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• Aluminum exposure induced inflamma-
tory cytokine secretion in colon of Crohn’s
disease but not healthy patients.

• Aluminum internalisation in intestinal ep-
ithelial cells was correlated to inflamma-
tion.

• Patients bearing genetic polymorphism in
MDR1 or SLC26A3 showed a higher sus-
ceptibility to aluminum-induced inflam-
mation.
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Background& aim: The key role of environmental factors in the pathogenesis of Inflammatory Bowel Diseases (IBD) is

recognized. Aluminum is suspected to be a risk factor for IBD. However, mechanisms linking aluminum exposure to
disease development are unknown. We examined the role of aluminum transport and subcellular localisation on
human colon susceptibility to aluminum-induced inflammation.
Methods:Human colon biopsies isolated from Crohn's disease (CD) or control patients and Caco-2 cells were incubated
with aluminum. The effects of aluminumwere evaluated on cytokine secretion and transporter expression. The role of
aluminum kinetics parameters was studied in Caco-2 using transport inhibitors and in human colon biopsies by
assessing genetic polymorphisms of transporters.
Results:Aluminum exposure was shown to induce cytokine secretion in colon of CD but not healthy patients. In Caco-2
cells, aluminum internalisation was correlated with inflammatory status. In human colon, analysis of genetic
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polymorphisms and expression ofABCB1 and SLC26A3 transporters showed that their decreased activity was involved
in aluminum-induced inflammation.
Conclusions:We hypothesize that alteration in detoxifying response would lead to a deregulation of intestinal homeo-
stasis and to the expression of IBD. Our study emphasizes the complexity of gene/environment interaction for alumi-
num adverse health effect, highlighting at risk populations or subtypes of patients. A better understanding of
correlations between gene expression or SNP and xenobiotic kinetics parameters would shift the medical paradigm
to more personalized disease management and treatment.
1. Introduction

Inflammatory bowel disease (IBD) is a heterogeneous state of chronic
intestinal inflammation comprising two main clinical phenotypes, Crohn's
disease (CD) and ulcerative colitis (UC), distinguished by symptoms, loca-
tion of inflammation and histological features (Torres et al., 2017; Ungaro
et al., 2017). IBD is characterized by chronic relapsing inflammation of
the gastrointestinal tract alternating acute episodes and remission. IBD
are complex multifactorial diseases, originated from an interplay between
the gut microbiota and, environmental and immunological factors, in ge-
netically susceptible individuals, which promotes dysregulated innate and
adaptive immune responses (de Souza and Fiocchi, 2016). Genome-wide
association studies identified >250 IBD-associated genes, including genes
related to epithelial barrier function, immune tolerance and mucosal
defence or solute transport (Khor et al., 2011; Rivas et al., 2011). Although
the exact etiopathology of IBD remains unknown, the key role of environ-
mental factors in their pathogenesis is recognized. Indeed, the spatial
heterogeneity of IBD, their increasing incidence and prevalence with time
and in different regions around the world, the low concordance rate in
monozygotic twins and the increased risk among migrants from low-
incidence to high-incidence areas strengthens this idea (Molodecky et al.,
2012; Ng et al., 2013; Vedamurthy and Ananthakrishnan, 2019). IBD first
developed in western countries, however, recent data have described an
increasing incidence in Eastern regions (Ng, 2014). This emergence of
IBD in low-prevalence regions has accompanied the process of industriali-
zation which is associated with modification of diet habit or increase of en-
vironmental pollutant exposure. We previously demonstrated that oral
administration of aluminum worsened intestinal inflammation in mice
models of IBD (Pineton de Chambrun et al., 2014). Aluminum was shown
to have a deleterious impact on intestinal homeostasis. Indeed, mechanisti-
cally, aluminum induced inflammatory cytokines expression in the colon of
mice and in the Caco-2 and HT-29 cancerous cell lines, decreased intestinal
epithelial cells proliferation and impaired intestinal barrier function inmice
(Djouina et al., 2016; Jeong et al., 2020b; Pineton de Chambrun et al.,
2014). Aluminum exposure is thus suspected to be involved in IBD develop-
ment. Aluminum is the most frequent metal in the earth's crust. Its presence
is ubiquitous in nature, thus it can naturally contaminate food. It is also
largely used in daily life products as food additive, in kitchenware or
packaging (Vignal et al., 2016). In Europe, it was estimated that the tolera-
ble weekly intake of 2 mg/kg bw of aluminum is exceeded in a significant
proportion of the population, especially in children, who are more vulnera-
ble to toxic effects of pollutants than adults (Arnich et al., 2012; Sirot et al.,
2018). As aluminum oral bioavailability is<1%, colonic epithelial cells are
important target for aluminum adverse effect (Powell et al., 1994; Yokel
and Florence, 2008). The gastrointestinal tract is chronically exposed to
mixtures of xenobiotic substances including diet, pharmaceuticals or envi-
ronmental contaminants. The human body has developed extensive molec-
ular mechanisms to protect against the toxicity of those xenobiotics.
Usually linked to liver metabolism, the intestine also expresses phase I
and phase II enzymes as well as transporters to mediate biotransformation
and excretion of xenobiotics (Bourgine et al., 2012). A strongly diminished
expression of the ABC-transporter ABCB1 (encoding the multidrug
resistance protein 1 (MDR1), also known as permeability-glycoprotein 1
(P-gp)) was first shown in mucosal biopsies from UC patients (Langmann
et al., 2004). Afterwards, profound alterations in transportome profiling
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have been highlighted in CD patients (Pérez-Torras et al., 2016). Defective
mucosal detoxification system has been proposed to be part of the patho-
physiology of IBD (Langmann and Schmitz, 2006). Indeed, variation of
xenobiotic metabolizing enzymes or transporters, directly or indirectly
involved in xenobiotic detoxification, could explain the differences in
susceptibility to IBD development as well as the heterogeneity of response
to xenobiotics observed in different populations.

In this manuscript, we studied aluminum adverse effects on human
colon biopsies and assessed the involved mechanisms particularly in term
of transport and subcellular localization. We hypothesize that an improper
detoxification of aluminum implicating transporters might lead to an
increased susceptibility to aluminum toxicity in IBD patients.

2. Materials and methods

2.1. Human colon biopsies stimulation

All subjects were recruited from the Department of Gastroenterology,
Claude Huriez University Hospital, Lille, France and written informed con-
sent was obtained. This study has been approved by the local institutional
ethics committee (n° 2010-A00056–33). Participation in the study was pro-
posed to all patients when the performance of a colonoscopy was needed
for clinical assessment, required for the diagnosis or the follow-up of their
intestinal disease. Control subjects were selected among patients who un-
derwent colonoscopy as part of their clinical investigation for various rea-
sons not related to inflammatory bowel disease. Two colonic biopsies
were taken during colonoscopy from the same mucosal area from 51
Crohn's disease patients and 31 controls, as well as a blood sample.

Immediately after collection, biopsies were incubated in RPMI supple-
mented with 1 % Penicillin-Streptomycin and 0.1 % Fungizone (Thermo
Fisher Scientific) and stimulated with 100 μg/ml aluminum citrate (AlCi)
(Sigma-Aldrich) for 6 or 24 h. The dose used in our study, 100 μg/ml
corresponding to 3.7 mM, is in the same order of concentration compared
to other studies working on intestinal epithelial cell lines (Aspenström-
Fagerlund et al., 2009; Jeong et al., 2020b, 2020a). Aluminum-treated
biopsies were compared to unstimulated biopsies (termed NT for non-
treated in the figures) incubated in the same medium without aluminum.
After culture at 37 °C in a humidified atmosphere (95 % air and 5 %
CO2), supernatants and cells were collected separately and stored at
−80 °C until analysis.

2.2. Cytokine quantification

Three key cytokines involved in CD pathogenesis, TNFα, IL17A and
IL1β, were quantified in the culture supernatant using a Human Magnetic
Luminex Assay (Bio-Techne) according to the manufacturer's instructions.
Samples were analyzed with the Bio-Plex 200 system and data were
processed using Bio-Plex Manager software (Bio-Rad). Cytokine secretion
was expressed according to the total quantity of proteins in cell supernatant
determined using the DC™ protein assay kit (Bio-Rad). A calibration kit was
run to standardize fluorescence signal before each experiment and a valida-
tion kit ensuring performance of fluidics and optics systems was run
monthly. Patients for which cytokine secretionwas below the limit of quan-
tification were not included in statistical analysis.



M. Djouina et al. Science of the Total Environment 850 (2022) 158017
2.3. In vitro intestinal barrier model

The human colon adenocarcinoma Caco-2 cell line (ATCC® HTB-
37TM) was used to obtain an in vitro intestinal barrier model. Indeed,
caco-2 cells have the ability to differentiate into a monolayer mimicking
the intestinal epithelium when grown on transwell inserts. Caco-2 cells
were maintained in complete medium (DMEM with phenol red and
4.5 g/l D-(+)-glucose, supplemented with 1 % (v/v) penicillin/streptomy-
cin, 1 % (v/v) Glutamax, Thermo Fisher Scientific, and 10 % (v/v) heat
inactivated fetal bovine serum, Eurobio Scientific) at 37 °C in a humidified
atmosphere of 5 % CO2/95 % air. To differentiate Caco-2 cells into a
polarized monolayer with an apical brush border, cells were cultivated on
polyester (PET) microporous filter with 3 μm of pore size in 24 or 6-well
transwell plates (Falcon® Permeable Support 353492). Briefly, 85000
cells/cm2 were seeded with complete medium on the apical side and
complete medium without cells were added in the basal side of the
Transwell insert. After 21 days of culture, Caco-2 cells were differentiated
and polarized, resembling the morphological and functional features of
the mature enterocytes. To verify epithelial integrity of cell monolayers,
Transepithelial Electrical Resistance (TER)wasmeasuredwith an Epithelial
Voltohmmeter (EVOM2) coupled to a chopstick electrode pair (STX2, both
World Precision Instruments, Sarasota, FL, USA).

2.4. Caco-2 exposure to aluminum

Two different experiments were performed to document the impact of
aluminum citrate on epithelial barrier. We first assessed the impact of
aluminum on the ability of Caco-2 cells to differentiate and form an imper-
meable monolayer. One day after seeding Caco-2 cells on Transwell inserts,
medium in apical side was replaced by complete medium supplemented
with 100 μg/ml of aluminum citrate (AlCi) for 15 days. Untreated cells
received complete medium without aluminum citrate. Epithelial integrity
of cell monolayers was monitored from day 0 to day 15 by TER measuring.
At the end of the exposure period, cells were collected for further analysis.

In a second set of experiments, we evaluated the ability of aluminum to
disturb a differentiated monolayer. Caco-2 cells were seeded on Transwell
inserts and left to differentiate for 21 days. At day 21, cells were washed
with PBS 1× and complete medium containing 100 μg/ml aluminum citrate
or aluminum-rhodamine was added in apical compartment. Untreated cells
received complete medium only. After 6 or 24 h of exposure, supernatants
(basal and apical side)were collected forfluorescence intensitymeasurement
(n = 8), cells were washed with PBS 1× for RNA extraction (n = 5) or
directly fixed with 10 % buffered formalin for confocal microscopy (n= 3).

2.5. Size measurement of aluminum citrate and aluminum-rhodamine

The size of aluminum citrate and aluminum-rhodamine was measured
by dynamic light scattering in pure water at 25 °C. Measurements were
carried out in triplicate using a zetasizer nanoZS (Malvern Instruments,
France) with a particle concentration of 100 μg/ml.

2.6. Caco-2 cells monolayers exposure to aluminum-rhodamine and treatment
with transport inhibitors

After 21 days of differentiation, Caco-2 cells monolayers were treated in
apical side for 1 h with chlorpromazine (CPZ) at 10 μg/ml (n= 7), Filipin
III at 10 μg/ml (n = 7) or Cyclosporine A (Cyclo A) at 1 μg/ml (n = 7)
diluted in complete medium (Sigma-aldrich). After 1 h of treatment with
transport inhibitor, all group were exposed in apical side with 100 μg/ml
of aluminum-rhodamine (Alu-Rho) for 6 h. Untreated cells received com-
plete medium only (n=7). At the end of the exposure period, supernatants
(basal and apical side) were collected for fluorescence intensity measure-
ment, cells were washed with PBS 1× for RNA extraction (n = 4) or
directly fixedwith 10%buffered formalin (MicromMicrotech) for confocal
microscopy (n = 3).
3

2.7. Fluorescence intensity measurement in supernatant

To measure fluorescence intensity of aluminum-rhodamine in each
compartment of transwell, 100 μl of supernatant were transferred in a
96 well black plate and read in a microplate reader (FLUOstar
Omega BMG labtech) at 510 nm excitation wavelength and 568 nm
fluorescence emission.

2.8. Confocal microscopy and aluminum-rhodamine sub-cellular quantification

Caco-2 cells incubated with aluminum-rhodamine were fixed in 10 %
buffered formalin for 30 min, processed, and embedded in paraffin wax by
automatic sample preparation system (LOGOS One, Milestone). Serial
histological sections of 5 μm thickness were cut, deparaffinized and
rehydrated.

For immunohistochemistry of actin, sections were placed in 10 mM
sodium citrate buffer pH 6.0 and incubated in a heat-induced antigen
retrieval chamber for 20 min at 121 °C. After washing, sections were
blocked for 30 min with 5 % BSA in PBS, stained overnight at 4 °C with
anti-β-Actin antibody (1/500, A5441 Sigma-Aldrich) and incubated with
Alexa-488 conjugated secondary antibody (1/500, A28175, Thermo
Fischer Scientific) for 1 h. Sections were counterstained with Hoechst
33342 (1/1000, molecular Probes).

Ten images were acquired using an LSM 710 confocal laser-scanning
microscope (Carl Zeiss) equipped with 63×/1.4 immersion oil objective.
Hoechst 33342, Alexa-488 and aluminum-Rhodamine were imaged using
UV, Argon 488 and 561 nm diode-pumped solid-state laser. Images were
processed with ZEN software.

To quantify aluminum-rhodamine, we followed the method described
by Mc Cloy R.A et al. (McCloy et al., 2014). Using FIJI software, a ROI
was drawn around each cell compartment (apical side with microvilli
brush borders, cytoplasm, nucleus and basal side with filter) and area,
integrated density, mean fluorescence were measured, along with several
adjacent background readings. The corrected total cellular fluorescence
(CTCF) was calculated as followed: CTCF = integrated density – (area of
selected cell compartment × mean fluorescence of background readings)
(Schindelin et al., 2012).

2.9. Real-time quantitative PCR

Total RNA was extracted from Caco-2 and colon biopsies with the
NucleoSpin RNA commercial kit as described by the manufacturer
(Macherey-Nagel). cDNA was synthesized with the High Capacity cDNA
Reverse Transcription kit and qPCRwas performedwith SyBrGreen fluores-
cence detection in a StepOne system (Thermo Fisher Scientific). The primer
sequences were designed using Primer3Web and are available upon re-
quest. Melting curve analyses were performed for each sample and gene
to confirm the specificity of the amplification. The relative expression of
each target gene was normalized to the relative expression of the Polr2a
gene. The quantification of the target gene expression was based on the
comparative cycle threshold (Ct) value. The fold changes of the target
genes were analyzed by the 2−ΔΔCt method.

2.10. Sequencing analysis

Genomic DNA was extracted from blood samples using the NucleoSpin
Blood Kit from Macherey-Nagel according to manufacturer protocol.
AmpliSeq libraries were prepared using an ion AmpliSeq library kit 2.0
and ionAmpliSeq custompanel (Life Technologies). AmpliSeq technologies
were used to design a custom NGS library. Ten ng of each DNA sample was
used as a template to prepare the library. Quality control of all libraries was
performed with an Agilent bioanalyser using high sensitivity chips. Library
templateswere amplified clonally using an IonChef, following themanufac-
turer's protocol. Samples were subjected to the Ion S5 sequencer using Ion
540 chips and Ion 540 kit-Chef (Life Technologies). Fifty-four barcoded
samples were loaded per chip to ensure an average depth of 1500, on 2



Fig. 1. Effect of aluminum on cytokine secretion and transporter expression in human colon biopsies. Human colon biopsies isolated from Crohn’s Disease (CD) and control
patientswere incubatedwith (AlCi) orwithout (NT) aluminumcitrate and secretion of TNFα (A), IL17A (B) and IL1β (C)was assessed in culture supernatants (control, n=31
vs CD n = 51). mRNA expression of ABCD1 (D), ABCB1 (E) and SLC26A3 (F) was assessed in biopsies (control, n = 15 vs CD n = 24). Results from unstimulated and
stimulated biopsy from the same patient are paired in the graphs. Statistical analysis was performed between unstimulated and stimulated biopsy from the same patient
and traduce the ability of aluminum to modify cytokine secretion or transporter expression. Fold expression of ABCD1 (G) or SLC26A3 (H) and TNFa induced by
aluminum in CD patients' biopsies were plotted and Pearson correlation was calculated.
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Fig. 2. Effect of aluminum on gut epithelial barrier parameters in Caco-2 cells.
(A) Undifferentiated Caco-2 cells were incubated with (AlCi) or without (NT)
aluminum citrate for 15 days and transepithelial resistance was assessed over
time. Differentiated Caco-2 cells were incubated with (AlCi) or without (NT)
aluminum citrate for 6 h and transepithelial resistance (TER) (B), and mRNA
expression of cellular junctions (C) were assessed. (D) Size distribution of
aluminum-rhodamine and AlCi was assessed with a nanosizer. Differentiated
Caco-2 cells were incubated with (Alu-Rho) or without (NT) Alu-Rho for 3 h and
transepithelial resistance (TER) (E), and mRNA expression of cellular junctions
(F) were assessed. Statistical analysis was performed by comparing aluminum
treated cells to the non-treated condition.
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Ion chips. For data analysis, alignment of the sequences to the human ge-
nome build 19 reference genome and base calling were performed using
Torrent Suite software. Identification of variants was performed with an
ion torrent variant caller and coverage analysis was generated using cover-
age analysis plugins (Life Technologies).

2.11. Statistical analysis

Data are presented as the mean ± SEM. Comparison between different
treatment groups was performed using the Mann–Whitney test. Analyses
were performed using the GraphPad Prism5 Software. Statistical signifi-
cance was defined as p < 0.05. For all experiments, *p < 0.05, **p < 0.01,
***p < 0.005, ****p < 0.001.

3. Results

3.1. Analysis of aluminum induced inflammation and expression of transporters
in human colon biopsies

Human intestinal biopsies isolated from Crohn's Disease (CD) patients
(n=51) and controls (n=31) were stimulated with AlCi for 24 h and cy-
tokine secretion was assessed in culture supernatants. Paired statistical
analysis between untreated (NT) and AlCi treated gut biopsies revealed
that AlCi induced significant TNFα and IL17a secretion and a trend toward
a significant secretion of IL1β in CD patients but not in control biopsies
(Fig. 1A-C).

ThemRNA expression of several transporters was also analyzed in biop-
sies, and no modification of their expression following AlCi treatment was
observed whether in CD patients or in controls (Fig. 1D-F). However, we
noticed a positive correlation between the expression of TNFa and the
one of ABCD1 (ATP binding cassette subfamily D member 1) and SLC26A3
(solute carrier family 26member 3, encoding the down-regulated in adenoma
protein, DRA) in CD patients (Fig. 1G and H). To test whether aluminum
transport and localisation are important for its proinflammatory effect,
we assessed this mechanism in the model of Caco-2 cells.

3.2. Study of aluminum effect on gut epithelial barrier

Caco-2 cells are human intestinal carcinoma cell line which have the
ability to differentiate into a monolayer mimicking the intestinal epithe-
liumwhen grown on transwell inserts. Thismonolayer shows a strong phys-
ical barrier as denoted by the increase of the transepithelial resistance
(TER) over time during their differentiation (Fig. 2A, black line). We first
wanted to describe aluminum effects on the intestinal barrier. Incubation
of undifferentiated Caco-2 cells with 100 μg/ml AlCi impaired barrier for-
mation, as evidenced by a significant difference in TER from day 8 com-
pared to unstimulated cells and an inability to stabilize an impermeable
monolayer (Fig. 2A). Once polarized (i.e. after 10 day differentiation), incu-
bation of Caco-2 cell monolayers with AlCi increased intestinal permeabil-
ity, as evidenced by a significant mitigation of TER, and OCCLUDIN and
CLAUDIN-7 mRNA levels compared to unstimulated cells (Fig. 2B and C).

We then tested the same parameterswith a laboratory-made engineered
fluorescent form of aluminum, composed of a rhodamine containing core
and an Al(OH)3 shell (Alu-Rho) (Khan et al., 2013). We first analyzed the
size distribution of Alu-Rho and AlCi. Alu-Rho and AlCi solutions showed
a homogeneous size distribution with a mean particle size of 615 nm for
Alu-Rho and 532 nm for AlCi (Fig. 2D). Incubation of differentiated Caco-
2 cells with 100 μg/ml Alu-Rho led to a significant decrease in TER and
OCCLUDIN and CLAUDIN-7 expression (Fig. 2E and F), indicating that
Alu-Rho reproduces the ability of AlCi to perturbate gut epithelial barrier.

3.3. Analysis of aluminum cellular localisation and transport

In order to further assess aluminum behavior in term of transport or cel-
lular localization, we took advantage of the fluorescence of aluminum-
rhodamine. We first followed the appearance of fluorescence in the basal
5
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Fig. 4. Effect of Filipin III, chlorpromazine or Cyclosporine A and aluminum incubation on transporter expression in Caco-2 cells. Differentiated Caco-2 cells were incubated
with transport inhibitors (Filipin III, chlorpromazine (CPZ) or Cyclosporine A (Cyclo A)) for 1 h and then treated with Alu-Rho for 6 h. mRNA expression of ABCB1, ABCC2,
ABCC3, ABCG2, ABCD1, SLC11A2, SLC22A9, SLC26A3 and SLC27A6was then assessed. The open stars (¤) show statistically significant differences between the non-treated
(NT) condition (white bar) and the Alu-Rho treated cells (grey bars). The stars (*) show statistically significant differences between Alu-Rho treated cells (grey bars) and Alu-
Rho + inhibitors groups (patterned bars). Actual p-values show a trend toward a significant difference between Alu-Rho treated cells (grey bars) and Alu-Rho+ inhibitors
groups (patterned bars).
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compartment of transwell inserts after 6 and 24 h stimulation with Alu-Rho
and observed a time-dependent increase of fluorescence, showing the
crossing of the Caco-2 cell layer by Alu-Rho (Fig. 3A). This was further
confirmed by confocal microscopy observation and image fluorescence
quantification which showed Alu-Rho in the apical and basal sides of the
cells, between cells and in the cytoplasm and nuclei of cells (Fig. 3B and
C). In some images, we were also able to see some Alu-Rho particles
surrounded by actin extensions. We then addressed the mechanisms by
which aluminum could enter and cross the cells. We thus tested the
endocytic pathway using two different inhibitors, chlorpromazine (CPZ),
which inhibits clathrin-mediated endocytosis, and Filipin III, which inhibits
lipid rafts-mediated endocytosis (Ding et al., 2021). We also evaluated the
influence of the broad-spectrum transport modulator cyclosporine A
(Cyclo A) on Alu-Rho subcellular localization (Qadir et al., 2005). Confocal
microscopy observation and imagefluorescence quantification showed that
the amount of Alu-Rho was significantly higher in the apical compartment
and conversely less important in the cytoplasm, nuclei and basal compart-
ments when cells were incubated with CPZ or Filipin III, reflecting that
Alu-Rho is retained at the apical side of cells (Fig. 3D and E). Conversely,
we evidenced that incubation of cells with Cyclo A induced Alu-Rho reten-
tion in the cytoplasm. Indeed, almost 93% of Alu-Rho was found inside the
cells under Cyclo A incubation (Fig. 3E).

We then assessed the influence of CPZ, Filipin III and Cyclo A on several
transporter expression; ABCB1, ABCC2 (encoding the multidrug resistance-
associated protein 2, MRP2),ABCC3 (encoding theMRP3 protein),ABCD1,
ABCG2, SLC11A2 (encoding the natural resistance-associated macrophage
protein 2, NRAMP2, also known as divalent cation transporter 1, DMT1),
SLC22A9, SLC26A3 and SLC27A6 (encoding the long-chain fatty acid trans-
port protein 6). We first showed that Alu-Rho decreased the expression of
ABCG2, SLC26A3 and SLC27A6 but had no effect on the expression of
other receptors (ABCB1, ABCC2, ABCC3, ABCD1, SLC11A2 or SLC22A9)
compared to untreated cells (Fig. 4 grey bars). We also found that CPZ
had a profound effect on the expression of almost all the transporters tested
by decreasing their expression compared to cells stimulated with Alu-Rho
alone (Fig. 4 squared grey bars). The effect of Filippin III or Cyclo A incuba-
tion was more mitigated with a significant decrease in ABCG2 and increase
in SLC26A3 expression compared to cells stimulated with Alu-Rho alone
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respectively (Fig. 4 hatched and lined grey bars). A trend toward a
modification of ABCC3, ABCD1, SLC11A2 and SLC22A9 expression was
also observed after Cyclo A incubation (Fig. 4 lined grey bars).

3.4. Study of the consequences of aluminum subcellular localisation on
inflammation

As a positive correlation was observed between transporter and inflam-
mation in human gut biospsies, we assessedwhether aluminum localization
would have an impact on Caco-2 inflammatory status. We previously pub-
lished that aluminum stimulation of Caco-2 cells induced IL1β expression
(Pineton de Chambrun et al., 2014). We confirmed this observation; incu-
bation of Caco-2 cells with Alu-Rho induced the expression of IL1β, the me-
diator of IL1β activation NLRP3 and TNFα compared to untreated cells
(Fig. 5 grey bars). In the presence of CPZ or Filipin III, Alu-Rho failed to in-
duce inflammation, as TNFα, IL1β and NLRP3 expressions were decreased
compared to Alu-Rho stimulated cells reaching the expression of untreated
cells (Fig. 5 squared and hatched grey bars). Conversely, Cyclo A incubation
of cells further increased inflammation as TNFα, IL1β and NLRP3 expres-
sion was higher than with Alu-Rho alone (Fig. 5 lined grey bars).

3.5. Correlation between inflammation and genetic polymorphisms of transporter
genes in human colon biopsies

More than 240 risk gene loci have been associated with IBD (McGovern
et al., 2015). Among them single nucleotide polymorphisms have been
identified in xenobiotic transporters such as ABCB1which is the most stud-
ied one (Potočnik et al., 2004; Weersma et al., 2007). We thus decided to
analyse the impact of aluminum treatment on human gut biopsies accord-
ing to ABCB1 polymorphism status. We found that 53 % of our CD popula-
tion carries a heterozygous (A/G) genotype and 20%a homozygous variant
allele (G/G). We also found that the increase of TNFα secretion following
aluminum stimulation was only observed in patients carrying hetero- or
homozygous mutated allele in ABCB1 gene (Fig. 6A). SLC26A3 polymor-
phisms were also associated with IBD (Shao et al., 2018). We thus analyzed
TNFα secretion according to SLC26A3 genotype. We observed that 46 % of
our CD cohort carried a heterozygous genotype (G/A) and 16 % a
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on inflammatory marker expression in Caco-2 cells. Differentiated Caco-2 cells were
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d cells (grey bars) and Alu-Rho+ inhibitors groups (patterned bars). Actual p-values
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Fig. 6. Effect of Aluminum on TNFα secretion in CD colon biopsies according to
MDR1 or SLC26A3 genotype. Human colon biopsies isolated from Crohn’s Disease
(CD) patients were incubated with (Alu) or without (NT) aluminum citrate for
24 h and secretion of TNFα was assessed in culture supernatants and plotted
according to ABCB1 (A) or SLC26A3 (B) genotype. For ABCB1, A/A represents
the reference genotype and G/G the allelic variant. For SLC26A3, G/G represents
the reference genotype and A/A the variant. Results from unstimulated and
stimulated biopsy from the same patient are paired in the graphs. Statistical
analysis was performed between unstimulated and stimulated biopsy from the
same patient and traduce the ability of aluminum to modify TNFα secretion.
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homozygous variant allele (A/A). A similar observation was done as for
ABCB1 polymorphism. Indeed, aluminum induced TNFα secretion only in
CD patients carrying hetero- or homozygous variant (Fig. 6B).

4. Discussion

We previously demonstrated that aluminum administration impaired
intestinal barrier function and aggravated colitis symptoms in mice models
of IBD, suggesting that aluminummight be an environmental risk factor for
9

IBD (Djouina et al., 2016; Pineton de Chambrun et al., 2014). In this study,
we wanted to reinforce these results by studying the inflammatory impact
of aluminum exposure in human gut biopsies and a potential mechanism in-
volving the xenobiotic detoxification system.

We showed that aluminum induced inflammatory cytokine secretion in
gut biopsies isolated from CD patients but not in healthy biopsies, suggesting
that CD patients are more susceptible to the deleterious effects of aluminum.
Transporter expression was not modified following aluminum treatment but
was correlated with inflammatory status suggesting a link between alumi-
num transport and inflammation. Such a link has been highlighted in animal
models showing an impaired intestinal homeostasis in Slc26a3 knock-out
mice and a spontaneous development of colitis in abcb1 deficient mice
(Kumar et al., 2021; Panwala et al., 1998; Staley et al., 2009; Tanner et al.,
2013). Further mechanistic analysis in Caco-2 cells showed a modified alu-
minumdistribution following incubationwith the clathrin-mediated endocy-
tosis inhibitor chlorpromazine, the lipid rafts-mediated endocytosis inhibitor
Filipin III or the broad spectrum transporter inhibitor cyclosporine A. This
suggested that aluminum internalisation can occur through different path-
ways. The divalent Metal Transporter 1 (DMT1), coded by the SLC11A2
gene, has been shown to specifically transport aluminum in plants (Li et al.,
2014). Its role in aluminum induced toxicity has been suggested in neurode-
generative disorders in the Caenorhabditis elegans model (VanDuyn et al.,
2013). To date, no data exist about its role in aluminum transport in mam-
mals or in intestinal homeostasis. In our study, SLC11A2 expression was
not modified by aluminum treatment neither in human biopsies nor in
Caco-2 cells. The role of DMT1 in aluminum transport and toxic effect in
mammals would deserve more specific studies.

Confocal microscopy showed that following apical exposure, aluminum
was localized in the cytoplasm and nucleus. This was accompanied by an in-
creased expression of NLRP3 and IL1β. NLRP3 is an intracellular pattern
recognition receptor activated by pathogen-associated molecular patterns
as well as bacterial RNA, ATP, silica crystals or aluminum (Eisenbarth
et al., 2008; Hornung et al., 2008; Kanneganti et al., 2006; Li et al.,
2008). Activation of NLRP3 triggers an inflammatory response leading to
IL1β and IL18 secretion. However, the role of NLRP3 in the cellular effects
induced by aluminum is controversial (Franchi and Núñez, 2008; Kuroda
et al., 2011). Incubating cells with Cyclosporine A, which accumulated
aluminum inside cells, further enhanced NLRP3 and IL1β expression.
Conversely, incubation of cells with chlorpromazine or Filipin III, which
prevent aluminum from entering the cells, led to a down regulation of
NLRP3 and IL1β expression compared to aluminum treated cells. This
suggest that the inflammatory effect of aluminum is mediated by the direct
activation of NLRP3 by aluminum inside cells.

GWAS have identified >240 risk gene loci to be associated with IBD
development, but their clinical utility remains limited and mechanisms
that link genetic variants to disease expression are largely unknown. In
our study, we identified that polymorphisms in ABCB1 and SLC26A3
genes influenced inflammatory response to aluminum in human gut biop-
sies. ABCB1 encodes a member of the transporter family of proteins,
P-glycoprotein. It functions as a transmembrane efflux pump to restrict
xenobiotic accumulation in tissues and thereby protecting them from the
chemical-induced toxicity (Wang et al., 2018). The rs1045642 polymor-
phism is the most studied genetic variant of ABCB1. The T allele of MDR1
is associated with a lower P-glycoprotein expression in the gut, a decreased
activity of the protein and an increased tissue concentration of drugs
(Brinkmann and Eichelbaum, 2001; Hoffmeyer et al., 2000). SLC26A3 en-
codes the ion transporter downregulated in adenoma (DRA) protein. DRA
is involved in chloride absorption and in maintenance of epithelial homeo-
stasis in the gut (Kumar et al., 2021). mRNA and protein expression of
SLC26A3 were shown to be increased in the colon of patients carrying the
AA genotype (Shao et al., 2018). Inter-individual variability of xenobiotics
toxicity would not result only from sequence variants in genes. Polymor-
phisms in the xenobiotic transporter ABCG2 were not associated with IBD
onset, however, lower level of ABCG2 has been noticed in the mucosa of
IBD patients (Englund et al., 2007; Erdmann et al., 2019). ABCG2 is local-
ized at the apical membrane of intestinal epithelial cells, this transporter
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is important for dealing with xenobiotics by mediating efflux of toxicants.
Moreover, intestinal inflammation has been shown to interfere with
ABCG2 expression (Deuring et al., 2011). In our study, we showed that alu-
minum treatment downregulated ABCG2 expression and increased inflam-
mation in Caco-2 cells. ABCB1 and SLC26A3mutations or defect in ABCG2
expression might increase aluminum load in cells, activate intracellular sig-
naling, among which NLRP3, leading to inflammation.

Taken as a whole, we can hypothesize that the decreased activity of
some transporters, either by genetic alteration or not, could prevent an ap-
propriate detoxifying response, ultimately leading to a deregulation of in-
testinal homeostasis and to the expression of the pathology. Our study
emphasizes the complexity of gene/environment interaction for xenobi-
otics adverse health effect, highlighting at risk populations or subtypes of
patients. A better understanding of correlations between gene expression
or SNP and xenobiotics kinetics parameters would shift the medical para-
digm to more personalized disease management and treatment.

5. Conclusion

The present study showed that aluminum induced cytokine secretion in
colon of CD but not healthy patients. We observed that internalisation of
aluminum is correlated to inflammation. Genetic polymorphism of ABCB1
or SLC26A3 transporters increased susceptibility of colon to aluminum-
induced inflammation, suggesting that alteration in detoxifying response
might lead to IBD development.
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