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ARTICLE INFO ABSTRACT

Keywords: Chlorpyrifos (CPF), a commonly used organophosphate pesticide, poses potential risks to human health,
Gut-microbiota-BBB axis particularly affecting the gut microbiota (GM), intestinal barrier (IB), and blood-brain barrier (BBB). CPF-
Chlorpyrifos

induced gut dysbiosis compromises the integrity of both the IB and the BBB, leading to increased intestinal
permeability, inflammation, and bacterial translocation, all of which may impact neurological health. Although
CPF’s effects on the GM are documented, limited research explores how these impacts differ in women,
particularly during pregnancy. To address this gap, this study investigates CPF’s effects using three advanced
human in vitro models: the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®) to mimic the gut
environment of women of child-bearing age and pregnant women, a Caco-2 model for the IB, and a BBB model to
assess CPF’s effects and the protective role of the prebiotic inulin.

Microbiological analyses of SHIME® supernatants, including bacterial culture and quantification of short-
chain fatty acids (SCFAs) and CPF metabolites, were conducted to assess gut composition and pesticide degra-
dation. We also examined the effects of CPF-induced dysbiosis on IB and BBB permeability to FITC-Dextran,
focusing on bacterial translocation after 4 h of exposure to CPF-treated SHIME® supernatants.

Our results revealed significant intestinal imbalance, marked by an increase in potentially pathogenic bacteria
in the GM of both non-pregnant and pregnant women exposed to CPF. This dysbiosis led to a significant shift in
SCFAs ratio and increased IB permeability and bacterial translocation across the IB, but not the BBB. Notably,
inulin supplementation restored GM balance and prevented bacterial translocation, highlighting its potential as a
preventive measure against CPF-induced dysbiosis.

This study enhances our understanding of the health risks associated with CPF exposure in women, with
implications for maternal and fetal health, and underscores the importance of considering physiological states
such as pregnancy in toxicological research.

Pregnant women

Human in vitro models
Pesticide-induced gut dysbiosis
Bacterial translocation
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1. Introduction

The link between the gut microbiota (GM) and the brain, often
referred to as the gut-brain axis, describes the bidirectional communi-
cation between the GM, which consists of the microorganisms living in
the gut—mainly bacteria—and the “barriers” that separate it from the
rest of the body (Morais et al., 2021). These barriers include the intes-
tinal barrier (IB), which limits the absorption of food contaminants, and
the blood-brain barrier (BBB), which restricts the entry of harmful
molecules and cells into the brain (Abou Diwan et al., 2023). This axis of
communication was long overlooked in medical and scientific research,
but in recent decades, extensive studies have uncovered its critical role
in both mental and physical health.

Animal studies indicate that the disruption of the GM due to pesticide
exposure can impact human health by altering IB function and having
long-term effects on the BBB (Joly Condette et al., 2016; Galea, 2021;
Balaguer-Trias et al., 2022). The pervasive use of pesticides in modern
agriculture has raised significant concerns about their impact on the key
players of gut-brain axis. Among these, Chlorpyrifos (CPF), an organo-
phosphate insecticide, has been widely used due to its effectiveness in
pest control. CPF is a neurotoxic pesticide that inhibits acetylcholines-
terase (AChE) which leads to an accumulation of acetylcholine, causing
continuous nerve signal transmission. CPF has also been linked to
endocrine disruption as this pesticide can interfere with the endocrine
system by mimicking or blocking thyroid or reproductive hormones
(Balaguer-Trias et al., 2022; Lahimer et al., 2023). However, its poten-
tial adverse effects on human health, particularly on GM, IB, and BBB,
have not been extensively studied and have become a growing area of
research. For instance, recent studies have shown that chronic CPF
exposure can lead to alterations in the GM, a condition known as dys-
biosis that can cause harmful microbial metabolites to enter the blood-
stream (bacterial translocation) across the IB (Zhao et al., 2016; Joly
Condette et al., 2016; Linares et al., 2021). CPF exposure has been
associated with an overgrowth of potentially harmful bacteria as well as
a reduction in beneficial bacteria, mainly producing short-chain fatty
acids (SCFAs), which play a crucial role in maintaining gut health and
barrier function (Dalile et al., 2019). These changes in microbial
composition and function can disrupt the homeostasis of the gut
ecosystem, contributing to adverse health effects (Reygner et al., 2016a;
Djekkoun et al., 2022a; Joly Condette et al., 2022).

Since the GM plays a crucial role in maintaining the integrity of IB
and the BBB, dysbiosis can result in the impairment of both barriers
(Réquilé et al., 2018; Doroszkiewicz et al., 2021; Di Vincenzo et al.,
2023). These effects are thought to occur through mechanisms such as
increased intestinal permeability, chronic inflammation, and bacterial
translocation that influence neurological functions (Sampson et al.,
2016; Nagpal and Yadav, 2017; Rutsch et al., 2020). However, further
research is needed to fully understand these complex interactions and to
develop strategies for mitigating the potential health risks.

In addition, the effects of CPF on the GM are well-documented but
there is a lack of research on how these effects vary in women, partic-
ularly during pregnancy. Hormonal and immunological changes during
pregnancy can influence the composition of the GM (Edwards et al.,
2017; Fuhler, 2020). Consequently, pesticide-induced dysbiosis may
differ between non-pregnant and pregnant women. As a result, the ef-
fects of dysbiosis on the IB and the BBB may vary depending on preg-
nancy status, potentially leading to distinct health impacts for both the
mother and the fetus (Developmental Origins of Health and Disease
(DOHaD) “windows of vulnerability”) (Wright, 2017; Balaguer-Trias
et al., 2022). In contrast, supplementation with the prebiotic inulin has
been suggested as a potential strategy to mitigate pesticide effects,
although little is known about its efficacy in women and pregnant in-
dividuals (Reygner et al., 2016b; Djekkoun et al., 2022a; Sheng et al.,
2023; Wang et al., 2023). Inulin is a soluble dietary fiber found in over
36 000 plant species as a reserve polysaccharide including Jerusalem
artichoke, chicory root, onion, garlic, barley, and dahlia. It is widely
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recognized as a prebiotic with significant effects on GM regulation by
promoting the growth of beneficial bacteria such as Bifidobacteria and
Lactobacilli (Wang et al., 2023). Inulin is not digested by the human body
but is fermented by these beneficial bacteria, resulting in the production
of SCFAs that help restore GM balance and exert anti-inflammatory ef-
fects. Previous studies showed that CPF, either alone or in combination
with a high fat diet induces intestinal dysbiosis leading to a disruption in
the delicate balance of the GM (Reygner et al., 2016b; Réquilé et al.,
2018; Djekkoun et al., 2022a, b; Abou Diwan et al., 2024).

Although inulin supplementation has shown promise in mitigating
pesticide-induced dysbiosis, there is a critical lack of understanding
regarding its efficacy during pregnancy. Moreover, pesticide-induced
dysbiosis during pregnancy could have significant consequences,
particularly for the IB and the BBB, which play pivotal roles in main-
taining maternal and fetal health.

Therefore, to address this research gap, it is important to study
pesticide-induced dysbiosis during pregnancy and its effects on these
critical body barriers. In particular, our study aims to evaluate the
impact of CPF on the GM, the IB, and the BBB and was designed to
analyze the potential beneficial effects of inulin during CPF exposure.
We combined three original in vitro human models: (1) an artificial gut
simulator SHIME® (Simulator of the Human Intestinal Microbial
Ecosystem) to mimic the human gut environment and assess the GM
(Van de Wiele et al., 2015; Joly Condette et al., 2022), (2) a Caco-2 cell
model to examine the IB (Sevin et al., 2013), and (3) an endothelial cell
and pericyte co-culture model to investigate the BBB (Versele et al.,
2022). By analyzing fecal samples from women of child-bearing age and
pregnant women, we aim to elucidate how CPF affects the GM differ-
ently during pregnancy and to explore its consequences on IB and BBB
permeability, as well as bacterial translocation across these barriers.

2. Materials and methods
2.1. Chemicals

Chlorpyrifos ((0,0-diethyl-O-(3,5,6-trichloro-2-pyridinyl)-phos-
phorothioate) with 98.5 % purity, Sigma-Aldrich), being a lipophilic
molecule, was dissolved in rapeseed oil prior to administration of 1 mg
in the first in vitro reactor (stomach) containing 200 mL of sterile feed
medium. Exposure to CPF started after 15 days of stabilization of the
intestinal flora of the in vitro SHIME model.

2.2. In vitro models

2.2.1. SHIME® model

Definition of the model The Simulator of the Human Intestinal Mi-
crobial Ecosystem (SHIME®) (Van de Wiele et al., 2015; Joly Condette
et al., 2022) model is an in vitro representation of the digestive tract,
spanning from the stomach to the descending colon (R1 to R6). It
comprises six distinct double-wall reactors connected by peristaltic
pumps and is maintained at a constant temperature of 37 °C with daily
pH and redox voltage monitoring.

Feces collection The initiation of the SHIME® requires an inoculum
of human feces. In this study, we used fecal inoculum from 2 groups of
women volunteers: of reproductive age and pregnant. Our inclusion
criteria selected five healthy adults for each group: with no symptoms of
gastrointestinal diseases and were not treated with antibiotics during the
six months prior to feces collection. Additionally, the selected donors
had not received any hormonal treatments for hormonal dysregulation
or disease in the six months prior to feces collection, although some
donors were using oral contraception. Regarding menstrual cycle con-
trol, we did not select non-pregnant donors based on a specific phase of
their menstrual cycle, but those who were in their menstrual phase
informed us. Consequently, all phases of the menstrual cycle are rep-
resented among the donors. The collection of women feces from the
Amiens University Hospital, with the help of Dr. Arthur Foulon, and
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their inoculation in the SHIME® were approved by the Ethical com-
mittee for non-interventional research (CERNI) of Picardy Jules Verne
University (Evaluation number 2023-07-5/2023-27).

SHIME® experimental process A 15-day stabilization period of the
microbiota (pH and redox potential) is required before beginning
exposure. Supernatants from the in vitro digestion were collected on the
15th day of stabilization, representing the control. Following this sta-
bilization period, daily exposure to 1 mg/day of CPF began. Sample
collections were done 15 days and 30 days post-exposure to study
respectively short-term and long-term effects of CPF alone and the
combination of CPF and inulin (in the case of co-exposure to CPF and
inulin, 10 g of inulin extract was added to the stomach directly after CPF
solution addition (Joly Condette et al., 2022)). The supernatants were
sampled three times in the final week of each period to allow statistical
analysis.

The selection of the CPF dose (1 mg/day) was based on prior studies
that identified this concentration as appropriate for evaluating the ef-
fects of CPF on GM and epithelial cell permeability.

In previous studies, we investigated both the NOAEL dose (1 mg/kg/
day) and a toxic dose (5 mg/kg/day) in rat models, focusing on CPF’s
inhibitory effects on acetylcholine (Joly Condette et al., 2016; Darwiche
et al., 2018; Abou Diwan et al., 2024). Furthermore, we have published
findings on the effects of a 1 mg/day CPF dose on human GM using the
SHIME® model, which included a mixed population of men and women
(Joly Condette et al., 2022). This dose corresponds to CPF residues
commonly detected in daily meals, as calculated using ANSES data (Joly
et al., 2013). For this study, the 1 mg/day CPF dose was selected to
reflect realistic human oral exposure levels, approximating 0.016
mg/kg/day for a 60-kg individual. This value considers both dietary
intake and environmental exposure, ensuring that the experimental
conditions are relevant to real-world exposure scenarios.

2.2.2. IB model

Caco-2 cell culture protocol has been previously detailed in our
colleagues studies (Sevin et al., 2013, 2019). Caco-2 cells (0.4 x 10+°
cells), at passage 026, were seeded in 25 cm? plastic flasks and main-
tained with complete medium, which was refreshed every two days. The
medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) high
glucose (4500 mg/L) with L-glutamine (584 mg/L), supplemented with
10% Fetal Bovine Serum (FCS, Life Technologies, Waltham, MA, USA),
1% non-essential amino acids (excluding L-glutamine), and 1%
penicillin-streptomycin solution. After 3 days of incubation, when the
cells reached 80-90% confluence, they were trypsinized and reseeded at
adensity of 5 x 1075 cells in 75 cm? flasks with complete medium. When
the Caco-2 cells reached a high density (approximately 0.5 x 10°5
cells/cm?), after 5-6 days, they were passage into 6-well plate on 0.4 um
or 1 pm polycarbonate or polyethylene terephthalate membrane inserts
respectively. Cells were seeded at densities of either 40 000 cells/cm?
and cultured for 21-25 days in complete medium, with media changes
every two days.

2.2.3. Human in vitro BBB model

The BBB model consisted of a co-culture of human brain pericytes
(hBPs) in the lower compartment and human brain-like endothelial cells
(hBLEC) on the Transwell insert. hBPs were obtained from the team of
Pr. Takashi Kanda (Department of Neurology and Clinical Neuroscience
Clinical Neuroscience of Yamaguchi University in Japan) (Shimizu et al.,
2011). They were isolated in accordance with the Declaration of Hel-
sinki and the protocol was approved by the ethics committee of the
Medical Faculty (IRB#: H18-033-6) of the University of Yamaguchi.
These cells were characterized for pericyte markers as described in
previous published work (Menaceur et al., 2023). After thawing, hBPs
(passages 15-25) were seeded in gelatin-coated Petri dishes and
cultured in DMEM high glucose, FCS, L-glutamine, and antibiotics.
Human hematopoietic stem cells were isolated from umbilical cord
blood, with informed consent and approval from the French Ministry of
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Higher Education and Research, (CODECOH Number DC2011-1321)
(Cecchelli et al., 2014; Heymans et al., 2020). These cells were sorted,
cultured, and differentiated into ECs in EGM-2 medium with VEGF
(PeproTech Inc, Cranbury, NJ, USA). For the BBB model, hBPs were
seeded in gelatin-coated dishes, and CD34" ECs were seeded on inserts
(1 pm, SARSTEDT, Niimbrecht, Germany) covered with Matrigel™
(Corning, NY, USA). After 6 days of co-culture of ECs with hBPs in a 12
well-plate (Costar, 3512, Corning, NY, USA), the BBB model is ready for
treatment to SHIME supernatants.

2.3. Microbiological and cellular analysis

2.3.1. SHIME® bacterial composition analysis

After a 15-day stabilization period of the SHIME® microbial flora,
control samples were collected prior to exposure to CPF (or CPF +
inulin) to identify the bacterial population before exposure in 4 reactors:
ileum, proximal colon, transverse colon and descending colon. Samples
were collected again after 15 days of exposure and on the 30th day of
exposure. To identify bacterial genera, various culture media were uti-
lized, and inoculation was directly performed after sampling, using the
bead spreading method in anaerobic (48h—4 days) and aerobic condi-
tions (24-48h) at 37 °C. Bacterial colonies that were isolated on the Petri
dishes were counted using an automated system (Scan® 500, Inter-
science) and the results were expressed as log CFU (Colony Forming
Unit)/mL of the sample volume. The use of log of CFU is based on the
extremely large raw values obtained (high powers of 10).

2.3.2. SHIMER® bacterial fermentation metabolites assay

SCFAs (acetate, butyrate and propionate) of R3 to R6 samples were
analyzed by gas chromatography as previously described (Lecerf et al.,
2012; Réquilé et al., 2018) with modifications. 1 mL of sample were
centrifuged for 10 min at 10 000 g at 4 °C and filtered through regen-
erated cellulose syringe filter 0.45 pm. Then, 0.9 mL of supernatant was
mixed with 100 pL of internal standard (methylbutyric acid). SCFAs
were quantified using a gas chromatograph (FOCUS GC System, Ther-
moFisher Scientific) equipped with an autosampler (AS-3000, Thermo-
Fisher Scientific) and a flame ionization detector (FID). Samples (1 pL)
were injected in split mode (1/10) at 270 °C. Chromatographic sepa-
ration was performed through a ZB-FFAP column (30 m x 0.25 mm X
0.25 pm, Phenomenex) with dihydrogen as the carrier gas ata 1 mL/min
gas flow. The oven temperature program was defined as follows:
isotherm at 100 °C for 2 min, temperature gradient from 100 °C to
145 °C at 10 °C/min, isotherm at 145 °C for 0.2 min, temperature
gradient from 145 °C to 220 °C at 45 °C/min and final isotherm at 220 °C
for 1 min. The FID detection was operated at 280 °C with dihydrogen
and air flows at, respectively, 30 mL/min and 300 mL/min.

2.3.3. Bacterial translocation across IB and BBB models

Bacterial translocation that refers to the passage of bacteria or bac-
terial metabolites from the intestinal lumen to sterile organs was
measured in our study to assess the effects of CPF and the potential
protective role of inulin supplementation.

The reproducibility of our bacterial translocation experiments has
been previously validated and published in vitro and in vivo studies
focusing on the IB (Réquilé et al., 2018; Djekkoun et al., 2022a; Abou
Diwan et al., 2024). For this study, we extended this validated technique
to analyze bacterial translocation across both the IB and BBB.

Specifically, we assessed the translocation of viable and cultivable
bacteria. To check whether potential gut dysbiosis led to bacterial
translocation across the IB, we applied 1/5 diluted SHIME® superna-
tants (distal colon alone R6 and a pool of the three colon segments) to
the apical side of the IB model as previously described (Réquilé et al.,
2018). Additionally, separate BBB model inserts were exposed to ali-
quots collected from Caco-2 basolateral compartment after SHIME®
exposure to mimic gut microbiota-BBB “like” axis.

Each SHIME® condition and control were conducted in triplicate
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(three membrane inserts per condition for each model) to ensure accu-
racy and reproducibility of permeability (measured during bacterial
translocation experiment). However, for the bacterial culture aimed at
assessing bacterial translocation of bacteria that crossed the apical to-
wards the basolateral compartment of barriers, we pooled the triplicates
before bacterial culture since our aim for this experiment is to emphasize
the biological implications of our bacterial translocation results rather
than focusing solely on statistical metrics.

Apical and basolateral aliquots inoculated on bacterial culture media
were incubated at 37 °C for 24-48 h. If bacterial translocation occurs,
colonies are detected on Petri dishes where aliquots of basolateral
compartment were inoculated. The resulting colonies were enumerated
using an automated system (Scan® 500, Inter-science, St Nom la
Breteche, France) and expressed as log CFU. The percentage of trans-
location was calculated by dividing the colony count in basolateral
compartment by the colony count in apical compartment and multi-
plying by 100 (Abou Diwan et al., 2024).

2.3.4. Permeability measurement during bacterial translocation experiment

Fluorescent dye passage across the barrier, from the apical (luminal)
compartment, simulating the intestinal lumen, to the basolateral
compartment, which simulates the blood content, in the presence of
SHIME® supernatants was used as an indicator of permeability. To
confirm the integrity of the barrier in the absence of SHIME® exposure,
negative control conditions, where barriers were not exposed to
SHIME® supernatants, were tested for dye passage.

Barriers’ permeability to the non-permeant fluorescent molecule
Fluorescein 4 KDa Isothiocyanate-Dextran (FD4) was measured in the IB
and BBB models after 4 h of exposure to 1/5 diluted SHIME® superna-
tants at 37 °C during the bacterial translocation experiment. FD4 is at a
concentration of 40 pM in Ringer HEPES solution that were used to
dilute SHIME supernatants. Amount of FD4 in apical and basolateral
compartments of cell culture was determined using fluorescence spec-
trophotometry at 495-525 nm (Bioteck, Synergy H1, Colmar, France).

The permeability coefficient (Pe in cm/min) of FD4 was calculated in
Ringer HEPES buffer using the previously established equation
(Dehouck et al., 1990; Culot et al., 2008; Sevin et al., 2013, 2019).

2.4. CPF assay in SHIME® reactors

CPF parent molecule and its metabolites assay in SHIME reactors (R1
to R6) was performed using liquid chromatography (LC) with a coupled
mass spectrometer (MS) and a flight time model 6545 (MS-QTOF)
(Agilent, France) by the International Medical Institute of Toxicology
and Pharmacology (I-MITOX) as previously described (Brousse et al.,
2019).

2.5. Statistical analysis

The bacterial composition data (log CFU/mL) were expressed as
mean =+ standard error of mean (SEM). The SCFAs data were expressed
as mean =+ standard deviation (SD). Statistical analysis was conducted
using GraphPad Prism 8.0.1 statistical software (GraphPad Software,
Inc., San Diego, CA, USA). One-way and two-way analyses of variance
(ANOVA) were employed, with p < 0.05 being the statistical signifi-
cance threshold for all analyses. The statistical analysis of permeability
data expressed as mean + standard deviation (SD) was conducted using
the non-parametric test Kruskal-Wallis’ test.

3. Results
3.1. Gut microbiota bacterial composition
3.1.1. CPF exposure of women of childbearing age GM

After the microbiological analysis of isolated colonies on culture
media, the results indicate whether short-term and/or long-term
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exposure to CPF impacts the GM of women of reproductive age. We
chose to use bar charts to represent our findings, to facilitate comparison
and more effectively highlight significant results. The x-axis represents
the different reactors with a time scale (with bars assigned to each day:
CPF 0 (control period), CPF 15 for short-term pesticide exposure and
CPF 30 for long-term exposure for the different reactors (R3 — R6). The
y-axis represents the Log CFU, as the raw values obtained are at very
high powers of 10.

In this section, we focus on the microbial composition of SHIME® of
women of childbearing age. Starting with the analysis of total aerobic
flora, we observed a bacterial count of approximately 8 Log10 CFU/mL
in the different reactors during control period. However, no significant
variation in the bacterial count was observed after exposure to CPF
compared to control (Fig. 1 A). Similarly, total anaerobic flora didn’t
show significant bacterial count changes (Fig. 1 B). Subsequently, our
analysis of the microbial composition at the phylum level revealed al-
terations in the concentrations of specific gut bacteria, after CPF expo-
sure. We observed a significant increase of 35 % of Clostridium spp
colony count in proximal (p < 0.01, vs CPF0) and transverse colon (p <
0.001, vs CPFO and p < 0.01 vs CPF15) (Fig. 1 C). In the distal colon we
detected a decrease of Clostridium spp after 15 days (p < 0.01, vs CPF0)
that was reversed to a significant increase of approximately 40 % after
30 days (p < 0.001, vs CPF15). Additionally, our results showed a sig-
nificant increase of Enteroccoccus spp post-30 days exposure in proximal
colon (p < 0.05, vs CPFO and vs CPF15) (Fig. 1 D). In contrast, the
abundance of potentially beneficial bacteria, such as Lactobacillus spp.,
significantly decreased after 15 days pesticide exposure the transverse
(p < 0.001, vs CPF0) and distal colon after 15 (p < 0.0001, vs CPF0) and
30 days (p < 0.001, vs CPFO0) (Fig. 1 F). Meanwhile, Bifidobacterium spp.
exhibited a slight and progressive, yet non-significant, decline in the
ileum over the 30-day exposure period (Fig. 1 E). In the proximal colon,
Bifidobacterium spp. decreased after 15 days but did not show a signifi-
cant change after 30 days.

These results indicate that CPF exposure significantly modulated GM
composition of women of reproductive age: CPF reduced the number of
beneficial Lactobacillus and increased the number of potentially patho-
genic phyla: Clostridium spp and Enteroccoccus spp.

3.1.2. CPF exposure of pregnant women GM

In a second stage, we focused on the microbial composition of
SHIME® of pregnant women. Total aerobic flora results showed a sig-
nificant increase after 15 days of CPF exposure in both proximal and
distal colon (p < 0.01, vs CPFO) while no significant change in total
anaerobic flora was detected (Fig. 2A and B). Our phylum-level analysis
revealed modifications in the concentrations of specific gut bacteria
following CPF exposure. As in SHIME® of women of childbearing age,
we found increased Clostridium spp count in both proximal and distal
colon at the 30th day of exposure (p < 0.05, vs CPF0) (Fig. 2 C). Par-
allelly, Enteroccoccus spp counts were more significantly increased post-
30 days in all colon segments (p < 0.001 in PC; p < 0.01 in TC; p <
0.0001 in DC, vs CPFO) (Fig. 2 D). In contrast, Bifidobacterium spp.,
significantly decreased after 30 days pesticide exposure in the transverse
colon (p < 0.05, vs CPF0). Lactobacillus spp exhibited a significant
decline in the ileum over the 30-day exposure period (p < 0.05, vs CPFO
and vs CPF15) and in distal colon (p < 0.05, vs CPF0) (Fig. 2 F).

Overall, CPF exposure significantly altered the GM in both pregnant
and non-pregnant women, with notable increases in potentially patho-
genic Clostridium spp. and Enterococcus spp., and a reduction in
beneficial Lactobacillus spp.; however, the changes were more pro-
nounced in pregnant women, indicating a heightened sensitivity during
pregnancy.

3.1.3. CPF and inulin exposure of women GM

In a third stage, we focused on the effect of the combination of CPF
and the prebiotic inulin on the microbial composition of SHIME® of
women. No significant variation in the bacterial count total aerobic and
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Fig. 1. Effect of 15 and 30 days (CPF15 and CPF30) of CPF exposure (1 mg/day) on bacterial count (log CFU/mL) of total aerobic and anaerobic flora, Clostridium
spp., Enterobacteria, Lactobacillus and Bifidobacterium in the ileum and colon reactors of the SHIME® of childbearing age female volunteers. Data is illustrated as mean
=+ SEM (n = 6-9) using analysis of variance (ANOVA) and Tukey’s test. Significance * p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001. CPFO: Control; CPF15: 15

days of CPF; CPF30: 30 days of CPF.

anaerobic flora was observed after exposure to CPF and inulin compared
to control (Fig. 3 A et B). With a closer look at bacterial phyla, we found
a stable evolution of Clostridium (Fig. 3 C) and Enterobacteria (Fig. 3 D)
and Enterococcus (data not shown). Bifidobacterium count slightly
increased in transverse colon after 15 days of CPF and inulin co-
exposure, but this variation was not statistically significant. In
contrast, Lactobacillus bacteria showed a significant increase in proximal
colon after 15 days (p < 0.05, vs CPFO0), that was maintained until the
30th day of co-exposure. Similarly, in transverse colon, Lactobacillus
increased progressively until the 30th day of co-exposure (p < 0.05, vs
CPFO0).

In contrast to the significant alterations observed with CPF exposure
alone, the combined exposure to CPF and inulin resulted in a remarkable
stability across the majority of bacterial phyla. This suggests that inulin
may have a protective effect, preventing the disruptive impact of CPF on

the GM composition.

3.2. Gut microbiota SCFAs analysis

In parallel with GM composition analysis, accurate quantification of
SCFAs is essential as they are key indicators of gut microbial and
metabolic activity. In the SHIME® model representing the GM of non-
pregnant women, a significant increase of total SCFAs (mol/L) was
observed in the proximal colon (p < 0.001, vs control) (Fig. 4 B) after 30
days of CPF exposure but no impact on total SCFAs was detected in ileum
(Fig. 4 A), transverse (Fig. 4 C) and distal colon (Fig. 4 D). However, a
significant decrease in propionate ratio (Fig. 4 a.3, b.3, c.3, d.3) was seen
after 30 days of CPF exposure in the proximal (p < 0.001, vs control; p <
0.0001, vs CPF15), transverse (p < 0.05 vs control), and distal colon (p
< 0.05 vs control), accompanied by an increase in butyrate in the
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CPF; CPF30: 30 days of CPF.

proximal colon (p < 0.0001, vs CPF15 and vs CPF30), but a decrease in
butyrate in the distal colon after 30 days (p < 0.05 vs control). In the
distal colon, there was a tendency for the acetate ratio to increase from
65 to 80 (Fig. 4 d.1), although this was not significant due to the pro-
gressive increase between CPFO (control), CPF15days, and CPF30days,
to the expense of butyrate and propionate significant decrease.

In the SHIME model representing the GM of pregnant women, total
SCFAs increased in the proximal colon after 30 days of CPF exposure (p
< 0.01, vs control). Additionally, a significant increase in total SCFAs
was detected in the transverse and distal colon after 15 and 30 days of
CPF treatment. Regarding SCFAs ratios, a 20% decrease in acetate (from
80 to 60) was observed after 15 days of CPF treatment in the distal colon
(p < 0.05 vs control), accompanied by a 20% increase in propionate (p
< 0.001, CPF15 vs control and CPF30 vs control). This increase in
propionate was also significant in the ileum, proximal colon, and
transverse colon after 15 days, and remained significant in the trans-
verse and distal colon after 30 days. A 10% increase in butyrate (Fig. 4

a.2,b.2, c.2, d.2) was noted in the ileum (5% after 15 days of CPF and 5%
after 30 days), while a 10% decrease in butyrate was observed in the
proximal colon.

In the case of GM supplemented with inulin, changes in total SCFAs
were only detected in distal colon: significant increase after 15 days of
exposure to CPF + preb (p < 0.001, vs control) that was restored to
control levels after 30 days. However, an approximate 10% increase in
butyrate was observed in the ileum after 15 and 30 days of exposure (p
< 0.001, vs control), but a decrease in butyrate was noted in the prox-
imal colon after 15 days of, and also in the transverse colon after 15 and
30 days to the favor of an increase in propionate after 30 days in the
transverse and distal colon.

3.3. CPF assay in SHIME® reactors

The assay of CPF and its metabolites was conducted to assess their
biotransformation by GM across SHIME® reactors, spanning from the
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stomach to the distal colon. It was crucial to ascertain the presence of
CPF in donors’ fecal samples prior to the control period and exposure.
Our findings indicated an absence of CPF and its metabolites in the re-
actors before exposure in both SHIME® experiments: CPF non-pregnant
women (Fig. 5A1 and A2), CPF pregnant women (Fig. 5B1 and B2) and
CPF + prebiotic (Fig. 5C1 and C2). This implies that the fecal inoculum
was devoid of CPF and its metabolites, ensuring that the observed effects
on the GM were attributable solely to the CPF introduced into the
stomach reactor (R1). Following the collection of all control sample
replicates, CPF administration started, as evidenced by the increased
CPF concentrations in reactor samples between the control and 30-day
exposure period. The highest CPF concentration was observed in the
stomach at day 10 of exposure in the SHIME CPF experiments and at day
15 in the SHIME CPF + prebiotic. Post this peak, CPF concentrations
began to decline progressively across all reactors. During this decline,
minor increases were noted, corresponding to the daily addition of CPF.
Notably, in the SHIME supplemented with the prebiotic, the decline in

CPF concentration was more rapid, with lower detections in the colon
reactors compared to SHIME CPF. Furthermore, the final CPF concen-
tration was lower in the SHIME CPF + prebiotic than in SHIME CPF.
Specific metabolites of CPF (Chlorpyrifos-oxon and 3,5,6- trichloro-2-
pyridinol (TCP)) were not detected across reactors.

3.4. Effect of CPF-treated women GM on bacterial translocation across IB
and BBB models and permeability measurement

To assess the impact of GM exposure to CPF on IB integrity, we
measured the permeability to FD4 (Pe FD4) in Caco-2 cells after a 4-h
exposure to both untreated SHIME® colon supernatants (control
group) and CPF-exposed SHIME® colon supernatants.

The graph of intestinal permeability in the IB model reveals signifi-
cant variations across different treatment groups (Fig. 6B, left graph).
Under negative control conditions, where barriers were not exposed to
SHIME® supernatants (ctrl), negligible dye passage was observed, with
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Pe values remaining below 0.2 x 107> cm/s. This confirms the integrity
of the barrier in the absence of SHIME® exposure, indicating a stable
and intact IB. After exposure to CPF (15 days)-treated SHIME® super-
natants, no significant variation of Pe FD4 was detected. However, upon
exposure to CPF (30 days)-treated SHIME® supernatants there is a
marked increase in permeability, suggesting that CPF disrupts the IB
function. Specifically, the permeability value rises from a baseline of
approximately 0.13 x 10> cm/min in the control group to around 0.8
x 10~° cm/min in the Caco-2 cells. In contrast, the cells exposed to CPF
+ inulin-treated SHIME® supernatants had permeability values similar
to the control, suggesting that inulin maintains the integrity of the IB.

Immunofluorescence analysis of the tight junction protein ZO-1
confirmed these permeability results. In the control group, ZO-1
(green) was consistently localized along the Caco-2 cell membrane
(Fig. 6 Ca), indicating intact tight junctions. After exposure to CPF-
treated SHIME® supernatants, ZO-1 staining became discontinuous
and faded, consistent with the increased permeability and disruption of
tight junctions. In contrast, ZO-1 staining remained intact in the CPF +
inulin group, further supporting the protective role of inulin against
CPF-induced tight junction disruption.

To assess the potential indirect effects of CPF on the BBB, endothelial
cells were exposed to aliquots collected from the basolateral

compartment of Caco-2 cells after 4 h of SHIME® exposure, where CPF
may have been metabolized. Despite the observed disruption in the IB,
no significant changes in FD4 permeability were detected in the BBB
endothelial cells after exposure to these basolateral aliquots (Fig. 6 B,
right graph), indicating that gut-derived factors did not compromise
BBB integrity under these conditions.

In parallel, we assessed the possibility that the increased Pe FD4 in
Caco-2 cells could lead to bacterial translocation from the apical to the
basolateral compartments and into the endothelial cells of the BBB.

We first assessed bacterial translocation across Caco-2 cells exposed
to CPF-treated SHIME® supernatants (from the distal colon or a mix of
all colon segments). As shown in Fig. 6 D, significant differences in
bacterial translocation were observed among treatment groups, indi-
cating disruption of IB function. In the control group, the percentage of
bacterial translocation remained low, confirming that exposure to non-
treated SHIME® supernatants did not compromise IB integrity. How-
ever, exposure to CPF (30 days)-treated SHIME® supernatants led to a
marked increase in translocation, with percentages rising from 0% in the
control group to 30% in the CPF15 group and 87% in the CPF30 group
(distal colon). Similarly, in Caco-2 cells exposed to colon mix SHIME®
supernatants, translocation percentages increased from 0% in the con-
trol to 30% in CPF15 and 92% in CPF30. In contrast, inulin maintained
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gut barrier stability, with translocation percentages comparable to the
control, ranging from 0% to 13% (distal colon) and 3%-11% (colon
mix). Next, we examined the hypothetical possibility that the increase in
Pe FD4 in Caco-2 cells could affect bacterial translocation to the endo-
thelial cells of the BBB. Importantly, no bacterial translocation was
detected across the BBB, confirming the stability of BBB permeability
after 4 h of exposure to Caco-2 basolateral samples.

4. Discussion
4.1. Impact of CPF on gut microbiota-BBB axis and prevention by inulin

The GM-BBB axis represents a complex and dynamic communication
network that links the gut, the IB, and the brain. The GM plays a crucial
role in maintaining intestinal homeostasis by regulating the perme-
ability of the IB and modulating immune responses by producing me-
tabolites (e.g. SCFAs). In turn, the IB serves as the first line of defense
and acts as a crucial checkpoint against harmful pathogens and toxins,
preventing bacterial translocation and ensuring that only essential nu-
trients and metabolites are absorbed into the bloodstream (Abou Diwan
et al., 2023). The BBB is a selective barrier that shields the brain from

harmful substances circulating in the blood and works in parallel with
the IB to maintain central nervous system (CNS) homeostasis (Abbott
et al.,, 2010). Communication between the gut and the brain occurs
through various pathways, including microbial metabolites, immune
signaling, and systemic circulation. Dysregulation in this axis—whether
through pesticide exposure, altered GM composition, increased intesti-
nal permeability, or BBB disruption—can initiate a cascade of effects
contributing to neuroinflammation and neurodegenerative diseases
(Matsuzaki et al., 2023). While some studies have explored these dy-
namics, there is limited research specifically focusing on pregnant
women. Our study specifically aims to evaluate the impact of CPF on the
GM, IB, and BBB, and to analyze the potential protective effects of inulin
during CPF exposure.

The primary objective of this study was to assess the consequences of
pesticide-induced gut dysbiosis in the SHIME® model (Van de Wiele
et al., 2015; Joly Condette et al., 2022) on IB and BBB permeability,
utilizing an IB model of Caco-2 cells (Sevin et al., 2013) and a BBB
co-culture model of human brain-like endothelial cells and human per-
icytes (Versele et al., 2022). Additionally, our research explores whether
gut dysbiosis induced by CPF exposure can lead to bacterial trans-
location across the IB and BBB. Since bacterial translocation is a critical



M. Abou Diwan et al. Environmental Pollution 367 (2025) 125533

A SHIME® gut model
*
(i — * 1 N
‘ —1} IB model || ‘
Blood content
Artificial Pr1, (eastor2n (Reacies)
supply Caecum
B IB model IB = BBB
£ 6 £ 15
£ €
£ 4 =
5,1 ﬁ.ﬁa 5
) e 107 °
O Before exposure (control period) < 10
@ 15 days exposure é é
e 30 days exposure 2 2
0.5 0.5
N K & O
) & &
& S
&

Cc CPF+inulin exposure
D
Intestinal segment Treatment Percentage of bacterial translocation
(SHIME reactor) (%)
CPFO 0
CPF15 56
Distal colon CP%EI;I%?UO 807
CPF+INU15 13
CPF+INU30 0
CPFO0 0
CPF15 30
Colon mix (proximal, transverse and CP%I:LI;IS\PUO 902
sl CPF+INUIS 11
CPF+INU30 3

(caption on next page)

10



M. Abou Diwan et al.

Environmental Pollution 367 (2025) 125533

Fig. 6. Effect of 15 and 30 days (CPF15 and CPF30) of CPF exposure (1 mg/day) + inulin (10 mg/day) of GM on IB and BBB models. (A) Schematic representation of
the combination of the three human in vitro models. The SHIME® model is represented by six reactors (stomach to distal colon), maintained at 37 °C, controlled pH,
and connected by peristaltic pumps. Artificial supply is connected to the stomach while pancreatic juice is connected to duodenum/jejunum reactor. (B) Permeability
to non-permeant FD4 in both barriers IB and BBB models. Ctrl: permeability of negative control in the absence of SHIME; CPF: in the presence of SHIME® exposed to
CPF (grey for the experiment after 15 days of exposure and black for experiment after 30 days of exposure to CPF); CPF + inulin: in the presence of SHIME® exposed
to CPF + inulin (grey for the experiment after 15 days of exposure and black for experiment after 30 days of exposure to CPF + inulin); DMSO: positive control of
permeability in the absence of SHIME®. (C) Immunostaining of Zonula Occludens 1 (ZO-1) (green color) of Caco-2 cells. Nuclei appear in red. Scale bar = 20 pM.
White arrows indicate discontinuous staining. (D) Bacterial translocation percentage of SHIME® total flora (of distal colon and colon mix of the three colon segments)
across the IB (Caco-2 cells) at CPFO (SHIME® samples collected before CPF exposure), CPF15 (SHIME® samples collected 15 days after CPF exposure) and CPF30
(SHIME® samples collected 30 days after CPF exposure). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

factor in the development of systemic inflammation and has been linked
to various diseases, understanding this process is essential for evaluating
the broader implications of pesticide exposure on human health.

In our previous studies, we utilized a rat model to investigate the
effects of chronic CPF exposure on the maternal GM and the subsequent
transgenerational impact on offspring, both in utero and postnatally
(Djekkoun et al., 2022a, b; Abou Diwan et al., 2024). Recognizing the
value of combining in vivo and in vitro approaches for a comprehensive
understanding of pesticide toxicity, our current research employed in
vitro models that more closely simulate human physiology. The novelty
of our study lies in the integration of three highly standardized in vitro
models, effectively mimicking the GM-BBB axis.

Gut microbiota composition Our study revealed that CPF exposure
significantly disrupts GM composition, leading to an increase in patho-
genic bacteria, particularly Clostridium spp. and Enterococcus spp., while
decreasing beneficial bacteria like Lactobacillus spp. Notably, co-
exposure to the prebiotic inulin mitigated some of these adverse ef-
fects, restoring Lactobacillus populations and stabilizing pathogenic taxa.
This indicates that inulin may play a protective role in maintaining GM
balance and intestinal integrity, positioning it as a potential therapeutic
intervention against pesticide-induced gut alterations.

Overall, CPF exposure resulted in intestinal dysbiosis in both preg-
nant and non-pregnant women, with a more pronounced increase in
Clostridium spp. and Enterococcus spp. observed in pregnant women,
suggesting heightened sensitivity during this critical period. While our
study aimed to demonstrate the robustness and statistical confidence of
our results through p-value that was less than 0.0001 in some condi-
tions, we acknowledge that bacterial numbers can exhibit substantial
variability. Therefore, statistical significance does not always equate to
biological relevance. In light of this, our aim was to emphasize the
biological relevance and significance of our findings on gut dysbiosis,
rather than focusing solely on statistical metrics.

Our findings in pregnant women GM underscore the need for further
research into the implications of pesticide exposure on gut health,
particularly in vulnerable populations.

Barrier’s permeability Our findings indicate that an increase in
pathogenic bacteria due to CPF exposure can exacerbate IB inflamma-
tion and permeability, leading to bacterial translocation. Permeability
assays with Caco-2 cells demonstrated that SHIME® supernatants from
CPF-treated conditions compromised gut barrier integrity, evidenced by
increased FD4 permeability. This suggests that CPF, upon metabolism by
gut bacteria, weakens the IB.

Immunofluorescence analysis of ZO-1 further supported these
permeability findings. Importantly, while CPF compromised the IB, it
did not lead to bacterial translocation across endothelial cells, indicating
the BBB’s resilience under these conditions. The BBB is a highly selective
and tightly regulated barrier (Abbott et al., 2010), reinforced by more
complex tight junctions which may explain its increased resistance to
CPF effects under our experimental conditions (Obermeier et al., 2013;
Saunders et al., 2015). This observation reinforces the notion that the
BBB remains unaffected by CPF exposure, highlighting its robust pro-
tective mechanisms. These results emphasize the role of the GM-BBB
axis and the critical importance of maintaining IB integrity to prevent
systemic exposure to harmful bacteria. Moreover, the absence of
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bacterial translocation (0O bacterial colonies detected) across the BBB
further validates the reliability of our technique.

Notably, co-treatment with the prebiotic inulin reduced permeability
and bacterial translocation, highlighting its protective effects against
CPF-induced disruption of the gut barrier. Overall, these findings un-
derscore inulin’s therapeutic potential in preserving gut health in the
presence of harmful substances like CPF.

SCFAs ratio alterations SCFAs are crucial metabolites produced by
gut bacteria and play a vital role in maintaining gut health and barrier
function. Acetate is the most abundant SCFA (acetate 60: butyrate 20:
propionate 20) and serves as a precursor for butyrate production (Dalile
etal., 2019; Zhang et al., 2023). In pregnant women, CPF exposure led to
a decrease in butyrate, essential for colonocyte integrity and
anti-inflammatory and neuroprotective functions, favoring propionate
production. This shift is related to the decrease of butyrate-producing
bacteria (such as Faecalibacterium prausnitzii) and could compromise
gut barrier function and increase inflammation (Li et al., 2024).
Conversely, the decrease of propionate to the favor of butyrate in CPF
treated non-pregnant women GM in proximal colon is potentially
negative for systemic metabolism, as propionate has been linked to
cholesterol reduction and anti-inflammatory effects. The decrease of
propionate, as seen after CPF exposure in transverse colon of
non-pregnant women, and the decrease of both (butyrate and propio-
nate) in distal colon, compromising the gut barrier and metabolism, can
explain the increased bacterial translocation we observed across the IB.
These findings align with our bacterial culture results, which revealed a
rise in the potentially pathogenic bacteria (e.g. pathogenic Clostridium
and Enterococcus) to the expense of beneficial bacteria (Bifidobacterium,
Lactobacillus and beneficial Clostridium of cluster IV and XIV) (Guo et al.,
2020).

In contrast, the increased butyrate ratio in ileum by inulin supple-
mentation was not accompanied with propionate ratio decrease. In
distal colon, inulin increased propionate ratio but butyrate didn’t
decrease which explains the beneficial effects of inulin we observed in
bacterial culture (increase of Bifidobacterium and Lactobacillus) and the
reduced risk of bacterial translocation (Djekkoun et al., 2022a; Qin
et al., 2023; Abou Diwan et al., 2024). In addition, the time-dependent
variations of butyrate and propionate confirm the link with a stable
saccharolytic activity of the GM due to the prebiotic. Together, these
data highlight the detrimental impact of CPF on GM composition, SCFAs
production, and barrier integrity, emphasizing the potential benefits of
interventions such as inulin supplementation.

CPF semi-quantitative assay While previous studies focused on CPF
degradation by soil bacteria and insect’s intestine, our study reported for
the first time CPF concentrations in all intestinal segments of the human
in vitro model. In this study, we successfully quantified CPF concen-
trations from day O (pre-exposure) to day 30 of exposure, representing a
significant advancement in research on organophosphate metabolism
alone and in the presence of prebiotics.

Our CPF assay results demonstrated an initial spike in CPF levels in
the stomach, after CPF exposure started, due to direct ingestion, influ-
enced by the acidic environment. As CPF moved to the duodenum, levels
fluctuated, showing a secondary peak due to further digestion and ab-
sorption aided by bile and pancreatic enzymes. In the transverse colon,
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CPF levels increased more slowly, reflecting the slower transit time and
ongoing absorption and metabolism, with GM potentially altering CPF
levels.

Our results showed that in the SHIME experiment supplemented with
the prebiotic inulin, the decline in CPF concentration was more rapid,
and lower CPF levels were detected in the colon reactors compared to
the SHIME CPF experiment without inulin. Additionally, the final CPF
concentration was lower in the SHIME CPF + prebiotic experiment than
in the SHIME CPF. Inulin, as a prebiotic, promotes the growth of bene-
ficial bacteria, which may be more efficient at breaking down CPF.
Therefore, inulin may enhance the biotransformation and clearance of
CPF by the GM. This enhanced microbial activity could lead to a more
rapid decline in CPF concentration.

Another possible explanation is that inulin may bind to CPF,
reducing its bioavailability. The binding capacity of fibers to pesticide
residues has been studied previously (Ta et al., 1999), suggesting that
they could limit CPF absorption in the gut by binding to it, thereby
reducing its concentration in the colon reactors.

Extending the time points of assessment provides a comprehensive
understanding of CPF metabolism, revealing long-term effects and aid-
ing in the development of mitigation strategies.

Furthermore, specific metabolites of CPF, such as CPF-oxon and TCP,
were not detected across reactors. The absence of CPF-oxon and TCP
does not necessarily indicate that the microbial community in our model
did not metabolize CPF. The observed decrease in CPF concentration
from the stomach to the distal colon suggests that CPF was indeed
metabolized by the GM. If CPF had been randomly degraded, we would
expect to see uniform degradation across all intestinal segments.
Instead, the progressive reduction in CPF concentration from the
stomach to the colon supports the conclusion that the GM actively
metabolized CPF as it passed through the different intestinal segments.

Moreover, this absence indicates that either these metabolites were
not produced in detectable amounts by the semi-quantitative technique
HPLC — MS- QTOF (which requires a more efficient quantitative method)
or were rapidly further metabolized by the GM. Studies have indeed
indicated that CPF-oxon may be degraded in the acidic environment of
the stomach and/or undergo extensive first-pass metabolism within the
gut (Eaton et al., 2008).

Overall, our results highlight the potential role of prebiotics like
inulin in modulating the biotransformation and clearance of environ-
mental toxins such as CPF in the gut, by increasing bacterial species
capable of degrading CPF (Harishankar et al., 2013). investigating the
specific bacterial strains involved in CPF biotransformation could pro-
vide deeper insights into the mechanisms at play. This could have sig-
nificant implications for dietary interventions aimed at reducing the
toxic burden of such compounds in human and could be particularly
beneficial in populations with high exposure to CPF.

Results consistency with existing literature Our findings align with
previous in vitro studies that have demonstrated the detrimental effects
of CPF on GM and barrier integrity (Réquilé et al., 2018; Guibourdenche
et al., 2021; Joly Condette et al., 2022). For instance, a study reported
similar gut dysbiosis by analyzing GM bacterial phyla (Zhao et al.,
2016). The studies mentioned above have shown that CPF disrupts tight
junction proteins, leading to increased intestinal permeability in Caco-2
cells after direct exposure to CPF or exposure to CPF-treated gut sam-
ples. This mirrors our results, where CPF exposure resulted in compro-
mised gut barrier function.

Moreover, studies focusing on the role of the GM in regulating IB
function have shown that dysbiosis can compromise barrier integrity (Di
Vincenzo et al., 2023). These alterations in intestinal permeability are
associated with several factors, including dietary components, microbial
dysbiosis, and environmental toxins. This increased permeability is
linked to systemic inflammation and metabolic disorders (Takiishi et al.,
2017).

Numerous studies have documented significant alterations in GM
composition due to environmental exposures, particularly pesticides

12

Environmental Pollution 367 (2025) 125533

and other chemicals. For instance, Diazinon showed an impact on
composition of bacterial populations (Lachnospiraceae, Ruminococca-
ceae, and Clostridiaceae) (Gao et al., 2017; Meng et al., 2020). Glypho-
sate, a widely used herbicide, has also been shown to alter GM balance
by decreasing the relative abundance of Firmicutes and Lactobacillus and
increasing Fusobacteria and proinflammatory cytokines IL-1p, IL-6, and
TNF-a (Tang et al., 2020). Additionally, a study by Mao and colleagues
demonstrated that exposure to glyphosate, resulted in a marked
decrease in the diversity of gut microbial communities in rodent models
(Mao et al., 2018). This reduction in diversity was accompanied by an
increase in pathogenic bacteria, highlighting the potential for environ-
mental toxins to disrupt microbial balance. The impact of glyphosate on
GM suggests that this herbicide is unlikely to remain unchanged as it
passes through the digestive system. In fact, its chemical structure,
specifically its phosphonate group, makes it highly reactive in the acidic
environment of the stomach and the enzymatic conditions of the in-
testines. This leads to its metabolization contributing to the observed
disruptions in microbial diversity (Lesseur et al., 2022).

Furthermore, studies found that exposure to pesticides can disrupt
integrity in intestinal epithelial cells, resulting in heightened perme-
ability and increased risk for inflammatory diseases. As an example, the
fungicide Imazalil decreased Firmicutes population inducing gut dys-
biosis and disrupted IB (Jin et al., 2016, 2021).

The protective effects of inulin observed in our study are also sup-
ported by previous research, which demonstrated that inulin supple-
mentation can restore gut balance and IB function and reduce
neuroinflammation (Hoffman et al., 2019; Uerlings et al., 2020).
Moreover, a recent study demonstrated beneficial inulin effects on BBB
permeability (Wang et al., 2023). These comparisons highlight the
consistency of our findings with existing literature and underscore the
potential of inulin as a therapeutic intervention. Overall, these findings
underscore the sensitivity of the GM to environmental influences and the
potential consequences of such disruptions on health. Understanding
these dynamics is essential for developing targeted interventions to
preserve gut health, particularly in vulnerable populations, including
pregnant women.

While our findings align with many previous studies of CPF impacts
on GM, the specific interaction between the GM, the IB, and the BBB
remains an emerging field of research. Unlike many other studies that
focused solely on the IB or GM, our study provides a novel exploration of
the GM-BBB axis, emphasizing the importance of investigating pesticide
effects across multiple biological barriers in vulnerable population
(pregnant women). This comparison further highlights the necessity of
combining in vitro models with in vivo studies to provide a more
comprehensive understanding of the long-term effects of environmental
contaminants like CPF on human health.

4.2. Strength and novelty of the in vitro approach to study the
consequences of the GM dysbiosis on the human IB and BBB

In vivo and in vitro models are both essential tools in studying
pesticide toxicity, each offering unique advantages. In vivo models,
which involve studying pesticides in living organisms, provide a holistic
understanding of how these chemicals interact with biological systems.
However, these models are often expensive, time-consuming, and raise
ethical concerns related to animal testing. In contrast, in vitro models
offer a controlled environment where experimental conditions such as
pH, temperature, and nutrient availability can be precisely manipulated,
leading to higher reproducibility of results, which is crucial for vali-
dating scientific findings. These models are cost-effective, allow high-
throughput screening and reduce the need for animal experimenta-
tion, addressing ethical issues.

Our mechanistic approach, using three standardized human in vitro
models that mimic the GM-BBB axis, enables a detailed exploration of
microbial interactions and enhances in vitro studies by incorporating
key processes often missing in standard experiments. However, it is
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important to note that this model greatly simplifies the complexity of the
GM-BBB axis, as it does not account for the full range of these physio-
logical interactions that occur in a living organism.

4.3. Limits and perspectives

Future studies should prioritize investigating the underlying mech-
anisms behind CPF’s selective effects on the IB compared to the BBB.
Understanding how inulin provides its protective benefits—particularly
optimal dosages and its efficacy when used in conjunction with other
interventions—will be essential. Additionally, long-term studies are
necessary to evaluate the chronic impacts of CPF exposure on both the IB
and BBB, potentially extending exposure durations to 24 h or several
days to capture sustained effects. Furthermore, to better represent actual
population exposures, future models could be designed to examine the
combined effects of multiple pesticides, building on previous research
that has explored the interactions between CPF and glyphosate in rela-
tion to brain health (Benbrook et al., 2021; Zhang et al., 2023). Such
comprehensive investigations could significantly enhance our under-
standing of pesticide toxicity and its implications for human health.

To hypothetically improve our mechanistic approach and better
mimic the gut-brain axis, we could explore the integration of more
complex models.

5. Conclusion

In summary, our study provides insights into the impact of CPF on
GM, IB, and BBB. By using in vitro models and fecal samples from
women of child-bearing age and pregnant women, we elucidated the
differential responses of the GM to CPF during pregnancy and its sub-
sequent effects on the IB and BBB permeability, as well as bacterial
translocation. Our findings revealed the detrimental effects of CPF on
GM composition and IB integrity, while highlighting the protective role
of inulin.

Importantly, while the dose of 1 mg/day CPF used in this study
(approximately 0.016 mg/kg/day for a 60-kg individual) might be
higher than typical environmental exposure levels for the general pop-
ulation, it aligns with potential exposure scenarios for individuals in
high-risk settings, such as occupational environments or areas with
elevated pesticide use. This dose provides valuable insight into the
upper-limit risks associated with CPF exposure, especially for vulnerable
populations like pregnant women. By addressing these exposure sce-
narios, our findings emphasize the importance of understanding the
health implications of both typical and heightened CPF exposure levels
in real-world contexts. Future studies should further investigate the
long-term protective effects of prebiotics like inulin in mitigating
pesticide-induced dysbiosis and barrier dysfunction.
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