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ARTICLE INFO ABSTRACT
Keywords: Chlordecone (CLD) is a pesticide persisting in soils and contaminating food webs. CLD is sequestered in the liver
Pesticide and poorly metabolized into chlordecol (CLDOH). In vitro liver cell models were used to investigate the fate and
MASLD mechanistic effects of CLD and CLDOH using multiomics. A 3D-cell model was used to investigate whether CLD
Igfp::;?g;es and CLDOH can affect susceptibility to the metabolic dysfunction-associated steatotic liver disease (MASLD).
Muglti()mics Hepatocytes were more sensitive to CLD than CLDOH. CLDOH was intensively metabolized into a glucuronide

conjugate, whereas CLD was sequestered. CLD but not CLDOH induced a depletion of Septin-2,— 7,— 9,— 10,— 11
due to proteasomal degradation. Septin binding with CLD and CLDOH was confirmed by surface plasmon

Abbreviations: BA, bile acid; CLD, chlordecone; CLDOH, chlordecol; DCA, dicarboxylic acid; FAO, fatty acid oxidation; FWI, French West Indies; HCC, hepato-
cellular carcinoma; HCS, high-content screening; HML, HepaRG/Macrophages/LX-2; LD, lipid droplet; MS/MS, tandem mass spectrometry; MASLD, non-alcoholic
fatty liver disease; NASH, non-alcoholic steatohepatitis; OXPHOS, oxidative phosphorylation; PHH, primary human hepatocyte; ROS, reactive oxygen species; SCD,
stearoyl-CoA desaturase; SPR, surface plasmon resonance.
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resonance. CLD disrupted lipid droplet size and increased saturated long-chain dicarboxylic acid production by
inhibiting stearoyl-CoA desaturase (SCD) abundance. Neither CLD nor CLDOH induced steatosis, but CLD
induced fibrosis in the 3D model of MASLD. To conclude, CLD hepatoxicity is specifically driven by the
degradation of septins. CLDOH, was too rapidly metabolized to induce septin degradation. We show that the
conversion of CLD to CLDOH reduced hepatotoxicity and fibrosis in liver organoids. This suggests that protective
strategies could be explored to reduce the hepatotoxicity of CLD.

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD),
which includes liver steatosis and steatohepatitis with or without
fibrosis, is a major risk factor for the development of hepatocellular
carcinoma (HCC). The prevalence of MASLD worldwide was reported as
around 32 % [1]. MASLD susceptibility is multifactorial, being linked to
genetics, epigenetics, diet, and a sedentary lifestyle among others, but
also exposure to environmental contaminants [2]. MASLD has been
shown to be affected by exposure to some pesticides [3] such as vinyl
chlorine [4], benzene [5], perfluoroalkyl substances (PFASs) [3] and
other persistent organic pollutants (POPs) [6]. However, the mecha-
nisms of action of chemicals leading to MASLD remain largely unknown
[3,7], particularly those of organochlorine pesticides [8-10].

Chlordecone (CLD) is an organochlorine pesticide used to control the
banana weevil Cosmopolites sordidus in the French West Indies (FWI)
from 1970 to 1993. Despite its ban by France in the 90 s, its high
persistence in soil [11] has enhanced the transfer into agricultural food
resources as well as into other environmental compartments and the
organisms living in these ecosystems [12], raising major concerns for
environmental and public health [13]. Besides neurological symptoms
(i.e., tremors, ataxia), chlordecone-exposed workers in the Hopewell
plant in Virginia, USA, showed hepatic concentrations ranging from 27
to 350 uM with a liver to blood concentration ratio of 15 [14], revealing
that the liver is a preferred target of CLD exposure. Moreover, Hopewell
workers developed mild steatosis, portal inflammation and fibrosis [15].
A recent report estimated that 92 % of Guadeloupeans and 95 % of
Martinicans were exposed in 2014 above the limit of quantification for
chlordecone (0.041 nM or 0.02 pg/L in plasma), with 14 % and 25 %,
respectively, exceeding the chronic internal toxicity reference value,
established at 0.81 nM (0.4 ug/L in plasma) ([16]; DREES-Insee [17];
EPA [18]; Santé publique France [19]).

Epidemiological studies have suggested that CLD could be involved
in prostate cancer [20,21], might also impair neurodevelopment and
cognitive abilities [22,20,23]. CLD has also been described as an
endocrine disruptor [24-27]. In the liver, CLD has been shown to induce
hepatic dysfunctions [28] and hepatocellular hypertrophy, to increase
liver size in humans [15] and rats [29], to potentiate fibrosis induced by
drugs such as carbon tetrachloride [30] and to promote liver tumors in
rats and mice [31,32]. Nevertheless, the prevalence of liver cancer in the
FWI was reported to be lower than in metropolitan France (Santé pub-
lique France, 2019). In humans and animals, CLD is metabolized into
chlordecol (CLDOH), the major phase I metabolite [33]. The CLD ketone
group is reduced to alcohol by the liver-specific aldoketoreductase
AKR1C4 to form CLDOH. Although this metabolic pathway has mainly
been observed in humans, pigs, gerbils, and rabbits, less CLDOH was
formed in rats and mice [34]. Glucuronidated and sulfated forms have
been described as major phase II metabolites of CLD. They are excreted
mainly by the fecal route as deconjugated forms [33]. A high level of
CLDOH (ratio 3:1 compared with CLD) has been reported in human bile
after a glucuronide deconjugation step. In rats, CLD diffuses into
different tissues, but mainly the liver, where it is sequestered [35].
However, it also reaches fat and brain tissue, though in smaller quan-
tities (EPA, 2009). Despite detoxification, CLD has been shown to be
sequestered in the human body, particularly in the liver according to
human physiologically-based pharmacokinetic models based on rats
[35,36]. Both enterohepatic cycle reabsorption and sequestration by

chlordecone-binding proteins (CDBPs) in liver cells [36] can explain
CLD persistence in the human body, a long half-life in workers (max. 148
days) having been reported [14]. Moreover, CLD and CLDOH display
affinity for plasma proteins such as lipoproteins [37], and CLD has also
been reported to bind albumin [38].

Although some cellular effects of CLD on liver—such as adenosine
triphosphate hydrolase (ATPase) inhibition and induction of cyto-
chrome P450—have been reported [39], the mechanisms involved in
CLD hepatotoxicity remain unclear.

The present study analyzed the molecular mechanisms involved in
CLD hepatotoxicity as well as the impact of metabolization through liver
hepatic cell models (both HepaRG cells and primary human hepato-
cytes) exposed to CLD and CLDOH, using metabolomics and proteomics.
Both kinetic and dose-response studies were carried out. Furthermore,
given the 25 % prevalence of obesity in the FWI (10 % higher than in
metropolitan France) observed in 2019 (DREES-Insee, 2021) and its
relationship with liver pathologies [28], the effects of CLD and CLDOH
on the progression of MASLD were also assessed using an organoid
model mimicking MASLD.

2. Experimental Procedures
2.1. Reagents

Chlordecone (> 98 %) and chlordecol (> 98 %) were purchased from
Azur Isotopes SAS (Marseille, France). Ronidazole-d3, MG132 (> 90 %),
bafilomycin A1 (> 90 %), and tamoxifen (> 98 %) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Erythromycin-d6 was purchased
from Toronto Research Chemicals (North York, ON, Canada). Flunixin-
d3 and albendazole-d3 were purchased from Witega Laboratorien
Berlin-Adlershof GmbH (Berlin, Germany). Forchlorfenuron (> 90 %),
liquid chromatography-mass spectrometry (LC-MS) grade acetonitrile,
methanol, and water were purchased from Fisher Scientific (Waltham,
MA, USA).

2.2. Cell culture

The culture of the human hepatic cell line HepaRG (Biopredic In-
ternational, Rennes, France) has already been described [40]. This
protocol leads to a mixture of both cholangiocyte- and hepatocyte-like
cell populations after a 15-day differentiation period [41]. Cryo-
preserved PHHs derived from a 67-year old Caucasian male (Batch
number: HEP187436-PA05) suffering from liver metastases from colo-
rectal cancer (cause of death) were obtained from Biopredic Interna-
tional (Saint-Grégoire, France). The PHHs were cultured as previously
described [40] and according to the supplier’s protocol. For
HepaRG/Macrophages/LX-2 (HML) organoids, HepaRG cells were
cultured following the previously described method, except that differ-
entiation was obtained using 2 % DMSO. Human macrophages were
differentiated from peripheral blood mononuclear cells as previously
described [42]. Peripheral blood mononuclear cells were isolated from
buffy coat donations obtained from the French Blood Agency (Eta-
blissement Francais du Sang, Rennes, France). Monocytes were enriched
using a human CD14 separation kit (Microbeads; MiltenyiBiotec, Ber-
gisch Gladbach, Germany). Macrophages were obtained from mono-
cytes after differentiation. LX2 cells, provided by S.L. Friedman (Icahn
School of Medicine at Mount Sinai, New York, USA), were cultivated in
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an activated state, as previously described [43]. Detailed protocols are
presented in the Supplementary Materials and Methods section.

2.3. Production of HepaRG/Macrophages/LX-2 Organoids and steatosis
and fibrosis induction

HML organoids were generated by seeding a solution of isolated cells
in a Sigma micro-mold system (Z764051-6EA; Sigma, St. Louis, MO,
USA), following the method described previously [44]. Cells were
seeded at a density of 2000 cells per organoid, with a ratio of 80 %
differentiated HepaRG, 10 % macrophages, and 10 % LX-2 cells. After 3
days of culture, the FBS concentration was reduced to 1 %. Treatments
with CLD and CLDOH began at 8 days of culture. Medium with CLD and
CLDOH was renew at 11 and 13 days of culture, prior to organoid har-
vest after 14 days of culture.

For steatosis and fibrosis induction, HML organoids were treated
with a mixture of fatty acids to induce steatosis as previously described
[44]. The mixture is composed of 150 uM stearic acid and 300 uM oleic
acid (both from Sigma-Aldrich) prepared in fatty acid-free BSA. Treat-
ments started on day 5 after seeding and were repeated every other day
until day 14 of culture. Detailed procedures are presented in the Sup-
plementary Materials and Methods section.

2.4. Cell treatments

2D HepaRG cells were used in 12-well plates for (i) a concentration-
response experiment after 24-hour exposure to 1 and 5 uM CLD and 1, 5,
and 10 uM CLDOH and (ii) a kinetic experiment with 3-, 8-, 24- and 48-
hour time points at 5 uM CLD and at 5 and 10 uM CLDOH. Solvent
controls (0.1 % DMSO) were used for each time point. Triplicate wells
were used for each treatment condition. For PHHs, CLD and CLDOH
were incubated for 24 h at 5 and 10 uM, respectively, in medium sup-
plemented with 0.1 % DMSO. For the controls, the cell medium was
supplemented with 0.1 % DMSO. After treatment, cell culture media
were collected and frozen at — 80 °C. Cells were washed and lysed before
omics analyses as previously described [40]. Both cell culture media and
cell lysates were analyzed by metabolomics, whereas only cell lysates
were investigated by proteomics. To test proteasomal and lysosomal
degradation, HepaRG cells were incubated for 24 h with, respectively,
10 uM MG132 and 10 nM bafilomycin Al (Baf) in combination with, or
without, 5 uM CLD or 10 uM CLDOH. For organoids, CLD and CLDOH
were dissolved in DMSO and diluted in cell culture medium. After
treatment, HML organoids were harvested and fixed in 5 % formalin
during 1 h and washed in PBS. Organoids were embedded in paraffin
and 4 pm sections were cut at 4 um. HML organoids were generated in a
96-well round bottom ultra-low attachment plate to evaluate drug
toxicity. On day 8, 80 % of the well medium was renewed with medium
containing compounds prepared in 0.5 % DMSO. The medium was
renewed on D11 and D13 prior to further analysis. Detailed procedures
are presented in the Supplementary Materials and Methods section.

2.5. Cell viability testing

Prior to multiomic experiments, we determined the maximum con-
centrations of CLD and CLDOH that did not alter cell viability. Twenty-
four hours after seeding on 12-well and 24-well plates, hepatocytes
(HepaRG, PHHs) were exposed to increasing concentrations of CLD and
CLDOH for 24 h. After 24-hour exposure, cytotoxicity was evaluated
with an MTT (3- [4,5- dimethylthiazol-2-yl]—2,5-diphenyl tetrazolium
bromide) assay kit from Sigma Aldrich (St. Louis, MO, USA) with the
concentrations of CLD and CLDOH ranging from 0.31 to 20 uM for
HepaRG cells, and from 1.25 to 40 uM for PHHs. The viability of HML
organoids was measured after 7 days of treatment with CLD and CLDOH
using the CellTiter-Glo® Luminescent Cell Viability assay (Promega,
Charbonnieres, France) following the manufacturer’s instructions. The
luminescent signal was quantified using a POLARstar® Omega
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microplate reader (BMG Labtech, Ortenberg, Germany). Detailed pro-
cedures are presented in the Supplementary Materials and Methods
section.

2.6. Measurement of ATP and ROS levels

The cellular adenosine triphosphate (ATP) level was determined for
2D HepaRG cells and PHHs using the CellTiter-Glo® Luminescent Cell
Viability assay according to our previous work [40]. Reactive oxygen
species (ROS) generation was measured in 2D HepaRG cells using 2/,
7'-dichlorodihydrofluorescein diacetate (DCFDA) and Hoechst 33342
nuclear dye as previously described [40]. Tebufenpyrad, an inhibitor of
the mitochondrial complex I, was used as a positive control (at 10 uM).

2.7. Staining and immunolabeling of 2D HepaRG cells and HML
organoids

2D HepaRG cells were labeled with primary antibodies targeting
Septin-9 (sc-293291, Santa Cruz Biotech), Septin-2 (NBP1-06076,
Novus Biologicals), and Lamp-1 (ab24170, Abcam). Phalloidin-FITC
(P5282, Sigma Aldrich) and DAPI (D9542, Sigma Aldrich) were used.
BODIPY 493/503 (#790389, Sigma Aldrich) was used to visualize
neutral lipids and triglycerides in lipid droplets. 2D HepaRG cells were
immunolabeled in biological triplicates. Imaging was acquired with an
ArrayScan VTI HCS Reader (Thermo Scientific, Waltham, USA) system
at 20X magnification and analyses with the HCS studio software
(Thermo Scientific, Waltham, USA).

For staining and immunolabeling of HML organoids, each paraffin
section was stained by hematoxylin and eosin (H&E) and the best ones
were selected for immunochemical labeling using rabbit anti-Col1Al
(ab34710, Abcam), mouse anti-Col4 (CIV22) (DAKO _MO0785) and
mouse anti-Vimentin (V9-(3)) (DAKO_ M0725). The labeling was per-
formed on a Discovery ULTRA automated IHC stainer (ROCHE) using
the Ventana detection kit (Ventana Medical Systems, Tucson, Arizona).
To visualize nuclei, DAPI staining was added. Slides were scanned on a
Pannoramic confocal scanner (3DHISTECH Ltd., Budapest, Hungary) at
20X magnification.

2.8. Steatosis and fibrosis quantification

Steatosis release and progression were evaluated by quantifying
neutral lipids and triglycerides using BODIPY 493/503. The stained
HML organoids were acquired using a CellCyte X (Cytena, Freiburg,
Germany), and image analysis was performed using Cellcyte Studio
(Cytena, Germany). For fibrosis quantification, the images for nuclei
(DAPI), collagen 1 (COL1) and collagen 4 (COL4) quantifications were
acquired and stored in TIFF format. Images were analyzed using ImageJ
FIJI software v1.53 and Trackmate CellPose plugin v0.1.2. The TIFF
images were preprocessed before analysis to crop organoids and to
separate the blue and red channels corresponding to nuclei and COL1/4,
respectively. Nuclei of each organoid were counted using CellPose and
segment nuclei function. Three organoids were used for each experi-
mental condition. Then, to estimate fibrosis, the total intensity for the
red channel was quantified for each organoid and reported relative to
the number of nuclei per organoid.

2.9. Metabolomic data acquisition

Metabolites present in the cell culture media (500 pL) and cell lysates
(100 pg) were extracted and concentrated using a Strata-X 96-well plate
(30 mg, Phenomenex). For each experimental triplicate, metabolites
were analyzed by a Q-Exactive mass spectrometer coupled to a Vanquish
Flex Binary UHPLC system (both from Thermo Scientific) in negative
ionization mode. Three to five quality control (QC) samples were
included to check acquisition reproducibility. Parameters used for
chromatographic separations and MS acquisitions have been described
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previously [40]. Detailed protocols are presented in the Supplementary
Materials and Methods section.

2.10. Quantification and statistical analyses of metabolomic data

Except for the maximum element parameter set to
CooH19(ClyoK2N19Nas01gP3Ss, which indicates the maximum number of
each element for the annotations of CLD and CLDOH and their metab-
olites, the retention alignment step and the detection parameters for
Compound Discoverer 3.2 software (Thermo Scientific) were used as
previously described [40]. Moreover, data normalization and a QC
correction were applied to each dataset (Supplementary Fig. S1). Both a
database for endogenous metabolites (4400 entries, Thermo Scientific)
and an in-house database of metabolites specific to HepaRG cells were
used. Metabolites were annotated using Chemspider and the predicted
compositions algorithm of Compound Discoverer. Metabolite identifi-
cation was validated with Mzcloud using MS2 spectra and with linear
correlations of RT with XLogP3 and LogP of metabolites. A linear cor-
relation with an R? of 0.745 was obtained (Supplementary Fig. S2).
Neutral losses (61 species) were scanned in MS2 spectra to detect po-
tential phase I and II metabolites as previously described. P-values per
group ratio were calculated by a one-way ANOVA model with Tukey as a
post-hoc test and adjusted with a Benjamini-Hochberg correction. A
threshold of 0.05 was used to consider further abundance variations of
metabolites. The selection criteria for metabolites of interest were: (i)
their annotation based on the Schymanski classification [45], (ii) their
significance in terms of variation in abundance (p-value threshold
<0.05), (iii) their belonging to families of compounds such as bile acids
(BAs) or dicarboxylic acids (DCAs).

2.11. Proteomic data acquisition

Each sample’s protein concentration was determined using a BiCin-
choninic acid (BCA) protein assay (Thermo Scientific). Protein extracts
from triplicate cell lysates (100 pg) were precipitated, reduced, alky-
lated and digested by trypsin as described in our previous study [40].
Peptides were desalted and analyzed by a Q-Exactive mass spectrometer
coupled to a Vanquish Flex Binary UHPLC system (both from Thermo
Scientific). Chromatographic separation conditions were those
described in our previous work [40]. Detailed protocols are presented in
the Supplementary Materials and Methods section.

2.12. Quantification and statistical analyses of proteomic data

All MS/MS data and statistical analyses were processed with the
parameter settings of, respectively, Maxquant (version 2.0.3.1) and
Perseus software (version 1.6.15) as described previously [40]. Varia-
tions in protein abundance were only considered for calculated ANOVA
p-values below 0.05. A Student t-test was applied with a
permutation-based FDR threshold at 0.05 for each binary comparison.
An unsupervised Bayesian clustering [46] with proteins having an
ANOVA p-value below 0.05 was performed using normalized abundance
values by mean. Analyses of gene ontology (GO) term enrichment were
carried out for each generated cluster using the Cluego Cytoscape
plug-in [47]. For proteasomal degradation testing using MG132,
two-way ANOVA p-values were calculated to test the interaction be-
tween CLD or CLDOH and MG132. Detailed protocols are presented in
the Supplementary Materials and Methods section.

2.13. Absolute quantification of CLD and CLDOH

To prepare each sample, 0.05 g of culture medium was collected and
placed into a 50 mL centrifuge tube prior to the addition of 10 uL of CLD
and CLDOH isotopic standard mix (13C8-CLD and 13C8-CLDOH) at 25
pg/mL. A QUEChERS extraction kit was used. The HPLC-MS/MS pa-
rameters have been described previously [48]. Briefly, an Aqua C18
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precolumn (4.0 mm x 2.0 mmx3 um) and an Aqua C18 column (150
mm X 2.0 mmx3.0 um) supplied by Phenomenex (Torrance, CA) were
used for chromatographic separation on an Agilent 1200 series binary
pump and autosampler coupled to a 5500 Q-Trap AB SciEX mass spec-
trometer (Darmstadt, Germany). Two single reaction monitoring (SRM)
were set for both CLD (506.7/426.7 and 508.7/428.7) and CLDOH
(490.7/35.0 and 492.7/35.0). The limit of detection (LOD) was estab-
lished at one third of the lowest verified residue level, which was set as
the LOQ. For CLD and CLDOH, the LOD and LOQ were set to 7 and 20 ng.
g, respectively. To measure the CLD and CLDOH concentrations in the
culture medium, the same chemicals, reagents, equipment, and appa-
ratus were used as described previously [48]. Detailed protocols are
presented in the Supplementary Materials and Methods section.

2.14. Molecular docking

3D structure data files for SEPT2 (2QNR), SEPT3 (3SOP) [49], and
SEPT7 (3T5D) [50] in a complex with GDP and Mg?t were obtained
from the RCSB protein databank (PDB) website (https://www.rcsb.
org/). The online docking web server DockThor (Guedes et al., 2021)
was used with a standard search algorithm precision and the same pa-
rameters as described previously [40]. Blind docking experiments were
completed for SEPT2, SEPT3, and SEPT7 using GDP, forchlorfenuron
and tebufenpyrad (TEBU). Affinity prediction values (kcal/mol) were
compared when binding sites were similar. Detailed protocols are pre-
sented in the Supplementary Materials and Methods section.

2.15. Surface plasmon resonance

SPR experiments were performed on a Biacore 3000 instrument (GE
Healthcare) at the Platform of Molecular Interactions, Institute of
Biology Paris Seine (IBPS, Sorbonne University). All experiments were
performed in duplicate, as described previously [51] at 25 °C in HBS-EP
running buffer. Recombinant SEPT2 (AB99296, Abcam) was covalently
immobilized through primary amino groups to the carboxy-methylated
dextran matrix of a CM5 sensor chip (Cytiva). CLD and CLDOH were
evaluated as ligands and TEBU, tamoxifen, and forchlorfenuron (50 uM,
20 pL/min for 3 min) were used as controls. The sensorgrams were
evaluated using the BIA evaluation software, version 4.1 (Cytiva).
Detailed protocols are presented in the Supplementary Materials and
Methods section.

2.16. Statistical analysis

Unless stated differently, all data are represented as mean + SD
values. All p values < 0.05 were considered significant *p < 0.05, * *p <
0.01, and * **p < 0.001. All experiments were performed at least three
times. All statistical analyses were performed on GraphPad Prism 8
using paired two-tailed Student’s t-test except omics data, for which
dedicated tools were used.

3. Results
3.1. Cytotoxicity of CLD and CLDOH on HepaRG cells and PHHs

HepaRG cells were less sensitive to CLDOH than CLD according to
the cytotoxicity results (Fig. 1A, top panel). Cell viability decreased by 8
% and 44 % following 24-hour exposure to 10 uM CLDOH and CLD,
respectively. Similar toxicity results with CLDOH and CLD were
observed on PHHs (Fig. 1A, bottom panel).

3.2. CLD and CLDOH induced slight decreases in ATP levels but no
variation in ROS levels

No decrease in ATP level was observed in HepaRG cells following
24 h of CLD and CLDOH treatment (Fig. 1B). At 24 h, no decrease in ATP
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Fig. 1. Cytotoxicity of CLD and CLDOH and omics workflow. (A) CLD and CLDOH cytotoxicity by MTT assay in HepaRG cells (top panel) and PHHs (bottom panel) at
24-hour exposure. (B) ATP levels measured in HepaRG cells following CLD and CLDOH exposure. The top panel showed a concentration-response experiment at 24-
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was noted with concentrations from 0.1 to 10 uM (Fig. 1B, top panel). HepaRG cells after acute CLD and CLDOH exposure up to 24 h
However, a decrease in ATP level was observed for both CLD and (Supplementary Fig. S3). Concentrations of CLD and CLDOH that do not
CLDOH up to 1 h of exposure (Fig. 1B, bottom panel), a decrease clearly alter the viability of HepaRG cells and PHHs, i.e., 5 uM CLD and 10 uM
compensated for after 24 h. No variation in ROS level was induced in CLDOH, were chosen to investigate their mechanism of action in liver
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cells by omic analyses. Their effects were investigated in concentration-
response and kinetic experiments in HepaRG cells and PHHs (Fig. 1C).
Proteomic and metabolomic analyses were conducted on intracellular
contents. Additional metabolomic analyses were carried out on cell
culture medium to study the fate of CLD and CLDOH, including the
formation of metabolites.

3.3. Metabolization of CLD and CLDOH in HepaRG cells

Absolute quantification by LC MS/MS of CLD and CLDOH in cell

A

5e+05
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culture medium at 1 uM and 5 pM exposure up to 24 h showed that CLD
disappeared more rapidly than CLDOH. Indeed, 82.8 % and 50.8 % of
CLD and CLDOH (1 uM), respectively, disappeared after 1 h of exposure
(Supplementary Table S1). However, CLDOH disappeared completely
with a concentration below the LOD at 8 h whereas the CLD concen-
tration remained at 12 % at 24 h of exposure (1 pM).

The fate of CLD, CLDOH, and CLDOH-glucuronide (CLDOH-G) was
also examined by metabolomics through concentration-response and
kinetic studies in cell culture medium and cell content (Fig. 2A, Sup-
plementary File S1). It should be noted that, unlike absolute
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CLDOH metabolism adapted from EPA (EPA, 2009). The full dataset is presented in Supplementary File S1.
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quantification results, an increase in CLD abundance (hydrated form) at
a very low abundance in the cell culture medium was observed from 3 h
of exposure and throughout the treatment (48 h maximum). Secondly,
CLD could also form dimers, detected by metabolomics (Supplementary
File S1). CLD accumulated more in cells than CLDOH (abundance ratio
between intracellular and extracellular medium of 360 and 43 at 24 h
for CLD (hydrated form) and CLDOH, respectively (Fig. 2A). This was
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consistent with a higher rate of CLDOH metabolization into glucur-
onidated metabolites. No formation of CLD glucuronide was observed,
whatever the conditions tested. Glucuronidated forms (CLDOH-G) of
CLD and CLDOH accumulated in cell culture medium with an intracel-
lular/extracellular ratio of 0.03 and 0.12 for, respectively, CLD and
CLDOH after 48 h of exposure (Fig. 2A). CLDOH conversion to glucur-
onidated forms was complete between 3 and 8 h, as shown by the stable
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level of metabolites detected in the extracellular medium after 8 h.
Concomitantly, the level of CLDOH-G decreased inside the cells
(Fig. 2A). In contrast, following CLD exposure, the abundance of
CLDOH-G increased up to 48 h of exposure in both intra- and extra-
cellular media. These results clearly indicate that CLD was minimally
converted into CLDOH-G forms and remained sequestered inside liver
cells, while CLDOH was intensively converted to CLDOH-G and rapidly
excreted. Nevertheless, abundance of enzyme AKR1C4, which converts
CLD to CLDOH, was unaffected according to the proteomic dataset
(Supplementary File S2). In PHHs, CLD—unlike CLDOH—was shown to
be minimally converted into CLDOH-G, accumulating inside the cells
(Fig. 2B). A scheme of CLD and CLDOH global metabolism is proposed
(Fig. 2C).

3.4. CLD and CLDOH effects on hepatocyte metabolism

Proteins with differential abundance following CLD and CLDOH
treatment of HepaRG cells are shown in volcano plots (Fig. 3A, Sup-
plementary Fig. S4A) and in the non-supervised Bayesian clustering
representation (Fig. 3B, Supplementary File S3). Liver cell metabolism
was not affected equally by CLD and CLDOH, as revealed by gene
ontology term enrichment analyses (Fig. 3C, Supplementary File S4).
Both CLD and CLDOH slightly decreased the abundance of proteins
implicated in OXPHOS. However, CLDOH also induced a slight decrease
in proteins involved in mitochondrial respiratory complexes, mito-
chondrial biogenesis and FAO, while CLD decreased the abundance of
cytoskeletal septins in both concentration-response (Fig. 3A, Fig. 3C)
and kinetic (Supplementary Fig. S5) experiments. Lipid metabolism
perturbations were also noticed with CLD treatment. For example,
CYP51A1—implicated in cholesterol synthesis—specifically increased
in abundance following CLD exposure in both kinetic and concentration-
response experiments, whereas the abundance of stearoyl-CoA desa-
turase (SCD) decreased (Fig. 3A, Supplementary Fig. S6). Abundance of
CYP2E1 and CYP3A4, oxidases implicated in fatty acid hydroxylation,
decreased following CLD exposure in both HepaRG cells (Supplementary
Fig. S5 and File S2) and PHHs (Supplementary File S2). CLD increased
the abundance of proteins associated with transport via the endoplasmic
reticulum, while CLDOH increased those involved in cytoplasmic
translation. In PHHs, CLD and CLDOH hardly affected liver metabolism
(Fig. 3D, Supplementary Fig. S4B).

3.5. CLD induces septin proteasomal degradation

The abundance of septin-2, — 7, — 8, — 9, — 10, and — 11 decreased
after CLD exposure (Fig. 3A). For example, SEPT7 had decreased by
more than 70 % at 48 h with 5 uM CLD. For all the septins, the decrease
induced by CLD occurred as early as 8 h and lasted throughout the 48 h
of treatment (Fig. 4A) and was dose-dependent (Fig. 4B). In contrast,
CLDOH did not affect the abundance of septins, irrespective of time and
concentration (Fig. 3A, Fig. 4A, Fig. 4B). No effect was reported on other
components of the cytoskeleton such as cadherins, catenins or actin-1. In
PHHs, CLD at 5 pM for 24 h also decreased SEPT2 and SEPT7 abundance
by 38 % and 35 %, respectively, whereas no variation was reported for
CLDOH at 10 uM after 24 h (Fig. 3D, Fig. 4C). We further investigated
the mechanism responsible for the decrease in septins following CLD
exposure. As the abundance of septins decreased rapidly (from 8 h of
treatment), we expected a degradation process rather than a decrease in
septin expression. Therefore, the impact of CLD on septins was investi-
gated with two degradation inhibitors: bafilomycin A1 (Baf), an inhib-
itor of vacuolar ATPase and lysosome degradation, and MG132, an
inhibitor of proteasome degradation. MG132 induced higher abundance
in heat shock proteins such as HspAlB, HspBl and HspH1
(Supplementary Fig. S7A) indicating the effectiveness of the treatment,
given that MG132 generally causes an up-regulation of heat shock
proteins in human cells [52]. The decrease in septin abundance induced
by CLD was not affected with the addition of Baf, and it was more or less
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annulled with MG132 (Fig. 4D, supplementary Fig. S7B). Two-way
ANOVA p-values revealed that an interaction was observed for septins
by a co-treatment of CLD with MG132, whereas no effect was reported
for MG132 alone (Supplementary File S2). Violin plots confirmed that
the degradation of Septin-2, — 7, — 9, — 10, and — 11 induced by CLD
occurred by proteasomal degradation instead of vacuolar degradation
(Fig. 4E). Indeed, MG132, but not Baf, was able to largely abolish the
decrease in septin abundance induced by CLD exposure, suggesting the
involvement of proteasomal degradation. To note, ubiquitin signatures
(residues GG on lysines) were not identified for septins in the proteomic
datasets. Moreover, no signatures of proteasomal degradation were
detected in the proteomic datasets when searching for specific cleavage
sites other than lysine or arginine (meaning other trypsin specificity) in
the proteomic database search engine.

Although no difference in toxicity could be detected when MG132
was added to CLD compared with CLD alone after 5 h of exposure, a
slight decrease was observed after 24 h, suggesting that proteasomal
degradation was involved in CLD toxicity (Fig. 4F). Such a decrease in
toxicity when adding MG132 was not observed with CLDOH, which did
not induce proteasomal degradation of septins and was less cytotoxic
than CLD. It should be noted that MG132 potentiated CLD and CLDOH
cytotoxicity after 48 h of exposure (Supplementary Fig. S8). Among all
quantified proteins, septins are the main proteins affected by CLD and
MG132 exposures (Fig. 4D). Therefore, the partial rescue of septin
degradation induced by MG132 is probably involved in the protection of
CLD cytotoxicity (Fig. 4F).

3.6. Binding of CLD and CLDOH to septins

Molecular interaction between CLD or CLDOH and septins was
investigated by molecular docking (Fig. 5A). Affinities (kcal/mol) for
septins of different ligands were tested and compared. Forchlorfenuron,
a known agonist of Septin-2, — 3, and — 7 interacting in the GDP
domain, was used as a positive control. The chlorinated pesticide
tebufenpyrad (TEBU) was used as a negative control according to pre-
vious results (Léger et al., 2023). GDP alone was used as an internal
control for molecular docking. Affinities of interaction with SEPT2 were
— 7.459 and — 7.249 for CLD and CLDOH, respectively. Similar affin-
ities were observed with the TEBU control (Supplementary Table S2).
Except for TEBU, interactions occurred in SEPT2’s GDP domain. Septin
affinities for CLD and CLDOH were higher than those obtained for GDP
and forchlorfenuron, compounds known to bind septins, indicating po-
tential interaction between CLD or CLDOH and septins. Moreover, the
interaction of recombinant SEPT2 with CLD and CLDOH was confirmed
by SPR, whereas no interaction was observed with TEBU and tamoxifen
(Fig. 5B). Forchlorfenuron, a pesticide described as interacting with
septins, showed no affinity for SEPT2 by SPR.

3.7. CLD impaired size and distribution of lipid droplets (LDs) as well as
septin polymerization

In order to clarify whether CLD’s impact on septins can affect LDs,
they were visualized in HepaRG cells using an ArrayScan high-content
screening (HCS) system. In both control and CLDOH-treated cells, the
labeling of neutral lipids revealed large perinuclear LDs whereas, small,
dispersed and dense LDs were found in CLD-treated cells (Fig. 5C),
without any change in the total amount of neutral lipids (Fig. 5D). Un-
like CLDOH, the decrease in SEPT2 and SEPT9 abundance highlighted
by proteomics and confirmed by HCS (Fig. 5D) led to depolymerization
of septin filaments visualized by HCS following CLD exposure (Fig. 5C).
Lysosomes (Lamp-1 labeling), which interplay with LDs in lipophagy,
and F-actin fibers (phalloidin labeling) did not change following CLD
and CLDOH exposure. Similarly, proteomic analyses did not show an
effect on proteins associated with lysosomes such as LAMP-1, MACP2,
PRCP, SCARB2, MAN2B, and GAA (Supplementary File S2).
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3.8. CLD and to a lesser extent CLDOH increased production and
secretion of saturated long-chain DCAs

Metabolomics indicated that HepaRG cell content in phospholipids
(steaoryl-GPE, palmitoyl-GPE, oleoyl-GPE, arachidonyl-GPE) and satu-
rated or unsaturated fatty acids (such as palmitic (C16), stearic (C18),
linoleic (C18), oleic (C18), hydroxystearic (C18), and hydroxyarachidic
(C20) carboxylic acids) did not vary after CLD and CLDOH treatment
(Fig. 6A). However, following CLD exposure, saturated long-chain DCAs
such as tetra- (C14), methyltetra- (C15), penta- (C15), and hepta- (C17)

decanedioic fatty acids increased in cell culture medium (Fig. 6B,
Fig. 6C) and in cell content (Fig. 6B, Supplementary Fig. SOA). A smaller
increase was also observed in the same DCAs following CLDOH exposure
in cell culture medium and cell content. In contrast, both intra- and
extra-cellular levels of C16-DCA hexadecanedioic acid decreased after
48 h of exposure to CLD (respective ratios of 0.57 and 0.33) and CLDOH
(respective ratios of 0.77 and 0.46). No statistical variation in short
DCAs such as glutaric acid (C5), adipic acid (C6), pimelic acid (C7),
succinic acid (C8), sebacic acid (C10), dodecanedioic acid (C12), and
brassylic acid (C13) was observed in cell culture media after CLD and
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Fig. 6. Impact of CLD and CLDOH on content and secretion of bile acids and saturated long-chain dicarboxylic acids in hepatic cell models. (A) Volcano plots
showing variations in the abundance of extracellular metabolites from HepaRG cell culture following exposure to CLD (5 uM) and CLDOH (10 pM). (B) Heatmap
showing the variations in DCA and BA abundance induced in HepaRG cells and PHHs by CLD and CLDOH exposure. The reported values are abundance values
normalized by means. Complete datasets are presented in Supplementary File S5 and Supplementary File S6. (GCA: glycocholic acid, TCA: taurocholic acid, TDCA:
taurodeoxycholic acid, GCDCA: glycochenodeoxycholic acid, CA: cholic acid, GDCA: glycodeoxycholic acid, TCDCA: taurochenodeoxycholic acid). (C) Trendline
charts showing the variations in saturated long-chain DCA abundance in HepaRG cell culture media following exposure to CLD (5 pM) and CLDOH (5, 10 uM). For
statistical tests, each exposure condition was compared to the solvent (DMSO) control. (D) Trendline charts showing the variations in BA abundance in HepaRG cell
culture media following exposure to CLD (5 uM) and CLDOH (5, 10 uM). For statistical tests, each exposure condition was compared to the solvent (DMSO) control.
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CLDOH treatment. Extracellular levels of undecanedioic acid (C11) and
certain long-chain saturated DCAs increased in PHHs treated by CLD
(Supplementary Fig. S9B). It must be emphasized that very-long-chain
DCAs (C>22) were not identified in our metabolomic datasets.
Concomitant to this increase in saturated DCAs, CLD but not CLDOH
decreased the level of the stearoyl-CoA 9-desaturase (SCD) protein,
which is essential for fatty acid desaturation and lipid storage in HepaRG
cells (Fig. 4D, Supplementary Fig. S6A). However, this decrease did not
seem to be due to either proteasomal or vacuolar degradation, in line
with the absence of MG132 and bafilomycin effects (Supplementary
Fig. S6B).

3.9. CLD and CLDOH perturbed BA production and secretion

BA production and secretion were disrupted by CLD and CLDOH
(Fig. 6A, Fig. 6B). Indeed, a drastic decrease (between 42 % and 74 %) in
the secretion of conjugated primary BAs such as glycocholic (GCA) and
taurocholic acids (TCA) was observed following CLD and CLDOH
exposure (5 pM and 10 uM, respectively, 48 h) (Fig. 6D). In contrast, the
extracellular level of taurodeoxycholic (TDCA) and glycochenodeox-
ycholic (GCDCA) acids increased by a factor of around 2.6 and 3
following 48-hour exposure to CLD and CLDOH, respectively. TDCA
decreased in HepaRG cell content (factors of 7.2 and 6.1, respectively)
following CLD and CLDOH exposure (Supplementary Fig. S9C), indi-
cating an increase in its secretion. The amount of GCDCA in cell content
decreased 20- and 8.3-fold, respectively, after 24 h of treatment with
CLD and CLDOH (Fig. 6B, Supplementary Fig. S9C), but concomitantly
increased in cell culture media (Fig. 6D). This indicated that secretion
increased, exceeding production. TDCA abundance varied like that of
GCDCA in cell culture medium and HepaRG cell content. For PHHs, the
abundance of taurochenodeoxycholic (TCDCA) and GCDCA acids
increased in cell culture medium following exposure to CLD (by factors
of 4.3 and 2.4, respectively) and CLDOH (4.7 and 2.3, respectively)
(Supplementary Fig. SOD). In contrast, like HepaRG cells, GCA abun-
dance decreased by factors of, respectively, 1.9 (CLD, 5 uM, 48 h) and
1.9 (CLDOH, 10 pM, 48 h) (Supplementary Fig. S9D). The abundance of
intracellular GCA in PHHs decreased by factors of 1.3 and 2.4, respec-
tively, following CLD and CLDOH exposure. The abundance of intra-
cellular GCDCA increased by factors of 2.8 (CLD, 48 h) and 2 (CLDOH,
48 h), indicating an increase in its production and secretion like HepaRG
cells (Supplementary File S5, Supplementary File S6). Cyp51A1, impli-
cated in bile acid metabolism and cholesterol synthesis from lanosterol
and acetyl-CoA, increased following CLD exposure (Fig. 3A, Fig. 4D).

3.10. CLD but not CLDOH induced fibrosis in liver organoids modelling
MASLD

A liver organoid model containing hepatocytes and biliary cells
(HepaRG cell line), stellate cells (LX-2 cell line) and human primary
macrophages was used to investigate the impact of CLD and CLDOH on
healthy and fat-overloaded organoids (Fig. 7A). In healthy organoids,
CLD and CLDOH showed the same cytotoxic response while a fat over-
load reduced cytotoxicity (Fig. 7B). Indeed, IC50 values for CLD and
CLDOH were 6.4 and 5.39 uM, respectively, in healthy organoids and
12.8 and 19.16 puM in organoids with a fat overload. CLD and CLDOH
exposure induced a similar IL-6 release by healthy organoids (Fig. 7C,
top panel), whereas the increase was lower in steatotic (with pre-
existing inflammation) organoids (Fig. 7C, bottom panel). It should be
mentioned that no induction of IL-6 release was observed in 2D HepaRG
cells following CLD and CLDOH exposure (Supplementary Fig. S10),
suggesting that the IL-6 release observed in HML organoids could be due
to macrophages. No induction (Fig. 7D, top panel) or exacerbation
(Fig. 7D, bottom panel) of steatosis was observed for CLD and CLDOH
after 7 days of exposure (Supplementary Fig. S11). Fibrosis was evalu-
ated in the organoids through labeling of vimentin (as a marker for
stellate cells) and quantification of collagen 1 (COL1) and collagen 4
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(COL4) immunofluorescence (Fig. 7E, Supplementary Fig. S12). Image
analysis of COL1 (in red) and COL4 (in yellow) shows that both markers
colocalize in all the tested conditions. An increase in the amount of COL1
and COL4 suggested that CLD but not CLDOH was able to trigger fibrosis
without inducing a fat overload (Fig. 7F, top panel, Supplementary
Fig. S13A). However, a decrease of fibrosis was observed following CLD
and CLDOH exposures coupled with a fat overload comparatively to the
control condition with fat overload (Fig. 7F, bottom panel, Supple-
mentary Fig. S13B).

4. Discussion

In this study, we aimed to decipher the cellular effects induced by
CLD and its major metabolite CLDOH on human liver cells, as well as
their potential involvement in MASLD susceptibility. HepaRG is
currently the most widely accepted cellular model for studying the
metabolism and hepatotoxicity of xenobiotics such as drugs, chemicals,
and pesticides. Indeed, this human cell line expresses liver-specific
functions at high levels, particularly phase I and phase II biotransfor-
mation enzymes [53]. In addition, together with non-parenchymal cells,
HepaRG can form multicellular organoids able to mimic various path-
ological situations such as fibrosis and MASLD [44]. Although liver cells
were more sensitive to CLD than CLDOH in the MTT assay, both com-
pounds induced a slight and comparable decrease in ATP levels in
HepaRG cells, returning to normal after 24 h. Probably to compensate
for this ATP decrease, the abundance of OXPHOS components slightly
increased after CLD and CLDOH treatment, without any effect on ROS
level. Therefore, due to the slight decrease and rapid compensation
observed, the impact of CLD and CLDOH on the ATP level is not likely to
be the major mechanism leading to hepatotoxicity.

As expected, CLD was metabolized more slowly than CLDOH and
remained at high concentrations in hepatocytes, indicating liver
sequestration as demonstrated by pharmacokinetic modeling based on
data from rats and monkeys [35]. Secreted metabolites were mainly
glucuronides as previously described for exposed workers [15]. CLDOH
was massively and rapidly converted into glucuronide forms found in
the extracellular medium, demonstrating efficient transformation by
phase II enzymes and efflux by phase III transporters in HepaRG cells
and PHHs. In contrast, CLD did not convert well to CLDOH and then
CLDOH-G. The abundance of AKR1C4, the main enzyme that converts
CLD into CLDOH, was unaffected in HepaRG cells.

Among its pleiotropic effects, CLD was described as disrupting
adherens junctions, decreasing proteins E-cadherin and beta-catenin in
human breast epithelial cells, both of which neighbor the actin cyto-
skeleton [54]. While both CLD and CLDOH induced a slight variation in
beta-catenin, CLD greatly decreased some cytoskeletal proteins such as
Septin-2, — 7, — 9, — 10, and — 11 in HepaRG cells, and Septin-2 and
— 7 in PHHs. Septins are highly conserved eukaryote GTPases (with a
Mg%" cofactor) and are considered the fourth cytoskeleton component
[55]. Among the 13 septins described in humans, SEPT7 has been re-
ported to be the one mostly involved in the cytoskeleton and triggering
degradation of other septins [56]. Except Septin-1, — 3, — 12, and — 14,
which are expressed in specific tissue, the others are widely expressed in
organs [57]. They polymerize into filaments forming homo and
hetero-oligomeric structures with preferential association of forms [55,
58]. Septins are implicated in intracellular vesicular trafficking, cellular
signaling and cell migration [56], and regulate actin and microtubule
organization [59]. Using degradation inhibitors, we showed that pro-
teasomal degradation was likely involved in the drastic decrease in
septins induced by CLD. Moreover, no covalent protein adducts of
CLD—notably by the formation of hemithioketals [35]—and no ubiq-
uitination and proteolytic signatures of septin degradation were detec-
ted in our proteomic datasets. Septins were also shown to affect cell
cycles. SEPT7 has been described as controling S-phase entry and
orchestrating microtubule nucleation arrays [60], while, in mouse and
yeast, its deletion has been associated with a destabilization of
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Fig. 7. Mechanisms associated with CLD-induced hepatotoxicity and susceptibility to MASLD. (A) Diagram showing the exposure protocol of the 3D MASLD liver
model to CLD and CLDOH. (B) Cytotoxicity induced by CLD and CLDOH exposure on the liver model of MASLD. (C) Quantification of IL-6 release by immu-
fluorescence in cell culture media of the 3D liver model repeatedly exposed to CLD and CLDOH. (D) Quantification of steatosis on the liver model of MASLD exposed
to repeated doses of CLD and CLDOH. Neutral lipids and lipid droplets were labeled with BODIPY to quantify steatosis. (E) Vizualisation by immunofluorescence and
confocal microscopy of fibrosis in the 3D liver model repeatedly exposed to CLD and CLDOH. Collagen 1 (COL1), collagen 4 (COL4), and vimentin were labeled and
visualized. DAPI was used to label nuclei. (F) Quantification of COL4 abundance in control and fatty organoids (n = 3). Quantification of COL1 is presented in the
supplementary Fig. S13. (G) Proposed model for CLD-induced hepatotoxicity and susceptibility to MASLD including remediation strategies that could be proposed:
converting CLD to CLDOH, targeting proteasome degradation or using CLD’s affinity for septins. All the observed effects are summarized in Supplementary Table S3.

(MUFA: monounsaturated fatty acids, SFA: saturated fatty acids).

microtubules and cytokinesis completion [61]. SEPT6 deletion has also
been reported to inhibit proliferation and cell cycle progression and
promote apoptosis [62]. Variations in abundance and deletion of septins
[56] such as SEPT 7, 9, or 11 [57] have been related to various cancers.
Mutations of septins in the GTP-binding pocket have been associated
with skin, stomach, and large intestine cancers [63]. Moreover,
up-regulation of SEPT2, 8, and 9, and down-regulation of SEPT4 and
SEPT10 have been shown in many cancers, including liver cancer [64].
In contrast, SEPT2 and SEPT9 repression has been associated with tumor
growth suppression in human glioblastoma cells [65]. The involvement
of septins in triggering liver fibrosis has been proven but the process
remains unclear. Indeed, loss of SEPT4 has exacerbated liver fibrosis in
mice [66] whereas an increase in SEPT4 and SEPT6 [62] and decrease in
SEPTO9 [67] have been described in in vivo models of liver fibrosis.
Interaction of septins with CLD could explain their proteasomal
degradation, as the ubiquitin proteasome system targets misfolded and
damaged proteins. Molecular docking indicated a potential interaction
of CLD and CLDOH with the GDP-binding domain of septins, close to the
Mg%* cofactor binding site. Interactions of CLD and CLDOH with SEPT2
were confirmed by SPR. A binding mechanism similar to that of for-
chlorfenuron, a chlorinated pesticide able to destabilize septin assembly
and organization [68], and reacting with the GDP-binding domain of
septins [69], could be suggested. Although molecular docking and SPR
concluded that there was a high affinity between CLDOH and septins,
the quick metabolization of CLDOH compared with CLD likely prevents
CLDOH and septin interaction, and consequently septin degradation.
We showed that the impact of CLD on septin degradation resulted in
a decrease in LD size and a decrease in SCD abundance, which is
essential for the formation of large LDs [70]. In mouse liver, CLD was
also reported to decrease the number of LDs [71]. Moreover, SEPT9 was
shown to promote a perinuclear location of LDs in COS-7 cells [72] and
Huh7 cells [73] and to induce LD growth [74]. Dysregulation of LD
biogenesis can result in ER stress, inflammation and then MASLD [75].
Indeed, in microvesicular steatosis, LDs are redistributed due to severe
FAO inhibition and lipolysis [76,77]. The disruption of LD size induced
by CLD impacted fatty acid metabolism by increasing saturated
long-chain DCA production and secretion, and by disrupting BA secre-
tion. It should be noted that PHHs and HepaRG cells appeared to try to
limit the synthesis of DCAs following CLD exposure by reducing the
abundance of CYP3E4 and CYP2E], oxidases implicated in their pro-
duction [78]. In contrast, CLD did not affect the content of free fatty
acids (FFA) intended for beta-oxidation or esterified for triglyceride
storage. However, the amount of some carboxylic acids changed, as
previously shown in mouse liver [71]. Perturbation of the hepatic lipid
metabolism has been reported in the context of MASLD progression [3].
High levels of long-chain DCAs and bile acids have been observed in the
serum of cirrhotic patients [79]. The presence of DCAs with more than
10 to 12 carbons is a signature of mitochondrial FAO deficiency [80],
which has been shown to be associated globally with MASLD [81,82]
and MASLD severity in humans [83]. Indeed, long-chain DCAs are more
toxic than carboxylic acids and can induce steatohepatitis if peroxisomal
beta oxidation is not efficient [84]. Moreover, the impaired contact of
LDs with mitochondria was seen to reduce FAO and could lead to pro-
gression of MASLD in rats [85]. We demonstrated that SCD abundance
decreased following CLD exposure, favoring the production of saturated
fatty acids, generally dedicated to FAO, instead of monounsaturated
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fatty acids more commonly associated with triglyceride storage. The
resulting inhibition of FAO combined with a decrease in SCD abundance
could further explain the increase in saturated long-chain DCAs toxic for
hepatocytes and produced by w-oxidation. Indeed, SCD-/- mice have
shown a decrease in steatosis and a rise in steatohepatitis [86], whereas
an increase in SCD has been reported in steatosis models induced by
amidarone and tetracycline [87].

Following treatment of liver cells with CLD and, to a lesser extent
with CLDOH, we showed that BA production and abundance were
affected, with increased secretion of taurodeoxycholic, glyco-
chenodeoxycholic, and cholic acids and decreased secretion of taur-
ocholic and glycocholic acids. A decreased secretion of taurocholate has
also been observed in rat liver following CLD exposure in vivo [88]. BAs,
synthetized from cholesterol in the liver, are major constituants of bile
and changes to their amount and composition have been implicated in
the progression of MASLD in rodents and humans [89,90]. Moreover,
alteration of BA synthesis and circulation has been reported in MASLD
[91,92] and an increase in serum levels of glycocholic, taurocholic, and
glycochenodeoxycholic acids has been described in patients with NASH
compared with healthy individuals [93]. We showed that CYP51A1, an
important enzyme for BA synthesis from cholesterol, was up-regulated
following CLD exposure, as reported in NASH-HCC mice [94], while
CYP3A4, which detoxifies excess BAs, decreased, as previously reported
in MASLD and NASH in humans [95]. Mutations of AKR1C4 have been
reported to induce BA deficiency [96]. This enzyme is also implicated in
CLD metabolism, converting CLD into CLDOH. Saturation of AKR1C4
activity due to CLD exposure could explain the perturbation observed in
BA production and secretion.

Furthermore, the results obtained with MASLD organoid models
exposed to CLD and CLDOH confirmed the greater potentiating effect of
CLD in the progression of liver disease by increasing fibrosis without fat
overload. A similar outcome has been reported in mouse liver after co-
treatment by CLD and carbon tetrachloride [30]. To note, an inverse
association between plasma chlordecone concentrations and progres-
sion of liver alcoholic fibrosis was recently described in an epidemio-
logical study [97]. We also found a slight decrease in fibrosis in
organoids with fat overload following CLD and CLDOH exposures,
suggesting that MASLD may not be an additional risk factor for CLD
hepatotoxicity. We showed that the interaction of CLD with septins
induced their degradation, a key event in hepatoxicity and fibrosis
development and progression. No effect of CLDOH in the MASLD model
was observed, probably because it was too quickly metabolized to
interact with septins, as shown in HepaRG cells. We revealed that spe-
cific effects of CLD—such as septin degradation, an increase in saturated
long-chain DCA production and secretion, perturbation of BAs and a
decrease in SCD abundance—are key mechanisms implicated in liver
fibrosis development (Fig. 7G, Supplementary Table S3). The implica-
tion of these results on HCC remains to be studied even though, contrary
to prostate cancer, the prevalence of liver cancer has proved to be lower
in FWI than in metropolitan France (Santé publique France, 2019).

Facing the urgent need to develop therapies for limiting CLD toxicity
[98] and susceptibility to fibrosis, this study also highlighted that
inhibiting septin degradation, utilizing CLD’s affinity for septins and
promoting the conversion of CLD to CLDOH could be effective strategies.
Further studies will be carried out to determine whether the observed
mechanisms of action of CLD can be generalized to other cell types or
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organs including the liver, given that septins are ubiquitously expressed,
and to provide mechanistic clues as to the potential involvement of CLD
in other pathologies.

Environmental implication

Chlordecone is an organochlorine insecticide used from 1972 to
1993 to control the banana weevil. Because of its persistence in soil, its
presence in 2014 in 95 % of the population of the French West Indies
despite its ban and its implication in various pathologies such as prostate
cancer, the CLD is the subject of various remediation strategies in food
and soil. Our work has indicated, using in vitro liver cells models, the
potential benefits of increasing the conversion of CLD into CLDOH, a
process occurring weakly in humans, on human health and particularly
on hepatotoxicity and fibrosis.
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