BT 3 BE

Fig 2 Diagnostic performance of the four feature genes in the training and validation sets

AF: atrial fibrillation; SR: sinoatrial rhythm. GSE115574: AF group n = 28, SR group n = 31; GSE41177: AF group n = 32, SR group n=6. P <0.001,” P <0.01,

"P<0.05.
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AF: atrial fibrillation. A, Electrocardiograph I, II, and Il limb leads between two groups. B, HE staining of cardiac tissues between the two groups. C, TUNEL

fluorescent labeling detection in the two groups. D, Comparison of apoptosis percentages between the two groups (1 = 6 per group).
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Fig 5 Feature genes expression verification by the RT-qPCR and immunohistochemistry

AF: atrial fibrillation. A, Feature genes transcription detected with the RT-qPCR. B, Protein levels of feature genes verified by the immunohistochemistry. n = 6 per

group. " P<0.05,” P<0.01,”" P<0.001, vs control.
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