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Abstract

The European Union (EU) Cosmetics Regulation estathliskeeban on animal testing for
cosmeticdngredients This ban does not assume that all cosmetics ingredients are safe, but that the
non-testing proceduresil vitro andin silicg have to be applied for their safety assessmémt.this
end, the SEURAT dluster wasfunded by EJ 7" Framework Programmand Cosmetics Europe. The
COSMOSIntegrated In Silico Models for the Prediction of Human Repeated Dose Toxicity of
COSNMtics toOptimise Safety) project wasinitiated asone of the seven consortia of the clustarith
the purpose of dcilitatingthe prediction of human repeated dose toxicity associated with exposure
to cosmeticgrelated compoundshroughin silicoapproactes

A critical objective of COSMOS wias addressthe paucity of publicly available data for
cosmeticangredientsand related chemicalS haefore adatabasewasestablishedcontaining(i) an
inventory of cosmetics ingredients and related structures; (i) skin permeability/absorption data
(route of exposure relevant teosmetic$;, and (iii) repeated doseokicity data.This thesisdescribes
the LINPOSaa 2F daly2sftSRIS indullidigORafich Nibthe EdMBNYof theK S R G |
COSMOS databasad ts subsequentapplicationfor developng tools to support the prediction of
repeated dose toxicity ofasmetics and related compounds

A rigorous strategy of curation and quality control of chemical records was appiied
developing the databaséas documented in the Standard Operating Procedure, chaptemt&)
chemical space dhe cosmeticsrelated compainds was comparetb food-related compound$rom
the U.S. FDA CFSAN PAFA database using the novel approach combining the analysis of structural
features ToxPrint chemotyp@sand physicochemical phgerties. The cosmetics and food specific
structural classeselated to particular use functionsand manifested by distinct physicochemical
propertieswere identified(chapter3).

The novel COSMOS Skin Permeability Databasmtaining in vivo and in vitro skin
permealblity/absorption data was developelly integratingexisting datdasesand enriching them
with new data for cosmeticharvestd fromregulatory documents and scientific literatureh@pter
4). Compounds with availabledata on human in vitro maximal flux §uay) were subsequently
extracted from the developed database aadalysed in terms of thé& structural featuregToxPrint
chemotypes)and physicochemicaproperties. The profile of compounds exhibiting lowhigh skin
permeability potential was determinedrhe results of this analysiarcsupportrapid screening and
classification of the compounds without experimental dathgpter5).

The new COSMOSoral repeated dose toxicity database was established through
consolidation of existing data sources and harvesting new regulatory documents and scientific
literature. Theunique data structure of th€ OSMOS oRepeatTox&8lBwscaptuling all toxicological
effects observedat particular dose levels argites which arehierarchicallydifferentiated as organs,
tissues,andcells(chapter6). Suchdesign of tlis databaseenabled the development of liver toxicity
ontology, followed by mechanistic miningof in vivo data Chapter 7). As a resultcompounds
associated with liver steatosis, steatohepatitis and fibrosis phenotypic efieete identified and
further analysedThe probable mechanistic reasonifgg toxicity (Peroxisome ProliferateActivated
Receptor gmma (PPAR activation)was formulated for twohepatotoxicants namely 1,3vis-(2,4
diaminophenoxypropane and piperonyl butoxide

Key outcomesof this thesis include an extensivairated database, Standard Opsting
Procedures skin permeabilitypotential classification rulesand the set of structural features
associated with liver steatosi€uch knowledgeis particularly importantri the light ofthe 21%
Century ToxicologfNRC, 2007and the ongoingneed tomove away fromanimaltoxicity testingto
non-testingalternatives.
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Chapterl

Chapter 1
Introduction

1.1. The ELCOSMO@$roject as aresponse tathe current EuropeanCosmeticRegulation

Since the beginning of timéumanshaveapplied variousubstancedo the skin for
multiple reasons:medicinal, eligious and to enhancebeauty. Nowadaysthe term
ocosmetics refers to a range oéveryday hygiene and luxuproducts According to the
official definition of the European Union (EJ cosmeticisa | y& adzw adl yoOS 2 NJ |
intendedto6 S LI | OSR Ay O2yial Ol gA0GK GKS @I NR 2dz
with the teeth and the mucous membranes of the oral cavity with a view exclusively or
mainly to cleaning them, perfuming them, changing their appearance and/or correcting
body o2 dzZNBE | YRk 2NJ LINPUOSOGAY3I (GKSY 2NItgnsSLAY 3
écosmeticLINE R ofér§ité any cosmeticor mixture of cosmetis, as defined aboveThe
final formulationof the cosmetic productwhich isplaced on the market and made available

to the consumerjsnamedi K $nistéed cosmetic produéf{EC, 2003)

Cosmeticsand cosmetic productsre regulated at theEU level. The Cosmetics
Regulation(which replaced the Cosmeti€rectiveas of 11 July 2(B) establishel two bans
on animal testing for cosmetics purposesmmely:the testing ban(referring to thetesting of
the finished cosmetic products and cosmetic ingredients on animatsnpleted as ofill
March 2009, andthe marketing ban(related to themarketing in the EU of thénished
cosmetic products and ingredients whibhave beerntested on animalscompleted as ofl1
March 2013 (EC, 2003; EC, 2009he ban on testing does not assume that all cosmetics
ingredients are safe, but that netesting procedures ifi vitro andin silicQ may have tobe

appliedto assessheir safety

An EU clusteof seven projectsbrought together under &esearclCluster entitled
G{FrFSGe 9@ fdzr GA2y | f (A CEWRS)vasvioBredias adifegf 3 ! y A Y
response to this legislatignvith the visionof the replacement of traditional animddased
experiments with predictive toxicology toolStarting inJanuary 2011 hie five-year project
G Ly (S InNSilidoMBdels for the Prediction of Human Repead Dose Toxicity of
/| 2aYSGAOa (2 (BQSVOMAsEBChédwEhS dhe Famework BBEURAT,

as a collaboration betweemajor international agencie@the European Commissio(EC)

1



Chapterl

Joint Research Centre (JR@Y the U.S Food andDrug Administration (FDA)), and a range
of partners from industry and academigncluding AltamiraLLC Columbus, OH, USA,;
Bulgarian Academy of Science (BASpfia, Bulgaria;Molecular Networks GmbH
Nuremberg, GermanySoluzioni Informatiche (B), Vicenza, Italy and was coordinated by
Prof. M. Cronin from Liverpool John Moores University (LJMg¢rpool, UK TheCOSMOS
project wasfunded jointly by the EC # Framework Programme and Cosmetics Eur(ibe
AYRdAzZaGNE QA UGN} RS | aaz2OAnl peXutngs fofimeiNICaighaandS G A O & =
was completed as of December 2015

The main focus of the COSMOS projeas the development of innovativenon-
testing €omputationa) tools and their subsequent integration into publicly available,
transparent workflowgo facilitate the complex process predicting human repeated dose
toxicity associated with exposure toosmeticsand related compoundsAt that time, and
still today, the SEURAT cluster was the largest EU initiative undertaken tevelop
alternatives to animalbased toxicitytesting for the safety assessment of chemicalche
current PhD progranconductedwithin the frame of the COSMOS projestipportied these

general efforts.
1.2. Computationalalternatives to animalbased bxicity testing

In the field of predictive toxicology a range of diverse computational methods is
applied in order to identify, characted, and evaluate the hazards and risks posed by
chemicals to human health and the environment (Yang et al., 2008; Yang et al., 2009; Hardy
et al., 2012) These methods can be divided into two general categories, namely: prediction
systems (statistical or knowledgebase expert ones) and data mikaghews & Contrera,

1998 Johnson et al., 200Greene 2002;Benigni & Zito, 2004Helma et al.2004 Yang et
al.,, 2006) The general principles of the methods relevant to the currémesis are

introduced in the presensectior-

Generally, prediction systems almsed on the premise that the physicochemical

properties and biological activities af chemical depend on its intrinsic nature and can be

! The provided description of the computational methods has been limited to those related to the research
conducted within the current PhD program and does not cover all approaches utilised in the COSMOS project
(e.g. Threshold of Toxicological ConceRtysiologicallyBasedPharmacokinetidviodelling, etc.)

2



Chapterl

predicted directly from molecular structure or inferred from similar compounds whose
properties and activities are knowf(MostragSzlichtyng et al., 2010/orth & Mostrag
Szlichtyng, 2010)rhese methodsincludea range of approachesuch asStructureActivity
Relationships(SARs) Quantitative StructureActivity RelationshipdQSARs or chemical

grouping and reaghcross

The SARased approacbs refer to thequalitative identification ofthe relationship
between molecular structuréor a fragmentthereof, i.e. an atom, or group of adjacently
connected atoms in a molecyland the presence o particularbiological activity which
may subsequently lead to the@eterminationof structural alers. SAR can alseefer to the
determination of the combinationof steric and electronic feature®f the chemical
compound considered necessary to ensuits intermolecular interaction with a specific
biological target molecule, which results in the manifésta of a particular biological
effect. In this case, SARay be referred to asa & alimensional 8D) SAR or

dpharmacophoré (Worth & MostragSzlichtyng, 2010).

QSAPRbased methods expredke relationshipquantitatively (frequently in a form of
a regression modebetween a biological activity (which may be categorical or continuous)
and one or more molecular descrip{ey, which describe leemical structure in numerical
terms and serve asbiological endpoin predictors (Worth & MostragSzlichtyng, 2010
Todeschini & Consonni, 2009Fhe principles ofthe validation of QSAR modelsvere
publishedby the Organisation for Economic @peration and Development (OEC@ECD,
2005). Guidance on the regulatory apptiation of QSARsvere publishedby the OECD and
European Chemicals Agency (ECptayiding a framework fousng the data derived from
the modelsas opposed to thosderivedexperimentaly (OECD, 2007&CHA, 2008).

It has to be highlighted thatraditionally, a range of statisticil-basedQSAR models
were developed tadescribethe chemicalinformation for the compoundsinvestigatedby
employing a range of molecular descriptors representing relevant structural features
However QSAR methodamit the informationrelating tothe associated complex biology by
collapsing it intoa single value representing the predicted endpoimnhich, very often
imprecisely defins, or coves several different mechanisms of agin. As aconsequence,
the associaibn betweenchemistryand biology, being the basis of the predictive toxicology,

remains unclear ancthakesthe resulting predictions difficult to interpret.

3
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In order to avercome the limitations of traditional, chemistgriented QSAR
modelling,identification of groups of chemicals with similar or related biological maafes
action (MoA) can be performee@.g.through chemical grouping/readcross or systematic
data-mining of the available biological dafaoth approaches have been discussed below)
QSARnodelling within MoAbased categoriesf compounds (MoA QSAR) allothe linkage
of the biological attributes underlying toxicity pathways with chemical struetur

frameworks, anchddresgs, in part at leasthe limitations of statistical models.

In orderto support the results of QSAR analysisto generate estimated data in
the absence of suitablenodels the dhemical grouping and reaacross approadds can be
used Guidance documents on the application of this method have been published by the
OECD (BCD,200bv YR 9/ 1! 069/ 113X uwnny A CONRIAEE HNBVISON
GKS dza8S 2F Sy RLI2AY( chenfideB)eaka 4 RedictidndMNie dana 2 dzNJ &
SYRLERAYG F2N Iy 2, obwhichong, brindde@uate, data Oyt |
respect to the essential concept underlying predictive toxicology i.e. that similar
compounds (analogues) arexpected to yield similar biological activity (Johnso&
Maggiora, 199Q)the source and target chemicdlave to be considered similaccordingo
(a set of) relevant characteristic(sg¢.g. structural, mechanistic, metabolic). Depending on
the general data availability for a given endpoint, it may be possible thatadiely suitable
analoguescan be identified, orconverselythat a larger group of compounds can be found
YR dzASR F2NJ | dooatr ATidelphysicadheiiSaprdpeiies and
biological activities of the chemical category constituemts likely to be similar or follow a
regular pattern as a result aklevant similarity characteriste anda common underlying
mechanisnor mode-of-action. In general, the application of readross between analogues
in a mechanistically supportedyioA-based chemical category is considered to be more
reliable than the applicationf readacross in a smaller group sfructural analogues based

on a homologous serig§Vorth & MostragSzlichtyng, 2010).

MoA-based predictive toxicologyupports, andis supported bythe general Adverse
Outcome Pathway (AOP) framework (OECD, 2@&I3Ps ara predictive paradigm based on
the upstream sequence ofbiological eventghat are determinants of the apical adverse
outcome An AOP typicallgtarts from the Molecular Initiating Event (MIEyvhichtriggers
the progression of thgathwaytowardsthe higher level responsg¥ey Events, KEgnd

4
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leadsto the perturbations observed at the whole organism levdgle MoA/AOP approach is
increasinglyapplied to understand adverse health effects caused by repeated exposure to
chemicals The MIEdeliversmechanistic informatioron chemicabiological interactions at
the molecular level that can be further associated with structural and physicochemical

characteristics of thehemicalcompound (Anlkey et al., 201Q)

The successful application of meaningMioA-based tools, includingchemical
grouping readacross and QSAR models, i®lated to (and heavilyrelies on) systematic
data-mining of the available biological dat& I G YAy Ay 3 61 faz2 {SN)S
Fyrftearaéds aRFGF FNOKIFS2t238¢ 2N aRFdlF RN
discovering patterns andetrieving knowledge from massive amosndf raw data, or
Gly26ft SRIS RAA02OSNE T Nbliviary ptodesss situatetiSabthed ¢ KA a
crossroads of database technology, statistics, and artificial intelligandas an iterative

sequence of the following steps (Bramer, 2007; Han et al., 2012):

1 Data preprocessing; preparation of the raw datafor the actual data mining,

involving:

o Data cleaning, identification and removal ahconsistent data

o

Data integrationg merging multipledata sources
o Data selectior retrieval of the data relevant to the scientific question in hand,
o Data transformatiorg dataaggregation and summaation;

i Data patterns discovery, actual data mining involving application eaftificial

intelligencetechniques to uncover and extract hidden patterns in the data;

1 Data patterns evaluatiorg identification of the patterns truly relant to the

investigated issue;

1 Presentation of the knowledgdevelopedby utilising visuakation and knowledge

representation techniques.

Data mining allowdor the identification ofthe concealed relationships and patterns
in the data Thus,it can beutilised as a predictive techniquéacilitating the objectives of

computational toxicologyYang et al., 2006).
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The usefulness ofQSAR and predictive data mining based toolsto support
regulatory safety assessmentsdizeen evaluatecand demonstrated eer the past decade
(Yang et al., 2006; Yang et al., 2008; Benz, 2007; Mayer et al.). Bifardless of the
method applied(i.e. predictive system or data miningy computationatechniquerelies
to a great extenpn the size, quality and availabilitf the biologicaldata (Yang et al., 2006

Yang et al., 2009
1.3. Therole of adatabase inreaching the gals ofpredictive toxicology

In general, KS GSNIY GRFGFOF&aSeé NEefdlded dad. (G KS
Together with a set of softwar@rograms for data access, managnent, organisation
(defining thelogical structure of thedata, i.e. the datamodel), and updag, it forms a
database management system (DBMS) (Han et al., 20¥2) respect tothe database
design, the commonly used dataowkel is a relational modehvented by Hgar F. Codd
(Codd, 1970). The relational database can be defined esllection ofuniquely named
interrelatedtables(relations) consising of a set of attributes (columnéields) and stang a
set oftuples (rows, recordg. Each record (described by a set of field values) represents a
database object identified by a unique key. Frequently, for relational databssmantic
data mode$ arealsodeveloped,e.g.the entity-relationship (ER) data modetpresening
the database as a set of entities and their relationst{{psen 2002; Han et al., 2012)The

data in the relational database can be accessadhe database queries.

From a predictive toxicology standpoird, databasewith a relational structure
capabe of storingchemical structures and toxiciipformation which can be searched and
retrieved, is afundamental form of data for mining applicatignesomputational model
development and readacross of diverse sources and endpoin®onnecting biological
effects and chemicals involved in toxicity pathways can be perforeatusivelyafter
systematic data miningThis requires databasedo be equipped withspecifically designed

ontologies and controlled vocabularies

The term ontology refers to the explicit formal representation of a set of concepts
and their relationships within particular domain, linking facts to the related terms in a causal
order (Sowa, 1999; Noy & McGuiness, 2001)e iterative process of ontolpglevelopment

involves (and leads to) formulating and extending the domain knowledge by interactive

6
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integration of knowledge from diverse domains. It requires (and allows for) abstracting and
generalsing information, extracting and formulating rules, awléntifying associations with
fundamental principlesAn example of asuccessfulmature ontology coveringhe cell
biology area is the Gene Ontology (GO), widely used in biological databases, annotation
projects, computational analyses for annotating nesdgjuenced genomes, text mining and

moddling (Hardy et al., 2012)

A mature chemicatoxicological ontology is necessary for the KDProcessin
predictive toxicology The toxic effects and underlying mechanismgan be identified
through preciselycategorsed terms which provide the rationale andthe basis forfurther
toxicity prediction (by chemical groupingnd MoA QSAR modelling, for instance). Chemical
toxicological ontologysupports eisting knowledgeappications Py sharing the common
underdanding of the informationin the scientific communityand extensions (by providing

a welkstructuredframework)

A chemicaltoxicological databasemeeting the outlined requirementss a pre
requisite to achieveany of theobjectivesof predictive toxictogy in terms of modelling,
knowledge creation and data manageméiang et al., 2006; Yang et al., 2008; Yang et al.,
2009; Han et al., 2012; Hardy et al., 2012).

1.4.COSMO8atabase

One of the most critical considerations in reaching the objectives of the COSMOS
project was thepaucity of publicly available data for cosmetics and related chemicals. As
such, the construction ofa new, high quality chemicatoxicological database witha

cosmeticsoriented domainwascrucial

The majority ofpubliclyavailablerepeateddosetoxicity data refer to the oral route
of exposure and thus do not include cosmetics (and rarely covetosmeticsrelated
compounds)which are usually applied topicgll However, mice the scientific community
has sufficient understanding of oral absorption and skin permeability processes,
approach usingextrapolation (referred to asd 2 Nd-RS NI I £ S E Jiwillsingztisl G A 2 y €
knowledge and oral repeatedose toxicity data has been appliéa realise the goalsof the

COSMOS projectThere is an identifiable needo expand knowledge to cosmetics
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ingredients and related substancelke contentrequirements forconstructirg the © SMOS

databasecantherefore be summarsed as follows

1 An inventory of cosmetics and cosmeticdated compounds populated withigh
quality chemical structuresand availableregulatory information such asdaily intake
estimates or regulatiomistory;

1 Skin permeabilitiabsorptiondatafor cosmetics and related compounds

i Oral repeated dose toxicity datar cosmetics and related compounds

The process of collating the required COSMOS database cortenvell as the
strategy of dealing with thdifficulties and challenges associated with particular information

types arepresented in the currenthesis.

In order to serve as &undation to develop computational toolsto predict the
repeated dose toxicity of cosmetics and related chemjcdle @SMOS database had to
accommodate varioug/pes ofbiological dataThedata mode] capable ofhandling such a
diverse information typeshas been inherited from theisk assessment database of the
Chemical Evaluation and Risk Estimation (CERES) projectlatittd States Food and Drug
Administration J.S.FDA Center for Food Safety and Applied Nutrition (CFSANCERES
database houses the internal regulatoryanhation of the CFSAN, as well as other toxicity
databases, including thehemical records and toxicity datmom the legacy U.S. FDA
Priority-based Assessment of Food Additives (PAFA) database (Benz & lrausquinTi®91).
COSMOS and CERES databases #tesame data model, technology, software programs,

andavery similar user interface.

The COSMOS databasiata model consists of two interconnected data domains
(Figure 1.1)a chemical domain and a biological domairvery high-level overview of the

main entitiesis providedin this sction.

The central entity of the COSMOSI (G 6 &S OKSYADY (2 dR2REIZA Y
meaning that albther entities stored irthis part of the database are Compounelated. An
entity aCompound (a chemical compound or substance) is identifiedalbynique system

identifier, CMS ID, and represents a chemical composition which may consist of one or more

2 The outlined data needs are limited to the data relevant for the presented PhD program, and do not
exhaustively coverthe requirements of the entire COSMOS project
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molecules, i.edSi NHzO G dzNB ¢ Sy dAdASaz NBTSauwgowhdmayi 2 G KS
thus ke formed of multipleStructureentities, and, at the same time, a singlér&ture may

appear in multipleCompound (manyto-many relationship). Depending on its chemical
composition,Compoundmay not be related to anySructure (this is discussed more-in

depth inchapter2). Regardless of the associationtbé Compound with Structure entities,

multiple @mpoundrelated information items can be stored in the COSMOS database
including Mimes, Identifiers, Use kinctions alorg with attributes further definig their

source, type, etc.

The toxicological part of thedata modelreflects the diverse and heterogeneous
layout ofthe COSMOS databasentent. Atthe very hig f S@St Al RBATREFSESE (K
corresponding to a toxicological study, whichynegonsis of a @ NRA 2 dzd y 8220 &SN 2 7
AyahdlyO0Sasr NBLNBASY(GAYd | TestBNNSH£2 D s KA IOKNINVXK S
series of animals, tissues, etc.). Thest Systennstances reflect all the peculiarities tfe
recorded Ests. EaclTestentity references aTest Result, reporting the outcomes of the
relevant toxicity experimental series. Finally,Séudy references its ownSudy Result,
aggregating the st Results The 8idy Resultis afinal outcome ofthe toxicity endpoint,
which is based oall Test outcomes within a study. Such fine data granularity allfmwshe
storage of the information regarding each single experimental series and observed
toxicological effects on the one hand, and the summetj higherlevel information(final
Sudy onclusion,e.g. compiled by the human expgrbn the other.It also supports the
development of the ontology sets facilitating the mechanistic data mining of the COSMOS

databasgwhich is discussed more-@tepth inchapters 6 and 7)

Chemical objects Toxicological objects

Identifiers >
u Structure ;% Study k- Test ré{ Test Systems

Properties Y = E:

,—:f—i‘—tE. Compound ig Study Results 4 Test Results

Registration
Information

il

Figure 11
Simplifed schematic diagram of the COSMOS database data model
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The first version of the COSMOS database (COSMOS DBwak.@ade publicly
available in December 2013 and its dump is currently downloadable from
http://cosmosspace.cosmostox.elfhe final version of the COSMOS database (COSMOS DB
v2.0) was released in Aprii 2016 and can be accessed at:

https://cosmosdb.eu/cosmosdb.v2/
1.5.The present PhD programand its associatiorwith the COSMOSrpject

The main aim of the pesent PhD program conducted inconjunction with the

COSMOS project, wabe collation of the content in terms ofchemical structures, skin

permeability and toxicological datawithin a relational chemicaltoxicological database

and its subsequent application forthe development of knowledge to support the

prediction of repeated dose toxicity of cosmetiend related compounds

Thismulti-faceted goahas beerbroken down into thefollowing objectivesrealised
in collaborationwith other COSMOS partnefplease refer to Annex 1 for the detailed
contribution of the author of presenthesi9, and discussed irdepth in the subsequent

chaptess of thethesis

Obijective 1:The quality control & the COSMOS databasghemical domain with

particular emphasis on cosmetiéegredientsand related compounds

This objectivégdiscussed ichapter2) has been reated through

1 Development of the sets of controlled vocabularies for chemical compounds and
structures annotations, with a specifgnal to address the problematic issues related to

the representation and identification of cosmetics related substances. It was a dynamic
process associated with curation of part of the COSMOS database chemical domain (U.S.
EPA DSSTox inventory);

1 Preparaton of the Standard Operating Procedure (SOP) for conducting the Quality
Control/Quality Assurance (QC/QA) process of the COSMOS database chemical domain;

1 Conducting the QC/QA process.

Objective 2: Charactesing the chemical space occupied by cosmeticgredients

and related chemicals

This objective (discusseddhapter3) was realsed through:

10
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1 Performing structural features (ToxPrint chemotypes)and physicochemical
properties space analysi®f the COSMOS Cosmetics Inventory profiled for mnest
abundart use functionswithin cosmetics domain

1 Comparing the chemical space occupied by the cosmetlased compounds with
the food-related compound$rom the U.S. FDA CFSAN PAFA database

Objective 3: The development ofa high gquality COSMOS Skin Permeability

Database enrichedvith cosmeticangredientsand related compounds

This objective (discusseddhapter4) wasrealised through:

1 Quration and integration of existing skin permeability/absorption data sources,
namelythe EDETOX aridniversity ofKentdatabases;

1 Development of the SOP fbarvestingnew data;

1 Harvesting new skin permeability data for cosmeticgredients and related
compounds from the regulatory and literature sources according td&SG&developed

1 Integration of the newly harvested data with the EDETOX Entversity ofKent
content;

1 Preparation ofadata entry tool forQCof the COSMOS Skirriheability atabase.

Obijective 4:Classification of skin permeability potential following dermal exposure

to chemicals to support the safety assessmentaokmetics related chemicals

This objective (discusseddhapter5)was realsed through:

1 Data mining of the Skin Permeability Datab#is&t was constructedleading to the
collation of the set of compounds with available experimental data on maximal {{x;(J
1 Structural (with ToxPrint chemotypesprofiling of the collated datasetombined
with the analysis of the physicochemical projes of itscompounds

1 Determination of a set of rules classifg a chemical compounuhto the category of

low or high skin permeability potential

Objective5: Construction ofa high quality databasdor oral repeated dose toxicity

with dose/concentraion level information for cosmetics and related compounds

This objective (discusseddhapter6) was realsed through:

11
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i Harvesting new oral repeated dose toxicity data for cosmetics and related
compounds from regulatory and literature sources according to the predefated
i Conducting the QC/QA procesa the resultant COSMOS oRepeatToxbiat was

constructed

Objective 6 Mechanistic (ontology-based) liver toxicity data mining of the

COSMOS oRepeatToxDB on the basis of the ontology developed from the collated data

This objective (discussed in chaptewds realsed through:

i Validationof a liver toxicity ontologydeveloped on the basis dhe datacollated
whenthe COSMOS oRepeatToxidsconstruced;

1 Ontologybased liver toxicity (steatosis) data mining of the COSMOS oRepeatToxDB;
i Structural (ToxPrint hemotypg analysis of the sets of chemical compounds
obtained and identification of the structural fragments associated with the investigated
endpoint;

1 Formulaton of the mechanistiaeasoningfor the toxicity ofselected compounds on

the basis ofan evaluation of the publishediterature and the results of molecular

modellinganalysigsuppliedby the collaboratingoOSMOS projepiartnersfrom BAS)

As te current PhD progranwas undertakenwithin the auspices of theCOSMOS
project, it supporied the general objectiveof the Projectto develop alernative (non
testing) toolsto facilitate the safety assessment of cosmetiogyredients and related
chemicals within the European Uniofhe outcomes of the current PhD program provide a

solid foundation for further knowledge discovery.

12
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Chapter 2
Quality Control of theCOSMO®atabase Chemical Domain

2.1. Background

2.1.1 General aspects ofhe quality of chemical information ad structures

The COSMOS databass a chemecentric systemintegrating data from various
sources intoa unified data modelplease refer tochapter1.4). Forthe development ofa
chemisty-aware database, the correct, unambiguousepresentation of chemical
compound encoded in a wagnabling convenienstoring, searching and integratingwith
other systemsjs of major significanceThe power of any cheminformatics tool depends
greatly on the accuracy othe representation of molecular structures and related dasa
that they can be understood byoth humanscientists and machirseThe importance ofhe
accurate identification of chemical structures farsilicomodeling has beealsorecognsed
(Young et al., 2008; Fourches et al., 2010). It has been demonstrated that QSAR models
developed with incorrect stictures, or with the structures incorrectly hdiled by the
computational toolsyield significantlypoorer predictive accuracies when compared to the

models developed on the basis of training sets with high quality structures

Currently, sveral approacles aiming to addresschemical identification and
representation issuesare utilised in the chenoinformatics field Their advantages and

limitationsare discussed below.
2.1.1.1.Chemicahomenclature

Chemical nomenclatureefers to the set of formalised rules consistently applied to
generate the namesof chemical compounds withina particular convention e.g.
International Union of Pure and Applied Chemistry (IUPAC) names (IUPAC, 2016), or
International Nomenclature of Cosmetic Ingredients (INCI) nam&S(Q016). In prindg
chemical nomenclature should ensure unambiguous identificatiomabfemical compound,
meaning that one chemical name should refer to a single substdnggractice, however,
applying the nomenclaturemposed rules usuallyleads to very complex names, which
cannot becommonlyrecognsed or used to infer structural information without expertise.
Thus, a variety of other names (trivial, trade, emommonly recogrsed by the scientific

13
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community is widely usedAs theydo not conform toany formal rules or systenthey
cannot directly serve as unambiguous identifiers ofiemicalcompound (Brecher, 1999
Fourches et al., 200

2.1.1.2.Chemicaldentification codes

Chemical identification codes arewgcespecificidentifiers (e.g. digital), without
any chemical significanqeer se whichmay beutilised at a very local scal@.g.within the
laboratory ora corporat database tadentify the compoundgested), or may be recogrsed
more broady. An example of internationallpyisedcompound identification number&lbeit
proprietary intheir nature) are Registry Numbers (RNs)ssigned byAmerican Chemical
Society(ACS)ChemicalAbstract Service$CASYCAS, 2016)CAS Rdare intended to be
unique numeric identifies designating only one specific chemical substance and linking
informationto it (e.g.references, names, structureshey constitute fronup to tendigits,
divided by hyphens into three parts. Therigh2 4 & RA 3 A G Audel tb confinK S O |
the legitimacy and uniqueness of the entire identifi€AS RNs are not related to any
system of chemical nomenclature, and, as such, can provide a common link between various
nomenclaturesused to describe substances. However, it should b&eddhat a single
chemical compound can be associated with multiple CAS &Nseveral types €§AS RNs
are currently in useThey include alternate, deleted, and generic RNsAlternate Registry
Numberrefers to the gcond RN generated forlass prefered structural representation of
a substanceA celeted Registry Number is a RN once assigned to a substance, but later
changed to anotheRN Such cases may refer tile compoundsthat once appeazd in the
literature with a trade name, butwithout assocated structural informationand whichare
later associated witha substance that has beeslready registered (Stanford University
Libraries, 2016)A ceneric Registry Number is a RN representing the whole class of
compounds €.g./ ! { 18B020&7¢ T gléwi) dakher than pointing to the individual
structure(e.g.1,2-xylened / ! { 95w B6E (r 1,3 xylened / ! { 10&38-3cav

2.1.1.3.Linenotations

Line notations efer to the representation of chemical structures as linear strings of
characters.The simplest example o line notation would be the empirical molecular

formula.

14
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Themost commonly usedine notation system, the&implified Molecular Line Input
Entry System (SMILE@Yeininger, 1988)is based on a set of rules for converting the
chemical structures into SMILE&ings which are acceptedas an input format by the
majority of chemistry softwaretools. Theconversionprocess is fullyautomated Both,
stereochemistry and double bond geommge of molecular structures can be correctly
handled by SMILES, however there are many errors involved in this format, due to the
reality that some tools do not process SMILES correctly, or that many users are not
sufficiently experienced to use them cocty. The other drawback of the SMILES
representationis that multiple stringan be written fora single chemical. Thignitation
can beaddressed bypplyingan algorithm for caronical atoms numbering, howevétr is
successfubnly when used consistently asa single algorithm. In realityifferent software
tools utilise differentcanonical numbering algorithmghus, the SMILES strings generated by

them annot beconsidered unique.

Another line notationsystemis the IUPAC International Cheaail Identifier (InChl)
codes developed ¢ provide a standardised format farformalised version of IUPA@mes,
which could be interpreted by humans ammbnveniently usedor searchingthe chemical
databasesIn order to represent a&hemicalcompound,an InChl code containkyers of
information on the atoms, bonds, connectivity, tautomeric forms, isotopes, stereochemistry
and charge (as apppoiate to individual chemicals). InChl codes prowiudy unique string
identifiers of chemica. However, mterpretation of INChl codes by humanientistsrequires
a lot of expertise andInChl codesre currently not accepted bthe majority of software
tools. InChlKeys are #ersion of InChl codes hashed into keys, i.e. strings of charauters
order to further support the storage and searching in large chemical datab&s€slKeys
comprise of 27 characters, and are not interpretable by hum@eller et al., 2013)For

INnChIKeg, there is atheoretical (albeit statistically unlikelyppssibility of duplictes.
2.1.1.4.Coding constitutions

Coding constitutiongepresent the constitutions of chemical structuregplicitly.
The d@om-bond connection table(CTAB)is one of the forms of chemical structure
representation, describing the structural relationshipgnd properties of a collection of
atoms Molecular structure is presentegisa topological graph with nodes representing the

atoms linked by edges representing bondlke atomsn the CTABnay be wholly or partially
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connected by bondsThe atom block of b CTAB ecifies theatom coordinates (2or 3-
dimensional),atomic symbd, any mass differencéfrom mass in periodic tab)e charge
(including radical state) stereochemistry and associated hydrogedte bond block
specifies the two atoms connected ke bond, the bond type(single, double, triple,
aromatic) any bond stereochemistry and tolegy (chain or ring properties)The
connection table i& fundamentalpart of the Molecular Design Limited (MDiilge formatfor
the representation andcommunication of chemical informatigorincluding theMolecule

(MOL) and Structur®ata (SDiiles(MDL, 2005)

Chemical Marup LanguagéCML)provides a general means tepresentchemical
compounds using the Extensible Marg Language (XML) schepadlowing for the storage

of the annotations and poperties forthe chemical compoundCMLC, 2016)

Of the various representation methodhe SDfile is one of the most accurate and
reliable for storing tautomer and stereochemistryanination. In additionthe 3D chemical
structures required to specify certain preferred conformations can be represemgdby

the xyzcoordinates in the connection table of the 8B or in CML atom blocks.

2.1.2 Compilationof the COSMO8atabase chemical domain

As describd in section 1.4 the COSMOS database includes two interconnected
LI NI AY | -cehrddvpai@rdisfrBdto KSNBEAY & & OKSYRA GH{f( dERB¥EI
centred biological/toxicological parthe chemical domain of th€ OSMOS databasan be
therefore regardedas a collection of compounds (CMBs) with specifiattributes: registry

numbers,names, structuregand their attributeg anduse functions.
2.1.2.1. Chemical structure sources in COSMOS database

The chemistrypart of the COSMOS database ha®béuilt through integration of
several inventories of compound3able2.1), donatedfor the COSMOS projetity the U.S.
FDA CFSAN CERES, the U.S. EPA DSST2X(@0 records)and businesses related to the
COSMOS proje@t.g.Procter and Gambleontributedca. 25,000structures as a result of its
membership of the Scientific Advisory Boarultiple structureshave beeralso retrieved
manuallyby COSMOS consortium partnefd.the time of data integration, each available
connection tablewasasi A 3y SR | aGljdzr t AGe &a02NB¢ GAOK NBAL
quality scores ranged from 100 (for the highest quality structures from respectable, curated
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sourcese.g.the U.S. FDA CFSAN) to 5 (for the structures retrieved from publicly available
non-curated sourcese.g. the internet). The CAS structures donated from the U.S. FDA
/I C{!'b [/ 9w9{ KIS 6SSy O2yaAiARSNBR | a32fR

Table2.1
Thesource inventorie®f the COSMOS8atabase chemical domain

Inventory (Owner, Name,
Reference)

Inventorycontent

The U.S. FDA CFSAN CE
including the Priority

Based Assessment of Foo
Additives Database (PAFA

(Benz& Irausquin 1991)

TheU.S FDA donation odbout 70,00Qublic recorddrom CERE$cluding
the chemical part of the PAFA database.

PAFAs a legacy database of regulataslevant chemical records, containing
administrative, chemical and toxicological information on direct and indire
food additives, color additives, and Generally Recaogpd As Safe (GRAS) ar|
prior-sanctioned substanceas well as over 3,000 substances in an inventg
called Everything Added to Food in the United States (EAFUS), being the
ingredients added directly to food (FExsproved as food additives), or listec
or affirmed as GRAS.

It is roteworthy that the PAFA Chemical Information includes historical daté
on: population exposure to chemicals, human consumption of the chemic
Acceptable Daily Intake (ADI) values set by the Joint FAO/WHO Expert

I 2YYAGGSS 2y C22R ! RRA (A @ Sdescripad ¢
define chemical use categories.

The U.S. EPA Distributed
StructureSearchable
Toxicity Database (EPA
DSSTox, 2016)

Repository of publicly available chemical structures, accurately mapped tc
associated bioassay and physicochemical prigpgata. About 12,000 DSST(¢
structureswere donated to theCOSMOS projeby the U.S. ERA

The U.S. EPA ToxCast
Inventory (EPA ToxCast,
2016)

Toxicology in the 21st Century (Tox21) is a collaborative project atheng
U.S. EPANIH and FDAaiming to develop enhanced methods for toxicity
assessmenfThe Toxicity ForecasteF@xCagtis one ofthe9 t ! Qa
contributions to Tox21 and refers to the chemical screening results for ov¢
2,000 chemicalsonducted in two research phasé&he ToxCashventory has

been donated to theCOSMOS projebly the U.S. ERA

2.1.22. COSMOS Cosmetics Inventory

A special emphasisvas placed on cosmeticsingredients and cosmetia®lated

chemicals. The repository of them was compiled by merging the EC CO&ialfase
(COSING, 2016and the U.S. PCPC I{8ailey, 2011 (Table2.2) and is referred to as the
OCOSMOS Cosmetics Inventgry fundamental part of the COSMOS database
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Table2.2
The sourceriventories of the COSMOSosmetics InventoryThe specifid counts refer to the
status of originglnot curated inventories

Inventory (Owner, Inventory content

Name, Reference)

The European Database of information on cosmetic substances and ingredients contained in
Commission COSING| EC Cosmetics Regulation (EC, 2009), Cosmetics Directive (EC, 2003), and In
Database of Cosmetic Ingredients (EC, 2006), as well as covered by the opinions on co

ingredientsof the Scientific Committee for Consumer Safety, SCCS (SCCS, 2(

The COSING database was downloaded in April 2011 from the EC COSING ¢
website. The inventory file included:

0 19,391 COSING identifiers (REFNUMS), encoding the chemical compg
together with its use functions (the single compound with multiple use
functions has been represented by multiple REFNUMS)

o 9,286 CAS RNs
o 19,397 INCI names used in the EU

The International Nomenclature of Cosmetic Ingredients (INCI) system was
established irthe early 1970s by the PCPC. The INCI hames are assigned acq
to the defined standards by the PCPC and are used in the USA, the EU, Chin
Japan, and many other countries for listing ingredients on cosmetic product Ia
With few exceptions, the IN@abeling names in all countries should remain the
same. The current (as of April 2016) list of INCI names is maintained by the P
and includes over 16,000 ingredients (CIRS, 2016).

0 66 chemical use functions

The extensive list of possible functionsrgredients used in cosmetic products
and their definitions from the COSING database has been provided in Annex

The U.S. Personal Cal The U.S. PCPC inventory has been compiled from a book (Bailey, 2011) publi
Products Council from the PCPC containing a list of cosmetics ingredients available in U.S. ma
(PCPC) List The inventory contained:

o0 3,713 CAS RNs
0 3,512 INCI names used in the U.S

2.1.23. Curation reeds and integration of the source inventories

The integration ofchemrial inventories(Tables 2.1 and 2.2) requirecurating
original records(and chemical structures)dentifying andremowving duplicate ones, and
joining the inventories on the basis t¢fie common identifie¢s). Any of the chemical
representation methods outlineth section 2.1.1can potentially become a source of errors
With respect to thechemical structuresthe errors may occueither due to the implicit
limitations of line notationsand coded constitutionsor due totheir incorrect handling by

the software toolsor humans lacking suffiait expertise.
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Forthe COSMOS database, a range of additianallity-related issueshad to be
considered.The Cosmetics Inventoryargely compries botanical extracts, oils, mixtures,
dyes,etc., which translatechemicallyinto macromoleculegpolymers, peptide)s inorganic
compounds coordination and transition metal complexe=ic. Such compounds frequently
require theMarkush type of representain, which is not handled well by currently available
cheminformatics tools. Particularly challengimignot impossible) isssigningstructures to
Unknown or Variable Compositions, Complex Reaction Products and Biological Materials
(UVCB) (EPA, 2(d)6A number of such substances could not be represented by CTéaBs
other line notations) andwere 02 y & A R SHB RXzO | ampfiiently, Bangof tiese
types ofcompounds hae not beenyet registered in the CAS Registry Database, making the

task of ther accurate representation and identification even more complicated.

Due to the reasonsutlined, the curation ofrecordsfrom the source inventories/as
demandingand required various types of processif@r instance, in case of the U.S. EPA
DSSTox inveory (please refer to Annex 1the main focus was placed on adopting the
original annotations to the controlled vocabulary of the COSMOS database (dynamically

developed during the curation effortplease refer tsections 2.3.1and2.4.7).

Gonsidering the COSINGand PCPdists contributing to the COSNDS Cosmetics
Inventory, additionaprocessing wasecessaryFor instanceboth INCI names and CRSls
should in principle, uniquelydentify the chemical compoundbetween (and within}the
COSNGand PCP@an practice,due to the generic representationflease referto section
2.1.12) of cosmeticsingredients and related chemicals single compoundshave been
frequently associated with multiple CAS RNs, andversely single CAS RNhave been
related to multiple compoundg. Actual examples omanyto-many relationships between
CAS RNs and INCI namasoriginal records arepresented in Table2.3. Also, other
nomenclaturerelated issueswere commonly founde.g.the lack of conformance between
INCI names from COSING or PCPLWit CASIndexNames or differences between INCI
names used in th&).S andEUe.g.0 2 (1 K L b /otyzadtiva $ran cééa(COSING) and

ooryza sativa (rice) bran waxPCPC) refer to the same botanical compaund

Whilst some inventoriese(g. the U.S. FDA CFSAN CERES, or EPA DB&HEoOX)
processed into the COSMOS database in a relatively straightforwanter, the COSMOS
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Cosmetics Inventoryrequired the development ofa specific integration procedure

presentedschematicallyn Figure2.1.

Automatic Manual

No common INCI
process —> names ———> CAS matching process

—> CAS not matching

COSMOS cosmetics
inventory

Figure2.1

Integration of the EC COSING and the U.S. PCPC inventories leading to the constrution of
COSMOS Cosmetics Inventory. The two Vistee combined by two in@tes: INCINames and CAS
Registry Numbers. The compounds with common IN&heswere assigneda CMS ID in a fully
automated process. For the compounds without common IN&hes, CAS RNgere analysed and
used to textmine the rame nests. The INChhes of these nestsave beerfurther examined and
controlled. Due to manyo-many relationships, abundant between INGimes and CAS RNs from
the source lists,detections of duplicates in overlaps between the two inventoriesave been
performed by direct comparison of InCki for the compounds ith available connection tables
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An example of manyto-many relationships betweeAS registry numbers and INGIniNes found for the compounds frothe surfactants class in
unprocessedCOSING and PCP@entories

Source INCI Name (from | CAS RN (from soul lz;lrcz)lfncgﬁ:rfcc;rmula CAS index name (for CAS reported in the | CAS molecular formula (for CAS
inventory | source inventory) | inventory) ; source inventory) reported in the source inveory)
inventory)
cosing | Sodium lauretil2 | o005 4 Not given Poly(oxyl 2-ethanediyly. -stlfo-. - (C2H40)nC12H2604S.Na
sulfate (dodecyloxy), sodium salt (1:1)
. 369121518212427303336
PCPC Sodium lauretil2 | oo, 6157 7 C36H74016S.Na Dodecaoxaoctatetraggan-1-ol, 1-(hydrogen| C36H74016S.Na
sulfate ; )
sulfate) sodium salt (1:1)
i X iv) h - . -
PCPC Sodium laurethl.2 | 465 4 (generic)| C36H74016S.Na Poly(oxyl,2-ethanediyl) " -sulfo- (C2H40)NC12H2604S Na
sulfate (dodecyloxy), sodium salt (1:1)
cosiNg | Sedium lauretir | 555,05 4 Not given Poly(oxyl 2-ethanediyly -stlfo-. - (C2H40)NC12H2604S.Na
sulfate (dodecyloxy), sodium salt (1:1)
PCPC Sodium laureth7 900482-4 (generic) C26H54011S.Na Poly(oxﬂ,Z—ethangdlyI)Z -Sl'.]|.f0-4 - (C2H40)nC12H2604S.Na
sulfate (dodecyloxy), sodium salt (1:1)

*Inspecting the three records available for sodium laumath

adz FI GS=82hE{ 6 WNE BHRAR

A YPCRT Zniiefdtaries) is & dehebc

CAS, representing the whole class of polymeric surfactants with dodecyl €2 1&lfange of alkyl chain length with varying number of ethoxy ether groups.

CKAZ Ga3ISYSNAO NBLINBaASYGl GA 2y &fornala b illdsfinedinimbek of Rpellingiubil®), dnyin thekKCAS ihdexX nan@2 t S O dzf |
0§KS O2y i NF NBB7-T/¢! {A dwh  GBcLdSMOAMF A O NBIAAGNER ydzZYoSNE NBFSNNAYy3a (G2 (GKS LRt &Y
i.e. sodium lauretkil2 sulfate.Whilst a compound with varying composition (such as a polymeric material having a distribution of chain lengths) can be
represented by a generic CAS, a compound with specific composition/configuration withira sliatis shold be associated witla specific CAS RN.
Considering the example of sodium laurétisulfate withthe RS FA Y SR Y 2 f S QHigfOl{ N® bTheéAN80k YA @/ / | { -6 éz RYBST¥ K8 c
corresponding CAS index nante®,9,12,15,18 21-Hepteaoxatritriacontan-1-ol, 1-(hydrogen sulfatef 4 2 RA dzy &l f 4 omYMmMOU €
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2.1.3. Finalcontent of the COSMOS database chemical domain

As a result omergingthe inventories identified infables 2.82.2, the entire COSMOS
v.2.0 database (https://cosmosdb.eu/cosmosdb.v2/accounts/login/?next=/cosmosdb)v2/
consists 0f81,634 chemicalrecords Connection tables are available for 46,791 (48%)
compounds. The remaining ones largely consist of natural products (biological
macromolecules, botanitaoils, extracts, mixtures, etc., minerals) and other non
structurable substances. The InGtdys analysis performed on 46,791 COSMOS structures
indicated 44,773inique CTABs. Structural duplicates in the COSMOS database were allowed
in multiple cases reqting the use of representative structurepléase refer also td@able
2.4). Over 72% of all available connection tables were assigned the highest quality score of
100 gection 2.1.2.). The lowest quality structures, with a score of 5, comprase3% of all

COSMOS CTABs.
2.1.31. COSMOS Cosmetics Inventory

The COSMOS Cosmetics Inventegmpiled fromthe EU COSING and U.S. PCPC list
(Table 2.2 Figure 2.2 consistof 17,100unique chemical recordsy CMS IDs)kssociated
with 9,278 unique CASNR and 16,111 unique INCI Names. Thenection tables i

available for 5,58 Cosmetics Inventory compounds.

CMS ID
(Total of 17,100 unique CMS IDs)

the EU COSING INVENTORY
(Total of 16,944 CMS IDs)

1 74 156
SR 38 CAS RNs
the U.S. PCPC LIST (Total of 9,278 unique CAS RNs )

(Total of 3874 CMS IDs)

the EU COSING INVENTORY
(Total of 9,157 unique CAS RNs )

5,583 3,574 121
INCI Names ! !
(Total of 16,111 unique INCI Names) the U.S. PCPC LIST
(Total of 3,695 unique CAS RNs )

the EU COSING INVENTORY
(Total of 16,111 unique INCI Names)

12,845 3,147 119

the U.S. PCPC LIST
(Total of 16,111 unique INCI Names)

Figure 22

Venn Diagrams showing theumber of chemical records (by assigneMSIDs,curated CAS RNesr
INCI Name@spresent in both (EU COSINGd U.S.PCPC) or only one (EU COSING.®.PCPC) of
the sourceinventories
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2.2. Theaimsof chapter2

As outlined, properly identified chemical compounds represenbgchigh quality
structures are crucial fothe successful development ai chemicailbiological relational

database and for facilitating the developmeaftanyin silicotool for toxicity prediction.

The aims of the present chapter realised in collaboration with the COSMOS
consortium partnergpleaserefer to Annex )relate to the dbjective 1 of the current PhD

program gection1.5), and include:

i Development of the sets of controlled vocabularies for chemical compounds and
structures annotations, with a specific goal to address the problematic issues related to
the representationand identification of cosmetics related substancéiswas a dynamic
process associated witturation of part of the COSMOS database chemical domain (U.S.
EPA DSSTox inventory);

1 Development ofa Standard Operating Procedure (SQPB)conduct the Quality
Caotrol/Quality Assurance (QC/QA) process of the COSMOS database chemical domain;
1 Conducting the QQA process.

2.3. Materials andmethods

2.3.1. Development of a controlled vocabulary for compounds and structuse
annotations

In every case of information elxange and integration, it is fundamental to have a
set of common standards with respect to both the format and content of the data.
According to the COSMOS database data modehpter 1.4), the chemical compounds
registered in theCOSMOS databageniqudy identified with CMS IB) can be associated
with no (for non-structurable compounds), or one or more (fatructurable compouds)
connection tablesFor eachunique CMS ID multiple, neanique information items may be
stored (e.g. names, use functionsxternal identifiers) The manyto-many relationships
between compounds and structurdsave beenallowed e.g. between parent and related
compounds, such as components of mixtures, monomers of polymers, representative
structures, etc.Controlled vocabularie were designed asn integral part ofthe COSMOS

databasedata model, providinghe terminology andoundation to correctly organse and
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handle the complex relationships within thentent of the COSMOS database chemical
domain, as well as to deal with a rangepwvbblematic cosmeticselated compounds e.g.
those that arenon-structurable and could not be represented by empirical molecular

formulae, other line notatiors, or connection tabls (section 2.1.2.3.

The process of thalevelopment of acontrolled vocabularywas dynamic. The
preliminaryterminologywasdesignedin collaborationwith the U.S. FDAhe U.SEPA and
Altamira LLCplease refer to Annex 13t the initial stage ofcurating andintegrating the
source inventories.As the chemistry content curationprogressed, the controlled
vocabulariesvere refined and updatedasneeded.The sets of the controlled vocabularies
have been designed for the followingompound and structurerelated elements:

stereochemistry, double bond geometry, material type and composition type.

2.3.2. Development ofthe Standard Operating Procedure for the Quality Control (QC)
of the COSMOS database chemical domain

In order to perform the Quality Control of thedSMOS database by several COSMOS
partners with maintained consistengyit was necessary to develop saSdard Operating
Procedure(SOP) It was compiled by Altamira LI{8nnex 1) and covered all the tasks
planned to be conducted during th@Cprocess (including the verification of correctness of
chemical names, registry humbers, structuraad compound and structures annotations
The initial SOP waystematically updateduring the ongoing QC procedute cover newly

identified issues

2.3.3. Conducting he Quality Gontrol (QC)and Quality Assurance (QA) Processdshe
COSMO8atabase chemical domain

The Quality Gontrol (QC)process can be defined as the verificatiortted accuracy of
the database contentith respect tothe predefined standards, resolving the eventual
deviations and modifying the process as needé&de QCof the COSMO$.1.0 database
chemstry contentwas led by LIMU and has bee completed with the effort of five
COSMOS partnefgnnex 1) Approximatelyl% ofstructurable (i.e. containing connection
tables) compounds included in the COSM@agabasewere sampledrandomlyand evenly
distributed betweenthe QC participantsQCwasperformedviathe COSMOB8atabaseData
Entry System (DE%ccording to the previously developed S@&#t(ion 2.3.2.
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TheQuality AssurancéQA)processmaintains the quality standardsf the database
by sampling the observations at a given confidence level, such thateteeant statistics
(error rates, i.e. the ratios of incorrect records to the total number of sampleecordg can
be reported.During the Quality Control procegbe main emphasisvas placedn assuring
the connection tables, registry numbers and names correctness, as these elements were
subseaiently used for the calculation of the QA statistics. The QA statibhee been
derived from the COSMOS DB DES audit trail and by comparihg QiGed records to the

original, notQGed ones.
2.4. Results

2.4.1. Controlled vocabularies for chemicalrapounds and structurg annotation

Sets of controlled vocabulariesvere developed to annotat the following
compound and structure- related elements: stereochemistry, double bond geometry,

material typeand composition type
2.4.1.1. Stereochemistry

Stereochemistry annotations refer to the isomerism of the structure resulting from
the differences in the spatial arrangement of atoms with@dgcompanyingifferences in
connectivity or bond multiplicit{lUPAC2016). The following controlled vocabulawas
designed for the COSMOS database:

1 Absolute stereochemistry referring to the chemical structures for whicthe

absolute configuration of the chiral cee{s)is povided The structures with &nown,

specific, single configuratiohave the direction ofrotation specified, i.e.they were

Fyy2dl G $Rlute siereogHemistry, rotation-)f >~  ddlutat stereochemistry,
rotation (+f @

i Relative stereochemistry applicable to the structures for whichhe relative

configuration of two or more chiral cerdgs was provided(i.e. therelationship totwo or

more centreswas specified)but the absolute value in therelationship is unknown

1 Relative stereochemistry, racemic mixturd he compoundis a racemic mixture of

the structureas drawn and itsidenticalmirror image
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No stereochemistry meaning that nostereochemistry is associated with the

compound(i.e. the sterochemistry annotatiowas not applicable).

T

2.4.1.2. Double bond geometry
Double bond geometry annotations include:

Double bond geometry &), referring to structures with single or multiple double

bondgs), all withtrans- geometry.

T

Double bond geometry £-), referring to structures with single or multiple double

bondgs), all withcis- geometry,

T

Double bond geometry&-,Z-), referring tostructures with multiple double bonds)

representing bothtfans., cis) types of geometric isomerism.

T

Double bond geometry unspecifiedeferring to gructures with double bonds), but

without geometiic isomerisnspecified.

T

No double bond geometryrelevant for gructures thatare not associatedwvith any

double bond geometryi.e. thedouble bond geometrannotationis not applicable).

2.4.1.3. Material type

Material type refers to the chemical nature of tltwmpound. The following material

types havebeen recogreed in the COSMOS database:

T

Biologial, referring to macromolecules of biological importance.g. protein or

nucleic acid sequences, lipids, enzymes, ftc.which it is(usually difficult to define a

structure, or they are norstructurable

T

Botanical referring to compounds of natural/plant origin, largely comprising of

complex,structurally difficult to define (or nonstructurable) mixtures extracts, oils, etc.

T

IOM, denoting the entire category of compounds including:

o Inorganic Chemical structurewithout organic carbon atos) elements including
metal atomsand metalloid atoms(boron (B), silicon (Si), germanium (Ge), arsenic

(As), antimony (Sh), tellurium (Tepns(e.g. borate, chromateninerals

o Organometallic Chemicastructures containing organic carb@)directly bonded

to any metal atom other than alkali (I) or alkaline earth (II) metals
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o Organometalloid Chemical structures containing organic carbon directly bonded

to any metalloid atom

o0 Metal complex hemical stuctures containingx central metallic atom covalently
bonded to the total number of ligandsither larger or smaller than indicated by
GKS OSYidN}t YSiGlIf 1G2YQa 2EARIGAZ2Y &0 G

0 Metalloid complex Chemical structures containing central metalloid atom
covalently bonded to the total number of ligandsther larger or smaller than

AYRAOI0SR o0& GKS OSYGNXf YSOFrtft2AR FG2YC

1 Organig to annotate the chemicalcompoundscontainingorganic carbon atom(s)
(i.e. not carbon monoxide, carbon diale, carbonates and cyanidesbut not being
classified asrganometallis or organometalloids

i Polymer, referring to the bemicalcompounds with polydispersed composition, i.e.
constituted by regulayl or irregularly repeated units.

1 Unspecified relevant n cases whenittle or no information was available fora
compound (e.g. exhaust gases, complex reaction produatbtained in industrial

processess

2.4.1.4. Composition ype

Composition type corresponds tthe chemical constitutiorof the compoundi.e. the
elements listed ints molecular formula. Irthe majority of cases, the composition type can
be inferred solely from the molecular formula. However, the information on the
configuration of the chemical compounde.§. geometric or positioral isomers,
stereoisomers) cannot be derived from the molecular formula and has to be inferred from
the compound name or connection table, if applicabldie composition typehas been

controlled by the following vocabulary:

1 Defined formula referring to diemical compounds with chemical structure fully
represented in the molecular formula (except configuratioformation, pleaserefer to

the descriptoraboveand to the annotatiorévarying isomers 0 $t 2 ¢

1 lll-defined formula relevant inmany cases when chemical structure is only partially
represented in the molecular formula. Thsomposition type can include varying

compositionsandor varying number of repeating unitépolydispersion)
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o Varying composition refers to &iemical structures n which one or more
components are unknown (unspecified), or the stoichiometric ratog.{n salts)

are unknown

o Polydispersion refers to the warying number of repeating unitsThis term is
relevant for polymers ands usually reflected in the moleca formula (()n),
and/or in the name of the compoundo6ly-). For instance: 1 is a molecular

formula of styrene, whereal&GHs), representspolystyrene.

i Formulation for annotating vell-defined (usually commercighossiblyproprietary)
compositiors of two or more substances

i Unspecified applicable in cases whenttle or nothing is known about the
composition of the chemicahnd, as such, e molecular formula can be derive@.g.
complexreaction products).

1  Varying isomers referring to any type ofelevant isomerism (may be geometric,
positional, or stereoisomerism) and is applicable to both, defined andefihed
compositions. The information on the isomerism cannot be inferred from the molecular
formula and hato be decided upon after inspeot of the name or the structure of the

chemical compound.

2.4.1.5. Application of the annotations scheme

Examples ofapplication of the abovecontrolled vocabularies in the COSMOS
databaseare presentedin Table 2.4. The COSMOS annotati@acgitate the compilation of
computational datasets (i.e. the datasets that can be used for the computational analysis

described in more details ichapter3).
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Table 2.4

Anexample of application of composition and material type annotasidn the COSMOS database. The recor@sahd 35 refer to casesvherethe
composition type of the compound cannot be inferred from the molecular fornaltmme and the positional isomerism has to be inferred from the
compound name.Record 6 demonstrateshe case when annotations can be assigned from the molecular forraldae Cases whee the
representative structures hae been used are also presented

Rec 1 '\F/Igrlacuulfr CAS RN CAS Index Name Composition Type Material Typg Structure Image Structurenote

Polyoxy-1,2-S G K I Y S-@A & lll-defined formulag Organic
nonylpheny)-. -hydroxy polydispersed polymer

Representative structure

1 | (GHONCisHO | 26027383 for polymer (n1)

V\/\/\:D
ll-defined formulac Representative structure
Poly(oxyl,2S G K| y S-RA & ) . Organic- \N\/\/D for polymer (n=1) and
2 (GHO)CsHO | 9016459 (nonylpheny)-. -hydroxy ig?sc;l%d;gersect vaning | holymer B positional isomer (as-4
nonylphenyl)
|

Representative structure
for positional isomer (as
1,3-dimethyl)

Defined formulag varying

3 GsHio 133020-7 Benzenedimethyl- isomers

Organic

4 GHio 108-38-3 Benzene, 18limethy} Defined formula Organic Actual structure

5 GsHio 95-47-6 Benzene, 12limethy} Defined formula Organic Actual structure

Representative structure
for polymer (n=1) and
composition (x=1)

Poly[iminocarbonimidoyliminocq lll-defined formulag Oraanic
6 (GHi7Ns)o.XCH | 3228958-0 | bonimidoyliminal,6-hexanediyl] polydispersed; varying 9 I
. o polymer
hydrochloride composition
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2.42. Standard Operating Procedure for the Quality Control (QC) process

The final SOP (updated afidalisedafter the QCjs provided in Annex 2. Thentire

QC procedure consisted of several steps, as presented in Figure 2.

2 I 5
KB gevos - BN -

B

z

Figure 23
Anoverview of the Quality Control procedure conductefthe COSMOS database chemical domain
through Data Entry System. The QC procedure considtda following steps:
(1) Loggingn to the COSMOS database Data Entry System with the personal access algdenti
(2) Accessing the Data Entry System

@) {8t 80GAYyI (KS awSOASSs YR v/ 9BEAAGAYI { NG

section of Data Entry System;
(4) Searching for the query compounde( the one subjected to the QQh the COSMOS
database chemicalomain;

G){ St SOGAy3aT (KS O2YLRdzyR T2NJ v/ FTNRYSRKSoASI NDI

not checked yet);
(6) Selecting the tab correspondingtothe @@R St SYSy Y a{ G NHzOG dzNBS

lyy2ildA2yés awSIAAaGNRBaAOHYDERE LBNR2Z NBAFI 2KS

control tasks. Bbsequently aving the results;
(7) Receiving the confirmation of the successtwimpletion of theQC process on the final
screen (the outmostk AIKGS K& /62E A& y26 YIFN]SRO
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The actual tasks performed daog the QC of particular elements are discussed in the

following paragraphs.

2.4.2.1. Structureannotation

The Quality Control of {  NHzO G dzNIB (Figuye 42 Xicbvaradde/vérification

(and correction, if needed)f the following elements

T

Connectontable { YR RSLIAOGA2Y 2 7F.Farké&h chrinetlimdtabizNS Q a

the COSMOSdatabase automatically alculates the InChlKeysing the RDKit

chemoinformatics libraryRDKit, 2016)For the purpose of the QC process, toerrected

connectiontable¢ has beendefined as a connection table which has been sufficiently

modified in the QC procesas to resulthe creation ofa new InChlKey

T
T

Sereochemistryannotation (with respect to the developed controlled vocabularies);

Double bond geometryannaation (with respect to the developed controlled

vocabularies);

T

The sourceprovided for ech structure This element was subject to correction in

addition to making any changes in the connection table during the QC procedure.

2.4.2.2. Compoundannotation

¢KS wvdzr f AGe /CampduNd ty y 2 & | (HigeSy24B) focused on

checking of the correctness of the following elements:

T
)l
1

Molecular formula
Material type anmtation (with respect to the developed controlled vocabularies);

Composition type annotation (with respect to the developed controlled

vocabularies).

2.4.2.3. Registrynumbers and IDs

¢KS v/ 2 Mumbers 3/ARA GLNRE ¢ 4CHfais8ddoNIhe exfidation (and

resolving any conflicts, if necessary) of:

T

The correctness dRegistry Number(s) assigned to the compound (structure/name

pair correctnesy

T

The correctness of specified RN types (active, alternate, deleted, generig, etc

(please refer tosction 2.1.1.2);
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1 The correctness of other (external) identifiers, e.g. theISING REFNUMSs, the

DSSTox CIDs, etc., by querying them in the source inventories.

24.2.4. Names

¢KS wvdzZ ftAGe

correction, if needed) of

1 Thecorrectness of the chemicalmes provided fothe query compoundalso with

respect to thestructure, Registry Numbers, identifiers);
Thecorrectnessoft b I YS das&spalSfiede.g.L b/ L
inthe COSMOS databas@aswnot subjected to any changes;

INAnyed NBgtire 22D couerédS the Gverificatin (and

bl YSd ¢KS

Gt NB T

Thecorrectnes®2 TNarge 8 dzND Sl¢ &

ALISOATASRD® ¢KS

abl Y$ |

coNNB a L2 Yy R

02

0 &d5for thb INE1SNante &ypdS thes correct sources could

Ay Ot dzR S

4/ h g BbDE

2N at/ t/

(B)

1)
PR
§

Z
B

B
B

Figure2.4

Quality Controlof the COSMOS database chemical dontaough the COSMOS DES) Structure

Annotation;(B)Compound Annotation(C)Registry Numbers and IO®) Names

32



Chapter2

2.4.3. Resultsof the QC/QA of the COSMOS database chemical domain

The QC/QA process of the COSMOdatabase chensitry contentwasperformed
for ca. 1% of structurable (i.e. containing connection tables) compounds randomly sampled
from the database givinga total number of 442 structures subjected to the Qthe QC
taskswere accomplished through the GMOS DBata Entry System (DES), with particular
emphasigplacedon the QC of connection tables, Registry Numbers, and compound names,

as these elements were used for the QA statiglietermination
2.4.3.1. Connectiortables quality control

The QC of the 442rsictures led to the correction dad total of 43 connection tables,

givinganoverallerror rate of 9.7%Three specifitypesof correctionswere performed

1 Correction of the connectivity and stereochemistyr protonation state of the
structure;
i Correcton of the stereochemistry and protonation state (connectivity unchanged)

1 Correction of the protonation state (connectivity and stereochemistry unchanged)

Overall, 16 connectivity changes have been made (giving the connectivity error rate
of 3.6%), 24 sreochemistry changes (the error rate of 5.4%) amh&nges foprotonation

states (the error rate of 0.7%).
2.4.3.2. Registrynumbers quality control

During the QC cycle onlyvo (out of 442) CAS R&lwere identified as being
incorrectly assigne@dnd were thuscorrected, givingan error rate of 0.45%Additionally,

151 new CAS RMeere addedto the compoundsnspected
2.4.3.3. Chemicahames quality control

TheQCprocesshasresulted in correctingen (out of 442)chemical namesgivingan

error rateof 2.2%. Additionally732 newnameswere added to the databases.

Based on the results of the QA on chemical structures, the approximate percentage
of inaccurate structures iIBOSMOS v.1.8 #4.3%if stereacchemistry is ignored and 9.7%if
stereochemistry is considergdApproximately 2.2% of the names may contain errors and

0.5% of the records mayalie incorrect registry number§he COSMOS database is, by far,
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the only publically available database, which chemistry content has been dpréGed

and for which the QA statistics are available.
2.5. Discussion

Thischapterdescribes the process of collation of the COSMOS database chemistry
content, including the COSMOS Cosmetics Inventory. It involved integration of several
chemical inventaes intoa unified data model, and systematic curation and quality control

of chemical records.

The need for a strategy addressing concerns over the quality of chemical information
and structures was clearly demonstrated. As such, a novel set of codtxatzabularies was
developed with respect to the specific features of cosmetics and related compounds. It
provides the unified terminology systematising the complex relationships within the
cosmetics domain and the framework to deal with a range of-sioncturable (or difficult
to structure) compounds. The designed COSMOS annotations may facilitate the compilation
of computational datasets (i.e. the datasets that can be used for the computational analysis)
by enabling fast and convenient identification on-structurable compounds (e.qg.
unspecified compositions or material types), or compounds that are not handled well by the
computational tools (inorganics, metal complexes, organometalloids, polymers, mixtures,

etc.).

The systematic quality control prodere established during the COSMOS database
development was captured as the Standard Operating Procedure (SOP) document (Annex
2), whichcan serve as a point of reference during futwetorts of chemcal structures

collation

The precise identification ofthemical compounds within COSMOS Database
supports the populating of the associated toxicological content by enabling accurate
referencing of chemical and biological records. This, in turn, supports the development of
meaningful in silico tools, as theirperformance is dependent on the accuracy of the

representation of molecular structures and related data.

The COSMOS Database contains 81,604 chemical records. The COSMOS Cosmetics
Inventory is particularly important part of the COSMOS database. It comdist3,100
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unique chemical records, associated with 5,567 chemical structures and is, by far, the
largest publicly available inventory of cosmetics and related compouBdsing the
COSMOS project it served afoandation to realisemultiple objectives.After the COSMOS
project, it still has numerous scientific and regulatory applications. psbéicly available,
ready-to-userepository of cosmeticselated compounds with associated toxicological data

it can support data miningn silicomethods developrant, risk assessment and reagdross

tasks (by, for exampleenabling identification ofstructural analogs within cosmetics
domain) The COSMOS Cosmetics Inventory was used in the analysis descciteotén3,
including he determination of structural efatures and physicochemical properties
associated with different types of cosmetics and comparison of these characteristics with

food-related compounds
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Chapter 3
Chemical Space Analysis of the COSMOS Cosmetics Inventory

3.1. Background

The chemical space of an inventory of chemicals (or a toxicity database) can be
regarded as the ranges of physicochemical properties and structural features covered by its
constituents. It is an important piece of information forany reasons(Yang et al.2008

Worth & MostragSzlichtyng, 2010)

1 Analysis of chemical space may be a first step towards the development of
meaningful computational methods accurately predicting toxicitywésfyingand assung
sufficient coverage of the relevant chemical spadtilising relevant means of describing
the physicochemical and structural characteristics of the chemicals across various
inventoriesensures that the basic concept underlying predictive chemistry and toxicology
that similar molecules are expected tohelit similar properties and biological activities
fulfilled (Johnson and Maggiora, 1990)

1 The $ructural and physicochemical properties space of a datesm®tlysed together

with the biological activity of its membersmay provide insights improving eh
understanding of complex toxicological phenomena. It may lead to the identification of the
chemistrybiology associations and facilitate the discovery of structural features linked to
toxicity. Thus, it supports the development of medkaction knowledg from the data;

1 Information on the chemical space covered by the inventory or a dataset is also
particularly important for the successful application of existing computational tdols.
silico models should be applied only to the chemical compounds sthiatithin their
applicability domains, since outside this they are unlikely to give reliable predictions. When
the predictive performance of model is assessed by challenging it with an independent
(external)validation (test)set, it is useful to comparené chemical space of the testtse
with that of the training set. Wen the predictive performance of a model is assessed
against a limited test set, and the conclusions are generalised to a wider dataset (or
chemical inventory), it is important to comparkeet chemical space of the test set with that

of the wider inventory
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1 The comparison of the chemical space occupied by diverse inventories representing
various types of compoundg.@.cosmetics vsfood-related, as in the research discussed

in the presentchapten) enables the investigation of the physicochemical and structural
features of the molecules with respect to their specific use types in specific environments
It allowsfor the contextof where and howthe particular molecular characteristics have

been manifestedo be investigated

Performing computational analysis of the chemical space of an inventory of
compounds or a dataset requires the following steps: (i) preparing molecular structures for
the purpose of computational analysis; (ii) calculgtrelevant molecular descriptors; (iii)
applying appropriate statisticaéchniques tomake the results of calculatiomsterpretable.

Each of these steps is discusdatow.

3.1.1.Curationof chemical structures

The importance of appropriate preparation of molecular structures for
computational analysjsso that theycan be correctly interpretedand handled by the
software usedo compute molecular descriptorshas beenwidely recognsed (Young et al.,
2008; Fourches et al., 2010; Waldman dt, 2015) and outlined in chapter 2. No
standardsed set of procedures that should be appli¢d curate structures haveso farbeen
formulated, as the computational generation of structures should be always performed with
regard to the aim of the analysiBor instance, the investigation of general structural classes
represented in a given inventory or a dataset requires a different approach than the
calculation of quantum mechanical descriptors for individual compounds. In the first case,
2D structures mg be sufficient, whereas in the second one, 3D coordinates of the
investigated molecules have to be provided. General aspects related to the preparation of

computational datasets are listed and discussedapth in Table 3.1.
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General aspds associated with preparation of molecular structures for computational analysis

Chapter3

(Young et al., 2008; Fourches et al., 2010)

Task

Desciption

Identification of IOM
compounds (please refer
to chapter2)

The majority of molecular descriptors were desigfi@dorganic compounds fo
which valenceébond structures can be formulated and, as such, cannot be
calculated for inorganics. For organometallics and organometalloids,
calculations may be also not possible, due to the common lack of necessa
calibration fo rare earth metals.

Identification of salts

The majority of software tools cannot process organic salts, which contain
metal counter ions. The properties of salts can vary from the properties of
parent compounds. However, in cases when the organicqfate molecule is
responsible for its biological activity, the metal counter ions should be remc
and the remaining carbaations or anions should be neutsd.

Identification and
processing of mixtures

Although some approaches to deal with mixtutes/e been suggested, the
majority of available software tools are not capable of handling these types
compounds (consisting of multiple structures) in a transparent and approp
way. The most common approach is based on automated removal of the
mixture constituent(s) withlthe lowest molecular weights or the smallest
number of atoms. However, in cases when the entire mixture has been tes
for toxicity, the associated data do not necessarily correspond to the toxicit
AYRAGARdzZ f OY¥IIE BEYiIl FNI @RS YdE aK2
2yte Ay OlFasSa oKSy AdG A& Of SIN (K
biological activity of the whole mixture. Such cases refer, for example, to
hydrates and hydrochlorides consisting of a largedgjically active organic
molecule and small inorganic one(s). In case of mixtures consisting of seve
organic constituents with similar molecular weight, the decision on the
fragment removal should be made after careful review.

Validation of chemical
structures with respect to
the representation of
mesomeric (resonance)
forms, tautomeric forms
and aromatic rings

Resonance structure and aromaticity should be represented in a consisten
as any differences in representation may significantly changeahees of
calculated properties. For tautomers, the mechanism of action (if known)
should be considered prior deciding on the appropriate representation of th
compound.

Detection and removal (if
desired) of duplicates

Due to nomenclatures, digital idefiers, or SMILES strings limitations
repetitions of the same compound (and hence the same structure) in large
inventories are relatively commoulfapter2). To detect duplicate structures,
InChiKeys comparieaan be successfully applie@¢ion2.1.1.3)However, it
should be stressed that duplicate structures may also appear as a result of
performing some of the above mentioned structure processing steps. For
instance, counter ion(s) removal, and subsequent neutralisation of the
remaining organic part dhe molecule, or small fragments removal, may bot
fSIR G2 | aAy3atsS aoO2YLizil GA2y ¢
which actually is a (neutralised) part or a substructure of several tested
compounds. On occasions, the experimental resoltgfose records may vary
This could mean that the structure curation procedure had led to the remo
of a significant molecular fragment which may be responsible for the activit
the compound tested. Such cases should be reviewed manually by human
experts. Generally, the process of the removal of duplicates should be
controlled and it should be always possible to relate the resulting
computational structure back to the original compound tested.
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3.1.2. Calculation of molecularescriptors

GThe molecwr descriptor is the final result of a logic and mathematical procedure
which transforms chemical information encoded within a symbolic representation of a
molecule into a useful number or the result of some standardised expeéif@uteschin&

Consonni2009)

The selection of relevant molecular descriptors witgard to the aim(s) of the
analysis is essential. In casecbemical spacanalysis the selected molecular descriptors
should be capable of capturing thariability of investigated compounds as broad as
possiblemanner. As such, several types of descriptors should, ideladyytilised. Various
descriptors generated by different computational algorithms are, in principle, expected to
derive diverse types of informatiofor the compared set of molecules. The selected

descriptors should be also transparent and easy to interpret.

Molecular descriptors can be categorised in a range of different ways, for example
with regard to the molecular representation used for the calculations (into-zerchree-
dimensional descriptors), or to the nature (and complexity) of the calculations (into
constitutional, topological,geometrical, electronic, or quantummedanical approaches)
(Fara & Oprea, 2016). The example of generic categories of molecuaripders is

providedin Table 3.2.

Table 3.2
General categories of molecular descriptors

Molecular descriptor category] Description

ZeroDimensional (OD) Descriptors derived directly from the molecular formula of the compoun
(e.g. molecular weighhumber of atoms in the molecule, etc.)

OneDimensional (1D) Fragment counts (e.g. number ofldnd donor and acceptor atoms)

Two-Dimensional (2D) Topological descriptors, referring to the manner in which the atoms are

connected in the molecule and calatéd from mathematical graph theor
(e.g. topological polar surface area)

ThreeDimensional (3D) Geometrical, electronic and quantumechanical descriptors derived fron
the results of empirical schemes or molecular orbital calculations requi
the 3D stucture of the molecule (e.g. dipole moment)

Structural fingerprints comprise another type of descriptors, encodingrib&ecular

structure in a form of binary digitébit-strings) representing the presence or absence of
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particular substructures in the atecule(Fara & Oprea, 2016). The molecular fragments for
fingerprints generation are, in principle, designed to encode particular chemical
information, which can be interpreted by human scientists. The molecules can be thus

compared through the comparisaf their fingerprints.

TheO- to 3-D molecular descriptors, along with the structural fingerpripgvide a
large portion of the informatioraboutthe molecule They arewnell-defined by theavailable
cheminformatics tools and have been broadly appltecbughout the presentthesis (in

chaptess 3,5and7).

3.1.3. Application of relevanttstistical methods

Thesubsequent step of chemical space analysis requires applgiegant statistical
method(s) to tansformthe multidimensional spaceccupied bythe studied inventoriegnto
alower dimensionakpace, and to visuak it, so it can be interpreted by a human scientist.
Multiple statistical approaches have been successfully applied to this end, including Cluster
Analysis (Cattell, 1943)Artificial Neural Networks @ANN (Kohonen, 1982; Zupan &
Gasteiger, 1999 or Principal Components Analysis (PCA). The techrbcuedly utilised in

the presentthesisis PCA(this chapterand chapter5), whichis discussed below.

Principal ComponestAnalysis(Pearson, 1901Wold et al., 1987;Jolliffe, 2002
Begam & Kumar, 2014) is raultivariate methodbelonging to thegroup of statistical
multidimensional factorial method¢Cordella, 201p that provides a compact view of
variation ina data matrix by defininghe orthogonal directions of maximum variancehe
Principal Componentbased decomposition of the original data matrix is presented
schematically in Figure 3.1. BriefBCA can beperformedby eigenvalue decomposition of
the covariance (or correlatiornatrix of the data and the first Principal Component (PC) is
GKS SAISYy@SOil2N) 6aK2sAy3d (GKS ARANBOGAZ2YVE
highest eigenvalue (specifying the amount of variance in the data in this direction). The
following PrinciphComponents are the directions maximising variance among all directions
orthogonal to the previous Principal Components. Frequently, PCA results are interpreted in
terms of the loadings tlje covariancetorrelation between the particular Principal
Componets and the original variablegproviding information othow much of the variation

in a variable is explained by tiC) and scores (definingetipositions of each observation in
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the new space of the Principalotponenty. Generally, a large proportion of thetal
variability in a dataset can bexplainedby a small number of the Principal Components.
PCA is one of the most frequently employed techngfe visualsing and exploringthe

space occupied by large chemidakicologicaldatasets.

m PC m
m
e
Originaldata | == S d , + R
n matrix (Scores) pC L (Loadings) n (Residuals)

Figure 3.1

Linear decomposition oforiginal data matrix (consisting ofn compounds andm variables) by
Principal Components AnalysiBhe columrs in matrix S correspond to the score vectors of the
Principal Components (PCs), wherdfas columns in the matrix L to theading vectorof the PCs.
The matrix Represents any residual information not included in t8and L decomposition.PCA
orders the loading and scoreectors in decreasing order of varian@en the basis ofBurger &
Gowen, 2011; Begam & Kumar, 2014)

3.2. The aims ofhapter3

The process of compilintpe chemstry part of the COSMOS databaaad COSMOS
Cosmetics Inventory wadescribed indetail inchapter2. Theaimsof the presentchapter

arerelated tothe objective2 of the current PhD progransection 1.5, and include

1 Analysis ofthe chemical space covered by the COSMOS Cosmetics Inventory in terms
of the dgructural features (ToxPrint chemotypes) and physicochemical properties, with
particular focus put on the s abundant use functions withithe cosmetics domain;

i Comparison of chemical space occupied by cosmetiosthe food related
compounds from the U.S. FDA CFSAN PAFA.

41



Chapter3

3.3. Materials andmethods

3.3.1. Analysed inventories

The chemical space analysis wasformed for the two following inventories:

1 COSMOS Cosmetics Inventory containing 5,562 structures (the collation of the
COSMOS Cosmetics Inventory was describeldapter2);
1 Foodrelated compounds from the U.S. FDA CFSAN PAFA database (Table 2.1)

including 4,337 structures.

The structures comprising both inventories were obtained from the COSMOS
RFEGFIolrasS a w5 {5 7FAtHSH ICREReENMBRARSpate2analySsNS A Y
was performed with respect to both, structural features and pbgshemical properties.

Each part of the analysis was based oniféerent methodology, thus required a different

type of original SD files pfgrocessing

3.3.2. Use functions of cosmetigglated compounds

Prior to the chemical space analysithe COSMOSCosmetics Inventorywas
characterised with respect to the 6éhemicaluse functionsassociated with cosmeties
related compoundg$rom the EUCOSING@atabase (Table 2.2). The entire list of COSING use
functions along with their definitions is provided in Anr@xt was expected that specific
use functions will be reflected in the structural characteristics and physicochemical

properties of individuaiolecules.

3.3.3 Structuralfeatures(chemotypes) analysis

The analysis of general structural features represented by cosmetics and food
related compounds was performadsing novel approach based tre ToxPrint chemotypes
(Yang et al., 2015), belonging the structural fingerprints type of descriptor3.he term
GOKSY2(e@eLISé¢ NBffefréshntinglse chemical®htiyessas structural fragments
encoded for connectivitywhich may extend beyond a single connected fragmeiit)
needed, chemotypes nyabe also encoded fgrhysicochemical properties of atoms, bonds,
fragmerts, electron systems and evewhole moleculs. The conceptual graph of the

chemotype is presented in Figure 3.2.
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Atom in fragment in /" OH \\ Molecule that exhibits
a certain property ' g ’ this fragmentina
range, e.g. partial certain property range,
charge <0 \\ (o) // e.g.logP >4

Figqure 3.2

Schematic dfinition of a chemotype

The ToxPrint chemotys (Yang et al., 2015), which were developed frover
100,000 chemicalpresent inpublidy availablechemicalinventoriesand toxicity databases
cover a range ohierarchically organisedtructural classes (Table 3.3) aodpture broad
chemical spaces fofood ingredients, food direct additives food-contact substances,
pharmaceuticals, agrochemicals, cosmetics ingredients and industrial chenfical$éibrary
of 729 ToxPrint chemotypes is publicly available vaww.toxprint.org and can be
downloaded as .csrml Chemical Subgraphs and Reactions Markup Langud#g€Yang et
al., 2015).

Table3.3
Classes of ToxPrint chemotyp@som Yang et al., 2015)

Top st Total # of
1" level classes
class chemotypes
Atom main group element, metal (group |, II, ttgnsition metals, metalloid, poor
metals)
C#N, MZDMDQ, C(=0)N, C(=0)0, C=N, C=0, C=S, CC(=0)C, CN, CNO, C(
Bond /I{Z /- YSGFftX borhox bwH/ 83X bl wbb 411

NO, OZ, P(=O)N, P=C, P=0, PC, POD@Q8)quaternaryN, quaternaryP,
quaternaryS, S(=0)N, S(=0)0, S(=0)X, SBQ, R€any), X[(any)_!CPX

alkaneBranch, alkaneCyclic, alkaneLinear, alkeneBranch, alkeneCyclic,
Chain alkeneLinear, alkyne, aromaticAlkane, aromaticAlkenesatkgneBranch, oxy 95
alkaneLinear

Group | aminoAcid, carbohydrate, ligand, nucleobase 69

Ring aromatic, fused, hetero, polycycle 144

In the current analysis, the ToxPrint chemotypes were usekpboee and compare
the structural space occupied by cosmeticand food related compounds. For

comprehensive investigation, it was particularly important to preserve all chemical classes
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occurring in both inventories, including inorganics, organometallarganometals and
metal complexes. Generating the fingerprints using ToxPrint chemotypes in this analysis did
not require 3D computational structureshé@ salts andiIOM compounds were therefore

retained, andt H-B S & (i S R éwerg Used Bshirip& a

The amlysis was performed with theublicly available viww.chemotyper.org
software applicationChemoTypefAltamira LLC, Columbus, OH, USA; Molecular Networks
GmbH, Niremberg, Germany). Using the ChemoTyper, the input structures (imported from
0 KS -005Ha50 SIR files) were mapped against the predefined ToxPrint library
(toxprint_V2.0_r711.xmfile downloaded atvww.toxprint.org. The features describintpe
guery compounds were subsequently exported in the form délale of binary chemical
fingerprints. Therows in this data matrix corresponded to particular molecules (structures)
and the columns to particular ToxPrint chemotypes:value of 1 indicaw that the

compound contaird a given featureyhereas a valuef Othat it did not.

The frequencies of padular ToxPrint chemotypes (i.6.KS y dzYo SNJ 2F a4 VYl
between ToxPrint chemotypes and the query structures) have been investigatesl.
structural domains of the anadgd inventorieswere presentedin terms of distributions of

the compounds across spdeifl generic structural classes.

3.3.4. Analysis of physicochemical properties

The physicochemical properties space covered by the two inventories was
investigated using diverse types of molecudascriptors Therefore, this part ahe analysis
required preLINE OS &aaAy 3 AT ad SRAA YFIATE S & H-BorgpRatioBed y S NI
structures. All these steps, as well as descriptors calculations, were condudtexiGorina

Symphony software todMolecular Networks GmbHNuremberg Germany.

The salts and IOM compoundtentified through the material type and composition
type annotations(section 2.4.) have been excluded from investigation. The input files
containing only organic compounds were gcessed with the following options:
desaling and small fragments removateutralising charged compoundsdetecting and
removing diplicate structures. Subsequentlyhe 3D coordinates have been generatsad

oriented according to the maximalmoments of inertia.The resulting SD files (referread
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KSNBAY-O2 ¥ LdedI5G A2y fé¢ {5 FTAE{SA0 6SNB dzaSR (2

GaAATS FTYR aKILIS¢ RSEAONARLII2NBE Ay [/ 2NAYIl {@&YLXK
The data matrix containingn) rows corresponding to the chemical compounds and

(m) columns corresponding to the Icalated descriptors was subsequently used as input in

the Principal Components Analysis (PCA) performed in the RMdPL2.2.0software tool

(JMP, SAS Institute Inc.). Farstandardsed original variables (transformed to have zero

mean and unit variancen PCs were calculated. The first PC was the linear combination of

the standardsed original variables that had the greatest possible variance. Each subsequent

PC was the linear combination of the variables that had the greatest possible variance and

was wcorrelated with all previously defined componeniBhe PCs explaining the large

portion of variance in the analysedatasets and having the eigenvalues >1 were considered

in the final analysis. Their scores were projected into 3D plots to \gsudhe

physicochemical properties space. The most influential properties were identified.
3.4. Results

3.4.1. COSMOS Cosmetics Inventquyse functions analysis

TheCOSMOS Cosmetics Inventags characterised with respect to the 6iéetnical
use functiondrom the EUCOSING@atabase The Cosmetics Inventory is vetiverse, with
the majority of its constituents associated with multiple (up to 18) functifios 72% of
Cosmetics Inventory compounds up to three functions have been reporidt).most
populated usdunctions include skin protection and skin conditioning agents, swdatge
agents (surfactants, emulsifiers, emulsion stabilisers, foaming agents and foam boosters),
perfuming agents, and hair fixing and conditioning substanéagufe 3.3). The most
populated use functions in the cosmetics domain have baether characterised with
respect to their structural features and physicocheahiproperties in the followingextions

of thischapter.
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SKIN CONDITIONING / SKIN PROTECTING

SURFACTANT / EMULSIFYING / EMULSION STABILISING /
FOAM BOOSTING / FOAMING
PERFUMING

HAIR CONDITIONING / HAIR FIXING
EMOLLIENT

CLEANSING

HUMECTANT

ANTIOXIDANT

ANTIMICROBIAL / PRESERVATIVE
COSMETIC COLORANT / HAIR DYEING
TONIC

ORAL CARE / ANTIPLAQUE

UV ABSORBER / UV FILTER
1.00 10.00 100.00

% Frequency of functions (log scale)

Figure3.3
The most populated COSING use functions ird®&MOS Cosmetics Inventory

3.4.2. Structural (chemotypes) space analysis

The structural features (ToxPrint chemotypes) analysis was performed for cosmetics
related compounds fronthe COSMOS Cosmetics Inventory (5,562 compounds) and food
related compoundsfrom the U.S. FDA CFSAN PAFA (4,337 compounds). The overlap

7

0S06SSYy (KS (g2 Ay@Syliz2NARSa o2y (GUKS olaia 27
SR aldNHzOGdzNBauv Aa LINBaSyGdSR Ay CA3Idz2NB o

Figure 3.4
Venn Diagrams demonstrating the overlap ween the COSMOS Cosmetics Inventory and food
related compounds from the U.S. FDA CFSAN PAFA:

(A) The inventories were compared by CMS IDs of compounds with available structures; 1,773
(out of 8,126) compounds appeared in both inventories; 3,552 was foundin@DSMOS
Cosmetics Inventory; 2,42%nly among PAFA members;

(B) The original (not processed) 2D structures from both inventories were compared by the
INChl KeysA total of 7,509 unique InChl Keys was present in both inventories (the 617
structural dupliates resulted from using representative structurptease refer also to Table
2.4); 1,725 InChi Keys were common in both inventories
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