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Summary

The technique of challenging postmortem tissue explants with inflammation

inducer such as lipopolysaccharide (LPS) followed by gene expression

analysis is used widely for evaluating the immune-suppressing effect of

bioactives. Using porcine colonic tissue as an ex-vivo model of mammalian

intestinal gut, this study evaluated the effect of incubation time on the

integrity of gene transcripts and activation of inflammatory immune gene

cascade by LPS treatment. Post-slaughter colon was removed surgically and

explants were incubated for 0, 3, 6 and 12 h and the abundance of mRNA

transcripts of a panel of 92 immune genes were evaluated using quantitative

polymerase chain reaction (qPCR) arrays. The mRNA transcripts were

highly intact after 0 and 3 h of incubation; however, after 6 h the

degradation was clearly evident. Following 3 h incubation, 98�8% and 100%

mRNA transcripts were detectable in the colonic tissue harvested from

weaned and mature pigs, respectively. In the explants of weaned piglets, LPS

treatment activated inflammatory signalling pathways [high mobility group

B1 (HMGB1), dendritic cell maturation, interleukin (IL)-6, IL-8, IL-17F],

while these pathways were inhibited by dexamethasone treatment.

Activations of inflammatory genes were also evident in the explants

collected from the mature pigs subjected to ex-vivo incubation for 3 h in the

absence or presence of LPS. It is concluded that the colonic explant remains

physiologically viable and responsive to immunological challenge for up to

3 h ex-vivo.
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Introduction

Ex-vivo treatment of porcine intestinal tissue is a useful

tool, enabling evaluation of the immune modulatory

potential of bioactive compounds [1–3]. An advantage of

this technique is that the tissue samples can be challenged

with inflammatory inducing agents, such as lipopolysac-

charide (LPS), without infecting live animals while still

maintaining the cellular heterogeneity of the gut, a feature

which is absent in cell lines. A number of studies have used

pig intestinal tissue explants derived from both small [4,5]

and large [3,4] intestines for ex-vivo challenge with LPS

and for the investigation of immunomodulatory effects of

bioactive compounds on the gut epithelium. Immunologi-

cal challenge experiments which utilize porcine intestinal

tissue typically involve dissection of the intestinal tissue

from animals fed previously with bioactive compounds for

weeks, followed by ex-vivo incubation of the tissue explants

in presence of a proinflammatory-inducing agent such as

bacterial LPS in a near physiological environment [1,3].

The tissue explants is then processed for RNA isolation and

quantitative polymerase chain reaction (qPCR) analysis.

Testing the effects of bioactives by oral intake in live ani-

mals means that there are limitations to the numbers of

samples that can be tested. Hence, the ex-vivo technique is

a potentially practical alternative for screening larger num-

ber of test compounds.

A successful application of qPCR requires that the post-

mortem tissue remains physiologically viable during the

period of ex-vivo treatment. Any treatment of the postmor-

tem tissue is likely to cause physical and mechanical injury

which can lead to inflammation and activation of cellular

nucleases which, in turn, results in the loss of physiological
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viability and accelerates RNA degradation within the tissue

[6]. High-quality intact RNA is a fundamental requirement

for qPCR. Tissues such as skeletal muscle [7,8], brain

[9,10] and connective tissues such as ligament, tendon and

cartilage [11] have a slow rate of postmortem RNA degra-

dation, as metabolic activity of these tissues is relatively

slow. However, tissues with relatively higher metabolic

activities such as liver [12], and intestinal tissues such as

colon [13], were also reported to withstand postmortem

degradation when handled carefully. Therefore, it may be

expected that the postmortem intestinal tissue of pigs

remains physiologically viable for some time before under-

going complete degradation. Such a time-window is likely

to be affected by the length of postmortem delay and the

prevailing physicochemical environment surrounding the

tissue [14].

Another requirement of immune-related gene expres-

sion studies that utilize post-mortem intestinal tissue

ex-vivo is that the biological response to challenge should

be comparable to that exhibited by tissue in vivo. Recently,

an ex-vivo experimental set-up has been explored which

involves challenging of porcine colonic explants with LPS

followed by evaluation of the expression of inflammatory

immune markers such as interleukin (IL)28, IL-6 and

tumour necrosis factor (TNF)-a [15,16]. However, there is

limited information relating to the biochemical pathways

which are affected in post-mortem tissue explants and if

the responses are comparable to those of intact tissue and

how these are affected by the age of the tissue donor. This

information is necessary to explore the potential of ex-vivo

treatment of post-mortem tissues in pigs and other mam-

malian species, including humans. Therefore, the objectives

of this study were: (1) to assess the effects of incubation

time and age of the donor on the integrity of a panel of

inflammatory immune genes over a 12-h period and (2)

to evaluate the effect of LPS treatment on the activation

of inflammatory gene cascade in post-mortem colonic

explants.

Materials and methods

Animals and collection of tissue samples

All experimental procedures were conducted under experi-

mental licence from the Irish Department of Health in

accordance with the Cruelty to Animals Act 1876 and the

European Communities (Amendments of the Cruelty to

Animals Act, 1876) Regulation, 1994.

Weaned piglet experiment. Male (aged 35 days) Large

White 3 Landrace cross-breed pigs (n 5 6) were weaned at

the age of 26 days and fed a weaning diet for 9 days, as

described by Leonard et al. [2]. The animals were assessed

routinely for salmonella and health scores were taken on a

daily basis. All animals were deemed healthy with no

evidence of any gastrointestinal problems. Colonic samples

were collected immediately post-mortem. An area of the

proximal colon (approximately 10 cm length) was dis-

sected, and after cleaning the digesta the tissue was rinsed

with sterile phosphate-buffered saline (PBS) and processed

immediately. To minimize the time gap between the collec-

tion of the tissue sample and ex-vivo incubation, the facili-

ties for processing of the colonic tissue and ex-vivo

incubation were set up close to the animal dissection facil-

ity. The overlying connective tissue layer was removed care-

fully and a section of approximately 1�5 3 1�5 cm of the

colonic explants was transferred into 1 ml Dulbecco’s modi-

fied Eagle’s medium (DMEM) and incubated for 0, 3, 6 and

12 h in a humidified cell culture incubator with 5% CO2 at

37�C. Tissue explants was incubated in a basal media, and

no antibiotic or nutritional supplement was added to mini-

mize any interference of these additives on the integrity of

gene transcripts and/or viability of the explants. To evaluate

the effect of LPS (source: Escherichia coli strain B4; Sigma-

Aldrich, St. Louis, MO, USA), tissue samples (1�5 3

1�5 cm) were subjected to incubation for 3 h in the presence

or absence of LPS (10 lg/ml). The anti-inflammatory com-

pound dexamethasone (10 nM) was added, along with LPS

and tissue explants, and were incubated for 3 h. Tissue

explants were removed from the media, blotted dry and

stored in RNAlater (Applied Biosystems, Foster City, CA,

USA) overnight at room temperature. The RNAlater was

removed prior to storing the tissue samples at 2808C.

Mature pig experiment. The colonic tissue samples were

collected from seven cross-bred [Meatline boars 3 (Large

White 3 Landrace) sows] male pigs aged 115 days. All ani-

mals received an identical ration and subjected to the same

animal husbandry practices as described by Vigors et al.

[17]. No serological testing was performed, and therefore

the pathogen load of the animals was unknown. The ani-

mals were deemed healthy and no visible symptoms of

diarrhea were evident prior to euthanasia. The animals

were euthanized by lethal injection using Euthatal (Pento-

barbitone Sodium BP; Merial Animal Limited, Woking,

UK) at a rate of 1 ml/1�4 kg body weight. Following slaugh-

ter the entire digestive tract was removed by blunt dissec-

tion and the colonic samples were collected. A defined

region of the proximal colon (� 5 cm length) was dis-

sected, and after removing the digesta the tissue was

washed with sterile PBS and processed immediately, as

described above. The overlying muscle tissue layer was

removed carefully and a section of approximately 1�5 3

1�5 cm was then incubated in DMEM for 3 h in a humidi-

fied cell culture incubator with 5% CO2 at 37�C in the

presence or absence of LPS. Tissue samples were processed

as described above.

The integrity of mRNA over different time-points (0, 3,

6 and 12 h post-mortem) was determined in the weaned

piglets, while only two time-points (0, 3 h) were evaluated
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in the mature pigs. The response to LPS treatment in the

expression of immune genes was evaluated in both weaned

piglet and mature pigs at the 3-h time-point.

RNA extraction

Total RNA was extracted from 25 mg tissue samples using

GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-

Aldrich), following the manufacturer’s instructions. RNA

was dissolved in 20 ll of nuclease free water and then sub-

jected to deoxyribonuclease I (DNase I) (Sigma-Aldrich)

treatment to eliminate the genomic DNA contamination.

Column purification of the RNA was performed using

GenEluteTM mammalian total RNA miniprep kit (Sigma-

Aldrich). Total RNA was finally dissolved in 50 ll 0�1%

diethylpyrocarbonate (DEPC)-treated water and stored at

280�C.

Quantity and integrity of total RNA

The total RNA was quantified using a NanoDropTM-ND

1000 (Thermo Fisher Scientific Inc. Boston, MA, USA).

The integrity of total RNA was determined through analy-

sing 1 ll (200–500 ng) of total RNA in an Agilent 2100 Bio-

analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA)

using RNA Nano LabChips (Caliper Technologies Corpora-

tion, Hopkinton, MA, USA). The RNA integrity number

(RIN) value is an empirical measure of RNA integrity based

on the intensities of 28S and 18S rRNA bands. The RIN

values of RNA from the tissue explants of weaned piglets

subjected to 0, 3, 6 and 12 h incubation were reported

previously [15].

Quantitative reverse transcription (RT)–PCR analysis

The cDNA synthesis was performed with 1 lg of total RNA

using the RevertAid H minus first-strand cDNA synthesis

kit (Fermentas GmbH, St Leon-Rot, Germany) following

the manufacturer’s protocol. The quantitative expression of

a panel of 92 target genes and four internal reference genes

involved in a number of immune signalling pathways were

evaluated using a PCR array. The array plate was run on a

7300 RT–PCR system (Applied Biosystems). For the PCR

array experiment, 25 ll of cDNA (after 1 : 5 dilution) from

six individual animals of each treatment group were pooled

to generate a cDNA pool for the treatment. qPCR was per-

formed on a 20 ll reaction mixture per well, which con-

tained 1 ll pooled cDNA, 9 ll water and 10 ll SYBR Green

Master Mix (Applied Biosystems). The thermal cycle con-

ditions were 948C for 30 s followed by 608C for 1 min for

40 cycles. The mRNA abundances were expressed in CT val-

ues, the number of PCR cycles after which the PCR prod-

uct crosses a threshold value. In this experiment, a CT

value of 35 was considered as the cut-off limit.

The mRNA abundance of the 92 target genes included in

the PCR array was normalized to the geometric mean of

three reference genes [beta actin (ACTB), hypoxanthine

guanine phosphoribosyl transferase 1 (HPRT1) and beta

glucuronidase (GUSB)] and following the 2–DDCt method.

Average DCt was calculated as the difference of Ct

values of any target gene minus average of the Ct value of

the two reference genes. Then, fold change was calculated as

2(–average DCt target gene)/2(–average DCt reference gene).

Ingenuity pathway analysis (IPA)

The fold change values (cut-off 6 2�0-fold) were analysed

using Ingenuity Systems Pathway Analysis (IPA; Ingenuity

Systems, Redwood City, CA, USA; http://www.ingenuity.

com) and the relevant canonical pathways, cellular proc-

esses and upstream/downstream regulatory molecules were

identified using the default setting in the software. The sta-

tistical probability (P-value) of the observed number of

genes affecting a particular biological function was calcu-

lated based on Fisher’s exact test. This P-value indicates the

statistical probability of the observed number of genes

affected out of the total number of genes evaluated in the

PCR array for the biological function.

The correlation between the relationship direction and

gene expression was determined by calculating the Z-score

following the formula Z 5 (N12N–)/�N, where N1 repre-

sents the number of genes whose expression follows the

same direction while N– represents the number of genes

whose expression follows an opposite direction of the

expression of a particular gene compared to that already

available in the IPA knowledge database. N indicates the

total number of genes affected. A high-stringency Z-score

between �12�0 or �–2�0 were applied to identify the most

relevant cellular functions and associated upstream/down-

stream regulators.

Results

Gene expression in colonic explants of weaned piglets

In the colonic explants collected immediately post-

slaughter (0 h) from the weaned piglets, 89�6% of the

mRNA transcripts were detectable by real-time qPCR (Ct

values< 35�0). Following 3 h incubation, the mRNA of

98�8% genes were detectable with an increase in the mRNA

abundance of ten genes (CXCL2, IL6, IL8, TNFA, IL17F,

JUN, TANK, MIC2, NFKBIA and RELA) while a decrease

for one gene (TLR6) (gene expression summary list in

Table 1; fold change values in Table 2). No alteration in the

mRNA expression was observed for the remaining 75 tar-

gets (Fig. 1a). However, following further incubation at 6

and 12 h, the mRNA expressions were reduced to 70�9 and

27�9%, respectively (Fig. 1b,c). The fact that mRNA

remained mainly active following 3 h incubation, to iden-

tify the biochemical pathways of mRNA degradation and

loss of viability the fold change data from 6 h incubation

were analysed by Ingenuity pathway analysis.
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Biochemical pathways affected in colonic explants of
weaned piglets at 6 h

At 6 h, a total of 12 most relevant canonical pathways were

identified (Table 3). All these biochemical pathways except

the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)

signalling pathway were inhibited, indicating a possible loss

of physiological viability of the colonic explants at 6 h. The

diseases or functions annotation analysis (Table 4) indicated

further that cellular activities including activation, differen-

tiation, migration and aggregation of cells decreased with an

increase in cell death and mortality. The ten most relevant

upstream regulatory molecules underlying the gene expres-

sion at 6 h incubation are shown in Table 5. Activation of

one kinase [interleukin 1 receptor-associated kinase 4

(IRAK4)], one transcription factor [interferon (IFN) regula-

tory factor 2 (IRF2)] and three trans-membrane receptors

[C-type lectin domain family 7 member A (CLEC7A), Toll-

like receptor (TLR)-10 and TLR-11] and/or inhibition of

three cytokines [tumour necrosis factor (TNF)-a, IFN-a,

IFN-g, IFN-b1] and one trans-membrane receptor (CD5)

were predicted to underlie the gene expression pattern

observed after 6 h incubation of the colonic explants.

Gene expression in the colonic explants of weaned
piglets by LPS treatment

In the colonic explants of weaned piglets, the LPS treat-

ment for 3 h resulted in an increase in the mRNA abun-

dance of inflammatory genes when compared to the 0-h

time-point (Table 2). As expected, the mRNA expression of

a total of 17 genes, mainly inflammatory cytokines and

chemokines, were activated while 11 genes were inhibited

due to LPS treatment. An increased mRNA expression of

proinflammatory transcription factors (NFKBIA, CJUN),

chemokines (CXCL2, CCL19, CCL4 and CCL5), proinflam-

matory cytokines (IL1B, IL6, IL8, IL17F and TNFA) and

TLR receptors (TLR8, TLR9) were evident. Ingenuity

canonical pathway analysis revealed that the LPS-mediated

response in weaned piglets occurred through activation of

major inflammatory pathways, including high mobility

group box 1 (HMGB1), dendritic cell maturation, IL-17F

signalling, TLRs and IL-6 signalling (Table 6). Based on the

expression of majority of the inflammatory markers and

their sensitivity to LPS treatment, it was evident that the

post-mortem colonic explants remain physiologically via-

ble up to the 3-h time-point.

Attenuation of LPS-induced response by anti-
inflammatory drug dexamethasone

Compared to LPS induction of colonic explants for 3 h or

the explants harvested immediately post-mortem (0 h),

treatment with dexamethasone resulted in inhibition of the

mRNA expression of a number of proinflammatory marker

genes, including IL6, IFNAR1, PTGS2, MAPK8, MAPK9,

AKT1, NOS2 and IL5 (Table 2). The expression of NOS2

genes were down-regulated due to dexamethasone treat-

ment by 213�8- and 224�0-fold when compared to LPS

treatment for 3 h and colonic tissue collected immediately

after slaughter (0 h), respectively. It was evident that five of

the inflammatory signalling pathways (HMGB1 signalling,

IL-17F in inflammatory disease, dendritic cell maturation,

IL-8 signalling and IL-6 signalling) activated by LPS treat-

ments were inhibited by dexamethasone treatment (Table

6). Dexamethasone treatment (in the presence of LPS)

inhibited a number of other inflammatory pathways,

including acute-phase response signalling, triggering

receptor expressed on myeloid cells 1 (TREM1) signalling,

TNF-R1 signalling, LPS/IL-1-mediated inhibition of RXR

function, pattern recognition receptors, production of

nitric oxide and reactive oxygen species and nuclear factor

kappa B (NF-jB) signalling pathways. The peroxisome

proliferator-activated receptor gamma (PPAR) and LXR/

Table 1. Number of porcine gene transcripts [of a total 96 genes included in the polymerase chain reaction (PCR) array] up, down or unaltered

due to ex-vivo incubation of porcine colonic tissue explants in the absence or presence of lipopolysaccharide (LPS) treatment in weaned and

mature pigs.

No. of genes (cut-off 2�0-fold)

Colonic tissue donor Treatment comparisons Up Down No change

LPS treatment:

Weaned piglets 3 versus 0 h 10 1 75

6 versus 0 h 4 25 57

12 versus 0 h 0 62 24

Mature pigs 3 versus 0 h 12 0 74

LPS treatment:

Weaned piglets 3 (1LPS) versus 0 h 17 11 58

3 (Dexa1LPS) versus 0 h 0 23 63

3 (Dexa1LPS) versus 3 h (1LPS) 4 17 65

Mature pigs 3 (1LPS) versus 0 h 10 2 74

Dexa 5 dexamethasone.
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Table 2. Differential expression of inflammatory genes in porcine colonic explants from weaned piglets in the presence or absence of

lipopolysaccharide (LPS) and dexamethasone (Dexa) (fold change values� 2�0- and�22.0-fold are shown).

Genes

Fold change

3/0 h 3 LPS/0 h 3 h Dexa1LPS/3 h LPS 3 h Dexa1LPS/0 h

Chemokine (C-X-C motif) ligand 10 (CXCL10) 111�53 137�58 12�42 –

Interleukin 6 (IL6) 15�05 131�17 23�82 219�33

Tumour necrosis factor alpha (TNFA) 14�55 123�62 12�65 –

Interleukin 8 (IL8) 13�50 141�99 – 22�42

Jun proto-oncogene (JUN) 12�29 115�05 12�29 –

Interleukin 17F (IL17F) 12�18 13�23 – –

TRAF family member-associated NF-jB activator (TANK) 12�08 – – 23�61

MHC class I-related antigen 2 (MIC2) 12�07 – – –

Nuclear factor of kappa light polypeptide gene enhancer in

B cells inhibitor, alpha (NFKBIA)

12�07 17�79 – –

v-rel avian reticuloendotheliosis viral oncogene homologue A (RELA) 12�01 – – –

Toll-like receptor 6 (TLR6) 23�14 22�05 23�77 –

Interleukin 1 beta (IL1B) – 15�78 – –

Chemokine (C-C motif) ligand 19 (CCL19) – 14�29 – –

Chemokine (C-C motif) ligand 5 (CCL5) – 13�82 – –

Toll-like receptor 9 (TLR9) – 13�14 – –

Toll-like receptor 8 (TLR8) – 12�70 – –

Interferon (alpha, beta and omega) receptor 1(IFNAR1) – 12�66 23�00 23�95

Intercellular adhesion molecule 1 (ICAM1) – 12�59 – –

Prostaglandin–endoperoxide synthase 2 (PTGS2) – 12�43 22�24 23�32

Chemokine (C-X-C motif) ligand 4 (CCL4) – 12�27 – –

Interleukin 17A (IL17A) – 12�13 12�65 –

Mitogen-activated protein kinase kinase kinase 8-like (MAP3K8) – 22�08 22�12 –

Interleukin 21 (IL21) – 22�26 – 22�15

Toll-like receptor 5 (TLR5) – 22�38 – –

Toll-like receptor 1 (TLR1) – 22�41 – –

Tumour necrosis factor receptor superfamily, member 1A (TNFRSF1A) – 22�41 22�02 –

Chemokine (C-X-C motif) ligand 9 (CXCL9) – 22�88 – –

S100 calcium binding protein A3 (S100A3) – 23�20 25�30 23�49

Lysozyme (LYZ) – 23�41 – –

Chemokine (C-X-C motif) ligand 11 (CXCL11) – 28�16 – –

Toll-like receptor 2 (TLR2) – – 22�05 –

Nuclear factor of kappa B light polypeptide gene

enhancer in B-cells 1 (NFKB1)

– – 22�06 –

Interleukin 15 (IL15) – – 22�12 –

Interleukin 18 (IL18) – – 22�37 –

Interleukin 1 receptor antagonist (IL1RN) – – 22�40 22�43

Mitogen-activated protein kinase 8 (MAPK8) – – 22�51 22�50

v-akt murine thymoma viral oncogene homologue 1 (AKT1) – – 22�52 23�32

Mitogen-activated protein kinase 9 (MAPK9) – – 22�84 24�29

Interleukin 5 (IL5) – – 28�91 214�65

Nitric oxide synthase 2, inducible (NOS2) – – 213�79 223�96

Complement component 5 (C5) – – – 22�54

Chemokine (C-X-C motif) ligand 2 (CXCL2) – – – 24�77

Interleukin 4 receptor (IL4R) – – – 22�00

Myeloid differentiation primary response 88 (MYD88) – – – 22�03

Peroxisome proliferator-activated receptor gamma (PPARG) – – – 22�24

Signal transducer and activator of transcription-3 (STAT3) – – – 22�55

Toll-like receptor 4 (TLR4) – – – 22�47

Tumour necrosis factor (ligand) superfamily, member 10 (TNFSF10) – – – 23�74

TNF receptor-associated factor 4 (TRAF4) – – – 22�25

TNF receptor-associated factor 6, E3 ubiquitin protein ligase (TRAF6) – – – 22�07

NF-jB 5 nuclear factor kappa B; MHC 5 major histocompatibility complex

B. Bahar et al.

270 VC 2016 British Society for Immunology, Clinical and Experimental Immunology, 186: 266–276



RXR activation pathways were the major canonical path-

ways activated by the dexamethasone treatment.

Gene expression in the colonic explants of mature pigs

In the colonic explants collected from the mature pigs,

89�6% mRNA transcripts were detectable (CT values less

than 35) in the 0-h tissue samples. Incubation of the colo-

nic explants for 3 h caused no reduction in the relative

abundance (compared to the 0-h time-point) of the gene

transcripts (Table 1). While the mRNA of all 86 gene tran-

scripts were detectable and were mainly unchanged at 3 h

(Fig. 2), the abundance of 12 genes (AKT1, TNFA, IL1B,

IL6, IL8, IL12B, IL17A, CCL2, CXCL2, JUN, LYZ and

NFKBIA) were increased by more than 2�0-fold (Table 7),

indicating that at 3 h, the mRNA derived from mature pigs

was still predominantly undegraded. Following an LPS

challenge of the colonic explants for 3 h, the mRNA abun-

dance of inflammatory markers (TNFA, IL1B, IL6, IL8, IL4,

IL12B, MIC2, CCL2, JUN and NFKBIA) increased by> 2�0-

fold while that of two genes (CSF1 and LYZ) decreased

by<22�0-fold (Fig. 2; Table 7). A closely similar activation

profile of the inflammatory genes was evident in the

explants from the mature pigs following 3 h incubation in

the presence or absence of LPS.

Discussion

The present study was conducted to identify the post-

mortem time-window during which porcine colonic

explants remain physiologically viable and responsive to

Fig. 1. Differential expression of porcine inflammation-related genes in the postmortem colonic explants harvested from the weaned piglets and

subjected to incubation for 3 (a), 6 (b), and 12 (c) h in comparison to the most intact mRNA transcript profile (0 h). Sections of postmortem

colonic tissue were processed and incubated in 1 ml Dulbecco’s modified Eagle’s medium (DMEM) in a humidified cell culture incubator

maintained at 378C with 5% CO2 for different time-periods (0, 3, 6 and 12 h postmortem for weaned piglets and 0 and 3 h postmortem for

mature pigs). The abundance of gene transcripts in the colonic explants at 0, 3, 6 and 12 h were measured using a customized quantitative real-

time polymerase chain reaction (PCR) array and the gene expression value is presented relative to the most intact tissue (0 h).

Table 3. Predicted canonical pathways affected in the colonic explants harvested from the weaned piglets and subjected to ex-vivo incubation for

6 h.

Canonical pathway Genes affected -log (P-value) Z-score

NF-jB signalling 21/172 3�07E01 23�578

Dendritic cell maturation 19/178 2�65E01 22�982

Toll like receptor signalling 18/74 1�09E32 21�941

NGF signalling 8/113 9�66E00 22�646

TREM1 signalling 19/76 3�41E01 22�524

Production of nitric oxide and reactive oxygen species in macrophages 14/186 1�72E01 22�496

Lymphotoxin b receptor signalling 7/56 1�03E01 22�449

IL-17A signalling 9/66 1�35E01 22�333

RANK signalling 9/89 1�22E01 22�333

Role of pattern recognition receptors in recognition of bacteria and viruses 20/125 3�16E01 22�324

MIF regulation of innate immunity 8/44 1�31E01 22�121

PI3K signalling 7/132 7�62E00 11�890

NF-jB 5 nuclear factor kappa B; IL 5 interleukin; RANK 5 receptor activator of nuclear factor jB; PI3K 5 phosphatidylinositol 3-kinase;

MIF 5 migration inhibitory factor; TREM 5 triggering receptor expressed on myeloid cells 1; NGF 5 nerve growth factor.

Activation of inflammatory immune gene

VC 2016 British Society for Immunology, Clinical and Experimental Immunology, 186: 266–276 271



the LPS challenge. Colonic explants subjected to ex-vivo

incubation for up to 3 h have generated highly intact gene

transcripts comparable to those from the tissue explant col-

lected immediately after euthanasia. In contrast, incubation

beyond 6 h resulted in degradation of gene transcripts and

an onset of cellular mechanisms leading to cell death. Ex-

vivo treatment with LPS for 3 h resulted in activation of

inflammatory immune pathways that can be inhibited by

treatment with the anti-inflammatory drug dexametha-

sone. Our results demonstrate that a post-mortem time-

window of 0–3 h is valid for immunological challenge/

treatment of the pig colonic tissue due to the fact that the

integrity of gene transcripts remains unaffected and the tis-

sue responded to LPS and dexamethasone treatments.

In this experiment, following 3 h incubation of the colo-

nic explants, the gene expression profile of 86 genes and

activation of a number of inflammatory immune pathways

indicated that the tissues remain physiologically viable dur-

ing 0–3 h. However, the viability of the tissue explants was

compromised at 6 h and beyond, as the degradation of

large number of mRNA transcripts occurred and activation

of biochemical pathways leading to cell death was evident.

Degradation of mRNA transcripts could be due to a num-

ber of reasons. First, intestinal tissues have a high level of

RNAse activity [18], which might be activated further in

response to mechanical disruption and removal of overly-

ing muscle layer during processing of the tissue explants.

Secondly, the colonic tissue has a high metabolic activity,

and due to lack of oxygen supply [19] and inadequate buf-

fering of the culture media the explants will inevitably suf-

fer hypoxia beyond the 3-h incubation period. Such a

hypoxic condition [20] is expected to increase the acidity

(this was visible by a change in the colour of the media to

yellow at 6 and 12 h post-incubation). Thirdly, the colonic

tissue harbours large numbers of micro-organisms, which

may contribute to a rapid degradation of the post-mortem

tissue beyond 3 h. The fact that all weaned piglets had ad-

libitum access to the same diet and water and all animals

were maintained in an identical husbandry environment it

is unlikely that, within this group of animals, diet or hus-

bandry conditions can cause any major difference that

could have a confounding effect on the mRNA integrity.

The extended physiological viability of the colonic

explants during the post-mortem time-window of 0–3 h

was also evident from the fact that there was no decrease in

the abundance of mRNA transcripts all 86 genes in the

mature pigs. In the colonic explants of weaned piglets and

mature pigs, at 0–3 h, up-regulated common inflammatory

genes were TNFA, IL6, IL8, NFKBIA and JUN, even in the

absence of any exogenous inflammatory stimulus. An acti-

vation of these genes can be expected due to an induction

of the inflammatory biochemical pathways in the post-

mortem tissue. Inflammation and associated biochemical

pathways were inhibited following incubation of the

explants 6 h and beyond. The activation of PI3K signalling

at 6 h indicated potential activation of cellular autophagy

Table 4. The most conspicuous diseases or functions annotation

underlying the loss of viability in the colonic explants harvested

from the weaned piglets and subjected to ex-vivo incubation for 6 h.

Diseases or functions

annotation

Predicted

activation state Z-score P-value

Activation of cells Decreased 23�742 9�47E-43

Differentiation of cells Decreased 23�288 1�59E-22

Proliferation of cells Decreased 23�059 6�60E-23

Migration of cells Decreased 23�021 3�90E-26

Cell movement Decreased 22�992 3�68E-27

Aggregation of cells Decreased 22�680 1�60E-15

Organization of cytoskeleton Decreased 22�362 5�17E-15

Synthesis of eicosanoid Decreased 22�361 6�53E-33

Generation of cells Decreased 22�341 5�70E-29

Production of protein Decreased 22�300 6�21E-17

Growth of plasma

membrane projections

Decreased 22�165 2�04E-15

Expression of RNA Decreased 22�063 2�14E-23

Infection Increased 2�743 2�36E-25

Bacterial infections Increased 2�415 1�18E-40

Morbidity or mortality Increased 2�189 1�12E-35

Organismal death Increased 2�112 4.37E-34

Table 5. Predicted upstream regulatory molecules linked to the loss of physiological viability and cell death in the colonic explants harvested

from the weaned piglets and subjected to ex-vivo incubation for 6 h.

Upstream regulator Molecule type Predicted state Z-score P-value of overlap

IRAK4 Kinase Activated 2�382 3�52E-18

IRF2 Transcription regulator Activated 2�186 5�13E-11

CLEC7A Trans-membrane receptor Activated 2�171 1�16E-09

TLR-10 Trans-membrane receptor Activated 2�000 9�04E-11

TLR-11 Trans-membrane receptor Activated 2�000 6�31E-10

Interferon alpha Interferon family Inhibited 22�768 7�18E-31

TNF Cytokine Inhibited 22�745 3�67E-32

IFN-g Cytokine Inhibited 22�708 1�17E-34

IFN-B1 Cytokine Inhibited 22�429 4�37E-21

CD5 Trans-membrane receptor Inhibited 22�414 1�45E-09

IRAK4 5 interleukin 1 receptor-associated kinase 4; IRF2 5 interferon (IFN) regulatory factor 2; CLEC7A 5 C-type lectin domain family 7

member A; TLR 5 Toll-like receptor; TNF 5 tumour necrosis factor.
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mechanisms leading to cell death [21]. This was supported

further by the predicted diseases or functions annotation

analysis, where the markers of morbidity or mortality of

the cells/tissue/organisms were increased. A reduction in

the cellular activities and production of RNA and protein

synthesis also indicated loss of cell viability at 6 h.

To understand further the role of upstream regulatory

molecules underlying the molecular/biochemical processes

activated at 6 h, the most potent regulators were identified

as activation of IRAK4, IRF2 and inhibition of IFN-a and

TNF-a. IRAK4 is a serine/threonine kinase that plays a key

role in the IL-1/TLR-mediated activation of NF-jB inflam-

matory pathway [22]. In the absence of any inflammatory

stimuli, activation of IRAK4 might be highly critical to the

induction of proinflammatory response that was evident in

the post-mortem tissue at 3 h and 6 h. IRF2 is a transcrip-

tion factor involved, along with IRF1, in the transcription

of the IFN system [23]. IRF2, as such, causes

Table 6. Predicted canonical pathways affected in the colonic explants harvested from the weaned piglets and subjected to ex-vivo incubation for

3 h in the presence of lipopolysaccharide (LPS) or LPS and dexamethasone combined.

LPS LPS1 dexamethasone

Canonical pathway Genes affected -log (P-value) Z-score Genes affected -log (P-value) Z-score

HMGB1 signalling 9/120 1�35E01 12�333 11/120 1�75E01 23�317

IL-17F in inflammatory diseases 6/44 1�06E01 12�236 7/44 1�29E01 22�449

Dendritic cell maturation 8/177 1�02E01 12�121 12/177 1�76E01 23�464

IL-8 signalling 4/184 3�99E00 12�000 7/184 1�56E01 23�162

IL-6 signalling 7/116 9�83E00 11�890 10/116 8�42E00 22�449

Acute-phase response signalling 6/169 7�07E00 11�633 9/169 1�21E01 23�000

Activation of IRF by cytosolic pattern recognition receptors 5/62 7�73E00 11�342 8/62 1�39E01 21�414

TREM1 signalling 10/75 1�76E01 11�265 8/75 1�33E01 22�828

TNFR1 signalling 4/49 6�28E00 11�000 5/49 8�26E00 22�236

Toll-like receptor signalling 9/74 1�55E01 11�342 10/74 1�77E01 21�890

LPS/IL-1 mediated inhibition of RXR function 4/221 3�69E00 11�000 6/221 6�39E00 22�236

Pattern recognition receptors 12/125 1�95E01 10�707 12/125 1�95E01 22�828

Production of nitric oxide and reactive oxygen species 6/180 6�91E00 - 8/180 1�01E01 22�121

PPAR signalling 6/93 8�63E00 21�633 7/93 1�05E01 22�646

NF-jB signalling 10/172 1�39E01 20�632 8/172 1�03E01 22�121

LXR/RXR activation 6/121 7�94E01 20�816 8/121 1�15E01 12�121

HMGB1 5 high mobility group box 1 protein; IL 5 interleukin; TREM1 5 triggering receptor expressed on myeloid cells 1; TNFR1 5 tumour

necrosis factor receptor 1; PPAR 5 peroxisome proliferator-activated receptors; NF-jB 5 nuclear factor kappa B.

Fig. 2. Differential expression of porcine inflammation-related genes in the postmortem colonic explants harvested from the mature pigs and

subjected to incubation at 3 h in the absence (a) or presence of lipopolysaccharide (LPS) (b). Sections of postmortem colonic tissue from mature

pigs were processed and incubated in 1 ml Dulbecco’s modified Eagle’s medium (DMEM) containing 10 lg/ml LPS in a humidified cell culture

incubator maintained at 378C with 5% CO2 for 3 h. The abundance of gene transcripts was measured using a customized quantitative real-time

polymerase chain reaction (PCR) array and the gene expression value is presented relative to the tissue harvested at 0 h time-point.
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transcriptional repression of IFN-responsive genes, includ-

ing IFN-a. Repression of IFN-a was also predicted to be

another upstream regulatory phenomenon at 6 h. TNF-a is

a proinflammatory cytokine reported to be involved in reg-

ulating cell proliferation in mouse colonic cells [24]. At

high concentrations (100–1000 ng/ml) TNF-a was found

to inhibit cell proliferation, while at lower concentrations

(0�1–1�0 ng/ml) the same cytokine stimulated cell prolifera-

tion [24]. In the present experiment the fact that the

mRNA abundance of the TNFA gene remained elevated at

3 h and 6 h, a higher activity of TNF-a in the post-mortem

tissue explants, might contribute to the inhibition of cell

proliferation and an increase of subsequent cell death

beyond 6 h.

In the colonic explants from the weaned piglets, as well

as mature pigs, LPS treatment resulted in the up-regulation

of a number of genes, including transcription factors

(NFKBIA, JUN) driving key inflammatory pathways and

proinflammatory cytokines (TNFA, IL6 and IL8). LPS is

generally secreted by gram-negative microbes in the intesti-

nal gut and is a potent inducer of the proinflammatory

response [25]. The up-regulation of proinflammatory cyto-

kine genes including IL1A, IL6, IL8 and TNFA following

treatment of colonic explants with LPS was reported previ-

ously [1,3,16]. In the intestinal epithelium, LPS is expected

to mediate the proinflammatory response through TLRs,

in particular TLR-4 [26,27]. In the present experiment, LPS

treatment did not increase the mRNA abundance of the

TLR4 gene in colonic explants ex vivo, which is consistent

with our previous observation [3]. Of the nine TLR genes

evaluated (TLR-1, -2, -4, -5, -6, -7, -8, -9 and -10), only the

mRNA abundance of TLR8 and TLR9 were increased while

there was a decrease in the TLR1, TLR5 and TLR6 genes in

the colonic explants from weaned piglets following the LPS

treatment. None of the TLR genes responded to LPS treat-

ment in the explants from the mature pigs.

As evident in this experiment, a proinflammatory

response at 3 h in the explants from weaning and mature

pigs even in the absence of LPS treatment could be due to

mechanical injury [28], tissue hypoxia [29] and/or micro-

bial contamination [30]. Cellular responses to microbial

invasion or a hypoxic cell environment are generally medi-

ated by transmembrane receptors, including the TLRs [31].

However, in this study, in the colonic explants derived

from weaned piglets at 3 h post-mortem, TLR6 was down-

regulated. The TLR6 gene codes a transmembrane protein

that recognizes a Mycoplasma hyponeumoni-derived patho-

gen recognition antigen pattern [32,33]. Therefore, the

observed up-regulation of the inflammatory immune

markers caused by LPS treatment may be due to other

stimuli including mechanical injury, tissue hypoxia and

microbial contamination. Furthermore, co-treatment of

the tissue explants with LPS and dexamethasone, an anti-

inflammatory compound [34], resulted in the down-

regulation of most of the LPS-induced proinflammatory

genes, thereby nullifying the proinflammatory effect of LPS

in the tissue explants, further supporting the fact that the

tissue explants remained physiologically responsive for up

to 3 h.

An evaluation of the abundance of mRNA transcripts in

mature pigs and weaned piglets revealed that the age of the

animals had only a minor effect on the mRNA profile.

Nevertheless, the explants from mature pigs had only a few

proinflammatory cytokine genes expressed differentially as

a result of ex-vivo incubation or in response to LPS treat-

ment for 3 h post-mortem. This could indicate that the

colonic tissue of the weaned pigs is more responsive to

inflammatory stimuli, possibly because the colonic tissue

of weaning piglets is undergoing a period of adaptation to

microbial challenge and nutritional stresses [35–37]. In

contrast, the mature pigs are expected to have a more stably

developed immune system and are more resistant to a

wider range of inflammatory stimuli [37,38]. This is in

agreement with previous reports on LPS-mediated induc-

tion of proinflammatory cytokine gene expression (IL6 and

IL8) in 49-day-old pigs [3] and 56-day-old pigs [1].

In the present experiment, screening of mRNA expres-

sion of genes was based on the pooling of equal amount of

cDNA from six (weaned piglets) or seven (mature pig) ani-

mals. Pooling of cDNA from individual animals could

result in a reduction of biological variability which is other-

wise present in each animal. However, in the present

experiment, any reduction of biological variability would

have only a minimal affect on the interpretation of

Table 7. Differential expression of inflammatory genes in porcine

colonic explants from mature pigs in presence or absence of lipo-

polysaccharide (fold change values� 2.0- and�22.0-fold are

shown).

Genes

Fold change

3/0 h 3 (1LPS)/0 h

Tumour necrosis factor alpha (TNFA) 17�41 113�16

Interleukin 1 beta (IL1B) 12�17 12�41

Interleukin 17A (IL17A) 12�36 –

Interleukin 6 (IL6) 12�20 13�38

Jun proto-oncogene (JUN) 12�44 13�78

Nuclear factor of kappa light

polypeptide gene enhancer

in B cells inhibitor, alpha (NFKBIA)

12�28 12�22

Interleukin 12B (IL12B) 14�79 12�10

Chemokine (C-C motif) ligand 2 (CCL2) 12�33 14�16

Chemokine (C-X-C motif) ligand 2 (CXCL2) 12�55 –

Interleukin 8 (IL8) 12�58 13�65

Lysozyme (LYZ) 12�58 22�10

v-akt murine thymoma viral oncogene

homologue 1 (AKT1)

12�14 –

Major histocompatibility complex

(MHC) class I-related antigen 2 (MIC2)

– 12�33

Interleukin 4 (IL4) – 12�19

Colony-stimulating factor (CSF1) – 24�12
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biological mechanisms based on the differential gene

expression pattern, which was obvious and consistent. In

fact, the pooling of cDNA may even result in a greater

accuracy of gene expression measurement where pooled

cDNA is evaluated in only one array/treatment, as in the

present experiment [39].

Conclusions

The exploitation of time-window of 0–3 h during which

the post-mortem tissue explants remains physiologically

viable provides an excellent opportunity to study the inter-

action of these tissue explants with drugs and bioactive

compounds ex-vivo. This has already been explored for the

evaluation of the immune modulatory potential of bioac-

tive neutraceuticals derived from milk and seaweed [16,40].

One distinct advantage of challenging tissue explants

ex-vivo is that the experiment needs only a small section

(1�5 3 1�5 cm) of the tissue and a small quantity (1 mg) of

the test sample, and therefore several test samples can be

evaluated simultaneously on samples harvested from the

same donor. Taken together, this study supports the valid-

ity of using ex-vivo mammalian intestinal tissue explants as

a tool in the exploration of bioactivity in the gut of both

drugs and bioactive compounds.
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