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ABSTRACT

Human lifetime exposure to arsenic through drinking water, food supply or industrial pollution leads to its
accumulation in many organs such as liver, kidneys, lungs or pancreas but also adipose tissue. Recently,
population-based studies revealed the association between arsenic exposure and the development of metabolic
diseases such as obesity and type 2 diabetes. To shed light on the molecular bases of such association, we
determined the concentration that inhibited 17% of cell viability and investigated the effects of arsenic acute
exposure on adipose-derived human mesenchymal stem cells differentiated in vitro into mature adipocytes and
treated with sodium arsenite (NaAsO3, 10 nM to 10 pM). Untargeted metabolomics and gene expression analyses
revealed a strong dose-dependent inhibition of lipogenesis and lipolysis induction, reducing the cellular ability to
store lipids. These dysregulations were emphasized by the inhibition of the cellular response to insulin, as shown
by the perturbation of several genes and metabolites involved in the mentioned biological pathways. Our study
highlighted the activation of an adaptive oxidative stress response with the strong induction of metallothioneins
and increased glutathione levels in response to arsenic accumulation that could exacerbate the decreased insulin
sensitivity of the adipocytes. Arsenic exposure strongly affected the expression of arsenic transporters, respon-
sible for arsenic influx and efflux, and induced a pro-inflammatory state in adipocytes by enhancing the
expression of the inflammatory interleukin 6 (IL6). Collectively, our data showed that an acute exposure to low
levels of arsenic concentrations alters key adipocyte functions, highlighting its contribution to the development
of insulin resistance and the pathogenesis of metabolic disorders.

1. Introduction

exposures (Coelho et al., 2014), industrial contaminations (Freire et al.,
2020), agricultural products and seafood consumption (Farkhondeh

Arsenic (As) and inorganic arsenic compounds are classified as group
I carcinogens by the International Agency for Research on Cancer
(IARC), with arsenite ions As3t being the most toxic form of arsenic
(Jomova et al., 2011). Some of the principal mechanisms related to As
toxicity in humans are the induction of cytotoxicity, oxidative stress,
DNA damage and epigenetic alterations (Ochoa-Martinez et al., 2019).
Population is exposed to As via environmental and occupational

et al., 2019; Qin et al., 2009; Lai et al., 1993), the latter being mostly
caused by As accumulation across the food chain. Due to soil and ground
water contamination, one of the main routes of As ingestion is through
drinking water, which leads to chronic exposure of the population and
increased risk of chronic diseases (Chen et al., 2009). During long-term
exposure, As accumulates primarily in liver, but also other organs such
as pancreas, kidney, lungs and adipose tissue (Freire et al., 2020; Drobna
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coupled to mass spectrometry; LIMMA, linear model for microarray data; MSTUS, MS total useful signal; MT, metallothionein; T2D, type 2 diabetes; UPLC-HRMS,
ultrahigh pressure liquid chromatography coupled to high resolution mass spectrometry.
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et al., 2010; Rahman et al., 2009) where it can lead to cancer develop-
ment (Lai et al., 1993; Kuo et al., 2017). Moreover, it is associated with
the development of various cardiovascular diseases (Farzan et al., 2017;
Kuo et al., 2017; Ochoa-Martinez et al., 2019), nervous system diseases,
endocrine system dysfunction (Chen et al., 2009), reproductive
impairment (Qin et al., 2009) and pulmonary diseases (Farkhondeh
et al., 2019). In particular, As exposure has been associated with the
development of obesity, type 2 diabetes (T2D) and metabolic syndrome.
Several population-based studies showed a significant association be-
tween the prevalence of T2D and As exposure (Afridi et al., 2008;
Rahman et al., 1998; Grau-Perez et al., 2017; Gribble et al., 2012; Islam
et al., 2012) in a dose-response relationship in various world area (Lai
et al., 1993; Chen et al., 2009; Castriota et al., 2018). In addition, As is
associated with decreased fasting insulin levels and has a strong effect on
glucose metabolism (Rhee et al., 2013). Indeed, blood As significantly
correlates with increased blood glucose level and the associated risk of
impaired glucose tolerance (Ettinger et al., 2009). As concentrations are
also significantly higher in hair and urine of diabetic patients (Afridi
et al., 2008) and associated with smoking status, lower school education
and alcohol consumption (Gribble et al., 2012; Rhee et al., 2013; Coelho
et al., 2014).

Several studies have explored at molecular and cellular levels the
mechanisms underlying the negative effects of As on metabolic ho-
meostasis. Chronic exposure to As induces pancreatic beta cell
dysfunction and apoptosis, which results in a reduction of glucose-
stimulated insulin secretion, impaired glucose tolerance and associ-
ated hyperglycemia (Paul et al., 2008; Paul et al., 2007a; Paul et al.,
2007b; Ceja-Galicia et al., 2017; Palacios et al., 2012; Diaz-Villasenor
et al., 2007; Kirkley et al., 2018). Adipose tissue, another organ with a
key role in maintaining glucose and lipid balance, seems also particu-
larly sensitive to As exposure. In mice and rats chronically exposed to As
through drinking water, As accumulation was associated with increased
white adipose tissue (WAT) size, increased adipocyte hypertrophy,
decreased levels of Perilipin 1 (PLIN1) protein leading to deficient lipid
storage and accumulation of ectopic fat in muscle (Garciafigueroa et al.,
2013). Consistently with the observed defects in lipid storage, As was
shown to inhibit adipocyte differentiation of murine 3T3-L1 cells and
human preadipocytes. As treatment during the differentiation inhibited
lipid droplet accumulation and adipogenic markers, reduced
insulin-stimulated glucose uptake (ISGU) and strongly promoted lipol-
ysis, mitochondrial damage and reactive oxygen species production
(Garciafigueroa et al., 2013; Calderon-DuPont et al., 2023). Overall, As
effects on differentiating adipocytes could contribute in part to the
development of insulin resistance. Moreover, As also impacts murine
fully differentiated adipocytes. Acute exposure of 3T3-L1 adipocytes
induced a significant decrease of basal and insulin-stimulated glucose
uptake, likely due to As effect on the PKB/Akt-dependent mobilization
of the Glucose Transporter 4 (GLUT4) that was significantly reduced
(Paul et al., 2007a; Walton et al., 2004). Upon longer exposure, the
decreased insulin sensitivity of 3T3-L1 adipocytes was associated with
increased Nuclear Factor Erythroid 2-Related Factor 2 (NRF2) activity,
increased levels of glutathione and inflammatory cytokines, and
decreased levels of markers of the adipocyte functions such as the
Peroxisome proliferator-activated receptor gamma isoforms 1 and 2
(Ppargl, Pparg2) and the CCAAT enhancer binding protein alpha (Cebpa)
(Xue et al., 2011). Collectively these data suggested that the perturba-
tion of ISGU may be due to the cellular activation of the oxidative stress
response induced by As (Wang et al., 2005; Padmaja Divya et al., 2015;
Cheng et al., 2011; Garciafigueroa et al., 2013; Klei et al., 2013; Yadav
et al., 2013). In contrast, little is known about the mechanistic effects of
As in mature human adipocytes. Importantly, murine models might be
less susceptible than humans to As toxicity because mice have faster As
metabolism and clearance (Ahangarpour et al., 2018). Hence, it is of
great interest to address the rodent observations in human cellular
models.

To investigate the effects of As on mature human adipocytes, we first
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determined the As concentration that inhibited 17% of the cellular
viability of Adipose-Derived human Mesenchymal Stem Cells (AD-
hMSCs) differentiated into mature adipocytes in vitro. We determined a
range of concentrations from 10 nM to 10 uM and assessed the effects of
As at the metabolomic, gene expression, protein and cellular levels in
mature adipocytes after 48 h of exposure. Our results demonstrated that,
despite the activation of an adaptive response to oxidative stress, acute
As exposure was able to dysregulate lipid metabolism, As transporters
and other adipocyte functions in human adipocytes.

2. Materials and methods
2.1. Cell culture

Adipose-derived human mesenchymal stem cells (AD-hMSCs, FC-
0034) were purchased at Lifeline Cell Technology (Frederick, MD,
USA) and are derived from human adipose tissue isolated from adult
subcutaneous lipoaspirate. Cells were obtained from two independent
female donors (38 and 51 years) of Caucasian origin. AD-hMSCs are
selected by the manufacturer via flow cytometry to confirm the
expression of multiple mesenchymal stem cell markers. AD-hMSCs can
be differentiated in vitro into adipocytes. Cells were expanded at 37 °C
and 5% COy in MesenPro RS Basal Medium supplemented with Mes-
enPro RS Growth Supplement (Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA) and 2 mM GlutaMAX-I (Gibco), following manufacturer
instructions. Cells were splitted when they reached 80% confluency and
seeded into 6-, 12- and 24-well plates at 9 x 10° cells/cm? in complete
MesenPro RS medium. At confluence, cells were induced to differentiate
into adipocytes in MesenPro Basal Medium, supplemented with 10% of
Fetal Bovine Serum (FBS, Biowest, Riverside, MO, USA), 2 mM
GlutaMAX-I, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-
Aldrich, Saint-Louis, MO, USA), 10 pg/mL insulin (Sigma-Aldrich),
200 uM indomethacin (Sigma-Aldrich) and 10 nM dexamethasone
(Sigma-Aldrich). Cells were refed every 3 — 4 days and after two weeks of
differentiation, fully differentiated adipocytes were incubated with so-
dium arsenite (NaAsO,, Sigma-Aldrich) solutions for 48 h at 37 °C and
5% CO5. Between 1 nM and 0.5 M of NaAsO; were used in this study.
NaAsO, powder was dissolved in ultra-pure water (Milli-Q) and diluted
in MesenPro RS Basal Medium supplemented with 2 mM GlutaMAX-I.
Each experiment described in the following sections is the result of an
independent cellular differentiation process.

2.2. Cell viability assay

AD-hMSCs were differentiated into adipocytes in 24-well plates and
treated with NaAsO5 (1 nM to 0.5 M; well number N = 2 for As con-
centrations between 1 nM and 100 nM and between 0.05 M and 0.5 M;
N = 3 for As concentrations between 500 nM and 0.01 M; N = 4 for
controls) for 48 h. The Cell Proliferation Kit I (MTT) (Roche, Basel,
Switzerland) was used to assess cell viability after As treatment,
following manufacturer instructions. Plates were incubated at 37 °C and
5% CO», for 20 min with the MTT reaction mix before extraction in 300
uL of dimethyl sulfoxide (DMSO, Sigma-Aldrich). The absorbance was
measured in duplicate at 540 nm in a 96-well microplate with the
Infinite M Nano Reader (Tecan, Mannedorf, Switzerland). The viability
rate was calculated with non-linear regression to fit the Hill function.
The results are the mean of three independent experiments.

2.3. Arsenic quantification in mature adipocytes

AD-hMSCs were differentiated into adipocytes in 6-well plates and
treated with NaAsO3 (10 nM to 10 uM, N = 5) for 48 h. Cells were
washed with phosphate-buffer saline (PBS, Gibco). 320 pL of HNO3 65%
were added into each well to extract cell lysates.

Total arsenic concentrations were measured by inductively coupled
plasma system coupled to mass spectrometry (ICP-MS, 7800 Series;
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Agilent, Palo Alto, Santa Clara, CA, USA) for elementary quantification
as described previously (Perrais et al., 2023). 300 pL of cell lysate were
diluted with 2.7 mL of HNO3 0.1% containing 10 ng/mL Rhodium and
10 ng/mL Indium as internal standards. In addition, each analytical
batch of study samples was processed with laboratory controls,
including method blanks and standard reference materials to continu-
ously monitor method performance.

2.4. Metabolomic study

2.4.1. Cell culture and metabolite extraction

AD-hMSCs were differentiated into adipocytes in 6-well plates and
treated with NaAsO3 (10 nM to 10 pM, N = 5) for 48 h. Cells were
washed with PBS and immediately put on dry ice. 1.5 mL of solvent mix
MeOH/EtOH/H20 2:2:1 containing 10 ng/mlL of internal standards,
hydrocodone-d6 and phenobarbital-d5, were added into each well and
plates were incubated at — 80 °C for 20 min. Cells were scrapped and
transferred into 2 mL Eppendorf tubes on dry ice. Tubes were agitated
during 5 min with metallic beads and centrifuged for 5 min at 17 G and
4 °C to pellet cellular debris. The metabolite-containing supernatants
were transferred into new Eppendorf tubes on dry ice and evaporated for
4.5 h with a CentriVap Concentrator (Labconco, Kansas City, MO, USA).

2.4.2. Sample preparation

The pellets were resuspended in 100 pL of 10% MeOH and centri-
fuged for 5 min at 17 G at 8 °C. The resulting supernatants were divided
into two fractions of 40 pL and transferred into two glass vials for in-
jection in positive and negative modes. Quality control (QCs) samples
were a pooled matrix sample generated by combining 10 pL of each
experimental sample. QCs were injected 10 times across the batch.

2.4.3. Untargeted mass spectrometry analysis

Untargeted mass spectrometry analysis was performed using ultra-
high performance liquid chromatography coupled to high-resolution
mass spectrometry (UPLC-HRMS). A Thermo Scientific Ultimate 3000
LC system coupled to a Q Exactive Plus system interfaced with a heated
electrospray ionization (HESI-II) was used for the study. Positive and
negative mode analyses used mobile phases consisting of 0.1% formic
acid in water (A) and 0.1% formic acid in MeOH (B). The sample in-
jection volume was 10 uL and separation was made using a C18 column
(Phenomenex Kinetex, C18 — 100 x2.1 mm, 2.6 pm) held at 40 °C.
Mobile phase B was ramped linearly from 2% to 100% over 11 min,
stayed at 100% for 6 min and brought back to 2% for a 7-minute re-
equilibration stage. The total analysis run was 25 min with a flow of
400 pL/min. The mass analyzer was tuned and calibrated for mass res-
olution and mass accuracy and the full scan range covered 70-1000 m/z.
The ionization spray voltage was set to 3.5 and 2.5 kV respectively in
positive and negative mode, the sheath gas flowrate to 50, the auxiliary
gas flowrate to 13 and the sweep gas flow rate to 3 (gas flowrates are in
arbitrary units). In both modes, the capillary temperature was 320 °C
and the auxiliary gas heater temperature was 425 °C. The acquisition
software was Xcalibur 4.3.73.11.

2.4.4. Data analysis

Raw UPLC-HRMS data were first converted to mzXML format using
ProteoWizard (Chambers et al., 2012) to be processed by XCMS online
software (The Scripps Research Institute, San Diego, CA, USA) for peak
detection and chromatogram alignment. Missing data were estimated
using the emvd function from the dbnorm R package (Bararpour et al.,
2021). Preprocessed data were normalized by the MS Total Useful Signal
(MSTUS) normalization method available on the NOREVA online soft-
ware (Yang et al., 2020). One-way ANOVA generated a heatmap of the
top 150 metabolite features significantly altered across the four con-
centrations of As. Linear models for Microarray data (LIMMA) using R
software were applied to compare control samples versus As-treated
samples at 10 uM (Ritchie et al., 2015). Differences were considered
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significant if the adjusted p-value (adj. p-value) was < 0.05. Significant
metabolites were identified based on their mass to charge ratio and
retention time using the Human Metabolome Database (HMDB). Me-
tabolites were characterized by MS/MS to confirm their fragmentation
pattern and the identification. For heatmap generation, data were
clustered in R by Ward’s clustering with the Euclidean distance.

2.4.5. Over-representation pathway analysis

Over-representation pathway analysis of the metabolomic data at 10
uM was performed using ConsensusPath DB software exploiting KEGG,
SMPDB, Reactome, EHMN, HumanCyc, INOH and PID databases.
Pathways were considered significantly enriched when the g-value was
< 0.01 and when more than three significantly impacted metabolites
were found in the pathway.

2.5. RNA extraction and real time quantitative PCR

AD-hMSCs were differentiated into adipocytes in 12-well plates and
treated with NaAsO; for 48 h (10 nM to 10 uM, N = 6 for controls, N =5
for As concentrations). Total RNA was isolated from controls and As-
exposed cells using the Direct-zol RNA MiniPrep Kit (Zymo Research,
Lucerna-Chem, Luzern, Switzerland) following manufacturer protocol.
RNA concentrations were quantified using the Qubit Fluorometer
(Invitrogen, Life Technologies, Carlsbad, CA, USA) following manufac-
turer instructions. Following manufacturer instructions, 100 ng of total
RNA were used to synthesized cDNA with the iScript™ c¢DNA Synthesis
Kit (BioRad, Hercules, CA, USA). For real-time quantitative PCR (RT-
gPCR), the target genes were either amplified with the KAPA PROBE
FAST qPCR Master Mix (2X) Kit (KapaBiosystems, Sigma-Aldrich; qPCR
program of 2 min at 50 °C, 3 min at 95 °C, followed by 46 cycles of 15 s
at 95 °C and 30 s at 60 °C), or with the KAPA SYBR FAST qPCR Master
Mix (2X) Kit (KapaBiosystems; qPCR program of 10 min at 95 °C, fol-
lowed by 40 cycles of 10 s at 95 °C and one minute at 60 °C, associated
with a melt curve stage of 15 s at 95 °C, one minute at 60 °C and in-
creases of 0.3 °C every 15 s to reach 95 °C). The selected primer sets used
in this study are summarized in Supplementary Table 1. Results were
normalized to Ribosomal Protein S13 (RPS13) as a housekeeping gene
and relative expression was calculated with the 2722 method.

2.6. Oil Red O staining

AD-hMSCs were differentiated into adipocytes into 24-well plates
and treated with NaAsO, (10 nM to 10 uM, N = 6 for controls, N = 7 for
As concentrations) for 48 h. Cells were washed with PBS and incubated
in 4% formaldehyde in HyO for 15 min at room temperature. Formal-
dehyde was removed and cells were incubated with 200 uL of Oil Red O
working solution made of 0.5% Oil Red O solution in isopropanol
(Sigma-Aldrich) and distilled H2O at a 2:3 ratio. Cells were then washed
5 times with distilled HoO and pictures were taken at 20 times magni-
fication with a Nikon eclipse TS100. Dye was eluted with 100% iso-
propanol for 10 min at room temperature under constant agitation.
Samples were transferred in a 96-well microplate and absorbance was
measured at 510 nm in duplicate with an Infinite M Nano Reader
(Tecan).

2.7. Western blot

AD-hMSCs were differentiated into adipocytes in 6-well plates and
treated with NaAsO; (1 and 10 pM, N = 2) for 48 h in complete differ-
entiation medium. Cells were serum- and insulin-starved overnight
during the last 16 h of As treatment and stimulated with 10 nM of insulin
for 15 min at the end of the treatment. Proteins were extracted on ice
with 200 pL of M-PER Mammalian Protein Extraction Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (100X) (Thermo Fisher Scientific)
following manufacturer instructions. Equal amounts of proteins for each
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sample were used for Western blot analysis.

Protein samples were analyzed by SDS/PAGE with standard pro-
cedures (gradient 12.5% acrylamide) and electroblotted onto Protran
BA85, 0.45 pm pore size nitrocellulose membrane (Whatman, Maid-
stone, United Kingdom) as described previously (Gasser et al., 2022).
Anti-phospho-Akt (Ser473) (9271, dilution 1:1000, Cell Signaling
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Technology), anti-Akt (9272, dilution 1:1000, Cell Signaling Technol-
ogy), anti-GAPDH (14C10, dilution 1:1000, Cell Signaling Technology)
and anti-rabbit HRP (NA934V, dilution 1:30,000 for phospho-Akt and
GAPDH, 1:20,000 for Akt) antibodies were used for western blot.
Detection was performed with ECL Select kit (Cytiva, Amersham,
Sigma-Aldrich) in the Syngene G:BOX. Images were processed using
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Fig. 1. Cytotoxic and metabolic impact of arsenic exposure on AD-hMSCs. (A) Determination of As cytotoxicity on AD-hMSCs treated with arsenic concentrations
(1 nM - 500 mM) for 48 h. Cell viability was determined by MTT Assay and the error bars represent the standard deviation. The IC10, IC20 and IC50 were calculated
using non-linear regression in GraphPad Prism and are the results of three independent experiments. (B) Arsenic concentrations were measured in cell lysates after
48 h of exposure (10 nM to 10 uM, N = 5). One-way ANOVA followed by Tukey post hoc test were used to analyze differences between controls and arsenic con-
centrations and * indicates significant changes versus controls (*** p < 0.001, **** p < 0.0001). The error bars represent standard deviation. (C) Representation of
the 150 most significantly altered metabolite features by arsenic exposure at concentrations between 10 nM and 10 uM as revealed by one-way ANOVA. Data were
clustered by Ward’s clustering with the Euclidean distance in R. Heatmap columns represent controls and arsenic-treated cells (10 nM to 10 uM, N = 5) and rows
represent significantly dysregulated metabolite features. (D) Over-representation pathway analysis of the 30 most significantly altered biological pathways enriched

by metabolites at 10 uM of arsenic (q value < 0.01).
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ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of
Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997-2018).
GAPDH was used as an internal loading control to confirm that protein
loading was the same across the gels (Barber et al., 2005; Gorzelniak
et al., 2001; Matthae et al., 2013).

2.8. Statistical analyses

One-way ANOVA followed by Tukey post hoc test were performed
using GraphPad Prism version 9.1.0 (221) for Windows (GraphPad
software, San Diego, CA, USA; www.graphpad.com). LIMMA analyses
and heatmap generation were performed using RStudio (version 3.6.3)
for Windows (Vienna, Austria; https://www.R-project.org/).

3. Results
3.1. Arsenic cytotoxicity and metabolic dysregulations

To characterize the effects of As exposure on mature human adipo-
cytes, we investigated the cytotoxic effects of As on AD-hMSCs after 48 h
of exposure. Fig. 1A represents As cytotoxicity in AD-hMSCs with the
inhibitory concentration 50 (IC50) calculated at 20 pM. We determined
the IC10 and IC20 at 6 and 13 pM, respectively. Based on these results,
we established an experimental range of concentrations between 10 nM
and 10 uM, associated to a maximal 17% reduction of cell viability. In
this interval of treatment concentrations, As intracellular levels were
significantly increased from 1 pM in a dose-dependent manner,
revealing the current absorption of As by cells (Fig. 1B).

To have a metabolic screening of the effects of As on AD-hMSCs, we
performed untargeted metabolomics on cells treated with the four As
concentrations for 48 h and detected a total of 12,339 metabolite fea-
tures. The expression profile of the 150 most significantly impacted
metabolite features across all the conditions of exposure clearly showed
a dose-dependent effect of As on cells, with samples treated with As
1 uM and 10 puM forming two distinct clusters from control samples and
samples treated with 10 and 100 nM of As (Fig. 1C). Among these 150
metabolite features, only 46 were identified and mainly correspond to
lipid and fatty acid molecules (Supplementary Data 2). To go further and
fully investigate the global metabolic impact of As on AD-hMSCs, we
performed Linear Model for Micro Array Data (LIMMA) between con-
trols and cells treated with 10 uM of As and highlighted 1577 signifi-
cantly altered metabolite features. Importantly, the 150 dysregulated
metabolite features previously revealed by one-way ANOVA were also
the most significantly impacted in LIMMA analysis, bringing consistency
to our results. Among the 1577 altered metabolic features, 357 were
identified and the most significantly impacted were monoacylglycerols
(MGs), diacylglycerols (DGs), triacylglycerols (TGs), ceramides, cho-
lesteryl esters (CEs), phosphatidic acids (PAs), phosphatidylethanol-
amines (PEs), phosphatidylinositols (PIs), phosphatidylglycerols (PGs),
phosphatidylserines (PSs), and essential fatty acids such as oleic acid,
alpha-linolenic acid and palmitoleic acid. Strikingly, lipid and fatty acid
molecules represent 84% of the identified metabolite features in As-
treated AD-hMSCs, while the remaining 16% correspond to amino
acids, nucleotides, sugars, vitamins and glutathione derivatives. The
complete list of detected metabolite features is available in Supple-
mentary Table 2. Over-representation pathway analysis revealed 253
biological pathways significantly altered by 10 uM As treatment (q-
value < 0.01), whose first 30 are shown in Fig. 1D. In accordance with
the identified metabolite features, we observed a strong effect on lipid
(glycerophospholipid biosynthesis and phospholipid metabolism) and
energy metabolism. In addition, we found that As dysregulated the
transport of small molecules (SLC-mediated transmembrane transport
and transport of vitamins, nucleosides and related molecules), signal
transduction (GPCR downstream signaling) and immune system. The
complete list of significantly dysregulated biological pathways is pro-
vided in Supplementary Table 3.
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3.2. Dysregulation of lipid and energy homeostasis

Lipid storage and lipolysis are some of the main functions of white
adipocytes to ensure energy homeostasis (Morigny et al., 2021). To
understand how As dysregulates lipid metabolism, we investigated its
impact on genes involved in fat storage and mobilization in AD-hMSCs.
We measured the mRNA levels of Fatty Acid Synthase (FASN), Lipo-
protein Lipase (LPL), Diacylglycerol O-Acyltransferase 2 (DGAT2), Lipin
1B and 2 (LPIN1B and LPIN2), Fatty Acid Binding Protein 4 (FABP4),
Perilipin 1 (PLIN1), Patatin Like Phospholipase Domain Containing 2
(PNPLA2 or ATGL), Sterol Regulatory Element Binding Transcription
Factor (SREBF1) and its predominant isoform SREBP1C after 48 h of As
exposure. Overall, the expression of these genes was significantly
decreased in a dose-dependent manner from 10 nM of As, except for
FABP4, whose reduction was significant from 1 uM (Fig. 2A and Sup-
plementary Data 1). These results were further associated with a sig-
nificant decrease of lipid accumulation at 10 uM of As as revealed by Oil
Red O staining (Fig. 2B and Supplementary Data 2). Besides impairing
the ability of adipocytes to store lipids, As also reduced the expression of
genes involved in adipogenesis and adipocyte functions such as the
Peroxisome Proliferator Activated Receptor Gamma (PPARG), the
Phosphoenolpyruvate Carboxykinase (PCK1), and the two adipokines
Adiponectin (ADIPOQ) and Leptin (LEP), whose expression was signif-
icantly decreased in a dose-dependent manner, already from 10 nM of
As (Fig. 2A and Supplementary Data 1).

Untargeted metabolomics also pinpointed the impact of As on mul-
tiple metabolite features, such as fructose 6-phosphate, glucose 6-phos-
phate, uridine diphosphate-N-acetylglucosamine, TGs, DGs and
ceramides, associated to insulin resistance (q value = 7.96e-06, Sup-
plementary Table 3). Insulin plays a key role in adipocytes by inhibiting
lipolysis and triggering lipid storage and glucose uptake into the cells via
the activation of a signaling cascade including the phosphorylation of
Akt. To functionally assess if As impaired the ability of AD-hMSCs to
respond to insulin, we measured Akt phosphorylation levels at the two
highest As concentrations, 1 and 10 uM. As expected, we observed a
significant increase of Akt phosphorylation upon insulin stimulation in
control cells (Fig. 2C). At 10 uM of As, basal Akt phosphorylation was
strongly dampened compared to controls and the response to insulin was
impaired. These data suggested that As induced insulin resistance in
mature adipocytes. In line with these observations, the mRNA levels of
the Insulin Receptor Substrate 2 (IRS2) and the Glucose Transporter 4
(GLUT4), the insulin-sensitive glucose transporter in adipocytes, as well
as the Pyruvate Kinase M1/2 (PKM2), involved in glycolysis, were
significantly decreased, suggesting a strong impact of As on glucose
homeostasis (Fig. 2A and Supplementary Data 1). Accordingly, we
observed an effect of As on the biological pathways of carbohydrate
metabolism, glucose metabolism, glycolysis and gluconeogenesis and
the associated metabolites involved in these pathways. The concentra-
tions of fructose-6-phosphate, glucose-6-phosphate, glycerol-3-
phosphate obtained from glucose during glycolysis, malic acid and
adenosine monophosphate were all significantly decreased by As treat-
ment at 10 uM (Fig. 2D). In addition, the concentration of oxoglutaric
acid was significantly increased at 10 uM.

Collectively, our data highlighted a massive dysregulation of lipid
and glucose metabolism induced by arsenic exposure in adipocytes,
associated with their reduced ability to store lipids and inhibited insulin
sensitivity. Fig. 2E summarizes the impact of 10 uM of As on lipogenesis
and glucose metabolism in mature adipocytes.

3.3. As homeostasis and cellular defense

Over-representation pathway analysis also revealed that As exposure
significantly altered the transport of small molecules and inorganic ions
(q value = 5.06e-18 and q value = 1.57e-3 respectively, Supplementary
Table 3). In particular, glutathione is strongly involved in the meta-
bolism and transport of As ions and glutathione metabolism was among
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* indicates significant changes versus controls (* p < 0.05, ** p < 0.01, *** p < 0.001, **

the significantly affected metabolic pathways upon As exposure (q value
= 6.07e-06, Supplementary Table 3), as demonstrated by increased
levels of glutathione, glutathione disulfide, L-cysteinylglycine and
y-glutamylcysteine at the expenses of L-glutamate and 5-oxoproline,
both significantly reduced (Fig. 3A and Supplementary Data 3). These
changes reflected a strong induction of Glutamate-Cysteine Ligase
Modifier Subunit (GCLM) gene that might explain the increased con-
version of L-glutamate into y-glutamylcysteine, further converted into
glutathione (Ran et al., 2020), whereas Glutamate-Cysteine Ligase
Catalytic Subunit (GCLC) and Glutathione Synthetase (GSS) were both
slightly downregulated. The reduced expression of
Gamma-Glutamylcyclotransferase ~ (GGCT) and 5-Oxoprolinase,
ATP-Hydrolysing (OPLAH), together with the decreased levels of 5-oxo-
proline and L-glutamate, suggests that glutathione was not degraded to
replenish L-glutamate, but rather directed towards degradation into
L-cysteinylglycine or oxidation into glutathione disulfide through
Glutathione Peroxidase 4 (GPX4), hence participating in the mainte-
nance of the red-ox cellular state. Interestingly, glutathione disulfide,
the oxidized form of glutathione involved in the oxidation of reactive
oxygen species, was significantly increased upon As treatment leading to
a decreased ratio glutathione/glutathione disulfide, which is suggestive
of the potential activation of an adaptive oxidative stress response.

As mentioned previously, the increase of glutathione production is
highly relevant for As metabolism and detoxification in human

* p < 0.0001).

adipocytes (Leslie, 2012). As ion influx and efflux in adipocytes is
ensured by the glycerol bidirectional channel via Aquaporin 7 (AQP7)
(Mukhopadhyay et al., 2014), whose expression was significantly
decreased in a dose-dependent manner by As treatment. As ions conju-
gate with glutathione to favor their metabolism as tri-glutathione
complexes (As(GSH)s). Glutathione-S-Transferase Omega 1 (GSTO1)
catalyzed this reaction, which was strongly increased at 10 uM of As. As
(GSH)3 complexes are further methylated by Arsenite Methyltransferase
(AS3MT) to form monomethyl- and dimethyl-arsenic acids and their
pentavalent forms, or directly extruded by the extrusion pump and the
action of the two transporters ATP Binding Cassette Subfamily C Mem-
ber 1 and 2 (MRP1/2). In our study, As treatment induced a mild but not
significant decrease of AS3MT expression and As metabolites were not
detected in cell and medium samples (data not shown). In parallel, we
observed a mild significant decrease of MRP1 and MRP2 gene expres-
sions, suggesting here again the potential accumulation of As within the
cells.

Because of the significant accumulation of As and the possible acti-
vation of cellular stress, we investigated the impact of the treatment on
the inflammatory response and the activation of the cell protection
mechanisms. As shown in Fig. 3B, the mRNA levels of the cytokine C-C
Motif Chemokine Ligand 2 (CCL2) significantly decreased in a dose-
dependent manner, but 10 uM of As induced a significant increase of
Interleukin 6 (IL6) expression, suggesting the activation of the pro-
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inflammatory state of the adipocytes. We next checked the expression of
two metallothionein (MT) isoforms, MT2A and MT1A, that belong to a
class of cysteine-rich proteins involved in cell detoxification against
heavy metal toxicity and the oxidative stress response. Both MT2A and
MT1A were strongly induced by As exposure at 10 uM, supporting the
activation of the adaptive oxidative stress response and defense mech-
anisms against As cytotoxicity. Collectively, our data showed that,
despite the activation of these mechanisms, As exposure leads to the
dysregulation of its homeostasis and transport and the development of
inflammation in mature adipocytes.

4. Discussion
4.1. Arsenic concentrations and cytotoxicity

In our study, untargeted metabolomics was used as an unbiased
approach to decipher the effects of an acute exposure to low As levels
(from 10 nM to 10 uM) on mature human adipocytes. The World Health
Organization (WHO) sets a recommended limit of exposure of 10 pg/L of
As in drinking water (Brammer and Ravenscroft, 2009; UNICEF, 2018).
So far, most of the in vivo studies exploring As metabolic effects used
concentrations in drinking water between 100 ug/L and 50 mg/L, well
beyond the WHO limit, which results in insulin resistance, impaired
glucose tolerance and increased body weight (Calderon-DuPont et al.,
2023; Paul et al., 2007b). However, it remains difficult to estimate the
actual amount of As that reaches adipose tissue upon such exposure, and
only one study determined that administration of 50 mg/L As for 8
weeks to mice would result in approximately 1 uM of As in adipose tissue
(Paul et al., 2007b). In vitro studies exploring the direct effect of As in
3T3-L1 and AD-hMSCs span from 1 uM to 600 pM, which inhibit adi-
pogenesis and insulin-stimulated glucose uptake, induce inflammation
and oxidative stress (Garciafigueroa et al., 2013; Paul et al., 2007a;
Walton et al., 2004). Our study covers a range of lower As doses, from
10 nM to 10 uM, perhaps more compatible with environmental expo-
sure. At the highest concentration of 10 pM, the dysregulation of various
metabolic pathways was associated with the induction of MTs and the
increase of glutathione levels, while cell viability was reduced by only
17%. These results highlighted a strong metabolic perturbation and the
potential activation of an adaptive oxidative stress response to coun-
teract As toxicity. However, changes of the expression profile of genes
involved in lipid and glutathione metabolism, As transport and adipo-
cyte functions were already observed following an acute As exposure as
low as 10 nM. In this view, it would be of great interest to investigate the
metabolic consequences of a long-term exposure to these low concen-
tration range on human adipocyte metabolism and assess systematically
what are actual levels of As and its different species in adipose tissue in
the general population.

4.2. Decreased insulin sensitivity and glucose handling

Within adipocytes, the action of insulin controls many cellular pro-
cesses such as glucose uptake or lipid metabolism (Morigny et al., 2021).
In our study, we demonstrated that As exposure downregulated IRS2
and GLUT4 levels and impaired the basal and insulin-stimulated Akt
phosphorylation. These results suggest a strong inhibition of insulin
signaling and ISGU, as also supported by the impact of As on various
metabolite features involved in glucose metabolism. Our results are
consistent with previous observations made in 3T3-L1 adipocytes at
higher As concentrations and longer exposure durations (Paul et al.,
2007a; Walton et al., 2004; Xue et al., 2011) and highlight the potential
of As to induce insulin resistance in human adipocytes and impair cell
ability to handle glucose. Interestingly, Xue and colleagues observed
that, in 3T3-L1 adipocytes chronically exposed to As concentrations, the
decreased insulin sensitivity and ISGU were associated with increased
NRF?2 activity, high intracellular levels of glutathione and inflammatory
cytokines and decreased levels of several markers of adipocyte functions
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(Xue et al., 2011). Based on these results, authors hypothesized that the
inhibition of ISGU could be promoted, at least in part, by the activation
of the cellular oxidative stress response. In our study, we also observed a
significant increase of glutathione levels and of the inflammatory cyto-
kine IL6. This was associated with the inhibition of several key adipocyte
genes such as PPARG, ADIPOQ, LEP and PCK1. Our results support the
hypothesis of Xue and colleagues, although mechanistic experiments
would be needed to demonstrate if a true causal link exists between the
activation of an adaptive stress response and the development of insulin
resistance in response to As exposure in human adipocytes.

4.3. Dysregulation of lipid metabolism

The development of insulin resistance in adipocytes might have a big
impact on lipid metabolism. In adipocytes, triglyceride accumulation is
controlled by the balance between lipogenesis and lipolysis. As
mentioned previously, insulin is a key regulator of lipid metabolism
which promotes the hydrolysis of circulating fatty acids via LPL before
their uptake into cells via fatty acid transporters and their storage into
adipocytes as TGs (Morigny et al., 2021). Insulin also activates SREBP1C
which is involved in the regulation of several lipogenic genes, such as
FASN and DGAT2 (Foretz et al., 1999). Finally, insulin is strongly
involved in the inhibition of lipolysis in adipocytes. Accordingly, we
found that, besides decreasing insulin sensitivity, As treatment reduced
the expression of numerous genes involved in fatty acid metabolism and
TG synthesis, suggesting an overall impairment of lipogenesis. This was
further confirmed by the decreased cellular lipid content in response to
As, the inhibition of PLIN1, involved in the regulation of lipid droplet
size and a mandatory regulator of basal and stimulated lipolysis (Gar-
ciafigueroa et al., 2013), and of other markers of mature adipocytes such
as PPARG, ADIPOQ, FABP4 and ATGL. In addition, despite the reduction
of ATLG, involved in TG hydrolysis with adipocytes, our results pinpoint
towards a potential functional deficit in lipid storage capacity and
increased lipolysis, as also observed by Garciafigueroa and colleagues
(Garciafigueroa et al., 2013). Interestingly, the loss of the adipose tissue
ability to store lipids is strongly associated with the development of
metabolic syndrome and oxidative stress (Vigouroux et al., 2011),
because it potentially leads to ectopic lipid accumulation and the
development of systemic inflammation (Gustafson et al., 2007; Turer
et al., 2012). Collectively, given its strong ability to inhibit lipogenesis
and lipid storage in human adipocytes, As would be an important risk
factor for the development of T2D and metabolic syndrome.

4.4. Activation of the adaptive oxidative stress response

When As>' ions enter the cells, they undergo several steps of meta-
bolism. Liver is the main organ for As methylation prior excretion of the
produced metabolites in kidneys (Chen et al., 2012). Less is known about
As metabolism in adipose tissue, although one previous study showed
evidence of poor As methylation capacity of adipocytes (Flora, 2011). In
line with these observations, we did not detect any As metabolites and
As treatment had no significant impact on AS3MT expression in
AD-hMSCs, suggesting that As was not metabolized within the cells.
Nevertheless, we demonstrated that As exposure activated several
antioxidant molecules that could protect against As-induced toxicity. In
particular, MTs and glutathione are thiol-rich molecules strongly
involved in cell defense mechanisms and response to oxidative stress
(Chiaverini and De Ley, 2010; Leslie, 2012). Trivalent arsenicals have
high affinity for thiol groups and strongly bind to cysteine residues on
proteins (Shen et al., 2013). In particular, each MT molecule can bind to
six As ions (Jiang et al., 2003) leading to the formation of As-MT com-
plexes (Ganger et al., 2016). In our study, we found that As exposure was
able to significantly induce the expression levels of two MT isoforms,
MT1A and MT2A. Glutathione also provides an important cellular pro-
tection against As toxicity with the formation of As(GSH)3 complexes,
which is promoted by GSTO1 (Patrick, 2003), a phase II enzyme
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involved in xenobiotic detoxification (Chen et al., 2012), whose
expression was strongly increased by As exposure in our experiments.
Here, the overall increase of antioxidant levels in response to As toxicity
suggests the activation of an adaptive oxidative stress response, as
observed in other studies (Flora, 2011; Fu et al., 2010). In parallel, As
significantly decreased the expression of GPX4, involved in the meta-
bolism of reactive oxygen species (Flora, 2011). Interestingly, in ob/ob
mice and 3T3-L1 mature adipocytes, decreased GPX activities and
increased content of glutathione were associated with obesity and
adipocyte dysfunction via the suppression of the insulin-induced tyro-
sine phosphorylation of IRS1, the subsequent interaction of PI3K to IRS1
and the serine phosphorylation of Akt (Kobayashi et al., 2009). Hence,
glutathione accumulation and inhibition of GPX4 expression induced by
As might participate to the development of insulin resistance in human
adipocytes.

4.5. Arsenic metabolism and transport

Within adipocytes, As influx and efflux are ensured by different
transporters such as MRPs and AQP7. MRPs are ATP-binding cassette
transporters located in cell membrane (Watanabe and Hirano, 2013) and
involved in the metabolism of xenobiotics and their metabolites (Leslie,
2012). MRP1 and MRP2 excrete As As(GSH)3 into the circulation, the
liver and the bile (Garbinski et al., 2019) hence conferring cellular
protection against As cytotoxicity (Leslie, 2012). AQP7 is a bidirectional
channel protein involved in the movement of As in and out of human
cells (Mukhopadhyay et al., 2014) and, it is also the primary glycerol
transporter in human adipose tissue (Gonzalez-Davalos et al., 2020).
Altogether, the combined downregulation of AQP7 and MRP trans-
porters observed in our study suggests that As exposure might have an
impact on cell detoxification capacity, even at the lowest concentration
investigated herein (10 nM), thus potentially exacerbating As accumu-
lation and toxicity into cells. In addition, given its involvement in
glycerol release from the adipocytes into the bloodstream (Leslie, 2012;
Garbinski et al., 2019) AQP?7 is also thought to play an important role in
adipose tissue enlargement and adipocyte function (Garbinski et al.,
2019). Accordingly, reduced AQP7 mRNA expression has been detected
in obese men and women in several studies (Marrades et al., 2006;
Ceperuelo-Mallafre et al., 2007) and AQP7 reduction in response to As
might also contribute to deteriorate adipocyte metabolic functions.

5. Conclusion

We demonstrated that acute As exposure induces various metabolic
perturbations in mature human adipocytes that might contribute to the
development of T2D and metabolic syndrome. In particular, we high-
lighted that, despite the activation of cellular defense mechanisms, with
the induction of MTs and glutathione, As reduces adipocyte ability to
store lipids, likely via the perturbation of insulin signaling and dysre-
gulated glucose metabolism. Moreover, the downregulation of trans-
porters involved in As metabolism could possibly participate to As
toxicity. Our study gives robust mechanistic bases to understand As
implication in the development of metabolic diseases in humans. The
significant effects of As on mature adipocytes, observed here after a
short period of exposure, raise the question of the possible consequences
of chronic environmental exposure on adipose tissue homeostasis in the
general population.
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