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A B S T R A C T

We tested cadmium (Cd2+) effects on porcine IPEC-J2 cells, which represent an in vitro model of the interaction
between intestinal cells and both infectious and non-infectious stressors. Accordingly, we investigated the effects
of low (2 μM) to moderate (20 μM) concentrations of Cd2+, in terms of pro-inflammatory gene expression and
protein release, as well as of infectivity in a Salmonella typhimurium penetration model. Our data showed a
significant (P < .001) increase of intracellular Cd2+ after 3, 6 and 24 h of exposure with respect to levels at 1 h.
These data showed the ability of IPEC-J2 to absorb Cd2+ as a function of both time and concentration. Also, the
absorption of this heavy metal was related to a significant modulation of important pro-inflammatory mes-
sengers. In particular, down-regulation of IL-8 was associated with a significant decrease of Salmonella typhi-
murium ability to penetrate into IPEC-J2 cells, in agreement with a previous study in which an anti-IL 8 antibody
could significantly inhibit Salmonella penetration into the same cells (Razzuoli et al., 2017). This finding de-
monstrates the ability of Cd2+ to affect the outcome of an important host-pathogen relationship. In conclusion,
our study highlighted the ability of an environmental pollutant like Cd2+ to modulate innate immune responses
in terms of chemokine release and gene expression, and susceptibility to microbial infections.

1. Introduction

Cadmium (Cd) is a pollutant, a toxic and carcinogenic heavy metal
widely distributed in aquatic and terrestrial environments as a result of
anthropogenic activities such as industry and agriculture. Humans and
animals are exposed to environmental Cd through inhalation and in-
gestion (Milićević et al., 2009). Inhalation is the most important source
of exposure for smokers, whereas the primary route of exposure for the
general human population and animals is through the diet. Severe ex-
posures to high doses of Cd lead to an acute disease with respiratory
problem and renal failure which may be fatal. Even a chronic exposure
to low concentrations can evolve to the development of a variety of
pathologies including tumors and hepatic, pulmonary and renal dys-
functions. Indeed, Cd is a cumulative toxin with a long biological half-
life (10–35 years), mainly stored in liver and kidneys (Rafati
Rahimzadeh et al., 2017; Rizwan et al., 2017).

Cd2+ is a non-infectious stressor, that at molecular level induces a
cellular stress response (Rusanov et al., 2015). In previous studies, Cd
had been shown to modulate the activity of cellular enzymes, to initiate
oxidative stress, to suppress mitochondrial functions and disrupt cal-
cium homeostasis (Tchounwou et al., 2012). The gastrointestinal tract
is the first target of foodborne Cd2+, since most ingested Cd2+ is

retained in the gastrointestinal mucosa, only a small amount being then
absorbed (Breton et al., 2016). Little is known about the direct impact
of Cd2+ on gut ecology and the resulting effects on innate immunity,
furthermore most studies were carried out on rats. Therefore, to im-
prove our knowledge on Cd toxicity it is necessary to investigate its
effects on further animal models. Among these, swine could be defi-
nitely more useful than conventional rodents for studying Cd effects on
gut (Fairbairn et al., 2013).

Owing to the above, we aimed to investigate the interaction be-
tween swine enterocytes and low to moderate concentrations of Cd2+,
in terms of pro-inflammatory gene expression and cytokines release, as
well as modulation of host-pathogens interaction in a model of
Salmonella typhimurium infection.

2. Materials and methods

2.1. Cell cultures

IPEC-J2 cells (porcine jejunal epithelial cells, IZSLER Cell Bank code
BS CL 205) are a cell line obtained from the jejunum of a swine piglet
less than 12 h old (Rhoads et al., 1994). They are a cellular reference
substrate for innate immunity studies in the intestinal tract (Schierack
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et al., 2006; Brosnahan and Brown, 2012). These cells have a typical
epithelial morphology and are permissive for both commensal and
pathogenic bacteria; their profile of cytokine and chemokine expression
makes them suited for studies on innate immunity (Razzuoli et al.,
2013, 2014). Cells were grown in a mixture (1:1) of Dulbecco's Mod-
ified Eagle Medium (DMEM, CARLO ERBA Reagents S.r.l., Milan, cat
FA30WL01500) and Ham’s F12 medium (CARLO ERBA Reagents S.r.l.,
Milan, cat. FA30WL0136500) enriched with fetal calf serum (FCS, 10%
v/v, GIBCO™, Thermofisher scientific, Milano, cat. 10437-036), 0.1%
penicillin-streptomycin solution (CARLO ERBA Reagents S.r.l., Milan,
cat. FW30WL0022100) at 37 °C in 5% CO2. Cells were seeded into 12-
well tissue culture plates (2 mL per well, 2× 105 cells/mL) and in-
cubated at 37 °C in 5% CO2 until confluence for about 18 h.

2.2. Cd2+ treatments

Monolayer cells were treated with 2 different concentrations of
Cadmium (2 μM and 20 μM) (Carlo Erba reagents srl, Milano, cat
505548). 2 μM (0.23mg/L) and 20 μM (2.3 mg/L), which correspond to
0.22 and 2.2%, respectively, of the 4-h DL100 value (105mg/kg b.w.)
after oral administration (Venugopal and Luckey, 1975). Cd2+ was
dissolved in culture medium composed by 1:1 DMEM/F12, only. For
this study cells were stimulated with Cd for 1, 3, 6 and 24 h at 37 °C in
5% CO2. Experiments were carried out in quintuplicate; cells treated
with medium only were used as negative control. Each test was re-
peated twice.

2.3. Cadmium uptake

We tested the ability of IPEC-J2 to adsorb Cd2+ at different times
after exposure: 1, 3, 6 and 24 h. Two different concentrations of Cd2+
(0.4 μg/106 cells and 4 μg/106 cells) were investigated; then, in-
tracellular concentration of Cd2+ was checked using a Graphite
Furnace Atomic Absorption Spectroscopy (model ZEEnit 650 P,
Analytik-Jena, Germany) with inverse Zeeman-effect background cor-
rection system. After the aforementioned times of Cd2+ treatment, the
cells were washed twice with PBS and lysed in 400 μL/well of tissue
lysis buffer ATL (Qiagen, Milan, cat. 19076); the cell lysate was di-
gested with 600 μL/well of Nitric acid 69.0% (Sigma-Aldrich S.r.l.,
Milano, cat. V001338)/Hydrogen peroxide 35% (Merck Millipore,
Germany, cat. 1086001000) in a 5:1 ratio and filtered through a
0.20 μm membrane filter, then the resulting solution was diluted to
5mL with ultrapure water. The Atomic Absorption measurement was
made at 228.8 nm with a current of 4mA; blanks and calibration
standard solutions were similarly analysed as the samples. Each Cd2+
concentration under study was checked in quintuplicate and in-
tracellular Cd2+ concentration was expressed as μg Cd2+/106 cells.

2.4. MTT assay

The MTT test is based on the reduction of a tetrazolium salt [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT] to co-
lored formazan by the mitochondrial succinate dehydrogenase. IPEC-J2
cells were seeded into 96-well tissue culture plates (200 μL per well,
15×104 cells/mL) and incubated at 37 °C in 5% CO2 until confluence.
Then, cells were washed with serum-free medium and stimulated with
different Cd2+ concentrations (see Section 2.2) for 3 or 6 h at 37 °C in
5% CO2. Each treatment was performed in quintuplicate. After each
exposure, cells were washed with PBS and 200 μL/well of medium
containing 1mgmL−1 of MTT (Sigma) were added. After 2 h of in-
cubation at 37 °C, cells were washed, intracellular formazan was solu-
bilized in dimethyl sulfoxide and the absorbance at 570 nm was de-
termined. Controls consisted of untreated cells. Each test was repeated
thrice.

2.5. IL-8 ELISA

After the incubation, cells supernatants were stored at −80 °C and
used in an ELISA assay to evaluate the release of IL-8 as previously
described (Razzuoli et al., 2013). Plates were read spectro-
photometrically at 492 nm. Cytokine concentrations were calculated
from a standard curve that had been created using eight, 3-fold dilu-
tions of porcine recombinant IL-8. Data were analyzed by software
Prism 5 (Graph Pad Software; Avenida de la Playa, La Jolla, CA); the
LOQ (limits of quantification) corresponded to 10 pg/mL.

2.6. IFN release assay

Swine Type I (β) IFN was measured in serum samples by a cyto-
pathic effect (CPE) inhibition assay on Madin-Darby Bovine Kidney
(MDBK) cells with Vesicular Stomatitis Virus (VSV) as previously de-
scribed (Meager, 1987; Razzuoli et al., 2011a, 2011b). MDBK cells were
chosen because of their proven sensitivity to Type I IFNs and, in par-
ticular, to porcine Type I IFNs (Meager, 1987; Razzuoli et al., 2011a,
2011b; Artursson et al., 1989). The sensitivity of MDBK cells to type I
IFNs was calibrated with a preparation of porcine recombinant IFN-α1

(PBL Biomedical Laboratories, cat. 17100-1). Briefly, 0.1 mL of serial 2-
fold dilutions of samples or standard in tissue culture medium were
added in duplicate to 96-well tissue culture plates. MDBK cells (45,000
cells in 0.1mL/well) were added and plates were incubated at 37 °C in
5% CO2. After 18 h of incubation, cell monolayers were washed and
infected with VSV. About 24 h later, cells were treated with neutral red
(0.01% final), and IFN titers were determined on the basis of CPE. The
cell supernatant in each well was read spectrophotometrically at
550 nm, the wells treated with medium and VSV being the negative
control (absence of IFNs). The MDBK cells in current use in our la-
boratory show a much higher sensitivity to swine Type I IFNs, com-
pared with swine IFN-γ, which is not a confounding element in the
presence of low-titered antiviral activities.

2.7. Gene expression

We evaluated the change in mRNA expression profiles of the porcine
IL-1β, IL-6, IL-8, IL-18, Nk-fb1, Nkfb-p65, MYD88, IFN-β, P38α, TLR4,
TLR5, MD2, CD14, TNF-α, beta-defensin 1 (bD1), beta-defensin 2
(bD2), beta-defensin 3 (bD3), beta-defensin 4 (bD4), JNK1, STAT3, E-
cadherin-1 (CDH1) and SOCS1 genes (Table 1) after the treatment of
IPEC-J2 with different Cd2+ concentrations (see Section 2.2)

As a first step, the best housekeeping control gene was chosen using
NormFinder software (The Department of Molecular Medicine, Aarhus
University Hospital, Denmark). For this purpose we tested HPRT1, B2M
and GAPDH genes as previously described (Nygard et al., 2007; Uddin
et al., 2011). After Cd2+ treatment, cells were washed with PBS and
lysed with buffer RTL (Qiagen, cod. 79216). Then, total RNA was ex-
tracted using RNeasy Mini Kit (Qiagen, Milano, cat 156022); after the
reverse transcription step, gene expression was determined by RT-real-
time PCR using the primer sets shown in Table 1 (Zanotti et al., 2015;
Razzuoli et al., 2014). EVA Green® (Bio-rad, Milan, Italy) Real-Time
PCR amplification was performed in a CFX96™ (Bio-rad, Milan, Italy)
Real-Time System (Razzuoli et al., 2011a, 2011b). Each sample of IPEC-
J2 cells was analysed in duplicate; the relative expression of the se-
lected genes was calculated using the formula ΔΔCt where Ct is short
for cycle of threshold. ΔCt=Ct (target gene)− Ct (housekeeping) and
ΔΔCt= ΔCt (Cd treatment)− ΔCt (Control). Samples were scored ne-
gative when the relevant Ct was ≥40 (Livak and Schmittgen, 2001).

2.8. Bacterial invasion

A S. Typhimurium strain isolated from wild boar liver was used to
evaluate bacterial invasion in cells as previously described (Razzuoli
et al., 2017). IPEC-J2 cells, at confluence in 12-well tissue culture
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plates, were treated with 20 or 2 μM Cd2+ for 1, 3 or 24 h at 37 °C,
then stimulated with 1mL of bacterial suspension (108 CFU/mL) and
incubated at 37 °C in 5% CO2 for 1 h. After this step, monolayers were
washed three times with MEM/F12 medium and treated with PBS
containing 300 μg/mL Colistin at 37 °C in 5% CO2 for 2 h to kill all
extracellular bacteria. The full susceptibility of our S. Typhimurium
strain to colistin and the lack of toxic side effects in IPEC-J2 cells had
been confirmed in preliminary assays. Then, cells were washed twice
for 5min with PBS and lysed by adding 200 μL/well of 1% Triton X-100
in PBS at room temperature for 5min 800 μL of PBS were added to each
well; the resulting cell suspension was vortexed, serially diluted and
seeded on BGA agar plates for intracellular bacterial counts (Schmidt
et al., 2008). Each treatment was performed seven times.

2.9. Statistical analysis

A Kolmogorov-Smirnov test was conducted to check Gaussian dis-
tributions in the data sets relative to Cd2+ uptake, cell vitality, gene
expression, invasion and IL-8 release. Concerning gene expression, data
were checked for significant differences by Kruskal-Wallis test, followed

by a Dunn’s test. The same test was performed on data related to IL-8
release. Differences in bacterial invasiveness, Cd2+ uptake and cell
vitality were evaluated by one-way ANOVA. The significance threshold
was set at P < .05 with a correction for multiple comparisons (Prism 5,
GraphPad Software).

3. Results

3.1. Cadmium uptake

Our data showed a significant (P < .001) increase of intracellular
Cd2+ after 3 (P < .001), 6 (P < .001) and 24 h (P < .001) of ex-
posure with respect to the levels at 1 h. This was confirmed for both 2
(P < .001) and 20 μM (P < .001) Cd2+ concentrations. In particular,
we observed 12.5%, 60.3%, 82.8% and 75.2% Cd2+ absorption after 1,
3, 6 and 24 h of exposure, respectively, using 0.4 μg of Cd2+/106 cells
(Fig. 1). Concerning the treatment with 4 μg of Cd2+/106 cells (ten-
fold increase), the uptake amounted to 4%, 19.2%, 24.1% and 37.5%
after 1, 3, 6 and 24 h of exposure, respectively (Fig. 1).

Table 1
Oligonucleotide Primer Sets for Evagreen qRT Real-Time PCR.

Gene Protein Primers Accession number Bp

pB2M β2 Microglobulin F:5′-CGCCCCAGATTGAAATTGATTTGC-3′ NM_213978.1 139
R:5′-GCTATACTGATCCACAGCGTTAGG-3′

IL-1β Interleukin-1β F:5′-AATTCGAGTCTGCCCTGTACCC-3′ NM_001005149 110
R:5′-TGGTGAAGTCGGTTATATCTTGGC-3′

IL-6 Interleukin-6 F:5′-TGGCTACTGCCTTCCCTACC-3′ NM_214399 131
R:5′-CAGAGATTTTGCCGAGGATG-3′

IL-8 Interleukin-8 F:5′-TTCGATGCCAGTGCATAAATA-3′ NM_213867.1 175
R:5′-CTGTACAACCTTCTGCACCCA-3′

IL-18 Interleukin-18 F:5′-CGTGTTTGAGGATATGCCTGATT-3′ AF191088.1 106
R:5′-TGGTTACTGCCAGACCTCTAGTGA-3′

TNF-α Tumor Necrosis Factor-α F:5′-TGCCTACTGCACTTCGAGGTTATC-3′ NM_214022 125
R:5′-CCTCAGGGACCTCAAAGTTCAT-3′

IFN-β Interferon-β F:5′-AGTTGCCTGGGACTCCTCAA-3′ JF906509.1 59
R:5′-CCTCAGGGACCTCAAAGTTCAT-3′

βD-1 β-defensin-1 F:5′-CTGTTAGCTGCTTAAGGAATAAAGGC-3′ NM_213838 80
R:5′-TGCCACAGGTGCCGATCT-3′

βD-2 β-defensin-2 F:5′-CCAGAGGTCCGACCACTACA-3′ NM_214442 87
R:5′-GGTCCCTTCAATCCTGTTGAA-3′

βD-3 β-defensin-3 F:5′-CTTCCTATCCAGTCTCAGTGTTCTGC-3′ NM_214444.1 308
R:5′-GGCTTCTGTAGACTTCAAGGAGACAT-3′

βD-4 β-defensin-4 F:5′-GTGGCTTGGATTTGAGGAGAGAGT-3′ NM_214443.1 232
R:5′-AGTGATACACAGGCCTGGAAGGAT-3′

SOCS-1 Suppressor of cytokine signaling 1 F:5′-TTCTTCGCCCTCAGTGTGAA-3′ NM_001204768.1 62
R:5′-GGCCTGGAAGTGCACGC-3′

TLR-4 Toll-like Receptor 4 F:5′-TGGCAGTTTCTGAGGAGTCATG-3′ AB188301.2 71
R:5′-CCGCAGCAGGGACTTCTC-3′

TLR-5 Toll-like Receptor 5 F:5′-CCAGCT GTA TCA GGG AGC TT-3′ NC_010452.3 59
R:5′-TCA AAG ATC CTG ACC ATC ACA-3′

MYD88 Myeloid differentiation primary response gene 88 F:5′-GCA GCT GGA ACA GAC CAA CT-3′ NM_001099923.1 62
R:5′-GTG CCA GGC AGG ACA TCT-3′

NF-kB1 Nuclear Factor kB F:5′-CCCATGTAGACAGCACCACCTATGAT-3' NM_001048232 131
R:5′-ACAGAGGCTCAAAGTTCTCCACCA-3'

NF-kB/p65 RELA protein F:5′-CGAGAGGAGCACGGATACCA-3′ FN999988.1 61
R:5′-GCCCCGTGTAGCCATTGA-3′

JNK 1 Mitogen-activated protein kinase 8 (MAPK8) F:5′-TGCTTTGTGGAATCAAGCAC-3′ XR_001301066.1 59
R:5′-TGGGCTTTAAGTCCC-3′

STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) F:5′-AACTCCTAGGACCTGGTGTGAA-3′ XM_005668829.2 192
R:5′-CGCTCCCTCTCCTTACTGATAA-3′

P38α Mitogen-activated protein kinase 14 (MAPK14) F:5′-TGCAAGGTCTCTGGAGGAAT-3′ XM_013977842.1 109
5′-CTGAACGTGGTCATCCGTAA-3′

CD14 CD14 molecule F:5′-TGCCAAATAGACGACGAAGA-3′ EF626695.1 207
R:5′-ACGACACATTACGGAGTCTGA-3′

GADPH Glyceraldehyde 3-phosphate dehydrogenase F:5′-ACCCAGAAGACTGTGGATGG-3′ XM_021091114.1 246
R:5′- ACGCCTGCTTCACCACCTTC-3′

CDH1 Suis E-cadherin-1 F:5′-TGGCAACTGAGCTGACTGAG-3′ NM_001163060 138
R:5′- AGGCACTTGGGGATTCTGTG-3′

HPRT1 Hypoxanthine phosphoribosyltransferase 1 F: 5′-AACCTTGCTTTCCTTGGTCA-3′- NM_001032376.2 150
R: 5′-TCAAGGGCATAGCCTACCAC-3′

E. Razzuoli et al. Toxicology Letters 287 (2018) 92–99

94



3.2. MTT assay

Treatment with 20 μM Cd2+ caused a significant reduction
(P < .0001) of cell viability after both 3 and 6 h of exposure. No such
effect was shown after treatment with 2 μM Cd2+ (Fig. 1). After 24 h of
exposure to 20 μM Cd2+ we observed cell monolayer detachment,
which did not allow for a MTT assay.

3.3. IL-8 and IFN release

Treatment with Cd2+ determined modulation of IL-8 release. In
particular, 2 μM Cd2+ caused a significant increase of IL-8 release after
24 h of exposure (+570 pg/mL, P < .0001) compared with untreated
wells. Up-regulation after 1, 3 or 6 h of treatment was not significant
(Fig. 2). 20 μM Cd2+ determined a significant down- regulation of IL-8
release (–180 pg/mL, P= .0189) at 3 h of treatment followed by up-
regulation at 6 (+325 pg/mL, P= .0097) and 24 h (+257 pg/mL,
P= .0197) of exposure (Fig. 2). Concerning IFN release, all super-
natants tested negative (data not shown).

3.4. Gene expression

The NormFinder software ranks the genes under study according to
their expression stability measure (ρ). Lower values are assigned to the
most stable genes. All the housekeeping genes under study showed
good stability values. In particular B2M showed a p= 0.033, GAPDH

p=0.028 and HPRT1 p=0.023. Therefore, HPRT1 was chosen to
calculate the ΔCt values. Treatment with 2 μM Cd2+ after 1 h of ex-
posure caused up-regulation of IL-6 (P= .0254), IL-8 (Fig. 2;
P= .0054), IL-18 (P= .0214), Nf-kB-1 (P= .0211), Nf-kB/p65
(P= .049), JNK1 (P= .0362), bD1 (P= .0078), bD3 (P= .0348), and
TLR4 (P= .0108) gene expression. On the contrary, SOCS1(P <
.0001) and bD4 (P= .003) were down-regulated (Table 2). After 3 h of
exposure we observed up-regulation of IL-8 (P= .003) IL-18
(P= .036), Nf-kB-1 (P= .014), Nf-kB/p65 (P= .022) and MYD88
(P= .033) genes; at the same time, SOCS1(P= .042) was down-regu-
lated (Table 2). After 6 h of treatment we observed decrease of bD4
(P= .0124) gene expression and significant up-regulation of IL-8
(Fig. 2; P < .0001), Nf-kB/p65 (P= .0479), STAT3 (P= .0314), bD1
(P= .0250), bD3 (P < .0001) and SOCS1 (P= .0040). After 24 h of
exposure only IL-8 (Fig. 2; P < .0001) and bD3 (P= .004) were in-
creased. Other genes under study were not significantly modulated.

Concerning the treatment with 20 μM Cd2+, after 1 h of exposure
we observed a significant increase of IL-8 (Fig. 2; P= .0054) gene ex-
pression, followed by a down-regulation of IL-8 (Fig. 2; P= .002), Nf-
kB-1 (P= .011), p38 (P= .002), STAT3 (P= .007) and CD14
(P= .027) after 3 h of exposure (Table 2). Instead, TNF-α (P= .002),
IL-18 (P < .0001), MYD88 (P= .032), bD2 (P= .002), bD1
(P= .0006), IFNβ (P= .0019), TLR5 (P= .01) and JNK1 (P= .030)
gene expression was up-regulated with respect to untreated control
cells. Cd2+ treatment for 6 h determined an increase of IL-8 (Fig. 2;
P < .0001), bD1 (P= .0005), bD3 (P < .0001) and IFN-β (P= .0034)

Fig. 1. 1A) Absorption of Cd2+ by IPEC-J2. Cd2+ uptake into IPEC-J2 cells was measured after 1, 3, 6 and 24 h of exposure to two different concentrations. Data are shown as
mean ± 1 SD of two experiments with five samples each. Different superscripts indicate significant differences (P < .05), determined by one-way ANOVA. B) Viability of IPEC-J2 cells
after Cd2+ treatment. Viability of IPEC-J2 cells following exposure to different cadmium concentrations was investigated after 4 and 6 h by a MTT assay followed by spectrophotometric
examination at 570 nm. Data are shown as mean ± 1 SD of three experiments with six samples each. ***: p < .0001 compared with controls, determined by one-way ANOVA.
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gene expression. After 24 h of treatment we observed up-regulation of
IL-8 (Fig. 2; P < .0001) gene expression; at the same time, also IL-1β
(P= .023) IL-6 (P < .0011), Nf-kB-1 (P= .009), Nf-kB/p65
(P= .0169), p38 (P < .0001), JNK1 (P= .0118), IFNβ (P < .0001),
bD1 (P= .0005), bD3 (P < .0001), bD4 (P= .0002), CD14
(P= .011), TLR5 (P= .0157) genes were up-regulated, while MYD88
(P < .0001) and TLR4 (P= .0143) were down-regulated (Table 2).
Other genes under study were not significantly modulated.

3.5. Salmonella invasiveness

Our results demonstrated significantly less penetration of S.
Thyphimurium (P < .01; −1.00 log10 CFU/106 cells) into IPEC-J2
after treatment with 20 μM Cd2+ for 3 h, compared with control, un-
treated cells (Table 3). No significant differences with control cells were
shown after exposure to a low concentration (2 μM) of Cd2+
(P> 0.05; −0.3 log10 CFU/106 cells). Cd2+ exposure for 1 h did not
determine significant changes in bacterial penetration (Table 3). After
24 h of treatment with 20 μM Cd2+ we observed cell monolayer de-
tachment, which did not allow for the invasiveness assay.

4. Discussion

In this study we report a modulation of innate immunity and host/
pathogens interaction after Cd2+ treatment of swine enterocytes; in
particular, we tested two different Cd2+ concentrations 2 μM
(0.23mg/L, low dose) and 20 μM (2.3mg/L, moderate dose) in short

and long-term exposures (3–24 h). The choice of the exposure levels
was based on a previous study that defined low and moderate cadmium
exposure levels (Luevano and Demodaran, 2014). In our study, we
treated IPEC-J2 with 2 μM and 20 μM Cd2+, which was equivalent to
0.19% and 1.9% of the 4-h DL100 (105mg/kg) value after oral admin-
istration (Venugopal and Luckey, 1975). Please notice that in vivo ab-
sorption of Cd2+ is characterized by rapid metal accumulation within
the intestinal mucosa (Zalups and Ahmad, 2003) following a biphasic
process: the first step consists in non-specific binding of Cd2+ to the
luminal plasma membrane (LPM), the second one in transport across
the LPM into enterocytes (Foulkes, 2000). The gut exposure to Cd2+ is
due to dietary intake. In this respect, in a previous study, Hoogenboom
et al. (2015) exposed pigs to Cd levels around 1 and 10mg/kg and
suggest that exposure to pigs of Cd should be less than 0.5mg/kg in
order to prevent accumulation of Cd in liver and kidney at levels ex-
ceeding the current European Limit (0.5 mg/kg and 1mg/kg respec-
tively). Accordingly, in our study we evaluated the effect of comparable
concentrations in vitro (0.23 and 2.3 mg/L) on cultured swine en-
terocytes, i.e. the first target of in vivo exposure. Generally, different
concentrations of Cd2+ can determine different effects on cell viability;
in particular, it is widely known that low concentrations lead to cell
proliferation or delayed apoptosis, while moderate concentrations
(10–20 μM) can determine cellular death (Nemmiche and Guiraud,
2016; Luevano and Damodaran, 2014; Matović et al., 2015). The cel-
lular Cd-induced damage takes place along different pathways; a pri-
mary interaction of Cd2+ with cells determines tissue injury due to
disruption of the redox balance; then, a further alteration of the cell

Fig. 2. A) IL-8 release after Cd2+ treatment. IL-8 release was mea-
sured after treatment of IPEC-J2 cells with different concentrations of
cadmium for 1, 3, 6 and 24 h at 37 °C in 5% CO2. Data are expressed as
Δpg/mL ± 1 standard deviation (IL-8 release after Cd2+ treatment –
IL-8 release basal value). Asterisks indicate significant differences
between control and Cd-treated cells. *P < .05, ** P < .01, ****
P < .0001. B) IL-8 gene expression after Cd2+ treatment. IL-8 gene
expression was measured after treatment of IPEC-J2 cells with dif-
ferent concentrations of cadmium for 1, 3, 6 and 24 h at 37 °C in 5%
CO2. Data are expressed as 2-ΔΔCt, i.e. ΔCt (Cd treatment) – ΔCt
(untreated control). Asterisks indicate significant differences between
control and Cd-treated cells. ** P < .01, *** P < .001, ****
P < .0001.
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status is caused by the inflammatory response (Rikans and Yamano,
2000). Many studies evaluated the effects of Cd2+ both in vivo and in
vitro in terms of oxidative stress (Nemmiche, 2017), heat shock protein
response (Simoncelli et al., 2015), cellular death (Alvarez-Olmedo

et al., 2017), renal and hepatic dysfunction (Wu et al., 2012; Ojekunle
et al., 2017; Gao et al., 2017). Enterocytes are the first target of Cd2+
after oral exposure, but there is paucity of data about Cd2+-driven
modulation of innate immune responses and host/pathogen interaction.
In our study, we documented the ability of IPEC-J2 cells to absorb
Cd2+ as a function of both time and concentration. In particular, the
Cd2+ concentration data were in agreement with the study by Rusanov
et al. (2015), that demonstrated the ability of human intestinal Caco-2
cells to absorb 70–112% of extracellular Cd2+. However, IPEC-J2 cells
showed a lower ability to absorb Cd2+ at a higher concentration; such
a concentration-dependent Cd2+ uptake might be due to its chemical
and physical properties related to the presence of essential compounds
like iron (Fe), zinc (Zn), or calcium (Ca), which are likely to affect
Cd2+ uptake by a process referred to as “ionic and molecular mimicry”
(Foulkes, 2000; Zalups and Ahmad, 2003; Vesey, 2010). The absorption
of this heavy metal was related to a significant reduction (P < .0001)
of cell viability after treatment with 20 μM Cd after both 3 and 6 h of
exposure. In agreement with our results, other authors demonstrated
that low Cd2+ concentrations (< 5.0 μM) might enhance cell pro-
liferation in a dose-dependent manner (Arriazu et al., 2006), or de-
termine no effects (Song et al., 2015), while higher concentrations
(> 5.0 μM) could reduce cell viability (Shih et al., 2004). After 24 h of

Table 2
Modulation of innate immunity in IPEC-J2 cells after Cd treatments.

Cd treatment 2 μM

Target 2−ΔΔCt at 1 h 2−ΔΔCt at 3 h 2−ΔΔCt at 6 h 2−ΔΔCt at 24 h

IL-1b 0.7 ± 0.6 0.7 ± 0.6 1.3 ± 0.4 0.4 ± 0.4
IL-6 5.3 ± 0.5* 0.82 ± 0.5 1.3 ± 0.6 1.7 ± 0.6
TNF-a 1.3 ± 0.6 0.9 ± 0.5 1.7 ± 0.3 2.6 ± 0.9
IL-18 8.1 ± 0.6* 1.4 ± 0.3* 2.8 ± 1.1 2.8 ± 1.1
Nf-kB-1 5.7 ± 0.3* 1.6 ± 0.2* 1.4 ± 1.1 1.1 ± 0.5
Nf-kB/p65 4.6 ± 0.5* 2.0 ± 0.4* 1.6 ± 0.2* 0.6 ± 0.9
MYD88 2.6 ± 0.5 3.0 ± 0.5* 2.2 ± 1.2 1.7 ± 1.2
p38 2.8 ± 0.9 1.0 ± 0.7 2.0 ± 1.2 1.7 ± 0.6
JNK 1 3.3 ± 0.5* 1.6 ± 0.5 2.0 ± 0.8 2.3 ± 0.8
STAT3 2.3 ± 0.7 1.3 ± 0.7 3.1 ± 0.5* 1.7 ± 0.5
IFN-b 0.3 ± 0.3 0.6 ± 0.3 2.3 ± 1.3 2.3 ± 1.3
bD1 7.5 ± 0.6** 1.5 ± 0.6 2.5 ± 0.5* 2.0 ± 0.7
bD2 1.6 ± 0.7 3.0 ± 1.9 1.7 ± 0.5 0.7 ± 0.5
bD3 4.0 ± 0.7* 0.6 ± 0.5 11.6 ± 0.3**** 14.6 ± 0.9*
bD4 0.02 ± 0.01** 0.8 ± 0.4 0.05 ± 0.01** 1.7 ± 0.9
TLR-4 7.6 ± 0.7* 2.1 ± 0.9 1.6 ± 0.5 1.2 ± 0.5
TLR-5 3.1 ± 0.9 0.8 ± 0.6 2.7 ± 0.9 1.7 ± 0.9
CD14 1.9 ± 0.8 0.9 ± 0.8 1.7± 0.1 1.7 ± 0.9
SOCS1 0.01±0.005**** 0.2 ± 0.1* 3.6 ± 0.4** 1.6 ± 0.4

Cd treatment 20 μM
IL-1b 1.4 ± 0.2 0.76 ± 0.2 1.6 ± 1.1 14.9 ± 1.1*
IL-6 1.24 ± 0.4 1.07 ± 0.7 0.6 ± 0.3 2.9 ± 0.3***
IL-8 7.3 ± 0.2 ** 0.4 ± 0.2 ** 14.2 ± 0.2*** 12.1 ± 0.2****
TNF-a 1.3 ± 0.6 8.9 ± 0.3** 0.5 ± 0.3 4.9 ± 2.3
IL-18 1.0 ± 0.3 4.2 ± 0.3**** 1.2 ± 0.6 1.2 ± 0.9
Nf-kB-1 2.3 ± 1.1 0.4 ± 0.2* 1.8 ± 1.1 1.3 ± 0.2**
Nf-kB/p65 0.4 ± 0.2 0.6 ± 0.5 1.8 ± 1.1 1.2 ± 0.2*
MYD88 1.3 ± 0.9 2.4 ± 0.2* 0.7 ± 0.5 0.3 ± 0.1****
p38 0.1 ± 0.3 0.6 ± 0.1** 0.6 ± 0.2 2.6 ± 0.2****
JNK 1 1.4 ± 0.3 2.1 ± 0.8* 1.8 ± 0.8 2.8 ± 0.3*
STAT3 2.1± 0.3 0.3 ± 0.1** 0.8 ± 0.5 0.8 ± 0.2*
IFN-b 0.8 ± 0.7 4.5 ± 0.5** 11.2 ± 0.5** 11.9 ± 0.5****
bD1 1.5 ± 0.4 12.8 ± 0.2**** 8.1 ± 0.2*** 6.5 ± 0.4***
bD2 1.3 ± 0.6 8.9 ± 0.5** 1.1 ± 0.5 1.6 ± 0.5
bD3 1.7 ± 0.5 2.6 ± 1.1 12.2 ± 0.8*** 16.4 ± 0.6****
bD4 1.7 ± 0.4 2.1 ± 0.7 0.8 ± 0.4 12.5 ± 1.1***
TLR-4 2.6 ± 1.1 0.9 ± 0.8 0.6 ± 0.2 0.2 ± 0.1*
TLR-5 1.6 ± 0.7 2.6 ± 0.5* 2.5 ± 1.1 5.3 ± 0.7*
CD14 1.0 ± 0.8 0.2 ± 0.1* 0.6 ± 0.4 1.2 ± 0.3*
SOCS1 0.8 ± 0.7 0.6 ± 0.7 1.8 ± 1.2 1.8 ± 1.2

The expression of some innate immunity genes was evaluated in IPEC-J2 cells. Cells were treated with different concentration of Cd (2 and 20 μM) and incubated at 37 °C in 5% CO2 for 1,
3, 6 and 24 h. Cells kept with medium only were used as untreated control. Total RNA was extracted to evaluate gene expression by RT Real time PCR. Data are expressed as 2−ΔΔCt, i.e.
ΔCt (Cd treatment) – ΔCt (untreated control). Asterisks indicate significant differences between Cd-treated and control cultures. * P < .05, ** P < .01; *** P < .001; ****P < .0001.

Table 3
Salmonella penetration into IPEC-J2 cells after Cd treatment.

Treatment

20 μM 2 μM Control

log10 CFU at 1 h 3.4 ± 0.3 3.6 ± 0.2 3.6 ± 0.3
log10 CFU at 3 h 2.3±0.3 ** 3.0 ± 0.2 3.3 ± 0.4
log10 CFU at 24 h – – 2.6 ± 0.4

IPEC-J2 cells at confluence in 12-well tissue culture plates were treated with 20 or 2 μM
Cd2+ for 1, 3 or 24 h at 37 °C in 5% CO2; then, cells were stimulated with 1mL/well of S.
typhimurium suspension (108 CFU/mL) and incubated at 37 °C in 5% CO2 for 1 h.
Monolayers were washed and treated with Colistin (300 μg/mL) to kill all extracellular
bacteria. After this, cells were lysed in Triton X-100, and the suspension was serially
diluted and seeded on BGA agar plates. Each treatment was performed seven times. Data
are expressed as log10 CFU of penetrated, intracellular Salmonella/106 cells, mean value
of seven replicates ± 1 standard deviation. ** indicates a significant difference with
respect to untreated cells (P < .05).
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exposure we observed the detachment of cell monolayers; this is
probably due to Cd2+ effects on cell–cell junctions. In particular some
studies suggest that E-cadherin is the molecular target underlying
Cd2+ effects on cell monolayers; this heavy metal competes with
Ca2+ for binding sites present on the adhesive domains of E-cadherin
molecules (Prozialeck, 2000); it disrupts their native conformation,
thus displacing Ca2+ from E-cadherin binding sites (Prozialeck, 2000).

In this study, we report Cd2+-driven modulation of gene expression
and IL-8 protein release in swine enterocytes as a function of both time
and concentration. In particular, we observed at different times of in-
cubation with 2 μM Cd2+ the up-regulation of some important pro-
inflammatory cytokines and chemokines (IL-8, IL-6, IL-18), and tran-
scription factor genes (Nk-fb1, Nkfb-p65, MYD88). Similar results
concerning IL-8 and other pro-inflammatory cytokines were obtained in
Caco-2 cells, where Hyun et al. (2007) demonstrated the activation of
an inflammatory response through the NF-kb pathway. In our study, a
low concentration of Cd2+ activated the expression of both Nf-kB-1
and Nf-kB/p65 after 1 and 3 h of incubation; the Nf-kB-1 expression
returned to basal levels after 6 h of exposure and Nf-kB/p65 after 24 h.
The pro-inflammatory effects of a low Cd2+ concentration was asso-
ciated with a significant down-regulation of the SOCS1 (suppressor of
cytokine signaling1) gene, i.e. a pivotal member of the cytokine sig-
naling pathway inhibitor family. After 3 and 6 h of treatment the ex-
pression of this regulatory protein was increased; this probably causes a
suppression of JAK kinase activity (Cui et al., 2016; Endo et al., 1997),
and promotes the degradation of cytokine-receptor complexes (Kubo
et al., 2003) to down-regulate the expression of inflammatory cyto-
kines. Treatment with low Cd2+ concentration determined an early
(1 h) increase of Jun N-terminal kinase (JNK1) gene expression fol-
lowed by the return to basal levels after 3 h. This protein belongs to the
Mitogen Activated Protein Kinase (MAPK) super-family (Dunn et al.,
2002). JNK1 is extensively expressed and activated in response to sti-
muli like DNA damage, heat shock and pro-inflammatory cytokines.
This results in cell proliferation, pro- or anti-apoptotic effects (Chen
et al., 2013). Our results could be due first to up-regulation of pro-
inflammatory cytokines like IL-6, and subsequently by persistent up-
regulation of IL-8 that inhibits JNK expression (Chan et al., 2017). In-
deed, in agreement with our results, also the human U937 cell line
shows up-regulation of JNK after Cd2+ treatment (Nemmiche, 2017).

Signal transducer and activator of transcription-3 (STAT3) plays
crucial roles in cell proliferation; moreover, a cellular protective func-
tion of STAT3 has been reported (Souza et al., 2009). Our results in-
dicate that STAT3 activation was induced after a 6-h Cd2+ treatment
(2 μM) but not after 1, 3 or 24 h, as previously reported (Souza et al.,
2009). These MAPKs are likely to be involved in the molecular me-
chanisms of Cd2+ action since it has been reported that activation of
ERK1/2, JNK and p38 occurs in renal cells after Cd2+ exposure
(Hirano et al., 2005). Moreover, β-defensins (bD1, bD2, bD3 and bD4)
were included in our study because of their constitutive expression in
IPEC-J2 cells and the involvement in the regulation of the inflammatory
response (Sang and Blecha 2009; Mariani et al., 2009; Razzuoli et al.,
2013). We observed modulation of bD1, bD3 and bD4 gene expression;
these data suggest the property of low and high Cd2+ concentrations to
modulate the inflammatory status of enterocytes, as previously shown
in vivo (Ninkov et al., 2015). In particular, our results are in agreement
with a pivotal role of IL-8 in Salmonella infection of enterocytes, as
shown in our previous study in which an anti-IL 8 antibody could sig-
nificantly inhibit Salmonella penetration into the same cells (Razzuoli
et al., 2017); indeed down-regulation of IL-8 was associated with a
significant decrease of Salmonella typhimurium ability to penetrate in
IPEC-J2.

This underpins the potential of a moderate Cd2+ concentration to
modulate a host-pathogen interaction, even though exposure to 20 μM
Cd2+ for 3 h in vitro is not likely to reflect an in vivo scenario of
chronic poisoning.

5. Conclusion

Our results demonstrate the ability of IPEC-J2 to respond to a non-
infectious stressor like Cd2+ in terms of cytokine and chemokine gene
expression, the Cd2+ absorption profiles being similar to those ob-
served in the gut (Vesey, 2010). In particular, we demonstrated an up-
regulation of the inflammatory response as previously shown in vivo.
IPEC-J2 cells can thus represent a useful model to evaluate the primary
interaction between intestinal cells and different stressors in terms of
cytotoxicity and innate immune responses. Our study also demonstrates
the potential of Cd2+ poisoning to affect the interaction between host
and an enteric pathogen.

Acknowledgements

The authors want to thank Francesca Capellini for the skilful tech-
nical assistance; her work is gratefully acknowledged. This study was
supported by Liguria Region, grant 12ALA.

References

Alvarez-Olmedo, D.G., Biaggio, V.S., Koumbadinga, G.A., Gómez, N.N., Shi, C., Ciocca,
D.R., Batulan, Z., Fanelli, M.A., O'Brien, E.R., 2017. Recombinant heat shock protein
27 (HSP27/HSPB1) protects against cadmium-induced oxidative stress and toxicity in
human cervical cancer cells. Cell Stress Chaperones 22, 357–369.

Arriazu, R., Pozuelo, J.M., Henriques-Gil, N., Perucho, T., Martín, R., Rodríguez, R.,
Santamaría, L., 2006. Immunohistochemical study of cell proliferation, Bcl-2, p53,
and caspase-3 expression on preneoplastic changes induced by cadmium and zinc
chloride in the ventral rat prostate. J. Histochem. Cytochem. 54, 981–990.

Artursson, K., Wallgren, P., Alm, G.V., 1989. Appearance of interferon-alpha in serum and
signs of reduced immune function in pigs after transport and installation in a fat-
tening farm. Vet. Immunol. Immunopathol. 23, 345–353.

Breton, J., Daniel, C., Vignal, C., Body-Malapel, M., Garat, A., Plé, C., Foligné, B., 2016.
Does oral exposure to cadmium and lead mediate susceptibility to colitis? The dark-
and-bright sides of heavy metals in gut ecology. Sci. Rep. 6, 19200. http://dx.doi.
org/10.1038/srep19200.

Brosnahan, A.J., Brown, D.R., 2012. Porcine IPEC-J2 intestinal epithelial cells in micro-
biological investigations. Vet. Microbiol. 4, 229–237.

Chan, L.P., Liu, C., Chiang, F.Y., Wang, L.F., Lee, K.W., Chen, W.T., Kuo, P.L., Liang, C.H.,
2017. IL-8 promotes inflammatory mediators and stimulates activation of p38 MAPK/
ERK-NF-κB pathway and reduction of JNK in HNSCC. Oncotarget 1 (68),
112825–112840. http://dx.doi.org/10.18632/oncotarget.16914.

Chen, Q., Li, D., Ren, J., Li, C., Xiao, Z.X., 2013. MUC1 activates JNK1 and inhibits
apoptosis under genotoxic stress. Biochem. Biophys. Res. Commun. 440, 179–183.

Cui, X., Shan, X., Qian, J., Ji, Q., Wang, L., Wang, X., Li, M., Ding, H., Liu, Q., Chen, L.,
Zhang, D., Ni, R., 2016. The suppressor of cytokine signaling SOCS1 promotes
apoptosis of intestinal epithelial cells via p53 signaling in Crohn's disease. Exp. Mol.
Pathol. 101, 1–11.

Dunn, C., Wiltshire, C., MacLaren, A., Gillespie, D.A., 2002. Molecular mechanism and
biological functions of c-Jun N-terminal kinase signalling via the c-Jun transcription
factor. Cell. Signal. 14, 585–593.

Endo, T.A., Masuhara, M., Yokouchi, M., Suzuki, R., Sakamoto, H., Mitsui, K., Matsumoto,
A., Tanimura, S., Ohtsubo, M., Misawa, H., Miyazaki, T., Leonor, N., Taniguchi, T.,
Fujita, T., Kanakura, Y., Komiya, S., Yoshimura, A., 1997. A new protein containing
an SH2 domain that inhibits JAK kinases. Nature 26, 921–924.

Fairbairn, L., Kapetanovic, R., Beraldi, D., Sester, D.P., Tuggle, C.K., Archibald, A.L.,
Hume, D.A., 2013. Comparative analysis of monocyte subsets in the pig. J. Immunol.
15, 6389–6396.

Foulkes, E.C., 2000. Transport of toxic heavy metals across cell membranes. Proc. Soc.
Exp. Biol. Med. 223, 234–240.

Gao, S., Wang, X., Wang, S., Zhu, S., Rong, R., Xu, X., 2017. Complex effect of zinc oxide
nanoparticles on cadmium chloride-induced hepatotoxicity in mice: protective role of
metallothionein. Metallomics 9, 706–714.

Hirano, S., Sun, X., DeGuzman, C.A., Ransom, R.F., McLeish, X.R., Smoyer, W.E., Shelden,
E.A., Welsh, M.J., Benndorf, R., 2005. p38 MAPK/HSP25 signalling mediates cad-
mium-induced contraction of mesangial cells and renal glomeruli. Am. J. Physiol.
Renal. Physiol. 288, 1133–1143.

Hoogenboom, R.L., Hattink, J., van Polanen, A., van Oostrom, S., Verbunt, J.T., Traag,
W.A., Kan, K.A., van Eijkeren, J.C., De Boeck, G., Zeilmaker, M.J., 2015. Carryover of
cadmium from feed in growing pigs. Food Addit. Contam. A 32, 68–79.

Hyun, J.S., Satsu, H., Shimizu, M., 2007. Cadmium induces interleukin-8 production via
NF-kappaB activation in the human intestinal epithelial cell, Caco-2. Cytokine. 37,
26–34.

Kubo, M., Hanada, T., Yoshimura, A., 2003. Suppressors of cytokine signaling and im-
munity. Nat. Immunol. 12, 1169–1176.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)). Method 25, 402–408.

Luevano, J., Damodaran, C., 2014. A review of molecular events of cadmium-induced
carcinogenesis. J. Environ. Pathol. Toxicol. Oncol. 33, 183–194.

E. Razzuoli et al. Toxicology Letters 287 (2018) 92–99

98

http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0005
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0005
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0005
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0005
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0010
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0010
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0010
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0010
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0015
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0015
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0015
http://dx.doi.org/10.1038/srep19200
http://dx.doi.org/10.1038/srep19200
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0025
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0025
http://dx.doi.org/10.18632/oncotarget.16914
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0035
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0035
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0040
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0040
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0040
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0040
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0045
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0045
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0045
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0050
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0050
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0050
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0050
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0055
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0055
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0055
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0060
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0060
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0065
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0065
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0065
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0070
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0070
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0070
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0070
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0075
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0075
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0075
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0080
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0080
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0080
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0085
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0085
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0090
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0090
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0095
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0095


Mariani, V., Palermo, S., Fiorentini, S., Lanubile, A., Giuffra, E., 2009. Gene expression
study of two widely used pig intestinal epithelial cell lines: IPEC-J2 and IPI-2I. Vet.
Immunol. Immunopathol. 131, 278–284.

Matović, V., Buha, A., ðukić-Ćosić, D., Bulat, Z., 2015. Insight into the oxidative stress
induced by lead and/or cadmium in blood, liver and kidneys. Food Chem. Toxicol.
78, 130–140.

Meager, A., 1987. Quantification of interferons by anti-viral assays and their standardi-
zation. In: Clemens, M.J., Morris, A.G., Gearing, A.J.H. (Eds.), Lymphokines and
Interferons, a Practical Approach. IRL Press Limited, Oxford, UK, pp. 129–147.

Milićević, D.R., Jovanović, M., Jurić, V.B., Petrović, Z., Stefanović, S.M., 2009.
Toxicological assessment of toxic element residues in swine kidney and its role in
public health risk assessment. Int. J. Environ. Res. Public Health 6, 3127–3142.

Nemmiche, S., Guiraud, P., 2016. Cadmium-induced oxidativen damages in the human
BJAB cells correlate with changes in intracellular trace elements levels and zinc
transporters. Toxicol. In Vitro 37, 169–177.

Nemmiche, S., 2017. Oxidative signaling response to cadmium exposure. Toxicol. Sci.
156, 4–10.

Ninkov, M., Popov, A.A., Demenesku, J., Mirkov, I., Mileusnic, D., Petrovic, A., Grigorov,
I., Zolotarevski, L., Tolinacki, M., Kataranovski, D., Brceski, I., Kataranovski, M.,
2015. Toxicity of oral cadmium intake: impact on gut immunity. Toxicol. Lett. 237,
89–99.

Nygard, A.B., Jørgensen, C.B., Cirera, S., Fredholm, M., 2007. Selection of reference genes
for gene expression studies in pig tissues using SYBR green qPCR. BMC Mol. Biol. 15,
8–67.

Ojekunle, O., Banwo, K., Sanni, A.I., 2017. In vitro and in vivo evaluation of Weissella
cibaria and Lactobacillus plantarum for their protective effect against cadmium and
lead toxicities. Lett. Appl. Microbiol. 64, 379–385.

Prozialeck, W.C., 2000. Evidence that E-cadherin may be a target for cadmium toxicity in
epithelial cells. Toxicol. Appl. Pharmacol. 164, 231–249.

Rafati Rahimzadeh, M., Rafati Rahimzadeh, M., Kazemi, S., Moghadamnia, A.A., 2017.
Cadmium toxicity and treatment: an update. Caspian. J. Intern. Med. 3, 135–145.

Razzuoli, E., Villa, R., Sossi, E., Amadori, M., 2011a. Characterization of the interferon-α
response of pigs to the weaning stress. J. Interferon Cytokine Res. 31, 237–247.

Razzuoli, E., Villa, R., Sossi, E., Amadori, M., 2011b. Reverse transcription real-time PCR
for detection of porcine interferon α and β genes. Scand. J. Immunol. 74, 412–418.

Razzuoli, E., Villa, R., Amadori, M., 2013. IPEC-J2 cells as reporter system of the anti-
inflammatory. J. Interferon Cytokine Res. 33, 597–605.

Razzuoli, E., Villa, R., Ferrari, A., Amadori, M., 2014. A pig tonsil cell culture model for
evaluating oral, low-dose IFN-α treatments. Vet. Immunol. Immunopathol. 160,
244–254.

Razzuoli, E., Amador i, M., Lazzara, F., Bilato, D., Ferraris, M., Vito, G., Ferrari, A., 2017.
Salmonella serovar-specific interaction with jejunal epithelial cells. Vet. Microbiol.
2017, 219–225.

Rhoads, J.M., Chen, W., Chu, P., Berschneider, H.M., Argenzio, R.A., Paradiso, A.M.,
1994. L-Glutamine and L-asparagine stimulate Na(+)–H+ exchange in porcine je-
junal enterocytes. Am. J. Physiol. 266, 828–838.

Rikans, L.E., Yamano, T., 2000. Mechanisms of cadmium-mediated acute hepatotoxicity.

J. Biochem. Mol. Toxicol. 14, 110–117.
Rizwan, M., Ali, S., Adrees, M., Ibrahim, M., Tsang, D.C.W., Zia-Ur-Rehman, M., Zahir,

Z.A., Rinklebe, J., Tack, F.M.G., Ok, Y.S., 2017. A critical review on effects, tolerance
mechanisms and management of cadmium in vegetables. Chemosphere 182, 90–105.

Rusanov, A.L., Smirnova, A.V., Poromov, A.A., Fomicheva, K.A., Luzgina, N.G., Majouga,
A.G., 2015. Effects of cadmium chloride on the functional state of human intestinal
cells. Toxicol. In Vitro 29, 1006–1011.

Sang, Y., Blecha, F., 2009. Porcine host defense peptides: expanding repertoire and
functions. Dev. Comp. Immunol. 33, 334–343.

Schierack, P., Nordhoff, M., Pollmann, M., Weyrauch, K.D., Amasheh, S., Lodemann, U.,
Jores, J., Tachu, B., Kleta, S., Blikslager, A., Tedin, K., Wieler, L.H., 2006.
Characterization of a porcine intestinal epithelial cell line for in vitro studies of mi-
crobial pathogenesis in swine. Histochem. Cell Biol. 125, 293–305.

Schmidt, L.D., Kohrt, L.J., Brown, D.R., 2008. Comparison of growth phase on Salmonella
enterica serovar Typhimurium invasion in an epithelial cell line (IPEC J2) and mu-
cosal explants from porcine small intestine. Comp. Immunol. Microbiol. Infect. Dis.
31, 63–69.

Shih, C.M., Ko, W.C., Wu, J.S., Wei, Y.H., Wang, L.F., Chang, E.E., Lo, T.Y., Cheng, H.H.,
Chen, C.T., 2004. Mediating of caspase-independent apoptosis by cadmium through
the mitochondria-ROS pathway in MRC-5 fibroblasts. J. Cell. Biochem. 91, 384–397.

Simoncelli F., Belia S., Di Rosa I., Paracucchi R., Rossi R., La Porta G., Lucentini L.,
Fagotti, 2015. Short-term cadmium exposure induces stress responses in frog
(Pelophylax bergeri) skin organ culture. Ecotoxicol. Environ. Saf. 10.1016/j.ecoenv.
2015.08.001. Epub 2015 Sep 20.

Song, J.J., Kim, J.Y., Jang, A.S., Kim, S.H., Rah, Y.C., Park, M., Park, M.K., 2015. Effect of
cadmium on human middle ear epithelial cells. J. Int. Adv. Otol. 11, 183–187.

Souza, V., Escobar Mdel, C., Bucio, L., Hernández, E., Gómez-Quiroz, L.E., Gutiérrez Ruiz,
M.C., 2009. NADPH oxidase and ERK1/2 are involved in cadmium induced-STAT3
activation in HepG2 cells. Toxicol. Lett. 187, 180–186.

Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Heavy metal toxicity
and the environment. EXS 101, 133–164.

Uddin, M.J., Cinar, M.U., Tesfaye, D., Looft, C., Tholen, E., Schellander, K., 2011. Age-
related changes in relative expression stability of commonly used housekeeping genes
in selected porcine tissues. BMC Res. Notes 24, 400–441.

Venugopal, B., Luckey, T.P., 1975. Toxicology of non-radioactive heavy metals and their
salts. Environ. Qual. Saf. Suppl. 4, 104–114.

Vesey, D.A., 2010. Transport pathways for cadmium in the intestine and kidney proximal
tubule: focus on the interaction with essential metals. Toxicol. Lett. 198, 13–19.

Wu, X., Wei, S., Wei, Y., Guo, B., Yang, M., Zhao, D., Liu, X., Cai, X., 2012. The reference
dose for subchronic exposure of pigs to cadmium leading to early renal damage by
benchmark dose method. Toxicol. Sci. 128, 524–531.

Zalups, R.K., Ahmad, S., 2003. Molecular handling of cadmium in transporting epithelia.
Toxicol. Appl. Pharmacol. 186, 163–188.

Zanotti, C., Razzuoli, E., Crooke, H., Soule, O., Pezzoni, G., Ferraris, M., Ferrari, A.,
Amadori, M., 2015. Differential biological activities of swine interferon-α subtypes. J.
Interferon Cytokine Res. 35, 990–1002.

E. Razzuoli et al. Toxicology Letters 287 (2018) 92–99

99

http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0100
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0100
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0100
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0105
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0105
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0105
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0110
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0110
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0110
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0115
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0115
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0115
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0120
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0120
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0120
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0125
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0125
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0130
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0130
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0130
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0130
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0135
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0135
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0135
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0140
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0140
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0140
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0145
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0145
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0150
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0150
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0155
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0155
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0160
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0160
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0165
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0165
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0170
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0170
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0170
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0175
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0175
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0175
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0180
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0180
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0180
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0185
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0185
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0190
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0190
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0190
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0195
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0195
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0195
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0200
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0200
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0205
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0205
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0205
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0205
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0210
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0210
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0210
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0210
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0215
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0215
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0215
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0225
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0225
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0230
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0230
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0230
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0235
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0235
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0240
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0240
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0240
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0245
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0245
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0250
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0250
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0255
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0255
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0255
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0260
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0260
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0265
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0265
http://refhub.elsevier.com/S0378-4274(18)30043-2/sbref0265

	Impact of cadmium exposure on swine enterocytes
	Introduction
	Materials and methods
	Cell cultures
	Cd2+ treatments
	Cadmium uptake
	MTT assay
	IL-8 ELISA
	IFN release assay
	Gene expression
	Bacterial invasion
	Statistical analysis

	Results
	Cadmium uptake
	MTT assay
	IL-8 and IFN release
	Gene expression
	Salmonella invasiveness

	Discussion
	Conclusion
	Acknowledgements
	References




