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[ Abstract |
Methods Based on data from the UK Biobank, FinnGen Project, and Integrative Epidemiology Unit Open GWAS Database, Two-

Objective To investigate the potential causal association between epigenetic age and heart failure ( HF).
sample mendelian randomization analysis (TSMR) was employed to eliminate confounding factors and explore the potential relationship
between epigenetic age and HF. Results The results of the Simple Mode in TSMR demonstrated statistically significant positive asso-
ciations between epigenetic aging-related phenotypes and HF': Lntrinsic epigenetic age acceleration, DNA methylation-based GrimAge
acceleration, DNA methylation-based Hannum age acceleration, and DNA methylation-based PhenoAge acceleration were all potential
risk factors for increased HF risk ( P<0.05). Bioinformatics analysis indicated that the potential causal association between epigenetic
aging-related phenotypes and HF was closely related to relevant signaling pathways ( HIF-1 signaling pathway, TNF signaling pathway,
mTOR signaling pathway, etc. ) and core genes (NFKB1, MECOM, PBX1, and RPN1). Conclusion This study preliminarily re-
veals the potential causal association between epigenetic aging phenotypes and HF, providing potential biological targets for HF risk
prediction and early intervention.
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TER FH AU A Fa f5 JR BEPL AL ( Two-sample mende-
lian randomization, TSMR) 43-H7 I i 28 F1 Ak 22 U0
WL FARRS S HF Z A ZRR R OCER,  [A] B RR
BRI SRS BT AT B R BR- M, e T LA
B9 TSMR 7347, AWFFEdE—20A5 3 T W35 25 55 1) 5%
HRZ &M (Single nucleotide polymorphisms, SNPs) ,
FEXTHGHA TR R, DA e h s TR 4y
PRI 2R 9 PR AR S X AR DA Sl B 52
1 W&E57H*E
1.1 WFFEBHRIESE AR

ARWFFEH MR 23 #7423 1 STROBE-MR 15 7
PAT L TEIARRAY S, MR J5 ik i D SR AR A R v
5 n] SO 3 AN B0 R D Tk T2 AR B
(Instrumentalvariables, TVs) Ty dE#f H A & R AL
HARZEER, AW H, Vs 5 R MBHE 4R % i 3%
AR BAL AR S, B SNPs; @ b i (448 AL
oI5 HAR B ER 0 SCHGE A HE 25 )7, ANAFAE B iEE
A ; ONRAEFE T TVs OB IR 22 3,
TR MR 43H7 04 ™M, TSMR B9 820 ik B 0L E
1, WSS BRIk A B 345 32 108 JS [R5
EFHEMERY A DG gE, BB T I 8 2, %ol
YOI R EE, A EEE D NBAAE
B, FARICHE FLIAEEE EZ RS
FERRH A
1.2 BE K LS R

AMITSE %) 2 S R N8 SR B A U5 T [ A= )R
1T (UK Biobank, UKB) . ZF=2JENZ131K] (FinnGen
research project, FinnGen) . ZE& A TIRFEITIREIEH
AR BRI T B8 ZE  (Integrative Epidemiology Unit

open genome-wide association studies database, IEU open

g, G OB RIS T R DRSS ML BRI

GWAS) M BioBank Japan %l JZEC™ ) 2 8 Bo¥s H
DNA H 2 fb GrimAge Jill # ( ebi-a-GCST90014288,
ebi-a-GCST90014300, ebi-a-GCST90014294 ) . DNA
FLAk Hannum 4F#2 I3 (ebi-a-GCST90014289, ebi-a-
GCST90014295, ebi-a-GCST90014301 ) ., DNA H 3 4k
PhenoAge JIli#  (ebi-a-GCST90014292 , ebi-a-GCST900-
14298, ebi-a-GCST0014304) . NFEFMBAL AR hE
( ebi-a-GCST90014290,  ebi-a-GCST90014302,
GCST90014296) ., 4 Ja B4 Jy £ Fh S BI Y HEF, B FE
bbj-a-109. ebi-a-GCST009541 ,  ebi-a-GCST90018586 .,
€ebi-a-GCST90018806 ., ukb-d-150, ukb-e-428 _  CSA.
finn-b-19 _ HEARTFAIL. finn-b-19 _ HEARTFAIL _
ALLCAUSE ., ukb-d-HEARTFAIL . ukb-d-I9_ HEART-
FAIL. ukb-d-19_ HEARTFAIL_ NS. ukb-e-I50_ CSA.
GWAS H¥E it anfs B W 1.
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BB AFIY

5 RIGEAL TS
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Fig.1 Core assumptions of TSMR analysis
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Tab.1 Detailed information of GWAS cohort data from various databases

GWAS 1D Ay BA AR SNPs %t Srel
ebi-a-GCST90014288 2021 DNA H 31k GrimAge 34 467 7 544 493 s
ebi-a-GCSTI0014300 2021 DNA H 3£k GrimAge i 34 467 6 196 605 Ery
ebi-a-GCST90014294 2021 DNA H Ak GrimAge il 6 148 12 962 189 TR
ebi-a-GCST90014289 2021 DNA H 34k Hannum 4E #5158 34 449 7 541 726 BT
ebi-a-GCST90014295 2021 DNA H 34k Hannum 45§14 i1k 6 148 12 962 074 B
ebi-a-GCST90014301 2021 DNA H 34k Hannum 4E #3158 6 148 6 196 386 ErSs
ebi-a-GCST90014292 2021 DNA F 34k PhenoAge filliH 34 463 7 545 555 PS4
ebi-a-GCST90014298 2021 DNA H 31k PhenoAge Jli# 6 148 12 962 515 Ty
ebi-a-GCST90014304 2021 DNA 3£k PhenoAge Hllis 6 148 6 196 223 Er g
ebi-a-GCST90014290 2021 PITE LB % 4F % Jin 2 34 461 7 544 289 7y
ebi-a-GCST90014302 2021 PN 7E 2R W38 A% A % T 3 34 461 6 197 103 Eras
ebi-a-GCSTI0014296 2021 PN TE 2R W38t 1% 4 1 n 3 6 148 12 962 691 R
bbj-a-109 2019 Fell M HE 212 453 8 885 805 25 )7
ebi-a-GCST009541 2020 HF 977 323 7 773 021 2k )
ebi-a-GCST90018586 2021 ek HF 178 726 12 454 705 75 )7
ebi-a-GCST90018806 2021 &4 HF 486 160 24 178 220 25 )Ry
finn-b-19_HEARTFAIL 2021 TG E XY HF 13 087 16 380 422 )R
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AR G RGN 5.0 01 IR PR OCHE B AR (5 B AT
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GWAS ID N BAF HABE SNPs $irig: Sref
finn-b-19_ HEARTFAIL_ALLCAUSE 2021 4=[H HF 23 397 16 380 447 S
ukb-d-HEARTFAIL 2018 HF 361 194 9 858 439 25 )
ukb-d-150 2018 27 . 150HF 361 194 9 806 537 4R
ukb-d-19_HEARTFAIL 2018 JUAEE L) HE 361 194 9 858 439 eSS
ukb-d-19_HEARTFAIL_NS 2018 AR A% E LY HE 361 194 9 858 439 eSS
ukb-e-428_CSA 2020 b R PE ST Lk °HEF 8 833 9 751 297 75 )7
ukb-e-150_CSA 2020 150 HF 8 876 9 751 263 75 )7

1.3 T HAREWNIEE

ABFER A — YR TR A, PR
FITHE IVs A 50 bE, BARE BRI . (DX 5888 AH ¢
SNPs PEA T e (THERIE P<5x107) , FFimidiE
BT EETHE: (P2 =0.001, HEEESEIME 10 000 kb) 51
BRAFOCHEI U AE S, O T HAR B Ak 7 MR 5 ] 4
T QG R 5L RBHEE, HIBREE SNPs, 55
DEHER 7 A5 BAS B 1 AE S0 055 BOET X
G5 HEAIRIT AL IR K1 Z2280ME 5 S B PEAG 56
L a=0. 05 A 7K i, I T 5 AR B i DI R AE00 S
AL M T i, @RJAE —1% (Leave-one-
out analysis) THHEREGENE, HIERAFAEZ AL MER S
Bt TEAR RS, EHEET MR 4087, HEIR
PR AT AE OSSR, AWTFEER S W Cochrane Q £
¥ . MR Egger #0155 77 0Pl MR S50 53 stk
ASEZ5qEN
1.4 TSMR %3#r

TE R EF M (A 4.4.3) bl TwoSam-
pleMR 1. (JR4< 0.6.19) 4T MR Egger (MRE) |
Weighted Median ( WME) | Inverse Variance Weigh-
ted (IVW ), Simple Mode ( SMO) #1 Weighted
Mode (WMO) HJ TSMR 730, % T Z 82 8l 5 45
RV B Sy Z2 s L RS B A, ARWESORE SMO Ty
RAER B HTRNS ; [RIAS g9 A LAt MR 43-#7 75 7%
VER RSBV AR T A 58 T B, LAE— 20 B uE i
TERY R OCER . P<0. 05 $&/~ 2 58 5 45 =) Bl A7 7E 2.
FRESEHE, 1 0. 05<P<0. 10 BYL5 5 B 7] B
AFAETEAE PRI ORHK
1.5 RWIBRAZAFR I REES HF FHCEEFE
Y e M RE s oA

TE RIBESHAM (WA 4.3.2) v, f&B) biomaRt
B (WAS 2.58.2) 454 Ensembl 3 P5 2H 3 %8
(http: //grch37. ensembl. org) , X TSMR i i€ H 49 i
2 SNPs JEf P RERIE R S %! . BEJS, BT RTHsdk
H5FKHH A B4 (Kyoto Encyclopedia of Genes
and Genomes, KEGG) HHRZEMEFE AL (Gene On-
tology, GO) H¥EAE, X FiRFREIAGYIEF IR
BEE AR HT, HAIRITRIGS G AF IR AR S n) R R AR 53
X HF FHOCHER S S B s Ae sz " . Wi, 38

1) String s R TN A A ] AR EAE I OC R, Mlas
FIE — 85 I R AH T AE F ( Protein-protein interaction ,
PPI) W%, Gfie itz .OmE, IR Mgt G 4R
15 HEF ARG A LR SR A IEYE SR A5
PR BT HHESR ULIE] 2,

(IEU open GWAS Database)
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Fig.2 Overall design framework of the study
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X MR ZHT 0T a7 S e 5, hoR sl
SR Y PE RN AL A I A HEF 080 Ik 35 5 ot
PE (P =0.128, Py =0.147); DNA HJEAE Grim-
Age AFERINGHF HF BHREICEEHSFETE (P =0. 733,

A, G RV R 50 1 R B PR OGRS A MR B

P, =0.708) ; DNA H3AL Hannum SR HEF %2
W R FESRBIE (Pyy =0.574, Py, =0.530); DNA
F 3 1k PhenoAge I 3#E 1 HF %4 3% JC & 2% 5 5t o4&
(P =0.058, Py =0.065), W72,

F 2 RWBE R HF B0E 00 55 BT A 5

Tab.2 Heterogeneity test of data on epigenetic aging and HF

BT SIS 8 25 )R AR bt Fik Q df P{H
PN AE L8 A5 4F 1% 0 HF MRE 71. 477 59 0.128
PN AE 2 L8 A5 4T 18 0 HF IVW 71. 508 60 0. 147
DNA H 31k GrimAge i HF MRE 28. 528 34 0.733
DNA H 3L GrimAge Jinik HF VW 29. 996 35 0. 708
DNA H 31k Hannum 4E#% il HF MRE 37.713 40 0.574
DNA H 34k Hannum 4E#3 il is HF VW 39. 665 41 0. 530
DNA H JEAL PhenoAge Jili# HF MRE 61.997 46 0.058
DNA F 34k PhenoAge JlliH HF VW 62. 494 47 0. 065

. Q FHF RSB ] (14 5 T ME s df 78 Q Geiti iy EE 5 P<0. 05 SRR WF ST 1Al A W 35 1 S ok

XT MR 38T 00 0T G B 94T 230 ER 5, WFoR
45 5 W OR NAERNLIB B AR N 2L 1 HF 2408E JC o 2
£k (P=0.873); DNA H 34k GrimAge H#E
HF $E W Z L2k (P=0.234); DNA H XAk

Hannum 4E # 0 #E #1 HF 038 JC i #2300k (P=
0.170) ; DNA W %4k PhenoAge Ji# 1 HF %% JC
WIEZHPE (P=0.547), W33, LI Fg5IRFE,
A G MR B8 v LU T IR 225087

3 FMBL L HF BIE 10 2R ER 50
Tab.3 Pleiotropy test of epigenetic aging and HF data

ErN 00 s 2 JR A i Egger_intercept SE P18
PN E R W38 1% A 1 o HF 3.32°°% 2.08°™ 0.873
DNA H Ak GrimAge Jimi HF -1.10°™ 9.05° " 0.234
DNA F 34k Hannum 45§15 HF 1.63°™ 1.17°7™ 0. 170
DNA H 31k PhenoAge ik HF -9.53°%® 1.57°™ 0. 547

7. Egger_ intercept ¥ Egger [MIJA53Hr Hig#iE S8, R BE R N0, AlHEIRRIFTEKE-254ME; SE BN HEMFa s, fliH(Eses
EFLIAE; P<0.05 K Egger BRI W E AN 0, 7R AT REAEAE AT ZROESERE L

2.2 SRULBHZAEIS ZREEXT HF 0520

TSMR S Hrgs SRR, SMO 4381 kR H N 7E
FENLBAL AR I N HF 22 (8] 47 78 i 35 10 PR SR S B
(P<0.05), DLIKI 3 #f13k 4, H 4Kk MRE, WME,
IVW F1 WMO 45 MR 4387 7 125 A i 35 09 R 2R 3¢
B (P>0.05), {HETHA %N OR Y42 B IE 1)
#as, A, MR B — IR MU TE S BT 4 R R 28K
BOYAREE T, JROR A SNPs SoF AR 45 S ) T e 8%
N, SrbTEE IR AR E MR, W 4, TeFEINE
SNPs X W [ 05 KOS X FR A3 A0, T W] W O 5 T 1
AR AR L, LA B B ) SR A ml A X B e 1
B, WE S, LlgsRiuEss, MR 451K 32 spAg-
SNPs Wi BE T3, NFFE R F K-8, %
R EE R, CHBRE, 28 Lk, NTER
L igt A% AR5 I AT BE T HF 19 & 95 XU .

MR 515
Inverse variance weighted / Weighted median
/ MR Egger Weighted mode
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Fig. 3 Scatter plot for the causal association between intrinsic

epigenetic age acceleration and HF
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Tab. 4 Pleiotropy test of intrinsic epigenetic age acceleration and HF data

WIRZS SNPs FfEAR I B SE P 1A OR OR_1ci95 OR_uci95
MRE 61 0. 000 5 0.001 5 0. 728 1. 000 5 0.997 5 1.003 6
WME 61 0. 000 2 0. 000 9 0. 809 1. 000 2 0.998 5 1.001 9
IVW 61 0. 000 7 0. 000 9 0. 390 1. 000 7 0.999 1 1.002 4
SMO 61 0.023 2 0. 008 9 0.012 1.023 5 1.005 8 1.041 5
WMO 61 0. 000 9 0.002 1 0. 669 1. 000 9 0. 996 8 1.005 0
TR R — MR Method
1313040887 ————— Inverse variance weighted
17»59§3’6()7’7 R S o S— Egger
R R ——c— 1 250-
1511910597 S
1517210015 —— —
1586414374 I S—
M e
15361071 M g S— 1.000-
156377336 S S S—
1510447389 e e
1559689077 — ¢ —
P st B e e— . 750
1512043192 — =
157550821 S — =
L= —— z
= 00
151726672 - S—
1536264654 T S—
Sadne o ——e——
P 7 S ——— 250-
1561838888 RS —
1511816639 e —
la— :
P T ———— PN (S S T I :
1534848020 e ! |
1T s ——— -0.5 0 05 1.0
1557941717 —_————— By
152273538 RS
T S
naEes e B 5 NTERULE AR InE A HE PR OCHR
134240228 — NN
it 5 PR 560 1 <1
TS —_—————
rsr%zggg o Fig.5 Funnel plot of heterogeneity test for the
T _——o—
:ﬁ:‘]%?g‘égég i § causal association between intrinsic
TS 2. —_—————
r;%g{l}%ﬁ% — = epigenetic age acceleration and HF
A0 ———
1577101300 —
173121871 S
1572936772 e
1510135032 ;
All | ! i !
0 0.005 0.010 0.015
B 4  NTERV LA IS A HE B SCH 2 — S 5R 5Hr 1

Fig.4 Leave-one-out analysis plot for the causal association between

intrinsic epigenetic age acceleration and HF

31T DNA AL GrimAge N5 HF B9CHE, 2
SRMRE, WME | IVW £ WMO 55 MR 53817 L3R
IE) AR SCHE (P>0.05) , {HAFA J7TIEXT N #Y
OR fHIME AT 1, SREHIE M SCB e H SMO
SITITIRERI], DNA WK GrimAge 4RI MM & HF
MR XU B % (P<0.05), WK 6 figk 5, IHsh,
TRl EIZE SR, 90 A B0 SNPs JC i 3 A R lmfd, H
AN F B S A K S 2 85erE TE, UWLE 7, MR B —
AU AT SRR B SNPs X 3 ARZE IR 1Y T4
BUIN, MRS SRR, ULE 8,

X7 F DNA FA 31k Hannum 8 IN3E 5 HF A%
BE, % SMO Jy4h (P<0.05), MRE, WME,
IVW F1 WMO &5 MR 4387 7 12538 A 16 0 281) 4l 2 1) [
SREEE (P>0.05), WE 9 Mk 6, A, MR #
— IR S AT A SR SR IR R, g A S
HTBY SNPs Fa /2 PE s, JC I 3 K Z 2tk +
P, UL 10 FE 11,

MR 5 3 . .
Inverse variance weighted ~/ Weighted median
/" MR Egger ~ Weighted mode
Simple mode
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= o
= |
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=
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& 4 FELC] . i
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Fig. 6 Scatter plot for the causal association between DNA

methylation GrimAge acceleration and HF
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718 PARERE | AE RSB 5.0 T 2208 0 RO B AR WM B Ao
5 FFh MR EEXE DNA HIIELE GrimAge MIEFT HF PR SCBE (19 40 Hr 45 H
Tab.5 Pleiotropy test of DNA methylation GrimAge acceleration and HF data
WIRZS SNPs FEASH: B SE P1{H OR OR_I1ci95 OR_uci95
MRE 36 0. 000 2 0. 000 2 0.370 1.000 2 0.999 8 1.000 5
WME 36 0.000 1 0.000 1 0. 661 1.000 1 0.999 8 1. 000 4
VW 36 0. 000 0 0.000 1 0.913 1.000 O 0.999 8 1. 000 3
SMO 36 0. 009 3 0.002 6 0. 001 1.009 3 1.004 2 1.014 5
WMO 36 0.000 5 0. 000 8 0.539 1.000 5 0.998 9 1.002 1
MR Method ) DNA H 34k PhenoAge IR 5 HF &EL Y MR
Inverse variance weighted
I'MR Egger I B g8 A 48 4~ SNPs, H & MRE. WME,
6000, IVW ., WMO 254 o i 1 5 35 1y PSR S0, 5 ey
DNA H 34k PhenoAge i 5 HEF KU IE 7] SC B (1)
4000, #E (P>0.05); ¥ SMO il 3] i 35 CHE (P<
= 0.05), WL 12 F1K 7, #sh, MR B — kU
£ PR M AN SF G5 R G5 R KB, WA ST Y SNPs
2.000- faEtEReR, TR FMACEFZ8M T4, WK 13
FE 14,
BieE, ARUPFE S T A R % F 8 5
e s X HE BRURPISUE, ILIE 15, SMO J7ikAE 4
Bu RRWBAL AW @ s tn b, BRI SIR

7 DNA H 54k GrimAge I Fl HF K 5
SIS o A A 56 B s =) P

Fig.7 Funnel plot of heterogeneity test for the causal association

between DNA methylation GrimAge acceleration and HF
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Fig. 8 Leave-one-out analysis plot for the causal association between

DNA methylation GrimAge acceleration and HF



EPrEFESAE 2026 4F 11 A

5547 55 6 Wi

Int J Geriatr, November 2026, Vol. 47 No. 6

BARERE
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G, RIS 01 R B R S L WIE B2

Tab. 6 Pleiotropy test of DNA methylation Hannum age acceleration and HF data
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WiRES SNPs HEAS 1 B

SE

Pl OR

OR_lci95

OR_uci95

MRE 42 0. 000 0
WME 42 0. 000 1
Ivw 42 0.000 1
SMO 42 0.027 9

WMO 42 0. 000 7

. 000 1
. 000 1
000 1
. 009 5
. 002 7

© © o o ©

0.724 1.000 O
0. 288 1.000 1
0. 141 1.000 1
0. 005 1.028 3
0. 808 1. 000 7
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