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Abstract

This Opinion assesses the biological relevance of the non-monotonic dose responses (NMDR) identified
in a previous EFSA External Report (Beausoleil et al., 2016) produced under GP/EFSA/SCER/2014/01
and the follow-up probabilistic assessment (Chevillotte et al., 2017a,b), focusing on the in vivo data
sets fulfilling most of the checkpoints of the visual/statistical-based analysis identified in Beausoleil
et al. (2016). The evaluation was completed with cases discussed in EFSA assessments and the update
of the scientific literature. Observations of NMDR were confirmed in certain studies and are particularly
relevant for receptor-mediated effects. Based on the results of the evaluation, the Opinion proposes an
approach to be applied during the risk assessment process when apparent non-monotonicity is
observed, also providing advice on specific elements to be considered to facilitate the assessment of
NMDR in EFSA risk assessments. The proposed approach was applied to two case studies, Bisphenol
A and bis(2-ethylhexyl phthalate (DEHP) and these evaluations are reported in dedicated annexes.
Considering the potential impact of NMDRs in regulatory risk assessment, the Scientific Committee
recommends a concerted international effort on developing internationally agreed guidance and
harmonised frameworks for identifying and addressing NMDRs in the risk assessment process.
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1. Introduction

Since 2012, EFSA has conducted several activities for addressing the role of non-monotonic dose
responses (NMDR) in the risk assessment process. These activities include a Scientific Colloquium
(EFSA, 2012) as well as an outsourced procurement project to perform a systematic literature review
covering the food and feed area and the optimisation of statistical approaches (Beausoleil et al., 2016).
As a contribution to the international discussions on this topic, the Scientific Committee has analysed
the impact of non-monotonicity in the human health risk assessment under EFSA remit, providing
advice to the EFSA Panels when dealing with this situation during their assessments.

In a review on low-dose effects of endocrine active substances Vandenberg et al. (2012) provided
the following definition of nonmonotonicity ‘the slope of the dose-response curve changes sign from
positive to negative or vice versa at some point along the range of doses examined’. This definition
also forms the basis for our evaluation; however, the definition does not cover how to formally assess,
when relying on empirical data if there is a non-monotonic dose-response. This is a critical element
when evaluating toxicity studies in the risk assessment process. The first step is to assess if there is
any momentum in the data that is significantly different from the NULL hypothesis (this step is
common to both monotonic and non-monotonic curves); and then, provided the data contain sufficient
information, the shape of the dose response is evaluated through mathematical modelling.

Even if some form of non-monotonicity is detected statistically, determining if non-monotonicity is
likely to be present is not always straightforward as often both non-monotonic and monotonic functions
fit the data comparably well, and in other cases, one dose group may be driving the apparent non-
monotonicity. In such cases, biological plausibility or absence of it is equally important to statistical
considerations. Furthermore, when performing risk assessments, the presence of a statistically significant
dose response is on its own not a sufficient condition when setting health-based guidance values as
effect size and role in the adversity pathway are key attributes when evaluating risk.

As the title of this Opinion indicates, this document not only assesses the presence of any non-
monotonicity statistically but also its biological plausibility and ways of addressing the presence of non-
monotonic dose curves when performing risk assessment.

Using the definition of Vandenberg et al. (2012), the presence of NMDR implies that the slope of
the dose-response curve changes sign at least once (see Figure 1). This may be explained, e.g. by a
change in direction linked to toxicokinetics, toxicodynamics or both; as well as by superimposition of
two or more underlying effects. In principle, non-monotonicity (i.e. the change of sign in the slope)
may occur in different regions of the dose-response curve. Several other authors have reviewed the
concept and consequences of non-monotonic dose responses (e.g. Beausoleil et al., 2013; Beausoleil
et al., 2016; Hill et al., 2018; Zarn et al., 2020). Non-monotonicity occurring at the lower end of the
dose-response has often been referred to as low-dose effects.1 Several studies have reported non-
monotonic dose-response curves for a number of chemicals, including pesticides, polychlorinated
biphenyls (PCBs), dioxins and food contact materials such as bisphenol A (BPA) and phthalates, mainly
regarding their endocrine activity (EFSA, 2012).

Opinion on the impact of NMDR on EFSA0s human health risk assessments

1 ‘Low-dose effects’ have been defined as any biological change occurring in the range of typical human exposures or at doses
below those typically used in the standard testing protocols. EFSA (2012) Scientific Colloquium.
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Concepts describing NMDR have been debated in the literature over several years. These include
the concept of ‘hormesis’ (Calabrese and Mattson, 2017), in which opposite effects have been
observed at low vs. high doses. These were also described for physiological reactions, with stimulatory
effects being observed at low doses, followed by inhibitory effects on the same physiological
parameter at high doses (Calabrese and Mattson, 2017). Conolly and Lutz (2004) described four
examples of non-monotonic dose-response relations that they considered as superimposition of
monotonic dose-responses of components of the respective biological system, and noted that
numerous additional mechanisms can be proposed.

To discuss issues around low-dose effects and non-monotonic dose-response and their potential
impact on risk assessment, EFSA organised a Scientific Colloquium in 2012 (EFSA, 2012). The
Colloquium Report concluded that ‘Overall, participants considered that the existing risk assessment
paradigm is applicable to assess risks that could be associated with low dose/non-monotonic
responses. Some participants stated that NMDRC2 should not be disregarded in risk assessment,
whereas others underscored the necessity to understand the mode of action before drawing
conclusions for risk assessment. Thus, implementation of “low-dose effects” and NMDRCs in risk
assessment strategies presents a scientific challenge and development of intelligent testing strategies
to deal with these phenomena is necessary’.

In order to address these challenges, the Colloquium participants identified the need for an in-
depth analysis of available studies, looking at the strength of the evidence, and for which modes of
actions of these phenomena have been reported (EFSA, 2012).

Systematic review of non-monotonic dose-responses of substances for human risk
assessment

To follow-up on the recommendation of the Scientific Colloquium regarding the need for an in-
depth assessment of current literature, EFSA contracted out a systematic review of the existing
literature where signs of non-monotonic responses had been reported. The results were published as
an EFSA External Report (Beausoleil et al., 2016). In that Report the scientific evidence for such
NMDRs was also assessed. The systematic review, with two experts reviewing each data set, was
performed in line with the EFSA guidance (EFSA, 2010).

Beausoleil et al. (2016) extracted dose-response data sets from studies having at least five dose
groups, which were then analysed by PROAST software package. The strength of the evidence was
characterised using visual/statistics-based checkpoints. For this purpose, Beausoleil et al. (2016)
proposed to use a set of six checkpoints as a tool for evaluating the evidence of NMDR in a single data
set. These checkpoints were designed to take into account that data always contain both random and
non-random sampling errors. The six ‘checkpoints’, briefly, focus on the following questions:

1) Can the apparent NMDR be explained by random fluctuations around a horizontal dose-
response (= no effect at all)?

Figure 1: Examples of non-monotonic dose-response. The left figure (A) is one example of non-
monotonicity occurring at the lower end of the dose-response. The middle figure (B) is an
example of inverted U-shape dose-response, while the figure to the right (C) gives an
example of non-monotonicity occurring at the higher end of the dose-response

Opinion on the impact of NMDR on EFSA0s human health risk assessments

2 NMDRC: non-monotonic dose-response curve(s).
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2) Can the apparent NMDR be explained by random fluctuations around a monotone dose-
response (MDR)?

3) Can the apparent NMDR be explained by one single potential outlying dose group?
4) Is the effect size in one of the directions of the NMDR smaller than 5%?
5) Is the steepness of the dose-response curve outside the range of biologically plausible/

realistic dose-response shapes?
6) Does the apparent NMDR consist of more (or less) than two directions?

When the answer to the indicated question was ‘no’, the associated checkpoint was considered
‘fulfilled’. The first two checkpoints were based on a statistical significance test in a dose-response
analysis addressing random errors in the data set. The other four checkpoints were evaluated based
on visual inspection of the dose-response plots using the confidence intervals of each response.
Evaluation of the selected data sets indicated that 6% of the in vivo data sets fulfilled all six
checkpoints and 20% fulfilled five checkpoints.

In total, 202 in vivo data sets (from 49 studies), 311 in vitro data sets (from 91 studies) and 9
epidemiological/human data sets (from two studies) were identified. 179 in vivo and 13 in vitro dose-
response data sets were analysed.3 For 23 in vivo data sets, there were data limitations and these
could, therefore, not be analysed. None of the data sets from epidemiological/human studies were
analysed. In most of the in vivo data sets, it was concluded that the apparent NMDR was likely caused
by a single outlying dose group. That is, in total only 10 of the 179 in vivo data sets fulfilled all visual/
statistics-based checkpoints, while five checkpoints were fulfilled by 36 in vivo data sets (corresponding
to 20%). Beausoleil et al. (2016) concluded that criteria for evidence of NMDR, evaluation of data and
importance for risk assessment had to be further evaluated.

Probabilistic assessment

Chevillotte et al. (2017a) re-analysed the same data and developed a probabilistic assessment
method to characterise NMDR curves from experimental studies. This approach involved large-scale
sampling to obtain 10,000 dose-response curves equivalent to the experimental curve, and a
characterisation procedure based on inter-dose statistical comparisons. The study focused on
demonstrating the general applicability of probabilistic methods to evaluate the presence of NMDR.
Based on resampling, the methodology was used to generate a set of values considered, theoretically,
equivalent to the original data, by different permutations the probability of NMDR. Curves were
characterised as non-monotonic based on the definition that it is a ‘change of sign in slope somewhere
in the dose range tested’. Such changes of sign were characterised by the presence or absence of
statistically significant differences between doses. The authors examined 122 dose-response curves
with different shapes from 28 publications based on their methodology.

In a follow-up study, Chevillotte et al. (2017b) added four statistical criteria to assess the
robustness of the assumption of non-monotonicity and characterise the types of curves obtained.
These addressed aspects of distribution and intensity, as well as minimum and maximum confirmation.
The authors considered that their approach provides a strong methodological platform to assess
statistically the presence of NMDR, but stressed that the statistical plausibility assessment tool should
only be applied after a biological/toxicological plausibility assessment. They also stressed that the
interpretation of the probabilistic results remain a prerogative of the assessor, and that there is no
predefined interpretation of such probabilistic results. The authors developed a software that is
available from Chevillotte et al. (2017b) and concluded that their method provides a probabilistic and
objective characterisation of the type of dose-response curve, relevant for the assessment of the
likelihood of non-monotonic responses.

1.1. Background and Terms of Reference as provided by EFSA

In 2012 EFSA organised a Scientific Colloquium to debate the current state-of-the-art of low-dose
effects and non-monotonic dose-responses in food and feed risk assessment. The participants
identified the need for an in-depth analysis of available studies, looking at the strength of the
evidence, and for which modes of actions of these phenomena have been reported. This
recommendation was followed up in 2014 by EFSA by outsourcing a procurement project to perform a
systematic review of the literature referring to non-monotonic responses and a review of the scientific
evidence for such NMDRs; the strength of the evidence was characterised using visual/statistics-based

Opinion on the impact of NMDR on EFSA0s human health risk assessments

3 According to the ToRs, this Scientific Opinion focuses on in vivo studies.
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checkpoints (Beausoleil et al., 2016). In this review, in total, 202 in vivo datasets (from 49 studies),
311 in vitro data sets (from 91 studies) and 9 epidemiological/human data sets (from 2 studies) were
identified. 179 in vivo and 13 in vitro dose-response datasets were analysed. For 23 in vivo datasets
there were data limitations and could, therefore, not be analysed. None of the datasets from
epidemiological/human studies could be analysed. In most of the in vivo datasets, the apparent NMDR
is likely caused by a single outlying dose group. In the end, only 10 out of the 179 in vivo datasets
fulfilled all visual/statistics-based checkpoints (6%). Chevillotte et al. (2017a,b) reviewed the same
data using a different but complementary probabilistic approach. Whereas a small percentage of the
eligible in vivo dataset suggests the statistical possibility of a NMDR, the biological relevance of the
statistical findings as well as the possible impact on EFSA risk assessments was, however, not
assessed.

As mentioned above, the evidence for NMDR was looked at only from a visual/statistics/probabilistic
point of view. In order to complete this work, there is a need to review the biological plausibility of the
identified NMDRs, especially for the in vivo datasets. If the NMDRs should be found biologically
plausible, the impact of these endpoints showing a NMDR on EFSA risk assessments should be
assessed.

A statistical deviation is not necessarily the signal of a biologically relevant response; consequently,
it is important to assess if the possible statistically based NMDRs identified in Beausoleil et al. (2016)
(EFSA External Report) are biologically relevant. In addition, the risk assessment process aggregates
several sources and lines of evidence; an effect not detected in a particular study may be covered by
other studies or assessments; if this is the case, the NMDR even if biologically relevant would not
impact the risk assessment outcome. Therefore, in case a biologically plausible NMDR could be
identified, EFSA should address if those effects are expected to be captured through the weight of
evidence process of the current risk assessment practices.

The discussion on NMDR is mostly, albeit not exclusively, driven by the assessment of endocrine
active substances. Thus, there is a connection with the ECHA/EFSA guidance for the identification of
endocrine disruptors in the context of biocidal and plant protection products4 which covers exclusively
the hazard identification and, in the regulatory context, is specifically applicable to pesticides and
biocides. At the international level, there are several activities ongoing but there are no internationally
agreed conclusions available regarding the impact on the risk assessment process of the potential
existence of NMDRs. This offers EFSA the opportunity for leading the process at EU level, keeping
informed JRC, ECHA and EMA. There is also opportunity for international cooperation, in particular with
OECD and FAO/WHO, national agencies such as FDA and USEPA, and institutions such as IUTOX,
EUROTOX, the International Dose-Response Society and the Endocrine Society.

Terms of Reference

The Scientific Committee was requested to prepare a scientific opinion on the biological relevance,
if any, of the apparent non-monotonic dose responses identified in the external report produced under
GP/EFSA/SCER/2014/01, focussing on the in vivo datasets fulfilling all checkpoints of the visual/
statistics-based analysis. In addition, in case biological relevant non-monotonic dose responses are
identified, the SC is requested to address the possible consequences for the human health risk
assessments conducted by EFSA. Specifically, the SC is requested:

1) To assess the biological relevance of the non-monotonic dose responses identified in vivo in
the EFSA external Report (Beausoleil et al., 2016) and the follow up probabilistic assessment
(Chevillotte et al., 2017a,b), based on visual/statistics/probabilistic considerations.

2) To further analyse the non-monotonic dose-responses assessed as biologically plausible,
grouping them if appropriate, and evaluate their potential link with adverse effects,
considering if the response induction/increase and response inhibition/decrease should be
associated to the same or to different adverse outcomes.

3) To assess the biological plausibility for opposite responses at different dose levels for the
adverse effects that are pivotal for EFSA assessments and usually lead the health risk
assessment outcome. This should inform the assessment of the impact of any biologically
relevant endpoint showing a non-monotonic dose response in vivo, on EFSA risk assessment
outcomes.

Opinion on the impact of NMDR on EFSA0s human health risk assessments

4 https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2018.5311
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4) To recommend the follow up actions in case biologically relevant non-monotonic dose
responses impacting the risk assessment outcomes are identified. These recommendations
should propose within EFSA priorities as well as priorities for international cooperation to
improve future risk assessments.

Considering the time and resource limitations, the SC is suggested to use information from the
OpenFoodTox database, other EFSA assessments, and the expertise available at the SC and EFSA
Panels and Units.

1.2. Interpretation of the Terms of Reference

The ToRs specify that the current Opinion should focus on the NMDR data identified in Beausoleil
et al. (2016) (EFSA External Report) and the follow-up probabilistic assessment (Chevillotte et al.,
2017a,b). In view of the length of time since these activities were completed, a search for recent
scientific literature on the topic was conducted. It should be noted that it was not possible to perform
a comprehensive literature search for NMDRs, as the terms monotonic and non-monotonic are not
necessarily used in describing dose-response curves. The SC is aware that there are other approaches
to identify NMDR (e.g. Moser et al., 2016; ECHA/EFSA, 2018), these are not the focus of the current
Opinion.

Both the systematic review (Beausoleil et al., 2016) and the probabilistic assessment of Chevillotte
et al. (2017a) were primarily focused on statistical considerations for identifying non-monotonicity.
Most toxicological studies use few dose groups, which makes statistical evaluation of non-monotonicity
difficult and vulnerable to elements of chance (random fluctuation). This is not an issue in other areas
of biomedical science where a sufficient number of individual observations from a near continuous
exposure matrix and non-monotonicity can be evaluated with less dependency of individual
observations or dose groups. Needless to say, for a single study, the use of statistical considerations
for determining non-monotonicity has its limitations. Firstly, such an approach does not take into
consideration the possible existence of similar findings in another independent study that would argue
against a chance finding. Secondly, statistical considerations cannot address biological plausibility.

In considering biological plausibility of NMDRs, the Working Group noted that nutrients, particularly
vitamins, minerals and trace elements, represent a specific case, in which an overall U-shaped curve is
expected for some effects. At the lower end of the dose-response relationship, deficiency of the
nutrient leads to adverse effects, whereas toxicity may occur at higher doses (IPCS, 2002; EFSA
Scientific Committee, 2021). In such cases, the NMDR is explained by two distinct but overlapping
biological processes, which existing risk assessment paradigms can easily address. IPCS (2002) and
EFSA Scientific Committee (2021) refer to an Acceptable Range of Oral Intake (AROI) for essential
nutrients, bounded by rising risks of either deficiency, as intake declines, or toxicity as intake increases.
As this is a well-known situation fully integrated in EFSA assessments, no further considerations
regarding nutrients are included in this Opinion.

Another special case relates to hormesis, which refers to a biphasic dose-response to an
environmental agent characterised by a low-dose adaptive, stimulation or beneficial effect and a high-
dose inhibitory or toxic effect (e.g. Calabrese and Baldwin, 2001). The effect at the lower end of the
dose response relationship could, e.g. be due to an adaptive or over-compensatory response to a
chemical stressor (Calabrese, 2005). Chemical risk assessment concerns food safety and not the
evaluation of beneficial effects; therefore, hormesis is not considered in detail in this Opinion.

2. Data and methodologies

2.1. Data

In line with the ToRs, the main data sources are the in vivo studies presented in Beausoleil et al.
(2016) (EFSA External Report) and the follow-up probabilistic assessment (Chevillotte et al., 2017a,b);
covering substances of relevance in the food and feed area. All studies fulfilling 5 or 6 checkpoints in
the Report have been included in the assessment, as well as the probabilistic assessments for these
data sets.

In addition, it was considered appropriate to conduct an additional search for recent scientific
literature on the topic. The available resources did not allow performance of a new systematic review,
thus a targeted literature search for gathering additional relevant peer-reviewed publications between
2017 and October 2019 was conducted in November 2019. The details of this search and main

Opinion on the impact of NMDR on EFSA0s human health risk assessments
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findings are summarised in Table 1. The references and citations of the retrieved articles were also
searched and relevant studies retrieved and included in the search.

The 19 additional experimental studies were grouped according to the relevance of the tested
chemical for EFSA. Six studies on BPA and six studies on phthalates were considered relevant for this
assessment. The other seven studies had been conducted with mixtures and with chemicals outside
the EFSA remit, and were not further considered for this assessment.

In Beausoleil et al. (2016), BPA and two phthalates, di(2-ethylhexyl) phthalate (DEHP) and di-n-
butyl phthalate (DBP), were the substances under EFSA remit with the highest number of in vivo data
sets reporting potential NMDR (35 for BPA, 30 for DEHP and 5 for DBP). However, the six checkpoints
were met only for one of these data sets, aromatase activity in rats exposed to DEHP (Andrade et al.,
2006). Considering the concordance between Beausoleil et al. (2016) and the complementary search,
additional assessments regarding NMDR reported for BPA and phthalates have been performed and
included as annexes to this Scientific Opinion.

Regarding previous EFSA risk assessments, tropane alkaloids were identified from an Opinion of the
EFSA Scientific Panel on Contaminants in the Food Chain (EFSA CONTAM Panel, 2013), as an example
of a biologically relevant NMDR and included in this assessment. It should be noted that relevant
publications will inevitably have been missed, as the term NMDR is often not used to describe these
types of dose-response curves.

2.2. Methodologies

The methodology used by Beausoleil et al. (2016) and in the probabilistic assessment (Chevillotte
et al., 2017a,b) has been briefly summarised in the Introduction (see Systematic review and
probabilistic assessment subsections). To compare the consistency between the two methods that
have been developed to assess NMDR (Beausoleil et al., 2016; Chevillotte et al., 2017a,b), the results
from the visual/statistical analysis of data sets judged to show potential NMDR (≥ 5 checkpoints) by
Beausoleil et al. (2016) were compared with the probabilistic analysis conducted according to the
methodology proposed by Chevillotte et al. (2017a,b). This probabilistic assessment methodology has
been also applied to additional data sets selected from EFSA assessments and publications retrieved in
the complementary literature search.

The biological relevance of potential NMDRs identified was assessed by expert judgement,
analysing each selected publication. The systematic approach developed considered three key
elements: (a) the extent to which the measured effect relates to the mode of action/Adverse Outcome
Pathway, distinguishing between early event, intermediate events and apical effects; (b) the biological
plausibility for a non-monotonic dose response, considering the measured effect and information on
the mechanistic pathway when available; and (c) the role in adversity for the observed NMDR,
considering the principles for selecting the Reference Points (RP) for establishing health-based
guidance values in EFSA guidance documents and its implementation.5

This Scientific Opinion was published for public consultation, and the comments received have been
assessed by the Working Group during the finalisation of this Scientific Opinion and published as a
Technical Report (EFSA, 2021).

3. Assessment

The assessment is divided in two sections. Section 3.1 covers the in vivo studies included in
Beausoleil et al. (2016) and containing data sets that fulfil five or six of the checkpoints in the visual/

Table 1: Characteristics and results of the complementary literature search

Database String Complementary search Results

Web of Science selecting the
following indexes: SCI-
EXPANDED, SSCI, A&HCI,
CPCI-S, CPCI-SSH, BKCI-S,
BKCI-SSH, ESCI, CCR-
EXPANDED, IC.

TS = (monotonic OR
nonmonotonic OR
non-monotonic) AND
TS = (toxic* AND
dose)

The search was
complemented with the
analysis of the references
and citations of the retrieved
publications

• 225 articles retrieved
• of those 19 in vivo
experimental studies were
selected for further
evaluation after screening

Opinion on the impact of NMDR on EFSA0s human health risk assessments

5 Information on the endpoints selected as RP in EFSA assessments is available in the EFSA OpenFoodTox database. Available
online: https://www.efsa.europa.eu/en/data/chemical-hazards-data
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statistical analysis. Section 3.2 discusses other studies identified as potentially relevant from other
EFSA activities but not covered in Beausoleil et al. (2016), and summarises the evaluations done for
BPA and phthalates, which are detailed in Annexes A and B, respectively. One data set from Beausoleil
et al. (2016) meeting the six checkpoints addressing DEHP effects on aromatase inhibition in rats
(Andrade et al., 2006) is included in the phthalates assessment (Annex B) instead of in Section 3.1.

3.1. In vivo studies with data sets fulfilling five or six checkpoints

This section briefly describes examples of data sets from Beausoleil et al. (2016) showing signs of
non-monotonicity, in order to highlight possible differences in mode of action that may account for the
observed non-monotonicity. The discussion is not meant to give a complete or thorough review but
rather to set the stage for the examples summarised in tables below. More specifically, Table 2
presents the cases in Beausoleil et al. (2016) meeting five or six checkpoints with well-defined
biological explanation for NMDR, while Table 3 presents the assessment of the data sets covering a
variety of different chemicals and measured effects where the underlying biology was considered less
clear compared to those presented in Table 2. Each data set with possible NMDR is analysed regarding
biological plausibility and role in adversity.

The examples from Beausoleil et al. (2016) cover a variety of studies addressing different measured
effects. In some cases, the observed NMDR was considered to be caused by a well-known biological
phenomenon, with intrinsically high biological plausibility for non-monotonicity. These observations are
included in Table 2 and the presented data reflects two different processes that may explain the
underlying NMDR. The first set of data covers responses considered as protective or of beneficial
nature; such as the protective effect of resveratrol against induced gastric ulcer (Dey et al., 2009), the
use of rosmarinic acid as an anxiolytic/antidepressant (Takeda et al., 2002) or of tanshinone IIA as an
anticonvulsant (Buenafe et al., 2013). This form of non-monotonicity can be explained by two different
mechanisms, the protective or beneficial effects observed at the lower doses are reduced and
disappear at higher doses following the induction of toxicity.

Another group of studies summarised in Table 2 covers those measuring motor stimulation and
social investigation in experimental animals. Caffeine (Halldner et al., 2004; Marin et al., 2011; Zhang
et al., 2011) and ethanol, including its metabolite acetaldehyde (Escarabajal and Aragon, 2002; Correa
et al., 2003; Varlinskaya and Spear, 2009), provoked behavioural/locomotor stimulation, with NMDRs
related to inhibition of the stimulation or even depression at higher doses. This is considered
biologically plausible, as stimulation is expected to peak at a certain level and then may be affected by
other biological responses (see e.g. the review by Ferr�e et al. (2018) on the modes of action for the
induction and inhibition of locomotor activity by caffeine). The capacity of nicotine to both activate and
desensitise/inactivate nicotinic acetylcholine receptors (nAChRs) is another well-characterised
phenomenon (Picciotto et al., 2008). The effects of metabolites may also play a role at higher doses
explaining the observed NMDR as suggested by Escarabajal and Aragon (2002). The study by Bai and
Zhu (2010), measuring the stimulatory effect of two bioflavonoids on COX-mediated formation of
PGE2, has been also included in this list, as it is linked to the stimulation of an intermediate event. The
biological plausibility of NMDR in the area of developmental neurotoxicity (DNT) has previously been
addressed in the NAFTA DNT Guidance (Moser et al., 2016). Biologically plausible observations are
confirmed for assessment of motor activity and auditory startle reflex. The excitation followed by
sedation produced by ethanol is a classic example (Moser et al., 2016). Neural systems reflect interplay
of both inhibitory and excitatory actions, and the relative influence of these factors may impact a dose
response. These may be observed as U-shaped or inverted U-shaped curves (Moser et al., 2016).

Opinion on the impact of NMDR on EFSA0s human health risk assessments
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Table 2: Studies fulfilling five or six ‘checkpoints’ in Beausoleil et al. (2016) (EFSA External Report) for which a well-defined biological explanation for
NMDR could be identified

Publication, chemical,
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR∏

(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plausibility‡

4) Role
in adversity‡

5) Probability
of NMDR
(PNMDR %) as
described by
Chevillotte
et al. (2017a,
b)╫

Comments

Dey et al. (2009).
Impact of resveratrol on
indomethacin-induced
gastric ulcer in mice

1) Ulcer index

2) Myeloperoxidase
(MPO) activity

0.5–10 mg/kg
p.o. starting the
first dose 6 h
after
indomethacin
administration
N = 6

1) Yes U (none)

2) Yes U (none)

1) Apical
(beneficial)
effect
2) Intermediate

1) Yes
2) Yes

1) Decrease in
protective effect
observed at higher
doses
2) Marker of neutrophil
aggregation at the site
of inflammation,
associated with
ulcerated conditions
and reduced with the
healing process

1) PNMDR 99.98
(result after 3
days)
2) PNMDR 99.89
(results after 2
days)

Ulcer index and MPO were
measured at different time
points, probability values are
reported for one time point.

The MOA was investigated.
The lower dose of resveratrol
augmented eNOS expression
without altering COX-1
expression, but, at a higher dose
resveratrol predominantly
suppressed COX-1 expression,
which significantly reduced both
PGE2 synthesis and
angiogenesis.

Takeda et al. (2002).
Impact of rosmarinic
acid on freezing
behaviour of mice
exposed to a conditioned
fear stress (inescapable
electric foot shocks)

1) Duration of immobility

0.25–4 mg/kg
i.p. single dose
N = 5

1) Yes U (CP-5) 1) Apical effect 1) Yes 1) Unclear, is an
alteration of the
natural response to
stress.
Spontaneous motor
activity was not
affected.

1) PNMDR 78.35
(result after 3
days)

Conditioned fear stress induced
freezing behaviour is the period
of crouching and complete
immobility of rodents previously
exposed to aversive stimuli such
as inescapable foot-shocks. This
is a stress model reflecting
emotional abnormality including
anxiety and/or depressive state
and is attenuated by anxiolytics
and antidepressants.

www.efsa.europa.eu/efsajournal 11 EFSA Journal 2021;19(10):6877
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Publication, chemical,
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR∏

(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plausibility‡

4) Role
in adversity‡

5) Probability
of NMDR
(PNMDR %) as
described by
Chevillotte
et al. (2017a,
b)╫

Comments

Buenafe et al. (2013).
Anticonvulsant activity of
Tanshinone IIA in mice
subjected to electrical
stimulus through the
corneas.

1) Number of mice
protected

0.1–10 mg/kg
i.v.
N = 5

1) Yes ∩ (CP-5) 1) Apical effect 1) Yes 1) Decrease in
protective effect
observed at high
doses

Not analysed No effects at 0.1, 5 and 10 mg/
kg, same effect at 0.5 and 1
mg/kg i.v.

Biphasic/hormetic dose
responses have indeed been
previously reported in
chemically diverse pro- and
anticonvulsant agents with
different modes of action.

Halldner et al. (2004).
Impact of caffeine on
locomotor activity in mice

1) Horizontal activity
(number of counts
indicating movements to
adjacent cells)

3.75–100 mg/kg
i.p.
N = 5

1) Yes ∩
But increase
observed at all
doses except the
highest (CP-3)

1) Apical 1) Yes 1) Stimulation/Unclear
role in adversity

1) PNMDR 99.36
(result after 3
days)

Dose basing not optimal for
assessing NMDR
Blockade of the adenosine A
(2A) receptor (A2AR) is
necessary for the stimulatory
effect of low doses. The
inhibitory effect of high doses is
due neither to blockade of the
A1R, nor of the A2AR, and an
effect independent of these
adenosine receptors is likely

Marin et al. (2011).
Impact of caffeine on
locomotor activity in rats

1) Horizontal activity
adults (number of counts
indicating movements to
adjacent cells)

2) Horizontal activity
adolescents (number of
counts indicating
movements to adjacent
cells)

3–120 mg/kg
i.p.
N = 5

1) Yes ∩ (CP-3)

2) Yes ∩ (CP-3)

1) Apical
2) Apical

1) Yes
2) Yes

1) Stimulation/Unclear
role in adversity
2) Stimulation/Unclear
role in adversity

1) PNMDR 99.41

2) PNMDR 88.27

Antagonism of A2A receptors is
clearly related to stimulant
properties of caffeine. High
caffeine doses also act on less
specific cellular targets other
than adenosine antagonism.
These mechanisms include the
inhibition of phosphodiesterase
enzyme, blockade of GABAA
receptors or mobilisation of
calcium from intracellular stores
(Fisone et al., 2004)

www.efsa.europa.eu/efsajournal 12 EFSA Journal 2021;19(10):6877
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Publication, chemical,
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR∏

(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plausibility‡

4) Role
in adversity‡

5) Probability
of NMDR
(PNMDR %) as
described by
Chevillotte
et al. (2017a,
b)╫

Comments

Zhang et al. (2011).
Impact of caffeine on
locomotor activity in mice

1) Horizontal activity
(travel distance)

2) Distance ratios in
central and peripheral
regions

1–100 mg/kg
i.p.
N = 5

1) Yes ∩ (CP-3)

2) Yes ∩ (N/A)

1) Apical
2) Apical

1) Yes
2) Yes

1) Stimulation/Unclear
role in adversity
2) Stimulation/Unclear
role in adversity

1) PNMDR 99.82
(result after 3
days)

2) Not analysed

Theophylline exhibited a similar
but smaller decrease at higher
doses.

Correa et al. (2003).
Impact of ethanol and
its metabolites on
locomotor activity in rats

1) Ethanol induced
horizontal activity
(number of counts
indicating movements to
adjacent cells)

2) Acetaldehyde
induced horizontal activity
(number of counts
indicating movements to
adjacent cells)

1) Ethanol
16–258 microg
intracranial
injection
N = 5
2) Acetaldehyde
15–247 microg
intracranial
injection
N = 5
3) Acetate
21–168 microg
intracranial
injection
N = 5

1) Yes ∩ (CP-3)

2) Yes ∩ (CP-3)

1) Apical
2) Apical

1) Yes
2) Yes

1) Stimulation/Unclear
role in adversity
2) Stimulation/Unclear
role in adversity

1) PNMDR 88.43
2) PNMDR 79.33

Acetate induced monotonic
inhibition in horizontal activity
(number of counts indicating
movements to adjacent cells).
Results suggest that some of
the motor suppression or
sedation produced by ethanol
at high doses could be related
to the metabolite acetate.

Escarabajal and
Aragon (2002).
Impact of ethanol on
motor activity in mice

1) Horizontal activity
(number of counts
indicating movements to
adjacent cells)

0.8–4 g/kg
i.p. injection
N = 5

1) Yes ∩ (CP-5) 1) Apical 1) Yes 1) Stimulation 1) PNMDR 99.79 Cyanamide, a catalase and
ALDH inhibitor suppressed the
NMDR of ethanol.
The antidote 4-methylpyrazole
(4-MP), an alcohol
dehydrogenase (ADH) inhibitor,
enhanced the NMDR of
ethanol.
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Publication, chemical,
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR∏

(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plausibility‡

4) Role
in adversity‡

5) Probability
of NMDR
(PNMDR %) as
described by
Chevillotte
et al. (2017a,
b)╫

Comments

Varlinskaya and Spear
(2009). Impact of
ethanol on motor
activity in mice
1) Behaviour as social
investigation
2) Behaviour as play
fighting

0.25–1.25 g/kg
s.c. injection
N = 5

1) Yes ∩ but only at
1 dose (CP-3)
2) Yes ∩ (CP-3)

1) Apical
2) Apical

1) Yes
2) Yes

1) Stimulation
2) Stimulation

1) PNMDR 97.37
2) PNMDR 95.06

To note that locomotor activity
was not affected by ethanol in
this study.
The nonselective opioid
antagonist naloxone and the
selective l-opioid antagonist
CTOP blocked the stimulatory
effects of ethanol on play
fighting but not on social
investigation.

Bai and Zhu (2010).
role of two bioflavonoids
as co-substrates for
cyclooxigenases (COX) in
rats

1) Impact of myricetin
on PGE2 levels plasma

2) Impact of quercetin
on PGE2 levels plasma

0.05–5 mg/kg
bw day
N = 5

1) Yes ∩ (CP-5)

2) Yes ∩ (none)

1 & 2)
Intermediate

1 & 2)
Unclear as
not consistent
with previous
literature (see
comment)

1 & 2) Stimulatory
effect on COX-
mediated formation of
PGE2

1) PNMDR 92.24
2) PNMDR 99.89

Both stimulation and inhibition
of COX-mediated formation of
PGE2 may trigger other
responses.

Previous literature suggests
inhibitory effect of bioflavonoids
on COX activity.

*: CP = checkpoint as defined in Beausoleil et al. (2016):
CP-3. Can the apparent NMDR be explained by one single potential outlying dose group?
CP-5. Is the steepness of the dose-response curve outside the range of biologically plausible/realistic dose-response shapes?

∏: The symbol U indicates an NMDR with U (or J) shape, the symbol ∩ indicates an NMDR with inverted U (or J) shape.
‡: Only addressed when a possible NMDR is confirmed under 1. Presence/shape of NMDR.
╫: The key Monte Carlo resampling results are presented, for additional results see the publications.
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Table 3: Other studies fulfilling five or six ‘checkpoints’ in Beausoleil et al. (2016) (EFSA External Report) for which well-defined biological explanation for
NMDR were subject to some uncertainty

Publication, chemical and
measured effect

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR
(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus‡

4) Role
in adversity‡

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Puatanachokchai et al.
(2006).
Impact of alpha HCH on
hepatic markers in rats pre-
induced with diethylnitrosamine

1) Proliferation of GST-P positive
hepatic foci
2) Total CYP450 content in liver
3) Proliferating-Cell-Nuclear-
Antigen (PCNA)
4) 2a-testosterone hydroxylase
activity in liver
5) 8OHdG formation in liver
6) NADPH-P450 reductase
activity in liver
7) 16a-testosterone hydroxylase
activity in liver

0.01–500 mg/kg
diet 10 week
(0.001–50 mg/kg
bw)
N = 7

All rats had
received 100 mg/kg
bw i.p.
diethylnitrosamine
weekly 3 times
before starting
alpha HCH
exposure

1) No (CP-3)
2) Yes U (CP-3)
3) Yes U (none)
4) Yes ∩ (none)
5) Yes U (none)
6) Yes U (none)
7) Yes ∩ (CP-5)

1) Intermediate
2) Early event
3) Early event
4) Early event
5) Intermediate
6) Early event
7) Early event

? 1) Yes
2) No
3) Yes, together
with cell
proliferation
4) Unclear
5) Decrease is
protective, increase
is adverse
6) Unclear
7) Unclear

1) PNMDR 77.0 (U)

2) PNMDR 92.0

3) PNMDR 99.14

4) PNMDR 99.96

5) PNMDR 89.37 (U)

6) PNMDR 97.39 (U)

7) PNMDR 79.5 (∩)

Could be related to
combined effect of the
two substances
Four checkpoints met
for CYP2C11 mRNA
expression in liver 4
and 7. Monotonic
increases for other
testosterone
hydroxylase activities

Zhang et al. (2012).
Acute effects of
methylmercury i.p. on rats

1) Protein expression in cerebral
cortex as marker for stress
response

2–10 mg/kg bw i.p.,
1x
N = 6

1) Yes, ∩ but
toxicity could
explain the
decrease in protein
expression at doses
> 6 mg/kg (none)

1) Early event 1) Yes 1) Unclear 1) PNMDR 72.0 Not relevant for the
much lower human
exposure.
Furthermore, acute i.p.
application

Shutoh et al. (2009).
Effects of DDT on juvenile rats

1) DNA methylation, and
indicators of oxidative stress
(lipid peroxidation; LPO) in
cerebrum

0.06–60 mg/kg bw
4 week
Gavage, N = 6

1) Yes U for LPO,
other changes not
convincing (CP-3)

1) Early event 1) Yes No. Homoeostatic
response to a
xenobiotic

1) PNMDR 87.85
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Publication, chemical and
measured effect

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/
shape of NMDR
(checkpoint not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus‡

4) Role
in adversity‡

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Sukata et al. (2002).
Effects of DDT on rats.

1) Proliferation of GST-P positive
hepatic foci
2) mRNA IL-1 receptor type 1
(Figure 3)

0.5–500 mg/kg diet
16 week (0.05–20
mg/kg bw)
N = 8

1) No (CP-3)
2) Yes, trend, not
stat. Sign. ∩ (CP-3)

1) Intermediate
2) ?

Rather an indication
of induction of anti-
stress responses at
low doses

1) PNMDR 77.35
(NMDR U) (2 cells)

2) PNMDR 83.86

1) GST-P positive foci
of different size classes
were analysed

2) Similar result for
other mRNA

Yuanqing et al. (2013)
Effects of acetonitrile on mice.

1) AChE brain

0.156–20 mg/kg
N = 8
i.p. adm

1) Yes U (CP-3) 1) Intermediate
effect, but has
been used as RP

1) ? Inhibition has been
used as RP for
adversity

1) PNMDR 100 Four checkpoints for
AChE blood with ∩

Wildemann et al. (2015)
Effects of lead acetate on rats

1) Body weight gain
2) Pulse pressure

0.004–45 mg/kg bw
per day
N = 8

Drinking water

1) Yes, ∩ (CP-5)
2) Yes, U

1) Apical
2) Intermediate

? 1) Yes, body weight
gain was 113 g
control vs. up to
224 g treated
2–7 Yes

1) PNMDR 92.38

2) PNMDR 76.64

All the haemodynamic
effects are linked.
Other possible non-
monotonic responses
but with less than 5
checkpoints observed
for
Systolic blood pressure
Stroke volume
Cardiac output

Zorrilla et al. (2009)
Effects of triclosan on juvenile
rats

1) Triiodothyronine (T3) serum

3–300 mg/kg per
day
N = 5

Gavage

1) Yes, ∩ (CP-3) 1) Intermediate 1) ? 1) Yes, reduction in
T3 levels during
critical windows is
linked to
reproductive effects

1) low for NMDR
(56% for MDR)

1) Due to one dose
group, but very high
reduction. Large
variability among
treatments.
The main effect is for
T4 and is clearly
monotonic.

*: CP = checkpoint as defined in Beausoleil et al. (2016):
CP-3. Can the apparent NMDR be explained by one single potential outlying dose group?
CP-5. Is the steepness of the dose-response curve outside the range of biologically plausible/realistic dose-response shapes?

∏: The symbol U indicates an NMDR with U (or J) shape, the symbol ∩ indicates an NMDR with inverted U (or J) shape.
‡: Only addressed when a possible NMDR is confirmed under 1. Presence/shape of NMDR.
╫: The key Monte Carlo resampling results are presented, for additional results, see the publications.
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Consistency between the two methodologies for the statistical assessment of NMDR (Beausoleil
et al., 2016; Chevillotte et al., 2017a,b) is observed throughout Table 2, which describes cases with a
well-defined biological explanation for the NMDR. The probability for NMDR according to the
methodology described by Chevillotte et al. (2017a,b) was higher than 78% in all cases, and the
NMDR confirmed by the expert judgement.

For the studies reviewed (Tables 2 and 3) two checkpoints, CP-3 (Can the apparent NMDR be
explained by one single potential outlying dose group?) and CP-5 (Is the steepness of the dose-
response curve outside the range of biologically plausible/realistic dose-response shapes?) were not
met for some data sets with high likelihood for NMDR in the probabilistic assessment. Other
discrepancies between the two methodologies were observed in some cases, confirming that each
method provides information on different elements. As summarised in Table 3, in two cases
(proliferation of GST-P positive hepatic foci in Puatanochochai et al. (2016), and in Sukata et al.
(2002), the expert judgement concluded that there were no indications for NMDR, despite the data set
fulfilled five checkpoints and the likelihood in the probabilistic analysis was higher that 75%. The
biological plausibility was clear for all data sets reported in Table 2, but remained doubtful for the
majority of data sets reported in Table 3.

3.2. Other studies

3.2.1. Tropane alkaloids

Tropane alkaloids were identified from an Opinion of the EFSA Scientific Panel on Contaminants
in the Food Chain (EFSA CONTAM Panel, 2013), as an example of a biologically relevant NMDR. These
alkaloids are present in various plant species that can contaminate food-producing plants. The main
tropane alkaloids, hyoscyamine and scopolamine, exhibit anticholinergic activity, due to competitive
inhibition of acetylcholine binding to muscarinic receptors. This results in a number of pharmacological
effects including decrease in salivary secretion, pupil dilation and heart rate changes. The effect on
heart rate is biphasic (see Figure 2), with a decrease at lower doses and increase at higher doses. The
mode of action has been previously discussed (Pitschner and Wellstein, 1988; Wellstein and Pitschner,
1988; Pitschner et al., 1994). Both of these effects were covered in the risk assessment by using the
NOAEL for decreased heart rate as the reference point for establishing an acute reference dose.

Results of additional probabilistic assessments for Perhari�c et al. (2013) conducted according to the
methodology proposed by Chevillotte et al. (2017a,b) confirm the NMDR with associated probabilities
for a U-shaped dose-response of 66.1% and 86.7% at 2 and 2.75 h, respectively, for Monte Carlo
resampling and almost 100% for Latin-Hypercube resampling (see Appendix A for the detailed results).

Figure 2: Dose-response curve for heart rate vs. the dose of the atropine/scopolamine mixture,
expressed as atropine (*p < 0.005, **p < 0.001). Reproduced with permission from
Perhari�c et al. (2013) (DOI 10.1002/jat.2797)

Opinion on the impact of NMDR on EFSA0s human health risk assessments
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3.2.2. Bisphenol A (BPA)

Beausoleil et al. (2016) identified four studies on BPA where possible NMDR had been reported.
These studies were not necessarily picked up because they provided convincing evidence of NMDR but
rather because the word came up in the publication. As an example, a study by Tyl et al. (2002), was
identified as the study was designed to examine possible NMDR for developmental effects of BPA.
Although the authors concluded in their publication that no indication of NMDR was present in their
results, the study was retrieved as the word ‘NDMR’ was identified in their literature search and liver
weight in the second generation (F2) was still evaluated by Beausoleil et al. (2016). The results being
in line with those of the authors that the presence of NMDR was unclear (only three checkpoints were
fulfilled). The SC evaluation reached the same conclusion (See Annex A). Other studies on BPA
identified by Beausoleil et al. (2016) included possible NMDR for extracellular kinase signalling in
cerebellar cortex (pERK-IRCellAtP10) (Zsarnovszky et al., 2005), semen quality (Kendig et al., 2012)
and gonadal and renal fat pads (Angle et al., 2013). Only four checkpoints were fulfilled for each of
these studies. For risk assessment, the relevance of an effect on extracellular kinase signalling in
cerebellar cortex, in the absence of other functional measures, remains unclear. For effects on semen
quality, the possible NMDR observed in the study by Kendig et al. (2012) was an inverted U-shaped
dose-response indicating improved semen quality in the middle of the dose range which then went
back to control level at higher doses. The study on renal and gonadal fat pads showed some
suggestion of higher weight at low doses following prenatal exposures.

For risk assessment, the effects on semen quality, renal or gonadal fat pads or other measures of
adiposity would be of relevance. To address these findings for BPA further, a more targeted search for
studies on BPA showing possible NMDR for these outcomes was conducted and few additional studies
were included based on suggestions received from the public consultation process. Publications from
the CLARITY-BPA programme (Consortium Linking Academic and Regulatory Insights on BPA Toxicity)
were evaluated as well. One publication reported no effects on sperm quality (Camacho et al., 2019),
another on more detailed sperm endpoints reported an inverted U-shaped dose-response for sperm
DNA methylation with no indication of adversity for other semen parameters (Dere et al., 2018).
Another study reported a possible U-shaped NMDR for sperm count (Hass et al., 2016) with modest
effect size, but the probabilistic assessment concluded that the dose response was more likely to be
monotonic with high probability (97%, See Annex A). Based on findings reported in these studies, the
presence of NMDR for sperm quality seems unlikely.

There were some indications of NMDR for gonadal fat pads following prenatal exposures to BPA
(Taylor et al., 2018). These results are in line with those reported in Angle et al. (2013) but with only
three dose groups, a proper evaluation of NMDR is not possible. A recent paper by Uchtmann et al.
(2020) from the CLARITY project concluded that, after exclusion of few animals (considered as
outliers), there was an inverted U-shaped NMDR in body weight in offspring exposed to BPA in utero
at postnatal day 1. A probabilistic assessment conducted according to Chevillotte et al. (2017a,b) could
not confirm that conclusion (probability for a NMDR 58.8% for Monte Carlo resampling, while 45.9%
for Latin Hypercube resampling (see Appendix A for details). Furthermore, no signs of NMDR or any
differences in body weight were observed at later ages, suggesting that this finding could be an
outlier. Overall, the possible NMDR reported in the above-mentioned studies on measures of body
composition seems weak as seen by high variability across dose groups and modest effect size.

Using a transgenic mouse model (MMTV-erbB2) with a high rate of spontaneous tumorigenesis,
Jenkins et al. (2011) reported an NMDR between low dose (2.5, 25, 250 and 2,500 lg/kg bw) BPA
exposure and mammary cancer. In general, experimental studies in transgenic animals are used for
mechanistic insights but as such are not used on their own to identify a reference point to be used in
setting a HBGV or MOE. Therefore, this study was not included in our assessment. Furthermore, the
SC noted some deficiencies such as the number of animals per dose group in this study was highly
uneven (n between 37 and 94).

Finally, a few other reports from the CLARITY project have suggested some indications of NMDR.
The outcomes assessed, including different measures of fetal urogenital sinus (Uchtmann et al., 2020),
mammary gland response (Mont�evil et al., 2020), modest changes in % basophil and serum bile acid
concentrations (Badding et al., 2019). A detailed assessment of these studies is provided in Annex A.
Overall, due to the modest effect sizes observed without clear changes in other related biomarkers,
the relevance of these findings for risk assessment is unclear and these findings need to be replicated
for further evaluation.

Opinion on the impact of NMDR on EFSA0s human health risk assessments
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3.2.3. Phthalates

Beausoleil et al. (2016) (EFSA External Report) identified, using the checkpoint approach, an NMDR
for DEHP on aromatase activity, and there are a number of publications suggesting NMDR for
phthalates and DEHP in particular. The assessment of those studies, included in Annex B, revealed that
the focus should be on testosterone levels and DEHP exposure covering development and pubertal
exposure windows. There is a connection with the NMDR observed in Beausoleil et al. (2016) for
aromatase as this enzyme is involved in testosterone metabolism.

While a monotonic decrease in fetal testosterone levels is observed following DEHP exposure,
NMDR has been observed for postnatal testosterone measurements. The NMDR observed for this
intermediate effect in postnatal situations could be related to several mechanisms that may run in
parallel, including disturbances in steroidogenesis, or in the hypothalamic–pituitary–gonadal axis (HPG)
feedback mechanism. The assessment of the available evidence includes biphasic responses following
phthalate exposure in several steps linked to testosterone synthesis and metabolism, including an
NMDR for aromatase activity; in addition, an NMDR for testosterone levels could result from monotonic
disturbances of different steps in the steroidogenesis pathway. Another possible mechanistic
interpretation could be the overstimulation of the feedback mechanisms following chronic exposures to
low doses.

According to the proposed approach, as testosterone levels are an intermediate event, the next
steps should be to assess the possible biological relevance of these effects, in particular if a
(quantitative) relation between these effects and an adverse outcome (i.e. apical effect) can be
established, ideally through a mechanistic sequence (AOP).

There is information indicating that postnatal increases in testosterone levels under certain
conditions may trigger pathways resulting in adverse outcomes, although the relevance of these
findings for experimental postnatal studies with phthalates is unclear. Examples cover experimental,
human and epidemiological studies associating testosterone increase with neurological and
neurodevelopmental effects (Qi et al., 2018; Nakano et al., 2010; Hines, 2003; Schwarz et al., 2011)
and apical effects associated with overexpression of androgens (Hotchkiss et al., 2007; Martin et al.,
1998). There are also some epidemiological studies linking phthalate exposure with metabolomic
alterations (Zhou et al., 2018, neurodevelopmental Braun, 2017, Engel et al., 2018) and effects
attributable to hyperandrogenism (Colon et al., 2000). As mentioned, a comprehensive in depth
assessment of these effects has not been performed, and is outside the scope of this Opinion.

3.3. Impact of NMDR on the risk assessment process

Risk assessment of chemicals in food comprises the four steps of hazard identification, hazard
characterisation (including dose–response assessment), exposure assessment and risk characterisation.
NMDR could impact the risk assessment process at the hazard characterisation step, i.e. the
identification of a reference point (RP) during the dose-response assessment. In principle, NMDR (i.e.
a change of the sign of the slope) may occur in any region of the dose-response curve. Non-
monotonicity occurring at the high-dose end of the dose-response curve does not impact the current
hazard characterisation if an NO(A)EL or LO(A)EL is used as the RP to establish a HBGV or to calculate
an MOE. That is, the RP would not change because of more adverse effects occurring at higher doses.
The SC acknowledges that the benchmark-dose (BMD) methodology in its current form6 should be
used with caution in case of NMDR. Furthermore, if non-monotonicity occurs at high end of the dose-
response curve, these effects are often caused by saturation or by overt toxicity impacting on the
endpoint under consideration. NMDR may also be explained by different modes of action (MOA)
operating at different dose levels (see Section 3.1.1). This includes the induction of additional MOAs at
high doses, e.g. via the production of toxic metabolites when detoxication pathways of the compound
under consideration are overwhelmed. This will also not impact the hazard characterisation step.

Non-monotonicity occurring at the low-dose end of the dose-response curve could impact the
current hazard characterisation particularly when an apical endpoint is affected. The identified NMDR

Opinion on the impact of NMDR on EFSA0s human health risk assessments

6 According to current EFSA guidance, the BMD approach is restricted to monotonic functions meaning that if effects showing
NMDR would be used to derive a reference point the NOAEL/LOAEL approach would be used. Future update on the BMD
guidances may include extension of the methodology to cover NMDR.
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for non-nutrients observed in vivo7 may concern early or intermediate events in the toxicity pathways,
with no indications of non-monotonicity in the related apical endpoints usually used for identifying an
RP. During the evaluation of these NMDR, it is necessary to consider the biological relevance of the
early or intermediate effects and the potential consequences of the effect (i.e. the potential for leading
to adversity). When early or intermediate events are considered being adaptive physiological (or
homeostatic) responses, no adverse effects are to be expected and thus would also not impact the
hazard characterisation step. Some early or intermediate effects may be even beneficial (e.g. induction
of DNA repair enzymes may lead to an improved repair of endogenous DNA lesions). Only when those
early or intermediate events trigger further events leading to adverse effects, i.e. being biomarker of
adverse effects, these should be taken into account in the hazard characterisation as it is done for
monotonic dose-responses (e.g. b2-microglobulin excretion in the kidney induced by cadmium).
Receptor-mediated effects provide additional examples: It is well established that compounds
interacting with cellular receptors may lead to biphasic effects. While lower doses stimulate the
receptor, higher doses may block it, leading to opposite effects and may be considered as NMDR. Such
effects are common in pharmacology and should be addressed in the hazard characterisation by
identifying a pharmacological RP to establish a pharmacological HBGV, if this RP represents the most
sensitive effect.

With the current design for guideline in vivo studies, the low number of doses represents a
limitation for the identification and analysis of NMDR. To facilitate the assessment, and also minimise
the need for repeating animal studies, New Approach Methodologies (NAM)-based studies should be
considered. The integration of available animal and human studies with NAMs may provide the
mechanistic understanding required for implementing the use of AOP approaches. Complementing the
OECD AOP programme,8 several regulatory agencies including EFSA are investing in the use of
mechanistic data for the development and validation of AOPs in order to inform the risk assessment
process; several proof of concept case studies in the EFSA remit are available (e.g. Bal-Price et al.,
2018) or ongoing. Quantitative AOPs are particularly promising for regulatory uses (e.g. Spinu et al.,
2020), while AOP networks cover the need for addressing complex relationships (Knapen et al., 2018;
Villeneuve et al., 2018). In vitro studies are more able to include a large number of doses
(concentrations), covering a broad range of the dose-response curve and facilitating the identification
of NMDRs. This integration (NAMs and available animal and human data) will facilitate the
identification of NMDRs in early and intermediate events. Understanding the reason behind the NMDR
(e.g. biphasic response of a receptor-mediated endpoint; combination of several modes of action, or
toxicity at high doses) facilitates the assessment of its relevance for the risk assessment.

Overall, in evaluating a substance for which information on NMDR relations for one or more
outcomes is obtained, the current risk assessment approach based on evaluating adverse outcomes
seen in standard animal tests (as well as other observations) remains valid. With this in mind, the
process recommended to be followed in cases of non-monotonicity is the following:

• Consider at which end of the dose-response curve non-monotonicity is observed:

– If at the upper end of the dose-response curve, follow the current approach for determining
an RP and establishing an HBGV.

– If at the lower end, further considerations need to be taken into account as follows:

o Is the effect observed an apical effect and is supported by further experimental work? If no,
further investigations are needed.

o If the observed effect is an early or intermediate effect, consider:

• What is the evidence for the effect observed (in vitro/in vivo? Other?).
• What is the biological relevance of the effects observed? Can a (quantitative) relation

between these effects and an adverse outcome (i.e. apical effect) be established?
Ideally: Could a mechanistic sequence (AOP) be partially or fully established? If yes,
specific considerations need to be applied and a diversion from the current

Opinion on the impact of NMDR on EFSA0s human health risk assessments

7 NMDR may also be observed in in vitro studies. However, in vitro studies are often mechanistic studies and not currently used
as a basis for establishing HBGV. In vitro studies are not further considered here in line with the Terms of Reference provided
in the mandate; nevertheless, as indicated below, NAMs including in vitro studies may provide the mechanistic information
required for understanding the pathway to adversity for NMDR.

8 https://www.oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molecular-screening-and-toxicogenomics.htm
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methodologies for RA as described in EHC 240 (IPCS, 2009) or FOSIE (Barlow et al.,
2002) may be needed.

• If information is lacking on whether an observed effect can lead to an adverse outcome,
additional testing may be needed. As detailed above, NAMs would reduce the need for
further animal studies and are of relevance given the need for identifying a mechanistic
sequence of events.

In cases where biological considerations or previous results suggest that NMDR may be present,
any further testing should assure that a sufficient number of doses are tested at the lower end of the
dose-response curve with an adequate dose-spacing to enable identifying potential NMDR. If such
design issues are not properly considered, the possible presence or non-presence of NMDR may be
difficult to address. Inclusion of a sufficient number of dose groups would also benefit the application
of the BMD approach. Furthermore, mechanistic data would inform whether or not early/intermediate
effects show non-monotonicity.

4. Conclusions

Non-monotonic dose-response relationships identified via the checkpoints approach and/or the
probabilistic methodologies were reviewed, and their biological relevance assessed. The information
compiled by Beausoleil et al. (2016) and Chevillotte et al. (2017a,b) was complemented with targeted
literature searches and previous EFSA examples. Overall, it was concluded that:

• There is currently no gold standard for the statistical assessment of NMDR for chemical risk
assessment. Therefore, using different statistical approaches may result in diverging conclusions
when used individually.

• In assessing dose-response relationships for non-monotonicity, the checkpoint approach may in
some cases yield different result than those obtained through probabilistic (statistical)
methodology;

• Apparent NMDR have been observed in a number of studies with different chemicals using three
approaches (checkpoints, probabilistic assessment and expert judgment);

• Apparent NMDR are observed for early (molecular) or intermediate events, but also for some
apical effects relevant for the risk assessment;

• If an NMDR is observed for an apical effect, the understanding of the underlying mechanism(s)
is necessary to assess its biological plausibility and to consider the consequences for the risk
assessment process;

• An NMDR in an apical effect may result from two or more modes of action, each
with a monotonic dose response. If the effect observed at lower doses is considered adverse,
this effect would be selected to identify the RP for risk assessment. A special case is
encountered in the case of nutrients with two independent dose-response curves observed: one
for deficiency and another for toxicity; the adverse effects on both sides are generally different;

• If an NMDR is observed for a molecular initiating event or an early/intermediate
event, the potential for propagating towards an apical effect needs to be investigated and
checked for its biological relevance as above. It should be noted that molecular initiating events
or intermediate events leading to effects in opposite directions may be linked to different
adverse effects at apical level, each occurring at different exposure ranges and not showing an
NMDR.

Taking into account the conclusions above, and in order to provide a way forward, a process to be
followed for addressing NMDR in the risk assessment is outlined in Section 3.3. This approach is
recommended for application in cases of apparent non-monotonicity.

Observations of NMDR have been confirmed in certain studies and are particularly relevant for
receptor-mediated effects. In order to facilitate the assessment of NMDR, the Scientific Committee
advises that the following points should be considered in EFSA risk assessments:

1) Evidence for non-monotonicity of apical effects should be assessed in terms of statistical rigor
and biological plausibility. Indications of possible NMDR should be investigated and considered
during the risk assessment process according to the process detailed in this Opinion.

2) The benchmark-dose (BMD) methodology in its current form should be used with caution
when establishing RPs in the case of NMDRs.

Opinion on the impact of NMDR on EFSA0s human health risk assessments
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3) It is recommended to explore the mechanistic basis of these NMDR (i.e. using NAM-based
data) and to integrate the results in AOP-like approaches during the risk assessment process
when needed.

The approach proposed in this Opinion was applied to two case studies: Bisphenol A (BPA) and
Phthalates. Based on that work, no clear indications of NMDR were detected for BPA, while for the
phthalate DEHP, indications for a biologically plausible NMDR were observed for an intermediate effect,
postnatal testosterone levels, with several mechanisms supporting biological plausibility. The impact of
this NMDR on the risk assessment of DEHP should be evaluated further.

5. Recommendations

• There is a need for an international effort to provide more detailed dose-response information
for risk assessment, taking into account animal welfare considerations as well as developments
in the field of NAMs. This would facilitate capturing and concluding on the presence of an NMDR.

• Considering the potential impact of NMDRs in regulatory risk assessment, the SC encourages a
concerted international effort on developing:

a) internationally agreed guidance on the statistical approaches for identifying NMDR, and
b) harmonised frameworks for addressing NMDR in the risk assessment process.
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Appendix A – Results from the additional probabilistic assessments

Tables A.1 and A.2 show the results of additional probabilistic assessments for Perhari�c et al.
(2013) conducted according to the methodology proposed by Chevillotte et al. (2017a,b).

Tables A.3, A.4 and A.5 show the results of additional probabilistic assessments for Uchtmann et al.
(2020) conducted according to the methodology proposed by Chevillotte et al. (2017a,b).

Table A.1: From Perhari�c et al. (2013) (Table 4). Endpoint: Heart rate at 2 h

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0 0
MDR increasing 33.8 0.02

MDR decreasing 0 0
NMDR U 66.1 99.98

NMDR inverted-U 0 0
NMDR complex 0.06 0

Total 100 100

Table A.2: From Perhari�c et al. (2013) (Table 4). Endpoint: Heart rate at 2.75 h

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0 0
MDR increasing 11.34 0

MDR decreasing 0 0
NMDR U 86.7 100

NMDR inverted-U 0 0
NMDR complex 1.96 0

Total 100 100

Table A.3: From Uchtmann et al. (2020) (Table 3 – Supplementary material). Endpoint Body weight
(litter) at PND1

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 3.7 0.39
MDR increasing 25.1 53.7

MDR decreasing 4.95 0.01
NMDR U 0.9 0

NMDR inverted-U 58.8 45.9
NMDR complex 6.5 0

Total 100 100

Table A.4: From Uchtmann et al. (2020) (Table 3 – Supplementary material). Endpoint Colliculus
angle (litter) at PND1

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 8.9 6.25
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Tables A.6 and A.7 show the results of additional probabilistic assessments for Hass et al. (2016)
conducted according to the methodology proposed by Chevillotte et al. (2017a,b).

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

MDR increasing 3.1 0

MDR decreasing 47.2 93.7
NMDR U 33.73 0.07

NMDR inverted-U 1 0
NMDR complex 6.13 0

Total 100 100

Table A.5: From Uchtmann et al. (2020) (Table 3 – Supplementary material). Endpoint urogenital
sinus epithelium thickness (midway section)

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 14.73 14.43
MDR increasing 3.23 0

MDR decreasing 49.92 85.57
NMDR U 31.34 0

NMDR inverted-U 0.11 0
NMDR complex 0.67 0

Total 100 100

Table A.6: From Hass et al., 2016 (Figure 2). Endpoint: sperm count in male offspring

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0.28 0
MDR increasing 48.06 100

MDR decreasing 0.03 0
NMDR U 48.18 0

NMDR inverted-U 0.01 0
NMDR complex 3.44 0

Total 100 100

Table A.7: From Hass et al. (2016) (Figure 4a). Endpoint: swim length in female offspring

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 9.65 0
MDR increasing 10.36 0

MDR decreasing 18.26 0.02
NMDR U 58.28 99.98

NMDR inverted-U 0.19 0
NMDR complex 3.26 0

Total 100 100
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Tables A.8, A.9, A.10, A.11, A.12, A.13 show the results of additional probabilistic assessments for
Rubin et al. (2017) conducted according to the methodology proposed by Chevillotte et al. (2017a,b).

Table A.8: From Rubin et al. (2017) (Figure 1b). Endpoint body weight in female exposed
perinatally and peripubertally, PND28

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 1.83 0
MDR increasing 15.02 0

MDR decreasing 2.51 0
NMDR U 0.08 0

NMDR inverted-U 78.79 100
NMDR complex 1.77 0

Total 100 100

Table A.9: From Rubin et al. (2017) (Figure 1b). Endpoint body weight in female exposed
perinatally and peripubertally, PND35

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 2.09 0
MDR increasing 5.16 0

MDR decreasing 6.95 0
NMDR U 0.46 0

NMDR inverted-U 81.43 100
NMDR complex 3.91 0

Total 100 100

Table A.10: From Rubin et al. (2017) (Figure 6b). Endpoint fat mass in female exposed perinatally
and peripubertally, PND141

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0.3 0
MDR increasing 7.8 0

MDR decreasing 0.7 0
NMDR U 1.1 0

NMDR inverted-U 83.1 100
NMDR complex 7 0

Total 100 100

Table A.11: From Rubin et al. (2017) (Figure 6b). Endpoint fat mass in female exposed perinatally
and peripubertally, PND211

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 2.2 0
MDR increasing 20 0

MDR decreasing 2.6 0
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Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

NMDR U 1.4 0

NMDR inverted-U 70 100
NMDR complex 3.8 0

Total 100 100

Table A.12: From Rubin et al. (2017) (Figure 6b). Endpoint percent fat in female exposed
perinatally and peripubertally, PND141

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0.15 0
MDR increasing 6.54 0

MDR decreasing 0.49 0
NMDR U 1.68 0

NMDR inverted-U 72.98 100
NMDR complex 18.16 0

Total 100 100

Table A.13: From Rubin et al. (2017) (Figure 6b). Endpoint percent fat in female exposed
perinatally and peripubertally, PND211

Probabilistic methodology
Monte Carlo resampling

Probabilistic methodology
Latin-Hypercube resampling

Type of dose-response Prob (%) Prob (%)

No DR 0.98 0
MDR increasing 19.58 0.1

MDR decreasing 0.87 0
NMDR U 2.9 0

NMDR inverted-U 66.02 99.9
NMDR complex 9.65 0

Total 100 100
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Annex A – Assessment of non-monotonicity reported for BPA

In Beausoleil et al. (2016) (EFSA External Report), BPA is reported as the substance under the
EFSA remit with the highest number of in vivo data sets (35 data sets) for which the authors report a
potential NMDR. BPA was also identified in the targeted literature search conducted for this
assessment for updating the information. One characteristic of these studies are indications of NMDR
present at relatively low-dose BPA exposure, which have been reported for several non-apical
endpoints (Lagarde et al., 2015). One limitation of many of these studies is the use of two or three
dose groups (in addition to controls), which is not well suited to assess the presence of NMDR with
any reasonable certainty.

The presence of NMDRs has also been suggested in several publications based on data from the
Consortium Linking Academic and Regulatory Insights on BPA Toxicity (CLARITY-BPA) Program
conducted with a wide range of BPA doses9 by the US National Toxicology Program in accordance with
OECD guidelines. The studies linked to the CLARITY-BPA Program covered previously reported
endpoints of potential relevance in the scientific literature, and a large number of effects were
measured by different research groups. The participant laboratories received blinded samples, meaning
they did not know whether samples had been dosed with BPA or how much, to minimise the potential
for bias. Consequently, these studies were considered particularly relevant for addressing NMDR
reported for BPA, and were added to those retrieved in the literature search.

This annex covers exclusively the evaluation of the reliability of the NMDR reported by several
publication identified by Beausoleil et al. (2016) and the targeted search done for this assessment
(including publications from the CLARITY-BPA). One aim of this exercise is to support the EFSA risk
assessment on BPA by the CEP Panel.
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Table A.1: Studies on BPA with data sets on NMDR included in Beausoleil et al. (2016) (EFSA External Report), and additional studies including those
from the BPA-Clarity program assessed for NMDR

Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Studies identified in Beausoleil et al. (2016)

Tyl et al. (2002), BPA,
three generation reproductive
toxicity study in rats.

1. Absolute liver weight in F2
females

0.001–500 mg/kg
bw day in the diet
N = 6

1. No (CP-3 and
CP-5)

1. Intermediate 1. Yes 1.Yes, increase in
liver weight may be
indicative of
possible adverse
effects; however, in
this study, no
histopathological
changes in liver
were observed for
this group.

1. PNMDR 66 (U) If there is an NMDR, then it
is driven by one dose group
(no clear trend in the
surrounding dose groups
that may explain NMDR).

NMDR was assessed for
other effects: relative liver
weight, paired testes weight
and anogenital distance in
F2 females, but met only 3
or less checkpoints.

Zsarnovszky et al. (2005),
in vivo and in vitro effects of
BPA, 17b-estradiol (E2) and
their mixture on cereberal
signally in rats.

1) Extracellular kinase
signalling in cerebellar cortex:
pERK-IRCellAtP10

Intracerebellar
injection of 3 lL
per animal of BPA
concentrations
10�12–10�6 M
N = 7

1) Yes ∩, second
increase observed
at the highest
doses (only 3
checkpoints met)

1. Intermediate 1. Yes 1. Unclear 1. PNMDR 100
(complex)

E2 at the same doses and
conditions provokes the
same NMDR response, even
in quantitative terms,
suggesting equipotency for
E2 and BPA.

Co-injection of E2 and BPA
inhibits the response.

A parallel in vitro study on
primary cerebellar granule
cells, range 10�12–10�4

M, N = 5, reported ∩ shape
response for induction of
ERK phosphorylation.
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Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Angle et al. (2013), effects
of in utero BPA exposure in
mice
1) Gonadal fat pad weight
2) Renal fat pad weight
3) Serum adiponectin

0.005–50 mg/kg
bw day in the diet
N = 5

1) Yes ∩ (CP-3
and CP-5)
2) Yes ∩ (CP-3
and CP-5)
3) Yes ∩ (CP-2
and CP-3)

1) Intermediate
2) Intermediate
3) Intermediate

1) Yes
2) Yes
3)Yes

1, 2 and 3 Yes but
what effect size?

1) PNMDR 79
(complex)
2) PNMDR 99 (U)
3) PNMDR 35 (U)

Some departure form
monotonicity seems present
but random fluctuation in
response also plausible.
Beausoleil et al. (2016) also
include data set for other
endpoints, fulfilling 3 or less
checkpoints.

Kendig et al. (2012),
oestrogen-like effects of in
utero BPA or 17a-
ethinylestradiol (EE) exposure
in mice
1) Sperm count
2) Sperm motility

0.004–40 mg/kg
bw day in the diet
N = 5

1) Not (CP-3 and
CP-6)
2) Yes ∩ (CP-3
and CP-6)

2. Intermediate 2) Yes 2) Unclear, can be
considered
beneficial?

1) PNMDR 35 (U)
2) PNMDR 58.44

Findings are inconsistent with
(Hass et al., 2016) and
findings from the Clarity study
(Clarity BPA, NTP 2018).

Similar shape may be seen for
EE but difficult to assess as it
is based on only three doses.

Studies not included in Beausoleil et al. (2016) (EFSA External Report)
Hass et al. (2016), effect
of BPA in utero exposure in
rats

1) Sperm count in male
offspring (Figure 2)
2) Swim length of female
offspring (Figure 4A)

0.025–50 mg/kg
bw day by gavage
N = 4

1) Unclear
2) Yes U

1) Intermediate
2) Apical

1) Yes
2) Yes

1) Yes
2) Yes

1) Low for NMDR
(MDR for Latin
Hypercube)
2) PNMDR 58 (U)

1) Modest effect (less than
20% reduction vs. control)
and the probabilistic
assessment indicates
monotonicity. Similar NMDR
not observed in a comparable
study (Kendig et al., 2012) or
the Clarity study (Clarity BPA,
NTP 2018).

2) Again modest effect (less
than 20% reduction vs.
control) for swim length. Also
a U shape for males, but at
different dose levels and
differences are not
statistically significant
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Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Taylor et al. (2018), effects
of BPA prenatal exposure in
mice

1) Gonadal fat pads weight
(Figure 1B)

0.005–0.5 mg/kg
bw per day by
gavage
N = 2

1) Yes ∩ but only
control and 2
dose groups.
Flattens out for
males

1) Intermediate 1) Yes 1) Yes but what
effect size?

A control and 2 doses are
not suitable for evaluating
NMDR but dose range and
pattern is in line with
findings reported in Angle
et al. (2013) above.

Dere et al. (2018) (Clarity)
effects of BPA early gestation
exposure in rats, 1 Sperm
DNA methylation (Figure 2)

0.0025–250 mg/
kg bw day by
gavage
N = 6

1) Yes ∩ 1) Early effect 1) Yes 1) Unclear as no
effects are
observed on semen
quality in the clarity
study (Clarity BPA,
NTP 2018)

Badding et al. (2019)
(Clarity), effects of BPA early
gestation exposure in rats.

This paper evaluated NMDR
using the six checkpoints for
all outcomes with suspected
NMDR. Authors identified:

1) Percent basophils at 1 year
in stop arm for females
(Table 4, Figures 1 and 2)

2) Total bile acids at 1 year in
stop arm for males (Table 5)

Authors discarded other
outcomes as unlikely (< 5
checkpoints)

0.0025–25 mg/kg
bw day by gavage
N = 5

1) Yes ∩
2) Yes U

1) Intermediate
2) Intermediate

1) Yes?
2) Yes?

1 and 2 unclear? NMDR seems quite clear but
replication in another study
would strengthen these
findings. Biological relevance
is unclear.
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Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Uchtmann et al. (2020)
(Clarity), effects of BPA early
gestation exposure in rats.

1) Body weight (Figure 4),

2) Fetal urogenital sinus
epithelium thickness
(Figure 7)

0.0025–25 mg/kg
bw day by gavage
N = 5

1) Unclear
2) Unclear

1) Apical
2) Intermediate?

1) Unclear
2) Unclear

1) For body weight,
it is unclear what
effect size in
rodents is
biologically relevant
2) Same for
urogenital sinus

1) PNMDR 58.8
2) PNMDR 31 (U)

1) High variability within
dose groups. Lack of NMDR
at all other postnatal dates.
2) Absence of adverse effect
on female reproductive
outcomes leaves a question
mark on the biological
relevance of the findings on
urogenital sinus.

Li et al. (2019) (literature
search), effects of BPA, peri/
post pubertal exposure in
male mice

1) SREBP-1c mRNA/protein
expression (Figure 3)

2) SREBP-2 mRNA/protein
expression (Figure 1)

3) HMGCR mRNA/protein
expression (Figure 1)

4) SCD-1 mRNA/protein
expression (Figure 3)

5) Serum triglycerides and
total cholesterol (Table 4)

6) Serum LDL-C, HDL-C, ALT,
AST (Table 4)

7) Liver triglycerides and total
cholesterol (Table 4)

0.05–5 mg/kg bw
day in the diet
N = 3

1) Yes ∩
2) Yes ∩
3) Yes ∩
4) Yes ∩
5) Yes ∩
6) Yes ∩
7) Yes ∩

All early effects All unclear All mechanistic
information not
relevant, in
isolation, for the
consideration of
adversity

6) PNMDR 98.4 for
ALT
7) PNMDR 70.1

Significant differences at
0.05 and 0.5 mg/kg bw day
but not at 5 mg/kg bw day.
Changes in biochemical
parameters are very small,
and it is not mentioned
whether they are within the
historical control range.
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Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Rubin et al. (2017)
(literature search), effects
of BPA, perinatal or perinatal
and peripubertal exposure in
mice

1) Body weight in female
exposed perinatally and
peripubertally (Figure 1)

2) Body composition in
female exposed perinatally
and peripubertally (Figure 6)

0.00025–0.250
mg/kg bw -per
day subcutaneous
exposure
perinatally and by
drinking water
peripubertally
N = 4

1) No
2) No

1) Apical
2) All
Intermediate

1) PNMDR 79 for
PND 28 and 81 for
PND 35 (∩). No
effects at other
PND.

2) PNMDR 83 for fat
(g) and 66 for fat
(%) (∩).

The probabilistic assessment
indicates NMDR with ~ 80%
probability at PND 28 and
35. However, no sign of
NMDR was observed at later
ages which somewhat
reduces the relevance of this
finding in terms of assessing
risk. The role of chance for
this observation also seems
plausible. Same conclusions
apply to body composition in
females (% fat).

Yang et al. (2016).
(literature search), effects
of BPA, pubertal exposure in
mice

1) Body weight (Figure 1)

2) Fat mass (Figure 1)

3) iWAT and eWAT (Figure 1)

4) C/EBP-a (Figure 3)

5) SREBP-1c (Figure 3)

6) SCD-1 (Figure 3)

7) Inflammation (Figure 5)
Effects of BPA metabolites on
humans

1) Plasma Leptin in lean
female subjects (Figure 6)

2) TNFa levels in lean female
subjects (Figure 6)

0.0005–5 mg/kg
bw day in the diet
N = 4

No for body
weight and fat
mass. Unclear for
other measures

Early to
intermediate (?)

Unclear Changes in body weight and
fat mass are randomly
distributed. All other effects
are very early events
providing mechanistic
information and are not used
as RP in risk assessment.
They are seen only at
highest dose, maybe due to
overt toxicity (100xthe TDI).
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Publication, chemical and
measured effects

Dose range, No.
of dose-groups
(N) excluding
controls

1) Presence/
shape of NMDR
(checkpoints
not fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability of
NMDR (%) as
described by
Chevillotte et al.
(2017a,b)╫

Comments

Sharma et al. (2019)
(literature search), effects
of BPA, exposure in mice

1) PPAR (a, b, c) mRNA

2) Protein expression in
testes (Figure 2)

4–16 mg/kg per
day
intraperitoneally
N = 3

1) No
2) Yes ∩

1) Early event
2) Early event

Unclear 1) Monotonic decrease in all
dose groups; however,
controls were lower than the
lowest dose group.

The apical effect (pattern of
histopathological effects)
was monotonic.

Zhang et al. (2019)
(literature search), human
cohort study of pregnant
women

1) Fasting plasma glucose
(Figure 1)

Urine samples
collected at ~ 13
weeks of
gestation to
examine the
concentration of
4 bisphenols
(BPA, BPS, BPF,
BPAF)

1) Yes U 1) Intermediate Unclear NMDR (U-shaped curve)
observed only in fasting
plasma glucose levels among
overweight pregnant women.
For overweight women,
higher BPA concentrations
were, however, associated
with lower risk of GDM. This
association is inconsistent
with the pattern observed for
fasting plasma glucose levels
(based on the NDMR for
fasting plasma glucose one
would expect to see higher
risk of GDM at high BPA
exposures). As such these
findings appear inconsistent.

Zhou et al. (2017)
(literature search), effects on
BPA, pubertal exposure in
male mice (n = 8, 8 week
exposure)

1) Neuron quantity in the CA3
region of the hippocampus
(Figure 4)

0.0005–5 mg/kg
bw per day by
gavage
N = 3

1) No 1) Intermediate Decrease in low- and high-
dose group. No effect in
mid-dose group. In another
region of the hippocampus
there was no effect on the
neuron quantity and in a
third region there was a
decrease in the high-dose
group.

www.efsa.europa.eu/efsajournal 38 EFSA Journal 2021;19(10):6877

Opinion on the impact of NMDR on EFSA0s human health risk assessments

 18314732, 2021, 10, D
ow

nloaded from
 https://efsa.onlinelibrary.w

iley.com
/doi/10.2903/j.efsa.2021.6877 by C

ochrane France, W
iley O

nline L
ibrary on [27/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



*: CP = checkpoint as defined in Beausoleil et al. (2016) (see full list at the ‘Introduction’ section):
CP-3. Can the apparent NMDR be explained by one single potential outlying dose group?
CP-5. Is the steepness of the dose-response curve outside the range of biologically plausible/realistic dose-response shapes?

∏: The symbol U indicates an NMDR with U (or J) shape, the symbol ∩ indicates a NMDR with inverted U (or J) shape.
‡: Only addressed when a possible NMDR is confirmed under 1. Presence/shape of NMDR.
╫: The key Monte Carlo resampling results are presented, for additional results see the publications or Appendix A.
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In Beausoleil et al. (2016), four studies on BPA were identified and evaluated with respect to the
six checkpoints (Tyl et al., 2002; Zsarnovszky et al., 2005; Kendig et al., 2012; Angle et al., 2013). A U-
shaped NMDR was identified for liver weight in the F2 generation, intracellular signalling (pERK-
IRCellAtP10) and cell numbers in gonadal and renal fat pads; while an inverse U-shaped NMDR was
observed for semen quality. Each of these studies only fulfilled four checkpoints or less. Independent
review of these studies in Table A.1 is in line with Beausoleil et al. (2016) that the presence of NMDR
in these studies is subject to some uncertainty. The six check points are, however, primarily based on
statistical considerations for evaluating a single study and they do not address accumulated evidence
from more than one study. To address this uncertainty, outcomes included in Beausoleil et al. (2016)
were addressed further by screening for more recent studies that may confirm these findings. No
studies on liver weight or intracellular signalling (pERK-IRCellAtP10) were identified. For sperm count,
Hass et al. (2016) reported a U-shaped association with sperm quality, which is in the opposite
direction to the NMDR reported by Kendig et al. (2012). In the more recent CLARITY-BPA study
(CLARITY BPA, NTP 2018), no indications of NMDR were observed. Overall findings on NMDR and male
fertility appear inconsistent.

Using data from the CLARITY-BPA study, Montevil et al. (2020) reported a non-monotonic dose
response between BPA and different morphological features of the mammary gland assessed at
postnatal day 21. A summary of these results has been reported in the compilation of academic
CLARITY-BPA studies by Heindel et al. (2020). The biological interpretation of some of the outcomes
presented in Heindel et al. (2020) (Figures 8 and 9) is not always straightforward (such as the third
dimension of a PCA analyses on the 91 structural features). The focus of this discussion is therefore
centred on the statistical evaluation of the dose response. The authors assessed non-monotonic dose
response (NMDR) using a simple linear step function with the unit function defined as lying between
the 25 and 250 lg/kg bw doses. It is fair to say that use of step functions to assess biological
responses is not widespread, but use of such functions is more common in engineering or finance to
capture sudden initiated shifts in processes (e.g. sudden changes in voltage or market conditions,
respectively). The use of this function in the context of the dose response observed in Figures 8 and 9
appears, based on the authors’ description, to be data driven, as the unit function is predefined based
on the observed shape of the data. Such an approach is not compatible with formal hypothesis
testing. A more conventional approach would be to ask, is there an overall effect? Assuming normal
distribution of the outcomes in Figures 8 and 9, a simple F-test shows that only the ‘standard deviation
of the width in 3D’ (Figure 8A) reaches formal significance (p = 0.03). The thickness measure (in lm,
Figure 8B, p = 0.06) was also borderline significant. The effect here appears driven by the 25 lg/kg
bw dose only. The next question would then be to assess whether there is a dose response? Using a
more conventional approach, a linear function is non-significant (p = 0.76) and the same applies to
polynomial of second degree as well (p = 0.23). Modelling the data with more biologically based and
flexible functions in PROAST (Hill and Exponential) also reaches the same conclusion (p > 0.05). The
use of PROAST would be considered a more conventional approach for risk assessment and is by no
means restrictive as these functions can easily be used to assess non-monotonicity (Badding et al.,
2019). The same conclusions were also reached when fitting cubic splines, except when the number of
knots reaches the level at which the data are clearly overfitted (see Figure A.1 below).
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Taken together, a reasonable conclusion would be to say that the overall significance identified using
ANOVA is driven by the 25 lg/kg bw dose group only (Figure 8A). A formal dose response is, however,
not identified by fitting flexible biologically based functions or polynomials that are commonly used to
describe biological systems. Without further biological explanations, justifying why the 25 lg/kg group
may deviate by other reasons than chance, it is reasonable to conclude that there is no dose response.

If the findings from this paper were replicated in a different setting or if a clear biological
explanation explaining the pattern observed in the data were given, then alternative conclusions may
very well be reached (based on biology). However, identifying NMDR statistically by fitting flexible
functions selected on the basis of how data looks runs the risk of identifying NMDR when random
fluctuations and variability in the data are at least equally likely.

Using the six checkpoints, Badding et al. (2019) identified two endpoints (%basophils for females
and total bile acids at 1 year in stop arm for males) in the CLARITY-BPA study that fulfilled at least five
of the six checkpoints. Similar findings have not been reported in previous studies. Finally, the
presence of NMDR following in utero exposure has been observed in some but not all studies on BPA
(Lagarde et al., 2015). These findings may be in line with findings on NMDR for cell numbers in renal
and gonadal fat pads (Angle et al., 2013). Overall findings on NMDR for weight appear unstable and
they may be sensitive to various experimental conditions (Lagarde et al., 2015). The relevance of such
possible NMDR is perhaps best highlighted in the CLARITY-BPA study where some indications of NMDR
at postnatal day 1 have been suggested (Uchtmann et al., 2020). Even if so, no further difference in
weight between dose groups was observed at later time points (CLARITY-BPA, NTP 2018) making the
biological relevance of this observation highly uncertain. In summary, the endpoints identified and
consistency of findings across studies do not suggest that NMDR is of relevance for the risk
assessment of BPA.

Answer to the questions (proposed approach)

What is the experimental evidence for the effect observed (in vitro/in vivo? Other?)
• There are a number of in vivo studies suggesting NMDR for some early, intermediate and apical effects. The
CLARITY-BPA study developed to bridge guideline-compliant research conducted at the FDA with hypothesis-
based research investigations conducted by academia on the toxicity of BPA has provided additional
evidence.

• Statistical assessments have identified some NMDR data sets extracted from the CLARITY-BPA study, e.g. for
weight at specific time points. However, for each outcome, there is a lack of consistency across existing
studies.

Figure A.1: Restricting cubic spline using four knots as an example of overfitting data to identify
NMDR (p = 0.03)
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What is the biological relevance of the effects observed? Can a (quantitative) relation between the
observed effect and an adverse outcome be established? Ideally: Could a mechanistic sequence
(AOP) be partially or fully established? If yes, specific considerations need to be applied and a
diversion from the current methodologies for RA may be needed
• In addition to the lack of consistency in the findings reporting NMDRs across studies, for several outcomes
where NMDR has been suggested, no biological explanation that mechanistically connects the observed
NMDR has been established.

• Monotonic responses are observed for those endpoints relevant for establishing the RP
• The assessment does not suggest that NMDR is of relevance for the risk assessment of BPA.

If information is lacking on whether an observed effect can lead to an adverse outcome, additional
testing may be needed. Here, NAMs would be of relevance given the need for identifying a
mechanistic sequence of events.
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Annex B – Assessment of non-monotonicity reported for phthalates

Introduction

In Beausoleil et al. (2016) (EFSA External Report), phthalates (DEHP and DBP) are reported within
the substances under EFSA remit with the highest number of in vivo data sets reporting potential
NMDR (30 for DEHP and 5 for DBP). For one data set, aromatase activity in rats exposed to DEHP
(Andrade et al., 2006), the six checkpoints were met. Phthalates in general and DEHP in particular
were also identified in the targeted literature search conducted for updating the information.
Consequently, specific assessments of NMDR have been considered in this Opinion. This Annex
presents the assessment for the phthalates, focusing on DEHP.

Key elements from the EFSA assessment on phthalates

Phthalates are plasticisers used as FCM under the EFSA domain. Several phthalates are considered
as having properties associated with endocrine activity, are classified as toxic for the reproduction (CLP
1B), considered substances of very high concern (SVHC) requiring authorisation prior to use (Annex
XIV) and have use restrictions (Annex XVII) under the REACH Regulation.

The EFSA CEP Panel established a temporary group-TDI of 50 lg/kg bw per day for four phthalates
(dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), bis(2-ethylhexyl) phthalate (DEHP), diisononyl
phthalate (DINP). One of the criteria for grouping these phthalates was a common mode of action,
reduction in fetal testosterone level as an intermediate key event. In particular, ‘with regard to the
grouping of these phthalates due to similar reproductive effects, the CEP Panel considered the
reduction of the fetal testosterone production during a window of susceptibility in rats induced by DBP,
BBP and DEHP as a critical step in the reproductive toxicity of the phthalates. This effect provided the
basis for grouping together these phthalates, there being a mechanistic rationale for the plausibility
and validity of grouping (EFSA CEP Panel, 201910)’.

The reduction of fetal testosterone levels in males is widely recognised as a critical step for the
malformation of androgen-dependent reproductive tissues (AOP 288: Collet, 2020) (NAS, 201711).
Therefore, the EFSA assessment on phthalates is mainly focused on their reproductive effects,
indicating that a full assessment of all other adverse effects was not feasible within the mandate
timelines, as elucidated in Section 1.2 that states ‘in compliance with the European Commission
mandate referring to the predefined dataset underlying the 2017 ECHA’s proposal to restrict the use of
DBP, BBP, DEHP and DIBP under the REACH Regulation, also this CEP Panel’s assessment is mainly
centred on phthalate-induced reproductive effects. The CEP Panel is aware of the intrinsic limitations of
this approach and considers that all the potential toxicological endpoints should be examined with the
same degree of rigour. However, due to the limited time for the completion of the opinion and the
amount of new evidence available since the 2005 publication of the EFSA Food Additives, Flavourings,
Processing Aids and Materials in Contact with Food (AFC) Panel’s assessments of DBP, BBP, DEHP, DINP
and DIDP (EFSA, 2005a,b,c,d,e), the Panel considered it unfeasible to perform a comprehensive review
of all the new data on these phthalates’ (EFSA CEP Panel, 2019).

However, the Panel highlighted the concern for other possible effects and concluded that ‘effects
not sufficiently investigated in this opinion, in particular potential effects on neurodevelopment, the
immune and/or the metabolic systems for DBP, BBP and DEHP, could be more sensitive endpoints
compared to their reproductive toxicity’. In particular, regarding neurological and neurodevelopmental
effects, the EFSA assessment is in line with the ECHA considerations (2017a)12 ‘altered
neurodevelopment has been associated with high phthalate exposures in children, as reviewed by

Opinion on the impact of NMDR on EFSA0s human health risk assessments

10 EFSA CEP Panel (EFSA Panel on Food Contact Materials, Enzymes and Processing Aids), Silano V, Barat Baviera JM, Bolognesi
C, Chesson A, Cocconcelli PS, Crebelli R, Gott DM, Grob K, Lampi E, Mortensen A, Riviere G, Steffensen I-L, Tlustos C, Van
Loveren H, Vernis L, Zorn H, Cravedi J-P, Fortes C, Tavares Pocas MF, Waalkens-Berendsen I, Wolfle D, Arcella D, Cascio C,
Castoldi AF, Volk K and Castle L, 2019. Scientific Opinion on the update of the risk assessment of di-butylphthalate (DBP),
butyl-benzyl-phthalate (BBP), bis(2 ethylhexyl)phthalate (DEHP), di-isononylphthalate (DINP) and di-isodecylphthalate (DIDP)
for use in food contact materials. EFSA Journal 2019;17(12):5838, 85 pp. https://doi.org/10.2903/j.efsa.2019.5838

11 NAS (National Academies of Sciences, Engineering, and Medicine), 2017. Application of Systematic Review Methods in an
Overall Strategy for Evaluating Low-Dose Toxicity from Endocrine Active Chemicals. The National Academies Press,
Washington, DC. https://doi.org/10.17226/24758

12 ECHA, 2017a. Committee for Risk Assessment (RAC) and Committee for Socio-economic Analysis (SEAC). Opinion on an Annex
XV dossier proposing restrictions on four phthalates (DEHP, BBP, DBP, DIBP). ECHA, 2017b. Committee for Risk Assessment
(RAC) and Committee for Socio-economic Analysis (SEAC). Background document to the Opinion on the Annex XV dossier
proposing restrictions on four phthalates (DEHP, BBP, DBP, DIBP).
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Miodovnik et al. (2014). Numerous behavioural disorders including autism spectrum disorders, ADHD,
learning disabilities and altered play behaviour have been associated with higher phthalate exposure in
humans (reviewed by Braun et al., 2013). Animal studies examining behavioural effects of phthalate
exposure have shown some effects that may be related to altered sex differentiation, whereas other
behavioural effects do not appear to be linked with disruption of sex hormones. Different modes of
action for phthalate effects on neurodevelopment have been proposed, including interference with the
thyroid hormone system, altered calcium signalling, relation to activation of PPARs in brain and altered
lipid metabolism (Miodovnik et al., 2014)’.

The Panel identified several limitations when evaluating these neurodevelopmental effects and this
aspect was considered in the uncertainty analysis and in the recommendations. In particular, in the
uncertainty analysis the EFSA CEP Panel mentions that ‘among several sources of uncertainty identified
in a qualitative uncertainty analysis, the main impacts on risk assessment could be attributed to: lack
of a sufficient evaluation of toxicity endpoints other than reproduction, i.e. neurodevelopment, immune
and/or metabolic system, that could be more sensitive. This could lead to an underestimation of the
risk based on the currently proposed group approach focusing on the reproductive effects’ (EFSA CEP
Panel, 2019).

Data and methodologies

The data source included the studies on phthalates included in Beausoleil et al. (2016),
complemented with a targeted literature search performed in June 2020 (See Table B.1 for
specifications). In line with the ToRs, the selection focused on in vivo mammalian studies and was
extended to cover epidemiological studies. The references and citations of the retrieved articles were
also searched and relevant studies retrieved and included as results of the search.

The data source was completed with additional information on the effects of phthalates on
testosterone levels, obtained from references and citations of the retrieved articles, as well available
reports and reviews on phthalates including DEHP and its metabolite MEHP. The selection focused on
all experimental evidence on the effects of phthalates on testosterone levels in mammals, including
in vitro and ex vivo studies and/or studies that did not mention NMDR.

The assessment of biological plausibility was based on expert judgement, supported by general
knowledge and the specific references mentioned in the assessment section.

Assessment

Beausoleil et al. (2016) included two publications on DBP and six on DEHP, the evaluation of the
DEHP publications indicated that those from Andrade et al. and Grande et al. corresponded to the
same study, and identified one additional publication from the same study not included in Beausoleil
et al. (2016), that was added for completeness. The NMDRs suggested by these publications are
summarised in Table B.2.

Table B.1: Characteristics and results of the targeted literature search

Database String Complementary search Results

Web of Science
selecting the
following indexes:
SCI-EXPANDED,
SSCI, A&HCI, CPCI-S,
CPCI-SSH, BKCI-S,
BKCI-SSH, ESCI,
CCR-EXPANDED, IC.

TS = (nonmonotonic OR
monotonic OR non-monotonic
OR hormesis OR hormetic OR
biphasic OR (nonlinear OR non-
linear) OR (inverted AND
(curve* OR shape*))) AND
TS= (phthalate* OR dehp OR
mehp)

The search was complemented
with the analysis of the
references and citations of the
retrieved publications

332 articles retrieved

31 studies selected as
final result after the
screening
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Table B.2: Studies on phthalates with data sets on NMDR included in Beausoleil et al. (2016) (EFSA External Report)

Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Bao et al. (2011), effect
of DBP on male
reproduction in rats

1) Serum sex hormone
levels
(T, E2, LH, FSH)

2) effects on testes
(spermatogenesis,
sertoli, testes)

3) Protein expression

0.1–500 mg/
kg bw day by
gavage,
N = 5

1) No. E2 and LH 1
data point (CP-5
and CP-6 for E2,
less than 3 met
for the others)

2) No. Toxicity at
> 100 mg/kg bw)
(N/A)

3) No. Vimentin 1
data point (N/A)

1) Early event
2) Apical effect
3) Early event

– – 1) PNMDR 89 (∩
for LH)
2) Not analysed
3) Not analysed

For T, an ∩ shape trend is
observed (reaching 130% of
control values) but
differences are not
statistically significant

Lehmann et al. (2004),
effect of DBP in utero
exposure in male rats

1) Testicular mRNA
levels

2) Protein expression
3) Testosterone levels

in testes

0.1–500 mg/
kg bw day by
gavage
N = 6

1) No (less than 3
met)

2) No, 1 data point
3) No, clearly

monotonic

1) Early event
2) Early event
3) Intermediate

– – 1) Low for
NMDR (MDR for
the different
mRNA)
2) Not analysed
3) Not analysed

Andrade et al. (2006a)
(adult male), effects of
DEHP in utero and
lactation exposure on adult
male rats

1) Serum T
concentration

2) Sperm morphology,
testicular
morphometry

3) Sexual behaviour

0.015–405
mg/kg bw
day by
gavage
N = 10

1) No (CP5 and
CP-6)

2) No (Only 2 CP
met)

3) No (Only 2 CP
met)

1) Early event
2) Intermediate
3) Apical effect

– – Not analysed 1) Large within-group
variability
3) Large within-group
variability (SE)
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Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Andrade et al. (2006b)
(aromatase), effects of
DEHP in utero and
lactation exposure on
aromatase activity at PND
1 & 22 in rats

1) Males PND1
2) Females PND1
3) Males PND22
4) Females PND22

0.015–405
mg/kg bw
day by
gavage
N = 10

1) Yes U (All
checkpoints met)
2) No (All unmet)
3) No (All unmet)
4) No (Only 3 met)

1) Early event
2) Early event
3) Early event
4) Early event

Yes No for
reproduction
(supported by,
no effects on
apical Repro
parameters in
the other
publications
covering this
study (Andrade
et al. 2006a,c;
Grande et al.,
2007).

Not analysed 1) Large, overlapping SD
and plateau at 4 highest
doses.

4) Consistent increase
except 1 data point

Aromatase NMDR could be a
possible mechanism for T
increases. The role of T
increases in possible
pathways towards non-
reproductive adverse effects
is to be investigated.

Grande et al. (2007),
effects of DEHP in utero
and lactation exposure on
reproduction in female rats

1) Age vaginal opening
2) Age at 1st oestrus
3) Ano-genital distance
PND22
4) Number of nipples at
PND13

0.015–405
mg/kg bw
day by
gavage
N = 10

1) No, increase at high
doses
2) No, trend for
increase at high doses
3) No effect
4) No effect

1) Intermediate
2) Intermediate
3) Apical
4) Intermediate

– – Not analysed Not included in Beausoleil
et al. (2016) but added for
completeness as reports
findings from the same
study.

Repro parameters not
affected (litter size,
implantation, birth wt, sex
ratio, ano-genital distance at
PND22, number of nipples at
PND13, . . .)
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Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Andrade et al. (2006c)
(juvenile males), effects
of DEHP in utero and
lactation exposure on male
offspring in rats

1) N-genital distance
PND22
2) Number of nipples at
PND13
3) Testis weight
4) Tubule diameter
5) Intratesticular
testosterone PND1
6) Histopathol. Alterations
in testes
7) Age at testis
descending
8) Age at preputial
separation
9) Bw at preputial
separation

0.015–405
mg/kg bw
day by
gavage
N = 10

1) No.
2) No. ↑ at 405 only
3) No. ↑ ≥ 5–135,
↓ at 405
4) No effect
5) No effect
6) No. Effects at ≥ 135
mg/kg bw
7) No. No effect
8) No. Trend for delay
9) No

1) Apical
2) Apical
3) Apical
4) Intermediate
5) Intermediate
6) apical effect
7) Apical
8) Apical
9) Apical

– – Not analysed 1) Increase of one data
point of doubtful biological
relevance

Not included in Beausoleil
et al. (2016) but added for
completeness as reports
findings from the same
study.

Authors comment: Body
weight at preputial separation
was mostly unchanged and
significant differences
(decreased body weight)
were only detected at 0.135,
0.405 and 405mg/kg per day
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Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Christiasen et al.
(2010), effects of DEHP
in utero and lactation
exposure on male
reproduction in rats

1) Levator ani/
bulbocavernosus muscles
(LABC) weight
2) Body weight
3)Adrenal weight
4) Number of nipples in
male
5) Incidence of male
offspring with mild
external genital dysgenesis
6) Expression of prostate
binding protein subunit C3
(PBPC3) mRNA in ventral
prostate
7) Right testis weight
8) Ventral prostate weight
9) Expression of ornithine
decarboxylase (ODC)
mRNA in ventral prostate
10) Liver weight

3–900 mg/kg
bw day by
gavage,
N = 7

1) No (Only 3 met)
2) No (Only 2 met)
3) No(Only 2 met)
4) No, 1 data point
(larger ↑at 10 mg/kg)
(Only one met)
5) No (Only 1 met)
6) No (Only 1 met)
7) No (Only 1 met)
8) No (Only 1 metz
9) No (All unmet)
10) No (All unmet)

1.–5.; 7.-8.;10.
Apical effect
6.;9.

early event

– – 1) Low for
NMDR (PMDR 47)

2) Low for
NMDR (PMDR 49
MDR)

3) Low for
NMDR PMDR (42)

4) Not analysed

5) Not analysed

6) Low for
NMDR (PMDR 86)

7) Low for
NMDR (PMDR 90)

8) Low for
NMDR (PMDR 82)

9) Low for
NMDR (PMDR 78)

10) Low for
NMDR (PMDR

68.9)

Monotonic effect for
ano-genital distance PND1
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Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Do et al. (2012), effects
of DEHP in utero
exposure on male
reproduction in mice

1) Maternal serum
testosterone
2) Fetal male serum
testosterone GD18
3) Male offspring testicular
testosterone
4) Ano-genital distance
PND18
5) Ratio AGD/BW in males
6) Testis weight

0.0005–500
mg/kg bw
day, feed
once daily
(GD9–18),
N = 6

1) Yes ∩, trend, (CP-3
and CP-6)
2) No. (Only 3 met)
3) No (only 1 met)
4) No. (Only 2 met)
5) No (Only 1 met)
6) No (All unmet)

1) Intermediate
2) Intermediate
3) Intermediate
4) Apical
5) Intermediate
6) Apical effect

1) ? 1) No for
reproductive
effects. No
effect on litter
size

1) PNMDR 47 (∩)

2) PNMDR 40.24
(∩)

3) PNMDR 54 (∩)

4) PNMDR 38.5
(∩)

5) PNMDR 31.5
(∩)

6) Low for
NMDR (PMDR

43.9)

2) Relative to controls,
similar increase except at
500, confirmation by
probability assessment

3) No differences vs. control

4) Large SD, 1 data point

6) Decrease at ≥ 50 mg/kg
bw

No effects on litter size,
birthweight and sex ratio
5 driven mainly by 1
datapoint

Relevance for phthalate risk
assessment is uncertain.

Grande et al. (2006)
(juvenile females)
effects of DEHP in utero
and lactation exposure on
female offspring in rats

1) Body weight of
offspring at PND1
2) Body weight at vaginal
opening
3) Kidney weight of dams
4) Body weight at first
oestrus

0.015–405
mg/kg bw
Gavage,
(GD6-
PND21),
N = 11

1) No effects (CP-5
and CP-6)
2) No effects (Only 2
met)
3) No effects (Only
one met)
4) No effects (Only 1
met)

1) Apical effect
2) Apical effect
3) Apical effect
4) Apical effect

– – Not analysed No effects observed for E2,
progesterone or oestrus
cycling.
Effects at the highest dose
for vaginal and uterine
luminal cell height and
No. of ovarian atretic tertiary
follicles.
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Publication, chemical
and measured effects

Dose range,
No. of dose-
groups (N)
excluding
controls

1) Presence/shape
of NMDR
(checkpoints not
fulfilled*)

2) Nature of
measured
effect

3) Biol
plaus*

4) Role
in adversity*

5) Probability
of NMDR (%)
as described
by Chevillotte
et al. (2017a,
b)╫

Comments

Blystone (2010), rats
Multigeneration study,
exposure of P0, F1, F2 (3
litters each generation)

1) Testicular malformations
2) Epididymis
malformations
3) Pregnancy index
(number of females
delivering/number of
cohabiting pairs) in F3
generation

1.5–10,000
mg/kg feed
(F3 only up
to 7,500 mg/
kg feed)
(0.1–500 mg/
kg bw day)
N = 8 (1.5
mg/kg feed in
controls)

1 & 2) No. increased
incidence at ≥ 7,500
mg/kg feed
3) No.
F3 pregnancy index
↓ at 7,500 mg/kg feed
(359 mg/kg bw)F1 at
10,000 mg/kg feed
(543 mg/kg bw) did
not produce F2

1-3) Apical effect – – Not analysed In controls, background
exposure was measured.

(Remark: included to support
the Grande/Andrade studies
and to highlight the lack of
measurement of background
exposure in probably all the
other studies)

*: CP = checkpoint as defined in Beausoleil et al. (2016) (see full list at the ‘Introduction’ section):
CP-3. Can the apparent NMDR be explained by one single potential outlying dose group?
CP-5. Is the steepness of the dose-response curve outside the range of biologically plausible/realistic dose-response shapes?

∏: The symbol U indicates an NMDR with U (or J) shape, the symbol ∩ indicates a NMDR with inverted U (or J) shape.
‡: Only addressed when a possible NMDR is confirmed under 1. Presence/shape of NMDR.
╫: The key Monte Carlo resampling results are presented, for additional results, see the publications.
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A potential NMDR was observed for maternal serum testosterone in Do et al. (2012), with increases
at intermediate doses but less clear NMDR assessment for fetal male serum testosterone at GD18 and
male offspring testicular testosterone. Andrade et al. (2006a) observed increased serum testosterone
levels in adult male rats exposed during gestation and lactation to 0.045, 0.405 and 405 mg DEHP/kg
per day, while levels were similar to control levels at the other doses. However, the mechanistically
linked apical effects showed monotonic dose-responses. An additional literature search was conducted
for complementing these observations.

Table B.3 lists all the scientific articles retrieved from the literature search. The NMDRs observed by
authors for phthalates have been reported particularly for neuroendocrine, metabolic and reproductive
effects. All the studies were analysed by the WG and the comments are reported in the table.

Table B.3: Selected publications retrieved from the literature search complemented with the
references and citations of the retrieved publications

Author
NMDR reported
by authors

Type of study
Comments on non-monotonicity and
analysis

Adibi et al.
(2010)

Gene expression in
the steroidogenesis
pathway

Epidemiological study on
phthalates’ metabolites in
placenta

Some indication of NMDR but mostly driven
by fluctuations in the 4th quintile. Relevance
of gene expression in the steroidogenesis
pathway for risk assessment is unclear.

Andrade et al.
(2006b)

Brain aromatase
activity

DEHP exposure on Wistar
rats

Already included in the data set provided by
Beausoleil et al. (2016) (EFSA External
Report).

Maybe related to the increase of T leading
to overcompensation of the homoeostatic
feedback mechanism?

Ashley-Martin
et al. (2015)

IL-33/TSLP and IgE Epidemiological study on
phthalates’ metabolites (first
trimester of pregnancy)

Associations were modelled using restricted
cubic spline and model fit suggests the
presence of NMD for levels of both IL-33/
TSLP and IgE.
Exposure based on measured levels of
MCPP (DBP metabolite)

Barakat et al.
(2019)*

Impaired fertility Environmentally relevant
mixture of phthalates (15%
DiNP, 21% DEHP, 36% DEP,
15% DBP, 8% DiBP, and 5%
BBzP) exposure on CD-1
mice

The lowest dose group (20 lg/kg per day)
gave the severest impact for some
reproductive endpoints, displaying non-
monotonic (gonadal weight at 12 months,
StAR and CYP11 expression, sperm
concentration) or complex dose response

Binder et al.
(2018)

BV (breast total
volume)

Epidemiological study on
phthalates’ metabolites
(adolescent girls)

The authors evaluate the dose response
(MCNP in urine) by modelling the data using
tertiles of exposure. With only three groups
limited conclusions of NMDR can be drawn.

Botelho et al.
(2009)

Serum cholesterol DEHP exposure on Wistar
rats

N = 4 (0, 250, 500, and 750
mg/kg per day)
From PND21 to PND51 by
gavage

Few and too high doses

De Cock et al.
(2016)

Birth weight Epidemiological study on
phthalates’ metabolites
(pregnant women)

The authors evaluate the dose response
(MECPP, MEHH in cord plasma) by
modelling the data using tertiles of
exposure. With only three groups limited
conclusions of NMDR can be drawn.

Dai et al.
(2015)*

Development of
neurotransmitter
systems in brain
and behaviour

DEHP exposure on CD-1
mice

Only 3 doses, all below the NOAEL for
reproductive effects, the reported NMDR
cannot be assessed
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Author
NMDR reported
by authors

Type of study
Comments on non-monotonicity and
analysis

Do et al.
(2012)

Maternal and fetal
male serum
testosterone level

DEHP exposure on CD-1
mice

Already included in the data set provided by
Beausoleil et al. (2016) (EFSA External
Report).

Du et al.
(2018)

Serum Inhibin B
(INHB).

Epidemiological study on
phthalates’ metabolites
(‘infertile’ women)

The observed associations (with MEOHP in
urine) appear more inverse and levelling off
rather than being non-monotonic.

Gao et al.
(2019)

Preterm birth Epidemiological study on
phthalates’ metabolites
(pregnant women)

No indication of NMDR

Gao et al.
(2018)

Neuroendocrine
genes in the
hypothalamus

DEHP exposure on Sprague–
Dawley rats

N = 4 (0, 2, 10 or 50 mg/kg)
From GD14 to 19 by gavage

Few doses but of relevance for the RA

Ge et al.
(2007)

Testosterone level,
seminal vesicle
weight and puberty
onset

DEHP exposure on Long-
Evans rats

N = 4 (0, 10, 500, or 750
mg/kg bw per day)

PND21 to PND49

Few doses and large range (but doses
generally used for tox studies on
phthalates); saturation at high doses
(general toxicity/MTD?)?

‘low doses of DEHP (e.g. 10 mg/kg body
weight) may stimulate androgen production’

In the same study also in vitro findings that
stress the concept of LC hyperplasia

Hatch et al.
(2008)*

Body Mass Index
(BMI) in males
12–19 years old

Epidemiological study on
phthalates’ metabolites

Assessment (MEHHP in urine) based on
quartiles, lack of consistency as different
shapes are observed for other ages and
females and for quartiles for other
phthalates metabolites

Hatcher et al.
(2019)*

Neuroendocrine
genes in the
amygdala

DEHP exposure on CD-1
mice

NMDR U shape observed for Esr1 and
Nr3c2; inverted-U shape observed for Drd2
and Esr2. Individual measurements
provided supporting the assessment

Hu et al.
(2020)

Preterm birth Epidemiological study on
phthalates (add phthalates
covered by the NMDR)(first
trimester of pregnancy)

Assessment (seven different metabolites in
urine) based on quartiles, visual inspection
appears to suggest NMDR for some
phthalate metabolites (e.g. MCPP). Main risk
factors for preterm births include infections,
high blood pressure and diabetes but in
many cases the causes are unknown. In
that perspective the biological explanation
for the apparent NMDR in this study is
unclear

Huang et al.
(2019)

Lipid metabolism DEHP and DINP exposure on
Kunming mice

N = 3 (0.048 or 4.8 mg/kg)

PND0 to 21

Number of doses not adequate for
determining NDMR but of relevance

James-Todd
et al. (2012)

Diabetes Epidemiological study on
phthalates(women)

The suspected NMDR (MnBP and ∑DEHP
metabolites in urine) is driven by the 3rd
quartile. The role of chance finding by some
sort of formal testing or modelling is not
evaluated.

Kasper-
Sonnenberg
et al. (2017)

Pubertal
development

Epidemiological study on
phthalates (children)

NMDRs proposed due to non-linear
associations (MEHP and cx-MEPP in urine),
but data not presented.
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Author
NMDR reported
by authors

Type of study
Comments on non-monotonicity and
analysis

Lee et al.
(2004)

Pituitary weight and
endocrine
alterations

DBP exposure on Sprague
Dawley rats

N = 5 (0, 20, 200, 2,000 and
10,000 ppm)

GD15 to PND21 by diet

N = 5 but MTD

Lind and Lind
(2011), Lind
and Lind
(2011)

Atherosclerotic
plaques

Epidemiological study on
phthalates

The suspected NMDR (MMP in serum) is
driven by one of the quintiles. The role of
chance finding by some sort of formal
testing or modelling is not evaluated.

Majeed et al.
(2017)

Blood serum
parameters
(cholesterol,
glucose and LDH)

DBP exposure on albino rats

N = 3 (0, 10, 50 mg/kg per
bw)

For 13 weeks, by diet

Not enough doses to establish a NMDR but
‘Further low-dose investigations are needed
to assess non-monotonic dose responses’.

Meeker and
Ferguson
(2011)

Free total
triiodothyronine

Epidemiological study on
phthalates’ metabolites

Although the dose response between
MEHHP and free T3 may appear non-
monotonic an alternative explanation is that
the decrease in free T3 is simply levelling
off.

Meeker et al.
(2009)*

Testosterone Epidemiological study on
phthalates

Slight increase in T serum levels at the 2nd
quintile and clear reduction at the 5th
quintile

Oudir et al.
(2018)

Serum testosterone
level

DEHP exposure on Wistar
rats

N = 4 (0, 0.5, 50, 5,000 lg/
kg bw per day)
From PND 21 to 120, by
gavage

Retrieved also from the first literature
search
Few doses but of relevance

Pan et al.
(2011)

Epidemiological study on
phthalates’ metabolites
(Workers)

Results indicate the activation of the
feedback mechanism for keeping T levels
also at exposure levels well below US
HBGVs

Philippat et al.
(2012)

Birth weight and
birth length

Epidemiological study on
phthalates’ metabolites
(pregnant women)

No indication for NMDR for these outcomes

Pocar et al.
(2012)*

Reproductive
endpoints (testis
and ovary weight,
cleavage rate,
blastocyst rate,

DEHP exposure on CD-1
mice

Only two doses.
Additional information on dysregulation of
HPG feedback

Repouskou
et al. (2019)

AGD,
histopathological
changes, hormone
levels,
steroidogenesis and
gonad aromatase)

Phthalate mixture exposure
on C57/BL6 mice

N = 4 (0, 0.26, 2.6 and 13
mg/kg per day)

Gestational exposure (From
GD 0.5), by diet

Few doses but of relevance

Stroustrup
et al. (2018)

Beneficial? Epidemiological study on
phthalates’ metabolites (very
low birth weight infants)

The presence of NMDR is not evaluated and
no data to evaluate by visual inspection or
other means are reported

Wang et al.
(2016a)*

Behavioural effects DEHP exposure on ICR mice Inverted-U shape for social play and
investigation times in pubertal males, led by
a single dose (50 mg/kg per day)

Opinion on the impact of NMDR on EFSA0s human health risk assessments

www.efsa.europa.eu/efsajournal 54 EFSA Journal 2021;19(10):6877

 18314732, 2021, 10, D
ow

nloaded from
 https://efsa.onlinelibrary.w

iley.com
/doi/10.2903/j.efsa.2021.6877 by C

ochrane France, W
iley O

nline L
ibrary on [27/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



As the effects on fetal testosterone levels have been identified by the CEP Panel and others as a
critical step in the pathway for the reproductive effects in male rodents, the NMDR assessment has
focused on this endpoint. As aromatase is involved in the metabolism of testosterone to estradiol,
which is involved in driving brain masculinisation in male rodents, there is also a connection with the
NMDR observed for aromatase inhibition in DEHP exposed animals.

Evidence on the increase in testosterone observed after phthalates
exposure

According to the proposed methodology, for intermediate events such as testosterone levels, the
assessment includes different and consecutive steps. First, the available evidence suggesting an
NMDR, and the biological plausibility for nonmonotonicity are assessed. Then, if NMDR seems
plausible, the biological relevance of the observed effects should be addressed in a subsequent steps.
Following this proposal, the evidence on T increases following phthalates exposure and its biological
plausibility are described first, presenting all available studies independently of the species, gender or
exposure window. Differences in the role of testosterone, among species, sex and developmental/
physiological status at the time of exposure or the time of the observations, are considered in the
second step, the biological relevance.

A combination of statistical, probabilistic and biological relevance assessments used to analyse the
data set from Beausoleil et al. (2016) resulted in the identification of a potentially relevant NMDR
observed for serum testosterone by Do et al. (2012), who exposed via micropipette pregnant CD-1
mice with 0, 0.0005, 0.001, 0.005, 0.5, 50 and 500 mg/kg per day DEHP from gestation day (GD) 9 to
18 and examined mothers and male fetuses on GD 18. In particular, an inverted U-shaped dose-
response curve was observed for maternal serum testosterone, characterised by a monotonic increase
from 0 to 0.005 mg/kg per day and a monotonic decrease from 0.5 to 500 mg/kg per day.

A similar study also included in the data set from Beausoleil et al. (2016) was conducted by
Andrade et al. (2006a,b), who exposed by gavage pregnant Wistar rats with DEHP (0, 0.015, 0.045,
0.135, 0.405, 1.215, 5, 15, 45, 135 and 405 mg/kg per day) from GD 6 to post-natal day (PND) 21
and examined offspring rats. Andrade et al. (2006a) observed an increase in serum testosterone levels
in adult male offspring (PND 144) exposed at 0.045, 0.405 and 405 mgDEHP/kg per day. In the same
study (Andrade et al., 2006b), aromatase activity was determined in hypothalamic/preoptic area brain
sections from male and female offspring on PNDs 1 and 22. In males on PND 1, aromatase activity
was inhibited at low doses (0.135–0.405 mg/kg per day) and increased at high doses (15, 45 and 405
mg/kg per day). At PND 22, aromatase activity was more affected in females, where an increase in
activity was observed at all doses except for 0.045 and 5 mg DEHP/kg per day. Similar observation
was reported by Bao et al. (2011), who exposed male Sprague–Dawley rats to DBP (0.1, 1.0, 10, 100,
500 mg/kg bw per day) by gavage during puberty (PND 35–65). Non-statistically significant increase
(+� 30%) of serum testosterone level was observed at low dose (1 mg/kg), accompanied by FSH
stimulation and non-statistically significant increase of LH and E2.

The literature search performed as described in Table B.1 resulted in several studies reporting
NMDR for serum testosterone in different exposure windows and testing conditions. In general, the
authors reported unexpected increases in testosterone levels in response to low-dose DEHP (or its
main metabolite monoethylhexylphthalate (MEHP)), in contrast to reduced testosterone levels typically
associated with exposure to high-dose phthalates. When considering these findings, it should be kept
firmly in mind that the timing of DEHP/MEHP exposure, especially whether exposure occurs prenatally

Author
NMDR reported
by authors

Type of study
Comments on non-monotonicity and
analysis

Wang et al.
(2016b)*

Body weight, and
hormone receptors

DEHP exposure on ICR mice
females

Inverted-U shape for body weight lead by a
single dose (1 mg/kg per day)

NMDR U shape for oestrogen receptor and
phosphorylation of ERK1/2

Wang et al.
(2018)

T3 or the T3/T4
ratio

Epidemiological study on
phthalates’ metabolites
(workers)

There are some indication of NMDR (the
model fit based on restricted cubic spline
regression confirms that).

*: Study retrieved in the complementary search on references + citations of retrieved publications.
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(when negative feedback control on LH secretion is largely inoperative) or postnatally (when negative
feedback control on LH secretion is operative) may be critical in determining the biological relevance.

While most available studies have identified either a monotonic decrease of testosterone levels or
no clear dose-related effects (depending on the species, tissue, and exposure and observation
timelines) following phthalate exposure, there are examples of study authors reporting a potential
NMDR for testosterone levels, including experimental studies in rats and mice, as well as
epidemiological studies.

• Rat in vivo studies:

o Oudir et al. (2018) observed an increase of serum testosterone level accompanied by Leydig
cells hyperplasia after exposure to low doses of DEHP (0.05 mg/kg bw per day). In this
study, the authors evaluated effects on reproduction of male Wistar rats after DEHP
administration (0.0005, 0.05, 5 mg/kg bw per day) by gavage from PND 21 to 120.

o Ge et al. (2007) also observed a biphasic effect for serum testosterone level after treatment
of male Long-Evans rat pups with DEHP (0, 10, 500, or 750 mg/kg bw) from PND 21 to 49.
In particular, the authors observed an increase at low-dose DEHP (10 mg/kg) and a
decrease at high-dose DEHP (750 mg/kg), with concomitant advancement in puberty onset
at the low dose. In the same study the in vitro investigation of the direct action of MEHP on
Leydig cell steroidogenic capacity resulted in an increase of LH–stimulated testosterone
production at low MEHP concentration (100 lmol/L) and inhibition at 10 mM.

• Mice in vivo studies

o An increase in circulating testosterone was also observed at 2.6 mg/kg per day by
Repouskou et al. (2019), who reported a concomitant increase in estradiol and LH levels in
adult male offspring (PND 90) after exposure of pregnant C57/BL6 mice by diet from GD 0.5
to delivery to a mixture of phthalates identified as relevant in a human study (MBP, MBzP,
MEHP and MINP) (0.26, 2.6, 13 mg/kg per day).

• Human epidemiological studies

o Epidemiological studies based on urinary phthalate metabolites also observed NMDR for
testosterone level and genes involved in the steroidogenesis pathway (Adibi et al., 2010),
and suggests potential relationships with aromatase activity (Meeker et al., 2009) and
possible alteration in HPG feedback (Pan et al., 2011).

In addition, other experimental studies evaluating the effects of phthalates observed a stimulatory
effect of phthalate exposure on testosterone concentration. These studies were not retrieved in the
search described in Table B.1 either because did not describe the observed effect as ‘non-monotonic
dose-response’, and/or because were performed in vitro or ex vivo. Table B.2 summarises the
experimental studies providing evidence for an increase in testosterone levels in response to phthalate
exposure. Only few studies provide a complete representation of this (non-monotonic) dose-response
curve, but many other studies using fewer doses provide complementary information supporting an
increase in testosterone levels at low doses of phthalates in postnatal animals, which are opposite to
the generally observed reduction in testosterone levels at high doses in postnatal animals. In contrast,
when there is fetal exposure of rats to phthalates, the effects on testosterone are generally monotonic
with higher doses suppressing testosterone, which is linked to adverse reproductive effects by the CEP
Panel and others (e.g. NAS 2017 meta-analysis). Evidence that fetal exposure to ‘low dose’ phthalates
can increase testosterone levels has been reported in the Lin et al., 2008 study, but not confirmed by
other studies at similar doses (Mahood et al., 2007; Howdeshell et al., 2008; Gray et al., 2009).
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Table B.4: Summary of experimental studies proving evidence for increases in testosterone levels in
response to phthalates’ exposure

Publication1, chemical, and
measured effects

Evidence for
testosterone (T)
increase

Additional effects observed at the same
dose

Do et al. (2012), gestational exposure
(GD 9–18) via micropipette of pregnant
CD-1 mice with DEHP (0, 0.0005,
0.001, 0.005, 0.5, 50 and 500 mg/kg
per day). Effects on reproduction on
mothers and male foetus were analysed
at GD18.

NMDR observed for
maternal serum
testosterone at GD18,
with ↑ from 0 to 0.005
mg/kg per day and ↓
from 0.5 to 500 mg/kg
per day

Fetal male serum testosterone ↑ at G18
from 0.0005 to 50 mg/kg/day and slight
↓ at 500 mg/kg/day

Slight ↑ of AGD at G18 from 0.0005 to 0.5
mg/kg/day with clear ↑ at 0.005 mg/kg/day

Repouskou et al. (2019), gestational
exposure (GD 0.5 to delivery) by diet
of pregnant C57/BL6 mice with a
mixture of phthalates (MBP, MBzP, MEHP
and MINP) (0, 0.26, 2.6, 13 mg/kg per
day). Effects on reproduction on
offspring analysed at PND 1, 21, 90.

↑ circulating
testosterone in adult
male offspring
(PND90) at 2.6 mg/kg
per day

Estradiol and LH levels ↑ in adult male
offspring (PND90) at 2.6 mg/kg per day

Cyp19a1 gene expression ↓ in developing
female ovaries of the 2.6 mg/kg per day at
PND21, and non-statistically significant ↓ at
PND90. Cyp17a1 gene expression ↓ at the
same dose at PND90.
AGD ↓ at PND21 in male and female offspring
at 2.6 mg/kg per day

Gonad weight/BW ↓ in male and female
offspring of the 2.6 mg/kg per day at PND21
and in adult females at PND90. At the same
dose, BW ↓ was also observed in female
offspring on PND21

Seminiferous tubules aberrations ↑ in
male gonad of the 2.6 mg/kg per day at
PND21

Reduced number of secondary follicles and
increased atresia in female ovaries of the 2.6
mg/kg per day at PND21. Similar effect
observed at PND90, where also primary
follicles were affected.

Lin et al. (2008), gestational exposure
(GD2 to GD20) by gavage of pregnant
Long–Evans rats with DEHP (0, 10,
100, 750 mg/kg per day). Effects on
reproduction on male offspring
analysed at GD21.

Biphasic effect
observed on fetal
Leydig cells (FLC)
testicular testosterone
at GD21 in male
offspring (+50% at
10; –66% at 750).

Insulin-like growth factor I (Igf1) and Kit
ligand (Kitl) ↑ at 10 mg/kg

Increase in number and frequency of FLCs
clusters at 10 mg/kg per day

Note: no confirmed by other studies (see
references in the text)

Andrade et al. (2006 a,b), gestational
and perinatal exposure (GD 6 to PND
21) by gavage of pregnant Wistar rats
and offspring with DEHP (0, 0.015,
0.045, 0.135, 0.405, 1.215, 5, 15, 45,
135 and 405 mg/kg per day). Effects on
reproduction in adult male offspring
analysed at PND144 (Andrade et al.,
2006a), and effects on brain aromatase
(hypothalamic/preoptic area) in male
and female pups analysed at PND 1 and
22 (Andrade et al., 2006b).

Serum testosterone
levels ↑ in adult male
rats (PND144)
exposed at 0.045,
0.405 and 405 mg/kg
per day

Reduction in daily sperm production and
weight of seminal vesicle with coagulating
glands at 405 mg/kg per day in treated adult
male rats (PND144). At the same dose level,
histopathological changes in testis were
also observed. Moreover, in one animal with
very high serum testosterone concentration
(21.8 ng/mL vs control mean = 3.5 ng/mL)
light focal Leydig cell hyperplasia was
noticed. Abnormal sperm morphology was
reported at 0.045 mg/kg/day (PND144).
Brain aromatase activity on PND 1 in males
↓ at 0.405 mg/kg per day and ↑ at 405 mg/kg/
day. At PND 22, brain aromatase activity ↑ in
males only at 0.405 mg/kg per day, and in
females at 0.405 and 405 mg/kg per day.
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Publication1, chemical, and
measured effects

Evidence for
testosterone (T)
increase

Additional effects observed at the same
dose

Jones et al. (2015), ex vivo effects on
steroidogenesis in male Sprague Dawley
rat testis at PND3 treated with MEHP
(10 lmol/L for 3 days).

Basal testosterone
production ↑ in rats
testes at PND3 after
ex vivo exposure to 10
lmol/L MEHP

Testosterone stimulation observed at 10 lmol/
L MEHP was normalized by Genistein
cotreatment.

Ge et al. (2007), prepubertal exposure
(PND 21 to 49) by gavage of male
Long-Evans rats with DEHP (10, 500, or
750 mg/kg bw per day). Effects on
reproductive endpoints and puberty
onset analysed during and immediately
after treatment.

Biphasic effect
observed for serum
testosterone levels
with ↑ at 10 mg/kg
and ↓ at 750 mg/kg in
male rats at PND 49.

Advanced puberty onset (39.7 days � 0.1
days vs C = 41.5 days � 0.1 days), at 10 mg/
kg. In contrast, delayed puberty (46.3 days �
0.6 days) was observed at 750 mg/kg.

Seminal vesicle weight and body weight
↑ at 10 mg/kg on PND 49, but not on the day
of preputial separation (index of pubertal
onset).
Non-statistically significant ↓ on pituitary LH b
subunit (Lhb) gene expression at 10 mg/kg.

Further investigation of MEHP in vitro effects
on Leydig cell steroidogenic capacity (obtained
from 35-day-old rats) resulted in a biphasic
effect with ↑ LH–stimulated testosterone
production at 100 uM and ↓ at 10 mM. No
effects were observed in cell viability at any
dose. Increase in MEHP-induced T production
was also observed in absence of LH at 1 mM.

Akingbemi et al. (2004), pre-pubertal,
pubertal and post-pubertal exposure
(PND 21 to 48, 90, or 120) by
gavage of male Long-Evans rats with
DEHP (0, 10, or 100 mg/kg/day).
Effects on male reproduction analysed
at PND 48, 90 or 190.

Serum testosterone ↑
in male rats at 10 and
100 mg/kg/day DEHP
treatment from PND
21 to 90, and in the
100 mg/kg/day group
exposed from PND 21
to 120.

Serum luteinizing hormone (LH) ↑ at 10
and 100 mg/kg/day DEHP treatment from PND
21 to 90 and 120.

Basal and LH-stimulated T production per
Leydig cell, measured ex vivo, ↓ at 10 and
100 mg/kg/day DEHP treatment from PND 21
to 90, and in the 100 mg/kg/day group
exposed from PND 21 to 120.

Cell cycle proteins (PCNA, P53, cyclin D3,
cyclin G1) gene expression in Leydig cells
(LC) and LC number ↑ at 10 and 100 mg/
kg/day DEHP treatment from days 21 to 90. At
the same doses, LC number and thymidine
incorporation by LC ↑ after treatment from
PND 21 to 120.

Serum E2 levels, LH-stimulated E2
production by LC, and aromatase gene
expression in LC ↑ at 10 and 100 mg/kg/day
DEHP treatment from PND 21 to 48. Basal LC
E2 production ↑ only at 100 mg/kg/day.

Oudir et al. (2018), pre-pubertal,
pubertal and post-pubertal exposure
(PND 21 to 120) by gavage of male
Wistar rats with DEHP (0.0005, 0.05, 5
mg/kg bw per day). Effects on male
reproduction analysed at PND 120.

Serum testosterone
level ↑ at 0.05 mg/kg
bw per day in male
rats.

Absolute epididymis and testis weight,
and Sertoli cell number ↓ at 0.05 mg/kg bw
per day. At the same dose, moderate
oligospermia and LC hyperplasia was also
observed.

Kurahashi et al. (2015), pre-pubertal
exposure (PND28 to 56 or 84) by
inhalation of male Wistar Rats with
DEHP (5 or 25 mg/m3, 6 h/day). Effects
on reproduction were analysed at PND
56 and 84.

Plasma testosterone
concentration ↑ at
both doses in male
rats on PND 56 and
84.

Seminal vesicles weight ↑ at both doses on
PND 56 and 84.
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Biological plausibility assessment for testosterone levels NMDR following
phthalate exposure

To assess the biological plausibility of possible NMDRs for phthalate effects on testosterone
production, it is essential to consider the timing (animal age) of phthalate exposure, the species used
and whether the study is in males or females, as the effects in these different situations occur in very
different hormone regulatory contexts and with potentially different consequences. For example, high
dose phthalate exposure profoundly suppresses steroidogenesis by the fetal rat testis whereas there
are no comparable effects in the mouse. Similarly, in the female fetus, ovarian steroidogenesis is
quiescent and is therefore not susceptible to phthalate inhibition at this stage. Also important is that in
fetal male rodents, the hypothalamo-pituitary-testis regulatory axis is not active until around birth so
feedback regulation of testicular steroidogenesis via LH modulation is only possible after birth through
to adulthood. Finally, with regard to phthalate-induced inhibition of fetal testis steroidogenesis, it is

Publication1, chemical, and
measured effects

Evidence for
testosterone (T)
increase

Additional effects observed at the same
dose

Bao et al. (2011), pubertal exposure
(PND35 to 65) by gavage of male
Sprague–Dawley rats with DBP (0.1,
1.0, 10, 100 and 500 mg/kg bw per
day). Effects on reproduction were
analysed after treatment.

Non-statistically
significant increase
(+�30%) of serum
testosterone level at 1
mg/kg in male rats.

Serum FSH ↑ at 1 mg/kg, and a trend of non-
statically significant increase was also observed
for serum E2 and LH.

SOD gene expression ↑ in the same dose
group.

Ljungvall et al. (2005), prepubertal
exposure by intramuscular injection of
male boars (6 weeks) to DEHP (50
mg/kg, twice week) for 5 weeks. Effects
on reproduction were analysed during,
after the treatment and at 7.5 months

Testosterone
concentration ↑ in
male boars at 7.5
months of age.

Increased area of the Leydig cells in the
testicles at 7.5 months of age.

Zhao et al. (2012), ex vivo effects of
MEHP (0, 2, 20, 200, 2000 lmol/L for
24 h) on steroidogenesis of different
stages of Long-Evans male rat Leydig
cells, progenitor (PLCs, PND21),
immature (ILCs, PND35) and adult
(ALCs, PND49).

Testosterone
concentration ↑ in ALC
at 20 and 200 lmol/L
and ↓ at 2000 lmol/L.

Reactive oxygen species (ROS) ↑ at 20 and
200 lmol/L in ALCs, together with stimulation
of steroidogenic acute regulatory (StAR),
cytochrome P450 side-chain cleavage
(P450scc), 3b-hydroxysteroid dehydrogenases
(3b-HSD) and 17b-hydroxysteroid
dehydrogenases (17b-HSD). Opposite effect
on steroidogenesis observed at 2000 lmol/L.

Savchuk et al. (2015), ex vivo effects of
MEHP, MBP, MBeP (1, 3, 10, 30, 90
lmol/L for 48 h) on steroidogenesis of
1-month-old male CBA/Lac, C57BL/6j
mouse Leydig cells.

Basal testosterone
concentration ↑ on
Leydig cells of both
mice strains at 90
lmol/L MEHP.

Perturbation in the redox state of Leydig cells
of both mice strains treated with 90 lmol/L
MEHP.

ATP levels ↓ in both mice strains Leydig cells
treated with 90 lmol/L MEHP.
StAR protein expression ↑ in both mice
strains Leydig cells treated with 90 lmol/L
MEHP.

Forgacs et al. (2012), in vitro effects of
MEHP (100 lmol/L) on steroidogenesis
of male mouse BLTK1 Leydig cells.

Basal testosterone
concentration ↑ at 100
lmol/L MEHP.

rhCG-induced T levels concentration ↓ at
100 lmol/L MEHP.

Gunnarsson et al. (2008), in vitro
effects of MEHP (0, 10, 25, 50, 75, 100
lmol/L for 24 h) on steroidogenesis of
male mouse Leydig tumour cell line
(MLTC-1) and female mouse
granulosa tumour cell line (KK-1).

Monotonic ↑ of basal
testosterone
concentration at 25–
100 lmol/L in MLTC-1.

Monotonic ↑ of basal progesterone
concentration at 25–100 lmol/L in MLTC-1, but
↓ hCG-stimulated progesterone synthesis at
100 lmol/L in MLTC-1 cells. Similar effect on
progesterone stimulation observed in female
KK-1 at 100 lmol/L.
Hormone-sensitive lipase (HSL) and 3-
hydroxy-3-methylglutaryl coenzyme (HMG-
CoA) ↑ at 10–100 lmol/L in MLTC-1.

1: Publications are sorted by exposure window (i.e. gestational perinatal pubertal exposure).
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important to keep in mind that in rodents, fetal testis steroidogenesis during the critical masculinisation
programming window is locally regulated and does not require LH drive (contrary to the situation after
birth) whereas in humans and non-human primates, steroidogenesis during the comparable period is
completely hCG-dependent, hCG being an LH-like molecule produced by the placenta.

The steroidogenic pathway involves the sequential action of five different enzymes to result in the
end product, testosterone (Scott et al., 2009). This androgen can be further metabolised in target
tissues to the more potent androgen 5-alpha-dihydrotestosterone (via 5-alpha-reductase enzymes) or
to oestradiol (via the aromatase enzyme). In postpubertal females, testosterone or androstenedione
produced via one cell type (theca) in the ovary is predominantly converted to estradiol by another cell
type (granulosa), such that estradiol rather than testosterone is the normal major product of the adult
ovary. In contrast, in the adult testis of most species, including rodents and man, only small amounts
of testosterone produced by the Leydig cells is converted locally to oestradiol.

Several reviews confirm the capacity of phthalates to disrupt different steps linked to testosterone
synthesis, both in fetal males (e.g. Scott et al., 2009) and in adult female mice (e.g. Hannon and
Flaws, 2015). In addition to effects on testosterone, biphasic responses (increase and decrease
following exposure to DEHP or the metabolite MEHP) have been reported for progesterone and for the
steroidogenic acute regulatory protein “StAR” (Hannon and Flaws, 2015) while monophasic responses
(evidence suggest consistently either increase or decrease) have been observed for other steps (e.g.
Scott et al., 2009; Hannon and Flaws, 2015). Biphasic responses have been also observed in the
metabolic testosterone pathway, including for the successor estradiol and for the main enzyme
Cytochrome-P450 aromatase “CYP19A1” (Hannon and Flaws, 2015), the second with confirmed NMDR
in males at birth in the Andrade et al. (2006b) study and supported by in vitro and in silico molecular
docking studies confirming the elevated binding affinity of phthalates to CYP19A1 (Gupta et al., 2010,
Ahmad et al., 2017). This evidence confirms that phthalates, and in particular DEHP and its metabolite
MEHP, may disrupt steroidogenesis at different levels resulting in complex responses, suggesting
several possible biologically plausible options for explaining a NMDR in testosterone levels following
phthalates exposure, that include biphasic responses during the synthesis or metabolism, as well the
combined results of monotonic mechanisms some triggering T increase and others triggering T
reductions. It should be noted that due to the variability in the preferred steroidogenesis pathway
between species, tissues, cell types or physiological/development status, the observations reported in
Table B.2 could be explained though different single or combined mechanisms and the described
effects may be context-specific and not generally applicable.

In addition to direct disruption of steroidogenesis pathways, there are a number of feedback
mechanisms that could explain a NMDR for testosterone levels following phthalates exposure after
birth. In males, the LH mediated HPG feedback mechanism regulates testosterone productions by the
Leydig cells during postnatal life. Thus any exposure that reduces testosterone production by the
Leydig cells will lead to a compensatory increase in LH secretion from the pituitary to restore normal
testosterone levels; this compensatory mechanism is not operative in fetal life during the
masculinisation programming window. Studies such as Akingbemi et al. (2004), Lin et al. (2008) or
Kurahashi et al. (2015) are compatible with an hypothesised mechanism of action with chronic DEHP
exposure triggering a reduction in basal and LH-induced testosterone production, LH increase, and
Leydig cell hyperplasia that under certain conditions produces an increase in testosterone levels above
normal control levels. The elements linked to the NMDR assessment are described in Figure 1B, the
chronic phthalate-induced reduction in testosterone (T) synthesis leads to an initial reduction in T
levels that triggers the compensatory feedback mechanism which can include Leydig cell hyperplasia if
there is long-term disruption. A plausible hypothesis for the NMDR is that the non-monotonicity is
associated to the key event relationship (KER); the continuous stimulus of the feedback mechanism
results in Leydig cell hyperplasia but with reduced T production capacity per Leydig cell. The
combination of both processes could explain the non-monotonic response in T levels, at low doses the
increase in cell number not only compensate but exceeds the reduction in the production capacity,
resulting in overall T increase. Under certain conditions a compensation is achieved, and T levels
remain unchanged. At high doses the cellular increase is insufficient and a net reduction in T levels is
observed.

LH is not involved in the control of testosterone production in fetal Leydig cells during the
masculinisation window in rodents (Scott et al., 2009), and the available evidence suggests that
phthalates exert their negative effect on steroidogenic enzymes and on testosterone production in rats
by preventing the normal age-dependent removal of a negative regulatory factor (COUP-TFII) that
suppresses steroidogenic enzyme expression (van den Driesche et al., 2012). In contrast, in humans
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hCG action via the LH receptor is the main driver of steroidogenesis by fetal Leydig cells, which may
explain why the available evidence indicates that phthalates that suppress testosterone production by
fetal rat Leydig cells have no inhibitory effect on hCG-stimulated testosterone production by fetal
human Leydig cells (Kilcoyne & Mitchell 2019). In this regard, one epidemiological study has shown an
association between phthalate exposure during late gestation and the expression of the hCG gene in
placental trophoblast obtained at birth (Adibi et al., 2015).

In the ovaries, testosterone or androstenedione is synthesised by the theca cells and then diffuses
to the granulosa cells to be converted into oestradiol by aromatase (Somboonporn and Davis, 2004).
The process is regulated by the HPG axis with feedback mechanisms involving LH and FSH according
to the stage of the ovarian cycle (Hannon and Flaws, 2015); consequently increases in T levels in
females through an overcompensation of the feedback mechanisms is also a plausible hypothesis for
the increases observed in females.

To add complexity, it should be noted that phthalates also alter other hormones and proteins within
the steroidogenesis pathways (Scott et al., 2009; Hannon and Flaws, 2015; Hlisnikova et al., 2020);
therefore, T levels could be also indirectly affected through alterations of levels of precursors in the
delta-5 or delta-4 steroidogenesis pathways.

In addition, and specifically for humans, circulating testosterone is mostly bound to albumin and
Sex Hormone-Binding Protein (SHBG), and several phthalates including DEHP have high binding affinity
for SHBG (Sheikh et al., 2016); therefore, another possible mechanism is associated to alterations in
binding capacity and free-bound testosterone levels.

In conclusion, a number of complementary mechanisms could explain an NMDR for testosterone
associated to postnatal effects of phthalates exposure; not all mechanisms are relevant for all species/
sex, cell types, tissues and developmental/physiological situations; but in conjunction, provide a
reasonable plausibility covering males and females in rodents and humans but this would only apply
where there is postnatal exposure.

None of the compensatory mechanisms outlined are functional in fetal life during the
masculinisation programming window. This is in line with the assessment of the evidence summarised
in Table B.4, showing indications of increase in testosterone levels associated with ‘low dose’
phthalates exposure for postnatal animals, while very limited and inconsistent for the fetal situation.

Possible role of T increase in the pathways towards adversity

The most recent EFSA risk assessment on phthalates (EFSA CEP Panel, 2019) confirmed the selection
of reproductive effects (with the testis as target organ) for setting the Reference Point for establishing the
HBGV for DEHP, DBP and BBP. The opinion also confirmed the role of the reduction of the fetal
testosterone production in rats as a critical step in the reproductive toxicity of these phthalates. In this
review, no consistent evidence of NMDR has been retrieved for this exposure period; and based of the
available information is concluded that these effects are associated with a dose-related monotonic
reduction in fetal testosterone levels in male fetuses during the masculinisation window.

In addition to the reproductive effects in males, the CEP Panel opinion and other reviews
highlighted uncertainties related to the lack of sufficient investigation of other non-reproductive effects,

Figure B.1: Hypothesis of an AOP-based mechanistic understanding of the inverted U-shaped curve
for testosterone level as intermediate event. T (testosterone), MDR (monotonic dose-
response), MIE (molecular initiating event), KER (key event relationship)
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in particular neurological effects and effects on the immune and metabolic systems. For some of these
effects, NMDR and links with steroidogenesis and hormonal control have been proposed by some
authors.

This report has identified some indications of NMDR for DEHP postnatal effects, which are
biologically plausible. According to the proposed approach, as testosterone levels are an intermediate
event, the next steps should be to assess the possible biological relevance of these effects, in
particular if a (quantitative) relation between these effects and an adverse outcome (i.e. apical effect)
can be established, ideally through a mechanistic sequence (AOP).

There is information indicating that postnatal increases in testosterone levels under certain
conditions may trigger pathways resulting in adverse outcomes. Examples cover experimental, human
and epidemiological studies associating testosterone increase with neurological and
neurodevelopmental effects (Qi et al., 2018; Nakano et al., 2010; Hines, 2003; Schwarz et al., 2011).
Other authors link testosterone stimulation with apical effects associated with overexpression of
androgens (Hotchkiss et al., 2007; Martin et al., 1998). There are also, some epidemiological studies
linking phthalate exposure with compatible metabolomic alterations (Zhou et al., 2018,
neurodevelopmental Braun, 2017; Engel et al., 2018) and effects attributable to hyperandrogenism
(Colon et al., 2000). As mentioned, a comprehensive in depth assessment of these effects has not
been performed yet, and is outside the scope of this Opinion.

In addition to the postnatal testosterone levels, a related and plausible NMDR has been identified for
aromatase. In humans, brain aromatase has been associated with personality traits and neurobehavioral
disorders (Takahashi et al., 2018; Sarachana et al., 2011), providing an additional mechanistic link.

In summary, there are some indications associating increased testosterone levels with non-
reproductive apical effects similar or associated with those described as not fully confirmed but of
possible concern in the CEP Panel opinion. The establishment of a quantitative association with the
related adverse apical outcomes would require a full assessment and is outside this mandate. Similarly
to the association of testosterone reduction with reproductive effects, the possible adverse
consequences of postnatal testosterone increases would depend on the specific exposure window, sex,
species and other factors. In this regard, it should be noted that rodent studies that have involved
experimental increase in exposure to androgens in fetal life have shown there is no consequence for
exposed males whereas this exposure induces abnormal masculinisation of females (Dean et al.,
2012). The aetiology of the hypothesised effects is mostly multifactorial and still poorly understood.
The final effect may also depend on the effective internal concentration of MEHP, which seems to be
partly responsible for the effect of DEHP.

Answer to the questions (proposed approach)

What is the experimental evidence for the effect observed (in vitro/in vivo? Other?)
• There is some evidence supporting NMDR for postnatal testosterone levels, covering several species and
developmental/physiological status (see Table B.4 for details). In contrast, in utero exposure is linked to a
monotonic decrease of fetal testosterone levels in males.

What is the biological relevance of the effects observed? Can a (quantitative) relation between the
observed effect and an adverse outcome be established? Ideally: Could a mechanistic sequence
(AOP) be partially or fully established? If yes, specific considerations need to be applied and a
diversion from the current methodologies for RA may be needed
• There is information supporting the plausibility of the observed NMDR for postnatal testosterone as

intermediate effect. Possible mechanisms include NMDR in the T synthesis or metabolisms (as NMDR has
been reported for aromatase); a combination of monotonic responses on different steps of the
steroidogenesis pathway; disturbance of the HPG feedback mechanism; or other indirect mechanisms.

• Some non-reproductive effects have been reported for DEHP and other phthalates. A comprehensive
assessment of these effects is pending, but some indications of NMDR and links with steroidogenesis and
hormonal control have been suggested.

• There are experimental and epidemiological studies that link the increase of testosterone with effects similar
or linked to those reported for phthalates and overexpression of androgens.

• The establishment of a quantitative relationship between the increase in T levels and the observed effects
should consider the multifactorial aetiology of the referred adverse outcomes that the effect is likely to be
dependent on the specific exposure window, varying among sexes and individuals; and requires a full
assessment of the information on phthalates and non-reproductive effects which is outside the scope of this
mandate
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If information is lacking on whether an observed effect can lead to an adverse outcome, additional
testing may be needed. Here NAMs would be of relevance given the need for identifying a
mechanistic sequence of events.
• The possible hypothesis to be explored is that phthalates may have a NMDR for postnatal testosterone levels,
that could be linked to different routes to adverse effects.

• The effects observed deserve further consideration; however, this assessment is outside the scope of this
mandate.
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Abbreviations

AOP adverse outcome pathway
CEP EFSA Panel on Food Contact Materials, Enzymes and Processing Aids
PPAR peroxisome proliferator-activated receptor
CP checkpoint
BBP benzyl butyl phthalate
DBP Dibutyl phthalate
DINP diisononyl phthalate
DEHP Bis(2-ethylhexyl) phthalate
ECHA European Chemicals Agency
E2 estradiol
FCM food contact materials
HBGV health-based guidance values
HPG hypothalamic-pituitary-gonadal axis
FSH follicle-stimulating hormone
LH luteinizing hormone
GD gestational day
KER key event relationship
LC Leydig cells
MIE molecular initiating event
MOA mode of action
MTD maximum tolerated dose
MOE margin of exposure
NAMs new approach methodologies
MEHP monoethylhexyl phthalate
NMDR non-monotonic dose-response
MDR monotonic dose-response
NMDRC non-monotonic dose-response curve
NOAEL no observed adverse effect level
PNMDR probability of non-monotonic dose-response
PND post-natal day
RA risk assessment
RP reference point
SC Scientific Committee
SR systematic review
SVHC substances of very high concern
T testosterone
ToR terms of reference
TDI tolerable daily intake
WG working group
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