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Abstract

The sensitivity of pigs to deoxynivalenol (DON) might be increased by systemic inflammation (SI), which also has
consequences for hepatic integrity. Liver lesions and a dys-regulated gene network might hamper hepatic handling
and elimination of DON whereby the way of initiation of hepatic inflammation might play an additional role. First
and second-pass exposure of the liver with LPS for triggering a Sl was achieved by LPS infusion via pre- or post-
hepatic venous route, respectively. Each infusion group was pre-conditioned either with a control diet (0.12 mg
DON/kg diet) or with a DON-contaminated diet (4.59 mg DON/kg diet) for 4 wk. Liver transcriptome was evaluated
at 195 min after starting infusions. DON exposure alone failed to modulate the mRNA expression significantly. However,
pre- and post-hepatic LPS challenges prompted transcriptional responses in immune and metabolic levels. The mRNAs
for B-cell lymphoma 2-like protein || as a key factor in apoptosis and IFN-y released by T cells were clearly up-regulated
in DON-fed group infused with LPS post-hepatically. On the other hand, mRNAs for nucleotide binding oligomerization
domain containing 2, IFN-a and eukaryotic translation initiation factor 2a kinase 3 as ribosomal stress sensors were
exclusively up-regulated in control pigs with pre-hepatic LPS infusion. These diverse effects were traced back to differ-
ences in TLR4 signalling.
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Introduction

The hepatic portal vein drains large parts of the diges-
tive tract to the liver and consequently provides
nutrients to be processed for metabolic purposes by
hepatocytes, highlighting the liver as a central metabol-
ic organ." Not only are nutrients transported to the
liver, but also Ags and xenobiotics are recognized
and processed by non-parenchymal (e.g. Kupffer
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cells, as the organ-resident macrophages, hepatic stel-
late cells, liver sinusoidal endothelial cells, and other
immune cells) and parenchymal (hepatocytes, cholan-
giocytes) cells.”> While xenobiotics mainly originate
from feed, Ags or non-self-compounds might be
derived both from feed and from resident intestinal
microbiota. Therefore, the host is also permanently
exposed to bacterial compounds, such as endotoxins,
most notably to small amounts of LPS.? Gut-derived
LPS are well known for inducing an inflammatory
response by immune-competent hepatic non-
parenchymal and parenchymal cells when immune
homeostasis and endotoxin tolerance are disturbed.”
Thus, these cells are acting closely together in an
orchestrated manner leading to endotoxin tolerance
or inflammation, and indicate the liver both as a sec-
ondary immunological organ and a second line of
defence located beyond the intestinal mucosal barrier.
Therefore, any disturbance of the intestinal mucosal
barrier might be sensed by the liver, ultimately resulting
in a modified immune answer and eventually mounting
a local and systemic inflammatory response.

Deoxynivalenol (DON) is a mycotoxin formed by
several Fusarium species and represents a common con-
taminant of feed and food.** DON has been discussed
to compromise the intestinal mucosal barrier by
influencing tight junction and other proteins forming a
selective barrier at the paracellular space. However,
experimental results are not conclusive so far. Some
authors reported DON effects on tight junction proteins
in vitro and in vivo.>”” Other studies failed detecting such
influences.®* Moreover, pigs fed a DON-contaminated
diet for approximately 4 wk showed comparable LPS
levels both in portal and jugular blood compared with
the control group, suggesting that DON does not trigger
an enhanced LPS transfer from gut to liver."
Furthermore, LPS levels in jugular blood of both treat-
ment groups were reduced compared with the concen-
trations measured in portal blood. Together with the
observation that both unchallenged groups did not
mount a systemic inflammatory response, the role of
the liver in LPS clearance and tolerance is highlight-
ed.'""'? DON itself is mainly metabolized by gut micro-
biota, intestinal mucosa and liver.”> As a xenobiotic
DON is not only processed by the liver, but this organ
might be a target for toxic effects of DON as well.
Again, experimental results are controversial and range
from absent DON effects to DON-associated hepatic
histopathological lesions.'* ¢

To further explore the role of the liver in the inter-
play between DON and LPS we hypothesized that a
chronic dietary exposure to DON (1) would modulate
the mRNA expression of hepatic genes involved in
mediating the toxicity of DON as described for
immune cells in vitro and in vivo; and (2) would

predispose the liver for a subsequent LPS challenge
differently depending on the route of LPS entry, i.e.
pre- or post-hepatic, leading to tolerance or exacerbat-
ing the LPS-induced systemic inflammation (SI) at the
mRNA level.

For testing these hypotheses, we used a standardized
pig model which included two feeding groups fed either
a control diet with background DON contamination
(CON, C, first letter in group designation; 0.12mg
DON/kg diet) or a diet contaminated with 4.59 mg
DON/kg (D, first letter in group designation) which
is approximately five times higher than the critical die-
tary DON concentration of 0.9mg/kg for pigs.'” To
exclude DON effects on voluntary feed and conse-
quently energy and nutrient intake, both groups were
fed similar feed amounts over the entire exposure
period of 4 wk. To be independent of an unpredictable
LPS transfer across the intestinal mucosa, the feeding
groups were further subdivided into infusion groups
which were exposed either to LPS (L, second or third
letter in group designation) or to physiological saline as
control (C, second or third letter in group designation)
via the pre-hepatic portal vein (third letter in group
designation) and the post-hepatic jugular vein (second
letter in group designation), finally resulting in six
treatment groups (CCC, CCL, CLC, DCC, DCL,
DLC). Thus, pigs were in a feeding steady state regard-
ing DON exposure and acutely challenged by LPS,
either pre- or post-hepatic. Not-perfused liver samples
of all animals were collected 195min after the begin-
ning of the I h-lasting LPS infusion and processed for
transcriptome analysis. Accordingly, the generated
data represent the net result of the action of all hepatic
and non-hepatic cells involved in the early stage of the
acute-phase response (APR) in the liver.

Materials and methods

Animal trial

Liver samples used for the present investigations
originated from an experiment described in detail else-
where.'!"'2141819 1 short, 20 pigs were fed a DON-
contaminated diet (4.59mg DON/kg) over a period
of 29 d restrictively twice a day, while 23 pigs served
as a control group, that received a diet with back-
ground DON contamination (0.12mg DON/kg diet)
in a similar manner (Figure 1). At d 27 all pigs were
surgically equipped with indwelling catheters as
described elsewhere.'> On d 29 the two feeding
groups were further subdivided into three infusion
groups cach. Thus, the respective groups received
LPS infusion (7.5pg LPS/kg body mass (BM);
Escherichia coli LPS, O111:B4, Sigma-Aldrich,
Taufkirchen, Germany)) either into the pre-hepatic
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Figure 1. Experimental design as described previously.I9

portal vein (Vena portae hepatis) or into the post-
hepatic jugular vein (Vena jugularis externa) while the
control groups were solely infused with 0.9% NaCl.
Infusions were completed after 1 h. All pigs were sac-
rificed 195min after the beginning of the infusion.
Liver tissue samples were collected from Lobus hepatis
dexter medialis and directly frozen in liquid nitrogen.
Samples were stored at —80°C until further processing.

RNA preparation

Deep-frozen tissue was first homogenized in liquid
nitrogen using a ball mill. The resulting powder was
kept under liquid nitrogen until RNA purification
using the NucleoSpin® RNA kit (Macherey-Nagel
GmbH & Co. KG, Diiren, Germany). Quality and
integrity of the isolated RNA was controlled with a
NanoDrop™ 1000 and denaturing agarose gel electro-
phoresis.” RNA was stored at —80°C until further
processing.

Microarray processing

For genome-wide analyses of the pig transcriptome,
single-stranded c¢DNA was synthesized, biotin-
labelled and fragmented (GeneChip™ WT PLUS
Reagent Kit) according to the manufacturer’s instruc-
tions (Affymetrix, Santa Clara, CA, USA).?
Individual samples (n=43) were hybridized on snow-
ball arrays. Each of the six treatment groups was rep-
resented by 6-8 arrays. The arrays were processed
following the manufacturer’s instructions using the
GeneChip Hybridization, Wash and Stain Kit
(Affymetrix, Santa Clara, CA, USA). Raw data were
generated with Affymetrix GCOS 1.1.1 software. Data

were deposited in a MIAME-compliant database, the
National Center for Biotechnology Information Gene
Expression  Omnibus  (www.ncbi.nlm.nih.gov/geo;
accession number: GSE171991).%

Data analyses

The assignments of probes to probe-sets and their cor-
responding annotation information (Sus scrofa 11.1
genome map release 106) were compiled using the
workflow according to Hadlich et al.>* Analysis was
carried out using R scripts, including the oligo pack-
age.”* The quality of the microarray data was assessed
as proposed previously.”®> The appropriate quality con-
trol criteria were met by all samples. The raw data were
normalized using the Robust Multichip Average
approach (Log2). To improve statistical power, unin-
formative data were excluded from further data proc-
essing, such as control probe-sets, internal controls,
and probe-sets with low intensity values (mean < 2.5)
or low standard deviation (sd <0.27).%® The filtering
process resulted in 15,140 probe-sets that were used
for further analyses. Relative mRNA differences were
analysed with a linear model that included the effect of
treatment (SAS version 9.4; SAS Institute, Cary, NC,
USA). To correct for multiple testing in large datasets,
P-values were converted to a set of g-values.?” The level
of significance for differentially expressed genes
(DEGs) was set at ¢ < 0.001 and P < 0.05. DEGs
were split into subsets with higher abundance upon
LPS application and lower abundance upon LPS appli-
cation. Association of DEGs from both subsets with
DON contamination and location of LPS application
was conducted by Venn analysis using Venny 2.1.0.%
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Functional annotation, classification and clustering of
DEGs were performed using the Database for
Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 with default settings and a false discover
rate (FDR) cutoff of 10%.% Visualizations of compar-
isons of gene expression to existing literature data were
conducted using RStudio Version 1.1.456 with R ver-
sion 3.6.0 and the packages ggpplot2 and plotly.*>?

qRT-PCR

The procedure for the gqRT-PCR is described by
Dinicke et al. in detail.*® Briefly, RNA was transcribed
into cDNA using the qScript'™ ¢cDNA Synthesis Kit
(Quanta Biosciences™, Inc., Gaithersburg, MD, USA)
according to the manufacturer’s protocol. Gene-
specific primer pairs (supplemental material Table S2)
were selected with Primer-BLAST and acquired from
Eurofins Genomics GmbH (Ebersberg, Germany).>*
Corresponding PCR products were validated by melt-
ing curve analysis, agarose gel electrophoresis and
sequencing. For gene expression evaluation, duplicate
15 pl PCR reactions using iTaq™™ Universal SYBR®
Green Supermix (Bio-Rad Laboratories, Hercules, CA,
USA) were run on a CFX96™ Real-Time PCR System
(Bio-Rad Laboratories, Hercules, CA, USA) with
primer concentrations listed in Table S2 and the
cDNA equivalent to 22.5 ng RNA. PCR conditions
included an initial denaturation step of 30 s at 95°C,
40 cycles of 5 s, denaturation at 95°C and 30 s of
annealing and elongation at 60°C, and a melting
curve analysis from 60°C to 95°C in 0.5°C increments;
each run was controlled by a no-template control in
triplicate. Cqg-values of target and reference genes
were determined using CFX Manager™ Software 3.1
(Bio-Rad Laboratories, Hercules, CA, USA) and gene
expression was analysed with gbase+ (Version 3.1,
Biogazelle, Zwijnaarde, Belgium). Normalized expres-
sion levels were calculated using the geometric mean of
the reference genes for GAPDH, hypoxanthine phos-
phoribosyltransferase (HPRT) and TATA box binding
protein (TBP) (mean reference target stability M value
of 0.36) considering the primer pair-specific efficiencies
(Table S2) determined with a five-point dilution series
of a cDNA sample mixture of the experiment.

Results

Microarrays of hepatic gene expression in context of
DON and LPS exposure

The analysis of liver gene expression resulted in no sig-
nificant changes upon DON contamination in the feed
in the groups receiving a physiological saline infusion
instead of an LPS infusion (DCC vs. CCC), whereas

LPS challenge had an extensive impact on the liver
gene expression. The changes in gene expression
under LPS challenge were mostly independent of LPS
infusion location and DON contamination of feed. A
general overview on liver gene expression via the micro-
array dataset in context of a challenge by LPS infusion
showed 1114 DEGs that had increased mRNA abun-
dance upon LPS infusion (Figure 2a). Among these
DEGs, 77.1% (858) were not related to infusion loca-
tion or feeding group, while 12.2% (136) only showed
increased mRNA abundance in the groups fed a con-
trol diet and 8.6% (96) only displayed increased
mRNA abundance in the groups fed the DON-
contaminated diet. Moreover, 5.1% (57) of the DEGs
showed increased mRNA abundance only upon LPS
infusion into the hepatic portal vein, while 10.1%
(112) displayed increased mRNA abundance only
upon infusion into the jugular vein (Figure 2a). In con-
trast, 1771 DEGs had lower mRNA abundance after
LPS infusion. In detail, 72.7% (1288) of these repressed
genes were not related to infusion site or DON contam-
ination of feed, while 15.1% (268) exclusively displayed
lower mRNA abundance in the groups fed a control
diet and 10.3% (183) only showed decreased mRNA
abundance in the groups fed the DON-contaminated
diet (Figure 2b). Additionally, 7.6% (135) of the DEGs
with lower mRNA abundance only occurred upon LPS
infusion into the portal vein, whereas 12.1% (214) only
occurred after LPS infusion into the jugular vein
(Figure 2b). Remarkably, overall relative proportions
of DEGs were apparently higher in groups that
received the control diet than in groups fed the
DON-contaminated diet, and also infusion of LPS
into the portal vein resulted in a lower number of
DEGs than infusion into the jugular vein.

Functional analysis of genes with changed mRNA
abundance upon LPS challenge

Functional characterization of DEGs was performed
using the DAVID functional annotation database. Of
1114 DEGs with higher mRNA abundance upon LPS
exposure, 1081 were assigned to the S. scrofa back-
ground in DAVID. Using DAVID’s default settings,
457 of these genes were mapped to 63 different path-
ways in the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Within these 63 KEGG pathways,
42 overlapping pathways including 236 genes were con-
sidered to have a significant enrichment (P < 0.05 and
FDR < 10%, Table 1).

Most significantly enriched KEGG pathways were
related to immune responses and could be related to
the APR. Furthermore, various enriched pathways
were related to specific infections (e.g. influenza A,
toxoplasmosis), other non-infectious inflammatory
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Figure 2. Differentially expressed genes upon LPS challenge by pre- or post-hepatic infusion to pigs fed a DON contaminated or a
control diet. Depicted are Venn’s diagrams of the numbers of differentially expressed genes (DEGs, q < 0.001 and P < 0.05). (a) The
analyses revealed |14 DEGs with higher mRNA abundance upon LPS challenge and (b) 1771 DEGs with lower mRNA abundance
upon LPS exposure. Groups fed a control diet (blue) have C as first letter in their group designation, while groups fed a deoxynivalenol
contaminated diet (4.59 mg/kg, red) have D as first letter in their group designation. Infusion of 7.5 ng LPS/kg BM (L) or physiological
saline (C) are indicated by the second letter when the infusion was given via jugular vein post-hepatic or third letter when the infusion

was applied via portal vein pre-hepatic.

conditions (rheumatoid arthritis), pathologies (e.g.
small cell lung cancer), and metabolic events (e.g. oste-
oclast differentiation). These pathways appeared to be
unrelated to the experimental questions and as many
genes of these pathways were included in 16 pathways
closer related to the hypotheses (bold indicated in
Table 1) only the latter were considered for further
evaluation and discussion. In total 168 DEGs were
assigned to these KEGG pathways with relations to
the experimental hypotheses, and associations with
multiple of these interlinked pathways were observed
(Figure 3). Having a closer look at the enriched path-
ways, cytokine—cytokine receptor interaction repre-
sented the most enriched signalling pathway. Among
the DEGs in this pathway, most displayed increased
mRNA abundance was independent of the diet and

LPS infusion site, as observed for TNF-o and IL-1B
and 6. In contrast to these, an association with LPS
infusion site and DON contaminations was observed
for the FAS ligand (FASLG, Figure 3). In agreement
with the differential TNF mRNA abundance, the
TNF-a signalling pathway showed an enrichment of
genes with increased mRNA abundance irrespective
of LPS infusion location or DON contaminations
(Table 1, Figure 3). In accordance with these changes
in TNF-a signalling, NF-kB signalling also displayed
an enrichment of genes with higher mRNA abundance
(Table 1, Figure 3). While again most of these genes
showed increased abundance upon LPS stimulus inde-
pendent of infusion location and DON, Toll-IL-1
receptor (TIR) domain-containing adaptor inducing
IFN-B (TRIF) was only induced in group DLC and
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Table I. Significantly enriched KEGG pathways for differentially expressed liver genes from S. scrofa with increased mRNA abun-
dance after venous LPS exposure. Displayed are KEGG pathways with a significant enrichment (P < 0.05, FDR < 10%) of differentially
expressed genes according to DAVID and their overlaps among each other.

% Pathway

Term Hits covered P Value FDR % Overlapping
Cytokine—cytokine receptor interaction 53 26.4 <0.01 <l 83.0
TNF-a signalling pathway 36 333 <0.01 <l 97.2
Influenza A 43 25.7 <0.01 < 90.7
NF-«kB signalling pathway 31 34.8 <0.01 <l 100.0
Herpes simplex infection 41 22.5 < 0.0l < 87.8
Measles 33 25 <0.01 < 90.9
Chagas disease (American trypanosomiasis) 28 26.2 < 0.0l < 100.0
TLR signalling pathway 27 26.7 <0.01 <I 100.0
Toxoplasmosis 27 25.7 <0.01 < 96.3
Rheumatoid arthritis 23 26.7 < 0.0l < 100.0
Tuberculosis 34 19.5 < 0.0l <l 853
RIG-I-like receptor signalling pathway 20 29.4 <0.01 <l 85.0
Hepatitis C 27 21.3 <0.01 < 96.3
Chemokine signalling pathway 32 18.5 <0.01 <l 87.5
Osteoclast differentiation 27 20.3 < 0.0l < 92.6
Hepatitis B 29 19.2 <0.01 <l 100.0
HTLV-I infection 39 15.7 <0.01 <l 76.9
Malaria 16 30.8 < 0.0l < 87.5
Ribosome biogenesis in eukaryotes 20 24.4 <0.01 <l 5.0
Apoptosis 18 26.1 <0.01 <l 100.0
Leishmaniasis 17 274 < 0.0l < 100.0
Inflammatory bowel disease (IBD) 16 26.2 < 0.0l < 100.0
African trypanosomiasis 12 353 < 0.0l <l 91.7
Graft-versus-host disease I 324 0.01 < 100.0
NLR signalling pathway 13 26.5 0.01 <l 92.3
Cytosolic DNA-sensing pathway 14 23 0.01 <l 78.6
Pertussis I5 20.5 0.01 < 933
Type | diabetes mellitus I 26.8 0.01 < 100.0
Pathways in cancer 44 1.5 0.01 < 77.3
Allograft rejection 10 27 0.01 < 100.0
MAPK signalling pathway 31 12.7 0.01 <l 67.7
Legionellosis 13 21 0.01 < 92.3
Jak-STAT signalling pathway 21 15 0.01 <l 95.2
Small cell lung cancer 15 17.6 0.0l 1.4 100.0
Intestinal immune network for IgA production 10 233 0.01 1.9 100.0
Salmonella infection 14 17.3 0.01 2.6 85.7
T cell receptor signalling pathway 16 15.5 0.01 33 100.0
HIF-1 signalling pathway 15 15.5 0.01 4.9 66.7
NK cell mediated cytotoxicity 16 14.8 0.01 5.2 93.8
B-cell receptor signalling pathway 12 16.9 0.01 7.3 91.7
Epstein-Barr virus infection 16 14 0.01 8.5 93.8
Amoebiasis 15 14.4 0.01 9 80.0

FDR: false discovery rate

ataxia-telangiectasia mutated serine-protein kinase
(ATM) was only induced in the control groups without
DON in the diet. The observation of limited associa-
tions of genes with changed mRNA abundances with
DON contamination of feed or LPS infusion location
was observed for all enriched signalling pathways
(Table 1, Figure 3). Remarkably, TGF-f activated
kinase 1 (TABI1) and apoptosis related B-cell

Ilymphoma 2 (Bcl-2)-like protein 11 (BIM) only dis-
played significantly changed mRNA abundance in the
group with a post-hepatic LPS infusion and DON con-
taminations in the diet (Figure 3). In addition to the
DEGs associated with APR-related signalling path-
ways, three genes associated with ribosomal biogenesis
(nucleolar protein 56 (NOP56), RNA 3'-terminal phos-
phate cyclase-like protein (RCLI), nucleolar
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Figure 3. Changes in mMRNA abundance and association with KEGG pathways of manually chosen genes with special interest for the
experimental context. Depicted are gene names, ENSMBL-IDs and log2 fold changes of manually selected genes with relation to the
experimental context of DON contaminations in the diet and pre- and post-hepatic LPS application together with their corresponding
KEGG pathways. Groups fed a control diet have C as first letter in their group designation, while groups fed a deoxynivalenol
contaminated diet (4.59 mg/kg) have D as first letter in their group designation. Infusion of 7.5 pig LPS/kg BM (L) or physiological saline
(C) are indicated by the second letter when the infusion was given via jugular vein post-hepatic or third letter when the infusion was
applied via portal vein pre-hepatic. The red and blue coloration gradients indicate the magnitude of difference in mRNA abundance
between groups. Asterisks indicate the significance of these differences (**P < 0.05 and q < 0.001, *P < 0.05). A list of gene names can
be found in the supplemental material Table SI.
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GTP-binding protein 2 (NUG2)) were only displaying
significantly increased mRNA abundance upon LPS
stimulus in groups fed the control diet.

In contrast, serine/threonine-protein kinase RIOI1
(RIOKI) mRNA was only significantly increased on
LPS stimulus in group DCL. The corresponding
changes of mRNA abundances for these four genes in
other groups were observable but not within signifi-
cance threshold criteria (Figure 3). Of 1771 DEGs
with lower mRNA abundance on LPS application,
1710 were assigned to the S. scrofa background in
DAVID. Of these DEGs, 697 were mapped to 52 dif-
ferent KEGG pathways, while 18 of these pathways
including 266 DEGs were considered significantly
enriched (P <0.05 and FDR < 10%). These pathways
included multiple metabolic pathways and pathways
related to peroxisome metabolism, as well as protein
export and processing pathways (Table 2).
Consequently, an accumulation of 201 repressed
genes belonging to metabolic pathways in general was
observed in DAVID. As already mentioned for the
functional characterization of LPS-induced genes,
overlaps in pathway associations of LPS-repressed
genes were common (Table 2, Figure 3). Within
carbon- and energy-metabolic pathways, significant
enrichment of repressed genes related to glycolysis, glu-
coneogenesis, pyruvate metabolism, glyoxylate/dicar-
boxylate metabolism and to pentose and glucuronate

interconversions was observed on LPS stimulus.
Association of decreased mRNA abundance with
DON contaminations in the diet or LPS infusion loca-
tion was limited, as observed for genes with increased
mRNA abundance upon LPS stimulus. Among these
genes with reduced mRNA abundance on LPS stimulus
were genes for enzymes like Glc-6-phosphatase
(GO6PC). Further significantly repressed pathways
were related to fatty acid degradation and metabolism.
Additionally, genes related to protein export and pro-
tein processing in the endoplasmic reticulum displayed
decreased mRNA abundances. Interestingly, regulators
linking apoptosis and protein processing like eukaryot-
ic translation initiation factor 2 (EIF2SI) or TNF
receptor-associated factor 2 (TRAF2) displayed
increased mRNA abundance upon LPS stimulus in
all conditions, while PKR-like ER kinase (PERK,
EIF2AK3) only displayed increased mRNA abundance
in the control group with a pre-hepatic LPS infusion.
In agreement with changes in protein transport and
modification, amino acid metabolism was altered
upon LPS application. Here valine, leucine and isoleu-
cine degradation and tyrosine metabolism were among
the pathways that displayed a significant enrichment of
mRNAs with decreased abundances.

Remarkably, also tryptophan metabolism showed
an enrichment of repressed genes. It was considered
despite an FDR >10%, as this pathway includes

Table 2. Significantly enriched KEGG pathways for differentially expressed liver genes from S. scrofa with decreased mRNA abun-
dance after venous LPS exposure. Displayed are KEGG pathways with a significant enrichment (P < 0.05, FDR < 10%) of differentially
expressed genes according to DAVID and their overlaps among each other.

% Pathway

Term Hits covered P Value FDR % Overlapping
Metabolic pathways 201 17.3 <0.01 < 46.3
Peroxisome 25 30.5 < 0.0l < 44.0
Biosynthesis of antibiotics 40 20.9 < 0.0l < 92.5
Carbon metabolism 26 25.2 < 0.0l < 96.2
Valine, leucine and isoleucine degradation 15 31.3 <0.01 < 93.3
Glycolysis/gluconeogenesis 16 29.1 < 0.0l < 100.0
Glyoxylate and dicarboxylate metabolism 10 40.0 <0.01 < 100.0
Pyruvate metabolism 12 324 <0.01 < 83.3
Fatty acid degradation 12 30.0 < 0.0l 1.8 100.0
Protein processing in endoplasmic reticulum 29 18.2 < 0.0l 24 79.3
Protein export 9 36.0 < 0.0l 2.8 1.1
Drug metabolism — cytochrome P450 13 26.5 <0.01 32 76.9
Metabolism of xenobiotics by cytochrome P450 13 26.5 <0.01 32 92.3
Primary bile acid biosynthesis 7 438 < 0.0l 4.1 85.7
Fatty acid metabolism 12 26.7 < 0.0l 4.9 91.7
Tyrosine metabolism 10 30.3 < 0.0l 5.1 100.0
Pentose and glucuronate interconversions 8 34.8 <0.01 7.1 100.0
Drug metabolism — other enzymes 9 30.0 <0.01 9.4 100.0
Tryptophan metabolism 10 25.0 0.01 17.8 90.0

FDR: false discovery rate
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indoleamine 2,3-dioxygenase 1 (/DO1) which displayed
the strongest observed change in mRNA abundance
upon LPS stimulus (Figure 3). However, while trypto-
phan metabolism was considered repressed in general
and tryptophan 2,3-dioxygenase 2 (TDO2) showed
decreased mRNA abundance, [IDOI displayed
increased mRNA abundance. Finally, metabolism of
bile acids, metabolism of xenobiotics via cytochrome
P450 and drug metabolism via other enzymes were
also showing significant enrichment of genes with
lower mRNA abundance upon LPS exposure.

Confirmation of microarray mRNA expression of
selected genes by qRT-PCR

Quantitative RT-PCR was conducted to confirm the
validity of the microarray data, and especially genes
of central function that either were considered key
players in pathways or were taking part in multiple
pathways were chosen for confirmation. While the
genes for CD40 and CD14 molecules (CD40, CDI14),
TNF-a, TLR4, IDO1 and TDO?2 displayed a strong
correlation between microarray data and qRT-PCR
results, mRNAs for NOP56, TNF-a-induced protein
3 (TNFAIP3) and uridine-cytidine kinase 1 (UCKI)
displayed relatively weak but significant correlations
between both methods (Table 3, Figure 4).

Only for the mRNA encoding Endoplasmic
oxidoreductin-1 Alpha (EROI1A) no significant corre-
lation between methods was observed and the decrease
in mRNA abundance upon LPS stimulus could not be
reproduced in qRT-PCR despite strong log2-fold-
changes in the microarray (Table 3, Figure 4).

Table 3. Validation of gene expression patterns. Displayed are
Spearman correlation coefficients between normalized expres-

sion data from qRT-PCR and gene expression intensities derived
from the microarrays. A list of gene names can be found in the
supplemental material Table SI.

Spearman

Gene P Value Coefficient
CDI4 < 0.05 0.90

CD40 < 0.05 0.88
NOP56 < 0.05 0.50
TNF-o. < 0.05 0.92
TLR4* < 0.05 0.81 - 091
IDO| < 0.05 0.91
TNFAIP3 < 0.05 0.47
TDO2* < 0.05 0.71%*
UCKI < 0.05 0.37
EROIA 0.80 0.02

* Represented by more than one probe-set

Associations of hepatic TNF-o. mRNA expression
with protein TNF-a. levels, and between IDO/TDO
mRNA expression and kynurenine—tryptophan ratio
in post-hepatic blood

To further validate the relevance of the observed gene
expression in the microarray, gene expression was com-
pared with relevant experimental data gained in the
animal trial.'" As LPS-mediated TLR4 signalling likely
induced mRNA expression of TNF-o, and in the view
that the corresponding protein plays a pivotal role in
mounting the APR, the association between TNF-o
mRNA expression and its protein is of special interest.
A clear association was identified between hepatic TNF-o.
mRNA level and post-hepatic TNF-a protein level in
blood, suggesting higher levels of the protein with
higher mRNA expression (Figure 5). Very low levels of
TNF-a mRNA were associated with low levels of protein
expression, while LPS stimulation increased the level of
expression, both at the mRNA and protein level. In addi-
tion, high variation in associated values was noticed, sug-
gesting that a given level of mRNA expression was
associated with varying levels of the protein. This varia-
tion appeared to be stronger than that induced by feeding
group and LPS infusion site. As an example, for the asso-
ciation between mRNA expression and function of pro-
tein, the kynurenine to tryptophan ratio (Kyn:Trp ratio)
was used as an indicator for the activity of both IDO and
TDO (Figure 6). When IDO! mRNA remained undetect-
able, low levels of both TDO2 mRNA and Kyn:Trp
ratios were noticed. Upon LPS stimulation both IDO/
mRNA expression and Kyn:Trp ratio increased markedly
while TDO2 mRNA stayed at a low level.

Discussion

The systemic LPS application used in the present
experiment (either pre- or post-hepatic) generally
induced marked systemic and hepatic inflammation at
the transcriptomic, clinical, clinical-chemical and histo-
pathological level, and clearly resembles earlier findings
employing either intramuscular or intraperitoneal LPS
administration in pigs.*>*® Besides examining the
effects of chronic DON exposure alone on hepatic
transcriptome for testing hypothesis 1, the animal
LPS-challenge model enabled us to investigate the
interactions between inflammation-induced hepatic
injury and DON exposure for verifying hypothesis 2.

Hypothesis |: Chronic dietary DON exposure
modulates mRNA expression of hepatic genes
involved in mediating toxicity of DON

For addressing hypothesis 1, it seems to be helpful to
briefly describe the mechanisms of DON toxicity.
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Figure 4. Comparison of log2 fold changes (lIfc) of selected genes in livers of pigs in the groups upon LPS injection compared to
respective control group measured in the microarray approach and qRT-PCR. Shown are log? fold changes of selected relevant genes
measured in microarray approach (dark) and qRT-PCR (light). Groups fed a control diet have C as first letter in their group
designation, while groups fed a deoxynivalenol contaminated diet (4.59 mg/kg) have D as first letter in their group designation. Infusion
of 7.5 pug LPS/kg BM (L) or physiological saline (C) are indicated by the second letter when the infusion was given via jugular vein post-
hepatic or third letter when the infusion was applied via portal vein pre-hepatic. A list of gene names can be found in the supplemental

material Table SI.

These have been discussed as molecular events associ-
ated with binding to ribosomes resulting in inhibition
of translation and inducing of MAPKSs, which are crit-
ical in signal transduction for immune responses.’’ >’
The DON related up-regulation of genes encoding for
pro-inflammatory cytokines in macrophage and mono-
cyte cultures is discussed as a result of the activation of

the MAPK members extracellular signal regulated pro-
tein kinase 1 and 2 (ERKI1 and 2), p54 and p46 c-Jun
N-terminal kinase 1 and 2 (JNK 1/2) and p38. Double-
stranded RNA-activated protein kinase (PKR, eukary-
otic translation initiation factor 2-alpha [EIF2A]
kinase 2, EIF2AK2) and haematopoietic cell kinase
(HCK) have been identified as signal transducers for
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Figure 5. Relationship between hepatic TNF-x mRNA (data from present qRT-PCR analyses) and TNF-a protein (data from Tesch
etal.'") in post-hepatic blood. Liver samples were obtained 195 min after the beginning of the LPS infusion while blood samples were
collected at 180 min. Groups fed a control diet (blue) have C as first letter in their group designation, while groups fed a deoxy-

nivalenol contaminated diet (4.59 mg/kg, red) have D as first letter in their group designation. Infusion of 7.5 ng LPS/kg BM (L) or

physiological saline (C) are indicated by the second letter when the infusion was given via jugular vein post-hepatic or third letter
when the infusion was applied via portal vein pre-hepatic.
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Figure 6. Relationship between hepatic mMRNA expression of IDO, TDO (Data from present qRT-PCR analyses in liver) and Kyn:Trp
ratio in pre-hepatic and post-hepatic blood as indicator for IDO/TDO activity (data from Tesch et al.''). Liver samples were obtained
195 min and blood samples were collected 180 min after the beginning of the LPS infusion. Displayed are the mRNA expression levels
of IDO/ (IDO) and TDO2 (TDO) in comparison to the Kyn:Trp ratio in post-hepatic blood. Groups fed a control diet (blue) have C as
first letter in their group designation, while groups fed a deoxynivalenol contaminated diet (4.59 mg/kg, red) have D as first letter in
their group designation. Infusion of 7.5 pg LPS/kg BM (L) or physiological saline (C) are indicated by the second letter when the
infusion was given via jugular vein post-hepatic or third letter when the infusion was applied via portal vein pre-hepatic.
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MAPK activation. Besides up-regulation of pro-
inflammatory genes, DON also enhances their
mRNA stability, contributing to the increases in the
corresponding cytokines. In addition, the MAPK-
associated induction of pro-inflammatory cytokines,
the endoplasmic reticulum (ER) stress response was
discussed as a mechanism contributing to the up-
regulation of pro-inflammatory genes. Here, the level
of Glc-regulated protein 78 (GRP78), also known as
binding immunoglobulin protein (BiP), is compromised
by DON, probably by an increased degradation rather
than a decrease in mRNA expression. BiP, as a chap-
erone, plays a crucial role in protein folding and in
targeting of misfolded proteins to ER-associated pro-
tein degradation (ERAD) which includes ubiquitina-
tion of proteins and their degradation in the
proteasome, or in initiation of an unfolded protein
response (UPR). Thus, the DON-induced ER stress
response results in an up-regulated transcription of
mRNA coding for pro-inflammatory genes via the acti-
vation of the transcription factor cAMP response ele-
ment binding protein (CREB).

All these DON-associated toxicity mechanisms at
the molecular level, as comprehensively discussed by
Pestka,*” were not observed in the present experiment
when the DON-fed group without LPS challenge was
assessed. In discussing these literature findings together
with the present results several aspects need to be con-
sidered. Most importantly, we solely evaluated com-
plex mRNA expression patterns, while many of the
discussed signalling cascades require activation of sev-
eral key factors through phosphorylation, which was
beyond the focus of the present investigations.
Accordingly, protein expression and particularly acti-
vation via phosphorylation of kinases and factors were
not considered. Moreover, for elucidating of mecha-
nisms of DON toxicity through dose-response experi-
ments, primarily macrophage cell lines and murine
splenocytes were used for in vitro and ex vivo investi-
gations, respectively. In the present experiment, we
used samples collected from non-perfused livers and
consequently analysed the mRNA expression of all
cell types present, which included not only non-
parenchymal and parenchymal cells but also blood
cells (see also Figure 7). In addition, the DON doses
used for toxicity assessment reported in the literature
and those used in the present experiment differed large-
ly. The minimum DON concentrations in culture media
of in vitro experiments were 100 ng/ml and 250 ng/ml,
while in vivo experiments employed minimum exposure
levels of 0.1, 1, 2, 5 and 25 mg/kg BM.?74047

In the present in vivo experiment, maximum DON
concentrations of 24 ng/ml were detected in the system-
ic circulation of pigs exposed to the DON-
contaminated diet (4.59 mg/kg feed), corresponding to

a mean daily exposure of 158 ug DON/kg BM.'® The
DON concentration of the contaminated diet was
approximately five times higher than the guidance
value of 0.9 mg DON/kg diet (88% dry matter) which
is regarded as a feed safety value; exceeding this might
cause adverse health effects. Indeed, pigs respond quite
sensitively to higher DON levels in the diet, primarily
with a decrease in voluntary feed intake.*® Because of
this anorectic DON effect, we restricted the feed intake
of the CON group to the level voluntarily consumed by
the DON-fed group to avoid energy and nutrient
effects on readouts, including hepatic gene expression.
Furthermore, dietary DON concentrations of sever-
almg of DON are detected rather in a worst case, but
not routinely.*® Thus, both the smaller DON dose
employed in the present experiment to the species pig
and the mixture of cell types analysed in the liver sam-
ples might explain why we failed to detect DON effects
on mRNA expression.

Hypothesis 2: Chronic dietary DON exposure
predisposes the liver for a subsequent LPS challenge
differently depending on pre- or post-hepatic entry of
LPS and leads to tolerance or exacerbates the LPS-
induced SI at the mRNA level

Concerning hypothesis 2, it has been proposed that
sensitivity to xenobiotics might be modulated by
inflammation.*” For investigation of such interactive
mechanisms, a systemic LPS application is often used
to induce a standardized SI which is then characterized
in the absence and presence of xenobiotics like DON.
Such experiments have been reported for mice, demon-
strating principally a potentiation of DON effects
during SI.7%

In pigs, the concomitant treatment with LPS and
DON reduced the LPS-induced TNF-a peak, decreased
the increase in the activities of aspartate amino trans-
ferase (ASAT) and glutamate dehydrogenase (GLDH),
but disproportionally enhanced the concentration of
total bilirubin in systemic circulation.* Moreover, the
clearance of total DON was reduced and the persis-
tence of glucuronidated DON was enhanced in endo-
toxemic pigs.’>>® These results suggest a DON role in
the modification of the SI with consequences for its
own Kkinetics. In this interplay, the role of the liver is
particularly highlighted as it plays a decisive role in
mounting the APR through triggering the TNF-a
release, and contributes significantly to phase II metab-
olism of DON and to bilirubin metabolism and elimi-
nation. Moreover, the less pronounced increases in
ASAT and GLDH activities in DON-treated endotoxe-
mic pigs hint at less pronounced hepatocellular lesions
under these conditions.



400

Innate Immunity 27(5)

Hepatocytes
yt o

Hepatic stellate cell __

Liverstemecells —

Liver sinusoidal
endothelial cell

Kupffer cell-~

—

e

Cholangiocytes

Platelets

SR

White blood cells ™.

,,,,,,, e R e —
CASPB CASP7 i !
signaling %A
Mo i
_ 4
= |
MAPK
wap 5\
" signaling 3 >“
= D 4>, 5
MyD88-independent g / f u§
| M TLR signaling i . o
| Ca2+
| influx
! DNA ™ Ribosome 2
| damage - biogenesis &
". p ]
9 ? wots: i :
N, ' sis T
kN i pop ,—’p:’;\\ot\o o
Trophic factor Protelli'l P
depriviation RIOCessing
inER Q
/ e o
" Vi N ] g
B Y i ==} §1
‘E&-@ T
kY v w
Heme ATM P53 4 m
defficiency signaling ", | MiP-1a | 5
N\ 4 o
Thag i3 Translation | e [ Amino acid r
T attenuation 1 | metabolism EFAS
i ! o 7 %
———————————————————————————————————————————————— / LB .§
Glucose & pyruvate i |l £
metabolism 1 P53 g
- =l P
e o
T BIM | @
AT Kyn:Trp ratio 3/
Symbols Colors
; i Decreased
Signaling pathway E Gene Increased Becreased
@ == DLC - CLC EmpDLC =mCLC
@ Cellular process ~——* Influence (direct or indirect) mmDCL == CCL pCL ccL
v insic: 4 Most detected changes in
Intrinsic factor pathway/process occur 3 No changes == Blood cell
. Decreased occurence of changes W Not detected = Liver cell
A Extrinsic factor a
in pathway/process

Figure 7. A simplified graphic representation of genes, signalling pathways, cellular processes and factors related to the LPS response

in context of DON exposure and LPS infusion site. Note that the primary focus was laid on genes differently regulated by DON
exposure under the conditions of an acute-phase response (APR) initiated through pre- or post-hepatic LPS challenge. The fact that
non-perfused liver samples were analysed implies a complex contribution of hepatic and non-hepatic cells to the overall network.
Furthermore, the depicted associations characterize the situation at 195 min after the beginning of the LPS infusion. Groups fed a
control diet (blue) have C as first letter in their group designation, while groups fed a deoxynivalenol contaminated diet (4.59 mg/kg,
red) have D as first letter in their group designation. Infusion of 7.5 ng LPS/kg BM (L) or physiological saline (C) are indicated by the

second letter when the infusion was given via jugular vein post-hepatic or third letter when the infusion was applied via portal vein
pre-hepatic A list of gene names can be found in the supplemental material Table SI. MDP - muramyl dipeptide.
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In the present experiment we infused LPS either pre-
hepatic via the hepatic portal vein or post-hepatic via
the jugular vein to initiate the APR in the first pass
mainly through resident Kupffer cells or peripheral
monocytes, respectively. Murine monocyte-derived
hepatic macrophages (MDMs) were shown to respond
to an LPS stimulus with a more pronounced TNF-o
response compared with Kupffer cells.>” This might be
due to differences in ontogenesis and phenotype of
both cell types. Whereas MDMs are replenished from
haematopoietic stem cells of bone marrow via circulat-
ing monocytes, the resident hepatic Kupffer cells are
refilled through local proliferation.”” Under steady-
state conditions, the latter are permanently exposed
to low levels of intestine-derived LPS which does not
drive an inflammatory response but rather acts immu-
nosuppressively, whereby a constant detrimental
immune activation is avoided.’®* It has been suggested
that Kupffer cells respond more sensitively to LPS in the
presence of additional hepatic lesions, which decreases
the threshold to express pro-inflammatory signals.>
Assuming DON to be a toxin causing such hepatic
lesions, a kinetics of the inflammatory response induced
via hepatic portal LPS stimulation different from jugu-
lar LPS administration could have been expected. We
could show that both routes of LPS administration
resulted in an up-regulation of genes mediating SI, par-
ticularly when TLR and TNF signalling pathways as
well as interconnected pathways were considered as typ-
ical hallmarks. Among the up-regulated pro-inflamma-
tory genes TNF-a is of special interest, as this cytokine is
an early one in mounting the APR cascade and triggers
the induction of further mediators (Figure 7). We found
not only the mRNA of TNF-a to be increased (Figure 3)
but also the protein in a typical time-dependent manner
reaching a peak 1 h after initiation of the LPS infusion."!
These increases occurred independently of feeding regi-
men and infusion site (Figure 3)."

To test hypothesis 2, differences in mRNA expres-
sion caused by feeding regimen (CON vs. DON) and/or
route of LPS administration (jugular vs. portal) were of
special interest. Here, the MyD88-dependent branch
and the MyD88-independent branch of the TLR4 sig-
nalling pathway, also known as TRIF or TIR-
containing adapter molecule-1 (TICAM-1)-dependent
TLR4 signalling pathway, appeared to be differently
regulated in dependence on treatments (Figure 7).
Whereas in DON-fed pigs the portal LPS infusion
(DCL) stimulation of mRNA expression of AP-1 tran-
scription factor subunit Fos (FOS) was weaker despite
up-regulated MyD88-dependent TLR4 signalling,
solely in DON-fed pigs treated with LPS via the jugular
vein (DLC) the MyD88-independent and TRIF-
dependent pathway was up-regulated (Figure 7).
These treatment-related differences in TLR4 signalling

could hint at different stages of acute inflammation.
Whereas MyDS88 signalling occurs at early stages of
acute inflammation, the MyD88-independent TRIF-
mediated signalling is rather seen in later stages of
acute inflammation.®® Therefore, stages of SI were pos-
sibly different for treatment groups 195 min after start
of LPS infusions, which was also reflected by differ-
ences in the kinetics of clinical signs between groups
infused either via the hepatic portal or jugular vein.'?

The fact that the TRIF-dependent pathway also
converges to the MyD88-dependent TLR4 signalling
via the receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) and the mitogen-activated protein
kinase kinase 7 (TAKI1) suggests that the observed
mRNA up-regulation of AP-1-subunit FOS was dom-
inated by the MyD88-dependent TLR4 signalling
(Figure 7). Up-regulated TRIF signalling in group
DLC was associated with a weak induction of IFN-o
(IFN-ALPHA-13) expression in the control group
infused with LPS via the hepatic portal vein (CCL),
supporting the view that portal LPS stimulation fav-
oured TRIF-dependent TLR4 signalling irrespective of
DON presence in feed.

Interestingly, the mRNA of the cytosolic PRR
NOD?2 was up-regulated in group CCL. NOD?2 signal-
ling not only converges to NF-kB and AP-1 pathways
but also to the transcription factor IFN regulatory
factor 3 (IRF3). Whereas NF-kB and AP-1 signalling
triggered mRNA expression of, among others, TNF-a,
IL-1P and IL-6, IRF3 signalling led to stimulated IFN-
o mRNA expression only in group CCL despite no
significant differences in IRF3 mRNA abundance
being observed between groups. Therefore, the
observed up-regulated IFN-a expression in this group
may be mediated by NOD?2 signalling rather than by
TRIF signalling (Figure 7). It is worth noting that the
expression of IFN-o as an antiviral IFN is not only
triggered by NOD2 sensing of PAMPs and (endoge-
nous) danger-associated molecular patterns, but also
by retinoic acid-inducible gene 1 (RIG-I, DDX58) as
another cytosolic PRR.®' Although 29% of the genes
of the RIG-I pathway were up-regulated due to LPS
infusion none of them was differently regulated due to
feeding regimen and LPS infusion site. This might also
favour the idea that the expression of IFN-a in group
CCL was rather associated with NOD2-IRF3 signal-
ling. The protein translation of up-regulated mRNA
for the discussed transcription factors, PRRs, cytokines
and other proteins requires a properly up-regulated
and fine-tuned co-assembly of rRNA and ribosomal
proteins. This process is collectively termed as ribo-
some biogenesis.®> ** The up-regulated mRNA of
24% of genes involved in ribosome biogenesis
appeared to be a mechanism to translate the up-
regulated mRNA into proteins necessary to mount
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the APR as a central element of the innate immune
response to LPS. Of all the factors involved in ribo-
some biogenesis, the mRNAs of NOP56, RCL1 and
NUG?2 were only significantly up-regulated in CON-
fed groups (CCL and CLC) which also means that
these genes were induced weaker in the DON-fed
groups (Figure 7). NOPS56 is a core protein in small
nucleolar ribonucleoproteins, which are involved in
rRNA processing.>®® RCLI is part of a trimeric com-
plex necessary for the recruitment to the small nucleo-
lar RNA U3 within 90S particles®” and Nug2 expresses
GTPase activity and belongs to the assembly factors of
the pre-60S subunit.®*%*®” On the other hand, RIO
kinase 1 (RIOK1) mRNA was only significantly up-
regulated in DON-fed pigs exposed to LPS via the
hepatic portal vein (group DCL). RIOK1, as an atyp-
ical serine protein kinase, plays a critical role in the 40S
ribosomal subunit biogenesis, is associated with shut-
tling between nucleus and cytoplasm and pre-40S par-
ticles and in processing of 20S pre-RNA.®7%® As these
treatment-related differences concerned only a few
genes the net outcome for the whole process of ribo-
some biogenesis remains elusive and might just reflect
variations in the sequence of APR driven by different
proportions of involved cells. On the other hand, it
remains a question whether an up-regulation of a few
genes of the whole process of ribosome biogenesis
could also just indicate a dys-regulation. Dys-regulated
pre-rRNA processing and ribosomal protein deficiency
are known to activate the tumour protein p53 via sig-
nalling through ATM.** As a transcription factor p53
induces genes involved in DNA repair, cell cycle arrest
and apoptosis. Interestingly, despite inducing condi-
tions, pS3 mRNA expression remained unaffected by
any of the treatments, ATM was up-regulated in CON-
fed pigs only; those groups, where also NOP56, RCLI1
and NUG2 mRNAs were up-regulated (Figure 7).
Therefore, the up-regulation of ATM mRNA could
indicate a beginning stress response due to dys-
regulated ribosome biogenesis in these CON-fed pigs.
The role of the up-regulated RIOK1 mRNA in group
DCL remains to be clarified.

Besides the treatment-associated effects on ribosome
biogenesis, it needs also to be considered that the pri-
mary molecular target of DON toxicity are the ribo-
somes as discussed above. A potentiation of these
molecular events has been reported for DON-exposed
mice stimulated with LPS.***°33 However, as DON
exposure alone failed to signal a ribotoxic stress
response in the pigs of the present experiment at the
mRNA level, additional LPS-promoting effects were
rather less expectable. Instead, the vast majority of
up- and down-regulated genes reflected the picture of
an acutely inflamed liver characterized by a mixture
of hepatic parenchymal and non-parenchymal cells as

well as infiltrated blood cells (Figure 7).
Histopathological lesions included primarily haemor-
rhage and inflammation.'* Thus, hepatic gene expres-
sion profiles and the subsequent assignment to
signalling pathways were probably influenced by eryth-
rocytes, thrombocytes and leukocytes, which were
abundantly present in the inflamed liver. The fact
that the interactive effects between DON and LPS on
signalling pathways were described for macrophage cell
lines and murine splenocytes could explain why we
failed to detect such results in complete liver tissue.
Moreover, as discussed above, as far as signalling
includes kinases such as MAPKSs, the mRNA expres-
sion level represents only one regulatory level, while
activation is mediated by phosphorylation which was
not measured in the present experiment. Although the
mRNA abundances of MAPK members JNK and
ERK were significantly down-regulated, those of AP-
1 and downstream pro-inflammatory, chemotactic and
pro-apoptotic genes were up-regulated throughout all
groups. Therefore, as an up-regulated AP-1 expression
requires activated MAPKSs, it might be concluded that
constitutively expressed kinases were phosphorylated
to confer the downstream signal transduction, which
might serve as a compensatory mechanism. In vitro
studies with murine macrophages have shown that
LPS treatment resulted in phosphorylation both of
ERK1/2 and of JNK1/2 with a peak at 30min after
exposure and lasting for 4 h, supporting the idea that
activation of these MAPKs is triggered by LPS. The
combination of LPS and DON prolonged the activa-
tion period to 8 h for JNK1/2, while phosphorylation
of ERK1/2 was determined by LPS alone.**
Moreover, mRNA of PKR and HCK (HCK is a Src
family member mainly expressed in haematopoietic
cells) as mediators between ribotoxic insults and acti-
vation of MAPKs*' were significantly up-regulated in
the present experiment due to LPS treatment indepen-
dently of infusion site and feeding regimen (Figure 7).
Here, the ribosome is suggested to serve as a scaffold
for PKR which facilitates the mobilization of MAPKs
together with other signalling mediators to induce
inflammatory  cytokines.”” The ribotoxic stress
response not only activates the stress responsive
MAPKs but also induces an ER stress answer,” as
discussed for hypothesis 1). While DON alone failed
to affect protein processing in ER, LPS administration
down-regulated mRNA expression of 18% of genes
involved in this pathway. Out of these 29 hits four
genes were solely down-regulated in the DON-fed
group infused with LPS via the jugular vein (group
DLC), namely the genes for oligosaccharyltransferase
(OST) catalytic subunit A (STT3A), ER degradation
enhancing o-mannosidase-like protein 1 (EDEMI),
EROIA and translocon-associated protein (TRAP).
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OST codes for a protein complex located at the mem-
brane of the ER. It transfers pre-assembled oligosac-
charides to sites of glycosylation of secretory
proteins.”®’> OST protein acts co-translational as
nascent proteins enter the ER.”> Glycosylation of
newly formed proteins is required for correct folding
and sorting of proteins. Therefore, dietary DON expo-
sure together with post-hepatic LPS-induced initiation
and perpetuation of APR seemed to particularly con-
tribute to ER stress and UPR (Figure 7). Misfolded
proteins are assigned to ERAD for clearing and recov-
ery of ER homeostasis. Targeting of misfolded proteins
to ERAD requires an extensive Man trimming of gly-
coproteins by ER mannosidase 1 (ERManl) and
EDEM proteins.”* The observed down-regulation of
ERManl member MAN1A2 (independent of feeding
group and LPS infusion site) and EDEM1 mRNA in
group DLC might indicate a reduced capacity for
ERAD under these conditions. This conclusion is fur-
ther supported by the down-regulated ERO1 and
TRAP mRNAs solely in group DLC. ERO1 and
TRAP participate in oxidative ER protein folding
and targeting to the ubiquitin ligase complex.”>’® As
an overload of the ERAD capacity to clear misfolded
proteins results in ER stress and subsequently in UPR
it seems reasonable to assume that a reduced ERAD
capacity by down-regulated pathway genes might also
lead to ER stress-associated UPR. ER stress is recog-
nized by the stress sensors transmembrane proteins
inositol-requiring enzyme-1 (IRE1; ERNI), PERK
and activating transcription factor-6 (ATF6).”” 7
Signalling of these sensors is aimed at restoring ER
homeostasis and eventually inducing apoptosis if ER
stress cannot be resolved. Although ERN1 mRNA was
neither up- nor down-regulated, that of TNF receptor-
associated factor 2 (TRAF2) was up-regulated due to
LPS infusion independently of infusion site and feeding
group. TRAF2 signals both to NFkB and MAPKs
pathways whereby inflammatory and apoptotic genes
are induced.” Site 1 and 2 proteases (SIP and S2P,
respectively) cleave domains from ATF6 moved previ-
ously to the Golgi apparatus in response to ER stress
whereby it becomes a transcription factor and induces
ER chaperone and apoptotic genes.”” While ATF6
mRNA expression was not covered in the microarray,
SIP mRNA (MBTPSI) and S2P mRNA (MBTPS2)
were significantly down-regulated due to LPS infusion
irrespective of infusion location (Figure 7). Moreover,
S2P mRNA was more strongly down-regulated in
DON-fed groups (DCL, DLC), suggesting that ATF6
UPR signalling pathway was less induced, particularly
in DON-fed groups. Another mechanism to cope with
an accumulation of misfolded proteins is a general
attenuation of protein synthesis. PERK, similarly to
PKR and heme-regulated eukaryotic translation

initiation factor 2 subunit 1 (eIF2a) kinase (HRI,
EIF2AK1), phosphorylates elF2a whereby a transla-
tional arrest is initiated.®® Besides translation inhibition
of frequently transcribed genes, others are up-
regulated, which aimed at adaptation to stress.®
Activating transcription factor-4 (ATF4) and C/EBP
homologous protein-10 (CHOP) are such proteins
inducing genes for stress adaptation. In the present
experiment PERK mRNA was significantly up-
regulated in CON-fed pigs challenged with LPS via
the hepatic portal vein (CCL) with a similar trend in
group DCL, but HRI was down-regulated and elF2a
up-regulated irrespective of feeding regimen and LPS
infusion site at the same time, while both ATF4 and
CHOP mRNA expression remained unaffected (Figure
7). PERK is induced by ER stress while HRI is up-
regulated through heme deficiency.® As HRI mRNA
was down-regulated a heme deficiency is probably not
responsible for this effect. Whether the marked hae-
morrhage observed in the livers of all LPS exposed
pigs'* could have been associated with the HRI
mRNA down-regulation needs to be clarified. Taking
into consideration that ER stress sensors and down-
stream pathways were differently regulated at the
mRNA level, it would be reasonable to assume that
apoptosis was also influenced in a similar way. Out
of the 69 genes involved in apoptosis 18 were up-
regulated. Out of these genes, the BIM mRNA was
clearly up-regulated solely in group DLC (Figure 7).
BIM can bind all Bcl-2 pro-survival proteins, which
characterizes this protein as a potent apoptosis inducer.
Unlike ER stress-induced PERK and downstream apo-
ptosis transducers ATF4 and CHOP, BIM is induced
by trophic factors deprivation, DNA damage and Ca"
influx, but also through MAPKs-mediated AP-1 sig-
nalling.®'#? Although only BIM was differently regu-
lated due to treatments at the mRNA level, it needs to
be considered that activity of pro- and anti-apoptotic
factors is also determined by their phosphorylation.®?

Besides hepatocytes, hepatic sessile and infiltrated
leukocytes act closely together in mounting the LPS-
induced APR. Hepatocytes play additionally a crucial
role for gross nutrient and energy metabolism. Co-
localization of both immunological and metabolic
functions places the liver at risk for hepatotoxicity
and metabolic decompensation.®® Hyperammonemia,
metabolic acidosis and hypoglycaemia seen in conjunc-
tion with inflammation can often be traced to impaired
hepatic intermediary metabolism and metabolic
decompensation.®® Several transcription factors such
as CREB and fork head box protein O1 (FOXOT1)
are involved in controlling the expression of rate-
limiting enzymes of hepatic metabolic pathways where-
by liver energy metabolism is controlled (Figure 7).%*
For example, CREB and FOXOI1 stimulate the
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expression of phosphoenolpyruvate carboxykinase 1
(PCK1) and G6PC as rate-limiting enzymes of gluco-
neogenesis.** While CREB1 mRNA was significantly
up-regulated in all LPS-infused groups, FOXOI1
mRNA was significantly down-regulated (Figure 3).
From the mRNAs regulated by these transcription fac-
tors, the G6PC mRNA displayed reduced abundance
(Figure 3) while PCK1 remained unaffected, suggesting
a compromised gluconeogenesis under the conditions
of the LPS-induced APR. Besides regulating gluconeo-
genesis, CREB is involved in many other processes and
induces genes containing a cAMP-responsive element
such as TNF-o and IL-6. On the other hand, CREB
exerts anti-inflammatory effects through inhibition of
NF-kB activation.®’

Besides down-regulation of G6Pase mRNA, further
genes of glycolysis and gluconeogenesis were repressed
at the mRNA level. While 2,3-bisphosphoglycerate-
dependent  phosphoglycerate mutase (PGAMI)
mRNA was repressed independently of feeding group
and LPS infusion site, the 2,3-bisphosphoglycerate 3-
phosphatase (MIPP1) mRNA was solely repressed in
group DLC. 2-Phospho-p-glycerate is the intermediate
formed by both enzymes. The MIPP1 catalyzed reac-
tion is known as the Rapoport—Luebering glycolytic
shunt and uses 2,3-bisphosphoglycerate (2,3-BPG) as
substrate.®® 2,3-BPG binds preferentially deoxyhaemo-
globin whereby oxygen release from the erythrocytes is
facilitated. Therefore, a down-regulation of MIPPI
mRNA in group DLC could hint at a reduced regula-
tory efficiency of erythrocytes to adapt varying oxygen
demands of the surrounding milieu, with consequences
for other oxygen-consuming metabolic pathways.

Another key enzyme involved in pyruvate metabo-
lism is lactate dehydrogenase (LDH) which converts
pyruvate to lactate in the absence of oxygen but also
metabolizes lactate coming from anaerobic muscular
glycolysis to pyruvate in the liver (Cori cycle).’
Additionally, neutrophilic granulocytes, M1 macro-
phages and dendritic cells switch from primary oxida-
tive phosphorylation to aerobic glycolysis (Warburg
effect) upon stimulation, which ultimately increases
lactate generation through LDH activity instead of
substrate feeding to the citric acid cycle.*® Hypoxia-
inducible factor 1-alpha (HIF-1o) promotes the expres-
sion of LDH 7# and is itself induced by hypoxia,
TLR4-mediated signalling and by inflammatory medi-
ators such as TNF-a and IFN-y.%° In the present
study, HIF-lo. mRNA (HIF1A) was uniformly up-
regulated in all LPS-infused groups, which was paral-
leled by an up-regulated TLR-4 signalling as discussed
above. Moreover, IFN-y mRNA, which was solely up-
regulated in group DCL, might have contributed to the
overall LPS-mediated up-regulation of HIF-la
mRNA. As IFN-y is predominantly produced by NK

cells and innate lymphoid type 1 cells as innate equiv-
alents of T cells °* it might be concluded that these
immune cells were particularly involved in the innate
immune response to LPS in group DCL. Furthermore,
IFN-y promotes the pro-inflammatory M1 macro-
phages for NO production and release of reactive
oxygen species’® which, in turn, are generated by
NADPH-oxidase activity. The required NADPH is
abundantly delivered because of running aerobic gly-
colysis in activated neutrophilic granulocytes, M1 mac-
rophages and dendritic cells.

Based on the histopathological observation of mas-
sive hepatic infiltration by neutrophilic granulocytes in
all LPS-infused pigs'® it seems reasonable to assume
that overall hepatic mRNA expression of lactate dehy-
drogenase D (LDHD) originated probably from differ-
ent cell types. As LDHD mRNA expression was solely
repressed in group CCL it might be concluded that
LDH was more triggered in pigs infused with LPS via
the jugular vein and fed the DON-contaminated diet.
This is consistent with the observation that the SI-
associated lactic acidosis was generally more obvious
following jugular LPS infusion in groups CLC and
DLC."

Tryptophan metabolism is another prominent exam-
ple for linking hepatic nutrient metabolism with innate
immune responses. Considering the mRNA expression
of enzymes involved in tryptophan catabolism, oppo-
site effects were noticed for liver-specific TDO and the
ubiquitous occurring IDO. Both enzymes degrade tryp-
tophan to kynurenine and the Kyn:Trp ratio is fre-
quently interpreted as an indicator for IDO/TDO
activity.

While TDO mRNA was significantly down-
regulated, the IDO mRNA expression was strongly
induced by LPS infusion. As TDO is involved in tryp-
tophan homeostasis and is only induced in case of tryp-
tophan excess,” its down-regulation might indicate a
mechanism to safe hepatic tryptophan necessary for
synthesis of acute-phase proteins.*® In contrast, IDO
is induced by inflammatory cytokines, most notably
by IFN-v,**% and its role in innate immune responses
is discussed to remove tryptophan from the free amino
acid protein synthesis precursor pool in order to
decrease its availability for protein synthesis of invad-
ing micro-organisms but also for host T cells.”® On the
other hand, metabolites arising from kynurenine
metabolism are ascribed an important role in immune
responses.””?® Although TDO is liver-specific, a hepat-
ic IDO contribution to tryptophan degradation can be
assumed and the IDO mRNA expression detected in
the liver might result from both hepatic sources, resi-
dent and inflammation-associated infiltrated immune
cells. This conclusion is supported by the relationships
between IDO mRNA, TDO mRNA and Kyn:Trp ratio



Danicke et al.

405

(Figure 6). In unstimulated CON groups low Kyn:Trp
ratios were associated with low TDO mRNA levels
while IDO mRNA expression remained undetectable,
suggesting a nearly exclusive TDO activity to be
responsible for the measured Kyn:Trp ratios.
Furthermore, the increase in Kyn:Trp ratios following
LPS infusion was correlated with an increase in IDO
mRNA expression and thus obviously reflects IDO
activity under the conditions of APR.

Moreover, although IFN-y mRNA was up-
regulated in group DCL only, up-regulation of IDO
was neither differently influenced by LPS infusion site
nor by feeding group (Figure 7). Thus, the effect of
IFN-y on overall IDO up-regulation seemed to be lim-
ited. This conclusion is supported by comparable Kyn:
Trp ratios observed in all LPS-infused groups.'
Interestingly, this effect occurred at a significantly
higher level for jugular LPS infusion localization.'
As this difference between jugular and portal blood
Kyn:Trp ratios was also observed in LPS-unexposed
positive and negative control groups (CCC and DCC,
respectively), it might be concluded that the lower
ratios in portal blood resulted from a Trp influx from
the intestine rather than from a decreased IDO activity
of blood cells.

Summing up the discussion for hypothesis 2, if the
idea is accepted that LPS-induced APR is initiated and
mediated by TLR4 signalling and that downstream
MyD88 and TRIF signalling characterize early and
late stages of acute inflammation,®® then the up-
regulation of TRIF mRNA, which was only detected
for DON-fed pigs infused with LPS via the jugular vein
(group DLC), could indicate a time shift of all other
affected pathways. Indeed, mRNA for BIM as a key
factor in apoptosis and IFN-vy released by T cells were
accordingly up-regulated in group DLC only. On the
other hand, mRNAs for NOD2, IFN-a and PERK as
ribosomal stress sensor were exclusively up-regulated in
portal with LPS-infused control pigs (group CCL). As
a correlate we observed differences in the kinetics of
clinical signs in dependence on LPS infusion site and
DON exposure such as body temperature and overall
clinical score.'?

Conclusions

Regarding the applied experimental and bioinformatics
settings, DON exposure alone failed to modulate the
mRNA expression of the porcine hepatic transcriptome
significantly. However, LPS-infused groups showed
numerous enriched pathways which pointed to an up-
regulation of inflammation and a down-regulation of
metabolic routes. In this situation, feeding group and
LPS infusion site modulated some individual genes
within the LPS-triggered pathways. However, this

does not necessarily mean that the outcome of the
respective pathways was significantly modulated when
it is assumed that overall gene network regulation does
not require the up-regulation of all genes and filtering
conditions are additionally considered. Moreover, we
analysed the entire transcriptome of the liver at 195 min
after initiating the LPS-triggered APR, which means
that gene expression profiles were probably influenced
by thrombocytes and leukocytes which were abundant-
ly present in the inflamed liver. Nevertheless, individual
pathway genes were exclusively regulated in DON or
CON-fed pigs infused with LPS via the jugular and
hepatic portal vein, respectively. This diverse kinetics
probably reflected different stages of acute inflamma-
tion and were accompanied by modified deflections in
the time course of clinical signs.
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