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• NAMs refer to in vitro data and in silico models for toxicological assessment with low 

reliance on animal testing (accelerating data acquisition with fewer resources).

• Healthy pregnancy is an important consideration, that data generated with new testing 
strategies can be used for developmental hazard evaluation.

• Computational (in silico) models that integrate in vitro data with knowledge of embryology 
and development can fill regulatory data gaps for more mechanistic assessments.

• The molecular and cellular determinants of retinoid signaling provide a case study of mutually 
informative organizing frameworks for NAM-based developmental hazard evaluation.
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New Approach Methods (NAMs)
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Can in vitro and in silico mechanistic tests identify chemicals that perturb development 
through the retinoid signaling pathway, rather than in vivo animal testing?



Regulatory interest in the retinoid signaling pathway

2012: DRP 178 of OECD Test Guidelines Programme highlighted a critical need for 
harmonized regulations on this system for toxicity screening and evaluation.

2015: OECD EDTA Advisory Group initiated DRP Project 4.97 to review the retinoid 
signaling pathway across diverse organ systems.

2018: DRP 4.97b narrowed to four areas: Overview, Reproductive System (Annex A), 
Skeletal Patterning (Annex B), and CNS Development (Annex C). 

2021: individual publications in Reproductive Toxicology (H Hakannson); final report 
published in OECD Testing and Assessment Series No. 343 (P Browne).
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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



SOURCE: Knudsen et al. (2021), Reprod Toxicol 5

ATRA thresholds

5

Regional ATRA concentration thresholds reported in different studies on 
morphogenesis, differentiation, and pregnancy. 
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Information retrieval: biological targets

Assemble candidate chemical list for each target:

- ChEMBL has data on 12 metabolic assays for drug-like compounds;
- Bioactivity from high-throughput screening (HTS);
- ToxCast has HTS data on 11 downstream assays testing ~2K chemicals;
- Tox21 has HTS data on an intact retinol signaling pathway for ~10K chemicals;
- Potential disruption of ATRA signaling identified for 213 compounds;
- Literature mining (AbstractSifter v5.7) → 5903 related publications;
- Compile information for pMIEs, key events, and adverse outcomes.
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HTS data exists for modeling downstream RAR/RXR 
responses but less available for ATRA metabolism 

(eg, RDH10, RALDH2, CYP26a/b/c) and molecular 
transporters (eg, STRA6, CRABP-I, CRABP-II).

SOURCE: Baker et al. (2018); Knudsen et al. (2021); Baker et al. (manuscript under technical review)

Retinoids

Triazoles (CYP)

Organochlorines (RAR)

Organotins (RXR)



Knudsen et al., Reprod Toxicol (2021) – special issue devoted to retinoid signaling (Guest Editor: H Håkansson). 7

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). 



MIE
molecular initiating 

event

KE1
Key Event 1
(subcellular)

KE2
Key Event 2

(cellular)

KE3
Key Event 3

(tissue)

AO
Adverse Outcome
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Putative AOPs for ATRA-dependent skeletal embryopathy

Knudsen et al., Reprod Toxicol (2021)

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. 
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• Culled fetal effects data from 
2,946 ToxRefDB studies; 

• 57,198 skeletal defects across 
rodent/nonrodent studies;

• clustered chemicals (k=5) by 
phenotypic domains (ToxPi).

ToxRefDB chemicals (370) clustered by ToxPi phenotype

SOURCE: Jocylin Pierro, manuscript in preparation 9

Are fetal skeletal defects consistent with AOPs linked to ATRA pathway?



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

In vitro biactivity
(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

Fluoxastrobin NAND NAND 9.998 NAND NAND NAND NAND 0.577 11 1

Buprofezin NAND NAND 3.574 NAND NAND NAND NAND 1.084 57 16

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



cell field FGF8 FGF4 FGF10

SHH GREM-1 BMP4 BMP7

Control system

Putting an AOP in motion: loss of SHH signaling impairs limb-bud outgrowth 

EPA/ORD/CCTE control system built with CellDesigner and simulated with CompuCell3D.org 11

cell field FGF8 FGF4 FGF10

SHH GREM-1 BMP4 BMP7



ATRA deficiency
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Example: mode-of-action for ATRA-mediated limb-bud truncation

control overload
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Simulating an ATRA overload in silico: 
‘cybermorph’ foreshadows 

deficiencies of distal elements.
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ATRA overload

Several ToxCast 
compounds inhibit CYP26-
like enzymatic activity and 

weakly activate RAR 
signaling in vitro.

Limb-bud initiation 
requires ATRA signaling 

but morphogenetic 
patterning is sensitive 

to ATRA overload



Predictive Toxicology of the Retinoid Signaling Pathway

US EPA, CCTE
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Goal: mine HTS bioactivity profiles for the retinoid system and build relevant AOPs based on embryological 
knowledge for fetal (skeletal) development. 

1. Formalize an Adverse Outcome Pathway (AOP) framework for the retinoid system.
2. Map HTS data from relevant assays in ToxCast/Tox21 profiles to the AOP framework.
3. Build and test computational models for quantitative disruption of ATRA signaling. 
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Tox21 contact
Nisha Sipes, CCTE


