Regulatory Toxicology and Pharmacology 148 (2024) 105585

Contents lists available at ScienceDirect

Regulatory Toxicology and Pharmacology

journal homepage: www.elsevier.com/locate/yrtph -

Considerations for the development of guidance on dose level selection for
developmental and reproductive toxicity studies

R.W. Lewis?, A.K. Andrus b,_J. Arroyo©, S. Brescia 4 P.A. Botham ¢, M. Corvaro', G.P. Daston &,
T. Hofmann ", C. Rodriguez’, F. Sewell> ", B. van Ravenzwaay “, K. Wiench ", S. Marty "

2 Regulatory Science Associates, Inverkip, Glasgow, Scotland, UK

Y The Dow Chemical Company, Midland, MI, USA

¢ CEFIC, Brussels, Belgium

94 Health & Safety Executive, Chemicals Regulation Division (CRD), Bootle, UK
¢ Syngenta, Jealott’s Hill, UK

f Corteva Agriscience Italia S.r.L, Rome, Italy

& Procter & Gamble, Cincinnati, OH, USA

" BASF SE, Ludwigshafen, Germany

! Procter & Gamble, Strombeek-Bever, Belgium

J National Centre for the Replacement, Refinement and Reduction of Animals in Research (NC3Rs), London, UK
X Environmental Sciences Consulting, Altrip, Germany

ARTICLE INFO ABSTRACT

Handling Editor: Dr. Martin Van den berg In 2022, the European Chemicals Agency issued advice on the selection of high dose levels for developmental and
reproductive toxicity (DART) studies indicating that the highest dose tested should aim to induce clear evidence

Keywords: of reproductive toxicity without excessive toxicity and severe suffering in parental animals. In addition, a recent
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publication advocated that a 10% decrease in body weight gain should be replaced with a 10% decrease in
bodyweight as a criterion for dose adequacy. Experts from the European Centre for Ecotoxicology and Toxicology
Animal welfare of Chemicals evaluated these recent developments and their potential impact on study outcomes and interpre-
Regulatory guideline studies tation and identified that the advice was not aligned with OECD test guidelines or with humane endpoints
3Rs guidance. Furthermore, data analysis from DART studies indicated that a 10% decrease in maternal body weight
during gestation equates to a 25% decrease in body weight gain, which differs from the consensus of experts at a
2010 ILSI/HESI workshop. Dose selection should be based on a biological approach that considers a range of
other factors. Excessive dose levels that cause frank toxicity and overwhelm homeostasis should be avoided as
they can give rise to effects that are not relevant to human health assessments.

different ways in which information from toxicity studies is used in risk
management. For risk assessment, the critical data from repeat dose
toxicities studies is the no observed adverse effect level (NOAEL). This is
compared to estimated or predicted human exposure to provide a risk
assessment, to subsequently allow a risk management judgment to be
made on human safety for that chemical application or exposure. When
data are used for hazard-based classification the focus is purely on the
effect (hazard), independent of toxicological potency and relevance to
human exposure. This means that hazard-based classification may be
considered of more limited value in protecting human health as there is
little consideration of the degree of hazard (potency) or the relevance of
the dose levels used in toxicity studies to human exposures.

The concepts developed in a technical report by the European Centre

1. Introduction and background

In order to best protect human health, toxicity studies need to pro-
vide information on the relevant hazards associated with a material and
need to identify a point of departure from normality which can be used
as a basis for a risk assessment. A critical factor in achieving these goals
is the specification of the study and in particular the selection of dose
levels. Advice and guidance on dose level selection is provided in Or-
ganization for Economic Cooperation and Development (OECD) test
guidelines (TGs) and allied OECD guidance documents (GDs) but can be
unclear particularly around selection of the highest dose tested.

To make dose level selection even more challenging there are very
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Abbreviations

ALAT Alanine Amino Transferase
ASAT Aspartate Amino Transferase
AST accessory sex tissue

ATP adenosine triphosphate

BUN Blood Urinary Nitrogen

BWt body weight

DART  developmental and reproductive toxicity

EPA Environmental Protection Agency

EOGRTS extended one generation reproductive toxicity study
GD guidance document

gd gestation day

ILSI International Life Sciences Institute

IPCS International Programme on Chemical Safety
IUGR intrauterine growth restriction

HESI Health and Environmental Sciences Institute
LOAEL lowest observed adverse effect level

MTD maximum tolerated dose

NOAEL no observed adverse effect level

OECD  Organization for Economic Cooperation and Development
SD Sprague Dawley

TG test guideline

TK toxicokinetic

VO vaginal opening

for Ecotoxicology and Toxicology of Chemicals (ECETOC Technical
Report 138; ECETOC, 2021) and accompanying publication (Sewell
et al., 2022), recommend pragmatic and scientifically based approaches
to dose level selection taking into account regulatory requirements,
animal welfare and state of the art scientific approaches. In contrast to
the principles proposed by Sewell et al. other approaches take a more
theoretical and mathematical path and focus more on the need to in-
crease the top dose levels tested to identify all potential hazards (van
Berlo et al., 2022). These differing approaches primarily apply to repeat
dose systemic toxicity studies, including carcinogenicity and reproduc-
tive toxicity studies. Recently, concerns have been expressed that
insufficient dosing in assessments of reproductive toxicity may provide
inadequate data for classification and labelling purposes (Hellsten et al.,
2023). The overriding concern being that by missing elements of hazard
it may not be possible to fulfil the precautionary protection goal served
by classification and labelling. This is reflected in recent advice on dose
level selection for developmental and reproductive toxicity (DART)
studies from the European Chemicals Agency (ECHA 2022; Hellsten
et al., 2023) which take a more conservative approach suggesting that
the highest dose tested should aim to cause a greater degree of toxicity
and clear evidence of effects on reproduction. Here the advice states that
study designs should ensure the data generated are adequate for hazard
identification and risk assessment with use of ‘appropriately high dose
levels’, stating that in OECD TGs 414, 421/422 and 443 whilst the
highest dose level should avoid death or severe suffering the aim is to
observe toxicity, specifying that ‘some’ developmental or systemic
toxicity is needed to provide clear evidence of adverse effects on
reproduction.

Additionally, the recent advice issued by ECHA, and others sup-
porting the use of such high dose levels (Heringa et al., 2020; Woutersen
et al., 2020), demonstrate clear views on the use of other scientifically
based aids to dose level selection and reinforce the need to observe
toxicity. With ECHA stating that whilst all existing information should
be considered ‘setting the dose level by toxicokinetic considerations only is
not allowed under REACH because dose-level selection should be based on
toxicity to ensure that the data generated are adequate for hazard
identification’.

Although mindful of animal welfare ECHA proposes levels of toxicity
that may be considered globally as too high, stating that the top-dose
selection should aim to induce reproductive toxicity without excessive
other toxicity or severe suffering that would compromise the interpre-
tation of co-occurring reproductive effects. Examples of severe suffering
given include prostration, severe lack of appetite and excessive mor-
tality (though it is clear to the authors of this paper that excessive
mortality is more than severe suffering and that mortality exceeds the
maximum tolerated dose (MTD)). However, not all chemicals are
reproductive toxicants, and in the absence of reproductive toxicity or
other generalised toxicity, it is suggested in the ECHA advice that testing
go up to the limit dose.

In view of these divergent approaches to dose level selection, the
purpose of this paper is to further develop the ECETOC recommenda-
tions to cover DART studies. Due to the complexity of reproductive and
developmental processes, these studies are uniquely vulnerable to high
dose level-induced toxicity and the generation of findings not relevant to
human exposures. DART studies are designed to detect and characterise
hazard at all stages of the reproductive cycle from spermatogenesis,
through mating, gestation, and post-natal development including mat-
ing to produce successive generations. The unique vulnerability of DART
studies mentioned above arises largely from the consequences of
maternal toxicity on normal in utero development. Excessive maternal
toxicity can directly lead to significant adverse effects on in utero
development and on subsequent post-natal development and function.
Therefore, the study types that are within the scope of this paper are
those that include dosing during gestation. The study that covers the
whole of the reproductive cycle is described in OECD TG 416, the Two
Generation Reproduction Toxicity Study. All other study types cover one
or more phases of the reproductive cycle (OECD TG 414 Prenatal
Developmental Toxicity Study; OECD TG 421 Reproductive/Develop-
mental Toxicity Screening Test; OECD 422 Combined Repeat Dose
Toxicity Study with the Reproduction/Developmental Screening Test;
OECD TG 443 Extended One Generation Reproductive Toxicity Study
(EOGRTS)).

The existing recommendations of the ECETOC report (ECETOC,
2021) and of Sewell et al. (2022) represent approaches to selecting dose
levels that allow for accurate risk assessment but also enable
hazard-based classification based on identification of relevant hazards
and are consistent with current regulatory frameworks. They can be
summarised as follows. As currently recommended in OECD test
guidelines and guidance documents, wherever practically possible, an
understanding of systemic exposure (parent and/or major metabolites)
should be gained through the use of toxicokinetic (TK) approaches to
guide dose level selection and study interpretation. In most cases sys-
temic exposure (blood and tissue) will be linear with externally applied
dose, which demonstrates that the potential resulting biological effects
(including any toxicities observed) represent true responses to
increasing systemic exposure. In a minority of cases a less than pro-
portional increase in systemic exposure may be demonstrated and this
knowledge is critical in guiding approaches to dose level selection where
plateaus of exposure or other non-linear kinetics can be taken into ac-
count. Where there are no or little data to make a dose selection decision
based on systemic exposure, or where systemic exposure has a linear
relationship with the externally applied/targeted dose, then signs of
toxicity remain the main source of knowledge for selecting appropriate
dose levels. As mentioned above, OECD Test Guidelines and associated
Guidance Documents are often unclear about the level of toxicity
required at the highest dose tested and it is recognised that there can be
differing interpretations of the guidance leading to differing approaches.
Guidance Document 116 (OECD, 2012) on chronic and carcinogenicity
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testing illustrates differing approaches with regards to acceptable levels
of toxicity at the high dose, and the use of the MTD versus the minimally
toxic dose. The guidance document acknowledges that ambiguities
around MTD definition and interpretation can mean a completed car-
cinogenicity bioassay that may be acceptable to one organization but not
to another. However, the guidance document does recognise that
excessive toxicity at the top dose level may compromise the usefulness of
the study and/or quality of data generated, as well as the fact that the
MTD is often used to decide whether the top dose tested was adequate to
give confidence in a negative result.

There is no scientific justification or value in selecting the high dose
in any repeat dose studies with the aim of causing overt/significant
systemic toxicity (i.e., pain, distress, suffering) or lethality. In this paper
the approaches to dose level selection outlined by OECD and by ECETOC
are extended and developed to fully take into account the unique
vulnerability of DART studies.

2. The holistic/toxicological approach to dose level selection

As stated above, the purpose of toxicity studies is twofold: to identify
the potential hazards posed by a particular agent, and to provide an
estimate of the dose level that produces no observable adverse effects. As
the goal is to protect the human population from any adverse effect,
even one that could occur at low frequency, the dose levels in animal
studies are exaggerated. From a mathematical perspective, a response
seen in one or two of 25 rodent litters can be extrapolated to predict the
dose level that would confer a 1 in 10 000 or 1 in 100 000 risk by
drawing a straight line from the 4% or 8% response level (1 or 2/25) to
the 1/100 000 response level. The purely mathematical approach to
maximising the chance of detecting a hazard would be to exaggerate the
top dose level of a study to the maximum extent possible, i.e., be limited
only by mortality, because exaggerated dose should be linearly related
to exaggerated response. However, this ignores the biology. We know
that the changes in metabolism, pharmacokinetics and/or physiology
that occur at excessive dosages are clearly non-linear in their relation-
ship with dose, and often produce effects on development and repro-
duction that have little or no relevance to even slightly lower dosages
that are minimally toxic, let alone to typical population exposure levels.
The extrapolations from these excessive dose levels, while mathemati-
cally feasible, are in fact meaningless in predicting adverse effects at
environmentally relevant exposure levels.

There are many mechanisms by which effects on maternal health and
homeostasis have secondary effects on embryonic development that are
unspecific and not primary/genuine developmental effects. These have
been the subject of multiple reviews over the years (e.g., Daston, 1994;
Carney, 1997; Daston et al., 2018, and others). One apparently common
mechanism of maternally-mediated developmental toxicity is the in-
duction in rodents of the zinc-binding protein metallothionein, causing a
transitory but systemic zinc deficiency. The transitory zinc deficiency is
developmentally adverse (Taubeneck et al., 1994; Duffy et al., 1997, and
others). This induction is part of a generalised acute phase response that
occurs in response to systemic infection or inflammation, and also to
intoxication by many chemicals. Because it is a high-dose phenomenon,
it has no relevance for hazard or risk characterisation, but is a side effect
of excessive maternal toxicity.

There are also numerous examples of saturation of pathways of
elimination (especially metabolism) that have also been recently
reviewed (Sewell et al., 2022). Ethylene glycol is a well-studied example
in pregnant animals. Developmental toxicity is attributable to the gly-
colic acid metabolite. Both the metabolism of ethylene glycol and of
glycolic acid are saturable, which leads to a supralinear relationship
between administered dosage and systemic concentration (Corley et al.,
2005; Carney et al., 2011a). Because of this, dosages above the lowest
observed adverse effect level (LOAEL), even though they would be
considered not to produce excessive toxicity, are contraindicated
because the results would be irrelevant to predict risk or hazard for any
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relevant human exposure scenario, including accidental ingestion.

These examples provide ample evidence that there are dose levels
that are too excessive to provide valid information on the hazard or risk
of a chemical at relevant exposures. This was understood very early on in
the existence of formalised toxicity testing and led to the concept of
maximally tolerated dose in chronic toxicity studies, or minimally toxic
dose in reproductive and developmental toxicity studies, with heuristics
about body weight and body weight gain being the most common lim-
iters of dose. For example, the US Environmental Protection Agency
(EPA) Guidelines for Developmental Toxicity Risk Assessment (US EPA,
1991), which first appeared in the 1980s, state that the minimally toxic
level should cause marginal but significantly reduced (maternal) body
weight or reduced weight gain. US EPA’s guidelines for developmental
neurotoxicity explicitly state that a 20% decrement in maternal weight
gain over the period of gestation and lactation is excessive (US EPA,
1998). Palmer (1978) cites a WHO report from 1967 stating that ideally
the highest dose level in a developmental toxicity study should cause
minimal signs of maternal toxicity, “e.g., a slight retardation of maternal
weight gain”. As pharmacokinetic and metabolism data have become
more available, these have been increasingly used to inform dose setting
to avoid dosages above saturating levels of absorption, metabolism and
excretion.

3. A brief review of the evolution of the guidance on top dose
level selection for DART studies

To ensure adequate dosing of pregnant maternal animals, current
test guidelines (e.g., OECD 414; OECD, 2018a, with similar wording in
2001 version) advocate the highest dose should induce some develop-
mental and/or maternal toxicity but not death or severe suffering. Dose
levels that induce maternal toxicity presumably were included to in-
crease sensitivity of the test, assuming that effects seen at high doses
(often with bolus administration) are relevant to lower dose levels. To
meet high-dose requirements, dose selection strategies have remained
largely unchanged for decades; however, these dosing requirements
have made it difficult for both registrants and regulators to separate
maternal and developmental toxicity as it is difficult to determine direct
causal effects on development from secondary effects due to altered
maternal health (Carney et al., 2011b). It has long been known that
maternal toxicity leads to reduced litter size, total litter losses and
increased incidence of foetal pathology findings. Among reduced
maternal body weight gain, also epigenetic and protein alterations can
be causative for malformations. For review, see Rogers et al. (2005) or
Tyl and Marr (2012).

In view of the complexity and inter-dependencies of the experi-
mental model illustrated above, there have been a number of initiatives
to develop scientifically robust approaches to dose level selection in
DART studies. In 2009, the International Life Sciences Institute (ILSI)
Health and Environmental Sciences Institute (HESI) held a workshop on
‘Developmental Toxicology — New Directions’ with a goal to improve
relevance and predictivity of animal studies (Brannen et al., 2011).
Workshop discussions included the proposal to use kinetic data in dose
selection to avoid nonlinear kinetics that can occur at high (irrelevant)
maternally toxic doses, with the majority of attendees concluding that a
more rational upper limit should be adopted. A further ILSI/HESI
workshop in 2010 sought consensus on the impact of maternal toxicity
on developmental toxicity study designs (Beyer et al., 2011). While the
goal of harmonisation was not realised, there was some consensus on
maximum maternal toxicity with respect to altered maternal body
weight gains during gestation (see Beyer et al., 2011). For general
toxicity studies, 5-10% decrease in body weight gain was considered as
possibly adverse by some participants, whereas for developmental and
reproductive toxicity studies there was no consensus, although a 20%
decrease in maternal body weight gain was deemed too much. Based on
these discussions, a decrease in body weight gain during the treatment
period in the dose-range finding study of 10-15% should be justified as a
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suitable high dose in reproductive toxicity studies. Beyer et al. (2011)
reported another consensus opinion among workshop attendees that the
occurrence of maternal mortality indicated that the MTD was exceeded.

In 2012, committee members reviewing pesticide registrations for
the Italian Ministry of Public Health (Giavini and Menegola, 2012)
proposed that maximum dose levels for environmental chemicals should
not produce maternal toxicity in developmental toxicity studies. They
argued that this approach to dose setting would improve interpretation
of developmental toxicity findings while avoiding inconclusive results,
chemical misclassifications, use of massive dose levels, and generation
of erroneous results due to saturation of kinetics or other non-linear
relationships. In 2018, Scialli et al. (2018) advocated for an evolution
to hypothesis-driven developmental toxicity testing with dose setting
based on internal dose and mode-of-action/critical windows informa-
tion, arguing that considerably more information is available to develop
intelligent study designs rather than using a standardised protocol with
excessive dose levels. Despite these appeals for more rationale dose se-
lection, some European regulators, for example ECHA, advocate that the
selection of the top dose should aim to achieve the highest possible dose
level in the parental generation without severe suffering or death.
Adding that if the concept of avoiding death was also applied to the filial
generation, death of the developing organism cannot be investigated in
developmental toxicity studies (Hellsten et al., 2023). Hellsten et al.
(2023) also noted that if exposure covers developmental and mature life
stages (e.g., EOGRTS) then effects seen in the filial generation adults are
considered developmental toxicity; however, in interpreting these
findings, it is important to consider dose level (e.g., during growth
phases, offspring consume more diet and may have greater exposure if
dosed by the dietary route), duration (i.e., filial generation typically is
dosed for a longer period than parental generation), and effect (e.g.,
target organ toxicity that has been reported in adult animals previously
with a similar dosing scenario) when interpreting whether effects indi-
cate developmental toxicity.

The suggested criteria for top dose selection also raise concern with
regard to changing the definition of acceptable levels of animal
suffering. Guiding principles in the OECD Humane Endpoints Guidance
Document (Guidance Document 19; OECD, 2000) states ‘Studies must be
designed to minimise any pain, distress or suffering experienced by the ani-
mals, consistent with the scientific objective of the study’; as described in this
document, the scientific objectives of DART studies cannot be achieved
with excessive dose levels. In contrast, the recent dose selection guid-
ance from ECHA states that the top dose should not induce “severe
suffering”. This opens the question as to what constitutes animal
“suffering” versus “severe suffering”. The “degree of suffering” is likely
to be subjective between laboratories, registrants, regulations, and re-
gions. Examples of severe suffering in the ECHA advice on top dose se-
lection include excessive mortality, indicated as >10% mortality, which
is not in line with OECD TGs 414, 443 and 421/422 and Humane End-
points Guidance Document where it is indicated that death should be
avoided (Table 1). The ECHA recommendation to now avoid only “se-
vere suffering” (as opposed to suffering) could be considered counter to
the 3R s (i.e., refinement to minimise suffering; https://nc3rs.org.uk/wh
o-we-are/3rs), which are generally supported by regulatory agencies
globally. It could also lead to challenges in appropriate consideration of
societal pressures to lessen animal suffering. Lastly, such significant
levels of toxicity are identified as confounding data in many OECD test
guidelines and guidances. It may be more appropriate that mortality
(rather than ‘excessive’ mortality) be considered as more than severe
suffering, and this could be extended to animals that are moribund
and/or display signs signalling euthanasia, as these could be considered
as equivalent to the death of an animal, and therefore also in excess of
severe suffering.
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4. Concerns and deficiencies regarding the approach proposed
by van Berlo et al

In the paper by van Berlo et al. (2022), the authors reviewed how a
MTD criterion for 90-day studies (i.e., a 10% decrease in body weight)
had been modified for use in other toxicity study types based on an
initial adaptation (i.e. a 10% decrease in body weight gain) for carci-
nogenicity studies. Specifically, the authors state that a ‘10% decrease in
body weight gain criterion also ended up in other test guidelines and guidances
for toxicity endpoints other than carcinogenicity, so outside the context it was
intended for’. This statement espouses the view that a 10% decrease in
body weight gain is not sufficient for MTD for other test guidelines or
guidances but without considering other study-related parameters that
can impact MTD selection criteria. This approach has attracted comment
and has raised concerns from other stakeholders (Arts et al., 2023).

First, when defining MTD, the physiological status of the animals
should be considered. As noted above, DART studies that include
gestational and lactational phases warrant greater consideration when
selecting MTD criteria because the reproductive outcome and health of
the offspring are closely associated with maternal wellbeing before,
during and after gestation. Van Berlo et al. (2022) referenced the OECD
TG 426 Developmental Neurotoxicity study as having an MTD based on
a 10% reduction in body weight gain but did not appreciate these studies
having a vulnerable gestational and lactational phase.

Gestational Body Weight/Gains: During gestation, a 10% decrease in
body weight gain in pregnant animals is a more suitable MTD criterion
than a 10% or greater decrease in body weight as proposed by van Berlo
et al. (2022). In a representative dataset shown in Fig. 1A and B, a 10%
change in body weight in maternal animals during gestation (e.g.,
gestation day (gd) 6-21 as in the OECD 414 study) would be equivalent
to a 24% decrease in body weight gain, a decrement that exceeds the
consensus recommendations of DART experts (Beyer et al., 2011). Thus,
a 10% change in body weight in pregnant animals in the absence of
significant in utero foetal loss is an indicator of excessive toxicity and
exceedance of the MTD. Statistical differences in net body weight gain
(terminal maternal body weight minus gravid uterine weight) also can
indicate maternal toxicity in rats as this is the weight of the dam without
contribution by the conceptuses (although some maternal organ weights
also increase in size during pregnancy; Tyl and Marr, 2012).

During the last trimester, maternal body weight gain is primarily
driven by increases in foetal body weights (Fig. 2). Thus, with oral
gavage studies, there is some concern that maternal animals are
receiving higher doses of test compound based on body weight during
the last third of pregnancy. If the maternal liver cannot compensate for
the increased dose, there may be greater toxicity to both the dams and
foetuses during the last third of gestation. Thus, there may be more
profound foetal body weight reductions at term and/or increased foetal
death due to continued direct or indirect toxic insult or stress. Further-
more, maternal toxicity occurring during this foetal growth stage often is
associated with developmental effects such as decreased foetal body
weights and/or developmental delays (e.g., delayed ossification)
(Carney et al., 2011b). Frequently, the relationship between develop-
mental outcomes and maternal toxicity are difficult to assess, particu-
larly given background incidences of variations and malformations and
restrictions on the use of historical control data.

Animals that lose weight late in gestation during the period of
greatest foetal growth tend to have smaller foetuses and this has also
been shown experimentally by Garofano et al. (1998). Maternal food
restriction (50%) from day 15 of pregnancy resulted in intrauterine
growth retardation in the offspring.

Van Berlo et al. (2022) requested to remove the 10% decrease in
body weight gain as an MTD criterion for top dose selection in test
guidelines and guidances for toxicity endpoints other than carcinoge-
nicity. However, it is clear that for MTD criteria, “one size doesn’t fit all”
and the proposal to incorporate >10% change in body weight into all
test guidelines cannot be supported for DART studies.
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OECD TG 421/422 Repro screening

studies

OECD TG 443 EOGRTS and GD 151 on

EOGRTS

OECD TG 414 developmental toxicity

study

OECD Guidance Documents 19 (Humane
endpoints), 43 (Reproductive toxicity

Considerations ECHA recent top dose selection advice
2022

for top dose
selection

Table 1 (continued)

OECD (2016a)
OECD (2016b)

increase systemic exposure unless other
factors, such as loss of the integrity of
intestinal lining or microbial activity in

intestine contribute in case of oral
absorption. Saturation of TK processes

may be included in the rationale for

dose setting (see paragraph 27)
saturation. (Creton et al., 2012; Saghir

et al., 2012; McCoy et al., 2012;

expected to be well below the point of
McFadden et al., 2012)

provided that human exposures are
Please refer to GD 151 for cited

references
OECD (2018¢)

OECD (2013)

OECD (2018a)

testing) and 150 (Evaluating chemicals for

endocrine disruption)

OECD (2000)
OECD (2008)
OECD (2018b)

ECHA (2022)

Reference
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Fig. 1A. Representative OECD 414 dataset showing mean gestational body
weight (+SD) in control CD®(Sprague Dawley; SD) dams with a dotted line
depicting a 10% decrease in gestational body weight over the course of gesta-
tion after initiation of dosing on gd 6. This magnitude of body weight decrease
translates to maternal body weights that are 39 g lower than control dams on gd
21. The control data used for this graph were taken from a guideline-compliant
study in a company database and showed intermediate increases in body weight
gain during gestation (i.e., studies reporting the largest and smallest gestational
body weight gains were not used).
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Fig. 1B. Representative OECD 414 dataset showing mean gestational body
weight gains in control CD®(SD) dams (blue line; same dataset as Fig. 1A) with
dotted lines depicting a hypothetical 10% (green) and 20% (orange) decrease in
gestational body weight gain over the course of gestation after initiation of
dosing on gd 6. The red dotted line depicts gestational body weight gain that
corresponds with a 10% decrease in gestational body weight (see Fig. 1A),
which translates to a 24% decrease in gestational body weight gain over
gestation (gd 0-21). This magnitude of decrease in gestational body weight gain
exceeds DART expert guidance for maternal toxicity per Beyer et al. (2011).

Lactational Body Weight/Gains: Maternal animals generally lose body
weight at some intervals during lactation and these intervals may not be
entirely consistent across animals. Thus, comparisons of maternal body
weight/gains during lactation can be complex and should incorporate
other indicators of toxicity to aid in data interpretation.

In summary, a biological approach, using available data that takes
into account the complexity of a multicompartment model (maternal-
placental-foetal) leads to different conclusions compared to the mathe-
matical/theoretical approach of van Berlo et al. (2022). Thus, a
maternal body weight gain decrease of 10%-15% during gestation is
considered as an appropriate parameter for selection of a suitable high
dose level in reproductive/developmental toxicity studies. A 20% deficit
in maternal body weight gain during gestation is considered too high as
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Fig. 2. OECD 421/422 data on litter size vs. maternal bodyweight gains during
the last trimester (gd 14-20) in the rat, showing the positive association be-
tween litter size and maternal body weight gain during this period. Data points
represent individual maternal bodyweight gains and corresponding litter sizes.
R2 = 0.632; p < 0.0001 by linear regression (n = 214 pairs). BWt =
Body weight.

agreed by many experts representing academia, government and in-
dustry as a ‘tripartite consensus’ (Beyer et al., 2011). Higher dose levels
would only add noise and make a proper evaluation of the real results
more difficult.

5. Wider perturbations of homeostasis; further endpoints useful
for determining a suitable high dose level in DART studies

Aside from changes in body weight gain, there are numerous other
parameters that should be considered when selecting the high-dose level
for DART studies. Embryo-foetal development is contingent upon a
healthy internal environment in the maternal animal. Thus, it is
important to consider potential maternal target organ toxicity and other
mechanisms of maternal toxicity or stress that can influence gestational
or lactational outcomes in the offspring. The following sections provides
some examples of changes other than bodyweight that need to be taken
into account in dose level selection.

5.1. Maternal clinical signs of toxicity

Aside from effects on maternal body weight/gain, clinical signs
during gestation or lactation (e.g., increased or decreased activity,
altered maternal caregiving/nursing behaviour, incoordination, altered
respiration) may indicate maternal toxicity and that an MTD has been
met or exceeded. Excessive dose levels may result in significant toxicity
and extend to marked effects on animal health (e.g., tremors/convul-
sions, lateral recumbency).

5.2. Effects on food consumption/nutritional intake

Food consumption is a marker of homeostasis and decreased food
consumption during any study phase may indicate systemic toxicity
(Stump et al., 2012). Feed restriction studies have shown that effects on
body weight can alter reproductive performance in adult animals. With
up to 17 weeks of feed restriction, Chapin et al. (1993) reported a
decrease in absolute accessory sex tissue (AST) weights and percent
motile sperm in adult male Sprague-Dawley rats weighing 12% less than
controls. Effects on AST weights, spermatogenesis (degeneration of
pachytene spermatocytes) and decreased plasma testosterone were re-
ported in a feed restriction study in younger male rats (e.g., feed re-
striction starting at 6 weeks of age) (Rehm et al., 2008). In female rats, a

Regulatory Toxicology and Pharmacology 148 (2024) 105585

25% decrease in feed consumption during a two-week premating period
led to a 16% decrease in body weights, prolonged dioestrus and reduced
fertility associated with decreased corpora lutea (Terry et al., 2005).
Decreased food consumption during gestation has been shown to affect
foetal growth, alter weanling organ weights and delay development
(Carney et al., 2004). Maternal feed restriction to 20, 15, 10 and 7.5 g
diet/day from gd 6-17 resulted in decreases in foetal body weights by
5%, 7%, 10% and 24% despite reinstating ad libitum access to feed
during gd 17-21 when the greatest acceleration in foetal growth occurs
(Fleeman et al., 2005). At the highest level of feed restriction, foetal
skeletal variations were increased. Taken together, these studies clearly
show that decreased feed consumption can affect reproductive and
foetal parameters in otherwise healthy animals; however, these reports
likely underestimate the effects that would be seen when decreased food
consumption and body weights are due to toxicity. Notably, decreased
food consumption can be a sign of the systemic toxicity but is seldom
seen in isolation.

Nutrition in pregnant and lactating animals is critical to healthy
offspring as deficiencies in key nutrients can alter maternal physiology
and affect development. Compounds inducing tissue damage and cyto-
kine release can lead to increased maternal metallothionein synthesis in
the liver (Coyle et al., 2009). Metallothionein leads to sequestering of Zn
ions in the liver with consequently decreased maternal Zn blood con-
centrations and decreased placental transfer of Zn ions to the embryo
(Daston, 1994.). This ultimately induces abnormal embryo-foetal
development. Chemicals acting in this way are for example alcohol,
valproic acid and 2-ethylhexanoic acid. Supplementation of Zn in the
diet of the dam ameliorates embryotoxicity.

Reproductive outcomes in rabbits, a second species used in devel-
opmental toxicity assessments, also are sensitive to decreases in feed
intake. A feed restriction study during organogenesis (gd 7-19) in
pregnant rabbits (150 g feed/day in controls vs. 110, 75, 55,35 and 15 g
feed/day in restricted groups) resulted in significant decreases in foetal
body weight at < 75 g feed/day despite only a 2% decrease in maternal
body weight on gd 20 and control levels of diet from gd 20-29 (C-sec-
tions on gd 29) (Cappon et al., 2005). Decreased ossification was seen in
foetuses at these same levels of feed restriction. Pregnant rabbits are
especially sensitive to gastrointestinal disturbances and may suffer en-
teropathy or pregnancy toxemia, a nutritional disorder that occurs sec-
ondary to insufficient food intake and metabolic effects (Patton et al.,
2008). Thus, decrements in food intake may indicate maternal toxicity
prior to significant body weight changes. Interestingly, maternal rabbits
often have negative net bodyweight gain, making this endpoint less
useful to indicate maternal toxicity in this species. Moxon et al. (2023)
reviewed the challenges of interpreting rabbit developmental toxicity
studies and the difficulty distinguishing maternal toxicity from specific
offspring effects given the rabbit’s sensitivity to stress.

Maternal food consumption during lactation also warrants careful
examination in reproductive toxicity studies (e.g., OECD TGs 421/422,
426, 416, 443), wherein rats deliver offspring and dosing continues
during lactation. Sustained reductions in food and/or water consump-
tion during lactation may indicate that an MTD has been achieved or
exceeded. The lactation phase is accompanied by large increases in
maternal feed consumption in rats (e.g., 2-3 times increase relative to
non-pregnant adult females; Saghir et al., 2013). In rodents, maternal
nutritional intake during lactation must be adequate to support the large
metabolic demands of milk synthesis to maintain litters and support pup
growth rates.

Thus, reduced food intake can affect reproductive parameters in
adult male and female rats. Furthermore, decreased maternal food
intake during gestation, regardless of the cause, will result in maternal
undernutrition which is known to decrease foetal growth and may
compromise milk production during lactation. Thus, it is incumbent on
registrants, regulators and study personnel to exercise good judgment in
dose selection so as not to limit the amounts of nutrients available to the
mother during these demanding life stages. Most laboratories have
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criteria defining when altered food consumption affects animal welfare
in non-pregnant adult animals; however, these limits are more difficult
to define in reproductive studies where duration and timing (e.g., em-
bryonic vs. foetal growth period in late gestation; first vs. second week of
lactation) can significantly impact the effects of feed consumption
deficits.

5.3. Maternal toxicants affecting clinical chemistry parameters

Diflunisal, an anti-inflammatory and analgesic drug, caused defects
in the axial skeleton in rabbits. Clark et al. (1984) could demonstrate
that the mechanism of this effect was anaemia and a depletion of
adenosine triphosphate (ATP) in erythrocytes. Administration of diflu-
nisal before implantation (gd 5) caused a long-lasting anaemia until Day
15. The drug was eliminated from the blood at Day 9, the timepoint
where axial defects are induced in this species and where the peak of
haemoglobinuria occurred. This proved that the defects were caused by
maternal toxicity and not a direct action of the test compound to the
embryo. Thus, when haematology and clinical chemistry parameters are
examined in maternal toxicity dose range finding studies, anaemia in the
range of 10-15% should be judged as dose limiting.

The loop diuretic indacrinone induced wavy ribs, and defects at
scapula and humerus in rat foetuses. These effects at scapula and hu-
merus were no longer observed after supplementation with potassium,
and the incidence of wavy ribs were reduced. This demonstrated that
maternal hypokalaemia was the underlying cause of teratogenicity
(Robertson et al., 1981).

5.4. Evaluation of metabolome data

Metabolomic patterns were evaluated in 44 studies using plasma of
pregnant rats at gestation day 20 (Keller et al., 2019). Metabolomic data
were compared to the routinely assessed parameters of body weight and
food consumption. Metabolome-derived No Observed Effect Levels were
below the classic maternal NOAELs. These data suggest that using the
classic maternal parameters may be too crude. Physiological imbalance
may occur at lower dose levels, and maternal toxicity may be
overlooked.

A compilation of the same endpoints for maternal toxicity studies,
OECD TG 414, OECD TG 421 and OECD TG 422 studies (total of 127
studies) revealed that 31 compounds had significant changes in the
metabolome below the NOAEL. Additionally, 37 compounds showed
non-significant changes below the NOAEL (BASF, internal data). Thus,
metabolomic data may provide information on mode-of-action when
effects are observed or indicate that physiological changes have
occurred even if effects are not grossly apparent.

Metabolomics data clearly shows perturbations to a range of mea-
sures in addition to the endpoints traditionally assessed in DART studies.
As scientific understanding continues to develop in this area these data
may provide additional information to guide dose level section.

5.5. Maternal circulatory changes and cardiovascular active compounds

It has been known for some time that interruption of the oxygen
supply to the embryo is teratogenic. Clamping of the uterine vessels in
rats on gd 14 caused foetal deaths, limb anomalies and cleft palate in rats
(Leist and Grauwiler, 1974). Later it was shown that also cardiovascular
active drugs caused hypoxia to the pregnant animal due to their phar-
macological mechanism. Vasoconstricting agents caused malformations
in rats due to hypoxia, particularly in digits when preceded by hae-
morrhage (Webster and Abela, 2007). Digital defects in rat (Yoshida
et al., 1988) and rabbit foetuses (Danielsson et al., 1989, 1990) were also
observed after treatment of the mothers with vasodilating calcium an-
tagonists. A probable underlying contributor is an alteration of the
disposition of blood from central to peripheral compartments. The
anti-depressant Phenytoin caused decreased heart rate and teratogenic
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effects in A/J mice, but not in C57Bl/6 J mice, a strain resistant to heart
rate effects (Watkinson and Millicovsky, 1983); maternally mediated
embryotoxicity was proposed as the mode of action.

5.6. Maternal histopathology observations

Pathological signs of irritation/corrosion at the dosing site (skin,
gastro-intestinal or respiratory tract) may indicate that an MTD has been
reached or exceeded; suffering or distress to the animal must be avoided.
In case of histopathological examinations, changes indicating impair-
ment of liver function (necrosis, elevated Alanine Amino Transferase
(ALAT), Aspartate Amino Transferase (ASAT)) or kidney function (ne-
crosis, degeneration/regeneration, increased Blood Urinary Nitrogen
(BUN), increased creatinine) can be considered as dose-limiting (ECE-
TOC Technical Report 138; ECETOC, 2021).

5.7. Role of maternal stress

Environmental factors, such as exposure of pregnant rats to noise,
has been shown to result in lower litter size and increased incidence of
malformations in rats (Geber, 1966). Embryonic deaths, but no mal-
formations were observed in mice after noise exposure (Kimmel et al.,
1976). Treatment of pregnant mice with diazepam and phenytoin led to
increased blood levels of corticosterone (Barlow et al., 1980; Hansen
et al., 1988). In the case of diazepam the lowest dose causing increased
cortisone levels in the dams was also the lowest dose level causing cleft
palate in the foetuses.

Burgueno et al. (2020) conducted 14 separate meta-analyses of the
role of maternal stress and administration of corticosteroids during
pregnancy on foetal parameters in rodent studies. Both maternal stress
and administration of corticosteroids were associated with low birth
weights. Offspring body weights remained lower in later life, indicating
no rapid postnatal recovery.

Usually range-finding studies for developmental toxicity studies use
relatively crude parameters (body weight, body weight gain, food con-
sumption, and in some rare cases also clinical chemistry and haemato-
logical data). As shown above, there are many other factors that impact
implantation and embryofoetal growth. This demonstrates how sensi-
tive the pregnancy and lactation phases are, and strengthens the argu-
ment not to go too high with respect to the top dose level. Of course, it is
not known if, for example, metabolome changes are adverse or not, but
doses that markedly perturb maternal physiology should be avoided. It
should also be considered that effects on body weight and food con-
sumption can affect the amount of nutrients and micronutrients avail-
able to the dam and the foetuses, which are especially important during
gestation and lactation.

6. Animal studies in the context of the protection of human
health

Reproductive toxicity studies are designed to apply to laboratory
animals, mainly rats. However, the purpose of testing is to predict the
outcome of such studies for humans. Whilst animal studies are used as
surrogates for humans, it is important to acknowledge that studies in
animals have their own limitations and deficiencies and may not always
replicate the situation in humans. It may be informative to consider how
a physician would respond to the situation where a pregnant woman
would have a 10% lower body weight at the end of gestation compared
to a normal gestation. Let us assume that to have such a situation food
consumption would need to be 25% lower than under normal circum-
stances. Most likely the physician would conclude that this could
potentially have several consequences for the unborn child. It’s impor-
tant to note that individual circumstances can vary, and the effects on
the unborn child may depend on other factors such as the overall health
of the mother and the specific cause of the reduced body weight.
However, here are some general possible consequences.
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- Restricted foetal growth: Maternal undernutrition or inadequate
weight gain during pregnancy can lead to restricted foetal growth.
Insufficient maternal nutrition may limit the availability of essential
nutrients required for the development of the foetus, potentially
resulting in low birth weight or intrauterine growth restriction
(IUGR).

Impaired foetal development: A reduced body weight in the mother
may indicate inadequate nutrient intake during pregnancy. This can
result in deficiencies of vital nutrients such as protein, iron, folate,
calcium, and others, which are crucial for the development of the
foetus. Nutrient deficiencies may lead to impaired organ develop-
ment, increased risk of birth defects, and long-term health issues for
the child.

Increased risk of preterm birth: Inadequate maternal weight gain or
low body weight can increase the risk of preterm birth.
Compromised immune system: Poor maternal nutrition can impact
the development of the foetal immune system. The child may have a
weaker immune response, making them more susceptible to in-
fections and diseases early in life.

Cognitive and neurological effects: Proper nutrition during preg-
nancy is vital for the development of the foetal brain and nervous
system. Inadequate weight gain or nutritional deficiencies may in-
crease the risk of cognitive and neurological impairments in the
child, potentially affecting their learning abilities and overall
development.

Long-term health implications: The consequences of reduced body
weight during pregnancy may extend into the child’s later life.
Studies have suggested that poor maternal nutrition during gestation
can increase the risk of chronic conditions, such as cardiovascular
diseases, obesity, and type 2 diabetes, in adulthood.

Pregnancy in itself has a measurable effect on homoeostasis. For
example, the effects of pregnancy on the internal, naturally occurring
metabolites (<1.5 Da) in rats, using a blood-based metabolomics
approach, were very pronounced. In addition, simple overnight fasting
also had a significant effect on internal metabolite levels. What is
important in the context of reduced body weight and pregnancy is that
there also was an interaction between fasting and pregnancy mediated
metabolome changes (Ramirez-Hincapie et al., 2021). This indicates
that in developmental toxicity studies in which there is a pronounced
reduction (>10%) in body weight, it is likely that this condition by itself
will have an adverse effect. This may not be immediately evident but can
for instance reduce homeostasis and defence mechanisms. So, with
increasing maternal toxicity, the discriminative power of such studies to
detect selective developmental toxicity is diminished.

Lastly, as mentioned by Scialli et al. (2018), more information is
available for dose setting than in the past, including in silico/read across
data, in vitro data, toxicokinetic modelling, that can be used to inform
dose selection in both in vivo and in vitro studies. As our technology and
scientific knowledge develop, new approach methodologies may be able
to supplement or eventually replace approaches in animals, though in
vitro to in vivo extrapolation and appropriate dose selection will likely
remain challenging. In the meantime, test guidelines that include
additional study endpoints can be used to better characterise toxicity in
the offspring and in some study types, the parental animals. Better use of
these additional information sources will likely mean that excessively
toxic high dose levels are not needed to detect adverse outcomes.

7. Conclusions and recommendations

Overall, the existing general concepts, recommendations and ap-
proaches to dose level selection elaborated in ECETOC Technical Report
138 (2021) and in Sewell et al., (2022), are equally applicable to DART
studies, and represent approaches to selecting dose levels that allow for
accurate risk assessment and enable hazard-based classification based
on identification of relevant hazards.
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- OECD test guidelines currently recommend the use of toxicokinetic
to avoid dosing above the non-linear range. However, there is no
internationally agreed guidance on how to use toxicokinetic data in
setting the top dose. Where there are no or little data to make a dose
selection decision based on systemic exposure, or where systemic
exposure has a linear relationship with the externally applied/tar-
geted dose, then signs of toxicity remain the main source of knowl-
edge for selecting appropriate dose levels.

Changes in metabolism, pharmacokinetics and/or physiology that
occur at excessive dosages may be non-linear in their dose-
relationship, and often produce effects on development and repro-
duction that have little or no relevance to even slightly lower dosages
that may be considered minimally toxic. The extrapolations made
from excessive dose levels are meaningless in predicting adverse
effects at environmentally relevant exposure levels. The complexity
and inter-dependencies of DART experimental models have led to the
development of scientifically robust approaches to dose level selec-
tion in DART studies (Brannen et al., 2011; Beyer et al., 2011),
including consensus limits on reductions in body weight gain, with
>20% considered excessive and 10-15% reduction adequate for the
high dose level. Thus, the proposal to remove the MTD criterion of a
10% decrease in body weight gain from test guidelines for DART
studies is not supported.

Mathematically/theoretically focussed approaches (as opposed to
holistic approaches) developed with the intention of maximising the
chance of detecting a hazard by exaggerating the top dose level of a
study to the greatest extent possible are not recommended and
should be avoided as such approaches fail to appreciate the inte-
grated biology of the test organism.

The reason for conducting DART studies is to determine the potential
for a chemical to produce reproductive toxicity, and if so, to provide a
starting point for human risk assessment. In order to fulfill that purpose,
dose levels should be selected such that every dose group produces
interpretable data, thereby maximising the utility of the study for both
hazard and risk evaluation. While the argument has been made that
exaggerating the dose levels in these studies to the maximum extent
possible increases the chances of detecting a hazard, we have demon-
strated here that effects observed at these high dose levels can be pro-
duced by secondary mechanisms that are not relevant for prediction of
real-world hazard or risk. Conducting studies at dose levels that cause
frank toxicity and overwhelm homeostasis leads to misclassification of
chemicals that are not reproductive hazards. Although some might view
a high rate of false positives as precautionary, in reality it is the opposite
because chemicals falsely identified as reproductive toxicants become a
high priority for replacement. As a consequence of this, chemicals that
are well-studied and pose low risk are deselected in favour of newer
chemicals that have data gaps.

Animal toxicity studies have limitations, but increasing the dose
levels in these studies does not address those limitations. In fact,
increasing dose levels to excessively toxic levels may further increase the
limitations and applicability of the studies to the human health hazard
and risk assessment. While there are no alternative methods available at
this time to replace the animal tests for DART, there are many tools
available that can provide additional information that address some of
the limitations. These include pharmacokinetic information, which is
routinely used in the pharmaceutical industry for dose setting, as well as
in vitro and in silico tools that shed light on mode of action, and the
appropriateness of a given animal model for predicting human toxicity
(Scialli et al., 2018, others). We believe that it would be more reasonable
to explore these approaches to supplement the animal models rather
than to advocate for increasing dose levels to the point where the results
are not interpretable.

In summary, a biological approach to dose level selection using all
available and relevant data that takes into account the complexity of a
multicompartment model (maternal-placental-foetal) leads to a holistic
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consideration of dose. Embryo-foetal development is dependent on a
healthy internal environment in the maternal animal. A wide range of
additional factors such as maternal target organ toxicity, the effects of
nutritional status and the effects of maternal stress have all been shown
to have a detrimental effect on normal development.

As our knowledge grows in this area, we are becoming even more
aware of the multiple subtle changes in maternal homeostasis (that can
be described through the use of metabolomics), caused by xenobiotics at
even low doses (well below the MTD), all with the potential to adversely
affect development. These advances in understanding should be taken
into account wherever possible in dose level selection. As our scientific
understanding advances, there is more information available for dose
setting than in the past, including in silico/read across information, in
vitro data, toxicokinetic modelling. Furthermore, test guidelines include
additional study endpoints to better characterise toxicity in the offspring
and in some study types, the parental animals. These information
sources mean that excessively toxic high dose levels are simply not
needed to detect adverse outcomes.

Finally, we must consider the impact of the way in which studies
have to take into account animal welfare. Examples of severe suffering in
the ECHA advice on top dose selection include excessive mortality,
indicated as >10% mortality, which is not in line with OECD TGs 414,
443 and 421/422 and Humane Endpoints Guidance Document where it
is indicated that death should be avoided. The ECHA recommendation to
avoid only “severe suffering” could be considered counter to the 3R s (in
this case a refinement to minimise suffering) which are generally sup-
ported by regulatory agencies globally. It could also lead to challenges in
appropriate consideration of societal pressures to lessen animal
suffering. Moreover, it is a key responsibility of investigators using an-
imal models to ensure that the outputs of a test are interpretable and
able to provide data that contribute to the overall goal of protecting
human health. The use of excessive dose levels is incompatible with this
protection goal and will lead to the generation of data that are difficult
to interpret and the reliability and relevance of which are doubtful and
misleading. In addition, this may well lead to further unnecessary
studies on animals to clarify that findings produced at excessive dose
levels are of no relevance to humans.

Any guidance on dose level selection should take into consideration
the themes developed in this paper around the need to consider wider
changes in homeostasis, and not be limited to an overly simplistic reli-
ance on body weight reductions alone.

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

This manuscript relates to work undertaken by the European Centre
for Ecotoxicology and Toxicology of Chemicals (ECETOC; www.ecetoc.
org) Dose Selection Task Force. ECETOC is a scientific organization
which provides a collaborative space for scientists from industry,
academia and governments. Its mission is to develop and promote
practical, trusted and sustainable solutions to scientific challenges
which are valuable to industry, as well as to the regulatory community
and society in general. ECETOC is financed by its membership, which
are the leading companies with interests in the manufacture and use of
chemicals, biomaterials and pharmaceuticals (http://www.ecetoc.
org/ecetoc-membership/member-companies/). Within the ECETOC
Task Forces, Task Force members work within their regular working
hours, but do not receive compensation from ECETOC.

CRediT authorship contribution statement

R.W. Lewis: Writing — review & editing, Writing — original draft,
Conceptualization. A.K. Andrus: Writing — review & editing, Writing —
original draft, Conceptualization. J. Arroyo: Writing — review & editing,
Writing — original draft. S. Brescia: Writing — review & editing, Writing

12

Regulatory Toxicology and Pharmacology 148 (2024) 105585

— original draft, Conceptualization. P.A. Botham: Writing — review &
editing, Writing — original draft, Conceptualization. M. Corvaro:
Writing — review & editing, Writing — original draft, Conceptualization.
G.P. Daston: Writing — review & editing, Writing — original draft,
Conceptualization. T. Hofmann: Writing — review & editing, Writing —
original draft, Conceptualization. C. Rodriguez: Writing — review &
editing, Writing — original draft, Conceptualization. F. Sewell: Writing —
review & editing, Writing — original draft, Conceptualization. B. van
Ravenzwaay: Writing — review & editing, Writing — original draft,
Conceptualization. K. Wiench: Writing — review & editing, Writing —
original draft, Conceptualization. S. Marty: Writing — review & editing,
Writing — original draft, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This work was conducted as part of the European Centre for Eco-
toxicology and Toxicology of Chemicals (ECETOC; www.ecetoc.org)
Dose Selection Task Force. The authors would like to thank the ECETOC
Scientific Committee for their review and valuable comments during the
preparation of this article. We thank the ECETOC Secretariat for
organisational and technical assistance to the Task Force.

References

Arts, J.H.E., Humfrey, C.D., Sloter, E.D., 2023. Letter to the Editors regarding "10% body
weight (gain) change as criterion for the maximum tolerated dose: a critical
analysis". Regul. Toxicol. Pharmacol. 143, 105440 https://doi.org/10.1016/j.
yrtph.2023.105440. Epub 2023 Jul 13. PMID: 37453555.

Barlow, S.M., Knight, A.F., Sullivan, F.M., 1980. Diazepam-induced cleft palate in the
mouse: the role of endogenous maternal corticosterone. Teratology 21 (2), 149-155.
https://doi.org/10.1002/tera.1420210203. PMID: 7394717.

Beyer, B.K., Chernoff, N., Danielsson, B.R., Davis-Bruno, K., Harrouk, W., Hood, R.D.,
Janer, G., Liminga, U.W., Kim, J.H., Rocca, M., Rogers, J., Scialli, A.R., 2011. ILSI/
HESI maternal toxicity workshop summary: maternal toxicity and its impact on
study design and data interpretation. Birth Defects Res. B Dev. Reprod. Toxicol. 92
(1), 36-51. https://doi.org/10.1002/bdrb.20281. Epub 2010 Dec 23. PMID:
21312321.

Brannen, K.C., Fenton, S.E., Hansen, D.K., Harrouk, W., Kim, J.H., Shuey, D., 2011.
Developmental toxicology — new directions workshop: refining testing strategies and
study designs. Birth Defects Res., Part B 92, 404-412. https://doi.org/10.1002/
bdrb.20326.

Burgueno, A.L., Judrez, Y.R., Genaro, A.M., Tellechea, M.L., 2020. Prenatal stress and
later metabolic consequences: systematic review and meta-analysis in rodents.
Psychoneuroendocrinology 113, 104560. https://doi.org/10.1016/j.
psyneuen.2019.104560. Epub 2019 Dec 20. PMID: 31884321.

Cappon, G.D., Fleeman, T.L., Chapin, R.E., Hurtt, M.E., 2005. Effects of feed restriction
during organogenesis on embryo-fetal development in rabbit. Birth Defects Res. B
Dev. Reprod. Toxicol. 74 (5), 424-430. https://doi.org/10.1002/bdrb.20058. PMID:
16249998.

Carney, E.W., 1997. Maternal physiological disruption. In: Kavlock, R.J., Daston, G.P.
(Eds.), Drug Toxicity in Embryonic Development Vol 1. Springer, Heidelberg,
pp. 573-594.

Carney, E.W., Zablotny, C.L., Marty, M.S., Crissman, J.W., Anderson, P., Woolhiser, M.,
Holsapple, M., 2004. The effects of feed restriction during in utero and postnatal
development in rats. Toxicol. Sci. 82 (1), 237-249. https://doi.org/10.1093/toxsci/
kfh249. Epub 2004 Aug 13. PMID: 15310860.

Carney, E.W., Tornesi, B., Liberacki, A.B., Markham, D.A., Weitz, K.K., Luders, T.M.,
Studniski, K.G., Blessing, J.C., Gies, R.A., Corley, R.A., 2011a. The impact of dose
rate on ethylene glycol developmental toxicity and pharmacokinetics in pregnant CD
rats. Toxicol. Sci. 119 (1), 178-188. https://doi.org/10.1093/toxsci/kfq310. Epub
2010 Oct 15. PMID: 20952502.

Carney, E.W., Ellis, A.L, Tyl, R.W., Foster, P.M.D., Scialli, A.R., Thompson, K., Kim, J.,
2011b. Critical evaluation of current developmental toxicity testing strategies: a case
of babies and their bathwater. Birth Defects Res. B Dev. Reprod. Toxicol. 92 (5),
395-403. https://doi.org/10.1002/bdrb.20318. Epub 2011 Jul 18. PMID:
21770028.


http://www.ecetoc.org
http://www.ecetoc.org
http://www.ecetoc.org/ecetoc-membership/member-companies/
http://www.ecetoc.org/ecetoc-membership/member-companies/
http://www.ecetoc.org
https://doi.org/10.1016/j.yrtph.2023.105440
https://doi.org/10.1016/j.yrtph.2023.105440
https://doi.org/10.1002/tera.1420210203
https://doi.org/10.1002/bdrb.20281
https://doi.org/10.1002/bdrb.20326
https://doi.org/10.1002/bdrb.20326
https://doi.org/10.1016/j.psyneuen.2019.104560
https://doi.org/10.1016/j.psyneuen.2019.104560
https://doi.org/10.1002/bdrb.20058
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref7
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref7
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref7
https://doi.org/10.1093/toxsci/kfh249
https://doi.org/10.1093/toxsci/kfh249
https://doi.org/10.1093/toxsci/kfq310
https://doi.org/10.1002/bdrb.20318

R.W. Lewis et al.

Chapin, R.E., Gulati, D.K., Barnes, L.H., Teague, J.L., 1993. The effects of feed restriction
on reproductive function in Sprague-Dawley rats. Fund. Appl. Toxicol. 20 (1), 23-29.
https://doi.org/10.1006/faat.1993.1003. PMID: 8432425.

Clark, R.L., Robertson, R.T., Minsker, D.H., Cohen, S.M., Tocco, D.J., Allen, H.L.,
James, M.L., Bokelman, D.L., 1984. Diflunisal-induced maternal anemia as a cause of
teratogenicity in rabbits. Teratology 30 (3), 319-332. https://doi.org/10.1002/
tera.1420300304. PMID: 6515560.

Corley, R.A., Bartels, M.J., Carney, E.W., Weitz, K.K., Soelberg, J.J., Gies, R.A., Thrall, K.
D., 2005. Development of a physiologically based pharmacokinetic model for
ethylene glycol and its metabolite, glycolic Acid, in rats and humans. Toxicol. Sci. 85
(1), 476-490. https://doi.org/10.1093/toxsci/kfi119. Epub 2005 Feb 16. PMID:
15716482.

Coyle, P., Martin, S.A., Carey, L.C., Summers, B.L., Rofe, A.M., 2009. Ethanol-mediated
fetal dysmorphology and its relationship to the ontogeny of maternal liver
metallothionein. Alcohol Clin. Exp. Res. 33 (6), 1051-1058. https://doi.org/
10.1111/j.1530-0277.2009.00926.x.

Creton, S, Saghir, SA, Bartels, MJ, Billington, R, Bus, JS, Davies, W, Dent, MP,
Hawksworth, GM, Parry, S, Travis, KZ, 2012. Use of toxicokinetics to support
chemical evaluation: Informing high dose selection and study interpretation. Regul
Toxicol Pharmacol. 62 (2), 241-7.

Daston, G.P., 1994. Relationships between maternal and developmental toxicity. In:
Kimmel, C.A., Buelke-Sam, J. (Eds.), Developmental Toxicology. Raven Press, New
York, pp. 189-212.

Daston, G., Piersma, A., Attias, L., Beekhuijzen, M., Chen, C., Foreman, J., Hallmark, N.,
Leconte, 1., 2018. Best practices for developmental toxicity assessment for
classification and labeling. Reprod. Toxicol. 80, 44-48. https://doi.org/10.1016/j.
reprotox.2018.05.001. Epub 2018 May 16. PMID: 29753929.

Danielsson, B.R., Reiland, S., Rundqvist, E., Danielson, M., 1989. Digital defects induced
by vasodilating agents: relationship to reduction in uteroplacental blood flow.
Teratology 40 (4), 351-358. https://doi.org/10.1002/tera.1420400407. PMID:
2814896.

Danielsson, B.R., Danielson, M., Reiland, S., Rundgyvist, E., Dencker, L., Regérd, C.G.,
1990. Histological and in vitro studies supporting decreased uteroplacental blood
flow as explanation for digital defects after administration of vasodilators.
Teratology 41 (2), 185-193. https://doi.org/10.1002/tera.1420410210. PMID:
2321163.

Duffy, J.Y., Baines, D., Overmann, G.J., Keen, C.L., Daston, G.P., 1997. Repeated
administration of a-hederin results in alterations in maternal zinc status and adverse
developmental outcome in the rat. Teratology 56 (5), 327-334. https://doi.org/
10.1002/(SICI)1096-9926(199711)56:5<327::AID-TERA6>3.0.CO;2-U. PMID:
9451757.

ECETOC, 2021. European Centre for Ecotoxicology and Toxicology of Chemicals.
ECETOC Guidance on Dose Selection. Technical Report No. 138. 2021. https://www.
ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-138-Guidance-on-Dose-Selec
tion_Final.pdf.

ECHA, 2022. European Chemicals Agency. Advice on Dose-Level Selection for the
Conduct of Reproductive Toxicity Studies (OECD TGs 414, 421/422 and 443) under
REACH. January 2022. https://echa.europa.eu/-/new-advice-for-determining-dose-
levels-in-toxicity-testing.

Fleeman, T.L., Cappon, G.D., Chapin, R.E., Hurtt, M.E., 2005. Effects of feed restriction
during organogenesis on embryo-fetal development in the rat. Birth Defects Res. B
Dev. Reprod. Toxicol. 74 (5), 442-449. https://doi.org/10.1002/bdrb.20056. PMID:
16193501.

Garofano, A., Czernichow, P., Bréant, B., 1998. Beta-cell mass and proliferation following
late fetal and early postnatal malnutrition in the rat. Diabetologia 41 (9),
1114-1120. https://doi.org/10.1007/5001250051038. PMID: 9754832.

Geber, W.F., 1966. Developmental effects of chronic maternal audiovisual stress on the
rat fetus. J. Embryol. Exp. Morphol. 16 (1), 1-16.

Giavini, E., Menegola, E., 2012. The problem of maternal toxicity in developmental
toxicity studies. Regul. Toxicol. Pharmacol. 62 (3), 568-570. https://doi.org/
10.1016/j.yrtph.2011.11.021. Epub 2011 Dec 8. PMID: 22178772.

Hansen, D.K., Holson, R.R., Sullivan, P.A., Grafton, T.F., 1988. Alterations in maternal
plasma corticosterone levels following treatment with phenytoin. Toxicol. Appl.
Pharmacol. 96 (1), 24-32. https://doi.org/10.1016/0041-008x(88)90243-8. PMID:
3188023.

Hellsten, K., Bichlmaier Suchanova, B., Sihvola, V., Simanainen, U., Lepparanta, O.,
Chronis, K., Simon, D., Bichlmaier, I., 2023. The importance of study design in
investigating intrinsic developmental toxic propserties of substances in new studies
under the REACH and CLP regulations in the European Union. Curr. Opin. Toxicol.
34, 100402 https://doi.org/10.1016/j.cotox.2023.100402.

Heringa, M.B., Cnubben, N.H.P., Slob, W., Pronk, M.E.J., Muller, A., Woutersen, M.,
Hakkert, B.C., 2020. Use of the kinetically-derived maximum dose concept in
selection of top doses for toxicity studies hampers proper hazard assessment and risk
management. Regul. Toxicol. Pharmacol. 114, 104659 https://doi.org/10.1016/j.
yrtph.2020.104659. Epub 2020 Apr 22. PMID: 32334038.

Keller, J., Mellert, W., Sperber, S., Kamp, H., Jiang, X., Fabian, E., Herold, M., Walk, T.,
Strauss, V., van Ravenzwaay, B., 2019. Added value of plasma metabolomics to
describe maternal effects in rat maternal and prenatal toxicity studies. Toxicol. Lett.
301, 42-52. https://doi.org/10.1016/j.toxlet.2018.10.032. Epub 2018 Nov 9. PMID:
30414988.

Kimmel, C.A., Cook, R.O., Staples, R.E., 1976. Teratogenic potential of noise in mice and
rats. Toxicol. Appl. Pharmacol. 36 (2), 239-245. https://doi.org/10.1016/0041-
008x(76)90003-x. PMID: 1273844.

Leist, K.H., Grauwiler, J., 1974. Fetal pathology in rats following uterine-vessel clamping
on day 14 of gestation. Teratology 10 (1), 55-67. https://doi.org/10.1002/
tera.1420100109. PMID: 4852039.

13

Regulatory Toxicology and Pharmacology 148 (2024) 105585

McCoy, AT, Bartels, MJ, Rick, DL, Saghir, SA, 2012. TK Modeler version 1.0, a
Microsoft® Excel®- based modeling software for the prediction of diurnal blood/
plasma concentration for toxicokinetic use. Regul Toxicol Pharmacol. 63 (2),
333-43.

McFadden, LG, Bartels, MJ, Rick, DL, Price, PS, Fontaine, DD, Saghir, SA, 2012.
Statistical methodology to determine kinetically derived maximum tolerated dose in
repeat dose toxicity studies. Regul Toxicol Pharmacol. 63 (2), 344-51.

Moxon, M., Beekhuijzen, M., Hannas, B., Manton, J., French, J., Malley, L., 2023. An
overview of the current challenges when using rabbits for prenatal developmental
toxicity studies with consideration of the impact on data interpretation. Reprod.
Toxicol. 118, 108386 https://doi.org/10.1016/j.reprotox.2023.108386, 2023 Jun.

OECD, 2000. OECD Environmental Health and Safety Publications. Series on Testing and
Assessment. No. 19. Guidance Document on the Recognition, Assessment, and Use of
Clinical Signs as Humane Endpoints for Experimental Animals Used in Safety
Evaluation. ENV/JM/MONO(2000)7. Environment Directorate. ORGANISATION
FOR ECONOMIC CO-OPERATION AND DEVELOPMENT, Paris.

OECD, 2008. Environment, Health and Safety Publications. Series on Testing and
Assessment. No. 43. Guidance Document on Mammalian Reproductive Toxicity
Testing and Assessment. ENV/JM/MONO(2008)16. ORGANISATION FOR
ECONOMIC CO-OPERATION AND DEVELOPMENT, Paris, 2008.

OECD, 2013. Environment, Health and Safety Publications. Series on Testing and
Assessment. No. 151. Guidance Document Supporting OECD Test Guideline 443 on
the Extended One-Generation Reproductive Toxicity Test. OECD Series on Testing
and Assessment. ENV/JM/MONO(2013)10. Environment Directorate. Organisation
for Economic Co-operation and Development, Paris, 2013.

OECD, 2012. Environment, Health and Safety Publications. Series on Testing and
Assessment. No. 116. Guidance Document 116 on the Conduct and Design of Chronic
Toxicity and Carcinogenicity Studies, Supporting Test Guidelines 451, 452 and 453,
second ed. ENV/JM/MONO(2011)47. Environment Directorate. Organisation for
Economic Co-operation and Development, Paris. https://doi.org/10.1787/
9789264221475-en. 2012.

OECD, 2016a. Test No. 421: Reproduction/Developmental Toxicity Screening Test,
OECD Guidelines for the Testing of Chemicals, Section 4. OECD Publishing, Paris.
https://doi.org/10.1787/9789264264380-en.

OECD, 2016b. Test No. 422: Combined Repeated Dose Toxicity Study with the
Reproduction/Developmental Toxicity Screening Test, OECD Guidelines for the
Testing of Chemicals, Section 4. OECD Publishing, Paris. https://doi.org/10.1787/
9789264264403-en.

OECD, 2018a. Test No. 414: Prenatal Developmental Toxicity Study, OECD Guidelines
for the Testing of Chemicals, Section 4. OECD Publishing, Paris. https://doi.org/
10.1787/9789264070820-en.

OECD, 2018b. Revised Guidance Document 150 on Standardised Test Guidelines for
Evaluating Chemicals for Endocrine Disruption, OECD Series on Testing and
Assessment. OECD Publishing, Paris. https://doi.org/10.1787/9789264304741-en.

OECD, 2018c. Test No. 443. Extended One-Generation Reproductive Toxicity Study.
OECD Guideline for the Testing of Chemicals. OECD Publishing, Paris. Section 4.

Patton, N.M., Hagen, K.W., Gorham, J.R., Flatt, R.E., 2008. Domestic Rabbits: Diseases
and Parasites. A Pacific Northwest Extension Publication. https://ir.library.oregons
tate.edu/downloads/5712m691t.

Palmer, A.K., 1978. The design of subprimate animal studies. In: Wilson, J.G., Fraser, F.
C. (Eds.), Handbook of Teratology, vol. 4. Plenum Press, New York, pp. 215-253.

Ramirez-Hincapie, S., Giri, V., Keller, J., Kamp, H., Haake, V., Richling, E., van
Ravenzwaay, B., 2021. Influence of pregnancy and non-fasting conditions on the
plasma metabolome in a rat prenatal toxicity study. Arch. Toxicol. 95 (9),
2941-2959. https://doi.org/10.1007/500204-021-03105-0. Epub 2021 Jul 30.
PMID: 34327559.

Rehm, S., White, T.E., Zehalka, E.A., Stanislaus, D.J., Boyce, R.W., Wier, P.J., 2008.
Effects of food restriction on testis and accessory sex glands in maturing rats.
Toxicol. Pathol. 36 (5), 687-694. https://doi.org/10.1177/0192623308320275.
Epub 2008 Jul 22. PMID: 18648097.

Robertson, R.T., Minsker, D.H., Bokelman, D.L., Durand, G., Conquet, P., 1981.
Potassium loss as a causative factor for skeletal malformations in rats produced by
indacrinone: a new investigational loop diuretic. Toxicol. Appl. Pharmacol. 60 (1),
142-150. https://doi.org/10.1016/0041-008x(81)90144-7. PMID: 7281172.

Rogers, J.M., Chernoff, N., Keen, C.L., Daston, G.P., 2005. Evaluation and interpretation
of maternal toxicity in Segment II studies: issues, some answers, and data needs.
Toxicol. Appl. Pharmacol. 207 (2 Suppl. 1), 367-374. https://doi.org/10.1016/j.
taap.2005.03.026. PMID: 15982694.

Saghir, Shakil A., Bartels, Michael J., Rick, David L., McCoy, Alene T., Rasoulpour, Reza
J., Ellis-Hutchings, Robert G., Marty, M. Sue, Terry, Claire, Bailey, Jason P.,
Billington, Richard, Bus, James S., 2012. Assessment of diurnal systemic dose of
agrochemicals in regulatory toxicity testing — An integrated approach without
additional animal use. Regul Toxicol Pharmacol. 63 (2), 321-32.

Saghir, S.A., Marty, M.S., Zablotny, C.L., Passage, J.K., Perala, AW., Neal, B.H.,
Hammond, L., Bus, J.S., 2013. Life-stage-, sex-, and dose-dependent dietary
toxicokinetics and relationship to toxicity of 2,4-dichlorophenoxyacetic acid (2,4-d)
in rats: implications for toxicity test dose selection, design, and interpretation.
Toxicol. Sci. 136 (2), 294-307. https://doi.org/10.1093/toxsci/kft212. Epub 2013
Oct 8. PMID: 24105888; PMCID: PMC3858196.

Scialli, A.R., Daston, G., Chen, C., Coder, P.S., Euling, S.Y., Foreman, J., Hoberman, A.M.,
Hui, J., Knudsen, T., Makris, S.L., Morford, L., Piersma, A.H., Stanislaus, D.,
Thompson, K.E., 2018. Rethinking developmental toxicity testing: evolution or
revolution? Birth Defects Res. 110 (10), 840-850. https://doi.org/10.1002/
bdr2.1212. Epub 2018 Feb 12. PMID: 29436169; PMCID: PMC6624839.

Sewell, F., Corvaro, M., Andrus, A., Burke, J., Daston, G., Delaney, B., Domoradzki, J.,
Forlini, C., Green, M.L., Hofmann, T., Jackel, S., Lee, M.S., Temerowski, M.,


https://doi.org/10.1006/faat.1993.1003
https://doi.org/10.1002/tera.1420300304
https://doi.org/10.1002/tera.1420300304
https://doi.org/10.1093/toxsci/kfi119
https://doi.org/10.1111/j.1530-0277.2009.00926.x
https://doi.org/10.1111/j.1530-0277.2009.00926.x
http://refhub.elsevier.com/S0273-2300(24)00026-6/optIK3DR7AoLS
http://refhub.elsevier.com/S0273-2300(24)00026-6/optIK3DR7AoLS
http://refhub.elsevier.com/S0273-2300(24)00026-6/optIK3DR7AoLS
http://refhub.elsevier.com/S0273-2300(24)00026-6/optIK3DR7AoLS
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref15
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref15
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref15
https://doi.org/10.1016/j.reprotox.2018.05.001
https://doi.org/10.1016/j.reprotox.2018.05.001
https://doi.org/10.1002/tera.1420400407
https://doi.org/10.1002/tera.1420410210
https://doi.org/10.1002/(SICI)1096-9926(199711)56:5<327::AID-TERA6>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9926(199711)56:5<327::AID-TERA6>3.0.CO;2-U
https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-138-Guidance-on-Dose-Selection_Final.pdf
https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-138-Guidance-on-Dose-Selection_Final.pdf
https://www.ecetoc.org/wp-content/uploads/2021/10/ECETOC-TR-138-Guidance-on-Dose-Selection_Final.pdf
https://echa.europa.eu/-/new-advice-for-determining-dose-levels-in-toxicity-testing
https://echa.europa.eu/-/new-advice-for-determining-dose-levels-in-toxicity-testing
https://doi.org/10.1002/bdrb.20056
https://doi.org/10.1007/s001250051038
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref24
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref24
https://doi.org/10.1016/j.yrtph.2011.11.021
https://doi.org/10.1016/j.yrtph.2011.11.021
https://doi.org/10.1016/0041-008x(88)90243-8
https://doi.org/10.1016/j.cotox.2023.100402
https://doi.org/10.1016/j.yrtph.2020.104659
https://doi.org/10.1016/j.yrtph.2020.104659
https://doi.org/10.1016/j.toxlet.2018.10.032
https://doi.org/10.1016/0041-008x(76)90003-x
https://doi.org/10.1016/0041-008x(76)90003-x
https://doi.org/10.1002/tera.1420100109
https://doi.org/10.1002/tera.1420100109
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt38RolcDE5z
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt38RolcDE5z
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt38RolcDE5z
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt38RolcDE5z
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt6DMlYLpAWm
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt6DMlYLpAWm
http://refhub.elsevier.com/S0273-2300(24)00026-6/opt6DMlYLpAWm
https://doi.org/10.1016/j.reprotox.2023.108386
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref33
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref33
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref33
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref33
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref33
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref35
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref35
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref35
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref35
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref36
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref36
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref36
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref36
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref36
https://doi.org/10.1787/9789264221475-en
https://doi.org/10.1787/9789264221475-en
https://doi.org/10.1787/9789264264380-en
https://doi.org/10.1787/9789264264403-en
https://doi.org/10.1787/9789264264403-en
https://doi.org/10.1787/9789264070820-en
https://doi.org/10.1787/9789264070820-en
https://doi.org/10.1787/9789264304741-en
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref42
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref42
https://ir.library.oregonstate.edu/downloads/5712m691t
https://ir.library.oregonstate.edu/downloads/5712m691t
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref44
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref44
https://doi.org/10.1007/s00204-021-03105-0
https://doi.org/10.1177/0192623308320275
https://doi.org/10.1016/0041-008x(81)90144-7
https://doi.org/10.1016/j.taap.2005.03.026
https://doi.org/10.1016/j.taap.2005.03.026
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref66
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref66
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref66
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref66
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref66
https://doi.org/10.1093/toxsci/kft212
https://doi.org/10.1002/bdr2.1212
https://doi.org/10.1002/bdr2.1212

R.W. Lewis et al.

Whalley, P., Lewis, R., 2022. Recommendations on dose level selection for repeat
dose toxicity studies. Arch. Toxicol. 96 (7), 1921-1934. https://doi.org/10.1007/
500204-022-03293-3. Epub 2022 Apr 29. PMID: 35486138; PMCID: PMC9151511.

Stump, D.G., Nemec, M.D., Parker, G.A., Coder, P.S., Sloter, E.D., Varsho, B.J., 2012.
Significance, reliability, and interpretation of developmental and reproductive
toxicity study findings. In: Hood, R.D. (Ed.), Developmental and Reproductive
Toxicology. A Practical Approach, third ed. Informa Healthcare, New York, NY,
pp. 229-301.

Taubeneck, M.W., Daston, G.P., Rogers, J.M., Keen, C.L., 1994. Altered maternal zinc
metabolism following exposure to diverse developmental toxicants. Reprod. Toxicol.
8 (1), 25-40. https://doi.org/10.1016/0890-6238(94)90064-7. PMID: 8186621.

Terry, K.K., Chatman, L.A., Foley, G.L., Kadyszewski, E., Fleeman, T.L., Hurtt, M.E.,
Chapin, R.E., 2005. Effects of feed restriction on fertility in female rats. Birth Defects
Res. B Dev. Reprod. Toxicol. 74 (5), 431-441. https://doi.org/10.1002/bdrb.20060.
PMID: 16249996.

Tyl, R.W., Marr, M.C., 2012. Developmental toxicity testing — methodology. In: Hood, R.
D. (Ed.), Developmental and Reproductive Toxicology. A Practical Approach, third
ed. Informa Healthcare, New York, NY, pp. 139-183.

US EPA, 1991. US environmental protection agency. Guidelines for developmental
toxicity risk assessment. Fed. Regist. 56 (234), 63798-63826. Published on
December 5, 1991.

14

Regulatory Toxicology and Pharmacology 148 (2024) 105585

US EPA, 1998. US Environmental Protection Agency. Health Effects Test Guidelines
OPPTS 870.6300 Developmental Neurotoxicity Study. EPA 712-C-98-239. August
1998.

van Berlo, D., Woutersen, M., Muller, A., Pronk, M., Vriend, J., Hakkert, B., 2022. 10%
Body weight (gain) change as criterion for the maximum tolerated dose: a critical
analysis. Regul. Toxicol. Pharmacol. 134, 105235 https://doi.org/10.1016/j.
yrtph.2022.105235. Epub 2022 Jul 30. PMID: 35917983.

Watkinson, W.P., Millicovsky, G., 1983. Effect of phenytoin on maternal heart rate in A/J
mice: possible role in teratogenesis. Teratology 28 (1), 1-8. https://doi.org/
10.1002/tera.1420280102. PMID: 6635988.

Webster, W.S., Abela, D., 2007. The effect of hypoxia in development. Birth Defects Res.
C Embryo Today 81 (3), 215-228. https://doi.org/10.1002/bdrc.20102. PMID:
17963271.

Woutersen, M., Muller, A., Pronk, M.E.J., Cnubben, N.H.P., Hakkert, B.C., 2020.
Regulating human safety: how dose selection in toxicity studies impacts human
health hazard assessment and subsequent risk management options. Regul. Toxicol.
Pharmacol. 114, 104660 https://doi.org/10.1016/j.yrtph.2020.104660. Epub 2020
Apr 22. PMID: 32334039.

Yoshida, T., Kanamori, S., Hasegawa, Y., 1988. Hyperphalangeal bones induced in rat
pups by maternal treatment with nifedipine. Toxicol. Lett. 40 (2), 127-132. https://
doi.org/10.1016/0378-4274(88)90153-1. PMID: 3341054.


https://doi.org/10.1007/s00204-022-03293-3
https://doi.org/10.1007/s00204-022-03293-3
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref52
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref52
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref52
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref52
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref52
https://doi.org/10.1016/0890-6238(94)90064-7
https://doi.org/10.1002/bdrb.20060
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref55
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref55
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref55
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref56
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref56
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref56
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref57
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref57
http://refhub.elsevier.com/S0273-2300(24)00026-6/sref57
https://doi.org/10.1016/j.yrtph.2022.105235
https://doi.org/10.1016/j.yrtph.2022.105235
https://doi.org/10.1002/tera.1420280102
https://doi.org/10.1002/tera.1420280102
https://doi.org/10.1002/bdrc.20102
https://doi.org/10.1016/j.yrtph.2020.104660
https://doi.org/10.1016/0378-4274(88)90153-1
https://doi.org/10.1016/0378-4274(88)90153-1

	Considerations for the development of guidance on dose level selection for developmental and reproductive toxicity studies
	1 Introduction and background
	2 The holistic/toxicological approach to dose level selection
	3 A brief review of the evolution of the guidance on top dose level selection for DART studies
	4 Concerns and deficiencies regarding the approach proposed by van Berlo et al
	5 Wider perturbations of homeostasis; further endpoints useful for determining a suitable high dose level in DART studies
	5.1 Maternal clinical signs of toxicity
	5.2 Effects on food consumption/nutritional intake
	5.3 Maternal toxicants affecting clinical chemistry parameters
	5.4 Evaluation of metabolome data
	5.5 Maternal circulatory changes and cardiovascular active compounds
	5.6 Maternal histopathology observations
	5.7 Role of maternal stress

	6 Animal studies in the context of the protection of human health
	7 Conclusions and recommendations
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


