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Abstract

Objective: To investigate the potential causal relationships of cystatin C, apolipoprotein A (ApoA),
and gamma-glutamyl transferase (GGT) with large-artery atherosclerotic ischemic stroke (LAA) us-
ing a two-sample Mendelian randomization (MR) approach. Method: This two-sample MR study was
based on genome-wide association study (GWAS) data from European populations. Single-nucleo-
tide polymorphisms (SNPs) associated with cystatin C, ApoA, and GGT were selected as instrumental
variables. GWAS summary statistics for LAA were obtained from a meta-analysis of European an-
cestry populations (4373 cases). SNPs were selected at the genome-wide significance threshold (P
< 5 x 10-8), and linkage disequilibrium was removed (rz < 0.001, distance > 10,000 kb). Weak in-
struments were excluded using an F-statistic threshold (F > 10). The inverse-variance weighted (IVW)
method was used as the primary causal estimator, supplemented by weighted median, weighted
mode, simple median, and MR-Egger regression for sensitivity analyses. Horizontal pleiotropy and
heterogeneity were assessed using the MR-Egger intercept, MR-PRESSO, and Cochran’s Q test. Re-
sults: IVW analysis showed that genetically predicted higher ApoA levels were significantly associ-
ated with areduced risk of LAA (OR =0.838,95% CI 0.736~0.954, P = 0.0076). The direction of effect
was consistent across multiple MR methods, suggesting a protective causal role of ApoA against LAA.
Genetically predicted higher GGT levels were significantly associated with an increased risk of LAA
(OR=1.233,95% CI 1.092~1.393, P = 0.0007), with consistent results across different MR methods
and no evidence of significant pleiotropy or heterogeneity. Genetically predicted higher cystatin C
levels were also positively associated with LAA risk (OR = 1.145, 95% CI 1.015~1.291, P = 0.0278).
The MR-Egger intercept indicated no evidence of directional horizontal pleiotropy. After correction
for outlier SNPs using MR-PRESSO, the direction of causal effects remained consistent with the orig-
inal analysis, indicating robust results. Conclusions: This two-sample MR analysis provides genetic
evidence that ApoA has a causal protective effect against LAA, whereas elevated GGT and cystatin C
levels may increase the risk of LAA. These findings offer causal support for the roles of metabolic
and renal function biomarkers in the development and progression of large-artery atherosclerotic
ischemic stroke.
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1. 5|8

BRI 2R R A BRE ) Y S BOE T SR O, HOW N R s R 1] MRS
TOAST 737, S I 4: 2 a4y SR KB ik ki R A A6 28 (Large-Artery Atherosclerotic Stroke, LAA). /o PERE
FERL . JEBRIE N AE S AR SR, o LAA (5 e SR iR 26 e il — R He (2], 975 108 N B2 DR 5
FRE N AR B AL VIR R3] [4]0 IR T fif LAA TR DR SR XU DR 35 T 500 TR ) . A vk T s
ST TR 1) i) o B B

Ak, 2P A S ThREAH S AR SR GE S LAA AR REAH G . BB E A (ApoA)fE
NEEERE AN EBZEARS Y, S 5RERY S RPURIER, 7 REXS 3 bR FEE 10 BE Hufa e 1t K%
TRIVERI[5]. BB IREE(GGT)Z S5 M H IR A S8 A RIS B, K T ey o] R gk I A8 P Rz 43
i Sk et RE[6]. BEAMER C (Cystatin ) N 'E Dhfie & AGEIRES 1) H £ 48 h5, IR RY
0 LA S A A AR SR [T (8] AR, X EESCHRMENT 5T R ZAFETR A IR TP, MECAIR R R G &R, HARD
WA AR 2 MR R R .

TR BEALE (Mendelian Randomization, MR) A& —F3& T A& AT 2= 0 518, MASRZER ZHEk
R AL AR ey T AR, 78— @A FalE S TR A% DR 3 A0 B e ERLSR RS20, AT FH T HEDT 2 8 5 53 45
J& Z TR I LE R R ORER 9]0 IR 4K, MR VAT V2 R T A6 v e L A IR 3 I AL 9, RAEAS MR
IS GWAS BB HEAT 708, D4 E TR RIS RRE, o L PR 2R THE A ik
PRAL T HENFUERYE, Oz SR T m S A A S TR

T EidE s, AU AR HMEAR MR J7E RSP ApoA. GGT AMtHIE C 5 LAA HER
KF, DLHIMIEAL # FA P 3878 ApoA GGT KA C 76 LAA RIF PRI EAEH, e b i Ay il i
FUHEHEHT IR o

2. ik
2.1. MRt

AT FOIE TN FF ] SRAG 1) 4= FE DR 41 S e 7T (Genome-Wide Association Study, GWAS)VL =4t i1 %k,
T Ji P REAS 748 R B AL AL (Two-Sample Mendelian Randomization, MR) 74T . AHF Uik £ LAA 15 A4 Rt
1T MR 73#r. IEFEMEINER C. #IRED A, BEBEKEEIE N MR B E LR,

i GWAS BRI AATHC DGR, AN AR IRAME R, PRI To 7 A9 Me 22 o e s i 5

el

2.2. BIRFIE

AW FEET WA R RBENLLMR) 708, RGEVHEIEIIER C. #EER AL A& B IKEFE(GGT)
5 LAA Z RIS AER R K R i AL 8 1L TR ORI T A TF T 3REL 4 B 8 2H S BRH FL(GWAS)IL s
i, B R C (R4 7T iR Hl 15 (Genome-Wide Association Study ID): ukb-d-
30720 irnt]; FIRE A A [4 5 K 2H BT 7T 1R )% (Genome-Wide Association Study ID): ukb-d-30630_irnt];
G 55 K[ 4= 256 (R 2H S R AF 70 1R 31 i3 (Genome-Wide Association Study ID): ukb-d-30730 irnt]. ik
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GWAS HJF 5006 R 54K 4 [ b 59 73 2K (International Classification of Diseases, ICD) R #fEBH TR E L. N
WP EEE O A RS BA LT MG ACH RS E R, FRATAE % 48 5% B 2 B IR B (Genome-
Wide Association Study ID: ieu-a-299)FIE& % 15 i3 & (1 IH [ B (Genome-Wide Association Study ID: ieu-a-300)
— G NI N A BT 2 B SR (MVMR) 00T 455748 8 LAA WS Feit- B KR T
—T GWAS ZE# 43 HT(GWAS ID: ebi-a-GCST006907), #F 75t G ARKMAEE, JLhN 4373 GlwHI, 5347
T 8,418,349 N HiZ R £ A1 (Single Nucleotide Polymorphisms, SNPs). FHICHF X F B, ASHE 5T AT idk %% =
545 )5 GWAS Bl Vs T A FLASZ RO AFEREAS, AT BRI 17 R AR B8 56 MR &5 SR AT Rt B i 75

23. TRZENIHE

MR ST =AEAMRE: © BHEAR A0S 5 R A SRR @QBHE AR R AU TR A4
K O BEAREAN 2B RN R MITL[10]. A B SEHE SR HNH T EMERE NP <5 x 1078, LU
i 5 7 R FR IR 2 WA I SNP Mo ik T HAS & . AR THAS RO, b B BN T
(Linkage Disequilibrium, LD)5[, BEEBIE N 12 <0.001 FEERY)FEHE 24810 10,000 KB, #i{#HTi% SNPs 2
[EAKRAELD[11]. M4h, AT AN THEARAVWE T F St PSS TR mE T aetE. F @
72 F = (Beta/Se)? 5453 H, Hrf Beta RoRZEAIERFIZNIR/N, Se /& Beta HIfliithruEinz. REF
B > 10 1 IVs $AR A T2 007, s/ MR 55 T B R m s [ 12]. e, idE—BiiiRak
N1 Mrivifafdts:, B %52 iX) SNPs #R{# F Phenoscanner 3 7€ (http://www.phenoscanner.medschl.cam.ac.uk/)
HHT TR, HERR T AE SR AR A IS SNPs, FATRAHT 7T A Rt AT SE [ 13].

2.4. MR 53 #f

AT TR 1877 2 IR (Inversevariance Weighted, IVW) 77 VA At tH B BN ) FEEE 77 N T Hi bR
WO R BT R td e, BT TANTR AT, A 0% (Simple Median, SM). AU 202 (Weighted Mode,
WM). IIACH AL (Weighted Median, WME) 2 MR-Egger [7]9(MR-Egger Regression). It4t, FATHAT
T RYVGUBNME Bk — P IIE S R TR IIRT Befm A MR 45 SR 107K 2 3hE, 147 T MR-Egger #
PEAR G . HEAL, IEAEF T MR-PRESSO BIRHEAS I 7 2K AR F 21 15 SNPs Hf (K1 BT REAE AT A DA A
WERKFZ2 2. N Cochran Q A 36 RvPAl 7 B, X AT REFZMT KL Rl th. Wik P>0.05, K&
J R AR OG FR K2 e v L2 o it — I EUIR B B A S HAA ML T MARAF IR B, 3R
AT T 278 & SR BN (MVMR) 7T, B8R ERE A 5% B & B I B2 (Genome-Wide As-
sociation Study ID: ieu-a-299)FI{E % & it & H JIH 5B (Genome-Wide Association Study ID: ieu-a-300)— &4}
NERE R AR & . 8 IT RIS ApoA B FHRM) SNP, FH7E = /N5 #5 P HEHUA —#Ht SNP 1R, 5
LAAGWAS #(# 17 Harmonisation, SEIL MVMR 734, £ RH 248 IVW J7i%, RN BT T MR-
Egger SUBYESHT, DISIGIEAE 2 AR e . St AT 27 R BAERA 4.3.2)F3HTH, {FH

“TwoSampleMR” F1 “MRPRESSO” 1T MR 734, FHf#H “forestplot” AT AI#IfL. P<0.05 4
ZERA G R X

3. &R
3. TEZTE

BEFIZ C 99N 284 NS SNP T MR 0¥, #AEE A A 499N 225 NS SNP T MR 208, 4%
TR IREEAIN 258 ML SNP T MR 708, FrfA TREAER F git& KT 10, KRR T
B o
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3.2. MR 7347

Wz 1 pn, ARFFCRA 28 MR 75 e S LAA BB KR . S /REENLAL 2 45 5 LAY,
fhTHE B FRAER(SE) S PAER R Hort, B S Wit A% TROIN 1) 2 & 7K A8 A 0t 45 Ja) 2 A ARG PR FRT SR 288080 K
INFTT T 4G R Ay AR, B ONKTHEUE th(log OR), FFiEId Fa it /5 5] OR, T EL WL e it
T 5 45 R NS (A A SRR R JE . SE F T B AN Al RS i P, SE BN FoR Al B e . P T
W RHRRT BFEWEE, P<0.05 #ANRAGITFE L. IVW iR ER, #IREA A KFH
5 LAA KUK 52 FiRI 9S(OR M 0.838, 95%CI 0.736~0.954, P =0.0076). Simple median 77578 R
B 3 B [ R (B =—0.23, P = 0.048), 1fii Weighted median. Weighted mode 5 MR-Egger J5 %35 2 11 [A]i#4
B BRGE REORBIEE A A KPTHEST LAA BARTER .

Table 1. MR analysis results
F 1.MR SERLE%R

RN R Jiik SNP #{ B SE P 1A
VW 284 0.135 0.061 0.028
Simple median 284 0.202 0.119 0.090
BEshE C MR-Egger 284 0.055 0.085 0.519
Weighted median 284 0.073 0.079 0.353
Weighted mode 284 0.077 0.073 0.296
VW 225 —-0.177 0.066 0.0076
Simple median 225 —0.23 0.116 0.048
HREH A MR-Egger 225 -0.027 0.1 0.785
Weighted median 225 —0.051 0.109 0.638
Weighted mode 225 —0.056 0.097 0.564
VW 258 0.209 0.062 0.0007
Simple median 258 0.125 0.107 0.242
GGT MR-Egger 258 0.301 0.101 0.0031
Weighted median 258 0.256 0.107 0.0166
Weighted mode 258 0.219 0.091 0.0165

WA AR5 LAA FIBEERCR IVW 00T BoR, 23 2B KB KT T i B35 1800 LAA XU
(OR A 1.233, 95%CI1.092~1.393, P=0.0007). Weighted median. Weighted mode F1 MR-Egger /51515 &
JNIEMZS, Simple median 7715 B ARIEFE E P = 0.242), (HaEE—3, R RFEKET
N LAA IfER R E .

PR C KFE LAA MRRER IVW AT BRI C FHm 23 LAA KUK(OR 4 1.145,
95%CI 1.015~1.291, P=0.028). Simple median. Weighted median. Weighted mode % MR-Egger 7 i %,
BRI —8. FoRBIER C FHEmTResE i LAA KUK .

WA L(A)~(O PR, BHIER C. BEABFIKEES LAA BIEASS, BIREA A 5 LAA XK B34
B
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MR Estimate MR Estimate
Inverse variance weighted / Weighted median Inverse variance weighted / Weighted median
/ MR Egger Weighted mode / MR Egger Weighted mode
5 Simple median 5 Simple median
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Figure 1. Scatter plots showing the associations of cystatin C, ApoA, and GGT with LAA. (A) Scatter plot of the association
between Cystatin C and LAA; (B) Scatter plot of the association between ApoA and LAA; (C) Scatter plot of the association
between GGT and LAA

[E 1. BtHlZE C. ApoA. GGT 5 LAA XAKIHRE. (A) BtiIE C 5 LAA XAMSE; (B) ApoA 5 LAA X&
AUEL = E; (C) GGT 5 LAA X RMIESEE

SNP effect on Ischemic stroke (large artery atherosclerosis) || id:ebi-a-GCST006907

3.3. AEREMEFMN

3.3.1. BPEALE. RS

VA D] R AHE BT 25 SR K R g e ST TE (0 T I MK 2 30, AR FdE— Bk AT T MR-Egger [H1JH /%
MR-PRESSO 73#r. MR-Egger i H T i deist 4% T BAS &2 A7 1577 PRV 22400k, #EEsEa T 0 H
50 EEETE ST # 2 7 (P > 0.05) R AAAEW] 2.7 [t 2 %t . MR-PRESSO 42 JRj 6 % (Global Test)H T
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Fr 2 S AFAE S SNP, 45 P {H<0.05 /R AF1E S+ SNP. MR-PRESSO [ Distortion Test P H-T-Hi
B SNP Ja K AL e 15 i 5 A8k PAEANE (P > 0.05) R KU RSN 4 fi, N2 5% SNP 540

sEREE 2 BoR, WIEEA AL REBFEIKEEGGT) LIME C i MR-Egger B80T 0, A5
0 LB ER TG AR L3S P > 0.05), FARARKIILITT F K2 2. MR-PRESSO 4 R &5
BN, BIEEA AL PUHTE C 1EE 5 {5 5 (Global Test P<0.05), 11 2 22 B 4% Ik Bl A A6 21 57 5 SNP.
REEEHIEEA AL BIIE C bl ) 555 SNP, Hilk— B 155 SNP fIES i iR, S1kkR
SNP Ji5 K M. Distortion Test P L4252 (P > 0.05), HAZEL R SR IVW 0815 10— 8, $&R
i SNP O ER R RAHEWT 2 A B, B 7o 48 R B B A v . 2540 MR s > B R R SRR 1)
BB BN AT, SRR EmA, WA 2(A)~(C).

3.3.2. RS

SR Cochran Q B30 HEAT IEAL, Q AR4%FH T AW AN A SNP [IRLNAN TR BAFEE R . Q /s
P <0.05 RUITELER B, P>0.05 £ W] SNP (BN —FhE RiF. 4584 2 .

BB EE A(ApoAVEAE—E R IEIVW Q P =0.0066; MR-Egger Q P =0.00997), Distortion Test P il
W TR SNP 2 S SE R R R R THE g #RN . BJlEEEE A 1) Distortion Test P {H N
0.993, PLHISFH SNP X TR KR MG g2, HIvW 1B, FEEA A KFAE5RE)
JIK S AR A5 A 2R e L A 2 v X e AR A A i 1) R SR DR IRAIE B o

Table 2. Reliability tests of MR analysis for the causal associations of cystatin C, ApoA, and GGT with LAA
2 2. BHIME C. ApoA. GGT 5 LAA FRXE MR SR AT 14401

— . MR-PRESSO L
iR IVWQP/H  MR-EggerQP{H  MR-Egger #iFE Global Test P Distortion Test P
W E C 0.008 0.009 0.00365 P=0.011 0.445
HAREA A 0.0066 0.00997 —0.00685 P =0.003 0.993
GGT 0.061 0.064 -0.0038 P=0.07
MR Method MR Method
Inverse variance weighted Inverse variance weighted
MR Egger MR Egger
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Figure 2. Funnel plots of MR analysis showing causal associations of Cystatin C, ApoA, and GGT with LAA. (A) Funnel plot
of the association between cystatin C and LAA; (B) Funnel plot of the association between ApoA and LAA; (C) Funnel plot
of the association between GGT and LAA

2. BEHIER C. ApoA. GGT 5 LAA ERXE MR ##TiRFE. (A) BtilER C 5 LAA (XFR8REHE; (B)ApoA 5
LAA XERRE; (C) GGT 5 LAA X RHIRHE

0-

PRI E C fEERE R FRMEIVW Q P = 0.008; MR-Egger Q P = 0.009). MR-PRESSO R4 3 M5
SNP, Distortion Test P=0.445, 5IFx 5 HAEXN B ARE . J5iE IVW {51152 f#(8=0.135,P=0.028),
PR ER C THE S LAA XU 8 A2 76 R SR e Bk

B R IR B A BG4S B2 (IVW Q P = 0.061; MR-Egger Q P = 0.064), A iM% 5% SNP,
JR 4G TVW fliH A2 @ (8 = 0.209, P = 0.0007), #F—F 2 #FH S LAA KM ERFRRX R,

PPz C. HIEEHA A. REEFEIEE S LAA ) leave-one-out( B — V2K 36 45 J 2 7~ 4K VR 51 5 B
SNP J&i, FIAH) SNP [ IVW 204145 R 590 N 455 SNPs [0 B4 AL, LB MR 348 ok R B A
RGN THA SR SNP. E— DR T 4 ke, W 3(A)~(C).

3.33. ZTE MR 1R

MVMR 73 #r45 S5 R, 7E45H] HDL-C 1 LDL-C J5, ApoA X} LAA [ SN A 528 = —0.063,
SE=0.164,P=0.702), 1fj LDL-C 55 LAA X% % 3 IEAH (8 = 0.202, SE = 0.098, P = 0.040), HDL-C &5
LAA A2 (B =—-0.162, SE = 0.169, P = 0.337). X —5£5F K ApoA ) HAR & (R RN Al BEAE — &2
m it AR KT OEH & LDL-C)RIEAE, HANT RS 55 .
4. #ig

o 87K B L4k (Mendelian Randomization, MR) W] LA A it A& 48 A 9 T AR S RIR R BRI R 5%
T 45 R (B R SRR R [14], 1% 7 IR T 8L AL S AE S RGN (R BN AT, W AE — @ R B e IRVR 28 R 3
R A R R0, SR VEAL R e 5 45 R 2 R B TE DR R G R PR L B AR A o

AT N XU A d A R BN B e — DR T e R C. BE B IREK . #lIEER A 5 LAA
ZIREERR G R ERBESTH, IVW TR C. BEBEIKEK P m S LAA RS 2
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i T T T
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MR leave-one-out sensitivity analysis for
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Figure 3. Leave-one-out analyses of MR analysis for causal associations of cystatin C, ApoA, and GGT with LAA. (A) Leave-
one-out analysis of the association between cystatin C and LAA; (B) Leave-one-out analysis of the association between ApoA
and LAA; (C) Leave-one-out analysis of the association between GGT and LAA

3. BEHIER C. ApoA. GGT 5 LAA EIRXEX MR S —E 1. (A) BUlE C 5 LAA XREBE—E21; (B)
ApoA 5 LAA XEREMB—ENH; (C) GGT 5 LAA KRB —ENH
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FIEAG; MEEEE A 5 LAA K2 A mERER, SEnHTse BA R ER . 3 MR MR-Egger
HEES 0 W EGITEES, WRKREWW ST MHKFEZ 8 RRESTER, BEEA AL W
% C £ IVW 5 MR-Egger B! AF7E—E FRBE 0 R P, 107 S0 % IR A AGr I 210 2 2 S5 ok o 0T A7
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