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Abstract After weaning, piglets are often fed diets sup-
plemented with high concentrations of zinc (Zn) to de-
crease post-weaning diarrhea. The aim of this study was to
elucidate the regulation of Zn homeostasis within intestinal
epithelial cells during excessive Zn exposure. High Zn
concentrations elevated the intracellular Zn level in IPEC-
J2 and Caco-2 cells which was influenced by differen-
tiation status and time of exposure. With increasing Zn
concentrations, mRNA and protein levels of metalloth-
ionein (MT) and zinc transporter 1 (ZnTl) were
upregulated, whereas zinc transporter 4 (ZIP4) expression
was downregulated. Metal-regulatory transcription factor-1
(MTF1) mRNA expression was upregulated at high Zn
concentrations in IPEC-J2 cells, which corresponded to
higher intracellular Zn concentrations. Based on these re-
sults, we suggest that intestinal epithelial cells adapt the
expression of these genes to the amount of extracellular Zn
available in order to maintain Zn homeostasis. Cell line-
dependent differences in the regulation of Zn homeostasis
were detected.
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Introduction

Zinc (Zn) has manifold functions and is essential for
multiple processes in mammals. In commercial piglet
rearing, Zn is often used as a feed supplement to promote
weight gain and performance [1] and to reduce the inci-
dence of diarrhea [2, 3]. Pharmacological doses of Zn fed
to piglets for approximately 2 weeks after weaning have
been shown to reduce damage to intestinal cells caused by
pathogenic bacteria [4], albeit with the disadvantage of
promoting a more diverse and antibiotic-resistant popula-
tion of coliforms in the gut [5]. In addition to promoting
antibiotic-resistant Escherichia coli, high Zn can also be
toxic to the host [6]. Therefore, effective mechanisms are
required to maintain Zn homeostasis in cells (especially
intestinal epithelial cells) and to protect the organism from
excessive Zn accumulation.

Several Zn transporters regulate the cellular influx and
efflux of Zn. Zinc transporter 1 (ZnT1, SLC30A1) is lo-
cated at the basolateral membrane of mainly intestinal
epithelial cells [7, 8] and lowers intracellular Zn concen-
trations by mediating Zn efflux [9]. In previous studies,
high Zn levels have been shown to upregulate the ZnTl1
mRNA level in several tissues, including rat small intestine
[10]. Zn transporter 4 (ZIP4, SLC39A4) is localized at the
apical membrane, most notably in the small intestine [11,
12]. Its expression is regulated at both the transcriptional
and post-transcriptional levels, and its activation leads to
an increase in intracellular Zn concentration [13]. In Zn-
deficient states, the expression of ZIP4 has been shown to
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be upregulated in the small intestine of mice [11, 14],
whereas Zn supplementation leads to the downregulation
of ZIP4 in the small intestine of rats [15]. Metallothionein
(MT), a protein that regulates the intracellular Zn level by
strongly binding free Zn, is also increased during Zn sup-
plementation [16, 17]. The basal and metal-induced tran-
scription of MT and of ZnT1 is regulated by the metal-
response element-binding transcription factor-1 (MTF1)
[18, 19], which directly senses increases in intracellular Zn
concentration [20].

Based on the assumption that the tight regulation of
intracellular Zn homeostasis in enterocytes of weaned
piglets is a crucial necessity, the aim of this study was to
elucidate the mechanism(s) which regulate intracellular Zn
concentrations and maintain Zn homoeostasis in porcine
intestinal epithelial cells challenged with increasing ex-
tracellular concentrations of Zn. Porcine intestinal epithe-
lial cell line IPEC-J2 cells were used as a model system in
our experiments, and the results obtained were compared
with those from the well-established human intestinal cell
line Caco-2.

As the response of human intestinal cells has previously
been shown to depend on differentiation status [21], we
also addressed the question of whether preconfluent (‘un-
differentiated’) or postconfluent (‘differentiated’) cells are
differently affected by increasing Zn concentrations or by
the duration of Zn exposure (6 or 24 h). Readout variables
of this complex approach included the Zn concentration
within the cells, mRNA and protein expression of ZnTl,
ZIP4, and MT, and MTF1 mRNA levels.

Methods and materials
Cells and culture conditions

Piglet intestinal epithelial cells (cell line IPEC-J2), estab-
lished from the jejunum of a newborn pig [22], were kindly
provided by Prof. A. Blikslager (North Carolina State
University, Raleigh, NC) and maintained in in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 medium (1:1) sup-
plemented with 5 % fetal bovine serum (FBS; Biochrom,
Berlin, Germany), 2.5 mmol/l L-glutamine (Biochrom),
insulin (5 pg/ml), transferrin (5 pg/ml), sodium selenite
(5 ng/ml) (ITS; Sigma-Aldrich Chemie GmbH, Tauf-
kirchen, Germany), epidermal growth factor (5 ng/ml,
Biochrom), and penicillin—streptomycin (10 000 U peni-
cillin and 10 mg streptomycin/100 ml medium; Sigma
Aldrich Chemie GmbH). The IPEC-J2 cells were subcul-
tured following trypsinization (0.15 g/l porcine trypsin,
0.06 g/l EDTA).

Human epithelial intestinal cells from the colorectal
adenocarcinoma line Caco-2 [ATCC Catalog No. HTB-37;
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American Type Culture Collection (ATCC), Manassas,
VA] were cultured in Eagle’s Minimum Essential Medium
with Earle’s buffered saline solution and 2 mmol/l L-glu-
tamine (ATCC) containing 1.0 mmol/l sodium pyruvate,
0.1 mmol/l nonessential amino acids, and 1.5 g/l sodium
bicarbonate. To this medium, 20 % FBS and penicillin—
streptomycin were added.

Incubation with ZnSO,

A 4 mM stock solution of ZnSO, was added to the re-
spective cell culture media, which contained 10 % FBS on
the day of the experiments. At the beginning of the ex-
periments, the media of the cells were replaced by media
containing the respective Zn concentration.

Intracellular Zn concentration

For the measurement of intracellular Zn concentration,
cells were grown in 25-cm?” cell culture flasks for 1 day
(IPEC-J2, preconfluent), 7 days (IPEC-J2, postconfluent),
2-3 days (Caco-2, preconfluent), or 19-21 days (Caco-2,
postconfluent). On the day of the experiment, the medium
in each flask was replaced with new medium containing
10 % FBS and the concentration of ZnSO, to be tested (0,
50, 100, and 200 pM). After an incubation of 6 or 24 h, the
cell culture flasks were rinsed twice with phosphate-buf-
fered saline (PBS) solution without Ca*" and Mg*" (Bio-
chrom), following which 1 ml PBS was added to the flask
and the cell harvested with a cell scraper. The harvested
cells were first centrifuged at 200 g for 5 min, then the PBS
supernatant was removed, and the cell pellet suspended in
200 Wl PBS, of which 180 ul was stored at —20 °C for
atomic absorption spectrometry (AAS) and 20 pl was
stored at —80 °C for protein analysis.

After solubilization of the samples with 0.061 mol/l
hydrochloric acid, cellular Zn uptake was measured by
using AAS in a Jena AAS VARIO 6 spectrometer (Ana-
lytik Jena, Jena, Germany). To normalize the intracellular
Zn concentration, total protein content was measured using
the Bradford protein assay (Bio-rad Laboratories GmbH,
Miinchen, Germany) in a Microplate Manager 6 (Bio-Rad)
and the amount of Zn (in mg Zn/g protein) then calculated.

Real-time quantitative PCR

Cells were seeded at a density of 10° on 24-well TPP tissue
culture plates (Biochrom), allowed to differentiate for
1-2 days (IPEC-J2, preconfluent), 7-10 days (IPEC-J2,
postconfluent), 3-4 days (Caco-2, preconfluent), or
21 days (Caco-2, postconfluent), and then treated with in-
creasing concentrations of ZnSO, (0-200 uM) for 6 or
24 h.
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The sampling procedure, RNA isolation, quality control,
and cDNA synthesis methods, and the protocol for real-
time quantitative PCR were as described in Lodemann
et al. [23]. Briefly, the samples were stored in RNAlater
RNA Stabilization Reagent (Qiagen GmbH, Hilden, Ger-
many) at —20 °C after sampling. The Nucleospin RNA 1I
kit (Macherey—Nagel GmbH & Co. KG, Diiren, Germany)
was used to isolate total RNA. Only samples with an RNA
integrity number of >7 (2100 Bioanalyzer; Agilent Tech-
nologies, Santa Clara, CA) were reverse-transcribed to
cDNA with the iScript™ ¢cDNA Synthesis kit (Bio-Rad).
The primers were obtained from Eurofins MWG Synthesis
GmbH (Ebersberg, Germany) and are shown in Table 1.

The reactions for real-time quantitative PCR were per-
formed in triplicate; the final reaction volume (15 pl)
contained iQ SYBR Green Supermix (Bio-Rad), primers
(0.3 pl of 20 pmol/ul each), and 5 ul cDNA, and the
samples were run in a thermal cycler (iCyclerlQ-Real-
Time PCR Detection System; Bio-Rad) with the following
cycling parameters: an initial denaturation for 3 min at
95 °C; 35 amplification cycles at 95 °C for 30 s and 58 °C
for 2 min. The relative amount of the target genes [ZnTl1,
ZI1P4, metallothionein 1A (MT1A), MTF1] in each ex-
perimental group compared with that of the control group
(0 uM for the respective group) was calculated using iQ5
software, which uses a modification of the AACt equation,
initially introduced by Livak and Schmittgen [24]. Three
reference genes were used for normalization [IPEC-J2:
GAPDH, YWHAZ, TBP; Caco-2: ACTB, TBP, UBC; see
footnote to Table 1).

Western blot analysis

Cells were cultured in cell culture flasks (25 cm?) and al-
lowed to differentiate as described in the preceding section.
Only cells which had been exposed to Zn for 24 h were
used in subsequent analyses. The cell lysates were prepared
as described previously [29]. The protein concentration
was measured using a 2-D Quant Kit (GE Healthcare Life
Sciences, Pittsburgh, PA). Proteins and a pre-stained pro-
tein molecular-weight marker (Fermentas, St. Leon Rot,
Germany) were resolved in 15 % polyacrylamide gels by
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis. Using the Mini Trans-Blot Electrophoretic Transfer
Cell (Bio-Rad), we then transferred samples for MT ana-
lysis onto nitrocellulose membranes with a pore size of
0.2 pm (GE Healthcare Life Sciences) for 1 h at 6.8 mA/
sz; samples for ZnT1 and ZIP4 analysis were transferred
onto nitrocellulose membranes with a pore size of 0.45 um.
The uniform transfer of the proteins was confirmed by
Ponceau staining. MT western blotting was then performed
following the protocol of Mizzen et al. [30].

The membranes used for the detection of ZnT1 and Z1P4
were blocked with 5 % (w/v) non-fat milk powder (Carl
Roth GmbH & Co. KG, Karlsruhe, Germany) prepared in
Tris-buffered saline containing 0.1 % Tween20 at room
temperature for 1 h. The membranes were then incubated
with either a 1:1000 dilution of a rabbit polyclonal anti-
body against SLC39A4 (Z1P4) (Antibodies-online GmBH,
Aachen, Germany) or a 1:2000 dilution of rabbit polyclonal
antibody against SLC30A1 (ZnT1) (Antibodies-online) at
4 °C overnight. After several washes, the membranes were
incubated in a 1:25,000 dilution of an anti-mouse horse-
radish-peroxidase-conjugated secondary antibody (GE
Healthcare Life Sciences). The signals were detected by
chemiluminescence with the ECL ADVANCE Western
Blotting Detection kit (GE Healthcare Life Sciences) ac-
cording to the manufacturer’s instructions.

Statistical analysis

Statistical evaluations were carried out with the IBM SPSS
Statistics program for Windows, version 21 (IBM
Deutschland GmbH, Ehningen, Germany). Unless other-
wise stated, results are given as the mean =+ standard error
of the mean. The number of independent experiments in-
cluded in the statistical evaluation is indicated by ‘N’ in the
relevant legends. Results were considered to be significant
at P < 0.05.

For the determinations of intracellular Zn concentrations
and ZnT1, ZIP4, MT1A, and MTF1 mRNA expression, we
first subjected the data to an overall three-way variance
analysis with the fixed factors ‘concentration’ (Zn con-
centrations: 0, 50, 100, 200 uM), ‘sampling time’ (6 or
24 h), and ‘differentiation status’ (preconfluent or post-
confluent cells). For the graphic presentation of the results
the data have separated according to the factors differen-
tiation status (preconfluent or postconfluent cells) and
sampling time (6 or 24 h), and a one-way variance analysis
with the factor concentration and posthoc Scheffé or
Dunnett test were performed.

Results
Intracellular Zn concentrations

The Zn concentration was measured by AAS in precon-
fluent and postconfluent cells incubated with increasing
ZnSO, concentrations (0, 50, 100, 200 umol/l) for 6 or
24 h. In the overall analysis, extracellular Zn concentration
affected the intracellular Zn concentration in both cell lines
(P < 0.001). However, the intracellular Zn concentration
of both cell lines increased only numerically in the con-
centration range between 0-100 uM extracellular Zn; a
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Table 1 Oligonucleotide primers and amplicon length of PCR products used in the experiments

Gene Primer sequence Amplicon length Accession Reference
(bp) number

ACTB (h) (S) 5'-TTG CCG ACA GGA TGC AGA AGG A-3 129 NM_001101 Baudry et al. [25]

(AS) 5'-AGG TGG ACA GCG AGG CCA GGA
T-3

TBP (h) (S) 5-TGC ACA GGA GCC AAG AGT GAA-3' 132 NM_003194 Dallol et al. [26]
(AS) 5'-CAC ATC ACA GCT CCC CAC CA-3'

UBC (h) (S) 5'-ATT TGG GTC GCG GTT CTT G-3' 133 M26880 Vandesompele et al.
(AS) 5-TGC CTT GAC ATT CTC GAT GGT-3' [27]

ZNT1 (SLC30AI)  (S) 5-GAC CAG GAG GAG ACC AAC AC -3’ 95 BC121015.1

(h) (AS) 5-TCA CCA CTT CTG GGG TTT TC-3'

ZIP4 (h) (S) 5-CCA GTG TGT GGG ACA CGG TAT-3 64 NM_130849.3 Jou et al. [39]
(AS) 5'-TGT TCC GAC AGT CCA TAT GCA-3'

MTIA (h) (S) 5-CTT GGG ATC TCC AAC CTC AC-3' 137 NM_005946.2
(AS) 5'-AGG AGC AGC AGC TCT TCT TG-3'

MTF]I (h) (S) 5-AAG GTG CAA CCC TCA CTC TG-3' 144 BC014454.1
(AS) 5'- CTC CTC GGT GAG TCT TCT GG-3'

GAPDH (p) (S) 5'-ACT CAC TCT TCT ACC TTT GAT GCT- 100 DQ178124 Erkens et al. [28]

3/

(AS) 5'-TGT TGC TGT AGC CAA ATT CA-3'

TBP (p) (S) 5-GAT GGA CGT TCG GTT TAG G-3' 124 DQ 178129 Erkens et al. [28]
(AS) 5-AGC AGC ACA GTA CGA GCA A-3

YWHAZ (p) (S) 5'-ATG CAA CCA ACA CAT CCT ATC-3 178 DQ178130 Erkens et al. [28]
(AS) 5-GCA TTA TTA GCG TGC TGT CTT-3'

ZNT1 (SLC30AI)  (S) 5-AGG AGG AGA CCA ACA TCC TG-3' 138 NM_001139470.1

® (AS) 5'-CCT GGT CCG GTT CTC TGA TA-3'

ZIP4 (p) (S) 5-TGC TGA CCT TGC TGT CCT C-3' 166 XM_001925360.2
(AS) 5-GGG AGT CCT GGC TTC TCA G-3'-

MTIA (p) (S) 5 TGC TCT CTG CTT GGT CTC AC-3' 138 M29515.1
(AS) 5 AGG AGC AGC AGC TCT TCT TG-3'

MTFI (p) (S) 5'- AGT CGG AAT GTC CAG AAA CG-3' 155 NM_001243544.1

(AS) 5'- GCA GCC CTC CTG ATT ACA GA-3'

ACTB (h) = Actin, beta, Homo sapiens; TBP (h) = TATA box binding protein, Homo sapiens; UBC (h) = ubiquitin C, Homo sapiens; ZNT1
(h) = SLC30A1 (Solute carrier family 30) member 1, Homo sapiens; ZIP4 (h2) = SLC39A4 (Solute carrier family 39) member 4, Homo
sapiens); MTIA (h) = metallothionein 1A, Homo sapiens; MTF1 (h) = metal-regulatory transcription factor 1, Homo sapiens; GAPDH
(p) = glyceraldehyde-3-phosphate dehydrogenase, Sus scrofa; TBP (p) = TATA box binding protein, Sus scrofa; YWHAZ (p) = tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide, Sus scrofa; ZnT1 (p) = SLC30A1 (Solute carrier family
30, member 1 (SLC30A1), Sus scrofa; ZIP4 (p) = SLC39A4 (Solute carrier family 39, member 4, Sus scrofa); MT1A (p) = metallothionein 1A,
Sus scrofa ; MTF1 (p) = metal-regulatory transcription factor 1, Sus scrofa

sharp and significant increase occurred at 200 pM extra-
cellular Zn (Fig. 1a, c, d). In Caco-2 cells, the intracellular
Zn concentration was higher in postconfluent versus pre-
confluent cells (P < 0.001) and higher after 24 versus 6 h
of Zn exposure (P < 0.001).

In IPEC-J2 cells, the intracellular Zn level was also
dependent on differentiation status, although, in contrast to
Caco-2 cells, preconfluent cells contained more Zn than
postconfluent cells (P < 0.001).
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Zn transporters (ZnT1, ZIP4)

Upregulation of ZnT1 mRNA occurred in a dose-depen-
dent manner (P < 0.001) in both IPEC-J2 and Caco-2
cells, with a significant increase in ZnT1 mRNA abun-
dance occurring at both 100 or 200 pM extracellular Zn
(Fig. 2a—c). The changes in ZnT1 mRNA abundance were
highest after 6 h of Zn exposure, subsequently decreasing
with increasing duration of exposure to Zn until the 24-h
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Fig. 1 Intracellular zinc (Zn) accumulation (mg Zn/g protein) after
treatment with 0, 50, 100, or 200 uM of ZnSO, for 6 or 24 h,
respectively, measured by atomic absorption spectrometry. a Precon-
fluent IPEC-J2 cells, b postconfluent IPEC-J2 cells, ¢ preconfluent
Caco-2 cells, d postconfluent Caco-2 cells. N = 5 (IPEC-J2 pre-and
postconfluent; Caco-2 preconfluent), N = 4 (Caco-2, postconfluent)

time point (P < 0.001). Interestingly, an inverse rela-
tionship seemed to exist between intracellular Zn con-
centration and ZnTl mRNA abundance. Lower
intracellular Zn concentrations in preconfluent versus
postconfluent Caco-2 cells (Fig. 1c, d) coincided with
higher changes in ZnT1 mRNA abundance in preconflu-
ent versus postconfluent cells (P < 0.01) (Fig. 2c, d).
Similarly, lower intracellular Zn concentrations in post-
confluent versus preconfluent IPEC-J2 cells coincided
with, at least numerically, higher changes in ZnT1 mRNA
abundance, especially in postconfluent IPEC-J2 cells ex-
posed to 200 uM extracellular Zn.

The same results were obtained for ZnT1 protein ex-
pression as for ZnT1 mRNA expression (Fig. 3). In post-
confluent IPEC-J2 cells, protein expression was higher at
200 pM  after the 24-h incubation; in contrast,
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independent experiments. Data are presented as the mean =+ standard
error of the mean (SEM). Different lowercase letters indicate
significant differences (P < 0.05) between the Zn concentrations
for each condition. Cell lines are defined in “Cells and culture
conditions”

postconfluent Caco-2 cells did not show any distinct effect
at the protein level from exposure to 200 UM Zn for 24 h.
Similar results were obtained in preconfluent cells (data not
shown).

With regard to ZIP4 mRNA expression, significant
effects of exposure to external Zn were only observed
for the factor ‘concentration’ in the overall analysis
(P <0.001). In Caco-2 cells, this change was only
numerical when the data were subdivided according to
differentiation status and sampling time (Fig. 4c, d). In
IPEC-J2 cells, ZIP4 mRNA abundance was down-
regulated by increasing Zn concentrations, with the
lowest values at 200 uM ZnSO, (Fig. 4a, b). Similar
results were obtained for ZIP4 protein expression in
preconfluent (data not shown) and postconfluent IPEC-
J2 and Caco-2 cells (Fig. 5).
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Fig. 2 Zinc transporter 1 (ZnT1) mRNA expression in preconfluent
IPEC-J2 (a) and Caco-2 (c) cells and postconfluent IPEC-J2 (b) and
Caco-2 (d) cells (normalized fold expression; mean + SEM) after
treatment with 0, 50, 100, or 200 uM ZnSO, for 6 and 24 h,
respectively. The relative amount of the target genes in the
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Fig. 3 ZnT1 protein expression in postconfluent IPEC-J2 (a) and
Caco-2 (b) cells (60 pg protein per lane) after treatment with 0, 50,
100, or 200 uM ZnSO,, respectively, for 24 h. N = 3 independent
experiments

Metallothionein

The mRNA of metallothionein 1A (MT1A), a Zn-binding
protein, was upregulated with increasing Zn concentrations
in both the IPEC-J2 and Caco-2 cell lines (P < 0.001). In
both cell lines, the relative changes in MTIA mRNA
abundance were not significantly influenced by the
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experimental groups compared to the control group was calculated
using the AACt method; N = 3 independent experiments. Different
lowercase letters indicate significant differences (P < 0.05) between
ZnSO, concentrations at 6 or 24 h

differentiation status of the cells nor the duration of Zn
exposure. MTIA mRNA expression was significantly
upregulated at 200 uM Zn and 24 h of incubation in
postconfluent cells (Fig. 6b, d). Although a numerical rise
was also observed in preconfluent cells, this increase was
significant only in Caco-2 cells at 6 h (Fig. 6¢).

The abundance of MT protein was also upregulated with
increasing Zn concentrations in preconfluent (data not
shown) and postconfluent Caco-2 cells and IPEC-J2 cells

(Fig. 7).
Metal-regulatory transcription factor-1

The mRNA of MTF1 was detected in both cell lines, but
showed rather small changes in response to increasing Zn
concentration (Fig. 8). Statistical significance for the factor
Zn concentration was observed only in IPEC-J2 cells
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Fig. 4 Zinc transporter 4 (ZIP4) mRNA expression in preconfluent
IPEC-J2 (a) and Caco-2 (c) cells and postconfluent IPEC-J2 (b) and
Caco-2 (d) cells (normalized fold expression; mean + SEM) after
treatment with 0, 50, 100, or 200 uM ZnSO, for 6 or 24 h,
respectively. The relative amount of the target genes in the
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Fig. 5 ZIP4 protein expression in postconfluent IPEC-J2 (a) and
Caco-2 (b) cells (30 pg protein per lane for Caco-2 cells; 40 pg
protein per lane for IPEC-J2 cells) after treatment with 0, 50, 100, or
200 uM ZnSOy for 24 h. N = 3 independent experiments

(P < 0.001) together with a significant effect of sampling
time (P < 0.01) and differentiation status (P < 0.001). The
higher MTF1 abundance appeared to occur selectively after
a 24-h incubation at 200 uM extracellular ZnSO, in pre-
confluent IPEC-J2 cells (Fig. 8a).

In Caco-2 cells, only the differentiation status sig-
nificantly affected MTF1 mRNA abundance (P < 0.01).
Postconfluent cells showed the numerically highest

Caco-2, preconfluent
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experimental groups compared to the control group was calculated
using the AACt method. N = 3 independent experiments. Different
lowercase letters indicate significant differences (P < 0.05) between
ZnSO, concentrations at 6 or 24 h

changes in MTF1 mRNA abundance at 6 h of Zn supple-
mentation (Fig. 8d). Notably, the higher expression of
MTF1 in postconfluent Caco-2 cells (Fig. 8d) corresponded
with the higher intracellular Zn concentrations in these
cells (Fig. 1d).

Discussion

The feed of weaned piglets is often supplemented with high
Zn concentrations to improve growth performance after
weaning and reduce the incidence of postweaning diarrhea.
We have examined the regulation of cellular Zn concen-
trations and homeostasis in a porcine intestinal epithelial
cell line (IPEC-J2). For comparison, parallel studies were
carried out using the well-established human intestinal cell
line Caco-2.
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Fig. 6 Metallothionein 1A (MT1A) mRNA expression in preconflu-
ent IPEC-J2 (a) and Caco-2 (c) cells and postconfluent IPEC-J2
(b) and Caco-2 (d) cells (normalized fold expression; mean £ SEM)
after treatment with 0, 50, 100, or 200 uM ZnSO, for 6 or 24 h,
respectively. The relative amount of the target genes in the
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Fig. 7 Metallothionein (MT) protein expression in post-confluent
IPEC-J2 (a) and Caco-2 (b) cells (60 pg protein per lane) after
treatment with 0, 50, 100, or 200 pM ZnSO, for 24 h. N =3
independent experiments

The cells were exposed to increasing Zn concentrations
in vitro to simulate luminal Zn concentrations after high Zn
supply in vivo. Dintzis et al. reported luminal intestinal Zn
concentrations of 50-80 pM Zn (164 ppm Zn) in pigs 24 h
after consumption of a Zn-supplemented feed [31]. Pieper
et al. fed high dietary doses of Zn (2425 ppm) to weaned
piglets and determined that the jejunal concentration of Zn
was 152 puM after 6 days of exposure (32-day-old piglets)
and 232 uM after 28 days of exposure (54-day-old piglets)
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experimental groups compared to the control group was calculated
using the AACt method. N = 3 independent experiments. Different
lowercase letters indicate significant differences (P < 0.05) between
7ZnSO, concentrations at 6 or 24 h

[32]. In the present study, the intracellular Zn content in-
creased in a dose-dependent manner, with a significant
increase at 200 uM of extracellular Zn in IPEC-J2 cells;
this increase was also observed in Caco-2 cells. We
therefore are in agreement with Beyersmann and Haase
[33] and suggest that, up to a certain concentration
(100 uM), cells seem to tolerate increasing Zn exposure, as
the intracellular Zn concentration is controlled by Zn
transporters [34-36] and binding proteins (e.g., MTs) [37].
The assumption of Zn binding to MT is supported by the
concomitant increase in MT levels and, in terms of viabi-
lity of the cells, by previous observations of Lodemann
et al. [23] in Caco-2 cells.

Preconfluent porcine IPEC-J2 cells showed the most
intense changes in intracellular Zn levels upon exposure to
extracellular Zn supplementation. Correspondingly, MTF1
mRNA abundance, which regulates the induction of ZnT1
and MT1A transcription, was significantly upregulated in
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undifferentiated IPEC-J2 cells compared with differentiat-
ed ones, followed by at least a numerical increase in the
expression of MT1A. Since MT can strongly bind free
intracellular Zn, this finding can be interpreted as an at-
tempt of the cell to trap the high amounts of Zn intracel-
lularly. This result is in accordance with observations by
Beyersmann and Haase [38] who showed that MT is
overexpressed in proliferating tissues. However, this
regulation appears to have a limited capacity and does not
seem to prevent toxic effects in preconfluent IPEC-J2 cells
because the viability of preconfluent IPEC-J2 cells has
been shown to be compromised at 100-200 uM [23], with
Caco-2 cells being affected to a smaller extent.

In contrast to the preconfluent state, postconfluent IPEC-
J2 cells predominantly seemed to utilize a transport-
dominated regulation of Zn homeostasis via ZnT1 induc-
tion. The binding of Zn via the induction of MT1A may
play the dominant role in preconfluent IPEC-J2 cells as the
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50, 100, or 200 uM ZnSO, for 6 or 24 h, respectively. The relative
amount of the target genes in the experimental groups compared to
the control group was calculated using the AACt method. N = 3
independent experiments

efficient induction of ZnT1 might be limited in this early
differentiation state. We base this assumption on changes
in the baseline expression pattern of Zn transporters during
the maturation process of the small intestine [39]; based on
their results, the authors of this latter study proposed that
the cellular regulation of Zn absorption in the pig is de-
velopmentally regulated.

In contrast to IPEC-J2 cells, Caco-2 cells showed a
higher intracellular Zn accumulation with advancing
maturation than did IPEC-J2 cells, with the increase in the
mRNA and protein expression of ZnT1 being twofold
higher in preconfluent Caco-2 cells than in postconfluent
cells. We therefore propose that undifferentiated Caco-2
cells initially try to dispose of the high intracellular amount
of Zn via an induction of ZnT1. In postconfluent Caco-2
cells, however, a store-operated regulation by MT might be
induced. The latter notion is supported by the high basal
MT protein levels and a correspondingly high increase in
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intracellular Zn concentration in postconfluent Caco-2
cells.

Our results also suggest that not only the concentration
of externally applied Zn, but also the time of exposure has
an impact on the transcription of homeostatic transport
proteins. Linking the present findings with previous studies
[40, 41], it would appear that increases in ZnT1 mRNA
level due to high Zn exposure occur within 6-12 h after
exposure to high Zn levels; after 24 h, there is generally a
lower or no increase in the mRNA level of ZnT1 [40].

In our study, MTF1 mRNA levels increased only mod-
erately with increasing Zn concentrations. A significant
effect of Zn concentration on MTF1 mRNA could only be
seen in IPEC-J2 cells at 200 pM ZnSO4. Such small
changes are in agreement with previous studies in human
prostate, breast cancer, and cervical carcinoma cells [42—
44], whereas, to our knowledge, no comparable studies
have as yet been conducted in porcine small intestinal cells.
Although the changes in MTF1 mRNA abundance at var-
ious levels of extracellular Zn were rather small, they
nevertheless mirrored the changes in ZnT1 expression,
suggesting that, especially in [PEC-J2 cells, MTF1 controls
the regulation of ZnT1. However, MTFI1 regulates the
expression of target genes not primarily via its transcription
but mainly via its nuclear translocation and binding to the
promoter region of the respective target genes [45].

We observed the downregulation of ZIP4 mRNA in both
cell lines at 200 pM ZnSO,. In previous studies with rat
and porcine intestinal tissue, ZIP4 mRNA abundance was
also downregulated when the animals were supplemented
with high dietary Zn concentrations [15, 16]. To our
knowledge, no previous studies have examined the changes
in ZIP4 protein expression in porcine tissue or a porcine
cell line in response to Zn supplementation. Whereas ZIP4
protein expression followed the downregulation of ZIP4
mRNA in Caco-2 cells with increasing Zn concentrations,
this was not evident in IPEC-J2 cells. The reasons for this
differential response are not clear at present.

Conclusion

The results of our experiments show that intestinal ep-
ithelial cells of both porcine and human origin were able to
adapt the expression of MT, MTF1 and Zn transporters
ZnT1 and ZIP4 to the amount of extracellular Zn. In the
presence of high Zn levels, the cells responded by either
upregulating or downregulating mRNA and protein levels
of genes related to Zn homeostasis. However, other factors,
such as application time and differentiation status, had a
modulating influence on this regulation. We also noted that
an increase in intracellular Zn concentration occurred with
high levels of extracellular Zn supplementation despite the
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induction of compensatory mechanisms for reduced Zn
uptake (ZIP4) and increased Zn export (ZnT1). Our data
support previous conclusions drawn by Martin et al. [16]
who propose that supplementation of feed with high Zn
levels to piglets in vivo for longer than 2 weeks can induce
imbalances in the Zn homeostasis of these piglets and re-
sult in distinct cell damage with potential toxic effects for
the animal. The potential toxic effects might be mediated
not only by the concentration of the externally applied Zn,
but also by the time of exposure. Further, we observed
significant differences between the porcine and human in-
testinal epithelial cells, indicating that species-dependent
diversities do exist that must be taken into account. In our
study, the IPEC-J2 cells, which are nontransformed porcine
intestinal epithelial cells, were more sensitive to increasing
concentrations of ZnSO, than the Caco-2 cells, and this
observation has also been made in previous studies based
on such parameters as transepithelial electrical resistance
and cell viability. Our results extend these findings in
showing that maturity plays a predominant role in the
regulation of intracellular Zn homeostasis in this porcine
cell model as postconfluent cells could regulate intracel-
lular Zn concentration more efficiently than preconfluent
IPEC-J2 cells, likely due to a more distinct increase in
ZnT1 in conjunction with MTF1. Given that IPEC-J2 cells
have previously been used as a porcine-specific infection
model for, as an example, transmissible gastroenteritis of
pigs, we propose that this model may also be suitable to
study Zn effects in such challenge models in vitro.
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