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A causal association study of blood metals and pancreatic cancer

risk based on multi-ancestry Mendelian randomization analysis
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Abstract

Key words

Background and Aims: Pancreatic cancer (PC) has a poor prognosis, and etiological evidence
regarding potentially modifiable risk factors remains limited. Blood metals are involved in oxidative
stress, metabolic regulation, and immune responses, but their causal relationships with PC risk remain
unclear. This study aimed to systematically evaluate the potential causal associations between 42 blood
metal traits and PC risk using a multi-ancestry Mendelian randomization (MR) framework.

Methods: Genome-wide association study (GWAS) summary statistics for 42 blood metal traits in East
Asian populations were used as exposure data. Two-sample MR analyses were conducted using three PC
GWAS datasets, including two East Asian datasets and one European dataset. The inverse-variance
weighted (IVW) method was used as the primary analysis, with MR-Egger, weighted median, and
weighted mode as complementary approaches. IVW estimates for all 42 metals across the three PC
GWAS datasets were subsequently combined using random-effects meta-analysis. Multiple testing was
addressed using Bonferroni and Benjamini-Hochberg false discovery rate (FDR) correction.
Heterogeneity, horizontal pleiotropy, outliers, leave-one-out analyses, and Steiger directionality testing
were performed to assess robustness. MRlap was further used to evaluate the potential impact of sample
overlap between the East Asian exposure and outcome GWAS datasets.

Results: Plasma iron showed directionally consistent positive associations with PC risk across all three
PC GWAS datasets and reached nominal statistical significance in each dataset. Random-effects meta-
analysis demonstrated that higher genetically predicted plasma iron levels were significantly associated
with increased PC risk (pooled OR=1.195, 95% CI=1.089-1.311, P=1.73x10""). This association
remained significant after Bonferroni correction for 42 comparisons (adjusted P=0.007; FDR-adjusted P=
0.007), with no significant between-dataset heterogeneity (/=0%). Plasma copper showed a nominally
significant meta-analytic association and remained significant after FDR correction (FDR-adjusted P=
0.042), but not after Bonferroni correction (Bonferroni-adjusted P=0.085). Sensitivity analyses revealed
no substantial evidence of directional horizontal pleiotropy, instrumental heterogeneity, outlier-driven
effects, or single-variant-driven associations for plasma iron, and Steiger testing supported the direction
from plasma iron to PC risk.

Conclusion: This multi-ancestry, multi-metal MR study provides genetic evidence supporting a
potential causal association between higher genetically predicted plasma iron levels and increased PC
risk. The association remained robust across outcome datasets and after stringent multiple-testing
correction, suggesting that iron homeostasis may contribute to the etiology of PC and warranting further
mechanistic and risk-intervention studies.

Pancreatic Neoplasms; Plasma Iron; Iron Homeostasis; Multi-Ancestry Analysis; Mendelian Randomization Analysis
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Table 1 Sources of GWAS data

A i A CIZ S FEAHE N PMID
GCST90100517-GCST90100558 42 B 1l % 4 JR 7K 1798 RV 35501403
ebi-a-GCST90018673 PC 159 700 AR 34594039
bbj-a-140 PC 196 187 AR 32514122
ukb-saige-157 PC 393 961 el 33568819
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M PGt BB #T RIS (£2). PR
T 0R 5 45 R B I, R A T L AR Y AR A AL
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73 Ht o MRlap Bt T 85 MOIR 2 804 SF 65 15 23 [0l 15
(linkage disequilibrium score regression, LDSC) #H#H
VAL B 55 5 45 R GWAS Bl 2 [A] ¥ e AR AS T 2 Jr )™
AR e, IR A IR S TOH R R &
winner's curse 25 [ 2, X H M MR & b #E 17 1F .

ik R B MR Al T 5 MRlap £ 5 Al 109 22
S, VPN ISR RE AR S A R A A A S
PEREM . MY PC GWAS B8 th T 5 Lk & )8 2 #
GWAS 4l ok | A [ AH IR CHE, AR 90 A% 50 MRlap
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Table 2 Characteristics of instrumental variables for the 42 blood metal traits

MEEERTE  CWASEURS'S — BAWASNPE  Fotiliufl

MR4EEREEE  CWASEHEAS  HAYASNPEL  F&iTRLE

JIIRERE GCST90100517 6 19.53~26.93 34 GCST90100538 3 21.17~36.96
L7 e GCST90100518 5 17.68~24.98 i 3 A GCST90100539 4 20.71~31.41
JIREREL GCST90100519 8 19.19~24.45 I3 GCST90100540 9 22.89~29.79
LA S GCST90100520 14 19.49~31.03 M35 GCST90100541 6 20.38~31.59
LT GCST90100521 7 17.29~22.13 I3 5 GCST90100542 7 21.85~33.06
M5 GCST90100522 9 19.90~26.06 34 GCST90100543 6 18.64~27.16
L7 5% GCST90100523 11 20.15~30.31 M3 5% GCST90100544 6 20.60~37.18
I35 GCST90100524 13 18.34~41.00 I3 4] GCST90100545 11 16.69~23.55
JIIRGERFS GCST90100525 10 19.41~28.63 I3k GCST90100546 6 19.38~34.17
IMIEE GCST90100526 4 22.43~25.97 I A GCST90100547 2 22.11~31.16
M4 GCST90100527 21.51~24.76 ik L GCST90100548 8 21.15~28.13
QIR GCST90100528 18 18.77~30.79 M3 4R GCST90100549 3 21.55~28.66
JITRERES GCST90100529 14 19.41~25.69 1M 5 GCST90100550 10 21.39~35.54
M3 GCST90100530 11 19.18~26.62 ISR GCST90100551 7 16.96~25.90
QIR GCST90100531 10 19.89~25.88 Il 3 GCST90100552 5 18.88~31.50
1375 GCST90100532 13 17.69~25.39 1ML A7 GCST90100553 10 21.05~32.15
LA GCST90100533 8 14.42~17.29 JlEEE7) GCST90100554 3 21.54~26.06
BRI GCST90100534 11 16.90~28.20 I3 A GCST90100555 5 21.74~30.04
JIIRGEREN GCST90100535 8 19.51~26.91 [liE47N GCST90100556 11 21.68~38.32
JITRTEEAN GCST90100536 10 18.90~28.80 34 GCST90100557 4 22.48~40.20
LT 5 GCST90100537 10 18.78~24.14 ik 42 GCST90100558 5 22.48~30.43
2 4 R FHIKF (P<0.05) . ELART S, L3 B 7E 7R W 54

21 MmE£EKFESPCKER MRS

£ 3E45)m (7R W ebi-a-GCST90018673 . %< .
bbj-a-140 . Wk ¥ ukb-saige-157) v, #F 5% 4> 9 XF
42 Fi i 4 AKSF HEAT TR S P AE A MR 2 AT
g AR R A G B 1 FEaR o & 1A LRI IR B
RNERTHKEEEIEL R L 4F MR 98 5% T
W PAE, & 1B W LA IR T AR B OR{E . M4
Jay ML A 5E R 2 800 W 4 R R R R e — 3K
R OCHK o 4 7E B 5 2 A 45 R GWAS B i
o A G A 0 SO T ) — B 6 R
=25 FE ¢, LU R I B3 3500 R AE . (E
PR ORTEM I, IR A TR 3 B8 34 52 37 )
— A IE B (OR>1), HIYJRE| & L G112 W

££ ebi-a-GCST90018673 FHAY IVW OR 41 1.240 (95% Cl=
1.032~1.491, P=0.022), 7€ 74 W45 £ bhj-a-140
M 1252 (95% CI=1.031~1.522, P=0.024) , 7&K
B A 4 ukb-saige-157 IR 5 B AH L e (OR=
1.149, 95% CI=1.010~1.307, P=0.035) . M 4h, I
W 7E bhj-a-140 2 s KK TH & {5 5 (OR=
1.264, 95% CI=1.043~1.532, P=0.017), T Ifil. ¥ %
X AE ukb-saige-157 1 & B0 H KUK B (K84 % (OR=
0.793, 95% CI=0.654~0.962, P=0.019) ., % T 4
BAB) H i 25 Sk 2 P O DA T 42 B R B (] B A
B Tl ok 9 2 A ), PR O AR 2[R
PR 2% 68 7 Am o0 4 B AT TR 1L, R A
42 Fl 4 & 90 A J5 25 5 BA B Meta 43 B7 M 2 T LE 3%
K IE .
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Exposure Outcome Method OR (95% CI) P

ebi-a-GCST90018673 VW 18 5 ! 1.240(1.032~1.491) 0.022

I3 AT MR-Egger E 2.669 (0.674~10.564)  0.234
weighted median ; 1.279 (1.013~1.614) 0.038

weighted mode ' 1.313 (0.964~1.789) 0.145

bbj-a-140 VW 0 : ! 1.264 (1.043~1.532) 0.017

1M 2% i 7K MR-Egger E 2.055(0.836~5.052)  0.151
weighted median i 1.135 (0.884~1.456) 0.320

weighted mode E 1.080 (0.739~1.578) 0.700

bbj-a-140 IVW ] 1.252(1.031~1.522) 0.024

(BT MR-Egger 5 3.466 (0.750~16.024)  0.187
weighted median o ‘ 1.215(0.941~1.568) 0.135

weighted mode ] 1.218 (0.859~1.726) 0.318

ukb-saige-157 VW ] 1.149 (1.010~1.307) 0.035

I3 MR-Egger ; 1.416 (0.876~2.286)  0.038
weighted median ' 1.312(0.979~1.757) 0.059

weighted mode I 1.264 (0.948~1.684) 0.071

ukb-saige-157 VW — E 0.793 (0.654~0.962) 0.019

MLIE AT MR-Egger T 0.855(0.501~1.459)  0.577
weighted median ! 0.834 (0.646~1.077) 0.165

weighted mode ] 0.867 (0.639~1.177) 0.380

I I 1
0.4 1 2
— C
RIS e AU

E1 mMi&&ESPCREMNBH#EAMRSHTESE
TR PE, AOFRREGFRBE (P<0.05);

A FRORIRE FER 42 Fh 4 8 7 3 £ PC GWAS Bl Az 4 Fh MR 434 5 5
B: HAEE/RMN ORME, A F£/RREH R (OR>1), i 3R K FEAL

(OR<1); C: FRMIEJE/REAFNER 4 SO ks A0 J7 16— EU G B AE AR PC GWAS B v 59 TV W R0 11
Figure 1 Overview of two-sample Mendelian randomization analyses of blood metal traits and pancreatic cancer risk A:

22 A2HMMmEERE

Circular heatmap showing P values for 42 blood metal traits across three pancreatic cancer GWAS datasets and four MR
methods, and the red indicates nominal statistical significance (P<0.05); B: Heatmap showing the corresponding OR, and
the red indicates increased risk (OR>1), whereas the blue indicates decreased risk (OR<1); C: Forest plot showing IVW
effect estimates for representative metal traits with nominal statistical significance or consistent effect directions across

outcome datasets
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Benjamini-Hochberg FDR % 1F A 4 #b 75 o Bifi #1124 1
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R, I OR K 1.195 (95% CI=1.089~1.311, P=
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KIEJE R B gt 22 8 X (63) M3 k1% BA 31 [H]
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SR AK, Cochran's O 1 56 & & P & & 7 Bk
(0=0.74, P=0.69), P=0%, ¥/~ 3% R GWAS %
o B RO A T B B — B . 4R 3B R

Hf X8 A A a9 B BA 51 3500 LA K Bonferroni A% 1E S5 AT
35 10 85 A B AR RGN, HE— 25 SRR LK RS PC
RIS T i) S B¢ 174 2 it Pk

Exposure Source Cases Noncases OR OR (95% CI) P
Plasma iron levels bbj-a-140 442 195 745 ——+H——  1.252(1.031~1.522) 0.024
Plasma iron levels ebi-a-GCST90018673 520 159 180 ——+—— 1.240(1.032~1.491) 0.022
Plasma iron levels ukb-saige-157 589 393372 — 1.149(1.010~1.307)  0.035

Random effects model — <>| . 1.195(1.089~1.311)
e P—=()0 2 2 —
Heterogeneity: /"=0%, 7°=0, xy*=0.74 (P=0.692 2) 0.66 0.75 1.00 1.25 1.50

Test for overall effect: z=3.76 (P<0.001)

B2 ImiZEkkFES PCXBEH EBLSI Meta 2347

Figure 2 Meta-analysis of the association between plasma iron levels and PC risk

R3 QMOEEEEBS Meta 3R SBILEKRIELER

Table 3 Meta-analysis and multiple-testing correction of associations between 42 blood metal traits and PC risk

MFEERAEFE  MetaSHr P BonferronifZ1IEP  FDRIZIEP || M4JERTE  Meta/MrP  BonferronifZIEP  FDRAZIE P
125 0.471 1 0.878 JI(IRE§:E 0.413 1 0.878
1 2% A 0.498 1 0.878 JIIRGLH 0.303 1 0.878
I 0.939 1 0.986 QIR 0.137 1 0.828
M35 0.848 1 0.962 IR 0.457 1 0.878
i35S 0.679 1 0.901 M, 0.384 1 0.878
i3 5% 0.599 1 0.898 IMLIE 5% 0.895 1 0.964
I 0.389 1 0.878 JIRTRe 0.887 1 0.964
i34 0.002 0.085 0.042 ML 4] 0.977 1 0.997
i3k <0.001 0.007 0.007 JIIRTRS 0.217 1 0.828
1M 34 0.038 1 0.533 IR 0.697 1 0.901
1M 3 B 0.541 1 0.878 IIREEES 0.217 1 0.828
I35 0.364 1 0.878 [liRGER 0.065 1 0.550
I3 4 0.740 1 0.914 M5 4H 0.536 1 0.878
I 0.208 1 0.828 IR 0.204 1 0.828
I3 0.640 1 0.901 QIR 0.057 1 0.550
I3 0.765 1 0.919 M55 0.290 1 0.878
I/ 55 0.997 1 0.997 QIR 0.469 1 0.878
M3 0.543 1 0.878 IMIE ) 0.591 1 0.898
QIR 47N 0.355 1 0.878 JIIRTREN 0.308 1 0.878
i3 0.193 1 0.828 AL 0.680 1 0.901
M3 EF 0.708 1 0.901 M5 0.821 1 0.958

23 FIMKEEERES PCLER GWASHIEEE

HAREEITMH

ZIE B 4 B 5 CWAS B 5 2 E AR
PC GWAS B85 342k I8 TR W AR, AWt —
K P PR LDSC A2 MRlap ¥4 78 76 16 2 55 - 45 JR B
A H e N HOXE MR RN Al TR . 45 R Bk,
bbj-a-140 X Ji7 (%) #5 P Ik LDSC #% #5 3 Fl 4 -0.001 1~
0.008 4, ebi-a-GCSTO0018673 Xif 17 4 75 [l 4 —0.002 9~
0.008 4, JrA #HE ¥k W2 250 (¥ P>0.05) .
AN, MRlap 8 1F Hif 5 RO Al 1A & 300 1 A i A

& AH KR A e (3 P>0.05) , £ 78 78 24 1 L 2
VEAN Y 25 W2 2 5% - 45 Jm 41 & b ok WL 42 31 B I 1 2
-4 AR EH S A R (R 4) .
2.4 I REKFIBAIFREME TS

Sy PEAR I3 R 5 PC XU SCHK i AR f A, IR E
Hir T AR B 5 5P KK - 22 8501 X R TR TE R
W, BH ARG T ZWBUEE T (£5). K
V2R B, = AL 45 R B 1) MR-Egger #
PRI R 2 G772 E M (ebi-a-GCST90018673
# M =-0261, P=0.332; bbj-a-140: #% #H=-0.345,
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5 35 &

P=0.259; ukb-saige-157: #Mi=0.170, P=0.648), %
R e 9 W 25 19 5 ) K- Z2 850 IE S . BV PC
RS 22 18] A & 30 B ik ST 1 kKO 1 B AR B AR
SRS, 2 B4R 1Y Cochran's Q K5 55 24 oK £
ANAE S . BRI, IVW 5 i T ebi-a-
GCST90018673 11y Q {5 K 2.678 ( A fH & =5, P=
0.749) , bbj-a-140 & 4.163 ( A M JF =5, P=0.526),
ukb-saige-157 4 9477 ( H H B =7, P=0220) .
MR-Egger HE 22 T (1) Q ki 5 [7] K & 80 4 2% 5 o

(¥ P>0.05), A ULEE 3 W] & (% T HL AR 5 8] 5 5 1k
WEHE . A, SR FH MR-PRESSO 5 51 ¥ 16 /K F £ 4%
PR RE T HAR R, IR B — L Hrr s
T H AR e SR R Al TR s e R R SR
RadialMR % Bl 150501 7] BE X G 4 280 0 7= A it B 5 i)
(B B T ELAS 4 . Steiger 7 [ P46 3 F— 26 32 45 I
I 37 7K - 21 PC RS B SR D 1wl AR 4R 7R B B 1)
J2 1w} PR AR T LR

T4 ETEMHIRLDSCHREES PCLERE GWAS BIBHAESEIT

Table 4 Assessment of potential sample overlap between blood metal exposure and PC outcome GWAS datasets using cross-

trait LDSC
PC 455 GWAS Eidf N B5IEIR LDSC #H S.E. R P MRlap ¥ 1E i} G200 2 57 P
bhj-a-140 AW -0.001 1~0.008 4 0.004 5~0.0056  0.134~0.944 0.832~1.000
ebi-a-GCST90018673 R -0.002 9~0.008 4 0.004 6~0.005 3 0.112~0.966 0.846~1.000

x5 MEHKKESPCEARXEKMERMES T

Table S Sensitivity analyses of the causal association between plasma iron levels and PC risk

IR R SR
45 MR-Egger IVW MR-Egger
R S.E. P F HEE P Q & P
ebi-a-GCST90018673 -0.261 0.237 0.332 2.678 5 0.749 1.464 4 0.833
bhj-a-140 -0.345 0.263 0.259 4.163 5 0.526 2.436 4 0.656
ukb-saige-157 0.170 0.353 0.648 9.477 7 0.220 9.126 6 0.167

3 i #

AR 2| . 245 )R P A MR 4
Br, JEAE RS ML IR RS (2 AR W K 1 & RO A 4L
&) T RAE S A0, U — A T5 1 — B H
GETT RS i S5 5. 38 A% SO B9 i B OK S T
1555 PC i KUK 52 TE AR G . i 45 SR AE 2 Fh U
3BT O A — B, 4 BA A BE AL SO0 B AL A O
JE AR B E M, HLAE BT X 42 B 4 & £9 Bonferroni
Z H WA IR R A B A Ge i1 5% 5 L (Bonferroni £
1E P=0.007) , #E— L FFIZOCBR IR TE . ML Z
LI A 5 BA 51 Meta 43 A7 ik B 4 LS
% JF @ of FDR KL GE , fH K oF 5 % 1Y
Bonferroni % 1F., PRI 5 56 BEATS 1 A0 Sk 3 7 PR IE B
HoAR & B Y R 2 & W EROE 5 ik B 48 112
B,

BRACI 25 AL AR IR e A kR i I A HIL R 2
1533 Z 2 mE 4 SRR A RGO RER T, IR
P 3% 2 hepeidin il 1 7] 25 8k 4 H 8 F ferroportin [ %
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T, BRI 2 AR % 2 R A G A Y el R
Y] Fenton [ N f S HEAEALTR) , 8kl i S 0 P 0K
AN, T EUDNA G S RN A AR E TR, i
n] REfE Bk R A LE AR S TR . [RE, BROR
R R A . SRORL AR I Wl K% 32 0L 388 15 46 A v 22 ol
SR Al ) 00 A DA, A BT SR e R A B9 v
WA . AR TE R M, PCASIP BRI Z (K
TFRC 2 B R, H5 ARG KBUS 2%
K, HE— P SORE T BANI S bR R A IR R

Bk i i A A G ) ik ke 9 BRAE T BLL, R
g A g RS O R A R R O R AR TR
AORL AR 5 T AR ok [ PN WF 5P 4R 2 G T R AR
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A T A2 P B RSP A PC AT v g 4
Ji AT 38 2k NCOA4 A 5 1 8k 25 11 A W A2 1Y ol 2k
WS AR, T R AR s T O ]
MR R AR, B A, BRAR A 43 W A i v gk
¥ iz Z G0 0% TR R RE 51 A R 6 40 S ) B R A5 )R
PR A ST, TS IR R 58 S AT YR AL BB B I R
PC 1 Z T = BIAMLHI LR Y gk
B BN PC XU B R AT R o S g AR e R IR T
B I LR 2 R

LA ML S PEOF 5  2 RAR T/ BE LU (B . 58
i 25 22 4 JB 45 b 5 PC KUK BB /O SCI, HE T
B PCOC R T 0] 5 80 A 7R A — 2, HOXERE
AR L I (R) R A TR A4 PR 3R T RS A
. MR J7 ¥R W0 3 AE TR 3t A% T H A2 U A%
RS R R BT, T B R KR 5
T 22 18] B 9 A PR 56 AR 4 AR 6 il 57 T 1 e L
PEBEFE 35245 22 IR 4 o ABFSE R Y 4 08 T H A
BRI T AR R 9 1V 4 R B B GWAS %L
i, REHEARS SREEGEENAR, HA
WF 5T 2 BRI K 1 & MO PC 45 =) B dls F A 1
RO T 18] 1Y 5 N RE—B0rk, JF o — 20 38 i 15 A )
Meta 73 #7 4 w5 S AR GE T HIE S BB e 1

iy ] B 4 R S0 UE S 2 E P 5k R
W B 2 8 TN A S 2 WY OO
W, RO AL TR AN e 75 % TCAE IR 8 HE A7
PCfi#r . fEMTT 5T, AU H RS PC KK
Z 18] 1 3 4% 2 SCT hy E — B IR R Bk A S 1E PC R I
PR R AR UE TR LR, (IR B R
T ONHEO A R IR Sl A E . W,
JO7 B Afy DX gt A = DRR 2R A5 i R Ui £ 512 W T
H 2 8] A e 4 2 9 o R Ok mT 78 RS 1 N v it —
AN ERE F . B R AL . AT TFRC K
hepeidin 55 A2 25 16 A1 5 BLA KUK PR 2R B0 A i
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4 T D0 A5 L Bk 7 BA S B AE o A, Bk RS A K
VER ARG T L ETE IR ASR R+ M hepeidin 2§
2L 9 14% $1 75 PO 2] ferroportin 17 3 722, T 21 - 70 i
YR BR300 5 SEAL AT A SR A T
WEAETT 0], H X SE S N% B8 A5 e 4k PC B B0IR 7
T BAA fr itk — BRI

[) I, A BIF 50 4 A0 A T A5 G T A0 )R PR
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