
����������
�������

Citation: Coppola, L.; Tait, S.;

Fabbrizi, E.; Perugini, M.;

La Rocca, C. Comparison of the

Toxicological Effects of Pesticides in

Non-Tumorigenic MCF-12A and

Tumorigenic MCF-7 Human Breast

Cells. Int. J. Environ. Res. Public

Health 2022, 19, 4453. https://

doi.org/10.3390/ijerph19084453

Academic Editor: Paul B.

Tchounwou

Received: 1 March 2022

Accepted: 4 April 2022

Published: 7 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Comparison of the Toxicological Effects of Pesticides in
Non-Tumorigenic MCF-12A and Tumorigenic MCF-7 Human
Breast Cells
Lucia Coppola 1,2 , Sabrina Tait 1 , Enrica Fabbrizi 3, Monia Perugini 4 and Cinzia La Rocca 1,*

1 Center for Gender-Specific Medicine, Italian National Institute of Health, 00161 Rome, Italy;
lucia.coppola@iss.it (L.C.); sabrina.tait@iss.it (S.T.)

2 Department of Physiology and Pharmacology V. Erspamer, Sapienza University of Rome, 00185 Rome, Italy
3 Pediatric Departmental Simple Operative Unit, Civitanova Marche Hospital, ASUR Marche Area Vasta n. 3,

62100 Macerata, Italy; enrica.fabbrizi@libero.it
4 Faculty of Bioscience and Technology for Food, Agriculture and Environment, University of Teramo,

64100 Teramo, Italy; mperugini@unite.it
* Correspondence: cinzia.larocca@iss.it

Abstract: Humans are exposed to residues of organophosphate and neonicotinoid pesticides, com-
monly used in agriculture. Children are particularly vulnerable and, among possible adverse
outcomes, the increased incidence of premature mammary gland development (thelarche) has
raised concern. We evaluated the toxicological effects of chlorpyrifos (CPF), imidacloprid (IMI)
and glyphosate (GLY) at exposure concentrations occurring in children on the tumorigenic MCF-7
and non-tumorigenic MCF-12A breast cell lines, as representative of the target organ model, as-
sessing cytotoxicity, apoptosis, necrosis, intracellular reactive oxygen species (ROS) and ATP levels,
17β-estradiol secretion and gene expression of nuclear receptors involved in mammary gland de-
velopment. The pesticides decreased cell vitality in MCF-7 and cell proliferation in MCF-12A cells.
ATP levels were decreased in MCF-7 cells by pesticides and apoptosis was increased in MCF-12A
cells only by GLY (2.3 nM). ROS production was decreased by pesticides in both cell lines, except IMI
(1.6 nM) in MCF-7 cells. Endocrine disrupting activity was highlighted by induction of 17β-estradiol
secretion and modulation of the gene expression of estrogen alpha and beta, progesterone, androgen,
and aryl hydrocarbon receptors in both cell lines. The use of MCF-7 and MCF-12A cells highlighted
dissimilar modes of action of each pesticide at low human relevant concentrations.

Keywords: pesticides; herbicides; endocrine disruptors; nuclear receptors; in vitro model; mammary
gland development; idiopathic premature thelarche; MCF-7; MCF-12A

1. Introduction

Several pesticides are commonly used in agriculture to protect crops [1]. Human
exposure to pesticide residues and other environmental pollutants is of concern for human
health, since they can affect reproductive, neurological, cardiovascular and endocrine sys-
tems. Increasing evidence reported possible associations with male and female infertility,
neurological and metabolic diseases and cancer [2,3]. To reduce the impact of pesticides
exposure, the European Commission and regulatory agencies have promoted and imple-
mented measures for a sustainable use of pesticides since 2009 [4]. Moreover, a guidance
on the criteria to be considered in the assessment of endocrine disrupting properties of
pesticides has been recently developed by the European Food Safety Authority (EFSA) and
the European Chemicals Agency (ECHA) [5].

As endocrine disrupting chemicals (EDCs), pesticides can derange the hypothalamic–
pituitary–gonadal axis by perturbing hormone secretion, which may affect the reproductive
female system with adverse effects on ovarian and uterine function, menstrual cycle and
timing of puberty [6–9]. Indeed, children exposure to pesticides has been associated
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with premature development of the reproductive system, including premature thelarche,
the early breast development before the age of 8 years, whose incidence has increased
worldwide in the last decades [10,11]. The pubertal breast development is mainly controlled
by ovarian estrogen and progesterone hormones, regulating the ductal morphogenesis and
the epithelial growth of the mammary gland through their respective estrogen receptors
alpha and beta (ERα, ERβ), and the progesterone receptor (PgR) [12]. However, other
nuclear receptors (NRs) are also involved, such as the androgen receptor (AR), which
has a compensatory role in mammary gland development during puberty, counteracting
the extent of cell proliferation, ductal extension and buds morphology [13] and the aryl
hydrocarbon receptor (AhR), which is not strictly required for breast development [14], but
due to its cross-talk with ERs, is relevant as a regulator of cell proliferation [15].

Among the most widely used pesticides, several pieces of evidence support the
organophosphates chlorpyrifos (CPF) and glyphosate (GLY), as well as the neonicotinoid
imidacloprid (IMI), as risk factors able to alter mammary gland development.

CPF may act as a weak estrogenic compound affecting ERs expression [16,17], also
displaying anti-androgenic, thyroid and AhR agonistic activities [18–20]. In in vitro stud-
ies, CPF induced cell proliferation in MCF-7 and MDA-MB-231 human breast cell lines
by a mechanism involving ERα activation, at least in ER-responsive cells [21,22]. Ad-
ministration of CPF to adult female rats at 0.01 mg/kg body weight (bw)/day increased
the number of mammary gland ducts, and increased cell proliferation as well as PgR
expression, but decreased serum estradiol and progesterone levels at a higher concentra-
tion (1 mg/kg bw/day) [23]. Furthermore, CPF exposure of adult female rats to 0.1 and
2.5 mg/kg bw/day altered mammary gland morphology, increasing ductal thickness and
branching as well as bud diameter and number [24]. Promotion of breast tubulogenesis
through the activation of the AhR pathway was also observed in MCF-7 treated with
CPF [25].

Recently, IMI was also demonstrated to trigger ER-mediated estrogenic activity, as
shown in the MCF-7 transfected MELN cells [26]. Administration of 20 mg/kg bw/day
IMI to adult female rats decreased progesterone serum levels, probably due to an alteration
in GnRH release [27]. So far, no in vivo studies were performed to investigate IMI adverse
effects on mammary gland development.

GLY displayed a weak ER agonism in a transfected epithelial mammary gland cell
line (T47D-KBluc cells) [28] and promoted proliferation in MCF-7 cells increasing ERα
gene expression via a ligand-independent mechanism, but only at high concentrations [6].
Furthermore, GLY may also act as an inhibitor of aromatase [26]. At the mammary gland
level, the early postnatal administration of a GLY-based herbicide formulation (GLY at
2 mg/kg bw) increased the hyperplasia of ducts and altered the stroma morphology;
furthermore, it induced ERα and PgR gene expression [29].

Overall, most of the studies did not investigate adverse effects at environmentally
relevant concentrations. Furthermore, limited evidence is available from human studies. In
this context, the project “Integrated approach to evaluate children agricultural pesticide
exposure and health outcome” (PEACH Project) aims to investigate the possible association
between pesticide exposure and idiopathic premature thelarche (IPT) in girls by a case-
control study and an in vitro study assessing potential toxicological adverse effects of
mainly used pesticides [30]. The present study, within the PEACH Project, compares the
toxicological effects of CPF, IMI and GLY at real exposure concentrations occurring in
children, as detected in urine samples in biomonitoring studies [31–35], in two human
mammary gland cell lines: MCF-7, a commonly used tumorigenic cell line, and MCF-12A,
a non-tumorigenic cell line more realistically reflecting normal physiological conditions.
For this purpose, a battery of tests was performed, including assessment of cell vitality and
proliferation, apoptosis and necrosis, reactive oxygen species (ROS) and ATP intracellular
amount, 17β-estradiol (E2) secretion and gene expression of NRs involved in mammary
gland development (i.e., ERα, ERβ, AR, AhR and PgR).
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2. Materials and Methods
2.1. Chemicals

All reagents of analytical grade were purchased from Sigma-Aldrich (Milan, Italy).
Chlorpyrifos (CPF; CAS no. 2921-88-2, purity ≥ 98.0%), imidacloprid (IMI; CAS
no. 138261-41-3, purity ≥ 98.0%) and glyphosate (GLY; CAS no. 1071-83-6, purity ≥ 98.0%)
stock solutions were prepared in dimethyl sulfoxide (DMSO) for CPF (12 mM) and IMI
(16 mM), whereas GLY was dissolved in water (23 mM). Such concentrations were chosen
to be conveniently ten-fold diluted in cell culture medium to obtain selected treatment
concentrations, as described below.

2.2. Cell Culture

A MCF-7 (HTB-22) cell line was purchased from ECACC (Salisbury, UK) and grown in
phenol red free-DMEM medium (Gibco, Grand Island, NY, USA), supplemented with 10%
fetal bovine serum (Gibco), 100 U/mL penicillin/streptomycin and 2 mM L-glutamine (Gibco).

MCF-12A (CRL-10782) cells were purchased from ATCC (Manassas, VA, USA) and
grown in phenol red free-DMEM/F12 medium containing 5% equine serum (ES), 20 ng/mL
epidermal growth factor, 0.5 µg/mL hydrocortisone, 0.1 µg/ mL cholera toxin, and
10 µg/mL insulin.

Both cell lines were maintained in a humidified Steri-Cult 200 Incubator (Forma
Scientific, Marietta, OH, USA) at 37 ◦C and 5% CO2.

2.3. Cell Viability and Proliferation

The colorimetric MTS assay (Cell Titer 96 Aqueous One Solution reagent; Promega,
Madison, WI, USA) and the fluorimetric CyQuant® assay (CyQuant® Direct Cell prolif-
eration Assay; Life Technologies, Paisley, UK) were performed in MCF-7 and MCF-12A
cells to determine, respectively, cell vitality and proliferation. According to manufacturers’
protocols, for each assay, 10,000 cells/well were plated in 96 flat-bottomed multiwells and
incubated overnight in a humidified incubator at 37 ◦C to permit cell adhesion. Medium
was then replaced with fresh medium with five added ten-fold serial dilutions of CPF
(120 pM–1.2 µM), IMI (160 pM–1.6 µM) and GLY (230 pM–2.3 µM) or with medium alone.
Cells treated with medium alone were considered as control cells. Experiments were per-
formed in triplicated wells, incubating cells for 72 h at 37 ◦C. Pesticide stock solutions were
diluted with culture medium immediately before use; since the DMSO final concentration
did not exceed 0.01% (v/v) being not toxic [36], we did not include solvent control cells
in the design. For each pesticide, the range of concentrations used was established start-
ing from the mean exposure levels detected in urine samples of children and reported in
biomonitoring studies, i.e., CPF 12 nM, IMI 16 nM and GLY 23 nM [31–35]. After incubation,
20 µL of MTS reagent or 100 µL (equal volume as culture media) of 2X CyQuant Detection
Reagent were added to each well, incubating for 60 min at 37 ◦C. The Victor 3 Multilabel
Reader (PerkinElmer, MA, USA) was used to read absorbance at 490 nm (MTS assay) or
fluorescence from the bottom with a green filter (CyQuant assay), setting control cells
as 100% viable. Three independent experiments were performed for each assay and the
GraphPad Prism v 5.01 software (GraphPad Software Inc., La Jolla, CA, USA) was used to
derive and visualize the best curve fit for each assay.

2.4. Apoptosis-Necrosis Assay

The RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay kit (Promega, Madison,
WI, USA) was used following the manufacturer’s protocol. About 10,000 MCF-7 and
MCF-12A cells/well were seeded on 96-well solid white bottom microplates. The next
day, medium was removed and cells were treated with five ten-fold serial dilutions of
CPF (120 pM–1.2 µM), IMI (160 pM–1.6 µM), GLY (230 pM–2.3 µM) or with medium
alone as a control, also adding 100 µL of kit’s reagents mix solution. Plates were read for
both luminescence and fluorescence (485–535 nm) signals by a Victor 3 Multilabel Reader
each hour for the first 8 h and then at 24 h of exposure, normalizing values to control
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cells’ readings at each incubation time. The assay was performed in three independent
experiments; GraphPad Prism v 5.01 (GraphPad Software Inc., San Diego, CA, USA) was
used to visualize the results.

2.5. ATP Levels Assessment

The Mitochondrial ToxGlo™ Assay (Promega, Madison, WI, USA) was performed to
assess intracellular ATP levels. According to the manufacturer’s protocol, about 10,000 MCF-7
or MCF-12A cells/well were plated in 96 flat-bottomed multiwells and incubated overnight
at 37 ◦C to permit cell adhesion. The experimental design (i.e., cell treatment and pesti-
cide concentrations) was the same as for the cell viability/proliferation assessment (see
Section 2.3). After 72 h incubation, 100 µL of ATP Detection Reagent was added to each
well stirring at 500 rpm for 5 min; luminescence was then read on a Victor 3 Multilabel
Reader (PerkinElmer, Waltham, MA, USA), normalizing readings with respect to control
cells set at 100%. Three independent experiments were performed and GraphPad Prism
v.5.01 (GraphPad Software Inc., San Diego, CA, USA) was used to visualize the results.

2.6. Reactive Oxygen Species Assay

The ROS Detection Assay Kit (BioVision, Milpitas, CA, USA) was used to assess
intracellular ROS levels following the manufacturer’s protocol. Briefly, about 10,000 MCF-7
or MCF-12A cells/well were plated in 96 flat-bottom microplates and incubated overnight
allowing adhesion.

The next day, medium was removed and 100 µL/well of ROS Assay Buffer was
added to wash the cells; after buffer removal, 100 µL/well of ROS Assay Label 1X was
added, incubating for 45 min at 37 ◦C. The ROS label solution was then removed and
cells were treated for 24 h with CPF (at 1.2–12–120 nM), IMI (at 1.6–16–160 nM), GLY (at
2.3–23–230 nM) or with medium alone as a control. In the range of concentrations tested,
the intermediate ones correspond to mean exposure levels detected in urine samples of
children [31–35]. H2O2 100 µM was used as a positive control. At the end of treatment,
plates were read by the Victor 3 Multilabel Reader (PerkinElmer, Waltham, MA, USA)
measuring fluorescence from the bottom (485 nm ex–535 nm em), setting control cells as
100%. The assay was repeated in three independent experiments.

2.7. Cell Treatment

MCF-7 and MCF-12A cells were plated in culture flasks and incubated overnight at
37 ◦C, 5% CO2 and 90% humidity to permit cell adhesion. Then, cells were treated with
CPF (1.2, 12 or 120 nM), IMI (1.6, 16 or 160 nM), GLY (2.3, 23 or 230 nM) or with medium
alone as a control for 72 h at 37 ◦C. Three independent experiments were performed for
each pesticide, at different replication passages from thawing. At the end of incubation,
supernatants and cell monolayers were collected and stored at −80 ◦C for ELISA and
Real-time PCR analyses, respectively.

2.8. Estradiol ELISA Assay

MCF-7 and MCF-12A culture supernatants were assessed for 17β-estradiol (E2) secre-
tion by the Estradiol parameter assay kit (R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s protocol. By the provided E2 standard solution, six three-fold serial
dilutions (12.3 pg/mL–3000 pg/mL) were prepared and assessed along with the samples
in duplicated wells. Absorbance was read at 450 nm by the Victor 3 Multilabel Reader
(PerkinElmer, Waltham, MA, USA); unknown E2 concentrations in samples were derived
from the E2 standard curve by the GraphPad Prism v.5.01 software (GraphPad Software
Inc., San Diego, CA, USA).

2.9. Real-Time PCR

Total RNA content was extracted from MCF-7 and MCF-12A cell pellets using the
Norgen RNA kit (Norgen, Thorold, ON, Canada) according to the manufacturer’s protocol.
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A Nabi Nano Spectrophotometer (MicroDigital Co., Ltd., Seongnam, Korea) was used to
determine RNA quantity.

An aliquot of total RNA (1 µg) from each sample was reverse transcribed to cDNA
using the SensiFAST cDNA Synthesis Kit (Bioline Reagents Ltd., London, UK). Specific
primers for the selected panel of genes (ERα, ERβ, AR, AhR, and PgR), as well as for
GAPDH and ACTB as reference genes, were designed through the web application Primer
BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast (accessed on 16 March 2022)) and pur-
chased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). Primer sequences
are listed in Table 1. Reactions were run in duplicate on 96-well PCR plates using the
SensiMix SYBR kit (Bioline). The thermal program was as follows: 1 cycle at 95 ◦C for
10 min; 40 cycles at 95 ◦C for 15 s, 58 ◦C for 30 s and 72 ◦C for 1 min; 1 dissociation cycle
from 55 to 95 ◦C (30 s/◦C) to verify amplification products. Threshold cycles (Ct) were
obtained by the LineGene 9600 PCR V.1.0 software (Bioer) and ∆∆Ct values were calculated
using control cells as calibrators and the geometric mean of housekeeping genes’ Ct values
as a normalizer.

Table 1. Sequences of the specific primers used in real-time PCR analysis with accession numbers of
the corresponding genes.

Gene RefSeq Accession Sequence 5′ to 3′

GAPDH NM_002046.4
fw ACTCCTCCACCTTTGACGCT
rev CTTCAAGGGGTCTACATGGC

ACTB NM_001101.5
fw CAGCAAGCAGGAGTATGACG
rev GTGAACTTTGGGGGATGCTC

ERα NM_000125.3
fw ACTGCGGGCTCTACTTCATC
rev GGCTGTTCCCAACAGAAGAC

ERβ NM_001040275.1
fw CTCTTTTGCCTGAAGCAACG
rev CTGGGCAGTTAAGGAGACCA

AR NM_000044.3
fw CCCATCTATTTCCACACCCA
rev GCAAAGTCTGAAGGTGCCAT

AhR NM_001621.4
fw TTCCACCTCAGTTGGCTTTG
rev GGACTCGGCACAATAAAGCA

PgR NM_000926.4
fw AGGTCTACCCGCCCTATCTC
rev AGTAGTTGTGCTGCCCTTCC

2.10. Statistical Analysis

The statistical analysis was performed with the JMP 10 Software (SAS Institute Inc.,
Cary, NC, USA). Statistical differences among treated and control cells were evaluated
by the analysis of the variance (ANOVA) followed by the post-hoc Dunnett’s test where
appropriate. Results with p < 0.05 were considered significant. Data are presented as
mean ± standard error mean (SEM) values.

3. Results
3.1. Cell Viability and Cell Proliferation

The three pesticides under study determined different cytotoxic outcomes, mostly
decreasing cell vitality in MCF-7 and cell proliferation in MCF-12A cells. In particular,
in MCF-7 cells (Figure 1), CPF and IMI significantly decreased cell viability at all concen-
trations tested except the lowest (120 and 160 pM, respectively), whereas GLY induced
a significant decrease in cell viability at 2.3 nM, 230 nM and 2.3 µM concentrations. The
pesticides did not significantly affect cell proliferation in this cell line except for CPF at the
highest concentration (1.2 µM) and GLY at the lowest (230 pM).

In MCF-12A (Figure 2), cell viability was decreased only by CPF at the two highest
doses of (120 nM and 1.2 µM), whereas IMI at 160 pM induced a significant increase of
cell vitality. Conversely, cell proliferation was significantly reduced by CPF at all tested
concentrations, by IMI at the highest dose (1.6 µM) and by GLY at the higher doses (23 nM,
230 nM and 2.3 µM).

www.ncbi.nlm.nih.gov/tools/primer-blast
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Figure 1. Dose-response curves for cell viability (black) and cell proliferation (red) assays in MCF-7
cells treated for 72 h with CPF (A), IMI (B) or GLY (C). Values are means ± SEM of three independent
experiments with control cells set at 100%. Asterisks indicate statistically significant differences with
respect to control cells: * p < 0.05; ** p < 0.01.

3.2. Apoptosis and Necrosis Time Course

CPF, IMI and GLY did not induce statistically significant differences in apoptotic and
necrotic signals in MCF-7 cells, at all tested concentrations (Figure S1).

In MCF-12A (Figure 3), GLY was the only pesticide increasing apoptosis at 7 and 8 h
at 2.3 nM. Otherwise, CPF and IMI significantly decreased the apoptotic signal: CPF at 6 h
(120 nM), 8 h (12 nM) and 24 h (12 nM and 120 nM) and IMI at 8 h (16 nM and 1.6 µM). No
significant necrotic effect was observed (Figure S2).
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3.3. ATP Levels

In MCF-7 cells (Figure 4), all three pesticides induced a decrease in intracellular ATP
levels but with different patterns: a comparable and significant decrease at all concentra-
tions for IMI, a concentration-dependent decrease for GLY significant at the two highest
concentrations (230 nM and 2.3 µM), and an inverse dose-related effect for CPF signifi-
cant at all concentrations tested. The pesticides did not affect intracellular ATP levels in
MCF-12A cells (Figure S3).
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3.4. Reactive Oxygen Species

CPF, IMI and GLY differently affected intracellular ROS production after 24 h of expo-
sure in MCF-7 and MCF-12A cell lines, as shown in Figure 5A,B, respectively. Treatment of
MCF-7 cells with CPF at 12 and 120 nM induced a significant decrease of ROS production,
whereas IMI at 1.6 nM induced a significant increase. GLY induced no effects at any tested
concentration. In MCF-12A cells, a statistically significant reduction in intracellular ROS
species was observed following treatment with CPF and GLY at all concentrations, and at
the two highest concentrations of IMI. As expected, the positive control, H2O2 100 mM,
caused a strong significant increase of intracellular ROS levels in both cell lines.
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3.5. Estradiol Secretion

E2 secretion was generally increased in both cell lines by the three pesticides. In MCF-7
cells induction was observed upon treatment with CPF at 1.2 nM and 12 nM, IMI at 1.6 and
16 nM and GLY at 2.3 nM (Figure 6A).
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In MCF-12A cells, E2 secretion was increased by CPF at the lowest concentration, but to
a lower extent compared to MCF-7 cells, and by IMI and GLY at the highest concentrations
(Figure 6B).

3.6. Nuclear Receptors’ Gene Expression

The gene expression levels of the selected NRs (i.e., ERα, ERβ, AR, AhR and PgR) in
MCF-7 cells are shown in Figure 7. ERα gene expression was significantly up-regulated
by CPF and IMI at all tested concentrations and by GLY at the intermediate concentration
(23 nM). Conversely, GLY at 2.3 nM significantly down-regulated ERα expression. ERβ
gene expression was repressed by CPF at the lowest and highest doses (1.2 and 120 nM)
and by IMI and GLY at the lowest doses (1.6 nM and 2.3 nM, respectively).
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Figure 7. Gene expression levels of a panel of nuclear receptors assessed in MCF-7 cells following
treatment with CPF, IMI and GLY for 72 h. Data are mean ∆∆Ct values ± SEM of three independent
experiments, with control cells as calibrators and the geometric mean of GAPDH and ACTB as a
reference. Asterisks indicate statistically significant differences with respect to control cells: * p < 0.05;
** p < 0.01; *** p < 0.001.

The expression of AR was dose-dependently increased by GLY, being significant at the
two highest doses (23 and 230 nM), by IMI at the two highest doses (16 and 160 nM) and by
CPF at 120 nM.
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PgR gene expression was significantly down-regulated by CPF and IMI at all tested
concentrations, and by GLY at the intermediate dose only (23 nM). AhR gene expression
was induced following treatment with IMI at the low and intermediate concentrations
(1.6 nM and 16 nM) and with GLY at the intermediate concentration (23 nM); no effect on
AhR was exerted by CPF.

The effects of the three pesticides on the NRs expression in MCF-12A are shown in
Figure 8. ERα was significantly up-regulated by IMI at 16 and 160 nM and by GLY at all
tested concentrations, whereas no effect was observed for CPF. ERβ was down-regulated by
CPF at the intermediate concentration (16 nM), whereas it was significantly up-regulated
by IMI and GLY at all tested concentrations. AR gene expression was repressed by IMI
at the lowest dose (1.6 nM) and by GLY at the two highest doses (23 and 230 nM). No
significant effect was observed upon CPF treatment.
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Figure 8. Gene expression levels of a panel of nuclear receptors assessed in MCF-12A cells following
treatment with CPF, IMI and GLY for 72 h. Data are mean ∆∆Ct values ± SEM of three independent
experiments, with control samples as calibrators and the geometric mean of GAPDH and ACTB as
reference. Asterisks indicate statistically significant differences with respect to control cells: * p < 0.05;
** p < 0.01; *** p < 0.001.
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The expression of PgR was down-regulated by IMI and GLY at all concentrations tested.
AhR gene expression was decreased by GLY at the lower and intermediate concentrations
(2.3 and 23 nM) and by IMI at the highest dose (160 nM). No significant effect was exerted
by CPF on PgR and AhR expression.

4. Discussion

The present study evaluated the toxicological effects of CPF, IMI and GLY on hu-
man breasts in in vitro models by comparing the responses related to several toxicological
endpoints possibly involved in mammary gland development, in the widely used MCF-7
tumorigenic cell line, and in the MCF-12A non-tumorigenic cell line, as a representative of
normal physiological conditions. For a more realistic assessment, pesticide concentrations
used in this study were derived from those really occurring in children [31–35], coinci-
dent with the nanomolar concentrations in our experiments (i.e., CPF 12 nM; IMI 16 nM;
GLY 23 nM).

Among the available human non-tumorigenic breast cell lines, we selected MCF-12A
because of its capability to express both ERs, as previously reported [37]. Our study
confirmed such expression, moreover demonstrating that MCF-12A cells also express AR,
PgR and AhR.

The three pesticides differently affected cell proliferation and cell vitality of MCF-7
and MCF-12A cell lines, with MCF-7 mainly displaying a drop in cell vitality and MCF-
12A in cell proliferation. In MCF-7 cells, effects on cell proliferation were only marginal,
with a slight increase at the CPF higher dose (1.2 µM) and a decrease at the GLY lower
concentration (230 pM). These effects were further supported by a lack of induction in
apoptotic and necrotic signals. At least for CPF, a previous induction of cell proliferation
was observed in MCF-7 at 50 nM but only for long (10 days) and not for short exposure
times (24 to 96 h) [21] On the contrary, GLY induced proliferation in MCF-7 cells at higher
concentrations >500 µM [6] than those tested in this study.

In MCF-12A, CPF and GLY both induced a dose-dependent decrease in cell prolif-
eration, but GLY repression was more severe, with a drop of about 28% at the highest
dose (2.3 µM). Accordingly, GLY was the only pesticide inducing early apoptosis, in these
cells at 7 and 8 h, although only at 2.3 nM concentration. Noteworthily, the proliferation
decrease induced by CPF occurred also in the nano- and picomolar ranges, suggesting a
different mechanism for CPF and a high responsiveness of MCF-12A cells to this endpoint.

IMI also decreased cell proliferation in MCF-12A cells but only at the highest dose
(1.6 µM). In an E-screen test using MCF-7 cells, IMI inhibited cell proliferation at a concentra-
tion corresponding to about 195 µM [38], which is 100-fold higher than our highest dose; this
evidence further supports MCF-12A as more responsive for cell proliferation assessment.

Interestingly, CPF and IMI induced a slight decrease in apoptotic signal, suggesting
that these pesticides may have triggered a different cell death process leading to the
observed cell proliferation inhibition.

Cell vitality was dose-dependently decreased by all three pesticides in MCF-7 cells,
with the more striking effect exerted by CPF reducing vitality by about 28% at the highest
dose. CPF repressed cell vitality also in MCF-12A cells, whereas the two other pesticides
did not significantly affect it. Thus, MCF-7 cells appear more sensitive to metabolic derange-
ment compared to MCF-12A. Indeed, only in MCF-7 we observed a fall in ATP intracellular
levels induced by all three pesticides, whereas no effect was observed in MCF-12A. Such
observations support previous evidence comparing MCF-7 and MCF-12A response to
oxidative stress and mitochondrial impairment affecting only MCF-7 tumorigenic cells due
to their aberrant mitochondria functions, which cause a lack of competence in controlling
stress conditions [39].

The ATP depletion in MCF-7 cells was not generally supported by a concomitant
increase in ROS levels. Rather, CPF induced a decrease of ROS production at 12 and
120 nM. A similar effect was observed also in MCF-12A cells where intracellular ROS were
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decreased by all three pesticides. Such effect may be suggestive of an autophagy induction,
as previously observed [39].

Several pieces of evidence reported the ability of the three pesticides to deplete ATP
synthesis, concomitant or not with an ROS increase. In dopaminergic neural cells and
induced pluripotent stem cells, micromolar CPF impaired mitochondrial membrane poten-
tial with a consequent reduction in ATP [40,41]; an ROS increase was also observed [40].
In A549, CPF induced intracellular ROS at 10 and 100 nM, decreasing cell vitality only at
micromolar concentrations [42]. In the same range of concentrations, CPF induced mor-
phological alterations of mitochondria in HeLa cells as well as ATP depletion in SH-SY5Y
cells [43]. Decreased ATP production was also observed upon IMI treatment of isolated rat
liver mitochondria in the micromolar range, without affecting mitochondrial membrane
potential [44]. No increase in ROS production was observed in lymphoblastoid cells treated
with IMI up to 391 nM [45]. GLY at 0.036 g/L increased intracellular Ca2+ concentrations
in rat Sertoli cells [46] due to its ability to enhance mitochondrial membrane permeability,
which finally leads to decreased ATP synthesis [47]. Inhibition of ATP synthesis following
GLY exposure was observed also in human peripheral blood mononuclear cells, although
in the millimolar range [48], and in swine granulosa cells in the micromolar range [49]. In
female adult mice administered 250 or 500 mg/kg bw GLY, ATP decrease was observed
in the ovary, with a concurrent increase in ROS levels and decrease of the mitochondrial
membrane potential [50].

Thus, although the available evidence indicates that the three pesticides differently
affect the mitochondrial membrane potential/permeability, all impaired ATP synthesis
in MCF-7 but not in MCF-12A; at high exposure concentrations this effect may translate
into an increase of ROS production, not observed in our experiment performed at human
relevant concentrations. How this could affect mammary gland development has to be
further investigated.

As regards endocrine endpoints, we observed that the three pesticides under study
differently affected E2 secretion and gene expression of NRs involved in mammary gland
development. To our knowledge, this is the first time that CPF, IMI and GLY effects were
simultaneously assessed on this panel of NRs in both MCF-7 and MCF-12A cell lines.

All three pesticides increased E2 secretion in both cell lines, although to a different
extent. This effect was generally supported by an up-regulation of ERα gene expression
in both cell lines but with some exceptions; indeed, in MCF-7 cells, ERα was induced by
CPF and IMI, whereas GLY downregulated its expression at the lowest dose and induced
it at the intermediate dose. In MCF-12A cells, ERα was up-regulated by IMI and GLY
whereas CPF did not affect its expression. Noteworthily, all three pesticides downregulated
ERβ in MCF-7 cells whereas a strong expression induction was observed in MCF-12A
cells upon IMI and GLY treatment at all doses; on the contrary, CPF repressed ERβ also in
MCF-12A cells. Thus, a different balance of ERα and ERβ receptors may occur following
treatment with these pesticides, even at these human relevant concentrations, with possible
consequences on the proper mammary gland development.

PgR gene expression was repressed by all pesticides in MCF-7 and by IMI and GLY
in MCF-12A. In MCF-7, all three pesticides up-regulated AR whereas only IMI and GLY
upregulated AhR. These same pesticides downregulated AR and AhR also in MCF-12A
although to a lesser extent. No effect was induced by CPF on these two receptors in
MCF-12A cells.

Overall, these results support dissimilar mechanism underlying the action of each
pesticide also in relation to the tumorigenic or non-tumorigenic origin of the cell line
considered, which may differ in co-activators’/co-repressors’ abundances. Of note, CPF
almost did not affect NRs gene expression in MCF-12A, except for the downregulation of
ERβ, at least in the range of concentrations tested.

Previous evidence on CPF reported decreased ERα gene expression in MCF-7 cells
after short (24 h) and long (14 days) exposure times at 10 and 100 µM, with corresponding
protein increasing at lower exposure concentrations (0.1–10 µM). A parallel dose-related
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increase in AhR gene expression was observed after 14 days of exposure but not at 24 h [22].
Thus, AhR activation appeared delayed compared to ERα, which may explain the lack
of effect observed in our study. In addition, tested concentrations were about 100- and
1000-fold higher than those used in our experiments, performed at shorter time of exposure.

In transactivation assays using different cell lines, CPF induced both agonistic and an-
tagonistic activity toward ER [51–53] and AhR [20,53,54], no androgenic or anti-androgenic
effects [18,51,53] and antagonistic activity versus PgR [53]; CPF agonism was effective only
versus ERα and not ERβ [52], thus mostly confirming our observations in MCF-7 cells but
not in MCF-12A cells, where CPF affected only ERβ expression.

Induction of ERβ gene expression was observed in MCF-7-BUS cells treated with
micromolar CPF [16]. The observed down-regulation of ERβ upon CPF treatment of MCF-7
and MCF-12A cells suggests that a different mechanism may occur at lower concentrations.

CPF may alter mammary gland morphology, as observed in adult female rats ad-
ministered with 0.01 mg and 1 mg/kg bw/day in which increased numbers of ducts and
alveolar structures occurred; the effect was associated with increased PgR expression and
decreased E2 serum levels with no effect on ERα expression [23]. Increased branching
of ducts and higher diameter and number of buds were observed in adult female rats
administered with 0.1 and 2.5 mg/kg bw/day CPF [24]. Although the endocrine effects
described do not overlap with our results, dose differences and species-specific effects may
explain the discrepancy. In any case, our results support CPF as a potential risk factor for
mammary gland development due to the estrogenic activity observed in both MCF-7 and
MCF-12A cells.

Limited evidence is available for IMI endocrine disrupting activity. In particular,
estrogenic activity was observed in transfected human breast cancer cells (MELN) in
the micromolar range [26], whereas no androgenic activity was detected [55]. A signif-
icant E2 reduction was observed in female rats administered 50–300 mg/kg bw/day
IMI [56]. No effect on AhR expression was observed in the livers of mice treated with
0.6 mg/kg bw/day [57]. Our results do not overlap completely with available literature,
since we observed both AR and AhR induction by IMI in MCF-7 cells. However, previous
evidence supports the observed increase of E2 secretion only at the lowest concentration
tested, as well as the induction of ERα gene expression. No evidence for IMI effects on
ERβ and PgR receptors is available to compare with; however, in our experimental model,
IMI displayed opposing effects on ERβ expression in the two cells lines, also repressing
PgR in both cells. Thus, since IMI may affect mammary gland development deranging the
expression of these endocrine endpoints, further studies investigating IMI effects on this
tissue are warranted.

We observed that GLY and IMI exerted somewhat similar effects, especially in MCF-
12A cells. Previous evidence on GLY reported activation of estrogen responsive elements in
hormone-dependent breast cancer cells (T47D) in the nano- and micromolar ranges [6,28];
both ERs gene expression was induced by 1 and 100 nM GLY at 6 h but not at 24 h [28],
thus suggesting an early triggering effect. Conversely, no ER transactivation was observed
in other transfected cells [26,27]. However, GLY displayed anti-androgenic activity [27]
and strongly inhibited aromatase activity [26] in the micromolar range. Available evidence
of in vivo studies is contrasting as regards GLY effects on NRs. Postnatal administration of
a GLY-based formulation (2 mg/kg bw/day GLY) to female rats affected mammary gland
development, inducing an increase of hyperplastic ducts displaying enhanced ERα and
PgR protein expression [29]. On the contrary, PgR decreased expression was observed in
the uterus of developmentally exposed female rats with a concomitant increase of ERα
expression and E2 serum levels [58]. Our results further support a concern for GLY adverse
effects on mammary gland, also at low human relevant exposure concentrations.

During puberty, the mammary gland development is promoted by estrogen and
progesterone hormones, which, by activating ERα and PgR, induce ductal elongation and
alveolar formation, whereas ERβ promotes apoptosis and differentiation of the epithelial
tissue [59,60]. The action of AR and AhR is also important, as AR counteracts the extent of
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proliferation, ductal extension and bud morphology [13], and AhR, due to cross-talk with
ERs and coactivator of ERα, regulates proliferation [15]. In addition, E2 secretion, which
can be performed locally by aromatase, may further activate estrogenic pathways including
vascular endothelial grow factor transcription [61], and thus mammary gland angiogenesis.

The process may occur even if PgR is downregulated. Indeed, studies in mice lacking
PgR demonstrated that females had normal glands at puberty but no alveolar formation at
lactation [12], thus indicating a more relevant role of PgR during a later phase of mammary
gland development [62,63].

The three pesticides under study, at concentrations really occurring in children, differ-
ently affected cell proliferation, metabolic activity and endocrine biomarkers involved in
mammary gland development in both MCF-7 and MCF-12A cells, suggesting a potential
ability to affect molecular processes in this organ even at low doses with deranging effects
on its functionality.

The present results prompt further investigations to better clarify the different mecha-
nisms underlying pesticides effects.

5. Conclusions

This is the first study providing evidence on toxicological effects of CPF, IMI and GLY
on both tumorigenic (MCF-7) and non-tumorigenic (MCF-12A) human mammary cell lines.
The three pesticides exerted non-overlapping effects on the panel of endpoints evaluated
at concentrations really occurring in children, all displaying endocrine disrupting activity.
Although no definitive conclusion could be drawn regarding outcomes on mammary gland
development, the results raise the concern regarding possible adverse effects induced by
exposure to these compounds, especially in vulnerable population groups such as children.
Both cell lines proved to be suitable and sensitive models differently highlighting the
effects of pesticides; in particular, the MCF-12A cell line can be considered a valid model
to evaluate the potential effects of endocrine disrupting chemicals as representative of
physiological cell conditions.
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Values are means ± SEM of three independent experiments with control cells set at 100%.
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