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Aim 1. Formalize an Adverse Outcome Pathway (AOP) 
framework for the retinoid system.

Aim 2. Map high-throughput screening data from 
relevant assays in ToxCast/Tox21 profiles to the AOP 
framework.

Aim 3. Build and test computational models for 
quantitative disruption of ATRA signaling.

CPP-13 Aims and Deliverables

Knowledgebase
(skeletal development)

AOP-WIKI 
(limb defects)

HTS data analysis 
(ToxCast/Tox21/ChEMBL)

Pregnancy IVIVE models
(targeted case studies)

HTS-based signatures
(ToxPi classifier)

Performance-based prediction
(ATRA pathway in Devtox)

Morphoregulatory simulation
(Limb ABM)
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• ATRA is locally regulated by a complex network of enzymes, molecular transporters, and nuclear 
receptors (RARs) determined by cell-specific expression. 

• ATRA gradients collaborate with some of the most powerful morphogenetic signals that shape 
embryonic growth and development (e.g., FGF, BMP, SHH, WNT, …).

• Local regulation of ATRA homeostasis and its disruption may be captured in diverse AOP frameworks 
linking molecular initiating events (MIEs) to adverse developmental outcomes.

Retinoid signaling pathway
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all-trans retinoic acid (ATRA) 

oecd.org
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Knudsen et al., Reprod Toxicol (2021) – special issue devoted to retinoid signaling (Guest Editor: H Håkansson). 5

Regional domains for ATRA-dependent skeletal patterning
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Facial skeleton: positional information of 
premigratory neural crest cells destined for 
branchial arches (5- to 11 somite stage).

Vertebral skeleton: size, alignment, and 
specification of somites giving rise to individual 
vertebrae/ribs (0- to 36 somite stage). 

Appendicular skeleton: limb-bud initiation, 
outgrowth, patterning, and differentiation (12- to 
36+ somite stage). 



New Approach Methods (NAMs)

•Any technology, methodology, approach (including 
models), or combination thereof that can be used to 

provide information on chemical hazard and risk 
assessment that avoids the use of intact animals. For the 

purposes of TSCA, EPA recognizes this new term (i.e., 
NAMs) as encompassing any...

“[A]lternative test methods and strategies to 
reduce, refine, or replace vertebrate animals.” 

(U.S. EPA)
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Reference chemicals for the ATRA system

• Assemble candidate chemical list for each target:
– search databases (Protein Data Bank, ChEMBL, ToxCast/Tox21, …);
– advanced literature mining to define bioactivity at each target.

• For each candidate chemical:
– mine literature for MIEs, key events, and adverse outcomes; 
– e.g., skeletal defects, CNS defects, cardiovascular defects, ...

• Compile top candidate chemicals for each target: 
– detailed analysis of the Tox21 qHTS 10K dataset;
– consult with domain experts.

Baker et al. (manuscript under technical review)
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DTXSID9020584 Ethanol 64-17-5 OR Ethanol 33205 1953 45 115 245 5 0 5 69
DTXSID7022883 Daunorubicin 20830-81-3 OR Daunorubicin 23401 304 9 49 106 0 0 1 20
DTXSID5025998 Retinal 116-31-4 OR Retinal OR Retinaldehyde 22874 4302 983 631 1444 34 2 4 284
DTXSID9020584 Ethanol Ethanol[majr] 17026 1280 20 59 86 3 0 3 39
DTXSID2020006 Acetaminophen 103-90-2 OR Acetaminophen 12304 148 0 5 21 0 0 0 2
DTXSID3023556 Retinol 68-26-8 OR Retinol OR Vitamin A 8600 1276 303 6372 661 64 2 13 264
DTXSID9020740 Indomethacin 53-86-1 OR Indomethacin 7745 270 5 27 193 0 0 0 5
DTXSID5021122 Phenobarbital 50-06-6 OR Phenobarbital 6761 277 7 13 11 0 0 0 24
DTXSID7020637 Formaldehyde 50-00-0 OR Formaldehyde 6014 149 2 3 40 0 0 0 7
DTXSID7020182 Bisphenol A 80-05-7 OR Bisphenol A 4518 602 1 6 11 5 0 5 3
DTXSID4051378 Tetrachlorodibenzodioxin 41903-57-5 OR Tetrachlorodibenzodioxin 4462 624 3 26 12 1 0 0 8
DTXSID7021239 all-trans-Retinoic acid 302-79-4 OR all-trans-Retinoic acid OR Tretinoin 3985 884 253 6267 622 67 2 11 232
DTXSID3020465 Diethylstilbestrol 56-53-1 OR Diethylstilbestrol 2929 445 1 9 18 2 0 0 6
DTXSID4020329 Cimetidine 51481-61-9 OR Cimetidine 2812 25 0
DTXSID3020627 Fluconazole 86386-73-4 OR Fluconazole 2589 39 2
DTXSID0045173 Mitoxantrone dihydrochloride 70476-82-3 OR Mitoxantrone dihydrochloride OR Mitoxantrone 2489 11 0
DTXSID5039224 Acetaldehyde 75-07-0 OR Acetaldehyde 2290 94 28 21 2 0 0 0 2
DTXSID4023177 13-cis Retinoic acid 4759-48-2 OR 13-cis Retinoic acid OR Isotretinoin 2179 166 9 433 15 2 0 0 23
DTXSID4023177 Isotretinoin 13-cis Retinoic acid OR isotretinoin OR 4759-48-2 2179 166 9 433 15 2 0 0 23
DTXSID5047825 Vinorelbine tartrate 125317-39-7 OR Vinorelbine tartrate OR vinorelbine 2160 2 0
DTXSID4031980 Resveratrol 501-36-0 OR Resveratrol 2136 69 0
DTXSID5020607 Di(2-ethylhexyl) phthalate ** 117-81-7 OR Di(2-ethylhexyl) phthalate OR Diethylhexyl Phthalate 2133 250 0 5 6 0 0 1 5
DTXSID7029879 Ketoconazole 65277-42-1 OR Ketoconazole 1847 33 2
DTXSID3023180 Itraconazole 84625-61-6 OR Itraconazole 1705 13 1
DTXSID7037131 Rosiglitazone 122320-73-4 OR Rosiglitazone 1638 21 0
DTXSID5021463 Zinc diethyldithiocarbamate 14324-55-1 OR Zinc diethyldithiocarbamate OR Ditiocarb 1624 23 2
DTXSID1024122 Glyphosate 1071-83-6 OR Glyphosate 1512 201 1
DTXSID3037129 Pioglitazone 111025-46-8 OR Pioglitazone 1474 6 0
DTXSID1021322 Disulfiram 97-77-8 OR Disulfiram 1394 26 15 13 7 0 0 0 4
DTXSID6021248 Rotenone 83-79-4 OR Rotenone 1392 67 1
DTXSID5022308 Genistein 446-72-0 OR Genistein 1354 76 2 19 157 0 0 2 2
DTXSID0048185 Apomorphine hydrochloride hydra41372-20-7 OR Apomorphine hydrochloride hydrate 1284 22 0
DTXSID0040709 Tributyltin 688-73-3 OR Tributyltin 1124 177 0
DTXSID3027403 Tributyltin chloride 1461-22-9 OR Tributyltin chloride OR tributyltin 1124 177 0
DTXSID1020560 Endosulfan 115-29-7 OR Endosulfan 1109 134 2
DTXSID8020381 Deltamethrin 52918-63-5 OR Deltamethrin OR decamethrin 1060 124 0
DTXSID0047797 Idarubicin hydrochloride 57852-57-0 OR Idarubicin hydrochloride OR Idarubicin 1007 8 1
DTXSID9020453 Dieldrin 60-57-1 OR Dieldrin 993 78 1
DTXSID2021781 Dibutyl phthalate 84-74-2 OR Dibutyl phthalate 838 150 1
DTXSID70197572 Sitagliptin 486460-32-6 OR Sitagliptin 771 1 0
DTXSID2059774 Pyrazole 288-13-1 OR Pyrazole 767 36 0
DTXSID2022880 Danazol 17230-88-5 OR Danazol 720 11 0
DTXSID9023334 Montelukast 158966-92-8 OR Montelukast 628 4 1
DTXSID2025680 mono-(2-ethylhexyl)phthalate OR mono-(2-ethylhexyl)phthalate OR MEHP OR 4376-20-9 620 60 0
DTXSID0023036 Etretinate 54350-48-0 OR Etretinate 620 56 1 79 1 1 0 0 10
DTXSID9046992 Nicardipine hydrochloride 54527-84-3 OR Nicardipine hydrochloride OR Nicardipine 612 10 0
DTXSID5020239 Candesartan cilexetil 145040-37-5 OR Candesartan cilexetil OR candesartan 592 7 1
DTXSID6022553 Acitretin 55079-83-9 OR Acitretin 556 17 1 57 3 0 0 0 6
DTXSID7020267 Chlordane 57-74-9 OR Chlordane OR M 140 516 37 0
DTXSID3040649 4-Methylpyrazole 7554-65-6 OR 4-Methylpyrazole OR fomepizole 498 17 1
DTXSID5023110 Gossypol 303-45-7 OR Gossypol 456 29 0
DTXSID9036779 BPDE Benzo[a]pyrene diol epoxide 449 14 0
DTXSID7029871 Clotrimazole 23593 75 1 OR Clotrimazole 426 11 0
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Although HTS data exists for modeling downstream RAR/RXR 
responses, the availability of direct assays for upstream ATRA 
metabolism (eg, RDH10, RALDH2, CYP26a/b/c) and molecular 

transporters (eg, STRA6, CRABP1, CRABP2) are limited.



Mapping potential MIEs to ASOs in the ATRA pathway
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Chemicals
(n=117)

In vitro bioactivity
(k=8 assays)

Literature 
(k=8 assays)
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DTXSID0020319 Chlorothalonil 0.472 0.182 27.354 NAND NAND NAND NAND 0.185 243 40 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID2040363 Diniconazole NAND 0.674 NAND NAND NAND NAND NAND NAND 12 2 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID0032655 Triticonazole NAND 0.793 NAND NAND NAND NAND NAND 16.741 10 4 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID7021239 all-trans-Retinoic acid 10.335 1.317 0.126 NAND NAND NAND 1.036 0.006 4078 902 174 684 166 441 7232 1451 567 732 DR5 < 20 MIE ASO pAOP
DTXSID8024151 Imazalil NAND 1.413 0.908 NAND NAND NAND NAND 5.888 99 11 0 0 0 0 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID4032372 Difenoconazole NAND 1.459 NAND NAND NAND NAND NAND 2.124 60 12 0 0 0 0 1 1 0 0 DR5 < 20 MIE ASO pAOP
DTXSID7032638 Pyraclostrobin NAND 1.678 0.779 NAND NAND NAND NAND 0.542 124 26 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID3023897 Triadimefon NAND 2.085 41.462 NAND NAND NAND NAND 11.223 139 47 1 0 0 4 4 0 2 0 DR5 < 20 MIE ASO pAOP
DTXSID6032354 Clodinafop-propargyl NAND 2.856 NAND NAND NAND NAND NAND NAND 10 1 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID2024163 Linuron NAND 3.003 NAND NAND NAND NAND NAND NAND 157 26 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID3024235 Flusilazole NAND 3.704 8.155 NAND NAND NAND NAND 7.718 46 19 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID2032500 Triflumizole NAND 4.134 1.453 NAND NAND NAND NAND 0.298 13 1 0 0 0 0 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID4032459 Phorate NAND 4.422 NAND NAND NAND NAND 46.074 NAND 93 7 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID8024238 Oryzalin NAND 5.86895958 14.873 NAND NAND NAND NAND 1.116 24 3 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID1034181 Raloxifene hydrochloride NAND 6.471 NAND NAND NAND NAND NAND NAND 678 2 0 0 0 0 2 1 0 0 CYP < 10 MIE ASO pAOP
DTXSID3024154 Iprodione NAND 6.670 12.128 NAND NAND NAND NAND 4.615 87 5 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID8024652 Bronopol NAND 8.278 NAND NAND NAND NAND NAND 135.164 66 1 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID8024280 Propiconazole NAND 9.010 23.801 NAND NAND NAND NAND 6.253 188 22 0 0 0 0 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID5020811 Mercuric chloride NAND 9.097 NAND NAND NAND NAND NAND NAND 1940 85 0 1 0 0 0 0 0 1 CYP < 10 MIE ASO pAOP
DTXSID1034634 Forchlorfenuron NAND 9.793 NAND NAND NAND NAND NAND 76.985 8 0 0 0 0 0 0 0 0 0 CYP < 10 MIE ASO pAOP
DTXSID8024315 Myclobutanil NAND 10.661 22.442 NAND NAND NAND NAND 10.780 79 10 0 0 0 1 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID3023556 Retinol 11.718 NAND 0.076 NAND 0.227 2.142 0.464 0.197 8770 1293 565 1053 273 450 6902 1422 634 7241 DR5 < 20 MIE ASO pAOP
DTXSID2022880 Danazol NAND NAND 0.734 NAND 2.041 114.282 115.044 0.535 724 12 0 0 0 0 0 0 0 1 DR5 < 20 MIE ASO pAOP
DTXSID6051778 Digoxigenin NAND NAND 0.760 1.677 NAND NAND NAND 1.401 156 23 0 6 0 0 14 6 0 4 DR5 < 20 MIE ASO pAOP
DTXSID9022310 Daidzein 2.600 NAND 0.937 NAND NAND NAND NAND NAND 429 22 0 1 0 0 4 0 0 1 Tox21 < 20 MIE ASO pAOP
DTXSID0023901 Bentazone NAND NAND 1.899 NAND NAND NAND NAND NAND 62 4 0 0 0 0 0 0 0 0 RAR < 10 MIE ASO pAOP
DTXSID7047308 CP-105696 NAND NAND 3.486 NAND NAND NAND NAND NAND 2 0 0 0 0 0 0 0 0 1 RAR < 10 MIE ASO pAOP
DTXSID8034401 Buprofezin NAND NAND 3.574 NAND NAND NAND NAND 1.084 57 16 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID2039336 S-Bioallethrin NAND NAND 3.708 NAND NAND NAND NAND 2.521 39 4 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID8034586 Etoxazole NAND NAND 3.970 NAND NAND NAND NAND 3.108 28 11 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID9034997 Tributyltetradecylphosphonium chloride NAND NAND 4.841 NAND NAND NAND NAND 1.307 0 0 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID9032531 Bromuconazole NAND NAND 5.229 NAND 4.811 NAND NAND 3.554 3 0 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID8021777 Riboflavin NAND NAND 6.090 NAND NAND NAND NAND NAND 1172 57 0 0 0 0 4 0 0 18 RAR < 10 MIE ASO pAOP
DTXSID1040619 Bexarotene NAND NAND 7.539 NAND 2.655 0.009 0.009 0.014 227 2 0 0 0 1 235 223 1 3 DR5 < 20 MIE ASO pAOP
DTXSID3038696 Ethyl benzoate NAND NAND 9.274 NAND NAND NAND NAND NAND 513 29 0 1 0 0 7 5 1 3 RAR < 10 MIE ASO pAOP
DTXSID1052585 9-Ethylcarbazole NAND NAND 9.348 13.799 NAND NAND 11.619 19.859 3 1 0 1 0 0 1 0 0 1 DR5 < 20 MIE ASO pAOP
DTXSID2034625 Fluoxastrobin NAND NAND 9.998 NAND NAND NAND NAND 0.577 11 1 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID2020216 Butylated hydroxytoluene NAND NAND 13.210 9.309 NAND 14.128 0.841 16.967 783 27 1 1 0 0 1 0 0 1 DR5 < 20 MIE ASO pAOP
DTXSID8034956 Tetraconazole NAND NAND 15.286 NAND NAND NAND NAND 10.529 18 1 0 0 0 0 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID4034609 Fipronil NAND NAND 18.441 NAND NAND NAND NAND 6.060 592 81 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID2020686 Lindane NAND NAND 23.182 NAND NAND NAND NAND 11.202 2054 116 0 0 0 0 2 1 0 0 DR5 < 20 MIE ASO pAOP
DTXSID0023296 Methylene blue 1.484 NAND 31.570 NAND NAND NAND NAND NAND 2384 65 0 5 0 0 3 0 0 1 Tox21 < 20 MIE ASO pAOP
DTXSID2032550 Fenpyroximate (Z,E) NAND NAND NAND NAND NAND NAND NAND 0.026 0 0 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID5022934 Digoxin NAND NAND NAND NAND NAND NAND NAND 0.047 4285 109 0 1 0 0 4 1 0 2 DR5 < 20 MIE ASO pAOP
DTXSID5040758 AM580 0.023 NAND NAND NAND 0.080 NAND NAND 0.083 20 9 1 1 3 6 115 43 5 5 DR5 < 20 MIE ASO pAOP
DTXSID5042249 Phenylarsine oxide NAND NAND NAND NAND NAND NAND NAND 0.358 55 2 5 2 0 0 2 0 1 4 DR5 < 20 MIE ASO pAOP
DTXSID0047379 SSR126768 NAND NAND NAND NAND NAND NAND NAND 0.423 0 0 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID0034223 Tebufenpyrad NAND NAND NAND NAND NAND NAND NAND 0.480 14 1 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID8020381 Deltamethrin NAND NAND NAND NAND NAND NAND NAND 0.545 1110 134 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID6020690 Hexachlorophene NAND NAND NAND NAND NAND NAND 11.076 0.714 386 21 0 0 0 0 0 0 0 1 DR5 < 20 MIE ASO pAOP
DTXSID3024239 Oxadiazon NAND NAND NAND 46.738 NAND NAND NAND 0.726 24 3 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID8035180 Allethrin NAND NAND NAND NAND NAND NAND NAND 0.746 107 7 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID6024882 Cycloheximide NAND NAND NAND NAND NAND NAND NAND 0.779 1269 80 1 3 0 3 153 26 7 19 DR5 < 20 MIE ASO pAOP
DTXSID6020561 Endrin NAND NAND NAND 1.606 1.698 NAND 24.982 0.806 266 17 0 0 0 1 1 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID1020560 Endosulfan NAND NAND NAND NAND NAND NAND NAND 0.894 1124 135 0 0 0 1 2 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID4024276 Propargite NAND NAND NAND NAND NAND NAND NAND 0.902 30 6 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID5032573 Pyridaben NAND NAND NAND NAND NAND NAND NAND 1.103 49 4 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID1032488 Thiazopyr NAND NAND NAND NAND NAND NAND NAND 1.305 3 0 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID5035957 Cyfluthrin NAND NAND NAND NAND NAND NAND NAND 2.409 240 32 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID9021217 Pyrimethamine NAND NAND NAND NAND NAND 76.139 NAND 2.725 1262 69 0 0 0 0 0 0 0 0 DR5 < 20 MIE ASO pAOP
DTXSID3037094 4-Hydroxytamoxifen NAND NAND NAND NAND NAND NAND NAND 3.462 174 4 0 0 0 0 24 6 1 2 DR5 < 20 MIE ASO pAOP
DTXSID8040484 Forskolin NAND NAND NAND NAND NAND 30.160 3.012 5.562 612 61 1 2 1 0 73 6 0 5 DR5 < 20 MIE ASO pAOP
DTXSID6020939 Nitrilotriacetic acid NAND NAND NAND NAND NAND NAND NAND 6.575 392 11 0 0 0 0 3 1 2 1 DR5 < 20 MIE ASO pAOP
DTXSID2020688 Hexachlorocyclopentadiene 68.544 NAND NAND NAND NAND NAND 13.549 7.641 24 2 0 0 0 0 0 0 0 1 DR5 < 20 MIE ASO pAOP
DTXSID3024289 Pyrene NAND NAND NAND NAND NAND NAND 30.833 10.562 7782 573 0 8 0 0 17 3 0 5 DR5 < 20 MIE ASO pAOP
DTXSID4034150 Haloperidol NAND NAND NAND NAND NAND NAND NAND 11.444 5516 54 0 0 0 0 9 6 0 1 DR5 < 20 MIE ASO pAOP
DTXSID7021106 Pentachlorophenol NAND NAND NAND NAND 4.099 NAND NAND 13.180 1029 59 0 0 0 0 1 0 0 3 DR5 < 20 MIE ASO pAOP
DTXSID7020716 Hydroquinone NAND NAND NAND NAND NAND NAND NAND 15.623 1739 51 0 10 0 0 7 1 0 2 DR5 < 20 MIE ASO pAOP
DTXSID7020508 Dimethylarsinic acid NAND NAND NAND NAND NAND NAND NAND 22.090 607 22 0 1 0 0 3 1 0 1 RDH10 MIE ASO pAOP
DTXSID8031077 Curcumin NAND NAND NAND NAND NAND NAND NAND 24.298 3237 77 0 8 1 0 27 11 1 5 RDH10 MIE ASO pAOP
DTXSID3020332 Citric acid NAND NAND NAND NAND NAND 4.527 0.959 26.146 2950 51 0 10 0 0 1 0 0 1 RXR < 10 MIE ASO pAOP
DTXSID5020108 Aspirin NAND NAND NAND NAND NAND 119.038 8.535 40.741 20943 252 0 3 0 1 5 3 0 3 RXR < 10 MIE ASO pAOP
DTXSID7047435 Fluorometholone NAND NAND NAND NAND NAND NAND NAND 96.922 161 2 0 0 0 0 0 0 0 1 RDH10 MIE ASO pAOP
DTXSID1021322 Disulfiram NAND NAND NAND NAND NAND NAND NAND 100.153 1419 26 2 29 0 0 8 0 1 2 RDH10 MIE ASO pAOP
DTXSID5025998 Retinal 0.504 NAND NAND NAND NAND NAND NAND NAND 23573 4419 386 3042 42 132 586 109 108 1234 Tox21 < 20 MIE ASO pAOP
DTXSID4023177 13-cis Retinoic acid 14.834 NAND NAND NAND NAND NAND NAND NAND 2263 166 8 13 0 13 284 50 29 57 Tox21 < 20 MIE ASO pAOP
DTXSID6040404 9-cis Retinoic acid 17.863 NAND NAND NAND NAND NAND NAND NAND 214 25 20 42 1 8 1041 664 32 59 Tox21 < 20 MIE ASO pAOP
DTXSID2032005 4-Hydroxyphenyl retinamide 4.782 NAND NAND NAND NAND NAND NAND NAND 217 7 1 3 4 5 133 28 7 58 Tox21 < 20 MIE ASO pAOP
DTXSID4020161 Biphenyl NAND NAND NAND NAND NAND NAND 114.505 NAND 9127 673 1 13 1 4 60 41 1 15 RDH10 MIE ASO pAOP
DTXSID6024460 4-Aminoazobenzene 0.745 NAND NAND NAND NAND NAND NAND NAND 101 1 0 10 0 3 6 1 1 2 tox21 < 20 MIE ASO pAOP
DTXSID4021769 beta-Ionone NAND NAND NAND NAND NAND NAND 69.085 NAND 44 3 1 3 0 2 11 2 3 20 RDH10 MIE ASO pAOP
DTXSID5022308 Genistein 1.163 NAND NAND NAND NAND NAND 18.314 NAND 1402 77 0 2 0 1 30 5 0 3 Tox21 < 20 MIE ASO pAOP
DTXSID5021590 Dodecanoic acid NAND NAND NAND NAND NAND NAND 61.969 NAND 276 5 0 0 0 1 1 1 0 2 RDH10 MIE ASO pAOP
DTXSID0023036 Etretinate 1.141 NAND NAND NAND NAND NAND NAND NAND 620 56 0 2 0 1 31 3 11 15 Tox21 < 20 MIE ASO pAOP
DTXSID3040980 Bortezomib 0.008 NAND NAND NAND NAND NAND NAND NAND 2718 14 0 1 0 1 6 0 0 1 tox21 < 20 MIE ASO pAOP
DTXSID2022048 Flavone 7.052 NAND NAND NAND NAND NAND NAND NAND 513 14 0 2 0 1 2 0 0 1 tox21 < 20 MIE ASO pAOP
DTXSID5047451 Acid Yellow 11 NAND NAND NAND NAND NAND 2.506 NAND NAND 65 2 2 4 0 1 2 0 0 1 RXR < 10 MIE ASO pAOP
DTXSID1021409 Triphenyltin hydroxide NAND NAND NAND NAND NAND NAND 0.013 NAND 29 7 0 0 0 0 2 2 0 0 RXR < 10 MIE ASO pAOP
DTXSID6020515 N,N-Dimethylformamide NAND NAND NAND NAND NAND 4.475 0.718 NAND 516 24 0 0 0 0 6 1 0 1 RXR < 10 MIE ASO pAOP
DTXSID7022174 EPN NAND NAND NAND NAND NAND NAND 1.862 NAND 147 13 0 0 0 0 1 0 0 3 RXR < 10 MIE ASO pAOP
DTXSID0025527 Medroxyprogesterone acetate NAND NAND NAND NAND NAND 6.931 2.063 NAND 2122 35 0 1 0 0 2 0 1 1 RXR < 10 MIE ASO pAOP
DTXSID3020465 Diethylstilbestrol NAND NAND NAND NAND NAND NAND 7.225 NAND 2944 446 0 2 0 0 11 1 0 4 RXR < 10 MIE ASO pAOP
DTXSID0025816 Oxalic acid NAND NAND NAND NAND NAND NAND 8.002 NAND 1849 22 0 1 0 0 0 0 0 2 RXR < 10 MIE ASO pAOP
DTXSID0037734 2-Bromohexadecanoic acid NAND NAND NAND NAND NAND 35.035 9.773 NAND 13 3 0 0 0 0 2 1 0 1 RXR < 10 MIE ASO pAOP
DTXSID0020232 Caffeine NAND NAND NAND NAND NAND NAND 57.162 NAND 6212 298 0 0 0 0 2 0 0 1 RDH10 MIE ASO pAOP
DTXSID8040725 4-Chloromercuribenzoic acid NAND NAND NAND NAND NAND NAND 57.247 NAND 17 1 0 1 0 0 0 0 0 1 RDH10 MIE ASO pAOP
DTXSID8023214 Levothyroxine NAND NAND NAND NAND NAND NAND 67.830 NAND 6277 551 1 8 0 0 344 210 5 235 RDH10 MIE ASO pAOP
DTXSID4021553 Decanal NAND NAND NAND NAND NAND NAND 73.014 NAND 25 1 1 3 0 0 0 0 0 2 RDH10 MIE ASO pAOP
DTXSID1025809 Oleic acid NAND NAND NAND NAND NAND NAND 74.996 NAND 1852 50 0 0 0 0 36 24 5 51 RDH10 MIE ASO pAOP
DTXSID6021666 Tetradecanoic acid NAND NAND NAND NAND NAND NAND 77.569 NAND 211 14 0 1 0 0 6 3 0 7 RDH10 MIE ASO pAOP
DTXSID5020738 Indole-3-acetic acid NAND NAND NAND NAND NAND NAND 79.402 NAND 377 8 0 0 0 0 0 0 0 1 RDH10 MIE ASO pAOP
DTXSID8020123 Azobenzene NAND NAND NAND NAND NAND NAND 129.589 NAND 92 2 0 0 0 0 2 0 0 2 RDH10 MIE ASO pAOP
DTXSID0032029 Scopolamine hydrobromide NAND NAND NAND NAND NAND NAND 163.627 NAND 2146 20 0 0 0 0 4 1 0 1 RDH10 MIE ASO pAOP
DTXSID5046853 Tamibarotene 0.158 NAND NAND NAND NAND NAND NAND NAND 36 3 0 1 2 0 81 12 4 3 Tox21 < 20 MIE ASO pAOP
DTXSID5046691 Tazarotene 0.438 NAND NAND NAND NAND NAND NAND NAND 205 0 0 1 0 0 77 13 2 5 Tox21 < 20 MIE ASO pAOP
DTXSID5046481 Adapalene 0.033 NAND NAND NAND NAND NAND NAND NAND 187 2 1 0 0 0 32 7 3 1 Tox21 < 20 MIE ASO pAOP
DTXSID0025997 13-cis-Retinal 2.554 NAND NAND NAND NAND NAND NAND NAND 1 0 5 17 0 0 4 1 0 9 tox21 < 20 MIE ASO pAOP
DTXSID8020838 3'-Methyl-4-dimethylaminoazobenzene 0.084 NAND NAND NAND NAND NAND NAND NAND 108 1 0 0 0 0 3 1 1 3 tox21 < 20 MIE ASO pAOP
DTXSID6022391 Apigenin 1.988 NAND NAND NAND NAND NAND NAND NAND 615 15 1 0 0 0 3 1 0 2 tox21 < 20 MIE ASO pAOP
DTXSID9048728 Toluidine blue 1.046 NAND NAND NAND NAND NAND NAND NAND 497 39 0 1 0 0 2 0 0 1 tox21 < 20 MIE ASO pAOP
DTXSID1022396 Chrysin 1.415 NAND NAND NAND NAND NAND NAND NAND 214 6 1 1 0 0 2 0 0 1 tox21 < 20 MIE ASO pAOP
DTXSID5023902 Benz(a)anthracene 4.626 NAND NAND NAND NAND NAND NAND NAND 709 62 0 0 0 0 1 0 0 2 tox21 < 20 MIE ASO pAOP
DTXSID4022731 Carbamazepine NAND NAND NAND NAND NAND 72.900 NAND NAND 6733 189 0 0 0 0 1 1 0 1 RDH10 MIE ASO pAOP
DTXSID9023201 Leflunomide 2.686 NAND NAND NAND NAND NAND NAND NAND 982 15 0 0 0 0 0 0 0 2 tox21 < 20 MIE ASO pAOP
DTXSID3021805 Piperine 3.187 NAND NAND NAND NAND NAND NAND NAND 251 14 0 2 0 0 0 1 0 1 tox21 < 20 MIE ASO pAOP
DTXSID2036827 3,3'-Diaminobenzidine 7.965 NAND NAND NAND NAND NAND NAND NAND 57 5 0 0 0 0 0 0 0 1 tox21 < 20 MIE ASO pAOP
DTXSID7025895 N-Phenyl-1,4-benzenediamine NAND NAND NAND 0.245 NAND NAND NAND NAND 8 0 0 0 0 0 0 0 0 0 RAR < 10 MIE ASO pAOP
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Chlorothalonil 0.472 0.18192163 27.354 NAND NAND NAND NAND 0.185 243 40
all-trans-Retinoic acid 10.335 1.317 0.126 NAND NAND NAND 1.036 0.006 4078 902
Imazalil NAND 1.413 0.908 NAND NAND NAND NAND 5.888 99 11
Pyraclostrobin NAND 1.678 0.779 NAND NAND NAND NAND 0.542 124 26
Triadimefon NAND 2.085 41.462 NAND NAND NAND NAND 11.223 139 47
Flusilazole NAND 3.704 8.155 NAND NAND NAND NAND 7.718 46 19
Triflumizole NAND 4.134 1.453 NAND NAND NAND NAND 0.298 13 1
Oryzalin NAND 5.86895958 14.873 NAND NAND NAND NAND 1.116 24 3
Retinol 11.718 NAND 0.076 NAND 0.227 2.142 0.464 0.197 8770 1293
Fl bi 11 1

Example: phocomelia can result when a 30-somite embryo 
experiences ATRA overload. 
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Systematic Review

11

A structured and 
documented process for 

transparent literature review1

“As defined by IOM [Institute of Medicine], systematic review ‘is 
a scientific investigation that focuses on a specific question and 
uses explicit, pre-specified scientific methods to identify, select, 
assess, and summarize the findings of similar but separate 
studies.’” [p. 4] (National Research Council [NRC], 2014)

1 Institute of Medicine. Finding What works in Health Care: Standards for Systematic Reviews.
p.13-34. The National Academies Press. Washington, D.C. 2011



Database 
Searches

Routine Evidence Identification 
Processes

Inventories 

• Identify peer-reviewed and 
“gray” (unpublished) literature

• PubMed, ToxLine, and Web of 
Science are standard (others 
can be included as needed)

• Conduct regular search 
updates 

• Details of search strategy, 
dates, and retrieved records 
are presented in protocols 
and assessments

Screening
1. Title/abstract

2. Full text

Health Outcome & 
PBPK Studies

Supplemental Studies

• Tag studies by line of 
evidence and outcome 

• Distribute to disciplinary 
experts for review

• Includes in vitro and other 
mechanistic evidence (e.g., 
non-PECO exposure route; 
non-PECO animal model; 
toxicokinetic data)

• Use manual and automated approaches
• ≥ 2 screeners
• Tag studies as excluded, meeting PECO 
criteria, or supplemental information

• Screening decisions available in HERO
• Typically do not apply language-restrictions
• Review reference list of included studies 
and relevant reviews to identify studies 
missed from database searches

• Share list of included studies with public to 
further ensure all relevant studies included

• Inventories contain basic 
study methods for evaluation 
and prioritization decisions 
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Moving Towards 
Qualitative and 

Quantitative AOPs
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Chemicals (375) clustered by ToxPi phenotype (k=5)
• Group 1 – Primarily 

driven by autopod 
defects

• Group 2 – Primarily 
unspecified skeletal 
defects

• Group 3– Primarily  
driven by axial 
defects

• Group 4 – Primarily 
driven by vertebral 
and thoracic and 
other

• Group 5 – Broad 
regional effects 
dominated by 
neurocranial

14



Results

• 48 hit one or more 
HTS assay mapping 
to the ATRA pathway

• Starting point… 
likely other 
chemicals with 
developmental 
skeletal effects that 
did not meet 
requisites of this list

15

Allethrin Diniconazole Linuron
Raloxifene 
hydrochloride

All-Trans Retinoic Acid Endosulfan Myclobutanil Retinol

Aspirin Endrin
N,N-
Dimethylformam
ide

S-Bioallethrin

Bentazone Etoxazole
N-Phenyl-1,4-
benzenediamine

SSR126768

Bromuconazole Fenpyroximate (Z,E) Oryzalin Tebufenpyrad
Bronopol Fipronil Oxadiazon Tetraconazole
Buprofezin Fluoxastrobin Phorate Thiazopyr
Chlorothalonil Flusilazole Propargite Triadimefon

Clodinafop-propargyl Forchlorfenuron Propiconazole
Tributyltetradecylph
osphonium chloride

Cyfluthrin Imazalil Pyraclostrobin Triflumizole

Deltamethrin Iprodione Pyridaben
Triphenyltin 
hydroxide

Difenoconazole Lindane Pyrimethamine Triticonazole



Adverse Outcome Pathways (AOPs)

SOURCE: Dan Villeneuve, USEPA/CCTE

With HTS we can test the majority of chemicals in commerce within the decade but using the 
New Approach Methods (NAMs) for in vitro profiling and assessing toxicity is a challenge.

aopkb.org
AOP: says “here is a biological 
perturbation that can lead to a specific 
adverse outcome, and here is how we 
think it happens” - hypothesis

AOP-Knowledgebase (KB): compendium 
of curated AOPs with demonstrated 
relevance connecting a molecular 
perturbation to adverse outcome.
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Principles for Building an AOP

SOURCE: Villeneuve et al. (2014) Toxicol Sci

aopwiki.org
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1. AOPs are not chemical-specific (based on biological motifs of failure)

2. AOPs are modular (individual relationships based on weight of evidence)

3. Individual AOPs are a pragmatic simplification (linearized sequence of biology)

4. AOP networks are the functional unit of prediction (in most cases)

5. AOPs are living documents (evolve as knowledge grows)
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MIE
molecular initiating 

event

KE1
Key Event 1
(subcellular)

KE2
Key Event 2

(cellular)

KE3
Key Event 3

(tissue)

AO
Adverse Outcome

18

Putative AOPs for ATRA-dependent skeletal embryopathy
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Although it is not clear which AOPs may be attributable exclusively to a retinoid-related mechanism, 
harmonized protocols assessing retinoid signaling can aid developmental hazard prediction. 



Where AOPs Fit for Public Health Agencies
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Systematic Review’s Current Situation

•Any literature-based analysis requires searching for existing 
evidence

•Use of systematic review methods to identify evidence brings 
transparency and rigor to the process

•Use of defined workflows and specialized software to identify 
literature makes the process efficient, i.e., unclear if process 
takes longer than non-systematic methods 

•More discussion and method development warranted for 
study evaluation and evidence synthesis/integration for NAM-
based analyses



Mechanistic Evidence
“Mechanistic data represent a wide variety of studies not intended to identify an 
adverse outcome.” (NRC, 2014)
“When human data are nonexistent, are mixed, or consistently show no 
association and an animal study finds a positive association, the importance of 
mechanistic data is increased...” (NRC, 2014)
• When evaluating mechanistic evidence, the scope is larger than “in vitro” data
• Mechanistic inventories collected at earlier stages may include:

• In vivo, In vitro or ex vivo, Non-animal or non-mammalian alternative animal models, Big data, 
“Intervention” studies 

“…there might be hundreds of in vitro and other mechanistic studies of a given 
chemical…” (NRC, 2014) OR NONE!!
“For a given chemical, multiple mechanisms might be involved in a given end point, 
and it might not be evident how different mechanisms interact in different species 
to cause the adverse outcome.” (NRC, 2014)
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Quantitative AOP (qAOP)

•qAOP:
“[A]n assembly of KEs supported by descriptions of how 

the KEs can be measured and the accuracy and precision with 
which the measurements are made along with KERs supported 
by quantitative understanding of what magnitude and/or 
duration of change in the upstream KE is needed to evoke some 
magnitude of change in the downstream KE…”

- OECD Guidance document on the use of AOPs in IATA, 2016

22

https://link.springer.com/article/10.1007/s00204-020-02774-7#ref-CR43


Common Features of qAOP Models 

23

Common feature Criteria
Problem formulation • Question addressed and/or purpose of modelling

• AO studied, developed, validated, and usable
Mechanistic 

knowledge and 
associated data

• Presence of the AOP in the OECD AOP-Wiki
• Type of AOP: linear or network
• Type of chemical model applied to (single chemical(s)/mixtures)
• Type of data: in vivo, in vitro, in silico and/or other variables
• Dose/concentration–responses
• (D/C–R) and time–responses (T–R)
• Adjacency of KERs: adjacency and non-adjacency
• Biological levels: cellular, tissue, organ, organism, population

Quantitative 
approach

• Type of quantitative approach

Regulatory 
applicability

• Human health/ecological risk assessment

Additional 
considerations

• Cross species extrapolation; Modulating factors; Uncertainty evaluation; 
• Positive/negative feedback loops; Sensitivity analysis
• Compensatory mechanisms; Kinetics; Exposure assessment
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Questions?
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