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A B S T R A C T

Because of their antimicrobial properties, silver nanoparticles are increasingly incorporated in food-related and
hygiene products, which thereby could lead to their ingestion. Although their cytotoxicity mediated by oxidative
stress has been largely studied, their effects on inflammation remain controversial. Moreover, the involvement of
silver ions (originating from Ag0 oxidation) in their mode of action is still unclear. In this context, the present
study aims at assessing the impact of silver nanoparticles on the secretion of the pro-inflammatory chemokine
interleukin-8 by Caco-2 cells forming an in vitro model of the intestinal mucosal barrier. Silver nanoparticles
induced a vectorized secretion of interleukin-8 towards the apical compartment, which is found in the medium
21 h after the incubation. This secretion seems mediated by Nrf2 signalling pathway that orchestrates cellular
defense against oxidative stress. The soluble silver fraction of silver nanoparticles suspensions led to a similar
amount of secreted interleukin-8 than silver nanoparticles, suggesting an involvement of silver ions in this
interleukin-8 secretion.

1. Introduction

With the advances of nanotechnology, manufactured nanoparticles
came on the market with promises of improved optical, catalytical,
electronical or antimicrobial properties (Vigneshwaran et al., 2007; El-
Nour et al., 2010; León-Silva et al., 2016; Syafiuddin et al., 2017).
However, their smaller size and higher reactivity could also raise their
toxicity. Among them, silver nanoparticles (AgNPs) are increasingly
used in consumer products because of their antimicrobial properties
(Wijnhoven et al., 2009). According to the Project of Emerging Nano-
technologies (The project on emerging nanotechnologies, 2019), AgNPs
are found in the highest number of consumer products containing na-
noparticles, with 50 % of the consumer products containing silver (The
project on emerging nanotechnologies, 2019). In particular, "health and
fitness" and "food and beverages" applications are the most represented
categories for AgNPs, potentially resulting in their ingestion (Laloux
et al., 2017). The presence of AgNPs has also been proven in the food

additive E174 added in pastry decorations such as chocolates or silver
pearls (Verleysen et al., 2015). Aside this example, AgNPs are not di-
rectly incorporated in food but can migrate into it from packaging
materials, cooking instruments, cleaning sprays or storage boxes
(Wijnhoven et al., 2009; Emamifar et al., 2012; Cushen et al., 2014;
Echegoyen and Nerín, 2013; Hauri and Niece, 2011; Song et al., 2011;
von Goetz et al., 2013). Even if the potential migrated amount remains
low, the increasing use of AgNPs in consumer products could drama-
tically raise the consumer exposure to AgNPs. Moreover, AgNPs con-
stitute some unauthorised food supplements whose consumption can
lead to up to 0.02mg/kg BW/day exposure (Larsen et al., 2015). After
ingestion, these AgNPs will come in contact with the gut. Although the
cytotoxicity of AgNPs has been largely studied, their effect on in-
flammation remains controversial.

Because of its major role in inflammation, we decided to focus on
the production of interleukin-8 (IL-8) by intestinal epithelial cells
(IECs), a chemokine involved in inflammatory processes. For this
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purpose, Caco-2 cells were used as an in vitro model of the gut mucosal
barrier. Although isolated from a colonic adenocarcinoma (Fogh and
Trempe, 1975), they differentiate spontaneously in cells presenting
characteristics similar to small intestine enterocytes such as the pre-
sence of active tight junctions and efflux pumps (Artursson, 1990;
Sambuy et al., 2005; Smetanová et al., 2011). These cells are thus
commonly used as a simple in vitro model of the small intestine in
pharmaco-toxicology studies. In particular, they are the most widely
used for nanomaterial translocation assessment (Braakhuis et al., 2015;
Georgantzopoulou et al., 2015).

Although toxicity of AgNPs has been extensively reported in the
literature, the involvement of silver ions (Ag+) in their mode of action
still remains unclear. These ions, as a subproduct of Ag0 oxidation
(Reidy et al., 2013), are commonly found in AgNPs suspensions in
variable proportions that can go even up to 69 % of total silver content
(Beer et al., 2012), depending on the synthesis method (Beer et al.,
2012), the AgNPs size (Bouwmeester et al., 2011) and concentration
(Hadioui et al., 2013) or the chemical nature of their coating (van der
Zande et al., 2012). Together with different chloride complexes (Behra
et al., 2013), Ag + forms the "soluble Ag fraction" in AgNPs suspensions.
Although silver salts are known to be toxic (Miura and Shinohara,
2009), only a few studies have addressed this issue. Most of the pub-
lished reports concerning AgNPs have not distinguished the effect of
soluble Ag from the global observed effects (Zhao and Wang, 2012).
Papers addressing this issue have generally compared the effect of a
silver salt such as acetate or nitrate as a source of Ag+ (Böhmert et al.,
2015; Bilberg et al., 2011; Martirosyan et al., 2016; Navarro et al.,
2008; Yin et al., 2011). Only a few tests have been performed with the
soluble fraction separated from AgNPs suspensions although this was
recommended by Beer et al. (2012) for all studies concerning metallic
nanoparticles such as silver or copper (Beer et al., 2012). In addition,
AgNPs toxicity was suppressed by cysteine, which inactivates soluble
Ag by complexing the ions (Zhao and Wang, 2012). Another way to
assess the involvement of this soluble Ag is to separate it from the
suspension, either by ultracentrifugation (Beer et al., 2012) or by fil-
tration through a membrane with an appropriate cut-off (Zhao and
Wang, 2012). Silver ions could also be separated from the rest of the
suspension by ion exchange resin (Hadioui et al., 2013) although this is
less used in literature.

The gut is a major immune organ, with about 60 % of the total
immunoglobulin content of the human body (Salminen et al., 1998).
Within this organ, the gut-associated lymphoid tissue (GALT) con-
taining the largest pool of immune cells is found (Bourlioux et al.,
2003). However, due to the presence of overwhelming potentially im-
mune-stimulatory bacterial and food antigens, this tissue should re-
spond adequately to stimulations. A complex regulation takes place in
the gut to allow pathogens recognition while avoiding any unwanted
response to the "normal" gut microflora. IECs form the first barrier
encountered by luminal antigens and should respond appropriately to
have a role in the regulation of immune response (Blikslager et al.,
2007). For this purpose, they can secrete chemokines, cytokines and
eicosanoids (Mason et al., 2008) to communicate with immune cells
and to direct them selectively towards antigens. In particular, IL-8 is an
important mediator for these cells, being the major secreted product of
infected epithelial cells (Eckmann et al., 1995), e.g. Caco-2 cells (Van De
Walle et al., 2010; Sergent et al., 2010). This chemokine produced
among others by IECs, has the ability to attract neutrophils to guide
them to the site of inflammation and it is thus commonly classified as a
pro-inflammatory cytokine (Andoh et al., 2000; Rossi et al., 2013).

As the involvement of oxidative stress in the toxicity of AgNPs has
been extensively proven (Völker et al., 2013; Kim and Choi, 2012;
Georgantzopoulou et al., 2015; Gaillet and Rouanet, 2015; Akter et al.,
2018), we have decided to evaluate whether a transcription factor i.e.
Nuclear factor-erythroid 2-related factor (Nrf2) could be involved in
this crosstalk as it orchestrates the defence against oxidative stress.
Under normal conditions, Nrf2 is sequestrated by the cytosolic protein

Keap1, which leads to its proteosomal degradation. Keap1 contains a
series of reactive cysteine residues, acting as a sensor through reaction
with electrophiles or oxidants. This modification releases Nrf2 that then
translocates in the nucleus and regulates the expression of its target
genes, containing an antioxidant response element (ARE) in their pro-
moters (Kobayashi and Yamamoto, 2005). They modulate the cellular
response to stress such as phase 2 detoxifying enzymes, thiol molecule
generating system, reactive oxygen species (ROS) removing enzymes or
stress response proteins (Kwak et al., 2004; Kobayashi and Yamamoto,
2005; Kensler et al., 2007). Among these target genes, heme oxygenase-
1 (HO-1) is one of the most used to assess the activation of Nrf2 as it has
been probably the best characterised ARE (Simmons et al., 2011). This
enzyme, also named "heat shock protein 32", catalyzes the heme de-
gradation, releasing free iron, bilirubin and carbon monoxide
(Gozzelino et al., 2010). Moderate levels of these three molecules could
exert anti-inflammatory and antioxidant properties (Ryter et al., 2006).
Indeed, HO-1 seems to have a major role in the protection against acute
and chronic inflammation of the gut (Zhu et al., 2011), its induction
being associated with a protective response that contributes to the
preservation of the gastro-intestinal tract (Zhu et al., 2011). Activation
of Nrf2 (Prasad et al., 2013; van der Zande et al., 2016; Mao et al.,
2018; Aueviriyavit et al., 2014; Ambrožová et al., 2017; Böhmert et al.,
2015) and/or induction of HO-1 (Stępkowski et al., 2014; Bouwmeester
et al., 2011; Miura and Shinohara, 2009; Xin et al., 2015; Kang et al.,
2012a; Sahu et al., 2015; Ambrožová et al., 2017; Aueviriyavit et al.,
2014; Fizesan et al., 2019) have been largely observed as a response to
AgNPs.

In this study, we investigated if this Nrf2 cascade could play a role
in the secretion of IL-8 mediated by AgNPs as IL-8 displays an ARE in its
promoter (Zhang et al., 2005). This study aims at evaluating if AgNPs
could modulate the secretion of IL-8 in Caco-2 cells. Moreover, we in-
vestigated the involvement of soluble Ag and Nrf2 signalling pathway
in this secretion.

2. Material and methods

2.1. Cell culture and exposure

Caco-2 cells from a human colon adenocarcinoma (clone 1 from Dr.
M. Rescigno, University of Milano, IT) were cultivated between p+10
and p+ 30 at 37◦C under a water-saturated atmosphere with 10 % (v/
v) CO2. Caco-2 cells were grown in tissue culture flasks (Corning in-
corporated, Corning, NY) in Dulbecco modified Eagle’s medium
(DMEM) with 4.5 g/L glucose (Lonza, Basel, CH), supplemented with 10
% (v/v) fetal bovine serum (Biowest, Nuaillé, FR), 1% (v/v) non-es-
sential amino acids 100X (Lonza), 1% (v/v) L-glutamine 200mM in a
0.85 % NaCl solution (Lonza) and 1% (v/v) penicillin-streptomycin
(Lonza). Caco-2 cells were seeded at a cell density of ca. 63 000 cells/
cm2 either in inserts (polycarbonate membrane with 0.4 μm pore dia-
meter, Costar Transwell Permeable Supports, Corning incorporated) for
IL-8 quantification or in culture well plates (Corning incorporated)
precoated with type I collagen (Sigma-Aldrich, St. Louis, MO) for the
other experiments. Cells were cultivated during 21 days upon differ-
entiation. The day of the experiment, differentiated Caco-2 cells were
exposed in Hank’s balanced salt solution (HBSS) during 3 h to the dif-
ferent treatments, whose volume was adapted between inserts and wells
taking the surface area into account.

2.2. Reagents

AgNPs<20 nm (NM-300 K, JRC repository, Ispra, IT) were pur-
chased from Fraunhofer institute (Schmallenberg, DE) as a dispersion in
water containing 10.16 % (w/w) of silver, 4% (w/w) of poly-
oxyethylene glycerol trioleate and 4% (w/w) of polyoxyethylene (20)
sorbitan mono-laurate (Tween 20). Stock solutions of AgNPs were
prepared in milliQ water (Millipore, Burlington, MA) and diluted in

M. Polet, et al. Toxicology Letters 325 (2020) 14–24

15



HBSS (Lonza) directly on cells to obtain a range of concentrations be-
tween 1.5 and 15 μg/mL, which was chosen to avoid any cytotoxicity
(data not shown). The inflammatory cocktail was constituted of tumor
necrosis factor-α (TNF-α) (50 ng/mL), interleukin-1β (IL-1β) (25 ng/
mL), interferon-γ (IFN-γ) (50 ng/mL) and lipopolysaccharide (LPS)
(1 μg/mL) (all coming from Sigma-Aldrich), and was developed to ob-
tain the highest secretion by Caco-2 cells of targets of NF-κB pathway
e.g. IL-8, IL-6, NO and PGE-2 as established by Van de Walle et al.
(2010) (Van De Walle et al., 2010).

Nitric acid (70 %, highest purity), used for ICP-MS measurements,
was purchased from VWR (Leuven, BE).

2.3. Cytokines measurement

Concentrations of cytokines IL-8, interleukin-6 (IL-6), monocyte
chemoattractant protein-1 (MCP-1) and interleukin-10 (IL-10) were
measured with specific ELISA kits (Becton Dickinson Biosciences,
Franklin lakes, NJ). Nrf2 signalling cascade was inhibited by a pre-in-
cubation of 24 h with ML-385 at 10 μM (Cayman Chemicals, Ann Arbor,
MI). Cells were incubated with the different treatments during 3 h after
which media were harvested. Cells were then washed once and culture
medium was added for a duration called "the recovery period", varying
between 0 and 21 h. Media were collected again and used to quantify
different cytokines by ELISA that contained capture and detection an-
tibodies, recombinant standard and streptavidin-horseradish perox-
idase and were performed according to the manufacturer’s instructions.

2.4. Separation of soluble Ag from AgNPs suspensions

Soluble silver was separated from AgNPs suspensions prepared
freshly at different concentrations between 7.5 and 75 μg/mL in milliQ
water using Vivaspin turbo 4 centrifugal ultrafiltration devices con-
taining polyethersulfone membranes with a molecular weight cut off at
10 kDa (Sartorius, Göttingen, DE). Suspensions were centrifuged on
ultrafiltration devices at 3220 g during 10min. The absorbance of fil-
trates was measured between 350 and 750 nm by a UV–vis spectro-
photometer (Thermo Fisher Scientific, Waltham, MA). As AgNPs absorb
at ca. 410 nm, which is not the case for Ag+, it allowed a control of the
filtration process. No absorbance was observed for filtrates (Figure
S1.3). Solutions were diluted 5 times in HBSS directly on cells to avoid a
loss of silver due to precipitates with chlorides or phosphates. The
process is illustrated in Fig. 1.

2.5. ICP-MS

Following the ultrafiltration, filtrates (containing soluble Ag) and
initial suspensions (containing total silver) were acidified with 4% (v/v)
nitric acid. Silver content was then quantified using an ICP-MS (7900
ICPMS, Agilent, Santa Clara, CA). The calibration curve was performed
from 0.010–50 μg Ag/L with several dilutions of a multi element stan-
dard solution (Chem-lab, Zedelgem, BE, certified ISO/IEC 17025). The
analytical method validity was verified every 10 measurements with 3
quality controls at 0.5, 5 and 25 μg Ag/L (Merck, Readington, NJ). The

limit of quantification was 0.010 μg Ag/L. Samples were diluted so that
silver concentrations were in the calibration range.

2.6. Involvement of oxidative stress

Oxidative stress was assayed with a soluble tetrazolium salt reacting
with ROS, nitro blue tetrazolium (NBT) (Sigma-Aldrich). After 3 h
treatment with AgNPs, cells were washed once and incubated during
2 h with NBT diluted at 0.4 mg/mL in HBSS. Cells were rinsed and
formazan salt was extracted with 1M NaOH aqueous solution con-
taining 50 % (v/v) DMSO (Sigma-Aldrich). Absorbance was measured
at 680 nm and expressed as a percentage of untreated cells.

2.7. Gene expression study

Cells were seeded in 6 well plates and 21 days later exposed for 3 h
to different treatments. Total RNA was then extracted from each well
(containing ca. 1.106 cells) by a treatment with Qiazol (Qiagen,
Germantown, MD) and a purification with Aurum Total RNA Mini Kit
(Biorad Laboratories, Hercules, CA) according to manufacturer’s pro-
tocol. RNA quality and quantity were estimated with a Nanodrop in-
strument (Thermo Fisher Scientific) measuring the absorbance at 230,
260 and 280 nm. Primer efficiencies were all between 1.8 and 2.0.

Total RNA integrity was assessed by gel electrophoresis on 1.5 %
(w/v) agarose displaying neither contamination with genomic DNA nor
degradation of RNA. 1 μg of total RNA was used for retrotranscription
with the iScript cDNA Synthesis Kit (Bio-rad Laboratories) following
manufacturer’s instructions. cDNA coming from 3 different wells simi-
larly treated were pooled to have enough material for the qPCR ana-
lyses and diluted to a concentration of 2 ng/μL. qPCR were performed
using Takyon SYBR Green low ROX (Eurogentec, Liège, BE) on a Viia7
384well real-time PCR instrument (Thermo Fisher Scientific) according
to manufacturer’s instructions. A BLAST search over the human genome
sequence was carried out to assess the specificity of primers. The ab-
sence of primer dimers and secondary structures was verified in silico
with the software Amplify4 (Bill Engels, University of Wisconsin, WI).

Five reference genes were used and three of them (β-actin, HPRT1
and SDHA) were selected as the most suitable for normalisation of data
using the Biogazelle algorithm in qBase+ 3.2 software (Biogazelle,
Ghent, BE). Primer information are reported in Table 1 Relative ex-
pression were calculated with the ΔΔCt method taking into account
multiple reference gene normalisation and specific primer PCR effi-
ciencies (Livak and Schmittgen, 2001). Control cells were exposed to
neither silver nor inflammatory cocktail and their expression level was
set at 1. Efficiency and linearity for each couple of primers was esti-
mated with a preliminary qPCR performed on a pool of all the samples
for experimental validation and efficiencies estimation, which are re-
ported in figure S1.

2.8. Cytotoxicity assay

The cytotoxicity of ML-385, a specific inhibitor of Nrf2 pathway
(Singh et al., 2016), was estimated with a LDH assay (Cytotoxicity
detection kit, Sigma-Aldrich). Caco-2 cells were differentiated during
21 days in 48 well-plates. Cells were incubated during 3 h in the ab-
sence or presence of ML-385 at 10 μM and medium was used for LDH
activity assessment according to manufacturer’s instructions. Cells
treated during 0.5 h with Triton-X100 1% (v/v) HBSS (Sigma-Aldrich)
were used as a positive control of lysis, set at 100 % necrosis.

2.9. Statistical analysis

All statistical analyses were performed with JMP Pro14 (SAS
Institute, Cary, NC). First, normality of the data distribution and
homoscedasticity were verified with respectively Shapiro-Wilk test and
Levene test to determine which comparison tests should be used. WhenFig. 1. Principle of the separation between AgNPs and soluble Ag.
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data had a normal distribution and equal variances, ANOVA-1 was
applied followed by a Dunnet’s post-hoc analysis. In any other cases,
Student’s t-test were performed with type I error (α) set at 0.05 and a
Bonferroni-Šidák correction of the p-values for multiple comparisons
(Šidák, 1967). For gene expression analysis, the same t-test was applied
on log-transformed data, as the reference condition (control) had no
variance.

3. Results

3.1. Characterisation of the nanomaterial

The characterisation of dry particles from this batch was performed
by Klein et al. (2011) (Klein et al., 2011). We also performed an ad-
ditional characterisation of AgNPs in HBSS (67.5 μg/mL) by transmis-
sion electron microscopy (TEM) (Fig. 2), UV–vis spectrophotometry
(Fig. 3A) and dynamic light scattering (DLS). The hydrodynamic dia-
meter measured by DLS was 57.75 nm with a polydispersity index of
0.226. In addition, the absorbance of soluble silver fraction was mea-
sured between 350 and 750 nm as a control of the ultrafiltration pro-
cess. The characteristic absorbance peak at 410 nm, found in AgNPs
suspensions (Fig. 3A) is not retrieved in filtrates (Fig. 3B).

3.2. Experimental setup for IL-8 measurement

Differentiated Caco-2 cells were exposed to AgNPs during 3 h, to
mimic an acute ingestion. A preliminary experiment was performed to
verify if this duration was sufficient to allow the production of the in-
flammatory chemokine IL-8 by testing the amount of IL-8 produced
after a recovery period varying between 0 and 21 h after the 3 h in-
cubation with an inflammatory cocktail composed of LPS and three
cytokines, i.e. TNF-α, IL-1β and IFN-γ (Fig. 4). No recovery period (0 h
in Fig. 4) led to a production of 175 pg IL-8 per insert. The level of IL-8
protein increased with the duration of recovery, reaching a plateau
after 15 h recovery at 4100 pg of IL-8 per insert, which suggests that IL-
8 requires time to be produced and its secretion following the in-
flammatory stimulus is thus delayed after the incubation.

Therefore, for the other experiments presented in this study, when
IL-8 protein was measured, the 3 h incubation with the different
treatments was followed by a 21 h recovery period to collect the total
amount of IL-8 produced due to the treatments.

3.3. Interleukin-8 secretion in response to AgNPs exposure

The ability of AgNPs to induce IL-8 secretion was then investigated
on Caco-2 cells cultivated in bicameral inserts. AgNPs increased the
amount of IL-8 secreted by Caco-2 cells (Fig. 5A). This effect was sig-
nificant even at the concentration of 1.5 μg/mL with 780 pg and went
up with the dose as 15 μg/mL led to the secretion of 1135 pg IL-8.
However, this effect was not proportional: 2/3 of the effect was already
observed with 1.5 μg/mL AgNPs, suggesting that the secretion of IL-8
tends to level off with increasing concentration of AgNPs.

IL-8 was differentially induced in either the apical or basolateral
compartments (Fig. 5B). Indeed, all tested concentrations of AgNPs led
to a significant rise of IL-8 in the apical compartment while the baso-
lateral amount of IL-8 was affected only with 15 μg/mL AgNPs. This
was not the trend observed with the inflammatory cocktail, with a
higher secretion in the basolateral compartment. This situation was
more representative of the physiological situation, as the basolateral
compartment corresponds in vivo to the blood.

This effect of AgNPs on the expression of IL-8 after 3 h incubation is
confirmed at the transcriptional level, as IL-8 mRNA rose with in-
creasing concentrations of AgNPs, up to three times for the con-
centration of 15 μg/mL AgNPs (Fig. 6). As expected, the inflammatory
cocktail dramatically increased the amount of IL-8 mRNA.

The expression levels of IL-6, MCP-1 and IL-10 were also measuredTa
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in these conditions but were below sensitivity of the ELISA for all the
experimental conditions (except IL-6 for cells incubated with the in-
flammatory cocktail treatment) (data not shown).

3.4. Effect of soluble Ag ions on IL-8 secretion

AgNPs suspensions contained AgNPs but also soluble Ag deriving
from the metal oxidation. A centrifugal ultrafiltration of AgNPs sus-
pension was performed before the incubation with cells to evaluate the
impact of this soluble Ag on AgNPs induction of IL-8. Initial suspensions
are termed "AgNPs suspension" while the filtrates after centrifugal ul-
trafiltration are named "soluble Ag". No particles were able to pass
through the filters (Figure S1.3). ICP-MS measurements showed that
AgNPs suspensions contained up to 5% of soluble Ag, able to pass
through ultrafiltration devices (Figure S2). No significant difference
could be observed between AgNPs and soluble Ag contained in AgNPs
suspensions on IL-8 gene transcription (Fig. 7), suggesting that the rise
of IL-8 mRNA is mediated by the soluble fraction of AgNPs suspensions.

The involvement of soluble Ag was also investigated at the level of
IL-8 protein, through ELISA measurements (Fig. 8): as above, differ-
entiated Caco-2 cells were incubated with AgNPs suspensions or soluble
Ag during 3 h followed by 21 h recovery period and total IL-8 was
measured. In addition to these conditions, a supplementary control was
performed to investigate the influence of soluble Ag on this increase of
IL-8. As the majority of this soluble Ag should be in the form of ionic
silver, the supplementary control consisted in a solution of silver nitrate
(a soluble silver salt) containing 0.75 μg/mL Ag+ to compare it with
AgNPs suspension at 15 μg/mL.

AgNPs suspensions induce a significant secretion of IL-8 compared
to control cells. Nevertheless, no significant difference was observed
between AgNPs, soluble Ag and Ag+, suggesting that the secretion of
pro-inflammatory chemokine IL-8 is mediated by the soluble fraction of
AgNPs suspensions, probably Ag ions as observed by a similar increase
for a solution of Ag nitrate containing the same amount of Ag.

Fig. 2. TEM image (10 000x) (A) and size distribution (B) of a AgNPs suspension (NM-300 K) prepared at 67.5 μg/mL and dropped on a TEM grid. The scale bar
represents 500 nm.

Fig. 3. Absorbance between 350 and 750 nm of (A) AgNPs suspension at 15 μg/mL in water and (B) the same suspensions after ultrafiltration on 10 kDa centrifugal
devices.

Fig. 4. Kinetics of IL-8 secretion by differentiated Caco-2 cells after 3 h ex-
posure to the inflammatory cocktail (TNF-α, IL-1β, IFN-γ and LPS) and then
allowed to recover for different durations in fresh culture medium. Samples
were collected after 0, 3, 6, 15, 18 and 21 h in culture medium and IL-8 was
measured by ELISA. Data are expressed as mean ± standard error of the mean
(SEM) of IL-8 amount secreted per well and come from 2 independent repeti-
tions with 4 replicates. A star indicates a significant difference with the un-
treated cells ("Control’) (P < 0.05, Student’s t-test with Bonferroni-Šidazk
correction).
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3.5. Involvement of oxidative stress and Nrf2 signalling pathway in
production of IL-8

The generation of intracellular ROS was then evaluated with NBT
reduction assay (Fig. 9). For this experiment, cells were incubated with
AgNPs during 3 h, washed, and incubated with NBT reagent during 1 h.
As NBT reacts with ROS to form blue formazan precipitates, it is cor-
related with the presence of intracellular ROS. AgNPs, from a con-
centration of 10 μg/mL, led to a significant production of blue formazan
precipitate, suggesting a generation of intracellular ROS consecutive to
AgNPs presence. A positive control, i.e. tert-butyl hydroperoxide led to
the production of 200 % blue formazan precipitate compared to the
untreated control (data not shown).

As the presence of superoxide anion radical is a marker of oxidative
stress in cells, the involvement of Nrf2 signalling pathway, sensor of
oxidative stress, was investigated. The expression of HO-1, a target
enzyme of Nrf2 cascade was analysed by qPCR assay (Fig. 10). AgNPs
induced the transcription of HO-1 proportionally to their concentration.
Levels of HO-1 mRNA were significantly different from untreated cells
from a concentration of 5 μg/mL AgNPs.

The activation of the Nrf2 transduction cascade was further ana-
lysed using ML-385, a specific inhibitor of Nrf2 (Singh et al., 2016). The

Fig. 5. IL-8 secretion by Caco-2 cells incubated
with AgNPs expressed (A) as the total (sum of
apical and basolateral) secretion of IL-8 after
3 h incubation with AgNPs or the inflammatory
cocktail, followed by 21 h in fresh culture
medium, measured by ELISA and (B) by com-
partment (apical in the upper part, basolateral
in the lower part) in the same conditions. Data
are expressed as mean ± SEM of IL-8 amount
secreted per insert and come from 3 in-
dependent repetitions with 3 replicates. A star
indicates a significant difference with the un-
treated cells ("Control") (P < 0.05, Student’s t-
test with Bonferroni-Šidazk correction).

Fig. 6. Relative gene transcription of IL-8 after 3 h exposure with different
concentrations of AgNPs or the inflammatory cocktail. Data are expressed as
mean ± SEM and come from 4 independent repetitions with 3 technical re-
plicates for each measure. A star indicates a significant difference with the
control consisted in untreated cells ("Control") (P < 0.05, Student’s t-test with
Bonferroni-Šidazk correction).

Fig. 7. Expression of IL-8 measured as relative gene transcription of IL-8 after
3 h incubation. Data are expressed as mean ± SEM and come from 4 in-
dependent biological replicates with 3 technical replicates. No significant dif-
ference was observed between soluble Ag and AgNPs although they were both
different from untreated cells ("Control") (P < 0.05, Student’s t-test with
Bonferroni-Šidazk correction).

Fig. 8. Total amount of IL-8 produced after 3 h exposure to treatments followed
by 21 h recovery period in fresh culture medium. Treatments consists in HBSS
("Control"), AgNPs at a concentration of 15 μg/mL filtrated (soluble Ag) or not
(AgNPs suspension) with ultrafiltration devices or silver nitrate containing
0.75 μg/mL Ag. Data are expressed as mean ± SEM and come from 3 in-
dependent repetitions with 3 replicates. A star indicates a significant difference
caused by treatment, while "ns" means non-significant difference (P < 0.05,
ANOVA with Tukey-Kramer post-hoc test).
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HO-1 expression due to AgNPs was measured in cells previously pre-
incubated with ML-385 to investigate if Nrf2 pathway is involved. Ac-
cording to results of an LDH assay, this incubation with ML-385 was not
toxic (Figure S3). The induction of HO-1 by AgNPs was counteracted
when cells were pre-incubated with ML-385 in the presence of AgNPs,
with a 4-fold decrease of HO-1 RNA levels (Fig. 11A ). This tends to
confirm that a concentration of 15 μg/mL AgNPs activates Nrf2 sig-
nalling pathway and that this effect was inhibited by ML-385. The pre-
incubation with ML385 also significantly decreased the production of
IL-8 mRNA by AgNPs, suggesting that Nrf2 could be a key to explain the
mechanism of AgNPs induction of IL-8 (Fig 11B).

4. Discussion

With their increasing use in food-related consumer products, it is
very likely that a certain proportion of these AgNPs are ingested and
that they come in contact with IECs from the gut. Although the im-
portant role of these cells in immune regulation against luminal po-
tential antigens has been well described, the effect of AgNPs on in-
flammation in IECs still remains largely unknown. This study analyses
the implication of one of the key players of these mechanisms, i.e. IL-8
upon exposure of human intestinal Caco-2 cells to AgNPs and under-
lines the involvement of soluble Ag and Nrf2 signalling cascade in the
secretion of IL-8. A preliminary characterisation of AgNPs was per-
formed by TEM, DLS and spectrophotometry in the medium used for
cell incubations and showed that nanoparticles were present in the
material. After a 3 h incubation of differentiated Caco-2 cells with
AgNPs followed by a recovery period, IL-8 levels increased time-de-
pendently during this period, reaching a plateau after 21 h. IL-8 needs
time to be synthesized within the cells and to be secreted. This also
suggests that the protein of IL-8 is stable and not degraded during this
duration. mRNA was extracted immediately after the incubation with
AgNPs to avoid its degradation, because less time is required to produce
mRNA than the translated protein. Indeed, IL-8 mRNA was already
produced as soon as 45min after the stimulus (Jijon et al., 2002), at-
taining a peak 2 h after the treatment (Yamamoto et al., 2003). More-
over, it was also shown that IL-8 mRNA was not stable and decreased
after these 2 h (Lim et al., 2012). The recovery period for mRNA
quantification was thus not relevant.

Our results indicated that AgNPs induced the IL-8 expression in
Caco-2 cells as the quantity of the corresponding mRNA and related
protein increased upon exposure to AgNPs. IL-8 levels were shown to
decrease in the presence of AgNPs after 3 h incubation (Martirosyan
et al., 2016). However, when cells have time to produce IL-8, this
tendency is inverted and IL-8 is secreted in response to AgNPs stimulus
as observed after the 21 h recovery period. Similar studies have also
demonstrated the production of inflammatory cytokines in presence of
AgNPs and, in particular, IL-8 both at the mRNA and at the protein
level, on macrophages (Carlson et al., 2008; Kim and Choi, 2012;
Orłowski et al., 2012; Lim et al., 2012; Martínez-Gutierrez et al., 2012),

Fig. 9. Generation of intracellular ROS measured by NBT assay, in differ-
entiated Caco-2 cells incubated with different concentrations of AgNPs. Results
are expressed as a percentage of the absorbance measured after incubation of
untreated cells with NBT. Data are expressed as mean ± SEM and come from 4
independent repetitions with 3 replicates. A star indicates a significant differ-
ence with the untreated cells (P < 0.05, Student’s t-test with Bonferroni-Šidazk
correction).

Fig. 10. Relative gene transcription of HO-1 upon 3 h exposure of differentiated
Caco-2 cells with different concentrations of AgNPs. Data are expressed as
mean ± SEM and come from 4 independent repetitions of 3 technical re-
plicates. A star indicates a significant difference with the untreated cells
(P < 0.05, Student’s t-test with Bonferroni-Sidazk correction).

Fig. 11. Relative gene transcription of (A) HO-
1 and (B) IL8 upon 3 h exposure of Caco-2 cells
to 15 μg/mL AgNPs in cells preincubated or not
during 24 h with ML-385 at 10 μM. Data are
expressed as mean ± SEM and come from 4
independent repetitions of 3 technical re-
plicates. A star indicates a significant difference
caused by ML-385 while "ns" means non-sig-
nificant difference (P < 0.05, Student’s t-test
with Bonferroni-Šidazk correction.
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mesenchymal stem cells (Greulich et al., 2009; Jung et al., 2014;
Hackenberg et al., 2011; Yang et al., 2012), peripheral blood mono-
nuclear cells (Greulich et al., 2011; Yang et al., 2012), liver cells
(Stępkowski et al., 2014) or keratinocytes (Samberg et al., 2009). This
phenomenon occurs at subtoxic concentrations. Higher concentrations
of AgNPs led to a cell mortality, decreasing the amount of secreted
cytokines (Greulich et al., 2009). In our study, the highest tested con-
centration of 15 μg/mL was not cytotoxic (data not shown).

With regard to IECs lines, this induction of IL-8 has also been ob-
served on Lovo cells (colonic cell line) with a AgNPs-size-dependent
increase of IL-8 after 24 h incubation (Miethling-Graff et al., 2014).
Similarly, an increase of IL-8 due to AgNPs was shown in Caco-2 cells
(Georgantzopoulou et al., 2015; Chalew and Schwab, 2013; Gioria
et al., 2018), which is in accordance with our observations on Caco-2
cells.

This IL-8 production by Caco-2 cells seems to be polarised towards
the apical compartment, as basolateral level of IL-8 was only increased
at the highest concentration of 15 μg/mL AgNPs. Apical secretion of IL-
8 could appear surprising, as this chemokine is involved in the re-
cruitment of subepithelial immune cells. However, this is consistent
with other studies where the stimulus was applied apically (Fusunyan
et al., 1998; Németh et al., 2007; Sonnier et al., 2010). Moreover, the
presence of IL-8 has been observed in vivo in the colon of healthy vo-
lunteers suggesting the apical secretion of IL-8 by enterocytes
(Keshavarzian et al., 1999). It was hypothesized that the polarised re-
sponse of IECs could depend of the compartment stimulated (Sonnier
et al., 2010). When TNF-α was added apically, IL-8 was secreted only in
the apical compartment, contrary to a basolateral stimulation with
TNF-α leading to a bilateral release of IL-8. This would also explain the
basolateral secretion of IL-8 following incubation with the in-
flammatory cocktail that consists in cytokines applied basolateral and
LPS in the apical compartment. Apically applied LPS has only a minor
role in the secretion of IL-8 by Caco-2 (Schuerer-Maly et al., 1994;
Sonnier et al., 2010; Van De Walle et al., 2010), contrarily to basolat-
erally applied cytokines (Van De Walle et al., 2010), which could po-
larise the secretion of IL-8 towards the basolateral compartment. In
addition, it was discussed that the presence of IL-8 in the intestinal
lumen could improve the chemotactic gradient of IL-8 and facilitate the
transepithelial migration of neutrophils towards the inflammatory sti-
mulus (Sonnier et al., 2010). Luminal IL-8 could also have a role in
autocrine signalisation between IECs based on the presence of CXCR1, a
receptor for IL-8, in the apical pole of Caco-2 cells, as well as in duo-
denal and colonic enterocytes (Rossi et al., 2013). In addition, the
apical incubation of Caco-2 with IL-8 led to changes in the expression of
genes involved in the regulation of cell differentiation and lipid meta-
bolism, which suggests that apical IL-8 produced following AgNPs ex-
posure could have a role in the communication between IECs (Rossi
et al., 2013). IL-6, MCP-1 and IL-10 cytokine levels were also measured
in our study but their levels remained below the detection limit. Similar
results about an increase of IL-8 but not of other tested cytokines (IL-1β,
IL-6 and TNFα) have been described after 2 h incubation of U937
human macrophages with 2.5 μg/mL AgNPs (Lim et al., 2012).

As AgNPs are known to oxidize and to form Ag+, the involvement of
these ions in the observed effects of AgNPs should be taken into ac-
count. In this study, we separated the soluble Ag fraction from AgNPs
by centrifugal ultrafiltration, which allows to discriminate particles that
stay on the filter from soluble Ag ions able to pass through. As filtrates
do not present an absorbance peak around 410 nm such as AgNPs
suspensions, it suggests that no particle was able to pass through the
filter. This filtration was performed in water to avoid the formation of
any precipitates. Indeed, because of the low solubility of silver salts,
these Ag + could be present under other forms in the culture medium,
with chloride salts precipitating at a higher rate than phosphate salts
(Loza et al., 2014). Ultrafiltration followed by ICP-MS measurements is
commonly used to quantify the amount of soluble Ag ions present in
suspensions. After separation, soluble Ag passing through the filter can

also be incubated with cells and compared with total AgNPs suspen-
sions, containing AgNPs but also soluble Ag ions. Any additional effect
when cells were treated with AgNPs suspensions would therefore ori-
ginate from AgNPs. The release of IL-8 after incubation of cells with
AgNPs suspensions was mainly mediated by the soluble fraction of
silver in this suspension. Furthermore, a silver nitrate solution con-
taining the same amount of Ag led to a similar secretion of IL-8. This is
consistent with reports that the toxicity of AgNPs suspension on A549
cells, originating from a lung adenocarcinoma, was mainly mediated by
the soluble Ag fraction (Beer et al., 2012). The uptake of AgNPs by
Caco-2 cells has already been observed by some authors using TEM or
confocal microscopy (Abdelkhaliq et al., 2019; Sahu et al., 2014; van
der Zande et al., 2016; Vila et al., 2017). However, in this study, the
internalised particles did not seem to affect IL-8 secretion, as the same
amount of IL-8 was secreted in response to the soluble fraction of
AgNPs. Some studies have also found that Ag + ions, in the form of
silver nitrate, were able to induce the secretion of IL-8 by intestinal cells
(Georgantzopoulou et al., 2015). The involvement of these ions could
be a key to explain discrepancies between the different studies pub-
lished about inflammatory properties of AgNPs. The importance of so-
luble Ag fraction relies on different parameters such as the synthesis
method (Beer et al., 2012), the silver concentration (Hadioui et al.,
2013), the size of AgNPs (Bouwmeester et al., 2011), their shape (Kent
and Vikesland, 2012) or their coating (van der Zande et al., 2012).

NF-κB pathway is the main signalling cascade that regulates IL-8
secretion through the presence of element responses to NF-κB in IL-8
promoter (Hoffmann et al., 2002; Philpott et al., 2000). Indeed, the
inflammatory cocktail, comprised of cytokines and LPS, well-known
inducers of NF-κB, induced a large expression of IL-8. However, we
have shown in a previous work that AgNPs were not able to activate the
NF-κB signalling cascade, and even decreased its activation by the in-
flammatory cocktail (unpublished results). Other signalling cascades
involved in the induction of IL-8 such as Nrf2 could also modulate the
expression of this chemokine because the promoter of IL-8 also contains
an ARE (Zhang et al., 2005).

As Nrf2 is induced as a response to oxidative stress in order to or-
chestrate cellular defences against oxidative stress, a NBT assay was
used to show that AgNPs induced an oxidative stress, which is in
agreement with other comparable studies performed on intestinal cells
(Martirosyan et al., 2014, 2016, Böhmert et al., 2015; Gerloff et al.,
2009). Moreover, different studies have observed a protective effect of a
pre-treatment of cells with N-acetylcystein, a precursor of glutathione
(Dodd et al., 2008) and a strong ROS scavenger, against AgNPs effects
on cell viability (Chairuangkitti et al., 2013), DNA damages (Kang
et al., 2012b), cell cycle (Chairuangkitti et al., 2013; Kang et al.,
2012a), mitochondrial membrane potential (Chairuangkitti et al.,
2013) or even glucose consumption (Lee et al., 2016). N-acetylcystein is
also a silver ion chelator and this property could potentiate its protec-
tive effect on AgNPs toxicity. Similarly to N-acetylcystein, Nrf2 acti-
vation seems to alleviate deleterious effects of AgNPs. Indeed, Kang
et al. (2012) have shown that the knockdown of Nrf2 cascade in cells
increased dramatically their sensitivity to AgNPs (Kang et al., 2012b,
a). To investigate the importance of this transduction cascade in the IL-
8 secretion, a specific inhibitor of Nrf2, ML-385, which attaches to the
DNA binding domain of Nrf2, avoiding its interaction with the pro-
moter of target genes and therefore reducing its transcriptional activity
(Singh et al., 2016) was used. The inhibition of Nrf2 with ML-385 led to
a complete suppression of the HO-1 mRNA induction by AgNPs, as
expected but also of IL-8, suggesting an involvement of Nrf2 in the
AgNPs-induced IL-8 upregulation. It has been reported that an in-
creased Nrf2 expression led to an increased expression of IL-8 at mRNA
and protein level (Zhang et al., 2005). This is consistent with our ob-
servation that when Nrf2 is repressed (by the inhibitor ML-385), IL-8
transcription is blocked.

Different transcriptomic studies have indicated that Nrf2 was acti-
vated by AgNPs (Prasad et al., 2013; van der Zande et al., 2016; Mao
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et al., 2018; Aueviriyavit et al., 2014; Ambrožová et al., 2017; Böhmert
et al., 2015). In contrast, a few studies have observed a lower activation
of Nrf2 in the presence of AgNPs (Piao et al., 2011; Lee et al., 2016).
This inconsistency could be due to different physico-chemical proper-
ties of AgNPs but also a difference between cell lines (Simmons et al.,
2011). For example, upon incubation with different metals, A549 cells
were unable to induce Nrf2 to a high level in contrast with what was
observed for HepG2 hepatocarcinoma cells. This could be explained by
their high level of intracellular glutathione conferring an important
antioxidative capacity. Moreover, they harbor a mutation in Keap 1, a
major regulator of Nrf2 cascade (Böhmert et al., 2015; Simmons et al.,
2011).

AgNPs activate the production of HO-1 as observed by the induction
of its mRNA. HO-1 is commonly used as a target gene to assess the
activation of Nrf2, because it has probably the best characterised ARE
of any Nrf2 target gene (Simmons et al., 2011). HO-1 is also induced in
liver cells (Stępkowski et al., 2014), HeLa cells (Miura and Shinohara,
2009), in macrophages (Lim et al., 2012), in an alveolar barrier model
(Fizesan et al., 2019) and in Caco-2 cells (Böhmert et al., 2015), sug-
gesting an activation of the Nrf2 cascade, as its expression is known to
be dependent on the cellular redox status and Nrf2 signalling pathway
(Keyse and Tyrrell, 1989; Alam et al., 1999). However, it can also be
induced by other pathways such as AP-1 or NF-κB (Alam and Den,
1992; Lavrovsky et al., 1994). In our case, we have observed a complete
inhibition of HO-1 production by the specific inhibitor of Nrf2, ML-385
suggesting that, in our experimental conditions, Nrf2 is necessary for
HO-1 expression. Moreover, it seems that AgNPs induce HO-1 by a Nrf2
dependent pathway, as HO-1 induction by AgNPs does not occur in
Nrf2 knockdown cells (Kang et al., 2012b). HO-1 protects cells from
AgNPs toxicity, as the presence of a specific inhibitor decreases dra-
matically viability of cells while an activator of HO-1 protects them
(Kang et al., 2012b). This Nrf2 pathway is activated to coordinate
cellular responses to stress and seems to regulate the IL-8 secretion
induced by AgNPs. Besides its pro-inflammatory properties, IL-8 could
also have a protective role in enterocytes leading to the expression of
genes involved in the regulation of cell differentiation and lipid meta-
bolism, which could help to initiate responses against the potential loss
of integrity due to chemicals (Rossi et al., 2013).

5. Conclusion

In summary, Caco-2 cells produce IL-8 in response to AgNPs ex-
posure. This secretion is polarized towards the luminal compartment
and is activated, at least partially, by a Nrf2 dependent pathway sug-
gesting the involvement of oxidative stress in this secretion. This IL-8
secretion seems to be mediated by the soluble fraction composed of
Ag + ions present in AgNPs suspensions, suggesting that it is not specific
to nanoparticles.
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