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Figure 1 (Color online) Four bottleneck problems for chemical pollutants toxicity screening in the pathway from source to adverse outcomes. EDA:

Effect-directed analysis; TIE: Toxicity identification and evaluation
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(transcriptome)~ £ 4 (proteome). {4 (metabo-
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9%. Zhangfl1Zhao I % T —Fhfaj (b2 s 28 B3 1 7
T, IXECILRACER THE g R A LR I 20T
KB, Ve RRAEY RS K BN, Xia
i N\ POV by A T A DA 2R 00 AR S0 B e 2L
B, IRBENS 2 A 103 R0 [y RS = AR A )
TR RS, RIS T A TS G n A
AR, Wange NP5 &5k () AL BT I £ s 55

2H (concentration-dependent reduced zebrafish transcrip-

tome, CRZT)FIHE T F AL 5 AR £ (phenotype-
based high content screen, PHCS)¥FAl 1 SFhEEAE AR
Z(mode of action, MoA)AY 12575 B3 15 YW L S £ %
HHEME. SPHCSHAR, CRZTHEHL T A F i 7
TSGRt ZE A A s e, PRt T — R L PHC SHURR
I~3 B AR AE RO 73k, I 5 AT LA 35Xt
AFMoAsHI A BETG YW 2, WERES AT RYE
B R AR

2 ZAEWARN RGPV

2 27 DR B AT 30 A 3RS B B A B A VAN A
15 QW PR U B BB RS A A R AR HE AL (ad-
verse outcome pathway, AOP)IiBH T 15 YLy 7285 I\ 53T
A AR EIAR R A YK LS EE, TR
1 AMAIKOF LI EEERIN.  AOP-wiki(H F 45 R4
B, https://aopwiki.org/), ¥ FET5 Y B gE 5 L)
e ih g4 (molecular initiating event, MIE). &g
ff(key event, KE)LAMEASFE A ELERi(adverse
outcome, AO)HAT T IHYNFEH. ARPEAOP-wikilic 5%,
H AT EUE R 6L 5 364 55 AP AR, 5 K 36344y T
T B IR ZIRABTE . DNAKERTLS) . 16665
KA (AIIAET . DNABE ZH1%). 43650 %
45 )m(BFHRR 152 FIRFEGE T RESE). 2T Fis
A 2 nT USRI AL 245 e AL B, X T
TN B 75 e B ECA E L R DX s
s 2 S T B L B R 3, gy
AOPHUE 1 B AOPES A2 5 g il HNAARSS 75, Ik
FTREIE RN — A B2 e g ()R, Martens @ A
PR T Wiki-Pathways T B, 22744l 5 AOP-Wikist
BT OCHK, F-BhVLBLOCHE SR U6 7% M) R il g
5ok, HiFAOP-WikiH H aijfd H f 5
AR ¥ A RE 1 35 5 Wiki-Pathways 7 T AR 12,
W THEE T AT VL.

Z W 2 HOR AT WA R A ) )2 PN 5 45 Rk
KPP s, A LS R AR O 5 4
2R A Z A K R 2 AT A 35 15 e BRI Y
DR, B 2B A AT 25 N T AR A A B P A S
R, TEA TRV A 2D b 0 A W2 B R A
$EGO(gene ontology, http://geneontology.org/) &4k %2,
R AW ) o FIRe . AR W R R Al I
KEGGCUEHARIEH HEENHA AR5, https:/www.kegg.
jp/kegg VEEIE, WERIRT T RABTS. HHEFER

4161


https://aopwiki.org/
http://geneontology.org/
https://www.kegg.jp/kegg/
https://www.kegg.jp/kegg/

M % h & 20245128 H67% £35H

ik FENA R G E 55, Hallmark FRfiF 3 R4
(http://www.gsea-msigdb.org/gsea/msigdb), Fi502H % H
MFFESE R AR, AT MEBCR SN . 55
W MEMERACIE. Lide APV A s 4,
JFiE T KEGGEE 5 5 GOBE bt &3, FH%
U BRR L 57 M (imazamox, R-IM) T4 T I 7R 65
YEFE AR Pk T o . AR e IR BmR IO
TR W) G LA S oA - 22 AR i R g B A
Fik. S-IMI FESE AN ARG RNKLEY)
ARG FORE A AEYE O AR A A
B A 2E A 45 SR 0T DAFEAS [R) AR P L B UKE-FIAS
(] 3 ST v Ry ¥ ey A S R O A AR L SRR PR IE . A
AOPHEZET, 2l 2F 400 140 ] LA VG e 1) A6 . 19 73T I 3
HAFOCEE . A C AR R B0 ) 51, 7 Sk 2
BOHE SR NT LU R o3 B G R A 5 4 R AR
2. AHOC Y SR B 455 P 28 2 fink £ T JIEL sk ) RS
AR LA B R 2 s i 24 ) R Tt S
TR T T B AT A R S B R s, YL ET
ARSI B A P AR 275 | & 75 i B4k th At
ToR B A D, % LR B B R e, 1
/B BE S 0 A OCIF S Pl A 8 TIESE . Xia%
Mg T 3T AOP I 46 4 5 481647 3% (short-chain
chlorinated paraffins, SCCPs)¥f &A1 5% S 21 2 Ak
TAERAR, #id AZSHepG240 M FNBE D f IR JiG 22 18] )
PERIRY LR, AIBIRVRE e OBy, ) S b AR AR
i, AT HEE H T Hep G240 MU FIBE 5 £ IR it 2 [RIFFAEA
[ (A% SZ AR Tl A, B, i 3 e 2 e 2 1)

51298 AOP W 28 Hh 45 A W K T () A A, fof 4 1 b
R RS Y AL A I 248 A v g,

IR —22E R 2 B, FEEA FAS R A
2%, YR B AR AR AR T (E12).  H— 2 A
AT DA E 3 ) - R0 O R E R RS b AT FE TS
YIRS T AR s B A Ny . R R S A
ek FE AR 7 (benchmark  concentration, BMC)AY44 & Al
TR R 75 4 S8 T e pg R (D, JF4R it
SER IR A AL ST O, PFASZEA
SCCPsZW) J5 43 B 7E N4 BRPRAR Y FNEE 2 £ iR
BOHR (YAEROA5 3 T VPAS, 453 & 81, K AEPFASHI
SCCPsH A7 AT g5 L N FRA A8 1k, IF H HAA AL
Bt B, 2R AT S RS . Li Atk
B A2 53HE. AR T i AR S — RSN Y
Y, RSN Y IR A R, IR R
A 2R ARR A AR, B 2 AR R R
B AP0 455F, BN, %S4 24002 BRI R (RNA).
Z U 2F ] LA IS A 55 e 2 sh i 2 B
ERNAFIER (RS, HRTE A —ed ] 36 3 5 ]
T Z AT, R A A0ESE. BN, Lee:
P o R R R G R A AT A B, 4
T e T R R XTI ) fa &) £ P 2 R ) T
HTHIZRARIE . P STE IR AT 25 115 S 1% S 5
SEU), PR AN RE R, bR R B A
Uie. AL e R s g s, A E
45 Jm AR 4R A BT PN B MR K DL A
2SR A TS R R, A TR RS

FIB-WNE
LSS

I
1
1
1
1
1
1
g1
iy ek
S 5 SN
i | s/ Tm 4 SRE, Gek
2 %’ i Y PLE T
—a N i \‘
i: it N
E Bt L, W
! ! Fo 1\ TEAOPIEZRSZR T
| — MIE KE AO | 131‘%:%2%@%1\?@
: L& B J RO
1 i :
L S . /

B2 (MR G) —d 22 B 2 AU A5 R 5 R R 2 2 A W d e 5

Figure 2 (Color online) Identification of complex biological processes and pathways induced by chemical pollutants using single/multi-omics
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(dichlorodiphenyltrichloroethane, DDT){Xifif =4 (di-
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Figure 3 (Color online) Identification of the connection among toxic pollutants, genes and diseases by functional toxicogenomic approaches
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Figure 4 (Color online) Identification of key chemical toxicants in complex mixtures by the combination of high-throughput omics and effect-directed
analysis

4164



P A

2R R AU Y R 6~ 102 AL &Y. oHearxT K
VLK T i kK 5 K A A48 M CF 734757
SRV S AL IR, R IUKIEK X E . DNAK
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Table 1 The application of high-throughput omics at different biological levels induced by chemical pollutants and the corresponding shortcomings
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Omics-based high throughput toxicity screening and risk
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Screening priority pollutants with high toxicity and risk potential from a large number of environmental chemical
pollutants is the prerequisite for prevention and control of environmental risks. After entering the living system, toxic
pollutants can induce adverse outcomes through a series of disturbed molecular targets and biological pathways. Existing
high-throughput toxicity screening methods rely on few and isolated cellular or molecular endpoints, making it difficult to
capture the key biological processes that cause toxicity and to determine the direct relationship between chemical pollutants
and disease. Meanwhile, the awareness is increasing that we are exposed to a true cocktail of chemicals, among which only
a fraction has been identified through analytical methods. Integrated bioanalytical approaches, such as effect-directed
analysis and toxicity identification evaluation (TIE), have been used to identify risk drivers in complex mixture pollutants.
However, it is still difficult to elucidate the molecular toxicological drivers of chemical stress in the environment.

Toxicogenomics take advantage of genome-wide coverage, high throughput, and big data capacity that are associated
with omics technologies to achieve technology innovation in screening and risk assessment of chemical pollutants. We
reviewed the technical advantages and the recent progress of toxicogenomic methodology in high-throughput toxicological
screening and risk assessment of chemical pollutants from four aspects with specific research cases. To identify the
molecular events initiated by toxic pollutants, toxicogenomics could uncover a large number of molecular events and
pathways potentially disturbed at the early development stage of toxicity. Dose-dependent transcriptomes for high-
throughput chemical testing have been developed to quantitatively assess responses induced by chemical pollutants at the
molecular level, which improve the sensitivity of identifying bioactivity by 1-3 orders of magnitude.

To uncover the biological pathways of adverse health outcome by chemical pollutants, systemic toxicological assessment
by omics strategies provide mechanistic information for chemical pollution screening and health risk assessment at
multiple biological levels. Through biological pathway enrichment analysis, such as the gene ontology (GO) and kyoto
encyclopedia of genes and genomes (KEGQG) pathway, the molecular mechanistic information of toxicity could be
captured. Moreover, multi-omics integration allows for multi-scale, comprehensive biological network analysis, which
provide a systematic understanding of toxicity pathways or adverse outcome pathways (AOPs) to guide ecological and
human health risk assessments.

For human diseases diagnostics, functional genomics provide a new tool to explore mechanisms of individual disease
risk and susceptibility under toxic pollutants exposure. Variations of individual susceptibility to toxicant-induced disease
are largely due to genetic susceptibility across different populations. The direct relationship among pollutants, genes and
adverse outcomes could be established by combining functional genomics and molecular epidemiological approaches.

Finally, for risk management of complex mixture pollutants, it is important to assess the overall toxicity effects of the
pool of pollutants and identify the key toxic pollutant. The combination of high-throughput bioassays and chemical
analysis can be used to identify the highly bioactive fraction and to screen the key chemical pollutant that pose ecological
and health risks. Recently, progresses have been made in integrating transcriptomic techniques with molecular toxicity
identification and evaluation (mTIE) to assess the overall effects of mixtures and distinguish the key pollutants in inducing
the corresponding biological responses. Particularly, dose-response transcriptome could be used to quantitatively evaluate
the overall toxic effects and to guide the key toxicant identification by high mechanistic resolution.

In summary, the development of omics-based high-throughput toxicity screening technologies will strongly support
accurate environmental risk assessment of conventional and new pollutants in the future.

toxicogenomics, chemical pollutants, molecular targets, biological pathways, human diseases, mixture pollutants
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