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The liver is the most common target organ in toxicology studies. The development of chemical structural alerts
for identifying hepatotoxicity will play an important role in in silico model prediction and help strengthen the
identification of analogs used in structure activity relationship (SAR)- based read-across. The aim of the current
study is development of an SAR-based expert-system decision tree for screening of hepatotoxicants across a wide
range of chemistry space and proposed modes of action for clustering of chemicals using defined core chemical
categories based on receptor-binding or bioactivation. The decision tree is based on ~ 1180 different chemicals
that were reviewed for hepatotoxicity information. Knowledge of chemical receptor binding, metabolism and
mechanistic information were used to group these chemicals into 16 different categories and 102 subcategories:
four categories describe binders to 9 different receptors, 11 categories are associated with possible reactive
metabolites (RMs) and there is one miscellaneous category. Each chemical subcategory has been associated with
possible modes of action (MOAs) or similar key structural features. This decision tree can help to screen potential
liver toxicants associated with core structural alerts of receptor binding and/or RMs and be used as a component
of weight of evidence decisions based on SAR read-across, and to fill data gaps.

1. Introduction

Most xenobiotics that enter systemic circulation are transported to
the liver; therefore, this organ is one of the first and most exposed to
chemical damage. In addition, because of its significant biotransforma-
tion of xenobiotics the liver is also the site of formation of toxic me-
tabolites. Thus, liver-related adverse effects are important in
understanding the safety of chemicals. Due to the complexity and di-
versity of xenobiotics, as well as the type and number of pathways the
liver uses to process these xenobiotics, developing predictive systems for
potential hepatotoxicity currently remains a significant challenge. In
silico screening and prioritization of compounds developed for focused
chemical classes have been widely used for many years in the pharma-
ceutical industry, but not for the chemical industry in general. None-
theless, there are several reports that apply in silico QSAR models to
predict liver toxicity (Mulliner et al., 2016; Low et al., 2011), most of
them focused on drug candidates. Liu et al. proposed the use of ToxCast
in vitro biological activity data and chemical structure to predict
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hepatotoxicity. The authors demonstrated the utility of data from high-
throughput assays and the benefit of using hybrid representations that
integrate biological activity and chemical structure for characterizing
rodent hepatotoxicants (Liu et al., 2015a). In addition to the QSAR
models, several research groups have successfully developed drug-
related chemical structural alerts which could potentially be used in
the screening of compounds to highlight potential hepatotoxicity. Many
mechanistically supported structural alerts and some molecular frag-
ments associated with drug-induced hepatotoxicity have also been
proposed (Hewitt et al., 2013; Mellor et al., 2016; Pizzo et al., 2015; Liu
et al., 2015b).

Our research group has undertaken a systematic approach for iden-
tifying and evaluating analogs for read-across assessments based upon
chemical and biochemical principles (Wu et al., 2010; Blackburn et al.,
2011). As support for these read-across methods, we have developed a
decision tree for identifying potential developmental and reproductive
toxicants (DART; Wu et al., 2013) based on chemical features that are
present in these chemicals. The DART decision tree framework was used
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to define the appropriate magnitude of an uncertainty factor to account
for missing reproductive and/or developmental toxicity data for a spe-
cific chemical when repeat dose data are available for this chemical
(Blackburn et al., 2015).

Continuing our efforts to develop more robust SAR read-across
methods for systemic toxicity, here we describe a decision tree to
identify chemicals with structural features associated with hepatotox-
icity. The decision framework is based on liver toxicity data for
approximately 1180 different chemicals in humans or relevant animal
models. Some of these chemicals produce adverse effects by interaction
with receptors, others by reactive chemistry, either as the parent com-
pound or by formation of reactive metabolites (RMs). In both cases we
identify structural alerts for these chemicals and rules for defining the
boundaries for each category of chemicals in the decision tree.

2. Methods

1. Data sources. The decision tree for hepatotoxicity flags was based
on primary evaluation of several compiled datasets: a. NIH LiverTox
data set (https://www.ncbi.nlm.nih.gov/books/NBK547852/), con-
taining more than 1000 drugs; b. Liver QSAR dataset, a set of 951
compounds reported to produce a wide range of effects in liver of
humans, rodents, and nonrodents (Fourches et al., 2010); c. Drugs and
chemicals from review articles on hepatotoxicity (Hewitt et al., 2013;
Stepan et al., 2011); and d. Cosmetics chemicals from the Scientific
Committee on Consumer Safety (SCCS)/Scientific Committee on Con-
sumer Products and Non-Food Products (SCCNFP) (Vinken et al., 2012).
After eliminating duplicates (same CAS#) we collected 1180 com-
pounds. Chemicals lacking hepatotoxicity data, negative for hepato-
toxicity or not classifiable within a subcategory definition in the dataset
were eliminated from further consideration, with the exception of a
small set of chemicals with structural features closely related to hep-
atotoxicants. Our intention in choosing the SCCS data set, as well as
much of the literature review, was to broaden the chemical coverage as
much as possible beyond pharmaceutical compounds, but we acknowl-
edge that the overall data set is biased towards drugs. We also searched
metabolism reports using a metabolism data base (Biovia Metabolite,
Dassault Systemes, San Diego, CA) and the primary literature. The
metabolic pathways which could generate RMs relevant to identifying
the proximate hepatotoxicants were flagged Supplementary
Information.

2. Chemical class categorization. We binned chemicals based on expert
judgement about possible receptor binding activity or reactive metab-
olite formation. All chemicals were analyzed by their core structural
features (e.g. acyclic alkyl chain, cyclic/heterocyclic and aromatic/
heteroaromatic rings, etc.), key functional groups (e.g. halogenated
hydrocarbons, esters, aldehydes, acids, amides, alcohols, amines, urea,
etc.) and common structural fragments within molecules as well as the
potential to form RMs. Chemical groupings were also influenced by what
is known from the literature about receptor interactions and/or known
metabolic reactions to ensure that groupings made sense from a bio-
logical as well as a chemical perspective. For the interaction with re-
ceptors, we focused on the nuclear receptor family and grouped them
into four categories: a. steroid hormone receptors (ER (estrogen recep-
tor), GR (glucocorticoid receptor), AR (androgen receptor),); b. regula-
tion of CYPs and transporter gene expression (PXR (pregnane X
receptor), CAR (constitutive androstane receptor), AhR (aryl hydrocar-
bon receptor)); c. PPA7R (peroxisome proliferator-activated receptor)
and d. RAR (retinoic acid receptor). Because many chemicals are
metabolized extensively in the liver, one of the major tasks for the
categorization of chemicals in the decision tree was to search possible
RM generation pathways that may be associated with hepatotoxicity.
We identified 11 different categories of RMs and their precursors as well
as one miscellaneous category: a. p-, o-iminoquinones; b. p-, o-quinones;
c. p-, o-quinone methides; d. ap-unsaturated carbonyl chemicals; e.
alkylating agents and carbon cation; f. alkyl & aryl radical formation: g.
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epoxides; h. acyl halides, acyl carbon cations f-lactams; i. aryl/hetero-
aryl carboxylic acid, acetic acid j. S-S bond formations; k. nitroso for-
mation from aromatic and aliphatic amine; l. hepatotoxicity induced by
miscellaneous mechanisms and metabolic pathways. It is important to
note that because of the complexity of hepatotoxicity as an endpoint, the
chemical grouping represents only one of several possible mechanistic
explanations.

3. Decision tree construction and organization. Categories and sub-
categories of the tree consist of groups of chemicals that share similar
core structural features or undergo similar bioactivation. We also
ensured that adding or removing less toxic (e.g., alkyl) substituents,
switching position of functional groups would not affect the pathway of
bioactivation or receptor interaction. The selection of subcategories is
biased by the frequency of occurrence of similar analogs or homologs
which exhibit hepatotoxic effects. The definition of core structural fea-
tures, especially the cut-off values (for example, chain length and certain
aryl substituents) are set broadly unless data are available to clearly
define the limits. This becomes more apparent as the structures of the
chemicals become more complex (e.g. containing multiple reactive
moieties). In addition, there are situations where more complex chem-
icals fit into more than one subcategory. For example,17-f-estradiol (E2
CAS# 50-28-2) derivatives belong to subcategories of estrogen receptor
binders and p-, o-quinone, catechol, p-diphenol and precursors. In these
cases, we grouped the chemicals based on known receptor binding af-
finities first, then on RM-induced mechanism. Chemicals with known
hepatotoxic effects but with insufficient mechanistic or bioactivation
information to form a group were grouped with the chemical category
that shares similar structural alerts. Otherwise, they were placed into a
miscellaneous chemicals group. In these cases, one must be very
cautious of expanding the core structural or alert structural features to
flag similar compounds due to the potential for highly specific modes of
action. We would anticipate that, as we learn more about mode of ac-
tion, these miscellaneous chemicals will be placed with other chemicals
in either new groups or be incorporated with expanded rules in existing
groups.

Overall, the decision tree includes 4 categories of chemicals associ-
ated with receptor binders (include 9 different nuclear receptors), 11
categories of chemicals associated with potential reactive chemicals/
metabolites, and one miscellaneous category. We further divided the 16
main categories into multiple subcategories based on structural features.

3. Results and discussion
3.1. Categorization of chemicals and the expert system decision tree

Identification of structural alerts is useful in the prediction of toxicity
and grouping of chemicals with similar features and can directly facili-
tate SAR read-across. In this study, we developed categories (and sub-
categories) and arranged them into a decision tree based on the
following criteria: reactive chemicals (including RMs) which induced
liver injury (e.g. enlarged livers, jaundice, hepatitis, hepatic hypertro-
phy, elevation of serum transaminase etc.) or liver tumors or chemicals
that elicit hepatotoxicity through interaction with receptors. Each
category contains a similar core structural fragment/bioactivation
pathway. Chemical classes without clear structural alerts and RM for-
mation pathways were grouped in a miscellaneous category. The do-
mains covered by the categories/subcategories are driven by the
chemistry of substances in the open literature that was evaluated; there
was no attempt to broadly define the chemical space. The decision tree is
based on organic chemicals only and organized into two major group-
ings: possible receptor binders and possible RMs that appear to be
responsible for hepatotoxicity. Compounds that fit into multiple cate-
gories are grouped based on the following priorities: receptor binders >
RM-related alerts > miscellaneous structural fragments. Fig. 1 outlines
the simplified decision tree and Table 1 provides a short description of
the core structural features for each category (see Appendix II for
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Fig. 1. Overall process of the simplified decision tree for screening hepatotoxicity (detail decision tree see Appendix II).

details). The largest categories are: p-, o-quinone-imines, p-, o-aromatic-
diimines and precursors (158); p-, o-quinone, catechol, p-dihydrox-
yphenol and precursors (69); p-, o-quinone, imine methides (30);
Michael acceptors and precursors (51); alkylation and potential alky-
lating reagents (82); alkyl or aryl radicals (23); epoxides and precursors
(90); isocyanate, acetyl carbonium ion and acetyl chloride-like (or
ketene) electrophiles (52); arylacetic acid, aryl/heteroaryl carboxylic
acid and precursors (28); S-S bond formation (from -S-OH) or metal
chelation (29); nitroso formation from aromatic and alphatic amines
(112).

If chemicals land in the bin of “known possible receptor binderRM
induced hepatotoxic potential” in the decision tree based on the defi-
nition of each subcategory (see Appendix II for details), they are flagged
as potential hepatotoxicants. Chemicals landing in the “no known
possible receptor binder/RM induced hepatotoxic potential” bin either
lack hepatotoxic potential or their potential receptor biding activity or
major metabolites are outside of the evaluation domain of the decision
tree and require further investigation to define their potential to elicit
hepatotoxicity. It is important to keep in mind that the structures shown
are intended to be used as guidelines to demonstrate the types of
chemicals associated with hepatotoxic activity and are not intended to
be rigid rules. The decision tree does not presume to be accurately
predictive for every individual chemical but can serve as a component of
a screening system to identify chemicals of potential concern to support
SAR read-across.

3.2. Examples of category information (see Appendix II for detailed
category information)

The collected reference information for each category member’s
hepatotoxicity is summarized online in Appendix II where we have
discussed what is known about the structural features and possible
mechanism associated with hepatotoxicity for each category member. It
is important to note that the mechanisms of hepatotoxicity may be more
complicated than a single receptor binding or bioactivation pathway
being affected by chemical exposure. Due to the length of this summary
material, our discussion is primarily focused on selected examples of
chemical categories associated with nuclear receptor binding, reactive
chemicals/metabolites to illustrate to the reader the information con-
tained in Appendix IL.

3.2.1. Examples of chemical categories associated with receptor binding

Example 1. Steroid nucleus derived receptor binders: Androgenic and
anabolic steroid (AR)-like derivatives (section 3.2.1. (a.3) in Appendix II).

Androgenic steroids include naturally occurring (e.g. testosterone)
and synthetic anabolic steroids (Gao et al., 2005). As a group, these
chemicals are capable of inducing several distinct forms of liver toxicity
in humans, including temporary increases in hepatic serum enzymes;
acute cholestatic syndrome; chronic vascular injury to the liver and
hepatic tumors. Although the exact mechanism of liver injury is unclear,
it is known that anabolic steroids interfere with bile acid-dependent flow



S. Wu et al.

(BADF) and bile acid-independent flow (BAIF) to cause cholestatic ef-
fects (Zimmerman, 1999; Becker 2001) and/or an increase in oxidative
stress leading to changes in bile salt transporter proteins or impairment
of function of the bile salt export pump (LiverTox; Kafouni et al., 2007).
The anabolic steroids in Fig. 2 contain a wide variety of substituents
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associated with these adverse effects. Generally, these compounds
contain a carbonyl group at position C-3 and double bond between
carbon atoms C-4 and C-5 as well as may be a double bond between C-1
and C-2 on the A ring. The R5 at position C-11 on the C-ring is hydrogen
for a majority of these compounds. For the D-ring, the substituent Ry is a

Table 1

Decision Tree Categories with Representative Core Structures (core structural features are shown in “red”)*.

Category

Chemical categories associated with receptor binders

(Core structural features of receptor binding chemicals in different sub-category)

| Steroid nucleus derived
ER and AR binders:(ER)
17-a-estradiol like; (GR)
glucocorticoids;
(AR) anabolic-androgenic
steroids; testosterone like

Xeno-estrogen ER, AR:
diethylsilbestrol; BPA,
tamoxifen like;
N-aryl imidazolidinone
androgen receptor binders;
DDT like

Me

Y, X=0H, =0, or
Y, X'=NH, =N form ring

Ry Me Me
‘||R3 1IMe !HIMe
Rs Me
20
Ry

@*@ oQ,

2: Pregnane X
Receptor (PXR) binder
liked derivatives: cholic

acid like; pyrethroids like;
organochlorine pesticides
Constitutive
androstane receptor
(CAR) activators:
phenobarbital (PB) like;
conazole, azole fungicides

\ Ve, Me o e cl c c
cl cl cl
R 8 o. hEel
>:\\‘ R, X 1
d I cl ; cl c cl .
! a c cl
R=Cl, Br, Me =1; R=R;=H, X=Y=CI
R4=Cl, Br, CF3, Me n=2; R, Ry=cyclic ring compd.
Cl Gl ¢
o
cl cl N
R R \
ol R N 3 F N Ri
N A
o R1¥ AN~ [ A~
0> N0 N/ =
H

ey

3: PPAR activation
and PP chemicals:
phthalates; aryloxyacetic
acid; nitro diphenyl ethers;
perfluorooctanoates; (2-
ethylhexyl) acid &

precursors like

. R=CI, F
like Y=quaternary-C, or O
Aryl hydroc:ll;;on ) ‘ /\/ -
receptor i
b plor . ) :[ / \\ ‘\/j i /\ ‘\\ NN
inders: (TCDD, HAH, \® k/ AN 7 X
polyhalogenated R i o R
naphthalene, PAHs) R=H, CI, Br R=Cl, Br R=Cl, Br and " Resmall alkyl, OH
. A Me X=0, none the numbers (in few cases)
LXR blnders. WYE-672, can be from 3-8 X=C, N (in few
GW-3965 etc. cases)
o o

R o)
s H
Rfﬁ\ o N ‘N\ s\)ko,&
Rz/\ OWLO’& R\(‘;
RaRs R cl
o
B O\)LO/Rw 0
| R—C R—S
Ar X O,N o
o R R
n=5-8

4: RAR binders:
retinoic acid related

chemicals and acitretin-like

Me

Me M
Me _Me - e\ R Me
X X
MeO
Me

Ry

Me Me
R
S BN X
Ry

Category

Chemical categories associated with reactive chemicals and metabolites
(Core structural features of RM in different sub-category)

5: p-,0-Quinone-imine
formation;

¢©ﬁ©wﬂ©

X=0, X=H, OH, OMe, NO,, R=H, Ar,
Y=NH N=N-Ar; Y=H, alkyl, Ar, Alkyl
n=1,2

-COR (subst.); Ry=H
Alkyl, Ar, -COR (subst.)
X=halogen (F, Cl etc.)
when aromatic ring cont.
EWG (i.e CF;) at the o-
position

SO G

n=0; Y=H, OH, OMe, NH, y= OH, OMe,
NHR,(Ry=Ar, alkyl ele) ‘e oy
R=H, NH,, NHR,, Ar, alky

-z

Y=H, OH, OMe,NH,
R=H, ClI, subst.
R4=H, small alkyl-

X=N, S Ry=H, alkyl amine, -5 or 6
n=1; Y=H, OH, OMe, NH, Rz=H.alky cyclic amine;
R=H, Ar, alky, =O Ry Rycanbea  When n=0, X=S;
X=N, C ring When n=1, X=C

X Y
=
I
™
20
Ry

R=H, CI, small alkyl
Ry =piperazine, or
4-substituted
piperazine

X=N, 0

Y=H, OH, NH,,
NHR(alkyl), NO,

(continued on next page)
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Table 1 (continued)
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o X G X N X G
LU :
A " Y Y N z

R O Ry
R
R H Ry
Ry N A
R {
N—r, Z
R

X R
5

R 0 R,

aminophenyl)methanone like
Alkylation
reagents:Small alkyl (C1-
C4) halides; allyl, benzyl
halides; nitrogen, sulfur-
mustard like; a-halogenated

carbonyl; alkyl sulfonates

N

R=Branced alkyl R=alkyl (C1-C3)

R, Ry=alkyl (C1-C2,

(>C4) -CHyp- R4=Alkyl, alkyl-Ar
o
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[ R4=Alkyl (C1-C3)

, R
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).
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R - —alkv): -
and precursors: a.p- -CH,-NHCOCH=CHy,), COOR,, (R,=alky); COH X=OH, NH,, Acetyl
unsaturated carboyl & |
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. . N
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N
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. . R< N R< N ~N =N HO'
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o Me
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1: Epoxides and
P : 9 /23 X X=Br, Cl, |
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. . L H Y can be at
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o S N-R N
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o R 07 NH,

X, Y, W, Z=
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(continued on next page)
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Table 1 (continued)

Acetyl carbonium

o
. . o, H R=alkyl (C1-C4), cyclic alkyl
ion & acetyl chloride- HOoN | JI\ Me e 8 (5-7 member ring), azepin-1-yl
like formation:acyl a—N=c=s  g-N N AN TN X ﬁ‘NJLN’R R4=Alkyl (C1-C3), halogen, Ac,
- -acy b \ﬂ/ - Ri— _J © M H " ArAcNHalkyl, NH,, (R, normally at
halides like; gem halo °© o R _ 4-position of Ph ring)

genated alkanes (C1
-C2); halothane like; iso-,

thioiso-cyanates; aryl x  X=Br.CLF R. .0 R=-CHFCI, -CF3, -CHCl, y  ZFHiX,Y=Br,Cl,

S e R=H, Me, Et, >< SRy Ry=H, F, -CF3 NG F; Z=Cl,Br;X,

formamides; aryl &7 x CHCI,, CF,, K, R, R,=F, CLH v x Y=Cl, Br
methylcarbamates; alkyl CHBr,, CF,Cl, R3=-CHF,, -CH,F, -CH5 Z=CF3, CCly
CaFs, CF,CFoCl, X=Cl, Y=F, or X,
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17p-hydroxyl group and Rs is a methyl or other small alkyl group, parenteral 17p-hydroxyl esters of testosterone (Becker. 2001). This

ethynyl as well as Ry and Rg can form a spirolactone in a few cases and suggests that 17f-hydroxyl is blocked by the acetyl moiety, abolishing
R4 is typically hydrogen. The 17a-alkyl group (R3) and 17p hydroxyl hepatotoxicity. In addition to the general structural features described
groups play an important role in causing hepatotoxicity (Kicman, 2008). above, some anabolic steroids shown in (1b, 1c and 1d) are hepatotoxic.
Almost all orally active androgens are 17a-alkylated derivatives of For example, conversion of the 3-keto to a 1H-pyrazole fused to the A
testosterone and have possible serious effects on the liver (cholestasis, ring (1b), addition of an ethanol group at the 2 position of the A ring (1c)
peliosis hepatitis, benign and malignant liver tumors). Androgens or conversion of the A ring to a lactone (1d) are also favorable for
lacking a 17a-alkyl group orl7p-hydroxyl group have weak or no hep- hepatotoxicity. Due to the structural similarity in the steroid skeleton of
atotoxicity. The liver toxicity is not found in “replacement dosages” of steroidal AR ligands, complete separation of androgenic and anabolic
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Fig. 2. The scope of structural features of androgenic and anabolic steroid (AR) like derivatives.

activity has not been accomplished with synthetic steroids. Further-
more, steroidal AR tends to cross-react with other steroid receptors,
which might cause adverse effects as well.

Example 2. Pregnane X Receptor (PXR) binders: Cholic acid and azole
fungicide derivatives (section 3.2.2-1. (a) & (c) in Appendix II).

The pregnane X receptor (PXR) is associated with the regulation of
multiple genes involved in chemical metabolism and transport. The
activity of PXR can be modulated by a variety of structurally diverse
chemicals, which act as agonists or antagonists (Chen and Nie, 2009),
and result in multiple biological effects, some physiologically necessary
(e.g. PXR activation plays an important role in cholesterol and bile acid
homeostasis), but other effects are pathological (e.g. hepatotoxicity).
The PXR pathway is important for preventing bile acid toxicity under
cholestatic conditions with pathological accumulation of bile acids
(Rezen et al., 2011). Some chemicals interact with PXR and elicit an
increase in the expression of various CYP enzymes (e.g. various isoforms
of CYP3A; Schuetz et al., 1998). However, hepatotoxicity has not been
directly linked to interaction with PXR. It has been suggested that the
PXR-dependent induction of CYP3A4, UDP glucuronosyltransferase
family 1 member A1 (UGT1A1), multidrug resistance-associated protein
2 (MRP2) and organic solute transporter beta (OSTf), could contribute
to the anticholestatic effect elicited by some chemicals, resulting in
persistent hepatocellular secretory failure and subsequent liver damage
(Van Dijk et al., 2015). Further, growing evidence indicates that some
PXR agonists lead to different clinicopathological subtypes of hepato-
toxicity. Wang et al. (2014) proposed that at least two types of mecha-
nisms could explain PXR-mediated liver damage: 1. PXR agonist
activates PXR-regulated expression of drug-metabolizing enzymes and
transporters, contributing to the formation of toxic metabolites; and 2.
PXR agonists activate the expression of critical liver enzymes in major
metabolic pathways that may alter the balance of endobiotic formation
and clearance, leading to accumulation of endogenous toxicants. As
indicated, PXR has a key role in regulating the metabolism and transport
of structurally diverse endogenous and exogenous compounds. Activa-
tion of PXR has the potential to initiate adverse effects, such as hepatic
steatosis in mice (Zhou et al., 2008), enhancing drug metabolism which
might cause unwanted drug-drug interactions and perturbing normal
physiological functions (Dybdahl et al., 2012).

Cholic acid is one of the two major bile acids produced by the liver,
where it is synthesized from cholesterol. Bile acids are relevant ligands
of PXR, the main form being lithocholic acid (LCA) and its oxidized 3-
keto form which activate PXR (Staudinger et al., 2001). LCA is a cyto-
toxic bile acid (Vogel et al., 2012) and induces cholestasis that results in
extensive liver damage. Based on the degree of hydroxylation, the bile
acids include tri-, di- and monohydroxylated bile acids, namely cholic
acid (CA), deoxycholic acid (DCA) and lithocholic acid. DCA is the most
hepatotoxic, while CA is the least hepatotoxic and cholestatic com-
pound, indicating that hepatotoxicity of bile acids does not depend on
their degree of hydroxylation (Delzenne et al., 1992). The representative
active bile acids with general core structures are shown in (2a-1) in

Fig. 3 where the R and Ry groups can be hydrogen or hydroxyl groups. Ry
can be a hydroxyl group or amino alkyl acid and amino alkyl sulfonic
acid groups.

Azole fungicides are considered to cause liver toxicity, including
hepatocellular steatosis and hypertrophy by a mechanism involving PXR
(Knebel et al., 2019). In general, triazoles activate PXR but may also
have agonist potential for multiple receptors. Structurally, these tri-
azoles contain core features of halogenated phenethyl triazole or halo-
genated phenoxyl triazole moiety (e.g. the Y can be a tertiary or
quaternary carbon or oxygen atom) as shown in (2b-1), exemplified by
several azole fungicides (e.g. cyproconazole, epoxiconazole, propico-
nazole, tebuconazole, myclobutanil and triadimefon etc. as shown in
(2c) to (2i) in Fig. 4). Cyproconazole has shown the most pronounced
effects on increasing liver weight of animals (Heise et al., 2015). Some of
these chemicals (e.g. cyproconazole, epoxiconazole, propiconazole etc.)
may also have hepatocarcinogenic potential. It has also been reported
that the common set of toxicological effects altered by these conazoles
include hepatomegaly, hepatocellular hypertrophy, decreased serum
cholesterol, decreased hepatic levels of all-trans retinoic acid, and
increased hepatic cell proliferation (Hester et al., 2012). The hepato-
toxicity and the structural features of other triazole related chemicals
are discussed in section 3.2.2-1c of Appendix II.

Example 3. Constitutive androstane receptor (CAR) activators (section
3.2.2-2. (a) in Appendix II).

CAR is predominantly expressed in the liver. It interacts with CAR
activators and translocates to the nucleus to form functional hetero-
dimers with RXR to induce the expression of CAR target genes. Similar to
PXR, CAR regulates the expression of various CYPs (e.g., CYP 2B10) and
is primarily associated with chemical metabolism (including regulation
of cholesterol and bile acid metabolism). For example, phenobarbital
(PB),a non-genotoxic indirect CAR activator, induces cytochrome P450
(CYP) and other xenobiotic metabolizing enzymes and is known to
produce liver foci/tumors in mice and rats. Epidermal growth factor
receptor (EGFR) has been identified as a PB-responsive receptor, and PB
activates CAR by inhibiting EGFR signaling (Kobayashi et al., 2015).
One of the key events in the mechanism of the PB-induced liver tumors
may be activation of CAR and subsequent changes in gene expression
that increase cell proliferation, formation of hepatic foci and ultimately

R=H, OH
R4=OH, NH-(CH,)CO,H, NH-(CH,),-SO3H
R,=H, OH

2a-1

Fig. 3. The scope of structural features of cholic acid derivatives.
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Fig. 4. The scope of structural features of azole fungicide -like chemicals.

the development of liver tumors. Other events, such as epigenetic
changes, induction of hepatic CYP2B enzymes, liver hypertrophy and
decreased apoptosis and inhibition of gap junctional intercellular
communication, are also associated with the MOA (Elcombe et al.,
2014). However, the relevance of this MOA for humans is unclear
(Elcombe et al., 2014; Qatanani and Moore, 2005). We placed CAR ac-
tivators in the decision tree for completeness but the results may not be
applicable for human risk assessment. Ten of 14 barbiturate derivatives
in this dataset are hepatotoxic; the other 4 have no data. As shown in
(3a-1) in Fig. 4, the R group can be phenyl, isopropyl, isopentyl, pentan-
2-yl, sec-butyl, allyl or cyclohexenyl. The R; group can be ethyl or allyl
and R can be hydrogen, methyl or ethyl. The literature also indicated
that some barbiturates blocked NADH oxidation, interrupting mito-
chondrial electron transfer (Chan et al., 2005).

Example 4. PPARa activation and peroxisome proliferator (PP) chemicals
(section 3.2.3. (a), (¢), and (d) in Appendix II).

The peroxisome proliferator-activated receptors (PPARs) are
composed of three family members: PPAR«a, PPARS and PPARy. PPARs
function as transcription factors regulating the expression of specific
genes and play essential roles in the regulation of cellular differentia-
tion, development, metabolism, as well as tumorigenesis (Michalik
et al., 2006; Belfiore et al., 2009). PPAR« is highly expressed in the liver
and its function is to induce hepatic peroxisomal fatty acid oxidation
during periods of fasting. In general, peroxisome proliferators induce the
synthesis of peroxisomes in the liver and induce neoplastic lesions as
well as cause liver cancer following chronic, high exposures, along with
liver enlargement, elevated serum transaminase levels, hepatocellular
hypertrophy, hyperplasia and changes in apoptosis (Corton et al., 2014;
Gonzalez, 2002; Cohen and Grasso, 1981). The MOA of PPAR« appears
to be species dependent. Rats and mice are most sensitive to PPARa-
induced toxicity while other species, such as humans, primates and
hamsters are much less sensitive (Corton et al., 2014). Even though a
variety of chemical classes may be involved in activating PPARaq, these
compounds (both the parents and their ester hydrolysis/oxidation me-
tabolites) contain two key structural features: a. they all have a hydro-
philic group (e.g. a carboxylic acid) and a nonpolar moiety (aryl or
aryloxy ring, alkyl chain etc.) connected to the carboxylic acid; b. most
of the compounds have substituents (e.g. chlorine, fluorine vs hydrogen
or branched alkyl vs non-branched alkyl) which could resist metabolic
detoxification.

a. Phthalate derivatives.

The first class of PPAR« activators included in our data set is repre-
sented by phthalate derivatives as shown in (4a-1) in Fig. 6. Many
phthalate diesters are metabolized to active species by esterases. These
esterases cleave one of the two side chains from the parent diester
phthalate producing an active monoester phthalate which increases
hepatocyte peroxisome and cellular proliferation and leads to predict-
able adaptations in the liver consisting of hepatocellular hypertrophy
and hyperplasia (Lock et al., 1989) but after chronic exposure may lead
to liver tumors in male and female mice and rats (Klaunig et al., 2003).
As shown in (4a-1) in Fig. 5, the R and R; groups can be C4-C12 non-
branched/branched alkyl, allyl, ethoxylated alkyl, benzyl and cyclic ring
groups. The R and R; groups can be the same or different. The chemicals

are normally inactive when the R and R; groups are methyl or ethyl. In
addition to activating PPARa, the hepatotoxicity of some phthalates may
involve other factors. For example, literature reports indicated that the
generation of allyl alcohol (AA) or acrolein (the active metabolite of AA,
(Eigenberg et al., 1986) from diallyl phthalate could partially contribute
to its hepatotoxicity. Di-(2-ethylhexyl) phthalate (DEHP) induces
apoptosis in hepatocytes via the activation of the ERK/NF-«B signaling
pathway, in which calcium ions and hydrogen peroxide act as the
pivotal mediators of the apoptotic signaling (Ghosh et al., 2010).
However, there are data generated in PPARax KO mice where DEHP
exposure elicits hepatocellular tumors, suggesting that another mecha-
nism is responsible (Ito et al., 2007).Fig. 6

b. Nitro diphenyl ether derivatives.

Several structurally related nitro diphenyl ether pesticides such as
fomesafen, bifenox, nitrofen, lactofen, acifluorfen and oxyfluorfen are
hepatocarcinogenic in rodents. These chemicals have a nitro substituted
diphenyl ether core (shown in (4b-1) and (4b-2) in Fig. 7). The R group
can be hydrogen, small alkoxy and acid or precursors of the acid. The Ry
group is normally chlorine while the Ry group is normally chlorine or
trifluoromethyl. In addition to the nitrophenyl toxicophore, the hep-
atocarcinogenesis of these chemicals may be partially associated with
PPARa-mediated peroxisome proliferation. There is evidence that the
induction of liver tumors by lactofen requires PPAR« activation (Wil-
liams 1997). SAR studies indicate that an acidic functional group (e.g.,
carboxylic, sulfonic) either in the parent compound or a metabolite play
a major role for most peroxisome proliferators (Woo and Lai, 2003). For
the nitrofen and oxyfluorfen shown in (4 g-2), hepatocarcinogenic po-
tential may involve the nitrophenyl moiety directly.

c. Perfluorooctanoate (PFOA) derivatives.

Perfluorooctanoate (PFOA) exposure results in peroxisome prolifer-
ation and benign liver tumors in rats, events associated with activation
of PPAR«a (Vanden Heuvel et al., 2006). The core structural features for
PFOA and related chemicals are indicated in (4c-1) in Fig. 8 where R is
OH, F (or another halogen), or OR;. R; are alkyl groups with 1-4 car-
bons. SAR study indicated that there is an existence of “active cliff” of
chain length which can lead to a large in biological response. It is
believed that the alkyl chain length can range from 8 to 14 carbons (n =
4-10) and a chain length greater than seven carbons is required to
induce peroxisomal enzyme activity (Goecke-Flora and Reo, 1996). It is
also believed that activity of perfluorooctanoic acid (PFOA) is partially
associated with resistance of metabolism because of the strength of the
C-F bonds.

3.2.2. Examples of chemical categories associated with reactive chemicals

and metabolites
In these categories, we classified chemicals based on possible

R (0]
o H o
3a-1

Fig. 5. The scope of structural features of phenobarbital -like chemicals.

R=Ph, isopropyl, isopentyl, pentan-2-yl, sec-butyl, allyl, cyclohexenyl
Ry=ethyl, allyl
Ry=H, Me, ethyl
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Fig. 6. The scope of structural features of phthalate derivatives.
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Fig. 7. The scope of structural features of nitro diphenyl ether derivatives.
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Fig. 8. The scope of structural features of perfluorooctanoate (PFOA)
derivatives.

covalent bond formation by electrophilic or radical reactions between
the chemicalsor their metabolites (electrophiles) and protein/DNA
(nucleophiles). The RMs that generate idiosyncratic drug toxicity were
comprehensively reviewed by Stepan et al. (Stepan et al., 2011). CYP3A4
is the predominant isoform of P450 in liver. CYP3A4 metabolizes many
chemicals commonly used by humans and is also responsible for meta-
bolic activation of chemicals resulting in liver injury (Mizuno et al.,
2009). Many chemicals have the potential to generate RMs. The subse-
quent molecular damage can cause hepatotoxicity through a number of
downstream events. Given the complexity of metabolism for each
chemical, attempting to develop specific rules for hepatotoxicity via
specific RMs is outside the scope of this paper. We have tried to cast a
wide net with the design of category rules such that any chemical in the
broad group with the potential to form RMs will be flagged. This is a
crucial aspect for supporting SAR read-across to increase relevance and
reliability. It is also important to keep in mind that using RMs and/or
structural alerts as standalone predictors of hepatotoxicity may over-
predict toxicity potential and their evaluation requires expert judgment
and potentially some experimental work for verification.

Example 5. p-, o-quinone-imines, p-, o-aromatic-diimines and precursors
(section 3.3.1. (RM-1) in Appendix II).

a. quinone-imine and aromatic-diimine-related compounds (see
section 3.3.1. (a) in Appendix II).

The formation of quinone-imine and aromatic diimine RMs has been
implicated as an important factors in hepatotoxicity for many chemicals.
It is believed that quinone-imine and aromatic diimine metabolites can
bind covalently to macromolecules to cause cell damage or trigger an
immune response leading to cell death (Wen and Moore, 2011; Kami-
mura et al., 2015). We have identified several different core structural
fragments in our collected chemicals, as shown in (5a-1) to (5a-8) in
Fig. 9, which could potentially form a quinone-imine or aromatic-
diimine reactive metabolite. The key structural pattern of these chem-
icals is that the p-, or o-position of amine/substituted amine groups have
either no substituent or substituents with the metabolic potential to be a
hydroxyl or amino group. For (5a-3), X can be hydrogen, hydroxyl,

nitro, methoxy, diazo or fluoro/chloro groups; Y can be hydrogen, alkyl,
aryl, heteroaryl, acetyl groups; R; can be hydrogen, alkyl or aryl groups.
Most of the p- and o-hydroxyl aryl amines and N-acetyl/N-aryl
substituted aryl amines have been reported to form corresponding
quinone-imine/protein adducts. The metabolic conversion of p-, or o-
alkoxyl and p-, 0-C-hydroxylation, as well as cleavage of diazo bond of
aryl amines and N-acetyl/N-aryl substituted aryl amines or reduction of
nitro group, will form similar adducts. In addition, the chemicals having
a p-halogen (e.g. F, Cl) with an electron withdrawing group (e.g. CF3) at
the o-position of may be converted to the corresponding p-hydroxyl
metabolite and then form adducts. These metabolic reactions are P450-
mediated, with generation of p-, o- hydroxyl or p-, o- amino aryl amines
and N-acetyl/N-aryl substituted aryl amines as the initial step. Both the
p-, and o- quinone-imine and p-, and o-aromatic-diimine are reactive
metabolites which are capable of binding macromolecules (e.g. proteins
and DNA). However, the formation of p- and o-aromatic hydroxyl de-
rivatives from corresponding aromatic alkoxyl precursors need case by
case analysis.

In the case of (5a-4), R group can be aryl, alkyl substituents and n can
be 5, 6 or even 7 membered rings. For (5a-5), the Y group can be a
hydrogen, hydroxyl, amino or methoxy; the R group can be hydrogen,
amino, aryl or alkyl; the X group is sulfur, the hetero aryl ring size is 5 (n
= 0); however, when X is carbon or nitrogen, the hetero aryl ring size
can be 5-6 (n = 0, 1). In the case of (5a-6), the Y group can be a
hydrogen, hydroxyl, amino or methoxy; R, R; and Ry can be hydrogen
and alkyl respectively. In the case of (5a-7), the Y group can be a
hydrogen, hydroxyl, amino or methoxy; the substituent R can be chlo-
rine or other substituents; R; can be alkyl amine substituents; the X can
be NH, S and n can be 0, or 1. In the case of (5a-8), R may be hydrogen,
chlorine or small alkyl while R; may be piperazine or 4-substituted
piperazine (substituents can be a small alkyl (C1-C3) group or alkyl
substituted ethylene glycol chain); X can be N or O. The general mech-
anisms to generate the corresponding reactive metabolites (RM-1a to
RM-1r) via p-,0-quinone-imines, p-,0-aromatic-diimines formation of the
representative chemicals are shown in Fig. 10 (Stepan et al., 2011;
MacAllister et al., 2013; Calder et al., 1981; Madsen et al., 2008;
Jamieson et al., 2011; Li et al., 2009a; Teo et al., 2015; Walker et al.,
2008; Srivastava et al., 2014).

b. Benzimidazole related derivatives (see section 3.3.1. (d) in Ap-
pendix II).

The benzimidazole fungicides have been reported to disrupt cell di-
vision and cause hepatotoxicity. They may induce oxidative stress or
hypersensitivity via RM formation and result in hepatotoxicity to cause
clinical liver injury. Structurally, two imidazole nitrogen atoms in the
benzimidazole may contribute to increase electron density in the phenyl
ringand lead to oxidation to form reactive p- quinone-imine reactive
metabolites as shown in (RM-1 s or RM-1 t) in Fig. 11. As indicated in
(5b-1) and (5b-2) in Fig. 11, the core structural alert for the majority of
the assembled compounds is the amino benzimidazole where sub-
stituents R on the benzimidazole ring can be hydrogen, or a phenylthio-,
propylthio-, phenylsulfinyl-, benzoyl-, fluorobenzoyl-, thiophene-2-
carbonyl- or thiazol-4-yl group. The R; group of these chemicals can
be hydrogen, N-butylcarbamoyl or benzyl but majority is hydrogen. Ry
and R3 groups in these structures can be hydrogen, alkyl or Ry is a
hydrogen while Rg is ester moiety. The simple analog of (5b-1) is
albendazole which contains a benzimidazole core structure feature.
Albendazole caused hepatotoxicity, testicular toxicity and activation of
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Fig. 9. p-, o-quinone-imines, p-, o-aromatic-diimines and precursors.
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Fig. 11. Benzimidazole related derivatives and RM formation.
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the immune system (Committee for veterinary medicinal products:
Albendazole Sulpoxide summary (1) The European Agency for the Eval-
uation of Medicinal Product EMEA/MRL/094/96-final June 1996).
Limited data indicate that replacement of the -N(RyRg3) group in (5b-1)
with a thiazol-4-yl group or alkylthio group on the benzimidazole ring
(e.g. (5b-2)) and the metabolic precursors of (5b-1) such as (5c), (5d)
and (5e) may show hepatotoxic activity.

Another class of benzimidazole derivatives (5b-3) shown in Fig. 11
which have core structural feature of benzimidazol-2-
ylthioacetylpiperazine exhibited hepatotoxicity comparable to the
benzimidazole derived carbamate (e.g. albendazole) (Mavrova et al.,
2006). For these chemicals, the substituent R can be hydrogen, methyl or
nitro groups. The R; can be di-phenylmethyl, methylphenyl, or nitro-
phenyl groups. The role of substituent R for the pattern of hepatotoxic
effects is not clear to date. However, most derivatives possess hepato-
toxicity comparable or less than that of albendazole.

Example 6. p-, o-quinone, catechol, p-diphenol and precursors (section
3.3.2. (RM-2) in Appendix II).

a. quinone, catechol, p-diphenol related compounds (see section
3.3.2. (a) in Appendix II).

RMs of p-, o-quinone also generate hepatotoxicity (Leeming et al.,
2015). The catechol or p-dihydroxyphenol moiety can be metabolized to
semiquinone radicals or p-, o-quinone RMs (Walgren et al., 2005). In
addition, o-quinones undergo nonenzymatic redox cycling with the
concomitant production of ROS which can in turn induce the oxidative
stress (Penning et al., 1999). Many catechol or p-dihydroxyphenol pre-
cursors, such as o-methylendioxyphenols, p-, o-hydroxyl methox-
yphenols and p-, o-dimethoxybenzenes, can undergo metabolic
transformation to form catechol or p-dihydroxyphenol and then be
converted to quinone RMs. The general core moieties are shown in (6a-
1) to (6a-6) and representative examples of reactive metabolites (RM-2a

Current Research in Toxicology 5 (2023) 100108

to RM-2 k) in Fig. 12. In the cases of (6a-3) and (6a-4), X and Y are a
hydroxy or precursor of hydroxy group and in (6a-5), X, Y and Z can all
be a hydroxy or precursors of hydroxy group. Most chemicals with these
features are converted to the corresponding catechol or p-dihydrox-
yphenol. For example, most o-methylendioxyphenols can undergo O-
demethylenenation to form the corresponding catechol. Catechol or p-
dihydroxyphenol may also undergo o-, p-C-hydroxylation of the
phenolic ring and methoxyphenyl or alkoxyphenyl moiety of the com-
pounds (e.g. in (6a-3 to 6a-5)). One of many examples is that hepato-
toxicity of Atomoxetine (ATX) may be induced by a RM, p-toluquinone
(RM-2j), which is mediated via hydroxylation and O-dealkylation/
oxidation pathways (You et al., 2021). Furthermore, converting the
benzofuran ring (e.g. in (6a-6)) to corresponding o-quinones via hy-
droxylation/oxidation pathways has been proposed to cause liver
damage (McDonald and Rettie, 2007). For example, amiodarone, ben-
zarone, benzbromarone and benzidarone, which contain a 3-benzoyl-1-
benzofuran moiety, induce hepatotoxicity by generating o-quinones
RMs (e.g. RM-2 h). Some other categorized chemicals which could un-
dergo the o-, p-quinone intermediate are shown in Fig. 12 (Dietz and
Bolton, 2007; Lambert et al., 2002; Mete et al., 2012; Ratziu et al., 1991;
Carvalho et al., 1997; Tasaki et al., 2013; Hildebrand et al., 2010;
McDonald et al., 2007; Yu et al., 2004). The 14-membered phyto-
macrocyclic lactones, zearalanone and zearalanol derivatives, caused
liver effects including decrease in the levels of alkaline phosphatase,
lactate dehydrogenase, alanine and aspartate aminotransferases to se-
vere histological changes in the liver. The quinone RM (RM-2 k) for-
mation may be responsible for increasing lipid peroxidation and
inducing free radical production as well as forming DNA adducts in liver
(Salah-Abbes et al., 2009; Zinedine et al., 2007; Creppy 2002).

b. Anthraquinone and macrocyclic amide antibiotics (e.g. rifamycin
S, rifabutin) related compounds (see section 3.3.2. (c¢) and (d) in Ap-
pendix II).

P
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Fig. 12. p-, o-quinone, catechol, p-diphenol RMs formation and precursors.
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The anthraquinone derived tetracyclic compounds, such as anthra-
cyclines (6b-1) in Fig. 13 (e.g. doxorubicin, epirubicin and idarubicin),
show hepatotoxic effects. They are cancer chemotherapeutics that act by
forming complexes between topoisomerase II and DNA, preventing
rejoining of DNA strands (Tsao and Stewart, 2009). This group of mol-
ecules is planar, and some have been shown to intercalate into DNA,
alter membrane function, and form free radicals causing direct damage
to the hepatocytes. Doxorubicin, an anthracycline derivative, has been
reported to cause hepatotoxicity through the formation of a semi-
quinone free radical (RM-2 1) via single-electron transfer process. This
suggests that free radicals produced during the metabolic activation of
doxorubicin-derived quinone-semiquinone are responsible for hepato-
toxic effects (Kalender et al., 2005). It also could be associated with
enzymatic biotransformation of the amine moiety of desosamine to a
reactive nitroso species (will be further discussed in example 9 (b) for
RM-5b formation) (Pessayre et al., 1985). The majority of anthracyclines
in the dataset contain a hydroxyl R group. However, one compound has
a methoxy R group with remaining substituents listed in Fig. 13. Other
anthraquinones, such as hydroxyl, amine, nitro and other p substituted
anthraquinone derivatives (as shown in 6b-2) also show hepatotoxic
potential. These chemicals may be associated with the formation of RM-
2 m and then induce superoxide radical anion (O3) as the beginning of a
cascade that generates hydrogen peroxide (H20O2) and hydroxyl radical
(HO) to initiate lipid peroxidation and be toxic to mitochondria. The
chemicals with hydroxy or carboxyl groups at the beta position of the
anthraquinone ring also show uncoupling activity and inhibitory effects
on mitochondrial respiration (Vinken et al., 2012; Bironait and Ollin-
gerbj, 1997; Kawal et al., 1986; Kagedal et al., 1999). The core structural
alert for these chemicals is anthraquinone and the substituents R and Ry
on the anthraquinone ring can be hydroxyl, amine/alkyl amines, nitro,
carbolic acid, alkyl or halogen groups.

Similar to the anthracyclines, the macrocyclic amide antibiotics,
such as rifabutin (6c), rifamycin (6d), rifampin and rifapentine, have
been associated with hepatotoxicity (Rao and Cederbaum, 1996;
Nakajima et al., 2011). The MOA for hepatotoxicity by these rifamycins
may be the formation of reactive oxygen species during redox-cycling (e.
g. quinonimine (RM-2n) for rifabutin and quinone (RM-20) for rifamy-
cinin Fig. 14) with the subsequent production of hydroxyl radicals when
iron complexes are present (Rao and Cederbaum, 1996). As shown in

Ry

O Rs

R 0 OH O
HO
o OH R,

R=H, OH, OMe; Ry=Me, CH,OH
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(6¢) in Fig. 14, the core structural feature is a 25-membered macrocyclic
amide.

Example 7. p-, 0-Quinone, imine methides formation (see section 3.3.3.
(RM-3) in Appendix II).

Phenolic compounds (7a-1, Fig. 15) containing a p-alkyl substituent
with at least one benzylic hydrogen can be oxidized in experimental
animals to p-quinone methides (RM-3a) (DeVito, 1996; Sharma et al.,
2012; Minet et al., 2012). p-Quinone methides are electrophilic, with
positive charge density centered mainly on the exocyclic methylene
carbon. The methylene carbon is conjugated to carbonyl moiety and is
characterized by Michael addition of cellular nucleophiles to form
benzylic adducts. p-Quinone methides have also been described as
resonance-stabilized carbocations, which are capable of formation of
covalent bonds with cellular nucleophiles to initiate a variety of cyto-
toxic and/or genotoxic responses. Therefore, many p-alkylphenols pro-
duce hepatotoxicity or lung toxicity and promote tumor formation.
Although the enhanced reactivity of the quinone methide intermediate
(e.g. electron-withdrawing groups on the ring) and rate of formation of
the quinone methide may play a role, the stability of the quinone
methide metabolite is a major determinant of the toxicity of alkylphe-
nols (Thompson et al., 1995a). Normally, the stability of quinone
methides increases with increasing substitution of electron-donating
groups on the aromatic ring as well as with increasing length of the
alkyl moiety (Thompson et al., 1996b). For example, increasing the
length or branching of the p-alkyl substituent (e.g. from p-methyl to p-
ethyl and to p-isopropyl) increases the rate of quinone methide forma-
tion and hepatotoxicity (Thompson et al., 1995b). The reactive o-
quinone methides (RM-3b) in Fig. 15 are known to form from o-alkyl-
phenols. However, reduction by quinone reductases has been shown to
occur more readily than for the para isomer (Kucera et al., 2013) which
indicates that the o-quinone methides are less active than the corre-
sponding p-quinone methides. Some examples of active p-quinone
methides are listed in (RM-3a) to (RM-3 g) in Fig. 15.

The iminoquinone methides are also toxic (Damsten et al., 2008;
Stepan et al., 2011). For example, it has been reported that indole de-
rivatives, such as 3-methyl indole and related derivatives may be
metabolized to the corresponding Michael acceptors (e.g. RM-3 h) and
react with nucleophilic sites of DNA and proteins to form Michael

R o} Ry
F“
R e} R,

R=H, OH or (one H, one OH), NH,,

R2=Me, H; R3=OH; R4=NH, -NHAryl
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Fig. 13. Tetracycline, anthraquinone derivatives and semiquinone free radical RMs formation.
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Fig. 14. Rifamycin S, rifabutin related antibiotics and quinonimine, quinone RM formation.
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Fig. 15. p-Quinone methides formation and examples.

adducts (Fig. 15) (Kalgutkar et al., 2005; Regal et al., 2001; Kassahun Appendix II).
1,2 .
etal, 2005) Michael acceptors share structural features of unsaturated C = C

Example 8. Michael acceptors and precursors (section 3.3.4. (RM-4) in moieties directly connected to an electron withdrawing group such as
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Fig. 16. Vinyl amide, aldehyde and ester derivatives and active Michael acceptors (RM-4a) to (RM-4d) formation.
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carbonyl (aldehyde, ketone), ester, amide, nitrile, nitro and sulfonyl
groups. These chemicals contain an activated alpha-beta unsaturated
carbon-carbon bond and the electron-deficient beta-carbon atom can
function as an electrophile to react with biological nucleophiles (DNA,
proteins). These chemicals include alpha-beta-unsaturated carbonyls
and their precursors.

a. Vinyl amide, aldehyde and ester derivatives and some precursors
(see section 3.3.4. (a) in Appendix II).

These chemicals belong to the group of vinyl amides, aldehydes and
esters represented by the general core structure (8a-1), (8a-2) and (8a-3)
shown in Fig. 16. The double bonds in these compounds can be unsub-
stituted or substituted by small alkyl groups (C1-C2, e.g. R = Me or Et),
and the electron withdrawing groups attached to the double bond can be
amide, N-alkyl amide, aldehyde, or ester groups (e.g. -CONHRy, (R; = H,
alkyl (C1-C3), OH, —-CH,-NHCOCH = CHy); -COORy, (Rp = alkyl (C1-
C10); COH). Although the mechanism of hepatotoxicity is not clear, it
has been proposed that one of the mechanisms is adduction of macro-
molecules and proteins by Michael addition (Shearn et al., 2014; Chung
et al., 2012).

Additionally, allyl acetate and some allyl alcohol esters (allyl acetate,
allyl cinnamate, allyl phenylacetate) are suggested as prohepatotox-
icants due to formation of highly reactive acrolein once metabolized
(RM-4a) (Amada et al., 2013; Silver and Murphy, 1978; Auerbach et al.,
2008). In contrast, felbamate (CAS# 25451-15-4), valproic acid (CAS#
99-66-1) and terbinafine (CAS# 91161-71-6), have core structural
features that do not belong to this class but have demonstrated hepa-
totoxic effects in animals or humans. The literature indicates that these
chemicals share a common metabolic pathway forming Michael accep-
tors (RM-4b) to (RM-4d) (Iverson and Uetrecht, 2001; Thompson et al.,
1996a). Other investigators (Pandit et al., 2012; Fromenty and Pessayre,
1995) conclude that the hepatotoxicity caused by valproic acid (VPA)
may be due to interference with the f—oxidation of endogenous lipids,
and the formation of an ester conjugate with carnitine that leads to
secondary carnitine deficiency. Several lines of indirect evidence and in
vitro studies indicate that the thioester derivative (RM-4a) of VPA and
coenzyme A may exist as a metabolic intermediate in liver tissue.
Depletion of coenzyme A or the VPA CoA ester itself may inhibit mito-
chondrial metabolism, which can lead to cell death.

b. Thiophene derivatives (see section 3.3.4. (b) in Appendix II).

Several compounds in this class cause hepatotoxicity. The thiophene
ring (as shown in (8b-1) to (8b-3) in Fig. 17) appears to be converted to
electrophilic intermediates ((RM-4e) to (RM-4 h) in Scheme 17), via
cytochrome P450-mediated bioactivation (Shimizu et al., 2011). The
proposed mechanism for the induction of hepatotoxicity involves the
formation of S-oxide metabolites, which react rapidly with various nu-
cleophiles by a Michael-type addition resulting in covalent binding to
proteins at the thiophene ring (Silverman 2004; Valadon et al., 1996). In
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addition to the sulfoxidation pathway, thiophene can also generate a
reactive metabolite via an epoxide pathway (O’Donnell et al., 2003). A
variety of substituents, such as acetyl, alkyl, amine, fused cyclic, aro-
matic ring, on the thiophene may generate S-oxide metabolites via a S-
oxidation pathway. Interestingly, from these identified chemicals,
duloxetine (CAS# 116539-59-4) has a naphthalene, rather than a
thiophene moiety, as the preferred site of bioactivation (RM-4i) (Chan
et al.,, 2011). The SAR of substitution at each position of the thiophene
ring has not been studied. Steric and/or electronic effects may reduce
the affinity towards the P450 enzyme that metabolizes the unsubstituted
thiophene. A computational approach may be helpful to identify this
reactive metabolite (Dang et al., 2017).

Example 9. Nitroso formation from aromatic and aliphatic amines (sec-
tion 3.3.11. (RM-11) in Appendix II).

a. p-aminophenyl substituted sulfonamides (see section 3.3.11. (a) in
Appendix II).

The core structures of p-aminophenyl substituted sulfonamides are
shown in (9a-1), (9b) in Fig. 18. These chemicals contain a variety of
aromatic or heteroaromatic sulfonyl moieties. For the 4-amino (or
amino precursor) substituted phenylsulfonamide derivatives (9a-1),
most of the N-substituents are heteroaryl groups (e.g. pyrimidinyl,
pyridazinyl, isoxazolyl, thiazolyl or pyridinyl group) with some small
alkyl or alkoxy groups (e.g. methyl, methoxy) on the nitrogen which are
associated with the hepatotoxicity. These chemicals cause a character-
istic idiosyncratic liver injury through drug allergy or hypersensitivity
(Khalili et al., 2011). Some of these chemicals can also cause mild and
transient ALT elevations. One proposed mechanism of inducing allergy
or hypersensitivity involves the metabolism of aromatic amines,
generating toxic reactive or antigenic metabolites. For example, the
aromatic amine moiety may undergo hydroxylation, or be metabolized
through oxidation to form the nitroso derivative (RM-5a) in Fig. 18
(Kalgutkar et al., 2010) that could form protein adducts. All the hepa-
totoxic chemicals shown in (9a-1) in Fig. 18, have R groups with
hydrogen, acetyl, benzoyl, or heteroaryl groups such as pyrimidinyl,
methyl- or small alkyl or methoxy pyrimidinyl, pyridazinyl, isoxazolyl
or thiazoyl. Additionally, one class of proteinomimetic protease inhibi-
tor, exemplified by amprenavir (9b), has an aromatic sulfonamide
moiety. Amprenavir induced hepatotoxicity (Chang and Schiano, 2007;
Pandit et al., 2012) but the mechanism is unclear..

b. Nitroso formation from alphatic amines in phyto-macrocyclic
lactones (see section 3.3.11. (c) in Appendix II).

The group of 14-membered macrocyclic lactones with ketone group
at the 10 position of the ring (9c-1) and 15-membered macrocyclic
lactones with a nitrogen atom in the ring (9d) include the antibacterial
agents erythromycin, clarithromycin, telithromycin and azithromycin
(Fig. 19). They are reported to cause cholestatic hepatitis, fulminant
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R=alkyl substuted
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Fig. 17. Thiophene derivatives and thiophene RMs (RM-4e) to (RM-4i) formation.
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Fig. 18. p-aminophenyl substituted sulfonamides and reactive metabolites (RM-5a) formation.

liver failure and acute toxic cholestatic reaction and severe hepatotox-
icity although these effects are rare (LiverTox; Braun 1969; McCormack
et al., 1977; Johnson and Hall, 1961; Gaeta et al., 1985). The different
substituents of these compounds are listed in Fig. 19. Structurally, this
class of chemicals share in common a single desosamine unit which is
connected to a central macrocyclic lactone core. One of proposed
mechanisms of causing idiosyncratic hepatotoxicity may be associated
with enzymatic biotransformation of the amine moiety of desosamine to
a reactive nitroso species (RM-5b) which is capable of interacting with
proteins at thiol-incorporating residue (Pessayre et al., 1985; Moseley,
2013).

3.3. Application of hepatotoxicity decision tree

It is important to point out that the hepatotoxicity decision tree is not
intended to be used as a standalone tool. It can be used for several
purposes: a. to evaluate the potential hepatotoxicity of new chemicals as
one piece of a weight of evidence assessment for SAR read-across to fill
data gaps; b. to screen chemicals to determine whether they fall into
structural categories with known hepatotoxicity effects induced via
possible receptor binding/or bioactivation. c. as part of chemo-
informatic efforts to map and build common structural alerts for
hepatotoxicity.

3.3.1. Screening chemicals with potential hepatotoxicity effects induced by
receptor binding/or bioactivation
We demonstrate the use of the hepatotoxicity decision tree with six
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chemicals (Fig. 20). Detailed descriptions of the groups/sub-groups in
the decision tree are available in Appendix II.

Chemical 1 (CAS# 58-18-4) is identified as having features in
common with known precedents for hepatotoxicity via 4 steps (1, 2, 3,
4) to androgen receptor (AR) binding compounds (category 1).

Chemical 2 (CAS# 51-66-1) and Chemical 5 (CAS# 55142-85-3) are
identified as having features in common with known precedents for
hepatotoxicity via 6 steps (1, 2, 3, 4, 5, 6) to p-, 0o-quinone-imine formation
(category 5) and Michael acceptor formation (category 8), respectively.

Chemical 3 (CAS# 60-56-0) and Chemical 4 (CAS# 3847-29-8) are
identified as having features in common with known precedents for
hepatotoxicity via 9 steps (1, 2, 3, 4, 5, 6, 7, 8, 9) to S-S bond formation
(category 14) and Nitroso formation from aromatic and aliphatic amines
(category 15), respectively.

Chemical 6 (CAS# 295-17-0) is identified as having features in
common with chemicals that do not have known hepatotoxic potential
via 10 steps (1, 2, 3, 4, 5, 6, 7, 8, 9,10) to “No known precedent for
hepatotoxic potential”. This chemical would require further evaluation
by experts.

3.3.2. Screening chemicals with structural/bioactivation features similar to
the chemicals with precedent hepatotoxicity effects to support SAR read-
across.

One of the applications of the decision tree is to screen chemicals to
see if they fit into a subcategory that has precedent receptor binding/or
bioactivation induced hepatotoxicity. For example, although no direct
hepatotoxicity data have been identified for several 4-amino (or amino
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u

Fig. 19. Erythromycin, azithromycin related derivatives and RM (RM-11c) formation.
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Fig. 20. Flow diagram illustration of 6 examples taken through out the simplified decision tree (detailed description in Appendix II).

precursor) substituted phenylsulfonamide derivatives (10a), (10b),
(10c), and (10d), these chemicals share similar core structural features,
bioreactivity,or possible major reactive metabolites and physicochem-
ical properties with a class of hepatotoxicants (9a-1) (Fig. 21). These
chemicals belong to the same chemical subcategory and can be flagged
as having hepatotoxic potential through SAR read-across. Chemical
(10d) is a diazo-derived aryl sulfonamide which has core structural
features outside of the core structural coverage of this subcategory.
However, it may undergo diazo bond cleavage to generate amino aryl
substituted sulfonamide that could converge to RM similar to that of (9a-
1). Therefore, it is expected that chemical (10d) would have similar
hepatotoxicity potential as the other chemicals in this group.

Anabolic steroids provide another example. SAR evaluation of the
anabolic steroids indicated that the 17p-hydroxyl group appears to be
crucial for interaction with the receptor and a 17a-alkyl group can
diminish first-pass metabolism and increase liver toxicity. Several
anabolic steroids (1a-1-1 to 1a-1-5 and 11a-1, 11b) as shown in Fig. 22
share similar core structural features. The only differences for these
anabolic steroids are substituents around the core steroid structure; thus,
these chemicals are expected to be in the same category. However,
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chemicals (11a-1 and 11b) have acetyl and alkyl ester substitutions at
the key C17p-hydroxy position which would block the 17p-hydroxyl and
alter the interaction with androgen receptors, greatly reducing or
abolishing hepatotoxicity potential. Therefore, chemicals (1a-1-1 to 1a-
1-5) are not suitable to SAR read-across for chemicals (11a-1 and 11b)
despite their similar core structural features.

We also evaluated the performance of the decision tree for a set of
fifteen chemicals that were not used in its construction (Table 2) but
have been reported to be hepatotoxic (Rikans, 1987; Mulliner et al.,
2016; Wu et al., 2017; Thakkar et al., 2020; Kalgutkar, 2020; Liu et al.,
2020; Ding et al., 2022; Li et al., 2022; Lim et al., 2022; Zhang et al.,
2022; Chen, 2023). All fifteen could be categorized as having precedent
structures in the decision tree, including epoxides/epoxide precursors
(category 12); o,p-quinone-imines and diimines (category 5); o,p-
quinones, catechols and p-diphenols (category 6); af-unsaturated am-
ides, aldehydes, ketones, esters (category 8); and arylacetic acids
(category 13). One of the chemicals could be considered to belong to two
categories.

OH
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Fig. 21. 4-amino substituted phenylsulfonamide analogs that would be identified by the decision tree as having hepatotoxic potential.
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Fig. 22. Evaluation of common structural features/MoA of androgenic steroid to improve SAR read-across.
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la-1-1 la-1-2 la-1-3 la-1-4
Table 2
Chemicals used to determine performance of the decision tree.

Name CAS Number Decision
tree
category

furan 110-00-9 12

perampanel 380917-97-5 12

marrubiin 465-92-9 12

nomilin 1063-77-0 12

rutaevin 33237-37-5 12

2-aminothiazole 96-50-4 12

benzamide,2-chloro-5-[[(2,2-dimethyl-1-oxopropyl) 1381846-21- 12

amino]methyl]-N-1H-imidazol-2-yl- 4

aniline 62-53-3 5

cyamemazine 3546-03-0 5

frovatriptan 158747-02-5 5

tadalafil 171596-29-5 5

yohimbine 146-48-5 5and 6

1-propanone, 1-(2-hydroxyphenyl)-3-phenyl- 3516-95-8 6

acrolein 107-02-8 8

((35)-6-((3-(4-(3-methanesulfonylpropoxy)-2,6- 1000413-72- 13

dimethylphenyl]phenyl}methoxy)-2,3-dihydro-1- 8
benzofuran-3-yl)acetic acid

3.3.3. Screening chemical categories with both hepatotoxicity and DART
potential

Many chemicals that reach systemic circulation are capable of elic-
iting toxic effects in multiple organs. It is not surprising that many
hepatotoxic chemicals also cause DART effects because the embryo ex-
presses many of the same receptors, and reactive chemicals are as
disruptive to embryonic cells as much as to adult cells. By comparing
chemical categories in the hepatotoxicity and DART decision trees (Wu
et al.,, 2013), we determined that there is a great deal of overlap in
chemical categories which exhibit both hepatotoxic and DART potential.
This comparison provides a good opportunity to understand mechanistic
connections between both endpoints.

An example is retinoic acid and acitretin-related retinoids (see sec-
tion 3.2.4. in Appendix II) which have RAR and RXR receptor binding
potential. Retinoids can induce hepatotoxicity through altering glyco-
protein synthesis or gene expression and inducing non-specific damage
to hepatocellular membranes (Hewitt et al., 2013). These retinoids are
also capable of interfering with morphogenesis in the embryo to induce
developmental toxicity (Degitz et al., 2000; Nau, 1993).

Another example is the azole fungicides category. These azole de-
rivatives are considered to cause liver toxicity, such as hepatocellular
steatosis by a mechanism involving PXR (Knebel et al., 2019). The
decreased hepatic levels of retinoic acid caused by azole chemicals
(Hester et al., 2012) may result in hepatotoxic effects. Furthermore,
these azole fungicides also induce teratogenesis by inhibiting CYP26
which plays a crucial role in maintaining proper gradients/concentra-
tions of retinoic acid in embryonic tissue (Marotta and Tiboni, 2010).

One of the advantages of categorizing chemicals as done in this paper
is that it could be used both as a component of SAR read-across to
identify structural alerts and as a component of a screening system to
identify chemicals of potential concern. For example, we have identified
several benzimidazoles and their precursors as shown in Fig. 23. Among
these, 8 compounds ((5b-1-1) to (5b-1-7) were reported to have both
hepatotoxicity and DART potential. Three precursors (5c), (5d), (5e)
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have DART potential but lack hepatotoxicity data and one compound
(5b-1-8) has hepatotoxic data only. Compound (5b-1-8) which lacks
DART data could be considered to have DART potential via category
read-across based on DART potential of analogs (5b-1-1) to (5b-1-7)).
On the other hand, compounds (5c), (5d) and (5e) could undergo
metabolism to form compounds (5b-1-1), (5b-1-6) and (5b-1-5),
respectively (Virkel et al., 2004; Cristofol et al., 1997; Klausz et al.,
2015). Therefore, these three chemicals would be flagged as a concern of
having hepatotoxicity potential. Therefore, the common core structural
features of these chemicals would suggest that amino benzimidazole
may be a structural alert for both hepatotoxicity and DART, even though
it lacks an unambiguous mode of action. One possible mechanism is the
formation of quinone-imine RM (RM-1u or RM-1v) via a potential bio-
activation pathway (Srivastava et al., 2014) as shown in Fig. 11. The
quinone-imine RM is capable of interacting with macromolecules to
either cause direct cell damage or trigger an immune response leading to
cell death.

3.3.4. Screening common structural features in different hepatotoxic
chemical categories

The hepatotoxicity of some cross-category chemicals may be
enhanced by common structural features. Of the 12 categories of po-
tential RMs, the most prevalent RMs appear to be the formation of p, o-
quinone-imine, aryl di-imine and nitroso RMs (Fig. 24). The potential
structural alerts linked to these RMs are associated with p, o-amino-
phenol (and precursors), anilines and nitroaromatic compounds.Fig. 25.

In addition to these structural alerts, some common structural fea-
tures across many different classes of hepatotoxic chemicals were
related to quinone-imines formation.

1. Anilide moiety: Anilide related moieties are common structural
features of multiple chemicals (greater than40 chemicals) across classes
identified in this data set. Anilide moieties can undergo bioactivation
pathways such as hydroxylation/oxidation to generate alkyl amide
iminone RMs (e.g. RM-1 h, RM-1p).

2. Ar-NH-Ar moiety: Masubuchi Y et. al. studied the diphenylamine
associated NSAID drugs (e.g. flufenamic acid, mefenamic acid, tolfe-
namic acid and glafenine) and proposed a “structure dependent”
mechanism that diphenylamine containing compounds induce hepato-
toxicity by the uncoupling of mitochondrial oxidative phosphorylation
(Masubuchi et al., 1998). However, careful analysis of structural fea-
tures of these NSAIDs indicates that it is also possible for some chemicals
to form quinone-imine RMs (e.g. RM-1b, RM-1 g) via hydroxylation at
the para position of the phenyl group to induce hepatotoxicity. Some
tyrosine kinase inhibitors such as gefitinib, erlotinib, lapatinib etc. also
can form p-quinone-imine which is sufficiently reactive to bind to the
cysteine groups of proteins (Li et al., 2009b; Wen and Moore, 2011).

3. Phenothiazine moiety: More than 19 chemicals contain this struc-
tural feature and majority of them showed hepatotoxic potential. The
two Ar groups of Ar-NH-Ar are connected by a S atom. Most induced
cholestatic hepatic injury. It was found that phenothiazine (CAS#
92-84-2), which does not contain the substituents, maintains hepato-
toxicity effects suggesting that the two aryl ring-fused thiomorpholine
moiety of phenothiazine derivatives may be essential for hepatotoxicity.
Some instances of liver injury may be caused by production of a reactive
intermediate such as quinone-imines (RM-1d) via a bioactivation
sequence involving P450-catalyzed oxidation (Wen and Zhou, 2009).
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Fig. 25. Common structural features leading to quinone-imines.

4. Limitations of the decision tree

The hepatotoxicity decision tree was constructed based on our un-
derstanding of structural features, bioactivation and modes of action
(where available) of the different chemical categories. It is not intended
to be used as a stand-alone tool. By design, it is expected and intended to
broadly capture chemicals with receptor binding activity, bioactivation
(RMs formation) that are similar to chemicals with precedent for hep-
atotoxic effects. Each step is formatted to allow expansion of chemical
coverage, when sufficient related structures with liver toxicity data are
available. A major limitation is the uncertainty in predicting reactive
metabolites and inadequate relationship between the structural alerts in
some cases. This could increase the difficulty in screening hepatotox-
icants due to differences in biotransformation which in turn have
different toxic profiles. One other limitation is that the boundaries (or
cut-off values) for any given subcategory may be poorly defined, mostly
due to the fact that the decision tree is based primarily on grouping
chemicals that show toxicity, with fewer inactive chemicals included in
the same subcategory. This limitation will be reduced in the future by
iterative addition of positive and negative chemicals within each sub-
category and associated refinement of the corresponding rules. The
decision tree does not quantify the hepatotoxic potential of any chemical
(e.g. dose-response relationship) since the chemical sub-categories are
not built on quantitative data. This limitation can also be reduced by
defining the hepatotoxic potency of each chemical within a subcategory.

5. Conclusions

Chemical induced hepatotoxicity (including liver carcinogenicity)
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occurs through different mechanisms and involves a variety of chemical
classes and reactive metabolites. This complexity makes it very difficult
to predict this endpoint by a single computational model. The current
study provides an update on our understanding of hepatotoxicity of
commonly used chemical classes. The hepatotoxicity decision tree is
based on the compiled ~ 1180 different chemicals and associated
literature with possible modes of action of chemicals which are associ-
ated with receptor binding and chemical structural alerts/reactive me-
tabolites to define chemical categories. The advantage of this approach
is that it allows to quickly screen chemical categories with precedent
hepatotoxicity associated with receptor binding/bioactivation in the
literature. It can be used in the initial assessment of a chemical of in-
terest with data gaps, to determine its potential to elicit hepatotoxicity,
and at the same time to identify high quality suitable analogs with
toxicity data usable in SAR read-across evaluations. Also, it can be used
to integrate core chemical structural features/RMs formation and
mechanistic explanations to improve the relevance, consistency and
transparency of SAR read-across and as one part of new approaches
method (NAM) to support SAR-based toxicological assessments or define
testing needs based on an increased level of concern for the chemicals of
interest..
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