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[ Abstract] Objective To explore the relationship between BMI and levels of plasma
amino acids and acylcarnitines in Chinese adults. Methods Based on 2 182 individuals with
targeted mass spectrometry metabolomic measurements from the first resurvey of the China
Kadoorie Biobank, we assessed the linear and nonlinear associations between BMI and plasma levels
of 20 amino acids and 40 acylcarnitines using linear regression models and restricted cubic spline
models, and identified BMI-related metabolic pathways. We conducted one-sample Mendelian
randomization (MR) with BMI genetic risk scores as the instrumental variable further to explore the
potential causal relationships between BMI and 20 amino acids and 40 acylcarnitines, and tested for
horizontal pleiotropy using the MR-Egger method. Results Observational analyses found that BMI
was associated with increased plasma levels of 3 branched-chain amino acids (isoleucine, leucine,
and valine), 2 aromatic amino acids (phenylalanine and tyrosine), 3 other amino acids (cysteine,
glutamate, lysine), and 7 acylcarnitines (C3, C4, C5, C10, C10:1, C14, and C16), and with decreased
circulating levels of asparagine, serine, and glycine. Pathway analysis identified 7 BMI-related amino
acids metabolic pathways (false discovery rate corrected all P<0.05), including branched-chain
amino acids and aromatic amino acids biosynthesis, glutathione metabolism, etc. BMI showed a
nonlinear relationship with leucine, valine, and threonine, and a linear relationship with other
amino acids and acylcarnitines. One-sample MR analyses revealed that BMI was associated with
elevated levels of tyrosine and 4 acylcarnitines [C5-DC(C6-OH), C5-M-DC, C12-DC, and C14], with
tyrosine and acylcarnitine C14 positively correlated with BMI in both observational [the B values
(95%CIs) were 0.057 (0.044-0.070) and 0.018 (0.005-0.032), respectively] and One-sample MR
analyses [the S values (95%CIs) were 0.102 (0.035-0.169) and 0.104 (0.036-0.173), respectively].
The MR analyses of the current study satisfied the 3 core assumptions of instrumental variable.
Conclusions BMI was associated with circulating 11 amino acids and 7 acylcarnitines in Chinese
adults, involving several pathways such as branched-chain amino acid and aromatic amino acid
metabolism, fatty acid metabolism, and oxidative stress. There may be a causal relationship between
BMI and tyrosine and acylcarnitine C14.

[ Key words ] Body mass index; Amino acids; Acylcarnitines; Mendelian
randomization

Fund programs: National Natural Science Foundation of China (82304223, 82192901,
82192904, 82192900, 81973125); National Key Research and Development Program of China
(2023YFC3606302); Kadoorie Charitable Foundation in Hong Kong of China

B /A R A T R e R R A A 3 T JHE BGAT N ML PR ) 22 T 22 R TR R 2 A K F- B

< 771

A PR A N, 3R AR N Y IR R
(BMI>24.0 kg/m®) M 2004 4F 1y 31.1% Lk JI =
2018 4F 14 51.2%,2010-2018 4F 8 T /IE Jpk 2R AF 47 4
1 2.3%" . /MRS Z P (45O ik i
TP BRI 02 I R IR A ) K X
5 AR P AR A 24 0 5% nT D & 3055 A0 b AH
R R , A7 B T 38 Jin X U PHE A G 93 95 R AL
] B B 4 S I PR B R DG A= W s 55 4y i
e, VU T U 5 Ae R R, A2 S R
@J}%m

A HE TR I 5 R B2 5 AR R AR G Y
=, BRI, SRE EH BB LG, AL

AR EES A2 5 R (BCAA) S ik
iR (AAA) FIR [l e e A< B A IR SE PR . SR, G
FERFIE R ZAE RIS N R R JE T rp [ R B F
A, HFEA AR N 1eah BRI 5 2
Mﬁ&ﬁ@dzﬁfﬁmm P T, 78 B SR W 5 T AE
FEJR R o A A8 R BEALAE (MR) 43 BT, Lhast & A8
SN T HAR R, TUJ&%%{W%& 5 52 1) PR AR5 3500 A
177, A3 ER T BMI 5 AR 1 PR SR S

AW 5% B T o [ 48 P 9 RS 7R A 9 (CKB)
2 182 44 {8 5 B A AR T 2 A I 5, SR FH O 2
AT ATMR 34T, B 2650 B b AR N BMI 5 i3
SR KL TR R 35 PR /K T 1) SR, %5 T JR A DG 11



<772 - BRI TR A2 a5 2024 4E6 A% 45 555 6 ] Chin J Epidemiol, June 2024, Vol. 45, No. 6

AR AE A0 R TR
MN&E57H%E

1. BFFE X4 : CKB I H - 2004-2008 4F- 714> [
104350 H o IX (5 438 17 A1 S A A ) I e 3 4 4
A, AL ) PR A RS I A AR AR A
512 724 44 30~79 % (A0 5 X 52 25 2 S04 [R) 2 A5 01
LA e 8 W SL 2 PR A B AR 3l 2o v B0
T 5 A il v 48 38 2 D2 A A (HEHE S 2 005/
2004) 35 HEA0AF 200 k[ 12-13 ],

CKB 51 B it FHEH XoF e [ O B 52 il 15311
0 A (Affymetrix Axiom® CKB array) , Xf 10 T 43 wF
FEXT G AE FL LR PR A SR A I RS R AT T 4 3k PR 4 3
PR 2800 pR TR I A R 3 PR A PR W1 58 o
YNNG TRV 2 1 T 5 % G A 3 7 B 1)
) e L 5 i 55 ( COPD ) 9 481) 0 I 265 5 i o6
B FNVC B B (29 3 J7 24) VU e AE CKB It H Hh AL
IR R XS G (217 T 40)  HEDL Sk 14 ] 58K
A3 I 5E I, CKB I H A BAST B0 G0 — 25457 st Jot
FERREA R, I 2 BT AL AT AR AR
P E AT S5 RN, 4 R RN LR SR B A5 #)
100 706 & BF 58 XF 4 12 479 T3 A4S 3845 o7 5 A 56 (R
Oy RV

LA SE UG , 7E 105301 H b X PR —Ik
HEMA ., 255 CKBH—IRELMAN 19 786 44
JAA T G2 AR LAF 4 2590 AR IERE BRI 5T X 52
HEAT A 2 A - D5 — YKk 2 R A R AR Il AR A
i, 25 B (] >8 h; @A 4 5k P 241 3L N 0 A 45 5
FE LR A I ER — R A WA, R AR R0 ik
A B PR R g | R R R % = 2 R g
2 0 I 0 24 ) R DR 25 ) s DR E
2017412 H 31 HARK A . BRI ANRE, XT2 18244
WFFEXT GAE S — R T A PR A R AR N 5 B A T T
A ) RIS , 4 g AASBIF T HEA 5434

2. R S PVE RPN B R E G AR, B
G — B A B3GR G X G R4 TS A A, 15
45— HE I A 5 1 B = {URT TANTTA TBF-300GS 14
TR 1843 BT A3 3100 2 B g MR EE , BMI (kg/m®) 1
T O IRE (k) B LB 5 (m) OS5 o BF5E
W I AR B Sk B — W A A A ) o MR Y — i
N F2ERRE AR 6 7 5 B R AR 1 51 3k
S SRR FEEAFURA AR PR L A
TEARR IR BT e % S B AR i 7K S48 A

LT R ASTR AR TG K5 . (R T15 5))
TRV HT 2011 AF AR ) 136 B 2E) b £ T A I 1 2l i
A i (MET) 3¢ DA & R M =44 07 1% 2 (1 SR 31t
[ Ch/d) A5 2 AR 536 8l K-S AR g K 45 30
& 138 sl K- Z 8, i oA MET-h/d , HLAR T3 7
PILSCHk [ 16]

3. M 3 A B T e TR R 5 - 7E CKB 3 H
HE — IR EEZ A MY, 84 5ORFH EDTA 225 %
I SR AR A4 DF X 2109 10 ml M bRAS , FFid ¢ T
SR ML P 5 i i — R B 1 2 RIS ] B ) BT A
2R ARG P b A KB 1 B e A PR A )
1, K FH B | Biocrates Life Sciences AG 2N FI AT &
) MxP® Quant 500 Kit 18 i 2H #6357 &, #0146
T 20 B AR PIAS &R 15T 19 2 R [ BCAA (52
IR SRR AR AAACRIN R 2R
IR ) A 2 R O 2R R AWl  RA R
TR CEBE AR A AW A AR AR H AR
R WA R N AR AR 2 AR A
1% ) 1R 40 i =F B2 458 van 04 1 356 PR B % 25 (CO , JT Bk
J ) BE ) 4G BE[C2.C3,C3:1,C3-DC(C4-0H) |
C3-0H.C4.C4:1.C5.C5:1.C5:1-DC.C5-DC(C6-0H) |
C5-M-DC. C5-OH (C3-DC-M) ] . # %% [C6 (C4:
1-DC) .C6:1,C7-DC.C8.C9,C10,C10:1,C10:2,
Cl12.Cl12: 1.C12-DC] . K 4% [C14. C14: 1. Cl4:
1-OH,C14:2,C14:2-0H.C16,C16:1,C16: 1-OH
C16: 2. C16: 2-OH, C16-OH, C18. C18: 1, CI18:
1-OH .C18:2 ]}, BERE P 45 5, C R+,
B 5 T BT o0 ) 2 s T S 0% 7 ik Dl S0ORn
SUBEE L AN C18:2 S/ — 4 35 PR Ak 366 0 e
B I8 AT 2 N WU ) |, OH 3 7 i ik ) % L
A FHE, DC 7R Bt S 6 ELAG R ik (R IR Tt i ()
B, ) , 45 5 27 T £ 1 T RE 2 A AP RS TR B T
P11 N C3-DC(C4-0H) FrR C3-DC Al C4-OH AR &
W lo S FERRAT I Ty 12 R WA i HR B — i DU A AT
JoT 1%, Mok S5 PR ARG 0 5 3 SA i B0 1 S 43 A/ e K
Tk S HTRT, XF 20 Foh 2 JE 2 A1 40 ik I 1A A
R SR AT AR B e, PR AR i 25 364 T
FRiELL

4. T HAR B AR 5L F 96 124 24 [F N (4
ARSIBE T COPD & 4], I COPD X BMI A 5% M ) Al
443 359 24 BN 19382 A4 55048, CKB A 5] A= M) R
17 (UKB) 4= 3 R 41 S BRF 58 (GWAS) 125 25 43 My
&P 907 A~ 5 BMI {35 AH 3¢ (19 4 57 A3 5 (P<5x
107 HLi%E Bl - 5 °<0.2)"7, Horpr ) 851 A7 s, 7F



FRAEFA TR AR 2024 4E 6 H 55 45 455 6 1 Chin J Epidemiol, June 2024, Vol. 45, No. 6 - 773 -

CKB H il 2 e /INE A L U % >0.01 FLA AT SR D T
P E00.3 PR IE , T 14 HE BMI A9 35 1% KU 743
(BMI-GRS) . byt b ek i 40045 1 1) f £y, £ FH
UKB GWAS I %00 {ELAE Sl #h AL, %F BMI-GRS
BEAT AL, VE 9 BMI (9 T B A8 &, Al LK R N
BMI-GRS= >"( B, x dosage,), 3 ™, i & 7= ) 1L
BMI-GRS (955 i M 5, k 7844 1 BMI-GRS 9
A7 BRI k=851) , 8, %7~ UKB GWAS H 46 i 4~ fif
SN S R 5 BMIT RN A L dosage, 77 CKB
NHEH S A7 R R A5 5557 i PR i

5. GEitE b 1 eI AR — R 2
REAEFAE REHE FREA T , (8 7 22 53 Br A 4 )
Z5 . RHZ TG RIARAL, 48T BMI 5 i 3
20 P 42 ik 2 R 40 Tl Pk 56 PR 11 D K, A5 7 )8 K A
I (LA i) N (5 o) (10T H X (£
rAAR ) U B VN R LR R e DL ) |
FREAFEWA (<35 000,235 000 7T ) W KR I8 (A
BRI Y AT E ) RTEIR B CAASAH R R B
ZoREEVR Y RTAE RO B PR E IR B (R b
— 22 ) BRI KO (SRR ) et
B T K R FNLL AR (7 A <7 dIL) .
R FH BR il 4 37 7 A A5 A HE 565 5.35.65.95 F 47
PLECAL BB 45 5, 43 HT BMIY 20 Fiv 2 ik iz Fi
40 P I 35 PR AR 110 I 4R 1k DG B B 9 11 P AR i
EIREAIVES 3 R = N B % X T |
MetaboAnalyst 6.0 (https : //www.metaboanalyst.ca/) ")
3 B A BT AR

LI BMI-GRS 2 T HAF & {#f FEAE A MR i —
43 M BMIS 20 i 2 SL 2 11 40 Fh RS PR 05 1 75 7
PR G I . MR 43 B 4 R B B die /Dy — 3 7%
(2SLS) : 45— B BE# ## BMI-GRS ( { 7% 2 ) 5 1l &
BMI (R A% ) 9 e M Rl D S 78 ) A i (G 21k
AR ) VAR SF 5 (25 R AR Y R BMI A R4 M ¢
) B2 i) (10N H HIX (2432878
i) OO RN (AR AR ) R 1 AN astHE
(JEZePEAr &) , 19 2 it BMI-GRS il (9 BMI #1-4
Ho 118G E R T 76 719 £ AR R 5T
it G i) 35 PR RS 3 ok 3 A A M AR 2,
T R A A Y 2 ) R B T Bk
BMI4MLA {8 (A 255 ) 5 20 Fh g BER F1 40 i ok ik 1A
B (PR d ) R 2 [l T A | AR 4 11 P A i
S — B BORH IR, 55 B B At [l U9 2 45 B A 5ny Ay 3
{8, e BIH M H 95%C1 . i ] Cochran’s Q 40 3

Fh LN A3 HT 5 5% I MR 2 M 48 51 0 S vk o

XF MR BT ) 3 A% o AR B A 746 56 : DBMI-
GRS 5 BMI 5 #H 3¢ : $it 15 2SLS 25 — By B A 7l op
BMI-GRS i FAH , iR#E 2855 , F>10 278 T H AR &
B @BMI-GRS 51 4% 248 5 J6 3¢ - fli FH 26 [nl )5
i A BMI-GRS 5 SCAL 2 B L G BE AR A IR AR 2k
W VT IR BB R T T B K S 1 Bk
(BBMI-GRS H i iz BMI 52 Wi 22 J i 5% fE J2 1A i 7K
- < i MR-Egger VA PEA 7K - 24001 , 25 8K 701 42
T 0, 3R AL 2350

B AT Gt Ml R 4.0.3 8cFk45. £
R g Rl RE & R PR A s, R
Benjamini-Hochberg 72 X 73 #r 45 R iE 1742 1E, DA
SR K BUR (FDR) R IE Ji P<0.05 b 22 551 Siit2%

& =X

1. FEAERAE AR LA 2 182 Z 5N 4,
TE CKB 2 — YK 52 ] A I} 4 % O (53.249.8) %
M 65.1%, £ B NHE & 72.7%, B K BMI
(23.08+3.28) kg/m*. 4Fk<60 % Lt I ARE
SCARRRIE /N S LR S R WA | 1P BTk
0 B A — AR T 6 Bl KA RER A
BB K SRR R LD I HE R BMI & (33 P<
0.05), WLF 1,

2. BMI 51 B W E2 1 SCHK : BMI 5 18 Fli
BETR RN IEHE AR R 35 AHOC (FDR AL IE 5 44 P<0.05)
WLEIA, B 2A, Hr BMI 5 8 vz JE iR (5 &
MR SR AR RN R IR CE R
A R R AR R ) AN T Fh Bk L A B (C3.C4.C5,
C10,C10: 1,C14 F1 C16) 7K Tt i A1 5%, 450 &R A1
SRR 5 BMI Y IE ) 5 16 5 & 48 K, B (H S L
95%CI 43 1) 4 0.094 (0.082~0.106) 1 0.082 (0.071~
0.093) ; M4 T Z AR , BMI 5 7 b ok 35 O s (1) & Bk
SR/, BIHTE 0.016~0.025 22 6] . BMI 5 K 4 ik
Jie 22 R A H SR K- BEARAR 5 , BAE S 95%Cl
43 91 24 -0.024 ( =0.037~-0.010) . —0.050 ( —0.063~
~0.037) #1-0.054(=0.067~-0.041) . AFLEAVEH 56 5L
7, BMI 5 5 22 | 46 24 1R A o Z R A7 AE AR 2tk 5%
B (FDR # 1E J5 ¥ P<0.05) , WLIE 3. B ik 3 Fh
FEfR LIS, BMI 5 HoA 22 3 iR DA R Bk 356 PR i 1) S 4k
P 5B (FDR K IEJ5 1 P>0.05) o 18 B0 - 1 H
745 BMI S 25 A OC 9 28 S e A3 % (FDR AL 1E



- 774 - BRI TR A2 a5 2024 4E6 A% 45 555 6 ] Chin J Epidemiol, June 2024, Vol. 45, No. 6

FT1 AR IARRE
N BMI

= A IR %) (e es) |
JEREN 2182(100.0) 23.08+3.28
AR (%) <0.001
30~ 884(40.5)  23.53+3.12
50~ 754(34.6)  23.17+3.18
>60 544(24.9)  22.22+3.51
PE5 0.002
% 762(34.9)  22.84+3.15
S 1420(65.1)  23.21+3.34
Wy <0.001
ViZE) 1586(72.7)  22.73+3.22
) 596(27.3)  24.00+3.27
AR <0.001
AN LR 1360(62.3)  23.14%3.31
wIh R L 1 822(37.7)  22.97+3.19
FREFWA ) 0.066
<35000 1126(51.6)  22.86+3.36
>35 000 1056(48.4)  23.31+3.18
W AR <0.001
AR W 1574(72.1)  23.28+3.26
By 509(23.3)  22.51+3.32
ek 99(4.6) 22.71+3.04
ARG 0.400
MASHEIR K 1849(84.7)  23.05+3.32
B 284 JA TR 47(2.2) 22.86+2.96
TR AR 286(13.1)  23.28+3.04
H A etk 0.049
R AP 1— % 2093(95.9)  23.11%£3.25
LIS 90(4.1) 22.41+3.86
AT TG SR (MET-h/d)¢ 0.001
ik 1091(50.0)  23.27+3.42
[ 1091(50.0)  22.89+3.12
B SR AR (/) 0.095
<7 245(11.2)  23.03+2.89
7 1937(88.8)  23.08+3.32
B K AR (d/H]) <0.001
<7 1847(84.6)  23.02+3.27
7 335(15.4)  23.39+3.22
2L RS (/) <0.001
<7 1828(83.8)  23.08+3.26
7 354(16.2)  23.09+3.30

VS MET: (R B 5 BRAEES VS 02 b, 4 1015 584
AR GESRMEAR ) IR 10300 H b X5 1 25 5 5 PO I
Iy TR R K 0 7K S B P 9 43 2 B o ) 4
I3 A BRI Bk P T 453 5 24.86 ,.22.36 MET-h/d
J5 ¥4 P<0.05), W 2,

3. BMI 5 R4 19 BRAE R MR 73 A : BRIBESE A
fid C5-M-DC 1 C12-DC #, LFEA MR 5 W48 43

B &5 R Fe AR —F(FDR 5 1E 7 Cochran’s Q 5 5 5+
e P>0.05) . FAREAR MR 4558 R, BMI 5 1 Fh
B2 FE TR TN 4 Fh I 3 DA Bt 3 A 56 (FDR K IE J5 P<
0.05) , ¥ R IF [ G HE, LA 1B, K 2B, Hirp B
T TGRS PR B, C 14 ZE S 20 AT FTLERE AR MR 34T
34 5 BMI & IE ARG, BRAEAS MR 23T 1) SC I8
EEEE A HT B8 . kL A A% C5-DC(C6-OH) |
C5-M-DC 1 C12-DCALAE FRAEA MR 43 #r Hh A B 5
BMI [ SCHE % 07 A WA 1 o B 45 5 S oG 12
P

4. MR #% .0 8 3% K 560 - O A BiF 52 1)
BMI-GRS 5 il & BMI £ 3 Ik |, F i 0 84.87,
Q@BMI-GRS 5 3Cb R  FEEFMCA Y RTINS
R SRR | PP R A 25 RV T T sl K, DL
BT S B AT B K SRR AR AT A
BRI TG 248k (P>0.05) , 1L# 3. G@MR-Egger
A3AT R R R 8 HEE T 0, $E R NAFETE K 23kt
(P>0.05), lLIE 1C, & 2C,

it

T WA AT FLELREZR MR 04T, AR5 7
2 182 2 fatFE rp [ B AE A P & B BMI S 13 11 A
SR N 7 b k5 PR /K - 3 R AR A 6 R H T
BB 2 A = R 1 R 14 30 % A0, 9 B BMIT 5 i
R IS KL Y B C 14 P REAFEAE DR SR B

ARG &I BMI 5 13 3 Fl BCAA (52 2
SRR ETR) 2T AAACERNZE R TR TR ) |
3 A LR (2 Dk &R 7 R R A IR ) /KT
FHEAHOC, 5 1M1 2K R A Bk R | 22 5% A H 2R K -F-
FEARAH G . B FFFE Wom , AR RE S I 2% BCAA Al
AAA JKOSETHED, H &R K SEFE AR 7>, BCAA Al
AAA 5 MS S ZEHCHT A R Lo 29 KU
FhEASC , R R 5 1 AU RIE RIS 2 AU
FEARAR G, T REMRRE T ALk 0 ARG =2 1)
BV TR B RS e Ah 5 E A g b R —
Frs0s2 ACHESY S B BMI 5 45 2R i R
IEASE, 5 RA W 22 1R 2 ok 5. FE EA
T, A SR 5 2 UM PRI AN ARV RS 4R B 1 I &
s XU T o A 510 22 SR 5 2 RRUBE R s s XL
W62 AR AR D10 E— 25 4 7% A AR DA B 6 A 7
TERLH] . ARHFSE 0 & 9 BMI 5 21 e 2 e 2 1F A G
BRI ATF 5 I 8 A X A /D (R S A I g 4 SR — 2, D
e Job R -5 AR I A oG, SRR T



FPAERA TR A2 & 2024 4E6 55 45 %5 6 ] Chin J Epidemiol, June 2024, Vol. 45, No. 6 - 775 -

® MBS ® ¥FEAMR ©MR-Eggeritfi i

- IR : P (95%CT) PHe : B(95%CT) PE® I 2P
R ‘. 0.024 (0.011~0.038) ~ 0.001® —ia—  0.020(-0.048~0.087) 0.712 0.864
PR ¢ = 0.082(0.071~0.093) <0.001° “—=—  0.055(-0.007~0.116) 0.209 0.531
SRR i = 0.094(0.082~0.106) <0.001° —=—  0.069 (0.004~0.134) 0.169 0.808
I : .

KRR . 0.033 (0.020~0.046) <0.001° T—=—  0.051(-0.015~0.118) 0.280 0.748
ik 22 L= 0.057 (0.044~0.070) <0.001" ¢ —=— 0.102 (0.035~0.169) 0.045 0.808
TR - 0.012(-0.002~0.025) 0209 —TE—  0.022(-0.046~0.090) 0.668 0.703
HAlh, ! :

AR - 0.004 (~0.009~0.017)  0.645 —— 0.002 (~0.066~0.069) 0.980 0.789
AR = 0.007 (=0.006~0.020)  0.420 —=—  0.030(-0.037~0.096) 0.565 0.648
F &M - -0.024 (-0.037~-0.010) 0.003 —e -0.024 (-0.092~0.044) 0.668 0.744
KAEHIR » 0.007 (<0.006~0.020)  0.425 ‘—=— 0.077(0.010~0.145) 0.126 0.312
RSN L. 0.041 (0.029~0.053) <0.001° i —=— 0081 (0.019~0.143) 0.086 0.829
H iR - 0.014 (0.001~0.027)  0.103 —=—  0.008 (-0.058~0.075) 0.890 0.495
BB = -0.006 (-0.019~0.007)  0.484 +——=—  0.050(-0.015~0.116) 0.280 0811
B - 0.032 (0.019~0.045) <0.001® —m=—  0.018(-0.050~0.085) 0.736 0.767
255 - -0.050 (-0.063~-0.037) <0.001° —=—  0.013(-0.054~0.081) 0.822 0.588
HEm® - | -0.054 (~0.067~-0.041) <0.001° —4—  —0.007 (-0.074~0.060) 0.890 0.483
NI - 0.013 (=0.000~0.026) ~ 0.155 —e—  0.010(-0.058~0.078) 0.878 0.463
R - 0.035 (0.022~0.048) <0.001° —— 0.000 (-0.066~0.067) 0.997 0.100
=V = 0.000 (<0.013~0.014)  0.987 —=—  0.012(-0.056~0.079) 0.848 0.782
IR = -0.009 (-0.023~0.004)  0.371 Com —0.049 (-0.116~0.019)  0.290 0.847

L |
-0.200-0.100 0 0.100 0.200

L N m—
-0.200-0.100 0 0.100 0.200

— T
-0.010 -0.005 0 0.005 0.010

B (95%CT)

B (95%C1)

MR-Eggeriii (95%CI)

T MR : F fBR BENLAL s A < (f ) 22 e 2 Pk Il AR, PR RE AR (P00 L 10300 H b X SCARRR B R BE AR (AR 0 AR B L L3
BRI A T T Bh KO B R S AR R B e K SRR AT SRR £1 AR AR 5 B (i FH BMIL 38t £ JRURS: PE A o T AR AR i A
W ARSI PR 10 NI H X G R ISR 11 N RS 5 € MR-Egger 4387 A #% B 100 5 8 {5 (95%C1T) 3 /3% 0l 4 5 338 4% T /) BMIT
BT 1 kg/m® o [ S SRR 28 F SR BCHAT I dak (B DL R o 22 i AR A (B 3L 95% C T # DR R BRI 5 PAIL;"P<0.05

B 1 p A A BMIS i % 20 Fi 42 HE R 7K - Y S B

N AR PR Y T 35 PR = B2 A A o SR
LA 5 B RN AL B oA, iR N s AR A
W, 0 2 R 56 PR Bl ST 1 28 3 i s A DG 25 A
A AREPIRAS > o MR YR A B < B, T 25 A kT
PL gy Sk B BE (C2~C5) | v 4 (C6~C12) FlT K
(C13~C20) BEHE AR 5o Bl I 3% P k-5 BCAA
ARG 5, R BCAA 40 7= A= 114 4 I ik i
iy A AR ZRCSF 224 5 i e K A TR R TR B 2
Ji g A A O, 2 5 4ok R iR R 1Y B -4
A2 e P IR PR K T T R AT R R A N AR
W EATE . ERIN Y 40 FREESE PP, BMI 5 1L 3¢
3 Fofo i 4 P KL B (€3, G4, C5) L2 Fofr r e gt 56 P ik
(C10.C10: 1) A1 2 MK AEBEIE A BK (C14 .C16) /K F-
Fh s A5G, B AIE T BE A 5% 6 T BMI 5 ik 3 3 ik
C3.C4.C5.C10 1 C16 =z [A] FF 1€ 1E [f) 56 BE Y
FB 10200

BMI 5 BCAA 15 B Bk 5E 1A B 114 1F 1] 56 56 ]
RE VLI IE eSS BCAA AHOCAC I8 6 5L , 8 % 43 Ay
SRR —4510 . EREE BCAA R ZE AL AT
REML I EL 35 (€5 7 423 9 E AN N o I 7 385 5 3
1 BCAA S fif AR BRI PR . F Bl 5 R (55
& SRR FEUTFIE BCAA 430/, LA K i 18 T

P BCAA BEINAERY . (HAR R )2, BCAA /K-
Tl i ifE— 25 412 E B8 L R o H A KGR R 52 4
Ak, ORI A AR B R LR R T RE B A, 5
B 5 22 KT L 2 BUBE PR RO I A8 R R R R AH
B X HAHFST H BMI 5 rp K A I P K F T
P AR A R —B, K BEBESEE A U IR iR B-A ik
BRI AR AR, HK SR 20T BE U HH 7™ 5 A A 7 1R
R AL RGP RERE RS . W MR 4387, AHE
¥R I BMI 5 K EEMEIL B (C14) KV TH = A7V
SR ST Q NS BB Y Ty R e BUR LN =¥
P KBTI 25 s S AT R R R R, T
AR RN IR R BCAA 7K, $275 BE Jpk T T
O A AR AP 2o RS P T AR AL ) 7

B EIRTHE R BCAA FIAAA Z4h il B% 20 Fr ik
&I BMI 5 48 bk HRRARIT | R N — R FR A LA
KR | 22 2 W A op 2 R AT AR OC , o rp 5 T
AR HE B 5 R A R R B — 20T, X
AP R R AR AT 5 TS R O 0t A AR R
CINE S N KN AR =R AR R ¥ Sy
PR D5 AR5 ZEELAHE

ARG FE A B P AR RIS BMIT S5 4G 368
Wi DRI, AREE T i A AR o 161 %) BT 53 1



776 - BRI TR A2 a5 2024 4E6 A% 45 555 6 ] Chin J Epidemiol, June 2024, Vol. 45, No. 6

@ WEES B ® FAEAMR © MR-Eggerilifli
s T3 P : B (95%CI) PIE® ; BIE (95%CI) PfH* ; 7J<ﬂi%§&'l“£
Vi . . .
Co = 0.012 (<0.001~0.025) 0.209 e 0.024 (<0.044~0.093) 0.668 —=i— 0.601
4% (C2~C3) : :
c2 +  -0012(-0015~0.012) 0.841  —=i— -0.018 (-0.086~0.051) 0.736 ~ —=— 0.716
C3 - 0.016 (0.003~0.030) 0.046"  —#— -0.006 (-0.073~0.061) 0.890 —-— 0.671
C3:1 - 0.005 (-0.009~0.018) 0.628 —t— 0.023 (-0.046~0.092) 0.668  —=— 0.799
C3-DC(C4-OH) - 0.008 (-0.005~0.022) 0.394 P —— 0.086 (0.018~0.154) 0.086  —=— 0.772
C3-OH * -0.007 (-0.019~0.005) 0.419 —a— 0.031 (=0.031~0.093) 0.509  —a— 0.940
c4 - 0.017 (0.004~0.030) 0.039" - 0.048 (<0.021~0.116) 0290 ~ —=— 0.706
C4:1 » 0.007 (=0.006~0.021) 0.425 e 0.006 (-0.062~0.075) 0.890 ~ —=— 0.708
C5 - 0.025 (0.012~0.039) 0.001° —— 0.048 (-0.021~0.116) 0290 ~ —=— 0.725
Cs:1 = 0.010 (~0.003~0.024) 0.280 —— 0.037 (-0.031~0.105) 0452  —=— 0.805
C5:1-DC - 0.003 (=0.010~0.016) 0.704 —es—  0.067 (<0.002~0.135) 0.169 ——— 0.569
C5-DC(C6-0OH) »* 0.006 (-0.008~0.019) 0.527 ; —=— 0101 (0.032~0.170) 0.049> —=— 0.811
C5-M-DC - -0.007 (-0.020~0.006) 0.425 i —=—  0.105(0.037~0.174) 0.045* —=— 0.993
C5-OH(C3-DC-M) - 0.008 (-0.005~0.021) 0.398 —— 0.070 (0.001~0.138) 0.169 ~ —=— 0.778
% (C6~C12) : : :
C6(C4:1-DC) » 0.008 (-0.005~0.022) 0.398 —a—  0.064(-0.004~0.133) 0.189 ~ —=— 0.756
c6:1 - 0.009 (-0.005~0.022) 0.386 P—es—  0.090(0.021~0.159) 0086  —=— 0.963
C7-DC - 0.002 (=0.011~0.015) 0.809 w0061 (-0.008~0.129) 0209 —=— 0611
cs - 0.016 (0.003~0.029) 0.061 - 0.038 (-0.029~0.105) 0.431 — 0.375
9 - 0.009 (<0.004~0.022) 0.374 +—=— 0051 (-0.018~0.120) 0.290 —— 0.474
C10 e 0.021 (0.008~0.033) 0.005" e 0.021 (-0.043~0.086) 0.668 —— 0.703
C10:1 - 0.019 (0.006~0.032) 0.017° —=—  0.061 (-0.006~0.128) 0203 R 0.387
C102 - 0.004 (-0.009~0.017) 0.645 s  0.067(=0.003~0.135) 0.169  —=— 0.898
CI12 - 0.014 (0.001~0.027) 0.117 i—=—  0.085(0.017~0.153) 0.086 —=— 0216
Cl2:1 - -0.003 (-0.017~0.010) 0.681 —=—t -0.058 (-0.126~0.010) 0.221 e 0424
C12-DC - 0.009 (-0.004~0.022) 0.374 1 —=—  0.134(0.066~0202) 0.007° ~ —=— 0.633
K4 (C13~C20) : : :
Cl4 - 0.018 (0.005~0.032) 0.029° P —=—  0.104(0.036~0.173) 0.045> —s— 0.956
Cl4:1 + 0.004 (~0.009~0.017) 0.645 — 0.048 (-0.020~0.116) 0290 ~ —=— 0.868
C14:1-OH - -0.000 (<0.014~0.013) 0.987 —— 0.027 (-0.042~0.096) 0.636 ~ —%— 0.921
Cl14:2 * 0.007 (=0.006~0.020) 0.425 —— 0.032 (-0.036~0.101) 0530  —#— 0.957
C14:2-OH - 0.004 (=0.009~0.018) 0.645 —— 0.071 (0.002~0.140) 0.169 —— 0.645
Ci6 - 0.021 (0.007~0.034) 0.009" +e—  0057(-0.010~0.125) 0224 —=— 0.600
Ci16:1 - 0.008 (~0.005~0.021) 0.402 —=—  0.068 (-0.000~0.137) 0.169 —— 0.596
C16:1-OH - 0.011 (=0.002~0.024) 0.244 i—=—  0.087(0.018~0.156) 0.086  —w— 0.779
C16:2 - 0.008 (-0.006~0.021) 0.419 —— 0.072 (0.003~0.140) 0.169 ~ —=— 0.829
C16:2-OH = 0.009 (=0.004~0.022) 0.374 —=— 0067 (-0.001~0.136) 0.169 —— 0.714
C16-OH - 0.000 (-0.013~0.013) 0.987 — 0.006 (-0.061~0.074) 0.890 —=— 0.103
Ci8 » 0.007 (~0.006~0.020) 0.425  —— 0.048 (-0.021~0.116) 0290 —=— 0.388
Ci18:1 - 0.003 (~0.009~0.016) 0.681 - 0.045 (-0.020~0.111) 0290 —=+— 0.348
C18:1-OH 0.007 (=0.006~0.020) 0.425 i—=—  0078(0.010~0.146) 0.126 —=— 0.558
Ci18:2 - 0.011 (=0.002~0.023) 0.209 o 0.046 (-0.018~0.109) 0290  —=— 0.539
-0.200-0.100 0 0.100 0.200 -0.200-0.100 0 0.100 0.200 -0.010 =0.005 0 0.0050.010
P (95%CT) BIE (95%CI) MR-Eggerii&fli (95%CI)

T MR R BEALAL 5 A < 5 22 048 0 [ U B0 SRS A RS A 3L 10100 F X SCARRRE SR BEAR IO AR B0 AR AL | 13
IR R TG BT B i S AR e /K R A 5T DR B A5 5 B « (i FH BMIT At 2 XU 17401 kg T EL A o | A ) 4
AR AW IT I PR 10 NI H X R R BRI 1AL 32 A 5 C - MR-Egger 4357 (9 # B 101 5 811 (959% C1) 2 7% Il 43k 1 8 44 000 19
BMIAETH 7 1 kg/m?, Sof T JE PR 228 1 4 X6 B0 - F (A AR 22 P A8 A8 B L 959% C 5 R & BRI IR P AR 5" P<0.05

B2 A E AR BMI S 40 Fi k3 A B84 ST

S 151 g L5p S 157

S &Q

§ 1.0} 210t w10t

H osl H sl W osl

E 0.5 el £ 0.5 Zos

= oof = ooof = g0}

% 05} % _05f ¥-05}

Ig -10f etk .P<0.001 E-10f A2k 55.2=0.001 K-1.0t JEZet:4055.£=0.001

i s FDRAZIEJF K3 P=0.008  § s FDREE SRR SEP=0.021 3% s FDRAE IEJ5 28 PG 36:P=0.021

=TS o S o o s o o o o o o s o o o o o o s o
S 2 3 & 3 & 3 s 5 & 3 & & 3 s 5 & 3 & & 3
(=) wy S e) S wy (e} () w S vy S wy S () w S vy S wy S
— — o o (28} o <t — — o o o o < — — o o o o <

BMI(kg/m?) BMI(kg/m?) BMI(kg/m?)

HFDR: fE 1R KR
B3 E AR BMI Y 3 R LR ) A 2P 1k
T, MR SR R HE T 2 — K AT N R el 42, ke R AR 5 PR) A 1) GG 00 48 Ay 4 i 5 46 FH MR 43
FERINERE S A AL T, AR AR B AR XT3, BrHR 7% BMI 5 4547 0 DR 2R G B, I el 3 1% o0



FRAERA TR A A 2024 4R 6 S 45 555 6 ] Chin J Epidemiol, June 2024, Vol. 45, No. 6 - 777 -
F2 5 BMIMIEHY 18 Ff iy i s oA
A MG IR BN () ke OUE
SR S RN S sE AR AE ) A 8 3 E R SR AR ) <0.001 0.001
RN R Wi AR A TR AE Y R 4 2ORNER K2R ) <0.001 0.013
AR W) 28 SOHER AR R ER) 0.001 0.022
RN A IR 8 2ORN R I R) 0.001 0.022
SR R IR AR 32 3R 2230  H IR 0.001 0.022
a2 AR AR 33 32258 PR HER) 0.002 0.022
B TR SR 5 R 40 3CRst AR SEE IR AER ) 0.003 0.033
£3  BMIMWIRE XS IT0 54222 R T AR AT S R M AR T S 0 B BAA AR A5
FAE I 72U 2R 1 Tk TG0 by DX 237 ) e AR Ay 5 IR B A 2y (I F I H Jb
Ik WO (95%CT) P ONEE AEIE A R 104301 H X I A% A TAE B
SRR/ NE BT 0.943(0.642~1384)  0.765 RERAMAM B P ITRE SREERR 8 SRS 5 ARl S b/
KREAEI A S35 0005 0.931(0.674~1.286)  0.665 SRR s AN - SRAE MR 8 SUB B A28 SRR Ph s 8l —
| 1.248(0.751~2.073)  0.392 B R ARG 8 S 38 B FL AR SRR Y R AR
i 0.922(0.558~1.522) 0751 s WRE A R L 3 E B O SR 2 B SR e T HE A
T e 1.360(0.628-2.045) 0435 WS SE RN I8 SUIE L 222 SR s 25T W < A JELF 9T R AR /i
RT3 SR -0.909(-2.957~1.139)  0.384 BENEIBBTE B FRHAE LRI
B SRR ASUR<T d/JF 1.327(0.830~2.121)  0.238 5 = % @
B K R AR <T d/JF] 0.918(0.585~1.440)  0.710
LLRERAIIF<T d/JA 0.880(0.546~1.421)  0.602

TE S35 B K R Sk AR A SR G Iml AR, 200y
HR B HA =532 dit R logistic [MTARTEL  ZUNAE N OR

BT, XA AL A TR AT

AW FAELE R IR o 25— AR BT T b
T IAT DG IG , S% R SR S K 1) i S T L 25 T MR
G HT I 95%CHER T , K B AT REAEAE AR, 1 77
R BAEAS 1 R T REZR MR 38735 o ; 56
= MEREAY BT K R BMI 522 R 4R AE R N A 41
PR AR LM OCHR , i FAAE A MR 1Y 2SLS R 4 #8 5
S5 )RR SR 2R, PR IE , 3 3 P SE R Y MR 4>
BT 2500 (L 7 fifE 152 S BMIL 5 A 7 28 L TR S 1K 1) °F- 1
BN AR LM G, T (i AR MR 43 bt
HE— 2 SY R 5 45 R I SCIR IR = (AR AIF 5% die
Z LRI TR, BMI 552 &R & R 7R &
2 1 DRI SR O H A o i — 2L A SR SR IE

25 LTIk 7E 2 182 44 fidt B v [ A AR P &
BMI 5 11 Fj g SR A 7 ik Ik A B AH DG , L rf BMI
1R AAA (SR ) A 1 R SEBERE NI (C14) 7]
REAEAE PR OCHK , AHOCHL 24045 BCAA FTAAA
FZEEL BB R G 2500 BORR D g B DL 2
AACR A . ARG SR E TR AR DG B S S R AN
NE WA AL , A 28 A B A AR A S (AL I
R biodi i o R Y O RA B /L Tt /o e S
FlzEge  FTA (E 7 IR 2 e

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

[91

Wang YF, Xue H, Sun MX, et al. Prevention and control of
obesity in China[]]. Lancet Glob Health, 2019, 7(9):
e1166-1167.D0I:10.1016/s2214-109x(19)30276-1.
Wang LM, Zhou B, Zhao ZP, et al. Body-mass index and
obesity in wurban and rural China: findings from
consecutive nationally representative surveys during
2004-18[J]. Lancet, 2021, 398(10294): 53-63. DOI: 10.
1016/s0140-6736(21)00798-4.

The GBD 2015 Obesity Collaborators. Health effects of
overweight and obesity in 195 countries over 25 years([]].
N Engl ] Med, 2017, 377(1): 13-27. DOI: 10.1056/
NEJMoal614362.

Fuller H, Zhu YW, Nicholas ],
epidemiology offers insights into disease aetiology[J]. Nat
Metab, 2023, 5(10): 1656-1672. DOI: 10.1038/s42255-
023-00903-x.

Neinast M, Murashige D, Arany Z. Branched chain amino
acids[J]]. Annu Rev Physiol, 2019, 81: 139-164. DOI:
10.1146/annurev-physiol-020518-114455.

M, Makrecka-Kuka M, Kuka ], et al
Acylcarnitines: nomenclature, biomarkers, therapeutic
potential, drug targets, and clinical trials[J]. Pharmacol
Rev, 2022, 74(3): 506-551. DOI: 10.1124 /pharmrev. 121.
000408.

Rangel-Huerta OD, Pastor-Villaescusa B, Gil A. Are we
close to defining a metabolomic signature of human

et al. Metabolomic

Dambrova

obesity? A systematic review of metabolomics studies|]].
Metabolomics, 2019, 15(6): 93. DOI: 10.1007/s11306-
019-1553-y.

Pan XF Chen ZZ, Wang TJ, et al. Plasma metabolomic
signatures of obesity and risk of type 2 diabetes[]].
Obesity, 2022, 30(11): 2294-2306. DOI: 10.1002/oby.
23549.

Wang SM, Yang RY, Wang M, et al. Identification of serum
metabolites associated with obesity and traditional risk



778

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

HAE AT A AR

2024 426 A 45 85 6 1 Chin ) Epidemiol, June 2024, Vol. 45, No. 6

factors for metabolic disease in Chinese adults[J]. Nutr
Metab Cardiovasc Dis, 2018, 28(2): 112-118. DOI: 10.
1016/j.numecd.2017.09.009.

Pang Y], Kartsonaki C, Lv ], et al. Adiposity, metabolomic
biomarkers, and risk of nonalcoholic fatty liver disease:a
case-cohort study[J]]. Am ] Clin Nutr, 2022, 115(3):
799-810. DOI:10.1093/ajcn/nqab392.

Lawlor DA, Harbord RM, Sterne JA, et al. Mendelian
randomization: using genes as instruments for making
causal inferences in epidemiology[]J]. Stat Med, 2008,
27(8):1133-1163.D0I:10.1002 /sim.3034.

Chen ZM, Chen JS, Collins R, et al. China Kadoorie Biobank
of 0.5 million people: survey methods, baseline
characteristics and long-term follow-up[J]. Int ]
Epidemiol, 2011, 40(6): 1652-1666. DOI: 10.1093/ije/
dyr120.

AW, B, Sk, 45 oh [ A L TS PE ORI AT Y T
R A5 0T 5 0 B 2R A []]. Th AR WRAT 0 27 24 5k, 2012,
33(3):249-255. DOI:10.3760/cma.j.issn.0254-6450.2012.
03.001.

Li LM, Lv ], Guo Y, et al. The China Kadoorie Biobank:
related methodology and baseline characteristics of the
participants[]]. Chin J Epidemiol, 2012, 33(3): 249-255.
DOI:10.3760/cma.j.issn.0254-6450.2012.03.001.

Walters RG, Millwood 1Y, Lin K, et al. Genotyping and
population characteristics of the China Kadoorie Biobank
[J]. Cell Genom, 2023, 3(8):100361. DOI:10.1016/j.xgen.
2023.100361.

Ainsworth BE, Haskell WL, Herrmann SD, et al. 2011
compendium of physical activities: a second update of
codes and MET values[J]. Med Sci Sports Exerc, 2011,
43(8):1575-1581. D0I1:10.1249/MSS.0b013e31821ecel2.
BT, N, ek, A5 b R PR RIS T ST 10 AT H
b DX RN AR 315 Bl FR PR Al B T RFAIE 22 5 (4 4347 )], o
AT 2%, 2015, 36(8):779-785. DOI1:10.3760/cma.
j.issn.0254-6450.2015.08.002.

Fan MY, Lyu J, Guo Y, et al. Regional differences on
patterns of physical activity and leisure sedentary time:
findings from the China Kadoorie Biobank study,
including a million people from 10 regions[]]. Chin ]
Epidemiol, 2015, 36(8): 779-785. DOI: 10.3760/cma. j.
issn.0254-6450.2015.08.002.

Fairhurst-Hunter Z, Lin K, Millwood 1Y, et al
Trans-ancestry meta-analysis improves performance of
genetic scores for multiple adiposity-related traits in East
Asian populations[]J/OL]. medRxiv, 2022. [2024-01-25].
https://www. medrxiv. org/content/10.1101/2022.07.05.
22277254v1.

Burgess S, Thompson SG. Use of allele scores as
instrumental variables for Mendelian randomization[]].
Int ] Epidemiol, 2013, 42(4):1134-1144. D01:10.1093/ije/
dyt093.

Chong ], Soufan O, Li C, et al. MetaboAnalyst 4.0:towards
more transparent and integrative metabolomics analysis
[J]. Nucleic Acids Res, 2018, 46(W1): W486-494. DOLI:
10.1093/nar/gky310.

Burgess S, Thompson SG, CRP CHD Genetics
Collaboration. Avoiding bias from weak instruments in
Mendelian randomization studies[J]. Int ] Epidemiol,
2011, 40(3):755-764. DO0I:10.1093/ije/dyr036.

Burgess S, Thompson SG. Interpreting findings from
Mendelian randomization using the MR-Egger method[]].
Eur ] Epidemiol, 2017, 32(5): 377-389. DOI: 10.1007/

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

(32]

[33]

[34]

(35]

[36]

s10654-017-0255-x.

Benjamini Y, Hochberg Y. Controlling the false discovery
rate:a practical and powerful approach to multiple testing
[J1. ] Roy Stat Soc:Ser B (Methodol), 1995, 57(1):289-300.
DO0I:10.1111/j.2517-6161.1995.tb02031.x.

Newgard CB, An ], Bain JR, et al. A branched-chain amino
acid-related metabolic signature that differentiates obese
and lean humans and contributes to insulin resistance][]].
Cell Metab, 2009, 9(4): 311-326. DOI: 10.1016/j. cmet.
2009.02.002.

Newgard CB. Metabolomics and metabolic diseases:
where do we stand? [J]. Cell Metab, 2017, 25(1): 43-56.
DO0I1:10.1016/j.cmet.2016.09.018.

Libert DM, Nowacki AS, Natowicz MR. Metabolomic
analysis of obesity, metabolic syndrome, and type 2
diabetes:amino acid and acylcarnitine levels change along
a spectrum of metabolic wellness[J]. Peer], 2018, 6:
€5410.D0I1:10.7717 /peerj.5410.

Cirulli ET, Guo LN, Leon Swisher C, et al. Profound
perturbation of the metabolome in obesity is associated
with health risk[]J]. Cell Metab, 2019, 29(2):488-500. e2.
DOI:10.1016/j.cmet.2018.09.022.

Yin XY, Subramanian S, Willinger CM, et al. Metabolite
signatures of metabolic risk factors and their longitudinal
changes[]]. ] Clin Endocrinol Metab, 2016, 101(4):
1779-1789.D01:10.1210/jc.2015-2555.

Elshorbagy AK, Smith AD, Kozich V, et al. Cysteine and
obesity[J]. Obesity, 2012, 20(3): 473-481. DOI: 10.1038/
oby.2011.93.

Bene ], Hadzsiev K, Melegh B. Role of carnitine and its
derivatives in the development and management of type
2 diabetes[J]. Nutr Diabetes, 2018, 8(1):8. DOI:10.1038/
s41387-018-0017-1.

Mihalik SJ, Goodpaster BH, Kelley DE, et al. Increased
levels of plasma acylcarnitines in obesity and type 2
diabetes and identification of a marker of
glucolipotoxicity[]]. Obesity, 2010, 18(9):1695-1700. DOI:
10.1038/0by.2009.510.

Yang Q, Vijayakumar A, Kahn BB. Metabolites as
regulators of insulin sensitivity and metabolism[]J]. Nat
Rev Mol Cell Biol, 2018, 19(10): 654-672. DOI: 10.1038/
s41580-018-0044-8.

Duft RG, Castro A, Bonfante ILP, et al. Metabolomics
approach in the investigation of metabolic changes in
obese men after 24 weeks of combined training[J]. ]
Proteome Res, 2017, 16(6):2151-2159. DO1:10.1021 /acs.
jproteome.6b00967.

Zheng ], Xiao H, Duan YH, et al. Roles of amino acid
derivatives in the regulation of obesity[]]. Food Funct,
2021,12(14):6214-6225.D01:10.1039/d1fo00780 g.
Picklo M], Long EK, Vomhof-Dekrey EE. Glutathionyl
systems and metabolic dysfunction in obesity[]]. Nutr
Rev, 2015, 73(12):858-868. DOI1:10.1093 /nutrit/nuv042.
Burgess S, Davies NM, Thompson SG. Instrumental
variable analysis with a nonlinear exposure-outcome
relationship[J]. Epidemiology, 2014, 25(6):877-885. DOI:
10.1097/ede.0000000000000161.

Staley JR, Burgess S. Semiparametric methods for
estimation of a nonlinear exposure-outcome relationship
using with application to
Mendelian randomization[]J]. Genet Epidemiol, 2017,
41(4):341-352.D0I:10.1002/gepi.22041.

instrumental variables



