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REVIEW ARTICLE

Critical review and analysis of literature on low dose exposure to chemical
mixtures in mammalian in vivo systems

Chris S. Elcombea,b , Neil P. Evansa and Michelle Bellinghamb

aInstitute of Biodiversity Animal Health and Comparative Medicine, College of Medical, Veterinary and Life Sciences, University of Glasgow,
Glasgow, UK; bSchool of Veterinary Medicine, College of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, UK

ABSTRACT
Anthropogenic chemicals are ubiquitous throughout the environment. Consequentially, humans are
exposed to hundreds of anthropogenic chemicals daily. Current chemical risk assessments are primarily
based on testing individual chemicals in rodents at doses that are orders of magnitude higher than
that of human exposure. The potential risk from exposure to mixtures of chemicals is calculated using
mathematical models of mixture toxicity based on these analyses. These calculations, however, do not
account for synergistic or antagonistic interactions between co-exposed chemicals. While proven exam-
ples of chemical synergy in mixtures at low doses are rare, there is increasing evidence that, through
non-conformance to current mixture toxicity models, suggests synergy. This review examined the pub-
lished studies that have investigated exposure to mixtures of chemicals at low doses in mammalian
in vivo systems. Only seven identified studies were sufficient in design to directly examine the appro-
priateness of current mixture toxicity models, of which three showed responses significantly greater
than additivity model predictions. While the remaining identified studies were unable to provide evi-
dence of synergistic toxicity, it became apparent that many results of such studies were not always
explicable by current mixture toxicity models. Additionally, two data gaps were identified. Firstly, there
is a lack of studies where individual chemical components of a complex mixture (>10 components) are
tested in parallel to the chemical mixture. Secondly, there is a lack of dose-response data for mixtures
of chemicals at low doses. Such data is essential to address the appropriateness and validity of future
chemical mixture toxicity models.

Abbreviations: AGD: Anogenital distances; Ahr: Arylhydrocarbon receptor; ALP: Alkaline phosphatase;
ALT: Alanine transaminase; AOP: Adverse outcome pathway; AST: Aspartate transaminase; BBP: Benzyl
butyl phthalate; BMD: Benchmark dose; BPA: Bisphenol A; BTP: Biosolid treated pasture; Car:
Constitutive androstane receptor; ChE: Cholinesterase; DA: Dose addition; DAR: Draft assessment report;
DBP: Dibutyl phthalate; DecaBDE: Decabromodiphenyl ether; DEHP: Diethylhexyl phthalate; DEP: Diethyl
phthalate; DMP: Dimethyl phthalate; DnOP: Di-n-octyl phthalate; EC: Environmental chemical; ECETOC:
European centre for ecotoxicology and toxicology of chemicals; EDC: Endocrine disrupting chemical;
EGF: Epidermal growth factor; ES: Effect summation; FSH: Follicle-stimulating hormone; GD: Gestation
day; GnRH: Gonadotropin releasing hormone; GnRHR: Gonadotropin releasing hormone receptor; HFHS:
High-fat-high-sucrose; HPT-axis: Hypothalamic–pituitary–thyroid axis; IA: Integrated addition; KISS1:
Kisspeptin 1; KISS1R: Kisspeptin 1 receptor; KO: Knockout; LOAEL: Lowest observable adverse effect
level; MCPB: 4-(4-chloro-2-methylphenoxy)butanoic acid; MRL: Maximum residue limit; NGF: Nerve
growth factor; NOAEL: No observable adverse effect level; NP: Nonylphenol; NR: Nipple retention; PAH:
Polycyclic aromatic hydrocarbon; PCB: Polychlorinated biphenyl; PFOA: Perfluorooctanoic acid; PND:
Post-natal day; PO: Per os (by mouth); POD: Point of departure; Ppara: Peroxisome proliferator-activated
receptor alpha; QSAR: Quantitative structure-activity relationship; RA: Response addition; RDI:
Recommended daily intake; RfD: Reference dose; SC: Subcutaneous; TCDD: Tetrachlorodibenzo-p-dioxin;
TDI: Tolerable daily intake; TEF: Toxic equivalency factor; TGFa: Transforming growth factor alpha; TSH:
Thyroid-stimulating hormone; VOC: Volatile organic compound; WT: Wild type.
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1. Introduction

A wide variety of natural and anthropogenic chemicals are
found throughout the environment in air, water, food, soil,
and dust. Sources of such environmental chemicals (ECs)
include agrochemical food residues, consumer products,
industrial chemical effluent, occupational use, and pharma-
ceutical or recreational drugs, to name but a few.
Biomonitoring of EC exposure is routinely performed by vari-
ous agencies across the world, which commonly see a range
of ECs in blood, plasma, and urine samples from across the
general population. These include heterocyclic amines, orga-
nochlorides, polychlorinated biphenyls (PCBs), polychlorinated
dibenzofurans, polycyclic aromatic hydrocarbons (PAHs), met-
als and metalloids, and volatile organic compounds (VOC)
(U.S. HHS 2019). These components, at high doses, have a
diverse range of toxicological profiles; many are known to be
carcinogenic, hormonally active, hepatotoxic, nephrotoxic,
and/or neurotoxic. Co-exposure to ECs from multiple sources,
or accumulation of EC exposure over time, is of increasing
concern to both regulators and the public, however, the
exposome (the totality of EC exposure over a lifespan) is par-
ticularly difficult to risk assess (Rappaport 2011; Sarigiannis
and Karakitsios 2018) and may be having an impact on
increasingly prevalent chronic diseases and viral susceptibility
(Tsatsakis et al. 2020).

Within traditional chemical risk-assessment, points of
departure (PODs) such as the no observable adverse effect
level (NOAEL), the highest administered dose which did not
produce a statistically significant toxicological effect, are cru-
cial values to determine for every chemical. PODs are defined
relative to toxicological dose-response curves for individual
chemicals and have been cornerstones of toxicology for dec-
ades (reviewed by Dorato and Engelhardt 2005). Indeed, the
idea of a NOAEL was first conceived in the 16th century by
the “father of toxicology” – Paracelsus (Temkin 1941). PODs
are used to determine the tolerable daily intake (TDI) for a
chemical, by dividing PODs by safety factors for inter- and
intra-species variance (usually around 100–1000). While

invaluable in the context of individual chemical toxicological
assessments, the toxicological profile of a chemical mixture is
not just the sum of the effects of the component chemicals
but may be altered by additive and/or synergistic interactions
between chemicals in the mixture, even where each compo-
nent chemical is below accepted individual PODs (here
described as “low dose” mixtures). This has led to calls for an
urgent assessment of the effects of chemical mixtures on
human and environmental health (Bergman et al. 2012;
Ribeiro et al. 2017; Drakvik et al. 2020).

Assessing risk from exposure to chemical mixtures poses
many unique problems, including the nearly infinite number
of possible chemical combinations, interactions between
chemicals within mixtures, and the attribution of responses
to component chemicals (Bopp et al. 2018). There are two
main approaches for evaluating risk from exposure to chem-
ical mixtures: whole-mixture and component-based. Whole-
mixture methodologies provide a comprehensive assessment
of a specific mixture where unidentified chemical compo-
nents and inter-component reactions are maintained. This
“top-down” approach is analogous to the assessment meth-
ods used for individual chemicals (Hern�andez et al. 2017).
Whole-mixture methodologies, however, are not always feas-
ible, due to variation between chemical mixtures, changes
due to chemical degradation or metabolism, and factors that
affect environmental load, over time. In addition, whole-mix-
ture methodologies do not identify which chemicals within
the mixture are responsible for a response(s), nor any interac-
tions between chemicals within the mixture. Component-
based methodologies use a “bottom up” approach, where a
limited number of chemicals with defined concentrations are
mixed and tested, or toxicological information for defined
chemical components within a mixture are analysed with
additivity models, to assess the risk from mixed chemical
exposure (Heys et al. 2016; Hern�andez et al. 2017). Additivity
models, however, assume no compounding toxicodynamics
or toxicokinetics, and the required toxicological information
for such models can be inconsistent, or absent (Boobis et al.
2011) in particular regarding in vivo data pertaining to chem-
ical interactions (synergy/antagonism) (Heys et al. 2016).

Current models to define and predict mixture toxicity fall
into four categories: dose addition (DA), response addition
(RA, also known as independent action), effect summation
(ES), and integrated addition (IA) (Rider et al. 2018).
Appropriate choice of model is critical for accurate predic-
tions of mixture toxicity, however equally important is which
chemicals within a mixture are grouped together for mixture
risk assessment – a subject deeply debated (Kortenkamp
2020). Indeed, these two considerations are connected, and
while similarities exist between toxicological models for
chemical mixtures, the model which a chemical mixture is
thought to follow most closely depends on the individual
mixture components. Toxicological similarities between mix-
ture components may occur at one or more levels (Rider
et al. 2018). The highest form of similarity is chemicals that
share a common active metabolite, as is the case of benzyl
butyl phthalate and dibutyl phthalate (which assumes an
inactive parent molecule). Next similar are compounds that
share a molecular initiating event, and whose toxic events,
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therefore, occur via identical pathways, as with parathion and
chlorpyrifos which are both acetylcholinesterase inhibitors.
At the next level of similarity, which is less defined, chemicals
share adverse outcome pathways (AOPs), but the conver-
gence of different initiating events may occur at several key
events in that pathway. For example, perchlorates and dioxin
both reduce circulating thyroid hormone concentrations, but
they act to reduce the production of and increase the elimin-
ation of, thyroid hormones, respectively (Boas et al. 2006). Less
similar still are chemicals that induce toxicity within the same
organ system but via different mechanisms. For example, caf-
feine and ephedrine can individually produce cardiotoxicity
through separate mechanisms, but when co-administered act
synergistically to produce enhanced toxicity (Dunnick et al.
2007). The toxic additivity of chemicals at this level of similar-
ity within a mixture is a topic of debate, as they may or may
not compound each other. Finally, toxicologically least similar
are chemicals that share a common disease outcome. For
example, diethylstilbestrol and cyclophosphamide are both
recognised carcinogens but act via different mechanisms of
action and can affect different organ systems. Here, the nature
of the disease is of greater importance.

Reports indicate advances in terms of hazard identifica-
tion, exposure and risk assessment, and subsequent risk man-
agement relative to co-exposure to chemicals in mixtures
(reviewed by Bopp et al. (2019)) as well as harmonisation of
methodologies for mixture toxicity assessment (More and
Hardy, 2019). However, much of the focus of this work has
been on intentional mixtures, such as formulations within
pesticides or cosmetic products, and does not cover doses
below PODs (Rotter et al. 2018). Furthermore, even less atten-
tion has been paid to ‘real-life’ chemical exposure, which is
characterised as being vastly more complex and varied mix-
tures, at doses far below PODs. This pattern of exposure is
that to which the wider human and wildlife populations are
exposed throughout their lifetimes. Regulatory agencies often
review the literature on mixture toxicity. Although varying
conclusions by different bodies, the general approach is to
separate chemicals into groups with distinct modes of action
before individually applying additive models to each group
for risk assessment, noting that in the case of knowledge
gaps dose additivity should be assumed and that interactions
between chemical components are rare, and generally only
occur at mid to high doses (U.S. EPA 2007; WHO 2009;
SCHER/SCCS/SCENIHR 2013; NAS 2017; OECD 2018). Few pub-
lications, however, focus on EC mixtures around or below
POD doses, or chemical interactions at these doses. A review
of the literature concerning low-dose mixtures of pesticides
from 1985-1998 concluded that exposure to such mixtures is
not a source of concern to human health (Carpy et al. 2000).
An EU commissioned a report on the state of the art of mix-
ture toxicity risk assessment and concluded that generally,
mixture toxicity risk assessments by dose addition models
were reliable. However, they also noted several important
examples of synergy which highlight the need for clarity as
to which chemicals to group in cumulative risk assessments
(Kortenkamp et al. 2009). A review of low EC dose synergy
noted synergy as rare and that the effects of synergy did not
exceed additivity models by more than a factor of 4 (Boobis

et al. 2011). The most recent and most extensive review of
low-dose mixtures was performed by the European Centre
for Ecotoxicology and Toxicology of Chemicals (ECETOC).
Assessing mixture toxicity studies where component concen-
trations were at or below NOAELs and examining toxicity
reported as more than expected based on current models of
mixture exposure (i.e. more than additivity in the case of
similar chemicals, and more than independent action in the
case of dissimilar chemicals), ECETOC concluded that there is
no evidence of a risk to human health from exposure to
complex mixtures of components where each is below regu-
lated levels (ECETOC 2012). However, to only consider effects
provably greater than model predictions, rather than effects
unsatisfactorily explained by model predictions, is tanta-
mount to requiring proof of synergistic toxicity – a consider-
ably larger endeavour. To place the burden of proof on the
literature rather than the toxicity model might also be con-
sidered contrary to the traditionally conservative nature
applied in toxicology. Still, despite this requirement, over 5%
of studies reviewed by the ECETOC showed a deviation from
additivity that suggested synergistic chemical effects
(ECETOC 2012).

Here we critically review the literature which has investi-
gated the effects of exposure to chemical mixtures in mam-
malian in vivo systems, with each component at or below
respective POD doses. The review covers the period of 2000
to 2020, inclusive, as a resource collating the most recent lit-
erature for those interested in mixtures research and to iden-
tify and highlight areas in need of additional research.

2. Methodology

A literature search was conducted across multiple journal
databases (PubMed, Google Scholar, and SCIRUS) for peer-
reviewed studies published between 2000 and 2020 relating
to low-dose mixtures of chemicals in mammalian in vivo sys-
tems. Low dose mixtures were defined as those in which all
components were at or below their POD. Identified literature
with at least one experimental group fulfilling these criteria
was included for discussion. Figure 1 illustrates the logic
underpinning the literature search and subsequent evaluation
for inclusion. To identify any missed literature a wider search
of non-scientific sources (Google) was performed, and publi-
cation histories of relevant authors or research groups were
interrogated. For each identified study which met all inclu-
sion criteria, detailed experimental information was extracted
(mixture components, dosing levels and regime, route, spe-
cies, duration, and timing). Reported significant outcomes
relevant to exposure were captured and summarised. Results
from the authors’ original analyses were used, and no statis-
tical re-analysis was performed.

3. Results

3.1. General findings

Literature searches identified sixty-eight research articles
which met the inclusion criteria. Fifty-four reported findings
from studies that used component-based methodologies,
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and fourteen from studies that used whole-mixture method-
ologies. Detailed experimental information can be found in
Supplementary Tables.

Thirty research articles that used component-based meth-
odologies tested mixtures with at least one component at or
close to its NOAEL. In nineteen of these research articles, this
was the lowest dose tested. Twenty-one research articles that
used component-based methodologies had at least one
group exposed to a mixture with all components at or below
TDI values. Research articles with component-based method-
ologies were divided into groups, firstly on the number of
components (simple mixtures that contained �10 individual
chemicals, complex mixtures that contained >10), and sec-
ondly simple mixtures were divided based on the commonal-
ity between the characteristics of individual mixture
components. These secondary groups were antiandrogen

mixtures, antiandrogen plus xenoestrogen mixtures, mixed
endocrine disrupting mixtures, neurotoxic mixtures, and
mixed mode of action mixtures.

Identified research articles that used a whole-mixture
methodology were from studies that used one of two experi-
mental models: the biosolid treated pasture (BTP) sheep
model and a disinfection by-product model. As such, that lit-
erature was grouped by model type, and then for BTP articles
also as a function of age; effects in the foetus, juveniles, and
adult offspring.

3.2. Component-based methodologies

3.2.1. Antiandrogen mixtures
Six research articles tested mixtures of known antiandrogens
and chemicals with antiandrogenic action. Phthalates were

Figure 1. Decision logic tree for the inclusion of studies.
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included as while not strictly antiandrogens, phthalates
induce antiandrogenic effects through non-androgen recep-
tor-mediated mechanisms. Effects on sexual development
were reported in male rat offspring following in utero expos-
ure via parental oral dosing with antiandrogen mixtures with
individual chemicals at/below NOAEL. Exposure to a mixture
of vinclozolin, procymidone, linuron, prochloraz, BBP, DBP,
and DEHP at NOAEL resulted in increased areola numbers at
post-natal day (PND) 13 (Rider et al. 2008). Nipple retention
(NR) was observed following exposure to a mixture of vinclo-
zolin, procymidone, linuron, prochloraz, BBP, DBP, and DEHP,
DiBP, DiHP, and DPP at NOAEL (Rider et al. 2010). Exposure
to a mixture of vinclozolin, finasteride, prochloraz, and DEHP
at NOAEL resulted in reduced anogenital distances (AGD) at
birth and increased nipple retention (NR) at PND13
(Christiansen et al. 2009). However, a study by Schneider
et al. (2017) reported no effects of chemical exposure on
male or female offspring at PND1, 12, 20, or 83, following
gestational and lactational exposure to a mixture of fluta-
mide, prochloraz, and vinclozolin at TDI and NOAEL (parental
oral and direct oral dosing after weaning). The apparent lack
of an effect of exposure to the chemical mixture was despite
the observation of multiple statistically significant physio-
logical effects, both on the mothers, such as increased gesta-
tion length and lower oestradiol concentrations, and on male
offspring, which exhibited decreased progesterone concentra-
tions and decreased absolute cauda, epididymis, and relative
bulbourethral gland weights. These effects were not attrib-
uted to chemical exposure due to the absence of significant
effects in other organs which are known to be more sensitive
to androgen disruption, and the limited magnitude of the
observed effects. In the same study, however, rats were
exposed to flutamide, prochloraz, and vinclozolin at LOAEL,
both individually and as a mixture (Schneider et al. 2017). In
these groups, they observed greater than additivity (i.e.
potentially synergistic) in the effects of chemical mixture
exposure with regards to increased NR and delayed sexual
maturation in male offspring, and increased androstenedione
in mothers (Schneider et al. 2017). This would indicate that
the lack of effects seen at or below NOAEL may be due to
the limited number of chemical components within the mix-
ture, rather than a lack of synergy between mix-
ture components.

As noted above, the authors reported no effects from co-
exposure to flutamide, prochloraz, and vinclozolin at NOAEL
or TDI, but greater than additive effects when the chemicals
were administered at LOAEL (Schneider et al. 2017). More in-
depth comparisons of chemical effects to additivity models
were reported in the previous three studies (Rider et al. 2008,
2010; Christiansen et al. 2009), which investigated more com-
plex mixtures of antiandrogens. Rider et al. (2008) reported
logistically regressed ED50 values for hypospadias and undes-
cended testes from co-exposure to vinclozolin, procymidone,
linuron, prochloraz, BBP, DBP, and DEHP, which differed with
statistical significance to those from additivity models (DA,
TEF, RA, IA), with each model predicating higher ED50 values
than those observed, while models based on additivity (DA
and/or TEF) were accurate for predicting AGD shortening,
epididymal agenesis, ventral prostate weight reductions,

epididymal and seminal vesicle weight, and gubernacular
agenesis. On balance, Rider et al. (2008) reported that addi-
tive toxicity models were generally accurate despite mechan-
istically distinct chemicals examined, which would have been
risked assessed by RA or IA. Similarly, with regards to vinclo-
zolin, finasteride, prochloraz, and DEHP co-exposure, the dif-
ferences between effective doses for producing AGD
shortening, cleft phallus, and malformations in general
derived from observations and from additivity models (DA,
RA) were statistically significant, with models predicting
higher effective doses than those observed (Christiansen
et al. 2009). However, Rider et al. (2010) showed DA additivity
model predictions to be accurate for all studied endpoints
(AGD reduction, various malformations, NR, organ weights)
except ventral prostate weight, where the effect magnitude
was under-predicted. In Rider et al. (2010) non-phthalate
components were identically dosed as in Rider et al. (2008),
however, 6 phthalates were used instead of 3 while total
phthalate dosage was maintained. That DA model predictions
were accurate in Rider et al. (2010) yet inaccurate in Rider
et al. (2008) suggests unknown interactions between phtha-
lates and other mixture components, yet current guidelines
would use an RA approach to these mixtures, which gave
inaccurate predictions in both Rider et al. (2008) and Rider
et al. (2010). Discrepancies between model predictions and
observations despite dissimilarities between antiandrogenic
mechanisms across mixture components support concerns
regarding compounding and/or synergistic effects of antian-
drogens on the foetus, and of improper considerations of
additivity/synergy between mechanistically distinct antiandro-
gens by currently employed mixture toxicity models.

Two studies were identified that investigated mixtures
containing only phthalate plasticisers. Exposure of juvenile
male rats to a mixture of six phthalates (DMP, DEP, DBP, BBP,
DEHP, and DnOP), at doses equivalent to 1x or 0.1x NOAEL,
via dietary exposure for 15weeks, resulted in reduced body
weights and altered the weight of several vital organs (Gao
et al. 2017). The exposed mice had lower testosterone and
higher luteinizing hormone concentrations compared to the
controls and the testes showed increased deciduous sperma-
tids (at both dose levels), and reduced concentrations of sev-
eral proteins involved in testicular development and
spermatogenesis (at 1x NOAEL) (Gao et al. 2017). Effects on
body weight and the reproductive system were also seen
when male mice were exposed to a mixture of 3 phthalates
with 2 alkyl-aromatics (DEHP, DBP, BBP, NP, and 4-tert-octyl-
phenol) at doses equivalent to individual TDI values from
conception to PND60 via drinking water. In this instance, the
mixture exposed mice exhibited increased body weights and
reduced relative testes weights compared to the controls
(Bu~nay et al. 2018). Within the testes of exposed mice, the
seminiferous tubules showed multiple signs of damage:
tubule widths were reduced, germ cell exfoliation was
increased, a greater proportion of tubules were without
lumen, and steroidogenic gene expression was altered. Germ
cells also showed signs of disruption: an increase in germ cell
death, apoptotic signalling, and a greater proportion at an
undeterminable stage of spermatogenesis due to the high
level of degeneration/atrophy (Bu~nay et al. 2018). Of these
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two studies, only that of Bu~nay et al. (2018) also tested for
the effects of phthalates individually in parallel to the mixture
(at TDI doses), where each effect observed in response to the
mixture was also observed in response to an individual
chemical, however, the number of animals affected was, in
general, greater when exposed to the mixture of chemicals.

3.2.2. Antiandrogen plus xenoestrogen mixtures
Seven research articles tested mixtures of known antiandro-
gens and/or xenoestrogens. Six of these investigated off-
spring effects following gestational and lactational exposure
to a mixture of genistein and vinclozolin via parental oral
dosing, in rats. Both chemicals were administered at 1mg/
kg/day, which is below the NOAEL for vinclozolin and at the
levels of genistein expected for animals on a soya-bean diet,
which is accepted as below the TDI for genistein. Following
exposure to this mixture, litter sizes were significantly smaller,
and pups were significantly heavier than unexposed controls
(Eustache et al. 2009). While litter sizes were also smaller, and
with heavier pups, following exposure to genistein alone, the
effect was greater when mothers were exposed to the mix-
ture of genistein and vinclozolin. Mixture exposed male off-
spring exhibited reduced testosterone secretion upon ex vivo
stimulation at PND3 (Lehraiki et al. 2011), AGD shortening
and more frequent immature penile development at wean-
ing, and decreased epididymis and seminal vesicle weights,
sperm quality and quantity, and increased FSH and oestradiol
at PND80 (Eustache et al. 2009). However, of these effects, all
except reduced seminal vesicle weight and lower sperm
quantity were also seen in animals dosed with either genis-
tein or vinclozolin alone. Interestingly, microarray analysis of
testicular gene expression in animals at PND80 also demon-
strated a correlation between the effects of the low dose
mixture and individual exposure to a 30x higher vinclozolin
dose, which would suggest a synergistic action between the
two chemicals when present in the mixture (Eustache et al.
2009). Mixture-exposed female offspring exhibited earlier
vaginal opening, and multiple histopathological changes in
mammary gland structure at PND35, including increased duct
sizes, thicknesses, and cellular proliferation, however, some of
these effects were also noted in animals dosed with either
genistein or vinclozolin alone (Saad et al. 2011). Female rats
exposed to genistein and vinclozolin from conception
through weaning via parental oral dosing also exhibited
fewer striated submandibular salivary ducts, an increased
area of striated salivary ducts, and decreased proliferation
with lower expression of growth factors EGF, NGF, and TGFa
in submandibular salivary glands, however, most of these
findings were also seen in animals exposed to just vinclozo-
lin, although the effect size was greater when exposed to the
mixture (Kouidhi et al. 2012).

Direct and multigenerational effects on bone formation in
the paw and spine following gestational exposure to genis-
tein and vinclozolin alone or in combination with BPA have
been reported. Specifically, alterations in forepaw digit
lengths of F1 (exposed in utero) and F2 (not directly exposed)
males towards a more feminine digit length ratio have been
reported following F1 gestational exposure to mixtures of

various combinations of genistein at sub-NOAEL, vinclozolin
at NOAEL or TDI, and BPA at TDI (Auger et al. 2013).
Histopathological alterations in the vertebral growth plates
(intertransverse apophysis width increases and v5 to v8 verte-
bral length shortening) have been reported in F1 females,
but not males, at PND30-110 following similar exposure to
genistein, vinclozolin and BPA, however these effects were
also seen when F1 animals were exposed to individual chem-
icals and did not continue into the F2 generation (Auxietre
et al. 2014). Interestingly, F1 males exposed to vinclozolin
and/or genistein at sub-NOAEL, alone or as a mixture, were
unaffected, while co-exposure of either vinclozolin at the
lower TDI dose, or genistein, at sub-NOAEL, with BPA at TDI,
resulted in histopathological alterations in the vertebral
growth plates, but these findings were not present following
exposure to genistein, vinclozolin and BPA, at these levels
(Auxietre et al. 2014). In all the above studies, where individ-
ual chemicals were tested in parallel to mixtures of the
chemicals, some effects were also noted from exposure to
the individual chemicals, in some cases, effects were only
noted from exposure to an individual chemical. However,
mostly, effects were more numerous and/or greater in size
when animals were exposed to the mixture.

While the above studies noted compounding effects from
chemicals when administered as a mixture, compared to
when administered individually, the remaining study con-
cluded that co-exposure to certain chemicals could, through
counteraction measures, result in fewer physiological effects.
This conclusion was based on the observation that, com-
pared to controls, mice exposed (via parental oral dosing
during gestation and lactation) to sub-LOAEL doses of DEHP
(daily) or BPA (daily), or TCDD (single treatment) had lower
body weights (PND14 and PND21), increased relative brain
weights at PND14, and lower absolute brain weights at
PND42, with changes in midbrain dopaminergic nuclei at
both PND14 and PND42. However, when animals were dosed
with the chemicals as a mixture, body weight was unaffected,
brain weight (relative and absolute) was increased at PND14,
and there were no signs of changes in midbrain dopamin-
ergic nuclei (Tanida et al. 2009).

3.2.3. Mixed endocrine disrupting chemical mixtures
Fourteen research articles tested mixtures of known EDCs.
One study investigated the effects of drinking water disinfec-
tion by-products at higher levels than maximum contaminant
levels (MCLs) but with two groups (500x and 1000x MCL)
�NOAEL (0,5x and 1x, respectively). Pregnant rats and their
offspring were exposed from F1 GD0 to F2 PND6 via drinking
water. Water consumption was reduced in treated dams
intermittently during gestation and consistently throughout
lactation at 1000x MCL, and in F1 females at 500x and 1000x
MCL. F1 pup weights were reduced in males at PND26 and
in females at PNDs 21 and 26, and the onset of puberty was
delayed in both F1 sexes at 1000x. No effects were seen in
the F2 generation (Narotsky et al. 2015).

Multiple research articles were identified that had investi-
gated mixtures of endocrine disrupting pesticides at low
doses. When juvenile rats were exposed, via a standard diet,
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to three azole fungicides (cyproconazole, epoxiconazole, and
prochloraz) at individual doses equivalent to 1x NOAEL and
0.01x NOAEL (TDI) either no adverse effects were seen
(Schmidt et al. 2016), or effects were noted on organ weights
and circulating hormone levels, but these effects were not
attributed to exposure to the chemical mixture as they were
only seen at the 0.01x NOAEL dose and not at 1x NOAEL
(Rieke et al. 2017). However, gestational, or gestational and
lactational exposure to 5 fungicides of different classes (pro-
cymidone, mancozeb, epoxiconazole, tebuconazole, and pro-
chloraz), via parental oral gavage, at individual doses
equivalent to 0.083x – 1x NOAEL, did result in adverse repro-
ductive effects. In fact, increased gestation duration, pup
mortality and birthing complications were so severe at 0.75x
and 1x NOAEL doses that this part of the experiment had to
be discontinued (Jacobsen et al. 2010; Hass et al. 2012).
Against the lower doses, the pups exhibited reduced birth
weights, females had increased AGD, whereas males had
decreased AGD, and increased incidence of genital dysgene-
sis and NR (Jacobsen et al. 2010; Hass et al. 2012). At wean-
ing, relative liver weights were reduced in both sexes, and in
males prostate and epididymis weights were reduced
(Jacobsen et al. 2010). When allowed to mature, the relative
weights of sexual organs were reduced (PND16 and 280),
and reduced sperm counts, and increased prostate hyperpla-
sia were observed (PND280) (Jacobsen et al. 2012). When the
mixture dose-response data were compared to mixture tox-
icity models (DA and IA) using dose-response data from indi-
vidual chemicals, a synergistic effect was reported for the
mixture on gestation length and NR, and potentially also
towards genital malformations however synergy could not be
distinguished from a marked joint effect as no significant
genital malformations were observed in response to chemi-
cals individually (Hass et al. 2012). Mice that received, from
conception to PND98, dietary exposure to a mixture of the
pesticides atrazine, chlorpyrifos, and endosulfan, at doses
equivalent to individual TDI values, expressed increased circu-
lating glucose concentrations at PND21 and PND98, and by
PND98 a significant reduction in body weight was observed
(Demur et al. 2013). At PND21, the EC-exposed animals, of
both sexes, were characterised by lower levels of many
amino acids and nutrients compared to the controls, how-
ever, by PND98 this profile was reversed in the males (Demur
et al. 2013). Effects on cognition from gestational exposure
to atrazine in combination with 3 different EDCs (PFOA, BPA,
and TCDD), all at doses equivalent to TDI values or below
NOAEL values, have also been reported. The results indicated
reduced environmental habituation in exposed mice of both
sexes, and males were found to display decreased explora-
tory behaviour, short-term memory, and attention to task,
relative to the controls (Sobolewski et al. 2014). In both
above cases which looked at the effects of chemical mixtures
including atrazine, effects from exposure to individual chemi-
cals were also noted, however, the observations were of
greater effect sizes when chemical exposure was to a mix-
ture, which indicates at least additivity despite separate toxi-
cological mechanisms.

Administration of a mixture of TCDD, PCB-153, DEHP, and
BPA through dietary supplementation equivalent to TDI

induced oestrogeno-mimetic and metabolic effects in mice,
effects which were also shown to be influenced by diet. At 7-
12weeks old, various metabolic changes were observed in
male and female offspring of parents exposed prior to mat-
ing, through gestation and lactation, and which received dir-
ect exposure after weaning, via supplementation of a
standard (Labaronne et al. 2017) or high-fat-high-sucrose
(HFHS) diet (Naville et al. 2013, 2015), with the EC mixture.
These include changes in glucose tolerance, circulating and
hepatic cholesterol, triglyceride, fatty acid levels, and adipose
tissue mass. In the HFHS diet groups, changes in hepatic
metabolic gene expression were reported in response to the
mixed chemical exposure, which included increased aryl
hydrocarbon receptor (Ahr) and peroxisome proliferator-acti-
vated receptor a (Ppara) gene expression, and alterations in
the expression patterns of various xenobiotic transforming
and metabolic enzymes (Naville et al. 2013, 2015). In animals
which received the chemical mixture in the standard diet,
enriched hepatic gene expression was found relative to drug
and xenobiotic metabolism, steroid biosynthesis, and fatty
acid metabolism (Labaronne et al. 2017). A follow-up study in
juvenile male mice compared the effect of standard or HFHS
with and without EC supplementation (Naville et al. 2019).
Metabolic changes like those previously recorded against an
HFHS diet were reported in response to EC exposure, how-
ever, several effects reversed in direction between standard
and HFHS diets or were only present when administered in
one type of diet (Naville et al. 2019). Studies in ovariectom-
ised female mice receiving the same chemical exposure
(TCDD, PCB-153, DEHP, and BPA at TDI equivalent doses in
HFHS diet) demonstrated oestrogeno-mimetic effects from
exposure to the chemical mixture from prior to conception
to a juvenile age, with additional metabolic alterations
including insulin and glucose tolerance (worsened with EC
exposure in sham-operated but alleviated with EC exposure
in ovariectomised mice) and increased hepatic triglycerides
(Julien et al. 2018, 2019). EC mixture exposure after ovariec-
tomy, with or without oestrogen replacement, also resulted
in tissue and steroid replacement-specific effects on steroid
hormone production and several oestrogen pathways (Julien
et al. 2019). Consistent across these studies was the observa-
tion of an increase in hepatic oestrogen receptor expression,
which was also observed in male mice exposed to the chem-
ical mixture via standard and HFHS diets (Julien et al. 2018,
2019; Naville et al. 2019). None of the above studies which
tested mixtures of TCDD, PCD153, DEHP, and BPA concur-
rently investigated the physiological effects of individual
chemical exposure.

3.2.4. Neurotoxic mixtures
Five research articles tested mixtures of chemicals which
alone can produce neurotoxic effects. Although the primary
toxicity of organophosphorus insecticides is that of neurotox-
icity, the identified research which investigated the effects of
organophosphorus insecticide mixtures demonstrated hepatic
and nephrotoxic effects. Adult male rats, exposed to a mix-
ture of diazinon, chlorpyrifos, malathion, and profenofos for
28 days at doses equivalent to individual NOAEL values, via
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oral gavage, exhibited reduced body weight and increased
relative liver weight (Mossa et al. 2011). Upon closer examin-
ation, liver damage was evident, as indicated by histopatho-
logical changes (dilatation and congestion of central veins
sinusoids, dilated cystic bile ducts, oedemas, and hepatocyte
degradation) as well as serum clinical chemistry indicative of
liver damage (increased ALT, AST, ALP, and ChE) (Mossa et al.
2011). Whereas the exposure of rats to a mixture of dichlor-
vos, dimethoate, acephate, and phorate, at doses equivalent
to respective individual NOAEL values, for 24weeks, via drink-
ing water, found no effect on hepatic antioxidative defence
mechanisms or lipid peroxidation (Yang et al. 2012).
However, increased circulating triglycerides, lipoproteins, and
cholesterol concentrations, and a greater incidence of renal
tubular epithelial cell swelling and granular degeneration
have been reported following the same EC mixture exposure
(Du et al. 2014). Organophosphorus insecticides were tested
only individually in parallel with the chemical mixtures in the
study by Yang et al. (2012), where no effects were seen at
NOAEL following exposure to individual chemicals or the
mixture, and they did not compare observations to mixture
toxicity models.

Despite pyrethroids being the most widely used commer-
cial insecticide, only three research articles were identified
that investigated low-dose pyrethroid mixtures. Mild signs of
neurotoxicity were seen in adult rats orally dosed with a mix-
ture of 11 pyrethroid pesticides (S-bioallethrin, permethrin,
cypermethrin, deltamethrin, esfenvalerate, b-cyfluthrin, fen-
propathrin, tefluthrin, k-cyhalothrin, bifenthrin, resmethrin) at
doses below individual NOAEL values. For 8 h after exposure
to the pyrethroid mixture, at both 43% and 85% individual
NOAEL values, animals displayed mild whole-body tremors
and reduced motor activity (Wolansky et al. 2009). When rats
were dosed with all pesticides simultaneously, the mixture
produced effects which conformed well to DA model predic-
tions based on the effects of each individual pesticide, but
when the chemicals were dosed in three sets to align the
effect maxima of individual chemicals (at 1, 2 or 4 h) the
threshold was 3.7x slower than dose addition model predic-
tions. As this reduction in threshold was not statistically sig-
nificant (p¼ 0.07) the study concluded that the data
supported the suitability of DA models for predicting the
effects of this pesticide mixture (Wolansky et al. 2009) as
opposed to there being a synergistic mixture effect. A similar
conclusion was reached when it was shown that a mixture of
tefluthrin, bifenthrin, cypermethrin, and deltamethrin dosed
to juvenile rats at doses determined in a preliminary study to
be below that which individually cause a lowering of body
temperature, did not influence body temperature as a mix-
ture (Mosquera Ortega et al. 2018). Similarly, no significant
effects were found on ventilation efficiency, pulmonary perfu-
sion, cardiac output, or metabolic rate in mice following
inhalation of prallethrin and phenothrin, each at NOAEL, indi-
vidually or as a mixture (Santiasih et al. 2020).

3.2.5. Mixed mode of action mixtures
Ten research articles studied mixtures of chemicals which
alone can produce adverse effects through various modes of

action. Nine of these investigated the physiological effects of
exposure to mixtures of pesticides with mechanistically dis-
tinct modes of action. Two pesticide mixtures induced haem-
atological changes. Dietary exposure to alphacypermethrin,
bromopropylate, carbendazim and mancozeb (neurotoxic,
hepatotoxic, EDC) at NOAEL equivalent doses, and chlorpyri-
fos ranging from 0.04x NOAEL to 1x NOAEL, lowered haem-
atocrit, haemoglobin, and red blood counts, with liver and
thyroid weights increased, and thymus weight reduced
(Jacobsen et al. 2004). While exposure to a mixture of ala-
chlor, captan, diazinon, endosulfan, maneb, and mancozeb
(neurotoxic, hepatotoxic, EDC), at TDI doses via thrice weekly
oral gavage, altered bone marrow colony compositions in
terms of cell type proportions and haematopoietic protein
levels, reduced liver weight and increased spleen weight,
with distinct and distinguishable metabolic profiles for both
exposure and sex (Merhi et al. 2010). Neither study investi-
gated exposure to individual chemicals in parallel to
the mixture.

Reproductive effects were reported in male and female
rats following dietary exposure to a mixture of dicofol,
dichlorvos, permethrin, endosulfan, and dieldrin (hepatotoxic,
neurotoxic, EDC) at NOAEL equivalent doses. Specifically,
male rats had reduced sperm motility and increased numbers
of immotile sperm (Perobelli et al. 2010), while various effects
were seen in female rats which appeared to be dependent
on strain: decreased oestrous cycle and dioestrus period
lengths in Lewis rats, decreased ovarian primordial and pri-
mary follicles, antral follicles, and corpora lutea in Sprague-
Dawley rats, and interestingly, no statistically significant
effects in Wistar rats, the most frequently used experimental
strain (Pascotto et al. 2015). Individual chemicals were only
tested in parallel to the mixture in males, where effects were
also observed for some individual chemicals, but the effect
size was greater when animals were exposed to the pesticide
mixture (Perobelli et al. 2010). This could indicate synergistic
effects between chemicals within the mixture, however, the
study design did not provide dose response relationships
appropriate to compare observations to mixture toxicity
models. Reproductive effects have also been reported follow-
ing gestational exposure via maternal dietary supplementa-
tion with cyromazine, MCPB, pirimicarb, quinoclamine,
thiram, and ziram (reprotoxic, nephrotoxic, neurotoxic, terato-
genic), at doses related to 0.05x � 0.375x of the benchmark
doses for a 5% birthweight reduction, which was derived
from regulatory draft assessment reports (DARs) (Hass et al.
2017; Svingen et al. 2018). Body weight was reduced in both
dams and pups through gestation and from birth to PND16
(Hass et al. 2017) following EC mixture exposure, compared
to untreated controls. EC exposed male offspring had
reduced relative liver and retroperitoneal fat pad weights at
PND16, but not at 5-6months of age (Svingen et al. 2018),
relative to untreated controls. Overall, at 5-6months old, no
statistically significant differences were observed in the male
offspring, whereas the females showed significantly elevated
plasma leptin concentrations relative to the controls (Svingen
et al. 2018). Although pesticides were not tested individually
in these studies, the empirically derived chemical mixture
LOAEL for birthweight was used to determine the dose level

228 C. S. ELCOMBE ET AL.



to compare to DAR-derived LOAEL values. As each chemical
was at between 0.2x � 0.09x respective LOAELs, a mixture of
6 chemicals producing the reported effects is in approximate
agreement with DA model predictions, which supports the
appropriateness of the model (Hass et al. 2017).

Hepatic effects were reported following 12months of diet-
ary exposure to a mixture of ziram, chlorpyrifos, thiacloprid,
boscalid, thiofanate, and captan (neurotoxic, EDC, hepato-
toxic) at TDI equivalent doses in wild type (WT) and Car
knockout (KO) C57Bl/6J mice (Lukowicz et al. 2018). Exposure
to the chemical mixture was associated with increased body
weight gain in both strains of mice. WT mice exhibited
increased hepatic steatosis and triglycerides, decreased fast-
ing glucose and glucose tolerance, and altered glutathione
redox states. KO mice did not exhibit the same hepatic
responses, and predictably displayed differential hepatic
expression of many detoxifying enzymes and circulating lev-
els of metabolites. Interestingly, subsequent microarray ana-
lysis of WT livers identified over 500 genes was upregulated,
and over 500 down-regulated, in both sexes in response to
chemical exposure but less than 10% of the gene changes
were common between the sexes. Pathway analysis also
highlighted enrichment in differing pathways between sexes
(Lukowicz et al. 2018). These results highlight that the effects
of exposure to chemical mixtures can be sex-specific or sexu-
ally differentiated – an important element when considering
studies in which only one sex was examined or where sex is
either unconsidered or unreported.

Neurobehavioral effects were reported in male and female
rats exposed to diquat, imazamox, bentazone, imazethapyr,
tepraloxydim, and acifluorfen (hepatotoxic, teratogenic, geno-
toxic) via drinking water (Tsatsakis et al. 2019b; Sergievich
et al. 2020). Exposure to the mixture at 0.25x and 1x NOAEL
doses resulted in decreased anxiety at 3, 6 and 12months,
with additional changes in research activity and problem-
solving (Sergievich et al. 2020). Rats exposed to the same
mixture but at TDI values for 9months, either with 100% or
25% RDI of essential vitamins, saw reduced locomotor activity
resulting from chemical mixture exposure or vitamin defi-
ciency, but not both (i.e. in vitamin deficient controls and
vitamin sufficient treated). Locomotor activity and spatial
orientation activity were reported to be increased in exposed
animals that received insufficient vitamins, which interest-
ingly also did not present increased anxiety that was seen in
control animals that received insufficient vitamins (Tsatsakis
et al. 2019b). Neurobehavioral effects have also been
observed in mice gestationally exposed to a mixture of the
flame retardant DecaBDE and lead (EDC, neurotoxic) via sub-
cutaneous osmotic pumps, at doses far below (<0.017x) TDI
and reference doses, respectively (Chen et al. 2019). In this
study, chemical exposure was associated with increased
repetitive stereotyped behaviours and impaired spatial learn-
ing ability and these behavioural effects were accompanied
by increased circulating levels of many cytokines and a
reduction in the number of hippocampal neuronal cells.
Chen et al. (2019) also noted effects from exposure to
DecaBDE or lead alone, especially lead which resulted in
equally lowered hippocampal neuronal cell numbers as the
mixture exposure group. While the effect size with regards to

serum levels of pro-inflammation cytokines was greater when
animals were exposed to the mixture, which suggests a syn-
ergistic action, the study design did not permit comparison
of observations to mixture toxicity model predictions. These
results may be of concern as the levels of lead were consid-
erably lower than the accepted TDI.

3.2.6. Complex chemical mixtures
Eleven research articles tested complex chemical mixtures
with various toxicological mechanisms. These ten research
articles reported findings from five separate experiments,
none of which tested mixture chemicals individually.
Exposure to 16 organochloride pesticides and 2 heavy metals,
for 70 consecutive days, via oral gavage, at the lowest inves-
tigated dose level (equivalent to individual TDI, reference
dose (RfD), maximum residue limit (MRL), or NOAEL values)
resulted in increased epididymal sperm counts and greater
natural killer cell activity from ex vivo splenocytes from
exposed male rats (Wade et al. 2002a). This was accompanied
by multiple signs of thyroid toxicity: increased thyroid stimu-
lating hormone (TSH), larger median thyroid follicle areas,
and reduced hepatic thyroxine outer-ring deiodinase activity
(Wade et al. 2002b). Hepatic effects have also been reported
in rats following exposure to a mixture of 27 chemicals (8
Heavy metals, 4 pollutants, 3 pesticides, 2 food-derived carci-
nogens, 2 plasticisers, 2 preservatives, 2 surfactants, 1 disin-
fectant, 1 food additive, 1 photostabilizer, and 1 polycyclic
musk) at values lower than TDI (Hadrup et al. 2016). In this
study, chemical ratios were based on comparisons to meas-
ured concentrations in human samples, and certain chemical
classes were grouped into one of that class (e.g. PCBs were
represented by PCB153 at a level equal to the sum of all
PCBs). As a result, the comparability to individual PODs was
reduced. The results indicated that chemical mixture expos-
ure was associated with increased liver weight, macrovesicu-
lar changes, and vacuolisation. Hepatic lipid metabolomics
also indicated separate and distinguishable metabolic profiles
for chemical mixture exposed and control animals, however,
direct quantification indicated that only one, unidentified,
lipid was significantly changed in response to chemical mix-
ture exposure (Hadrup et al. 2016). While these studies sup-
port an effect of low-dose chemical mixtures on hepatic
function, a study that used a Solt-Farber model of hepatocel-
lular carcinoma demonstrated that a mixture of 12 pesticides
of various chemical classes at doses equivalent to TDI had no
effect on hepatic carcinogenesis (Perez-Carreon et al. 2009).

Two studies investigated the reproductive effects of gesta-
tional exposure to a complex mixture of chemicals with a
diverse range of toxicological mechanisms. Gestational expos-
ure of rats to 13 chemicals (3 plasticisers, 6 various pesticides,
2 pollutants, 1 preservative, and 1 analgesic) at doses equiva-
lent to individual NOAEL values for AGD or NR, or where
NOAEL values were not available LOAEL values divided by a
conservative value, indicated specific effects on the repro-
ductive system suggestive of at least additive, potentially
synergistic, chemical action. Despite exposure to such low
concentrations of mechanistically dissimilar chemicals, male
offspring exhibited an increased number of nipples at birth
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and greater NR at PND13 (Christiansen et al. 2012).
Administration of a mixture of 18 chemicals (5 pesticides, 3
pharmaceuticals, 9 phthalates, and 1 pollutant) to rats during
gestation resulted in male offspring with multiple signs of
developmental/reproductive toxicity. Reduced testes, epididy-
mis, and levator ani plus bulbocavernosus muscles (LABC)
weights (PND21) were seen in offspring exposed to the mix-
ture from �0.125x individual NOAEL, reduced AGD (PND2)
and glans penis weights (PND21) from �0.25x NOAEL, and
increased NR (PND13), seminal vesicle weights, and total mal-
formation rates (PND21) at �0.5x and �1x NOAEL, (Conley
et al. 2018).

The remaining five research articles all reported findings
from an 18-month rat study which exposed rats via drinking
water to a mixture of 13 chemicals (4 preservatives, 4 insecti-
cides, 1 herbicide, 1 fungicide, 1 plasticiser, 1 food additive,
and 1 chelating agent) at doses equivalent to 0.25x, 1x and
5x TDI values. The reports detailed clinical observations and
serum clinical chemistry at 6 and 12months of exposure
(Docea et al. 2018, 2019), behavioural tests (Tsatsakis et al.
2019c), oxidative stress findings in serum at 12months of
exposure and in organs at 18months of exposure
(Fountoucidou et al. 2019), and genotoxic, cytotoxic, and
histopathological findings at 18months of exposure
(Tsatsakis et al. 2019a). Over the first 12months, mixture-
treated animals had increased weight gain, yet reduced food
and water consumption (Docea et al. 2018, 2019). By
12months, animals that received the lower two doses of the
chemical mixture exhibited increased exploratory behaviour
(Tsatsakis et al. 2019c). ALT and ALP were increased in ani-
mals of each exposure group at 6 and 12months of expos-
ure, which is indicative of liver damage (Docea et al. 2018,
2019). At 18months of exposure deleterious histopathological
findings were found in the liver and stomach of animals that
received the chemical mixture at 1x and 5x TDI, and in testes,
kidneys, lungs, and brains at all dose levels (Tsatsakis et al.
2019a). At 12months of exposure, signs of oxidative stress or
adaptive redox capacity were mixed within the chemical mix-
ture exposed groups, but these animals had generally lower
protein carbonyl levels than controls (Fountoucidou et al.
2019). By 18months of exposure to the chemical mixture at
0.25x and 1x TDI most tissues showed lower protein carbon-
yls and thiobarbituric acid reactive substances and higher
redox capacity, which suggests that compensatory mecha-
nisms may have become operative in the exposed relative to
control animals. However, at 5x TDI, protein and/or lipid oxi-
dation biomarkers were generally increased relative to con-
trols (Fountoucidou et al. 2019), indicating sufficient oxidative
stress to overcome compensatory responses, and suggesting
greater than additivity (potential synergy), as 13 chemicals at
5x TDI (approximately 0.05x NOAEL) would not be expected
to elicit a response even by conservative DA modelling.

3.3. Whole-mixture methodologies

Fourteen research articles used whole-mixtures methodolo-
gies, and these were all associated with one of two

experimental models: the biosolid treated pasture (BTP)
sheep model and a concentrated drinking water model.

3.3.1. BTP sheep model
Eleven research articles used sheep reared on pastures fertil-
ised using biosolids, a by-product of wastewater treatment.
Due to the origins of biosolids they contain a diverse range
of anthropogenic chemicals that encompass the human
exposome (Rigby et al. 2020), which result in organ chemical
loads of 0.5–200lg/kg dry matter (Rhind et al. 2005, 2009,
2010; Bellingham et al. 2012; Filis et al. 2019). Due to a lack
of toxicological studies in sheep, empirically determined
PODs are not available. A series of studies have quantified
the chemicals in biosolids, soil and herbage from BTP and
blood and tissue samples from animals grazed on BTP.
Chemical levels are small and not significantly different from
control pastures; however, it must be noted that due to their
ubiquitous nature many chemicals are also detectable in con-
trol pastures (Rhind et al. 2002, 2010, 2013; Evans et al.
2014). Chemical quantification and oral dosage estimations
are limited to dioctyl phthalate, octyl phenol, and nonyl phe-
nol, which were concluded to be below TDI (Rhind et al.
2002). As where residual chemical levels are monitored in
crops and animals grazed on BTPs, they remain below human
TDI values, the model was included in this review. Articles
are presented further grouped as a function of age, i.e.
effects on the foetus, juveniles, and adult offspring.

3.3.1.1. Effects in the foetus. Seven research articles which
utilised the BTP sheep model investigated the effects on foe-
tuses. Gestational exposure to BTPs was shown to cause
lower body weights in exposed males (Paul et al. 2005) and
female (Fowler et al. 2008) foetuses at gestation day (GD)
110. These studies also documented multiple reproductive
effects of exposure, in both sexes. Exposed male foetuses
showed lower circulating testosterone concentrations, and
had testis with reduced weights, fewer Sertoli cells, Leydig
cells, and gonocytes, and less androgen receptor expression
(Paul et al. 2005). Exposed female foetuses showed decreased
oocyte numbers and altered oocyte type ratios. Proteomic
analysis identified differentially expressed ovarian proteins
related to core cellular processes (Fowler et al. 2008).
Alterations of the hypothalamic-pituitary axis have also been
reported in both sexes at GD110, with reduced kisspeptin
gene expression and protein levels in the hypothalamus and
pituitary and altered pituitary cellular composition
(Bellingham et al. 2009) in lambs exposed to the chem-
ical mixture.

In two separate studies the timing of exposure to BTP and
therefore gestational chemical exposure, prior to and/or dur-
ing gestation, were investigated: prior to conception only
(TC), gestation only (CT), and prior to conception and
throughout gestation (TT), compared to controls (CC) where
the mothers were never grazed on BTP. These studies
reported that at GD110 foetal ovary weight was increased
from TT exposure, yet effects on ovarian cell type counts and
ratios were only seen in TC and CT (acute exposure) foetuses
(Bellingham et al. 2013). All groups exposed to chemical
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mixtures, regardless of when exposure occurred, showed an
increase in ovarian proteins involved in stress, oocyte matur-
ation, and apoptosis, relative to the controls (CC). Ovarian
proteomic pathway analysis identified enrichment in two
functional networks: 1) cancer, gastrointestinal disease, and
cellular movement, and 2) cancer, genetic disorder, and
respiratory disease (Bellingham et al. 2013). The timing of
exposure to the chemical mixture also alters the reported
effects on the thyroid and the hypothalamic-pituitary axis
(Hombach-Klonisch et al. 2013; Bellingham et al. 2016). The
most severe thyroid effects of exposure to a mixture of
chemicals were seen in CT and TC (acute exposure) groups,
and males (Hombach-Klonisch et al. 2013). Thyroid weight
was significantly increased, displayed reduced blood vessel
area, reduced follicle numbers and areas, and increased cell
proliferation in these acute BTP exposure groups. In the
hypothalamic-pituitary axis, the most notable observations
from BTP exposure were altered expression of gonadotropin-
releasing hormone (GnRH) and its receptor (GnRHR), KISS1,
the gene that encodes kisspeptin, and its receptor (KISS1R),
oestrogen receptor, and androgen receptor. These expression
changes were seen in most BTP exposed groups, for both
sexes, although effects of exposure were not consistent
between exposure group or sex (Bellingham et al. 2016).

The timing of maternal exposure to BTPs in early, middle,
late, or the entirety of gestation, has also been demonstrated
to cause differential effects in female foetuses (GD140) (Lea
et al. 2016), including body weight reductions, altered rela-
tive weights for the uterus, thyroid, and liver, increases in
AGD, and changes to circulating testosterone, and free T3
and T4 concentrations (Lea et al. 2016). Despite differences in
the effects of the timing of mixed chemical exposure, females
in all the exposed groups had a lower proportion of healthy
type 1a follicles relative to the controls, with a concordant
increase in atretic type 1 and 1a follicles (Lea et al. 2016).
Transcriptomic and proteomic analyses of ovaries identified
many differentially expressed genes and proteins, but with
very little overlap between groups. Pathway analysis of tran-
scriptomic data identified enrichment within cellular growth
and differentiation, cell cycle regulation, cell death, cellular
development, and cell movement functions. Pathway analysis
of proteomic data identified enrichment within free radical
scavenging, cell-to-cell signalling and interaction, small mol-
ecule biochemistry, drug metabolism, and protein synthesis
functions (Lea et al. 2016).

3.3.1.2. Effects in juveniles. One paper that utilised the BTP
sheep model investigated 5-month-old lambs. This study
reported that following gestational and direct exposure to a
chemical mixture through maternal and experimental sub-
jects grazing on BTPs, lambs of both sexes had increased
body weights at weaning and showed increased vocalisation
and lower maximal activity levels while restrained compared
to controls. Males that had been exposed to the chemical
mixture also exhibited increased exploratory behaviours rela-
tive to the controls, suggestive of the ability of chemical mix-
tures in this model to affect cognitive ability (Erhard and
Rhind 2004).

3.3.1.3. Effects in adults. Three research articles that utilised
the BTP sheep model investigated the effects in adult sheep
of gestational exposure to a chemical mixture. Homeostasis
of bone tissue was disrupted by exposure, with bone mineral
content, thickness, circumference, cross-sectional area, and
cavity size all affected (Lind et al. 2009). Interestingly, the
adult studies that have used the BTP model also allow for
the observation of the effects of exposure to a chemical mix-
ture following an extended period of non-exposure.
Testicular morphology was altered in adult males (18months
old) following gestational exposure from conception, lacta-
tional exposure through weaning, and then direct exposure
to BTPs until 7months old. These rams exhibited a higher
occurrence of Sertoli-cell-only seminiferous tubules, and
lower numbers and volumes of germ cells (Bellingham et al.
2012). Interestingly these effects were not consistent in all
animals, with only a subset of animals (5 of 12) showing a
markedly altered phenotype, which may reflect the effects of
mixed chemical exposure against the diverse genetic back-
ground in this outbred study population. Proteomic analysis
of livers from these males and their female counterparts
(maintained on treated pastures until 18months) also identi-
fied differentially expressed proteins involved in detoxifica-
tion and fatty-acid b-oxidation, as well as albumin and
transferrin, in both sexes, with pathway analysis indicating
dysregulation of cancer-related and lipid-related pathways
(Filis et al. 2019).

3.3.2. Drinking water disinfection by-products
A series of whole-mixture studies were conducted by the U.S.
Environmental Protection Agency which examined the effects
of drinking water disinfection by-products (DBPs) in pregnant
rats. Only a small percentage of the >600 identified DBPs
have been toxicologically evaluated, but of those that have,
many are cytotoxic and genotoxic at concentrations achiev-
able in the disinfection process. For example, epidemiological
studies indicate trihalomethanes (THM4; chloroform, bromo-
dichloromethane, dibromochloromethane, and bromoform) at
concentrations >50 lg/L are associated with an increased risk
of bladder cancer (Costet et al. 2011). Published research on
DBPs have focussed on some of the chemicals currently regu-
lated in the US; specifically total THM4, HAA5 (5 haloacetic
acids: chloroacetic acid, bromoacetic acid, dichloroacetic acid,
dibromoacetic acid, trichloroacetic acid), and bromate, at 80,
60, and 10 lg/L, respectively. It is of note that in the EU only
THM4 and bromate are regulated in this regard and that
THM4 is allowed at levels up to 100 lg/L (Li and Mitch 2018;
Andersson et al. 2019). Three research articles investigated
the effects of DBP mixtures from various disinfection meth-
ods. The model used in these articles provides a mixture of
DBPs at realistic ratios, at concentrations higher than max-
imum contaminant levels but lower than determined NOAELs
for monitored chemicals. While not all the chemicals have
determined PODs, these studies were included as regulatory
assumed structure-activity relationships and chemical group-
ings for regulatory conditions can be applied.

Narotsky et al. (2008) supplied water approximately 130x
concentrated in DBPs, disinfected by either chlorination or
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ozonation, to pregnant rats, for 10 days during gestation
(GD6–16) while controls received boiled, distilled, deionised
water. While water consumption was increased and gestation
lengths were reduced in dams that supplied concentrated
water, no adverse developmental effects were reported in
pups. In a similar experiment conducted by Narotsky et al.
(2012), two strains of rats (F344 and Sprague-Dawley) were
exposed to water that had undergone chlorination and then
concentration (chlor/conc), or concentration and then chlorin-
ation (conc/chlor), over gestation and lactation. Both concen-
tration methods increase DBPs by around 120x. Dams of
both strains given chlor/conc water from early gestation to
weaning experienced diarrhoea and polyuria. Sprague-
Dawley dams that received concentrated drinking water also
had lower body weights at GD20 – PND6 and F344 dams
exhibited increased gestation lengths. There were fewer live
Sprague-Dawley offspring, with greater perinatal loss/mortal-
ity, by PND6, and both strains had reduced body weights at
PND6. The authors concluded, however, that some of the
effects noted may be related to the concentration of inor-
ganic materials such as sodium and sulphate in the concen-
trated water. However, when dams were administered conc/
chlor water, which was similar in DBP composition but with
greatly reduced sodium and sulphate levels to the chlor/conc
water, only increased water consumption by dams was
noted. Finally, using the chlor/conc method, Narotsky et al.
(2013) performed a multi-generational study using water con-
centrated around 130x, with exposure starting at GD2 for the
F1 generation and lasting until termination of the F2 gener-
ation. In this study, concentrated water consumption was
associated with reduced caput sperm counts in adult F1
males, delayed puberty in juvenile F1 females, thyroid follicu-
lar hypertrophy in parental females as well as adult F1
females, and increased birthweights in F2 offspring. While
these studies tested concentrated drinking water containing
broadly similar concentrations and ratios of DBPs, there are
also considerable differences between batches of concen-
trated drinking water used between studies, which may alter
the toxic potential (Li and Mitch 2018).

4. Discussion

A key finding of this review was that in studies where low-
dose chemical mixtures were tested in parallel with individual
component chemicals, most studies reported that the
response to mixture exposures was more numerous and/or
greater in severity than the responses to individual chemicals.
While it is not uncommon to see occasional mild signs of
toxicity when individual chemicals are tested at, or close to,
NOAEL levels, eight studies summarised in this review
reported significant effects from individual chemicals at or
below TDI values, theoretically two or three orders of magni-
tude away from an effective dose. The observation of physio-
logical effects at these very low ‘safe’ doses calls into
question the validity of the POD values used in the calcula-
tion of TDI values. Alternatively, these results could indicate
the significant variation between experiments/laboratories,
genomic drift between animal breeders that purport to

supply the “same” strain of animals, strain differences in sus-
ceptibility, or differences in detection sensitivity. However, all
the above still expose potential shortcomings in toxicity
assessment. Observations where toxicological effects were
more numerous and/or more severe following exposure to a
mixture of chemicals rather than the chemical components
individually suggest at least additivity between components
of a chemical mixture. However, most studies did not employ
experimental designs which allowed for direct comparisons
to, and assessments of, mixture toxicity models, which can
definitively distinguish between additivity and synergy. Of
the seven which provided data appropriate for such compari-
sons, three reported responses significantly greater than all
investigated additivity model predictions, strongly indicating
synergy. Although the remaining studies were not appropri-
ate for similar direct critiques of mixture toxicity models, indi-
cations of the appropriateness of the mixture toxicity models
can be inferred, for example, where there are effects follow-
ing TDI exposure, which current applications of mixture tox-
icity models cannot explain. While this work has shown some
commonality between various studies, there were also dispar-
ities between others. The focus of this review on the most
relevant research for translational considerations (mammalian,
in vivo) also posed the largest limitation, as data and designs
between papers were too disparate from each other, and the
quantity of literature too small, for true comparative re-evalu-
ations. In a recent systematic review and quantitative
reappraisal by Martin et al. (2021), which covered all living
organisms, in vitro and in vivo, most mixtures were found to
conform to dose additivity models. This agrees with many
reviews which showed dose additivity-based models to be
the most accurate across the whole dose-response curve,
even when chemical components of a mixture are mechanis-
tically distinct. A most notable example is the addictive
nature of antiandrogenic chemicals with phthalates, provided
by Howdeshell et al. 2017, where additive models accurately
predict exposure outcomes, although many of the studies
involved did not meet the inclusion criteria for this review.
However, in twenty percent of the literature identified by
Martin et al. (2021) effects exceeded dose additivity models
substantially, with synergistic interactions more than two-
fold. These interactions were attributed to groupings already
suspected of synergy (combinations of triazine, azole and
pyrethroid pesticides), while also indicating new, potentially
synergistic groupings (EDCs within metallic compounds).

Signs of toxicity may be expected from co-exposure to
mixtures containing chemicals at or close to NOAEL, regard-
less of additivity type. At this dose level, an important consid-
eration is an endpoint used to derive a NOAEL. Where
NOAELs have been derived from endpoints dissimilar to
those being investigated, study endpoints may have greater
or lesser sensitivity to disruption. In these cases, compounds
could be dosed either above or below NOAEL for study end-
points. In the latter case, greater additivity would be needed
to cross the effect threshold, prohibitive to detecting effects.
Similarly, experiments often used mixtures of too few compo-
nents. As deviations from additivity are commonly small, sim-
pler mixtures may not have the power to elicit an observable
effect. Nearly half of the identified component-based
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literature used �5 mixture components. Additionally, some
studies have used pilot data to generate dose-response
curves for the specific endpoints being investigated, whereas
others have used values derived in some form from regula-
tory studies or determinations. This could lead to contradict-
ory findings; for example, vinclozolin NOAEL was determined
at 4 and 5mg/kg/d by Schneider et al. (2017) and
Christiansen et al. (2009) respectively. It is impossible to
know if this difference could go towards explaining the dif-
ferences between the studies (greater than additivity at
NOAEL in Christiansen et al. (2009) and no effect at NOAEL in
Schneider et al. (2017)), although this was not considered a
major issue as PODs were broadly similar for the same chem-
icals across most studies. Twenty-one of the thirty studies
which examined mixtures at NOAEL values reported physio-
logical effects that were attributed to chemical exposure.
However, no toxicological or physiological effect should be
expected from co-exposure to chemical mixtures where the
components are present at or close to TDI. This review identi-
fied that in eighteen of the twenty-one studies that tested
mixtures at or below TDI values toxicological or physiological
effects were reported. The greatest number of chemicals
tested at doses equivalent to TDI values was twenty-seven
chemicals. In this example, even using dose addition for all
components, this level of exposure would still be anticipated
to be more than three-fold lower than a dose expected to be
able to elicit an effect. This is an indication of interactions
between chemical components within the chemical mixtures,
unaccounted for by mixture toxicity models.

Of the literature identified that used a whole-mixture
methodology, the BTP sheep model is the only which reflects
actual human exposure as the drinking water by-products
model is orders of magnitude away from realistic exposure.
This lack of variation means that inter-species variance
remains unaccounted for. While the BTP sheep model could
be criticised for a lack of empirically determined PODs, lim-
ited quantification of individual chemicals, and no normalisa-
tion of dosages, it represents a real-world situation, with a
chemical mixture used according to regulatory guidelines.
Such use is deemed appropriate to ensure contaminant levels
are below conservative calculations for acceptable human
exposure, and thus also for other species for which there is a
lack of empirically determined PODs. The BTP sheep model is
also representative of human exposure in that many chemi-
cals to which humans are exposed have little or no toxico-
logical data in any species. This is a recognised problem that
can not feasibly be solved by the traditional route of testing
each chemical individually but will most likely rely on new
and future methodologies, including read-across, quantitative
structure-activity relationship (QSAR) analysis, machine learn-
ing, and artificial intelligence (NAS 2017; Aschner et al. 2022).

The most examined endpoints in identified research
articles were reproductive and/or developmental (nineteen),
endocrine disruption (fifteen), hepatic (twelve), and behav-
ioural (eight). There is concern that current guidelines do not
sufficiently account for the multitude and ubiquity that char-
acterises human exposure, especially foetal EDC exposure,
which could be contributing to current global health prob-
lems, including the decline in male reproductive health

(Skakkebaek et al. 2001; Skakkebaek 2002; Bergman et al.
2012). It has been suggested that current inclusion criteria for
chemicals in mixture risk assessments, based on shared mech-
anisms of action, may be too restrictive in terms of mixture
risk assessments for male reproductive health (Kortenkamp
2020). Of the nineteen research articles that reported effects
on reproduction and/or development after in utero exposure
to chemical mixtures, ten used mixtures with individual chemi-
cals at TDI or �0.25x NOAEL values. Common responses
observed were gonadal dysgenesis, deleterious germ cell alter-
ations, and altered AGD, and specifically in males increased
areola number, NR, and genital malformations.

The relevance of systems biology approaches in a toxico-
logical context without additional confirmation of biological
effect has previously been questioned (Schneider et al. 2015).
The use of omics data was seen in six component-based
research articles and four whole-mixture research articles.
However, of the research articles which used omics technolo-
gies, four of the six component-based research articles, and
three of the four whole-mixture research articles, also had
strong supporting morphological data, therefore this was not
considered a factor for exclusion.

5. Conclusions

The basis of compounding toxicity from chemical mixtures at
low doses, especially at or below TDI values, remains a sub-
ject of debate. While there have been great advancements in
mixture toxicity assessment, with some acceptance within
regulatory bodies, there remains a lack of harmonisation as
well as a lack of dose coverage to those far below individu-
ally determined NOAEL values. The present work represents a
collation and analysis of research articles reporting experi-
ments testing chemical mixtures with individual components
at doses believed unable to elicit effects alone. This review,
however, did not address other (controversial) aspects of
low-dose chemical mixture exposure, such as hormetic, non-
monotonic, or biphasic responses.

While the extensive ECETOC literature review concluded
no substantial evidence of mixture toxicity not already
accounted for (ECETOC 2012), this review includes many
studies which tested mixtures at TDI levels and were pub-
lished after the ECETOC review. In addition, it should be
noted that the ECETOC review focussed on the identification
of studies that provided evidence of effects greater than
additivity model predictions, rather than evidence of effects
unaccounted for by additivity model predictions. With this
view, most of the literature identified here also falls short,
like experimental designs which would have made this pos-
sible were typically not employed. However, of those who
could, around half found additivity model predictions were
inaccurate, and responses significantly greater than additivity
model predictions were reported. Additionally, at doses
around TDI, this fact is somewhat immaterial, especially when
applied to real-world situations, where co-exposure occurs to
thousands of chemicals. It is in this respect that current
methodological approaches for cumulative risk assessment
fall short, and as such a novel paradigm has been suggested
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focussing on complex mixtures of chemicals at individual
doses around TDI (Tsatsakis et al. 2016, 2017) and assessing
risk using a real-life risk simulation (RLRS) approach
(Hern�andez et al. 2020). However, it is logistically impossible
to truly simulate real-life exposure by component-based meth-
odologies. For this the BTP sheep model is most realistic, how-
ever, it was not accepted by ECETOC due to the lack of
empirically determined chemical concentrations and dose cal-
culations, despite being common practice on fields growing
crops for human consumption where chemical loads within
crops remain below human TDIs. Additionally, due to the
expansive chemical nature of biosolids and the limitations of
current analytical techniques for such mass chemical quantifi-
cation, such empirical determination is impractical. Finally,
whole-mixture studies cannot give answers to the question of
synergy, which can only be addressed through carefully
designed component-based studies, but rather give snapshots
of an extremely complex and dynamic exposure. Thus, there is
little extra to be gained from precise quantification of individ-
ual chemicals and exact calculations of dosages resulting from
BTP exposure without a greater understanding of biological
and chemical interactions between mixture components.

With these considerations in mind, it can be concluded
that although no unequivocal evidence to refute conclusions
from previous reviews, there is strong evidence to support
additional research in this area. However, there were two
data gaps identified which would facilitate a greater under-
standing of low-dose chemical mixture toxicity, especially for
complex chemical mixtures. Firstly, within the literature, there
was a lack of data on complex mixtures (with >10 compo-
nents) at TDI values with data on individual components
generated in parallel, likely because of greatly increased
study requirements to generate such data. This data gap has
been previously identified as impeding improvements to mix-
ture risk assessments (Evans et al. 2015). Secondly, there is a
lack of mixture dose-response data at very low-doses, with
very few research articles reporting more than two concen-
trations less than or equal to NOAEL. This data gap deprives
analyses of response curves and PODs for mixtures with
which to compare to individual components, and thus leaves
no basis to assert evidence for or against current additivity
models. Without these gaps being addressed, results cannot
be interpreted regarding the nature of any combination
effects, nor on the type of interactions or non-interactions
occurring. Thus, the appropriateness of current mixture tox-
icity assessments cannot be critically examined further.
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