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Research progress on molecular mechanisms and evaluation methods of cadmium toxicity
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Abstract:

Cadmium is an environmental heavy metal that can cause a variety of toxic reactions and
is also an important positive control drug in drug toxicology research. The interrelated toxic
effects of cadmium make its molecular mechanisms very complicated. The most important
molecular mechanisms of cadmium toxicity were summarized in this article, including changes
in gene expression, inhibition of damaged DNA repair, interference with cell apoptosis and
autophagy, and induction of oxidative stress. Based on the molecular mechanisms and main
target organs of cadmium toxicity, corresponding evaluation indicators and safety evaluation
methods were summarized, such as histopathological examination, cadmium content detection,
redox status detection (enzyme antioxidant system and non-enzyme antioxidant system marker
determination), Western blotting and enzyme-linked immunosorbent assay for protein and enzyme
content detection, and real-time polymerase chain reaction for gene expression detection. The
article aimed to provide information for the exploration of potential molecular mechanisms of
cadmium toxicity and for the safety evaluation of drugs with cadmium-like mechanisms.

Keywords: cadmium toxicity; gene relationship; apoptosis; autophagy; oxidative stress;
evaluation method
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NAARE BB AN R . HPE USRS
REZNDFIGE. BN, WMEFTHLLETNFE
WIEAFREZY), BT EIMBXNYEHRIRE, B
TREEIRNERERS, AR BREARN
FEBREFHITITN, MEMHARFIEFZOEREEIE
FKERFEREN. AXGZRBHIER 2 FHEIR S
SRE IR RSN AP AR ER,

1 REYSFALH
1.1 RE5ERFRIENXER

R BRI B R RNER. Rk N ER.
BREF. BIRETF Y EMNRIE, FARERE4umolL?
HNREEAEA S BHABRD cyun RERHHEEE
S8, £V cjun. c-fos BIZRIAKTF MR &
KUY, BEEFWN AR NERNRE, NRAKTE
H (heat shock proteins, HSPs)o TR B RNIREERIZIN T
N8 15 /B 4R B R HSPAIA. HSPH1 Fl HSPA8 ZR3Kk ),
IR MELEREFEM, WZEAF (huclear
factor, NF) -kB I NF-E2 fHX A F2¥, LI FRBARE
3 HE SMAD B REF, RIBALNKES, BBUNR
FReF 4L, BRI A EMELEIFEFINRE, &
HNSEI0 & I §R 2% B2 T Balb/c-3T3 4, EHPENIFiELR
[AlF 3 (translation initiation factor 3, TIF3) &L
[K1F-16 (translation elongation factor 18, TEF-18) Ffd
BERFHREAR ",

Wi _ LR E R R RN F e FE AR A F5 K F oy
T, SEME S (reactive oxygen species, ROS) =4, 4ARE
BT LR ONABRE LT, cd* BERR (f Ca® BUSE B
BUETSEERE, MTEMARESSEKY, {HFS
HRIROS BUEEXES B, SEATIEREF. Fi
X & B8 (cysteine-dependent aspartate-specificproteases,
caspases) FIB/AT-ZEH (bcl-2 associated xprotein, Bax)
BOE RIX 0, SRR AR BT AR ES, NS SR HES.
MEQHEI. EFMBCHNLAREREFHVEL NS
(mitogen-activated proteinkinase, MAPK) B X &, &
HEFEFHERAIEM, FENERRIELE I,
DNA B E B ERARAFITNEENG, HRKRBE
FEFONA FEIZISES 1 10 DNA R B 15§ 303 K
X, MT5IEE DNA FRE L IE N, SRETRSDNAE
ZER, B@d TR ONAA L R ER RS
RESNR, MNMINEIEESEIREERXT. iR
BN REYIRR S, RINE ONARGIEE T EED T

B DNARA B ERR, ST W DNAMRHBIEE
MRBR Y, 88D FZ K DNA FE L BS /S M R BN B
BLEMIIFAY B MTIDE DNARIBIEE 1 ),
1.2 BEE4RAT

REMRIELFAIERBM BT RNERRIA
SHRAT Y, INRERZBAMEF 5 AL (A4
SEEMmEo, WREIRFEETF (tumor necrosis factor,
TNF). A T=Z B (factor associated suicide, Fas) 5 H
foik4E &, & A0 CcD95/ (APO-1/Fas) Wy BT
B 5% BJ % M #4842 ST 4B AL AR CD95/APO-1 (Fas) /FasLfE
SBRE S, FTIE N0 TNF-a F1 NF-kB FEREIRICY)
K, BEfE3UE caspase-8, 1 MEL/E caspase-3 S E 4
LTAAT Y, NIREBRN MR RAT @R, £
E B EAHREIE -2 (b-cell lymphoma-2, Bcl-2) KikZ&
BN Fo $RAIIE I Bax FR3K, #NH Bel-2 KK, £ Bcl-2/
Bax HFEME, NMESHAMBECMERAEEREH
BB AR, FIEUE caspase 2 BX & W 45 5! = caspase-9,
# 0 38 & caspase-3 S B A A T, AL R
caspase-3 NAUERRMERF R ASHRBATHE
EH R, RKNRPRBE TRREAMNENAESR
B M PR, caspase-3 #l caspase-95EH 1 1E N, S A
R ESET. Y, BE SR RABEAMAA T @RI
1 caspase-3 HIFRIA R E RS | AAB TR IR Y,
WABEL T ERHBERIESHARBT, &5
LRRARBET/NRENERAR, SHcjunR
ERin M5 S @SB IE INHBUE cjun, (FHEE
BERARK XM, TABcl-2 KX, BUE T caspase-3
FEED S HAMAT ", AAMREZNBREET /MR
B p38- 2R F/E N ERMEEH S, SBRIERBETT
Hifm s
1.3 SRS 4RBE%R

B EAEEERERMNIAE T B ARKRE
AZINAEAE. ERRNEE, & H40 8K F
BEBLEIFAMMIER S Y. BB ESHIESESH
B 9% 3-1 BITR R M p62 RIPE R, AR KREAp62 ZEM
B REARICY), RET BEST T REAR, BT H
MR, =HEZER1EERNXBIARETF, HE®
X EME 5 Beclinl (Atg6) -BH3 548 B AT,
¥ Beclinl DEIZEBRIRRE Y, HAKRPREES
MARNEMBER, SEHI DHNERKTFHR=SE
AT, IRRBERESHERSEVEIRE
AE K2/ ) R BB A% BB RAW264.7 A T- 202, thEHSR

www.jeom.org



1134 #5445 5J2 &% | Journal of Environmental and Occupational Medicine | 2020, 37(11)

KRINBINEI AR B, MR T LT/ R S/
B ERApET 22,

ROS WAL AR A E51E S S B R/ M4HRE B Kk
BN 93 FHLE 2 2, FF R REBERIE S I ROS B
ARE EIRERMAMREARItT =, BRIESNA
EE B R A BB R T rROS £/ ™, FRIE
ATARMSHMERAREREA S, BaHmIMES
AT EBMES (extracellular regulated protein kinases,
ERK) {5 5@, # S EME =), KolluruZF ® %
MBBRES | AFIYIR AR BN SR, flA
N3 S FHER M, LHE RGBS B WRERPE.
ZIRFIEIFH ROS - E IR R 5 5 R4 B N AL E
RNHER, Bit@tFs0d REERERIESER
HI ROS 7K, MDA BT R 8 = B2 Frids S Y 2R AR
B, HEMRE A THARRISESFTIF ROS &
BRI A B E PR R SRV B Rk T 2,

1.4 SBE5ERUNENXR

NN HEESHERR. BEE N DNAF IR,
EBRASTAERESURERSENETERRAY, 7
slENBEEERN @R MEIZEEXBTEFIT
R, BARRE—MEEEaNERBANEE, &
BES BN ROS B2, BAEMBETF (0,). &
fE H0), FEBHE (OH), RENSEME
MREI—&E KR (NO), MRS 0, R M4 KAy /EM T
SIFEERERAE F (ON0O") 2, $RaI BN ZFPERAE R
MRE B PEIEL, MTIGINE] B HFANEE FHE,
255 WMk NHF=EROS, HME|I &GS S @R,
ESHRERIAT, ¥MERREFRTIRA >,

EZMVFEEBYABRMAEUHEHARDN
700, FRIZ NAYROS PI % S BE Bl & b = Mz 3# M
SHONAT . R AIEZRBNAHRPR _E
(malondialdehyde, MDA) &2 EE1E 5 ; BB
RERMHKEMDAS BT 2IEEX, HAMDAS
ETWHNRSHHNEEEREX ., BRHER
BEREEMA, BiESHEERS AN R MEENNH
MAEMHEHARRE, NBRAY I MES (superoxide
dismutase, SOD). & & W S (catalase, CAT). & Bk
HELI S YEE (glutathione peroxidase, GSH-Px) « &
BiE-6- BRI S B E Y, R oI ERCEE B B
ZMN&B, £ GSH-Px. SOD. CATEMA NN EE
BIRFRIE 3,

RIEE R SEMA P HAL (glutathione, GSH)

K, GSHBZ—F=hk, RIEBMEMFRIPHNRE
BEREI D 22— Y, GSHIEL S5 RE ST Cd- (GSH-
Cd) =R E AW EE GSH-px R N GSH & & 3K HF]
ROS, HRE RSN, BAES~EMT, BNTE
FFRERAZ AL Cd-MT E &), ARREMBHREEEE
A, MTIBIT K RIRE B MR cd-MTEEY), M
BrIERS S FAERMN, KEIBSEH Y,

2 T EE

WXTATAE. Bt 2. M. £EARFIES
%, BEAREUEMERS M, AXIRBREEN N
MR ERE TN A ZE, B AUTLNAE !
(1) MAXAZERRSSEEFERMEXNHEEERA
L ITRIBFZREMIGKRE LSRG 5 (2) 10
EYERPREE,; Q) KNEMEFERE, Bt
MENARKSEBNENRRITSY), W SOD. CAT.
GSH-Px. GSH JZREB1 i | BT AN MDA SE ; (4) 46T
MXESEENE. E0. AARERFRITEY, 0
Bax. Bcl-2. caspase. TNF-aZ¥ ; (5) RT-PCRIQ MR E
HBZRE,
2.1 EATRE. BRESEITENHEE

SHFEPSE, REEHNTH, R AE
HRBENERE, KNERESEEIESESHMT.
WEMTEEWEEE S, RiET S/ NKERIIE, B
Wi is S/ NE AR, HOTRRESEF. Hit ST
EEHREMBAVEEESE s Rong F @I ELISA VAN
EMERR[RIEFEZE (AT, XINLSRIER
188 (AST) FMMFRER (BUN) K ; AEIP-EFK
W% (graphite furnace atomic absorption spectrometry,
GF-AAS) TITEFRTXE £ ; Western blotting 1B xZ&
BRE, TN MEARERXT RBEBUVN R B EERRIP(E
Flo Pallio % 35 3833 #6 M AST. ALT. [ 75 A 14 B ER B
(alkaline phosphatase, ALP) Kz H M =Fg (triglycerides,
TriG) « AILEF (creatinine, CREA) . BUN & 2R HE
BETNAFSEM ; K0 MDA SOD. GSH-Px. CAT &
£, IMMMEREMRES | EMTNIE RS IEEXT R
HEFEFENFRIPER. ZouE ¥ 1850 HE R EIAXT
SRR AALRH I TIRIEFENS ; SEEFERERME
B RIRIRNEE ; Western blotting 1o IFE X & A FRiA
B 5 RINSEIRRRT AMLL12 R 1T RIE R SR E.
B ARRE N ERRRE 1N, SEITFN RIS SRVATA
Al B mRPR T DR AT ZRRR IR (A O 20, 3R 10
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xR1 WHFRES BRESHTNHESS
Table 1 Summary on evaluation methods of liver and kidney
toxicity induced by cadmium

HMAERR M75% SE
ALT, AST, ALP ELISA, 28 EE/RIGHHN E;] 423]0] [35-3¢]

TriG. CREA. BUN, NAG,

AL wera. onde  EEVEMSRL, REAHK

[35] [37] [41]

IEMIER G, SIERE.
piipeareziilii kN
] GF-AAS [36]

BRAREER AT (2]

Bax. Bcl-2, caspase-3.
TLR2, TNF-a iNOS,
P62 EH. LC3BEH.
Beclin-1ZEH

Western blotting [35-37] [39] [41]

[30] [35-37]
[40-42]

BRE BUFE HNXAKE [27] [30-31] [35]
i+, ARt EUE [38] [43-45]
THEXRRILEE ME5 [27] [30] [35]
5. BRREEEE [37-38] [46]
PRIEE WFE RBE.

FEHEAREA RMPCR, E5HT [42]

REREE

DNA {5 HERK [37]

[F£] NAG :N 2B B-D R E B EEEES (N-acetyl-B-D-glucosaminidase) ;
KIM-1 : B#i159F 1 (kidney injury molecule 1) ; MCP-1 : E24Z4H
fE#2 1 ZE B -1 (monocyte chemotactic protein 1) ; 8-OHdG : 8-#2
ER K|S E IR (8-hydroxy-deoxyguanosine) ; TLR2 : Toll ES=Z A
2 (toll-like receptors 2) ; iNOS : EFE —F KRS EE (inducible
nitric oxide synthase) o

BRE. FFREZEARRIE HE &%

ANEFIRS
(M. 0, MDA)

GSH. GSH-Px

CAT, GSH-Px, SOD.
CuZn-SOD, Mn-SOD

2.2 SEESUNTNEE
BRESEAVHER IR R —FHUWSIA
NBBNHELEF S5, BRESIESHERNZS
INEA, msENIEEELELERD GHRZE. 15
BRI BER, RASIEEHARGHER. B
BEETEMNBREGEN. MBS —HUUAREHER
BEEEERNBNN, BEREMAEH0ESE. 8.
RS R ARKEREE R, Rodriguez ZF ¥ 52 B HE
BIEMIB AR 4 BERES (tartrate resistant acid
phosphatase, TRAP) R EBE D HMBRBHARK &
MEBAZZS 5 Image Pro Plus 4.5 BN 2 204485 &
HANB/NRSH, B/ NREBE. NBE. EEX
BAERERE, KNI AR TMEMESHNA
B, Li P WRRRPEMHEEEBLZEA T
kB 52 { 5& 14 (K F (receptor activator of nuclear factor
kB,RANK) / #Z Al F = & B & A F «B AL 4K (receptor
activator of nuclear factor kBligand, RANKL) / & R 3P
% H (osteoprotegerin, OPG) B EHIZEFERE F KR
BEBETHE, #F T RAS5EIZRTHEEE 7KL
HXRER, ARERABRBEEE FHERIEN

(inductively coupled plasma mass spectrometry, ICP-
MS) KPR TR, RN BIRE =, WEEX &KUY
(dual-energy X-ray absorptiometry, DEXA) ¥ B & &
[, RT-PCRAQ M RANKL. OPG. runt X EREAF 2
(runt-related transcription factor 2, RUNX2) . X B4R
[EF (Osterix) « ALP. 1 BUERJF a2 (collagen type | alpha
2, COL1a2). osteopontin ¥iA, HE Z &A1 AT %
12155, Western blotting W MIHEXER FRKIX, FHLR
BENRIEE. &R 2
xR2 EHBSHTNAERE

Table 2 Summary on evaluation methods of bone toxicity
induced by cadmium

e MFEIR 75 7% SE R
” HE 25k, B
BERKS I é‘f ey @5; (39] [45] [47-49]

B (BR. BARAS)
FBIRDBE. EE. HESHK
BRESH (RRER. REUSEFR) Micro-CT
B BERLL

BwE

BHSMESS AR, BAT _ . .
. BAR. RIS, BIRG) —s E [49]
BT ELIsA [47]

R, RTBE [47]

[48-49]

DEXA. Micro-CT [39] [47-49]

BREHEEEER BahH L ELUSA  [47] [49]

. 5. Bas ICP-MS 5:} L] e
HEXERRIK RT-PCR [39]
HEXELETE Western blotting [45]

AT SEERETE RIVAREAY [39]

2.3 RS MHITFNHEE
FERIEMERAZETNRERECEMZ U
R, LEREE, EFRIERNGEE SR KA,
Eduviges E ) RAHERBZRNBEEN AR X
SEMMEERS, ENBENEREREEHELD
o, RIFEEEE. RIEARFEAMEEEE
2o Kulas % “0 {5 F HE FL A TN T ER A LRIR 2N
1B, ICP-MS KR ER R M EB IR & &, NN E
THEME A K FsoD 5 cAT /&M, ELISATE K T 4H
FEEF [TNF. FH ZE -y (interferon y, IFN-y) . BT &
(interleukin, IL) -1B« IL-61 IL-10. IL-17] 7K F K BE i &
k488 (myeloperoxidase, MPO) J&1%, L& 1M O AR
BFSHERVMALR S % Wang F ' K HE F
BIERIMALR =L R A RRIMEREW, 15E
RFIZAMNRBAZARIZPE X EFRBEER (nicotinamide
adenine dinucleotide phosphate, NADPH) & 1% B8l
. ERK1/2F1 p38 MAPK 15 S 38 B& X H1 14 #i 4 B3 A b
EHEM RN, TN RIS £ R4 R R S
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E M (neutrophil extracellular traps, NETs) @19 80E
NADPH S LS. ERK1/2 F p38- 4R FNWE R HESE
S BN AR AR R M. 3R 3,

X3 WAFHS TN G ENESLES
Table 3 Summary on evaluation methods of pulmonary toxicity
induced by cadmium

Lodlapr3

TSR
FAEZAARRIES (ISR, ffiE
EfRME. Kb (BB, MERMZ HEREIA. RTPCREEE  [40] [50-51]
SER) . RMEARIEIE)

2EXH

B BEFEHE. B

ikl e T B
AST, ALP, MMARRAEXEEL BEhE I [51]
SOD, CAT DHHNEE [40]
MPO ELISA [40] [51]
NO ELISA [40] [51]
TNF. IFN-y, IL-1B. IL-6. IL-10, IL-17  ELISA [40] [51]
% ICP-MS [40] [51]
SNEAME DR SR M#RAIH4REs [51]

fifi R AR It 5% MM e [51]

i® piipeateifii AN [51]
HEXERFRIE RT-PCR [51-52]
HXEANERE Western blotting [50] [52]
ROS 2, 7TZZBgFNE [50]

2.4 REASHENSE

REMTINE. AR, Bh. WRLUSAERS, o]
T EEL B 1. |BrrER0S S EEEIT A L.
R EE BB ER (Rl B = BABR AR E /K P PRAR, B2MaiE
FiEH, RRESHIFHIEEINEEFINENTTE, M.
. . EAR—E RS MG EA 8RR EET
TAEF A 55, Angelis & ¥ E A HE R @A E M
ERE. SAME LR, 8 RMER LAY
TRIBAZZS, Western blotting ;A I A, 5 3 A —F 1k
R & B8 (nitricoxidesynthase, NOS). Cyclooxygenase-2.
TNF-a. NF-kBRMLI ERESE KT, BFRTARKM
HEEHBESICNBEFEESEHE. Jose F ™ KA
ICP-Ms KN RRBEASE B KBRAZAN. WENE
B8, HERBEDITMEALRIBFET, XFEH
EMBEFIENETES, QN MDA SEMNE
B, 99 F¢FE it 3EH M ROS. GSH. SOD. CAT. GSH-Px
IKFIENRARNIRES, FEENEBKBRITIRSR
BESBEESEMNRIPIER. Lafuente @I
ERHEERINERE ERER. - RERNs-RE%
K51, URBEIERREEITINRREXS T T -
K - MERRHAR I, D3R 4o

R4 WEASHITNFENESE
Table 4 Summary on evaluation methods of testicular toxicity
induced by cadmium

KMAERR M7 7% SE XMk
MEEERRE WA RRE (53] [57]
SNALRFIE (MBEANEAE, 2
%E;@%%éﬂ]ﬂ@\ SIS, R4 HEREE RERE (53] [57]
ZNAR. BRI T FRAKRGESEARSNEZE [57]
BFEN BT IMARA [53]
EFEE EITEOE [53]
Bcl-2, Bax, caspase-3 Western blotting [53] [57]
2;;%;’;&;??@-2\ TNF-a. NF-kB. I Western blotting [53] [57]
StAR. P450scc. P45017a RT-PCR [57]
=) GF-AAS. ICP-MS [55] [57]
MDA R AR [55]
SEKE HEFER/ nafieiE  [55]
ROS. GSH. CAT, SOD, GPx DI E [55]

2.5 mEESFHITNAE

WAL ROS, THDNABE., B LA
wHEEHmmEERESE, TEZDNARKIRIHA
S5fearmtbe, AyES XA FMAMEE
F oM ER IS Eh 0% 409 oK FURL AN 4 AR B S TE AT
. SAEF S8R ERSENNERSEIERFRIT
Y DNATR AR R BASAER, 10N F B 1% 90 K B A
VRN EY R R B TR R B AR TR R, £51T
NBENHE D AKBFRIAM B EN RUFRIES AR
ERZMRRIPVER. Demir & 59 R AR ILTEH IO
(cell proliferation assay, MTS) 7%. ATP I x& #0 2L B2 £h
RSB ATNARSY, ARELRERTIHXE (bacterial
reverse mutation assay, Ames) R30. E2i{0. MiZ
RN EMEBERAREESITNRMEBHKTRIXT
MR ERE . MRS,

x5 WHERSHINGENESE

Table 5 Summary on evaluation methods of genotoxicity induced

by cadmium

AT A5 G
RAEIEM MTS Zifa, IEMEZLE [59-60]
MHEREE Ames {30 [59]
DNA 5§55 EE2i{% [37] [59-63]
REMARELO BB MKt RN [59] [62-63]
TKEENR TR N EIZIR IR [59]
BXERBZE RT-PCR [58] [60] [63]
REAHIERBTHITE PokUERRE [s8]
DNA$ZEX R = RESR A [58]
cd™ 5 DNAER /) SREEERGE [61]
o] BRBEEE TEIEE (inductively [60] [62]

coupled plasma-atomic emission
spectrometry, ICP-AES) . ICP-MS
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Ro HEAIT . RIIERIFFRSE, RAFIER L
WEBEANBEYERPENR. BMHENNKETATRR
0, EERMMEBRTF. Bh. HhSREIEMNR
hENERLRE, PIRBOE 13898, fflt. EER
gi. K. B BRIRRFBE-—EEER. BHTREKR
B/ NESTR IS BBISEE, EMEEE TR,
BRI, BZEHE. Tz, FILEREM T RIRND F
MBI IR LA B RSP ARIEELER. B
XTI FIH EEZMERERE. (EH48EH
T\ MRS, MR UNHRNSF, LI, &
S5RNKEMEFENGYEEFHAPRIALELEY,
MAREFN BEHHATHERERNE, HEAYRE
MM REN G EIEE S, TERRIBERIENEL
22 B MAEN B2 FIGIHITITN, HERBHEERLE
BIEINTN T,
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