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Abstract: Chlorpyrifos is a pesticide that is toxic to human health and has been banned for the past
decade. Due to its persistent and bioaccumulative properties, chlorpyrifos is still present in soil.
Pregnant women can be exposed to chlorpyrifos through drinking water and herbal products, such as
essential oils (EOs), resulting in adverse effects to the mother and fetus. Our objective was to evaluate
and compare the potential endocrine disrupting effects of chlorpyrifos “free” or in contaminated
lavender EO. We studied the release of four hormones and the activation of the P2X7 cell death
receptor in human placental JEG-Tox cells as key biomarkers of endocrine toxicity for pregnant
women (hPlacentox assay). We observed that “free” chlorpyrifos disrupted placental hormones
and activated the P2X7 receptor, whereas chlorpyrifos in lavender EO disrupted only the placental
hormones. We confirm that chlorpyrifos can be classified as an endocrine disrupting chemical (EDC)
for pregnant women and point out that its endocrine disrupting effect may not be apparent when
present in lavender EOs. Our results reveal the existence of specific reverse cocktail effects that may
have protective properties against EDCs.

Keywords: chlorpyrifos; lavender essential oil; P2X7 receptor; steroid hormones; polypeptide
hormones

1. Introduction

Chlorpyrifos is one of the best known agrochemicals in the world. It is an organophos-
phate insecticide, miticide and acaricide used primarily to control foliage and soil insect
pests, such as cockroaches and mosquitoes [1]. Although effective in controlling pests and
thus improving crop yields, chlorpyrifos has been identified as toxic to human and animal
health after acute and chronic exposures. Some studies indicate that chlorpyrifos, detected
in urine and breast milk [2—4], can interfere with placental function and induce placental
toxicity [5-7], resulting in reduced gestation length [8]. Chlorpyrifos toxicity has also been
associated with endocrine disruption [9,10]. Due to the toxicity of chlorpyrifos, its use has
been banned over the past decade in different parts of the world, including the United
States and the European Union. However, due to its persistent and bioaccumulative prop-
erties, residues are still present in drinking water but also in organically grown products,
such as fruits, vegetables, grains or essential oils (EOs) [11,12].

Lavender EO is one of the most popular EOs used in aromatherapy. Pregnant women
use lavender EO to treat stress and anxiety, the most common psychiatric disorders during
pregnancy, with prevalence rates of 11-17% [13,14]. In addition, pregnant women may
be exposed to lavender EOs through a multitude of everyday products, including food
flavorings, soaps, lotions, shampoos, hair products, colognes, laundry detergents and insect
repellents [15].

First, we wondered whether chlorpyrifos is present in the lavender EOs to which
pregnant women are exposed. Second, when pregnant women are regularly exposed to the
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endocrine disruptor chlorpyrifos through lavender EOs, is there a risk to them and their
fetus? Considering the large proportion of pregnant women using potentially contaminated
lavender EO, this would be a major public health problem. Not all pregnant women who
use lavender EOs experience pregnancy problems, such as chlorpyrifos-induced shortening
of pregnancy duration [8]. In this context, the question we raise is whether the endocrine
effects of chlorpyrifos are the same when tested in a culture medium or in contaminated
lavender EO. The objective of the present study was to evaluate the potential endocrine
disrupting effects of chlorpyrifos in lavender EOs on the human placenta. Endocrine
disrupting chemicals (EDCs) are defined by the World Health Organization (WHO) as
exogenous substances or mixtures that alter the function(s) of the endocrine system and
consequently cause adverse health effects (... ) [16]. To achieve our objective, we used
the hPlacentox test selected by the European public—private platform PEPPER for the
pre-validation of endocrine disruptor characterization methods [17]. The hPlacentox assay
recommends the use of the JEG-Tox human placental cell model to study hormonal disrup-
tions (steroidal and polypeptide) and adverse health effects in these same cells [17,18] and
thus meets the WHO definition of EDCs. The development of the hPlacentox assay was
based in part on our previous work, showing that activation of the P2X7 receptor would be
a common cellular mechanism of toxicity for EDCs in the placenta [19] and that there is a
causal link between P2X7 receptor activation and EDC-induced hormone disruption.

2. Materials and Methods
2.1. Chemicals and Reagents

Minimum essential medium (MEM), fetal bovine serum (FBS), 2 mM glutamine,
10,000 U/mL penicillin and 10,000 pg/mL streptomycin, 0.05% trypsin-EDTA, and phosphate-
buffered saline (PBS) were provided by Gibco (Paisley, UK) and cell culture plastics, such
as flasks and microplates, by Corning (Schiphol-Rijk, The Netherlands). YO-PRO-1® was
obtained from ThermoFisher Scientific (Waltham, MA, USA) and alamar blue probes from
Alfa aesar (Haverhill, MA, USA). The h-hCG and hPL ELISA kits were purchased from
MyBioSource (San Diego, CA, USA) and the estradiol and progesterone kits from Cisbio
(Codolet, France). Lavender (Lavandula angustifolia Mill.) EOs were obtained from Léa
nature Laboratories (Périgny, France). We selected two different lavender EOs. One of the
two lavender EOs came from France (Drome) and was named lavender 1; the other one
came from Bulgaria and was named lavender 2. The chlorpyrifos was purchased from
Sigma-Aldrich (Saint Quentin Fallavier, France). Positive controls (Triton X-100, 4-tert-
amylphenol (AP), diethylstilbestrol (DES), bisphenol A (BPA)) were used to ensure that
the cell model reacts correctly under our experimental conditions and were obtained from
Sigma-Aldrich.

2.2. EOs Composition Analysis

GC-MS analyses were performed using GCMS-QP2010 Ultra (Shimadzu Co., Kyoto,
Japan) equipped with an Agilent 5973N MS detector. GC-FID analysis was performed
using the Agilent Technologies 7820A GC-FID equipped with a Parker-Balston hydro-
gen generator. The analysis was developed using DB-5 (60 m x 0.25 mm x 0.25 pm)
and DB-WAX (60 m x 0.25 mm x 0.25 um) columns for GC-MS analysis and DB-WAX
(60 m x 0.25 mm x 0.25 um) for GC-FID analysis.

Amounts of 1% of solutions of lavender 1 and lavender 2 EOs in ethyl acetate were
prepared and injected for analysis. The following analytical conditions were used for the
instruments and columns: the oven temperature was programed at 50 °C, held for 5 min
and then increased to 240 °C at a rate of 3 °C/min; the injector temperature was set at
240 °C; the carrier gas was helium with a flow rate of 1 mL/min; a fractionation ratio of
1:50 was applied; and the injection volume was set at 1 pL.

For the GC-MS mass spectrometry interface, the MS source temperature was set at
220 °C with an ionization energy of 70 eV and an interface temperature of 240 °C. A full
scan was recorded (50-700 m/z).
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Constituent identification was performed by comparing the GC-MS mass spectra with
the components in the mass spectra library (NIST 98) and comparing the retention indices
(RI) calculated from the injection of the C8-C20 alkane hydrocarbon mixture with the
literature retention indices on the DB-5 column using the following formula [20]:

RI = (100 x n) + 200 x ((RTi — RTn-1)/(RTn — RTn-1)) 1)

where the retention indices Rl are calculated using the retention time of each compound
(RTi) and the retention time of the C8 to C20 alkanes, preceding (RTn-1) and following
(RTn) the considered peak.

2.3. EOs Pesticide Analysis

The analysis of pesticides was subcontracted to the service provider Phytocontrol. In
total, 250 pesticides were analyzed by GS-MS-MS, with a limit of quantification of 10 ppb.

2.4. Human Placental Cell Culture

The JEG-3 human trophoblast cell line was obtained from the American Type Culture
Collection (ATCC HTB-36). Cells were cultured in minimal essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 0.5% penicillin and
streptomycin in 75 cm? polystyrene flasks. Cell cultures were maintained in a cell culture
incubator (37 °C, saturated humidity, 5% CO,). When JEG-3 cells reached subconfluence,
they were detached with trypsin-EDTA and counted. The cell suspension was diluted
and seeded into 96-well microplates at a cell density of 80,000 cells/mL (200 nL/well) and
stored at 37 °C for 24 h.

2.5. Cell Incubation

Stock solutions of lavender EOs were obtained after 2/3 dilution in ethanol and then
diluted in MEM supplemented with 2.5% FBS to obtain three concentrations: 0.17 x 1073%,
0.17 x 1072% and 0.17 x 10~'% (v/v). Cells were incubated for 72 h with the different
concentrations of EOs, according to the literature [21,22], in MEM supplemented with
2.5% FBS according to the protocol of Olivier et al. [18]. Based on our expertise, we
previously suggested that the serum concentration in JEG-3 cells be reduced to 2.5% FBS
for toxicology studies. JEG-3 cells prepared in reduced FBS were renamed JEG-Tox cells.
Chlorpyrifos was diluted under the same conditions as lavender EOs and tested at similar
percentages as found in EOs, corresponding to 0.23 x 10~ mg/mL, 0.23 x 10~° mg/mL
and 0.23 x 107> mg/mL. The final concentration of ethanol in the cells was less than or
equal to 0.008%.

2.6. Cell Viability. Alamar Blue Assay

The alamar blue stock solution (0.1 mg/mL) was prepared in PBS buffer and stored
at 4 °C, protected from light. The working solution used for the assay was obtained by
diluting the stock solution 1/11 in a culture medium supplemented with 2.5% FBS. After
removing the supernatants and rinsing the cells with PBS, the amber blue working solution
was dispensed into the wells. Then, the microplate was placed in the incubator for 6 h
and read (Aex = 535 nm and Aem = 600 nm) with the Tecan Spark® microplate reader
(Mannedorf, Switzerland). Triton® X-100 was used as a positive control for cytotoxicity in
the alamar blue assay.

2.7. Steroid and Polypeptide Hormones Quantification

After centrifugation of the 96-well microplates, cell supernatants were collected, and
hormones were quantified—h-hCG and hPL by ELISA, according to the supplier’s instruc-
tions (MyBioSource, Vancouver, BC, Canada), and estradiol and progesterone by FRET,
according to the supplier’s instructions (Cisbio, Codolet, France). The Spark® microplate
reader was used for both techniques. Substances of very high concern (SVHC) with en-



Int. |. Environ. Res. Public Health 2022, 19, 12984 40f11

docrine disrupting properties were used as positive controls: BPA for estradiol release, AP
for progesterone release and DES for h-hCG and hPL release.

2.8. Cell Death P2X7 Receptor Activation: YO-PRO-1® Assay

Activation of the P2X7 cell death receptor was assessed using the YO-PRO-1® as-
say [23]. The YO-PRO-1® probe enters cells only after the pore opening induced by P2X7
receptor activation and binds to DNA by emitting fluorescence. A stock solution of 1 mM
YO-PRO-1 was diluted 1:500 in PBS just prior to use and dispensed into the microplate
wells. After an incubation time of 10 min at room temperature, the fluorescence signal was
read (Aex = 485 nm, Aem = 531 nm) using the Spark® microplate reader. BPA was used as a
positive control for P2X7 receptor activation in JEG-Tox cells [19,24].

2.9. Results Exploitation and Statistical Analysis

Results are expressed as percentage or fold change relative to control cells and pre-
sented as means of at least three independent experiments + standard errors of the mean.
The normal distribution of the data was confirmed by the D’ Agostino-Pearson test. Sta-
tistical analysis was performed using GraphPad Prism 8 software (San Diego, CA, USA).
One-way analysis of variance followed by Dunnett’s test with risk « set at 5% was per-
formed to compare chlorpyrifos and lavender EOs containing chlorpyrifos and incubation
with the negative control (p-values expressed as *). The significant levels were * p < 0.1,
**p <0.01, ** p < 0.001.

3. Results
3.1. Analysis of Lavender EOs Composition

We analyzed the composition of two lavender EOs (Table 1). After analysis of 250 pesti-
cides (Supplementary Data 1), we could observe that these two samples were contaminated
by chlorpyrifos at 0.014 mg/mL.

3.2. Cell Viability

We investigated the viability of JEG-Tox cells, using the alamar blue assay, after
incubation with chlorpyrifos and the two lavender EOs containing chlorpyrifos.

The two lavender EOs (1 and 2) were tested at three concentrations: 0.17 x 1073%,
0.17 x 1072% and 0.17 x 107 %. These concentrations were chosen according to the
literature [21,22]. Chlorpyrifos concentrations were chosen based on the amounts present
in the EOs tested, 0.23 x 10~7 mg/mL, 0.23 x 10~ mg/mL and 0.23 x 107> mg/mL, since
the two lavender EOs tested contained 0.014 mg/kg chlorpyrifos. Any concentration that
induced a loss of cell viability greater than or equal to 30% was considered cytotoxic [25]
and discarded for further analysis involving hormones and the P2X7 receptor.

Table 1. Composition and pollutants analysis of lavender essential oils (EOs) (mass spectrometry
(MS), retention indices (RI), retention time (RT; min), standard (st)).

Lavenders Tested

Components RTDB.Wax  RTDB.5 RIDBSCae X 1)[123;: Litt Laveozder 1 Lave;)der 2
a-pinene 12.190 5.444 874.818 940-945 0.284 0.356 MS, RI
B-pinene 16.067 7.929 977.653 975-985 1.044 1.127 MS, RI
d-limonene 21371 9.52 1023.578 1030-1035 0.482 0.460 MS, RI, st
cryptone 22010 16.930 1176.547 11601200 - 0.280 MS, RI
1.8-cineole 22.282 9.679 1025.248 1010-1045 0.427 0.513 MS, RI
cis-B-ocimene 23.700 10.112 1034.283 1031-1041 2.848 5.072 MS, RI
trans-B-ocimene 24.997 10.585 1044.152 1045-1060 3.066 3.39 MS, RI
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Table 1. Cont.
Lavenders Tested
Components RT DB-Wax RTDB-5 RIDB-5Cale X D{]:g Litt Laveor/:der 1 Lave:/:der 2
3-octanone 25.190 7.743 969.956 965-990 1.665 1.402 MS, RI
hexyl acetate 26.715 9.056 1012.248 1000-1022 0.425 0.613 MS, RI
1-octen-1-ol acetate 36.080 13.701 1109.171 - 1.208 1.291 MS, RI
3-octanol 37.788 8.306 993.254 990-1000 0.218 0.201 MS, RI
hexyl butyrate 39.888 17.653 1191.633 1190-1195 0.347 0.343 MS, RI
1-octen-3-ol 43.410 7.480 961.845 960-980 0.388 0.251 MS, RI
camphor 49.980 15.013 1136.547 1120-1140 0.172 - MS, RI, st
linalool 54.391 13.290 1100.595 1080-1110 34.615 35.813 MS, R], st
linalyl acetate 54.540 20.400 1252.11 1240-1260 34.333 28.747 MS, R, st
a-santalene 56.586 27.440 1409.507 1410-1425 0.417 0.364 MS, RI
[-caryophyllene 58.677 27.272 1405.326 1410-1420 3.339 3.58 MS, RI
terpinen-4-ol 59.277 16.746 1172.707 1160-1180 3.057 4.788 MS, R, st
lavandulyl acetate 59.550 21.914 1285.74 1270-1290 3.488 3.639 MS, RI, st
nd 63.320 28.743 1425.485 - 1928 3.044 MS, RI
Lavandulol 63.894 16.190 1161.106 1155-1175 1.07 1.13 MS, RI
a-terpineol 65.564 17.474 1187.898 1180-1195 1.144 1.119 MS, R, st
Borneol 65.871 16.289 1163.172 1162-1175 0.784 0.356 MS, RI
germacrene D 66.035 29.829 1468.965 1460-1495 0.385 - MS, RI
geranyl acetate 66.968 26.035 1377.277 1370-1390 0.816 0.737 MS, RI
Geraniol 72.310 18.996 1220.924 1260-1265 0.044 0.138 MS, RI
Caryg};i}g;lle“e 77.345 33.695 1565.182 1580-1585 0.129 - MS, RI
TOTAL 97.079 98.398
Pesticides mg/mL
Chlorpyrifos 0.014 0.014

Neither chlorpyrifos nor lavender EOs containing chlorpyrifos had cytotoxic effects at
the concentrations tested (Figure 1).

3.3. Hormone Release

Lavender 1 reduced progesterone secretion (x0.82 to 0.17 x 1073% and x0.83 to
0.17 x 10~ 1% vs. control), whereas lavender 2 and chlorpyrifos significantly increased pro-
gesterone secretion to 0.17 x 10~ 1% (x1.31 vs. control, Figure 2a) and 0.23 x 10~® mg/mL
(x1.51 vs. control), respectively.

Lavender 1 induced estradiol release (x1.39 to 0.17 x 10~2% and x1.32t0 0.17 x 10~1%,
Figure 2b). Chlorpyrifos significantly reduced estradiol release (x0.77 to 0.23 x 10~ mg/mL
and x0.70 to 0.23 x 107> mg/mL), whereas lavender 2 had no effect on estradiol release.

Chlorpyrifos had no effect on h-hCG release, whereas lavender 1 and lavender
2 disrupted it; lavender 1 induced a significant increase in h-hCG release (x1.36 vs. con-
trol at 0.17 x 10~1%), and lavender 2 reduced h-hCG secretion (x0.77 to 0.17 x 10~1%,
Figure 2c).
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Fold change in

Lavender 1 had no effect on hPL release. Lavender 2 slightly upregulated hPL (x1.12
t0 0.17 x 1073% and x1.20 to 0.17 x 1072%), while chlorpyrifos induced a significant
reduction in hPL release compared to the control at 0.23 x 10~° mg/mL (x0.64, Figure 2d).
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Figure 1. Cell viability was evaluated using the alamar blue assay after incubation of JEG-Tox cells
with chlorpyrifos at 0.23 X 10~7 mg/mL, 0.23 x 10-© mg/mL and 0.23 x 107> mg/mL or two
lavender essential oils (EOs 1 and 2) at 0.17 x 103%, 0.17 x 10~2% and 0.17 x 10~ 1% for 72 h.
Triton® X-100 at 0.016% was used as a positive control. Significance levels were *** p < 0.001.

3.4. P2X7 Receptor Activation

P2X7 pore opening, reflecting P2X7 receptor activation, was assessed using the flu-
orescent YO-PRO-1® assay. Two lavender EOs had no effect on P2X7 receptor activation,
while chlorpyrifos statistically activated the P2X7 receptor at 0.23 x 10~° mg/mL and
0.23 x 107> mg/mL (x1.17 and x1.16, respectively, Figure 3).

B8 Chlorpyrifos 1 Lavender1 EH Lavender?2

50— B8 Chlorpyrifos [ Lavender1 EH Lavender2 .
4 * :
35 x*
& ] 3.0% HVT
o 157 ff * c 5 25
g =g ]
) | L= 154
o ob g
5 1.0 g %
5 CRC-I
0 E o] 1.0 *
& ] 28] :
O 0.5 =g 1
= ]
a, 4 0.5
0.0+ T T T T T OGA T T T T T T
> O R & oo AT RS
L & v &L & & Q> > vy ¥ & e & ade
s & 1 e O F& T s F o &
& N N} & S + S5 +
RS RS 9 IS AU A
o o o IS N S
& & & Ng NS Ng

(a) (b)

Figure 2. Cont.
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Figure 2. Quantification of the release of (a) progesterone, (b) estradiol, (c¢) h-hCG and (d) hPL
after incubation of JEG-Tox cells with chlorpyrifos 0.23 X 107 mg/mL, 0.23 x 10~ mg/mL and
0.23 x 1075 mg/mL or two lavender EOs (1 and 2) at 0.17 x 1073%, 0.17 x 10~2% and 0.17 x 10~ 1%
for 72 h. AP at 10 uM, BPA at 20 uM, DES at 3.75 uM was used as a positive control. The significance
levels were * p < 0.1 and ** p < 0.01.

1.5 Chlorpyrifos [ Lavender1 B 1ravender2
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Figure 3. P2X7 receptor activation was evaluated using the YO-PRO-1® assay after incubation of
JEG-Tox cells with chlorpyrifos at 0.23 x 10~7 mg/mL, 0.23 x 10~ mg/mL and 0.23 x 10~° mg/mL
or two lavender EOs (1 and 2) at 0.17 x 1073%, 0.17 x 10~2% and 0.17 x 10~ 1% for 72 h. BPA at
20 uM was used as a positive control. The significance levels were * p < 0.1 and ** p < 0.01.

4. Discussion

The objective of the present study was to explore the potential endocrine disrupting
effect of chlorpyrifos, “free” or incorporated in lavender EOs, on human placental cells.

According to the WHO definition, EDCs are exogenous substances or mixtures that
alter the function(s) of the endocrine system and consequently cause adverse health effects
in an intact organism, or its progeny, or (sub)populations [16]. We adapted this definition
to in vitro models and chose to study P2X7 receptor activation in JEG-Tox placental cells
because this receptor is known to trigger placental disorders, such as preterm birth and
preeclampsia [27,28], with dramatic consequences for the mother [29] and the unborn
child [30]. Considering P2X7 receptor activation as the trigger for adverse health effects,
we chose the hPlacentox assay to study the release of progesterone, estradiol, h-hCG and
hPL in cell supernatants and P2X7 receptor activation in the JEG-Tox cell model of human
endocrine placenta. Cells were incubated with chlorpyrifos at the same concentrations as
those present in two different lavender EOs.

The present study demonstrated that chlorpyrifos does not behave in the same manner,
“free” or incorporated into lavender EOs, in hydrophilic cell culture medium in human
placental JEG-Tox cells.
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First, we observed that chlorpyrifos and the two studied lavender EOs containing
chlorpyrifos disturbed at least one of the placental hormones. Chlorpyrifos significantly
stimulated progesterone release and reduced estradiol and hPL release. Lavender 1 trig-
gered a large release of estradiol and h-hCG. Lavender 2 increased progesterone and hPL,
and reduced h-hCG secretion. In addition, two lavender EOs without chlorpyrifos (3 and
4) were included in our study. Lavender 3 had no effect on the four hormones tested,
whereas lavender 4 reduced estradiol release (Figures S8-5S11 in Supplementary Data 2).
The variable and complex compositions of lavender EOs could lead to variable effects in
the placenta and explain the different hormonal perturbations observed. We could notice
that the surface ratio of linalool and linalyl acetate, the major components, was slightly
different between the two lavender EOs, with linalyl acetate being present in a lower
proportion in lavender sample 2. In addition, camphor, germacrene D and caryophyllene
oxide were not detected in lavender 2, while cryptone was only identified in lavender 1.
The chromatographic profile of EOs can be different depending on many environmental
factors, such as climate, weather conditions and altitude [31,32]. Lavender 1 and 3, from
the Drome region of France, grew at 600 to 1200 m above sea level, whereas lavender 2 and
4, from Bulgaria, grew at an average altitude of 470 m.

Second, we observed that chlorpyrifos induced significant activation of the P2X7
receptor, unlike the four lavender EOs tested, even the two that were contaminated with
chlorpyrifos, at each concentration tested (Figure 3). Interestingly, lavender EOs, whether
contaminated with chlorpyrifos (lavender 1 and 2) or not (lavender 3 and 4, Figure S12 in
Supplementary Data 2), shared the same lack of effects on P2X7 receptor activation.

Based on these results, several conclusions can be drawn. First, the incubation of JEG-
Tox cells with chlorpyrifos resulted in both placental hormone disruption and P2X7 receptor
activation. Chlorpyrifos meets the WHO definition of EDCs and can be considered an EDC,
causing hormone disruption and deleterious health effects. These results are in agreement
with the literature [9,10]. Second, the endocrine disrupting effects of chlorpyrifos were not
revealed in lavender EOs. The observed differences may be due to interactions between
chlorpyrifos and EO components. The cocktail effects and synergistic interactions between
chemicals in mixtures are well documented in the literature. Many chemicals can potentially
be more toxic if mixed [33]; this is the case for EDCs [34]. In our study, we observed a
reverse cocktail effect, i.e., instead of being more toxic in a mixture, chlorpyrifos appeared
less toxic in lavender EOs in terms of the endocrine disruption effects. The different
components present in EOs could act as vectors capable of modifying the pharmacological
and toxicological mechanisms induced by chlorpyrifos, for example, by decreasing its
bioavailability or by reducing access to its biological target, thus reducing the toxic effects
of chlorpyrifos. For example, linalool has low solubility, resulting in low bioavailability [35].
Linalool could interact with chlorpyrifos and decrease its own bioavailability. Lavender EOs
could therefore have a protective effect against the pesticide they might contain. Further
studies are needed to understand the interactions between the molecules composing the
EOs, the pollutants they contain and the observed “protective” effects that we call here the
reverse cocktail effect. Moreover, it would be very important to verify whether the reverse
effect is also present in lavender EOs of other origins, as well as in other EOs.

Our study confirms the difficulty and complexity involved in drawing conclusions
on the endocrine disruption potential of a molecule. The endocrine disrupting effects
of chemicals can vary depending on their arrangement and embedding. Well-described
synergistic cocktail effects increase the toxicity of chemicals, including EDCs. Here, we
highlight the potential existence of an inverse cocktail effect with chlorpyrifos in lavender
EOs, which may have a potential protective effect for pregnant women. As this study was
conducted on four samples of lavender EOs, further studies are needed to draw a full
conclusion on these first results.
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5. Conclusions

In conclusion, this study confirms that chlorpyrifos can be classified as an EDC for
pregnant women, and we point out that its endocrine effect may not appear when present
in lavender EO. Our results reveal the potential existence of an unexpected reversible
cocktail effect, which may have protective properties against EDCs.
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0.17 x 1073%, 0.17 x 1072% and 0.17 x 10~1% for 72 h. BPA at 20 uM was used as a positive control
for P2X7 receptor activation.; Table S1: Information on the lavender EOs tested.

Author Contributions: Conceptualization, S.F.,, M.D. and E.O.; methodology, S.F.; investigation, S.E,,
S.B. and P.L.; writing—original draft preparation, S.E.; writing—review and editing, S.F., M.D. and
E.O.; supervision, P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Laboratoires Léa Nature for the grant CIFRE
with ANRT (French national agency for research) and Adebiopharm ER67 for their financial support.

Conflicts of Interest: S.F. is an employee of Laboratoires Léa Nature. E.O., P.L., S.B., M.D. and P.L.
have no conflicts of interest.

Abbreviations

Essential oil (EO); endocrine disrupting chemical (EDC); World Health Organization (WHO);
human hyperglycosylated chorionic gonadotropin (h-hCG); human placental lactogen (hPL); Bisphe-
nol A (BPA); Diethylstilbestrol (DES); 4-tert-amylphenol (AP).

References

1.

United States Environmental Protection Agency. Available online: https:/ /www.epa.gov/ingredients-used-pesticide-products/
chlorpyrifos (accessed on 13 August 2022).

Dalsager, L.; Fage-Larsen, B.; Bilenberg, N.; Jensen, T.K.; Nielsen, F.; Kyhl, H.B.; Grandjean, P.; Andersen, H.R. Maternal Urinary
Concentrations of Pyrethroid and Chlorpyrifos Metabolites and Attention Deficit Hyperactivity Disorder (ADHD) Symptoms in
2-4-Year-Old Children from the Odense Child Cohort. Environ. Res. 2019, 176, 108533. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijerph191912984/s1
https://www.mdpi.com/article/10.3390/ijerph191912984/s1
https://www.epa.gov/ingredients-used-pesticide-products/chlorpyrifos
https://www.epa.gov/ingredients-used-pesticide-products/chlorpyrifos
http://doi.org/10.1016/j.envres.2019.108533
http://www.ncbi.nlm.nih.gov/pubmed/31229776

Int. |. Environ. Res. Public Health 2022, 19, 12984 10 of 11

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Brahmand, M.B.; Yunesian, M.; Nabizadeh, R.; Nasseri, S.; Alimohammadi, M.; Rastkari, N. Evaluation of Chlorpyrifos Residue
in Breast Milk and Its Metabolite in Urine of Mothers and Their Infants Feeding Exclusively by Breast Milk in North of Iran. J.
Environ. Health Sci. Eng. 2019, 17, 817-825. [CrossRef]

Jaacks, L.M.; Diao, N.; Calafat, A.M.; Ospina, M.; Mazumdar, M.; Ibne Hasan, M.O.S.; Wright, R.; Quamruzzaman, Q.; Christiani,
D.C. Association of Prenatal Pesticide Exposures with Adverse Pregnancy Outcomes and Stunting in Rural Bangladesh. Environ.
Int. 2019, 133, 105243. [CrossRef]

Ridano, M.E.; Racca, A.C.; Flores-Martin, J.; Camolotto, S.A.; de Potas, G.M.; Genti-Raimondi, S.; Panzetta-Dutari, G.M.
Chlorpyrifos Modifies the Expression of Genes Involved in Human Placental Function. Reprod. Toxicol. 2012, 33, 331-338.
[CrossRef] [PubMed]

Saulsbury, M.D.; Heyliger, S.0.; Wang, K.; Round, D. Characterization of Chlorpyrifos-Induced Apoptosis in Placental Cells.
Toxicology 2008, 244, 98-110. [CrossRef]

Ridano, M.E.; Racca, A.C.; Flores-Martin, ].B.; Fretes, R.; Bandeira, C.L.; Reyna, L.; Bevilacqua, E.; Genti-Raimondi, S.; Panzetta-
Dutari, G.M. Impact of Chlorpyrifos on Human Villous Trophoblasts and Chorionic Villi. Toxicol. Appl. Pharmacol. 2017, 329,
26-39. [CrossRef]

Eskenazi, B.; Harley, K.; Bradman, A.; Weltzien, E.; Jewell, N.P; Barr, D.B.; Furlong, C.E.; Holland, N.T. Association of in Utero
Organophosphate Pesticide Exposure and Fetal Growth and Length of Gestation in an Agricultural Population. Environ. Health
Perspect. 2004, 112, 1116-1124. [CrossRef]

Ubaid Ur Rahman, H.; Asghar, W.; Nazir, W.; Sandhu, M.A.; Ahmed, A.; Khalid, N. A Comprehensive Review on Chlorpyrifos
Toxicity with Special Reference to Endocrine Disruption: Evidence of Mechanisms, Exposures and Mitigation Strategies. Sci. Total
Environ. 2021, 755, 142649. [CrossRef]

Ventura, C.; Nieto, M.R.R,; Bourguignon, N.; Lux-Lantos, V.; Rodriguez, H.; Cao, G.; Randi, A.; Cocca, C.; Nufiez, M. Pesticide
Chlorpyrifos Acts as an Endocrine Disruptor in Adult Rats Causing Changes in Mammary Gland and Hormonal Balance. J.
Steroid. Biochem. Mol. Biol. 2016, 156, 1-9. [CrossRef]

Angioni, A.; Dedola, F,; Garau, A.; Sarais, G.; Cabras, P.; Caboni, P. Chlorpyrifos Residues Levels in Fruits and Vegetables after
Field Treatment. J. Environ. Sci. Health B 2011, 46, 544-549. [CrossRef]

Health and Environment Alliance—Chlorpyrifos Residues in Fruits. Available online: https://www.env-health.org/wp-content/
uploads/2019/06/June-2019-PAN-HEAL-Briefing-chlorpyrifos_web.pdf (accessed on 16 August 2022).

Reck, C.; Struben, K.; Backenstrass, M.; Stefenelli, U.; Reinig, K.; Fuchs, T.; Sohn, C.; Mundt, C. Prevalence, Onset and Comorbidity
of Postpartum Anxiety and Depressive Disorders. Acta Psychiatr. Scand. 2008, 118, 459-468. [CrossRef] [PubMed]

Fairbrother, N.; Janssen, P.; Antony, M.M.; Tucker, E.; Young, A.H. Perinatal Anxiety Disorder Prevalence and Incidence. J. Affect
Disord. 2016, 200, 148-155. [CrossRef] [PubMed]

De Groot, A.C.; Schmidt, E. Tea Tree Oil: Contact Allergy and Chemical Composition. Contact Dermat. 2016, 75, 129-143.
[CrossRef]

IPCS. Global Assessment of the State-of-the-Science of Endocrine Disruptor; World Health Organization: Geneva, Switzerland, 2002.
Grignard, E.; Jesus, K.; Hubert, P. Regulatory Testing for Endocrine Disruptors; Need for Validated Methods and Integrated
Approaches. Front. Toxicol. 2022, 3, 821736. [CrossRef] [PubMed]

Olivier, E.; Wakx, A.; Fouyet, S.; Dutot, M.; Rat, P. JEG-3 Placental Cells in Toxicology Studies: A Promising Tool to Reveal
Pregnancy Disorders. Anat. Cell Biol. 2021, 54, 83-92. [CrossRef]

Fouyet, S.; Olivier, E.; Leproux, P.; Dutot, M.; Rat, P. Pregnant Women and Endocrine Disruptors: Role of P2X7 Receptor and
Mitochondrial Alterations in Placental Cell Disorders. Cells 2022, 11, 495. [CrossRef]

Vandendool, H.; Kratz, PD. A generalization of the retention index system including linear temperature programmed gas-liquid
partition chromatography. J. Chromatogr. 1963, 11, 463-471. [CrossRef]

Henley, D.V,; Lipson, N.; Korach, K.S.; Bloch, C.A. Prepubertal Gynecomastia Linked to Lavender and Tea Tree Oils. N. Engl. J.
Med. 2007, 356, 479-485. [CrossRef]

Ramsey, ].T.; Li, Y,; Arao, Y.; Naidu, A.; Coons, L.A.; Diaz, A.; Korach, K.S. Lavender Products Associated With Premature
Thelarche and Prepubertal Gynecomastia: Case Reports and Endocrine-Disrupting Chemical Activities. J. Clin. Endocrinol. Metab.
2019, 104, 5393-5405. [CrossRef]

Rat, P; Olivier, E.; Tanter, C.; Wakx, A.; Dutot, M. A Fast and Reproducible Cell- and 96-Well Plate-Based Method for the
Evaluation of P2X7 Receptor Activation Using YO-PRO-1 Fluorescent Dye. . Biol. Methods 2017, 4, e64. [CrossRef]

Fouyet, S.; Olivier, E.; Leproux, P.; Dutot, M.; Rat, P. Bisphenol A, Bisphenol F, and Bisphenol S: The Bad and the Ugly. Where Is
the Good? Life 2021, 11, 314. [CrossRef]

ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for in Vitro Cytotoxicity. International Organisation
of Standardization: Geneva, Switzerland, 2009. Available online: https://www.iso.org/standard /36406.html (accessed on 16
August 2022).

National Institute of Standards and Technology Recherche des Données D’espece par le nom Chimique. Available online:
https:/ /webbook.nist.gov/chemistry /name-ser/ (accessed on 3 October 2022).

Tsimis, M.E.; Lei, J.; Rosenzweig, ].M.; Arif, H.; Shabi, Y.; Alshehri, W.; Talbot, C.C.; Baig-Ward, K.M.; Segars, J.; Graham, E.M.;
et al. P2X7 Receptor Blockade Prevents Preterm Birth and Perinatal Brain Injury in a Mouse Model of Intrauterine Inflammation.
Biol. Reprod. 2017, 97, 230-239. [CrossRef] [PubMed]


http://doi.org/10.1007/s40201-019-00398-3
http://doi.org/10.1016/j.envint.2019.105243
http://doi.org/10.1016/j.reprotox.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22285354
http://doi.org/10.1016/j.tox.2007.10.020
http://doi.org/10.1016/j.taap.2017.05.026
http://doi.org/10.1289/ehp.6789
http://doi.org/10.1016/j.scitotenv.2020.142649
http://doi.org/10.1016/j.jsbmb.2015.10.010
http://doi.org/10.1080/03601234.2011.583880
https://www.env-health.org/wp-content/uploads/2019/06/June-2019-PAN-HEAL-Briefing-chlorpyrifos_web.pdf
https://www.env-health.org/wp-content/uploads/2019/06/June-2019-PAN-HEAL-Briefing-chlorpyrifos_web.pdf
http://doi.org/10.1111/j.1600-0447.2008.01264.x
http://www.ncbi.nlm.nih.gov/pubmed/18840256
http://doi.org/10.1016/j.jad.2015.12.082
http://www.ncbi.nlm.nih.gov/pubmed/27131505
http://doi.org/10.1111/cod.12591
http://doi.org/10.3389/ftox.2021.821736
http://www.ncbi.nlm.nih.gov/pubmed/35295107
http://doi.org/10.5115/acb.20.234
http://doi.org/10.3390/cells11030495
http://doi.org/10.1016/S0021-9673(01)80947-X
http://doi.org/10.1056/NEJMoa064725
http://doi.org/10.1210/jc.2018-01880
http://doi.org/10.14440/jbm.2017.136
http://doi.org/10.3390/life11040314
https://www.iso.org/standard/36406.html
https://webbook.nist.gov/chemistry/name-ser/
http://doi.org/10.1093/biolre/iox081
http://www.ncbi.nlm.nih.gov/pubmed/29044426

Int. |. Environ. Res. Public Health 2022, 19, 12984 11 of 11

28.

29.

30.

31.

32.

33.

34.

35.

Fodor, P.; White, B.; Khan, R. Inflammation-The Role of ATP in Pre-Eclampsia. Microcirculation 2020, 27, €12585. [CrossRef]
[PubMed]

Wang, D.; Wang, H.; Gao, H.; Zhang, H.; Zhang, H.; Wang, Q.; Sun, Z. P2X7 Receptor Mediates NLRP3 Inflammasome Activation
in Depression and Diabetes. Cell Biosci. 2020, 10, 28. [CrossRef] [PubMed]

Sperlagh, B.; Illes, P. P2X7 Receptor: An Emerging Target in Central Nervous System Diseases. Trends Pharmacol. Sci. 2014, 35,
537-547. [CrossRef]

Haider, F.; Kumar, N.; Banerjee, S.; Naqvi, A.; Bagchi, G.D. Effect of Altitude on the Essential Oil Constituents of Artemisia
roxburghiana Besser Var. purpurascens (Jacq.) Hook. J. Essent. Oil Res 2009, 21, 303-304. [CrossRef]

Melito, S.; Petretto, G.L.; Podani, J.; Foddai, M.; Maldini, M.; Chessa, M.; Pintore, G. Altitude and Climate Influence Helichrysum
Italicum Subsp. Microphyllum Essential Oils Composition. Ind. Crops Prod. 2016, 80, 242-250. [CrossRef]

Cedergreen, N. Quantifying Synergy: A Systematic Review of Mixture Toxicity Studies within Environmental Toxicology. PLoS
ONE 2014, 9, €96580. [CrossRef]

Hamid, N.; Junaid, M.; Pei, D.-S. Combined Toxicity of Endocrine-Disrupting Chemicals: A Review. Ecotoxicol. Environ. Saf. 2021,
215, 112136. [CrossRef]

Shi, F; Zhao, Y.; Firempong, C.K.; Xu, X. Preparation, Characterization and Pharmacokinetic Studies of Linalool-Loaded
Nanostructured Lipid Carriers. Pharm. Biol. 2016, 54, 2320-2328. [CrossRef]


http://doi.org/10.1111/micc.12585
http://www.ncbi.nlm.nih.gov/pubmed/31424615
http://doi.org/10.1186/s13578-020-00388-1
http://www.ncbi.nlm.nih.gov/pubmed/32166013
http://doi.org/10.1016/j.tips.2014.08.002
http://doi.org/10.1080/10412905.2009.9700177
http://doi.org/10.1016/j.indcrop.2015.11.014
http://doi.org/10.1371/journal.pone.0096580
http://doi.org/10.1016/j.ecoenv.2021.112136
http://doi.org/10.3109/13880209.2016.1155630

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	EOs Composition Analysis 
	EOs Pesticide Analysis 
	Human Placental Cell Culture 
	Cell Incubation 
	Cell Viability. Alamar Blue Assay 
	Steroid and Polypeptide Hormones Quantification 
	Cell Death P2X7 Receptor Activation: YO-PRO-1® Assay 
	Results Exploitation and Statistical Analysis 

	Results 
	Analysis of Lavender EOs Composition 
	Cell Viability 
	Hormone Release 
	P2X7 Receptor Activation 

	Discussion 
	Conclusions 
	References

