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Abstract:

[Background] Several studies have shown that cadmium exposure is related to impaired cognitive
function, but there are limited studies on the association between occupational cadmium
exposure and the methylation levels of cognitive-related genes.

[Objective] This study aims to determine the methylation levels of cognition-related genes klotho
(KL), brain-derived neurotrophic factor (BDNF), and amyloid protein precursor (APP) of workers
after exposure to heavy metal cadmium, and explore the relationships between cadmium
exposure and the methylation of the three genes.

[Methods] The workers of a metal smelter in Guangxi who participated in 2017 an occupational
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physical examination were selected as study subjects and were asked to complete a questionnaire and donate blood and urine samples.
The concentration of urinary cadmium (UCd) was determined by atomic absorption spectrometry, and adjusted by urinary creatinine.
According to the distribution of the adjusted UCd (<Pss, P:s-Pss, >P7s), the study subjects were divided into low, medium, and high
exposure groups. Workers in each exposure group were stratified according to age and gender, and 150 samples were randomly selected
from each exposure group by frequency matching method. Multiplex PCR combined with MethylTarget technology was employed to
detect the methylation rates of APP, BDNF, and KL genes. Analysis of variance and Mann-Whitney U test were used to test the differences
in the methylation levels and CpG sites of the three genes among the three groups. Restricted cubic spline (RCS) analysis was used to
evaluate the exposure-effect relationship between urinary cadmium levels and gene methylation rates.

[Results] A total of 450 workers were included in final analysis, of which 377 (83.78%) were male, with a mean age of (38.88+6.87)
years, and an average UCd level of 2.73(1.04, 5.75) ug-g”. The average methylation rates of APP, BDNF, and KL genes were (1.52+0.34)%,
(4.55£1.08)%, and (2.34+0.39)%, respectively. The methylation rates of APP gene 04 segment, KL gene, and KL gene 02 segment were
different among the three exposure groups (P<0.05). The methylation rate of APP gene 04 segment in the medium exposure group
was lower than that in the low exposure group (P<0.05); the methylation rates of KL gene and its 02 segment in the medium and high
exposure groups were lower than those in the low exposure group (P<0.05). The restricted cubic spline analysis results showed that UCd
level (after Ig conversion) was negatively and linearly correlated with KL gene methylation rate (P=0.035), namely KL gene methylation
rate decreased with elevated UCd level.

[Conclusion] Cadmium exposure may be related to lower methylation rates of KL and APP genes, and UCd level is negatively correlated

with the methylation rate of KL gene.

Keywords: cadmium exposure; DNA methylation; cognitive function; metal smelter worker; restricted cubic spline
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122 MR REFARESE HEARNRTEERK
m1smL, BAF M4 KN DNARENE, FIRIFA
BT -80°CIRBKEFTE, UEESRN, FEZ
EHRERRIFLY 20mL, F4°CIRTE, RFREESNE,

1.2.3 UCd. UPb. FRALEFKFIGI B SITR UCd.
UPb KRNI R B A EFREFRIK AL E (272
AA-6300C, HZ), BFIRIERABSRBRXE ™, /KT
K PRI TR (E LA IR /2 & FRANETK B9
XA e MELIRA R | WES L (RRER, FE).
BRAMND BT UCI. UPh K FI R R RANEHEEG
Bk F

1.2.4 KL. BDNF. APP BRI B EALKFHN X3 450 1
A B TINE ME X ZH ONA BIIREY ; BEE#) A
MethylTarget ¥R, 55 % E PCRHITMR, KM KL
BDNF, APP B[R CpG il mH B E KT, FIRMMH
(http://primer3.ut.ee/) H1T 51 ¥i&it. F 5 EEXT K
CpG BN, BXSIERNEK 1,
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Table 1 Specific primer sequences of target gene methylation

BERRE
Gene
segment

ER54) (5 —3)

Forward

RmE514 (5>3)

Reverse

APP_03  GGAAGGYGYGGGGTGGTTAT CTTCCTTACTCCAACCTCTTTTC
APP_04 GGGGTTTAGAGTTAGGYGAGTTAGTT CAAACTCTCCCTCCCACTATTC
BDNF_05 GTTTTATAGTAGYGGTGGGTGTTTTATT TTTAACCAATCRAAACTCAACCRAA

CTAAAATATCTATTTCRAAACAACRA

BDNF_06 GGTAGAGGTAGGGAGATTTTATGTTAG AAATATCA
BDNF_07 GGTTGGATAGAGTTATTAATTAGTTGGA CTTCTATCTCACCCRCCAAACC
BDNF_08 GGTTGAGTTGAATGAAGTTATGATTG  CCACCCCAACCCTAACTCC

KL_01 GGGATTGTTTTYGTTTTGGTATTG AAACCRCTCCAAAACTACTCTCAAAAA

KL_02 TTTTTGGTTTTTGTGGAGGTTTT CCCTAACCRACCACTTCAAAAA

1.3 FREEH

FREREREZIG—FI, mRIZRIBERE
1T, EVFERERRERBN 4°CLEEN. £
EpiData 3R 1T EIEAIINA IR No UCd. UPb 7KF

WEES, &i8ElfR 15 MERNE—XR. IBIinERKE
HITRE, HEFITENTRERSIES% LA ; 11
FRIEI R ITHITE 80%~120%, LI, FRAVETIE LB
5RFATREER N, MEXIARERETBITE 5% L.
1.4 H#itZES5H

Ffr 8 93 #T¥97E SPSS 23.04 R 4.0.2 FR5ERY. ¥ ucd
KFHITE AR (Ig) FIRMNIFZ D THEEER
RAERRT, AELREARAKRE , ESDHITER
ELLSSE + iREE (xts) R/, HRIERRARERER
FEDN, BERMMLLERRALSD ; FIRMESMER
THEEELUM (Pys, Prs) R, LAIBILLERE A Kruskal-
Wallis H12 36, FREIMEZ AEZF DA FHRRUA
S5ERRPEHNKENRERE-VN X R, BT Mann-
Whitney URI DR B EAHAMA 2 B EEE CpG
IR EBEENKFENER. WML, 10I07KE a=0.05,

2 4
2.1 ARWKRWERFR

R RBREPNGOZHARINR, BE3778 B
M (83.78%) M 73 B LM (16.22%) , F i /7 (38.88¢
6.87) %, FREBKTFBIM (Ps, Prs) 79273 (104, 5.75) pgg*
(ZRINEHRIE, fE[E) , UCdKFER. . S82E4A
BIESEHITEENX (P<0.001), ARWTREZEHAS
YE T U (90.89%) , F1FR Az LA XXALAREE &5 F 2 1L
+ (62.00%) , IR AR HUZEFEHBES (P<
0.05), M5 FiE. Bik. B, TIRIE R T AE
EF5# (body mass index, BMI) TR B RAHBERY
THITFEENX (P>0.05)0 WK 2,
2.2 FREIERBHEAPP. BDNF. KL EE R R E
B3R

APP. BONF. KL= PN E R FIIBRENHN R D5
(1.5240.34) %. (4.55+1.08) %. (2.34+0.39) %, APP £
Foa FEE KLEEANME FENARECEESRE
(AABITFEIEESR (P<0.05) ., APPEF 04 FERTER.
RBARLNREER, PREEHAFEUMKERE (P<
0.05) ; MKLEEKNE 02 FERFYREVEETRES
HEARHESH. BRBHZELRIYEER (P<0.05),
. EREHFEMRETRESZA. K3,
2.3 UCAKFSKLEFRPEUENRE - MNXE

HAELRERKLERK-F. K-SREAHHR
BBEER, REIMILAESZ DT UCd KTE (BRAXER
lg#it) S EFRPEMKENERE-MNFER, &
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®2 BRBHMRNROESTEN [H1% FGRKLL /%) ]

Table 2 Characteristics of study subjects with different levels of cadmium exposure [n (proportion/%)]

e BABE (n=450)  (RREEA (=150)  HREA (1=150)  BRERA (n=150)
Variable Total Low exposure group Medium exposure group High exposure group
1451 (Gender) 0.186
5 (Male) 377 (83.78) 128 (85.33) 130 (86.67) 119 (79.33)
% (Female) 73 (16.22) 22 (14.67) 20 (13.33) 31 (20.67)
S /% (Age/years) (xts) 38.88+6.87 38.76+6.59 38.88+7.20 39.016.83 0.953
Ei%& (Ethnic group) 0.586
& (zhuang) 281 (62.44) 91 (60.67) 93 (62.00) 97 (64.67)
St (Han) 133 (29.56) 43 (28.67) 48 (32.00) 42 (28.00)
Efth (Others) 36 (8.00) 16 (10.67) 9 (6.00) 11 (7.33)
EIRIROTE (Marital status) 0.036
BEETELE (Married or remarried) 409 (90.89) 129 (86.00) 141 (94.00) 139 (92.67)
KIE, BHETE(B (Single, divorced, or widowed) 41 (9.11) 21 (14.00) 9 (6.00) 11 (7.33)
YAYFEE (Educational level) 0.042
& KEHLLE (Technical secondary school, high school, and above) 171 (38.00) 61 (40.67) 65 (43.33) 45 (30.00)
KLU (Middle school and below) 279 (62.00) 89 (59.33) 85 (56.67) 105 (70.00)
%58 (Drinking) 0.064
MAERE (Never) 193 (42.89) 58 (38.67) 63 (42.00) 72 (48.00)
424 (Former) 19 (4.22) 2(1.33) 8 (5.33) 9 (6.00)
ITESRIE (Current) 238 (52.89) 90 (60.00) 79 (52.67) 69 (46.00)
MG 4A (Smoking) 0.523
MAIEYE (Never) 195 (43.33) 70 (46.67) 58 (38.67) 67 (44.67)
L2 IA (Former) 31 (6.89) 12 (8.00) 9 (6.00) 10 (6.67)
INFEMRAA (Current) 224 (49.78) 68 (45.33) 83 (55.33) 73 (48.67)
TH#5 /4 (Working age/years) [M (Ps, Pys)] 6.00 (3.00, 10.00) 5.00 (3.00, 10.00) 7.00 (3.00, 11.00)  7.00 (4.00, 11.00) 0.051
BMI/ (kg:m?) (x+s) 23.48+3.09 23.6613.12 23.38+3.22 23.40+2.95 0.689
FRERE/ (ug-g”) [Urinary cadmium level/ (pg-g™)] [M (Pas, Pys)] 2.73 (1.04, 5.75)  0.67 (0.36, 1.04) 2.73 (2.52, 2.94) 6.73 (5.75, 9.24) <0.001
FREEREE / (ug-g") [Urinary lead level/ (ug-g™)] [M (P, Pss)] 10.20 (3.82, 27.55) 9.42 (3.62, 28.77) 8.54 (3.67, 24.15) 12.21 (4.60, 28.83) 0.311

U] ESDHERRAAED N, IFESHHRE Kruskal-Wallis 1238 ; HEXTERA-RFEIHATON.

[Note] Normal data are tested by variance analysis, non-normal data are tested by Kruskal-Wallis test. Categorical variables are tested by chi-square test.

RER, AREBRRL. XUEER, UCdKFS KL
BERBENKFZHMEX (P=0.035), HEFELM
BRE-BNXFR (BE1), BEEUCAKEAS, KLEE
BB KRR

xR3 FEZBARSZENEEPEULERLLR
Table 3 Comparison of gene methylation rates between different
exposure groups

{1 (Unit) © %

2R B REEA qﬂﬁé’ééﬁ %‘%?ﬁéﬁ
Gene Total Low exposure Medium High exposure  F P
group exposure group group
APP 1.52+0.34 1.56+0.35 1.50+0.35 1.49+0.33  2.165 0.116
APP_03 1.60+0.46 1.63+0.50 1.61+0.44 1.56+0.45 1.063 0.346
APP_04 1.46+0.37 1.52+0.36 1.40£0.35° 1.45£0.39  4.318 0.014
BDNF 4.55+1.08 4.70+1.18 4.45:0.97 4.51+1.06  2.121 0.121
BDNF_05 3.17+1.05 3.32+1.23 3.07+0.85 3.13+1.02  2.446 0.088
BDNF_06 2.85+0.43 2.87+0.52 2.88+0.36 2.80£0.40  1.810 0.165
BDNF_07 9.70£2.09 9.98+2.20 9.58+2.02 9.55+2.04  1.975 0.140
BDNF_08 3.31+0.87 3.44+1.00 3.30+0.79 3.20£0.78  2.963 0.053
KL 2.34+0.39 2.40%0.42 2.28+0.37° 2.32¢0.37°  3.626 0.027
KL_01 1.60£0.35 1.62+0.35 1.59+0.32 1.59£0.37  0.493 0.611
KL_02 3.224#0.55 3.33%0.57 3.18+0.54° 3.15:0.53° 4.714 0.009

[Fl a: 5ESZELHMALL, P<0.05,

[Note] a: Compared with the low exposure group, P<0.05.

P%ﬁiloverallizo-oss
Pttt non-inear =0-869

| | |
-0.5 0.0 0.5 15

BEEKF/(1gg?)

lg urinary cadmium level/(ug-g?)

Bl RBEKES KL EERENMKTEHEXERN
PRI AR E
Figure 1 Restricted cubic spline plot of the correlation between
urinary cadmium levels and KL gene methylation rate

2.4 AEIBBAEERE CpG imRENMKESH
5% A Mann-Whitney U & 5@ 3 1T KL. APP. BDNF
= PMNEHEREM CpG URMAE LR, R4NFIHE
SEERITFEXN G R. HaRELVERE
ENEPE, REBHASHREEALR, BEEER
EriEm, = ENERN e T AEB ST
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FRXHMUSNEAE 0 AP EE 21, BONFE
H71, kKLERAS D (39P<0.05), P, SREA(GLL
1, APPEEEHREIN oG mFEES, KLEHF?2
1, BONFER S ; RBBAHSSREALLR, APP.
KLE R CpG I R FHREMNKFEEERH I (P<
0.05) , M BDNFERE B CpG U m B EWKEER. &
REHRESTAITFEERE N
K4 FREE CpG iR TFHIRENEMARLLER

Table 4 Comparison of average methylation rates of CpG loci of
selected genes between different exposure groups

el FE RENEER
Group Segment Methylation difference

REEASHEEAR

Low vs Medium
APP_04 52 0.000588 0.044
APP_04 165 0.000669 0.035
BDNF_05 112 0.002 681 0.044
BDNF_05 128 0.003339 0.036
BDNF_05 167 0.002965 0.009
BDNF_05 182 0.004335 0.015
BDNF_08 188 0.003227 0.013
BDNF_08 209 0.002651 0.042
BDNF_08 235 0.002298 0.017
KL_01 50 0.002376 0.005
KL_01 96 0.003004 0.019
KL_01 169 0.002934 0.010
KL_01 197 0.002228 0.028
KL_02 135 0.000966 0.040

hREASEREH

Medium vs High
APP_04 52 0.000835 0.002
APP_04 181 0.000781 0.044
APP_04 204 0.000894 0.045
BDNF_05 57 0.001084 0.029
BDNF_05 85 0.001912 0.019
BDNF_05 112 0.003118 0.035
BDNF_05 128 0.003 606 0.040
BDNF_05 156 0.006078 0.018
BDNF_05 167 0.002422 0.024
BDNF_05 182 0.005232 0.007
BDNF_08 135 0.003067 0.026
KL_01 50 0.002533 0.011
KL_02 120 -0.001146 0.050

REBRASEREH

Low vs High
APP_04 120 0.000740 0.040
APP_04 181 0.000713 0.030
KL_01 197 0.001892 0.015

3 i¥ie

WRES RN THEEIRH B IV & = R
B, A RBEINIRRBE AR IANBEXER
HEREMHAR, ERLIK. PREREEETREE
KL. APPERBREURFRE R, FEDMERKLE
REYRREUKEER-F. K-SRBHEDEEE
5, REIGZAEZRTEZEES K ERFENLE

EHHEX. GuanF P R MBLIEAIRERIEI9ME
HEREMWKT, XEERSAE. BKEMEERHE
Ko AINBHARLKINENFEREEZEIZEE) L EEHI
2ERARPFECMKR ", (L BEEFEEFKEZMF
wmETHARPERA, SHERITHERIEX, RS
BESIRZERFEMKFERETESHEDRITYE
T, HMRAIAKIIIEE. SRR LI KL ERIE/NE
RMEBFHIARINEY, EBREBES K EREH
BEUMXANREARIEENEmERRH— TR,

R, PHFEREBEEXBHEIMERPIEM
BEANFE, NS T APPRIRIE 8, HouZs ) IER
EI AD BEM AP ERBAEBREM KR T ER A,
BHERKKFESADRETEEREZEHERX, BAR
STEL A BH R RS Arp B AR B KA R BRI 3
TERRY, ERETRRBEEHAPPERE 04 FEHY
FHREMERSTHEHMURNRBEKT, SHEZAL
REER. ZARIF TREES APPERREMLD
KBS, BMERENREE S APP EREREL
MR BERHIES AP BRI RIX, #HMIEMT T
MIFE B EHEIARTIEEREES ] AD &R ALHI
REEER, EEH—PTHRALUFREMBXNH,

THRERE R ERELABE BONF BELKF
TER. BRI X TRIHMESERES BONFER
R B KRB AR L, E—I% R
RPAM, ZREHELE Pb. Hg. Cd BE S BDNFIK
EZBILHEXME, ARKRA, B2EARER
T A% BoONF7KFEFIIA R 8E /712, BONF B E R H
BURS, CHREBHFXIENBEEURS, 25
BHERREANREBSHZ—2, £EME®S
NERBEF LI BONFRHFREMKTEES, 85
F BDNF & [F 9 & F IX BY DNA BB E (L 18 N3 i 5| 2
BDNF mRNABYRIA T, B MARREEINFES
IBIZEBIAAMERNEZRRZ — @, BT 4
RERERLD, Alt, FEEAFRENFHF—FHAR
SRIAIAZ B YK B S B XTI AR THEERYF2 00,

SRR BETNESBRS 3N ERBEL
KFERXREMFITIRIY, BMEXPERYE : B,
EREEREESHEXERFEMRXBERIT, AH
RPNEERER D, ZEREERITFERENI CpGiim
HAEXMEFFE—TIHEEMIIIE ; S, ZRFEER
HXTERAE R, STEMBRIESERESE
BREAB U E B AR IMEMTRES.
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