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Abstract Background and Aims: Autoimmune thyroid disease (AITD) are closely associated with metabolic

dysregulation, but the causal role of specific metabolites remains unclear. This study aimed to
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systematically evaluate the causal relationships between approximately 1 400 blood metabolites and two
major AITD subtypes—Graves' disease (GD) and Hashimoto's thyroiditis (HT) —using a two-sample
Mendelian randomization (MR) approach, to identify potential risk or protective metabolites and provide
genetic evidence for mechanistic studies and targeted metabolic interventions.

Methods: Summary-level genome-wide association study (GWAS) data for blood metabolites and
AITDs were analyzed using inverse-variance weighted MR as the primary method, supplemented by
MR-Egger, weighted median, and mode-based methods. Heterogeneity, pleiotropy, and robustness were
assessed through Cochran's Q test, horizontal pleiotropy test, and leave-one-out analyses.

Results: Forty-nine metabolites showed significant causal associations with GD and 89 with HT.
Hexanoylglutamine and ceramide (d18: 1/16: 0) were identified as GD risk factors, while N2, N2-
dimethylguanosine and [ -hydroxyisovalerylcarnitine were protective. Pregnanediol sulfate and
theobromine were associated with increased HT risk, whereas dihomo-linolenate (20:3n3 or n6) and
caprylate appeared protective. The a-ketoglutarate/succinate ratio was positively associated with both
diseases, suggesting a shared metabolic risk pathway.

Conclusion: This MR study provides genetic evidence supporting causal links between multiple blood
metabolites and GD or HT. Several metabolites may serve as predictive or protective biomarkers,
offering novel insights into the pathophysiology, early screening, and personalized metabolic
intervention strategies for AITDs.

Graves Disease; Hashimoto Disease; Metabolites; Mendelian Randomization Analysis
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Figure 1 Overall flow chart of this study
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id.exposure n method P OR (95% CI)
N2,N2- "I SE S 18  MR-Egger 0.710 —o——t 0.935(0.660~1.324)
18 Weighted median 0.032 0.792 (0.639~0.980)
18 Inverse variance weighted  0.002 «— 0.780 (0.667~0.911)
18 Simple mode 0.070 «— 0.687 (0.469~1.006)
18 Weighted mode 0.084 «—* 0.732 (0.524~1.022)
1-4EA: DU —gpe (20:4n6) 28  MR-Egger 0.097 —— 1.083 (0.989~1.187)
28 Weighted median 0.050 Fo— 1.077 (1.000~1.160)
28 Inverse variance weighted 0.006 o 1.090 (1.025~1.160)
28 Simple mode 0.082 ——— 1.217 (0.984~1.506)
28 Weighted mode 0.043 =t 1.083 (1.006~1.165)
B S T A 36 MR-Egger 0.156 «o— 0.869 (0.719~1.050)
36 Weighted median 0.144 «—o—+ 0.896 (0.773~1.038)
36 Inverse variance weighted  0.013 +—o— 0.892 (0.815-0.976)
36 Simple mode 0.564 «—8——— 0.928 (0.721~1.194)
36 Weighted mode 0.175 «<o— 0.900 (0.775~1.045)
OB S At I 26 MR-Egger 0.072 ——s 1.180 (0.993~1.403)
26 Weighted median 0.012 —e— 1.174 (1.035~1.330)
26 Inverse variance weighted  0.004 —.— 1.135 (1.041~1.238)
26 Simple mode 0.726 ——e—— 1.041 (0.835~1.297)
26 Weighted mode 0.023 —— 1.163 (1.029~1.315)
2R (d18:1/16:0) 29 MR-Egger 0.057 —— 1.304 (1 .003~1.694)
29 Weighted median 0.016 — 1.198 (1.034~1.389)
29 Inverse variance weighted 0.007 —— 1.161 (1.042~1.294)
29 Simple mode 0.363 ———o——> 1.176(0.834~1.658)
29  Weighted mode 0.047 —— 1.310 (1.016~1.689)
X-11849 34 MR-Egger 0.162 @—— 0.834(0.650~1.069)
34 Weighted median 0.021 w@— 0.846 (0.733~0.976)
34 Inverse variance weighted 0,004 «0— 0.859 (0.776~0.952)
34 0.092 «— 0.796 (0.616~1.030)
34 Weighted mode 0.055 «— 0.793 (0.631~0.996)
X-13866 27 MR-Egger 0.058 — 1.372 (1.004~1.874)
27 Weighted median 0203 ——e—i 1.119/(0.941~1.329)
27 Inverse variance weighted  0.007 —e— 1.184 (1.048~1.337)
27 Simple mode 0.672 +——0—> 1.074 (0.774~1.490)
27 Weighted mode 0.628 —————sr 1.070 (0.816~1.404)
X-23571 27 MR-Egger 0.657 «—o+—— 0.951 (0.762~1.186)
27  Weighted median 0.016 ®— 0.829 (0.711~0.966)
27 Inverse variance weighted  0.010 «8— 0.859(0.765~0.964)
27 Simple mode 0.874 «—o——— 0.976 (0.726~1.312)
20 Weighted mode 0.055 «— 0.846 (0.719~0.996)
oI AR/ HARE HOF 20 MR-Egger 0.005 —_— 1.431(1.150~1.781)
20 Weighted median 0251  +——e——t 1.114 (0.926~1.339)
20  Inverse variance weighted 0.009 —— 1.194 (1.046~1.363)
20 Simple mode 0.873 «— 1.027 (0.742~1.423)
20 Weighted mode 0.083 ——e— 1.270 (0.983~1.640)
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Figure 3 Forest plot of the MR analysis on the causal relationship between blood metabolites and GD
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Figure 4 Forest plot of the MR analysis on the causal relationship between blood metabolites and HT

id.exposure n method P OR (95% CI)
A58 25 MR-Egger 0.192 —o—t 1.103 (0.956~1.273)
25 Weighted median 0.013 «— 1.104 (1.021~1.194)
25 Inverse variance weighted 0.001 «<— 1.116 (1.045~1.191)
25 Simple mode 0.241 «—— 1.098 (0.942~1.280)
25 Weighted mode 0.227 «—4 1.103 (0.944~1.289)
A IFRRR (202303 or n6) 25  MR-Egger 0.284 —e— 0.921 (0.796~1.066)
25  Weighted median 0.090 o— 0.930(0.856~1.011)
25 Inverse variance weighted <0.001 ] 0.899 (0.845~0.957)
25  Simple mode 0.472 [ —— 0.943 (0.804~1.105)
25 Weighted mode 0.503 i 0.939 (0.784~1.125)
20— REGARER 33 MR-Egger 0.017 +o— 1.076 (1.017~1.139)
33 Weighted median 0.002 +—o—-H 1.083 (1.030~1.139)
33 Inverse variance weighted <0.001 —e— 1.068 (1.032~1.106)
33 Simple mode 0.322 «—o——— 1.051 (0.954~1.158)
33 Weighted mode 0.002 «—— 1.082 (1.033~1.134)
1=~ mE ) -2— 64 PUME - 36 MR-Egger 0.009 —— 1.079 (1.022~1.138)
-gpe(p—16:0/20:4) 36 Weighted median <0.001 —— 1.075 (1.033~1.119)
36  Inverse variance weighted  0.002 —— 1.056 (1.021~1.092)
36 Simple mode 0.656 ——o——i 1.021 (0.932~1.118)
36 Weighted mode 0.001 —— 1.071 (1.031~1.112)
1-(I-AE—hmE ) 2- I RRIMEE 22 MR-Egger 0.003 —— 0.791 (0.691~0.907)
~GPE(p-16:0/18:2) 22 Weighted median 0.002 — 0.883 (0.815~0.956)
22 Inverse variance weighted <0.001 —— 0.891 (0.840~0.944)
22 Simple mode 0.860 +————o—— 0.985 (0.830~1.168)
22 Weighted mode 0.004 —— 0.819 (0.727~0.922)
VR (8:0) 23  MR-Egger 0.20] @—— 0.972(0.931~1.014)
23 Weighted median 0.153 «@— 0.966 (0.922~1.013)
23 Inverse variance weighted  0.005 «0— 0.953 (0.922~0.985)
23 Simple mode 0.383 «— 0.951(0.850~1.063)
23 Weighted mode 0.151 «— 0.969 (0.929~1.010)
X-13728 19  MR-Egger 0.507 —e 0.958 (0.846~1.084)
19 Weighted median 0151  ——e— 0.943 (0.870~1.022)
19 Inverse variance weighted  0.004 —— 0.914 (0.860~0.972)
19 Simple mode 0.516 +——o——— 0.955 (0.833~1.095)
19 Weighted mode 0.512 ——— 0.955 (0.834~1.093)
o R/ R LU (E 20 MR-Egger 0317 «—o—— 1.054 (0.954~1.164)
20 Weighted median 0.040 — 1.089 (1.004~1.181)
20 Inverse variance weighted  0.001 +8— 1.098 (1.037~1.161)
20 Simple mode 0.353 «—o——— 1.073 (0.928~1.241)
20 Weighted mode 0.142 «o— 1,102 (0.973~1.248)
BERRAR AL -6/ DRSS —H 26 MR-Egger 0.045 —_— 0.911 (0.836~0.993)
T (18:2 10 20:4) LA 26 Weighted median <0.001  ——e—— 0.887 (0.839~0.939)
26  Inverse variance weighted <0.001 —— 0.923 (0.885~0.963)
26 Simple mode 0.262 +——lo——— 0.932(0.826~1.051)
26 Weighted mode 0.004 —— 0.901 (0.845~0.960)

B4 mEiEHS HT ERXFRE MR 73R E

% 1 Cochran's Q RFRMRIELER (GD)

Table 1 Results of heterogeneity by Cochran's Q test (GD)
- P S Cochran's Q test
Q 0_df r

N2,N2- L1 MR-Egger 10.013 16.000 0.866
VW 11316 17.000 0.840

1164 It —gpe (20:4n6) MR-Egger 22.280 26.000 0.673
VW 22314 27.000 0.721

B S Gk PR ik MR-Egger 23.764 34.000 0.905
IVW 23.895 35.000 0.923

CL IR 2 Ik MR-Egger 21.707 24.000 0.597
VW 21.969 25.000 0.638

. 2R (d18:1/16:0) MR-Egger 33.401 27.000 0.184
VW 34.521 28.000 0.184

X-11849 MR-Egger 21.610 32.000 0.917
VW 21.677 33.000 0.935

X-13866 MR-Egger 13.332 25.000 0.972
IVW 14.345 26.000 0.968

X-23571 MR-Egger 34.179 25.000 0.104
IVW 35.702 26.000 0.097

o FR/BR AR LM MR-Egger 16.433 18.000 0.562
VW 20.418 19.000 0.370
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b

%2 Cochran's Q RFHHRIELER (HT)
Table 2 Results of heterogeneity by Cochran's Q test (HT)

PR MR-Egger 36.653 23.000 0.035
IVW 36.700 24.000 0.047

T ERRAR (201303 or n6) MR-Egger 31.313 23.000 0.115
IVW 31.488 24.000 0.140

2f TR R R MR-Egger 30.708 31.000 0.481
VW 30.813 32.000 0.527

1= (147 SRR EE ) 262 PRk -gpe (p-16:0/20:4) MR-Egger 42.824 34.000 0.143
VW 44.098 35.000 0.139

- 1= (1= F - ) -2 W RN B -GPE (p-16:0/18:2) MR-Egger 23.454 20.000 0.267
VW 27.545 21.000 0.154

FRER(8:0) MR-Egger 15.970 21.000 0.771
IVW 17.862 22.000 0.714

X-13728 MR-Egger 8.459 17.000 0.956
VW 9.189 18.000 0.955

o 1 R /BRFAIR L AH MR-Egger 16.695 18.000 0.544
VW 17.655 19.000 0.546

TR IR AR/ 1A DU AR IR L — H I (1822 10 20:4) LU AH MR-Egger 29.796 24.000 0.192
VW 29.942 25.000 0.226

%3 HTF MR-Egger 4 #751 MR-PRESSO #6167k £ £ 54K IE R (GD)
Table 3 Results of horizontal pleiotropy tests based on MR-Egger analysis and MR-PRESSO test (GD)

N2, N2- L 14 -0.027 0.023 0.271 12761 0.845
1-1EA VU Bt -gpe (20:4n6) 0.002 0.009 0.856 23.638 0.786
B AL 5 IR Bk DA B 0.004 0.013 0.759 24.857 0.932
A 2 -0.007 0.014 0.613 23.176 0.678
GD PPN (d18:1/16:0) -0.015 0.016 0.350 37.613 0.194
X-11849 0.004 0.016 0.797 22.741 0.948
X-13866 -0.017 0.017 0.324 15.425 0.971
X-23571 -0.016 0.015 0.301 38.084 0.126
o R B HA R LA -0.030 0.015 0.061 22.629 0.393

x4 ETF MR-Egger 4 #751 MR-PRESSO 115 7k £ £ 24016 4R (HT)
Table 4 Results of horizontal pleiotropy tests based on MR-Egger analysis and MR-PRESSO test (HT)

0 0.002 0.009 0.845 40.105 0.052
TAEFRIR (20303 or n6) -0.003 0.010 0.723 34.863 0.143
IR R -0.001 0.005 0.748 32472 0.564
1= (1M —FR AR ) —2— F6 A DU Bt —gpe (p—16:0/20:4) -0.004 0.004 0.322 48.891 0.153
HT 1= 1R AR B ) —2— BRI B -G PE (p-16:0/18:2) -0.016 0.009 0.077 33.192 0.121
FRER(8:0) -0.006 0.004 0.184 21.497 0.707
X-13728 -0.010 0.011 0.405 10.139 0.973
il I R/ EA TR HUAH 0.007 0.007 0.340 19.339 0.593
R RRER AT 625 DUAR TR E—H I (1812 10 20:4) LU {H 0.002 0.006 0.735 33.597 0.224
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Figure 6 Scatter plots for the causal association between serum metabolites and HT
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Figure 8 Leave-one-out plots for the causal association between serum metabolites and HT
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