
 
 

 
 

University of Veterinary Medicine Hannover 
 

Institute for Physiology and Cell Biology 
 

 
 
 

Small intestinal transport in pigs in response to an experimental infection 
with Ascaris suum 

 
 

 
 

THESIS 
 

Submitted in partial fulfilment of the requirements for the degree 
 
 

 
 
 
 

DOCTOR OF PHILOSOPHY 
 

(PhD) 
 
 
 
 
 

awarded by the University of Veterinary Medicine Hannover 
 

by 
 

Nicole Issel 
 

Geesthacht 
 

Hannover, Germany 2021



I 
 

 

 

Supervisor:                         Prof. Dr. Gerhard Breves 
 
Supervision Group:           Prof. Dr. Gerhard Breves 
                                              
                                             Prof. Dr. Maren von Köckritz-Blickwede 
                              
                                             Prof. Dr. Martin Diener 
 
 

 

1st Evaluation:                  Prof. Dr. Gerhard Breves  

                                           University of Veterinary Medicine Hannover  

                                           Department of Physiology 

 
                                           Prof. Dr. Maren von Köckritz-Blickwede  

                                           University of Veterinary Medicine Hannover  

                                           Institute for Biochemistry 

 

                                           Prof. Dr. Martin Diener 

                                           Faculty of Veterinary Medicine of the  

                                           Justus-Liebig-University Gießen 

                                           Department of Veterinary Physiology and Biochemistry                                              

 
 
2nd Evaluation:                 PD Dr. Helga Pfannkuche 

                                           University of Leipzig 

                                           Faculty of Veterinary Medicine 

                                           Institute of Veterinary Physiology      
 
 
 
Date of final exam: 13.04.2021 
 
 
 
Sponsorship:                  This PhD project was supported by the German Research                     
                                          Foundation (DFG) 



II 
 

Parts of the thesis have previously been published or communicated in: 
 
 
 
 
Publications: 
 
 

Issel N, S Labuhn, A Springer, S Klinger, C Strube, G Breves (2020): Experiments on transport 

physiology in the small intestines of pigs in response to experimental Ascaris suum 

infection. Parasites and Vectors. 

 

Status: submitted 

 
 
 
Accepted abstracts: 
 
 
Issel N, S Labuhn, A Springer, S Klinger, C Strube, G Breves (2020): Experiments on transport 

physiology in the small intestines of pigs in response to experimental Ascaris suum 

infection. Conference of the German Society of Veterinary Medicine (DVG), section 

Physiology and Biochemistry, 16th – 18th March 2020, Leipzig, Germany; cancelled due to 

Corona pandemic 

 
Issel N, S Labuhn, A Springer, S Klinger, C Strube, G Breves (2020): Experiments on transport 

physiology in the small intestines of pigs in response to experimental Ascaris suum 

infection. Conference of the German Society of Veterinary Medicine (DVG), section 

Parasitology and parasitic infections, 22nd – 24th June 2020, Ammersee, Germany; 

cancelled due to Corona pandemic 

 
Issel N, S Labuhn, A Springer, S Klinger, C Strube, G Breves (2020): Experiments on transport 

physiology in the small intestines of pigs in response to experimental Ascaris suum 

infection. Conference of the German Society of Parasitology (DPG), 15th – 17th March 2021, 

Bonn, Germany. Digital conference. 

 
 
 



III 
 

 
 
 
  



IV 
 

Table of contents 
Summary 1 

Zusammenfassung 3 

1 Introduction 5 

1.1. The nematode Ascaris suum ...................................................................................................... 5 

1.2. Experimental infection of pigs with A. suum .............................................................................. 6 

1.3. Parasite – Host – Interaction ...................................................................................................... 6 

1.4. Absorption of nutrients in the small intestines - glucose .......................................................... 7 

1.5. Absorption of nutrients in the small intestines - peptides and amino acids ........................... 10 

1.6. Impact of nematodes on the host’s nutrient balance .............................................................. 12 

1.7. Hypothesis of the PhD project.................................................................................................. 13 

2 Experimental set-up 15 

2.1. Animals ..................................................................................................................................... 15 

2.2. Preparation of A. suum eggs and treatment groups ................................................................ 15 

2.3. Sampling ................................................................................................................................... 16 

2.4. Ussing chamber experiments ................................................................................................... 16 

2.4.1. Ussing chamber experiments – glucose transport ................................................................ 17 

2.4.2. Ussing chamber experiments – peptide transport................................................................ 18 

2.4.3. Ussing chamber experiments – alanine transport ................................................................ 18 

2.4.4. Ussing chamber experiments – addition of forskolin ........................................................... 18 

2.4.5. Ussing chamber experiments – tissue conductances (Gt) ..................................................... 19 

2.5. Quantitative Polymerase Chain Reaction (qPCR) ..................................................................... 19 

2.5.1. qPCR - Design of primer and probe ....................................................................................... 19 

2.5.2. qPCR – Extraction of mRNA and synthesis of cDNA .............................................................. 20 

2.5.3. qPCR – Preparation of plasmid standard .............................................................................. 21 

2.5.4. qPCR – Performance .............................................................................................................. 22 

2.6. Western Blot technique ........................................................................................................... 22 

2.6.1. Western Blot – Preparation of cytosol, crude and apical membranes ................................. 23 

2.6.2. Western Blot – Performance ................................................................................................. 24 

2.6.3. Western Blot – Analysis ......................................................................................................... 25 

2.7. Histomorphometrical analysis .................................................................................................. 27 

2.7.1. Histomorphometrical analysis – Tissue preparation ............................................................. 27 

2.7.2. Histomorphometrical Analysis – Measurement of mucosal architecture ............................ 28 

2.8. Statistics and data analysis ....................................................................................................... 29 

3 Results 30 

3.1. Weight gains ............................................................................................................................. 30 



V 
 

3.2. Examination of infection success ............................................................................................. 30 

3.3. Histomorphometrical analysis .................................................................................................. 31 

3.4.2. Effects of experimental A. suum infection on intestinal peptide (gly-gln) transport ............ 33 

3.4.3. Effects of experimental A. suum infection on intestinal alanine transport .......................... 34 

3.4.4. Effects of experimental A. suum infection on tissue conductances (Gt) ............................... 35 

3.4.5. Addition of forskolin .............................................................................................................. 35 

3.5. Quantitative Polymerase Chain Reaction ................................................................................. 35 

3.5.1. Effects of experimental A. suum infection on transcription of glucose transporters (SGLT1, 

GLUT1, GLUT2) ................................................................................................................................ 35 

3.5.2. Effects of experimental A. suum infection on transcription of hypoxia-inducible factor 1-

alpha (Hif-1α)................................................................................................................................... 36 

3.5.3. Effects of experimental A. suum infection on the transcription of interleukins (IL-4, IL13) . 36 

3.5.4. Effects of experimental A. suum infection on the transcription of Signal transducer and 

activator of transcription 6 (STAT6) ................................................................................................ 37 

3.5.5. Effects of experimental A. suum infection on the transcription of the H+ coupled peptide 

transporter (PepT1) ......................................................................................................................... 38 

3.6.1. Effects of experimental A. suum infection on the expression of apical glucose transporters 

(pSGLT1, SGLT1) .............................................................................................................................. 39 

3.6.2. Effects of experimental A. suum infection on the expression of basolateral glucose 

transporters (GLUT2) ....................................................................................................................... 39 

3.6.3. Effects of experimental A. suum infection on the expression of Na+/K+-ATPase .................. 39 

3.6.4. Effects of experimental A. suum infection on the expression of hypoxia-inducible factor 1α 

(Hif-1α) ............................................................................................................................................ 40 

3.6.6. Effects of experimental A. suum infection on the expression of amino acid transporter 

(ASCT1) ............................................................................................................................................ 42 

3.7. Summary p-values .................................................................................................................... 43 

4 Discussion 47 

 ......................................................................................................................................................... 47 

4.1. Intestinal segments and histomorphometrical structure ........................................................ 47 

4.2.  Changes in the glucose transport and potentially responsible parameters ........................... 48 

4.2.1. Impact of interleukins 4 and 13 on the glucose transport .................................................... 49 

4.2.2. Influence of transport protein expression on glucose absorption ........................................ 50 

4.2.3.  Activity of glucose transporters ........................................................................................... 52 

4.3. Peptide and alanine transport .................................................................................................. 53 

4.4. Driving forces ............................................................................................................................ 55 

4.5. Developmental stage of A. suum and its influence on transport physiology........................... 55 

4.6. Evaluation of the PhD project .................................................................................................. 57 

4.7. Concluding remarks .................................................................................................................. 60 

5. Reference list 61 



VI 
 

Affidavit 73 

Acknowledgement 74 

Appendix 77 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



VII 
 

Abbreviations 

 
1nNaOH 1 N solution of sodium hydroxide 

ASCT1 neutral amino acid transporter A 

ATP adenosine triphosphate 

BSA bovine serum albumin 

CaCl2 calcium chloride 

cDNA complementary deoxyribonucleic acid 

CFTR cystic fibrosis transmembrane conductance regulator 

Cl- chloride 

dpi days post infection 

DTT dithiothreitol 

E. coli Escherichia coli 

GLUT1 glucose transporter 1  

GLUT2 glucose transporter 2 

Gly-Gln glycyl-L-glutamine 

HCl hydrochloric acid 

IL-13 interleukin 13 

IL-4 interleukin 4 

Isc short-circuit current 

Jms mucosal to serosal flux rates 

Jnet net flux rates 

Jsm serosal to mucosal flux rates 

KCl potassium chloride 

MGB minor groove binder 

MgCl2 magnesium chloride  

MP milk powder 

mRNA messenger ribonucleic acid 

Na+/K+-ATPase sodium-potassium adenosine triphosphatase 

NaCl sodium chloride 

NaH2PO4*H2O sodium dihydrogen phosphate 

NCBI National Center for Biotechnology Information 

qPCR quantitative polymerase chain reaction 

PBST phosphate-buffered saline 

PepT1 peptide transporter 1 



VIII 
 

PKA protein kinase A 

PKC protein kinase C 

PPIA peptidylprolyl isomerase A 

pSGLT1 phosphorylated sodium-dependent glucose cotransporter 1 

RNAse ribonuclease 

RKIP Raf kinase inhibitor protein 

RT room temperature 

SD standard deviation 

SDS sodium dodecyl sulphate 

SEM standard error of the mean 

SGLT1 sodium-dependent glucose cotransporter 1 

STAT6 signal transducer and activator of transcription 6 

TBP TATA-binding protein 

TBST tris-buffered saline 

Th2 t helper cell 2 

TRIS trishydroxymethylaminomethan 

   
  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



IX 
 

Figures:  
 
Figure 1. Schematic transcellular transport of glucose in the small intestines.……………………. 8 

Figure 2. Schematic transcellular transport of di- and tripeptides and alanine in the small 

intestines……………………………………………………………………………………………………………… 11 

Figure 3. Representative Western Blot taken from individual pigs………………………………………. 26 

Figure 4. Representative measurement of mucosal architecture of the jejunum………………… 28 

Figure 5. Glucose transport: summary of data from Ussing chamber experiments……………… 32 

Figure 6. Peptide transport: summary of data from Ussing chamber experiments……………… 33 

Figure 7. Alanine transport: summary of data from Ussing chamber experiments………………. 34 

Figure 8. Summary of qPCR results……………………………………………………………………………………… 37 

Figure 9. Summary of qPCR results related to the peptide transport………………………………….. 38 

Figure 10. Glucose transport: summary of Western Blot results…………………………………………… 40 

Figure 11. Peptide transport: summary of Western Blot results……………………………………………. 41 

Figure 12. Alanine transport: summary of Western Blot results……………………………………………. 42 

 

Tables: 
 
Table 1.  Composition of buffer solutions used for Ussing chamber experiments. ............................ 17 

Table 2.  TaqMan™ MGB probes for quantitative real-time PCR and Primer pairs including accession 

numbers .............................................................................................................................................. 20 

Table 3. Parameter of quantitative real-time PCR .............................................................................. 22 

Table 4.  Western Blot conditions and used antibodies ..................................................................... 24 

Table 5. Summary of initial and slaughtering weights as well as calculated weight gain ................... 30 

Table 6. Documentation of healing lesions (milk spots) ..................................................................... 31 

Table 7. Summary of histomorphometrical analysis ........................................................................... 31 

Table 8. Glucose transport:  summary of p-values from Ussing chamber experiment in the 

duodenum ........................................................................................................................................... 43 

Table 9. Glucose transport:  summary of p-values from Ussing chamber experiments, qPCR and 

Western Blot analysis in the jejunum ................................................................................................. 43 

Table 10. Glucose transport:  summary of p-values from Ussing chamber experiments, qPCR and 

Western Blot analysis in the ileum ...................................................................................................... 44 

Table 11. Peptide transport:  summary of p-values from Ussing chamber experiments, qPCR and 

Western Blot analysis .......................................................................................................................... 45 

Table 12. Alanine transport:  summary of p-values from Ussing chamber experiments, qPCR and 

Western Blot analysis .......................................................................................................................... 46 



1 
 

Summary 

 
Small intestinal transport in pigs in response to an experimental infection with Ascaris 

suum 

 
Nicole Issel 

 
Even though they play a minor role in well developed countries in humans, in modern animal farming 

as well as poorer regions of the world, infections with the parasite Ascaris spp. are still a widespread 

problem. Especially Ascaris suum is one of the roundworms with the greatest economic impact on pig 

farming.  It leads to significant economic losses in terms of meat production. Aside from the progress 

which was made in recent years in terms of investigating pathways of helminths, the exact parasitic 

mechanisms of depriving its host of nutrients without causing greater damage remains unknown.   

 

As many other nematodes, A. suum is found predominantly in the small intestines. There, it is 

suggested that the parasite causes changes in intestinal transport physiology. It was found that chicken 

infected with Ascaridia galli had a significantly decreased electrogenic response to glucose and alanine. 

Similar results were also demonstrated in studies with pigs infected with Ascaris suum. One potential 

explanation was searched in immunological mechanisms induced by the nematode’s presence. For 

example, the increase in Th2-cell-asscociated cytokines IL-4 and IL-13, which activate STAT6, might 

result in a decrease in sodium-linked absorption of glucose. Another approach was the 

phosphorylation of the apical glucose transporter SGLT1. This could alter the glucose transport by 

modulating the SGLT1-mediated transport. Based on recent studies, other factors such as Hif-1α may 

potentially change the transcription of genes involved in the barrier function. Moreover, they may 

transactivate the GLUT1 promoter which might lead to higher mRNA levels of GLUT1. This insight into 

the different mechanisms influencing the transport physiology within the small intestines enables us 

to gain an idea of the complexity of the impact A. suum seems to have on the epithelial cells. 

 

In the first part of this study, 36 animals were orally inoculated with either 10,000 eggs in a single dose 

(single-infected pigs) or with 1,000 eggs daily for a period of 10 consecutive days (trickle-infected pigs). 

Eighteen further pigs were allocated to a control group. After different times of 21, 35 or 49 days after 

infection, 54 pigs equally distributed of the respective groups were sacrificed. Tissue samples were 

taken for measuring electrogenic transport processes in Ussing chambers as well as unidirectional 

glucose flux rates and for Western Blotting, qPCR and histomorphometrical analysis. Ussing chamber 

experiments were performed immediately after slaughter. These demonstrated significant decreases 

in flux rates of the single-infected group and trickle-infected group at 35 dpi in the jejunum and in the 
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trickle-infected group at 49 dpi in the jejunum. The transport processes of peptides as well as the 

amino acid alanine within the trickle-infected group in the jejunum and ileum were also significantly 

decreased after 49 dpi.  

In a second step, potential reasons for this decrease were investigated: the Western Blot technique 

was performed and revealed no clear explanation for the changes seen in the transport processes, 

neither did the qPCR or histomorphometrical analysis. The results of this study showed that it is still 

unclear how the parasite influences the transport physiology of the small intestines, but that an A. 

suum infection has an evident impact. Moreover, it was shown that this impact is at its strongest at 49 

dpi within the trickle-infected group in the jejunum and ileum. 

Additional studies are needed to explain the pathway these nematode use to modify the nutrient 

uptake and why it apparently takes a certain time period for adaptation. 
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Zusammenfassung 
 

Transportphysiologische Untersuchungen im Dünndarm von Schweinen nach 

experimentieller Infektion mit Ascaris suum 

 
Nicole Issel 
 

Obwohl sie eine geringere Rolle in fortschrittlich entwickelten Ländern dieser Welt spielen, sind 

Infektionen mit Ascaris spp. in modernen, intensiven Tierhaltungen sowie in ärmeren Regionen dieser 

Welt noch immer ein weit verbreitetes Problem. Besonders Ascaris suum ist einer der Rundwürmer 

mit dem größten ökonomischen Einfluss auf die Schweineproduktion. Er führt zu bedeutsamen 

wirtschaftlichen Verlusten im Hinblick auf die Fleischproduktion. Neben den Erkenntnissen, die man in 

den letzten Jahren in Bezug auf die Wirkungsweise von Helminthen gewonnen hat, bleibt die genauere 

parasitische Wechselwirkung, den Wirt seiner Nährstoffe zu berauben, ohne dabei größeren Schaden 

zu verursachen, unbekannt. 

Wie auch viele andere Nematoden, hält sich A. suum vor allem im Dünndarm auf. Es wird vermutet, 

dass der Parasit dort eine Veränderung der intestinalen Transportphysiologie bewirkt. Es wurde 

nachgewiesen, dass Hühner, die mit Ascaridia galli infiziert wurden, eine signifikant reduzierte Antwort 

in der Zunahme des Kurzschlussstroms nach mukosaler Zugabe von Glukose und Alanin gezeigt haben. 

Ähnliche Ergebnisse wurden im Rahmen einer Studie mit Schweinen, die mit A. suum infiziert wurden, 

gezeigt. Ein möglicher Erklärungsansatz wurde in immunologischen Mechanismen gesucht, die durch 

Präsenz des Parasiten bewirkt wurden. Beispielsweise führt die auf Th2 basierende Erhöhung der 

Zytokine IL-4 und Interleukin 13 zur Aktivierung von STAT6, wodurch eine Erniedrigung der 

natriumabhängigen Absorption von Glukose bewirkt wird. Ein anderer Ansatz wäre eine mögliche 

Phosphorylierung des apikalen Glukosetransporters SGLT1, was zu einer Veränderung des SGLT1-

vermittelten Transports führen könnte. Basierend auf früheren Studien können auch Einflüsse aus 

anderen Faktoren, wie beispielsweise Hif-1α, möglicherweise durch die Veränderung der 

Transkriptionen von Genen, die an dem Aufbau der Barrierefunktion beteiligt sind, Einfluss auf die 

Transportphysiologie nehmen. Hif-1α bewirkt durch Transaktivierung des GLUT1 Transporters 

ebenfalls, dass höhere Mengen der mRNA von GLUT1 vorzufinden sind. Dieser Einblick der 

verschiedenen Wirkmechanismen, die die Transportphysiologie im Dünndarm beeinflussen können, 

ermöglicht uns eine Vorstellung in Anbetracht der Komplexität des Einflusses, die eine A. suum 

Infektion auf die Epithelzellen zu haben scheint. 

 Im ersten Teil dieser Studie wurden 36 Tiere mit entweder 10.000 Eiern oral in einer einzigen 

Applikation (einfach-infizierte Gruppen) oder mit 1.000 Eiern täglich für eine Dauer von zehn 
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aufeinanderfolgenden Tagen (trickle-infizierte Gruppen) infiziert. Achtzehn weitere Tiere bildeten die 

Kontrollgruppe. Nach verschiedenen Zeiten von 21, 35 oder 49 Tagen nach der Infektion wurden die 

54 Tiere in gleicher Verteilung der jeweiligen Gruppen getötet. Das Gewebe wurde zur Messung der 

elektrophysiologischen Transportprozesse sowie der Ermittlung der unidirektionalen Glukosefluxraten 

in den Ussing Kammern verwendet und weitere Gewebeproben wurden für Western Blot, qPCR sowie 

morphometrische Analysen entnommen. Signifikante Erniedrigungen waren zum einen in der 

Glukosefluxrate im Jejunum in der einfach-infizierten und trickle-infizierten Gruppe am 35. Tag nach 

der Infektion und im Jejunum am 49. Tag nach der Infektion in der trickle-infizierten Gruppe zu finden. 

In Bezug auf die Transportprozesse von Peptiden und der Aminosäure Alanin ergaben sich in der 

trickle-infizierten Gruppe im Jejunum und Ileum nach 49 Tagen signifikante Erniedrigungen.  

In einem zweiten Schritt wurden mögliche Ursachen für die ermittelte Erniedrigung der 

elektrophysiologischen Transportprozesse und unidirektionalen Glukosefluxraten gesucht: Western 

Blots wurden durchgeführt, deren Ergebnisse allerdings keine eindeutige Erklärung für die 

Veränderungen, die in den Transportprozessen und Fluxraten ergaben. Auch die durchgeführte qPCR 

und histomorphometrische Analyse konnten keine erklärenden Erkenntnisse bringen. Die Ergebnisse 

dieser Studie zeigen, dass noch immer unklar ist, wie genau der Parasit die Transportphysiologie im 

Dünndarm beeinflusst, aber dass A. suum Infektionen einen nachweisbaren Einfluss hat. Außerdem 

wurde gezeigt, dass dieser Einfluss am stärksten 49 Tage nach Infektion innerhalb der trickle-infizierten 

Gruppe im Jejunum und Ileum war.  

Weitere Studien werden benötigt, um die Wirkweise der Nematoden hinreichend zu erklären und wie 

sie die Nährstoffaufnahme modifizieren können und warum es augenscheinlich eine gewisse 

Zeitspanne benötigt, bevor eine Anpassung etabliert werden kann.  
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1 Introduction 
 

1.1. The nematode Ascaris suum 

 
The helminth Ascaris suum belongs to one of two classes of the nematodes called Secernentea. They 

differ from Adenophorea by having an oesophagus without stichosome and phasmids. In general, the 

parasite is of a yellowish-white colour. The females are 20 to 40 cm in length with a diameter of 5 to 6 

mm and the males are 15 to 25 cm in length with a diameter of 3 to 4 mm. Three prominent lips are 

positioned at the front in both sexes. The male’s posterior end is rolled up to the ventral side, ending 

up in a spicule. 

Their eggs have no characteristic plugs at their ends and become infectious after the inside larvae have 

reached the third (L3) larval stage (Geenen et al. 1999). The time-point for this strongly depends on 

environmental conditions. Laboratory conditions such as 28 °C in temperature, sufficient humidity and 

oxygen lead to a development within three weeks (Arene 1986). Pigs become infected orally and the 

larvae hatch in the stomach and small intestines. This is followed by the entry into the vessels of the 

caecum and proximal colon and a migration through the liver after six to 24 hours (Murrell et al. 1997). 

The migration induces a chronic interstitial hepatitis (Kano et al. 2001) and with regard to the pig as a 

food-producing animal, the liver has to be discarded, which causes considerable economic damage 

(Stewart et al. 1988). Afterwards, the larvae wander into the lung via the bloodstream one week after 

infection. Then they migrate through the aleveolae, trachea, pharynx (tracheal migration). After being 

swallowed, they end up in the small intestines again from the eighth day post infection onwards 

(Roepstorff et al. 1997). The last moulting occurs from the 25th day post infection (Pilitt et al. 1981), 

indicating the end of the parasitic development (Douvres et al. 1969). Prepatency lasts six to eight 

weeks (Joachim 2006). Even though anthelmintic treatment was performed during the mast period, 

studies showed that 33% of the pigs nevertheless excreted eggs (Joachim et al. 2001). Since modern 

pig farming aims at being most efficient, pigs are often kept in cramped conditions, increasing the risk 

of potential infection. Each female roundworm is capable of producing up to two million eggs per day 

(Olsen et al. 1958) 

At first parasitic contact, a lower, but repeatedly applied infection dose results in the presence of more 

adult worms in comparison to a single, but high infection dose (Andersen et al. 1973, Jørgensen et al. 

1975). This is because many of the hatched larvae are expelled after around ten days. The infection in 

a lower, but more consistent way imitates the natural exposure of the animals to the parasite 

(Roepstorff et al. 1997). Most individuals harbour a small number of worms, whereas the minority 

have a large number of worms (Thein et al. 1991). 
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1.2. Experimental infection of pigs with A. suum 

 
To infect pigs with the nematode, incubated eggs carrying the infectious L3 stage larvae are used. The 

inoculation of pigs with these infectious eggs of A. suum can generally be performed in different ways 

as not only the dose of eggs can be varied, but also the application route. One potential method is the 

inoculation of pigs with a single dose of eggs. Hereby, high doses were found to lead to a massive 

stimulation of the immune system. This is followed by elimination of a large part of migrating larvae of 

A. suum, preventing a manifestation of the infection. Lower doses however, led to a higher rate of 

successful infection (Andersen et al. 1973, Jørgensen et al. 1975). Nevertheless, a commonly used dose 

for inoculating of pigs is 10.000 infective A. suum eggs (Andersen et al. 1973, Jørgensen et al. 1975, 

Madden et al. 1976, Jungersen et al. 1996). 

The other method for inoculation is a so-called “trickle-infection”, in which a repeatedly applied 

number of eggs is given over a certain period. This application pattern is based on the idea of natural 

exposure of pigs to the nematode. Interestingly, with this inoculation technique worm counts of 

naturally and experimentally trickled-infected groups were similar (Boes et al. 1998). Concerning the 

serum antibody response, it was found that the cumulative application led to a saturation of the 

immune systems response during a 14-week trial. Therefore, this method possibly enables the 

establishment of greater worm populations (Lind et al. 1993) 

 

1.3. Parasite – Host – Interaction 
 

An organism possesses two systems to defend itself against pathogens: the innate immunity and the 

acquired immunity. The nonspecific innate immune system includes physical and chemical barriers 

such as the skin or pH level as well as cellular components such as phagocytes and natural killer cells 

(Janeway et al. 2002). Pathologically affected cells send chemokines and cytokines to connect the 

innate and acquired immunity (Chaplin 2003). Chemokines are responsible for cellular communication, 

which leads to activation of inflammatory cells. Cytokines such as interleukins, interferons or tumor 

necrosis factor (TNF) regulate the immune answer, stimulate growth or induce pro- or anti-

inflammatory effects (Dinarello 1990). In the case of cytokines and chemokines, mediated 

inflammation processes often include the presence of neutrophils. Neutrophils release pro-

inflammatory mediators like lytic enzymes, antimicrobial peptides or create neutrophil extracellular 

traps (NETs) (Medina 2009) to phagocytose pathogens. To protect an organism completely or partly 

from reinfection or from clinical symptoms, adaptive immunity is needed. Its mechanisms are based 

on the presentation of epitopes via antigen-presenting cells (Rock et al. 1990). This presentation is 

followed by cellular immune responses mediated by T-lymphocytes and humoral immune reactions 
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mediated by B-Lymphocytes. Of these T-lymphocytes, a subpopulation called “T-helper-cells” plays an 

essential role in the parasite-host interaction. Especially a strong Th2-mediated response is generated 

in connection with helminthic infection (Maizels et al. 2003). This induces immunological reactions like 

eosinophilia, intestinal mastocytosis, elevated IgE production (Finkelman et al. 1991, Grencis 1997, 

Madden et al. 2002) and the release of the interleukins 4 (IL-4) and 13 (IL-13). The increased 

concentration of IL-4 and IL-13 are a component of host defence, which aims at expelling the parasite 

instead of killing it (Shea-Donohue et al. 2001). Enhanced fluid secretion and decreasing fluid 

absorption as well as promoting contractility of the intestinal smooth muscles (Akiho et al. 2002) 

disconnect the worms from the mucosa. Moreover, the enhanced fluid secretion is associated with an 

increased mucosal permeability, reduced sodium-linked glucose absorption as well as increased Cl- 

secretion. This results in a high concentration of ions and therefore fluid in the lumen of the gut 

(Lawrence 2003). These changes are dependent on the tyrosine phosphorylation of the transcription 

activator STAT6 (Kaplan et al. 1996, Takeda et al. 1996), which is activated by IL-4 and IL-13 binding to 

IL-4Rα located in Th2 cells (Lawrence 2003).  

 

1.4. Absorption of nutrients in the small intestines - glucose 
 

Sugars form a major nutrient source and vary in their appearance from complex polysaccharides like 

starch to monosaccharides like glucose, fructose or galactose. Monosaccharides such as glucose are 

channelled from the mucosal side through the brush border membrane into the epithelial cell to the 

serosal side via the basolateral membrane. There they enter the capillary system to be transported in 

the portal vein to the liver. Afterwards, they are partly transported in the vena cava caudalis to end up 

in the circulation of the blood vessels. Integral membrane proteins, of which most are of electrogenic 

nature, are responsible for this uptake of nutritive substances into the enterocytes (Schultz et al. 1964, 

Curran et al. 1967, Goldner 1973, Ganapathy et al. 1985, Ganapathy et al. 1987).  

 

As previously mentioned, one very important substance is glucose, which is transported across the 

small intestines by transporters belonging to two gene families: The sodium-coupled glucose 

cotransporters, called the SGLT family (Uldry et al. 2004) and the facilitated glucose transporters, which 

are referred to as the GLUT family (Wright et al. 2004). 
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Firstly, glucose is transported into the enterocyte against a concentration gradient via a carrier-

mediated sodium-cotransport (Hediger et al. 1987). This is achieved by the transporter called sodium 

glucose linked transporter 1 (SGLT1), belonging to the SLC5 gene family. Additionally to glucose, SGLT1 

also transports galactose. The SGLT1-mediated transport is a secondary active transport, meaning that 

adenosine triphosphate (ATP) is needed to build a concentration gradient for sodium. The inwardly 

directed sodium gradient provides the driving force for this carrier-mediated transport process. The 

glucose transporter SGLT1 has two binding sites for sodium and one binding site for glucose (Crane 

1965). To mediate glucose binding, sodium has to bind on the named sites to enhance the affinity of 

the carrier towards glucose. It is then transported into the enterocyte, followed by the discharge of 

three ions of sodium in exchange for two potassium ions at the basolateral membrane (Na+/K+-

ATPase). It keeps the intracellular sodium concentration low and therefore maintains the driving force 

(Crane 1962). Potassium ions leave the cell via potassium channels of the basolateral membrane. 

Glucose enters the interstitial fluid via GLUT2, a transmembrane carrier protein that mediates a 

facilitated diffusion (Fig. 1). The basolateral GLUT2 in the epithelial cells of the small intestines also 

Figure 1. Schematic transcellular transport of glucose in the small intestines. Two ions of sodium are transported together 
with glucose into the epithelial cell via a secondary active transport mediated by SGLT1. Na+/K+- ATPases in the basolateral 
membrane exchange three ions of sodium for two ions of potassium. Potassium leaves the enterocyte by a facilitated 
diffusion and therefore keeps the driving force intact. 
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transports galactose and fructose out of the enterocyte (Cheeseman 1993, Wright et al. 2003, 

Drozdowski et al. 2006). When the transport capacity of SGLT1 is exceeded at high intestinal glucose 

concentrations, apical GLUT2 is assumed to provide an additional pathway of absorption for glucose 

(Kellett et al. 2008).  

The expression of SGLT1 as well as GLUT2 seems to vary depending on the intestinal segment. In mice, 

the highest expression of these two transporters was found in the proximal segments of the small 

intestines (Yoshikawa et al. 2011). In rats, the jejunum turned out to contain the highest level of SGLT1 

protein (Balen et al. 2008). In pigs, however, it was shown that the electrogenic glucose transport is 

significantly higher in the distal part of the small intestines of growing pigs in comparison to segments 

located in the midst of the small intestines (Herrmann et al. 2012).  

Additionally, within the enterocytes, the glucose metabolism is strongly linked to the activity of 

expressed glucose transporters and the capacity of the enterocytes to sense carbohydrate 

concentrations (Chen et al. 2018). It is suggested that intestinal glucose sensors expressed on the apical 

membrane of enteroendocrine cells sense the luminal sugar concentration. Subsequently a signalling 

pathway is activated, which enhances the expression of transport molecules responsible for the 

glucose transport such as SGLT1 (Shirazi-Beechey et al. 2011). Furthermore, in 2010, Moran et al. 

demonstrated, that the expression of SGLT1 is unaffected in a diet containing up to 40% of 

carbohydrates, whereas feeding more than 50% of carbohydrates leads to a significant increase in 

SGLT1 expression (Moran et al. 2010). 

The maximal transport rate of SGLT1 might be modified by the activation of protein kinase A (PKA) as 

well as protein kinase C (PKC). Activation of PKA increased the maximum transport rate of human 

SGLT1 cotransporters, but decreased transport processes in mice, whereas PKC in its activated form 

led to a decreased SGLT1 transport rate in rabbits and rats (Wright et al. 1997). This indicates that the 

nature of the cotransporter determines whether an increase or decrease in transport processes is 

initiated  (Wright et al. 1997). Earlier studies with Xenopus laevis oocytes and rat intestinal tissues 

described an increased transport of glucose because of SGLT1 phosphorylation (Hirsch et al. 1996, 

Ishikawa et al. 1997). The increase in the affinity of the transporter might be based on a change of the 

conformation of the glucose carrier complex mediated by a PKA-induced SGLT1 phosphorylation 

(Subramanian et al. 2009). 

Another transporter, which is also able to mediate the transport of glucose across mammalian cell 

membranes, is GLUT1 (Olson et al. 1996, Takata 1996). It transports glucose as well as other pentoses 

and hexoses by facilitated diffusion (Fig. 1) down the glucose concentration gradient (Gould et al. 1990) 

and is widely distributed in different tissues (Olson et al. 1996). GLUT1 was the first identified and 

characterised facilitated glucose transporter of the GLUT family and plays an essential role in mediation 
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of the glucose transport across erythrocyte and epithelial membranes and is therefore also found in 

the apical membrane of the small intestines (Boyer et al. 1996). Similar to SGLT1, GLUT1 was found to 

be influenced by other parameters. For example, an increase in Hif-1α protein levels leads to 

transactivation of the GLUT1 promoter through the Hif-1α binding side and therefore higher mRNA 

levels of GLUT1 (Chen et al. 2001).  

The hypoxia-inducible factor 1, abbreviated to Hif-1, mediates the reaction in cases of low oxygen 

levels in the tissue. The evolving hypoxia induces the transcription of genes, which are also enabled to 

modulate the glucose metabolism.  

If hypoxia occurs, the glucose metabolism-pathway is changed from the oxygen-dependent 

tricarboxylic acid (TCA) cycle to oxygen-independent glycolysis (Dang et al. 1999). The TCA cycle 

provides 38 ATP molecules for the organism to use, whereas glycolysis leads to two ATP molecules 

being formed from one glucose molecule. This leads to a minor availability of glucose. Hence, through 

Hif-1α glycolytic enzymes and glucose transporters are up regulated, cofactors are recruited, and gene 

expression is activated. This increases the glucose uptake, therefore elevating the ability of hypoxic 

cells to generate ATP (Wenger 2002).  

Previous studies have also shown that genes, whose transcription was regulated by Hif-1α were 

involved in barrier function and the metabolism of glucose (Karhausen et al. 2004, Ochiai et al. 2011).  

 

1.5. Absorption of nutrients in the small intestines - peptides and amino acids 

 

During digestion, proteins are degraded to amino acids, dipeptides and tripeptides via stomach and 

pancreas proteases as well as brush-border membrane-bound peptidases. Dipeptides and tripeptides 

(Adibi et al. 1971, Adibi et al. 1975) are transported into the enterocyte via a solute carrier called 

peptide transporter 1 (PepT1) with an inwardly directed proton gradient as the driving force. The 

protons are exchanged with sodium ions via the Na+/H+-exchanger NHE3 (Fig. 2). This way the driving 

force for the peptide transport is generated (Ganapathy et al. 1985). Similar to the glucose transport, 

the Na+/K+-ATPase maintains the Na+ gradient. Therefore, the peptide transport is a tertiary active 

transport. It can be impaired by a reduced NHE3 function. To enable ideal absorption of peptides, the 

activity of this Na+/H+-exchanger is needed to maintain the transmembrane H+ gradient (Kennedy et 

al. 2002). Inside the epithelial cell, most peptides are broken down to amino acids.  
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Regarding the absorption of free amino acids, various transport systems have been identified and 

classified depending on their substrate specificity, the feature of the transported amino acid (neutral, 

cationic or anionic) or their Na+-dependency (Christensen 1990, Ganapathy et al. 2000). The transport 

across the apical membrane can be Na+-dependent (Schultz et al. 1967) or Na+-independent (Kakuda 

et al. 1994). The Na+-independently transported amino acids enter the enterocyte via facilitated 

diffusion. In general, only a small fraction of the amino acids are transported by facilitated diffusion 

(Mailliard et al. 1995). The Na+-dependent transport, by which, among other amino acids, alanine is 

absorbed, transfers one amino acid together with a sodium ion across the apical membrane. This is a 

secondary active transport as the Na+/K+-ATPase needs to maintain the sodium balance under ATP 

usage (Fig. 2).  The neutral amino acid transporter A (ASCT1) is a Na+-dependent amino acid 

transporter, which plays an important role in the transport of amino acids across the small intestines 

(Howard et al. 2004). 

Figure 2. Schematic transcellular transport of di- and tripeptides and alanine in the small intestines. Peptides are transported 
into the cell via PepT1 together with one proton. The H+  gradient is maintained by the Na+/H+ exchanger NHE3. It exchanges 
one proton to exit the enterocyte with one sodium ion to enter it. This transport is a tertiary active transport. Amino acids are 
transported via various amino acid transporters. One of those transporters is ASCT1, which brings neutral amino acids like 
alanine into the epithelial cell together with one sodium ion. This transport is a secondary active transport. The Na+/K+-ATPase 
provides the required export of sodium at the basolateral membrane in exchange for K+. This exchange is maintained under 
ATP usage. Absorbed amino acids enter the interstitium through the amino acid transporter based on facilitated diffusion. 
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The accumulation of absorbed amino acids leads to a higher concentration in the enterocytes than in 

the blood which enables a passive transport via a basolateral amino acid transporter based on a 

facilitated diffusion (Fig. 2).  

 

Related to modifications of the peptide or amino acid transport, the activation of Th2 cells due to the 

presence of parasitic antigens causes degranulation of IgE-sensitised mast cells (Rogerio et al. 2012). 

Alongside other cytokines, leukotriene D4 (LTD4) is released. This leukotriene activates the PKC-

mediated phosphorylation of Raf kinase inhibitor protein (RKIP), triggering PKA. It was reported that 

NHE3 phosphorylation generated by PKA led to a reduced activity of NHE3 (Azarani et al. 1995). Based 

on a lower availability of H+ on the mucosal side the peptide transport is inhibited. 

 

Additionally it was shown that not only the peptide transporter is influenced by PKA as it decreases 

the affinity of the cotransporter ASCT1. Hence, it inhibits Na-alanine cotransport in intestinal epithelial 

cells (Arthur et al. 2014). This way the secondary active transport of amino acids may be impaired after 

A. suum infection. 

 

 

1.6. Impact of nematodes on the host’s nutrient balance 
 

Once in contact with its host, the A. suum passes through different tissues to mature to the adult stage. 

Immune responses are therefore regulated differently depending on the affected tissue and the 

exposure time (Gazzinelli-Guimaraes et al. 2018). The migration itself causes local inflammatory 

processes, resulting in intestinal mucosal abnormalities. This includes symptoms like broadening and 

shortening of villi as well as greater crypt depth (Tripathy et al. 1972, Stephenson et al. 1980), leading 

to a decreased surface for the absorption of nutrients. In the aforementioned study of Tripathy et al., 

it was shown that the infection of children with Ascaris lumbricoides, aside from reduced faecal 

nitrogen excretion, led to steatorrhea in four out of five cases (Tripathy et al. 1972). Steatorrhea is a 

pathognomonic clinical sign for the malabsorption of fat (Azer et al. 2020) as well as the impaired 

nitrogen retention. It is a clear indication that intestinal ascariasis interferes with the absorption of 

nutrients. 

The interference of A. lumbricoides with the digestion and absorption of dietary protein in children 

was first described in 1953 by Venkatachalam et al. in a study with nine children (Venkatachalam et al. 

1953).  That studies in humans with A. lumbricoides can be used for studies of A. suum in pigs was 

shown by a comparison of haplotypes of both Ascaris spp. The haplotypes derived from the Ascaris 

spp. of humans and pigs and were shown to be similar. It is even recommended to synonymise these 
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two species considering the high genetic similarity between the complete mtDNA genomes and the 

close contact of humans and pigs in the course of humanity’s history (Leles et al. 2012). In a study in 

1977 it was shown that a constant deworming of preschool children with ascariasis improved the 

nutritional status of those children significantly (Gupta et al. 1977). Moreover, a study in Tanzania 

examined preschool children as they received anthelminthic treatment at three-month intervals, in 

which they gained 2.31 kg weight per year. Children without this treatment gained only 1.91 kg per 

year, showing a difference of 21% in the weight gain when comparing treated and non-treated children 

(Willett et al. 1979). The thesis that the absence of the parasite A. lumbricoides leads to an improved 

nutrient situation in children was further confirmed in Kenya, where levamisole was administered 

twice within a two-week interval. It revealed a significant growth improvement including increased 

weight gain and increase in triceps skinfold thickness (Stephenson et al. 1980). While these studies 

showed an increase only in weight gain, Thein et al. (Thein et al. 1991) presented a gain in children’s 

height. This supposedly occurred because a satisfactory positive balance of nutrients had been 

maintained long enough to enable the children’s organism to favour height at the expense of weight 

gain in the course of anthelminthic treatment (Thein et al. 1991).  

In an infection experiment in chickens with Ascaridia galli, it was found that inoculated animals showed 

a significantly reduced increase in short-circuit current after mucosal addition of glucose or alanine in 

infected birds. This demonstrates that the electrogenic nutrient transport is affected due to the 

parasitic infection (Schwarz et al. 2011). The same findings were shown in an experimental infection 

of pigs with A. suum, where the electrogenic response to glucose revealed a significant decrease in the 

jejunum, while the tissue resistance in muscle-free mucosa remained unaffected (Solano-Aguilar et al. 

2018). Earlier studies also reported lower efficiency of feed conversion as well as lower weight gain, 

emphasising the interference of the roundworm with the intestinal nutrient transport (Stephenson et 

al. 1980, Forsum et al. 1981, Hale et al. 1985, Vandekerckhove et al. 2019) 

Nevertheless, even though it was proven that Ascaris spp. did influence the nutrient absorption in 

various species, details about mechanisms or the extent of the impact remains unknown.  

 

1.7. Hypothesis of the PhD project 

 
The aim of this project was to investigate potential mechanisms which influence the nutrient 

absorption in pigs after A. suum infection.  

It is evident that parasites are able to modify the transport processes within a host’s organism. Even 

though there are many studies on nematode infections, it remains unclear as to which detailed 

mechanisms are responsible for mediating these changes. Aside from immunopathological 
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mechanisms, especially the physiology of the small intestines is an important field of interest. This 

study sets out not only to investigate molecular mechanisms such as the expression of the transporters 

pSGLT1, SGLT1, PepT1 and ASCT1 or their mRNA transcription, but also to examine influencing 

parameters like interleukin 4 (IL-4) and IL-13 or transcription factors like STAT6 and Hif-1α. Including 

the intestinal location, the infection type and developmental stage of the nematode evaluated 

together, this experiment creates a multifactorial approach to characterise the mechanisms of 

potential malabsorption in response to A. suum infection in pigs. Therefore, this study led us to the 

following hypotheses: 

 

1. The infection with A. suum induces mechanisms leading to an altered intestinal nutrient 

transport. 

2. The impact on the transport physiology can be explained by changes related to the expression 

of transport proteins or transcription factors. 

3. There is a difference in the extent of the induced change in the intestinal nutrient transport 

for the two infection types. 

4. The respective developmental stage of the nematode influences the transport physiology. 

 

Findings of this study might not only contribute to the understanding of the effect of A. suum infection 

in pigs but may also contribute to a better understanding of the roundworm infection in humans based 

on the anatomical and physiological similarity of the upper digestive tract and diets (Deglaire et al. 

2012). Moreover, research on the mucosal permeability of the intestinal tract in Ussing chamber 

experiments reported a strong correlation in the data regarding pig and human permeability in the 

past (Nejdfors et al. 2000). 
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2 Experimental set-up 
 

2.1. Animals 
 

Fifty-four conventional crossbreed pigs of both sexes were obtained from the University Farm for 

Education and Research in Ruthe of the University of Veterinary Medicine Hannover, Foundation, 

Germany. Upon arrival, the animals were subjected to a clinical examination, including the recording 

of the animals’ identification number, sex, rectal temperature and weight. If necessary, lesions were 

documented, and medical care provided. Daily general health monitoring as well as a temperature 

check ensured that impairment due to health issues was eliminated as far as possible. The pigs were 

fed a standard pig diet ad libitum (Deuka Ferkelstarter Primo, Deutsche Tiernahrung Cremer GmbH & 

Co. KG, Düsseldorf, Germany) and had free access to water. Approval of the experimental procedure 

was provided by the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES), 

Germany and is found under file number 33.19.42502-04-16/2272. 

 

2.2. Preparation of A. suum eggs and treatment groups 
 

For the infection with A.suum, adult worms were taken from a slaughterhouse and transported in 

warm water to the Institute for Parasitology, University of Veterinary Medicine Hannover, Foundation. 

There, the water was filtered through a series of sieves, enabling the collection of A. suum eggs, which 

were stored in water at 25 °C for three months in an aerated heat cabinet. This step was performed 

twice per week to promote embryonation. Since the present study results from a cooperation project 

with the Institute for Parasitology, Centre for Infection Medicine, University of Veterinary Medicine 

Hannover, Foundation, Buenteweg 17, 30559 Hannover, Germany, the embryonation and counting of 

A. suum eggs was conducted by Sarina Köhler from the aforementioned institute. 

A total number of 54 pigs were evenly allocated to three separate rooms with equal gender 

distribution. Accordingly, one room housed the control group and the other two rooms the groups of 

the two different infection types. Each room represented a different way of infection for the respective 

animal group. One room accommodated the “single-infected group”, where the pigs received 10,000 

A. suum eggs in a single dose. For the single-infection with 10,000 eggs, the eggs were added to 0.7 mL 

of water and applied orally via a 1mL syringe. Another room accommodated the “trickle-infected 

group”, which was infected with a daily dose of 1,000 eggs for ten consecutive days. For the trickle-

infection, 1,000 eggs were added to 0.5 mL of water. The dose was applied on a slice of bread as the 

necessity to handle the pigs very often was avoided this way. This application was repeated for ten 
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consecutive days. The term “days post infection” for the trickle infected groups refers to the first day 

of inoculation. 

 

2.3. Sampling 
 

Six pigs each of both infected groups as well as the control group were necropsied at day 21, 35 and 

49 post infection, enabling the development of different larval stages and adult worms by forming 

three separate infection periods.  

After the respective experimental period, the pigs were stunned with a penetrative captive bolt device, 

followed by exsanguination with a throat cut. To avoid circadian impacts, animals in the control and 

infected groups were necropsied alternately in the morning and afternoon. After the pigs had been 

exsanguinated, the abdomen was opened and the gastrointestinal tract was removed. The stomach 

was clamped before isolating it from the remaining intestines. Then, duodenal tissue was taken at 0.80 

m and from the jejunum 6 m distal to the pylorus, whereas ileal tissue was obtained 1 meter proximal 

to the ileocaecal valve (first 30 cm were discarded). In total, about 80 cm of each segment of the small 

intestines were collected, always in the depicted order to ensure comparability of the taken tissues. 

The first 20 cm of each 80 cm segment, taken for Western Blot analysis, qPCR and histomorphometrical 

analysis, were rinsed with ice-cold saline (0.9% NaCl), stripped of the muscle and serosal layers, frozen 

in liquid nitrogen and stored at -80 °C.  

A total of 50 cm of the remaining tissue was taken for Ussing chamber experiments and prepared as 

follows: after rinsing the tissue with ice-cold saline (0.9% NaCl), it was stored in serosal buffer (Tab. 1) 

until the opening of the segment along the mesenteric side. Subsequently, the serosa and the muscle 

layer were stripped and the remaining mucosa was mounted in the Ussing chamber (1.0 cm2 serosal 

area). 

Additionally, for documenting the success rate of infection, livers were screened for milk spots and, if 

present, the number of larvae or worms in the intestines was estimated. Regular screening for milk 

spots occurred in the last part of the study, i.e. within the trickle-infected groups. 

 

2.4. Ussing chamber experiments 
 

To characterise electrogenic transport processes of glucose, the dipeptide glycyl-L-glutamine (gly-gln) 

and alanine, the Ussing chamber technique was used. The tissues were incubated under voltage 

clamped conditions. Thus, potential differences and respective electric currents resulting from active 
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ion transport processes were recorded. These currents caused by active ion transport processes were 

compensated by an inversely directed current (short circuit current (Isc)) as a measure of the 

transepithelial net ion transfer. Aside from the electrogenic transport processes, tissue conductances 

(Gt) were recorded to control epithelial integrity. Unidirectional glucose flux rates were measured in 

the duodenum, jejunum and ileum to calculate net glucose flux rates. 

The experimental set-up included 24 chambers for each pig, of which 12 chambers were used for 

investigating glucose transport processes (using buffer I and II, Tab. 1), whereas six chambers were 

used for investigating peptide transport and the remaining six chambers for investigating alanine 

transport (using buffer I and III, Tab. 1). Tissues mounted in between the chambers were aerated with 

carbogen and the temperature was continuously held at 37 °C, reflecting the organism’s core 

conditions. Five to ten minutes were taken for equilibration before potential differences were set at 0 

mV and measuring of the Isc started. 

                                          

                                               

 

2.4.1. Ussing chamber experiments – glucose transport 
 

The stripped tissues were mounted between the two parts of a Ussing chamber and were equilibrated 

for 5-10 minutes. After the voltage had been clamped, basal parameters were recorded for 20 minutes. 

Afterwards, glucose (5 mM, mucosal) was added to initiate the glucose transport. At the opposite side 

of the chamber, mannitol (5 mM, serosal) was added simultaneously to prevent a driving force induced 

by an osmotic gradient. Changes in the Isc were calculated with the value of the maximal response after 

 „Serosal buffer/ buffer I“ 
[mM] 

„Mucosal buffer/ buffer II“ pH 7.4 
[mM] 

„Mucosal buffer/ buffer III“ pH 6.4 
[mM] 

NaCl 113.6 113.6 113.60 

KCl 5.4 5.4 5.40 

HCl (1n) 0.2 0.2 0.20 

MgCl2 * 6 H2O 1.2 1.2 1.20 

CaCl2 * 2 H2O 1.2 1.2 1.20 

NaHCO3 21.0 21.0 2.00 

Na2HPO4 * 
2H2O 

1.5 1.5 0.37 

Glucose 5.0 --- --- 

Mannit 1.2 1.2 32.94 

Hepes 7.0 20.0 --- 

Na-Gluconat 6.0 --- 19.83 

1nNaOH --- 6.0 --- 

NaH2PO4 * 
H2O 

--- --- 1.13 

 

Osmolarity 290 mosmol/L 292 mosmol/L 300 mosmol/L 

pH 7.4 7.4 6.4 

Table 1.  Composition of buffer solutions used for Ussing chamber experiments. 
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the addition of glucose minus the basal value before the addition of glucose. Resulting from this 

procedure, ΔIsc presented the maximal electronic response to mucosal addition of the respective 

nutrient. To determine the unidirectional glucose flux rates, 5 µCi tritium-labelled glucose (3H-D-

glucose, 185,000 Bq) were added either to the mucosal or the serosal side. At the beginning of 

incubation and 60 minutes afterwards, two samples (50 µL each) were taken from the radioactive side 

and mixed with 4.3 g of scintillation liquid Rotiszint® eco plus LSC-Universalcocktail (Carl Roth GmbH + 

Co. KG, Karlsruhe, Germany). From the unlabelled side, four samples (500 µL each) were taken at 15-

minute intervals and mixed with 4.3 g of scintillation liquid. To measure the flux rates, decays per 

minute (dpm) were counted with the Packard 2500 TR Liquid Scintillation Analyzer. Unidirectional flux 

rates were calculated according to standard equations (Schultz et al. 1964). The difference between 

both unidirectional flux rates (Jms = flux rates from the mucosal to the serosal side; Jsm = flux rates from 

the serosal to the mucosal side) resulted in the net glucose transport (Jnet). 

 

2.4.2. Ussing chamber experiments – peptide transport 
 

For measurement of the electrogenic transport processes of peptides, glycyl-L-glutamine (gly-gln) was 

chosen. To protect dipeptides against early disintegration, chambers were preincubated for 30 

minutes with amastatin (0.01 mM, mucosal) inhibiting the aminopeptidase activity. Then, gly-gln (10 

mM, mucosal) was added simultaneously with mannitol (10 mM, serosal) to induce peptide transport. 

Mannitol was added to prevent a driving force induced by an osmotic gradient. ΔIsc was calculated with 

the value of the maximal response after the addition of gly-gln minus the basal value before the 

addition of gly-gln. 

 

2.4.3. Ussing chamber experiments – alanine transport 
 

The electrogenic transport processes of alanine were measured by adjusting the mucosal 

concentration of alanine to 10 mM. Mannitol (10 mM) was given to the serosal side for osmotic 

reasons. ΔIsc was calculated with the value of the maximal response after the addition of alanine minus 

the basal value before the addition of alanine. 

 

2.4.4. Ussing chamber experiments – addition of forskolin 
 

At the end of each experiment, forskolin (0.01 mM, serosal) was added. Forskolin is a cAMP agonist 

activating PKA. PKA phosphorylates and consequently opens CFTR Cl- channels in the apical membrane, 
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inducing chloride secretion (Cheng et al. 1991, Seibert et al. 1995). This results in an increase in Isc. This 

procedure was used to test the viability of the tissues at the end of each incubation period. 

 

2.4.5. Ussing chamber experiments – tissue conductances (Gt) 
 

Tissue conductances were determined before adding glucose, gly-gln or alanine. Since all chambers 

were handled equally before the addition of the different substances, no substrate-dependent 

differentiation was made, and the results were presented as the mean of all experimental animals for 

the respective infection periods.   

 

2.5. Quantitative Polymerase Chain Reaction (qPCR) 
 

Quantitative polymerase chain reaction was used for quantitative analysis of gene expression of 

investigated parameters during this study. Each inspected parameter was chosen due to a potential 

direct or indirect impact on the transport physiology of the enterocytes of the small intestines. Since 

the present study results from a cooperation project with the Institute for Parasitology, Centre for 

Infection Medicine, University of Veterinary Medicine Hannover, Foundation, Buenteweg 17, 30559 

Hannover, Germany, the qPCR was conducted by Sarina Köhler from the aforementioned institute. 

 

2.5.1. qPCR - Design of primer and probe 
 

To gain reliable results, suitable primer and probes for the specific target genes need to be designed 

for which the GenBank (NCBI) database was used. This provided the nucleotide sequences of selected 

genes derived from the Sus scrofa genome. The Clone Manager Software (Version Professional 9, Sci 

Ed Software, Westminster, CO, USA) was used to align multiple sequences and based on those 

alignments, gene-specific primers and TaqMan™ probes were designed with primer Allele-ID software 

(PREMIER Biosoft, San Francisco, CA, USA). The primer pairs and TaqMan™ probes used in these 

experimental runs including the accession numbers can be found in Table 2. Based on GenBank 

accession numbers, primers were ordered from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) 

and primer sequences are available on request. Due to the fluorescent labelling (Life Technologies 

GmbH, Darmstadt, Germany) of the probes at the 3’end with VIC® or FAM™, the simultaneous 

detection of two genes was possible. A non-fluorescent quencher was attached to the 5’end.  

For the preparation of plasmid standard, available mRNA sequences on GenBank® (NCBI) were aligned 

for each gene and Primer Blast (NCBI) was used to choose the best matching sequences for primer pair 

design.   
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Gene 

 

Forward primer 

(5’-3’) 

Gene Reverse 

primer (5’-3’) 
TaqMan™ MGB probe 

Amplicon 

length (bp) 
Accession number 

TBP 
CTGCCCGGTTAT

TTATATTTAGA 

AGTCCAATCAATT

GTTGAGG 

VIC-ACTTACTGCTGTTGAC-

NFQ 
118 DQ845178 

PPIA 
GCAGACAAAGTT

CCAAAGA 

CACCCTGGCACA

TAAATC 

6-FAM-AACTTCCGTGCTCT-

NFQ 
106 NM_214353 

GLUT1 
ATCCCATGGTTCA

TTGTG 

CACAGTTGCTCC

ACATAC 
VIC-AACTCTTCAGCCAG-NFQ 131 KU672521 

GLUT2 
GGAAGAAGCATC

AAGTGAA 

GATCCCATTGATT

CCAGAAA 

6-FAM-

CATCAGTGCTACTAGA-NFQ 
127 NM_001097417 

SGLT1 
CACTCAGTCGGA

TGTCTA 

CCACAACTCTTAA

AATAACATTCA 

VIC-CACTGACATGCTGA-

NFQ 
133 NM_001164021 

IL-4 
CTTCGGCACATC

TACAGA 

TCGTCTTTAGCCT

TTCCA 

6-FAM-CTCTTCTTGGCTTCA-

NFQ 
148 NM_214123 

IL-13 
CTCTGGTTGACT

CTGGTC 

TCTGGTTCTGGG

TGATATTG 

6-FAM-

TTGCTCTCACCTGCTT-NFQ 
127 NM_213803 

HIF1α 
CTGGACACAGTG

TGTTTG 

GCTAGTTAAGGT

ACACTTCATTC 

VIC-TACTCATCCGTGCGAC-

NFQ 
149 NM_001123124 

Stat6 
CTCAGATGCCTT

CTGCTG 

GTCCCTCTGATAT

ATGCTCTC 

6-FAM-TGCTATCTGCCACT-

NFQ 
142 NM_001197306 

PepT1 
TCGGCTGGAATG

ACAATC 

GGTGTAGACGAT

GGACAAC 
VIC-TCCACTGCCATCTA-NFQ 143 NM_214347 

 

Table 2.  TaqMan™ MGB probes for quantitative real-time PCR and Primer pairs including accession numbers 

 

2.5.2. qPCR – Extraction of mRNA and synthesis of cDNA 
 

For mRNA extraction 30-40µg mucosa of each segment from each pig was homogenised in lysis 

solution (GenElute™ Direct mRNA Miniprep Kit, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 

using the Precellys metal kit (PEQLAB Biotechnologie GmbH, Erlangen, Germany) at 6400 rpm for 60 

seconds in the Precellys® 24 tissue homogenizer (PEQLAB Biotechnologie GmbH, Erlangen, Germany). 

Subsequently, mRNA was isolated with the GenElute™ Direct mRNA Miniprep Kit (Sigma-Aldrich 

Chemie GmbH, Taufkirchen, Germany). Quality and quantity were determined based on the use of the 

NanoDrop™ 1000 spectrophotometer (PEQLAB Biotechnologie GmbH, Erlangen, Germany). Overnight, 

ethanol precipitation was performed, followed by mixing 100 µL of the sample with 5 µL 3M sodium 

acetate buffer (pH 5.2), 300 µL ice-cold ethanol (95%) and 20 ng glycogen. At 16,000 g and 4 °C, the 

samples were centrifuged for 30 min. On the following morning, supernatant was removed and 

replaced with 500 µL of cold ethanol (70%), centrifuged for 10 min at 16,000 g and again ethanol was 

removed. The formed pellet was dried and afterwards resuspended in 21 µL of RNAse-free water. The 

NanoDrop™ 1000 spectrophotometer was utilised to determine quality and quantity for a second time. 

Using 20 μL precipated mRNA, the RNA to cDNA EcoDry™ Premix (OligodT) stripes (Takara Bio 

Europe/Clontech, Saint-Germain-en-Laye, France) were used to convert mRNA to cDNA. For a third 
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time, quality and quantity were determined and cDNA was diluted 1:10 in RNAse-free water 

afterwards. Until use, the cDNA was kept at -80 °C. 

 

2.5.3. qPCR – Preparation of plasmid standard 
 

For quantification of specific amplification efficiencies of the target and reference (housekeeping) 

genes, plasmid standard dilution series were produced, these dilution series being included in each 

run. For each gene aligned mRNA sequences available on GenBank® (NCBI) were used. 

 

For amplification, a total volume of 50 µL per reaction for the first protocol of TBP, GLUT2, SGLT1, IL-

13 was used. For the performance of the protocol, 38 µL distilled water, 5 µL 10x Taq buffer, 1 µL 10 

mM desoxynucleotide triphosphates, 2µL of 10 µM forward and reverse primer each and 1 µL 

PerfectTaq DNA polymerase (5 U/reaction. 5 Prime GmbH, Hilden, Germany) were mixed. 

Furthermore, Qiagen Multiplex Mix (Qiagen GmbH, Hilden, Germany) was used for PPIA, GLUT1, Hif-

1α, IL-4 and PepT1 amplification in a 50 µL reaction. In both protocols, 1 μL cDNA (200 ng/µL) derived 

from mucosa of the jejunum of a pig in the control group was added as a template. 

 

For the 5Prime Perfect Taq PCR, the thermocycling protocol was conducted as follows: it was started 

at 95 °C for 3 min, denaturation followed for 40 cycles at 95 °C and 30 sec. Varying respective 

temperatures, primer annealing was performed at 59 °C for IL 13, 60 °C for SGLT1 and for TBP and 

STAT6 at 61 °C for 30 sec, respectively. Afterwards, primers were extended at 72 °C for 30 sec and the 

protocol ended by elongation for 10 min at 72 °C.  

For the Qiagen Multiplex (Qiagen GmbH, Hilden, Germany), the thermoprofile was started at 95 °C for 

15 min, followed by 40 cycles for 30 sec at 94 °C. The annealing followed for 90 sec at 59 °C for GLUT1, 

60 °C for PPIA and IL 4 and at 61 °C for HIF1A and PepT1, respectively. This was followed by primer 

extension for 30 sec at 72 °C and final elongation at 72 °C for 10 min. 

 

Products resulting from amplification (4 µL) were ligated to TOPO™ TA vectors and then transformed 

One Shot™ TOP10 Chemically Competent E. coli (both Invitrogen™, Thermo Fisher Scientific GmbH, 

Schwerte, Germany). After sequencing, the plasmid-DNA was purified from E. coli cells. Subsequently, 

linearisation and dephosphorylation in accordance with Laabs et al. followed (Laabs et al. 2012). The 

usage of the NanoDrop™ 1000 spectrophotometer (PEQLAB Biotechnologie GmbH, Erlangen, 

Germany) at an absorption spectre of 260 nm allowed aliquoting of 100 to 106 copies per µL.  Until 

single use, aliquots were stored at -20 °C. 
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2.5.4. qPCR – Performance 
 

Of the two appropriate genes, 12.50 μL ABsolute™ Blue QPCR Low ROX Mix (Thermo Fisher Scientific 

GmbH, Schwerte, Germany), 0.15 μL forward and 0.15 μl reverse primer (50 μM) as well as 0.06 μL 

probe (10 μM) for each duplex qPCR reaction were mixed.  The following duplex pairs were used: PPIA 

together with TBP, GLUT1 together with GLUT2, SGLT1 together with IL-4, Hif-1α together with IL13 

and PepT1 together with STAT6, respectively. Of the porcine intestinal mucosa, 2 μL of the first-strand 

cDNA preparations and 1 μL of each ten-fold diluted serial plasmid standard were used as template. 

The thermoprofile consisted of 15 min at 95 °C, followed by 40 cycles of 95 °C for 20 sec, 52 °C for 20 

sec and 72 °C for 30 sec. All reactions were run in duplicate and the reference genes TBP and PPIA were 

included on each 96-well microplate. Each plate run was repeated once. The mean gene-specific 

amplification efficiency, correlation coefficient (R2), slope value and y-intercept in duplex reactions 

were analysed (see Tab. 3). qBase+ software (Version 3.2, Biogazelle, Ghent, Belgium) was used for 

normalisation of average baseline-corrected reporter signals of duplicates and technical replicates, 

correction of run-specific amplification efficiencies, inter-run calibration and normalisation against 

reference genes. 

 

 

 

 

 

 

 

 

 

 

 

 

2.6. Western Blot technique 
 

The Western Blot technique is a well-established method used for detecting proteins in homogenised 

tissue samples. The transfer on a cellulose membrane allows other substances to gain access to the 

proteins and, if applicable, interact with them. To identify the protein of interest, a primary antibody 

is added, recognising and binding the specific epitope. Subsequently secondary antibodies, which are 

Gene  

 

Amplification 

efficiency (%) 

R2 Slope y-Intercept 

TBP 104.2 0.998 39.14 -3.225 

PPIA 98.6 0.996 40.64 -3.355 

GLUT1 97.3 0.998 40.65 -3.389 

GLUT2 96.2 0.998 39.89 -3.416 

SGLT1 100.8 0.993 39.48 -3.304 

IL-4 102.9 0.999 40.10 -3.255 

IL-13 95.7 0.998 41.21 -3.429 

HIF1α 101.0 0.998 39.18 -3.298 

Stat6 113.5 0.988 39.70 -3.036 

PepT1 92.9 0.997 39.80 -3.506 

Table 3. Parameter of quantitative real-time PCR 
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labelled with luminol-based substrates, are added and produce a chemiluminescent signal based on 

the oxidation of luminol. This permits indirect detection. 

 

2.6.1. Western Blot – Preparation of cytosol, crude and apical membranes 
 

Before a Western Blot analysis can be performed, tissue preparation must be conducted. Respective 

preparation depends on the location of the target protein. ASCT1, PepT1, SGLT1 and its 

phosphorylated form pSGLT1 are located in the apical membrane, whereas GLUT2 and Na+/K+-ATPase 

are placed in the basolateral membrane. Hif-1α is found in the cytosol.  

Subcellular fractioning was used to divide different subcellular compartments in order to enrich apical 

membrane proteins and crude membranes for detecting basolateral proteins. At the outset, 1.5 g of 

sampled tissue was incubated with 13.5 mL homogenization buffer (2 mM TRIS base, 50 mM mannitol, 

pH of 7.1) until it thawed. Homogenisation with a Potter tissue grinder was followed by centrifugation 

at 2,000 g for 15 min at 4 °C, and the resulting supernatant was transferred into a beaker for calcium 

chloride (CaCl2) precipitation. Under constant stirring, CaCl2 was added dropwise. The final 

concentration of the CaCl2 was 100 mM. To enrich the crude membrane proteins, 2 mL of the 

homogenate was centrifuged at 25,830 g for 60 min at 4 °C. To separate the basolateral membranes 

from the apical membrane proteins, centrifugation of 7.5 mL of the homogenate at 2,000 g for 30 min 

at 4 °C was performed. A total of 4 mL of the outcoming supernatant was again centrifuged at 25,830 

g for 60 min at 4 °C to enrich apical membrane proteins. Resuspension buffer (10 mM TRIS base, 150 

mM NaCl, pH 7.4) was admixed with inhibitors of phosphatases (1:100) and proteases (1:50) (Protease 

Inhibitor Cocktail [P8340], Phosphatase Inhibitor Cocktail [P5726], Sigma-Aldrich Chemie GmbH, 

Munich, Germany). Subsequently, supernatant was removed after centrifugation and resuspension 

buffer added to the pellet. After resuspending the pellets, tissue homogenate was aliquoted and stored 

at -20 °C until use. 

For preparing the cytosol needed for Hif-1α detection, 50 mL cytosol-buffer (150 mM NaCl, 1% 

Nonidet™P 40 [Sigma-Aldrich Chemie GmbH, Munich, Germany], 50 mM TRIS base, 5 mM EDTA)  was 

admixed with 250 µL phenylmethansulfonyl fluoride (PMSF, Sigma-Aldrich Chemie GmbH, Munich, 

Germany). An amount of 0.2 g of tissue was incubated on ice with 1.85 mL of buffer until thawed. 

Afterwards, tissue samples were homogenised with the Potter grinder and then centrifugated at 4 °C 

for 30 min at 17,500 g, followed by aliquoting of the supernatant and storage at -20 °C. 

The Bradford method in duplicates with the Bradford reagent (SERVA Electrophoresis GmbH, 

Heidelberg, Germany) was used to measure the protein content. 
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2.6.2. Western Blot – Performance 
 

Tissue samples were resolved under reducing conditions in Tris-glycine buffer (125 mM TRIS HCl, 3% 

SDS, 10% glycerol, 0.1 M DTT, 5% bromphenol blue) for denaturation. Conditions for the denaturation 

as well as the used preparation methods can be seen in Table 4. 

 

Table 4.  Western Blot conditions and used antibodies 

 

After denaturation, the protein solution was centrifugated to detach condensed water from its lid and 

10 µL of each solution was applied on an 8.5 % SDS-polyacrylamide gel. For identifying the protein 

sizes, 26616 PageRuler™ (ThermoFisher Scientific Inc, Waltham, MA, USA) was used. Electrophoresis 

was performed for 60 minutes with the help of Tris-glycine buffer (250 mM TRIS base, 1.92 M glycine) 

containing 1% sodium dodecyl sulphate (SDS). Subsequently, proteins were transferred onto 

nitrocellulose membranes (Amersham Biosciences Europe GmbH, Freiburg, Germany) via 

electroblotting technique (tank blot procedure).  

Antibody Prep Denaturation 
Protein 

loading 
Blocking 

PAK (O/N 

4°C) 
SAK (90 min, RT) 

SGLT1 

abcam (ab14686), 

UK 

AM 40 °C, 15 min 10 µg 5 % MP/TBST 1 : 2.000 
1 : 10.000 α-rabbit SIGMA 

(A9160) 

pSGLT1 

Thermo scientific 

custom-designed 

AM 40 °C, 15 min 
10 µg 

5 % MP/TBST 1 : 200 
1 : 10.000 α-rabbit SIGMA 

(A9160) 

ASCT1 

alomone labs 

(SLC1A4) #ANT-

081 

AM 95 °C, 7 min 
10 µg 

5 % MP/TBST 1 : 1.000* 
1 : 2.000 α-rabbit    

      cell signalling (#7074) 

PepT1 

santa cruz (sc-

373742) 

AM 95 °C, 7 min 
10 µg 

5 % MP/TBST 1 : 500* 

1 : 2.000 m-IgGκ BP-HRP 

santa cruz  

(sc-516102) 

GLUT2 

Antibodies-online 

(ABIN310208) 

CM 70 °C, 20 min 
10 µg 

5 % MP/TBST 1 : 2.000 
1 : 20.000 α-rabbit                    

        SIGMA (A9160)** 

Na
+
/K

+
-ATPase 

Enzo Life Sciences 

(ALX-804-082) 

CM 70 °C, 20 min 
10 µg 

5 % MP/TBST 1 : 10.000 
1 : 20.000 α-mouse SIGMA 

(A2304) 

Hif-1α 

Cayman chemical 

(biomol) 

(#10006421) 

 

CY 

 

95 °C, 5 min 10 µg 

 

5 % MP/PBST 

 

1 : 200*** 

1 : 2.000 α-rabbit    

      cell signalling (#7074) 

*diluted in BSA (5%) instead of 5 % Milk/TBST; **diluted in 2.5 % Milk/TBST; ***diluted in 2.5 % Milk/PBST 

AM = apical membrane; CM = crude membrane; CY = cytosol 
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Blotted membranes were blocked in 5% milk (5 g milk powder in tris-buffered saline supplemented 

with 1% tween [TBST]) for 60 min at room temperature. Membranes used for Hif-1α detection were 

blocked with 5% milk dissolved in PBST (phosphate-buffered saline supplemented with 1% Tween 20). 

Membranes were incubated overnight with the respective primary antibody (Tab. 4) on a shaker at 

4 °C . 

Membranes were washed (3 x 10 min, TBST/ PBST for Hif-1α) and secondary antibodies, which were 

labelled with horseradish-peroxidase, were applied for 90 min. During this time, immunocomplexes of 

primary and secondary antibodies were formed on the membrane. After washing the membranes 

again (3 x 10 min, TBST/ PBST for Hif-1α), enzymes, which were linked to the immunocomplexes, were 

detected by using SuperSignal® West Dura Extended Duration Substrate for ASCT1, PepT1, SGLT1 and 

Na+/K+-ATPase (ThermoFisher Scientific, Waltham, USA). For the detection of pSGLT1, GLUT2 and Hif-

1α, SuperSignal® West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific Inc., Waltham, 

USA) was used. Signals of both substrates were registered by the ChemiDoc™MP imaging system and 

analysed with Image Lab 5.2.1. software (both Bio-Rad Laboratories GmbH, Feldkirchen, Germany). 

To detect the phosphorylated SGLT1, membranes incubated with the pSGLT1 antibody were stripped 

(200 mM glycine, 0.05% Tween 20 and 1% SDS for 45 min) in between the first antibody detection and 

housekeeper protein detection, followed by exposure to the SGLT1-specific antibody. This way, a more 

precise comparison between SGLT1 and its phosphorylated form was enabled. Performance of the 

application of antibodies and substrate detection was the same as previously described. Used 

antibodies can be found in Table 4. 

Indian ink (royal blue ink combined with 2% of glacial acetic acid) staining for 30 min and subsequent 

destaining with distilled water were performed to control protein loading of the applied tissue 

homogenates. Indian ink was used as loading control.  

 

2.6.3. Western Blot – Analysis 
 

To determine the band intensities, densiometric measurement was performed via Image Lab 5.2.1. 

software (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). 

Molecular masses were determined as follows: SGLT1 showed a mass of ~ 90 kDa, its phosphorylated 

form pSGLT1 a mass of ~ 95 kDa, GLUT1 a mass of ~ 58 kDa, Na+/K+-ATPase a mass of ~ 110 kDa, PepT1 

a mass of ~ 79 kDa and Hif-1α a mass of ~ 130 kDa. 

For the amino acid transporter 1, two possible molecular masses were visible during the laboratory 

work: after adding the used antibody, a band appeared at 65 kDa as well as at 40 kDa. At the end, the 
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65 kDa band was taken for evaluation based on the literature (Talukder et al. 2008) and in accordance 

with the manufacturer’s recommendations. 

Figure 3. Representative Western Blot taken from individual pigs. Expected molecular masses are indicated with an arrow. 
The first six bands always represent the control animals. The following six bands represent the infected animals. 
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2.7. Histomorphometrical analysis 
 

Regarding a manifested parasitic infection, it was reported that depending on the parasite, changes in 

the mucosal structure of the intestinal tissue were visible or not. For example, the nematode 

Nippostrongylus brasiliensis induced a villus atrophy (Fujiwara et al. 2004), whereas Heligmosomoides 

polygyrus caused an increase in villus height (Smith et al. 1989). In a previous study with A. suum, the 

villus remained unaltered (Solano-Aguilar et al. 2018).This is why histomorphometrical analysis was 

supposed to give an insight into the conditions the infection caused. Only samples of the 49 dpi groups 

of the jejunum and ileum were examined. 

 

2.7.1. Histomorphometrical analysis – Tissue preparation 
 

The freshly sampled tissue was rinsed with ice-cold saline (0.9% NaCl) and then placed in 4% formalin 

for storage. Preparations were transferred to 70% ethanol after two days and subsequently cut into 

strips approximately 15 to 20 mm long and 1 to 2 mm thick. In accordance with standard techniques, 

the tissue was embedded via the Leica ASP300S in Surgipath Paraplast (both Leica Biosystems Nussloch 

GmbH, Nussloch, Germany). 

The preparation and digitalisation of the histological slides for analysis was conducted by Dr. Olivia 

Kershaw at the Institute of Veterinary Pathology of the Department of Veterinary Medicine at the Freie 

Universität Berlin. All the following steps were performed automatically with the Leica CV automatic 

cover slipper (Leica Biosystems Nussloch GmbH, Nussloch, Germany). With microtome blades (Faust 

Lab Science GmbH, Klettgau, Germany), the paraffin blocks were cut into 1-2 µm thin slices measuring 

approximately 15-20 mm in length with the help of an HM 325 microtome (Microm GmbH, Neuss, 

Germany). The slices were transferred onto Super Frost® microscope slides (Engelbrecht GmbH, 

Edermünde, Germany) and then deparaffinised with xylene. Subsequently, preparations were 

rehydrated in a graded alcohol series and water (xylene for 3 x 3 min, 100% ethanol for 2 x 2 min, 96%, 

80% and 70% ethanol for 1 min each and H2O once for 1 min, respectively), followed by haematoxylin-

eosin staining. For this, the slides remained for 8 min in hemalum (Carl Roth GmbH, Karlsruhe, 

Germany), then in distilled water for 5 min, for 30 sec in 1% eosin (Carl Roth GmbH, Karlsruhe, 

Germany) and again 10 sec in distilled water. Dehydration in graded alcohol series (10 sec in 70% 

ethanol, 1 min each in 80% and 96% ethanol, 2 x 1 min in 100% ethanol and 4 x 2 min in xylene, 

respectively) followed. Finally, a coverslip was mounted on the tissue.  

Slides were digitalised with an Aperio CS2 scanner (Leica Biosystems Nussloch GmbH, Nussloch, 

Germany). 
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2.7.2. Histomorphometrical Analysis – Measurement of mucosal architecture 
 

For a single animal, 15 villi each were examined via Aperio Image Scope (Version 12.4.3.5008, Leica 

Biosystems GmbH, Wetzlar, Germany). Total length, villus length, villus width and crypt depth were 

determined for evaluating the mucosal architecture (see Fig. 4). The total length was assessed by 

measuring from the epithelial border to the Lamina muscularis mucosae, whereas the villus length 

extended from the epithelial border to the base of the crypt. Crypt depth was calculated by subtracting 

the villus length from the total length. The villus width was measured from the left side from the villus 

to the right side.  

 

Figure 4. Representative measurement of mucosal architecture of the jejunum. 
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2.8. Statistics and data analysis 

 

GraphPad Prism 8.4.0. was used for data analysis and creation of figures. The Mann-Whitney U test 

was used for statistical analysis except for the weight gains, where the Student’s unpaired t-test was 

used. Results thereof are presented as means ± SEM. Significant differences were expressed as * (p < 

0.05). The basal short circuit current for Ussing chamber analysis was monitored after equilibrating 

tissue but before adding of the respective substrate.  

 

The intended number of animals or group size was derived from an a priori power analysis using the 

online software "G*Power" (Heinrich-Heine-University Düsseldorf, Germany; www.gpower.hhu.de/). 

The respective target was the changed nutrient absorption. The probability for the 1st type of error 

was defined as 5% and for the 2nd type of error as 20%; thus the power was defined as 80%. For the 

additional parameter "biologically relevant difference or variance or effect size", only expected values 

could be used due to the insufficient, currently available data. Based on the recent numbers described 

in the literature, it was assumed that a significant effect can be expected. Accordingly, the Cohen effect 

size was estimated to be high. Therefore, d=0.8 was used in the a priori analysis. This resulted in a total 

number of animals of six animals per group.  
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3 Results 
 

3.1. Weight gains 
 

At 21 dpi, the average weight gain was the lowest in the single-infected group with 10.81 kg in 

comparison to the control group (11.26 kg) and the trickle-infected group (13.65 kg). As for 35 dpi, the 

control group showed the lowest weight gain (18.44 kg) and the trickle-infected group the highest 

weight gain (20.08 kg). The same was shown at 49 dpi, where the pigs in the control group gained 

24.64 kg, while the trickle-infected group showed a significant increase in the weight gain by gaining 

30.33 kg on average (see Tab. 5). With regard to the initial weight and slaughtering weight, no 

significant differences were shown. 

Experimental groups 

 21 dpi 35 dpi 49 dpi 

 control 
single-

infected 
trickle-

infected 
control 

single-
infected 

trickle-
infected 

control 
single-

infected 
trickle-

infected 

initial weight [kg] 
10.71 ± 

0.51 
10.89 ± 

0.21 
12.93 ± 

0.83 
9.23 ± 
0.15 

9.70 ± 
0.11 

11.76 ± 
0.26 

8.19 ± 
0.12 

8.14 ± 
0.26 

10.33 ± 
0.15 

slaughtering 
weight [kg] 

21.97 ± 
0.49 

21.70 ± 
0.65 

26.58 ± 
1.74 

27.67 ± 
1.31 

29.38 ± 
0.89 

31.83 ± 
0.65 

32.83 ± 
1.64 

33.25 ± 
1.68 

40.67 ± 
1.45 

total weight gain 
over infection 

period [kg] 

11.26 ± 
0.82 

10.81 ± 
0.83 

13.65 ± 
1.05 

18.44 ± 
1.32 

19.68 ± 
0.99 

20.08 ± 
0.59 

24.64 ± 
1.72 

25.11 ± 
1.91 

30.33 ± 
1.46 * 

 

Table 5. Summary of initial and slaughtering weights as well as calculated weight gain during the infection period expressed 
in means ± SEM. Total weight gain was calculated as the difference between the initial weight and slaughtering weight. Both 
infected groups were analysed separately with the control group (control, single infection and trickle infection, each n=6). 
Statistical analyses: Student`s unpaired t-test. 

 

3.2. Examination of infection success 
 

In Table 6 the presence of milk spots or worms is shown. Presence of implied milk spots or worms were 

interpreted as a successful infection. At 21 dpi, the success of the single-infected group and of two 

third of the trickle-infected group remained uncertain as no worms were seen during necropsy and the 

presence of milk spots was not assessed. From 35 dpi onwards, both infection types led to an evident 

successful hatching of the embryonated eggs with subsequent migration of the larvae except for two 

animals at 49 dpi in the single-infected group, in which the examination for milk spots was not 

considered and no worm seen during necropsy (see Tab. 6).  
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3.3. Histomorphometrical analysis 
 

 Villus length, villus width, total length of the investigated apical part as well as the crypt depth were 

determined for the groups of the infection period of 49 days, in which no significant changes in 

response to the infection could be observed (Tab. 7). On average, the assessed total length and lengths 

of the intestinal villi and subsequently calculated crypt depths were greater in the jejunum and lower 

in the ileum. For example, the total length of the villi extended from 705.5 µm to 971 µm in the jejunum 

and from 579.86 µm to 708.16 µm in the ileum. Regarding the villus width, the values of the jejunum 

and ileum were very similar. 

 

3.4. Ussing chamber experiments 

 

For the Ussing chamber experiments, the findings are summarized as graphs under the respective 

section and p-values are given in a tabular overview in section 3.7. 

 

Milk spots /Presence of A. suum 

21 dpi 35 dpi  49 dpi 

control 
single-

infected 
trickle-

infected 
control 

single-
infected 

trickle-
infected 

control single-infected 
trickle-

infected 

MS worm MS worm MS worm MS worm MS worm MS worm MS worm MS worm MS worm 

n.d. - n.d. - n.d. - n.d. - n.d. +++  + - n.d. - n.d. +++ + - 

n.d. - n.d. - n.d. + n.d. - n.d. ++ + - n.d. - n.d. ++ - + 

n.d. - n.d. - n.d. + n.d. - n.d. + + - n.d. - n.d. + + - 

n.d. - n.d. - n.d. - n.d. - n.d. +(+) + - n.d. - n.d. - + +(+) 

n.d. - n.d. - n.d. - n.d. + n.d. ++ + - n.d. - n.d. - + - 

n.d. - n.d. - n.d. - n.d. - n.d. + + + n.d. - n.d. + + +(+) 

Table 6. Documentation of healing lesions (milk spots) induced by migrating larvae and worms seen during necropsy. n.d.= 
not determined indicates that this parameter was not assessed at this time in the experiment. The number of + suggest the 
strength of the worm burden as the following: + (low worm burden), ++ (middle worm burden), +++ (high worm burden). 
Brackets imply smooth transition to the next stage of worm burden strength. MS = milk spots. 

 Histomorphometrical analysis 49 dpi 

jejunum  ileum  
control single-

infected 
trickle-

infected 
control single-

infected 
trickle-

infected 

total length [µm] 760.3 ± 54.80 796.7 ± 52.34 911.0 ± 60.00 647.6 ± 28.53 624.2 ± 44.34 662.1 ± 46.06 

villus length [µm] 475.1 ± 34.10 449.5 ± 47.48 573.2 ± 46.73 375.9 ± 24.41 330.3 ± 47.59 375.3 ± 20.93 

crypt depth [µm] 285.2 ± 24.29 347.2 ± 25.64 337.8 ± 31.78 271.6 ± 21.10 293.9 ± 19.29 286.9 ± 27.41 

villus width [µm] 140.0 ± 4.61 133.9 ± 2.52 136.8 ± 3.02 140.0 ± 3.02 135.1 ± 2.06 145.6 ± 5.61 

Table 7. Summary of histomorphometrical analysis expressed in means ± SEM. Crypt depth was calculated as difference 
between total length and villi length. Statistical analyses: Mann-Whitney U test. 
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3.4.1. Effects of experimental A. suum infection on intestinal glucose transport 

 

At 21 dpi, no differences in the ΔIsc for the glucose transport were shown and the net glucose flux rates 

remained unaltered (Fig. 5a, Tab. 8a).  

Within the 35 dpi groups, glucose flux rates decreased significantly in the single-infected group and 

trickle-infected group in the jejunum (Fig. 5b, Tab. 9b), whereas values for ΔIsc showed no significant 

differences. At 49 dpi, the net glucose flux rates of the trickle-infected group in the jejunum were 

significantly decreased (Fig. 5c, Tab. 9c). Regarding the ΔIsc at 35 dpi and 49 dpi, no significant 

differences were shown in any of the groups or periods. 

  

Figure 5. Glucose transport: summary of data from Ussing chamber experiments expressed in means ± SEM. 
Differences are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-
Whitney U test. 

 

Figure 6. Peptide transport: summary of data from Ussing chamber experiments expressed in means ± SEM. 
Differences are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-
Whitney U test.Figure 7. Glucose transport: summary of data from Ussing chamber experiments expressed in means 
± SEM. Differences are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: 
Mann-Whitney U test. 
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3.4.2. Effects of experimental A. suum infection on intestinal peptide (gly-gln) transport 
 

In general, an apparent constant increase in the response of electrogenic gly-gln transport processes 

along the intestinal axis was noticed, leading to the highest values for ΔIsc in the ileum (Fig. 6, Tab. 11). 

 

Within the 21 and 35 dpi infected groups, no significant changes in the ΔIsc were observed (Fig. 6a+b, 

Tab. 11a+b, d+e, g+h).  

 

However, the tissues from the trickle-infected group in the jejunum at 49 dpi showed a significant 

decrease in the ΔIsc (Fig. 6c, Tab. 11f). Furthermore, a significant reduction was demonstrated in the 

ΔIsc of the tissue from the single-infected group and trickle-infected group in the ileum (Fig. 6c, Tab. 

11i).  

 

 

 

Figure 6. Peptide transport: summary of data from Ussing chamber experiments expressed in means ± SEM. 
Differences are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: 
Mann-Whitney U test. 
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3.4.3. Effects of experimental A. suum infection on intestinal alanine transport 
 

At 21 dpi, the ΔIsc was significantly increased in the trickle-infected group in the duodenum (Fig. 7a, 

Tab. 12a). For the continuing groups at 21 and 35 dpi, the response of electrogenic alanine transport 

processes remained unaffected (Fig. 7a+b, Tab. 12a+b, d+e, g+h).  

Nevertheless, it was noticed that the 49 dpi trickle-infected groups in the jejunum and ileum showed 

a significantly decreased ΔIsc, while the single-infected groups remained unaffected (Fig. 7c, Tab. 12f+i).  

 

  

Figure 7. Alanine transport: summary of data from Ussing chamber experiments expressed in means ± SEM. Differences 
are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test. 
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3.4.4. Effects of experimental A. suum infection on tissue conductances (Gt) 
 

Tissue conductances were significantly increased in the duodenal tissues from the trickle-infected 

group at 35 dpi (control group: 27.35 ± 1.97 mS/cm2, trickle-infected: 40.78 ± 6.07 mS/cm2).  

Within the jejunal tissues from the trickle-infected group at 49 dpi, the tissue conductances showed a 

significant decrease (control group: 29.66 ± 1.57 mS/cm2, trickle-infected: 19.1 ± 1.83 mS/cm2).  

In all remaining infected groups of all segments and infection periods, no significant differences could 

be determined. 

 

3.4.5. Addition of forskolin 
 

The addition of forskolin was followed by an increase of ΔIsc in all examined tissues. Therefore, all the 

tissues were still viable at the end of the experiment. 

 

3.5. Quantitative Polymerase Chain Reaction  
 

For the qPCR, the findings are summarised as graphs under the respective section and p-values are 

given in a tabular overview in section 3.7. 

Since the present study results from a cooperation project with the Institute for Parasitology, Centre 

for Infection Medicine, University of Veterinary Medicine Hannover, Foundation, Buenteweg 17, 

30559 Hannover, Germany, the statistical analysis regarding qPCR results was conducted by Sarina 

Köhler from the aforementioned institute, whereas the subsequent interpretation and discussion of 

the findings was performed by Nicole Issel. 

 

 

3.5.1. Effects of experimental A. suum infection on transcription of glucose transporters 

(SGLT1, GLUT1, GLUT2) 
 

At 21 dpi, jejunal tissues from the single-infected group and trickle-infected group as well as the ileal 

tissues from the trickle-infected group showed a significantly increased transcription of SGLT1 (1.7-

fold, 3.2-fold and 2.5 fold, respectively; see Fig. 8a+b, Tab. 9a+10a). Moreover, the trickle-infected 

group in the jejunum as well as the single-infected and trickle-infected groups in the ileum 
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demonstrated a significantly increased transcription of GLUT1 (25.9-fold, 3.6-fold and four-fold, 

respectively; see Fig. 8a+b ,Tab. 9a+10a).  

Within the 35 dpi groups, the trickle-infected group of the jejunum and the single-infected group in 

the ileum also showed a significant rise in transcript levels of GLUT1 (three-fold, respectively; see Fig. 

8c+d, Tab. 9b+10b). Moreover, a significant increase in transcription was shown in the trickle-infected 

group of the jejunum for GLUT1 (4.8-fold, respectively; see Fig. 8c, Tab. 9b). 

At 49 dpi, the transcription of GLUT2 was significantly increased in the jejunum in the trickle-infected 

group (2.6-fold, respectively; see Fig. 8e, Tab. 9c).  

 

3.5.2. Effects of experimental A. suum infection on transcription of hypoxia-inducible factor 

1-alpha (Hif-1α) 
 

Aside from a significant increase within the single-infected group at 21 dpi in the jejunum (5.7-fold, 

respectively; see Fig. 8a, Tab. 9a), the transcription of Hif-1α remained unaffected. 

 

3.5.3. Effects of experimental A. suum infection on the transcription of interleukins (IL-4, 

IL13) 
 

IL-4 was significantly decreased in its transcription at 21 dpi within the trickle-infected group (32-fold, 

respectively; see Fig. 8a, Tab. 9a) as well as at 35 dpi within the single-infected group in the jejunum 

(5.8-fold, respectively; see Fig. 8c, Tab. 9b). At 35 dpi and 49 dpi, however, the respective trickle-

infected groups demonstrated a significant increase in the ileum (35-fold, 17.2-fold, respectively; see 

Fig. 8d+f, Tab. 10b+c).  

Transcription of IL-13 showed a significant decrease in the ileal tissues from the trickle-infected group 

at 21 dpi (2.1-fold, respectively; see Fig. 8b, Tab. 10a) whereas no changes were observed at 35 dpi. 

For the 49 dpi groups, a significant decrease occurred in the jejunum in the single-infected and trickle-

infected groups (6.3-fold, 6.1-fold, respectively; see Fig. 8e, Tab. 9c) as well as in the trickle-infected 

group in the ileum (4.9-fold, respectively; see Fig. 8f, Tab. 10c). 
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3.5.4. Effects of experimental A. suum infection on the transcription of Signal transducer and 

activator of transcription 6 (STAT6) 
 

Only the trickle-infected groups of the ileum and the jejunum showed a significant increase in STAT6 

transcription at 21 dpi (ten-fold, respectively; see Fig. 8a+b, Tab. 9a+10a). In the remaining groups, 

no changes were seen.  

 

 

 

 

 

Figure 8. Summary of qPCR results expressed as means ± SEM. Differences are indicated as (*) (p < 0.05) * for both infected 
groups vs. control groups. Statistical analyses: Mann-Whitney U test. 
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3.5.5. Effects of experimental A. suum infection on the transcription of the H+ coupled 

peptide transporter (PepT1) 
 

A significant rise in the transcription of PepT1 was noticed in jejunal and ileal tissues from the trickle-

infected group at 21 dpi (23.4-fold, 7.9-fold, respectively; see Fig. 9a, Tab. 11d+g). All remaining groups 

remained unaltered. 

 

 

 

 

 

Figure 9. Summary of qPCR results related to the peptide transport expressed in means ± SEM. Differences 
are indicated as (*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-
Whitney U test 
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3.6. Western Blot analysis 

For the Western Blot analysis, the findings are summarized as graphs under the respective section and 

p-values are shown in a tabular overview in section 3.7. Regarding the protein expression of Na+/K+-

ATPase, the same data are shown in each graph for the respective substance. 

 

3.6.1. Effects of experimental A. suum infection on the expression of apical glucose 

transporters (pSGLT1, SGLT1) 
 

Expression of pSGLT1 and SGLT1 showed no alteration within the 21 dpi groups (Fig. 10a+b, Tab. 8-

10a), whereas the jejunal tissues from the trickle-infected group demonstrated a significant increase 

concerning the expression of SGLT1 (Fig. 10c, Tab. 9b) at 35 dpi. pSGLT1 was significantly increased in 

the ileal tissues from the single-infected group at 49 dpi (Fig. 10f, Tab. 10c). 

 

3.6.2. Effects of experimental A. suum infection on the expression of basolateral glucose 

transporters (GLUT2) 
 

At 21 dpi, the expression of GLUT2 was significantly increased in ileal tissues from the trickle-infected 

group (Fig. 10b, Tab. 10a). The jejunal tissues from the 35 dpi trickle-infected group (Fig. 10c, Tab. 9b) 

as well as the ileal tissues from the 49 dpi trickle-infected group presented a significant decrease (Fig. 

10f, Tab. 10c).  

 

3.6.3. Effects of experimental A. suum infection on the expression of Na+/K+-ATPase 
 

Throughout all investigated groups of all segments, infection types and time periods, no significant 

differences in the expression of Na+/K+-ATPase could be determined (Fig. 10, Tab. 9+10). 
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3.6.4. Effects of experimental A. suum infection on the expression of hypoxia-inducible 

factor 1α (Hif-1α) 
 

The ileal tissues from the single-infected and trickle-infected groups at 35 dpi showed a significant 

increase (Fig. 10d, Tab. 10b). The other groups of 21 dpi and 49 dpi and jejunal 35 dpi showed no 

significant alterations in the expression of Hif-1α.  

 

  

Figure 10. Glucose transport: summary of Western Blot results expressed in means ± SEM. Differences are indicated as (*) 
(p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test. 
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 3.6.5. Effects of experimental A. suum infection on the expression of H+ coupled peptide 

transporter (PepT1) 

At 21 dpi as well as 49 dpi, the tissues from all groups remained unaffected concerning the expression 

of PepT1. In the ileal tissues from the single-infected group at 35 dpi however, a significant reduction 

was observed (Fig. 11b, Tab. 11h). 

 

  

Figure 11. Peptide transport: summary of Western Blot results expressed in means ± SEM. Differences are indicated as 
(*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test. 

 

 

Figure 9. Alanine transport: summary of Western Blot results expressed in means ± SEM. Differences are indicated as 
(*) (p < 0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test.Figure 10. 
Peptide transport: summary of Western Blot results expressed in means ± SEM. Differences are indicated as (*) (p < 
0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test. 
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3.6.6. Effects of experimental A. suum infection on the expression of amino acid transporter 

(ASCT1) 
 

For ASCT1, no significant changes could be observed. Tendencies such as an increase in the ileal tissues 

from the single-infected group at 21 dpi (Fig. 12a, Tab. 12g) or a decrease in the jejunal tissues from 

the single-infected group at 49 dpi (Fig. 12c, Tab. 12i) were demonstrated. Regarding the 35 dpi groups, 

no bands could be detected. 

 

 
 

 

 

 

 

 

 

Figure 12. Alanine transport: summary of Western Blot results expressed in means ± SEM. Differences are indicated as (*) (p < 
0.05) * for both infected groups vs. control groups. Statistical analyses: Mann-Whitney U test. 
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significant increase 

 
significant decrease 

 

3.7. Summary p-values 
 

a) 21 dpi jejunum (see figures 5a, 8a, 10a for complete data)                                                                   

 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.026 p = 0.485 ΔIsc 
p = 0.310 

Jnet 
p = 0.930 

p = 0.026 p = 0.310 ΔIsc 
p = 0.310 

Jnet 
p = 0.429 

pSGLT1 n.d. p = 0.180 n.d. p = 0.240 

GLUT1 p = 0.589 n.d. p = 0.002 n.d. 

GLUT2 p = 0.589 p = 0.180 p = 0.180 p = 0.818 

Na+/K+-ATPase n.d. p = 0.065 

 

n.d. p = 0.180 

 
Hif1α p = 0.699 p = 0.485 p = 0.002 p = 0.394 

IL-4 p = 0.394 n.d. p = 0.002 n.d. 

IL-13 p = 0.240 n.d. p = 0.093 n.d. 

STAT6 p = 0.818 n.d. p = 0.002 n.d. 

 

 

 

a) 21 dpi duodenum (see figure 5a 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.589 p = 0.065 

ΔJnet p = 0.589 p = 0.180 

b) 35 dpi duodenum (see figure 5b 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.093 p = 0.485 

ΔJnet p = 0.180 p = 0.699 

c) 49 dpi duodenum (see figure 5c 

for complete data) 

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.937 p = 0.818 

ΔJnet p = 0.818 p = 0.240 

Table 8. Glucose transport:  summary of p-values from Ussing chamber experiment in the duodenum. Statistical analyses: 
Mann-Whitney-U test 

b) 35 dpi jejunum (see figures 5b, 8c, 10c for complete data)                                                                                                                          

 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.699 p = 0.392 ΔIsc 
p = 0.132 

Jnet 
p=0.017 

p = 0.093 p = 0.004 ΔIsc 
p = 0.699 

Jnet 
p=0.017 

pSGLT1 n.d. p = 0.394 n.d. p > 0.999 

GLUT1 p = 0.240 n.d. p = 0.015 n.d. 

GLUT2 p = 0.818 p = 0.310 p = 0.065 p = 0.015 

Na+/K+-ATPase n.d. p = 0.093 

 

n.d. p > 0.999 

 
Hif1α p = 0.180 p = 0.589 p = 0.093 p = 0.180 

IL-4 p = 0.015 n.d. p = 0.699 n.d. 

IL-13 p = 0.065 n.d. p = 0.485 n.d. 

STAT6 p = 0.065 n.d. p = 0.485 n.d. 

c) 49 dpi jejunum (see figures 5c, 8e, 10e for complete data)                                                                                                                                                                                           

 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.818 p = 0.394 ΔIsc 
p = 0.093 

Jnet 
p = 0.31 

p > 0.999 p = 0.818 ΔIsc 
p = 0.240 

Jnet 
p = 0.017 

pSGLT1 n.d. p = 0.818 n.d. p = 0.489 

GLUT1 p = 0.937 n.d. p = 0.588 n.d. 

GLUT2 p = 0.394 p = 0.026 p = 0.015 p = 0.310 

Na+/K+-ATPase n.d. p > 0.999 

 

n.d. p = 0.093 

 
Hif1α p = 0.699 p = 0.132 p = 0.394 p = 0.240 

IL-4 p = 0.394 n.d. p = 0.818 n.d. 

IL-13 p = 0.004 n.d. p = 0.002 n.d. 

STAT6 p = 0.132 n.d. p = 0.180 n.d. 

Table 9. Glucose transport:  summary of p-values from Ussing chamber experiments, qPCR and Western Blot analysis in 
the jejunum. Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the respective 
background colour (dark grey: significant increase, light grey significant decrease);  n.d. = not determined. 
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significant increase 

 
significant decrease 

 

 

 

 

 

 

 

 
 

 

 

a) 21 dpi ileum (see  figures 5a, 8b, 10b for  complete data)                                                                   

b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.699 p = 0.240 ΔIsc 
p = 0.853 

Jnet 
p = 0.818 

p = 0.026 p = 0.818 ΔIsc 
p = 0.937 

Jnet 
p > 0.999 

pSGLT1 n.d. p = 0.589 n.d. p = 0.937 

GLUT1 p = 0.041 n.d. p = 0.002 n.d. 

GLUT2 p = 0.393 p = 0.240 p = 0.180 p = 0.015 

Na+/K+-ATPase n.d. p = 0.818 

 

n.d. p = 0.394 

 
Hif1α p = 0.310 p = 0.041 p = 0.699 p = 0.310 

IL-4 p = 0.589 n.d. p = 0.937 n.d. 

IL-13 p = 0.065 n.d. p = 0.026 n.d. 

STAT6 p = 0.818 n.d. p = 0.026 n.d. 

b) 35 dpi ileum (see  figures 5b, 8d, 10d for  complete data)                                                                   

b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.485 p = 0.180 ΔIsc 
p = 0.699 

Jnet 
p = 0.699 

p = 0.485 p = 0.937 ΔIsc 
p = 0.485 

Jnet 
p = 0.394 

pSGLT1 n.d. p = 0.485 n.d. p = 0.818 

GLUT1 p = 0.041 n.d. p = 0.065 n.d. 

GLUT2 p = 0.310 p = 0.589 p > 0.999 p = 0.394 

Na+/K+-ATPase n.d. p = 0.937 

 

n.d. p = 0.818 

 
Hif1α p = 0.093 p = 0.009 p = 0.699 p = 0.015 

IL-4 p = 0.132 n.d. p = 0.002 n.d. 

IL-13 p = 0.818 n.d. p = 0.132 n.d. 

STAT6 p = 0.065 n.d. p = 0.240 n.d. 

c) 49 dpi ileum (see  figures 5c, 8f, 10f for  complete data)                                                                   

b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.853 p = 0.589 ΔIsc 
p = 0.132 

Jnet 
p = 0.093 

p = 0.132 p = 0.065 ΔIsc 
p = 0.818 

Jnet 
p > 0.999 

pSGLT1 n.d. p = 0.015 n.d. p = 0.093 

GLUT1 p = 0.093 n.d. p = 0.065 n.d. 

GLUT2 p = 0.306 p = 0.485 p = 0.093 p = 0.015 

Na+/K+-ATPase n.d. p = 0.485 

 

n.d. p = 0.310 

 
Hif1α p = 0.699 p = 0.937 p = 0.240 p = 0.818 

IL-4 p = 0.589 n.d. p = 0.004 n.d. 

IL-13 p = 0.589 n.d. p = 0.009 n.d. 

STAT6 p = 0.180 n.d. p > 0.999 n.d. 

Table 10. Glucose transport:  summary of p-values from Ussing chamber experiments, qPCR and Western Blot analysis in the 
ileum. Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the respective background 
colour (dark grey: significant increase, light grey significant decrease);  n.d. = not determined. 
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significant increase 

 
significant decrease 

 

 

 

 

 

  

 

 

 

 

a) 21 dpi duodenum (see figure 6a 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.504 p = 0.784 

b) 35 dpi duodenum (see figure 6b 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.197 p = 0.849 

c) 49 dpi duodenum (see figure 6c 

complete data) 

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.394 p = 0.619 

d) 21 dpi jejunum (see figures 6a, 9a, 11a for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein  ΔIsc 

PepT1 p = 0.474 p = 0.093 p = 0.699 p = 0.004 p = 0.310 p = 0.589 

Na+/K+-ATPase n.d. p = 0.065 n.d. n.d. p = 0.180    n.d. 

e) 35 dpi jejunum (see  figures 6b, 9b, 11b for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.180 p = 0.937 p = 0.818 p = 0.305 p = 0.065 p = 0.240 

Na+/K+-ATPase n.d. p = 0.093 n.d. n.d. p > 0.999 n.d. 

f) 49 dpi jejunum (see  figures 6c, 9c, 11c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.571 p = 0.394 p = 0.132 p = 0.132 p = 0.699 p = 0.041 

Na+/K+-ATPase n.d. p > 0.999 n.d. n.d. p = 0.093 n.d. 

h) 35 dpi  ileum  (see  figures 6b, 9b, 11b for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.180 p = 0.026 p = 0.310 p = 0.788 p = 0.093 p = 0.699 

Na+/K+-ATPase n.d. p = 0.937 n.d. n.d. p = 0.818 n.d. 

g) 21 dpi ileum (see  figures 6a, 9a, 11a for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.675 p = 0.937 p = 0.310 p = 0.026 p = 0.937 p = 0.065 

Na+/K+-ATPase n.d. p = 0.818 n.d. n.d. p = 0.394 n.d. 

i) 49 dpi  ileum  (see  figures 6c, 9c, 11c complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.238 p > 0.999 p = 0.002 p = 0.065 p = 0.937 p = 0.002 

Na+/K+-ATPase n.d. p = 0.485 n.d. n.d. p = 0.310 n.d. 

Table 11. Peptide transport:  summary of p-values from Ussing chamber experiments, qPCR and Western Blot analysis. 
Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the respective background 
colour (dark grey: significant increase, light grey significant decrease);  n.d. = not determined. 
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significant increase 

 
significant decrease 

 

 

 

 

 

 

 

 

 

a) 21 dpi duodenum (see figure 7a 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.937 p = 0.015 

b) 35 dpi duodenum (see figure 7b 

for complete data)                                                                   

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.331 p = 0.394 

c) 49 dpi duodenum (see figure 7c 

complete data) 

function 
single 

infection 

trickle 

infection 

ΔIsc p = 0.260 p = 0.699 

d) 21 dpi jejunum (see figures 7a, 12a for complete data)                                                                   

 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.180 p = 0.310 n.d. p = 0.699 p = 0.699 

Na+/K+-ATPase n.d. p = 0.065 n.d. n.d. p = 0.180 n.d. 

e) 35 dpi jejunum (see figures 7b, 12b for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.699 p = 0.818 n.d. p = 0.240 p = 0.240 

Na+/K+-ATPase n.d. p = 0.093 n.d. n.d. p > 0.999 n.d. 

f) 49 dpi jejunum (see figures 7c, 12c for complete data)                                                                   

 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.065 p = 0.094 n.d. p = 0.132 p = 0.026 

Na+/K+-ATPase n.d. p > 0.999 n.d. n.d. p = 0.093 n.d. 

g) 21 dpi ileum (see figures 7a, 12a for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.093 p = 0.699 n.d. p = 0.699 p = 0.310 

Na+/K+-ATPase n.d. p = 0.818 n.d. n.d. p = 0.394 n.d. 

h) 35 dpi  ileum  (see figure 7b for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. n.d. p = 0.937 n.d. n.d. p = 0.394 

Na+/K+-ATPase n.d. p = 0.937 n.d. n.d. p = 0.818 n.d. 

i) 49 dpi  ileum  (see figures 7c, 12c for complete data)                                                                   

 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.394 p = 0.065 n.d. p = 0.394 p = 0.026 

Na+/K+-ATPase n.d. p = 0.485 n.d. n.d. p = 0.310 n.d. 

Table 12. Alanine transport:  summary of p-values from Ussing chamber experiments, qPCR and Western Blot analysis. 
Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the respective background colour 
(dark grey: significant increase, light grey significant decrease);  n.d. = not determined. 
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4 Discussion 
 
The infection of pigs with A. suum was investigated in the present study applying different approaches. 

Apart from examining the transport of three different nutrients in the Ussing chamber, also different 

infection times and developmental stages were introduced in the experimental design.  Thereby, the 

impact on electrogenic transport processes within the small intestines was examined. The main 

findings were the significantly decreased glucose net flux rates in both infection types in the jejunum 

at 35 dpi and at 49 dpi in the trickle-infected groups (Fig. 5b+c, Tab. 9b+c) and the decreased short-

circuit currents of the peptide and alanine transport at 49 dpi in the trickle-infected groups in the 

jejunum and ileum (Fig. 6c+7c, Tab. 11i+12i).  

 

4.1. Intestinal segments and histomorphometrical structure 
 

By studying the mean data of the ΔIsc in the different groups and dimensions of glucose net flux rates 

(Fig. 5-7), it was shown that these were quite varying. The abundance and distribution of transepithelial 

transporters are approaches for explaining demonstrated differences between the duodenum, 

jejunum and ileum. Most previous studies dealing with electrophysiological investigations of the 

effects of A. suum infection in the small intestines were performed using the jejunum (Madden et al. 

2002, Notari et al. 2014, Solano-Aguilar et al. 2018). The reaction towards glucose in the lumen clearly 

varies depending on the examined segment as earlier studies showed for example considerably 

stronger electrogenic responses in the ileum than in the jejunum (Herrmann et al. 2012, Klinger et al. 

2018). A recent study reported that the highest average electrogenic response was found in the ileum 

(Klinger 2020). Similar findings were described for alanine (Klinger et al. 2018) and dipeptide (Klinger 

2020) transport processes. 

The stronger response to glucose in the ileum is probably connected with the natural course of 

digesting food. While the proximal jejunum has more contact with higher contents of glucose levels in 

the chyme, based on progressing absorption of glucose, the level of glucose falls constantly along the 

intestinal axis. This results in the lowest content in the ileum (Klinger et al. 2018).  It has been reported 

that the expression and functionality of SGLT1 are very low in the ileum, which fits the low amount of 

luminal glucose in this segment (Houghton et al. 2008). Therefore, it can be assumed that, in 

comparison to physiological conditions, the amount of added glucose in this experiment was 

exceptionally high for ileal conditions. Subsequently this induced a strong electrogenic response since 

the ileal glucose transporters might be used to transporting small amounts of accessible glucose in the 

lumen.  
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Moreover, the ileum showed the ability to adapt effectively in cases of previously insufficient uptake 

of glucose, such as proximally based small bowel resection. In the latter case, the median glucose 

uptake was increased four times within four weeks by hyperplasia (Iqbal et al. 2008). 

Apart from hyperplasia based on compensatory strategies of the small intestines, a study with 

experimentally infected pigs showed that the histomorphometrical structure of the infected animals 

with A. suum  led to a significantly increased crypt depth (Stephenson et al. 1980). A recent study 

reported, however, that the average crypt depth and villus height of pigs with ascariasis remained 

unaffected (Solano-Aguilar et al. 2018). Therefore, the structure of the jejunum and ileum was 

investigated at 49 dpi histomorphometrically since an altered height of the villi and crypt depths could 

impact absorptive abilities in the small intestines (Wang et al. 2020). 

Data on total length, villus length, villus width as well as the calculated crypt depth were assessed but 

showed no significant differences (Tab. 7). The values of the investigated parameters are comparable 

to data from other studies (Baum et al. 2002). Considering that the A. suum does not attach to the 

mucosa of the gastrointestinal tract after completing maturation, these findings seem understandable, 

since it is known that A. suum floats in the lumen, fighting against intestinal motility. Therefore, the 

nematode requires continuous muscular effort to maintain its position in the small intestines 

(Makidono 1956), meaning that the mucosal architecture remains untouched. Thus, these conclusions 

make it explainable why no changes were seen in the histomorphometrical analysis.  

 

4.2.  Changes in the glucose transport and potentially responsible parameters 
 

For the net glucose flux rates, no significant changes were shown at 21 dpi (Fig. 5a, Tab. 8-10a). At 35 

dpi, however, the Jnet showed a significant decrease in both infection types in the jejunum in 

comparison with the control group, even though the ΔIsc did not indicate any changes (Fig. 5b, Tab. 

9b). Similar findings were shown at 49 dpi, where the jejunal tissues from the trickle-infected group 

showed a decreased Jnet, while the ΔIsc of the electrogenic glucose transport showed no significant 

changes (Fig. 5c, Tab. 9c). The correlation of the glucose net flux rates and ΔIsc showed a constant 

correlation except for the jejunal tissues from the trickle-infected group at 35 dpi. Within this 

exceptional group, a single animal was fundamentally different in its electrophysiological performance 

and therefore excluded from correlation. After exclusion of this individual animal, the glucose net flux 

rates and ΔIsc correlated throughout. 

 Nevertheless, the significantly decreased flux rates indicate a decreased absorption of glucose, 

underlining the conclusion of previous studies, in which roundworm infection impaired the transport 
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of nutrients in the small intestines (Madden et al. 2002, Madden et al. 2004, Dawson et al. 2005, 

Schwarz et al. 2011, Solano-Aguilar et al. 2018) 

The decreased glucose net flux rates could be explained by the hypothesis that the amount of available 

glucose may be lowered.  An adult female roundworm is capable of depriving its host of about 4.5 mg 

of glucose per hour (Entner et al. 1959). In a study where isolated Ascaris intestines were examined, it 

was found that the predominant route for this consumption is based on intestinal absorption and that 

the roundworm is able to operate against even high concentration gradients (Castro et al. 1969). 

Consequently, the lowered concentration of glucose would lead to a minor transport. Since the 

amount of apical SGLT1 in pigs depends on the carbohydrate content of the diet (Moran et al. 2010), 

it may be assumed that a lower intestinal glucose content due to the worms may have caused a 

downregulation of SGLT1. However, no changes in SGLT1 protein expression were observed in the 

present study (Fig. 10, Tab. 8-10). 

Another potential explanation was assumed to be a reduction in the sodium-linked absorption of 

glucose based on the activation of STAT6 signalling due to Th2-associated cytokines IL-4 and IL-13 

(Madden et al. 2002, Schwarz et al. 2011). This way, the presence of glucose in the lumen of the small 

intestines would be elongated and make the substrate more accessible for A. suum and less accessible 

for the intestinal glucose transporters. 

 

4.2.1. Impact of interleukins 4 and 13 on the glucose transport 
 

Transcription of STAT6 was significantly increased in the jejunal and ileal tissues from the trickle-

infected groups at 21 dpi (Fig. 8a+b, Tab. 9+10a). At this point of 21 dpi, however, the transcription of 

IL-4 and IL-13 was significantly decreased in the jejunal tissues from the trickle-infected group for IL-4 

(Fig. 8a, Tab. 9a) and significantly decreased in the ileal tissues from the trickle-infected group related 

to IL-13 (Fig. 8b, Tab. 10a). Therefore, this contradicts the previously mentioned results of Madden et 

al. and Schwarz et al., which indicated an upregulated STAT6 expression based on an increased 

transcription of IL-4 and IL-13 (Madden et al. 2002, Schwarz et al. 2011) since the transcription of the 

interleukins were decreased (Tab. 9-10a, Fig. 8a+b). At 35 dpi, the jejunal tissues from the single-

infected group was significantly decreased in the transcription of IL-4 (Fig. 8a, Tab. 9b), whereas the 

ileal tissues from the trickle-infected group was significantly increased in the transcription of the same 

cytokine (Fig. 8d, Tab. 10b). STAT6 remained unaltered in both cases. This emphasises the assumption 

that in our infection model, IL-4 and IL-13 may not affect the STAT6 signaling pathway to alter the 

epithelial sodium-linked glucose transport. Similar assumptions can be drawn from findings at 49 dpi: 

while IL-13 was significantly decreased within the single and trickle-infected group in the jejunum (Fig. 
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8e, Tab. 9c), the STAT6 transcription did not change. In the ileum within the trickle-infected group IL-

4 was significantly increased, whereas IL-13 was significantly decreased (Fig. 8f, Tab. 10c) with an 

unaffected STAT6 transcription rate. This indicates that this mechanism is supposedly not the main 

mechanism responsible for the significant changes seen in the glucose net flux rates at 35 and 49 dpi 

(Fig. 5b+c, Tab. 9b+c). 

That STAT6 is not solely responsible for a reduced glucose absorption was also noticed in a previous 

study in 2001. Mice inoculated with Heligmosomoides polygyrus were treated anthelmintically, 

followed by reinfection and medication of anti-IL-4 (Shea-Donohue et al. 2001). A comparison of the 

reinfected group with a group treated with the long-lasting formulation of IL-4 revealed, that the mice 

supplemented with IL-4 did not show a significant decrease in the glucose absorption. The reinfected 

mice however continued to stay significantly decreased in their glucose absorption (Shea-Donohue et 

al. 2001).  

Additionally, it was reported that IL-4 and IL-13 might not play a major role in the pathway of 

nematodes modifying the transport physiology of enterocytes in an experiment with mice infected 

with Nippostrongylus brasiliensis. In this previous study, mice showed no change in the transcription 

rate of IL-4 in gastrointestinal tissues. Regarding the transcription of IL-13 and STAT6, only on the 14th 

day of inoculation was a significant increase shown in the ileal tissues, but not in the jejunum (Dawson 

et al. 2005). The function of IL-4 and IL-13 in combination with STAT6 seems to be restricted to the 

functionality in terms of the expulsion of the roundworms based on the promotion of intestinal smooth 

muscle contractility (Zhao et al. 2003). This explains why most significant changes in the transcription 

rate of these parameters were noticed at the earlier timepoint of the infection period at 21 dpi (Fig. 

8a+b, Tab. 9a+10a).  

 

4.2.2. Influence of transport protein expression on glucose absorption 
 

The influence of interleukins gave no sufficient explanation for a decreased electrophysiological 

response of the glucose transport process. In the case of Nippostrongylus brasiliensis it was found that 

decreased glucose absorption in Ussing chambers was accompanied by a significant down-regulation 

of GLUT2 gene and protein expression. Moreover, a significant up-regulation of GLUT1 gene and 

protein expression was reported (Notari et al. 2014). The authors emphasised that N. brasiliensis 

induced no alterations in mRNA transcription or protein expression of SGLT1. It is likely that a 

decreased activity of the sodium-dependent glucose transporter SGLT1 was responsible for the 

reduced transport.  
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Concerning our findings, the transcription rate of GLUT1 was significantly increased in the jejunal 

tissues from the trickle-infected (Fig. 8a, Tab. 9a) and ileal tissues from the single-infected and trickle-

infected groups at 21 dpi (Fig. 8b, Tab. 10a). At 35 dpi, the significant increase was also shown in the 

jejunal tissues from the trickle-infected (Fig. 8c, Tab. 9b) and ileal tissues from the single-infected 

groups (Fig. 8d, Tab. 10b). This underlines the findings of Notari et al. involving the transcription of 

GLUT2. However, the transcription rate remained unaltered except for the jejunal tissues from the 

trickle-infected group at 49 dpi (Fig. 8e, Tab. 9c). In the latter case, it was significantly upregulated 

which contradicts the previous theory of downregulated GLUT2 gene transcription (Notari et al. 2014). 

At the protein expression level, the basolateral transporter GLUT2 showed ambivalent findings; a 

significant increase was shown within the ileal tissues from the trickle-infected group at 21 dpi (Fig. 

10b, Tab. 10a) as well as within the jejunal tissues from the single-infected group at 49 dpi (Fig. 10e, 

Tab. 9c). Nonetheless, a significant downregulation was shown at 35 dpi in the jejunal tissues from the 

trickle-infected group (Fig. 10c, Tab. 9b) and at 49 dpi in the ileal tissues from the trickle-infected group 

(Fig. 10f, Tab. 10c). 

Based on the significant decrease in glucose net flux rates which is predominantly shown within the 

trickle-infected groups at 35 dpi and 49 dpi (Fig. 5b+c, Tab. 9b+c), the explanation of a reduced activity 

of SGLT1 in combination with a lower expression of GLUT2 and higher expression of GLUT1 in terms of 

genes and proteins seems insufficient. If the reduced activity of SGLT1 had led to a minor sodium-

linked glucose intake into the enterocyte as indicated by the decreased glucose net flux rates, there 

would have been no need for more basolateral GLUT2, since less glucose was absorbed by the 

epithelial cell and therefore less glucose would have needed to be transported across the basolateral 

membrane. Nevertheless, previous studies have reported that GLUT2 can also be found in the apical 

membrane with the purpose of recruiting more glucose into the enterocyte (Kellett et al. 2008, Naftalin 

2014). This increase in apical GLUT2, however, was primarily found in animals which were adapted to 

a long-term glucose-rich diet and then denied food overnight, followed by the application of a large 

bolus of simple sugars (Gouyon et al. 2003). The animals used in this study, though, received a standard 

diet with an average amount of starch. Moreover, correlation of the glucose net flux rates and the ΔIsc 

revealed a continuous correlation except for the earlier mentioned single animal at 35 dpi in the 

jejunum of the trickle-infected group. In the case of this single exception, it was shown that the ΔIsc 

was numerically above the other values in the group in contrast to its low net flux rates. Therefore, 

there was an even higher activity of electrogenic transport, meaning that the apical recruitment of 

GLUT2 as a facilitated diffusion transporter, and subsequently not inducing any changes in the ΔIsc 

could not have caused a higher ΔIsc with decreased glucose net flux rates. The correlation of the 

remaining animals indicates that the amount of glucose, which was absorbed into the enterocyte via 

SGLT1 together with two ions of sodium, was nearly the same amount as the total amount of 
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transported glucose. Hence, there is no evidence for an increased absorption of glucose based on the 

apical expression of GLUT2. 

Moreover, the study by Notari et al. assumed, that the decreased transport of glucose is initiated by 

the hypoxia-induced factor 1α. This means that an increase in this parameter might lead to an 

increased expression of GLUT1 (Notari et al. 2014), since Hif-1α has been proven in the past to lead to 

an increase in the GLUT1 gene expression in rat fibroblasts (Chen et al. 2001) or liver cell line (Behrooz 

et al. 1997) as well as in placental cells (Hayashi et al. 2004). A transcription of Hif-1α mRNA showed 

the only significant increase in the trickle-infected group in the jejunum at 21 dpi simultaneously to 

the increase in the transcription of GLUT1 (Fig. 8a, Tab. 9a). For GLUT2, however, neither the 

transcription rate nor the protein expression rate showed any changes, contradicting the findings of 

Notari et al. showing a downregulated GLUT2 expression (Notari et al. 2014). 

Another potential way to impact the transport rate and therefore explain the significantly decreased 

glucose net flux rates could be the changed expression of the glucose transporter GLUT1 modified by 

the parasitic infection. The gene and protein expression of this transporter showed a significant 

increase in the mRNA transcription in the tissues from all jejunal and ileal groups at 21 dpi (Fig. 8a+b, 

Tab. 9a+10a) except for the jejunal tissues from the single-infected group (Fig. 8a, Tab. 10a), but no 

alterations at protein expression level (Fig. 10a+b, Tab. 9a+10a). At 35 dpi in the jejunal tissues from 

the trickle-infected group, a significantly increased expression of SGLT1 was demonstrated (Fig. 10c, 

Tab. 9b). Nevertheless, all other groups at 35 dpi as well as the transcription rates remained 

unaffected. Similar findings were made at 49 dpi; while the ileal tissues from the single-infected group 

showed a significant increase (Fig. 10f, Tab. 10c), the tissues from jejunal groups and the ileal tissues 

from the trickle-infected group showed no modifications in protein expression or mRNA transcription. 

This eliminates an altered protein expression as one of the main mechanisms for changes in relation 

to parasitic infection. 

 

4.2.3.  Activity of glucose transporters 
 

Since the protein expression cannot explain the decreased glucose net flux rates, another clarifying 

approach could be a changed activity of the apical sodium-dependent transporter SGLT1. In previous 

studies it was found that the ileum was more responsive than the jejunum (Klinger et al. 2018). 

Phosphorylation of SGLT1 based on the activation of PKA has been described to enhance the function 

of the transporter. This stimulates the SGLT1-dependent transport processes of glucose (Hirsch et al. 

1996, Ishikawa et al. 1997, Subramanian et al. 2009). Analysis of the ratio of the protein expression 

concerning SGLT1 and pSGLT1 was performed to examine a potential change in activity of the SGLT1 
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transporter and its phosphorylated form pSGLT1 (data not shown). It was shown that no significant 

difference in the ratio between the two forms of the apical sodium-linked glucose transporter could 

be noticed. Moreover, Klinger et al. suggested that it might even be possible that phosphorylation of 

SGLT1 could lead to a decrease in its activity (Klinger et al. 2018), indicating that this mechanism is yet 

not well understood. 

 

4.3. Peptide and alanine transport 
 

The main findings of electrogenic transport measurements were the significantly decreased short-

circuit currents at 49 dpi in the jejunal and ileal tissues from the infected groups of both types regarding 

the peptide transport (Fig. 6c, Tab. 11f+i) and alanine transport (Fig. 7c, Tab. 12f+i). Similar to the 

discussed reasons for the decreased glucose net flux rates, a decreased transcription rate and 

subsequently altered expression of the respective transporter proteins might be responsible for the 

changes seen in the ΔIsc.  

In contrast to the transcription rate of apical glucose transporters, trickle-infected groups at 21 dpi 

showed a significant reduction in the jejunum (Fig. 9a, Tab. 11d) as well in the ileum (Fig. 9a, Tab. 11g) 

for the transcription of PepT1. At the expression level, however, no change could be noted and the 

short-circuit currents remained unaltered as well. Once again, it could be hypothesized that the 

mechanisms induced by A. suum did not yet modify the expression level. For example, at 35 dpi it was 

shown that the protein expression in the ileal tissues from the single-infected group was significantly 

decreased (Fig. 11b, Tab. 11h), even though it has to be considered that the changes in the mRNA 

transcription were shown in the tissues from the trickle-infected groups (Fig. 9a, Tab. 11d) and not 

within the tissues from the single-infected groups.  Even stronger is the contradiction at 49 dpi; while 

the transcription rate of PepT1 in all infected groups was numerically generally lower than in the 

control group (Fig. 9), the protein expression did not show comparable results (Fig. 11). Mostly equal 

expression levels were shown in infected and non-infected groups. Nonetheless, the ΔIsc of the jejunal 

tissues from the trickle-infected group and the ileal tissues from the single-infected and trickle-infected 

groups was significantly lower than in their corresponding control groups (Fig. 6c, Tab. 11f+i).   

These results were remarkable for two reasons. Firstly, the transcription rate at 21 dpi was reduced in 

just the trickle-infected groups (Fig. 9a, Tab. 11d+g), whereas the only significant change in protein 

expression occurred in the single-infected group in the ileum at 35 dpi (Fig. 11b, Tab. 11h). Then again, 

only the trickle-infected groups showed a significant decrease in their ΔIsc (Fig. 6c, Tab. 11f+i) with no 

changes in the expression rate of the genes or proteins at 49 dpi (Fig. 9c+11c, Tab. 11f+i). This makes 

it difficult to decide whether both infection types were affected equally as both single-infected and 
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trickle-infected groups types show significant changes but then at different times or whether this 

indicates that the infection type might also have an impact on the course of the infection and its 

outcome. 

Secondly, the notable changes vary from an elevated transcription rate regarding the transporter from 

the earlier stage of the experiment to a lowered electrogenic response in the longest infected groups. 

Normally, an increased transcription of the mRNA of a transport protein would suggest that if more 

transport proteins were subsequently expressed, the ΔIsc would be increased as well.  It might be 

possible that the larval and adult forms have different requirements in their nutrition, meaning here 

an increased need for protein and consequently a pronounced competition between the nematode 

and the host. Consequently, the roundworm might alter the transport physiology of the epithelial cells 

fitting to their needs. Therefore, the promotion of PepT1 at the transcriptional level (Fig. 9a, Tab. 

11d+g) could be a counter-regulatory mechanism of the host in order to compensate the parasitic 

infection. Nonetheless, no significant changes at the expression level of PepT1 could be observed 

except for a significantly decreased PepT1 expression in the ileal tissues from the single-infected group 

at 35 dpi (Fig. 11b, Tab. 11b), rejecting this theory. However, it always must be considered that the 

effect of A. suum on the intestinal nutrient transport may vary depending on the roundworms 

developmental stage just as the nutritional requirements like hypothesized earlier. 

In the case of the apicomplexan parasitic alveolates cryptosporidium it was clearly demonstrated that 

infecting mice with this parasite led to an enhanced expression of PepT1 at the peak of infection. This 

underlines a direct effect of the parasite on PepT1 expression (Barbot et al. 2003). Naturally, 

cryptosporidium and Ascaris spp. are not entirely comparable for studying parasitic infection and their 

effects on transport physiology of enterocytes. Nevertheless, it is obvious that parasites in general 

need to adapt to their host’s organism in order to derive a sufficient amount of nutrients for growth 

and reproduction. At the same time, they need to avoid harming the animal in order to survive.  

Another potential explanation for a reduced, peptide induced short-circuit current could be an 

impaired maintenance of the H+ gradient based on the phosphorylation of the sodium-hydrogen 

antiporter 3 (NHE3). The H+ gradient initiates the uptake of di/tripeptides by PepT1. In studies 

performed with NHE3-deficient mice, it was reported that the animals suffered from diarrhoea. This 

indicates that NaCl and fluid absorption, which depends on the apical Na+/H+ exchange, relies 

subsequently on the functionality of NHE3 (Gawenis et al. 2002) and its maintenance of the sodium 

gradient. Moreover, the coexpression of NHE3 with PepT1 increased the transport activity of specific 

peptides. This supports the thesis of an influence of NHE3 on the transport function of PepT1 

(Watanabe et al. 2005). An alteration of either NHE3 itself via phosphorylation or the increase or 
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decrease in NHE3 and its impact on the function of the Na+/H+-exchanger might explain the change in 

the ΔIsc after 49 dpi (Fig. 6c, Tab. 11f+i) without any alterations in gene or peptide expression. 

Concerning the alanine transport, the only significant changes were shown in the trickle-infected 

groups of the duodenum at 21 dpi and of the jejunum and ileum at 49 dpi in the reduction in the ΔIsc 

(Fig. 7c, Tab. 12f+i). Western Blot analysis could not deliver an explanatory approach to this decrease. 

As mentioned earlier, mast cells, which are recruited because of A. suum, release leukotriene D4. This 

is believed to lead to an activation of PKA and hence to a phosphorylation of ASCT1. This 

phosphorylation could result in a decreased ASCT1 activity (Arthur et al. 2014).  

 

4.4. Driving forces  
 

To keep the sodium-dependent transport processes intact, Na+/K+-ATPase needs to constantly export 

sodium from the enterocyte to maintain the inwardly directed sodium gradient. The sodium-

dependency of transport processes is given for all three substances. Not only the apical proteins SGLT1 

and pSGLT1 need sodium for their secondary active transport, but also the alanine transport relies on 

a maintained gradient as well as the tertiary transport of peptides. This means that if the expression 

of Na+/K+-ATPase is affected by the presence of the nematode, it would probably affect all three 

transport processes and therefore the electrogenic response. When considering the results of our 

Western Blot Analysis, however, no changes could be detected at any period in the jejunal and ileal 

tissues from both infection types (Fig. 10, Tab. 9+10). Therefore, the driving force and expression of 

Na+/K+-ATPase are not responsible for the significantly decreased glucose net flux rates (Fig. 5b+c, Tab. 

9b+c) and ΔIsc in the trickle-infected groups at 49 dpi of examined peptide (Fig. 6c, Tab. 11f+i) and 

alanine transport (Fig. 7c, Tab. 12f+i). Nevertheless, it cannot be ruled out that the activity of Na+/K+-

ATPase is altered through PKA-catalysed protein phosphorylation (Cheng et al. 1997). Subsequently, 

the modified activity of the Na+/K+-ATPase changes not only the membrane potential, but also the 

distribution and therefore concentration of intracellular K+ and Na+ ions (Bertorello et al. 1991), which 

might influence the nutrient uptake of all examined substrates. A more recent study suggested that 

the effect due to the phosphorylation of the Na+/K+-ATPase and its following structural changes is likely 

to be of an inhibitory nature, based on lowered sodium affinity of the pump (Poulsen et al. 2012). 

 

4.5. Developmental stage of A. suum and its influence on transport physiology 
 

As already implied in the discussion about the decrease in the electrogenic peptide transport at 49 dpi, 

in which the various requirements of the different developmental stages of the roundworm were 
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mentioned, it could be hypothesized, that the parasite-host-interaction changes in the course of the 

infection. Hence, this would mean that the nematode might adapt to its new environment and isolate 

itself from potential counter-regulatory mechanisms induced by the host. This would present an 

explanatory approach as to why, for example, the transcription rate of immune-related cytokines is so 

high at 21 dpi (Fig. 8a+b, Tab. 9a+10a), representing the arrival of A. suum, and then decreases in the 

course of the infection. Furthermore, this might indicate that the organism of the host has to a certain 

degree adapted to the parasite’s presence.  

As previously mentioned, at 21 dpi, especially transcription rates of immune-related parameters 

presented significant changes. In the jejunal tissues and ileal tissues from the trickle-infected groups, 

STAT6 was significantly higher than in the control group (Fig. 8a+b, Tab. 9a+10a), indicating that IL-4 

and IL-13 might have been activated in advance. At 21 dpi, neither IL-4 nor IL-13 showed any signs of 

increase. In contrast, there was even a fall in the transcription rate for IL-4 in the jejunal tissues from 

the trickle-infected group (Fig. 8a, Tab. 9a) and for IL-13 in the ileal tissues from the trickle-infected 

group (Fig. 8b, Tab. 10a), contradicting the activation of STAT6 based on IL-4 and/ or IL-13. 

Nevertheless, it must be considered that the transcription rates always represent just one moment. 

They leave out processes which occurred beforehand or will occur after the chosen instant. This means 

that if we had investigated the transcription rate after a couple of days post hatching, the results would 

probably have been different, especially if the larval migration and delayed manifestation within the 

small intestines are considered. 

Following this train of thought, it makes it more understandable why changes in the net glucose flux 

rates might only happen from 35 dpi onwards (Fig. 5b+c, Tab. 9b+c) or why the transcription of the 

protein transporter PepT1 was decreased at 21 dpi (Fig. 9a, Tab. 11d+g), but the actual decrease in the 

ΔIsc was not seen until 49 dpi (Fig. 6c, Tab. 11f+i). Furthermore, the tissue conductances for duodenal 

tissues from the trickle-infected group at 35 dpi were significantly increased, while the tissue 

conductances in jejunal tissues from the trickle-infected group at 49 dpi were significantly decreased. 

In a study where mice were infected with different gastrointestinal nematodes, tissue resistance was 

shown to be significantly decreased (Madden et al. 2002).  Normally, an increase of intestinal 

permeability is related to the process of expulsion of the roundworms (McDermott et al. 2003) 

mediated by mast cells. Mast cells may specifically degrade the tight junction protein occludin, 

therefore disrupting the epithelial barrier function (Pennock et al.). Moreover, an increased mucosal 

permeability based on a nematode infection was reported to be connected to a decreased sodium-

linked glucose absorption together with an increased Cl- secretion to enhance the fluid secretion and 

therefore strengthen expelling mechanisms (Lawrence 2003). In our study, however, the ΔIsc of the 

groups at 35 dpi showed no signs of alteration regarding the sodium-linked glucose absorption. 

Nevertheless, it could be assumed, that the increased tissue conductances as shown in the duodenal 
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tissues from the trickle-infected group at 35 dpi, implied yet another temporary counter-regulatory 

mechanism aiming at A. suum’s expulsion, followed by a potential adaptation established in the 

decreased Gt of the trickle-infected group at 49 dpi in the jejunum. 

This indicates that the parasitic mechanisms need the respective time or developmental stages to 

adapt to the environment in their host and subsequently have an impact on transport processes. 

Characterisation of the developmental stages of A. lumbricoides were performed based on high-

resolution mass spectrometry (Melo et al. 2016). These led to the perception that the respective stage 

showed variances in the intensity of the signals, thus proving that the presence of certain biomarkers 

can be related to individual phases of the parasite’s maturation. Many previous studies suggested that 

the parasites supposedly release proteins to modulate the immune response of their host, thus 

preventing expulsion (Lightowlers et al. 1988, Harnett 2014). These proteins possibly derive as a result 

of the turnover of cuticles, digestion, egg shedding or even dying roundworms, triggering molecular 

interaction at the host-parasite interface. This could have a very strong impact on the outcome of the 

infection (Chehayeb et al. 2014). Since the aforementioned occasions of secreting immunomodulating 

proteins happen at very different times, the composition of the proteins may vary. Therefore, different 

effects are induced, just as shown in our study. Consequently, it could be assumed that only the adult 

worms shed the specific proteins for modification of nutrient uptake or at least to the extent that 

current knowledge allows us to identify this. It would also give an explanatory approach to the fact 

that the only significant change related to the weight gain during the infection period was found in the 

trickle-infected group at 49 dpi. What remains inexplicable is that this significant change was an 

increase in weight gain. Whether the infected pigs tried to compensate the higher nutritional 

requirements induced by A. suum by a higher feed intake or another unknown reason which led to the 

weight gain cannot be explained at present. 

 

4.6. Evaluation of the PhD project 
 

Very important findings were made during this study. Retrospectively, however, there are certainly 

potential improvements to be made when looking at the experimental design of the study: Firstly, 

sufficient testing should be performed in future experiments to analyse the success and course of 

parasitic inoculation. As many other parasitic infections, Ascariasis in pigs occurs mostly as a subclinical 

phenomenon. This leads to many undiagnosed cases, thus complicating the evaluation of the pigs’ 

health (Vlaminck et al. 2012). Normally, infections are discovered by white liver spots due to larval 

migration as well as the presence of eggs in the faeces. Sometimes they are discovered via worms in 

the small intestines. A correlation of the number of white spots with the intensity of infection proved 

to be difficult (Bernardo et al. 1990), since an established immunity of pigs can result in preventing 
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migration of larvae from reaching the liver due to early elimination (Eriksen et al. 1992). Moreover, 

Ascariasis infections are known to have an uneven distribution of worms, 20-30% of the population of 

hosts carrying about 80% of the population of worms. This makes screening even more difficult (Boes 

et al. 1998, Nejsum et al. 2009). Therefore, testing methods like enzyme-linked immunosorbent assays 

(ELISAs) should be used to determine the infection status of the herd of interest to make the infection 

status more reliable. Previous studies, however, showed difficulties in establishing a reliable ELISA 

based on sufficient sensitivity as well as specificity (Lind et al. 1993, Yoshihara et al. 1993, Roepstorff 

1998). A potential solution for this lies in the usage of a serodiagnostic test which is performed with 

purified A. suum haemoglobin molecules (AsHb)  as antigens (Vlaminck et al. 2012). This showed results 

of high specificity and sensitivity.  

During this study, the only remaining tools to determine the success of infection were the milk spots 

(white liver spots) and worms within the small intestines. Unfortunately, a regular screening was only 

performed from the third part of the experiment onwards. Nevertheless, as the presence of 

roundworms or the detection of milk spots was counted as a successful infection, the trickle-infection 

was from the 35th day onwards constantly successful (Tab. 6). Sometimes it was noted that just the 

liver spots were observed during necropsy. This leaves the possibility that the Ascariasis could have 

already been eliminated by the pig’s immune response and therefore falsifying results regarding 

counting the individual pig as an infected pig. Therefore, thorough screening would be desirable if not 

necessary for forthcoming experiments involving A. suum.   

Another aspect is that based on our findings, future studies might concentrate on the usage of long-

term infected animals carrying adult worms instead of larvae in different developmental stages. As 

significant changes in the ΔIsc occurred constantly within the 49 dpi groups in the jejunum and ileum 

of the trickle-infected groups, this seems to be the time when A. suum adapted to the host’s potential 

counterregulatory mechanism and established pathways benefitting its own needs.  

It was hypothesised that the developmental stages play an essential role regarding the course and 

outcome of the roundworm infection. In an earlier study it was reported that antigens, which A. suum 

excretes during its stay in the small intestines, change in the molecular weight specifically depending 

on the developmental stage of the parasite (Kennedy et al. 1987). As these antigens most likely affect 

the immune response of the host (Lightowlers et al. 1988), it seems conclusive that the nutrient 

transport within the small intestines may also be modified.  If the main interest of future studies 

focuses on investigations of the changes occurring during the maturation of A. suum, another approach 

could be to analyse respective parameters in tighter intervals. This could eliminate speculations about 

previous changes in the expression of genes or proteins. This information should be useful for 

characterising the parasitic lifecycle and its effect on intestinal nutrient transport in even more detail. 
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Additionally, potential processes of adaptation of the nematode within the host’s organism might be 

identified. 

The greatest impacts shown in the present study were found in the distal parts of the small intestines. 

Since A. suum stays predominantly within the jejunum and ileum (Douvres et al. 1969, Morimoto et al. 

2003), it seems consistent that the effects would be the strongest within these parts of the small 

intestines. Based on the high variances shown in the electrophysiological findings, it could be assumed 

that there might have been an irregular distribution of the worms and subsequently an uneven effect 

on the examined tissues. Nevertheless, since this nematode remains at the mucosal side of the gut 

(Mulcahy et al. 2004) and is subsequently not locally bound to the tissue, to assume an evenly 

dispersed impact appears justified. Especially if it is taken into account that the parasite’s presence 

induces hypercontractility (Zhao et al. 2003), the worms themselves and their possible 

immunomodulatory antigens (Lightowlers et al. 1988) would reach a wide range of tissue. Additionally, 

the unchanged morphology between the infected and control groups emphasises the theory of an 

evenly affected tissue. Nonetheless, it could be discussed if future experiments with this nematode 

should focus only on the jejunum and ileum. Considering the aspect of the high variance we 

experienced in the different experimental groups, it might be beneficial to reduce the number of 

different parameters such as fewer periods or only one infection type. This would lead to a smaller 

number of groups and subsequently larger group size, which might establish a more resistant 

experimental design. 

Additionally, this study demonstrated that the mechanisms used by A. suum to modulate the transport 

physiology of the enterocytes are not entirely explained by alterations in mRNA transcription levels or 

protein expression levels. Based on previous studies focussing on immune reactions in response to the 

presence of the nematode, it could be hypothesized that correlating immune parameters like Th2-

asscociated effects might even play a greater role than expected, especially in modifying the nutrient 

uptake in relation to parasitic infections. It was also reported that, induced by a nematode infection, 

the increase in mast cells seems to play a very important role in modifying SGLT1-dependent glucose 

absorption (Notari et al. 2014). Hence, monitoring known immune parameters could turn out to be 

very useful for further understanding of the parasite-host interaction. 

Finally, the assessment of PKA activity might be a valuable approach. PKA does not only affect SGLT1-

mediated transport processes but is also known to inhibit the epithelial Na-alanine cotransport of 

ASCT1 (Arthur et al. 2014) as well as influencing the functionality of the NHE3-antiporter (Zhao et al. 

1999). Furthermore, it may even affect the Na+/K+-ATPase by inhibiting its pumping activity (Poulsen 

et al. 2012). Therefore, a PKA activation mediated by A. suum may be a key factor in influencing a wide 

range of parameters discussed in this study. 
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4.7. Concluding remarks 
 

From the present study it can be concluded that there is an evident difference in the success rate of 

the two mentioned infection types as the trickle-infected group showed a greater impact based on the 

changes in the intestinal nutrient transport. The most significant findings related to the Ussing 

chamber technique were shown in the trickle-infected groups. Subsequently, it was simultaneously 

confirmed that the parasite A. suum does indeed alter the nutrient transport significantly. 

Nevertheless, the exact mechanism used by the parasite remains unknown, since the examinations 

were restricted to the cellular level, as the initial assumption was that the induced changes were only 

found in the affected tissue at cellular level. However, the investigated cellular parameters based on 

both mRNA and protein expression level in this experiment were not capable of delivering a sufficient 

explanation for the significant changes demonstrated in Ussing chamber experiments. Finally, this 

study strengthens the presumption that the developmental stages of the parasite play a major role in 

the parasite-host interaction and therefore in the modulation of intestinal transport physiology. The 

reason for this is that mainly the groups at 49 dpi showed significant findings in the functional 

characterisation of intestinal nutrient transport.   
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Abstract 

The roundworm Ascaris suum is one of the parasites with the greatest economic impact on pig 

farming. Thereby, lower weight gains are assumed to be due to a decreased nutrient 

absorption. This study aims at characterising effects of A. suum infection on intestinal nutrient 

transport processes and potential molecular mechanisms. Nine groups with six piglets each 

were used. Three groups were infected orally (10,000 embryonated A. suum eggs) in a single 

dose (“single-infection”). Another three groups were infected orally (1,000 embryonated eggs) 

for ten consecutive days (“trickle-infection”). Animals were necropsied 21, 35 and 49 days post 

infection (dpi). Three groups were used as respective controls. The Ussing chamber technique 

was applied for the functional characterisation of small intestinal tissues (short circuit currents 

(Isc) as induced by glucose, alanine and peptides; 3H-glucose net flux rates; tissue 

conductances (Gt)). Transcription and expression levels of relevant cytokines and nutrient 

transporters were evaluated (qPCR/ Western Blot).  

The main differences in glucose transport were observed in the jejunum of the single-infected 

and trickle-infected groups at 35 dpi and in the trickle-infected group at 49 dpi. Peptide- and 

alanine-induced changes in Isc (ΔIsc) were significantly decreased in the jejunum and ileum of 

the trickle-infected group at 49 dpi and in the ileum of the single-infected group at 49 dpi.  

Transcription levels of the glucose and peptide transporters as well as of selected transcription 

factors (transcription of signal transducer and activator of transcription 6 [STAT6] and hypoxia-

inducible factor 1-alpha [Hif-1α]) were significantly increased in response to both infection 

types after some periods. The transcription of interleukins 4 and 13 varied between decrease 

and increase regarding the respective timepoints as did the protein expression of glucose 

transporters.  

The expression of the peptide transporter PepT1 was significantly decreased in the ileal single-

infected group at 35 dpi. Hif-1α was significantly increased in the ileal tissue from the single-
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infected group at 21 dpi and in the trickle-infected group at 35 dpi. The expression levels of 

Na+/K+-ATPase and ASCT1 remained unaffected.  

These results indicate that the nutrient deprivation induced by A. suum cannot alone be 

explained by  transcriptional or expressional changes and requires further studies. 

Keywords: Ascaris suum, Nematode infection, Pig, Ussing chamber, Small intestine, 

Electrophysiology, glucose transport, dipeptide transport, alanine transport, intestinal nutrient 

transport 

 

Introduction 

The nematode Ascaris suum represents one of the world’s most relevant parasites in modern 

pig farming (1), being responsible for significant economic losses (2). After oral infection with 

embryonated A. suum eggs, the larvae hatch in the stomach and small intestines, enter the 

vessels of the caecum and proximal colon and are transported to the liver (3). Following 

migration through the liver tissue, the larvae reach the lungs via the bloodstream approximately 

one week after infection. After penetrating into the alveolae, they are transported to the upper 

respiratory tract and subsequently swallowed, thus reaching the small intestines again as from 

8 dpi onwards (4). The worms mature in the intestines to reach the adult stage approximately 

from day 25-29 dpi onwards (5). Adult A. suum inhabit the jejunal lumen, where each female 

produces up to 2 Mio. eggs per day (6). 

Economic losses are due to several factors. In Germany, up to 43% of pig livers from 

conventional farming and up to 64% from organic farming systems are condemned due to the 

so called “milk spots”, i.e. hepatic scarring caused by the migrating larvae (7). Furthermore, 

infected pigs show lower weight gain and efficiency of feed conversion (8-11). Lower weight 

gains might be explained by a dysfunction of gastrointestinal nutrient absorption induced by 

alterations of the intestinal ion transport (12), as well as by reduced availability of glucose or 

cholesterol (13). A recent experiment confirmed a decrease in glucose absorption in A. suum-

infected pigs in comparison to control groups (14). Furthermore, chicken infected with the 

related roundworm Ascaridia galli showed a significantly decreased electrogenic transport of 

glucose and alanine (15). These findings were associated with an increased intestinal 

transcription of the Th2-cell associated cytokines interleukin (IL)-4 and IL-13. IL-4 and IL-13, 

being upregulated during gastrointestinal nematode infections, activate signal transducer and 

activator of transcription 6 (STAT6), which in turn may lead to a decrease of sodium-linked 

glucose absorption (16, 17).  
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IL-4, IL-5 and IL-13 are secreted due to the activation of Th2 cells in response to parasitic 

antigens, which also causes the degranulation of IgE-sensitized mast cells (18). One 

leukotriene which is secreted by mast cells, LTD4, is known to activate the protein kinase C 

(PKC)-mediated phosphorylation of Raf kinase inhibitor protein (RKIP), which triggers protein 

kinase A (PKA) to inhibit the Na-alanine cotransport in intestinal epithelial cells by decreasing 

the affinity of the cotransporter ASCT1 (19). 

In contrast to alanine, the transport of dipeptides in the small intestines as mediated by peptide 

transporter 1 (PepT1) depends on an inwardly directed H+ gradient. This gradient is 

established by the sodium-hydrogen antiporter 3 (NHE3). The functionality of this antiporter 

could be modulated by an inhibitory PKA-mediated phosphorylation of respective serine 

residues named pSer552 and pSer605 (20). Therefore, peptide transport may indirectly be 

affected in response to A. suum infection.  

Furthermore, phosphorylation of the sodium-glucose linked transporter 1 (SGLT1) is assumed 

to impair glucose transport (21-23). Nevertheless, it is not yet clear if phosphorylation leads to 

an increase or decrease in SGLT1-mediated glucose transport. Moreover, it was shown that 

PKA and PKC are also able to modify the maximal rate of transport depending on the 

expressed cotransporter (24). Also the recruitment of glucose transporter 2 (GLUT2) to the 

brush border membrane (25) may contribute to modification of glucose transport.  

Additionally, previous studies revealed that the transcription of some genes, which were 

involved in barrier function as well as the metabolism of glucose, were regulated by hypoxia-

inducible factor 1α (Hif-1α) (26, 27). Hif-1α is also supposedly involved in the transactivation 

of the GLUT1 promoter and therefore, an increase in Hif-1α protein levels might lead to higher 

mRNA levels of GLUT1 (28) and affect the intestinal transport of glucose. 

The present study aimed at characterizing the mechanisms of potential malabsorption in 

response to A. suum infection in pigs. Animals were infected using a single- and a trickle-

infection procedure. In addition to the functional characterisation of intestinal nutrient transport 

using the Ussing chamber technique, potential mechanisms were investigated on both, mRNA 

and protein expression levels.  

 

Material and Methods 

2 Experimental setup 

2.1.  Animals 

Fifty-four hybrid pigs were acquired from the Farm for Education and Research in Ruthe, 

University of Veterinary Medicine Hannover, and divided into a single-infected group, a trickle-
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infected group and a control group. Each of these groups were housed in separate rooms. At 

arrival, the animals were subjected to a clinical examination, and general health monitoring by 

visual control as well as temperature check was performed every day. The animals were kept 

on a standard pig diet ad libitum (Deuka Ferkelstarter Primo, Deutsche Tiernahrung Cremer, 

Düsseldorf, Germany), had free access to water and were weighed at arrival and prior to 

necropsy.  

            

2.2. Infection and Sampling 

Pigs of the single-infected group were infected orally with 10,000 embryonated A. suum eggs 

each, whereas pigs of the trickle-infected group received 1,000 eggs/day for ten days. Six pigs 

of each group as well as of the uninfected control group were necropsied on days 21, 35 and 

49 dpi, respectively. All animals were stunned with a penetrative captive bolt device, followed 

by exsanguination. The uninfected and infected pigs were necropsied alternately in the 

morning and afternoon. After exsanguination, the gastrointestinal tract was removed, and 

samples were taken from the duodenum, jejunum and ileum. To ensure the comparability of 

sampling, 80 cm of each intestinal segment were removed as follows: Tissue from duodenum 

was taken at 80 cm distal of the pylorus, from jejunum at 6.0 m distal of the pylorus, and from 

ileum at 1.0 m proximal of the ileocaecal valve (the first 30 cm were discarded). Tissues for 

Western Blotting and qPCR (first 20 cm of each 80 cm segment) were rinsed with ice-cold 

saline (0.9% NaCl) solution, stripped of the muscle layers, frozen in liquid nitrogen and stored 

at -80 °C until further analyses. Samples for Ussing chamber experiments (last 50 cm of each 

80 cm segment) were also rinsed with ice-cold saline (0.9% NaCl) solution and stored in 

serosal buffer (Tab. 1) until further experiments. 

 

 

2.3. Ussing chamber experiments 

The Ussing chamber technique (29) was used in order to characterize the electrogenic 

transport of glucose, amino acids (alanine) and dipeptides (glycyl-L-glutamine [gly-gln]) in 

duodenal, jejunal and ileal tissues. Additionally, unidirectional glucose flux rates were 

measured. The tissues were incubated under voltage clamped conditions, thus, potential 

differences and respective electrical currents resulting from active ion transport processes 

were compensated by inversely directed short circuit currents (Isc) as a measure of net 

electrogenic ion transport. To control epithelial integrity, tissue conductances (Gt ) were 

measured continuously.  
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2.3.1. Tissue preparation 

After sampling, the tissues were opened along the mesenteric side, the serosal and the muscle 

layer were stripped, and the mucosa was mounted in the Ussing chambers (1.0 cm2 serosal 

area). Tissues were aerated with carbogen and temperature was held at 37 °C. The experiment 

included 24 chambers for each pig, of which 6 were used for peptide and 6 for alanine transport 

measurements (using buffer I and III, see Tab. 1) whereas the other 12 were used for the 

glucose transport measurements (using buffer I and II, see Tab. 1). After mounting the tissues 

into the chambers, equilibration was allowed for 5-10 min before potential differences were set 

to 0 mV and Isc was measured.  

 

Table 2. Composition of buffer solutions for Ussing chamber experiments. 

 

 

Glucose transport: After 20 min of equilibration under voltage clamped conditions, glucose 

(5 mM, mucosal) was added to initiate glucose transport, as well as mannitol (5 mM, serosal) 

to prevent osmotic effects. After 10 min, 5 µCi 3H-D-glucose (185,000 Bq) were added either 

to the mucosal or to the serosal side in order to measure the unidirectional glucose flux rates. 

Two samples (50 µL each) were taken from the radioactive side at the beginning and after 60 

min of incubation. Four samples (500 µL each) were taken from the unlabelled side in 15 min 

intervals. Samples were mixed with 4.3 mL of scintillation liquid Rotiszint® eco plus LSC-

Universalcocktail (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and decays per minute 

(dpm) were measured (Packard 2500 TR Liquid Scintillation Analyser, Packard BioScience 

 
 

 

„Serosal buffer/ buffer I“   

[mM] 

 

„Mucosal buffer/ buffer II“ 

pH 7.4 [mM] 

 

„Mucosal buffer/ buffer III“ 

pH [mM] 

NaCl 113.6 113.6 113.60 

KCl 5.4 5.4 5.40 

HCl (1n) 0.2 0.2 0.20 

MgCl2 * 6 H2O 1.2 1.2 1.20 

CaCl2 * 2 H2O 1.2 1.2 1.20 

NaHCO3 21.0 21.0 2.00 

Na2HPO4 * 2H2O 1.5 1.5 0.37 

Glucose 5.0 --- --- 

Mannit 1.2 1.2 32.94 

Hepes 7.0 20.0 --- 

Na-Gluconat 6.0 --- 19.83 

1nNaOH --- 6.0 --- 

NaH2PO4 * H2O --- --- 1.13 

    

Osmolarity 290 mosmol/L 292 mosmol/L 300 mosmol/L 

pH 7.4 7.4 6.4 
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Company, Meriden, United States). Transepithelial active glucose transport (Jnet) was 

calculated from the difference between both unidirectional flux rates (Jms = flux rates from the 

mucosal to the serosal side; Jsm= flux rates from serosal to mucosal side) according to standard 

equations (30). Isc data were calculated by subtracting the basal value before the addition of 

glucose from the maximal response after addition. From this procedure ΔIsc resulted as the 

maximal electronic response to mucosal addition of the respective nutrient.  

 

Peptide transport: The electrogenic transport of the peptide glycyl-L-glutamine (6 chambers) 

was measured after 30 min of preincubation with amastatin (0.01 mM, mucosal). Amastatin 

was added in order to inhibit the aminopeptidase activity followed by the addition of glycyl-L-

glutamine (10 mM, mucosal). Moreover, mannitol (10 mM, serosal) was added to compensate 

for osmotic differences. ΔIsc data were calculated by subtracting the basal value before the 

addition of gly-gln from the maximal response after addition. 

 

Alanine transport: The transport of alanine was measured by adding alanine (10 mM, 

mucosal) as well as mannitol (10 mM, serosal) to 6 chambers. ΔIsc data were calculated by 

subtracting by the basal value before the addition of alanine from the maximal response after 

addition. 

 At the end of each protocol, the addition of forskolin (0.01 mM, serosal) was used to induce 

Cl- secretion in order to test the viability of the tissues. 

 

2.4. Quantitative real-time PCR (qPCR) 

2.4.1. Design of primer-probe combinations 

Nucleotide sequences of selected Sus scrofa genes were derived from the GenBank database 

and Clone Manager software (Version Professional 9, Sci Ed Software, Westminster, 

Colorado, USA) was used to align multiple sequences. Based on those alignments, gene-

specific primers as well as TaqMan™ MGB probes were designed by use of primer AlleleID 

software (PREMIER Biosoft, San Francisco, CA, USA). Primer pairs and TaqMan™ MGB 

probes used in this study can be found in Table 2. Probes (Life Technologies, Darmstadt, 

Germany) were labeled at the 3’end with FAM™ or VIC® to enable duplex qPCR, whereas the 

5’end was labeled with a non-fluorescent quencher. 
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Table 2. Primer pairs and TaqMan™ MGB probes for quantitative real-time PCR 

Gene  

 

Forward primer (5’-3’) Gene Reverse primer (5’-3’) TaqMan™ MGB probe Amplicon 

length 

(bp) 

TBP CTGCCCGGTTATTTATATTTA

GA 

AGTCCAATCAATTGTTGAGG VIC-ACTTACTGCTGTTGAC-NFQ 118 

PPIA GCAGACAAAGTTCCAAAGA CACCCTGGCACATAAATC 6-FAM-AACTTCCGTGCTCT-NFQ 106 

GLUT1 ATCCCATGGTTCATTGTG CACAGTTGCTCCACATAC VIC-AACTCTTCAGCCAG-NFQ 131 

GLUT2 GGAAGAAGCATCAAGTGAA GATCCCATTGATTCCAGAAA 6-FAM-CATCAGTGCTACTAGA-

NFQ 

127 

SGLT1 CACTCAGTCGGATGTCTA CCACAACTCTTAAAATAACATTC

A 

VIC-CACTGACATGCTGA-NFQ 133 

IL-4 CTTCGGCACATCTACAGA TCGTCTTTAGCCTTTCCA 6-FAM-CTCTTCTTGGCTTCA-

NFQ 

148 

IL-13 CTCTGGTTGACTCTGGTC TCTGGTTCTGGGTGATATTG 6-FAM-TTGCTCTCACCTGCTT-

NFQ 

127 

HIF1α CTGGACACAGTGTGTTTG GCTAGTTAAGGTACACTTCATTC VIC-TACTCATCCGTGCGAC-NFQ 149 

Stat6 CTCAGATGCCTTCTGCTG GTCCCTCTGATATATGCTCTC 6-FAM-TGCTATCTGCCACT-NFQ 142 

PepT1 TCGGCTGGAATGACAATC GGTGTAGACGATGGACAAC VIC-TCCACTGCCATCTA-NFQ 143 

 

2.4.2. Extraction of mRNA and synthesis of cDNA 

For mRNA extraction, 30-40 µg mucosa of each segment and for each pig were used. Isolation 

of mRNA was performed with the GenElute Direct mRNA Miniprep Kit (Sigma-Aldrich, 

Taufkirchen, Germany) with prior homogenization using the Precellys metal kit (PEQLAB 

Biotechnologie, Erlangen, Germany) in a Precellys 24® instrument (PEQLAB Biotechnologie, 

Erlangen, Germany) at 6,400 rpm for 60 seconds. Quality and quantity of mRNA was 

determined using the NanoDrop™ 1000 spectrophotometer (PEQLAB Biotechnologie, 

Erlangen, Germany), followed by overnight ethanol precipitation. For this, 100 µL of the sample 

was mixed with 5 µL 3 M sodium acetate buffer (pH 5.2), 300 µL ice-cold ethanol (95%) and 

20 ng glycogen, followed by a 30 min centrifugation step at 16,000 g at 4 °C. The supernatant 

was removed and 500 µL of cold ethanol (70%) was added. After centrifugation at 16,000 g 

for 10 min, the ethanol was removed. The pellet was dried, resuspended in 21 µL of RNAse-

free water and the NanoDrop™ 1000 spectrophotometer was used for a second determination 

of quality and quantity. The RNA to cDNA EcoDry™ Premix (OligodT) stripes (Takara Bio 

Europe/Clontech, Saint-Germain-en-Laye, France) were used to convert mRNA to cDNA, 

using 20 μl precipitated mRNA. Quality and quantity were determined a third time and cDNA 

was diluted 1:10 in RNAse-free water. The cDNA was stored at -80 °C until use. 
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2.4.4. Plasmid standard preparation 

Plasmid standard dilution series were produced to quantify specific amplification efficiencies 

of the target and reference (housekeeping) genes. These dilution series were included in each 

qPCR run. Primers were designed based on available mRNA sequences on GenBank (NCBI) 

as shown in Table 3 using Primer Blast (NCBI). Primers were ordered from Sigma-Aldrich 

(Taufkirchen, Germany) and primer sequences are available on request. 

Partial TBP, GLUT2, SGLT1, IL-13 and STAT6 sequences were amplified in a total volume of 

50 μl per reaction, including 38 μl distilled water, 5 μl 10× Taq buffer, 1 μl 10 mM 

deoxynucleotide triphosphates, 2 μl of 10 µM forward and reverse primer each and 1 μl 

PerfectTaq DNA polymerase (5 U/reaction, 5PRIME GmbH, Hilden, Germany). Furthermore, 

PPIA, GLUT1, Hif1α, IL-4 and PepT1 were amplified in a 50 μl reaction using Qiagen Multiplex 

Mix (Qiagen, Hilden, Germany). As template, 1 μl cDNA (200 ng/μl) derived from mucosa of 

the jejunum of a pig of the control group was added in both protocols. 

Table 3. Accession numbers and annealing temperatures 

 

 

 

 

 

 

 

 

Accession numbers of respective gene sequences as well as annealing temperature for quantitative 

real-time PCR 

 

The following thermocycling protocols were employed: The 5Prime Perfect Taq PCR started 

with 3 min at 95 °C, followed by 40 cycles of 95 °C for 30 sec, the gene-specific annealing 

temperature (Tab. 3) for 30 sec and 72 °C for 30 sec, with a final elongation step at 72 °C for 

10 min. The thermoprofile for the Qiagen Multiplex mix started with 95 °C for 15 min, followed 

by 40 cycles at 94 °C for 30 sec, the gene-specific annealing temperature (Tab. 3) for 90 sec, 

and 72 °C for 30 sec, with a 10 min final elongation step at 72 °C. 

Accession Number Primer for… Annealing temperature 

DQ845178 TATA box binding protein (TBP) 61° C 

NM_214353 peptidylprolyl isomerase A (PPIA) 60° C 

KU672521 Glucose transporter 1 (GLUT1) 59° C 

NM_001097417 Glucose transporter 2 (GLUT2) 60° C 

NM_001164021 Sodium/glucose cotransporter 1 (SGLT1) 60° C 

NM_001123124 Hypoxia inducible factor 1 subunit alpha (HIF1A) 61° C 

NM_214123 Interleukin 4 (IL-4) 60° C 

NM_213803 Interleukin 13 (IL-13) 59° C 

NM_001197306 Signal transducer and activator of transcription 6 (STAT6) 61° C 

NM_214347 Peptide transporter 1 (PepT1) 61° C 
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Amplification products were ligated into TOPO™ TA vectors and transformed into One Shot™ 

TOP10 Chemically Competent E. coli (both Invitrogen™, Thermo Fisher Scientific, Schwerte, 

Germany). After sequencing, the plasmid-DNA was purified from E. coli cells. Linearizing and 

dephosphorylating according to Laabs et al. followed  (31). Based on the absorbance at 260 

nm (NanoDrop™ 1000 spectrophotometer, PEQLAB Biotechnologie, Erlangen, Germany), 

dilutions containing 100 to 106 copies per µL were prepared and aliquoted. Aliquots were stored 

at -20 °C for single use. 

 

2.4.5. Quantitative real-time PCR 

For each duplex qPCR reaction, 12.50 μl ABsolute™ Blue QPCR Low ROX Mix (Thermo 

Fisher Scientific, Schwerte, Germany), 0.15 μl forward and 0.15 μl reverse primer (50 μM) and 

0.06 μl probe (10 μM) of the two appropriate genes were mixed. Following duplex pairs were 

used: PPIA + TBP, GLUT1 + GLUT2, SGLT1 + IL-4, Hif-1α + IL13 and PepT1 + STAT6. As 

template, 2 μl of the first-strand cDNA preparations of the porcine intestinal mucosa and 1 μl 

of each 10-fold diluted serial plasmid standard were used. The thermoprofile consisted of 15 

min at 95 °C, followed by 40 cycles of 95 °C for 20 sec, 52 °C for 20 sec and 72 °C for 30 sec. 

The reference genes TBP and PPIA were included on each 96-well microplate and all reactions 

were run in duplicate. Each plate run was repeated once. The mean gene-specific amplification 

efficiency, correlation coefficient (R2), slope value and y-intercept in duplex reactions were 

analysed (see Tab. 4). Normalization of average baseline-corrected reporter signals of 

duplicates and technical replicates, correction of run-specific amplification efficiencies, inter-

run calibration and normalization against reference genes were performed with qBase+ 

software (Version 3.2, Biogazelle, Ghent, Belgium). 

 

Table 4. Quantitative real-time PCR parameters. 

 

 

 

 

 

 

 

Gene 

 

Amplification 

efficiency (%) 
R2 Slope y-Intercept 

TBP 104.2 0.998 39.14 -3.225 

PPIA 98.6 0.996 40.64 -3.355 

GLUT1 97.3 0.998 40.65 -3.389 

GLUT2 96.2 0.998 39.89 -3.416 

SGLT1 100.8 0.993 39.48 -3.304 

IL-4 102.9 0.999 40.10 -3.255 

IL-13 95.7 0.998 41.21 -3.429 

HIF1α 101.0 0.998 39.18 -3.298 

Stat6 113.5 0.988 39.70 -3.036 

PepT1 92.9 0.997 39.80 -3.506 
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2.5. Western Blot Analysis  

2.5.1. Preparation of cytosol, crude and apical membranes 

Western Blot analysis was carried out for the following proteins: ASCT1, pSGLT1, SGLT1 and 

PepT1, which are located in the apical membrane, GLUT2 and Na+/K+-ATPase, located in the 

basolateral membrane and Hif-1α, which is found in the cytosol of the intestinal epithelial cell. 

To enrich apical membrane proteins and crude membranes (for the detection of the basolateral 

proteins), subcellular fractioning was used to divide different subcellular compartments. 1.5 g 

of tissue were mixed with 13.5 mL homogenization buffer (2 mM TRIS base, 50 mM mannitol, 

pH 7.1) and incubated on ice until the tissue was thawed. Afterwards, the tissue was 

homogenized with a Potter tissue grinder (OMNILAB-LABORZENTRUM GmbH & Co.KG, 

Bremen, Germany) and centrifuged (2,000 g, 4 °C, 15 min). The supernatant was transferred 

into a beaker for calcium chloride precipitation (CaCl2, final concentration 100 mM).  

CaCl2 was added drop-wise on a stirrer. The crude membranes were enriched via 

centrifugation (60 min, 25,830 g, 4 °C) of 2 mL of the homogenate. For the enrichment of the 

apical membrane, 7.5 mL of the homogenate were centrifuged (30 min, 2,000 g, 4 °C), of which 

4 mL of the resulting supernatant were again centrifuged at 25,830 g (4 °C, 60 min). The pellets 

were resuspended in resuspension buffer (10 mM TRIS base, 150 mM NaCl, pH 7.4,) with the 

addition of inhibitors of phosphatases (1:100) of and proteases (1:50) (Protease Inhibitor 

Cocktail [P8340], Phosphatase Inhibitor Cocktail [P5726], Sigma-Aldrich Chemie GmbH, 

Munich, Germany), aliquoted and stored at -20 °C until use.  

 

For cytosol preparation for Hif-1α, 250 µL phenylmethansulfonyl fluoride (PMSF, Sigma-

Aldrich Chemie GmbH, Munich, Germany) was added to 50 mL cytosol-buffer (150 mM NaCl, 

1% Nonidet™P 40 [Sigma-Aldrich Chemie GmbH, Munich, Germany], 50 mM TRIS base, 5 

mM EDTA). For each tissue sample, 0.2 g of tissue was mixed with 1.85 mL of this buffer and 

incubated on ice until the tissue was thawed. After homogenization with the Potter grinder, 

preparation was completed with centrifugation at 17,500 g for 30 min at 4 °C. The supernatant 

was aliquoted and stored at -20 °C. 

The protein content was measured in duplicates using the Bradford method combined with the 

Bradford reagent (SERVA Electrophoresis GmbH, Heidelberg, Germany). 

 

2.5.2. Western blotting 

For denaturation, the samples were dissolved under reducing conditions in Tris-glycine buffer 

(125 mM TRIS HCl, 3% SDS, 10% glycerol, 0.1 M DTT). Used preparations and denaturation 

conditions can be seen in Table 5. 10 µL of the resulting protein solution was loaded onto an 

8.5% SDS-polyacrylamide gel. During electrophoresis, Tris-glycine buffer (250 mM TRIS base, 
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1.92 M glycine) containing 1% sodium dodecyl sulfate (SDS) and, for identification of protein 

sizes, the 26616 PageRuler™ (ThermoFisher Scientific, Waltham, USA) were used. 

Afterwards, proteins were electroblotted on nitrocellulose membranes (Amersham, Freiburg, 

Germany). Membranes were blocked in 5% milk (5 g milk powder in Tris-buffered saline 

supplemented with 1% Tween 20 [TBST]) for 60 min at room temperature. For Hif-1α, blocking 

was performed with 5% milk in PBST (phosphate-buffered saline supplemented with 1% 

Tween 20). Membranes were incubated overnight with the primary antibody (see Tab. 5) at 

4 °C.  

 

Afterwards, membranes were washed (3 x 10 min, TBST). The secondary antibodies (labelled 

with horseradish-peroxidase) were applied for 90 min (formation of immunocomplexes of 

primary and secondary antibodies on the membrane). After washing the membranes (3 x 10 

min, TBST), enzymes linked to the immunocomplexes were detected by use of SuperSignal® 

West Dura Extended Duration Substrate for ASCT1, Na+/K+-ATPase, PepT1 as well as 

SGLT1. SuperSignal® West Femto Maximum Sensitivity Substrate (both ThermoFisher 

Scientific, Waltham, USA) was used for GLUT2, pSGLT1 and Hif-1α protein. In combination 

with the ChemiDoc™ MP imaging system, the signal densitometry was analysed with Image 

Lab 5.2.1. software (both Bio-Rad Laboratories, Feldkirchen, Germany). For Hif-1α, all steps 

including TBST were performed using PBST instead. 

For the detection of phosphorylated SGLT1, the membranes incubated with the pSGLT1 

antibody were stripped in between the first antibody detection and housekeeper protein 

detection in order to expose them to the SGLT1-specific antibody.  

To control the protein loading, the membranes were stained with Indian Ink (royal blue ink 

combined with 2% glacial acetic acid) for 30 min and then destained with distilled water.  
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Table 5. Used Western Blot conditions and antibodies. 

 

To analyse band intensities, Image Lab Software (Bio Rad, Version: 5.2.1.) was used and band 

intensities were standardized to Indian Ink staining. 

SGLT1 showed a molecular mass of 90 kDa, pSGLT1 of 95 kDa, GLUT2 of 58 kDa, Na+/K+-

ATPase of 110 kDa, PepT1 of 79 kDa and Hif-1α of 130 kDa. 

Regarding the amino acid transporter 1, two bands were detected, at 65 kDa and at 40 kDa. 

Both bands also disappeared after the addition of a specific antigenic peptide. Due to 

recommendations of the antibody supplier Alomone Labs™ (Jerusalem, Israel) and according 

to literature (32), the 65 kDa band was chosen for evaluation.  

  

Antibody Prep Denaturation 
Protein 

loading 
Blocking 

PAK (O/N 

4°C) 
SAK (90 min, RT) 

SGLT1 

abcam (ab14686), 

UK 

AM 
40° C, 15 

min 
 10 µg 5 % MP/TBST 1:2,000 

1:10,000 α-rabbit SIGMA 

(A9160) 

pSGLT1 

Thermo scientific 

custom-made 

AM 
40° C, 15 

min 10 µg 
5 % MP/TBST 1:200 

1:10,000 α-rabbit SIGMA 

(A9160) 

ASCT1 

alomone labs 

(SLC1A4) #ANT-

081 

AM 95° C, 7 min 
10 µg 

5 % MP/TBST 1:1,000*  
1:2,000 α-rabbit    

      cell signalling (#7074) 

PepT1 

santa cruz (sc-

373742) 

AM 95° C, 7 min 
10 µg 

5 % MP/TBST 1:500* 

1:2,000 m-IgGκ BP-HRP 

santa cruz  

(sc-516102)  

GLUT2 

Antibodies-online 

(ABIN310208) 

CM 
70° C, 20 

min 10 µg 
5 % MP/TBST 1:2,000 

  1:20,000 α-rabbit                    

        SIGMA (A9160)** 

Na
+
/K

+
-ATPase 

Enzo Life 

Sciences 

(ALX-804-082) 

CM 
70° C, 20 

min 10 µg 
5 % MP/TBST 1:10,000 

1:20,000 α-mouse SIGMA 

(A2304) 

*diluted in BSA (5%) instead of 5 % Milk/TBST 

**diluted in 2.5 % Milk/TBST 

AM = apical membrane 

CM = crude membrane 
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2.6. Histomorphometrical analysis 

2.6.1. Preparation of tissue 

For histomorphometrical analysis, tissue was rinsed with ice-cold 0.9% saline solution and 

stored in 4% formalin. After two days, preparations were transferred to 70% ethanol and later 

cut to approximately 15-20 mm length and 1-2 mm thickness. Afterwards, the tissue was 

embedded according to standard techniques (Leica ASP300S, Leica Biosystems) in Surgipath 

Paraplast (Leica Biosystems Nussloch GmbH, Nussloch, Germany).  

Paraffin blocks were cut into 1-2 µm thin slices with microtome blades (Faust Lab Science 

GmbH, Klettgau, Germany) and a HM 325 microtome (Microm GmbH, Neuss, Germany) and 

put on Super Frost® microscope slides (Engelbrecht GmbH, Edermünde, Germany). 

Haematoxylin and eosin (H&E) staining of the slices was carried out fully automatically by the 

Leica CV 5030 automatic cover slipper and stainer (Leica Biosystems Nussloch GmbH, 

Nussloch, Germany) after deparaffinization using xylene and rehydration in a descending 

alcohol series with subsequent transfer to tap water. The covered slides were digitalised with 

an Aperio CS2 scanner (Leica Biosystems Nussloch GmbH, Nussloch, Germany). 

 

2.6.2. Histomorphometrical measurement 

For evaluation of the mucosal architecture, Aperio Image Scope (Version 12.4.3.5008, Leica 

Biosystems, Wetzlar, Germany) was used. Only the jejunal and ileal samples from 49 dpi 

groups were studied and 15 villi each were examined for a single animal. The total length, i.e. 

the length from the top of the villus to the bottom of the crypt, the villus length from the top of 

the villus to the beginning of the crypt, villus width as well as crypt depth were determined.  

 

2.7. Data analysis and statistics  

Results are presented as means ± SEM. For creation of figures and statistical analysis, 

GraphPad Prism 8.4.0 was used. Mann-Whitney U tests were performed, except for weights 

and weight gains, which were analysed with Student’s unpaired t-test. Differences were 

regarded as significant (*) if P < 0.05.  

The intended number of animals or group size is derived from an a priori power analysis using 

the online software "G*Power" (Heinrich-Heine-University Düsseldorf; www.gpower.hhu.de/). 

The respective target is the changed nutrient absorption. The probability for the 1st type of error 

was defined as 5% and for the 2nd type of error as 20%, thus the power was defined as 80%. 

For the additional parameter "biologically relevant difference or variance or effect size", only 
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expected values can be used due to the insufficient, currently available data: Based on the 

recent numbers described in the literature, it is assumed that a significant effect can be 

expected. Accordingly, the Cohen effect size is estimated to be high. Therefore, d=0.8 was 

used in the a priori analysis. This results in a number of 6 animals per group. 

 

3 Results 

Based on findings of the Ussing chamber experiments, which showed no significant changes 

throughout all infection periods and both infection types in the duodenum, only results of the 

jejunum and ileum are presented in this manuscript. 

 

3.1. Weight gain 

There were no significant changes in the total weight gain over the infection period in all groups 

at 21 dpi and 35 dpi. At 49 dpi however, there was a significantly increased weight gain in the 

trickle-infected group (Tab. 6). 

Table 6. Summary of start and slaughtering weights as well as calculated weight gain 

Experimental groups 

 21 dpi 35 dpi 49 dpi 

 control 
single-

infected 

trickle-

infected 
control 

single-

infected 

trickle-

infected 
control 

single-

infected 

trickle-

infected 

initial weight [kg] 
10.71 ± 

0.51 

10.89 ± 

0.21 

12.93 ± 

0.83 

9.23 ± 

0.15 

9.70 ± 

0.11 

11.76 ± 

0.26 

8.19 ± 

0.12 

8.14 ± 

0.26 

10.33 ± 

0.15 

slaughtering 

weight [kg] 

21.97 ± 

0.49 

21.70 ± 

0.65 

26.58 ± 

1.74 

27.67 ± 

1.31 

29.38 ± 

0.89 

31.83 ± 

0.65 

32.83 ± 

1.64 

33.25 ± 

1.68 

40.67 ± 

1.45 

total weight gain 

over infection 

period [kg] 

11.26 ± 

0.82 

10.81 ± 

0.83 

13.65 ± 

1.05 

18.44 ± 

1.32 

19.68 ± 

0.99 

20.08 ± 

0.59 

24.64 ± 

1.72 

25.11 ± 

1.91 

30.33 ± 

1.46 * 

 

Summary of intial and slaughtering weights as well as calculated weight gain over the infection period 

expressed in means ± SEM. Total weight gain was calculated as the difference between initial weight 

and slaughtering weight. Both infected groups were compared to the control group separately. Statistical 

analyses: Student`s unpaired t-test. 
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3.2. Ussing chamber experiment 

3.2.1. Effects of experimental A. suum infection on intestinal glucose transport  

At 21 dpi, no differences in glucose ΔIsc were observed and glucose net flux rates also 

remained unchanged (Fig. 2c+f, Tab. 7a+b). At 35 dpi, a reduction of the unidirectional glucose 

flux rates was detected in jejunal tissue from in both, the single- and trickle-infection group 

(Fig. 3c, Tab. 7c), while ΔIsc was unaffected in the ileum. At 49 dpi, a significant decrease in 

the net glucose flux rates was observed in the trickle-infected group in the jejunum (Fig. 4c, 

Tab. 7e). The ΔIsc remained unchanged at 49 dpi in both segments. 
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Table 7. Glucose transport: summary of p-values from Ussing chamber experiments, qPCR and 
Western Blot analysis. 

 

a) 21 dpi jejunum (see figure 2 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.026 p = 0.485 ΔIsc 
p = 0.310 

Jnet 
p = 0.930 

p = 0.026 p = 0.310 ΔIsc 
p = 0.310 

Jnet 
p = 0.429 

pSGLT1 n.d. p = 0.180 n.d. p = 0.240 

GLUT1 p = 0.589 n.d. p = 0.002 n.d. 

GLUT2 p = 0.589 p = 0.180 p = 0.180 p = 0.818 

Na+/K+- 
ATPase 

n.d. p = 0.065 

 

n.d. p = 0.180 

 
Hif1α p = 0.699 p = 0.485 p = 0.002 p = 0.394 

IL-4 p = 0.394 n.d. p = 0.002 n.d. 

IL-13 p = 0.240 n.d. p = 0.093 n.d. 

STAT6 p = 0.818 n.d. p = 0.002 n.d. 

 

 

 

Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the front 

and bold frame (bold: significant increase, italic: significant decrease);  n.d. = not determined. 

 

 

 

 

b) 21 dpi ileum (see figure 2 d-f for  complete data)                                                                   
b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.699 p = 0.240 ΔIsc 
p = 0.853 

Jnet 
p = 0.818 

p = 0.026 p = 0.818 ΔIsc 
p = 0.937 

Jnet 
p > 0.999 

pSGLT1 n.d. p = 0.589 n.d. p = 0.937 

GLUT1 p = 0.041 n.d. p = 0.002 n.d. 

GLUT2 p = 0.393 p = 0.240 p = 0.180 p = 0.015 

Na+/K+- 
ATPase 

n.d. p = 0.818 

 

n.d. p = 0.394 

 
Hif1α p = 0.310 p = 0.041 p = 0.699 p = 0.310 

IL-4 p = 0.589 n.d. p = 0.937 n.d. 

IL-13 p = 0.065 n.d. p = 0.026 n.d. 

STAT6 p = 0.818 n.d. p = 0.026 n.d. 

d) 35 dpi ileum (see figure 3 d-f for  complete data)                                                                   
b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.485 p = 0.180 ΔIsc 
p = 0.699 

Jnet 
p = 0.699 

p = 0.485 p = 0.937 ΔIsc 
p = 0.485 

Jnet 
p = 0.394 

pSGLT1 n.d. p = 0.485 n.d. p = 0.818 

GLUT1 p = 0.041 n.d. p = 0.065 n.d. 

GLUT2 p = 0.310 p = 0.589 p > 0.999 p = 0.394 

Na+/K+- 
ATPase 

n.d. p = 0.937 

 

n.d. p = 0.818 

 
Hif1α p = 0.093 p = 0.009 p = 0.699 p = 0.015 

IL-4 p = 0.132 n.d. p = 0.002 n.d. 

IL-13 p = 0.818 n.d. p = 0.132 n.d. 

STAT6 p = 0.065 n.d. p = 0.240 n.d. 

c) 35 dpi jejunum (see figure 3 a-c for complete data)                                                                                                                          
 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.699 p = 0.392 ΔIsc 
p = 0.132 

Jnet 

p=0.017  

p = 0.093 p = 0.004 ΔIsc 
p = 0.699 

Jnet 

p=0.017  

pSGLT1 n.d. p = 0.394 n.d. p > 0.999 

GLUT1 p = 0.240 n.d. p = 0.015 n.d. 

GLUT2 p = 0.818 p = 0.310 p = 0.065 p = 0.015 

Na+/K+- 
ATPase 

n.d. p = 0.093 

 

n.d. p > 0.999 

 
Hif1α p = 0.180 p = 0.589 p = 0.093 p = 0.180 

IL-4 p = 0.015 n.d. p = 0.699 n.d. 

IL-13 p = 0.065 n.d. p = 0.485 n.d. 

STAT6 p = 0.065 n.d. p = 0.485 n.d. 

f) 49 dpi ileum (see figure 4 d-f for  complete data)                                                                   
b)  single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.853 p = 0.589 ΔIsc 
p = 0.132 

Jnet 
p = 0.093 

p = 0.132 p = 0.065 ΔIsc 
p = 0.818 

Jnet 
p > 0.999 

pSGLT1 n.d. p = 0.015 n.d. p = 0.093 

GLUT1 p = 0.093 n.d. p = 0.065 n.d. 

GLUT2 p = 0.306 p = 0.485 p = 0.093 p = 0.015 

Na+/K+- 
ATPase 

n.d. p = 0.485 

 

n.d. p = 0.31 

 
Hif1α p = 0.699 p = 0.937 p = 0.240 p = 0.818 

IL-4 p = 0.589 n.d. p = 0.004 n.d. 

IL-13 p = 0.589 n.d. p = 0.009 n.d. 

STAT6 p = 0.180 n.d. p > 0.999 n.d. 

e) 49 dpi jejunum (see figure 4 a-c for complete data)                                                                                                                                                                                           
 single infection  trickle infection  

 mRNA protein function mRNA protein function 

SGLT1 p = 0.818 p = 0.394 ΔIsc 
p = 0.093 

Jnet 
p = 0.31 

p > 0.999 p = 0.818 ΔIsc 
p = 0.240 

Jnet 

p = 0.017  

pSGLT1 n.d. p = 0.818 n.d. p = 0.489 

GLUT1 p = 0.937 n.d. p = 0.588 n.d. 

GLUT2 p = 0.394 p = 0.026 p = 0.015 p = 0.310 

Na+/K+- 
ATPase 

n.d. p > 0.999 

 

n.d. p = 0.093 

 
Hif1α p = 0.699 p = 0.132 p = 0.394 p = 0.240 

IL-4 p = 0.394 n.d. p = 0.818 n.d. 

IL-13 p = 0.004 n.d. p = 0.002 n.d. 

STAT6 p = 0.132 n.d. p = 0.180 n.d. 
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3.2.2. Effects of experimental Ascaris suum infection on intestinal peptide (gly-gln) 

transport 

For gly-gln, a continuous increase in the electrogenic response of peptides was noticeable 

along the intestinal axis of the jejunum and ileum, resulting in the highest ΔIsc in the ileum. No 

significant changes were observed at 21 and 35 dpi (Fig. 5c+f, 6c+f, Tab. 8a-d). At 49 dpi, the 

trickle-infected group showed a significantly decreased ΔIsc in the jejunum (Fig. 7c, Tab. 8e). 

In the ileum, a significant decrease was observed in both infection groups as compared to the 

control group (Fig. 7f, Tab. 8f). 

 

Table 8. Peptide transport: summary of p-values from Ussing chamber experiments, qPCR and 

Western Blot analysis. 

 

 

 

 

 

Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the front 

and bold frame (bold: significant increase, italic: significant decrease);  n.d. = not determined. 

 

 

  

a) 21 dpi jejunum (see figure 5 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.474 p = 0.093 p = 0.699 p = 0.004 p = 0.310 p = 0.589 

Na+/K+- 
ATPase 

n.d. p = 0.065 n.d. n.d. p = 0.180    n.d. 

b) 21 dpi ileum (see figure 5 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.675 p = 0.937 p = 0.310 p = 0.026 p = 0.937 p = 0.065 

Na+/K+- 
ATPase 

n.d. p = 0.818 n.d. n.d. p = 0.394 n.d. 

c) 35 dpi jejunum (see figure 6 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.180 p = 0.937 p = 0.818 p = 0.305 p = 0.065 p = 0.240 

Na+/K+- 
ATPase 

n.d. p = 0.093 n.d. n.d. p > 0.999 n.d. 

d) 35 dpi  ileum  (see figure 6 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.180 p = 0.026 p = 0.310 p = 0.788 p = 0.093 p = 0.699 

Na+/K+- 
ATPase 

n.d. p = 0.937 n.d. n.d. p = 0.818 n.d. 

e) 49 dpi jejunum (see figure 7 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.571 p = 0.394 p = 0.132 p = 0.132 p = 0.699 p = 0.041 

Na+/K+- 
ATPase 

n.d. p > 0.999 n.d. n.d. p = 0.093 n.d. 

f) 49 dpi  ileum  (see figure 7 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

PepT1 p = 0.238 p > 0.999 p = 0.002 p = 0.065 p = 0.937 p = 0.002 

Na+/K+- 
ATPase 

n.d. p = 0.485 n.d. n.d. p = 0.310 n.d. 
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3.2.3. Effects of experimental A. suum infection on intestinal amino acid (alanine) 

transport  

While there were neither significant changes at 21 dpi nor at 35 dpi, the electrogenic response 

of trickle-infected pigs showed a significant decrease in the jejunum and ileum at 49 dpi (Fig. 

10b+d, Tab. 9e+f).  

Table 9. Alanine transport: summary of p-values from Ussing chamber experiments, qPCR and Western 

Blot analysis. 

a) 21 dpi jejunum (see figure 8 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.180 p = 0.310 n.d. p = 0.699 p = 0.699 

Na+/K+- 
ATPase 

n.d. p = 0.065 n.d. n.d. p = 0.180 n.d. 

 

 

 

 

 

 

 

 

Statistical analyses: Mann-Whitney-U test; significant differences (p < 0.05) are indicated by the front 

and bold frame (bold: significant increase, italic: significant decrease);  n.d. = not determined. 

 

3.2.4. Tissue conductances (Gt) 

3.1.4.1 Effects of experimental A. suum infection on basal tissue conductances before 

addition of substrates 

Basal tissue conductances showed no significant differences between control and infected 

animals, with one exception: In the jejunum, significantly lower conductances were measured 

at 49 dpi in the trickle-infected group (control group: 29.66 ± 1.57 mS/cm2, trickle-infected: 

19.08 ± 1.83 mS/cm2).  

 

 

 

b) 21 dpi ileum (see figure 8 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.093 p = 0.699 n.d. p = 0.699 p = 0.310 

Na+/K+- 
ATPase 

n.d. p = 0.818 n.d. n.d. p = 0.394 n.d. 

c) 35 dpi jejunum (see figure 9 a-c for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.699 p = 0.818 n.d. p = 0.240 p = 0.240 

Na+/K+- 
ATPase 

n.d. p = 0.093 n.d. n.d. p > 0.999 n.d. 

d) 35 dpi  ileum  (see figure 9 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. n.d. p = 0.937 n.d. n.d. p = 0.394 

Na+/K+- 
ATPase 

n.d. p = 0.937 n.d. n.d. p = 0.818 n.d. 

e) 49 dpi jejunum (see figure 10 a-b for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.065 p = 0.094 n.d. p = 0.132 p = 0.026 

Na+/K+- 
ATPase 

n.d. p > 0.999 n.d. n.d. p = 0.093 n.d. 

f) 49 dpi  ileum  (see figure 10 d-f for complete data)                                                                   
 single infection  trickle infection  

 mRNA protein ΔIsc mRNA protein ΔIsc 

ASCT1 n.d. p = 0.394 p = 0.065 n.d. p = 0.394 p = 0.026 

Na+/K+- 
ATPase 

n.d. p = 0.485 n.d. n.d. p = 0.310 n.d. 
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3.3. qPCR results 

3.3.1. Transcription of glucose transporters (SGLT1, GLUT1, GLUT2) 

At 21 dpi, a significant increase in transcription of SGLT1 was observed in the jejunum of both 

infection groups as well as in the ileum of the trickle-infected group (Fig. 2a+d, Tab. 7a+b). 

Furthermore, transcription of GLUT1 was significantly increased in the jejunum of the trickle-

infected group and the ileum of both infection groups at 21 dpi (Fig. 2a+d, Tab. 7a+b). At 35 

dpi, a significant increase in transcription of GLUT1 was observed in the jejunum of the trickle-

infected and in the ileum of the single-infected group (Fig. 3a+d, Tab. 7c+d). At 49 dpi, the 

jejunum of the trickle-infected group showed a significantly increased transcription of GLUT2 

(Fig. 4a, Tab. 7e). 

 

3.3.2. Transcription of the H+ coupled peptide transporter (PepT1) 

A significant increase in the transcription of PepT1 was noted in the jejunum and ileum of the 

trickle-infected group at 21 dpi (Fig. 5a+d, Tab. 8a+b). Other groups remained unaffected. 

3.3.3. Transcription of hypoxia-inducible factor 1-alpha (Hif-1α) 

Only the jejunum of the single-infected group showed a significantly increased transcription of 

Hif-1α at 21 dpi (Fig. 2a, Tab. 7a). No significant changes were observed regarding the trickle-

infected group nor the other time points. 

3.3.4. Transcription of interleukins (IL-4, IL-13) 

Transcription of IL-4 in the jejunum was decreased significantly at 21 dpi in the trickle- and 35 

dpi in the single-infected group (Fig. 2a, 3a, Tab. 7a+c), whereas a significant increase was 

detected in the ileum of the trickle-infected group at 35 dpi and 49 dpi (Fig. 3d, 4d, Tab. 7d+f). 

For IL-13, a significant decrease was observed in the ileum of the trickle-infected group at 21 

dpi (Fig. 2d, Tab. 7b). At 49 dpi, transcription was significantly decreased in the jejunum of 

both infection groups as well as in the ileum of the trickle-infection group (Fig. 4a+d, Tab. 7e+f). 

3.3.5. Transcription of signal transducer and activator of transcription 6 (STAT6) 

A statistically significant alteration of STAT6 transcription was only observed in the trickle-

infection group, with a significant increase in both, jejunum and ileum at 21 dpi (Fig. 2a+d, Tab. 

7a+b).  

 

3.4. Western Blot analysis  

3.4.1 Expression of apical glucose transporters (pSGLT1, SGLT1) 
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At 21 dpi, no significant changes regarding pSGLT1 nor SGLT1 expression were 

demonstrated. However, the trickle-infected group showed a significant increase in the 

expression of SGLT1 in the jejunum at 35 dpi (Fig. 2b, Tab. 7c). At 49 dpi, the single-infected 

group revealed an increase of pSGLT1 expression in the ileum (Fig. 4e, Tab. 7f).  

3.4.2. Expression of basolateral glucose transporter (GLUT2) 

In the trickle-infected group, GLUT2 showed a significant increase at 21 dpi in the ileum (Fig. 

2e, Tab. 7b), but also a significant decrease in the jejunum at 35 dpi (Fig. 3b, Tab. 7c) and in 

the ileum at 49 dpi (Fig. 4e, Tab. 7f). In contrast, no significant changes were detected in the 

single-infected group. 

3.4.3. Expression of sodium-coupled transporter (Na+/K+-ATPase) 

No significant differences in the expression of Na+/K+-ATPase were observed between the 

infected groups and the control group. 

3.4.4. Expression of the H+ coupled peptide transporter (PepT1) 

PepT1 was significantly decreased in the ileum of the single-infected group at 35 dpi (Fig. 6e, 

Tab. 8d), but remained unchanged at 21 and 49 dpi as well as in the trickle-infected group. 
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3.4.5. Expression of amino acid transporters (ASCT1) 

At 21 dpi and 49 dpi, no significant changes occurred (Fig. 10, Tab. 9). At 35 dpi, no obvious 

upper bands could be detected. Therefore, no expression could be measured.  

3.4.6. Expression of hypoxia-inducible factor 1α (Hif1α) 

The expression of Hif-1α was not significantly affected at 21 dpi in either infection group (Fig. 

2b+2e, Tab. 7a+b), whereas a significantly increased expression of Hif-1α was observed in 

the ileum, but not the jejunum, of both infection groups at 35 dpi (Fig. 3e, Tab. 7d). No 

significant alterations were observed at 49 dpi (Fig. 3b, 4b+e, Tab. 7c+e-f).  

3.5. Histomorphometrical analysis 

Villus length, villus width and crypt depth were measured in jejunal and ileal samples from 49 

dpi. No significant changes were found in response to the infection (see Tab. 10). 

 

Table 10. summary of histomorphometrical analysis expressed in means ± SEM. 

 Histomorphometrical analysis 49 dpi 

jejunum  ileum  

control 
single-

infected 

trickle-

infected 
control 

single-

infected 

trickle-

infected 

total length [µm] 760.3 ± 54.80 796.7 ± 52.34 911.0 ± 60.00 647.6 ± 28.53 624.2 ± 44.34 662.1 ± 46.06 

villus length [µm] 475.1 ± 34.10 449.5 ± 47.48 573.2 ± 46.73 375.9 ± 24.41 330.3 ± 47.59 375.3 ± 20.93 

crypt depth [µm] 285.2 ± 24.29 347.2 ± 25.64 337.8 ± 31.78 271.6 ± 21.10 293.9 ± 19.29 286.9 ± 27.41 

villus width [µm] 140.0 ± 4.61 133.9 ± 2.52 136.8 ± 3.02 140.0 ± 3.02 135.1 ± 2.06 145.6 ± 5.61 

 

Crypt depth was calculated as the difference between total length and villi length. Statistical analyses: 

Mann-Whitney U test. 
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4 Discussion 

This project aimed at characterizing the effects of A. suum infection on the intestinal 

electrophysiological response to glucose, peptides and alanine as well as on the transcription 

and expression of cytokines and nutrient transporters. To gain a comprehensive picture, a 

multifactorial approach was pursued, including different small intestinal segments, different 

time points post infection to cover all gut-associated stages of the parasite, as well as the 

comparison of a single- to a more natural trickle-infection. 

4.1. Histomorphometrical analysis 

The histomorphometrical measurements have clearly demonstrated that no differences in 

villus length and crypt depth could be found 49 dpi. Thus, changes in mucosal surface in 

response to the infection are unlikely. The data obtained from the present study (Tab. 10) were 

in a similar range as described before (14, 33).   

 

4.2. Glucose transport 

The main significant functional differences between infected and non-infected animals were 

observed at 35 and 49 dpi, namely decreased unidirectional glucose flux rates in the jejunum 

of the single-infected group and trickle-infected group at 35 dpi (Fig. 3c, Tab. 7c) and the 

trickle-infected group at 49 dpi (Fig. 4c, Tab. 7e). Those findings confirm previous studies in 

A. galli-infected chickens as well as A. suum-infected pigs, which showed a decrease of the 

electrogenic response to glucose as compared to nematode-free animals (14, 15).  

A potential reason for the decreased unidirectional glucose flux rates might be a 

downregulation of transporter expression. Western Blot analysis, however, rather showed a 

significant upregulation of several relevant transporters, e.g. GLUT2 in the ileum of the trickle-

infected group at 21 dpi (Fig. 2e, Tab. 7b) and in the jejunum of the single-infected group at 49 

dpi (Fig. 4b, Tab. 7e). In an earlier study, GLUT1 expression was found to be upregulated to 

compensate for a downregulated SGLT1 expression, which leads to a low glucose absorption. 

GLUT1 then offers an alternative entry of glucose into the enterocyte. This mechanism is 

supposedly initiated by Hif-1α (34). The qPCR results of the present study showed an increase 

in SGLT1 transcription in the jejunum of both infection groups at 21 dpi, and an increase of Hif-

1α in the trickle-infected group at this time point (Fig. 2a, Tab. 7a). Furthermore, GLUT1 

transcription was significantly increased in the trickle-infected group, whilst the ΔIsc and 

unidirectional flux rates remained unaffected (Fig. 2d+f, Tab. 7b). An increase of SGLT1 and 

GLUT1 transcription was also noticed in the ileum of the trickle-infected group at 21 dpi (Fig. 

2d, Tab. 7b). Therefore, an increase in both SGLT1 and GLUT1 transcription seemingly 

contradicts the finding of Notari et al. (2014), because GLUT1 is supposed to be upregulated 
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in order to compensate for the downregulation of SGLT1. It has to be considered however, that 

the study of Notari et al. was strictly based on protein expression data. The increased 

transcription of SGLT1 observed in the current study does not necessarily indicate an 

increased expression and therefore altered unidirectional glucose flux rates.  

In the ileum of the single- and trickle-infected group at 21 dpi, GLUT1 was the only increased 

parameter without an elevation of Hif-1α (Fig. 2d, Tab. 7b), which does not agree with findings 

of Chen et al., who showed that Hif-1α transactivated the GLUT1 promoter, increasing mRNA 

levels of GLUT1 (28). Furthermore, neither SGLT1 nor Hif-1α were elevated on mRNA or 

protein level within the ileum of the single-infected group at 35 dpi, but GLUT1 transcription 

showed a significant increase (Fig. 3d+e, Tab. 7d).  

Since an increased expression of a transporter does not necessarily indicate an increased 

electrophysiological response, the phosphorylation of SGLT1 was examined to explain a 

higher response due to pSGLT1 as a more active transporter (21). However, the ratio of SGLT1 

and pSGLT1 remained unaffected, corroborating electrophysiological findings in which ΔIsc 

was not altered or decreased at 35 dpi (Fig. 3c+f, Tab. 7c+d).  

Furthermore, distinct differences were observed between the jejunum and the ileum. In the 

jejunum, GLUT2 showed a significantly increased expression in the single-infected group and 

a significantly increased transcription in the trickle-infected group at 49 dpi (Fig. 4a+b, Tab. 

7e). In the ileum, however, the trickle-infected group showed a significant decrease in GLUT 2 

expression (Fig. 4e, Tab. 7f). These differences might be related to the different functions of 

the intestinal segments regarding the natural course of digestion. While the proximal parts of 

the small intestines get in contact with higher glucose levels, the distal parts receive chyme 

with lower glucose content (21). Therefore, the reaction and distribution of glucose transporters 

might vary depending on the examined segment. Earlier studies reported, for example, 

stronger electrogenic responses in the ileum of pigs than in the jejunum, confirming different 

responses to glucose depending on the examined part of the small intestine (35, 36). Most 

previous studies on nematode-related alterations of glucose transport, however, were 

performed only with jejunal tissue (14, 34, 37), precluding any comparison with previous 

studies regarding the ileum. 

Because SGLT1 and its phosphorylated form is coupled with a sodium-gradient, sodium needs 

to be exported to maintain the driving force for the glucose transporters. Therefore, the 

expression of Na+/K+-ATPase was also analysed, but no significant changes could be 

observed (Fig.s 2-4, Tab. 7a-f). Hence, this leads to the conclusion that a changed expression 

of Na+/K+-ATPase seems unlikely to create an altered gradient. Nevertheless, a change of the 

activity such as the inhibition of the pumping activity based on PKA phosphorylation cannot be 

excluded (38).   
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Furthermore, earlier studies on the effect of IL-4 and IL-13 on sodium-coupled glucose 

absorption showed that the addition of glucose lead to a decreased glucose transport in wild-

type but not in STAT6-deficient mice (16). Therefore, the decrease of sodium-linked glucose 

absorption due to the activation of STAT6 and hence elevated production of IL-4 and IL-13 

might explain decreased unidirectional glucose flux rates. To examine this, transcription of the 

STAT6 activators IL-4 and IL-13 (16), reported to be upregulated during gastrointestinal 

nematode infections (39, 40), were also analysed. Interestingly, during the early phase of 

infection (21 dpi), STAT6 transcription was significantly upregulated in both segments in the 

trickle-infected group, supporting this hypothesis. Nevertheless, a significant decrease of IL-4 

in the jejunum and of IL-13 in the ileum of trickle-infected pigs was observed at 49 dpi (Fig. 

2a+d, Tab. 7a+b), complicating the interpretation of the findings.  

In a study on A. galli infection in chicken (41), an increase of IL-4 and IL-13 transcription was 

observed after two to three weeks of infection. However, it has to be considered that A. galli 

does not perform body migration but develops in the intestine only. Considering the body 

migration of A. suum and its arrival in the small intestines at approximately 8 dpi, it is possible 

that typical reactions occur around 35 dpi, conceivably explaining the significant increase of 

IL-4 within the jejunum of the single-infected group and the ileum of the trickle-infected group 

observed at this time point (Fig. 3a+d, Tab. 7c+d). Therefore, the effects of the roundworm 

infection are probably highly dependent on the developmental stage of the parasite. 

Finally, at 49 dpi, both infection groups showed a significant decrease of IL-13 transcription in 

the jejunum (Fig. 4a, Tab. 7e). This decrease of IL-13 was also observed in the ileum of the 

trickle-infected group, whereas IL-4 was significantly increased (Fig. 4d, Tab. 7f). Once again, 

it can be assumed that there are essential, yet unknown differences between the segments, 

as also observed in another study on A. suum infection (42). Subsequently, the present study 

did not confirm a general reduction in intestinal glucose transport due to A. suum infection, as 

expected from literature, especially considering the unchanged ΔIsc. 

 

4.3. Peptide transport 

For the peptide transport, a significant reduction was observed in the Ussing chamber 

experiments at 49 dpi, underlining the hypothesis of nutrient malabsorption due to helminth 

infection (14, 41). In the jejunum, the trickle-infected group showed a significant decrease, 

which was also found in the ileum of the single- and trickle-infected group (Fig. 7c+f, Tab. 

8e+f). In general, the highest average electrogenic response was found in the ileum (43). 

Since the expression of PepT1 in the ileum remained unchanged at 49 dpi in both infection 

groups, the question arises whether an increased PKA activity might lead to the 
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phosphorylation of NHE3, impairing the maintenance of the H+ gradient and thus the peptide 

transport (20). An impaired activity of NHE3 could lead to a reduced function of PepT1, without 

changing mRNA transcription or protein expression, explaining the altered short circuit current. 

However, PKA activity, as measured by western Blot analysis of phosphorylated PKA 

substrates, was not clearly changed after A. suum infection and the phosphorylation of NHE 

at the respective phosphorylation sites was mostly unaffected and not correlated to functional 

changes (data not shown). 

Regarding the peptide transport, both segments of trickle-infected pigs showed a significant 

increase of PepT1 transcription at 21 dpi (Fig. 5a+d, Tab. 8a+b). Possibly, the nematode has 

a high demand for peptides for protein synthesis at this early stage of development, leading to 

more intense competition between the parasite and the host for these nutrients. Promoting 

PepT1 and therefore enabling the epithelial cells to transport more protein into the enterocyte 

could be a counterregulatory mechanism of the host to compensate for the parasitic infection. 

On the level of protein expression, however, no significant changes of PepT1 were observed, 

with the exception of a reduction in the ileum of the single-infected group at 35 dpi (Fig. 6e, 

Tab. 8d), contradicting this theory.  

 

4.4. Alanine transport 

Similar to the alterations observed with regard to glucose and peptide transport, the transport 

of the amino acid alanine was also altered at 49 dpi. In the jejunum and ileum of the trickle-

infected group, ΔIsc was significantly decreased (Fig. 10b+d, Tab. 9e+f), whereas no significant 

changes were seen on protein expression level. 

The reduced alanine transport at 49 dpi supports the hypothesis of an impaired electrogenic 

response due to parasitic infection and is in line with expectations derived from previous 

experiments (15). However, the extent of decrease observed in the trickle-infected group 

cannot be explained by the transcriptional and expressional data, since these revealed no 

significant changes. It is known that the presence of parasitic antigens causes degranulation 

of IgE-sensitized mast cells (44). The released cytokine LTD4 supposedly leads to a 

phosphorylation of ASCT1 mediated by PKA and/ or PKC-α which results in a downregulation 

of ASCT1 activity based on decreased affinity (19). This may be an explanation for the 

observed reduced Na-alanine cotransport.  
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4.5. Conclusions 

Considering electrophysiological, transcriptional and expressional data as well as the weight 

gain and histomorphometrical analysis, it appears that the infected pigs did not experience the 

comprehensive nutrient restriction that was expected based on previous studies (14, 15). 

Surprisingly, the weight gain was even significantly increased at 49 dpi in the trickle-infected 

group. Nevertheless, significant differences between the infected groups and the control group 

as well as between the trickle-infected and single-infected groups were observed, especially 

regarding functional measurement of electrogenic peptide and alanine transport. Overall, the 

trickle-infection had a greater impact on the physiological processes, highlighting that single, 

high-dose infections may not be ideal to study host-parasite interactions. This is in accordance 

with previous studies, which report that trickle-infections result in more successfully manifested 

A. suum infections than single-infections, which induce a strong expulsive reaction of the host 

(45, 46). 

Furthermore, more differences were observed towards the end of the study, indicating that the 

parasites’ impact may increase with the length of infection. One potential explanation might be 

that parasitic mechanisms need a certain period to adapt to the environment of their host and 

its possible counterregulatory mechanisms. Earlier studies reported a first noticeable 

eosinophil response after 7 dpi with following peaks in the second week (46) or a 10-fold 

increase in mucosal eosinophils 14 dpi (47). This corroborates findings of which larval 

expulsion from the host’s intestine between 14 and 21 dpi (48). Subsequently only few larvae 

develop to the adult stage. Therefore, adult worms may have a different or stronger impact on 

the transport processes, compared with larval or subadult stages. In line with this theory, the 

parasite’s excretory-secretory antigens are heterogenous in their molecular weight specific to 

the developmental stage of the parasite and alter radically during the parasite`s migration to 

the lungs (49). 

This might be the reason why a significant decrease in the glucose flux rates in the jejunum in 

both infection types appears at 35 days post infection and not directly after 21 days. It becomes 

even more obvious after 49 dpi, when the parasite reaches its mature stage and the trickle-

infected group showed a significant decrease in the glucose flux rates in the jejunum.    

Furthermore, the jejunum and ileum seem to be the more affected by the parasite than the 

duodenum, in congruence with the fact that the nematodes mainly reside in the  jejunum (48), 

indicating that segment specific differences should be considered. 

The observed functional changes in the present study were not fully explained by 

transcriptional or expressional changes. It could be hypothesized that the distribution of the 

parasite is irregular and, therefore, its effects are unevenly distributed on the epithelial tissue. 
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However, since A. suum resides at the mucosal site of the intestines (50) without being locally 

attached, it seems reasonable that the impact induced by the parasite affects the intestinal 

tissue evenly. Particularly if the excreted antigens (51) of A. suum, which may affect the host 

immune responses (52) are dispersed equally along the intestinal tissue. Based on the induced 

hypercontractility (53) related to the nematodes presence, this seems probable. Moreover, the 

histomorphometrical analysis did not show any differences between the control groups and 

infected groups. Further immunoregulatory processes may play an important role. The Th2-

asscociated release of interleukins 4 and 13 and their influence on the epithelial tissue is one 

example among other important mechanisms (16, 54, 55). Hence, a close monitoring of 

respective immune parameters, for example mast cells (34),  might be a valuable approach for 

future studies regarding nutrient transport during parasitic infections. Moreover, it has to be 

considered that the results in general, but especially regarding the ΔIsc, showed a high 

variance. A higher number of experimental animals and thus bigger sample size might allow 

more resilient conclusions.  

Even though considerable progress has been made in the last few years concerning helminth 

infections, many details still remain unknown and require further research to explain the 

complex influence of A. suum on the transport physiology of its host.  

 

  



106 
 

Abbreviations 

 

ASCT1 neutral amino acid transporter A 

BSA bovine serum albumin 

cDNA complementary deoxyribonucleic acid 

Cl- chloride 

dpi days post infection 

DTT dithiothreitol 

E. coli Escherichia coli 

GLUT1 glucose transporter 1  

GLUT2 glucose transporter 2 

Gly-Gln glycyl-L-glutamine 

IL-13 interleukin 13 

IL-4 interleukin 4 

Isc short-circuit current 

Jms mucosal to serosal flux rates 

Jnet net flux rates 

Jsm serosal to mucosal flux rates 

MGB minor groove binder 

MP milk powder 

mRNA messenger ribonucleic acid 

Na+/K+-ATPase sodium-potassium adenosine triphosphatase 

NCBI National Center for Biotechnology Information 

qPCR quantitative polymerase chain reaction 

PBST phosphate-buffered saline 

PepT1 peptide transporter 1 

PKA protein kinase A 

PKC protein kinase C 

PPIA peptidylprolyl isomerase A 

pSGLT1 phosphorylated sodium-dependent glucose cotransporter 1 

RNAse ribonuclease 

RT room temperature 

SDS sodium dodecyl sulphate 

SGLT1 sodium-dependent glucose cotransporter 1 

STAT6 signal transducer and activator of transcription 6 

TBP TATA-binding protein 

TBST tris-buffered saline 

Th2 t helper cell 2 

TRIS trishydroxymethylaminomethan 
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Figure 1. Representative Western Blot taken from individual pigs. Expected molecular masses are 
indicated with an arrow. The first six bands are always representing the control animals. The following 
six bands are representing the infected animals.  
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Figure 2. Glucose transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) 21 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

 

 Figure 3. Glucose transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 35 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 



115 
 

 

Figure 4 Glucose transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 49 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

Figure 5. Gly-gln transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 21 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 
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Figure 6. Gly-gln transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 35 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

 

Figure 7. Gly-gln transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 49 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 



117 
 

 

Figure 8. Alanine transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 21 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

Figure 9. Alanine transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 35 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

Figure 10. Alanine transport: summary of data from Ussing chamber experiments, qPCR and Western 
Blot (means ± SEM) at 49 dpi. Differences are indicated as (*) (p < 0.05) *. Statistical analyses: Mann-
Whitney U test. 

 

 

 


