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Abstract

Nonmonotonic concentration response relationships are frequently observed for endocrine active
ligands that act via nuclear receptors. The curve of best fit for nonmonotonic concentration
response relationships are often inverted U-shaped with effects at intermediate concentrations that
are different from effects at higher or lower concentrations. Cytotoxicity is a major mode of action
responsible for inverted U-shaped concentration response relationships. However, evidence
suggests that ligand selectivity, activation of multiple molecular targets, concerted regulation of
multiple opposing endpoints, and multiple ligand binding sites within nuclear receptors also
contribute to nonmonotonic concentration response relationships of endocrine active ligands. This
review reports the current understanding of mechanisms involved in classical nuclear receptor
mediated nonmonotonic concentration response relationships with a focus on studies published
between 2012 and 2014.
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Introduction

Complex concentration response (C/R) relationships are observed for a variety of
compounds including micronutrients, endocrine disrupting chemicals (EDCs) and
endogenous hormones. Any C/R relationship whose curve of best fit has a slope that
changes sign (direction) along a defined dose range would classify as a nonmonotonic C/R
curve. Over the concentration range examined in many studies, these nonmonotonic C/R
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curves are often observed as an inverted U-shaped curve characterized by an intermediate
dose having an effect that is not observed at higher or lower doses. However, nonmonotonic
C/R curves can also possess multiple inflection points indicating additional complexity
[1,2].

Nuclear receptors (NRs) “classically” function as ligand-activated transcription factors that
act in the nucleus following binding of an endogenous hormone or environmental ligand.
The ligand bound NR interacts with specific DNA sequences termed hormone responsive
elements (HRE) and, in cooperation with co-regulator proteins, regulate assembly of multi-
protein transcriptional complexes to modulate transcription of responsive genes (Fig. 1).
These co-regulators include co-activators and co-repressors that facilitate multi-protein
complex assembly with NRs to enhance (Fig. 1A) or repress (Fig. 1B) target gene
expression [3]. Nuclear receptors can also modulate transcriptional activity through ligand
independent mechanisms involving receptor specific phosphorylation (Fig. 1C). For
estrogen receptor a (ERa), phosphorylation of the AF1 domain (serine 118) results in
constitutive ERa transcriptional activity independent of estrogen binding [4]. Binding of
ligand at a constitutively active NR may act as an inverse agonist resulting in decreased
activities (Fig. 1D). The thyroid hormone receptor (TR), which is constitutively bound to its
TRE and represses transcription until binding of ligand, can also be considered as a negative
form of constitutive activity [5].

In addition to acting via these classical nuclear hormone receptor mechanisms, several of the
nuclear receptors, including the estrogen, androgen and progesterone receptors, act in the
cytoplasm or associated with the plasma membrane to participate in rapid intracellular
signaling mechanisms independent of the classical nuclear receptor transactivational
pathway [6]. Nuclear estrogen receptors can also modulate of the nuclear receptor activity of
NFxB and interact with Sp1 and AP1 transcription factors to affect the expression of
responsive genes [7-9].

Nonmonotonic C/R relationships: mechanisms and modes of actions

Many studies both in vitro and in vivo have reported nonmonotonic C/R relationships for
endocrine active compounds such as endogenous hormones and EDCs. A variety of
potential mechanisms of action have been hypothesized as contributing to the complex
relationships observed for endocrine active compounds and include high-dose induction of
cytotoxicity, receptor ligand selectivity, differential expression of receptors and co-
regulators, ligand-induced receptor down-regulation, competition between multiple
receptors, and endocrine negative feedback loops [2].

Cytotoxic effects at high concentrations of NR ligands are the most common mode of action
responsible for nonmonotonic C/R relationships in experimental studies, and are often the
result of non-specific (off-target) effects. However, when assessing the biological effects of
EDCs, ligand selectivity for different NRs is also an important consideration because several
EDCs can bind multiple NRs depending on the concentration. For example, bisphenol A
(BPA) selectively binds and activates ERp (Kj ~ 35 nM) and ERa (Kj ~ 195 nM), but will
also bind and inhibit the androgen (K; ~ 18 pM) and thyroid hormone (K; ~ 100 uM)
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receptors at higher concentrations [10-13]. It is easy to understand how receptor selectivity
can cause nonmonotonic C/R relationships when one considers that the biological effect of
the different receptors may oppose each other. The ERs serve as an especially good example
of opposition between NR activities. When coexpressed, ERa activation stimulates
proliferation in the prostate and uterus, while activation of ER opposes the proliferative
effects of ERa [2,14].

Cytotoxicity induced nonmonotonic C/R relationships

Cytotoxicity-induced complex C/R relationships are common and result when a compound
initially causes a biological effect through specific binding at a NR, but also induces non-
specific (NR-independent) cytotoxic effects at higher concentrations which counteract the
specific NR-mediated effects. This phenomenon occurs in response to the stilbenoid ER
ligand resveratrol, and the isoflavonoid phytoestrogens daidzein and genistein [15,16].
Resveratrol at concentrations from 0.1 to 1 uM has mitogenic actions in the GH3 pituitary
tumor cell line, but concentrations above 10 UM results in increased caspase-3 activity and
decreased cell numbers [15]. Genistein and daidzein have similar effects on mitogenesis in
MCF-7 breast cancer cells, where mitogenic effects were observed in response to 1 and 10
UM, and 200 puM resulted in decreased viable cell numbers [16]. In this same study
increasing concentrations of either genistein or daidzein also decreased viable cell numbers
in ZR-75-1 or SK-BR-3 breast cancer cells. This effect was associated with increased
apoptosis in ZR-75-1 cells [16]. The mitogenic effects at 1-10 pM in MCF-7 cells were
interpreted as being mediated by ERa; however, the lack of mitogenic effects in the ERa
positive ZR-75-1 cells suggests that factors in addition to ER status influence the mitogenic
actions of genistein and daidzein [16]. The apoptotic effects of these phytoestrogens were
suggested to result from decreased expression of the epidermal growth factor family tyrosine
kinase ERBB2. However, it is notable that high concentrations of these phytoestrogens also
decreased viable MCF-7 cell number, even though these breast cancer cells that do not
express ERBB2, a finding also suggesting that alternative or more complex mechanisms are
involved in these processes [16]. A likely explanation for the antiproliferative/cytotoxic
actions of genistein is that along with being an ER ligand, genistein is also an inhibitor of
receptor tyrosine kinases [17]. Receptor tyrosine kinase activity blockade at higher
concentrations of genistein are expected to decrease mitogenesis and increase apoptosis in
these breast cancer cells, effects considered likely to have contributed to the observed
nonmonotonic C/R relationship.

Studies investigating the effects of BPA and genistein on prostate cancer cell proliferation
and the effects of danazol on endothelial cell permeability, also support the idea that
cytotoxicity contributes to C/R complexity [18,19]. Initial studies investigating the effect of
BPA on prostate cancer cell proliferation demonstrated that the effect of BPA depended on
the mutational status of the androgen receptor (AR). Prostate cancer cells that express the
mutant AR-T877A allele are androgen dependent and BPA can increase proliferation
through the activation of the mutant AR [20,21]. More recent studies have confirmed that
mutational status affects AR ligand binding and activation by demonstrating that genistein
also activates AR-T877A but not the wildtype AR. In those studies, genistein could increase
LNCaP cell proliferation in the concentration range of 0.5 to 5 uM and inhibited
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proliferation at concentrations above 25 pM. In contrast, proliferation of androgen
dependent LAPC-4 and androgen independent PC-3 cells was inhibited by increasing
concentrations genistein in a monotonic concentration dependent manner. These differential
effects were the result of mutant AR activation by genistein at low concentrations, while off-
target increases in cytotoxicity are likely responsible for decreased proliferation at higher
concentrations [19].

In a similar fashion, the synthetic androgen danazol at concentrations from 100 to 500 nM
can decrease human umbilical vein endothelial cell (HUVEC) permeability [18]. Other
tested concentrations did not affect HUVEC permeability except the highest tested
concentration (50 pM) which increased HUVEC permeability. The decreased permeability
of HUVECs in response to 100 nM danazol was due to AR activation since the AR
antagonist hydroxyflutamide blocked this effect. The mechanism responsible for the
increased HUVEC permeability at the high danazol concentrations was not investigated but
appeares likely to have resulted from non-specific effects [18]. Because danazol can
decrease HUVEC viability at concentrations above 10 uM, the nonmonotonic C/R
relationship observed for HUVEC permeability was likely due to the cytotoxic effects of
high concentration danazol [22].

While cytotoxicity at high concentrations of NR ligands can be responsible for an observed
complex C/R relationship, additional factors can be involved. The involvement of additional
contributing factors was evident in our recent examination of peroxisome proliferator-
activated receptor y (PPARY) activity in response to the flame retardant mixture Firemaster®
550 (FM 550) [23]. FM 550 increased PPARYy activity with maximal stimulation observed at
25 pM; however, agonist effects at PPARy were lost at higher concentrations.
Nonmonotonic C/R relationships were also observed in response to the component triaryl
phosphate flame retardants triphenyl phosphate (TPP) and isopropylated triphenyl phosphate
(ITP) and the prototypical environmental PPARYy ligands tributyltin (TBT) and triphenyltin
(TPT) [23]. Cytotoxicity was investigated as a potential cause of decreased reporter gene
activity at high concentrations. Increasing concentrations of FM 550, TPP or ITP caused cell
death in reporter CHO cells and in human brain tumor cells where effects were blocked by
inhibitors of caspase 3 dependent apoptosis. However, in reporter cells, normalization of
PPARYy activity to viable cell number did not account fully for the decrease in PPARy
activity, which suggests that the observed nonmonotonic C/R relationship resulted from
cytotoxicity and other undefined mechanisms. Ligand-induced receptor desensitization or
down regulation was not a likely contributing factor since the more efficacious PPARYy
agonist rosiglitizone increased PPARY activity in a concentration dependent manner without
high-concentration loss of activity [23].

Nonmonotonic C/R relationships arising from receptor selectivity of

ligands

Due to the varying affinity that NR ligands such as BPA have for different NRs, ligand
selectivity can also contribute to nonmonotonic C/R relationships. [2, 11-13]. The receptor
selectivity of BPA may explain the observation that developmental BPA exposure causes
increased locomotor activity of zebrafish larvae at doses from 10 to 100 nM, but has no
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effect at higher doses. The observed increases in locomotor activity are likely due to ERa or
ERp dependent effects as 100 nM 17p-estradiol (E2) also increased locomotor activity of the
zebrafish larvae. However, the underlying mechanism responsible for the nonmonotonic
dose response relationship (NMDR) was not investigated [24]. One possible explanation for
this observed NMDR is that BPA can act as an ER agonist, and also an AR antagonist at
high concentrations [25]. This possibility is supported by the observation that the flame
retardant DE-71, which has defined anti-androgen activity, also decreases locomotor activity
in zebrafish [26,27]. It is possible that ER activation at low doses of BPA (10 and 100 nM)
were responsible for increased locomotor activity, while inhibition of the AR counteracted
this effect at the higher doses.

Nonmonotonic C/R relationships resulting from nuclear receptor effects on
multiple endpoints

Nonmonotonic C/R relationships can also result when a single NR affects multiple
oppositional signaling pathways. This complexity may be due to the observation that a
single NR can mediate different cellular responses due to the cellular localization of the
receptor. For example, ERs are known to localize to the nucleus, cytoplasm, mitochondria
and the plasma membrane and ERs can have differential effects on proliferation, cell
survival, Ca* handling and other endpoints due to the cellular localization of the activated
receptor [3,6,28-30]. The response of cerebellar granule cell precursors (GCPs) to 17p-
estradiol (E2) serves as an example of how differentially localized NRs can oppose one
another to result in a complex C/R relationship [31-33]. Exposure of cultured GCPs to E2
rapidly increased ERK phosphorylation through a membrane associated ER at 10 to 100 pM,
but has no effect at 1-100 nM and increased ERK phosphorylation at 1 pM. Similar effects
are also observed in vivo [31,33]. Further investigation into the mechanism responsible for
this nonmonotonic C/R relationship revealed that low E2 (100 pM) also activated a
cytoplasmic ER to induce the activation of protein phosphatase 2a (PP2a) which opposed the
effects of the membrane associated ER by de-phosphorylating MEK [32]. The inhibitory
phosphatase activity was considered responsible for the observed temporal and
nonmonotonic C/R effects of E2 on rapid ERK-signaling these neurons.

The response of LNCaP cells treated with the synthetic androgen R1881 is another example
of a complex C/R relationship that arises due to multiple endpoints being affected by a
single NR. Androgen deprived LNCaP cells are resistant to TNF-related apoptosis-inducing
ligand (TRAIL) induced cell death due to down regulation of death receptor 5 (DR5) [34]. It
was observed that 0.1 nM R1881 induced DR5 expression and sensitized LNCaP cells to
TRAIL induced cell death. However, higher concentrations of R1881 were not as effective
in sensitizing the LNCaP cells to TRAIL induced cell death. It was suggested that the well-
known upregulation of pro-survival proteins in response to AR activation in LNCaP cells
may be responsible for the observed nonmonotonic C/R relationship [34].

A more clearly defined mechanism was determined for an observed nonmonotonic C/R
relationship in response to BPA treatment in rat cardiomyocytes where 1 pM to 10 nM BPA
increased fractional shortening and 1 uM BPA decreased this effect [35]. It was determined
that activation of ERP by BPA resulted in a concentration dependent increase in Ca2* release
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from the sarcoplasmic reticulum, and BPA inhibited the L-type calcium channel current at
concentrations at or above 1 pM [35]. The ERB dependent increase in SR Ca2* release in
response to low concentrations of BPA resulted in increased cytoplasmic Ca2* and a
corresponding increase in cardiomyocyte contractility. However, the ER} dependent
inhibition of the L-type calcium channel current in response to high concentrations of BPA
resulted in decreased cytoplasmic Ca%* and a corresponding decrease in cardiomyocyte
contractility [35,36]. This suggests that the observed nonmonotonic C/R relationship for
BPA was due to the opposition of these two endpoints which were both dependent of ERp.
These studies thus demonstrate that NRs can have effects on multiple opposing endpoints
that result in the generation of nonmonotonic C/R relationships.

Secondary NR binding site mediated C/R complexity

The observation of low affinity secondary binding sites on NRs suggests that a biologically
plausible molecular mechanism may contribute to C/R complexity. While NR ligands
modulate NR activity by binding in the ligand binding pocket (LBP) within the ligand
binding domain (LBD) of the receptor, low affinity secondary binding sites that may affect
receptor function have also been observed [37-39]. The observation that several of these
secondary binding sites are in the co-regulator groove and could interfere with co-regulator
binding suggests that these sites are functionally significant [38—40]. Furthermore, since NR
ligands bind at both the primary site in the LBP and the secondary low affinity binding site,
nonmonotonic C/R relationships can arise if the effects of binding at the different sites are in
opposition (Fig. 2) [38,39]. This molecular mechanism was first supported by the
observation that the binding capacity of the ER for tamoxifen was twice that of E2,
suggesting that tamoxifen bound within the LBP and at an unknown secondary site [41]. A
two binding site model of anti-estrogen action was then proposed in which binding to the
higher affinity LBP site mediated the agonist actions of selective ER modulators (SERMS)
such as tamoxifen, while binding at a low affinity secondary site mediated the antagonist
actions of the compound [38]. In support of the two-site model, a low affinity secondary
binding site for hydroxytamoxifen within the co-activator binding groove of ERp was
identified using x-ray crystallography [42]. This observation revealed that ligand occupancy
of the secondary site could interfere with co-activator recruitment and affect ER
transactivational activity.

A secondary ligand binding site has also been observed in the TR and PPARY [39,40]. X-ray
crystallography was used to characterize the binding of the PPARYy partial agonist ajulemic
acid. While ajulemic acid was observed to bind the primary binding site within the LBP, it
also bound to a secondary site on the surface of the receptor within the co-regulator groove.
Binding at the secondary site may regulate receptor function by affecting co-regulator
recruitment, but the functional significance of the secondary binding site was not
investigated [40]. X-ray crystallography was also used to characterize the binding of the
endogenous TR ligands T3 and T,. It was observed that both hormones not only bind the
LBP site, but also bind at a secondary site on the surface of the LBD. Site directed
mutagenesis and transactivation assays suggested that hormone binding at the secondary site
was important for TR function [39]. Additionally, the binding affinity of T3 (K4 ~ 90.9 nM)
and T4 (Kq ~ 0.04 nM) at the secondary binding site was shown to differ from that of T3
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(Kq =~ 0.06 nM) and T4 (Kq ~ 2 nM) at the primary site [39,43]. If the effects of binding at
the primary and secondary sites are oppositional, the differing affinity may contribute to a
complex C/R relationship. Additionally, while T is thought to be the primary TR ligand in
vivo, the high affinity binding of T, to the secondary site suggests that TR function may also
be regulated by T, [39,43].

The existence of secondary binding sites on NRs suggests that NR ligands could cause
complex C/R relationships through the binding at two sites on a NR with differing affinity
that have opposing actions on receptor function. This possibility is supported at the
molecular level by high-resolution characterization of secondary binding sites on several
NRs. The functional importance of these sites are supported by their location in the co-
regulator binding groove, and by the fact that mutations within the secondary site can affect
receptor transactivational activity [38—42]. These studies demonstrate that it is biologically
plausible that differential binding of a NR ligand to both primary and secondary binding
sites contributes to C/R complexity (Fig. 2).

Conclusions

Cytotoxicity is likely the most common mode of action responsible for complex C/R
relationships but additional factors can also contribute to this phenomenon. The contributing
mechanisms may include ligand selectivity, receptor downregulation/desensitization,
receptor and cofactor expression, receptor competition, endocrine negative feedback loops,
the activation of multiple pathways by a NR, and secondary binding sites on NRs [2,38,39].
Support for these mechanisms include the fact that EDCs such as BPA bind and affect the
activation of several NRs with varying affinity and that low affinity secondary binding sites
exist on NRs that affect the transactivational activity of NRs [10-13, 38-42]. Overall, the
studies reviewed here demonstrate that several modes of action for C/R complexity are
biologically plausible and are supported at the whole animal, cellular and molecular levels.
The implications of nuclear receptor mediated complexity should be considered when
interpreting results from toxicological studies to accurately gauge potential hazards that may
not be predicted by extrapolating from the results of high dose studies.
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EDC endocrine disrupting chemical
ER estrogen receptor
EC50 concentration of half maximal effect
FM 550 Firemaster® 550
GCP granule cell precursor
HUVEC human umbilical vein endothelial cells
ITP isopropylated triphenyl phosphate
1Csq concentration of half maximal inhibition
LBD ligand binding domain
LBP ligand binding pocket
NMDR nonmonotonic dose response
NR nuclear receptor
PP2a protein phosphatase 2a
PPAR peroxisome proliferator-activated receptor
SERM selective estrogen receptor modulator
T3 Triiodothyronine
T4 thyroxine
TR thyroid hormone receptor
TRAIL TNF-related apoptosis-inducing ligand
TBT tributyltin
TPP triphenyl phosphate
TPT triphenyltin
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Figure 1. The multiple mechanisms of nuclear receptor mediated modulation of responsive gene
transcription

Binding of ligand induces a conformational change of the NR that allows receptor
dimerization, association with hormone responsive elements (HRE) in the promoters of
responsive genes, and recruitment of (A) co-activators resulting in an increase in responsive
gene expression, or (B) recruitment of co-repressors that repress gene expression. (C)
Nuclear receptor activity can also be induced by receptor phosphorylation of the Activator
Function 1 (AF1) domain resulting in ligand independent constitutive activity. (D) Binding
of ligand may cause a conformational change of constitutively active or constitutively bound
NR that counteracts the effects of a constitutively active receptor. Pharmacologically, such
effects are equivalent to inverse-agonist effects.
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Figure 2. Two ligand binding site model contributing to complex C/R relationships in response to
NR ligands

(A) Ligand (blue square) binding to the high affinity primary site results in receptor
dimerization, binding to the hormone responsive element (HRE), and recruitment of co-
activators to increase responsive gene transcription. (B) Ligand binding to the high affinity
primary site induces recruitment of the NR to the HRE, and ligand binding to the low
affinity secondary binding site within the co-activator groove blocks the recruitment of co-
regulators, thereby preventing modulation of gene transcription. (C) Idealized concentration
response curve based on the hypothetical binding of a single ligand to a high affinity
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stimulatory ligand binding site and a low affinity inhibitory binding site. The concentration
range of the agonist effects of the high affinity site to the C/R curve are indicated by a blue
line and the impacts on the curve of the low affinity inhibitory site are indicated with a red
line.
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