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Abstract

Background: Gut microbial anaerobic fermentation produces short-chain fatty acids (SCFA), which are important
substrates for energy metabolism and anabolic processes in mammals. SCFA can regulate the inflammatory response
and increase the intestinal barrier integrity by enhancing the tight junction protein (TJp) functions, which prevent the
passage of antigens through the paracellular space. The aim of this study was to evaluate the effect of in vitro sup-
plementation with SCFA (acetate, propionate, butyrate, and lactate) at different concentrations on viability, nitric oxide
(NO) release (oxidative stress parameter) in cell culture supernatants, and gene expression of TJp (occludin, zonula
occludens-1, and claudin-4) and pro-inflammatory pathway-related mediators (3-defensin 1, TNF-a, and NF-kB) in
intestinal porcine epithelial cell line J2 (IPEC-J2).

Results: The SCFA tested showed significant effects on IPEC-J2, which proved to be dependent on the type and spe-
cific concentration of the fatty acid. Acetate stimulated cell viability and NO production in a dose-dependent manner
(P<0.05), and specifically, 5 mM acetate activated the barrier response through claudin-4, and immunity through
B-defensin 1 (P <0.05). The same effect on these parameters was shown by propionate supplementation, especially at
T mM (P <0.05). Contrarily, lactate and butyrate showed different effects compared to acetate and propionate, as they
did not stimulate an increase of cell viability and regulated barrier integrity through zonula occludens-1 and occludin,
especially at 30 mM and 0.5 mM, respectively (P < 0.05). Upon supplementation with SCFA, the increase of NO release
at low levels proved not to have detrimental effects on IPEC-J2 proliferation/survival, and in the case of acetate and
propionate, such levels were associated with beneficial effects. Furthermore, the results showed that SCFA supple-
mentation induced 3-defensin 1 (P <0.05) that, in turn, may have been involved in the inhibition of TNF-a and NF-kB
gene expression (P <0.05).

Conclusions: The present study demonstrates that the supplementation with specific SCFA in IPEC-J2 can signifi-
cantly modulate the process of barrier protection, and that particularly acetate and propionate sustain cell viability,
low oxidative stress activity and intestinal barrier function.
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Background
The risk of the onset of diseases in livestock has led to the
preventive use of antibiotics. This measure, in turn, can
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strategies is of crucial importance to reduce the risk of
resistance onset.

In the last decades, numerous studies have aimed at
finding alternative strategies to antibiotic growth pro-
moters in pig farms [1]. Specifically, fatty acids in vivo
have been extensively studied as a potential alternative
to antimicrobials, in particular against Salmonella Ente-
ritidis and enteropathogenic Escherichia coli [2, 3]. Fatty
acids are essential not only for growth and health, but
also for regulating metabolism and the immune system
[4], as well as for enhancing intestinal epithelial barrier
function [5]. Intestinal epithelial cells (IEC) represent
the first line of defence against microorganisms in terms
of a physical barrier and take part in innate and adap-
tive immune responses. The physical barrier function
is provided by the presence of tight junction proteins
(TJp), allowing the absorption of nutrients from the diet
and preventing the transit of molecules and pathogens
through the paracellular space.

TJp play important roles, as they are firstly involved in
maintaining the integrity of the intestinal barrier between
two adjacent epithelial cells using transmembrane pro-
teins such as claudins (CLDN) and occludins (OCLN).
Secondly, TJp are involved in maintaining the selective
permeability for intracellular ions, solutes, and cellular
transporters [2]. In addition, zonula occludens-1 (ZO-1),
a cytoplasmic adaptor protein, is related to cytoskeletal
tethering and binding of the transmembrane proteins.

It has been demonstrated that the permeability
increase of the intestinal barrier can promote disorders
and diseases caused by toxins and pathogens [6].

Furthermore, the integrity of the barrier is maintained
by the presence of the intestinal microbiota, which, upon
an optimal balance, is able to prevent pathogens from
adhering to and invading the epithelial cells [7]. The roles
of the microbiota are represented by the maintenance
of intestinal acid—base balance, inhibition of the growth
of harmful pathogens, modulation of the host intestinal
immunity, and thus by the reduction of the inflammatory
responses [8]. In addition, proper interactions between
the microbiota, the epithelium and the mucosal immune
system determine a healthy digestive ecosystem, which
is maintained by the activity of microorganisms produc-
ing a wide range of bacterial metabolites, such as short-
chain fatty acids (SCFA). The most abundant SCFA are
acetate, propionate, and butyrate, which are used as both
energy source and signalling molecules [9]. These acids
are present in the intestine as end-products derived from
primary fermentation of non-digestible carbohydrates
under anaerobic conditions, or from secondary fermen-
tation of SCFA themselves by bacteroides [10].

The weakly acid nature and chain length of fatty acids
seem to improve several functions of the body and can
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be important in some physiological processes, not only
related to the digestive system but also to the regulation
of energy metabolism [11].

Supplied energy to colonic epithelial cells can derive
from butyrate conversion to ketone bodies or carbon
dioxide [12]. Furthermore, butyrate can support intes-
tinal barrier function through a significant induction of
OCLN and ZO-1 expression [13].

SCFA exert their antibacterial function by acting on
different processes, including the disruption of electron
transport chain at pathogen membrane level, uncou-
pling of oxidative phosphorylation, cell lysis, inhibition of
enzyme activity, impairment of nutrient uptake, and per-
oxidation and auto-oxidation [14].

In weaned pigs, SCFA improve the gut barrier function,
decrease the apoptosis of epithelial cells, influence intes-
tinal DNA and barrier protein concentrations, together
with nutrient absorption, intestinal growth and develop-
ment [15].

In fact, these acids stimulate the relative expression of
OCLN and claudin-1 (CLDN1) in the jejunum, duode-
num and ileum. [15] The increase of OCLN in the jeju-
num of pigs upon high-SCFA concentration infusion in
distal ileal suggests that SCFA could alleviate the wean-
ing-induced damage to intestinal structural integrity by
promoting TJp expression. [12]

In this study we used the porcine small intestinal epi-
thelial cell line IPEC-J2 to evaluate the effects of an
in vitro supplementation with different concentrations
of SCFA (acetate, propionate, butyrate, and lactate) on
viability, nitric oxide release (oxidative stress parameter)
in cell culture supernatants, and on gene expression of
TJp (OCLN, ZO-1, and CLDN4) and pro-inflammatory
pathway-related mediators (B-defensin 1 [BD-1], tumor
necrosis factor-alpha [TNF-a], and nuclear factor-kB
[NF-«kB]).

The IPEC-J2 cell line is a non-transformed intestinal
cell line originally derived from the jejunal epithelium,
isolated from a pre-colostral piglet [16]. These cells are
morphologically and functionally similar to primary
intestinal epithelial cells. Furthermore, IPEC-J2 showed
microvilli and tight junctions [17], and can express
cytokines involved in the immune response [18]. These
properties made this line a suitable model for assessing
and studying the direct effects of different stimuli on
intestinal cells [18].

Results

Cell viability

ACE 2.5 and ACE 5 supplementations induced a sig-
nificant linear (y;=0.045x+0.229) and quadratic
(yQ=O.016x2—0.053x—|—0.344) increase of viability in
IPEC-J2 (P<0.05) compared to the control group. Also
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PROP 1 and PROP 2.5 supplementations induced a sig-
nificant linear (y,=-—0.015x+0.351) and quadratic
(Yo= —0.015x*+0.076x+0.245) increase of viability
(P<0.05) compared to control.

On the other hand, lactate and butyrate showed no
significant differences as compared to the control group

(Fig. 1).

Nitric oxide (NO) release

Data regarding NO release are showed in Fig. 2.
Acetate supplementation caused a signifi-
cant linear (y,=0.479x+1.841) and quadratic
(o= 0.254x%— 1.047x + 3.622) increase of NO (P<0.05),
with statistical differences for ACE 2.5 and ACE 5 com-
pared to control (P<0.05). An opposite course was
showed upon lactate supplementation, which induced
a linear (y,=-—0.131x+3.596) and quadratic change
(Yoq=— 0.178x*+0.935x +2.352) of NO release, with sta-
tistical differences for LAC 7.5 and LAC 15 compared to
control (P <0.05). Propionate induced a significant quad-
ratic (yo=— 0.113x%+ 0.625x + 2.437) increase (P <0.05),
with statistical differences from PROP 1 to PROP 5 com-
pared to control (P<0.05). Butyrate induced a signifi-
cant quadratic (yo=— 0.248x>+1.452x + 1.610) increase
(P<0.05), with statistical differences from BUT 0.5 to
BUT 2.5 compared to control (P <0.05).

Gene expression

Zonula occludens-1(ZO-1)

A significant decrease of ZO-1 expression was detected
upon supplementation with acetate in all groups
(P<0.05). In particular, a strong reduction was detected
in groups ACE 1, ACE 2.5, and ACE 5 compared to
control. ZO-1 expression was significantly increased in
PROP 1, while higher concentrations of propionate (2.5,
5, and 10 mM) (P<0.05) induced a strong reduction of
expression as compared to the control group. Both lac-
tate and butyrate supplementation caused a significant
increase of ZO-1 expression in all groups compared to
control (P <0.05). Data are shown in Fig. 3.

Occludin (OCLN)

OCLN expression was significantly up-regulated in ACE
0.5 compared to control (IPEC-]J2) (P <0.05), as shown in
Fig. 4. A significant decrease of OCLN expression was
observed in groups ACE 1, ACE 2.5, and ACE 5 (P <0.05)
as compared to the control group. Propionate induced
the highest expression of OCLN at concentrations of
1 and 10 mM (P<0.05) as compared to control. OCLN
expression was down-regulated in all groups upon lactate
supplementation compared to control (P<0.05). Upon
butyrate treatment, OCLN was mostly increased at the
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lowest concentration tested (BUT 0.5) (P <0.05), while no
differences were detected in the BUT 5 group compared
to control.

Claudin-4 (CLDN4)

As shown in Fig. 5, acetate induced a significant increase
of CLDN4 in all groups, in particular in ACE 5 (P <0.05)
compared to control. Also, propionate stimulated CLDN4
expression at all concentrations (P <0.05) as compared to
control. In particular, PROP 1 strongly induced CLDN4
expression (P<0.05). Upon supplementation with both
lactate and butyrate, CLDN4 expression was almost neg-
ligible, and significant differences were observed at all
concentrations (P <0.05) compared to control.

Nuclear factor-kB (NF-kB)

NF-kB expression was significantly reduced (P<0.05)
upon all SCFA supplementations compared to control.
Among SCFA supplementations, the highest lactate
doses tested (LAC 30 and LAC 60) showed higher values
of NF-kB compared to lower doses (LAC 7.5 and LAC
15) (P<0.05). In addition, upon supplementation with
butyrate, the highest NF-kB expression inhibition was
observed at the highest concentration tested (BUT 5)
(P<0.05). Data are shown in Fig. 6.

Tumor necrosis factor-alpha (TNF-a)

As shown in Fig. 7, supplementation with acetate or
lactate induced a very strong TNF-a down-regulation
(P<0.05) in all groups compared to control. Propionate
induced a significant decrease (P <0.05) of TNF-a expres-
sion in PROP 1, PROP 2.5, and PROP 5, as compared
to control. Butyrate supplementation caused a slighter
TNF-a expression decrease in all groups in comparison
to control (P <0.05).

B-defensin 1 (BD-1)

Figure 8 shows the significant increase of BD-1 expres-
sion in all acetate and propionate groups (P <0.05) com-
pared to their respective controls, and opposite courses
upon these supplementations. In particular, propionate
1 mM induced a 200-fold expression increase (P <0.05).
Lactate supplementation induced a strong BD-1 up-reg-
ulation in LAC 30 and LAC 60 as compared to control.
Furthermore, in LAC 30, BD-1 expression was subject
to a drastical 120-fold increase (P<0.05). In addition,
butyrate induced a significant increase of BD-1 expres-
sion in BUT 0.5 and BUT 1 as compared to control
(P<0.05).
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Discussion

SCFA promote the intestinal barrier function by influ-
encing specific transcription factors and in turn, facili-
tating TJp assembly and mucin secretion [9, 18]. The
IPEC-]2 cell line is a proper in vitro model to study the
mechanisms that can occur in vivo, as this cell line is
highly sensitive to nutritional stress and changes [17,
19]. The perspective is the therapeutic or dietary use of
SCFA, which could decrease the intake of antibiotics, by
providing energy to IEC and exerting immunomodula-
tory effects on intestinal inflammation, thus reducing the
incidence of diarrhoea and other intestinal disorders in
weaned piglets [20]. However, elevated SCFA concentra-
tions could damage intestinal functions, therefore con-
troversial results were obtained in vivo and in vitro on
cell viability and proliferation [21, 22]. For these reasons,
the present study aims to evaluate the modulating effects
of different SCFA at specific concentrations in IPEC-
J2, which might be useful when applied to diet, both in
humans and animals. Firstly, in our study, cell viability
increased upon acetate supplementation while decreased
upon propionate supplementation in a dose-dependent
manner. On the other hand, butyrate and lactate did
not influence viability. It is known that different SCFA
can exert their effects on proliferation through different

mechanisms such as alteration of mitochondrial function
and/or energy [23].

A change in cell viability, as highlighted by the MTT
assay, was also compared to the production of NO. In
fact, the same modulation of NO release and viability was
observed at the corresponding concentration of acetate
and propionate. We can assume that the ability of SCFA
to regulate NO signalling is likely attributable to its posi-
tive effect on survival at low concentrations [24, 25]. Also,
SCFA modulate NO signalling independently of their
ability to inhibit histone deacetylase (HDAC) activity, like
other HDAC inhibitors [26]. On the other hand, butyrate
as an HDAC inhibitor, has intestinal anti-inflammatory
effects [27]. This would support why increases of NO
were observed in the absence of viability changes. The
same effect occurred upon lactate supplementation at the
lowest concentrations (7.5 and 15 mM). Therefore, upon
all SCFA supplementations, a low NO release could also
contribute to the beneficial effect [25].

Cell viability and the production of NO, controlled by
the level of SCFA, could be related to the alteration of TJp
[28]. The absence of barrier functions occurs if there is a
lack of expression of claudins, which prevents the passage
of luminal molecules through the paracellular pathways
[6]. In our study, we chose to evaluate CLND4 expression
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because other claudins were not expressed in this cell
line (data not shown). Increased CLND4 expression and
increased cell viability were observed upon acetate and
propionate supplementations. Upon lactate and butyrate
supplementations, very low levels of CLDN4 were asso-
ciated with unchanged viability at all concentrations.
Although claudins are critical for integrity, their reduc-
tion can be compensated by occludins in long strands
formation [29].

Although ZO-1 and OCLN were more expressed in
the presence of lactate and/or butyrate, a greater produc-
tion of NO and unchanged viability were observed. As
explained above, OCLN has less influence than CLDN4
on the barrier integrity [29]. The reduced expression of
Z0O-1 upon acetate and propionate supplementations
may be caused by the action of TNF-a, which can induce
a redistribution of TJp [30]. Our data confirm the capac-
ity of SCFA supplementation at different concentrations
of improving the barrier function in intestinal epithelial
cells, which in vivo react to changes in the luminal envi-
ronment. In fact, SCFA play a protective effect through
the maintenance of intestinal mucous barrier integrity
and regulation of innate immunity [31].

Knowing that innate immunity can be strongly influ-
enced by the presence of nutrients, the effect of SCFA
was addressed by evaluating gene expression of TNE-
a, NF-xB, and BD-1. NF-kB, as a transcription factor,
plays an important role in regulating the expression of
genes coding for cytokines in immune and inflammatory
responses [32]. TNF-a is known to induce the transcrip-
tion of genes regulating proliferation and differentiation,
cell survival, and the inflammatory cascade [33].

The reduction of TNF-a secretion was previously
observed as determined by butyrate supplementation,
which induces the inhibition of NF-kB activation and
the degradation of the intestinal barrier [32]. Our results
demonstrate that in vitro supplementation with acetate,
propionate, lactate, and butyrate can inhibit TNF-a and
NEF-kB expression.

Furthermore, an important mechanism of innate
immune response is related to the release of antimicro-
bial peptides into the lumen of the gastrointestinal tract,
which allows to directly kill bacterial and viral patho-
gens[34]. In our study we considered BD-1, a member of
the antimicrobial peptides family. The pattern of BD-1
expression also reflects membrane proteins expression
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(ZO-1, OCLN, and CLDN4), which could confirm the
role of defence in the maintenance of barrier integrity
[35]. Overall, our data highlight that BD-1 expression
has the same course as CLDN4 upon acetate and pro-
pionate supplementations. Moreover, BD-1 expression
showed comparable responses with ZO-1 upon lactate
and butyrate supplementations. Although BD-1 was
proved to inhibit in vivo the pro-inflammatory cytokine
cascade, involving TNF-a secretion, and the downregu-
lation of the MAPK and NF-kB signalling pathways [34],
our results do not support a correlation between BD-1,
TNEF-«, and NF-kB gene expression.

In summary, each SCFA tested has a different effect,
and this effect is dependent on a specific concentration or
concentration range. Specifically, acetate and propionate
resulted to improve viability and maintenance of barrier
integrity at 2.5-5 mM, and 1 mM, respectively. On the
other hand, lactate and butyrate showed a predominant
effect on barrier protection at 30 mM and 0.5-1 mM,
respectively.

Conclusions

Despite SCFA are widely employed in the pig diet, the
use based on the different actions of each SCFA would be
desirable. Our data highlight the positive in vitro effect of
SCFA on intestinal viability and maintenance of intestinal
integrity, which are dependent on the type and concen-
tration of SCFA. In our opinion, their use could be con-
sidered both individually and as combination to enhance
their effects.

Materials and methods

Cell cultures and culture conditions

Initially, IPEC-J2 were cultured in flask in Dulbecco’s
Modified Eagle Medium/Ham’s F-12 (DMEM/Ham’s
F-12) (Merck; Darmstadt, Germany)+5% fetal bovine
serum (FBS) (ThermoFisher; Carlsbad, CA, USA), supple-
mented with 5% penicillin/streptomycin/amphotericin
B, glutamine (2 mM) (Merck; Darmstadt, Germany) in a
humidified environment at 37 °C, 5% CO,. The number
of IPEC-]2 cells was determined using a haemocytometer
and cell viability (never less than 95%) was assessed by
Trypan blue (0.1%) (Merck; Darmstadt, Germany) exclu-
sion. After 24 h, at about 80-90% confluence, IPEC-]J2
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cells were trypsinized and incubated for 24 h in 24-well
cell culture plates (BD Falcon, Corning Inc., Corning,
NY) at a density of 1 x 10° cells/well/ml in DMEM/Ham’s
F-12+5% FBS or in the same medium supplemented
with SCFA as reported below. Cells were used between
passage 28 and 30.

The

1)
2)

(3)

(4)

(5)

experimental groups were the following:

IPEC-J2 in DMEM/Ham’s F-12 medium (group:
CONTROL);

IPEC-J2 in DMEM/Ham’s F-12 with 0.5, 1, 2.5, or
5 mM of sodium acetate (Merck; Darmstadt, Ger-
many) (groups: ACE 0.5, 1, 2.5, 5);

IPEC-J2 in DMEM/Ham’s F-12 with 1, 2.5, 5, or
10 mM of sodium propionate (Merck; Darmstadt,
Germany) (groups: PROP 1, 2.5, 5, 10);

IPEC-J2 in DMEM/Ham’s F-12 with 7.5, 15, 30, or
60 mM of sodium lactate (Merck; Darmstadt, Ger-
many) (groups: LAC 7.5, 15, 30, 60);

IPEC-J2 in DMEM/Ham’s F-12 with 0.5, 1, 2.5, or
5 mM of sodium butyrate (Stemcell Technologies;
Vancouver, Canada) (groups: BUT 0.5, 1, 2.5, 5).

The ranges of SCFA concentrations were chosen
based on data reported in literature. It was chosen to
narrow acetate, butyrate, and propionate ranges as no
benefits were observed at high concentrations. For lac-
tate, it was chosen to narrow the range and define an
optimal concentration [19, 36, 37].

IPEC-J2 viability assay

Cell viability was determined by a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Merck;
Darmstadt, Germany) colorimetric assay as previously
described [38]. Briefly, IPEC-]J2 were seeded into 96-well
plates at a density of 1 x 10* cells/well for 24 h in 200 uL
of complete culture medium or SCFA-supplemented
medium. MTT assays were performed by adding 20 uL
(5 mg/mL) of MTT labelling solution to IPEC-J2 and
incubating for 4 h. Afterwards, the medium was removed
and IPEC-J2 were lyzed with 150 pL dimethyl sulfox-
ide (DMSO) (Merck; Darmstadt, Germany) in order to
solubilize the purple formazan crystals for detection at
490 nm by using a Victor-3" 1420 Multilabel Counter
(PerkinElmer, Waltham, MA, USA).
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Nitric oxide (NO) assay

NO production was assessed by measuring the amount
of nitrite (NO,), a stable metabolic product of NO, in
the culture medium by the Griess reaction after 24 h of
IPEC-J2 culture by using a Victor-3 Multilabel microplate
counter (Perkin Elmer, Inc., CA, USA), as previously
reported [38].

RNA extraction and reverse transcription (RT)

Total RNA was isolated from about 1 x 10® IPEC-J2/well
using a TRI—reagentle solution (ThermoFisher; Carlsbad,
CA, USA) according to the manufacturer’s instructions
and reverse-transcribed to generate complementary
DNA (cDNA) using oligo-dT primers (Bioneer; Dae-
jeon, Korea); purity (260/280 nm ratio) and concentra-
tion (at 260 nm) were assessed using a BioSpectrometer®
(Eppendorf AG, Hamburg, Germany). RNA samples
were DNAse-treated (Merck; Darmstadt, Germany) and
1 pg/20 pL was reverse-transcribed using a HiScript III
Rt SuperMix (Vazyme Biotech Co.; Nanjing, China). RT
was performed using a StepOne " thermocycler (Applied
Biosystems, StepOne software v. 2.3) and, according to
the manufacturer’s instructions, under the following
thermal conditions: 2 min at 45 °C, 15 min at 37 °C, fol-
lowed by 5 s at 85 °C. The cDNA samples were stored at
—20°C.

Real-time quantitative PCR (qPCR)

The cDNA samples were used as a template for real-
time quantitative PCR (qPCR) performed by using a
StepOne’" thermocycler (Applied Biosystems, StepOne"
software v. 2.3).
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The cDNA (20 ng/20 pL) was amplified in dupli-
cate using a Fast Power-Up" SYBR® Green Master Mix
(Applied Biosystems; Foster City, CA, USA) and specific
primer sets (Eurofins Genomics; Ebersberg, Germany)
for ZO-1 at 400 nM and for the other genes at 300 nM.
Specifics of each primer set for identification of gene
expression are reported in Table 1. Samples were kept
at 95 °C for 20 s (hold step) to allow DNA-polymerase
activation and then subjected to 40 cycles consisting of a
denaturation step at 95 °C for 3 s followed by an anneal-
ing/extension step at 60 °C for 30 s. The reference hypox-
anthine phosphoribosyltransferase-1 (HPRT-1) gene [39]
was selected among other tested reference genes (ie.,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
B-2-microglobulin (3-2MG) [31], and 18S rRNA [40]) as
endogenous control according to minimal intra-/inter-
assay variation and based on previous results [41,42].
Data were analyzed according to the 2722 method [43]
in which expression levels of each gene, normalized to
the reference gene HPRT-1 cDNA amount and expressed
as relative quantities (RQ), were calculated with regards
to the expression level in IPEC-J2 in DMEM/Ham’s F-12
medium at 24 h. A melting curve analysis for specific
amplification control was performed (60-95 °C) at the
end of the amplification cycles. No-RT controls and no-
template controls (NTC) were included, and the latter
were assumed as negative and reliable if the quantifica-
tion cycle (Cq) was > 35.

Table 1 Target genes and details of the primer sequences used for quantitative SYBR® Green real-time PCR amplification. The HPRT-1

gene was used as endogenous control gene

Target gene GenBank accession nr Primer sequence Efficiency (%) Slope r Amplicon
length (bp)

BD-1 NM_213838 F 5/-CAGCCACCAGCATGAGACT-3! 10147 —3.28 0.99 63

[44] R 5/-CAGGTAACAGGACCATGAGGA-3’

CLDN4 AB235916 F 5-TATCATCCTGGCCGTGCTA-3' 100.2 —329 0.99 71

[44] R 5-CATCATCCACGCAGTTGGT-3'

OCLN FN400888 F 5-GGAGTGATTCGGATTCTGTCTATGCT-3" 103.8 —303 0.99 423

[45] R 5-CGCCTGGGCTGTTGGGTTGA-3'

Z0-1 CV870309 F 5/-GGCGCACGGCGAAGGTAATT-3/ 103.7 —3.21 0.98 405

[45] R 5/-CTATCAAACTCAGGAGGCGGCACT-3'

NF-kB DQ834921 F 5-GAAGGACCTCTAGAAGGCAAAA-3' 104.2 —322 0.99 63

[44] R 5-GCTTTGGTTTATGCGGTGTT-3'

TNF-a NM_214022 F 5-ACTGCACTTCGAGGTTATCGG-3' 985 —336 0.99 118

[46] R 5-GGCGACGGGCTTATCTGA-3'

HPRT-1 DQ845175 F 5-ACACTGGCAAAACAATGCAA-3' 102.01 —3.25 0.99 71

[44] R 5 - TGCAACCTTGACCATCTTTG-3'

HPRT-1 hypoxanthine phosphoribosyltransferase-1, CLDN4 claudin-4, OCLN occludin, ZO-1 zonula occludens-1, BD-1 3-defensin 1, NF-kB nuclear factor-kB, TNF-a

tumor necrosis factor-alpha, F forward, R reverse, bp base pairs
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Statistical analysis

Each experiment was repeated for seven times and each
culture condition was performed in eight replicate wells.
Data were analysed by ANOVA (IBM® SPSS® Statistics
v.28, NY, USA) using a model with group, and interaction
between groups as fixed factors. The least significant dif-
ference (LSD) post-hoc test was used to compare means
when significant differences (P <0.05) were found. Fur-
thermore, linear regression (y=ax+b) and quadratic
regression (y=ax”+bx+c) were fitted by determining
the linear and quadratic effects of SCFA concentrations
on IPEC-J2 viability and NO release and considered sig-
nificant if P<0.05. Pearson’s correlation analysis was
carried out for all markers. Experimental data were pre-
sented as means =+ standard deviation. Differences among
groups were considered significant if P <0 0.05.

Acknowledgements

The authors thank Dr. A. Baldi (Department of Veterinary Science for Health,
Animal Production and Food Safety, University of Milan, Lodi, Italy) for supply-
ing IPEC-J2.

Author contributions

Conceptualization, MA, RS, PB and PM; Methodology, VC, MA and EDA; Formal
analysis, LF and MA; Investigation, MA, FR and LF; data curation, MA, VC, LF;
writing—original draft preparation, MA, RS., and PB; writing—review and edit-
ing, MA, PB, PM, RS, VC, LF, EDA; supervision and project administration, PM, PB
and RS. All authors read and approved the final manuscript.

Funding
The authors declare that the research was conducted without specific
funding.

Data availability
All data will be available from the corresponding author upon reasonable
request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare there are no competing interests.

Received: 21 January 2022 Accepted: 28 April 2022
Published online: 19 May 2022

References

1. QiuY,Yang X, Wang L, Gao K, Jiang Z. L-arginine inhibited inflamma-
tory response and oxidative stress induced by lipopolysaccharide via
arginase-1 signaling in IPEC-J2 cells. Int J Mol Sci. 2019. https://doi.org/10.
3390/ijms20071800.

2. LiuPWangY,Yang G, Zhang Q, Meng L, Xin'Y, et al. The role of short-chain
fatty acids in intestinal barrier function, inflammation, oxidative stress,
and colonic carcinogenesis. Pharmacol Res. 2021. https://doi.org/10.
1016/j.phrs.2021.105420.

3. Martinez-Vallespin B, Vahjen W, Zentek J. Effects of medium-chain fatty
acids on the structure and immune response of IPEC-J2 cells. Cytotech-
nology. 2016. https://doi.org/10.1007/510616-016-0003-1.

20.

22.

23.

Page 12 of 13

Silva YP, Bernardi A, Frozza RL. The Role of short-chain fatty acids from gut
microbiota in gut-brain communication. Fron Endocrinol. 2020. https://
doi.org/10.3389/fendo.2020.00025.

Ghishan FK; Kiela PR. Epithelial transport in inflammatory bowel diseases.
Inflamm Bowel Dis. 2014. https://doi.org/10.1097/MIB.0000000000
000029.

Yan H, Ajuwon KM. Butyrate modifies intestinal barrier function in IPEC-J2
cells through a selective upregulation of tight junction proteins and
activation of the Akt signaling pathway. PLoS ONE. 2017. https://doi.org/
10.1371/journal.pone.0179586.

Tlaskalova-Hogenova H, Stépénkova R, Hudcovic T, Tu¢kové L, Cukrowska
B, Lodinova-Zadnikova R, et al. Commensal bacteria (normal microflora),
mucosal immunity and chronic inflammatory and autoimmune diseases.
Immunol Lett. 2004. https://doi.org/10.1016/j.imlet.2004.02.005.

Ma J, Piao X, Mahfuz S, Long S, Wang J. The interaction among gut
microbes, the intestinal barrier and short chain fatty acids. Anim Nutr.
2021. https://doi.org/10.1016/}.aninu.2021.09.012.

Priyadarshini M, Kotlo KU, Dudeja PK, Layden BT. Role of short chain
fatty acid receptors in intestinal physiology and pathophysiology. In:
Terjung R, editor. Comprehensive physiology. Wiley; 2011. p. 1091-115.
https://doi.org/10.1002/cphy.c170050.

Sun'Y, O'Riordan MXD. Regulation of bacterial pathogenesis by intes-
tinal short-chain fatty acids. Adv Appl Microbiol. 2013. https://doi.org/
10.1016/B978-0-12-407672-3.00003-4.

. Rossi R, Pastorelli G, Cannata S, Corino C. Recent advances in the use

of fatty acids as supplements in pig diets: a review. Anim Feed Sci
Technol. 2010. https://doi.org/10.1016/j.anifeedsci.2010.08.013.

Diao H, Jiao AR, Yu B, He J, Yu J, Zheng P, et al. Stimulation of intestinal
growth with distal ileal infusion of short-chain fatty acid: a reevaluation
in a pig model. RSC Adv. 2017. https://doi.org/10.1039/C7RA03730A.
Ma X, Fan PX, Li LS, Qiao SY, Zhang GL, Li DF. Butyrate promotes the
recovering of intestinal wound healing through its positive effect on
the tight junctions1. J Anim Sci. 2012;90(suppl_4):266-8. https://doi.
org/10.2527/jas.50965.

Ferronato G, Prandini A. Dietary supplementation of inorganic, organic,
and fatty acids in pig: a Review. Animals. 2020. https://doi.org/10.3390/
ani10101740.

Diao H, Jiao AR, Yu B, Mao XB, Chen DW. Gastric infusion of short-chain
fatty acids can improve intestinal barrier function in weaned piglets.
Genes Nutr. 2019. https://doi.org/10.1186/512263-019-0626-X.
Berschneider HM. Development of normal cultured small intesti-

nal epithelial cell lines which transport Na and Cl. Gastroenterol.
1989,96:A41.

Schierack P, Nordhoff M, Pollmann M, Weyrauch KD, Amasheh S, Lode-
mann U, et al. Characterization of a porcine intestinal epithelial cell line
for in vitro studies of microbial pathogenesis in swine. Histochem Cell
Biol. 2006. https://doi.org/10.1007/500418-005-0067-z.

Parada Venegas D, De la Fuente MK, Landskron G, Gonzéalez MJ, Quera
R, Dijkstra G, et al. Short chain fatty acids (SCFAs)-mediated gut epithe-
lial and immune regulation and its relevance for inflammatory bowel
diseases. Front Immunol. 2019. https://doi.org/10.3389/fimmu.2019.
00277.

Iraporda C, Errea A, Romanin DE, Cayet D, Pereyra E, Pignataro O, et al.
Lactate and short chain fatty acids produced by microbial fermenta-
tion downregulate proinflammatory responses in intestinal epithelial
cells and myeloid cells. Immunobiology. 2015. https://doi.org/10.
1016/j.imbio.2015.06.004.

Russo E, Giudici F, Fiorindi C, Ficari F, Scaringi S, Amedei A. Immu-
nomodulating activity and therapeutic effects of short chain fatty acids
and tryptophan post-biotics in inflammatory bowel disease. Front
Immunol. 2019. https://doi.org/10.3389/fimmu.2019.02754.

. Kien CL, Blauwiekel R, Bunn JY, Jetton TL, Frankel WL, Holst JJ. Cecal

infusion of butyrate increases intestinal cell proliferation in piglets. J
Nutr. 2007;137(4):916-22. https://doi.org/10.1093/jn/137.4.916.

Peng L, He Z, Chen W, Holzman IR, Lin J. Effects of butyrate on intes-
tinal barrier function in a Caco-2 cell monolayer model of intestinal
barrier. Pediatr Res. 2007. https://doi.org/10.1203/01.pdr.0000250014.
92242 f3.

Cavaglieri CR, Nishiyama A, Fernandes LC, Curi R, Miles EA, Calder PC. Dif-
ferential effects of short-chain fatty acids on proliferation and production


https://doi.org/10.3390/ijms20071800
https://doi.org/10.3390/ijms20071800
https://doi.org/10.1016/j.phrs.2021.105420
https://doi.org/10.1016/j.phrs.2021.105420
https://doi.org/10.1007/s10616-016-0003-1
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1097/MIB.0000000000000029
https://doi.org/10.1097/MIB.0000000000000029
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1016/j.imlet.2004.02.005
https://doi.org/10.1016/j.aninu.2021.09.012
https://doi.org/10.1002/cphy.c170050
https://doi.org/10.1016/B978-0-12-407672-3.00003-4
https://doi.org/10.1016/B978-0-12-407672-3.00003-4
https://doi.org/10.1016/j.anifeedsci.2010.08.013
https://doi.org/10.1039/C7RA03730A
https://doi.org/10.2527/jas.50965
https://doi.org/10.2527/jas.50965
https://doi.org/10.3390/ani10101740
https://doi.org/10.3390/ani10101740
https://doi.org/10.1186/s12263-019-0626-x
https://doi.org/10.1007/s00418-005-0067-z
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1016/j.imbio.2015.06.004
https://doi.org/10.1016/j.imbio.2015.06.004
https://doi.org/10.3389/fimmu.2019.02754
https://doi.org/10.1093/jn/137.4.916
https://doi.org/10.1203/01.pdr.0000250014.92242.f3
https://doi.org/10.1203/01.pdr.0000250014.92242.f3

Saleri et al. Porcine Health Management (2022) 8:21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

of pro- and anti-inflammatory cytokines by cultured lymphocytes. Life
Sci. 2003. https://doi.org/10.1016/50024-3205(03)00490-9.

Stempelj M, Kedinger M, Augenlicht L, Klampfer L. Essential role of the
JAK/STATT signaling pathway in the expression of inducible nitric-oxide
synthase in intestinal epithelial cells and its regulation by butyrate. J Biol
Chem. 2007. https://doi.org/10.1074/jbc.M609426200.

Napoli C, Paolisso G, Casamassimi A, Al-Omran M, Barbieri M, Sommese
L, et al. Effects of nitric oxide on cell proliferation. J Am Coll Cardiol. 2013.
https://doi.org/10.1016/j.jacc.2013.03.070.

Klampfer L, Huang J, Swaby LA, Augenlicht L. Requirement of histone
deacetylase activity for signaling by STAT1. J Biol Chem. 2004. https://doi.
org/10.1074/jbc.M401359200.

Place RF, Noonan EJ, Giardina C. HDAC inhibition prevents NF-kB activa-
tion by suppressing proteasome activity: down-regulation of proteasome
subunit expression stabilizes IkBa. Biochem Pharmacol. 2005. https://doi.
0rg/10.1016/}0cp.2005.04.030.

Mariadason JM, Barkla DH, Gibson PR. Effect of short-chain fatty acids on
paracellular permeability in Caco-2 intestinal epithelium model. Am J
Physiol Liver Physiol. 1997. https://doi.org/10.1152/ajpgi.1997.272.4.G705.
Forster C. Tight junctions and the modulation of barrier func-

tion in disease. Histochem Cell Biol. 2008. https://doi.org/10.1007/
500418-008-0424-9.

Xiao K, Cao S, Jiao L, Song Z, Lu J, Hu C. TGF-31 protects intestinal
integrity and influences smads and MAPK signal pathways in IPEC-J2 after
TNF-a challenge. Innate Immun. 2017. https://doi.org/10.1177/17534
25917690815.

Stoy ACF, Heegaard PMH, Sangild PT, @stergaard MV, Skovgaard K.

Gene expression analysis of the IPEC-J2 cell line: a simple model for the
inflammation-sensitive preterm intestine. ISRN Genom. 2013. https://doi.
org/10.1155/2013/980651.

Vinolo MAR, Rodrigues HG, Hatanaka E, Sato FT, Sampaio SC, Curi R. Sup-
pressive effect of short-chain fatty acids on production of proinflamma-
tory mediators by neutrophils. J Nutr Biochem. 2011. https://doi.org/10.
1016/j,jnutbio.2010.07.009.

Hayden MS, Ghosh S. Regulation of NF-kB by TNF family cytokines. Semin
Immunol. 2014. https://doi.org/10.1016/j.smim.2014.05.004.

Han F, Zhang H, Xia X, Xiong H, Song D, Zong X, et al. Porcine B-defensin
2 attenuates inflammation and mucosal lesions in dextran sodium
sulfate-induced colitis. J Immunol. 2015. https://doi.org/10.4049/jimmu
nol.1402300.

Takakuwa A, Nakamura K, Kikuchi M, Sugimoto R, Ohira S, Yokoi Y, et al.
Butyric acid and leucine induce a-defensin secretion from small intestinal
paneth cells. Nutrients. 2019. https://doi.org/10.3390/nu11112817.

QiuY, Ma X, Yang X, Wang L, Jiang Z. Effect of sodium butyrate on cell
proliferation and cell cycle in porcine intestinal epithelial (IPEC-J2) cells.
Vitr Cell Dev Biol Anim. 2017. https://doi.org/10.1007/511626-016-0119-9.
Hu S, Kuwabara R, de Haan BJ, Smink AM, de Vos P. Acetate and butyrate
improve f-cell metabolism and mitochondrial respiration under oxida-
tive stress. Int J Mol Sci. 2020. https://doi.org/10.3390/ijms21041542.
Saleri R, Borghetti P, Ravanetti F, Andrani M, CavalliV, De Angelis E, et al. A
co-culture model of IPEC-J2 and swine PBMC to study the responsiveness
of intestinal epithelial cells: the regulatory effect of arginine deprivation.
Animals. 2021. https://doi.org/10.3390/ani11092756.

Erkens T, Van Poucke M, Vandesompele J, Goossens K, Van Zeveren A,
Peelman LJ. Development of a new set of reference genes for normaliza-
tion of real-time RT-PCR data of porcine backfat and longissimus dorsi
muscle, and evaluation with PPARGCTA. BMC Biotechnol. 2006. https://
doi.org/10.1186/1472-6750-6-41.

Wang S, Wang B, He H, Sun A, Guo C. A new set of reference housekeep-
ing genes for the normalization RT-qPCR data from the intestine of
piglets during weaning. PLoS ONE. 2018. https://doi.org/10.1371/journal.
pone.0204583.

Facci MR, Auray G, Meurens F, Buchanan R, van Kessel J, Gerdts V. Stability
of expression of reference genes in porcine peripheral blood mononu-
clear and dendritic cells. Vet Immunol Immunopathol. 2011. https://doi.
org/10.1016/j.vetimm.2011.01.005.

Ferrari L, Martelli P, Saleri R, De Angelis E, Cavalli V, Bresaola M, et al. Lym-
phocyte activation as cytokine gene expression and secretion is related
to the porcine reproductive and respiratory syndrome virus (PRRSV)
isolate after in vitro homologous and heterologous recall of peripheral

Page 13 of 13

blood mononuclear cells (PBMC) from pigs. Vet Immunol Immunopathol.
2013. https://doi.org/10.1016/j.vetimm.2012.11.006.

43. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2—AACT method. Methods.
2001;25(4):402-8. https://doi.org/10.1006/meth.2001.1262.

44. MarianiV, Palermo S, Fiorentini S, Lanubile A, Giuffra E. Gene expres-
sion study of two widely used pig intestinal epithelial cell lines: IPEC-J2
and IPI-21. Vet Immunol Immunopathol. 2009. https://doi.org/10.1016/j.
vetimm.2009.04.006.

45. ZouY, Xiang Q, Wang J, Peng J, Wei H. Oregano essential oil improves
intestinal morphology and expression of tight junction proteins associ-
ated with modulation of selected intestinal bacteria and immune status
in a pig model. Biomed Res Int. 2016. https://doi.org/10.1155/2016/54367
38.

46. Meissonnier GM, Pinton P, Laffitte J, Cossalter A-M, Gong YY, Wild CP,
et al. Immunotoxicity of aflatoxin B1: Impairment of the cell-mediated
response to vaccine antigen and modulation of cytokine expression.
Toxicol Appl Pharmacol. 2008. https://doi.org/10.1016/j.taap.2008.04.004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/S0024-3205(03)00490-9
https://doi.org/10.1074/jbc.M609426200
https://doi.org/10.1016/j.jacc.2013.03.070
https://doi.org/10.1074/jbc.M401359200
https://doi.org/10.1074/jbc.M401359200
https://doi.org/10.1016/j.bcp.2005.04.030
https://doi.org/10.1016/j.bcp.2005.04.030
https://doi.org/10.1152/ajpgi.1997.272.4.G705
https://doi.org/10.1007/s00418-008-0424-9
https://doi.org/10.1007/s00418-008-0424-9
https://doi.org/10.1177/1753425917690815
https://doi.org/10.1177/1753425917690815
https://doi.org/10.1155/2013/980651
https://doi.org/10.1155/2013/980651
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.1016/j.smim.2014.05.004
https://doi.org/10.4049/jimmunol.1402300
https://doi.org/10.4049/jimmunol.1402300
https://doi.org/10.3390/nu11112817
https://doi.org/10.1007/s11626-016-0119-9
https://doi.org/10.3390/ijms21041542
https://doi.org/10.3390/ani11092756
https://doi.org/10.1186/1472-6750-6-41
https://doi.org/10.1186/1472-6750-6-41
https://doi.org/10.1371/journal.pone.0204583
https://doi.org/10.1371/journal.pone.0204583
https://doi.org/10.1016/j.vetimm.2011.01.005
https://doi.org/10.1016/j.vetimm.2011.01.005
https://doi.org/10.1016/j.vetimm.2012.11.006
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.vetimm.2009.04.006
https://doi.org/10.1016/j.vetimm.2009.04.006
https://doi.org/10.1155/2016/5436738
https://doi.org/10.1155/2016/5436738
https://doi.org/10.1016/j.taap.2008.04.004

	Effects of different short-chain fatty acids (SCFA) on gene expression of proteins involved in barrier function in IPEC-J2
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Cell viability
	Nitric oxide (NO) release
	Gene expression
	Zonula occludens-1 (ZO-1)
	Occludin (OCLN)
	Claudin-4 (CLDN4)
	Nuclear factor-κB (NF-κB)
	Tumor necrosis factor-alpha (TNF-α)
	β-defensin 1 (BD-1)


	Discussion
	Conclusions
	Materials and methods
	Cell cultures and culture conditions
	IPEC-J2 viability assay
	Nitric oxide (NO) assay
	RNA extraction and reverse transcription (RT)
	Real-time quantitative PCR (qPCR)

	Statistical analysis
	Acknowledgements
	References


