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Highlights

e Adverse Outcome Pathway network for male reproductive malformations that includes the
contribution of painkillers via disruption of prostaglandin signalling

¢ Nodal points in the network lead to overlapping adverse outcomes

e Empirical evidence of combination effects from activation of multiple pathways confirms the
potential for cumulative effects involving diverse mechanisms

e Development of criteria for inclusion of chemicals in cumulative assessment groups for male
reproductive health beyond phthalates

Abstract

There is concern about cumulative exposures to compounds that disrupt male sexual differentiation in
foetal life, leading to irreversible effects including declines in semen quality, testes non-descent,
malformations of the penis and testis cancer. Traditional chemical-by-chemical risk assessment
approaches cannot capture the likely cumulative health risks. However, past efforts of focusing on
combinations of phthalates, a subgroup of chemicals suspected of contributing to these risks, also do
not go far enough, as they ignore the contribution of other types of chemicals. With the aim of
providing criteria for the inclusion of additional chemicals in mixture risks assessments for male
reproductive health, we examine the mechanisms of action of various chemicals capable of disrupting
male sexual differentiation. We construct an Adverse Outcome Pathway (AOP) network for
malformations of the male reproductive system that includes new findings about the role of disrupting
prostaglandin signalling. We use this network to identify pathways that converge at critical nodal
points to produce down-stream adverse effects. From this knowledge we derive predictions of
combinations of chemicals with different mechanisms of action that should result in cumulative
effects. These predictions are then mapped against evidence from experimental mixture studies with
relevant combinations. From the outcomes of these studies, we conclude that cumulative assessment
groups for male reproductive health risks should not only include phthalates but also comprise
androgen receptor (AR) antagonists, chemicals capable of disrupting steroid synthesis, InsL3
production, prostaglandin signalling and co-planar polychlorinated dibenzo-dioxins together with
other dioxin-like compounds. This list goes far beyond what has been suggested previously. A
minimum set of chemicals to be assessed together includes phthalates, pesticides such as vinclozolin,
prochloraz, procymidone, linuron, pain killers including paracetamol, aspirin and ibuprofen,
pharmaceuticals such as finasteride, ketoconazole, and the lipid-lowering drug simvastin, poly-
chlorinated dibenzo-dioxins and other dioxin-like pollutants and phenolics such as bisphenol A and
butylparaben.
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1. Introduction

Several countries have experienced increases in testicular non-descent (cryptorchidisms, reviewed by
Main et al. 2010) and penile malformations (hypospadias, Boisen et al. 2005; Nassar et al. 2007,
Nelson et al. 2005; Pierik et al. 2002). The incidence of testicular germ cell cancers has risen steadily
in Caucasian white men (Chia et al. 2010) while semen quality continues to decline (Levine et al.
2017). These disorders are part of a syndrome termed testicular dysgenesis syndrome (TDS), thought
to arise from insufficient androgen action in foetal life (Skakkebaek et al. (2001). The TDS hypothesis
predicts that exposures to chemicals capable of disrupting androgen signalling in foetal life, so-called
anti-androgens, are an etiological factor.

Human biomonitoring studies have shown that multiple anti-androgens, including phthalates, phenolic
substances, halogenated biphenyls and perfluorinated compounds are present in human tissues at the
time when androgen signalling in foetal life is set up (reviewed by Mitro et al. 2015). Over the years,
experimental evidence has accumulated that multiple anti-androgenic chemicals with diverse
chemical characteristics can act together to disrupt androgen signalling and produce reproductive tract
malformations. These experiments were conducted in a variety of test systems, including in vitro
assays of androgen receptor activation (Ermler et al. 2011; Orton et al. 2012, 2014), in vivo studies of
disruption of male sexual differentiation (Hass et al. 2007; Rider et al. 2008, 2010; Christiansen et al.
2009; Howdeshell et al. 2017; Conley et al. 2018) and ex vivo studies with human fetal testes
(Gaudriault et al. 2017).

Taken together, these studies highlight the problems associated with human risk assessment
approaches that focus on only one chemical at a time. A disregard for combined exposures is likely to
significantly underestimate human health risks (Kortenkamp and Faust, 2018). Even approaches that
consider multiple chemicals with similar chemical characteristics, such as phthalates, will fail to
capture the full extent of risks (USNAS 2008). Accordingly, the US National Academy of Sciences
recommended that human mixture risk assessments should not stop with phthalates but should include
a multitude of other anti-androgenic chemicals (USNAS 2008). However, with one exception
(Kortenkamp and Faust 2010), efforts of mixture risk assessment for anti-androgens have so far
concentrated exclusively on phthalates (Beko et al. 2013; Dewalque et al. 2014; Kranich et al. 2014;
Hartmann et al. 2015; Chang et al. 2017; Dong et al. 2018; Du et al. 2018) and ignored other
chemicals that can also disrupt androgen signalling in fetal life. Partly, this is due to a lack of clarity
which other chemicals to group together with phthalates for mixture risk assessments. In addition,
there are issues of limited data availability (Kortenkamp and Faust 2010). To perform such
assessments, exposure data and potency estimates must be available, and this condition is not fulfilled
for many anti-androgenic substances.

There is also confusion about the scientific principles that should underpin the grouping of phthalates
with other chemicals in mixture risk assessments. It is often held that substances that do not share a
common mode or mechanism of action are unlikely to produce combined toxicity. In current US EPA
guidance (USEPA 2002) only chemicals that have a common mechanism are expected to contribute to
mixture risks and are therefore grouped together for mixture risk assessment. Often, these
mechanisms are so narrowly defined that only substances with the same chemical structural features
are left for grouping, leading to the exclusion from the mixture risk assessment process many
substances with other features and other modes of action. USEPA currently keeps organophosphates
and carbamates in separate cumulative assessment groups, although both groups of chemicals exhibit
neurotoxicity by inhibition of acetyl-cholinesterase.

The question of grouping phthalates with other anti-androgenic agents has acquired added urgency
with the recent discovery of the role of analgesics in disrupting male sexual differentiation
(Kristensen et al. 2011a, b, 2016; Snyder et al. 2012; Kugathas et al. 2016). These chemicals act via
pathways that do not involve interaction with the androgen receptor (AR). Should they be assessed
jointly with phthalates to estimate risks to male reproductive health?

In this paper, we briefly recapitulate the theoretical foundations of mixture assessment concepts and
their relation to considerations of modes of action or mechanisms. We then consider an Adverse
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Outcome Pathway (AOP) network for disruption of male sexual differentiation and whether it can be
used to derive criteria for groups of anti-androgens with diverse chemical structures and modes of
action expected to affect common adverse outcomes. We map the leads that emerge from these
considerations against the experimental evidence from mixture studies with anti-androgenic and other
chemicals. Finally, we propose groups of chemicals that should be subjected to human mixture risk
assessment to protect from co-incidental exposures to phthalates and other chemicals able to disrupt
male sexual development.

2. Theoretical foundations of concepts for the assessment of combined toxicity

Mixture toxicology has developed a predictive orientation, based on the discovery that the combined
effects of chemicals will be “additive” if all components exert their effects without interfering with
the toxicity of other components. This opened ways of predicting combination effects based on the
toxicity of chemicals in the mixture. It also provided the foundations for defining synergisms and
antagonisms: synergistic effects exceed, and antagonistic effects fall short of the calculated additivity.
The additivity expectations needed for such assessments can be derived by using two alternative
concepts, dose addition (DA) and independent action (IA). The widely used toxicity equivalency
factor approach is an application of the principles of DA. These concepts allow the quantitative
prediction of combined effects when quantitative measures of each individual component’s toxicity
are available. It has become common to reference combined effects of chemicals in terms of the
similarity or dissimilarity of their modes of action, first introduced by Bliss (1939) and Hewlett and
Plackett (1952) on the basis of statistical principles.

Similar action is allied to the mixture assessment concept of DA, while dissimilar action in linked to
IA. Although the original paper by Loewe and Muischneck (1926) that developed the DA concept
contains little that roots it in mechanistic considerations, the link to similar modes of action of all
mixture components probably derives from the “dilution” principle which forms the basis of DA. DA
views chemicals as dilutions of each other, whereby each chemical can be replaced with an equi-
effective fraction of another, without loss of combination effect. It is assumed that this is only
possible if all chemicals in the mixture act via a common or similar mechanism.

Conversely, IA is widely held to be appropriate for mixtures of agents with diverse or “dissimilar”
modes of action. Although rarely stated explicitly, this stems from the stochastic principles that
underpin this concept. The idea that chemicals act independently is equated with the notion of action
through different mechanisms. By activating differing effector chains, so the argument, every
component of a mixture of dissimilarly acting chemicals provokes effects independent of all other
agents that might also be present. However, theoretically, the stochastic principles of IA are also valid
when one and the same agent is administered sequentially and when irreversible events such as
mortality are investigated. Because organisms cannot die twice, probabilistic principles apply, even
though the precise mechanisms that underlie the toxic action of the chemical are identical. Only in the
case of simultaneous administration of many chemicals can the principle of independent events be
realised with strictly independent, dissimilar mechanisms.

Accordingly, there is a consensus among human toxicologists that similar action “occurs when
chemicals in a mixture act in the same way, by the same mechanism/mode of action, and differ only
in their potencies” (EFSA 2008). Conversely, “dissimilar action” is said to apply to combinations of
chemicals that produce a common effect by action through different modes of action, or at different
sites (EFSA 2008).

While these definitions may appear clear-cut, distinguishing between dissimilar action and similar
action is often difficult to achieve in practice. In many cases, the mechanistic information needed to
differentiate between the two ideas is not available. Clear decisions are further complicated by
ambiguities in the precise meaning of the terms “mode of action”, “mechanism” and “site of action”
and how these should be applied during assessments of combination effects. These issues have
relevance when it comes to decisions about which chemicals to include in mixture risk assessments
for impacts on male reproductive health. For example, two chemicals might affect different pathways
leading to a common adverse outcome, such as combinations of phthalates and 2,3,7,8 TCDD. Both

chemicals are capable of reducing sperm numbers after exposure during gestation, but through
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different pathways and mechanisms (Gray et al. 1995; Foster et al. 2010). Can a joint effect be
expected after combined exposures? Proponents of common mechanism groups based on strict
similarity of action would deny such a possibility and consider the grouping of phthalates and TCDD
in mixture risk assessment as inappropriate.

3. Adverse outcome pathway (AOP) networks relevant to the induction of male
reproductive malformations

In this section we will recapitulate what is known about the mechanisms of anti-androgenic chemicals
and construct an AOP network for male reproductive malformations, with a view of developing
criteria for the grouping of phthalates and other anti-androgens in mixture risk assessment. The
pathways relevant to what has been called the “AR antagonist”, “phthalate”, “dioxin” and
“prostaglandin syndromes” are summarised in the AOP network depicted in Figure 1, a modified and
extended version of a scheme developed by Howdeshell et al. (2016).

The androgens testosterone (T) and dihydrotestosterone (DHT) are required for the proper
development of the male reproductive tract. T stimulates the differentiation of the Wolffian ducts into
epididymis, vas deferens and seminal vesicles, the growth of the leviator anus muscle and the
development of testes. DHT, which is produced in local tissues through conversion of T by 5-alpha
reductase, stimulates the differentiation and development of the genital tubercle into the penis, and the
development of the prostate. The growth of the gubernacular cords which are essential for testicular
descent is stimulated by InsL3, a peptide hormone secreted by the Leydig cells in the testes. The final
phase of testes descent into the scrotal sack is dependent on androgens.

Figure 1: AOP network for the induction of male reproductive malformations (modified and
extended from Howdeshell et al. 2017). Cells shaded red depict pathways for AR antagonism and
down-regulation of steroidogenic enzymes, yellow cells are for the InsL3-mediated pathway leading
to cryptorchidism and cells coloured blue highlight the prostaglandin-mediated pathways. Cells in
cobalt blue are for the dioxin-induced pathway leading to poor sperm counts.
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In the rat, the development and differentiation of the male reproductive tract can be disrupted in many
ways. Interference with the action of T, e.g. by antagonising the androgen receptor (AR), or by
supressing T synthesis, will affect the seminal vesicles, epididymis, vas deferens and testis. Blocking
of DHT action tends to compromise prostate and penis development, leading to prostate agenesis and
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malformations of the penis (hypospadias), and a shortening of the anogenital distance (AGD).
Because DHT is also required for the regression of nipple anlagen in the developing male rat,
disruption of DHT action leads to retained nipples and areolas in male offspring.

Through careful examination of the effect patterns seen with different chemicals, Wolf et al. (1999)
were able to elaborate several “syndromes” of reproductive tract malformations, including the “AR
antagonist syndrome”, the “phthalate syndrome” and what might be called the “dioxin syndrome”. In
the light of more recent evidence about the role of prostaglandin signalling in male sexual
differentiation (reviewed by Kristensen et al. 2016) a “prostaglandin syndrome” should also be
considered. The responses and adverse outcomes that characterise each of these syndromes overlap
with each other.

The distinguishing pattern of the “AR antagonist syndrome” (Gray et al. 2004) is determined by the
displacement of T and DHT from the AR by receptor antagonists, which is the molecular initiating
event (MIE) of this adverse outcome pathway (Figure 1). Once occupied by an antagonist, the
receptor cannot bind to its DNA response elements and fails to initiate transcription of androgen
specific genes. Decreased gene expression and protein synthesis in all androgen dependent tissues are
the consequence (key event 3 in Figure 1). At the tissue level, the balance between cell proliferation
and apoptosis is disturbed (key event 4), leading to a pattern of malformations characterised by
hypospadias, testes non-descent (cryptorchidism), epididymal lesions, severe prostate lesions
including agenesis, and reduced sperm production. In the rat, shortened AGD and retained nipples are
characteristic AR antagonist effects. Chemicals shown to produce the “AR antagonist syndrome”
include the drug flutamide, and the dicarboximide pesticides vinclozolin and procymidone. Recently,
butylparaben, an estrogenic agent that also has in vitro AR antagonist properties (Ermler et al. 2011),
was shown to induce shortened AGD, reduced epididymal sperm counts and diminished ventral
prostate weights in male rats exposed during gestation (Boberg et al. 2016). Similarly, bisphenol A,
another in vitro AR antagonist (Ermler et al. 2011) exhibited a mild form of AR antagonist responses
in the rat, limited to changes in AGD and retained nipples, but without weight changes in sex
accessory glands and organs (Christiansen et al. 2014). Inhibition of 5-alpha reductase (MIE) by
finasteride induces an effect spectrum very similar to AR antagonists, but with lower incidences of
hypospadias and cryptorchidism. There are no effects on the vas deferens or the epididymis, and the
severe retardations of prostate development characteristic of AR antagonists do not materialise
(Imperato-McGinley et al. 1992). It appears that T — still available and active in finasteride-exposed
rodents as the drug has little AR antagonistic properties - can to a degree compensate for the loss of
DHT through 5-alpha reductase inhibition.

In contrast, phthalates affect the developmental of external genitalia and prostate to a smaller degree
and instead produce an effect pattern characterised by testes and epididymis agenesis, combined with
often complete agenesis of the gubernacular cords, all adverse outcomes rarely seen in the “AR
antagonist syndrome” (Wolf et al. 1999; Gray et al. 2004). This effect spectrum (“phthalate
syndrome™) derives from the ability of phthalates to suppress InsL3 peptide hormone production and
T synthesis in fetal Leydig cells (key event 1; the MIEs for these pathways are unclear). Without
InsL3, the gubernacular cord cannot develop properly (key event 2), leading to disruptions of testis
descent and finally cryptorchidism. Phthalates also down-regulate genes involved in the transport of
cholesterol, a precursor required for androgen synthesis, and several steroidogenic enzymes. The
resulting diminished T levels (key event 2) in foetal Leydig cells alter their developmental trajectory
such that they continue to proliferate but fail to differentiate properly. As a result, Leydig cells in
phthalate exposed foetal testes typically appear in large clusters, usually not seen with AR
antagonists. The suppressed testicular T levels also result in reduced sperm numbers and have knock-
on effects on DHT levels. Accordingly, reduced (feminised) AGD and retained nipples (key event 4)
are observed in male rats exposed to phthalates in foetal life. However, phthalates do not interact with
the AR. Instead, they down-regulate genes for cholesterol transporters and steroidogenesis (key event
1) by mechanisms yet poorly understood.
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The phenyl urea herbicide linuron, despite being a weak AR antagonist, exhibits a pattern not
typically seen with AR antagonists. It produces an unexpectedly high degree of epididymal
malformations and testes lesions, a spectrum more in line with the “phthalate syndrome” (Wolf et al.
1999). This may be related to its ability to directly inhibit steroidogenic enzymes (MIE), thus leading
to diminished levels of androgens (key event 2) (Wilson et al. 2009). Similarly, the fungicide
prochloraz displays AR antagonistic properties and directly inhibits steroidogenic enzymes (MIE)
with diminished testicular and serum T as the consequence. It produces an effect spectrum similar to
AR antagonists and agents capable of driving down T synthesis (Laier et al. 2007).

Recently, inhibition of 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMG-CoA reductase) by
simvastin, a lipid-lowering drug, was also shown to affect male sexual differentiation. HMG-CoA
reductase controls the rate-limiting step in cholesterol synthesis. As cholesterol is an essential
precursor in steroid synthesis, inhibition of that enzyme can be expected to compromise T synthesis in
foetal testes. Beverly et al. (2014, 2019) showed that this is indeed the case. The lowered T levels in
foetal testes had knock-on effects on androgen action in terms of shortened AGD, retained nipples,
disrupted testes development and reduced weights of seminal vesicles and leviator anus muscle
(Beverly et al. 2019).

Co-planar polychlorinated biphenyls (PCB) and polychlorinated dibenzo-dioxins (PCDD) fall into an
entirely different category (“dioxin syndrome”). Although there are clear disruptions of male sexual
differentiation characterised by reduced sperm numbers, altered AGD and interferences with the
development of seminal vesicles and prostate (Gray et al. 1995; Wolf et al. 1999), 2,3,7,8 TCDD and
PCB 169 act through mechanisms not involving the androgen hormone system as they do not interfere
with the AR. The decreases in T levels that were sometimes, but not always, observed (Foster et al.
2010), cannot explain the low sperm numbers characteristic of PCB 169- and 2,3,7,8 TCDD-exposure
in foetal life. The mode of action of these substances in reducing sperm counts remains unclear, and
whether these effects are mediated through AhR activation is not resolved. Disruption of epididymal
function is discussed as one possibility (Foster et al. 2010). In the brain of gestationally exposed rats,
2,3,7,8 TCDD suppresses the expression of glutamic acid decarboxylase 67, an enzyme involved in
GABA synthesis. This may prevent the perinatal surges of luteinising hormone and T and thus
compromise sperm counts (EFSA 2018).

The possibility that disruption of male reproductive development might also occur through
suppression of prostaglandin signalling was pointed out as early as the 1980s, when Gupta and
colleagues presented evidence that prostaglandins play a role in the folding and fusion of the penis
and scrotum during sexual development in mice (Gupta and Goldman 1986, Gupta and Bentlejewski
1992). However, few studies had examined prostaglandin signalling as a target for reproductive tract
malformations, until Kristensen and colleagues (Kristensen et al. 2011 a b) demonstrated that phenolic
compounds (phthalates, benzophenones, parabens and alkyl phenols) and a variety of analgesics
(paracetamol / acetaminophen, aspirin, ibuprofen, indomethacin) were capable of suppressing PGD2
and PGE2 synthesis in a mouse Sertoli cell line (SC5 cells), human mast cells and in ex vivo isolated
rat testes. Inhibition of COX enzymes (MIE) was highlighted as the likely mode of action for these
effects. We were able to show that an unexpected variety of chemicals with diverse chemical
structural features, including several pesticides, are also capable of triggering this pathway (Kugathas
et al. 2016).

Prostaglandins have a role in providing a back-up mechanism for supporting the expression of the
Sox9 gene (SRY box containing gene 9) which is stimulated by Sry (sex-determining region on
chromosome Y) (Adams and McLaren 2002; Wilhelm et al. 2007; Moniot et al. 2009). Sox9 drives
the differentiation of Sertoli cells in the genital ridge. Sry and Sox9 up-regulate prostaglandin D2
synthase thereby promoting prostaglandin D2 (PGD2) synthesis and secretion. In turn, PGD2 acts via
its DP receptor to upregulate Sox9 expression. This PGD2 back-up mechanism ensures that cells
which have failed to reach a critical threshold of Sry expression can still be induced to up-regulate
Sox9 and subsequently differentiate into Sertoli cells (reviewed by Koopman 2010). Exposures that
suppress PGD2 synthesis can therefore be expected to disrupt this back-up mechanism. The
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importance of prostaglandin signalling for normal testis descent came to light with the demonstration
that mutant mice with PGD2 synthase knock-outs exhibited unilateral cryptorchidism (Philibert et al.
2013).

Evidence from experimental studies with rats shows that paracetamol exposure in foetal life induces
shortened AGD (Kristensen et al. 2011; Holm et al. 2015; van den Driesche et al. 2015) and retained
nipples (Axelstad et al. 2014) in male offspring, yet paracetamol does not interact with the AR
(Ermler, Kortenkamp unpublished observations). Reminiscent of the patterns seen with phthalates,
paracetamol suppresses T synthesis (key event 2) (Kristensen et al. 2011, van den Driesche et al.
2015), probably due to its ability to down-regulate several steroidogenic enzymes (CYP 11al, 17al;
key event 1) (van den Driesche et al. 2015). Paracetamol also inhibits COX enzymes (MIE) and
accordingly, suppresses prostaglandin D2 production in the rat (key event 1; Kristensen et al. 2011a).
In ex vivo isolated human foetal testes cultures, paracetamol induced suppressions of prostaglandin E
and the peptide hormone InsL3 (key event 1; Mazaud-Guittod et al. 2013). Several epidemiological
studies have shown that the use of paracetamol towards the end of the first trimester and early in the
second trimester (the proposed window of sexual differentiation in humans) is associated with an
increased risk of cryptorchidism (Berkowitz and Lapinski 1996, Jensen et al. 2010, Kristensen et al.
2011a, Philippat et al. 2012, Snijder et al. 2012, Lind et al. 2013). More recently, Fisher et al. (2016)
were able to demonstrate associations also with feminised AGD in humans. Due to its ability to
suppress both InsL.3 and prostaglandins - factors important in ensuring proper testis descent - it is
difficult to distinguish the relative importance of these two pathways in paracetamol-induced
cryptorchidisms.

4. Developing criteria for cumulative assessment groups — mechanistic thinking or
pathway considerations?

Of relevance to mixture risk assessment and the development of criteria for grouping chemicals into
cumulative assessment groups, several points can be highlighted:

First, one and the same chemical may trigger more than one pathway. As discussed above, examples
are linuron and prochloraz, both AR antagonists which are also capable of inhibiting steroidogenic
enzymes leading to diminished androgen levels. Another example is paracetamol, which can disrupt
prostaglandin signalling, depress InsL3 synthesis and down-regulate steroidogenic enzymes. By
application of criteria of strict similarity of action it can be expected that combination effects arise
from substances that trigger exactly the same set of pathways (here: prochloraz and linuron), but not
from combinations that only share some MIEs and their corresponding pathways. Thus, the use of
strict similarity of action as a grouping criterion might lead to rather small cumulative assessment
groups as it becomes increasingly unlikely to find matching sets of chemicals with the same
mechanisms as the number of MIEs increases.

In contrast, AOP thinking leads to the expectation that independent effector chains can converge and
trigger cumulative effects further down-stream, especially when there are overlaps in the effect
patterns of several pathways, and when pathways starting with different MIEs converge at nodal
points in the network to produce common adverse outcomes (see Figure 1). An example are the
reductions in sperm numbers seen with AR antagonists, phthalates and dioxins, which can be traced
back to several distinct MIEs and key events, including AR antagonism, suppression of T synthesis
and other as yet unidentified MIEs. Similarly with cryptorchidisms: These can be produced by agents
that suppress InsL.3 expression, T synthesis and prostaglandin signalling such as phthalates and
paracetamol. Accordingly, activation of these pathways starting from different MIEs should also lead
to cumulative effects with respect to cryptorchidisms.

Thus, distinctions between similarity and dissimilarity of action that have become established in
mixture toxicology are not helpful in anticipating the potential for cumulative effects, and grouping
criteria derived from a narrow mechanistic perspective may overlook important contributors to joint
effects. Rather, mechanistic considerations should be enriched by AOP thinking and this may help to
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resolve the ambiguities that stem from the concepts of similar and dissimilar action. In the following
section we will assess the usefulness of this idea by evaluating the empirical evidence for cumulative
effects from converging pathways relevant to disruption of male sexual development.

5. Cumulative effects from converging and interacting pathways leading to male
reproductive malformations and disorders: evidence from experimental studies

Empirical evaluations of the idea that joint adverse reproductive tract effects may arise from exposure
to chemicals that trigger different MIE (Figure 1) require complex systems where responses from
different effector chains can materialise at the appropriate level of biological complexity (tissue,
organ or organism). Experiments involving cell-based assays (e.g. AR activation assays with reporter
genes) can usually not capture such effects and must therefore be excluded from consideration here.
The same applies to experiments that have used mixtures of chemicals with similar mechanisms of
action, such as combinations of AR antagonists (Hass et al. 2007) or phthalates (Howdeshell et al.
2008).

A second requirement is that a minimum of relevant mechanistic information must be available for the
chemicals included in mixtures. We therefore have to disregard studies where chemicals with a
common effect, but insufficient mechanistic characterisation were combined, such as in our
experiments with substances capable of suppressing T synthesis in ex vivo isolated human foetal testes
(Gaudriault et al. 2017).

Third, several whole mixture studies that have modelled environmental human exposures or low-level
exposures with quite large numbers of components (Christiansen et al. 2012; Isling et al. 2014;
Conley et al. 2018) are not informative for our purposes here, because the effects of single chemicals
were not recorded. This makes it difficult to attribute the combined effect to specific chemicals with
distinct mechanisms of action.

Finally, due to the developmental origin of the adverse outcomes examined here, only studies where
exposure covered the male programming window (gestational days 14-18 in the rat, Sharpe et al.
2006) are eligible here. Experiments with adult animals are excluded from consideration.

Relevant information is accessible from studies where expected mixture effects were calculated based
on information about the potency of all mixture components. Also useful are studies where at least
some mixture components were tested singly, as this allows us to glean something about the
contribution of such components to the combined effect. We located 9 studies that meet the above
requirements. Arranged according to the number of mixture components, these studies are listed in
Table 1, together with information about the selected chemicals, the endpoints evaluated and
agreement (or otherwise) with the effects predicted by the additivity concepts of DA and IA. Unless
stated otherwise, pregnant rats (Long Evans, Sprague-Dawley or Wistar strains) were exposed to the
mixtures during the male programming window and their male offspring examined for signs of
disrupted sexual differentiation and reproductive malformations.

A mixture of butyl-benzyl phthalate (BBP) and linuron led to decreases in T production and caused
malformations in androgen-dependent tissues (Hotchkiss et al. 2004). The degree of diminished T
production seen with the mixture was greater than that observed with BBP or linuron singly. This was
also the case when shortened AGD and retained nipples were examined. At the doses tested, neither
BBP nor linuron alone induced external genital malformations such as cleft prepuce, cleft phallus or
hypospadias, however, these effects occurred in more than half of the animals exposed to the
combination. The incidence of malformations of the prostate (agenesis) and epididymis (agenesis)
was greater with the mixture than with either chemical individually. While it is not possible to
examine these responses in terms of agreement with additive mixture effects, because dose-response
information for BBP and linuron was not provided, it can be concluded that the two agents worked
together to produce joint effects. Initiated via different MIEs or key events (linuron: AR antagonism,
direct inhibition of enzymes responsible for T production; BBP: down-regulation of expression of



steroidogenic genes), the respective AOPs converged at the level of decreased gene expression and
protein synthesis in androgen-dependent tissues (key event 3, Figure 1) where they cumulated to
produce adverse outcomes.

Table 1: List of mixture experiments with chemicals that disrupt male sexual differentiation
through different mechanisms of action

Mixture composition

Endpoints examined

Assessment of
observed combined
effect

Reference

BBP, linuron

Suppression of T synthesis,
hypospadias, internal
malformations (prostate,
epididymis etc.)

Combined effects larger
than those of single
chemicals

Hotchkiss et al. 2004

DBP, procymidone

Shortened AGD

Agreement with DA and 1A
predictions

Retained nipples

Agreement with DA and 1A
predictions

Hypospadias

Agreement with DA and 1A
predictions

Reduced ventral prostate

Agreement with DA and 1A
predictions

Epididymal agenesis

Agreement with DA and IA
predictions

Hotchkiss et al. 2010

DPP, simvastin

Suppression of T synthesis

Combined effects larger
than those of single
chemicals

Beverly et al. 2014

2,3,7,8 TCDD, DBP

Reduced epididymal sperm
numbers

Larger than effect
summation

Reduced epididymal weight

Larger than effect
summation

Epididymal and testicular
malformations

Larger than effect
summation; TCDD
exacerbates effect of DBP

Malformed external
genitalia (hypospadias)

Larger than effect
summation

Retained nipples

Agreement with DA and 1A
predictions

Hypospadias

Agreement with DA and 1A
predictions

Reduced ventral prostate

Agreement with DA and IA
predictions

Epididymal agenesis

Agreement with DA and IA
predictions

Rider et al. 2010
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DEHP, vinclozolin,
finasteride, prochloraz

Shortened AGD

Agreement with DA
prediction

Retained nipples

Agreement with DA
prediction

Sex organ weights

Agreement with DA

Christiansen et al. 2009

prediction
Hypospadia Synergism, effect exceeds
DA or IA prediction
Epoxiconazole, mancozeb, Hypospadia Mixture induces higher Hass et al. 2012

prochloraz, tebuconazole,
procymidone

incidence than the most
potent component
(prochloraz) on its own

Retained nipples

Agreement with DA
prediction

Vinclozolin, procymidone,
prochloraz, linuron, BBP,
DBP, DEHP

Shortened AGD

Combined effect exceeded
DA and IA predictions

Retained nipples

Combined effect exceeded
DA and IA predictions

Hypospadia

Combined effect exceeded
DA and IA predictions

Cryptorchidism

Combined effect exceeded
DA and IA predictions

Epididymal agenesis

Agreement with DA
prediction

Rider et al. 2008

Vinclozolin, procymidone,
prochloraz, linuron, BBP,
DBP, DEHP, DiBP, DiHeP,
DPeP

Hypospadia

Agreement with DA
prediction

Epididymal agenesis

Agreement with DA
prediction

Weights of sex accessory
organs

Agreement with DA
prediction

Cryptorchidism

Combined effect falls short
of DA prediction

Rider et al. 2010

DBP, DEHP, vinclozolin,
prochloraz, procymidone,
linuron, epoxiconazole, pp-
DDE, 4-MBC, OMC,
bisphenol A, butylparaben,
paracetamol

Retained nipples

Effects of mixture were
greater than those of
paracetamol applied singly

Axelstad et al. 2014

DBP, DEHP, vinclozolin,
prochloraz, procymidone,
linuron, epoxiconazole, pp-
DDE, 4-MBC, OMC,
bisphenol A, butylparaben,
paracetamol

Reduced epididymal sperm
counts

Effects of mixture were
similar to those of
paracetamol applied singly

Axelstad et al. 2018

11
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In another study from the same lab, dose-response analyses of dibutyl phthalate (DBP) and prochloraz
were conducted and their joint effects analysed in terms of agreement with predictions derived from
DA and IA (Hotchkiss et al. 2010). With many of the endpoints examined in this study, the two
concepts produced rather similar predictions of combined effects. For shortened AGD, retained
nipples, reductions in prostate weight and epididymal agenesis, the observed combined effects of DBP
and linuron agreed well with anticipated DA and IA additivity. With respect to incidences of
hypospadias, the combined effects fell within the window defined by the DA and 1A prediction
curves. Due to the likeness of the DA- and IA-derived mixture effect predictions, it is difficult to
come to definitive conclusions about similarity or dissimilarity of action in this case, although there
was a tendency for DA to approximate the observed effects better than 1A. This study substantiates
the earlier findings from the experiments with BBP and linuron (Hotchkiss et al. 2004) and shows that
activation of different MIE (prochloraz: AR antagonism, direct inhibition of steroidogenic enzymes,
DBP: suppression of T synthesis by down-regulation of steroidogenic genes) leads to a convergence
of pathways (key event 3, Figure 1) with cumulative effects on the male reproductive tract.

In an attempt to assess whether the diminished testicular T levels seen in the wake of administration
of the HMG-CoA reductase inhibiting drug simvastin would produce cumulative effects with an agent
that suppresses T synthesis differently via down-regulation of cholesterol transporters and
steroidogenic enzymes, Beverly et al. (2014) combined simvastin and di-n-pentyl phthalate (DPP).
The combination produced suppression of T synthesis in foetal testes that exceeded the effects seen
with simvastin or DPP on their own.

As already discussed, the mode of action of 2,3,7,8 TCDD in inducing lowered sperm counts is not
through established anti-androgenic mechanisms. It was therefore of great interest to evaluate whether
joint effects would materialise with an anti-androgen such as DBP. Strikingly, co-exposure to 2,3,7,8
TCDD exacerbated the incidence of epididymal and testicular malformations that are part of the
typical effect spectrum of DBP (Rider et al. 2010). TCDD alone did not produce such malformations.
There was also a cumulative effect on decreased epididymal sperm numbers. When combined at doses
that individually did not lead to hypospadias, 2,3,7,8 TCDD and DBP together produced incidences in
excess of 20%.

Christiansen et al. (2009) evaluated the combined effects of diethyl-hexyl phthalate (DEHP),
vinclozolin, finasteride and prochloraz. The observed mixture responses for shortened AGD, retained
nipples, disrupted development of the ventral prostate and the leviator anus muscle agreed well with
DA predictions. IA predicted somewhat lower effects in all cases. In contrast, the observed incidences
of hypospadias by far exceeded what was anticipated by DA or IA. This could have been because the
individual effects of some of the chemicals on hypospadias could not be measured in parallel with the
mixture study, and instead had to be derived from historical data. This might have introduced
systematic errors in calculating mixture effect predictions. In general, however, DA approximated the
observed responses well, despite the fact that all mixture components act through distinctly different
mechanisms involving a variety of MIE: DEHP by driving down T synthesis via gene expression
modulations, vinclozolin by AR antagonism, finasteride by blocking the conversion of T to DHT and
prochloraz by AR antagonism and direct inhibition of steroidogenic enzyme leading to lower T levels.
Similar to the mixtures of BBP and linuron, and DBP and prochloraz, these pathways converge at the
levels of decreased gene expression and protein synthesis in androgen-dependent tissues (key event 3
in Figure 1), which is a nodal point for malformations in reproductive tissues.

A mixture of epoxiconazole, mancozeb, prochloraz, tebuconazole, and procymidone produced
retained nipples in male rat offspring (Hass et al. 2012). These effects were well approximated by the
DA prediction. Due to missing dose-response data for some single mixture components, a prediction
curve for hypospadias could not be constructed, but the mixture produced incidences far higher than
those seen with prochloraz at the dose present in the combination. Many components in the mixture
act through diverse mechanism already discussed. Epoxiconazole and tebuconazole affect foetal
steroid hormone levels and mancozeb acts by disrupting the thyroid hormone system.

12
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Rider et al. (2008) examined a mixture composed of vinclozolin, procymidone, prochloraz, linuron,
BBP, DBP and DEHP. In this study, the predicted combined effects were calculated based on
historical dose-response data for the mixture components, which could have introduced systematic
prediction errors. The combination produced multiple effects, including shortened AGD, retained
nipples, hypospadias, cryptorchidisms, all at levels that exceeded the predictions derived from DA or
IA. Of note, combination effects for hypospadias were not anticipated to occur according to 1A. The
degree of epididymal agenesis observed in the male offspring agreed well with the DA prediction. As
with many of the mixtures already discussed, the pathways initiated by these agents converge in key
event 3, decreased gene expression and protein synthesis in androgen-dependent tissues.

Rider et al. (2010) used the same mixture as Rider et al. 2008, but added three further phthalates, di-n-
pentyl phthalate (DPP), diisobutyl phthalate (DIBP) and diisoheptyl phthalate (DIHP). For
hypospadias, epididymal agenesis and reduced weights of seminal vesicles, epididymis, ventral
prostate and leviator anus muscle, the observed effects agreed well with the DA prediction, despite the
wide variety of mechanisms involved in this mixture. The incidences of cryptorchidisms fell short of
the DA prediction.

Axelstad et al. (2014) studied a mixture composed of DBP, DEHP, vinclozolin, prochloraz,
procymidone, linuron, epoxiconazole, pp-DDE, 4-MBC, OMC, bisphenol A, butylparaben and
paracetamol. This was a whole mixture experiment modelled on high end human exposures, not
intended to test the predictive power of mixture assessment concepts or to examine the contribution of
each component to the joint effect. However, paracetamol was tested on its own, at the dose present in
the combination. This allows us to examine whether the other mixture constituents contributed to the
effect of the analgesic. With paracetamol alone, 38% of male offspring showed retained nipples,
arguably due to the drug’s ability of down-regulating steroidogenic genes. Administration of all 13
chemicals produced an incidence of 47%, an effect attributable to DBP, DEHP, vinclozolin,
prochloraz, procymidone, linuron, pp-DDE, butylparaben and bisphenol A, to varying degrees and by
different mechanisms including AR antagonism. Paracetamol also suppressed epididymal sperm
counts, 10 months after exposure had ended. The mixture produced similarly low sperm counts
(Axelstad et al. 2018). Based on the AOP network in Figure 1, the various MIE triggered by
components of this mixture will also have converged at key event 3 (decreased gene expression and
protein synthesis in androgen-dependent tissues), with paracetamol likely contributing to the
cumulative effect via down-regulation of steroidogenic genes.

Taken together, these studies provide strong evidence that cumulative effects can arise from multiple
chemicals (including phthalates) that can trigger several independent converging pathways. How far
down-stream these pathways must coalesce to achieve strict independence of effects is a matter of
theoretical debate and cannot currently be resolved. In any case, none of the mixtures examined here
complied with the principles of IA. This might have been expected in view of the activation of several
different MIE. Instead, the studies by Christiansen et al. (2009) and Rider et al. (2010) provide good
evidence that DA performed better in predicting the mixture effects. 1A consistently underestimated
the observed effects.

The experiments with combinations of 2,3,7,8 TCDD and DBP (Rider et al. 2010) even suggest that
pathways converging at the level of adverse outcomes, rather than further up-stream at nodal points in
the network, can also result in cumulative effects. This would be a case of strict independence of
effects and strict dissimilarity of action. Further experiments involving combinations of phthalates and
other anti-androgenic chemicals with dioxin-like pollutants are highly desirable to substantiate this
issue.

Based on the experimental evidence currently available it is however difficult to say whether the
pathway initiated by COX inhibition leading to reduced sperm production via disruption of the
prostaglandin-mediated back-up mechanism for SOX9 activation can coalesce with the AR-dependent
routes to produce cumulative effects. Future experiments e.g. with combinations of AR antagonists
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and agents capable of inhibiting COX enzymes, but without suppressing InsL3 synthesis (as
paracetamol does), could resolve this point.

Finally, a case where coalescence of pathways has NOT led to cumulative down-stream effects could
not be identified.

This review of experimental studies shows that AOP thinking is helpful in resolving the ambiguities
that stem from differentiating the joint action of chemicals in terms of similarity or dissimilarity of
action. Rather than deriving grouping criteria solely from mechanism of action considerations, it is
more productive to place such considerations in the context of AOPs.

6. Criteria for cumulative assessment groups for induction of male reproductive
malformations

Based on pathway considerations, and on empirically observed combination effects, cumulative
assessment groups for male reproductive malformations should therefore — apart from phthalates —
comprise:

¢ AR antagonists,

e Agents capable of down-regulating cholesterol transporters and steroidogenic enzymes

e chemicals capable of directly inhibiting steroidogenic enzymes, or enzymes involved in
cholesterol synthesis

e substances that down-regulate InsL3 synthesis,

e dioxin-like compounds, and

e COX inhibitors.

Thus, the chemicals to be added to phthalates cover a wide range of uses, including certain
dicarboximide, azole and phenylurea pesticides, some phenolic compounds such as butylparaben and
bisphenol A, pharmaceuticals including analgesics and lipid-lowering drugs, and dioxin-like
pollutants. The list proposed in Figure 2 should be taken as a thought starter and is not intended to be
exhaustive.

As a first step towards making more detailed decisions about candidate compounds, it is necessary to
agree on the phthalates that should be included in the assessment group. Thus far, there has been no
consistency in the phthalates included in recent mixture risk assessments. For example, Kranich et al.
(2014) considered 4 phthalates, while the analysis by Hartmann et al. (2015) is based on 10
phthalates, including some with side chains of fewer than 4 carbons which do not induce anti-
androgenic effects. The phthalates listed in Figure 2 would be suitable candidates.

Figure 2: Some chemicals suggested for inclusion in a cumulative assessment group for male
reproductive malformations

Phthalates AR antagonists and inhibitors

of steroidogenicenzymes

Diethyl-hexyl phthalate (DEHP)
Di-n-butyl phthalate (DBP)
Butyl-benzyl phthalate (BBP)
Di-iso-nonyl phthalate (DINP)
Di-n-pentyl phthalate (DPP)
Di-iso-butyl phthalate (DIBP)
Di-iso-heptyl phthalate (DIHP)

Vinclozolin
Procymidone
Prochloraz
Bisphenol A
Linuron
Butylparaben

Dioxin-like pollutants

2,3,7,8 TCDD

PCB 169

Other congeners, including
furans?

Pain killers
Paracetamol
Aspirin
Ibuprofen

Other pharmaceuticals
Finasteride
Ketoconazole
Simvastin
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Next, a set of AR antagonists should be chosen, supported by data from in vivo studies. At a
minimum, this should include vinclozolin, procymidone, prochloraz, butylparaben, bisphenol A and
linuron. As data about the in vivo reproductive effects of other AR antagonists become available,
these should also be added.

Among painkillers and other pharmaceuticals, paracetamol, aspirin, ibuprofen, finasteride, simvastin
and ketoconazole should be included. Attention should be paid to other chemicals capable of
activating suppression of prostaglandin synthesis in foetal life. There is in vitro data about a
considerable number of such chemicals (Kristensen et al. 2011a; Kugathas et al. 2016). It remains to
be seen which of these substances can disrupt male sexual differentiation in vivo.

Finally, inclusion of 2,3,7,8 TCDD and other dioxin-like pollutants deserves serious consideration.
Health-based guidance values for these compounds are based on reductions of sperm counts and have
recently been corrected down-wards by EFSA (EFSA 2018).

7. Outlook and perspective

The next step on the way to a mixture risk assessment for combined exposures to the substances listed
in Figure 2 will be in compiling exposure data and potency values for endpoints relevant to male
reproductive malformations. The phthalate mixture risk assessments published so far have used
potency values for suppression of foetal T synthesis. Data for this endpoint are not always available
for the other chemicals suggested for inclusion in the common assessment group. For some of the
proposed chemicals such effects might not even materialise at all. Thus, it will be a major effort to
select comparable potency values. Similar challenges can be expected in terms of availability of
suitable exposure data and assessment of human relevance of data from animal experiments.

In conclusion, considerations of AOP networks have proven productive in deriving criteria for the
grouping of phthalates and other chemicals in mixture risk assessments for male reproductive
malformations. AOP thinking can help resolve the ambiguities that derive from ideas of similar and
dissimilar action in mixture toxicology.
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