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Abstract Objective: To explore the association of heavy metals and the metal mixture inflammatory index
(MMID with metabolic syndrome in adolescents, and to identify vulnerable populations. Methods: Based on
database of the national health and nutrition examination survey from 2003 to 2020, an MMII score was
constructed using six urinary heavy metals (mercury, cadmium, cobalt, molybdenum, lead, and tungsten).

Multivariate Logistic regression analysis was employed to examine the association between MMII and
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adolescent metabolic syndrome. Restricted cubic spline models were used to assess non-linear relationships,
and subgroup analyses were conducted by sex, age, race, and physical activity levels. Results: A total of
5 676 adolescents aged 12~ 18 years were included, with 1 528 cases (26. 92%) diagnosed with metabolic
syndrome. In the fully adjusted model, each 1 standard deviation (SD) increase in cadmium was associated
with a 31. 7% increased risk of metabolic syndrome; while, each 1 SD increase in cobalt, molybdenum, lead,
and tungsten were associated with reduced metabolic syndrome risk of 22. 8%, 26.5%, 20.6%, and 30.5%,
respectively (all P<C0. 05). Each 1 SD increase in MMII was associated with a 62.1% increased risk of
adolescent metabolic syndrome (OR=1. 621, 95%CI: 1.343,1.957). Compared to the lowest quartile (Q1)
of MMII, the Q2 (OR=2.328, 95%CI: 1.616,3.356), Q3 (OR=2.857, 95%CI: 1.764,4.627), and Q4
(OR =3.080, 95% CI: 1. 963, 4. 833) groups showed significantly increased metabolic syndrome risk,
demonstrating a non-linear relationship (P i <<0. 001). Subgroup analysis revealed that female, the age of
12~ 15 group, and those with insufficient physical activity were more sensitive to heavy metal mixture
exposure. Conclusion;: MMII demonstrates a strong positive association with adolescent metabolic syndrome.

Female adolescents, younger age groups, and those with insufficient physical activity represent vulnerable

populations to heavy metal mixture exposure and should be prioritized for protective interventions.
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Q1 41, Q2(OR =2.328,95%CI ;1. 616,3. 356) .

Q3(OR =2.857,95%CI ;1. 764,4. 627) Fl Q4(OR =

-0.5 0 0.5

3.080,95% CI : 1. 963, 4. 833) £H M 1R I £ & 1iF KUK MMIT
W, 2 AR R AE SE R (P oy <<0.001), W3R 3 VE AR R TE AR PR PR I B L R B R B B
I 3 W B R L S BRI HEA . MMIL. 2 R IR A 90 S H 4,

Bl 3 MMIL 5 75 A AR ACHE 25 A AE g AR 2tk 56
R3 SERAYRERHSEOFRNWPFSMEMNXR
B 1 TR 2 BERY 3
OR (95%CI) P OR (95%CI) P OR (95%CI) P

MMII

BRI 14 SD 0.024(—0.003,0.052) 0.083 1.611(1.337,1.941) <£0. 001 1.621(1.343,1.957) <20. 001

Q1 ref ref ref

Q2 1.689(1.216.2. 346) 0.002 2.282(1.581,3.295) <C0. 001 2.328(1.616,3.356) <C0. 001

Q3 1.672(1.105,2.530) 0.015 2.877(1.782,4.644) <0. 001 2.857(1.764,4.627) <C0. 001

Q4 1.389(0.974,1.982) 0. 069 3.064(1.981,4.739) <C0. 001 3.080(1.963,4.833) <C0. 001
P for trend 0.118 <£0. 001 <20. 001

Ee B ] RACEAEATE Fs AR 2 KE A MR e Ak AR 3R E A A AP AR K ) E B R E LB R O BRARILS
B W R AR RN MMIL: & B i b4 SR 4580 SDARE 2,
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2.4 THABHSMERREYRERBESVOER
BEEIENXER

WE2H 534 s MMIT 5 35 /D 4EAR I 25 G A 1Y 56
RIEAFFAEARE AR, FIRTE RN 12~
15 % F/D4Ef MMIL &30 1 4~ SD. AR 28 & 4E K
G4 70. 3% (OR =1.703,95%CI ;1. 390,2. 086) ;
16~18 % FH /DA CEK LG 1T 2% 2 L (P =0. 257),
PR MMIL - 7E 0 3% 2 B AE F (P for interaction=
0.001), %t MMII &34 1 4> SD, AR i 25 & fF KU
Hhn 104, 2% (OR=2. 042,95% CI : 1. 540,2.706) ,
MR T B Ay 34. 1% (OR =1. 341,95%CI ;1. 077,

.« 89 .

1.670) . &I 8h4v )2 Bon R 3G SR 2 1) i D4R
H MMIT (9 A % %00 i A B i, RUR: 3% m 75, 2%
(OR=1.752,95%CI :1. 497,2. 049) ; 1fij Ji| ZU44 J7 3%
ARG L (P=0.114), Rk 25
Br iR s MMITL 5 Q25 G AF 1 O I 45 % 7 vh 33 B
BG5S P<<0.05) , P JEVHPEF 55 11 A5
N i (OR =1, 702,95% CI : 1. 289,2. 248) , JE P4 BE
T BN AR S (OR =1. 368,95 % CI 1. 097,
1.705), RCS R BR 12~15 % e K Iy i 5
ASJE AR T B 7 T A O 41 2 I A R 2R v
KRR L FE A,

x4 TAAFTERERASVRERESIEM 1A SD MRS IER KR I

W OR (95%CI) P P for interaction

12~15 1.703(1.390,2. 086) <0.001

S Y 0.417
16~18 1.370(1.179,2. 370) 0.257
i@ 2.042(1.540,2.706) <0. 001

51 0.001
3 1.341(1.077,1. 670) 0. 009
A 1.752(1.497,2.049) <C0. 001

VARG rp 4 1.494(1.017,2.195) 0.042 0.432
J 24 1.406(0.913,2.164) 0.114
VP EAA 1.702(1.289,2. 248) <0. 001
) JEVHPEF B RN 1.368(1.097,1.705) 0. 006

i 0. 247
A VYRFAE R E A 1.556(1.272,1.903) <0. 001
HoAb 1.657(1.174,2. 339) 0.005

EBEAARE S WA AR RN ED T FGRBEARNEY B R LA RN, EERATRBERERAR L,

A -
3 i
[}
. - Aty
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, ] L 16~18%
______ e -
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MMII
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e ' rhg
21 : Iz
_______ T = ——— 1
0 :
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MMII

6 !

N ! )
S } £

2] ; :

0 ;

-0.75 -0.50 <025 0 0.25 0.50

MMII

51 i

4 i i

3] oo FEVGIEFE A
s "o FEPTPEF T RN

21 "o LR SR EUN

- - - e

0_ L 1

-0.75 -0.50 -025 0 0.25
MMII

TEAAEIRWH s B2 CoARIINE SN W20 5 DA 4, BB A I 45 0 P00 P | 1A I 3% )y L A 4 V2R 11 B
BOKALE Y B LA KB EA . TR AP AFRIERARNE, MMIL: &8RS YW RIEHRE.,
B4 WH AR MMIL 5 D ERBEZES MR IE P R
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AR5 R MMIL % —$8 45 R G 0P Al T £ fl
SRBAERZESH VARSI KB, A
KA TR 4 B 7 D AR SR A IR R B 25 R
(552 )« 5 2 8 55 X 5 4 AIE XU 188 A OC T b
IR R R g R B R Ak g VAN L - (U o
MMII 55 7 /0 45 A% i 25 & F 522 3050 Z1 A0 1F 1) S Bk,
WA 4y M i — R R T BB M, ok
12~15 % NS A ENEEBRGYRERN
W AR, XA A URAE T B AR IR S
V) 2 R H DA S A IE M EE A S R
SR VRS G A TR R A R oA LI SR g AR T
AT 2E A

AT SRR G T 4 8 5 5 5L A E G
BRI AT — Bt , WA EEE X R, R — 2R
RONE T T FRATT K PR 2 R D AR AR 2R A AE AU
WA 31, 7 VoA X 5 2 TR N BIE 9 4 S B — L
Yao %5 3T NHANES %4 i AL %5 27 > BF 5% 5] k¢
Je DGR S AR 25 A AE B T B2 FE I N &, Nguyen %0
T i [ 4 28 30 L e e O 1 I 9 A K T 5 AR 4
A AE RV 3G i 33 Y6 A & . SR L A 5T B LA LA
B A 0 5 R 5 40 B AR BF g th A A 22 % . Wang
SN A AR AR P R B 5 R 25 A E L 1
M, SR —%%. B Zha %" fEEEH LA P&
PS5 A0 4% A A L M G T Li 0T AR TN
TR LER B HE I A RN . 3K AR 22 T RE S Y
BERYAE I 2540 BB A RPDL R EE X, EIREY
BN PEAL 7 T, AT B R AE T A AR CHE A MMIT
VA 22 Fh E 4 I B A JRE AN L & B MMIT 45 3% Jin
1/~ SD w] ffi £R i 25 A fE KU 34 i 62. 1%, £ 3R
FAWE 58 A 5 5 IR A W 8% 0 Y B B L Guo Y 7R o
EPALD X ZE AT LRI 12 f 4B 4s Rk 51t
2 AE XU H8 I AH O L Liu 2859 78 v [ AR iR
S EEVE S 4 B TR A W A £ G AE 1Y S5 i T
A+,

AR 5T KB MMIL 5 7 045 A 25 & i 77 76 5
FUIE 8] I L SRR SC R 15 )5 5 e 24~ 52 2% 1) s 3 A4 2
BLE . 7, AL B 46 0 N 2 R 4 i TR A B
I AR O AL . 4 S b 0 — AL e
TG PR AL B AR AR 0, B R O fE R AR R RO
Wi, o 4 Jm R R Nl Al A ok AR B RN A 2 R A
A VT i 05 A RN SR AR N A LR 2 5 AR 2R A AE
W kA Y AT EE A MMIT 1F 2 56T 4 5
RAEAREW T, R BT 8 4 8 IR G ) 5 85 XL

PR R AR A . Li 2 1 vh [ 75 0 4R BA S B 5%
H B I 42 B8 IR A 1 R KT 5 R 4 -k
2 i LU (B I R G S 5 ARE 48 U TEAH DG Horh gl B
T Y IE AL, 3X 5 FRATT & B 6 e MM A4 2 Hh i
HEAEHIA— 2, HK, W T AL A A R TR
AP BRI AL & S EAE . Zhou Y i
I3 FRHEBR S B WURD %38 ) 5 9 3R A2 U R HE UK
R ZRAIH EAE RS A ZE A IR R R N E AR
TE5r F K BT AR T fe 48 gt T OB e 4.
Nguyen 25U BESE 46 R 48 VBT LR IR A 438 i 8 5 %
e DR 0 9 sz PR ok S i AR £ 5 R 5 R 4 Y O
T2 ARE R BT AURE A AE B A R SO 0y
BEAI S ERBETAE Sh i & B A I8 15 1 41 i S8 1% =X, ]
REfEE 4B M KR EA/EH . Aschner 255 &
PR 59 BE ER A R R Y S BRIE T S 5 H S L
il A SR A MR R T e R, A S
A Ak RN g BTt A

AW Hr R T MMIT 5 35 44540 i 25
BAECHER M AR 5 M, X2 F R T E 441
AW RS AT AL B R 2 R R B B
EREW, G DX ESBRGY R ERI N E
o U . T AR A N 25 S5 0T R S R KOF
ARAEAT . Luo %5 B 98 & B, Lok Ml R OKF
R EIE R VA G, FHF W Lo MR R B 3h T Rl
FU, TR X PR 85 75 g W 0 AR T PR B S i
B HR AR Z E R FERAEEE L, 12~15
B HDAERI I R CH M . F AR S SR
i A AR IS R B N R AR IR AN R A AR ] BR AL T
BN SRR & B O e R R G
58 A U N T G J TR S W) 0 BE VAR E O M 55
M 16~18 % F DA A R e AT U AT e B A
TR R EEALS N RE ) . S LR IITE B K 22 R R
TR R AR T HE B RN . AR KK T IS S A
R ) MMIL A F 800 5 o W] i, X 5 Elfaki
ST IR A AE T K B — B T 5T R
A 3 15 2y e 2 A AR 25 T XU, B B T BR 4 v 7
. IGO0 gl o 2 T LK 4R 5
PE AL AR A AL BE 7 2D 4 HE L 38 g 7 41
HERE

KRG LA R BRI, 1 5. 1 o i e i A
T AR LN E B )RRG5 T DENRR GG
Z I A AR G & AN R OB PE . 58 — . NHANES
Bl BAR B 2 EACRYE HAF 5 2R T35 1
A s R Ty H At [ 5 R M X1 A1 4 PR A AR S 1 8
e, = IR R R AR EA L, REAR
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