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Environmental significance

The endocrine disruptor effect of metal
nanoparticles mainly depends on their capacity to
release metal ions+

Peggy Charbonnier,? Pierre-Henri Jouneau® and Aurélien Deniaud (DR

Throughout their lives, humans are constantly exposed to various pollutants that can affect our
development and physiology. The growing list of pollutants include drugs, pesticides, cosmetics,
plasticizers, and other organic molecules that have been found to disrupt endocrine activities. Endocrine
disruptors can negatively impact our organism’'s development, metabolism, and sexual functions. Recently,
it was discovered that exposure to silver nanoparticles (AgNP) inhibits specific liver nuclear receptors.
Nuclear receptors are transcription factors that play a critical role in regulating important physiological
functions including endocrine ones. To investigate further, we tested the impact of two types of metal
nanoparticles: AgNP, which release metal ions, and titanium dioxide nanoparticles, which do not dissociate
into ions. We found that AgNP significantly inhibited the thyroid and androgen pathways but had no effect
on the aryl hydrocarbon pathway. On the other hand, titanium dioxide nanoparticles had little effect.
Additionally, we observed that combining AgQNP with antagonists led to cumulative inhibition of the thyroid
and androgen pathways. Our previous data suggest that Ag() ions released from the NP trigger the
inhibition of zinc finger-containing nuclear receptors. In conclusion, metal nanoparticles with a capacity to
release metal ions are highly effective endocrine disruptors, and the impact caused by organic molecules
co-transported with metal nanoparticles is minor.

Metal nanoparticles (NPs) are widely used in consumer products, which results in increased exposure to metal NPs and their by-products, leading to
toxicological and ecotoxicological issues. The exposure to organic pollutants is also a growing concern. Hence, it is necessary to study multiple exposures to

assess the combined impact on human health and ecosystems. In this study, exposure to silver NPs, alone or combined with organic compounds known to

have an impact on endocrine functions, revealed inhibition on several pathways, while exposure to titanium dioxyde NPs had minor effects. The former

effect is likely due to the release of Ag() ions and is therefore possibly applicable to other metal NPs that can release metal ions.

Introduction

on one or several endocrine pathways.>® Organisms are
exposed to several ED or mixtures of ED, usually at low doses

Human physiology and development are complex and finely
controlled by various mechanisms, with endocrine functions
playing a central role. It has become evident over the years
that exposure to pollutants can affect physiology, and specific
attention is focused on endocrine disruptors (ED) responsible
for serious developmental issues." Endocrine disruptors are
generally organic molecules belonging to different chemical
classes, such as pharmaceuticals, pesticides, and plasticizers
(for reviews ref. 2-4). They can act as agonists or antagonists
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and throughout their lives, making it difficult to precisely
quantify exposures.”® Therefore, current studies aim to
describe as best as possible the impact of lifelong exposure
to various mixtures of pollutants with opposing or synergistic
ED effects.® Another concern is the use of nanomaterials in
consumer products for their valuable physico-chemical
properties. However, the widespread use of nanomaterials, in
particular metallic ones, results in environmental
contamination and safety concerns among scientists and the
general population.”' Thus, it is crucial to model the health
consequences of exposure to a combination of compounds,
including nanomaterials. This is challenging because the
effect of mixtures is not merely the sum of the toxicity of
each compound individually.

This journal is © The Royal Society of Chemistry 2024


http://crossmark.crossref.org/dialog/?doi=10.1039/d4en00065j&domain=pdf&date_stamp=2024-07-10
http://orcid.org/0000-0001-9862-3617
https://doi.org/10.1039/d4en00065j
https://doi.org/10.1039/d4en00065j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4en00065j
https://rsc.66557.net/en/journals/journal/EN
https://rsc.66557.net/en/journals/journal/EN?issueid=EN011007

Open Access Article. Published on 07 June 2024. Downloaded on 7/24/2025 3:43:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

There are two categories of metal nanoparticles (NP) (for
review ref. 10) - persistent NP that remain in particle forms
in biological conditions such as in the human body, and
labile metal NP that dissolve into ions in aqueous aerobic
conditions. Persistent NP includes titanium dioxide
nanoparticles (TiO,-NP more than 10000 tons produced per
year) that are widely used in sunscreen, paints, or as food
additives and can trigger particle-induced toxicity leading to
inflammatory mechanisms, which could cause chronic
diseases."" On the other hand, labile metal NP toxicity is
primarily due to released metal ion species. Silver NP (AgNP
- between 200 and 500 tons produced in 2020)'> belongs to
this category of NP. AgNP are used as biocides in various
products including textiles, food packaging or medical
devices, a property that requires Ag(i) ion release. However,
these species are also toxic for mammals. Due to their
reactivity, AgNP are dispersed in various forms in the
environment. Their impact on human health and the
environment has been studied for several years.*’ The
different forms of Ag but also TiO,-NPs can cross biological
barriers and accumulate mainly in the liver and the
kidney."®° Following endocytosis, AgNP dissolve into toxic
Ag(1) ions that distributes throughout hepatocytes,* and
similar fate has been described in several other -cell
types.ZHS

Various studies have suggested that NP may have an
impact on endocrine functions. However, most of these
publications have merely described general toxicity effects on
reproductive cells,***® which could be observed for any
molecules and cannot be considered as a specific endocrine
disruption effect. A few studies have proposed a direct impact
on endocrine pathways, such as in the case of AgNP*° or Cd-
containing quantum dots.>® This could be a result of the
release of metal ions, as previously suggested in the review
ref. 31.

In order to be closer to the real exposure conditions of
living organismes, it is crucial to investigate the effect of co-
exposure to NP and organic pollutants, particularly ED. Up
to now, most of the studies indicates that NP act as
carriers of organic ED, thereby increasing their potency (ref.
32 and 33 and for review ref. 34). However, some studies
have found that the bioavailability of organic ED decreases
when co-exposed with NP.** Therefore, comprehensive
studies are required to properly analyze the impact of co-
exposure to metal NP and organic ED on endocrine
pathways.

In this study, we analyzed the influence of two types of
metal NPs, namely TiO,-NP and AgNP, on three pathways: the
thyroid, the androgen, and the aryl hydrocarbon pathways.
The latter is not an endocrine pathway and functions using a
different type of transcription factor that does not contain a
zinc finger. The effect of the NP was assayed in presence of
an agonist of each pathway with or without an antagonist.
We observed only minor effects with TiO,-NP, most probably
due to organic compounds binding to the NP. However, AgNP
triggered significant inhibition of both thyroid and androgen

This journal is © The Royal Society of Chemistry 2024
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receptor activity, likely due to released Ag(1) ions that
exchange with Zn(u) in the DNA binding zinc finger domain.

Methods

Experimental design

We selected two types of metal nanoparticles: PVP-coated
AgNP (referred to as AgNP) and a mixture of anatase and
rutile titanium dioxide nanoparticles (referred to as TiO,-NP).
They were chosen for their wide use in consumer products
and for their different behavior in aerobic conditions.
Indeed, AgNP releases Ag(i) ions, while TiO,-NP remains
stable in aqueous solutions. We tested their potential effect
on the thyroid and androgen endocrine pathways, as well as
on the aryl hydrocarbon pathway. The activity of the two
formers relies on a Zn-finger containing nuclear receptor,
while the latter is based on a helix-loop-helix transcription
factor. This enabled us to test the effect on different types of
transcription factors. We conducted the tests on 2D cell
cultures. Initial assays were performed in presence of an
agonist to have the pathway activated and to be able to
observe either an increase or a decrease of the activity.
Further assays were performed in presence of the same
agonist at the same dose but with the addition of a second
agonist or an antagonist. For the thyroid and the androgen
pathways, the first agonist is physiological, i.e. the hormone
or a derivative, T3 for the former and 17-methyltestosterone
(17-MT) for the latter. For the aryl hydrocarbon pathway, we
used the 2,3,7,8-tetrachlorodibenzodioxin (TCDD) that is a
well-known ligand of the aryl hydrocarbon receptor.’®> The
other agonists and antagonists used were not selected for
their environmental relevance since many organic ED have
multiple targets. Therefore, we choose molecules relatively
selective for a pathway to precisely study the effects of NP in
the different experimental set-ups. For each molecule used, a
dose-response was performed to select an appropriate
concentration to be used. All molecules, their effect and the
chosen concentrations are summarized in the Table 1. All
compounds and NPs were added simultaneously to the
medium and since the cell culture assays provide a fast
response, the fluorescence or Iluminescence data were
acquired 24 hours after addition. Overall, the experiments
were designed to be able to detect any kind of effects
(agonist, antagonist, additive, synergistic) for both types of
NP without any a priori. Besides, the concentrations chosen
for the compounds were selected to induce agonist or
antagonist effects and the NP concentrations were wide. The
overall goal being to obtain mechanistic information in a
first instance but the concentrations may be higher than
environmentally.

Nanoparticle and mixture characterization

Econix 50 nm PVP-coated AgNP were purchased from
NanoComposix and TiO,-NP were purchased from Sigma-
Aldrich (reference 700347, mixture of anatase and rutile of
less than 150 nm diameter). Before any experiment, NP stock
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Table 1 List of the compounds used in this study
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Molecule Dose used Effect

T3 hormone 100 nM Agonist of the thyroid pathway
Amiodarone 15 uM Antagonist of the thyroid pathway
17-Methyltestosterone 0.1 nM Agonist of the androgen pathway
Anastrozole 1 mg mL™" Agonist of the androgen pathway

Linuron 5 uM Antagonist of the androgen pathway
2,3,7,8-Tetrachlorodibenzodioxin 10 pM Agonist of the aryl hydrocarbon pathway
Luteolin 1 puM Antagonist of the aryl hydrocarbon pathway

solutions were thoroughly vortexed before dilution and
addition to the proper buffer or cell culture media depending
on the experiment to be performed. For cell culture
experiments, the NP were not mixed with the organic
compounds before addition to the cell culture. When a
compound is dissolved in DMSO, it is diluted hundred times
for in vitro or in cellulo experiments and a negative control at
1% DMSO is performed.

For NP characterization, UV-visible spectra were acquired
on a Shimadzu UV-1800 spectrophotometer. Dynamic light
scattering (DLS) measurements were carried out in water and
cell culture medium corresponding to the different exposure
conditions at 25 °C in a UVette (Eppendorf) on a Nanostar
instrument (Wyatt). Zeta potential measurements were
performed in a Litesizer 500 instrument (Anton Paar) using
omega cuvette and in PBS diluted 1000 times to provide
charges. The analyses were performed in the Kaliope
software. For scanning transmission electron microscopy
(STEM), 5 uL of diluted AgNP or TiO,-NP were deposited on a
glow-discharged copper grid coated with a carbon film (Mesh
300, Agar Scientific/S160N3) to limit particle agglomeration
and enable even dispersion of the NP on the grid. The drop
was then dried under air. STEM micrographs were taken on a
Zeiss MERLIN microscope operated at 15 or 30 kV, using the
solid-state bright-field detector.

Cell culture

HEK293T cells were grown in DMEM high glucose media
supplemented with 10% fetal bovine serum (FBS) and 1%
non-essential amino-acids at 37 °C in a humidified incubator
and with an atmosphere of 5% CO,. AR-EcoScreen and DR-
EcoScreen cell lines were provided by the JCRB cell line bank
(Tebu bio). AR-EcoScreen were grown in DMEM-F12 media
(Gibco) supplemented with 5% FBS, 25 pug ml™" hygromycin
and 50 ug ml™" zeocine. DR-EcoScreen were grown in MEMa.
media (Gibco) supplemented with 5% FBS, 1% 1-Glu and 150
pg ml™' hygromycin. All cell lines were split every 2 to 3 days
to remain at a maximal confluency of 80-90%. For cell
viability assays, 3.10° cells were seeded in each well of a 12-
well plate. On the following day, NP or AgNO; were added in
a wide concentration range. After 24 hours of exposure, cells
were rinsed with PBS, harvested using trypsin and suspended
in 200 pL PBS. Cell viability was determined by counting

3194 | Environ. Sci.: Nano, 2024, 11, 3192-3201

trypan blue stained cells in a TC20 Automated Cell Counter
(Bio-Rad).

Thyroid pathway assay

HEK293T cells were transfected with an equal amount of
pCDMS8-TRa. (kindly provided by Professor Larsen and
Assistant Professor Zavacki) and 2xDR4 developed in ref. 36
and provided by C. Cepko via AddGene and using a double
amount of PEI, for detailed protocol see ref. 37. The next day,
cells were recovered, plated in 6-well plates and exposed to
the different chemicals and NP. After 24 hours of exposure,
cells were recovered and GFP level was analyzed by FACS on a
FACSCalibur (Becton Dickinson). Cells only exposed to 100
nM of the T3 hormone were the positive control. Indeed, T3
binds to the thyroid receptor o expressed from the pCDMS8-
TRo. This binding activates the thyroid receptor that
subsequently binds to the DR4 DNA motif triggering the
transcription of the GFP gene, finally leading to GFP protein
expression and thereof fluorescence signal. The fluorescence
signal in this condition was set to 100% and all other signals
were normalized based on this T3 positive control condition.

Androgen and aryl hydrocarbon pathway assay

Assays of the androgen and aryl hydrocarbon pathways were
performed using the AR-EcoScreen and DR-EcoScreen cell
lines, respectively. These cell lines were developed and provided
by Dr. Mitsuru Iida.*®*?° The principle is to control luciferase
expression by the corresponding receptors, the androgen
receptor (AR) and the aryl hydrocarbon receptor (AhR)
respectively, and follow their activity using the steady glow
luciferase assay kit (Promega). On the first day, 20.10°
cells were seeded in black 96-well plates with transparent
bottoms. On the second day, the media was changed to a
media without antibiotics and with the different compounds
and NP to be tested. On the third day, the luminescence signal
was measured on a BioTek Synergy H1 microplate reader using
the steady glow luciferase kit (Promega).

Statistical analysis

All the quantitative data presented with a standard deviation
are based on at least three biological replicates. The
normality was evaluated using a Shapiro-Wilk test. Statistical
comparisons are based on one-way ANOVA tests with a Tukey
post hoc tests.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Thyroid pathway activity. HEK293T cells co-transfected with the TRa receptor and GFP under the control of the thyroid receptor
element (plasmid 2xDR4) were exposed to AgNP (A and C), TiO,-NP (B and D) or AgNOs (E). The thyroid receptor was activated using 100 nM
of the T3 hormone leading to a GFP level defined as the 100% activity. In C, D and E, co-exposure to 15 pM of the antagonist amiodarone
was done. Values represent the means * SD of at least three independent experiments. * stands for data statistically different from the
corresponding control (T3 or T3 + amiodarone) with p < 0.05 and ** stands for data statistically different from the corresponding control with

p < 0.01.

This journal is © The Royal Society of Chemistry 2024
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Results

Nanoparticles and mixture characterization

We characterized in depth AgNP and TiO,-NP used in this
study. STEM analysis showed well-dispersed AgNP with a
main population of 30 to 80 nm diameter and a second
population of smaller particles (Fig. S1At). As expected, TiO,-
NP are heavily agglomerated and the primary particles have a
diameter smaller than 50 nm (Fig. S1BY). UV-visible spectra
showed absorbance in the UV range for both types of NP and
a specific peak with a maximum around 400 nm for AgNP
that is due to the plasmon resonance (Fig. S1Cf). The
hydrodynamic status of both AgNP and TiO,-NP was analysed
by DLS, in water and in the different relevant cell culture
media, alone or in the presence of different compounds used
for cell culture experiments. In parallel, the zeta potential of
the different mixtures was determined in diluted PBS. All the
data are presented in the Table S1.f In water, AgNP were
homogenous (polydispersity index (PDI) of 6.3%) with an
average hydrodynamic diameter of 52.6 nm and a zeta
potential of -16.3 mV. In the different complete cell culture
media, AgNP had a larger diameter between 60 and 70 nm,
most probably due to the formation of a surrounding protein
corona. Diameter distribution was also wider with a
polydispersity between 10 and 25%. Most of the compounds
did not significantly impact AgNP dispersion. However, 17-
MT improved AgNP diameter dispersion in water and cell
culture media, while amiodarone increased diameter in water
improved homogeneity in
Interestingly, 17-MT, amiodarone but
induced an increase of the zeta potential to about -3/-4 mV.
These data led us to hypothesize that these compounds can
associate with AgNP.

The TiO,-NP we used had a primary particle of 20 nm in
diameter. In water, we obtained a homogenous
hydrodynamic diameter of 200 nm (PDI of 11.4%), which
probably indicates the formation of clusters of a few particles
together. In addition, TiO,-NP had a zeta potential of -38.3
mV. In complete cell culture media, TiO,-NP formed
polydisperse and large agglomerates ranging from 400 nm to
a few micrometers in diameter, regardless of the presence of
serum protein or the addition of different compounds. In
water, the T3 hormone and amiodarone increased
agglomerate diameter slightly and more than doubled the
PDI. Amiodarone also importantly increased zeta potential to
-6.8 mV. This suggests that T3 and amiodarone may bind to
TiO,-NP.

and cell culture media.

also anastrozole

Thyroid pathway

In order to evaluate the effects of AgNP and TiO,-NP on the
thyroid pathway, we established a reporter system in
HEK293T cells. This system ensured that the expression of
GFP was regulated by the TRo which was activated by the T3
hormone. Viability assays showed that the viability of
HEK293T cells started decreasing when they were exposed to
400 uM of AgNP or 200 pg ml ™" of TiO,-NP (Table S21), which

3196 | Environ. Sci: Nano, 2024, 11, 3192-3201
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were the highest concentrations used for the assessment of
the thyroid pathway.

On the one hand, TR activity was dose-dependently
inhibited upon the addition of AgNP at concentrations higher
than 50 uM in Ag (Fig. 1A). The inhibition reached up to 50%
at 400 uM. On the other hand, TiO,-NP only led to minor and
mainly insignificant inhibition (10-15%) at concentrations in
particle higher than 25 pg ml™ (Fig. 1B). In a second set-up,
we used amiodarone, a known endocrine disruptor with
antagonist activity on this pathway’® at a concentration that
inhibited about half of the activity triggered by T3. Under
these conditions, AgNP had an additive inhibitory effect at
concentrations higher than 50 pM, leading to about 70%
inhibition of the thyroid receptor activity (Fig. 1C). Therefore,
amiodarone and AgNP have a cumulative but not synergistic
impact on the thyroid receptor pathway. In the case of TiO,-
NP, there was no significant cumulative inhibition observed
due to these NP (Fig. 1D).

Since it is known that AgNP can release Ag(1) ions in the
media and inside cells, we assessed the impact of an Ag salt
(AgNO3) on the thyroid pathway. We used concentrations up
to 10 uM to avoid the toxicity of the Ag(i) ions. We observed a
very specific behavior with AgNO;. No effect was observed at
concentrations up to 5 pM but 10 pM led to an important
inhibition of more than 40% (Fig. 1E), suggesting that a
threshold was reached. In the presence of amiodarone, no
significant additive inhibition was observed with AgNO;, but
an inhibition was observed at 10 uM of AgNO; (Fig. 1E).

Androgen pathway

We found that AgNP and TiO,-NP caused significant toxicity
in AR-EcoScreen cells at concentrations of 200 pM and 50 pg
ml™, respectively (Table $2f). The AR pathway was activated
by the addition of 17-MT. Our results showed that AgNP
significantly inhibited the androgen receptor activity in a
dose-dependent manner starting at 12.5 pM in Ag, and
leading to 60% inhibition at 100 uM (Fig. 2A). However,
exposure to TiO,-NP did not produce any inhibitory effect on
the androgen pathway (Fig. 2B). To investigate the impact of
mixtures with ED, we tested the effects of anastrozole and
linuron, which are an agonist and an antagonist, respectively,
of the androgen pathway. We found that in the presence of
anastrozole and AgNP the androgen pathway was drastically
inhibited, leading to 50% inhibition at the lowest
concentration of AgNP and up to 65% inhibition at 100 uM
Ag (Fig. 2C). However, there is an important variability for
part of these data and the AgNP-induced inhibition in the
presence of an agonist is drastic and not trivial to explain.
When tested in the presence of linuron, the combination of
linuron and AgNP resulted in additive inhibition, leading to
80% inhibition of the androgen receptor activity with linuron
plus 100 puM AgNP (Fig. 2C). Co-exposure with TiO,-NP
resulted in a significant inhibition of the activation induced
by anastrozole at concentrations of 6.25 and 100 ug ml™

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Androgen pathway activity. AR-EcoScreen cells were exposed to AgNP (A and C) or TiO,-NP (B and D). The androgen receptor was
activated using 0.1 nM 17-MT leading to a luciferase level defined as the 100% activity. In C and D, co-exposure to either 1 mg ml™ of the agonist
anastrozole or to 5 uM of the antagonist linuron was done. Values represent the means + SD of at least three independent experiments. * stands
for data statistically different from the corresponding control (17-MT or 17-MT + anastrozole or 17-MT + linuron) with p < 0.05 and ** stands for

data statistically different from the corresponding control with p < 0.01.

(Fig. 2D), while the effect of linuron was not significantly
modified by TiO,-NP (Fig. 2D).

Aryl hydrocarbon pathway

We found that TiO,-NP caused significant toxicity in DR-
EcoScreen cells at concentrations of 50 ug ml™' (Table S21),
while AgNP was not toxic at all up to 400 uM. The activation
of the AhR pathway was induced by TCDD, and the effect of
AgNP and TiO,-NP on the pathway was studied. The
activation of the aryl hydrocarbon pathway was not
significantly affected by AgNP (Fig. 3A) and TiO,-NP led to a
low but non-significant inhibition of AhR activity at
concentrations between 25 and 100 ug ml™ (Fig. 3B).
Furthermore, the experiments were conducted with luteolin
as an antagonist of AhR. The addition of increasing
concentrations of AgNP or TiO,-NP did not cause any
significant effect compared to the mixture of agonist and
antagonist of the AhR alone (Fig. 3C and D). The findings

This journal is © The Royal Society of Chemistry 2024

showed that AgNP and TiO,-NP have no significant effect on
the aryl hydrocarbon pathway.

Discussion

In this study, we evaluated the impact of two types of metal
nanoparticles — AgNP and TiO,-NP - on three ligand-activated
transcription pathways in mammalian cells. Our goal was to
determine whether these nanoparticles could potentially
disrupt endocrine functions. TiO,-NP is a stable particle that
remains intact in cell culture media and after being taken up
by mammalian cells. In contrast, AgNP releases Ag(1) ions in
aerobic conditions, which means that mammalian cells are
exposed to both the nanoparticles and the associated ions.
When exposed to hormones or organic compounds that have
known effects on the activity of the transcription pathways,
the nanoparticles could affect their bioavailability by either
facilitating their transport into the cells or trapping them
outside the cells. This could have a positive or negative

Environ. Sci.: Nano, 2024, 11, 3192-3201 | 3197


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4en00065j

Open Access Article. Published on 07 June 2024. Downloaded on 7/24/2025 3:43:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A125-
m -
§ T T ._]._. .
© 4 e
S 100 T
[a]
(8]
=
® 75
£
>
2
& 50 -
g
s
g 25
['4
&
< l
0 . . : : . . , \

o

"1 B 1
B Lll lll

25 4

AhR pathway activity (% TCDD alone)
3

View Article Online

Environmental Science: Nano

100 A

~
(3]
L

8

N
(3]
L

AhR pathway activity (% TCDD alone) [0

O

o
c
o
©
[a]
8 75 A _L
=4
I
2
2 901
=]
o
©
g
Z 25
=
© ’,J_‘
Q.
m
£
< 0 T T T T T T T T )
O & & & & RIS
oéfo o° o‘e'O\\ & 0,\3(\» o"rv o"?\, o'fv o
000 @V \«\ AN \&'\ LN \«'\ \&'\
A x\‘} Q& é@ 9\6\ é@ Q\@ &
P ,\fft SO R S S
% \“' me X N £
F &S S S
&L LS

Fig. 3 Aryl hydrocarbon pathway activity. DR-EcoScreen cells were exposed to AgNP (A and C) or TiO,-NP (B and D). The aryl hydrocarbon
receptor was activated using 10 pM TCDD leading to a luciferase level defined as the 100% activity. In C and D, co-exposure to 1 uM of the
antagonist luteolin was done. Values represent the means + SD of at least three independent experiments.

impact on the selected pathway. To distinguish between these
different effects, we conducted a thorough investigation that
involved in vitro analysis using DLS and biological effect
assessment through reporter gene systems. We tested two
nuclear receptor-dependent pathways (thyroid and androgen)
and the aryl hydrocarbon pathway, which is not related to a
nuclear receptor.

In the three examined pathways, TiO,-NP caused only
minor effects, which were limited to a 20% inhibition of the
tested receptor activity. These effects were observed only at
high concentrations of particles, at least 25 pg ml™". This was
observed in the thyroid pathway and the androgen pathway
when co-exposed with 17-MT and anastrozole. Interestingly,
most of the organic compounds tended to increase the
polydispersity or even led to the formation of larger
aggregates of TiO,-NP (Table S1t). Therefore, the observed
cellular effects at high concentrations in TiO,-NP are most

3198 | Environ. Sci.: Nano, 2024, 11, 3192-3201

likely due to an interaction between the organic compounds
and the NP, which inhibits the agonistic activity and has a
neutral effect when co-exposed with an agonist and an
antagonist.

It was observed that AgNP did not affect the AhR pathway,
while dose-dependent inhibition was observed for the two
nuclear receptor pathways that were assessed. When exposed
to agonists, AgNP led to more than 50% inhibition, and a
cumulative effect was observed when co-exposed with
antagonists. Strong inhibition was similarly observed upon
exposure to few micromolars of a silver salt providing a direct
source of Ag(1) ions. Therefore, it can be concluded that the
AgNP-induced inhibition of nuclear receptor pathways is
mainly, if not completely, due to the released Ag(1) ions. The
main difference between the nuclear receptors and the aryl
hydrocarbon receptor is the motif they contain to bind their
DNA cognate motif. A zinc finger domain is present in the

This journal is © The Royal Society of Chemistry 2024
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former, while a helix-loop-helix domain is present in the
latter. Previously, we have shown that hepatocyte exposure to
AgNP led to the inhibition of the farnesyl X-receptor (FXR)
and even more pronounced of the liver X-receptor (LXR) in
hepatocytes."® Elemental imaging enabled us to show that
AgNP exposure in hepatocytes leads to the release of Ag()
ions and their partial translocation to the nucleus. We
hypothesized that the inhibition of FXR and LXR could be
attributed to the exchange of Zn(um) by Ag(1) in their zinc
finger DNA binding domain, which comprises the tetra-
cysteine domain. Ag(1) has a higher affinity for this amino-
acid than Zn(u). Our hypothesis was confirmed in vitro on
model zinc finger peptides with two, three, and four
cysteines. These peptides showed at least three orders of
magnitude higher affinity for Ag(1) compared to Zn(u).*" Ag(1)
forms multinuclear clusters (AgxSx motifs) in these domains,
leading to the loss of the finger structure and hence, the
inability to bind to its cognate DNA motifs.*"** Additionally,
a model protein in the presence of DNA also revealed that
Ag(1) can compete with Zn(u) in a zinc finger domain already
bound to its cognate DNA.** The data collected indicates that
Ag(1) ions released from AgNP can compete with Zn(u) in zinc
finger domain, even in already assembled and highly
structured complexes, thereby preventing the interaction of
zinc finger domains with their partners and thus impacting
their associated activity. The present study showed that this
effect can be generalized to the inhibition of critical nuclear
receptors which are involved in endocrine functions such as
the thyroid and androgen receptors. This means that
exposure to AgNP can induce an endocrine disruptor activity
that can be cumulative with the effect of antagonists. The
endocrine disruptor effect of metal NP is mainly due to the
released metal ions. Therefore, future design of metal-based
nanomaterials should favor the development of structures
that protect the nanomaterial from releasing metal ions. It is
important to note that the effect observed with AgNP could
extend to other types of metal-NP that release metal ions in
biological conditions such as CuO-NP or CANP such as in Cd
quantum dots that have already shown endocrine disruptor
effects.®® The intensity of the endocrine disruption would
depend on the amount of released ions in cells and the ratio
between the affinity of the released ions and the
physiological Zn(u) ions, which is highly favorable in the case
of AgNP.

Conclusions

In summary, this study reported the inhibitory effect of AgNP
on nuclear receptor-dependent endocrine pathways such as
the thyroid or the androgen pathways. This effect is due to a
direct action of Ag(1) ions released from the NP. On the other
hand, TiO,-NP only showed mild effect that are due to their
interaction with the organic compounds tested that can
either decrease or increase their cellular uptake depending
on the cases. These tendencies can most probably be
extended to other metal releasing nanoparticles and to rock

This journal is © The Royal Society of Chemistry 2024
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solid metal nanoparticles for the cases of AgNP and TiO,-NP,
respectively. Finally, although these experiments have been
performed on mammalian cells, similar endocrine
disruptions can occur in various organisms with nuclear
receptors. Our findings are thus opening a door concerning
the analysis of the impact of metal NP on endocrine
disruptions as well as of mixture between metal NP and
organic pollutants.
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