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1. Introduction 

The intestine, and in particular the colon, absorbs large amounts of ammonia that is formed 

during the digestive process from nitrogenous sources. The resulting ammonia is subsequently 

detoxified to urea and to smaller amounts of glutamine in the liver. Despite a certain reflux of 

urea into the intestine and utilization of glutamine as a precursor of non-essential amino acids, 

most of this nitrogen is ultimately excreted via the kidneys. Microbial decomposition leads to 

the formation of ammonia and nitrous oxides with adverse health and environmental effects. 

In Germany, 67 % of nitrogen emissions are attributable to agriculture (Geupel et al. 2021; 

Bach et al. 2020), while 95 % of ammonia emissions are of agricultural origin 

(Umweltbundesamt 2021). One way to reduce these emissions could be to make better use of 

the nitrogen sources supplied, but also to increase the microbial formation of nitrogen bound 

in protein. Although in monogastric species, this protein is subsequently excreted via the 

animals' feces, opportunities open up for reducing the rapid formation of volatile nitrogenous 

compounds while enhancing the amount of nitrogen that can be recycled into the food chain, 

e.g. as fertilizer (Béline 2002; Canh et al. 1998). 

However, the transport mechanisms by which the large amounts of ammonia are 

intestinally absorbed have yet to be clarified. This is important for the reasons stated above, 

but also since in humans suffering from hepatic disease, absorption of ammonia from the gut 

contributes greatly to the lethal hyperammonemia in these patients (Romero-Gómez et al. 

2009). The previously established hypothesis that ammonia is absorbed via simple diffusion 

through the lipid membrane surrounding epithelial cells must be considered obsolete 

(Al-Awqati 1999; Wrong 1978). Ammonia is in fact a highly polar compound, which severely 

limits its passage through cellular membranes. Instead, a rising number of studies indicate that 

ammonia can be taken up by different transport proteins (Weiner and Verlander 2017). This 

occurs either in the deprotonated form as NH3 via Rh-Glycoproteins and aquaporins or in the 

protonated form as NH4+, as when uptake occurs via NKCC in the thick ascending loop of 

Henle (Weiner and Verlander 2016; Geyer et al. 2013b; Boron 2010; Knepper et al. 1989). 

Furthermore, at the pH found physiologically in the rumen of cattle and sheep, uptake of 

ammonia has been shown to occur primarily via a channel-mediated pathway as NH4+ (Abdoun 

et al. 2005; Bödeker and Kemkowski 1996). It should be noted that "ammonia" is used 

synonymously in this work for both forms, i.e. NH3 and NH4+, with the structural formula used 

in specific places to indicate the relevance of the chemical compound. 
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Among transport systems for NH4+, diverse cation channels could play an important 

role (Burckhardt and Frömter 1992). These include the rather large family of Transient 

Receptor Potential (TRP) channels, which, as non-selective cation channels, perform a variety 

of tasks in the body. Given that recent studies have shown that TRPV3 and TRPV4 can 

conduct NH4+ (Liebe et al. 2022, 2021, 2020; Schrapers et al. 2018), one function may be to 

mediate absorption of ammonia. One special feature of many TRP channels including TRPV3 

is that they can be specifically activated or inhibited by phytogenic components (Ramsey et al. 

2006). Interestingly, studies of intact ruminal epithelia of sheep and cattle show that these 

tissues not only express TRPV3, but also conduct NH4+, and that the transport across the 

tissue can also be influenced by the use of phytogenic TRPV3 agonists such as thymol or 

menthol (Liebe et al. 2020; Rosendahl et al. 2016). Use of phytogenic compounds could thus 

be a promising solution to target the transport of ammonia across the gastrointestinal tract with 

the goal of improving the utilization of protein sources while reducing the environmentally 

hazardous renal excretion of nitrogen products.  

To date, studies of the mechanisms behind the absorption of ammonia by porcine 

gastrointestinal epithelia are lacking. This is disturbing since pigs contribute considerably to 

ammonia emissions. Furthermore, pigs are a model species for humans. Therefore, one aim 

of this study was to investigate molecular biological evidence for the expression of relevant 

TRP channels by the porcine gut. Furthermore, this study attempted to investigate evidence 

for uptake of ammonia in the form of NH4+ and finally, to determine the effect of certain 

phytogenic agents in different intestinal segments on an electrophysiological level in more 

detail. 
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2. Literature Review 

2.1 The Digestive System of the Pig 

The digestive system of the pig can be divided into the upper and lower gastrointestinal 

tracts. The upper gastrointestinal tract consists of the oral cavity, salivary glands, esophagus, 

stomach, and duodenum, with the suspensory muscle (ligament of Treitz) being the 

demarcation to the lower gastrointestinal tract. The latter in turn contains the remaining parts 

of the small intestine (jejunum and ileum), as well as the entire large intestine (caecum, colon, 

rectum and anus). The greatly enlarged colon of the pig can be divided into a pars ascendens, 

transversum and descendens and has a spiral arrangement in the shape of a truncated cone. 

The length of the small intestine is about 20 m and that of the large intestine about 6 m, so that 

the intestine of the pig measures 15 times the length of the body (Salomon et al. 2008; Nickel 

et al. 2004).  

2.1.1 Histology of the Intestinal Epithelium 
The histological structure of the small and large intestine is generally similar. Thus, the 

intestinal mucosa consists of smooth muscles for self-motility of the mucosa (lamina 

muscularis mucosae), a cell-rich reticular connective tissue with lymphatic and blood vessels, 

nerve fibers and immune cells (lamina propria mucosae) and a single-layered highly prismatic 

epithelium (lamina epithelialis mucosae). The epithelial cells (enterocytes) of the lamina 

epithelialis mucosae have microvilli for surface enlargement. The small intestine also has 

circularly arranged folds (plicae circulares) to further increase its surface area, which are 

composed of mucosa and submucosa and are less common in the ileum. In addition, the small 

intestine contains protrusions of the lamina propriae mucosae and the mucosal epithelium, the 

villi intestinalis (Figure 1). Between the villi are the crypts (glandulae intestinales or Lieberkühn 

crypts), which are caved into the lamina propria mucosae. The crypts are particularly 

pronounced in the colon, where they play a decisive role in the aqueous secretion of chloride 

and bicarbonate. Regeneration of the intestinal epithelium from stem cells takes place in the 

lower third of the crypts. The newly formed cells differentiate and migrate to the tip of the villus, 

where they are finally extruded (Engelhardt and Breves 2010). In addition to the absorptive 

and secretory enterocytes, there are also secreting mucus-forming goblet cells, Paneth cells 

characterized by the formation of various enzymes, enteroendocrine cells, which act in a 

paracrine manner, and M cells that can transport antigens (Liebich 2010). 
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Figure 1. Schematic illustration of the intestinal mucosa of the small intestine and colon. A characteristic 
feature of the small intestine are the pronounced villi, which are responsible for the absorption of 
nutrients. Conversely, in the basal layer of the crypts, stem cells can be found which differentiate during 
migration to the tip. Furthermore, various types of crypt cells are responsible for secretions to the lumen. 
In the small intestine, the crypts are short and end between the villi, whereas in the large intestine, the 
crypts are more extensive and end in the intestinal lumen between the surface epithelium.  

2.1.2 Digestion and Metabolism of Nitrogen 

The main task of the gastrointestinal tract is to break down ingested nutrients into 

compounds that can be absorbed into the body's interior. The process of digestion begins in 

the cavity of the mouth by mechanical fragmentation of the feed and via enzymes of the saliva. 

The uptake of nitrogenous products is complex and begins with denaturation of the proteins 

via the acidic pH found in the stomach. After cleavage of the unfolded proteins via the 

peptidase pepsin, further digestion occurs in the small intestine with the help of pancreatic 

enzymes (e.g. trypsin, chymotrypsin, elastase) and other enzymes, such as the hydrolases of 

the brush border membrane (Kiela and Ghishan 2016). The absorptive epithelial cells of the 

brush border membrane then take up the amino acids with the help of different amino acid 

transporters, making them available to the body. In pigs, most of the nitrogen supplied is 

absorbed in the small intestine (Bergen and Wu 2009; Deglaire et al. 2009; Krawielitzki et al. 

1990). Furthermore, a considerable amount of nitrogen enters the caecum and colon, where it 

is metabolized by microorganisms and used for microbial metabolism. This has been 

associated with a certain uptake of amino acids by the colon, but the relevance is not yet well 

understood and the effect is most likely of minor importance (van der Wielen et al. 2017; 
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Darragh et al. 1994). Accordingly and in contrast to ruminal fermentation, generation of 

microbial protein in the colon cannot cover the requirement of pigs for essential amino acids. 

In parallel, however, large quantities of dietary protein and other nitrogenous 

compounds are degraded to ammonia via various mechanisms. Within the small intestine, 

glutamine deamination is thought to provide energy to enterocytes and to contribute 

considerably to the ammonia found in portal blood (Romero-Gómez et al. 2009). The highest 

concentrations of ammonia are found within the fermentative parts of the gut, where nitrogen 

containing compounds such as protein and urea are broken down via microbial enzymes. This 

ammonia can then be incorporated into microbial protein, thus promoting the fermentation 

process. However, large quantities are absorbed into the blood and must be detoxified in the 

liver – mostly to urea, which is then excreted via the kidneys. Eklou-Lawson et al. (2009) 

showed in starved pigs that within a 5-h period, a single dose of NH4Cl did not result in an 

increase in blood ammonia until reaching the highest dose tested (5 g), from which the authors 

conclude that saturation of metabolic pathways occurs above 4.2 g of ammonia in the colon. 

The authors also observed that the addition of 2.5 g of NH4Cl led to an increase in blood of L-

glutamine, L-arginine, and urea, reflecting major products of ammonia metabolism. 

The formation of glutamine, arginine and urea is a typical physiological process to 

counteract the toxic effect of ammonia. Ammonium is bound to α-ketoglutarate with the help 

of the enzyme glutamate dehydrogenase, which produces glutamate. Another molecule of 

ammonium can in turn be bound to glutamate with the help of the enzyme glutamine 

synthetase, resulting in glutamine. Both enzymes can be found in the colonic epithelium 

(Eklou-Lawson et al. 2009), but the liver is the main detoxification site for ammonia (Hakvoort 

et al. 2017; Spanaki and Plaitakis 2012). In the subsequent urea cycle, arginine is formed as 

an intermediary product (Walker 2009). The end product urea that is formed can finally be 

excreted via the kidneys into urine. However, relatively large quantities of urea are also 

secreted from blood back into the gastrointestinal tract, where the nitrogen can be utilized for 

the formation of microbial protein, or for the production of ammonia that is again absorbed into 

the portal circulation (Stumpff et al. 2013; Bindelle et al. 2008; Zervas and Zijlstra 2002). If the 

NH3 that is produced from urea is absorbed in the protonated form as NH4+, this process might 

help to buffer the colonic lumen, as has been proposed for the rumen (Liebe et al. 2020). 

2.2 Nitrogen Metabolism – Environmental and Health Impact  

According to the German Environment Agency, 1547 kt per year of gaseous reactive 

nitrogen compounds or nitrates are emitted in Germany, with agriculture responsible for 67 % 

of these emissions (Geupel et al. 2021; Bach et al. 2020). A large part of these emissions, 

namely 589 kt per year or 38 %, are due to the emission of ammonia into the atmosphere 
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(Bach et al. 2020). Here, agriculture is responsible for 95 % (558 kt per year) of the ammonia 

emissions (Figure 2). With a total share of 70 %, most of these ammonia emissions are 

attributable to livestock farming, with pig farming alone responsible for 19 % of Germany-wide 

ammonia emissions (Umweltbundesamt 2021). The main source of the high emissions from 

pig farming is the rapid hydrolysis of urea from the pigs' urine to ammonia, which is converted 

bacterially via nitrate to nitrogen oxides (Philippe et al. 2011). Nitrates, which increasingly 

accumulate in groundwater (Zirkle et al. 2016), are carcinogenic and lead to eutrophication of 

water bodies, while nitrous oxides are highly potent climate gases (Gerber et al. 2013). 

 

Figure 2. Diagram of emissions of ammonia in Germany. A total of 19 % of ammonia emissions are 
attributable to pig farming (Data from Umweltbundesamt 2021). 

In contrast to urine, the degradation of protein in feces to ammonia occurs with a 

significant delay due to its high chemical stability and biological value (Béline 2002; Canh et 

al. 1998), allowing it to re-enter the food chain if disposed of in a favorable manner. In one 

study at 18 °C slurry temperature, 70 days were required to degrade 43 % of the protein 

(Spoelstra 1979). Accordingly, the housing system has a considerable influence on the 

ammonia emission rate. It has been shown that keeping pigs on a concrete floor system leads 

to a release of 2.8 kg of ammonia per animal per year, whereas keeping animals on slatted 

floors results in an annual emission rate of 2.5 kg that can be reduced to 2.2 kg per year when 

bedding with straw is provided that is changed weekly (Kavolelis 2006). Feeding studies on 

pigs have shown that increased fiber in the diet can reduce ammonia emissions by 17 % 

(O’Shea et al. 2009) and 33 % (Lynch et al. 2008), respectively, undoubtedly due to higher 

colonic fermentation with higher binding of nitrogen in microbial protein. The aim of any feeding 

strategy in pigs should therefore be, on the one hand, to improve overall protein efficiency and, 

on the other hand, to reduce the proportion of nitrogen excreted via urine. 
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In addition to the economic and ecological problems caused by nitrogen emissions, 

ammonia also creates direct health impacts. In pigs, even low concentrations of ammonia can 

trigger strong aversive reactions (Wathes et al. 2013). The toxicity of ammonia leads to 

impaired cleansing function of the cilia and altered flow properties of the mucus (Stombaugh 

et al. 1969), causing an increased predisposition to infectious diseases, such as infections with 

Mycoplasma hyopneumoniae (Michiels et al. 2015; Donham 1991). Thus, about 50 % of 

slaughter pigs show histological changes in terms of pneumonia despite costly vaccination 

strategies (Hillen et al. 2014; Maes et al. 2001; Grest et al. 1997). In addition, a significant 

proportion of farm employees are also susceptible to respiratory diseases. High ammonia 

concentrations are closely associated with respiratory symptomatology (Von Essen and 

Romberger 2003; de la Hoz et al. 1996). Workers on pig farms are considered as a high-risk 

group for lung diseases, with serious consequences for quality of life and life expectancy 

(Rushton 2007; Kirkhorn and Garry 2000). 

In addition to the direct adverse effects of ammonia on the respiratory tract, absorption 

from the gut into the blood can also be a problem for patients with hepatic disease. In 

progressive liver diseases, the liver is no longer able to convert the cell-toxic amounts of 

ammonia into products such as glutamine or urea. This in turn leads to increased 

concentrations of ammonia in the blood, which causes inflammation in brain cells and fatal 

encephalopathy (Fiati Kenston et al. 2019; Mardini and Record 2013). 

2.3 Transport of Ammonia and Ammonium 

It is still unclear what mechanisms allow the intestine to absorb such high amounts of 

ammonia. According to classical theory, ammonia diffuses through the lipid bilayer surrounding 

intestinal cells in the uncharged form as NH3 (Al-Awqati 1999; Wrong 1978). However, this 

theory has been challenged for several reasons. 1) The cell membrane does not consist of 

lipids only, but contains many other components such as cholesterol that reduce the 

permeation of lipid-soluable substrates. 2) NH3 is a highly polar molecule with a high water 

solubility and low lipid permeability (Bell and Feild 1911), further reducing permeation. 3) 

Numerous biological preparations ranging from the lipid membrane surrounding Xenopus 

oocytes (Liebe et al. 2021, 2020; Burckhardt and Frömter 1992), the gastric epithelium (Boron 

et al. 1994; Waisbren et al. 1994) and the colonic epithelium of fish (Anderson et al. 2012) or 

chickens (Holtug et al. 2009) have been shown to be largely impermeable to a passive flux of 

ammonia in the form of NH3. The low permeability of the ruminal epithelium to ammonia in the 

form of NH3 has already been mentioned (Abdoun et al. 2005). 4) Ammonia has a pKa value 

of 9.15 at 37 °C under physiologically relevant conditions (Weiner and Verlander 2017; 

Bromberg et al. 1960) and in the colon, where most ammonia is formed, a pH of about 6 is 

present (Pieper et al. 2012) (Figure 3a). As a result, over 99.9 % of ammonia is present in the 
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protonated form NH4+. Concentrations of NH3 are thus minute, while for the charged ion NH4+, 

transport via simple lipid diffusion can be completely ruled out. 5) Influx of NH3 into the cytosol 

will lead to a dramatic increase in the cytosolic pH. Note that the amount of NH3 varies 

exponentially with changing pH, whereas the amount of NH4+ remains almost unchanged 

(Figure 3b). Therefore, transport of large quantities of NH3 will lead to extreme challenges of 

pH regulatory mechanisms that can be avoided if transport occurs as NH4+. 6) Due to the fact 

that the radius and hydration energy of NH4+ is remarkably similar to that of K+ in aqueous 

solutions, transport via corresponding transporters or ion channels seems likely (Weiner and 

Hamm 2007). This appears particularly relevant for organs with high rates of ammonia 

absorption. 

More generally, proteins with a high selectivity for NH3 over NH4+ favour the efflux of 

ammonia against the negative intracellular membrane potential, in particular if coupled to acid 

extrusion mechanisms with subsequent formation of NH4+, as in the collecting duct of the 

kidney (Ganz et al. 2020). Interestingly, such NH3 transporters may also be involved in the 

transport of other uncharged but polar substrates, such as CO2, which may explain their 

ubiquitous expression. Conversely, the selectivity of a protein for NH4+ over NH3 facilitates the 

net uptake of ammonia into the cell. In situations with high extracellular concentrations of 

ammonia the permeation of both NH4+ and NH3 through a transport protein will lead to a rather 

futile recirculation of both substrates across the cell membrane with a dissipation of ammonia 

and pH gradients (Ganz et al. 2020). 
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Figure 3. A Effect of pH on the distribution of NH3 and NH4+. Both forms are in chemical equilibrium with 
each other with pKa of 9.15 in biological systems. B Logarithmic plot of the concentrations of NH4+ and 
NH3 at physiologically relevant pH values. Almost the total ammonia is present in the colon as NH4+ due 
to the low pH value of approx. 6. However, after absorption of the charged cation, the pH value within 
the cell increases to ~7.4, resulting in a substantial increase in NH3 (Adapted from Weiner and Verlander 
2017). 

2.3.1 Transport of NH3 via Aquaporins and Urea Transporters. 

The intestine and the colon in particular, must absorb large amounts of water daily to 

maintain the body's water balance. To enable this, water can be transported either by 

paracellular mechanisms via tight junctions or by integral membrane water channels called 

aquaporins. In particular in the collecting duct of the kidney, the expression of these aquaporins 

is regulated to ensure water homoeostasis. The expression of the various aquaporins in the 

small and large intestine differs to a certain degree (Zhu et al. 2016). Since H2O and NH3 have 

similar electrostatic properties, transport via this channel family seems possible (Weiner and 

Verlander 2017). Some studies showed that many of the aquaporins can transport NH3 

(Assentoft et al. 2016; Kitchen et al. 2015; Litman et al. 2009), but the selectivity for NH3 

appears to vary among aquaporins (Musa-Aziz et al. 2009a). In addition, it is questionable so 
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far how relevant the transport of NH3 via aquaporins really is. One study showed that knockout 

of the aquaporin AQP8 in mice did not impair NH3 excretion, even at high ammonia 

concentrations (Yang et al. 2006). 

Evidence from overexpressing systems suggests that NH3 can also be transported 

through urea transporters, which is not surprising since NH3 has physical properties that are 

similar to those of urea (Weiner and Verlander 2017). The UT-B transporter is amply expressed 

throughout the gastrointestinal tract (Inoue et al. 2005; Lucien et al. 2005) and transport of NH3 

via these channels appears possible (Geyer et al. 2013a). 

2.3.2 Transport of NH3/NH4+ via Rhesus Proteins 

The rhesus (Rh) glycoprotein family includes RhAG, RhBG, and RhCG, with RhAG being 

expressed exclusively on erythrocytes and its precursors (Liu and Huang 1999). RhBG and 

RhCG are not expressed on erythrocytes, but in tissues such as liver, kidney, testis, and also 

in the gastrointestinal tract (Handlogten et al. 2005; Liu et al. 2001, 2000). This family of 

channels is related to the MEP proteins in yeasts and the AMT proteins in bacteria and plants, 

which transport ammonia (Thomas et al. 2000; Gazzarrini et al. 1999; Soupene et al. 1998; 

Marini et al. 1997). Whether transport through Rh proteins occurs as NH4+ or as NH3 has not 

yet been fully clarified, as studies have yielded partly contradictory results. For example, some 

studies of RhBG have shown that transport is electrogenic, suggesting uptake of NH4+ 

(Nakhoul et al. 2010, 2005), whereas other studies suggest that this transport occurs as NH3 

(Geyer et al. 2013b; Zidi-Yahiaoui et al. 2005) or even that both forms are transported 

simultaneously (Caner et al. 2015). However, despite some controversy concerning the 

permeability to NH4+, the NH3 transport function of Rh-like proteins is rarely disputed (Ganz et 

al. 2020). One reason for the different results could be due to the difficulties associated with 

experiments performed in heterologous expression systems (Neuhäuser et al. 2014; Javelle 

et al. 2007). Thus, high endogenous conductance values for NH4+ are found in Xenopus laeves 

oocytes, along with a sizable acidification after exposure to NH4+ (Liebe et al. 2020; Burckhardt 

and Frömter 1992).  

In the case of RhCG, any transport of NH4+ appears to be minimal (Caner et al. 2015). A 

high selectivity of RhCG to NH3 is considered to be crucial for extrusion of ammonia by the 

acid extruding cells within the collecting duct of the kidney, with a coupling of NH3- transporting 

RhCG to apical H+-ATPases (Bourgeois et al. 2013). Otherwise, a reflux of NH4+ would occur 

down the steep electrochemical gradient back into the cell (Weiner and Verlander 2017). 

Most likely, highly selective Rh-like proteins initially bind NH4+, but catalyse a subsequent 

deprotonation into NH3 which is then conducted along a pore that does not allow passage of 
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cations such as K+ (Baday et al. 2015; Neuhäuser et al. 2014). However, mutations in the pore 

region can lead to a conductance for various cations, including NH4+ (Ganz et al. 2020).  

2.3.3 Transport of NH4+ via Exchange Mechanisms 

Due to the similar size and hydration energies, NH4+ can bind to the K+-H+ exchanger in 

the kidney so that H+ is exchanged for NH4+ (Amlal and Soleimani 1997; Attmane-Elakeb et al. 

1997). More surprisingly, the Na+-H+ Exchanger (NHE), which can be found in the intestine 

and kidney (Bookstein et al. 1994), has also been associated with the transport of NH4+. Some 

evidence suggests that the NHE3 in the kidney can accept NH4+ instead of H+ at the cytosolic 

H+-binding site, resulting in a Na+-NH4+ exchange (Aronson et al. 1983; Kinsella and Aronson 

1981). So far, however, it is not entirely clear why NH4+ can substitute for the much smaller H+ 

ion, but it is suspected, among other factors, that these proteins do not transport H+ but H3O+, 

which is biophysically closer to NH4+ (Weiner and Verlander 2017). In the jejunum and colon, 

NH4+ transport via NHE has also been discussed, but here NH4+ was thought to interact with 

the Na+ binding site, thereby reducing sodium absorption (Gunther and Wright 1983). Cermak 

et al. (2002, 2000) were able to demonstrate this in a study on the rat colon and assumed the 

involvement of a Na+-H+ exchanger, although a role of either NHE2 or NHE3 was excluded. 

Conversely, studies of the ruminal epithelium, which expresses Na+-H+ exchangers such as 

NHE1 and NHE3 (Etschmann et al. 2006), showed stimulation of Na+ transport by NH4+ 

administration (Abdoun et al. 2005) in conjunction with an intracellular acidification as 

measured by ion selective microelectrodes (Rosendahl et al. 2016; Lu et al. 2014). 

Interestingly, both experiments on the rumen and on the caecum of pigs have shown an 

increased short-circuit current (Isc) after the addition of a solution containing NH4+, implying an 

increased transport of cations (Rosendahl et al. 2016; Lu et al. 2014; Stumpff et al. 2013; 

Abdoun et al. 2005; Bödeker and Kemkowski 1996). These observations cannot be explained 

with a model of either NH3 transport or transport of NH4+ via NHE, since neither of these 

mechanisms involve intracellular acidification or the transepithelial transport of a net charge. 

Accordingly, there seems to be an additional, electrogenic route for NH4+ transport in the 

intestine. 

2.3.4 Transport of NH4+ via NKCC 

The Na+-K+-2 Cl- cotransporter is classified into the isoforms NKCC1 and NKCC2, with 

NKCC1 expressed among others in the basolateral membrane of the colon (Haas and Forbush 

1998). In contrast, NKCC2 is specific to the apical membrane of the thick ascending limb of 

the loop of Henle. A transport of NH4+ via the NKCC2 in the kidney was described many years 

ago, with NH4+ using the K+ binding site (Karim et al. 2005; Kinne et al. 1986). A similar 

transport via NKCC1 has also been described in colonic crypt cells (Ramirez et al. 1999). 
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However, since NKCC1 is expressed basolaterally in the intestine, this would result in 

secretion of NH4+ and not cause absorption of NH4+. Interestingly, NKCC is expressed on the 

apical membrane of enterocytes in rainbow trout and may therefore serve as an absorption 

mechanism for NH4+ in this species (Rubino et al. 2019). 

2.3.5 NH4+ Transport via K+ Channels 

As briefly mentioned at the beginning of this chapter, K+ and NH4+ have similar physical 

properties, so a transport of NH4+ via potassium channels seems possible. Indeed, numerous 

studies show that NH4+ can be transported by a great number of potassium transporters (Choe 

et al. 2000; Heginbotham and MacKinnon 1993; Eisenman et al. 1986). Because of the 

expression of several of these channels in the gastrointestinal tract (Cosme et al. 2021; 

Heitzmann and Warth 2008), these transporters represent a possible transport pathway for 

NH4+. In rats and rainbow trout, transport of NH4+ via barium-sensitive K+ channels in 

enterocytes appears to play a relevant role (Rubino et al. 2019; Hall et al. 1992). 

Transport of NH4+ has also been described in various ATP-dependent transporters. Here, 

the K+ binding site also acts as a shuttle for the NH4+, as is the case in the Na+-K+-ATPase 

(Wall 1996; Kurtz and Balaban 1986). However, this pump is expressed on the basolateral 

side of epithelia and would therefore lead to secretion of NH4+. A similar mechanism has also 

been described for the H+-K+-ATPase. Here, Cougnon et al. (1999) showed that Xenopus 

laevis oocytes overexpressed with rat H+-K+-ATPase react with an enhanced uptake of NH4+. 

Interestingly, as with the transport of NH4+ across the NHE, studies show that NH4+ appears to 

bind at both the K+ and H+ binding site (Nakamura et al. 1999; Garg and Narang 1988). 

2.3.6 Transport of NH4+ via Non-Selective Cation Channels 

Non-selective cation channels (NSCC) are formed by a variety of different proteins. 

Unlike classical, highly selective K+, Na+ or Ca2+ channels, these proteins discriminate poorly 

between these three and generally conduct other cations as well. Due to this fact, these 

channels can be considered prime candidates for the transport of NH4+. Unfortunately, there 

is very limited literature on the permeability of NSCCs to NH4+. The transport of NH4+ via NSCC 

channels has been described in some plant species (Pottosin and Dobrovinskaya 2014; 

Baluška et al. 2006; Roberts and Tyerman 2002), and has also repeatedly been reported in 

Xenopus Oocytes (Liebe et al. 2020; Burckhardt and Frömter 1992). However, the channels 

have not been identified so far and very few investigations have focussed on mammals.  

2.3.7 Involvement of TRP Channels in NH4+ Transport across the Ruminal Epithelium 

Recent research suggests an involvement of members of the transient receptor 

potential (TRP) family in NH4+ transport across the ruminal epithelium. TRP channels are 
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expressed in almost all tissues, including the intestine, although their function has not yet been 

fully elucidated (Jang et al. 2012; Holzer 2011; Kunert-Keil et al. 2006). The hypothesis that 

non-selective cation channels might be involved in NH4+ transport across the rumen arose 

more than 25 years ago (Bödeker and Kemkowski 1996). Later work showed that transport of 

NH4+ predominates at the pH found physiologically in the rumen (Rabbani et al. 2018; Abdoun 

et al. 2005) with acidification of the cytosol supported by the NH4+-induced stimulation of Na+-

fluxes and directly measured via ion-selective microelectrodes (Rosendahl et al. 2016; Lu et 

al. 2014). Patch clamp measurements on rumen epithelial cells confirmed the expression of 

non-selective cation channels permeable to NH4+ (Rosendahl et al. 2016; Abdoun et al. 2005; 

Leonhard-Marek et al. 2005). Later, functional evidence for the involvement of TRPV3 

channels in ruminal Ca2+ and NH4+ absorption emerged using intact rumen tissue in the Ussing 

chamber (Geiger et al. 2021; Rabbani et al. 2018; Rosendahl et al. 2016), with a possible 

smaller additional participation of TRPV4 (Liebe et al. 2022). The expression of TRPV3 and 

TRPV4 by the apical membrane of the rumen has been verified using qPCR, immunoblots and 

immunohistochemistry (Liebe et al. 2022, 2020; Geiger et al. 2021; Rosendahl et al. 2016), 

while the permeability of TRPV3 and TRPV4 to NH4+ has been directly shown in 

overexpressing HEK-293 cells (Liebe et al. 2022, 2020; Schrapers et al. 2018) and, in the case 

of TRPV3, also in oocytes from Xenopus laeves (Liebe et al. 2020). 

Physiological relevance of this finding has been reported in feeding studies with sheep 

and cattle fed supplements that activate TRPV3. Thus, increased blood calcium levels were 

found as a result of feeding (Kholif et al. 2020; Braun et al. 2019; Patra et al. 2019), and 

increased milk yield (Kholif et al. 2020; Braun et al. 2019) but increased amino acids such as 

glutamate/glutamine and aspartate/asparagine in the blood were also reported (Patra et al. 

2019). This suggests that activation of TRP channels may improve nitrogen utilization in 

ruminants. Since electrogenic transport of NH4+ also occurs in the porcine caecum (Stumpff et 

al. 2013), this channel family is an interesting option for ammonia transport by the intestine. 

2.4 Transient Receptor Potential (TRP) Channels 

The term transient receptor potential arose in the late 1960s when studies found that a 

visually impaired Drosophila melanogaster mutant showed a transient response to steady light 

(Montell 2011; Cosens and Manning 1969). The animals were subsequently referred to as 

“transient receptor potential” (trp) mutants (Minke et al. 1975), but the discovery of the 

associated gene was not made until 1989 (Montell and Rubin 1989). Since this discovery, 

interest in the expression and function of this gene family increased over the next years and 

decades. An exciting feature is the sensitivity of many members of the family to a variety of 

pharmacological compounds, many of which are found in plants (Vennekens et al. 2008). The 
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nomenclature was initially quite confusing until a reorganization of the nomenclature was finally 

agreed upon (Catterall et al. 2003; Montell et al. 2002). 

 To date, 28 channels have been identified in mammals and are classified according to 

their homology to each other, as the exact function of these channels is often unknown. The 

channels are classified as canonical (TRPC), melastatin (TRPM), polycystin (TRPP), 

mucollipin (TRPML), vanilloid (TRPV) and ankyrin (TRPA) (Figure 4). A seventh subfamily, the 

no-mechanical-potential C channel (NOMP-C, TRPN), has also been described, but has not 

yet been detected in mammals (Nilius and Owsianik 2011). Common to all channels is that 

they consist of six-transmembrane domains with intracellular amino (N) and carboxy (C) 

termini. Thereby, they can form homo- or hetero-tetramers (Hoenderop 2003; Kedei et al. 

2001). The cation conductivity of the pore region is expected to result from a hydrophobic 

stretch between TM5 and TM6 (Owsianik et al. 2006). Despite intensive studies in recent years 

of the various TRP channels, much has still to be discovered about their exact properties. 

These studies are complicated in part because some TRP channels can also form multiple 

splice variants (Vázquez and Valverde 2006; Walker et al. 2001). In addition, endogenous TRP 

channel expression is often low, which further complicates studies (Desai and Clapham 2005). 

  

Figure 4. Phylogenetic tree of the TRP family detected in mammals to date (Adapted from Gees et al. 
2010; Clapham 2003). 
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2.4.1 Expression and Function  

TRP channels are expressed in almost all tissues, cells and cellular membranes, with 

some members showing very limited expression in a small number of tissues, whereas other 

members are found almost ubiquitously. In most cases, the channels are localized in the 

plasma membrane, where they transport cations with variable selectivity. For example, TRPV5 

and TRPV6 have a very high selectivity for Ca2+ over other cations (Gees et al. 2010), whereas 

TRPM6 and TRPM7 predominantly conduct Mg2+ (Schlingmann et al. 2007). Other members 

of the family are more promiscuous and conduct both monovalent and divalent cations, with 

negative interactions typically observed.  

The functions of the various TRP channels are as versatile as their expression. TRP 

channels are involved in sensory perception, such as taste transduction (Roper 2014), pain 

and temperature perception (Jardín et al. 2017), detection of pheromones (Lucas et al. 2003), 

but also have osmoregulatory functions (Janas et al. 2016) and are involved in muscle 

contractions (Dietrich et al. 2006). TRPV3 is also known for its participation in keratinization of 

the skin, with gain of function mutations leading to severe hyperkeratosis (Nilius and Bíró 

2013). It is important to note that many functions of TRP channels are triggered by their 

activation with subsequent influx of cations, often Ca2+, which serves as a second messenger. 

However, in the case of TRPV5, TRPV6, TRPM6 and TRPM7 the primary function is the 

epithelial transport of Ca2+ (TRPV5, TRPV6) and Mg2+ (TRPM6, TRPM7), in particular in the 

kidney and the intestine. The involvement of other members of the family in transepithelial 

transport has rarely been investigated, although many other TRP channels are expressed by 

epithelial cells. 

2.4.2 Modulation by Phytogenic Compounds 

The activation of TRP channels occurs via different mechanisms. In addition to G-protein 

coupled activation, certain TRP channels can also be activated more or less selectively by 

endogenous substances, osmotic pressure, pH, temperature, synthesized drugs or even 

phytogenic components (Ramsey et al. 2006). These phytogenic compounds predominantly 

include classes of monoterpenes (thymol, menthol, carvacrol, camphor, linalool), 

phenylpropanoids (cinnamaldehyde, eugenol), carboxamides (capsaicin, piperine), 

organosulfur compounds (allicin, allyl isothiocyanate), xanthines (caffeine) and cannabinoids 

(tetrahydrocannabinol (THC), cannabidiol (CBD)) (Vennekens et al. 2008). Interestingly, 

modulation by phytogenic substances appears to be somewhat specific for defined TRP 

channels and has so far only been demonstrated in some representatives, namely TRPV1-4, 

TRPA1, and TRPM8. Other TRP channels are apparently unaffected by phytogenic 

components. 
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The taste and perception of herbs and spices is due in part to the effects and hedonic 

sensations of these ingredients. Chili (capsaicin) and pepper (piperine), which are used to 

season and spice food worldwide, typically activate TRPV1, leading to sensations of stinging, 

heat and pain. This sensation is due to the fact that TRPV1 is substantially involved in the 

perception of heat (>40 °C) but also has a relevant role in the sensation of pain (Vennekens 

et al. 2008; Pingle et al. 2007). Activation of TRPV3 occurs at 22-40 °C and this channel can 

also be activated by phytogenic components such as carvacrol, thymol and menthol 

(Vennekens et al. 2008; Xu et al. 2006). Interestingly, menthol can also activate TRPM8, which 

mediates the sensation of cold (activation under <26 °C) (Bautista et al. 2007). The phytogenic 

substances cinnamaldehyde and allyl isothiocyanate are considered to be relatively specific 

for TRPA1 with high efficacy (Talavera et al. 2020). Conversely, TRPV4 is not activated by any 

of these compounds, although citral shows an inhibitory effect (Vincent and Duncton 2011; 

Stotz et al. 2008). However, TRPV4 can be activated by some cannabinoids, which also have 

an activating effect on other channels such as TRPV1, TRPV2, TRPV3 and TRPA1 (Muller et 

al. 2019). In addition, a specific synthetic agonist (GSK1016790A) exists for TRPV4 (Vincent 

and Duncton 2011).  

The effect of phytogenic agents on TRP channels is being intensively studied, but there 

appear to be distinct species differences regarding concentration and action. Thus, at 

micromolar concentrations, menthol was found to activate mouse TRPA1, but at 

concentrations >50 µmol⋅l-1, it has a blocking effect (Xiao et al. 2008; Karashima et al. 2007). 

Conversely, human TRPA1 was found to be activated by concentrations as high as 250 µmol⋅l-

1 (Xiao et al. 2008). Another example is caffeine, which can activate mouse TRPA1 but 

suppresses human TRPA1 (Nagatomo and Kubo 2008). It is also interesting to note that avian 

TRPV1 is insensitive to capsaicin (Chu et al. 2020; Uzura et al. 2020). These differences in 

effect are caused by changes in the amino acid residues, which alters the gating mechanism 

(Bianchi et al. 2012). Conclusions from rodents to humans or livestock are only possible to a 

limited extent due to these circumstances. 

The exact mechanism of action on TRP channels has been studied in more detail for 

some phytogenic compounds and distinct differences emerge here as well. Activation of 

TRPA1 by cinnamaldehyde is due to covalent modification of cysteine and lysine residues 

within the N-terminus, resulting in dilatation of the permeation pore (Nilius et al. 2011; 

Macpherson et al. 2007; Hinman et al. 2006). The effect of cinnamaldehyde or allyl 

isothiocyanates is due to the bond with the α,β-unsaturated aldehyde group, so that it can be 

assumed that similar substances, such as citral, have a similar effect (Macpherson et al. 2007; 

Cavins and Friedman 1967). For the agonistic effect of menthol on TRPM8, it is not yet fully 

understood how channel activation occurs. In their studies, Xu et al. (2020) describe a "grab 
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and stand" mechanism, resulting in conformational changes that enable ion permeation. 

Whether the effect of the numerous other phytogenic agents is due to a similar mechanism 

can only be speculated on so far. 

2.4.3 TRP Channels in the Gastrointestinal Tract 

TRP channels are found throughout the gastrointestinal tract. They are expressed not only in 

nerve cells or muscles, but also on epithelial cells, where they fulfill different functions. In 

epithelial cells of the small intestine, the TRP channels TRP5/TRPV6 are critical for the 

absorption of Ca2+ in the small intestine (den Dekker et al. 2003), whereas TRPM6/TRPM7 are 

responsible for the absorption of Mg2+ (Schlingmann et al. 2007), with studies suggesting that 

most absorption occurs in the distal intestine (Hardwick et al. 1991). In ruminants, both Mg2+ 

secretion (mostly in the small intestine) and Mg2+ absorption (mostly in the hindgut and the 

rumen) are observed (Martens et al. 2018). In the balance, the rumen is required to ensure net 

uptake of Mg2+, which again involves TRPM6/TRPM7. Some studies have reported that 

carvacrol has an antagonistic effect on TRPM7 (Cai et al. 2021; Chen et al. 2015), but no study 

has investigated an effect in the gastrointestinal tract yet, so any influence on magnesium 

absorption is speculatory. 

TRPV1, one of the best-studied TRP channels, is mainly expressed in primary afferent 

sensory neurons and in neurons of the enteric nervous system, but has also been found in 

epithelial cells of the esophagus, stomach and colon (Rizopoulos et al. 2018; Holzer 2011; 

Cheng et al. 2009; Faussone-Pellegrini et al. 2005). On the one hand, TRPV1 is thought to be 

responsible for the perception of abdominal pain (Holzer 2011) and to have a protective effect 

of the mucosa (Massa et al. 2006), but on the other hand, it is also involved in inflammatory 

diseases, such as inflammatory bowel disease (Csekő et al. 2019). TRPA1 is also expressed 

in afferent nerve fibers, sometimes showing co-localization with TRPV1, and is thereby 

associated with pain and inflammation of the intestine (Talavera et al. 2020). However, TRPA1 

is also expressed in epithelial cells of the intestine and in enterochromaffin cells (Cho et al. 

2014). In this context, activation of TRPA1 in enterochromaffin cells is thought to lead to the 

release of serotonin (Lieder et al. 2020; Doihara et al. 2009).  

In addition to TRPV1 and TRPA1, TRPV4 is also thought to play a significant role in 

abdominal pain. Since TRPV4 can be activated by mechanical influences in addition to 

chemical ones, TRPV4 is thought to play an important role in osmosensation and pain 

perception in the colon (Kollmann et al. 2020; Balemans et al. 2017; Shibasaki 2016; Cenac 

et al. 2008). This channel is also thought to be involved in inflammatory bowel diseases, such 

as ulcerative colitis (Toledo Mauriño et al. 2020). In the stomach, TRPV4 is reported to be 

involved in motility and emptying (Mihara et al. 2016). Recent evidence suggests that TRPV4 
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is also expressed by the ruminal epithelium (Liebe et al. 2022), where it may be involved in 

Ca2+ and NH4+ absorption. However, it should be noted that high concentrations of the TRPV4 

agonist GSK1016790A were required for activation in the epithelium, suggesting a role that 

may lag behind that of TRPV3.  

TRPV2 is also a mechanosensitive channel and is partly responsible for relaxation and 

emptying of the stomach (Mihara et al. 2013). Furthermore, some authors report that TRPV2-

mediated motility in the gut is caused by nitric oxide production (Mihara et al. 2010). The role 

of TRPV2 in inflammatory bowel disease is currently poorly understood. In a dextran sulfate 

sodium induced colitis model, TRPV2 knockout mice showed weaker symptoms compared to 

controls (Issa et al. 2014). Another study reported that TRPV2 expression was unchanged in 

colitis patients compared with patients without inflammatory bowel disease (Rizopoulos et al. 

2018). However, only a few phytogenic modulators of TRPV2 have been discovered so far, 

namely cannabinol, cannabidiol, and Δ9-tetrahydrocannabinol as agonists and citral as an 

antagonist (Qin et al. 2008; Stotz et al. 2008). The far-reaching central nervous side effects of 

the TRPV2 agonists do not allow utilization in animal nutrition. 

Various functions have been described for TRPM8, the only candidate of the TRP 

melastatin group that can be activated by phytogenic substances. In colonic smooth muscle, 

activation of TRPM8 is thought to cause relaxing effects by opening large-conductance Ca2+-

dependent K+ channels (Amato et al. 2020). TRPM8 is co-localized with TRPV1 and TRPA1 

in neurons of the colon. Activation of TRPM8 in these cells triggers mechanical desensitization 

with reduced agonist-triggered responses involving TRPV1 and TRPA1 (Takaishi et al. 2016; 

Harrington et al. 2011). In conjunction with studies describing an anti-inflammatory effect 

through activation of TRPM8, a positive influence in inflammatory bowel disease has been 

suggested (Peiris et al. 2021; Ramachandran et al. 2013), although contradicting findings have 

been reported (Hosoya et al. 2014). 

The functions of TRPV3 in the gastrointestinal tract are almost unknown so far. A 

complicating factor is that although this channel can be modulated by numerous agonists and 

antagonists, they are all considered to be relatively non-specific. As a result, the search for 

specific modulators continues (Bischof et al. 2020). TRPV3 expression in the gastrointestinal 

tract has been detected in colonic epithelial cells, with localization primarily in the apical 

membrane, but the functional roles in these cells have not yet been elucidated (Bischof et al. 

2020; Ueda et al. 2009). It has been suggested that TRPV3 is involved in inflammatory bowel 

disease, as studies have demonstrated increased expression (Toledo Mauriño et al. 2020). 

However, this finding could not be confirmed in other studies (Rizopoulos et al. 2018). 



Literature Review 

19 

Some more information is available for the role of TRPV3 in the rumen of cattle and 

sheep. Here, TRPV3 emerged as a candidate gene when searching for the molecular identity 

of a divalent-sensitive cation conductance (Leonhard-Marek et al. 2005), which was found to 

conduct not only Na+ and K+, but also NH4+ and Ca2+. Furthermore, and despite numerous 

attempts, it was not possible to detect mRNA for either TRPV5 or TRPV6 in this organ (Geiger 

et al. 2021; Rosendahl et al. 2016; Wilkens et al. 2012, 2009). Note that numerous functional 

studies of the ruminal epithelium support the channel-mediated absorption of Ca2+ by this 

organ (Schröder and Breves 2006; Schröder et al. 1999, 1997). Along with molecular biological 

evidence demonstrating the expression of TRPV3 by the apical membrane of the rumen, the 

effects of various TRPV3 agonists on the transport of Ca2+, Na+ and NH4+ suggest an 

involvement of TRPV3 in cation transport across the rumen (Liebe et al. 2022, 2020; Geiger 

et al. 2021; Rabbani et al. 2018; Rosendahl et al. 2016). Given that TRPV3 is also amply 

expressed by the apical membrane of the colon (Bischof et al. 2020; Ueda et al. 2009), the 

question naturally arises if these channels might also play a role in the uptake of NH4+ by this 

tissue. 
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3. Aims and objectives of this thesis 

The main objective of the current thesis was to identify various TRP channels in the 

gastrointestinal tract of pigs by molecular techniques and to investigate functional evidence for 

the participation of these channels in ammonia transport in these tissues. Given that a number 

of these channels can be modulated by phytogenic agents, a further goal was to study the 

effects of typical agonists of some TRP channels on porcine gastrointestinal tissues ex vivo. 

The study was motivated by the desire to learn more about the pathways via which ammonia 

is absorbed from the porcine gut. Modulation of these pathways – e.g. by phytogenic agents – 

could potentially reduce the harmful impact of ammonia emissions from livestock on the 

environment. 

In the first series of studies, the tissues of the stomach, duodenum, jejunum, ileum, 

caecum and colon were examined for expression of different TRP channels at the level of 

mRNA and protein. Furthermore, Ussing chamber experiments were conducted to functionally 

compare tissues from the different segments, to determine if these gastrointestinal tissues 

were conductive to ammonia and whether TRP channels might play a role.  

The second series of studies investigated the effects of phytogenic agonists in the colon 

and jejunum of pigs in Ussing chambers. The agonists thymol and cinnamaldehyde, which 

have been described as relatively specific agonists for TRPV3 and TRPA1 respectively, were 

tested. The mechanism of action was further investigated using different solutions and 

blockers.  
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4.  TRPV3 and TRPV4 as Candidate Proteins for Intestinal 
Ammonium Absorption 

The manuscript  

Manneck, D., Braun, H.-S., Schrapers, K.T., Stumpff, F., (2021): TRPV3 and TRPV4 as 

candidate proteins for intestinal ammonium absorption. Acta Physiol (Oxf), 233:e13694.  

was published in Acta Physiologica and can be accessed here: 

https://doi.org/10.1111/apha.13694 

An editorial article (Diener 2021) exists for this manuscript, which can be viewed here: 

https://doi.org/10.1111/apha.13711 
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Abstract
Aim: Absorption of ammonia from the gut has consequences that range from en-
cephalitis in hepatic disease to global climate change induced by nitrogenous ex-
cretions from livestock. Since patch clamp data show that certain members of the 
transient receptor potential (TRP) family are permeable to NH4

+, participation in 
ammonium efflux was investigated.
Methods: Digesta, mucosa and muscular samples from stomach, duodenum, je-
junum, ileum, caecum and colon of pigs were analysed via colourimetry, qPCR, 
Western blot, immunohistochemistry and Ussing chambers.
Results: qPCR data show high duodenal expression of TRPV6. TRPM6 was highest 
in jejunum and colon, with expression of TRPM7 ubiquitous. TRPM8 and TRPV1 
were below detection. TRPV2 was highest in the jejunum but almost non- detectable 
in the colon. TRPV4 was ubiquitously expressed by mucosal and muscular layers. 
TRPV3 mRNA was only found in the mucosa of the caecum and colon, organs in 
which NH4

+ was highest (>7 mmol·L−1). Immunohistochemically, an apical expres-
sion of TRPV3 and TRPV4 could be detected in all tissues, with effects of 2- APB 
and GSK106790A supporting functional expression. In symmetrical NaCl Ringer, 
removal of mucosal Ca2+ and Mg2+ increased colonic short circuit current (Isc) and 
conductance (Gt) by 0.18 ± 0.06 µeq·cm−2·h−1 and 4.70 ± 0.85 mS·cm−2 (P < .05, 
N/n  =  4/17). Application of mucosal NH4Cl led to dose- dependent and divalent- 
sensitive increases in Gt and Isc, with effects highest in the caecum and colon.
Conclusion: We propose that TRP channels contribute to the intestinal transport of 
ammonium, with TRPV3 and TRPV4 promising candidate proteins. Pharmacological 
regulation may be possible.

K E Y W O R D S

ammonium, colon, gastrointestinal transport, TRP channel, TRPV3, TRPV4

See editorial article: Diener M. 2021. How to manage N-waste in the intestine? Acta Physiol (Oxf). e13711.
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1 |  INTRODUCTION

Transient receptor potential (TRP) channels are expressed 
throughout the gastrointestinal tract where they play multi-
ple roles that are incompletely understood.1,2 Perhaps owing 
to the fact that the first member of the family to be discov-
ered is central to phototransduction in drosophila flies,3 the 
major focus of attention has so far mostly been on the role 
of these proteins as molecular sensors for various stimuli. 
Importantly, certain members of the family can be gated by 
heat (eg TRPV1 or TRPV3) or cold (TRPA1 or TRPM8).4 
Furthermore, the channels are modulated by a plethora of 
chemical stimuli including fragrant mono-  and diterpenes 
found naturally in plants,5 by hormones, by pH or osmolar-
ity.1,2,6,7 In the gastrointestinal tract, stimuli generally activate 
channels on submucosal neurons, leading to influx of Ca2+ 
with initiation of signalling cascades that lead both to central 
sensory perception or local responses. Thus, the stimulation 
of TRPA1 expressed by neuronal fibres of the enteric nervous 
system is thought to play a role in inflammatory responses 
with secretion of signalling molecules associated with hyper-
sensitivity and pain as in inflammatory bowel disease.8 On 
the other hand, the interaction of cinnamaldehyde with the 
same channel triggers motility and secretion enhancing the 
digestive response while simultaneously contributing to the 
enjoyment of food.9

However, TRP channels are not only expressed by enteric 
neurons or sensory cells, but also by cells of the transporting 
epithelium. Thus, a role for apical TRPA1 channels has been 
proposed in the mediation of prostaglandin signalling leading 
to anion secretion.10- 12 So far, a direct role in cation absorp-
tion has only emerged for TRPV5 and TRPV6 as major path-
ways mediating the uptake of Ca2+ by the intestine and the 
kidney, and for TRPM6 as the epithelial Mg2+ channel, with 
a more ubiquitous role in cellular Mg2+ homeostasis played 
by TRPM7.13

There are some indications that further channels from the 
TRP family may be directly involved in the transport of cat-
ions. Our own interest in TRP channels was triggered when 
searching for candidate genes that mediate the uptake of cat-
ions from the forestomach of cattle and sheep. Having evolved 
from the oesophagus, forestomach epithelia show marked 
differences to those found in monogastric species. For exam-
ple, all attempts to demonstrate the expression of classical 
epithelial calcium channels TRPV5 or TRPV6 in sheep or 
cattle rumen were futile,14,15 despite the fact that over 50% 
of the formidable total gastrointestinal calcium absorption 
of these milk- producing mammals occurs via the forestom-
achs.16,17 Another striking difference is that Na+ transport 
across the rumen cannot be stimulated by aldosterone in 
vivo,18 while in vitro, the micromolar concentrations of ami-
loride used to block electrogenic uptake of Na+ via epithelial 
sodium channels (ENaC) are ineffective.19 A similar lack of 

amiloride- sensitive ENaC channels has been described in 
the caecum of rabbits and rats,20,21 in the colon of Xenopus 
frogs22 and the omasum.23 Instead, all of these tissues ex-
press non- selective channels for the transcellular uptake of 
Na+ and other monovalent cations.20,22,24,25 A characteristic 
feature of these conductances is their block by divalent cat-
ions.26- 28 In the case of the ruminal epithelium, considerable 
evidence points towards the involvement of TRPV3 chan-
nels, with participation of other TRP channels likely. The low 
selectivity of the pore region of TRPV3 allows permeation 
not only of Ca2+, but also of K+, Na+ and other cations such 
as NH4

+.14,29,30 Given the notorious promiscuity of many 
members of the TRP channel family,27 these results are not 
surprising.

The question thus naturally arises whether TRP channels 
expressed by epithelia of monogastric species might also play 
a role in the uptake of cations in general, and of the much- 
neglected metabolite NH4

+ in particular. Large quantities 
of NH4

+ are produced from fermentational and enzymatic 
degradation of nitrogenous compounds in the intestinal tract 
of humans or farm animals.31,32 In principle, this NH4

+ can 
be utilized by microbiota for the formation of protein that 
can either be utilized by the host directly or re- enter the food 
chain after excretion. In practice, large quantities of toxic 
NH4

+ are absorbed and have to be detoxified by the liver, 
requiring copious amounts of energy. The major product is 
urea, which cannot be broken up by mammalian enzymes so 
that large quantities must be renally excreted. Excreted urea 
is then rapidly degraded to nitrogenous compounds that drive 
both eutrophication of surface waters and global warming.32 
In livestock, the absorption of NH4

+ from the gut thus leads 
to a dramatic waste of protein and energy with an environ-
mental fall- out that can only be considered as catastrophic. In 
human patients with hepatic disease, absorption of ammonia 
into blood contributes to encephalopathy with ultimately le-
thal consequences.33

Classically, uptake of ammonia from the gut was thought 
to occur via simple diffusion of the uncharged form, NH3, 
across the lipid membrane surrounding the cell.34 However, 
NH3 is in fact a highly polar molecule, and lipid diffusion 
does not play a major role in transport across biological 
preparations. Instead, a role for AMT/Rh proteins35 and aqua-
porins36 has clearly emerged. Current models suggest that 
these proteins catalyse the deprotonation of NH4

+, allowing 
NH3 to permeate a protein pore,35,37,38 resulting in a rapid and 
pH- independent net uptake of NH3 via an electroneutral pro-
cess, leading to cytosolic alkalinization. Apart from this path-
way, in some preparations, there is clear evidence supporting 
electrogenic uptake primarily in the protonated form as NH4

+ 
with acidification of the cytosol. This may involve bona fide 
K+- channels,39 but also non- selective cation channels, as has 
repeatedly been shown for Xenopus oocytes,30,40 but also 
for epithelia from the rumen.14,31 There is also evidence for 
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an electrogenic uptake pathway for NH4
+ by the caecum of 

pigs.41 The low selectivity of many TRPV channels27 makes 
them prime candidates for the permeation of NH4

+, as has 
been directly shown for the bovine TRPV3 via patch clamp 
measurements.29,30

Despite the importance of the pig both as a farm animal 
and as an experimental model for humans, very little is cur-
rently known about the distribution and function of TRP 
channels in gastrointestinal epithelia of this species and al-
most nothing about the absorption of NH4

+. Based on our 
previous studies of the rumen, the current study investigated 
the semi- quantitative distribution of mRNA encoding for a 
selection of TRP channels along the porcine gastrointesti-
nal tract. In a further step, we investigated the expression 
of two non- selective members (TRPV3 and TRPV4) on the 
protein level via Western blot and immunohistochemistry. 
In a final step, evidence for a possible functional partici-
pation of these two candidate proteins in the transport of 
monovalent cations was investigated via Ussing chamber 
measurements.

2 |  RESULTS

2.1 | PCR

To screen for the presence of selected members of the TRP 
channel family in the porcine gastrointestinal tract, tissues 
from different segments (stomach (fundus and cardia), duo-
denum, middle jejunum, ileum, caecum and middle colon) 
of 4 different pigs of ~10  weeks killed within an in- house 
study (subsequently referred to as ”T”) were examined semi- 
quantitatively via qPCR (Table 1). Expression was investi-
gated both in the stripped epithelium (containing residual 
submucosa) and in the muscular layers of the respective sec-
tions and mRNA levels were compared to the reference genes 
YWHAZ, GAPDH and ACTB and scaled to the average 
value of the samples. Relative to these genes, significantly 
different expression levels were found for the various tissues 
(Figure 1).

Signals corresponding to mRNA for the Mg2+ conduct-
ing channels TRPM6 and TRPM7 were found throughout the 

T A B L E  1  Amplicon length and primer sequences of the target genes

Gene Length (bp) At Primer Accession no.

TRPV1 fwd 107 59°C ACCTTGTTTTCTTGTTCGGCT XM_013981216.2

TRPV1 rev AGACAAGCCCTCGACACTTG

TRPV2 fwd 164 59°C CAAGTGGTACCTGCCCCTG XM_021067918.1

TRPV2 rev AGAGGAAGACGAGGTAGACC

TRPV3 fwd 202 59°C ATGCTCATTGCCCTGATGGGAGAGAC XM_005669116.3

TRPV3 rev ACTTCACCTCGTTGATCCGCAGACAC

TRPV6 fwd 291 59°C CTTCTTTGGACAGACCATCC XM_021078898.1

TRPV6 rev ATGATAAAGAAAGCTGAGGCA

TRPV4 fwd 194 60°C CGCTCTATGACCTCTCCTCC XM_021071776.1

TRPV4 rev GGCACACAGATAGGAGACCA

TRPM6 fwd 214 59°C TGTAGCTGTGAGGAACGTAT XM_021064975.1

TRPM6 rev GGAGAGCCTTATCCTCTTGT

TRPM7 fwd 254 59°C GTTTTGCCTCCACCACTTAT XM_013993003.1

TRPM7 rev ATCTGAATGCACATCTGCTC

TRPM8 fwd 183 59°C TCTCGAAAGTTCCCACCTGT XM_021074741.1

TRPM8 rev TCATCATTGGCTAGGTCCAGC

ACTB fwd 127 60°C GACATCAAGGAGAAGCTGTG XM_003124280.5

ACTB rev CGTTGCCGATGGTGATG

ACTB probe CTGGACTTCGAGCAGGAGATGGCC

YWHAZ fwd 113 60°C AAGAGTCATACAAAGACAGCAC XM_021088756.1

YWHAZ rev ATTTTCCCCTCCTTCTCCTG

YWHAZ probe ATCGGATACCCAAGGAGATGAAGCTGAA

GAPDH fwd 117 60°C CAAGAAGGTGGTGAAGCAG NM_001206359.1

GAPDH rev GCATCAAAAGTGGAAGAGTGAG

GAPDH probe TGAGGACCAGGTTGTGTCCTGTGACTTCAA

Abbreviation: At, annealing temperature.
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F I G U R E  1  Semi- quantitative comparison of the mRNA expression of different gastrointestinal tissues (cardia and fundus of stomach, 
duodenum, jejunum, ileum, caecum, colon) from the stripped epithelium (“ep”, containing residual submucosa) or muscle layer (“mus”) of 4 pigs. 
The expression was normalized to the reference genes YWHAZ, GAPDH and ACTB and scaled to the average value of the samples. Bars that do 
not share a letter are significantly different (P ≤ .05). Data are given as means ± SEM. Ø indicates when expression was below the detection level. 
TRPV1 and TRPM8 could not be detected in any segment
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gastrointestinal tract, with expression of TRPM6 highest in 
the mucosal layers of the jejunum, followed by the caecum 
and colon (Figure 1A). Smaller amounts of TRPM6 mRNA 
were found in the remaining mucosa and in the muscular 
layers of all segments tested. Conversely, the expression of 
TRPM7 was high throughout and similar in muscular tissue 
and in the mucosa (P = .2; Figure 1B).

As expected, mRNA expression of TRPV6, which is a 
very well- established major uptake pathway for Ca2+ by the 
intestine, was highest in the duodenum. Lower levels were 
found in the jejunum, caecum, colon and cardia of the stom-
ach. Interestingly, no signals for mRNA encoding for TRPV6 
could be detected in ileum and fundus of the stomach or in 
tissue from the muscular layers (Figure 1C).

TRPV2 mRNA expression was highest in the mucosal 
layers of the small intestine, especially jejunum and ileum. 
Low mRNA expression was detected in the mucosal tissues 
of the stomach and caecum, as well as in the muscle layers. In 
the colon, signals were near the detection limit (Figure 1D).

An expression of mRNA for TRPV4 was found in both 
mucosal and muscular layers of all tissues studied, with the 
strongest expression occurring in the mucosa of the stomach 
(cardia and fundus; Figure 1E).

Messenger RNA encoding for TRPV3, the channel that 
has been proposed to serve as one pathway for the uptake 
of cations including NH4

+ from the rumen,14,29,30 could only 
be found in the mucosa of the caecum and colon, which are 
interestingly also the gastrointestinal organs with the highest 
levels of luminal NH4

+ (Figure 1F and Table 2). No signals 
could be amplified in any of the other segments or in the mus-
cular layers. However, it should be mentioned that the primer 
used in these experiments was only suitable for the amplifi-
cation of the full- length 90 kDa TRPV3 protein. Apart from 

this long variant of TRPV3, a shorter variant of ~60 kDa has 
been described in mice42 (XP_006533411.1) and in bovines30 
(AAI46079.1). We therefore designed several primers target-
ing segments common to both variants and which theoret-
ically should capture them both (see Supporting Table A). 
Despite successful amplification by gel electrophoresis and 
subsequent sequencing, these 3 primers were not suitable for 
qPCR as they produced at least two melting curves. Only a 
4th primer pair that binds to the long but not to the short 
variant was applicable for qPCR and produced the desired 
unitary melting curve. In retrospect, the failure of the other 
primers may indicate that mRNA of both variants might 
have been present in the tissue samples. The qPCR results 
thus suggest expression of the full- length TRPV3 mRNA se-
quence by caecum and colon, but neither confirm nor rule out 
the possibility that a further variant is expressed by these or 
other segments of the gastrointestinal tract.

Although control tissues tested positive (liver or medulla 
oblongata), no signals for TRPV1 or TRPM8 could be found 
in any of the porcine gastrointestinal sections in either the 
mucosa or the muscular layers. It should also be mentioned 
that despite numerous tries, we were unable to establish a 
porcine primer for TRPV5 that was clearly separate from 
TRPV6.

2.2 | Immunochemical detection of 
TRPV3 and TRPV4 via Western blot

In a further step, we attempted to investigate the expression 
of the non- selective cation channels TRPV3 and TRPV4 
on the level of the protein. Since commercial antibodies for 
use in the porcine species are not available, we used epitope 

F I G U R E  2  Western blot of protein from different porcine gastrointestinal tissues, stained by a TRPV4 antibody (PA5- 41066). In all tissues a 
band at the expected level of ~90 kDa was visible. With the exception of the stomach, another band was visible at ~80 kDa
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screening to select suitable antibodies directed against a com-
mon sequence.

Staining for TRPV4 (directed against the epitope [AA 
719- 768]) was found in all sections at the predicted height of 
~90 kDa. In all tissues but the stomach, a further band was 
observed at ~80  kDa that may reflect either a degradation 
product or a variant (Figure 2).

For staining of the porcine TRPV3, we used an anti-
body (ABIN863127) produced for the human, mouse and 
rat TRPV3 and which we previously established for use in 
the bovine species.30 With the exception of a single E → V 
switch, the target epitope of this antibody (AA 458- 474) is 
identical in pigs and bovines and interacts with both the large 
797a (~90 kDa) and the smaller 526a (~60 kDa) variant of 
the bovine TRPV3 (see Supporting Table A and Ref. [30]). 
In porcine tissues, a weak band at 90 kDa could be detected 

in 2 of 9 blots of porcine colon (Figure 3A), while a stron-
ger band at ~60 kDa was detected in all blots and all 6 in-
testinal sections from stomach to colon and in porcine skin 
(Figure  3A,B). Control samples of mouse skin showed a 
similar staining pattern (data not shown), in line with the re-
ported long (NP_001357935.1) and short (XP_006533411.1) 
murine protein sequences. In samples with high expression, 
a doubling of the band could be observed, possibly reflecting 
degradation or phosphorylation.

2.3 | Confocal laser microscopy

To localize the expression pattern of these proteins, native 
tissues (“T”) were stained with both TRPV3 and TRPV4 
antibodies and investigated via fluorescent imaging, with 

F I G U R E  3  Western blot of protein from different porcine gastrointestinal tissues and from porcine skin, stained by a TRPV3 antibody 
(ABIN863127). A, In 2 of 9 blots a weak band at ~90 kDa was found in the colon. A and B, In all tissues a distinct band at ~60 kDa was found, 
sometimes doubled (see text for details)
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DAPI used to mark the cell nuclei. Light settings were opti-
mized for each preparation using standard software (ZEN, 
Zeiss, Jena, Germany). The same microscope settings were 
used to study the secondary antibody controls, which were 
routinely fixed onto the same slide. These controls only 
showed staining for DAPI. Otherwise, we made no attempt 
to work with fixed gain settings and the staining intensities 
seen in Figure 4 were optimized for each slide and do not 
allow a quantitative comparison of protein expression in 
the various segments.

In epithelia from the stomach, staining was observed along 
the gastric pits and in the surface epithelial cells. In the duo-
denum, staining of the epithelial cells was somewhat diffuse. 
In all more distal segments, staining was clearly strongest in 
the apical membrane of the cells facing the lumen (Figure 4). 
The staining of areas in the crypts or in the cytosol was often 
only subtle or not detectable.

2.4 | pH and NH4
+ in ingesta

In order to get an overview of the physiological scenario, 
the ammonium concentrations and the pH of the ingesta 
of 4 pigs of ~10  weeks (“T”) were examined in various 
intestinal sections, namely stomach, duodenum, middle 
jejunum, ileum, caecum and middle colon (Table  2). As 
expected, the pH value was found to rise steadily in the 
aboral sections of the small intestine, reflecting pancreatic 
secretion and chloride- bicarbonate exchange, and subse-
quently decreased in the fermenting sections of the caecum 
and colon, where resident microbiota produce short chain 
fatty acids from organic matter.43,44 The ammonium con-
centrations remained at a relatively low level in the stom-
ach and the small intestine, increasing substantially in the 
fermentative parts of the gut with microbial degradation of 
nitrogenous compounds.

2.5 | Ussing chamber measurements

2.5.1 | Removal of mucosal Ca2+ and Mg2+

A characteristic feature of non- selective cation channels of 
the TRP channel family is their negative interaction with di-
valent cations.26- 29 For screening purposes, we investigated 
the effect of a removal of divalent cations on the mucosal 
side of stripped intestinal mucosa (“T”) in a custom- built, 
continuously perfused Ussing chamber, allowing artefact 
free solution changes.14 Experiments were performed under 
symmetrical conditions with solutions containing identical 
amounts of NaCl on the mucosal and the serosal side (see 
Supporting Table B). A clear rise in Isc was observed in 5 of 
8 jejunal and 2 of 2 colonic epithelia tested when the divalent 
cations Ca2+ and Mg2+ in the mucosal standard NaCl Ringer 
buffer were replaced by 5 mmol·L−1 EDTA (ØCa2+ ØMg2+, 
Figure 5A), reflecting transport of Na+ from the mucosal to 
the serosal side. To evaluate the isolated effect of a removal 
of Ca2+ more systematically, the effects were investigated in 
conventional Ussing chambers. In 17 colonic tissues from 
4 different pigs (“T”), Ca2+ in the mucosal solution was re-
placed by EGTA, again resulting in a significant increase 
in Isc by 0.18 ± 0.06 µEq·cm−2·h−1. Simultaneously, Gt in-
creased significantly. Control tissues that were incubated in 
parallel showed no response (N/n = 4/23; See Table 3).

2.5.2 | Removal of mucosal and serosal Ca2+

Since a “calcium- switch” classically also opens tight junction 
proteins,45 we conducted further experiments in which the 
buffer solution on both the serosal and the mucosal side of 
the epithelium was replaced by nominally Ca2+ free solution 
(Supporting Table B, ”Ca2+ free”). As expected, a rise in Gt 
could again be seen, but no significant changes in Isc emerged 
(Table 3).

2.5.3 | Effect of mucosal NH4
+

In subsequent screening experiments (“T”) in the per-
fused Ussing chamber, the effect of NH4

+ on currents was 
tested (for solutions, see Supporting Table C). A clear and 
concentration- dependent increase in the Isc could be observed 
after application of mucosal NH4

+ in 7 of 8 tissues tested 
(from ileum (5), jejunum (1 of 2) and colon (1); Figure 5B). 
In subsequent experiments, both Ca2+ and Mg2+ were re-
moved from the mucosal NH4Cl solution, resulting in a rapid 
rise in Isc with return to the original level after replacement in 
all tissues tested (2 from caecum, 4 from the colon and 3 from 
the jejunum; Figure 5C).

T A B L E  2  pH and ammonium content of gastrointestinal ingesta

Tissue N

pH
NH4

+ 
(mmol·L−1)

Mean ± SEM Mean ± SEM

Stomach 4 3.37 ± 0.34a 2.78 ± 1.75a

Duodenum 4 4.49 ± 0.51a 1.83 ± 0.64a

Jejunum 4 6.34 ± 0.12b 3.13 ± 0.80a

Ileum 4 6.39 ± 0.28b 3.47 ± 0.66a

Caecum 4 5.68 ± 0.13b 7.98 ± 3.62ab

Colon 4 5.92 ± 0.17b 16.52 ± 5.47b

Note: Values that do not share a letter in the superscript are significantly 
different (P ≤ .05).
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The effect of NH4
+ on Isc and Gt was subsequently sys-

tematically investigated in parallel in conventional Ussing 
chambers in different tissues from 4 pigs from a commercial 
slaughterhouse (“S”). After incubation in an NaCl Ringer 
buffer additionally containing 40  mmol·L−1  N- methyl- D- 
glucamine (NMDG+), this large cation was replaced by an 
equimolar amount of NH4

+ on the mucosal side of the tissue 
in the Ussing chamber. This intervention led to significant 
increases in Isc and Gt in all 6 tissues of the gastrointestinal 
tract (Figure 6) as to be expected if ammonia is transported 
as NH4

+. Note that the increase in Isc could not have been 
caused by a swelling of cells with reduction of paracellular 
leak flow, since Gt also increased. Subsequently, the diva-
lent cations in the mucosal NH4Cl buffer were replaced by 
5 mmol·L−1 EDTA. This resulted in a further increase in Isc 
that was significant in all tissues. Gt rose significantly in 
all tissues but the jejunum and the caecum. These effects 
were largely reversible after washout. The changes in Isc 
and Gt induced by the solution changes (ΔIsc and ΔGt) were 
numerically largest in the colon and lowest in the stomach 
(Table 4).

Since it appears possible that the ammonia- induced rise in 
Isc and Gt was caused by induction of an anion conductance (eg 
via changes in cytosolic pH), we performed additional exper-
iments using solutions essentially as above (Supporting Table 
C), but in which 110 mmol·L−1 chloride was replaced by glu-
conate. As before, the solutions were bicarbonate free. After 
equilibration in bilateral Na- gluconate solution, 20 mmol·L−1 
NMDG+ was replaced by an equimolar amount of NH4

+.
In colonic preparations (N/n = 2/14, “S”), Isc rose from 

1.04  ±  0.18 to 2.20  ±  0.23 µeq·cm−2·h−1 after addition of 
20 mmol·L−1 NH4

+ (P < .001), or by about half of what was 
observed in 40 mmol·L−1 NH4Cl solution (see Figure 6). Gt 
rose from 14.5 ± 1.08 to 18.7 ± 2.05 mS·cm−2 (P < .001). 
In the jejunum (N/n = 2/14, “S”), Isc rose from 0.29 ± 0.044 
to 1.39  ±  0.15 µeq·cm−2·h−1 and Gt from 16.7  ±  1.46 to 
21.5 ± 2.14 mS·cm−2 (both P < .001).

Further experiments were performed using tissues from 
piglets (“T”) in bicarbonate Ringer gassed with carbogen.14 
In both colon and jejunum, replacement of 20  mmol·L−1 
NMDG+ by NH4

+ induced a significant rise in Isc and Gt 
(both P < .001), the magnitude of which did not depend on 
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whether chloride was present (colon N/n  =  3/17, jejunum 
N/n = 3/17) or replaced by gluconate (N/n = 3/16 and 3/18, 
respectively).

2.5.4 | TRP channel agonists

To test for functional involvement of TRP channels in elec-
trogenic transport of ions across the colon, we investigated 
the effect of two TRP channel agonists, GSK106790A and 
2- APB in Ussing chambers. A symmetrical arrangement with 
standard NaCl Ringer on both sides of the stripped mucosa 
(“T”) was used (Supporting Table B). After mucosal addition, 
both agonists induced a steady increase in Gt over 15 min-
utes (P = .004 for GSK106790A; N/n = 3/6 versus control 

[Ethanol]; N/n = 3/6 and P =  .002 for 2- APB, N/n = 3/6; 
Figure 7B,D). The short circuit current Isc dropped rapidly 
in response to both agonists (P  =  .009 for GSK106790A, 
and P = .002 for 2- APB, both versus control; Figure 7A,C). 
The drops in Isc (ΔIsc) were −0.24 ± 0.06 μeq·cm−2·h−1 (2- 
APB) and −0.089  ±  0.016 μeq·cm−2·h−1 (GSK106790A), 
with corresponding increases in Gt (ΔGt) of 8.56 ± 1.15 and 
1.63 ± 0.44 mS·cm−2.

Following the agonist- induced drop in Isc, the current 
recovered and stabilized at a level clearly above zero after 
about five minutes (Figure  7). Conversely, Gt continued to 
rise in the 15- minute interval studied. This may mean that a 
paracellular pathway opened, or that a transcellular pathway 
opened, or, most likely, that both opened. In any case, the sta-
bilization of Isc could only occur because active, transcellular 

F I G U R E  4  Immunohistological staining of gastrointestinal tissues of pigs using primary and secondary antibodies to mark TRPV3 (green, 
ABIN863127, Alexa Fluor 488) and TRPV4 (red, PA5- 41066, Alexa Fluor 594). The merged pictures also show a staining for cell nuclei in blue 
(DAPI). A, Staining of stomach, duodenum and jejunum. The staining of TRPV3 and TRPV4 in the stomach occurred mainly in gastric pits and 
superficial epithelial cells. In the duodenum the staining was rather diffuse, whereas in the other tissues mainly the apical membrane was stained. 
Staining in the crypts was often only subtly present. B, Ileum, caecum and colon, stained as in a. Staining was most pronounced in the apical 
membrane
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transport increased, compensating for any loss in paracellular 
resistance. The simplest explanation for this is that 2- APB 
and GSK106790A directly opened TRP channels in the api-
cal membrane.

3 |  DISCUSSION

Despite the importance of the pig as a model for humans in 
biomedical research, surprisingly little is known about the 

expression of TRP channels by the porcine intestinal tract. 
This study attempted to begin to fill this gap by using qPCR 
to detect expression of a selection of TRP channels (TRPV6, 
TRPM6, TRPM7, TRPM8, TRPV2 and TRPV1) in addition 
to TRPV3 and TRPV4, with the expression of the latter ad-
ditionally studied on the level of the protein using Western 
blots and immunohistochemistry. Finally, Ussing chamber 
measurements were utilized in order to assess the possible 
contributions of these channels to the transport of the mono-
valent cations Na+ and NH4

+.

F I G U R E  5  Effect of various solution changes on the mucosal side of intestinal epithelium in a modified continuously perfused Ussing 
chamber. The individual graphs represent original recordings from the jejunum (a) or the colon (b and c), with similar effects observed in the ileum 
and caecum. Before each solution change, voltage pulses were applied in order to determine epithelial conductance (vertical lines, marked with an 
arrow (→) in a). A, After replacing the divalent ions Ca2+ and Mg2+ with EDTA in a standard NaCl solution on the mucosal side, an immediate 
increase in Isc could be observed. Serosally, standard NaCl Ringer solution was used. B, After the replacement of NMDG+ by 20 or 40 mmmol·L−1 
NH4

+ on the mucosal side, a distinct increase in Isc could be observed. C, The change to mucosal 40 mmmol·L−1 NH4
+ increased the Isc, which 

could be further increased by eliminating divalent ions. In all experiments the Isc returned to normal values when the standard solution was used
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As mentioned, our interest in TRPV3 was sparked when 
searching for a candidate gene for the divalent- sensitive 
non- selective cation conductance of forestomach epithelia 
of ruminants.23- 25 Molecular biological approaches in con-
junction with functional studies on native tissues, native cells 
and overexpressing systems confirm involvement of TRPV3 
in the efflux of Na+, NH4

+ and Ca2+ from the rumen14,29,30 
with possible additional participation of other TRP chan-
nels. Similar divalent- sensitive, non- selective conductances 
for monovalent cations were first observed in frog and toad 
skin,46,47 in the colon of Xenopus frogs22 and in rabbit cae-
cum.20 Intriguingly, results of a very recent functional study 
of the rat caecum also point towards an involvement of non- 
selective TRP channels in ion transport across this segment 
of the gut.21 Since the molecular identities of these divalent- 
sensitive conductances have remained obscure, a closer look 
appears merited.

Divalent cations permeate non- selective TRP channels by 
binding to negatively charged amino acid residues in the ion- 
conducting pore, which inhibits the permeation of monova-
lent cations with lower binding affinity (such as Na+, Cs+ or 
K+).27 Conversely, removal of divalent cations will result in 
an increase of current carried by the monovalent cation.26- 28 
In line with this, a removal of divalent cations from the muco-
sal solution of porcine intestinal tissues incubated in Ussing 
chambers resulted in strong, reversible currents (Figure 5 and 
Table 3). Since experiments were carried out with no electro-
chemical gradient for NaCl present, two explanations for this 
rise in Isc are possible: (a) an increase in current via activation 
of a transcellular pathway and (b) a reduction of leak back-
flow via tightening of the paracellular pathway. The possibil-
ity (b) can be ruled out since Gt increased significantly in all 
tissues studied, which is very much in line with the classical 
effects of a removal of Ca2+ on paracellular tight junction 

proteins.45 Most likely, an apical cation channel opened, al-
lowing more Na+ to enter the cytosol and to be basolaterally 
driven out via the Na+- pump. In the case of mucosal removal 
of divalent cations, Isc increased strongly. In the case of bilat-
eral Ca2+ removal, the Isc did not drop despite the strong rise 
in Gt. In both cases, increased active transcellular transport 
compensated for the decrease in paracellular resistance.

In subsequent experiments, it could be shown that as in the 
rumen, application of mucosal NH4

+ resulted in fully revers-
ible, concentration- dependent and divalent- sensitive currents 
that tended to be highest in those compartments that physio-
logically have the highest concentrations of NH4

+ (Figures 5 
and 6; Tables 2 and 4).

Any involvement of chloride or bicarbonate in the NH4
+- 

induced current was small since NH4
+ induced currents of 

similar magnitude in gluconate solutions. However, it ap-
pears likely that pH effects contributed to the effects ob-
served. Thus, many transport proteins, including TRPV3, 
are altered by changes in cytosolic pH.48 On the other hand, 
the fact that the NH4

+- induced Isc could be increased by the 
removal of divalent cations is hardly explicable via a pH- 
sensitive mechanism.

It is also highly probable that the opening of tight junc-
tion proteins contributed to the rises in Gt. It appears possi-
ble that channel- like tight junctions with selectivity for NH4

+ 
over Na+ might explain the doubling of Isc by replacement 
of as little as 20  mmol·L−1 NMDG+ with NH4

+ in a high 
NaCl background.49 However, paracellular transport cannot 
explain the Isc increase in bilateral NaCl Ringer solution 
after removal of divalents, which requires an active pumping 
mechanism. Since TRPV3 is clearly expressed by the api-
cal membrane of the tissues studied (Figure 4), and since a 
divalent- sensitive permeability with P(Na+) < P(NH4

+) has 
been shown directly in patch clamp experiments on cells 

1. Mucosal side only 
Ca2+- switcha 

2. Mucosal and serosal 
Ca2+- switchb 

Comparison 
1 vs 2

N/n Mean ± SEM N/n Mean ± SEM P- value

ΔIsc (µeq·cm−2·h−1)

Ca2+- switch 4/17 0.18 ± 0.06 5/14 0.008 ± 0.034 P = .022

Control 4/23 0.002 ± 0.012 5/29 −0.007 ± 0.009 n.s.

Switch vs control P = .029 n.s.

ΔGt (mS·cm−2)

Ca2+−switch 4/17 4.70 ± 0.85 5/14 1.05 ± 0.35 P < .001

Control 4/23 −0.41 ± 0.13 5/29 −0.15 ± 0.19 n.s.

Switch vs control P < .001 P < .001

Note: The delta (∆) was determined from the value immediately before the change to calcium- free Ringer to 
the value 15 min afterwards. Control tissues were exposed to the same standard Ringer solution throughout, 
although a sham solution change was performed.
aMucosal solution was replaced by calcium- free Ringer with 1 mmol·L−1 EGTA.
bMucosal and serosal solutions replaced by nominally calcium- free Ringer.

T A B L E  3  Overview of the effect of 
calcium- free Ringer solutions on Isc and Gt 
in the colon
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overexpressing TRPV3,29,30 at least part of the effects should 
be attributable to TRPV3, with additional contributions by 
other pathways probable.

Functional expression of TRP channels is supported by 
electrophysiological effects of the TRP channel agonists 
GSK1016790A and 2- APB on colonic mucosa incubated 
in NaCl Ringer. Both agonists induced an immediate, steep 
drop in transepithelial resistance across the tissue that devel-
oped in the first minute after application and continued to 
rise (Figure 7). In contrast, the short circuit current Isc, which 
reflects transcellular transport in this configuration, only 
dropped initially and then reached a new steady- state level 

which was clearly above zero. This means that a transcellular 
pathway must have been activated which eventually compen-
sated for whatever rise in paracellular conductance continued 
to occur.49

GSK1016790A is currently thought to be selective for 
TRPV4. Unfortunately, there are currently no commercially 
available specific agonists or antagonists for TRPV3,50 but if 
TRPV3 is functionally expressed, it should be activated by 
2- APB. 2- APB is a classical TRP channel agonist that ac-
tivates TRPV3, but also TRPV1, TRPV2 and TRPA1, but 
not TRPV4, TRPV5 or TRPV6,51,52 with inhibitory effects 
on TRPC4, TRPC5, TRPC6, TRPM8 and TRPP1.53 Note 

F I G U R E  6  Effect of solution changes on the Isc and Gt in different gastrointestinal tissues in the standard Ussing chamber. The solution 
change from NaCl to a 40 mmmol·L−1 NH4

+ solution on the mucosal side caused an increase in Isc and Gt in all tissues. After changing to a NH4
+ 

solution, where Ca2+ and Mg2+ were replaced by EDTA, Isc and Gt increased further. After return to the Ca2+ and Mg2+ containing NH4
+ solution 

(NH4
+ (2)) or to a NaCl (NaCl (2)) solution, a decrease to original values could be observed. Different letters indicate significant differences 

between solutions within a tissue type (P ≤ .05). Data are given as means ± SEM. For differences between tissues, see Table 4
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that in the colon, we were unable to detect mRNA signals 
for TRPV1 or TRPM8, while levels for TRPV2 were almost 
below the detection level (Figure  1). Inhibition of TRPC4, 
TRPC5, TRPC6 or TRPP1 should have led to a drop in Gt, 
as observed in a recent study of rat caecum.21 TRPA1, which 
is apically expressed by colonic epithelia,11,12 may well have 
contributed to the response to 2- APB. However, TRPA1 has 
a high selectivity to Ca2+ and follows an Eisenman XI se-
quence with P(Na+) > P(K+),54 which does not predict a drop 
in Isc. In line with this, in a recent study of the effects of the 
TRPA1 agonist cinnamaldehyde on porcine colon, we ob-
served a rise in both Isc and Gt.

12 These changes reflected an 
opening of TRPA1 with an increase in the conductance of the 
epithelium to cations, triggering subsequent prostaglandin- 
mediated secretion of anions. The latter confirms previous 
findings in rat colon11 and highlights the established role of 
TRPA1 in cellular signalling.8,11

The effects in Figure 7 (decrease in Isc with concomitant 
increase in Gt) can be understood if one assumes that 2- APB 
or GSK primarily activate channel(s) following an Eisenman 
sequence IV with P(K+) > P(Na+), as is the case for TRPV3 
and TRPV4.26,27,30,55 Note that in our experiment, influx of 
Na+ is further reduced by the high concentration of extracel-
lular divalent cations, while efflux of K+ can push obstructing 
Ca2+ or Mg2+ out of the external mouth of the pore region.27 

Accordingly, secretion of K+ should exceed absorption of 
Na+, predicting a drop in Isc in conjunction with a drop in the 
potential across the apical membrane. The increasingly neg-
ative apical potential will enhance the driving force for Na+, 
until influx of Na+ and efflux of K+ are equal. After a certain 
time, Isc should reach a new steady- state equilibrium, pre-
cisely as observed (Figure 7). The rising Gt probably reflects 
both increases in permeation of Na+ and K+ through apical 
channels and an opening of paracellular tight junctions. On 
the other hand, the opening of channels may predominate 
since in studies of colonic or corneal cells, GSK1016790A 
led to a tightening of the tight junction in studies of colonic 
or corneal cells (with dropping Gt) and effects were visible 
only after 24 hours.56,57

In a further step, tissues from different segments of the 
porcine gastrointestinal tract were screened for relevant 
channels via qPCR. It should be mentioned in passing that 
establishing primers for the detection of TRP channels not 
just in the porcine species but also in ruminants has proved 
to be quite challenging.14 In contrast to our experience with 
transporters such as NHE, an exceptionally high number of 
primers had to be tested before a primer delivered an accept-
able melting curve. As emerged when attempting to establish 
a primer for the short variant of TRPV3, this may reflect the 
binding to more than one splice variant.

T A B L E  4  Overview of the changes (∆) of Isc (µeq·cm−2·h−1) and Gt (mS·cm−2) 15 min after a solution change

ΔIsc (µeq·cm−2·h−1) ± SEM

Tissue (N/n)

NaCl- NH4Cl NH4Cl- EDTA EDTA- NH4Cl NH4Cl- NaCl

ΔIsc ΔIsc ΔIsc ΔIsc

Stomach (4/8) 0.74 ± 0.18a 0.43 ± 0.12a −0.09 ± 0.04a −0.92 ± 0.22a

Duodenum (4/7) 1.73 ± 0.27ab 0.93 ± 0.15ab −0.23 ± 0.07a −2.09 ± 0.30ab

Jejunum (4/8) 2.44 ± 0.57ab 1.67 ± 0.46ab −0.53 ± 0.31a −2.95 ± 0.68b

Ileum (4/8) 2.63 ± 0.23b 1.26 ± 0.35ab −0.43 ± 0.14a −3.17 ± 0.36b

Caecum (4/8) 3.20 ± 0.68b 1.60 ± 0.28b −0.48 ± 0.09a −3.9 ± 0.76b

Colon (4/6) 2.80 ± 0.51b 2.66 ± 0.71b −0.61 ± 0.19a −4.55 ± 0.91b

ΔGt (mS·cm−2) ± SEM

Tissue (N/n)

NaCl- NH4Cl NH4Cl- EDTA EDTA- NH4Cl NH4Cl- NaCl

ΔGt ΔGt ΔGt ΔGt

Stomach (4/8) 2.00 ± 0.98a 1.67 ± 0.73a −0.06 ± 0.33a −2.54 ± 1.55a

Duodenum (4/7) 13.04 ± 5.73ab 10.22 ± 7.93ab −4.51 ± 4.19a −17.50 ± 9.22ab

Jejunum (4/8) 12.10 ± 3.12ab 7.30 ± 3.99ab −1.71 ± 1.64a −16.25 ± 4.59ab

Ileum (4/8) 11.83 ± 1.77b 10.81 ± 3.96ab −2.99 ± 2.76a −17.57 ± 2.38b

Caecum (4/8) 12.76 ± 4.14ab 6.71 ± 2.51ab 1.84 ± 2.13a −22.72 ± 7.49b

Colon (4/6) 5.95 ± 2.45ab 22.30 ± 9.36b −1.2 ± 1.76a −22.52 ± 6.72b

Note: The first column gives ∆Isc and ∆Gt after 40 mmol·L−1 NMDG+ in an NaCl Ringer solution were replaced by an equimolar amount of NH4
+ (NaCl- NH4Cl). 

In the following column, Ca2+ and Mg2+ in the NH4
+- solution were replaced by EDTA (NH4Cl- EDTA). The next columns give values for a stepwise return to the 

original solutions (EDTA- NH4Cl and NH4Cl- NaCl). Different superscripts designate significant differences between tissues or within a solution (column; P ≤ .05). 
The data are given as means ± SEM. For differences between solutions, see Figure 6.
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Our investigations started with TRP channels for which a 
direct role in (divalent) cation transport has been established. 
The expression pattern for TRPV6 confirms previously avail-
able data for the pig and other species and highlights the 
role of the duodenum as the major locus for Ca2+ absorption 
(Figure 1C).16,58 Although data for the pig appear to be lack-
ing, high mRNA expression levels of TRPM6 in the jejunum 
and the hindgut confirm what has been established in other 
species as the major locus of transcellular intestinal Mg2+ ab-
sorption (Figure 1A).59- 62 Interestingly, no signals for either 
TRPV6 or TRPM6 could be detected in samples from the 
muscular layers, highlighting their role in epithelial transport. 
Conversely, TRPM7 was found to be ubiquitously expressed 
by both the muscular and mucosal layers throughout the pig 
intestine (Figure 1B). This finding is in accordance with the 
proposed role of this channel in cellular Mg2+ homeostasis, 
although notably, TRPM7 may also be a primary player in 
epithelial Mg2+ uptake via formation of TRPM6/TRPM7 
heteromers.63 As mentioned, we were unable to establish a 
porcine primer for TRPV5 that was clearly separate from 
TRPV6.

In a second step, we turned to non- selective members of 
the TRP channel family. TRPM8 conducts both Na+ and Ca2+ 
and is known for its activation by cool temperatures and by 
plant terpenoids, notably menthol and thymol.64 We found no 
evidence for an expression on the level of mRNA within the 
porcine gastrointestinal tract (Figure 1F). Notably, mRNA for 
TRPM8 was also not found in the rumen14 or in the human in-
testine.65 However, expression by human colonic muscle has 
been reported with weaker expression within the mucosa.66

TRPV1 is activated by heat (>40°C), by acidic pH, and 
by various exogenous and endogenous substrates (eg anan-
damide, capsaicin).5,26 In the murine intestine, expression 
was found to be highest in the intestinal nerve fibres of the 
colon and distal rectum.67 Both in mice and in humans, mu-
cosal samples from colon and rectum express TRPV1 and a 
role in inflammatory bowel disease has been proposed.8,68,69 
In the current qPCR study of porcine mucosa and muscularis, 
mRNA encoding for TRPV1 was below the threshold of de-
tection (set at 30 cycles). This may reflect species- dependent 
differences, our conservative cut- off value, or the fact that 
samples were taken from the mid colon and not from the 

F I G U R E  7  Effect of the TRP agonists 2- APB and GSK106790A (GSK) on Isc and Gt in the Ussing chamber using colonic tissue of pigs. 
After addition of the respective agonist on the mucosal side, a decrease in Isc (A and C) could be observed, while at the same time an increase in Gt 
occurred (B and D). Statistical comparisons were made between values taken immediately prior to addition of the agonist and after an incubation of 
15 min. Data are given as means ± SEM



Publication 1 

38 

     | 15 of 21MANNECK Et Al.

distal parts, where in mouse and human samples, TRPV1 is 
most highly expressed. Furthermore, great care was taken to 
strip the epithelium from the rest of the tissue where most 
neurons expressing TRPV1 for neuronal signalling can be 
found.

TRPV2 is activated by temperatures above 52°C and is 
typically expressed by neurons supplying the gastrointesti-
nal tract.62 In the current study, mRNA encoding for TRPV2 
was found in equal small amounts in the muscular layers of 
all segments. In the mucosal layers, TRPV2 expression was 
comparable to those in the muscular layers, but reached in-
creasingly higher levels in the small intestine (Figure 1F). In 
the mucosal layers of the caecum, TRPV2 was low while in 
the colon, TRPV2 was barely detectable. Given that our sam-
ples contained small amounts of submucosa, this finding is in 
line with the failure to detect mRNA for TRPV2 in isolated 
colonic crypts of the rat.11

A number of studies suggest an important role for TRPV4 
in the regulation of gastric motility and emptying.70 In the 
colon, the channel is thought to play diverse roles in osmo-
sensation6,71 and regulation of barrier function,56 with pos-
sible implications for diseases such as ulcerative colitis.72 In 
the current study, the largest amount of mRNA for TRPV4 
was found in the mucosa of the stomach (cardia and fun-
dus; Figure 1D). TRPV4- encoding mRNA expression by all 
other porcine mucosal tissues was lower and not significantly 
different from the muscular layers. In Western blots stained 
with a rabbit antibody against TPRV4 protein, a double band 
at the expected height of about 90 kDa could be observed, 
with the doubling possibly reflecting degradation or a variant 
(Figure 2). A doublet of similar height has been reported in 
Western blot analysis of TRPV4 expression in carotid artery, 
kidney or skeletal muscle of wild- type mice, and disappeared 
in TRPV4- /-  mutants.73,74 The same antibody was used in 
conjunction with a secondary antibody to localize the expres-
sion of TRPV4 protein within the intact tissue via confocal 
laser microscopy (Figure 4). In the gastric epithelium, strong 
staining for TRPV4 could be observed along the gastric 
crypts. In intestinal epithelia, staining for TRPV4 was clearly 
highest in the apical membrane of cells facing the lumen of 
the organ. Note that the staining intensity of the different 
sections reflects the gain chosen for each image and not the 
amount of protein expressed.

TRPV3 is known to be activated by numerous stimuli, 
such as heat (22- 40°C) or various spices (eg thymol, men-
thol, carvacrol).5,75,76 The physiological function of TRPV3 
is generally poorly understood77 and research is hampered by 
the lack of commercially available specific agonists or block-
ers although the race for the development of such agents is 
on.50 TRPV3 is highly expressed by the keratinocytes of the 
skin, where gain of function mutations are linked to a he-
reditary hyperkeratosis that can be so severe that joints are 
immobilized.78 Very little information is available for the role 

of TRPV3 in the gastrointestinal tract. A role in inflammation 
has been suggested, although attempts to correlate clinical 
findings in ulcerative colitis with the expression of TRPV3 
have been frustrating.68 In what was probably the pioneering 
study of TRPV3 expression by the colon,10 the authors men-
tion “the abundant expression by the superficial absorptive 
cells” and suggest that functions may include epithelial ion 
transport. This hypothesis is supported by the functional data 
of this study.

Interestingly, in the current study of the porcine gastro-
intestinal tract, mRNA encoding for TRPV3 could only be 
detected in mucosa of the colon and caecum, with no sig-
nal in the muscle layer or in any other segment (Figure 1E). 
Similar findings have been reported for the mouse intestine, 
where mRNA encoding for TRPV3 could also be detected in 
the colon, but not in the stomach or duodenum10 while in the 
rat colon, mRNA for TRPV3 was significantly higher in the 
crypts than in residual tissues.11 Notably, the colon and cae-
cum are the parts of the gut where because of fermentational 
degradation of amino acids and urea, concentrations of NH4

+ 
are highest (Table 2). Furthermore, these tissues showed the 
numerically highest divalent- sensitive conductance to NH4

+ 
(Figure 6, Table 4).

A note of caution is necessary since our primer was only 
suitable for an amplification of the mRNA of the full- length 
90 kDa protein (Supporting Table A). Apart from this long 
variant of TRPV3, a shorter variant of ~60 kDa has been de-
scribed in mice (XP_006533411.1), in human epidermal ke-
ratinocytes42 and in bovines (AAI46079.1 and Ref. [30]). Our 
finding that primer pairs matching both mRNA variants all 
produced more than one melting curve suggests that porcine 
gastrointestinal tissues may also express more than one splice 
variant. However, this is somewhat speculative and our qPCR 
results confirm mRNA expression only of the long variant. 
Western blots stained by a mouse TRPV3 antibody showed 
a clearly visible band at 60 kDa in all segments and all blots 
studied, with a further weak band at 90 kDa observed in two 
blots of colonic tissues (Figure 3) and in controls of mouse 
skin (not shown). A similar pattern emerged in Western 
blots of mouse distal colon using a rabbit antibody against 
TRPV3,10 in human epidermal keratinocytes using an anti-
body from goats42 and in our study of the ruminal epithelium, 
where the same murine antibody was used as in this study.30 
It should be mentioned that in our previous study, the TRPV3 
antibody was validated both in overexpressing HEK 293 cells 
and in Xenopus oocytes.30

Immunohistochemical staining of porcine tissues against 
TRPV3 showed expression in the gastric crypts and a 
clear staining of the apical membrane of the intestinal seg-
ments, with colocalization of TRPV3 and TRPV4 frequent 
(Figure  4). Conversely, any staining of intracellular struc-
tures was very weak. This finding is in fascinating contrast to 
what is typically observed in keratinocytes from skin42,79 or 
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the rumen,30 where TRPV3 antibodies typically also strongly 
stain the cytosolic compartment. Whatever the reasons for 
these differences may be, apical expression as shown here 
supports the involvement of TRPV3 in epithelial transport.

Under physiological conditions, the intestinal absorption 
of Na+ via TRP channels will be small relative to the much 
larger quantities transported via the highly Na+ selective 
proteins NHE and ENaC that are abundantly expressed by 
the colon. Instead, we suggest that as in the rumen,29,30 one 
function of these poorly selective channels27 may be to serve 
as one of several routes for the uptake of NH4

+. The bovine 
homologue of TRPV3 has been directly shown to be perme-
able to NH4

+ on the single- channel level in two different ex-
pression systems, making it a prime candidate for the divalent 
cation conductance reported in this study.29,30

It should be stressed that our findings definitely do not 
exclude the participation of other cation channels, including 
other members of the TRP channel family, in the efflux of 
NH4

+ from the intestine. Furthermore, it has been shown 
that protein- mediated pathways for the transport of NH3 ex-
ist.35- 37 Notably, certain types of aquaporins conduct NH3,

36 
while the colon reportedly expresses the ammonia trans-
porters RhCG (apical) and RhBG (basolateral).35 Although 
in the past, there has been some controversy surrounding 
the exact transport mechanism and substrate specificity of 
RhBG,37 there is a broad consensus that RhCG mediates net 
transport of NH3 via an electroneutral mechanism.80 Current 
models suggest that all Rhesus- like glycoproteins bind NH4

+ 
and catalyse the conversion to NH3, which is then conducted 
through a hydrophobic pore down the concentration gradi-
ent.37,38 Accordingly, apical expression of RhCG by the colon 
cannot explain the divalent- sensitive NH4

+- induced currents 
observed in this study.

Further work is required to determine the basolateral ef-
flux route (which may involve transport of NH4

+ through 
K+ channels or a coupling of RhBG 35 and pH regulating 
transporters such as NHE or one of the various Na+- HCO3

− 
cotransporters) and to assess the relative contributions of 
different pathways to total intestinal ammonia transport. 
However, unlike absorption in the form of the base NH3, ab-
sorption of NH4

+ from the colon should be very useful for the 
maintenance of both luminal and intracellular pH homeosta-
sis of an organ in which protons are continuously generated 
in the course of the breakdown of structural carbohydrates 
into short- chain fatty acids.43,44,81 Colonic pH homeostasis 
is essential for the survival of both the epithelium, and the 
microbiota living within. On the downside, ammonia has to 
be detoxified by the liver and the urea that is formed has to 
be excreted, leading to a plethora of problems that have been 
discussed.

In summary, we present an overview of the mRNA expres-
sion of various TRP channels along the porcine gastrointes-
tinal tract using qPCR. The expression of two non- selective 

members, TRPV4 and TRPV3, was also investigated on the 
protein level via Western blots and confocal laser micros-
copy. Expression was clearly highest in the apical membrane 
of the intestinal segments, suggesting a function in absorp-
tion. Although further work clearly needs to be done, the 
functional response to an exposure to NH4

+ containing solu-
tions, modulated by the removal of divalent cations and the 
response to TRP channel agonists, suggests that a role in the 
transport of monovalent cations in general and NH4

+ in par-
ticular should be considered. A concert of protein- mediated 
pathways for the uptake of ammonia is thus replacing older 
models of an uptake via the lipid membrane.14,29,30,35- 37,39 
Despite their redundancy, protein- mediated uptake pathways 
invite new approaches concerning pharmacological modula-
tion of ammonia losses from the hindgut, with possible impli-
cations both for limiting nitrogen losses into the environment 
by livestock and for the treatment of hepatic encephalopathy 
in humans.

4 |  MATERIALS AND METHODS

4.1 | Gastrointestinal epithelium

Gastrointestinal tissues from pigs were obtained according to 
German guidelines of the Animal Welfare Act with approval 
by the local authorities (LaGeSo Reg. Nr T0264/15 and 
T0297/17 or from local abattoir). The pigs from T0264/15 
and T0297/17 (subsequently designated as “T”) consisted of 
a hybrid of the breeds Danbred x Piétrain at around 10 weeks 
of age and weighed around 25  kg. The pigs were sedated 
by an intramuscular injection with ketamine hydrochloride 
(Ursotamin, Serumwerk Bernburg AG, Bernburg, Germany) 
and azaperone (Stresnil, Jansen- Cilag, Neuss, Germany) and 
subsequently killed by intracardiac injection of tetracaine 
hydrochloride, mebezonium iodide and embutramide (T61, 
Intervet Deutschland GmbH, Unterschleissheim, Germany). 
Other pigs were of different ages and breeds and came from 
a commercial slaughterhouse (“S”). The tissue was removed 
approximately 10  minutes after death and was then imme-
diately washed with PBS or Ringer solution, after which 
the mucosa was immediately stripped from the submucosal 
layers.

4.2 | PCR

Stomach (fundus and cardia), duodenum, middle jejunum, 
ileum, caecum and middle colon were collected from 6 
pigs (“T”). After manual separation, small pieces (1  cm2) 
from the muscular layers or the stripped mucosa (contain-
ing small amounts of submucosal tissue) were then immedi-
ately transferred to RNAlater (1 mL tubes; Sigma- Aldrich, 
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Taufkirchen, Germany) and stored overnight at 4°C, fol-
lowed by storage at −80°C. For primer establishment, 
control tissues (liver, kidney and medulla oblongata) were 
additionally collected. Total RNA was isolated from all 
samples using a commercially available kit including DNA 
digestion (Nucleospin RNA ll, Macherey- Nagel, Dueren, 
Germany). RNA quality was checked via determination of 
RNA integrity (RIN) values using a lab- on- chip technique 
(RNA 6000 Nano, Agilent, Waldbronn, Germany). Samples 
from 4 pigs with the best RIN values (RIN >6.8 (ileal mu-
cosa) or RIN > 7.3, all other tissues) were selected for fur-
ther processing. 1000  ng RNA were then transcribed into 
cDNA (iScript cDNA synthesis Kit, Bio- Rad Laboratories, 
Munich, Germany) according to the manufacturer's instruc-
tions, which was diluted 1:10.

Gene- specific intron- spanning primer pairs for the por-
cine TRP channels and reference genes were established 
based on the gene sequences of the NCBI database (Table 1). 
In order to ensure primer specificity, amplification products 
of all primer pairs (Eurofins Genomics Germany GmbH, 
Ebersberg, Germany) were sequenced at least once and 
matched with the target sequence.

For the three selected reference genes, corresponding 
primer- probe combinations were used with FAM as the re-
porter and BHQ1 (ACTB) or TAMRA (GAPDH, YWHAZ) 
as the quencher.82 The qPCR was performed in triplicates for 
40 cycles each on a thermal cycler (Applied Biosystems/Life 
Technologies, Waltham, MA, USA). Negative controls (no 
template controls) were included. The quantification cycle 
(Cq) was calculated automatically by the cycler software. 
Dilution- series- based gene- specific amplification efficiency 
of all genes and expression stability of the reference genes 
were determined using the software qbasePLUS (Biogazelle 
NV, Zwijnaarde, Belgium).

Expression of mRNA levels of the target genes TRPV1, 
TRPV2, TRPV3, TRPV4, TRPV6, TRPM6, TRPM7 and 
TRPM8 was evaluated in a three- step qPCR protocol (30 s 
95°C, 30  s 59°C or 60°C, 30  s 72°C) with 4  µL cDNA, 
5  µL SYBR green (IQ SYBR Green Supermix, Bio- Rad 
Laboratories GmbH, Feldkirchen, Germany), 0.6  µL water 
and 0.2 µL forward and reverse primer each.

For the primer- probe combinations of the reference genes, 
a two- step- protocol (1 s 95°C, 20 s 60°C) was applied using 
3.7 µL cDNA and iTaq Universal Probes Supermix (Bio- Rad 
Laboratories GmbH, Feldkirchen, Germany) in a total vol-
ume of 10 µL.

According to the software qBASEplus, ACTB, GAPDH 
and YWHAZ showed sufficient expression stability and 
were therefore used for normalization of the target genes. 
Normalized Cq values of the target genes were then scaled to 
the average value of the samples and exported as calibrated 
normalized relative quantity (CNRQ) values. For statistical 
analysis, only CNRQ values were used.

4.3 | Western blot

The tissue was cut into 1 to 2  cm² pieces after stripping 
and washing with PBS. The samples were then frozen in 
liquid nitrogen and stored at −80°C. For protein extrac-
tion the thawed sample (approx. 300  mg) was mixed with 
RIPA buffer (1  mL; in mmol·L−1:25 HEPES, 25 NaF, 1% 
sodium dodecyl sulphate (SDS), 2 EDTA, protease inhibitor 
[cOmplete, mini, Roche, Basel, Switzerland]) and two metal 
spheres. The sample was then homogenized in a mixer mill 
(4x 1.5 min, MM 200, Retsch GmbH, Haan, Germany) and 
centrifuged (15  min, 15  000  g, 4°C). The supernatant was 
filled into a new tube and stored at −80°C after the determi-
nation of the protein concentration by the Lowry method (DC 
Protein Assay, Bio- Rad Laboratories GmbH, Feldkirchen, 
Germany). Proteins were denatured at 95°C for 5 minutes in 
SDS sample loading buffer. Electrophoresis with polyacryla-
mide gels (10%, SDS- PAGE) was performed in tris- glycine 
buffer (0.1% SDS) and electroblotting was done onto poly-
vinylidene difluoride membranes (PVDF, Immunoblot, Bio- 
Rad Laboratories GmbH, Munich, Germany) in tris- glycine 
buffer (0.037% SDS, 20% methanol, 4°C).

For the primary antibodies, dilution factors 1:500 for 
mTRPV3 and 1:3000 for rTRPV4 were used. The detection of 
the primary antibodies was done via a horseradish peroxidase- 
conjugated secondary antibody (anti- mouse 1:1000 and anti- 
rabbit 1:1000, Cell Signalling Technology, Frankfurt, Germany). 
Visualization was performed via Clarity Western ECL substrate 
(Bio- Rad Laboratories GmbH, Munich, Germany).

4.4 | Immunohistological staining

For histological investigations, the tissue was carefully 
washed after removal and pinned on cork plates to avoid curl-
ing during fixation in 4% paraformaldehyde.

After fixation for 24- 48 hours, the tissue was dehydrated 
with ascending concentrations of ethanol according to the fol-
lowing protocol: 3x 70% (1 h), 1x 70% (overnight), 3x 80% 
(1  h), 1x 80% (overnight), 1x 90% (1  h), 2x 96% (1  h), 3x 
99.5% (1 h); followed by ethanol: xylene (1:1, 40 min), 2x xy-
lene (0.5 h), and liquid paraffin (overnight and 2x 1 h). Samples 
were then stored at room temperature until cutting (Leica RM 
2245 microtome, Leica Microsystems, Heidelberg, Germany) 
and mounting. For deparaffinization, the slides were preheated 
for 1  hour at 56°C and then transferred to xylene at room 
temperature for 10 minutes. Afterwards the rehydration was 
performed by using descending alcohol series (>99.5%, 96%, 
90%, 80%, 80%, deionized water) for 5 minutes each.

To expose the epitopes, the sections were incubated with 
0.05% pronase in PBS for 10 minutes each at 37°C and then 
at room temperature, rinsed with 0.05% Tween20 in PBS (2x 
2  min), and permeabilized with 0.5% Triton- X100 (5  min). 
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After washing (PBS, 2x 5 min), the sections were incubated 
(1  h) in blocking solution (5% Goat Serum + 1% BSA in 
PBS). The sections were then stained with the primary anti-
bodies (rTRPV4 1:250, PA5- 41066, ThermoFisher Scientific, 
Waltham, MA, USA and mTRPV3 1:500, ABIN863127, 
antibodies- online GmbH, Aachen, Germany) and stored 
at 4°C overnight. Each slide also carried a negative control, 
which was incubated with blocking solution only. The follow-
ing day the slides were washed 5x 5  minutes with blocking 
solution and then incubated with the secondary antibody and 
4′,6- diamidino- 2- phenylindole (DAPI) in blocking solution 
(1:1000, Alexa Fluor 594 and 488, Thermo Fisher Scientific, 
Waltham, MA, USA) for 1 hour at 37°C in the dark. The slices 
were washed 5x 5 minutes with PBS, briefly rinsed in deion-
ized water and ethanol and then embedded (ProTaqs Mount 
Fluor, Biocyc, Luckenwalde, Germany). The images were 
taken at 405, 488 and 543 nm using a confocal laser- scanning 
microscope (LSM 510, Axiovert200M, Zeiss, Jena, Germany).

4.4.1 | Analysis of digesta

For the analysis of ammonia and measurement of pH, the differ-
ent segments of the gastrointestinal tract were clamped to avoid 
mixing of the digesta. After taking the sample, the pH value was 
immediately determined using a calibrated pH electrode and 
the sample was then frozen at −20°C until further analysis. The 
analysis of ammonia was determined by the Institute for Animal 
Nutrition of the FU Berlin by colorimetric determination.83

4.4.2 | Ussing chamber experiments

Tissues were removed about 10 minutes after the death of the 
animal, washed, stripped from the muscular layer and then 
transported with gassed (95% O2 / 5% CO2) ice- cooled trans-
port buffer, which contained the following (in mmol·L−1): 
115 NaCl, 0.4 NaH2PO4, 2.4 Na2HPO4, 5 KCl, 25 NaHCO3, 
5 Glucose, 10 HEPES, 1.2 CaCl2 and 1.2 MgCl2 (pH 7.4).

The mucosal- submucosal preparations (stomach fundus, 
duodenum, middle jejunum, ileum, caecum or middle colon) 
were then mounted in 0.95  cm² Ussing chambers, initially 
filled with 10  mL NaCl- containing buffer solution per side 
at 37°C and gassed with either O2 or carbogen (95% O2/5% 
CO2). All solutions were adjusted to 300 mosmol·kg−1 using 
mannitol. The measurements were performed in short- circuit 
mode; the transepithelial conductance Gt was continuously 
monitored via the potential response to a 100 µA current pulse 
(Mussler Scientific Instruments, Aachen, Germany). The mu-
cosal bath was grounded and the sign convention is such that 
a positive Isc reflects transport of cations from the mucosal to 
the serosal side. Recording commenced after a constant Isc and 
Gt could be monitored or after 45 minutes at the latest.

In experiments that required a change in solution, the 
chamber liquid was drained off on both sides simultaneously 
and rapidly refilled with the test buffer on the mucosal side 
while the serosal side was refilled with the same standard 
serosal buffer as before. Both buffers were prewarmed and 
pregassed. In addition, some screening experiments were car-
ried out in a small vertical Ussing chamber designed to allow 
continuous perfusion, thus minimizing artefacts because of 
solution changes.14 For the composition of the solutions, see 
Supporting Tables B and C. For low chloride Ringer, NaCl, 
NMDGCl and NH4Cl in Supporting Table C were replaced 
by Na- gluconate, NMDG- gluconate and NH4- gluconate 
(generated via titration).

Stock solutions of the TRP channel modulators 
GSK106790A70 and 2- APB51 were prepared by dilution in 
ethanol and stored at −20°C and added directly to the muco-
sal bath (Supporting Table B) at 1:1000 yielding final con-
centrations of 100 µmol·L−1 (GSK106790A) and 1 mmol·L−1 
(2- APB). Equivalent amounts of ethanol were added to the 
mucosal side of control tissues.

4.5 | Chemicals and modulators

Chemicals were purchased from Carl Roth (Karlsruhe, 
Germany), Sigma- Aldrich (Taufkirchen, Germany) or Merck 
(Darmstadt, Germany).

4.6 | Data and statistical analysis

Ussing chamber data were recorded at 10 points/min and 
binomially smoothed via Igor Pro 6.37 (WaveMetrics Inc, 
Lake Oswego, USA). Unless indicated otherwise, data were 
obtained 15  minutes after each intervention and tested for 
normal distribution (Shapiro– Wilk) and homogeneity of 
variance (Brown- Forsythe) using SigmaPlot 11.0 (Systat 
Software, Erkrath, Germany). Differences were evaluated 
with ANOVA or ANOVA on ranks using the Student- 
Newman- Keuls method. In some cases, the Dunn method 
was used, as suggested by SigmaPlot software. When com-
paring two groups, either the Student's t- test or the Mann- 
Whitney- U- test was performed.

Statistical analysis of the PCR results was performed with 
the resulting CNRQ values. Depending on the number of val-
ues to be compared, either a t- test or an ANOVA- test (two 
way, considering animal and respective localization of the 
tissue as factors) with a correction for multiple testing was 
applied.

The data are given as means ±SEM and the statistical 
significance was assumed if P ≤ .05. The number of exper-
iments is declared as N for the number of animals and n for 
the number of tissues.
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  Supplemental Table A: primers, antibody, and alignment of different TRPV3 variants 

Table A1    TRPV3 primers used in the study 

Although all 4 primers produced a clear band at the expected level in gel electrophoresis and 

the amplification product could be confirmed by sequencing, only TRPV3d, which binds only to 

the long variant, produced a uniform melting curve and thus proved suitable for qPCR. Details 

see text. 

 

 

 
 
 

Table A2    Different splice variants of four species 

 
Species Variant Base 

pairs 
Aminoacids Gen Accession No.  Protein Accession No.  

Homo 
sapiens 

long 5930 791 NM_001258205.2 NP_001245134.1 

Homo 
sapiens 

short - - - - 

Bos taurus long 6369 798 XM_015458625.2 XP_015314111.1 
Bos taurus short 3237 526 NM_001099024.1 NP_001092494.1 

Mus 
musculus 

long 5708 791 NM_145099.3 NP_659567.2 

Mus 
musculus 

short 1964 565 XM_006533348.3 XP_006533411.1 

Sus scrofa long 3212 790 XM_005669116.3 XP_005669173.2 
Sus scrofa short - - - - 
 

 

 

 

Primer 
Base 
pairs Sense/antisense Aminoacid sequence 

TRPV3a 186 GCACGAAGGCTTCTACTTCG HEGFYF 
  ACGAAGTCGTTCTGCGTCTT KTQNDF 

TRPV3b 223 GAGCCTGTCCAGGAAATTCA SLSRKF 
  GAGGGTCAGGGTGATGTTGT NITLTL 

TRPV3c 230 ATGAAATGCTGACCCTGGAG EMLTLE 
  CCAGATGAGCACAAACATCC MFVLIW 

TRPV3d 202 ATGCTCATTGCCCTGATGGGAGAGAC MLIALMGE 
  ACTTCACCTCGTTGATCCGCAGACAC CLRINEVK 

Epitope  ABIN863127   VSYYRPREVEALPHPL 
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  Table A3 Alignment of TRPV3 variants from four different species  

Regions of interest (primers or antibody) are marked in colour as indicated above in Table A1 

 
SUS SCROFA LONG     1    MNAHPKEMVPLVGKRAVIPSGNPAILQEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTS  60 
MUS MUSCULUS LONG   1    ....S...A..M...TTA.G...VV.T.....DL......................T...  60 
BOS TAURUS LONG     8    .K.........T.R..T..FV....M.....S............................  67 
HOMO SAPIENS LONG   1    .K.........M...VAA........P.................................  60 
MUS MUSCULUS SHORT  1    ....S...A..M...TTA.G...VV.T.....DL......................T...  60 
BOS TAURUS SHORT    1    .K.........T.R..T..FV....M.....S............................  60 
 
SUS SCROFA LONG     61   PPIFSKPMDSNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSAHLAKEEQRRKKKRLK  120 
MUS MUSCULUS LONG   61   ...............L.............................N.......Q......  120 
BOS TAURUS LONG     68   ...............V.............................N..............  127 
HOMO SAPIENS LONG   61   ..V..........................................Q..........R...  120 
MUS MUSCULUS SHORT  61   ...............L.............................N.......Q......  120 
BOS TAURUS SHORT    61   ...............V.............................N..............  120 
 
SUS SCROFA LONG     121  KRIFAAVSEGCVEELVELLMELQELGKRRRGLDVSDFLMHKLTASDTGKTCLMKALLNIN  180 
MUS MUSCULUS LONG   121  ...............R...QD..D.CR.......P.........................  180 
BOS TAURUS LONG     128  ....T..........L...G.....C...HS...P.........L...............  187 
HOMO SAPIENS LONG   121  ...................V.....CR..HDE..P.........................  180 
MUS MUSCULUS SHORT  121  ...............R...QD..D.CR.......P.........................  180 
BOS TAURUS SHORT    121  ....T..........L...G.....C...HS...P.........L...............  180 
 
SUS SCROFA LONG     181  PNTKEVVRILLAFAEENDILDRFINAEYTEEAYRGQTALNIAIERRQGDITALLIHAGAD  240 
MUS MUSCULUS LONG   181  .....I...........................E..................V..A....  240 
BOS TAURUS LONG     188  .....I...........................E..................A..A....  247 
HOMO SAPIENS LONG   181  .....I..............G............E................A....A....  240 
MUS MUSCULUS SHORT  181  .....I...........................E..................V..A....  240 
BOS TAURUS SHORT    181  .....I...........................E..................A..A....  240 
 
SUS SCROFA LONG     241  VNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPEIVQLLMEHEQTDITSQDSRGNNIL  300 
MUS MUSCULUS LONG   241  ...........................................N................  300 
BOS TAURUS LONG     248  .......................................M...N................  307 
HOMO SAPIENS LONG   241  .......A...........................................R........  300 
MUS MUSCULUS SHORT  241  ...........................................N................  300 
BOS TAURUS SHORT    241  .......................................M...N................  300 
 
SUS SCROFA LONG     301  HALVTVAEDFKTQNDFVKRVYDMILLRSGTWGLETTRNKDGLTPLQLAAKMGKAEILKYI  360 
MUS MUSCULUS LONG   301  ...................M.........N.E...M..N.....................  360 
BOS TAURUS LONG     308  ...................M........R..E......N.....................  367 
HOMO SAPIENS LONG   301  ...................M.........N.E......N.....................  360 
MUS MUSCULUS SHORT  301  ...................M.........N.E...M..N.....................  360 
BOS TAURUS SHORT    301  ...................M........R..E......N.....................  360 
 
SUS SCROFA LONG     361  LSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTENSVLEIIVYNTNIDNRHEML  420 
MUS MUSCULUS LONG   361  ......E.P..............................D....................  420 
BOS TAURUS LONG     368  .......................................D....................  427 
HOMO SAPIENS LONG   361  ......E................................D......T.............  420 
MUS MUSCULUS SHORT  361  ......E.P..............................D....................  420 
BOS TAURUS SHORT    361  .......................................D....................  420 
 
SUS SCROFA LONG     421  TLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREVEALPHPLALTHKMG  480 
MUS MUSCULUS LONG   421  ..........T..................................D.D...........S  480 
BOS TAURUS LONG     428  .............................................E..............  487 
HOMO SAPIENS LONG   421  ..................H..........................E..I...........  480 
MUS MUSCULUS SHORT  421  ..........T..................................D.D...........S  480 
BOS TAURUS SHORT    421  .............................................E..............  480 
 
SUS SCROFA LONG     481  WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLY  540 
MUS MUSCULUS LONG   481  ..............T.............................................  540 
BOS TAURUS LONG     488  ...............F...............................A............  547 
HOMO SAPIENS LONG   481  ...............................................I............  540 
MUS MUSCULUS SHORT  481  ..............T..............................LI               527 
BOS TAURUS SHORT    481  ...............F.............................L                526 
 
SUS SCROFA LONG     541  LFAYKEYLACLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLG  600 
MUS MUSCULUS LONG   541  .......................................................L....  600 
BOS TAURUS LONG     548  ............................................................  607 
HOMO SAPIENS LONG   541  ............................................................  600 
MUS MUSCULUS SHORT   
BOS TAURUS SHORT     
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  SUS SCROFA LONG     601  FGVALASLIEKCSKDNKDCTSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLIT  660 
MUS MUSCULUS LONG   601  ...............K...S............................T...........  660 
BOS TAURUS LONG     608  ............P.SHEN.S........................................  667 
HOMO SAPIENS LONG   601  ............P......S........................................  660 
MUS MUSCULUS SHORT   
BOS TAURUS SHORT     
 
SUS SCROFA LONG     661  YVILTFVLLLNMLIALMGETVEDVSKESERIWRLQRARTILEFEKMLPEWLRSRFRMGEL  720 
MUS MUSCULUS LONG   661  ......................N.....................................  720 
BOS TAURUS LONG     668  ......................N......................I..............  727 
HOMO SAPIENS LONG   661  ......................N.....................................  720 
MUS MUSCULUS SHORT   
BOS TAURUS SHORT     
 
SUS SCROFA LONG     721  CKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGPGRRT-DFNKIQDSSRSNSKTTLNAF  779 
MUS MUSCULUS LONG   721  ....D..............................I...A.L...............Y..  780 
BOS TAURUS LONG     728  .....D.................................A.S..................  787 
HOMO SAPIENS LONG   721  .....D.............................V...A..........N.........  780 
MUS MUSCULUS SHORT   
BOS TAURUS SHORT     
 
SUS SCROFA LONG     780  DEMEEFPETSV  790 
MUS MUSCULUS LONG   781  ..LD.......  791 
BOS TAURUS LONG     788  E.ID.......  798 
HOMO SAPIENS LONG   781  E.V........  791 
MUS MUSCULUS SHORT   
BOS TAURUS SHORT     
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  Supplemental Table B  

NaCl Solutions used in Ussing chamber experiments  

All solutions were adjusted to 300 mosmol·l-1 with mannitol and gassed with 95% CO2 / 5% O2. 

(used in Fig. 5a and Table 3 (Ca2+-- switch) and Fig. 7 and 8 (TRP channel agonists)) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 solution used for the Ca2+-switch on the mucosal side only 
2 nominally calcium free solution used for the bilateral mucosal and serosal Ca2+-switch  
3 Magnesium was adjusted for chelation via EGTA to yield the same final magnesium concentration as 
in the standard NaCl Ringer using the program “Maxchelator”. 
https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/ 
  

 Mucosal  Serosal  Mucosal  Mucosal  Mucosal   Serosal 

 (mmol·l-1) (mmol·l-1) (mmol·l-1) (mmol·l-1) (mmol·l-1) (mmol·l-1) 

 

Item 

 

Standard 

 

Standard  

 

EDTA1 

 

EGTA1 

 

Ca2+-free2  

 

Ca2+-free2 

NaCl 120 120 120 120 120 120 

NaHCO3 25 25 25 25 25 25 

NaH2PO4  0.32 0.32 0.32 0.32 0.32 0.32 

MgSO4 1 1  1.153 1 1 

KCl 6.3 6.3 6.3 6.3 6.3 6.3 

CaCl2 2 2     

NMDGCl   4 4 4 4 

EGTA    1   

EDTA   5    

Glucose  16    16 

Mannitol 16  16 16 16  

pH 7.4 7.4 7.4 7.4 7.4 7.4 
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  Supplemental Table C:  

Solutions used for Ussing chamber experiments with NH4
+ 

All solutions were adjusted to 300 mosmol·l-1 with mannitol and gassed with 100% O2. 

(used in Fig 5, 6 and Table 4).  

*) Chloride substituted by gluconate in experiments with low chloride Ringer 

 

 

 Serosal  Mucosal 

 (mmol·l-1)  (mmol·l-1) 

Item NaCl  
 

NaCl  20 NH
4
Cl   40 NH

4
Cl  

 40 NH
4
Cl + 

EDTA 

NaCl*) 70  70 70 70 70 

NaH
2
PO

4
  0.4  0.4 0.4 0.4 0.4 

KCl 5  5 5 5 5 

Glucose 5  5 5 5 5 

NaGlu 30  30 30 30 30 

NMDGCl*) 40  40 20   

MgCl
2
 1.2  1.2 1.2 1.2  

CaCl
2
 1.2  1.2 1.2 1.2  

Na
2
HPO

4
 2.4  2.4 2.4 2.4 2.4 

MOPS 8      

MES   8 8 8 8 

NH
4
Cl*)    20 40 40 

EDTA      5 

pH 7.4  6.4 6.4 6.4 6.4 
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Abstract: A therapeutic potential of the TRPA1 channel agonist cinnamaldehyde for use in inflamma-
tory bowel disease is emerging, but the mechanisms are unclear. Semi-quantitative qPCR of various
parts of the porcine gastrointestinal tract showed that mRNA for TRPA1 was highest in the colonic
mucosa. In Ussing chambers, 1 mmol·L−1 cinnamaldehyde induced increases in short circuit current
(∆Isc) and conductance (∆Gt) across the colon that were higher than those across the jejunum or
after 1 mmol·L−1 thymol. Lidocaine, amiloride or bumetanide did not change the response. The
application of 1 mmol·L−1 quinidine or the bilateral replacement of 120 Na+, 120 Cl− or 25 HCO3

−

reduced ∆Gt, while the removal of Ca2+ enhanced ∆Gt with ∆Isc numerically higher. ∆Isc decreased
after 0.5 NPPB, 0.01 indometacin and the bilateral replacement of 120 Na+ or 25 HCO3

−. The removal
of 120 Cl− had no effect. Cinnamaldehyde also activates TRPV3, but comparative measurements
involving patch clamp experiments on overexpressing cells demonstrated that much higher concen-
trations are required. We suggest that cinnamaldehyde stimulates the secretion of HCO3

− via apical
CFTR and basolateral Na+-HCO3

− cotransport, preventing acidosis and damage to the epithelium
and the colonic microbiome. Signaling may involve the opening of TRPA1, depolarization of the
epithelium and a rise in PGE2 following a lower uptake of prostaglandins via OATP2A1.

Keywords: cinnamaldehyde; colon; colonic buffering; epithelial transport; essential oils; intestine;
patch clamp; pig; prostaglandin; TRPA1; TRPV3; Ussing chamber

1. Introduction

The transient receptor potential ankyrin channel (TRPA1) is a non-selective member of
the large family of transient receptor potential (TRP) channels that is expressed by sensory
neurons, epithelia and a wide variety of other cells, where it plays a key role as a sensor of
multiple external and internal stimuli. In comparison to most other members of the TRP
channel family, TRPA1 has a fairly high permeability to Ca2+, with P(Na+)/P(Ca2+) ~ 6,
a value that can rise to about nine when the channel is opened by an agonist [1]. The
selectivity for monovalent cations follows an Eisenman XI sequence with Na+ > K+ [2,3],
with permeation dropping when Ca2+ or other divalent cations are present [4].

The name of the channel reflects the presence of 14–18 ankyrin repeats at its very long
cytosolic NH2 terminus, a distinct feature that is thought to be relevant for its promiscuous
interaction with a very large number of dramatically different stimuli [1,2]. TRPA1 opens
not only in response to intensive cold, but also to pungent compounds contained in certain
plants, such as allyl isothiocyanate (AITC, contained in mustard oil), cinnamaldehyde and
thymol. Furthermore, TRPA1 is a sensor for hyper- and hypoxia, various reactive oxygen
species (ROS), H2S, certain prostaglandins and an immense number of other chemical
species and endogenous signals, many of which are associated with cell damage, and are
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released in acute and chronic pain and inflammation. Accordingly, TRPA1 is involved in
the pathophysiology of multiple organs [1,2].

A dominant role in the sensation pain is confirmed by the major symptom in the only
TRPA1 channelopathy known at this point [5]. In what is known as Familial Episodic Pain
Syndrome (FEPS), a gain of function mutation of TRPA1 causes episodes of severe pain
localized principally to the upper body that are triggered by cold, fasting or physical stress.
Interestingly, the baseline pain thresholds are not impaired. Furthermore, it has emerged
that hyperalgesia can involve the direct action of mediators of oxidative stress on TRPA1
channels in addition to the classical receptor-mediated cascades [6–8].

The debate is ongoing concerning the function of TRPA1 in the intestinal tract.
TRPA1 is expressed by sensory extrinsic and intrinsic afferent neurons that innervate the
viscera [9–11], by intestinal myenteric and motor neurons which control motility [1,12,13],
and by endocrine and transporting cells of the epithelial mucosa [14–16]. Although visceral
symptoms have not been reported in gain of function mutations of TRPA1 [5], there is a
clear association with visceral hypersensitivity which can be purely functional or associ-
ated with diseases such as colitis ulcerosa or Crohn’s disease [10,17]. Apart from direct
activation by prostaglandin and its metabolites [6–8], TRPA1 can also be activated by
immunostimulatory cues such as the lipopolysaccharides (LPS) or outer wall glycolipids
that are released by gram-negative bacteria after lysis [18]. Accordingly, in mouse models,
tail-flick hyperalgesia and a fall in blood pressure is observed within a minute of LPS
injection, which is clearly the result of the activation of neuronal afferents long before the
production of immunomodulators such as TNF-α sets in [9,18].

Somewhat curiously and in contrast to their aversive role in signalling cellular damage
in pain and inflammation, TRPA1 agonists in the form of spices have played an important
role in the culinary arts for millenia [1]. Furthermore, grazers are known to show a
preference for certain herbal compounds which activate TRPA1 and other TRP channels,
but the reasons for this are unclear [19]. Having evolved to protect plants from bacteria,
fungi and viruses, TRP channel modulators clearly have a multi-target antimicrobial
potential [20]. However, the amounts that are voluntarily consumed by humans and
animals are far lower than those required to achieve significant antibacterial effects.

In humans, the activation of TRPA1 has been suggested to lead to feelings of satiety
after the ingestion of fragrant compounds found in spices such as cinnamaldehyde [21,22],
allicin [23], menthol [24], or thymol [25], all of which directly activate the channel in vitro.
Furthermore, these TRPA1 agonists were found to facilitate the secretion of cholecystokinin
(CCK) and 5-HT from enteroendocrine cells (EEC), and thus to enhance the digestive re-
sponse [26,27]. In addition, a growing body of literature suggests that TRPA1 agonists have
anti-inflammatory effects with therapeutic potential in bowel diseases [20,28]. Thus, cin-
namaldehyde was found to attenuate experimental colitis induced by 2,4,6-trinitrobenzene
sulfonic or acetic acid in rat models of the human disease, with the reduction both of
the symptoms and various markers of inflammation, such as TNF-α, myeloperoxidase
and IL-6 [29,30]. While various signalling cascades are being discussed, it is striking that
cinnamaldehyde activates TRPA1 with a specificity that surpasses that of the classical
TRPA1 agonist AITC [1].

In farm animals, modulators of TRP channels in general and of TRPA1 in particular
are increasingly being added to the feed of livestock as an alternative to antibiotic growth
enhancers [31,32]. This is particularly important during weaning, during which young ani-
mals that have previously obtained readily digestible milk from their mothers are switched
to diets rich in plant fiber. Because the structural carbohydrates contained in plants cannot
be broken down by the mammalian enzymes found in the small intestine, after weaning,
large quantities of undigested material suddenly begin to enter the caecum and the colon.
Here, a growing community of bacteria and fungi break up previously undigested material,
producing energy-rich short chain fatty acids that can then be absorbed and utilized by
the young animal to produce glucose and other energy-rich carbohydrates within the
liver [33,34]. However, in the process, large quantities of protons are set free and have
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to be buffered in the hindgut lumen or within the cytosol to prevent epithelial damage.
While the bacterial colonization of the hindgut is thus central for the survival and growth
of the young animal, the transition can be harsh and many piglets develop inflammatory
responses with severe or even lethal diarrhea [35,36].

Given the importance of the pig both in food production and as a model species
for research on humans, it was the purpose of this study to compare the expression of
TRPA1 in the various segments of the gastrointestinal tract via qPCR, and to identify
segments with high expression. In order to assess the functional importance of TRPA1
in the segment with the highest level of expression, Ussing chamber experiments were
performed on colonic epithelia using cinnamaldehyde, a classical agonist of TRPA1 with
possible therapeutic potential [1,2,29,30]. Using the whole cell configuration of the patch
clamp technique on HEK-293 cells overexpressing TRPV3, we investigated a potential
additional contribution of TRPV3 to the cinnamaldehyde response [37]. A more detailed
understanding of the mechanisms of action of this phytogenic substance could be useful for
a better understanding of colonic function, but also for finding new therapy options for the
rising number of individuals suffering from inflammatory bowel disease worldwide [38].

2. Results
2.1. PCR

RT-qPCR was used to investigate the relative amounts of mRNA encoding for TRPA1
in the gastrointestinal tissues of stomach (fundus and cardia), duodenum, jejunum, ileum,
caecum, and colon of four pigs. The expression was analyzed in the mucosa and tunica
muscularis; normalized to the reference genes ACTB, GAPDH, and YWHAZ; and scaled
to the mean value of all of the samples. Messenger RNA encoding for TRPA1 could be
detected in all of the gastrointestinal epithelia investigated except for the ileum. The
expression of TRPA1 by the colonic epithelium varied strongly depending on the animal,
and was significantly higher than that of all other epithelia, except for the duodenum and
caecum. In contrast, any expression of TRPA1 by the muscular layers was under the limit
of detection (Figure 1).

2.2. Ussing Chamber Studies
2.2.1. Effect of Cinnamaldehyde

Cinnamaldehyde is known as a classical agonist of TRPA1 with high specificity [1,2].
The functional expression of TRPA1 was tested via the response to the bilateral application
of 100 µmol·L−1 or 1 mmol·L−1 cinnamaldehyde in the colon of two pigs with a total of
five tissues in a first set of experiments. After an incubation period of 15 min, washout was
performed. The addition of 100 µmol·L−1 cinnamaldehyde showed no effect on the short
circuit current Isc and tissue conductance Gt (p > 0.1) (Figure 2). Before the addition of cin-
namaldehyde, the Isc remained relatively constant with 0.69 ± 0.15 µeq·cm−2·h−1 immedi-
ately before addition, reaching a peak value of 0.66 ± 0.13 µeq·cm−2·h−1 within the 15 min
period after the addition (p > 0.1). The conductance also essentially remained constant, with
a value of 21.2 ± 4.14 mS·cm−2 before and 20.2 ± 3.57 mS·cm−2 15 min after the addition
of cinnamaldehyde (p > 0.1). Visible and statistically significant effects on Isc and Gt were
observed after the addition of cinnamaldehyde in a higher concentration. Within the 15 min
period after the application of cinnamaldehyde in a concentration of 1 mmol·L−1, the Isc
increased from 1.10 ± 0.29 µeq·cm−2·h−1 to a peak value of 2.66 ± 0.49 µeq·cm−2·h−1, after
which, in some tissues, a decline could be observed. The conductance rose continuously
in all of the tissues from 23.1 ± 4.20 mS·cm−2 to 28.4 ± 5.42 mS·cm−2 at the end of the
15 min period (both p < 0.05). After the washout, Isc returned to 1.31 ± 0.33 µeq·cm−2·h−1

and the conductance returned to 26.9 ± 6.60 mS·cm−2, values that were not significantly
different from the baseline at the start of the experiment (p > 0.1). We also performed similar
experiments in the jejunum, in which 1 mmol·L−1 cinnamaldehyde again led to significant
rises in Isc (∆Isc, p = 0.029) and a trend for a rise in Gt (∆Gt, p = 0.079). Interestingly, the
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effects tended to be smaller than those observed in the colon (p = 0.015 for ∆Isc and p = 0.063
for ∆Gt) (see Supplementary Materials Figure S1).
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Figure 1. Relative mRNA expression of TRPA1 in the mucosa of the stomach (fundus and cardia),
duodenum, jejunum, ileum, caecum and colon, and associated muscle layers of four young pigs from
a controlled in-house study. Normalization was performed to the reference genes ACTB, GAPDH
and YWHAZ, with scaling to the mean values of all of the samples. The letters above the bars
indicate statistically significant differences between those bars that do not share a letter (p < 0.05)
(n.d. = not detected)., 

In the next set of screening experiments, we examined the response to 1 mmol·l  

Figure 2. Effect of the TRPA1 agonist cinnamaldehyde at a concentration of 100 µmol·L−1 (a,c)
and 1 mmol·L−1 (b,d) on Isc and Gt in the Ussing chamber using the colonic tissue of young pigs
(controlled in-house study). While the smaller concentration of 100 µmol·L−1 was insufficient, after
the addition of 1 mmol·L−1, a significant increase of the Isc and Gt could be observed. After washout,
the values dropped again. N/n = the number of animals/number of tissues, which was identical for
Gt and Isc.
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In the next set of screening experiments, we examined the response to 1 mmol·L−1

cinnamaldehyde after the mucosal, serosal, or bilateral addition in the colon of five
pigs with a total of nine or ten tissues per group (Figure 3). As in the previous se-
ries of experiments, we observed a rapid increase in Isc from 0.59 ± 0.50 µeq·cm−2·h−1

to peak values of 1.39 ± 0.71 µeq·cm−2·h−1 (p = 0.016) within a 15 min period after
the bilateral application of cinnamaldehyde, with a slightly slower increase in Gt from
24.8 ± 3.21 mS·cm−2 to 28.0 ± 2.83 mS·cm−2 (p = 0.006) at the end of the 15 min period.
The same effect was also observed after the mucosal application, in which Isc increased
from 0.47 ± 0.23 µeq·cm−2·h−1 to 1.09 ± 0.46 µeq·cm−2·h−1 (p = 0.012) and Gt from
19.2 ± 1.81 mS·cm−2 to 21.8 ± 1.87 mS·cm−2 (p = 0.007). No effect on Isc was observed
after serosal application, which changed only slightly from 0.34 ± 0.24 µeq·cm−2·h−1 to
0.34 ± 0.25µeq·cm−2·h−1 in the 15 min period (p = 0.85). Gt dropped from 23.2± 1.80 mS·cm−2

to 21.5 ± 1.46 mS·cm−2 during the same period (p = 0.013). However, the slope of the curve
did not change after the application of cinnamaldehyde, so that this most likely reflects
a baseline drift. Again, the response in the jejunum was different from that in the colon,
where we observed increases in Isc not only after mucosal and bilateral addition, but also
after the serosal addition. Conversely, any effects of cinnamaldehyde on the Gt of the
jejunum were subtle (see Supplementary Materials Figure S2).

 

t

Figure 3. Effect of the TRPA1 agonist cinnamaldehyde (CIN) at a concentration of 1 mmol·L−1 after the mucosal (a,d),
serosal (b,e) or bilateral addition (c,f) to Isc and Gt in the Ussing chamber using the colonic tissue of pigs. After mucosal and
bilateral addition, a significant increase in Isc and Gt was observed, although the effects were absent after the serosal addition
(details see text). In this figure, some tissues were obtained from older, larger pigs from a commercial slaughterhouse (blue
lines), which showed a strong, sustained increase, while the black lines reflect the frequently biphasic responses that were
seen in younger and smaller pigs slaughtered within a controlled study, as in the rest of the manuscript.
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Finally, it should be mentioned that the tissues from three animals from a commercial
slaughterhouse showed no response to cinnamaldehyde despite a positive reaction to
theophylline (data not included). In these cases, there was a delay in the removal of the
tissue from the carcass. It appears possible that cells from the absorptive surface epithelium
(most exposed to gastrointestinal toxins and the major locus of TRPA1 expression [39])
were damaged more severely than the cells found within the crypts, where theophylline-
induced secretion occurs. The subsequent experiments were therefore performed with
tissues rapidly removed from piglets euthanized within a controlled study.

2.2.2. Effect of Blockers on the Cinnamaldehyde Response

In order to study the effect of cinnamaldehyde in a little more detail, we treated colonic
tissues with different blockers 15 min before the addition of cinnamaldehyde to assess
the response after the corresponding pretreatment. For each treatment, control tissues
from the same animals were given the corresponding amount of solvent and served as a
comparison. Delivery to the epithelium even in situations with the ample formation of
mucus was ensured via bilateral application of cinnamaldehyde. The baseline parameters
before and after the pretreatment are given in Table 1, while the data from before and after
the cinnamaldehyde application are given in Table 2. The control values in the tables are
the means of all of the control tissues used. The difference in the values before and after
cinnamaldehyde application (∆Isc and ∆Gt) are given in the text, along with the respective
control values. Because the animals in the different data sets showed individual variability,
∆Isc and ∆Gt are also given as a percentage of the control value for each data set from the
same group of animals in Figure 4.

Table 1. Baseline Isc (µeq·cm−2·h−1) and Gt (mS·cm−2) in colonic tissue from young pigs (controlled in-house study)
(baseline) and the peak value in the 15 min interval after the addition of blockers or ion replacement (treatment). For the
concentrations and solutions, see Results and Supplementary Materials.

Treatment N/n 1 Isc Baseline Isc Treatment p-Value Gt Baseline Gt Treatment p-Value

Control (all) 12/70 0.38 ± 0.056 0.37 ± 0.056 0.094 20.5 ± 0.62 20.3 ± 0.61 <0.001
Quinidine 4/21 0.39 ± 0.088 0.23 ± 0.085 <0.001 22.5 ± 1.02 19.9 ± 0.83 <0.001
Lidocaine 3/12 0.41 ± 0.070 0.27 ± 0.069 <0.001 23.6 ± 1.37 22.8 ± 1.10 0.151
Amiloride 3/15 0.55 ± 0.16 0.29 ± 0.15 <0.001 23.0 ± 1.65 21.3 ± 1.69 <0.001

Na+ free bilat 2 3/17 0.42 ± 0.066 −0.40 ± 0.052 <0.001 18.2 ± 1.58 8.9 ± 0.53 <0.001
Na+ free muc 3 5/28 0.34 ± 0.044 −0.69 ± 0.062 <0.001 17.6 ± 0.95 12.2 ± 0.39 <0.001

EGTA muc 2 4/17 0.77 ± 0.16 0.95 ± 0.21 0.01 23.8 ± 1.38 28.5 ± 1.86 <0.001
Ca2+ free bilat 3 5/14 0.98 ± 0.068 0.99 ± 0.065 0.819 19.3 ± 0.96 20.3 ± 0.86 0.011

Bumetanide 3/15 0.30 ± 0.11 0.19 ± 0.10 <0.001 20.1 ± 0.94 20.2 ± 0.90 0.528
NPPB 5/21 0.46 ± 0.10 0.26 ± 0.083 <0.001 21.9 ± 1.45 22.8 ± 1.53 0.008

Indometacin 3/9 0.24 ± 0.049 0.16 ± 0.036 0.04 22.6 ± 1.29 22.9 ± 1.39 0.212
Cl− low 4 5/30 0.29 ± 0.089 0.52 ± 0.071 0.050 21.5 ± 1.08 12.7 ± 0.99 <0.001

HCO3
− free 4 5/24 0.29 ± 0.089 0.59 ± 0.073 0.014 21.5 ± 1.08 14.1 ± 0.61 <0.001

HC-030031 3/7 0.33 ± 0.038 0.27 ± 0.028 0.028 17.7 ± 1.02 17.9 ± 1.15 0.813
1 number of animals/number of tissues; 2 bilat = bilateral; 3 muc = mucosal; 4 test vs. control tissue.

Table 2. Cinnamaldehyde response in the colonic tissue from young pigs (controlled in-house study). The tissues were
pretreated as indicated in the first column, yielding the values “Isc treatment” (µeq·cm−2·h−1) and “Gt treatment” (mS·cm−2)
from Table 1. Subsequently, 1 mmol·L−1 cinnamaldehyde was added. The columns “Isc cinn.” (µeq·cm−2·h−1) and “Gt

cinn.” (mS·cm−2) designate the peak value of the responses within a 15 min interval after the application of cinnamaldehyde.

Treatment N/n 1 Isc Treatment Isc Cinn. p-Value Gt Treatment Gt Cinn. p-Value

Control (all) 12/70 0.38 ± 0.056 1.01 ± 0.10 <0.001 20.3 ± 0.61 24.4 ± 0.79 <0.001
Quinidine 4/21 0.23 ± 0.085 1.19 ± 0.21 <0.001 19.9 ± 0.83 21.7 ± 0.92 <0.001
Lidocaine 3/12 0.27 ± 0.069 1.05 ± 0.22 <0.001 22.8 ± 1.10 29.2 ± 1.44 <0.001
Amiloride 3/15 0.29 ± 0.15 1.29 ± 0.28 <0.001 21.3 ± 1.69 25.0 ± 1.96 <0.001



Publication 2 

58 

  Int. J. Mol. Sci. 2021, 22, 5198 7 of 25

Table 2. Cont.

Treatment N/n 1 Isc Treatment Isc Cinn. p-Value Gt Treatment Gt Cinn. p-Value

Na+ free bilat 2 3/17 −0.40 ± 0.052 −0.26 ± 0.060 0.002 8.90 ± 0.53 10.1 ± 0.58 <0.001
Na+ free muc 3 5/28 −0.69 ± 0.062 −0.19 ± 0.083 <0.001 12.2 ± 0.39 13.3 ± 0.43 <0.001

EGTA muc 2 4/17 0.95 ± 0.21 2.13 ± 0.26 <0.001 28.5 ± 1.86 40.8 ± 3.36 <0.001
Ca2+ free bilat 3 5/14 0.99 ± 0.065 1.78 ± 0.084 <0.001 20.3 ± 0.86 26.7 ± 1.56 <0.001

Bumetanide 3/15 0.19 ± 0.10 1.16 ± 0.27 <0.001 20.2 ± 0.90 25.2 ± 1.29 <0.001
NPPB 5/21 0.26 ± 0.083 0.71 ± 0.12 <0.001 22.8 ± 1.53 28.6 ± 2.19 <0.001

Indometacin 3/9 0.16 ± 0.036 0.54 ± 0.099 0.004 22.9 ± 1.39 30.6 ± 2.05 <0.001
Cl− low 3 5/30 0.52 ± 0.071 0.78 ± 0.10 <0.001 12.7 ± 0.99 16.1 ± 1.28 <0.001

HCO3
− free 3 5/24 0.59 ± 0.073 0.70 ± 0.11 0.054 14.1 ± 0.61 17.1 ± 0.61 <0.001

HC-030031 3/7 0.27 ± 0.028 0.91 ± 0.16 0.004 17.9 ± 1.15 22.3 ± 2.15 0.007
1 number of animals/number of tissues; 2 bilat = bilateral; 3 muc = mucosal.
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Figure 4. Comparison of the effect of cinnamaldehyde (1 mmol·L−1) on the short circuit current
(∆Isc) and the conductance (∆Gt) of the colonic mucosa from young pigs (controlled in-house study)
in Ussing chambers after preincubation with different blockers, or after the ion replacement. In
order to allow a comparison of the data from different sets of experiments, the differences (deltas)
were calculated by subtracting the peak value of the cinnamaldehyde response in the 15 min period
after addition of cinnamaldehyde from the baseline value before addition. The delta values of the
control tissues of each animal were set to 100%, and the deltas of the treated tissues were calculated
as a percentage of the control tissues of the animal in question. Significant differences versus the

†, or ‡ (p < 0.05, p < 0.01 or p < 0.001). For the concentrations of the
blockers and the composition of the solutions used, see the results and the Supplementary Materials.
N/n = number of animals/number of tissues, which were identical for Gt and Isc; muc = mucosal;
bilat = bilateral.

control group are marked as *,
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Neuronal involvement was tested in a first set of tissues (N/n = 3/12; number of
animals/number of tissues), which were preincubated with serosal lidocaine (1 mmol·L−1)
before the bilateral addition of cinnamaldehyde (1 mmol−1). The addition of lidocaine
visibly decreased the baseline Isc by ∆Isc = −0.14 ± 0.021 µeq·cm−2·h−1 (p < 0.001), with
little change in Gt (which numerically shifted by ∆Gt = −0.87 ± 0.50 mS·cm−2; p = 0.15)
(Table 1). No response was seen in the control group (N/n = 3/12). After the addition
of cinnamaldehyde, an identical increase in Isc and Gt could be observed in both groups
(p > 0.1). In the lidocaine group, Isc increased by ∆Isc = 0.78 ± 0.18 µeq·cm−2·h−1 (or
78.6 ± 18.3% of the response of the control group, which was set to 100%), while the
change in conductance (∆Gt) was 6.41 ± 0.87 mS·cm−2 (or 125.0 ± 17.0% of the control;
N/n = 3/12).

In a second set of tissues, preincubation with 1 mmol·L−1 mucosal quinidine was
used (N/n = 4/21) as a blocker of non-selective cation channels. The addition of quinidine
resulted in a significant decrease in the baseline Isc by ∆Isc = −0.17 ± 0.022 µeq·cm−2·h−1,
and of Gt by ∆Gt = −2.52 ± 0.35 mS·cm−2 (both p < 0.001). After the subsequent addition
of cinnamaldehyde, a ∆Isc response of 0.96 ± 0.17 µeq·cm−2·h−1 was observed, which
remained at 122.4 ± 22.1% of the control (N/n = 4/23, p > 0.1). However, the ∆Gt response
of 1.74 ± 0.34 mS·cm−2 (42.6 ± 8.3% of the control) was reduced strongly by more than
half (p < 0.001).

Another set of epithelia was treated with 1 mmol·L−1 mucosal amiloride (N/n = 3/15),
which decreased the baseline Isc by ∆Isc = −0.26 ± 0.055 µeq·cm−2·h−1 and Gt by
∆Gt = −1.77 ± 0.38 mS·cm−2 (both p < 0.05), most likely reflecting a block of the epithelial
sodium channel ENaC (SCNN1). After cinnamaldehyde addition, ∆Isc was
1.00 ± 0.21 µeq·cm−2·h−1 (170.8 ± 35.1% of the control, N/n = 3/8) and ∆Gt was
3.70 ± 0.45 mS·cm−2 (99.2 ± 12.2% of the control), both of which were not different
from the control tissues (p > 0.1).

In order to selectively inhibit TRPA1, we used the antagonist HC-030031 with a
concentration of 100 µmol·L−1 on both sides (N/n = 3/7). In rat colon, this concentration
of HC-030031 blocked the cinnamaldehyde response [39]. Again, we observed a small
but significant decrease in the baseline Isc of ∆Isc = −0.063 ± 0.022 µeq·cm−2·h−1 after
the preincubation period (p = 0.028), with the baseline Gt remaining unchanged (p > 0.1).
The application of cinnamaldehyde (1 mmol·L−1) resulted in a numerically smaller ∆Isc of
0.63 ± 0.14 µeq·cm−2·h−1 (or 61.8 ± 13.5% of the control, N/n = 3/18), but the effects did
not show significance (p = 0.138). The ∆Gt remained at 4.41 ± 1.10 mS·cm−2 (81.0 ± 20.1%
of the control).

An increase in Isc may reflect either cation absorption or anion secretion, with the
latter being classically driven by the Na+-K+-2Cl− cotransporter 1 (NKCC1) in the colon.
Since NKCC1 is blocked by bumetanide, 1 mmol·L−1 were added to the serosal side
(N/n = 3/15), which decreased the baseline Isc by ∆Isc = −0.10 ± 0.023 µeq·cm−2·h−1

(p < 0.001). The baseline Gt was unchanged (∆Gt = 0.035 ± 0.23 mS·cm−2, p > 0.1). After
the addition of cinnamaldehyde, Isc increased by ∆Isc = 0.96 ± 0.20 µeq·cm−2·h−1 and
Gt by ∆Gt = 5.07 ± 0.53 mS·cm−2, values that were not different from the corresponding
control (163.7 ± 34.4% and 135.9 ± 19.2%, respectively; p > 0.1, N/n = 3/8).

Further tissues were treated with the anion channel blocker NPPB at a concentration
of 0.5 mmol·L−1 on the mucosal side (N/n = 5/21), which decreased the baseline Isc by
∆Isc =−0.20± 0.047µeq·cm−2·h−1 (p < 0.001) and the baseline Gt by ∆Gt =−0.95± 0.32 mS·cm−2

(p < 0.008). After the subsequent addition of cinnamaldehyde, a significantly smaller ∆Isc
was observed: 0.45 ± 0.07 µeq·cm−2·h−1 (or 53.1 ± 7.87% of the control, p = 0.06). How-
ever, the ∆Gt response remained unchanged at 5.73 ± 0.86 mS·cm−2 (127.5 ± 19.2% of the
control, N/n = 5/29).

In order to investigate whether the cinnamaldehyde response involves prostaglandin
signalling, 10 µmol·L−1 indometacin was added to both sides to inhibit cyclooxyge-
nases (N/n = 3/9). A slight decrease in the baseline Isc level was observed by
∆Isc = −0.079 ± 0.032 µeq·cm−2·h−1 (p = 0.04), with no effect on Gt. In response to cin-



Publication 2 

60 

  Int. J. Mol. Sci. 2021, 22, 5198 9 of 25

namaldehyde, a significantly smaller ∆Isc of only 0.39 ± 0.10 µeq·cm−2·h−1 or 37.5 ± 9.3%
of the control was observed (p = 0.003, N/n = 3/18), while the ∆Gt of 7.63 ± 1.17 mS·cm−2

(140.1 ± 21.5% of the control) was not significantly changed by indometacin.

2.2.3. Effect of Ion Replacement on the Cinnamaldehyde Response

In a second experimental section, we replaced certain ions in the solutions in order
to evaluate the effect of cations and anions on the cinnamaldehyde response (see Suple-
mentary Materials Table S1). In the control tissues, a sham solution change was performed.
Again, all of the results are summarized in Tables 1 and 2, and in Figure 4.

First, we switched to a Na+-free solution 15 min before the addition of cinnamaldehyde
on both sides (N/n = 3/17), replacing sodium with equivalent amounts of NMDG+. This led
to a sharp drop of Isc by ∆Isc = −0.81 ± 0.063 µeq·cm−2·h−1 (or from
0.42 ± 0.066 to −0.40 ± 0.052 µeq·cm−2·h−1), while the Gt dropped by about half
(∆Gt = −9.30 ± 1.17 mS·cm−2, from 18.2 ± 1.58 to 8.9 ± 0.53 mS·cm−2, both p < 0.001).
However, even in the bilateral absence of Na+, an increase in Isc and Gt could still be
observed after the application of cinnamaldehyde of ∆Isc = 0.14 ± 0.039 µeq·cm−2·h−1

(p = 0.002) and ∆Gt = 1.16 ± 0.10 mS·cm−2 (p < 0.001), respectively. However, the magni-
tude of the response to cinnamaldehyde was strongly reduced, with ∆Isc at 13.8 ± 3.8% of
the control (N/n = 3/18) and ∆Gt at only 21.2 ± 1.84% of the control (both p < 0.001).

The replacement of Na+ on the mucosal side only (N/n = 5/28) decreased the basal Isc
by ∆Isc = −1.03 ± 0.076 µeq·cm−2·h−1 (or from 0.34 ± 0.044 to −0.69 ± 0.062 µeq·cm−2·h−1)
and the basal Gt by ∆Gt = −5.41 ± 0.77 mS·cm−2 (or from 17.6 ± 0.95 to 12.2 ± 0.39 mS·cm−2)
(both p < 0.001). After the addition of cinnamaldehyde, a Gt response occurred with a ∆Gt
of 1.15 ± 0.17 mS·cm−2 (p < 0.001), which corresponded to 25.3 ± 3.67% of the control
response (N/n = 5/29, p < 0.001). This response was identical to that observed after the
bilateral removal of Na+ (p = 0.96). In marked contrast, ∆Isc was not affected, but remained
at 0.51 ± 0.089 µeq·cm−2·h−1, or 102.8 ± 18.2% of the control (p > 0.1).

In the next step, we wanted to investigate the involvement of the divalent cation Ca2+.
For this purpose, a set of epithelia was changed mucosally to a calcium-free solution with
EGTA (N/n = 4/17). Otherwise, the composition of the NaCl solution remained identical
on both sides. The basal level Isc increased by ∆Isc = 0.18 ± 0.060 µeq·cm−2·h−1 (p = 0.01),
reflecting the stimulation of a transcellular transport mechanism. The conductance Gt
increased by ∆Gt = 4.70 ± 0.85 mS·cm−2 (p < 0.001). The subsequent application of
cinnamaldehyde induced a ∆Isc of 1.18 ± 0.20 µeq·cm−2·h−1 or 150.0 ± 25.1% of the
control tissues from the pigs of the series (N/n = 4/17). When tested against all of the
control tissues investigated (N/n = 12/70), this difference tested for significance (p = 0.022).
The Gt response to cinnamaldehyde rose dramatically after the removal of calcium, with
∆Gt at 12.3 ± 1.92 mS·cm−2 or 301.8 ± 47.2% of the control (p < 0.001).

In a second similar set of experiments, we removed Ca2+ on both sides (N/n = 5/14). In
order to prevent damage to the epithelium, the solution did not contain EGTA. No increase
in the baseline Isc was observed as a result of this pretreatment, although Gt increased
by 1.05 ± 0.35 mS·cm−2 (p = 0.011). This suggests that here, too, the rate of transcellular
transport must have increased to compensate for paracellular leak currents. The response
to cinnamaldehyde did not change and ∆Isc remained at 0.79 ± 0.072 µeq·cm−2·h−1 (or
92.8 ± 8.37% of the control), although ∆Gt increased by 6.40 ± 0.87 mS·cm−2 (142.3 ± 19.4%
of the control, p = 0.042).

The involvement of anions in the cinnamaldehyde response was tested by incubating
the epithelia in a solution with a low Cl− concentration (10.3 instead of 130.3 mmol·L−1)
or in a HCO3

−-free solution (buffered only with HEPES). Because these epithelia were
incubated with the test solution from the beginning of the experiment, the baseline Isc and
Gt levels were compared to the control tissues.

Interestingly, the tissues in the low Cl− solution (N/n = 5/30) had a higher mean
baseline Isc level of 0.52 ± 0.071 µeq·cm−2·h−1 compared to the controls in a standard
Ringer solution (0.29 ± 0.089 µeq·cm−2·h−1) (N/n = 5/29; p = 0.05), and an expectedly
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lower Gt, which was 12.7 ± 0.99 mS·cm−2 rather than 21.5 ± 1.08 mS·cm−2 (p < 0.01). After
cinnamaldehyde addition, a ∆Isc response was observed that was numerically smaller
than that of the control (0.26 ± 0.056 µeq·cm−2·h−1 or 53.8 ± 11.5% of the control). The
Gt increased by ∆Gt = 3.42 ± 0.38 mS·cm−2, a value that was at 75.5 ± 8.3% of the control
(p = 0.037).

The tissues that were incubated in parallel in the HCO3
−-free solution (N/n = 5/24)

had a baseline Isc of 0.59 ± 0.073 µeq·cm−2·h−1, which was again significantly higher than
that of the controls mentioned above (p = 0.014). Gt was reduced to 14.1 ± 0.61 mS·cm−2

(p < 0.01). The response to cinnamaldehyde was strongly reduced, with ∆Isc at
0.11 ± 0.046 µeq·cm−2·h−1 in this group, or 22.3 ± 9.3% of the control (p < 0.001, N/n = 5/29).
The ∆Gt of 2.90 ± 0.25 mS·cm−2 was at 64.2 ± 5.53% of the control (p = 0.005).

It is interesting to rank the effects of the removal of the ions on the cinnamaldehyde
response in comparison to the effect in a standard Ringer solution using values from all
of the controls studied (N/n = 12/70). The values of ∆Isc increased in the order HCO3

−-
free < Na+-free < low Cl− < standard Ringer < EGTA, with mean values of 0.11 ± 0.046a,
0.14 ± 0.039ab, 0.26 ± 0.056b, 0.63 ± 0.067c and 1.18 ± 0.20d µeq·cm−2·h−1, respectively, in
which the values that do not share a superscript are significantly different. The values of
∆Gt ranked in the order Na+-free < HCO3

−-free < low Cl− < standard Ringer < EGTA and
were 1.16 ± 0.10a, 2.90 ± 0.25b, 3.42 ± 0.38bc, 4.11 ± 0.31c, 12.3 ± 1.92d mS·cm−2.

2.2.4. Effect of Thymol

In further experiments, the response to the herbal diterpene thymol was investigated.
Thymol is known as an agonist of TRPM8, TRPV3 and TRPA1. A first set of screening
experiments revealed that, as with cinnamaldehyde, thymol only showed effects after
the mucosal or bilateral application in the colon, but not after the serosal application (all
N/n = 2/4) (see Supplementary Materials Figure S3).

The response to the bilateral application of thymol was studied more rigorously in
colonic tissues from 10 pigs. As before, a robust rise in Gt could be observed in all of the
tissues studied (Figure 5, p < 0.001 colon). The effects of thymol on the short circuit current
Isc were quite variable. In colonic tissues from three pigs, Isc went up; in six other pigs, Isc
went down; in one pig, the responses depended on the individual tissue (three down, one
up). The means of the tissues that responded to thymol with a pronounced increase in Isc
(“up”) are shown in Figure 5a (p = 0.016, N/n = 4/7), while the means of the tissues in
which Isc dropped (“down”) are shown in Figure 5b (p < 0.001, N/n = 7/11).

Similar effects were observed in the jejunum (see Supplementary Materials, Figure S4,
N/n = 10/18) and in the caecum (data not shown, N/n = 2/4).

2.3. Patch Clamp Studies

The effects of cinnamaldehyde on TRPA1 in overexpressing cells are extremely well
documented [1,2]. However, one study has described the fact that cinnamaldehyde can
activate TRPV3 in addition to TRPA1 [37], raising questions concerning its specificity.
Accordingly, the effect of cinnamaldehyde on TRPV3 was studied using HEK-293 cells
transfected with the human variant of TRPV3. As control cells, cells were transfected with
the empty vector, essentially as described previously [40,41]. Cells were also treated with
thymol, so that a subsequent comparison of the relative response of the TRPV3 expressing
cells and the colonic tissues to cinnamaldehyde and thymol was possible.

The successful transfection of the cells was detected in a first step by the immunohis-
tochemical staining of TRPV3 in the transfected HEK-293 cells. The transfected hTRPV3
cells showed green staining of the cytosol, reflecting co-expression of green fluorescent
protein (GFP) as well as a red staining of the cell membrane, demonstrating the success-
ful expression of the TRPV3 channel protein (Figure 6a). The control cells only showed
green cytosolic staining (not shown). The transfected hTRPV3 and control cells were then
examined with patch-clamp experiments under whole-cell conditions.
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In a first series of experiments, cinnamaldehyde was applied to the cells in the con-
centration used in the Ussing chamber experiments (1 mmol·L−1), which did not yield
significant effects. In a second series, a higher concentration of 5 mmol·L−1 cinnamalde-
hyde was added to the cells, followed by a washout. At the end of the experiment, the
addition of 1 mmol·L−1 thymol, which is a strong agonist of TRPV3, served as a control
reaction. No response to 5 mmol·L−1 cinnamaldehyde was observed in hTRPV3 cells
at 23 ◦C, although these cells reacted strongly to 1 mmol·L−1 thymol (Figure 6b). At
37 ◦C, a slowly increasing current was measured after the addition of cinnamaldehyde
(5 mmol·L−1), which decreased again after the washout. However, the response was
discrete when compared to the response to 1 mmol·L−1 thymol (Figure 6c). In contrast, the
control cells (also measured at 37 ◦C) showed no effect from either of the two agonists.

 

the empty vector, essentially as described previously [40,41]. Cells were also treated with 
thymol, so that a subsequent comparison of the relative response of the TRPV3 expressing 
cells and the colonic tissues to cinnamaldehyde and thymol was possible. 

The successful transfection of the cells was detected in a first step by the 
immunohistochemical staining of TRPV3 in the transfected HEK-293 cells. The transfected 
hTRPV3 cells showed green staining of the cytosol, reflecting co-expression of green 
fluorescent protein (GFP) as well as a red staining of the cell membrane, demonstrating 
the successful expression of the TRPV3 channel protein (Figure 6a). The control cells only 
showed green cytosolic staining (not shown). The transfected hTRPV3 and control cells 
were then examined with patch-clamp experiments under whole-cell conditions. 

Figure 5. Effect of a bilateral application of thymol on the Isc and Gt of the colon of ten young pigs (controlled in-house
study). The data are given as means ± SEM. In some of the tissues, an increase (“up“) in Isc could be observed after the
addition of thymol (a), whereas in other tissues a decrease or no effect (“down“) was observed (b). An increase in Gt was
observed in all of the tissues after the addition of thymol, ruling out barrier effects for increases in Isc (c,d). The significance
bars within graphs compare values taken immediately prior to addition of the agonist and after an incubation of 10 min.
The significance bars between graphs indicate that in the colon, there was no difference between the “up” and the “down”
groups before thymol was added. Significant differences are marked as *, †, or ‡ (p < 0.05, p < 0.01 or p < 0.001).
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Figure 6. (a) Immunohistochemical staining of HEK-293 cells transfected with a vector for the simultaneous overexpression
of human TRPV3 and green fluorescent protein (GFP, green), stained with a specific antibody against TRPV3 (red). The cell
nuclei were stained with DAPI (blue). (b) An original recording of a patch clamp measurement of an hTRPV3 HEK-293 cell
at 23 ◦C. No visible response was seen after the addition of 5 mmol·L−1 cinnamaldehyde (CIN), whereas 1 mmol·L−1 thymol
(THY) elicited a clear response. (c) A patch clamp measurement of an hTRPV3 HEK-293 cell at 37 ◦C. The concentration of
cinnamaldehyde had to be elevated to 5 mmol·L−1 before a small response could be observed. In contrast, at 1 mmol·L−1,
the effects of the thymol were very strong. (d) A boxplot of patch clamp data from hTRPV3 HEK-293 cells at 37 ◦C and
23 ◦C, and from control cells transfected with the empty vector (MT, 37 ◦C) at +100 mV and −120 mV. Within a group,
significant differences after the addition of cinnamaldehyde or thymol and the subsequent washouts (NaCl(2) and NaCl(3))
are indicated via different letters above the bars. Comparisons between the groups are given in the main text (e) Data
from Ussing chamber experiments from a subset of seven young pigs from Figure 5 (controlled in-house study), treated in
parallel with either thymol (N/n = 7/13) or cinnamaldehyde (N/n = 7/14). In the native colonic tissues, 1 mmol·L−1 of
cinnamaldehyde was sufficient to induce a clear change in the short circuit current and the conductance, which rose by
∆Isc and ∆Gt, respectively. For comparison, the data for thymol (1 mmol·L−1) are also shown. Here, the Isc responses were
clearly smaller, but diverse, with some tissues showing an increase in Isc (“up”, N/n = 4/7) and others a decrease (“down”,
N/n = 4/6). Bars that do not share a letter are significantly different.
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Under the baseline conditions, the three groups of cells (hTRPV3 at 23 ◦C (N = 8),
hTRPV3 at 37 ◦C (N = 14) and the control at 37 ◦C (N = 8)) did not show different currents at
+100 mV and −120 mV pipette potential, respectively (Figure 6d). No effect was observed in
the control group at 37 ◦C or in the hTRPV3 group at 23 ◦C. In hTRPV3 at 37 ◦C, the addition
of cinnamaldehyde induced a significant increase in the Na+ efflux from the pipette into the
bath solution at +100 mV, which rose from 60 ± 35 pA·pF−1 to 284 ± 181 pA·pF−1 (p < 0.001
vs. the baseline and p = 0.015 vs. 23 ◦C), as well as an increase in the Na+ influx from the
bath solution into the pipette at −120 mV (from −27 ± 11 pA·pF−1 to −268 ± 217 pA·pF−1,
p = 0.009 vs. the baseline and p = 0.052 vs. 23 ◦C). After the washout, the currents in the
hTRPV3 37 ◦C group decreased numerically at 100 mV (to 100 ± 31 pA·pF−1) and at
−120 mV (to −113 ± 54 pA·pF−1), but they were still significantly higher than they were
initially. In contrast to the 5 mmol·L−1 required to induce a response to cinnamaldehyde, a
concentration of 1 mmol·L−1 thymol caused significant increases in the currents at 100 mV
and −120 mV in both hTRPV3 groups, although the current increase was significantly
greater in the 37 ◦C cells (p < 0.001 and p = 0.002). This difference makes sense because the
TRPV3 is activated at warm temperatures (≥32 ◦C) [42–44].

For comparison, the Ussing chamber data of the colonic epithelia from a subset of
seven pigs that were treated in parallel in separate chambers with either thymol or with
cinnamaldehyde were used. The epithelia that responded to thymol (1 mmol·L−1) with
an increase in current (N/n = 4/7) were compared to the data from the same pigs treated
with cinnamaldehyde (1 mmol·L−1) (N/n = 7/14) (Figure 6e). The responsive tissues
with a “down” response (N/n = 4/6) to thymol are included in the graph, but they were
even smaller.

In summary, the maximal ∆Isc after the addition of cinnamaldehyde
(1.08 ± 0.22 µeq·cm−2·h−1) was significantly higher than after the thymol addition
(0.20 ± 0.046 µeq·cm−2·h−1) (p = 0.002). The ∆Gt, which reflects both the secretion of
K+ and the absorption of Na+ and Ca2+, was similar (2.36 ± 0.74 mS·cm−2 for 1 mmol·L−1

thymol and 3.94 ± 0.75 mS·cm−2 for 1 mmol·L−1 cinnamaldehyde). In contrast, in the
patch clamp experiments on TRPV3 expressing cells, a five-fold higher concentration of
5 mmol·L−1 cinnamaldehyde was required to observe a significant response. This response
was small and much lower than the response to 1 mmol·L−1 thymol. It thus appears that
TRPV3 only plays a marginal role, if any, in the response of the colonic epithelium to
1 mmol·L−1 cinnamaldehyde.

3. Discussion

As outlined in the introduction, TRPA1 agonists are emerging as promising pharmaco-
logical tools in the modulation of intestinal function in health and disease [20,32]. Despite
this, only a handful of studies have systematically investigated the interaction of TPRA1
agonists with native gastrointestinal epithelia [14,16,39,45].

Because systematic quantitative studies of TRPA1 expression by the gastrointestinal
tract seem to be lacking, we wished to find out more about the relative expression of TRPA1
along the porcine gastrointestinal tract via semiquantitative qPCR. In the second part,
we studied the electrophysiological effects of the classical and therapeutically promising
TRPA1 agonist cinnamaldehyde on epithelia in Ussing chambers. Although some of the
experiments were performed on tissues from the porcine jejunum, the primary focus was
on the colon as a major locus of fermentation and of inflammatory bowel disease, which
also happened to be the tissue with the highest expression of mRNA for TRPA1. Finally,
some patch clamp experiments were performed on overexpressing cells in order to assess a
possible contribution of TRPV3 to the cinnamaldehyde response [37].

3.1. Expression of mRNA for TRPA1 by the Tissues of the Porcine Gastrointestinal Tract

In a first step, semiquantitative PCR was used to investigate the distribution of TRPA1
in various segments of the gastrointestinal tract, namely the fundus and cardia of the
stomach, duodenum, jejunum, ileum, caecum, and (middle) colon (Figure 1). The signals
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for TRPA1 in the muscular layers were below the detection level. With the curious exception
of the ileum, the mucosa of all of the sections showed a clear expression of TRPA1, with
the expression rising in the distal segments and highest in the colon. This finding is in
agreement with immunohistochemical data showing that TRPA1 is expressed along the
entire gastrointestinal tract of various species [11,27,39,46].

3.2. Effect of Blockers on Isc and Gt in Ringer

Evidence for the functional expression of TRPA1 by the colon was obtained by ap-
plying various blockers to colonic epithelia in Ussing chambers. (Table 1). Quinidine is a
highly potent, although unspecific, blocker of numerous cation channels, while HC-030031
is considered to be specific for TRPA1. Both blockers significantly reduced the baseline
Isc and Gt (Table 1 and Figure 7a). Conversely, the removal of Ca2+ can be expected to
enhance the permeation of monovalent cations through TRP channels such as TRPA1 and
TRPV3 [4]. In line with this, the mucosal replacement of Ca2+ with EGTA induced a highly
significant increase of baseline Gt and Isc (Table 1). Because the experiments were carried
out in symmetrical solutions with no chemical gradient present, the rise in Isc clearly
reflects transcellular transport, most likely energized by the basolateral Na+/K+-ATPase.
In addition, the removal of Ca2+ is known to enhance the permeability of the paracellular
pathway by the decoupling of tight junction proteins [47,48], which may explain part of
the rise in Gt.

The effects of the other treatments in Table 1 can be understood with textbook models
of colonic transport [49]. The functional expression of ENaC (SCNN1) emerges from
the amiloride response, while the effects of bumetanide point toward the basolateral
expression of NKCC1, which drives the influx of Cl− for secretion via NPPB-sensitive
apical Cl− channels (Figure 7c). These channels close when cAMP production is reduced
after the application of the cyclooxygenase inhibitor indometacin, all of which is classically
established [49].

3.3. Mucosal Cinnamaldehyde Induces an Increase in Isc and Gt

In a second step, the effect of cinnamaldehyde on stripped epithelium from the
jejunum and the colon was investigated in Ussing chambers (Figure 2 and Supplementary
Material Figure S1).

Unlike in previous studies of rat colon [16,39] or porcine jejunum [45], the application
of cinnamaldehyde in a concentration of 100 µmol·L−1 did not result in significant changes
in the electrophysiological parameters. This may reflect the particularly thick mucus layer
protecting the porcine colon, in conjunction with a partial degradation of cinnamaldehyde
by the resident microbials. However, when applied at 1 mmol·L−1, significant increases in
Isc could be observed in both the colonic (Figure 2) and jejunal epithelia (Supplementary
Materials Figure S1). Because, in our study, the colonic and jejunal responses from the same
animals were monitored in parallel, they could be directly compared, and it emerged that
the responses of the jejunum to cinnamaldehyde were significantly smaller in both ∆Gt
and ∆Isc. It is an attractive hypothesis that this reflects the lower expression of TRPA1 in
this segment (Figure 1).

The jejunum responded not only to mucosal or bilateral application but also to the
serosal application of cinnamaldehyde. In a previous study of porcine jejunum, the cin-
namaldehyde response was inhibited by hexamethonium, but not by TTX. Conversely, the
effects of thymol could be completely blocked by TTX [45]. It appears that an interplay
of neuronal and epithelial TRP channels regulate the electrophysiological response of the
jejunum in a complex manner that we did not attempt to unravel in the present study.
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filter of the channel allows both the influx of Na+ and Ca2+, and a smaller efflux of K+, so that the effects on Isc are small.

t

and enhanced by the removal of divalent cations. The effects of cinnamaldehyde on TRPV3 ( 1©), which favors efflux of
K+ over influx of Na+ and Ca2+, are discrete. Thymol opens both channels. (b) Prostanoids such as PGE2 are anions that
are synthesized from membrane phospholipids via cyclooxygenase-mediated pathways and secreted into the extracellular
space via pathways that are being explored ( 2©). For prostanoid signalling to end, the anionic prostaglandin has to be
taken up into the cytosol via an electrogenic anion exchanger, OATP2A1 (SLCOA1) ( 3©), after which the prostaglandin
is degraded by cytosolic enzymes. Due to the electrogenic nature of the cotransporter, the depolarization of the cellular
membrane, as occurs after the opening of TRPA1 channels via cinnamaldehyde (), decreases the uptake of prostaglandins
and thus increases the extracellular prostaglandin concentration. (c) After the binding of the PGE2 to EP4 receptors ( 4©)
expressed by the colonic mucosa, adenylyl cyclase is stimulated, resulting in rising levels of cAMP that open apical CFTR
channels ( 5©). Other anion channels may contribute to the secretion of HCO3

−, which is driven by the uptake of Na+ via
basolateral NBCn1 (Slc4a7), NBCe1 (SLC4A4), or NBCe2 (Slc4a5) at a ratio of 1, 2 or 3 HCO3

− for each Na+ ( 6©). Most
of the NPPB-sensitive rise in Isc that is observed after the activation of TRPA1 via cinnamaldehyde can be explained by
this mechanism. The secretion of HCO3

− is important for the buffering of protons formed in the fermentational process
( 7©), and for the unfolding of mucines in the mucus layer, thus protecting the epithelium. Energy-rich short chain fatty
acid anions (SCFA−) are absorbed via various transport proteins ( 8©) without challenging cytosolic pH homeostasis. In
physiological concentrations, prostaglandins are also thought to have barrier-enhancing properties through interaction with
tight junction proteins ( 9©). Possibly, the secretion of HCO3

− is highest in cells near the surface, while in the crypts, the
expression of NKCC1 (SLC12A2) ( 10©) predominates. The latter pathway leads to the secretion of Cl− via CFTR, which can
result in diarrhea when cAMP levels are pathologically high. Because the gradients favor a unilateral efflux of anions, the
opening of CFTR will have higher effects on ∆Isc than those after the opening of TRPA1.

In the colon, the effects were more straightforward because the serosal application of
cinnamaldehyde showed no effect (Figure 3). While the serosal application of lidocaine as a
blocker of neuronal Na+ channels changed the baseline Isc and Gt of the colonic epithelium
(Table 1), underlining the importance of neuronal signalling for the regulation of transport
function, the subsequent response of the tissue to cinnamaldehyde was not altered by
pretreatment with lidocaine (Figure 4 and Table 2). Likewise, in previous investigations
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Model of the effects of cinnamaldehyde on the colon, based on the present study and the current literature. (a)

Cinnamaldehyde opens apical, non-selective TRPA1 channels in the colonic mucosa near the lumen (

However, the cell is depolarised and a significant increase in conductance ∆G is observed, which is reduced by quinidine
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of rat and human colon, agonists of TRPA1 were most effective when given mucosally,
while preincubation with tetrodotoxin did not affect the response of the tissues to AITC,
to cinnamaldehyde or to thymol [14,16,39]. In conjunction, these results suggest that
the response of the colon to cinnamaldehyde involves mucosal receptors, with TRPA1
channels, as expressed by the apical membrane of human or rat colonocytes [39] being
likely candidates.

3.4. Does Cinnamaldehyde Activate TRPV3?

Although it is generally considered to be specific for TRPA1, one study has suggested
that cinnamaldehyde also opens TRPV3 channels [37]. TRPV3 is expressed by the apical
membrane of colonocytes not only in rats and humans [50], but also in the pig (Manneck
et al., submitted). Because commercially available specific agonists or inhibitors of TRPV3
are still in the process of being developed [51], we compared the responses of thymol
(which strongly activates TRPV3 [25,41]) to those to cinnamaldehyde using Ussing chamber
experiments on native epithelia and patch clamp experiments with overexpressing cells.

Previous studies of the thymol response in rat colon have shown a strong rise in Isc and
Gt, resembling the response to cinnamaldehyde, although the signalling differed [14,39].
In porcine colon, the responses to thymol were highly variable, with both increases in Isc
and decreases observed, in marked contrast to the uniform responses observed in parallel
in tissues from the same pigs after the application of cinnamaldehyde. While changes in
the barrier function may have contributed, the selectivity of TRPV3 to Ca2+ is poor, and
it follows an Eisenman sequence IV with P(K+) > P(Na+) [4,40], while TRPA1 follows an
Eisenman XI sequence with P(Na+) > P(K+) [1,2]. Accordingly, and depending on the
gradients present, the opening of TRPV3 by thymol may lead to a secretion of K+ with the
hyperpolarization of the apical membrane and a drop in Isc. Conversely, the opening of
TRPA1 should lead to an increase in Isc, as observed with cinnamaldehyde. The different
relative expression of TRPA1 or TRPV3 may thus explain the variability of the response
to thymol.

In patch clamp experiments overexpressing hTRPV3, as in a previous study of the
bovine homologue [41], 1 mmol·L−1 thymol elicited the expected large response. How-
ever, despite numerous attempts, at 1 mmol·L−1, no effect after the application of cin-
namaldehyde could be observed. Small effects of cinnamaldehyde were only detectable at
5 mmol·L−1 and after the elevation of the bath temperature to 37 ◦C.

It thus appears that contributions of TRPV3 to the cinnamaldehyde response are
possible, but most likely small.

3.5. Gt Is Sensitive to Quinidine

Further experiments were conducted in order to assess the contribution of cation
absorption and/or anion secretion to the current. The lack of an effect of amiloride on the
cinnamaldehyde response suggests that ENaC was not involved (Figure 4 and Table 2).
Quinidine, a blocker of non-selective cation channels, had a strikingly negative impact on
the increase in Gt observed after the application of cinnamaldehyde, with ∆Gt dropping
by more than half (Figure 4), although ∆Isc was not altered. Possibly, the quinidine effects
were caused by a previously unknown negative interaction of quinidine with tight junction
proteins. However, a more likely hypothesis is that quinidine blocked both the influx of
Na+ and the efflux of K+ through TRP channels such as TRPV3 and TRPA1 by roughly
equal amounts (Figure 7a), so that as a net effect, the Isc level remained roughly the same,
while the Gt dropped to about 40%.

In three different studies of rat colon, the response to AITC, cinnamaldehyde or
thymol (100 µmol·L−1) was significantly reduced by an equivalent concentration of HC-
030031 [14,16,39]. On the other hand, the knockout of TRPA1 only partially reduced
the AITC response, highlighting the possibility that TRPA1 may not be the only channel
involved [16]. In our study, the TRPA1 blocker HC-030031 reduced the cinnamaldehyde
response numerically, but the effects did not pass testing for significance (Figure 4 and
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Table 2). The most likely explanation is that 100 µmol·L−1 of HC-030031 was insufficient to
block the activity of the 1 mmol·l−1 cinnamaldehyde used in this study.

3.6. Isc and ∆Gt Can Be Inhibited by Indometacin

The effects of the anion channel blocker NPPB suggest that the cinnamaldehyde-
induced rise in Isc is at least partially caused by the opening of an apical anion channel [49]
(Figure 7c). Indometacin, which leads to reduced levels of cAMP, had identical effects,
pointing towards an involvement of CFTR, although additional anion channels may partic-
ipate. In our study, neither drug had a significant impact on ∆Gt. In contrast, in studies
of the rat colon, the COX-inhibitor piroxicam reduced both ∆Gt and ∆Isc in response to
AITC [39].

In the study by Kaji et al. [39], the application of PGE2 induced increases in Isc that
could not be further enhanced by the subsequent application of AITC, suggesting that all
of the CFTR channels were already at the maximal open probability. Furthermore, in both
human and rat colon, the response to AITC could be strongly inhibited by ONO-AE3-208,
a specific blocker which prevents the binding of PGE2 to the EP4 receptor.

3.7. Bicarbonate Is a Bigger Player Than Chloride in ∆Isc and ∆Gt

As mentioned above, the basolateral uptake of Cl− classically occurs via NKCC1
(SLC12A2). The responses of the rat and human colon to either thymol or AITC were
partially blocked by bumetanide in two previous studies [14,39]. All of the responses could
also be significantly reduced by the removal of Cl−, with smaller effects after the removal
of bicarbonate. Conversely, the cinnamaldehyde response of the pig jejunum was sensitive
to the removal of HCO3

−, but insensitive to either chloride removal or bumetanide [45].
In this study, the response of pig colon to cinnamaldehyde resembles the previous

findings in pig jejunum [45]. The blocking of NKCC1 by bumetanide did not interfere
with the cinnamaldehyde response, showing no significant effect on either ∆Isc or ∆Gt.
Furthermore, the bilateral reduction of Cl− (from 130.3 to 10.3 mmol·L−1) had no significant
effect on ∆Isc, although ∆Gt was significantly reduced by about half. Instead, dramatic
effects were observed after the removal of only 25 mmol·L−1 bicarbonate from the solution
via replacement with HEPES and gluconate (Supplementary Materials Table S1). Despite
the continued presence of 130.3 mmol·L−1 Cl−, the cinnamaldehyde-induced ∆Isc dropped
to less than a third of the control response, while ∆Gt dropped by about 40%. It thus appears
that despite having a much lower concentration and only 60% of the mobility (see mobility
listings in JPCalcWin 1.01, [52]) HCO3

− contributes more to the cinnamaldehyde-induced
∆Isc and ∆Gt than Cl−.

These results are understandable if one assumes that NKCC1 does not contribute
much to the cinnamaldehyde response. The basolateral uptake of HCO3

− most likely
occurs via basolateral cotransporters such as NBCe1 (SLC4A4), NBCe2 (Slc4a5) or NBCn1
(Slc4a7), which mediate the cotransport of Na+ and HCO3

−, and are amply expressed by
the hindgut [53–55]. The apical efflux of HCO3

− should be possible through apical Cl−

channels such as CFTR [49,56,57], which, like practically all of the anion channels known
to date, are notoriously promiscuous. Either signalling complexes between the NBCs and
CFTR or differential expression by distinct cell types may explain the preferential transport
of HCO3

− over Cl−. In contrast to the secretion of chloride, the secretion of HCO3
− should

be useful to help with the buffering of short chain fatty acids fermentationally produced
from fiber within the colonic lumen [33,34]. This may be of particular importance in pigs,
which typically obtain about 30% of their energy from hindgut fermentation [34].

3.8. Gt Requires the Presence of Mucosal Na+

At this point, some deliberations concerning the ∆Gt induced by cinnamaldehyde are
possible. Given the low selectivity of anion channels, it is very hard to envision a paracellu-
lar tight junction protein with a high selectivity for HCO3

− over Cl−. It thus appears that
the HCO3

− dependent fraction, or about 40%, reflect changes in the transcellular passage
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of HCO3
−. Experiments in low chloride Ringer suggest that 25% of ∆Gt reflects the para-

or transcellular flux of Cl−. In conjunction with the quinidine data, it appears that, in
total, roughly half of ∆Gt is caused by anions. Despite this, the removal of bilateral Na+

had dramatic effects on the cinnamaldehyde response, with ∆Isc and ∆Gt at a mere ~ 15
and 20% of the response in the control tissues, respectively. The collapse in ∆Isc is clearly
due to the lack of serosal Na+ as a driving force for Na+-HCO3

− cotransport. However, if
paracellular transport is assumed to be responsible for changes in conductance, the collapse
in ∆Gt greatly exceeds reasonable expectations. Furthermore, ∆Gt collapsed by precisely
the same amount when Na+ was replaced on the mucosal side only. This observation is
not compatible with the assumption of a paracellular flux of Na+, because in this case, ∆Gt
should have been much higher after the unilateral Na+ removal than after the bilateral
Na+ removal. It appears that while a large part of the ∆Gt response reflects the passage
of anions, the signalling to induce the response occurs via a quinidine-sensitive pathway
and requires the presence of mucosal Na+. The entry of Na+ through TRPA1 is the most
likely option.

While the mucosal removal of Na+ dramatically reduced ∆Gt, it had absolutely no
effect on the cinnamaldehyde-induced ∆Isc. A possible reason for this is that the removal
of mucosal Na+ decreased the cytosolic Na+, thus stimulating the basolateral influx of
HCO3

− via Na+-HCO3
− cotransport and the influx of Cl− via NKCC1, with a subsequent

increase in the apical secretion of anions. Another possibility is that the influx of Ca2+ was
sufficient for the response.

3.9. Removal of Ca2+ Enhances ∆Gt

An attractive hypothesis is to assume that the cinnamaldehyde induced increase in
Isc is calcium dependent. Rising levels of cytosolic Ca2+ typically activate the apical Cl−

channels of the colonic epithelium both directly (in the case of calcium-dependent Cl−

channels) and indirectly (via calcium-dependent adenylyl cyclases with the production
of cAMP) [49,58]. Thus, in rat colon, the thymol-induced ∆Isc was reduced in bilateral
Ca2+-free Ringer, although notably, the ∆Gt remained the same [14]. In contrast, Ca2+

removal did not affect the AITC response of rat colon in a study by the same authors [39].
In the current study of porcine colon, bilateral nominally Ca2+-free solution did not

lead to a reduction in the cinnamaldehyde-induced ∆Isc. Instead, the cinnamaldehyde-
induced ∆Gt rose to almost twice the size observed in controls from the same animals.
When Ca2+ was replaced by EGTA on the mucosal side only, ∆Gt rose even further to a
striking 300% of the controls (p < 0.001). Simultaneously, ∆Isc rose numerically to 150% of
the controls from the same animals, a result that tested for significance when compared to
the entire set of the controls. It thus appears that Ca2+ is very clearly not necessary for the
response of the tissues to cinnamaldehyde.

3.10. Does the Opening of TRPA1 Inhibit the Uptake and Degradation of Prostaglandins?

While further work is clearly necessary, some speculation is possible. The synthesis of
PGE2 by the colon is well-documented, and the effects of the inhibition of prostaglandin
synthesis were significant and seen not only in this study, but also in two separate studies of
rat colon using AITC as a TRPA1 agonist [16,39]. Prostanoids such as PGE2 are anions that
are synthesized from membrane phospholipids via cyclooxygenase-mediated pathways.
After secretion into the extracellular space, prostanoids are bound to specific prostanoid
receptors [59,60]. For prostanoid signalling to end, the anionic prostaglandin has to be
taken up into the cytosol where it is degraded. This uptake occurs via an electrogenic anion
exchanger, OATP2A1 (SLCO2A1), with the efflux of two lactate anions driving the influx
of one prostaglandin anion. Accordingly, the depolarization of the cellular membrane
decreases the uptake of PGE2 [59–61]. The events are thus as follows: PGE2 is continuously
produced by the colonic epithelium and taken back up into the cell via OATP2A1. If TRPA1
is opened via cinnamaldehyde or AITC, the entry of Na+ and Ca2+ will exceed the efflux of
K+, depolarizing the cell. This reduces the reuptake of PGE2 via OATP2A1. There is thus
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more PGE2 to bind to EP4, leading to the activation of adenyl cyclase, the production of
cAMP, the opening of CFTR and, finally, the secretion of HCO3

− and Cl−. In conjunction,
a rise in the current (∆Isc) and a rise in conductance (∆Gt) are observed.

3.11. Barrier Effects

As outlined above, we do not think that an opening of the paracellular pathway can
explain the major part of the cinnamaldehyde-induced ∆Gt response. From this study and
others, there is considerable evidence to suggest that the activation of TRPA1 induces the
secretion of PGE2 [16,39]. PGE2 has direct barrier-enhancing properties [62,63]. Thus, in
cell culture models of colonic epithelia, prostaglandin-mediated signalling via the EP2
receptor prevented the proteosomal degradation of Claudin-4 [64]. The colon of EP4
deficient mice showed increased rates of apoptotic cells, as well as a defective mucosal
barrier with signs of inflammation [65]. Furthermore, PGE2 was found to stimulate the
recovery of the barrier function in porcine ischemia-injured ileal mucosa [66]. In addition,
lower levels of PGE2 and other prostaglandins are thought to be involved in the classical
gastrointestinal side-effects of cyclooxygenase inhibitors [67]. However, it is important to
bear in mind that the pharmacology of PGE2 is notoriously complex, with numerous pro-
and anti-inflammatory effects that are probably related to local concentrations of PGE2 and
the expression patterns of its various receptors [62].

3.12. Cinnamaldehyde, Bicarbonate and the Buffering of Fermentational Acids in the Colon

More work is clearly necessary to understand the interaction of essential oils in general
and of cinnamaldehyde in particular with colonic epithelia, but a picture is slowly emerging
(Figure 7). In humans and in animals, the function of the colon is to serve as a fermentation
chamber in which microbials can degrade the structural carbohydrates that are resistant to
enzymatic digestion of the small intestine [33,34]. Anaerobic fermentation produces large
quantities of short-chain fatty acids (Figure 7c). Large quantities of protons are released via
dissociation and have to be removed, since low values of pH produce shifts in the colonic
microbiome towards species that produce lactic acid. This is an occurrence associated with
a further drop in colonic pH and subsequent damage to the epithelium [38,68,69]. The
secretion of bicarbonate with the subsequent formation of CO2 is a highly appropriate
and well-established buffering mechanism [53,54,57]. While protons are removed via the
formation of CO2, the anions of short-chain fatty acids can then be transported across
the epithelium without impairing the cellular pH homeostasis via various pathways that
have been discussed elsewhere [33]. In a further twist, the secretion of HCO3

− enhances
the unfolding of the mucines that protect the epithelium from the bacterial invasion and
inflammation seen in inflammatory bowel disease [38,70].

The current study suggests that the ingestion of plants rich in terpenes—such as
those contained in the bark of the Cinnamomum verum tree—may help to stimulate HCO3

−

secretion. After the degradation of plant structures by microbials in the colon, cinnamalde-
hyde is released and binds to TRPA1, preventing the cellular uptake and degradation of
PGE2 (Figure 7a,b). The rising levels of cAMP will then stimulate the secretion of HCO3

−

(Figure 7c). The removal of protons should certainly help to prevent damage to the ep-
ithelial cells, and may explain part of the anti-inflammatory action of essential oils such
as cinnamaldehyde. Of course, the amounts consumed must not be too high, because
otherwise the secretion of chloride might lead to diarrhea and other disagreeable or even
toxic effects. It appears possible that humans and animals alike will use their outstanding
ability to detect the smallest quantities of essential oils via their sense of smell to precisely
assess just how much is needed to make the food tasty, but not too spicy [71].

4. Materials and Methods
4.1. Gastrointestinal Tissue

The porcine gastrointestinal tissues were obtained according to the guidelines of the
German Animal Welfare Law under oversight by the local authority of the “Landesamt für
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Gesundheit und Soziales Berlin” (LaGeSo Reg. Nr. T0264/15 and T0297/17). The pigs were
a cross between the Danbred x Piétrain breeds, weighing ~25 kg and aged about 10 weeks,
and were fed a normal diet. The animals were killed by prior sedation with ketamine
(Ursotamin®, Serumwerk Bernburg AG, Bernburg, Germany) and azaperone (Stresnil®,
Jansen-Cilag, Neuss, Germany) by intramuscular injection, followed by an intracardiac
injection of tetracaine hydrochloride, mebezonium iodide and embutramide (T61®, Intervet
Deutschland GmbH, Unterschleissheim, Germany). In a few experiments, older pigs from
a commercial slaughterhouse were used, which is indicated where applicable. After death,
the gastrointestinal tissue was immediately removed.

4.2. Molecular Detection of the TRPA1 Channel in the Gastrointestinal Tissue

For the molecular investigations, the removed gastrointestinal tissue (the fundus and
cardia of the stomach, duodenum, mid-jejunum, ileum, caecum and mid-colon) was thor-
oughly rinsed with PBS, and small pieces of 1 cm3 of the tunica muscularis or the mucosa
were transferred into tubes containing 1 mL of RNAlater® (Sigma-Aldrich, Taufkirchen,
Germany). These were cooled at 4 ◦C overnight and then stored at −80 ◦C. For the RNA
isolation, a Nucleospin RNA II kit (Macherey-Nagel, Dueren, Germany) was used, and the
RNA integrity numbers (RIN) were determined using an RNA 600 Nano kit (Agilent, Wald-
bronn, Germany). The samples from 4 pigs (out of 6) with the best RIN values (RIN > 6.8
for the ileal epithelium and RIN > 7.3 for all of the other tissues) were subsequently pro-
cessed. For the reverse transcription into cDNA, an iScript® cDNA synthesis kit (Bio-Rad
Laboratories, Munich, Germany) was used according to the manufacturer’s instructions,
whereby 1 µg RNA was transcribed per sample and then diluted 1:10.

Afterwards, an exon spanning FAM/BHQ1 labelled primer-probe combination was
designed according to the predicted sequence of the porcine TRPA1 channel, and the corre-
sponding reference genes were established (Table 3), which were synthesized by Eurofins
(Eurofins Genomics Germany GmbH, Ebersberg, Germany). In order to ensure that the
correct target was bound, the amplification product was sequenced and compared to the
target sequence (Eurofins Genomics Germany GmbH, Ebersberg, Germany). Primer–probe
combinations were also used for the three selected reference genes: ACTB (FAM/BHQ1),
GAPDH [72] and YWHAZ (FAM/TAMRA). For the semi-quantitative analysis by qPCR, a
40-cycle 2-step protocol (1 s 95 ◦C, 20 s 60 ◦C) was performed on a thermocycler (ViiA 7, Ap-
plied Biosystems/Life Technologies, Waltham, MA, USA). The reactions were performed
in triplicates with 3.7 µL cDNA and iTaq® Universal Probes Supermix (Bio-Rad Laborato-
ries GmbH, Feldkirchen, Germany) with a total volume of 10 µL. Negative controls (no
template controls) were routinely included. The quantification cycles (Cq) were calculated
automatically by the cycler software. The dilution series-based gene-specific amplification
efficiencies for the primer pairs were determined and the reference genes were tested
for their expression stability (qbasePLUS, Biogazelle NV, Zwijnaarde, Belgium). The Cq
values of the target gene TRPA1 were normalized using ACTB, GAPDH, and YWHAZ,
and were scaled to the sample means. Subsequently, the values were exported as calibrated
normalized relative quantity (CNRQ) values using qbasePLUS.

Attempts to find a suitable antibody against TRPA1 were unfortunately unsuccessful.
Five commercial antibodies were tested, but yielded multiple or no bands in immunoblots
of porcine tissues (sc-166469 and sc-376495, Santa Cruz Biotechnology Inc, Dallas, TX, USA;
ACC-037, Alomone, Jerusalem, Israel; TA338564, OriGene, Herford, Germany and AG1346,
Abgent, San Diego, CA, USA).
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Table 3. Primer sequences and the amplicon length of the genes used.

Gene Length (bp) Primer Gene Acession No.

TRPA1 fwd 192 ACAGGAAAGTCAGCCCTCTC XM_001926115.4
TRPA1 rev TATCCTGGCTGCCCGAATAG

TRPA1 probe TTTGCGGCCACCCAGGGAGC
ACTB fwd 127 GACATCAAGGAGAAGCTGTG XM_003124280.5
ACTB rev CGTTGCCGATGGTGATG

ACTB probe CTGGACTTCGAGCAGGAGATGGCC
YWHAZ fwd 113 AAGAGTCATACAAAGACAGCAC XM_021088756.1
YWHAZ rev ATTTTCCCCTCCTTCTCCTG

YWHAZ probe ATCGGATACCCAAGGAGATGAAGCTGAA
GAPDH fwd 117 CAAGAAGGTGGTGAAGCAG NM_001206359.1
GAPDH rev GCATCAAAAGTGGAAGAGTGAG

GAPDH probe TGAGGACCAGGTTGTGTCCTGTGACTTCAA

4.3. Ussing Chamber Studies

For the electrophysiological studies using a Ussing chamber, the tissue was washed
with transport buffer after the removal. The tunica muscularis was stripped, and the tissue
was transported with ice-cooled gassed (95% O2/5% CO2) transport buffer (in mmol·L−1:
115 NaCl, 0.4 NaH2PO4, 2.4 Na2HPO4, 5 KCl, 25 NaHCO3, 5 glucose, 10 HEPES, 1.2 CaCl2,
1.2 MgCl2). The tissue was then mounted in 0.95 cm2 classical, custom-built Ussing cham-
bers with perfusion maintained via a gas-lift system [73,74], which were filled with 10 mL
Ringer’s solution (in mmol·L−1: 120 NaCl, 25 NaHCO3, 0.32 NaH2PO4, 1 MgSO4, 6.3 KCl,
2 CaCl2) per side, unless otherwise declared. In order to exclude a glucose-induced sodium
current, 16 mmol·L−1 glucose was added to the serosal side and 16 mmol·L−1 manni-
tol was added to the mucosal side. The final osmolality of the solutions was adjusted
to 300 mosmol·kg−1 with mannitol. During the experiment, the tissue was kept perma-
nently at 37 ◦C and gassed with 95% O2 and 5% CO2, whereas the solutions without
HCO3

− were gassed with oxygen. After the tissue mounting, the measurements were
performed in short-circuit mode and the current (Isc) was recorded, with positive values
reflecting the transport of cations from the mucosal to the serosal side. Throughout, the
Isc represents the molar flux (in µeq·cm−2·h−1), which can be calculated from the current
Φt (in µA·cm−2) according to Isc = Φt/F·3600s·h−1 = Φt/26.80 µeq·cm−2·h−1, where F
is the Faraday constant. Using a 100 µA current pulse and the corresponding potential
response, the conductance (Gt, in mS·cm−2) was continuously recorded (Mussler Scientific
Instruments, Aachen, Germany).

Measurements commenced after the Isc and Gt values had stabilized, or after a maxi-
mum of 45 min. All of the agonists were added directly via a pipette to the bath solution in
a ratio of 1:1000 to yield the target concentration, with the substances dissolved in either
water (amiloride), ethanol (cinnamaldehyde, thymol, lidocaine, bumetanide, indometacin)
or dimethyl sulfoxide (DMSO) (quinidine, 5-nitro-2-(3-phenylpropyl-amino) benzoic acid
(NPPB), HC-030031). Cinnamaldehyde (1 mmol·L−1) was added 15 min later. In the other
experiments, the solution changes occurred 15 min before the addition of cinnamalde-
hyde. The composition of the solutions used can be found in the Supplementary Materials
Table S1.

4.4. Patch Clamp Studies

A human construct of TRPV3 (hTRPV3) was used for the patch-clamp experiments,
essentially as in [40,41]. The sequence (GeneArt, Thermo Fisher Scientific, Regensburg, Ger-
many) was tagged with hemagglutinin (HA) and streptavidin (Strep). This construct was
subsequently subcloned into pIRES2-AcGFP1 (Takara BioEurope, Saing-Germain-en-Laye,
France). HEK-293 cells were used for transient transfection (DSMZ, Braunschweig, Ger-
many). The cells were cultured using Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 100 units·mL−1 of penicillin and streptomycin (Biochrom,
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Berlin, Germany). Approximately 24 h before the start of the experiment, the cells were
transfected with polyethyleneimine and the HA-Strep-hTRPV3-pIRES-AcGFP1 construct
or the empty pIRES-AcGFP1 vector (control). Accordingly, the successfully transfected
hTRPV3 cells should show green fluorescence. Furthermore, the cells were stained with a
mouse TRPV3 antibody (ABIN863127, antibodies-online GmbH, Aachen, Germany) at a
1:1000 dilution, as in [40].

The whole-cell experiments were performed at room temperature (adjusted to 23 ◦C
with an airconditioning system) and at 37 ◦C, using an inline solution heater to adjust
the temperature (PH01 (S/N 1007), Multichannel Systems). Patchmaster software (HEKA
Electronic) automatically performed the generation of pulses, data collection, filtering with
a 2.9 kHz Bessel filter, and correction for capacity and series resistance. A low sampling
rate (100 Hz) pulse protocol was used for the recording in order to assess the solution
changes. This automatically switched to a classical step protocol with a high sampling
rate (5 kHz) to assess the channel kinetics, as in previous studies [40,41]. After the mea-
suring the osmolality, the solutions were adjusted to 300 mosmol·kg−1 with mannitol and
buffered to a pH of 7.4. The pipette solution contained (in mmol·L1): 5 CsCl, 6.63 NaCl,
127.36 Na-gluconate, 10 EGTA, 10 HEPES, 1.91 CaCl2, 2.27 MgCl2, 1 Mg-ATP. The extracel-
lular solution contained (in mmol·L−1): 5 KCl, 1 NaH2PO4, 137 NaCl, 10 HEPES, 1.7 CaCl2,
0.9 MgCl2, 5 glucose. In the experiment, the effect of 1 and 5 mmol·L−1 cinnamaldehyde
was studied at 37 ◦C and 23 ◦C, with 1 mmol·L−1 thymol serving as a control reaction at
the end of the experiment.

4.5. Data and Statistics

The statistical analysis was performed with the program SigmaPlot 11.0 (Systat Soft-
ware, Erkrath, Germany), with the data being tested for normal distribution (Shapiro-Wilk)
and homogeneity of variances (Brown-Forsythe). Subsequently, data were tested using a
parametric test (Student’s t-test or ANOVA (Student-Newman-Keuls or Dunn’s method)) or
a non-parametric test (Mann-Whitney U test or ANOVA on ranks (Kruskal-Wallis method)),
as appropriate. Statistical significance was assumed at p < 0.05. The data are presented
as the mean values ± SEM. The number of experiments with pigs is expressed as N/n,
where N is the number of animals and n is the number of tissues. The Ussing chamber data
were binomially smoothed using Igor Pro 6.37 (WaveMetrics Inc., Lake Oswego, OR, USA).
The statistical analysis of the qPCR data was performed using the calculated CNRQ data
(qbasePLUS, Biogazelle NV, Zwijnaarde, Belgium). In the barplots, different letters were
placed above the bars to designate significant differences. Bars that do not share a letter
are significantly different (p < 0.05). Conversely, bars that share at least one letter are not
different (p > 0.05).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22105198/s1, Figure S1: Concentration effects of cinnamaldehyde in the jejunum; Figure S2:
Effect of cinnamaldehyde after the mucosal, serosal and bilateral addition in the jejunum; Figure S3:
Effect of thymol after the mucosal, serosal and bilateral addition in the colon; Figure S4: Effect of the
bilateral addition of thymol in the jejunum; Table S1: Ussing chamber solutions.
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Figure 1. Effect of the TRPA1 agonist cinnamaldehyde at a concentration of 100 µmol·l−1 (a,c) and 1 

mmol·l−1 (b,d) on Isc and Gt in the Ussing chamber using jejunal tissue of pigs. After the addition of 

1 mmol·l−1 cinnamaldehyde, a significant increase on the Isc and a trend for Gt could be observed, 

which was absent when a concentration of 100 µmol·l−1 was added. Significant differences are 

marked as * (P < 0.05). N/n = number of animals/number of tissues, identical for Gt and Isc. 
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Figure S2. Effect of the TRPA1 agonist cinnamaldehyde (CIN) at a concentration of 1 mmol·l−1 after mucosal (a, d), serosal (b, e), or 

bilateral addition (c, f) on Isc and Gt in the Ussing chamber using jejunal tissue of pigs. After addition, an increase in Isc was observed 

after mucosal (P = 0.054), serosal (P = 0.008) and after bilateral addition (P = 0.011). However, Gt barely changed after addition in all 

3 groups and was not significantly altered. Some tissues were obtained from older pigs from a commercial slaughterhouse (blue 

lines), while the black lines reflect responses of younger pigs slaughtered within a controlled study as in the rest of the manuscript. 
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Figure S3. Effect of thymol at a concentration of 1 mmol·l−1 after mucosal (a), bilateral (b), or serosal addition (c) on Isc and Gt in the 

Ussing chamber using colonic tissue of pigs. After mucosal and bilateral addition, a significant increase in Isc and Gt was observed in 

most tissues, although the effects were absent with serosal addition. 
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Figure S4. Effect of a bilateral application of thymol on the Isc and Gt of the jejunum of pigs. Data are given as means ± SEM. In some 

tissues an increase („up“) in Isc could be observed after thymol addition (a), whereas in other tissues a decrease or no effect („down“) 

was observed (b). An increase in Gt was observed in all tissues after thymol addition, ruling out barrier effects as a cause for increases 

in Isc (c, d). The significance bars within graphs compare values taken immediately prior to addition of the agonist and after an 

incubation time of 10 minutes. The significance bars between graphs indicate that in the jejunum, the Isc values were higher in the 

“up” group from the start. Significant differences are marked as *, †, or ‡ (P < 0.05, P < 0.01 or P < 0.001). N/n = number of 

animals/number of tissues, identical for Gt and Isc 
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  Table 1. Solutions used in the Ussing chamber experiments. Mucosal and serosal solutions differed only by the addition 

of 16 mmol·l−1 glucose (serosal) and mannitol (mucosal), respectively, unless otherwise indicated. Solutions were adjusted 

to 300 mosmol·kg−1 with mannitol and were titrated to a pH of 7.4 (Tris, HCl). 

Item 

(mmol·l−1) 
Standard Na+ free1 Cl− low HCO3− free Ca2+ free EGTA2 

NaCl 120 0 0 120 120 120 

NaHCO
3
 25 0 25  25 25 

NaH
2
PO

4
 0.32 0 0.32 0.32 0.32 0.32 

MgSO
4
 1 1 1 1 1 1.15 

KCl 6.3 5.98 6.3 6.3 2 6.3 

CaCl
2
 2 2 2 2 0 0 

EGTA 0 0 0 0 0 1 

NMDGCl 0 120.32 0 0 0 4 

Choline-HCO
3
 0 25 0 0 0 0 

KH
2
PO

4
 0 0.32 0 0 0 0 

NaGlu 0 0 120 25 0 0 

HEPES 0 0 0 10 0 0 
1 Na+ free solution was used as mucosal free only or bilateral free solution. 2 The Ca2+ free solution with EGTA was used 

only on the mucosal side, the serosal side contained the standard solution. 
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6. General Discussion 

6.1. Electrogenic Transport of NH4+ in Porcine Intestinal Tissues  

The first part of this thesis focused on the effects of luminal ammonium administration in 

the different gastrointestinal compartments of pigs in the Ussing chamber model. The aim was 

to answer the question whether ammonium is absorbed by electrogenic processes and 

whether the involvement of TRP channels might play a role. Data were published in Paper 1 

(Chapter 4) (Manneck et al. 2021a). 

In a first step, ingesta samples from different segments of the porcine gastrointestinal 

tract were investigated. Ammonia concentrations in the mmol range were measurable in all 

compartments, with a steady increase from the duodenum with ~1.8 mmol·l-1 to the colon with 

~16.5 mmol·l-1 (Paper 1, Table 2). These values give some orientation, but it should be noted 

that the ammonia concentrations in the intestinal segments can deviate greatly from these 

values, depending on the composition of the feed. Thus, diets with increased protein and low 

crude fiber show significantly higher ammonia concentrations compared to diets with reduced 

protein or increased crude fiber (Pieper et al. 2014, 2012; Stumpff et al. 2013). 

In the subsequent experiments with the Ussing chamber technique, it was found that 

following the luminal application of an solution containing ammonium, there was a significant 

increase in the short circuit current (Isc) and conductance (Gt) in the different segments (Paper 
1, Figure 5 & 6, Table 4) that was reversible upon washout. This suggests that there is uptake 

of NH4+ ions across the epithelium, since electroneutral uptake in the form of NH3 would cause 

no change in Isc. However, an ammonia-induced stimulation of the secretion of Cl- or HCO3- 

could have similar effects. Accordingly, experiments with the withdrawal of these anions were 

performed which showed comparable results. Notably, in studies with rat colon, Cermak et al. 

(2002, 2000) also observed an increase in Isc after luminal administration of 30 mmol·l-1 

ammonium, but this maneuver had no effect on the serosal to mucosal or net flux of 

radioactively labeled 36Cl-. The same authors showed that at pH 7.4, luminal ammonium had 

an inhibitory effect on Na+ absorption. Cermak et al. (2002, 2000) ruling out the possibility that 

ammonia stimulated Na+ transport. A similar inhibition of Na+ transport by luminal ammonia 

was observed in the rumen at pH 7.4, although at the more physiological pH of 6.4, Na+ 

transport was stimulated (Abdoun et al. 2005), with both results most likely reflecting effects of 

intracellular pH on sodium-proton exchange (NHE). These results suggest that at least some 

transport of ammonia occurs in the form of NH4+, which can take place either through 

paracellular or transcellular pathways.  
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Since a gradient for NH4+ was present in these experiments, increased paracellular 

transport due to the (reversible) opening of tight junction proteins cannot be excluded. In Caco-

2 cells, reduced transepithelial resistance and increased dextran fluxes were observed by the 

administration of ammonium at various concentrations (Yokoo et al. 2021). However, changes 

in the paracellular barrier are typically observed in studies only after several hours (Yokoo et 

al. 2021). In the studies performed in this thesis, the effects were observed immediately after 

administration of ammonium and quickly returned to the original levels after washout.  

In a further approach, divalent cations, which are known to block most TRP channels, 

were removed in the presence of ammonia, resulting in a further increase in Isc that was again 

reversible. An increase of the Isc could also be observed when divalent cations were removed 

with an identical NaCl solution on both sides of the tissue. Since the potential across the tissue 

was clamped to 0 mV, this divalent-sensitive Isc cannot be explained by paracellular 

involvement, since there was no electrochemical gradient present to serve as a driving force 

(Paper 1, Figure 5 & 6, Table 3). These experiments prove that the tissue expresses a divalent 

sensitive, transcellular conductance to Na+. It appears likely that the divalent sensitive uptake 

of NH4+ occurred through the same transcellular pathway. However, it should be stressed that 

in particular under Ussing chamber conditions, a paracellular leak pathway or one mediated 

by tight junctions may well have contributed to the NH4+ induced current. 

Several mechanisms could play a role in the transcellular transport of NH4+ across 

gastrointestinal tissues. Given their ubiquitous distribution, K+ channels are an option that 

should not be ruled out (Rubino et al. 2019; Hall et al. 1992). However, the fact that the pathway 

was found to be divalent sensitive and permeable not only to NH4+, but also to Na+ argues 

against K+ selective channels and for the involvement of nonselective cation channels. As 

discussed in the introduction, transport of NH4+ via non-selective cation channels has emerged 

over the years from more detailed investigations of both Xenopus oocytes and of the ruminal 

epithelium by a variety of authors (Liebe et al. 2022, 2020; Rabbani et al. 2018; Schrapers et 

al. 2018; Rosendahl et al. 2016; Lu et al. 2014; Abdoun et al. 2005; Bödeker and Kemkowski 

1996; Burckhardt and Frömter 1992).  

It appears likely that in particular at less acidic pH, additional transport in the form of NH3 

takes place, for example, via rhesus proteins (Caner et al. 2015; Nakhoul et al. 2010, 2005), 

via aquaporins or via urea transporters (Weiner and Verlander 2017; Geyer et al. 2013a; 

Gunther and Wright 1983). Furthermore, an uptake of NH4+ via NHE as proposed for rat colon 

should not be ruled out (Cermak et al. 2002, 2000), although it cannot explain the increase in 

Isc. An involvement of NKCC appears unlikely, since this transporter is basolaterally expressed 

in the intestine. An additional increase in the conductance of the paracellular pathway is a 

possibility that cannot and should not be ruled out. 
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6.2. Expression of TRP Channels in the Porcine Gastrointestinal Tract 

Due to their low selectivity for various cations and as described above, TRP channels 

are prime candidate proteins that might mediate the transport of NH4+. Surprisingly little is 

known about the expression of the various TRP channels by tissues of the gastrointestinal 

tract. This is likely due to the low expression level of some channels in many tissues. In this 

context, note that carriers such as NHE typically do not transport more than 102 to 104 ions per 

second and molecule. Conversely, ion channels typically conduct around 107 to 108 ions per 

second and molecule (Fakler 2019), so that expression levels are typically only a small fraction 

of those observed for carriers. In addition, some TRP channels, such as TRPV5 and TRPV6 

show very strong similarities (Peng et al. 1999), making primer and antibody design difficult. 

Primer design is further complicated by additional splice variants of the channels or variations 

in the predicted sequences. One aim of the current thesis was to fill some of these gaps and 

to compare the expression of mRNA for several different TRP channels in different parts of the 

porcine gastrointestinal tract. 

Arguably, fairly much is known about the function and expression of TRPV6 in the 

gastrointestinal tract. This channel was classically known as ECaC2 or “epithelial calcium 

channel” since it plays an important role in the absorption of calcium (van Goor et al. 2017; 

Christakos et al. 2016; Schröder and Breves 2006). The current investigation confirms that the 

highest expression is found in the mucosa of the duodenum (Schröder and Breves 2006; 

Nijenhuis et al. 2003; Hinterding 2002), with lower expression in the mucosa of the cardia of 

the stomach, jejunum, caecum and colon (Paper 1, Figure 1). A TRPV5 primer was 

successfully constructed that showed a reliable band with weak expression in the duodenum, 

jejunum, and ileum by conventional PCR in gel electrophoresis, but no primer could be 

designed for qPCR studies that showed reliable separation from TRPV6, which is a problem 

that other authors have already described (Hinterding 2002). However, TRPV5 is thought to 

play a minor role in the gut (Christakos et al. 2016). 

Much less is known about TRPM6 and TRPM7 channels, which are highly selective for 

magnesium and therefore play significant roles in the absorption and homeostasis of this ion 

(Schlingmann et al. 2007; Voets et al. 2004b). In the current study of the porcine gut, mRNA 

for both channels was detected in all tissues of the mucosa and muscularis of the 

gastrointestinal tract (Paper 1, Figure 1). TRPM6 showed higher mRNA expression in the 

epithelium of the jejunum, caecum and colon, whereas TRPM7 seemed to be ubiquitous, which 

is in line with the proposed function of this channel as a general “housekeeper” of cellular Mg2+ 

homeostasis (Dimke et al. 2011). Although no data were found on the expression distribution 

of TRPM6 and TRPM7 in porcine intestinal segments, the results are consistent with the 

literature in other species (Holzer 2011; Rondón et al. 2008). 
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In contrast, TRPM8, which also belongs to the melastatin group, is less selective and 

conducts Na+ and Ca2+ (Janssens et al. 2016). In addition, TRPM8 can be activated by several 

phytogenic agents, such as menthol and thymol (Almaraz et al. 2014; Ortar et al. 2012; 

Bautista et al. 2007). The expression of TRPM8, though, could not be detected in the 

gastrointestinal tissues of porcine mucosa and muscularis. This is consistent with mouse and 

human studies, where mRNA was also not detected in the intestinal segments (Mihara et al. 

2010; Penuelas et al. 2007; Fonfria et al. 2006). However, some authors also describe an 

expression of TRPM8 in the mucosa of the stomach and small intestine of mice (Zhang et al. 

2004) or in the muscularis and mucosa of the distal colon in humans (Amato et al. 2020).  

Likewise, TRPV1 could not be detected in the mucosa and muscularis of the intestinal 

segments of the pigs in this study. However, studies of the human and mouse intestine have 

demonstrated TRPV1 expression in the distal colon and rectum, although expression levels 

were either very low or not detectible in the remaining areas of the gastrointestinal tract, being 

almost exclusively restricted to nerve fibers (Rizopoulos et al. 2018; Matsumoto et al. 2009; 

Funakoshi et al. 2006). The low expression level might explain why TRPV1 could not be 

detected in the experiments performed in this thesis. Furthermore, samples were taken from 

the mid-colon, and not from the distal colon, where expression appears to be significantly lower 

(Matsumoto et al. 2009). 

The expression of TRPV2 in the gastrointestinal tract has also been insufficiently 

examined. Studies of mice have shown that mRNA of TRPV2 is expressed in the muscularis 

of the stomach and small intestine, but not in the mucosa (Zhang et al. 2004). In contrast, 

TRPV2 expression has been described in the mucosa of the colon in humans (Toledo Mauriño 

et al. 2020) and in the small intestine of laying hens (Gloux et al. 2019). Moreover, TRPV2 

expression has been detected mainly in neurons of the gastrointestinal tract of mice and rats, 

but not in epithelial cells (Kashiba et al. 2004; Zhang et al. 2004). In our study of the porcine 

gut, TRPV2 mRNA expression was mainly seen in the mucosa of the small intestine, especially 

in the jejunum and ileum (Paper 1, Figure 1). In the mucosa of the stomach and colon, as well 

as in the muscularis of the gastrointestinal tract, expression levels of TRPV2 were weak.  

The expression of TRPV3 by transporting cells of the colon has long been described, 

but the function of this protein remains mysterious (Nilius et al. 2014; Holzer 2011). Due to its 

importance for NH4+ transport by the ruminal epithelium, detection of TRPV3 was performed 

both on the level of mRNA and on the protein level in this study, which led to some interesting 

observations. At the mRNA level, TRPV3 expression was detected exclusively in the mucosa 

of caecum and colon (Paper 1, Figure 1). However, further studies on the protein level showed 

that the epitope to which the TRPV3 antibody bound was expressed by all intestinal segments 

(Paper 1, Figure 3). A similar result was observed in immunohistological studies, where 
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expression of TRPV3 could be detected in all intestinal segments, albeit mainly localized to 

the apical membrane of the transporting epithelia, in addition to the gastric pits of the stomach 

(Paper 1, Figure 4). Furthermore, only the colon showed an additional weak band at the 

expected level of ~90 kDa, with a shorter band detected at ~60 kDa in all other tissues, 

including the colon (Paper 1, Figure 3). 

 Inconsistencies between mRNA and protein expression are not unusual and have 

been described in the literature many times (Greco et al. 2018; Cheng et al. 2016), so that 

various possibilities for this are likely. Xu et al. (2006) showed that mRNA expression is mainly 

found basally in the epithelial layers of the tongue, and the amount of TRPV3 protein seems 

to increase with progressive differentiation and epithelial migration. Since intestinal cells also 

migrate from the crypt base and differentiate further during this process, a similar mechanism 

is also conceivable here. Thus, high TRPV3 mRNA expression would be expected in the new 

intestinal cells in the crypt region, but high TRPV3 protein expression in the villus tip, as was 

found in this study. Indeed, rat colon showed that mRNA expression of TRPV3 was higher in 

crypt cells than in residual tissue (Kaji et al. 2012). As villi are very prominent in the small 

intestine, mRNA expression may not be detectable in mucosa samples due to insufficient 

levels of TRPV3 mRNA.  

However, another very likely reason for the mismatches between mRNA and protein 

expression of TRPV3 are different splice variants, which would also explain the differences 

observed in the Immunoblots. Various splice variants have been described for TRP channels, 

frequently leading to functional changes (Ramsey et al. 2006; Vázquez and Valverde 2006). 

In the case of TRPV3, several variants have been found (Yang and Zhu 2014; Smith et al. 

2002; Xu et al. 2002). Thus, in addition to the full ~90 kDa protein, a shorter ~60 kDa variant 

has been described in the mouse and bovine species (Paper 1, Supporting Tables A2 and 

A3), the full sequences of which are available (XM_015458625.2, NM_001099024.1, 

NM_145099.3, XM_006533348.3) (Church et al. 2009; Zimin et al. 2009). In addition, there is 

evidence for both of these variants in human and bovine keratinocytes (Liebe et al. 2021, 2020; 

Szöllősi et al. 2018). Since the TRPV3 channel is remarkably well preserved between different 

species (see Alignment in Paper 1, Supporting Table A3), and given the size of the bands in 

the immunoblots, it appears quite likely that the porcine species also expresses both of these 

TRPV3 variants.  

The initial goal was therefore to find a primer that would be suitable for different splice 

variants described. However, creating a suitable TRPV3 primer for both splice variants proved 

challenging and thus no suitable primer could be found, despite several attempts, as they 

always produced more than one prominent melting curve in PCR. In retrospect, this is not 

surprising since the short splice variant is a truncated part of the long splice variant and any 
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primer that will amplify the short variant should also amplify the long variant, thus producing at 

least two melting curves. 

Seen from this perspective, the discrepancy between the PCR and the 

Immunohistochemical results are explicable. Both variants of TRPV3 contain the epitope of 

the murine antibody that was used, and it thus bound to both the short ~60 kDa and the long 

~90 kDa variant. Conversely, the primer for amplification of mRNA only bound to the long, ~90 

kDa variant. It would thus appear that only the colon and the caecum expressed the full-length 

TRPV3 variant, while the shorter variant was expressed by all tissues of the porcine intestinal 

tract. Notably, the short variant does not include the pore region of the channel (see alignment 

in the supplement of Liebe et al. 2022). The truncated ~60 kDa splice variants of TRPV3 are 

thus unlikely to serve as channels and their function remains mysterious. But it is intriguing to 

note that fully functional TRPV3 channels are expressed by those gastrointestinal organs with 

the highest rate of ammonia absorption, namely, the colon, the caecum and (in ruminants) the 

rumen. 

Ueda et al. (2009) examined the expression of some TRP channels in murine intestinal 

sections and detected expression at the mRNA level in the distal colon but not in the stomach, 

duodenum, or proximal colon. Inspection of the primer used in that study reveals that it was 

also only suitable for the longer ~90 kDa variant. At the protein level, the distal colon also 

showed two prominent bands at different heights, but verification of the antibody used by Ueda 

is not possible due to lack of information on the binding epitope. Studies on TRPV3 mRNA 

expression in humans showed that very weak expression could also be detected in the 

stomach and small intestine, also using a primer that detected the full length of the gene (Xu 

et al. 2002). The authors showed in further Northern blot analyses that a splice variant probably 

exists in the stomach. De Petrocellis et al. (2012) demonstrated expression of TRPV3 mRNA 

in the jejunum and ileum of mice.  

TRPV4 expression was also examined at the mRNA and protein levels. This showed 

that at the mRNA level, expression was found in the mucosa and muscularis in all 

gastrointestinal sections, with the highest expression in the stomach (Paper 1, Figure 1). At 

the protein level, this picture could be confirmed and thus a clear band at the expected ~90 

kDa level could be seen in the examined mucosa samples of the different segments (Paper 1, 

Figure 2). Apart from the stomach, however, another band at the level of ~80 kDa could be 

detected. This could be due to a splice variant as described in other studies (Toft-Bertelsen 

and MacAulay 2021; Pritschow et al. 2011; Hartmannsgruber et al. 2007). Immunohistological 

studies of TRPV4 showed a similar picture to TRPV3, where staining was mainly found in the 

apical membrane of superficial epithelial cells in the intestinal segments and in the gastric pits 

of the stomach (Paper 1, Figure 4). In the literature, TRPV4 expression has been reported in 
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the stomach (Mihara et al. 2016), small intestine (De Petrocellis et al. 2012) as well as in the 

colon (Toledo Mauriño et al. 2020; D’Aldebert et al. 2011). TRPV4 is known as an osmosensor 

and this may be its primary function in the gastrointestinal tract, explaining its ubiquitous 

distribution. 

TRPA1 was detected at the mRNA level primarily in the mucosa of the caecum and 

colon, but also to a lesser extent in the stomach, duodenum, and jejunum. (Paper 2, Figure 1). 

In the muscularis of the gastrointestinal tract and in the mucosa of the ileum, the expression 

of TRPA1 was below the detection limit. It was not possible to find a suitable TRPA1 antibody 

for the pig because all antibodies used showed multiple or no bands in the Western blots 

performed, indicating nonspecific binding. The additional mouse samples in these 

experiments, which served as controls, made it clear that they were suitable for use in mice, 

as proposed by the distributer. 

Van Liefferinge et al. (2020) used a TRPA1 antibody that showed strong colocalization 

with chromogranin A positive cells in the pyloric region of the stomach of pigs in 

immunohistochemical studies, suggesting predominant expression in gastrin-releasing cells. 

In the small intestine, staining was associated with colocalization with GLP-1 positive cells in 

the same study. However, the authors did not mention how the antibody used was validated. 

Nevertheless, a consistent picture emerges in the literature, where TRPA1 expression in the 

gastrointestinal tract is described mainly in enteroendocrine cells (Bellono et al. 2017; Cho et 

al. 2014; Nozawa et al. 2009) and in peripheral nerve fibers (Yang et al. 2008; Zhang et al. 

2004). 

6.3. Possible Involvement of TRP Channels in the Transport of NH4+ 

 Molecular biological evidence in tissues alone is not sufficient to assess predictions 

about the function or relevance of the genes in question. Therefore, further studies using 

agonists declared to be specific were performed to determine whether there was functional 

relevance in the colon of TRPV3 and TRPV4, since expression for these two channels was 

detectable at the mRNA and protein levels in gastrointestinal tissues. Unfortunately, to date 

there is neither a highly specific agonist nor an antagonist for TRPV3, but 2-APB is considered 

a reliable and high potent agonist for TRPV3 (Hu et al. 2009). However, 2-APB also has 

agonistic effects on TRPV1, TRPV2, and TRPA1 (Gao et al. 2016; Hinman et al. 2006). In 

addition, it shows antagonistic effects on TRPC3, TRPC4, TRPC5, TRPC6, TRPC7, TRPM7, 

TRPM8 and TRPP1 (Talavera et al. 2020; Chokshi et al. 2012; Harteneck and Gollasch 2011; 

Hu et al. 2004) with no effects described for TRPV6 (Hu et al. 2004). In the experiments 

performed, 2-APB showed marked functional effects in the colonic mucosa with increased Gt 
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and decrease Isc under conditions with NaCl Ringer on both sides of the tissue (Paper 1, Figure 

7). 

On the basis of these effects, functional involvement of those TRP channels on which 

2-APB acts antagonistically appears unlikely, because this should have resulted in a decrease 

in both Isc and Gt, as observed in the rat caecum (Pouokam and Diener 2019). The involvement 

of TRPV1 should also be regarded as unlikely, as no mRNA expression was detected in the 

colon and TRPV1 has been detected almost exclusively in nerve fibers in the literature. For 

TRPV2, no expression in the superficial epithelium has been described so far either, which 

also suggests an involvement as unlikely (Zhang et al. 2004). This leaves TRPV3 or TRPA1. 

Activation of TRPA1 by the specific agonists cinnamaldehyde or allyl isothiocyanates always 

caused a reliable increase in Isc in studies conducted with the colon of pigs, mice, rats, and 

humans (Paper 2; Fothergill et al., 2016; Kaji et al., 2012). Conversely, TRPV3 also has a high 

permeability to K+ - which may be the reason why the Gt rose whereas the Isc decreased. 

The selectivity for cations is substantially different in TRPA1 and TRPV3. For permeation 

through an ion channel, the ions must interact with the binding site of the channel of the pore 

structure (Talavera and Nilius 2011; Owsianik et al. 2006). According to Eisenman's theory the 

biophysical properties of a pore and of the ions in question determine the extent to which these 

cations are conducted, leading to a total of 11 different permeability sequences (Table 1; 

Eisenman 1962). This model, which has been remarkably useful for modulation of channel 

permeation over many decades, assumes that permeation is determined by the competition 

between the energy released when an ion binds to the pore and the energy required for its 

dehydration. If the TRP channels in question are now observed, it becomes apparent that 

TRPA1 follows an Eisenman sequence XI (Talavera et al. 2020), whereas TRPV3 follows an 

Eisenman sequence IV (Liebe et al. 2020; Owsianik et al. 2006). Accordingly, activation of 

TRPA1 in the colon is expected to primarily increase absorption of Na+ with increasing Isc, 

whereas activation of TRPV3 is expected to increase both absorption of Na+ and secretion of 

K+, with the ultimate impact on Isc depending on the exact electrochemical gradients. If the 

tissue in question has a very negative membrane potential, an initial increase in Isc can be 

expected, reflecting influx of Na+, as observed in studies of the rumen (Liebe et al. 2022; 

Rosendahl et al. 2016). As the membrane potential becomes more depolarized due to the 

influx of Na+ or is less negative from the start, K+ secretion will predominate, and the Isc will 

decrease, as observed in the performed studies. In this context, the increase in Gt could be 

due to an increase in the opening of ion channels, an increase in the paracellular conductance 

or a combination of both. 
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Table 1 Eisenman sequences with associated selectivity of cations (Eisenman 1962) 

Sequence Selectivity 

I Cs+ > Rb+ > K+ > Na+ > Li+ 
IIa Cs+ > K+ > Rb+ > Na+ > Li+ 
II Rb+ > Cs+ > K+ > Na+ > Li+ 
IIIa K+ > Cs+ > Rb+ > Na+ > Li+ 
III Rb+ > K+ > Cs+ > Na+ > Li+ 
IV K+ > Rb+ > Cs+ > Na+ > Li+ 
V K+ > Rb+ > Na+ > Cs+ > Li+ 
VI K+ > Na+ > Rb+ > Cs+ > Li+ 
VII Na+ > K+ > Rb+ > Cs+ > Li+ 
VIII Na+ > K+ > Rb+ > Li+ > Cs+ 
IX Na+ > K+ > Li+ > Rb+ > Cs+ 
X Na+ > Li+ > K+ > Rb+ > Cs+ 
XI Li+ > Na+ > K+ > Rb+ > Cs+ 

 

Since TRPV4 also follows an Eisenman sequence IV (Owsianik et al. 2006; Voets et 

al. 2002) and there is similar expression in the colon compared to TRPV3, activation of TRPV4 

should lead to identical results. Indeed, using the highly specific TRPV4 agonist 

GSK1016790A (Thorneloe et al. 2017, 2008), a decrease in Isc with a concomitant increase in 

Gt (Paper 1, Figure 7) was observed. However, it should be noted that the concentration of 

the agonist was relatively high compared to what is effective in patch clamping (Liebe et al. 

2022). In conjunction with the molecular biological data, functional expression of TRPV3 may 

play important roles in the uptake of NH4+ from the colon, with contributions of TRPV4 playing 

a role throughout the intestine, in particular when the channel is activated by osmotic 

challenges. 

Studies in neurons have shown that ammonia causes activation of TRPC1, TRPV1, 

and TRPA1 channels (Balakrishnan and Mironov 2020; Dhaka et al. 2009). The activation of 

TRPA1 is thought to function via the modification of intracellular cysteine residues (Dhaka et 

al. 2009), a mechanism also described for cinnamaldehyde and allyl isothiocyanate 

(Macpherson et al. 2007; Hinman et al. 2006). Furthermore, studies using the patch-clamp 

technique showed that HEK-293 cells overexpressing the bovine or human TRPV3 exhibit a 

conductance for NH4+ that is nearly twice that for Na+ (Liebe et al. 2021, 2020; Schrapers et 

al. 2018). But other TRP channels also show conductivity for NH4+, as shown for TRPV4 and 

TRPV6 (Liebe et al. 2022; Voets et al. 2004a). 
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Transcellular transport of NH4+ should result in minimal changes of cytosolic pH (Figure 

2) although an acidification is expected if NH4+ is subsequently deprotonated. This can be the 

case if efflux occurs partially as NH3 or if NH3 is sequestered in organelles and converted to 

nitrogenous compounds (Musa-Aziz et al. 2009b). Transport of NH3, in contrast, should lead 

to an increase in intracellular pH, as more protons are bound.  

It should be stressed that in a majority of cell types exposed to solutions containing 

NH4+, the influx of NH3 initially predominates, leading to a rapid alkalinization (Worrell et al. 

2004; Helbig et al. 1988). Subsequently, a slower acidification can be observed (Boron 2004; 

Thomas 1984). After washout of NH4+, the cell returns to a cytosolic pH that is more acidic than 

at the beginning of the experiment. The classical explanation for the acidification of cells by 

what is known as the “NH4Cl-prepuls technique” is that initially, influx of NH3 predominates until 

there is an equilibration of NH3, preventing further influx of NH3 (Boron 2004). However, there 

is simultaneously an influx of NH4+, which dissociates into NH3 and H+ until equilibrium prevails 

across the membrane for this ion as well. After removal of external NH4Cl, outflow occurs 

predominantly in the form of NH3, which leads to acidification of the cell, while efflux of NH4+ is 

prevented by the negative membrane potential (Marcaggi and Coles 2001; Boron and De Weer 

1976).  

However, not all cells respond in this manner. Experiments on native Xenopus oocytes 

have shown that an immediate acidification of intracellular pH occurs after the addition of 

ammonium chloride, suggesting that from the start, influx of NH4+ predominates (Liebe et al. 

2020; Musa-Aziz et al. 2009b; Burckhardt and Frömter 1992). Unlike the immediate pH 

recovery observed in most cell types, washout after an NH4Cl prepuls in Xenopus Oocytes is 

very slow, suggesting a very limited permeability of the membrane to NH3. A similar picture 

was also seen in astrocytes (Nagaraja and Brookes 1998) or the epithelium of the rumen 

(Rosendahl et al. 2016; Lu et al. 2014). Furthermore, in the ruminal epithelium, application of 

NH4Cl at pH 6.4 stimulated uptake of Na+ via NHE, further arguing for an uptake of ammonia 

in the protonated form as NH4+ (Abdoun et al. 2005).  

Our attempts to observe the effects of NH4Cl on native porcine epithelium using double-

barrelled ion-selective microelectrodes failed despite extensive attempts, which may have 

been due to the fragility of the single-layered epithelial cells. In the rumen, multiple layers of 

cells are covered by the thick layers of the stratum corneum, which greatly facilitates such 

experiments (Rosendahl et al. 2016; Lu et al. 2014). 

6.4. Effect of Phytogenic Agents and Modes of Action in the Intestine 

The second part of this thesis focused on the electrophysiological effects of phytogenic 

TRP modulators in the jejunum and especially the colon of pigs. Data were published in Paper 
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2 (Chapter 5) (Manneck et al. 2021b). The use of these phytogenic substances could be 

particularly interesting from a pharmacological point of view to improve health. However, little 

is known so far about the exact mode of action of these agonists. Further complicating matters 

is the fact that many of the phytogenic agents appear to have other, non-TRP-mediated 

mechanisms of action. 

To investigate the effect of the potent TRPA1 agonist cinnamaldehyde on colonic 

epithelium, the underlying mechanisms were investigated in Ussing chambers with the help of 

different blockers and solutions. Addition of 100 µmol·l-1 cinnamaldehyde under NaCl Ringer 

conditions showed no effects in the colon or jejunum (Paper 2, Figure 2 and Supplementary 

Materials Figure S1). However, at a concentration of 1 mmol·l-1 cinnamaldehyde, there was an 

increase in Isc and Gt, which was reversible after washout. As discussed above, the increase 

in Isc under conditions with no electrochemical gradient present must represent transcellular 

transport energized by a primary active transport process, such as the Na+-K+-ATPase. 

Similar observations were made in studies using rat colon (Kaji et al. 2012), mouse 

duodenum and colon (Fothergill et al. 2016) or porcine jejunum (Boudry and Perrier 2008). 

However, here a smaller concentration of 100 µmol·l-1 cinnamaldehyde showed significant 

effects. One reason for this could be the mucus layer of the colon or also a different genetic 

background of the animals. However, it should be noted that other research groups at the 

laboratory also only saw effects at higher concentrations in the jejunum of pigs with the same 

genetic background, even when using other phytogenic agents. Interestingly, when using colon 

tissue from adult pigs from the slaughterhouse, a much greater increase in Isc was observed 

after the addition of 1 mmol·l-1 cinnamaldehyde. This could be due to a different genetic 

background, but also to the age difference or the fact that these animals were fasted before 

slaughter in contrast to the younger animals. However, in the course of the study it became 

clear that the use of slaughter animals should be considered inappropriate for several reasons: 

1) The baselines of Isc and Gt showed greater variation between animals. 2) Tissue removal is 

delayed due to the slaughter process, which may result in reduced tissue viability. 3) Clearly 

stronger animal-dependent differences in the effects could be observed, although the causes 

(e.g. impaired vitality) for this were always unclear. A striking observation was that theophylline 

(which stimulates Cl- secretion via a cAMP dependent pathway from crypt cells) continued to 

show effects, while agents with effects on apically expressed channels often showed no effect. 

This suggests that cells of the surface epithelium may have been degraded by various 

processes following slaughter, although crypt cells remained intact. Reasons for this may 

include insufficient supply with oxygen through the thick mucus layer followed by microbial 

invasion. 
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It can be assumed that apical receptors for cinnamaldehyde are necessary for the 

observed electrophysiological effects in the colon, since they were observed only after the 

addition of 1 mmol·l-1 cinnamaldehyde on the mucosal side or after bilateral addition, but not 

after serosal addition (Paper 2, Figure 3). As a receptor, TRPA1 is the main candidate, since 

it shows apical epithelial expression in the colon and small intestine, especially in 

enteroendocrine cells (Bellono et al. 2017; Kaji et al. 2012) and was detected by us in the 

mucosa of the porcine colon via qPCR. For this reason, further studies were conducted using 

different blockers or solutions to better understand the mechanism of action. It was found that 

the manipulation of cation concentration and their channels mainly showed an effect on Gt, 

whereas the manipulation of anion concentration and their channels mainly had an effect on 

Isc (Paper 2, Figure 4, Table 1 & 2). Thus, removal of divalent calcium ions significantly 

increased the cinnamaldehyde-induced increase in Gt, whereas removal of monovalent Na+ 

ions resulted in a reduction of the Gt increase. This seems logical, since it has already been 

demonstrated that divalent cations can have a blocking effect on TRP channels, so that their 

elimination can lead to increased transport of monovalent cations (Schrapers et al. 2018; 

Owsianik et al. 2006). The reduction of the Gt increase after Na+ elimination can be explained 

by the fact that a reduced transport of cations through the TRP channels occurs, with 

paracellular transport a further option. Channel-mediated effects are supported by the effect 

of quinidine, a nonspecific blocker of cation channels, which also reduced the cinnamaldehyde-

induced Gt increase. However, it should also be noted at this point that for the solutions in 

which Na+ was eliminated, NMDG+ was substituted as a compensating substance. NMDG+ is 

a very large cation, but studies showed that despite its size, it can also be transported to some 

extent through cation channels (Schrapers et al. 2018; Xu et al. 2002). Here, it probably has a 

similar blocking effect as divalent cations, which may have led to an additional blocking effect 

on the Gt increase. Differences in the cinnamaldehyde-induced Isc increase compared to 

control could not be observed under these interventions, most likely because efflux of K+ 

occurs in addition to influx of Na+, so that a block of both conductances by quinidine does not 

lead to a change in the net transport of ions.  

The Isc increase after cinnamaldehyde addition in the colon is mainly due to the secretion 

of anions, especially HCO3-, via a prostaglandin-mediated cascade. This can be concluded 

from the fact that the cyclooxygenase inhibitor indomethacin led to a significant reduction of 

the cinnamaldehyde-induced Isc increase, which was also seen after the elimination of HCO3- 

from the solution. This conclusion is further supported by effects of the non-specific anion 

channel blocker NPPB, which also decreased the cinnamaldehyde-induced Isc rise. Cl- ions 

appear to play a minor role in this response, as the basolateral NKCC1 blocker bumetanide or 

removal of Cl- ions from the solution did not show significant Isc effects. 
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A similar prostaglandin-dependent activation of anion secretion has been observed after 

activation of TRPA1 by luminal application of the synthetic TRPA1 agonist allyl isothiocyanate 

(AITC) in the colon of humans, rats, and mice (Fothergill et al. 2016; Kaji et al. 2012). The 

exact reasons for this remain to be clarified, but some speculation is possible. Prostanoids 

such as PGE2 are anions that are synthesized from membrane phospholipids via 

cyclooxygenase-mediated pathways and secreted. Signalling ends when the anionic 

prostaglandin is taken up into the cytosol via an electrogenic anion exchanger, OATP2A1 

(SLCOA1), after which the prostaglandin is degraded by cytosolic enzymes (Nakanishi et al. 

2021; Nakanishi and Tamai 2017). It is possible to speculate that opening of TRPA1 by 

agonists such as AITC or cinnamaldehyde leads to a depolarization of the cell after influx of 

Na+ and Ca2+. This depolarization would interfere with the reuptake of negatively charged 

PGE2 via OATP2A1, leading to increased binding of PGE2 to its receptor EP4 with subsequent 

formation of cAMP and secretion via CFTR.  

But other hypotheses are possible. Thus, following activation of TRPA1 in 

enterochromaffin cells, a release of serotonin has been reported (Bellono et al. 2017; Nozawa 

et al. 2009). Serotonin, in turn, leads to the secretion of HCO3- after binding to its receptors 

and is well studied in the duodenum (Hansen and Witte 2008). Serotonin also leads to HCO3- 

secretion in the colon, as shown by studies in the rat (Kaji et al. 2015). On the other hand, it is 

not clear how prostaglandin signalling comes into this model of cinnamaldehyde effects. 

Furthermore, studies with mouse duodenum and colon showed that blocking of the serotonin 

receptors 5-HT3 and 5-HT4 did not result in any change in the induced current after the addition 

of AITC, so further research is needed on this aspect (Fothergill et al. 2016).  

Intracellular organelles, such as the endoplasmic reticulum, endosomes, etc., could also 

play a role, since TRP channels are frequently expressed by subcellular membranes, but 

research on their precise role is lacking (Gees et al. 2010). Notably, activation of the EP4 

receptor may also lead to increased formation of mucins (Akaba et al. 2018; Belley and Chadee 

1999). This assumption is also confirmed by in vivo results in rats, where cinnamaldehyde 

supplementation led to increased expression of the mucin gene Muc2 (Qi et al. 2021). 

When the TRPV3 agonist thymol was used, a more variable response pattern was 

observed, and the effects were mostly animal-specific. Although the addition of thymol also 

always led to an increase in Gt, the Isc responses were highly variable (Paper 2, Figure 5, 

Supplementary Materials Figure S4). In some cases, there was an increase in Isc, but in many 

tissues, a direct decrease in Isc was observed. A similar picture was also seen in a few 

experiments with other TRP agonists, such as carvacrol or linalool. In contrast to the relatively 

specific phenylpropanoid TRPA1 agonist cinnamaldehyde, thymol, carvacrol and linalool are 

monoterpenes and activate TRPV3, but also TRPA1 (Nilius et al. 2012; Vogt-Eisele et al. 
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2007). As discussed above, TRPA1 has a higher selectivity for Na+ and Ca2+ over K+ than 

TRPV3. Activation of TRPV3 should thus lead to increased efflux of intracellular K+ with a 

corresponding decrease in Isc, as was seen after the addition of the TRPV3 agonist 2-APB 

(Paper 1, Figure 7). Conversely, an increase in Isc could follow TRPA1 activation, as was 

observed after application of cinnamaldehyde. Interestingly, even in tissues that showed an 

increase in Isc, thymol led to lower increases in Isc than cinnamaldehyde, despite a similar 

increase in Gt. This may indicate a combined effect of thymol on both Na+ absorption and K+ 

secretion (Paper 2, Figure 6e).  

Interestingly, the TRPA1 blocker HC-030031 blocked the thymol-induced Isc in the rat 

colon (Kaji et al. 2011). Furthermore, a neuronal component may also be involved, as 

experiments in porcine small intestine showed that thymol-induced current could be inhibited 

by tetrodotoxin (Blocker of voltage-gated sodium channels of nerve cells) and hexamethonium 

(nicotinic receptor antagonist) (Boudry and Perrier 2008). However, this could not be confirmed 

with experiments in rat colon (Kaji et al. 2011). Accordingly, these TRP agonists appear to 

have additional mechanisms of action that remain to be explored in more detail. This is also 

true for effects of cinnamaldehyde on the jejunum. In contrast to the colon, where apical 

application was necessary, in the jejunum a basolateral application also led to effects (Paper 
2, Figure 3, Supplementary Materials Figure S2). This suggests a more complex mechanism 

of action, possibly involving submucosal neurons.  

6.5. Practical Application of Phytogenic Agents in Livestock Feeding and 

their Effects on Performance, Health and the Environment 

In livestock feeding, the described TRP modulators are increasingly being used with 

positive effects on animal performance and health. Thus, many studies show a positive effect 

of phytogenic components on daily growth performance or feed conversion rate (Franz et al. 

2010; Costa et al. 2013; Windisch et al. 2008). It is possible to speculate that this effect may 

be related to enhanced uptake of cations from the diet, such as Ca2+, but possibly also Mg2+ 

or other trace minerals. 

In addition, some studies have also shown that the substances used have effects on 

fecal ammonia production. Unfortunately, most of these studies worked with natural 

compounds such as dried spices, herbs or essential oils, so that the exact concentration of the 

individual active ingredients is often unknown and further additional effects may occur due to 

other active ingredients. Feeding mentha piperita (menthol) to caecal fistulated pigs was 

shown to result in a reduction in the emissions of ammonia from the caecal content (Ushida et 

al. 2002). When a mixture of fenugreek, clove (eugenol) and cinnamon (cinnamaldehyde) was 

used on weaned piglets, a numerical reduction in ammonia emissions were observed (Kim et 
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al. 2015; Cho et al. 2005). Similar effects were also observed in chickens, where feeding 

essential oil from oregano (thymol, carvacrol), anise (anethol) and citrus peel powder (citral) 

reduced ileal ammonium concentration (Hong et al. 2012). However, provided that more 

ammonia was absorbed from the ileum following the application of these TRP channel 

agonists, this would have led to a higher rate of renal excretion, with the negative effects 

mentioned in the introduction. It is thus clear that far more work needs to be done. 

It is commonly believed that the positive effects of phytogenic agents on animal growth 

and reduced emission of ammonia are due to a change in the microbiota with concomitant 

reduction of pathogens, toxins and their metabolites, such as ammonia or biogenic amines 

(Windisch et al. 2008). Frequently, a “destabilization” of the bacterial membrane is mentioned 

as a causative effect. Given the ubiquitous expression of TRP channels, an opening of these 

channels by the herbal agonists with subsequent influx of Ca2+ and bacterial apoptosis appears 

to be more likely. However this may be, it should be noted that relatively high concentrations 

are required for antimicrobial activity (Franz et al. 2010; Calsamiglia et al. 2007) that are not 

tolerated in animal feed. In addition, many of the active components are rapidly absorbed into 

the body or even degraded to inactive forms. Thus, studies with the use of carvarcrol, thymol, 

eugenol or trans-cinnamaldehyde in pigs showed that up to 100 % are already absorbed in the 

stomach and proximal intestine (Van Noten et al. 2020; Michiels et al. 2008). 

Microencapsulation of these substances may delay absorption (Omonijo et al. 2018), but it 

remains questionable how much of the active ingredients are still available in sufficient 

concentration in the segments of the large intestine. Indeed, Piva et al. (2007) showed that 

microencapsulation of vanillin resulted in detectable concentrations in the stomach, as well as 

in the proximal and distal jejunum, but not in the ileum or colon. Nevertheless, some studies 

have demonstrated that feeding phytogenic agents results in a change in the intestinal flora of 

pigs (Vanrolleghem et al. 2019; Maenner et al. 2011; Castillo et al. 2006; Manzanilla et al. 

2004). It remains to be clarified whether the alteration of the microbiota, especially in distal 

intestinal segments, is due to the antimicrobial effect of the phytogenic agents or whether other 

mechanisms are causative, such as altered availability of nutrients including proteins, or a 

higher rate of secretion of pro- or antibacterial substrates, buffers or enzymes from more 

proximal intestinal segments in response to TRP channel activation. 

In comparison, targeted activation of TRP channels in the intestinal tract, including the 

colon, could be achieved with much lower concentrations of the phytogenic agents, since they 

are already effective in the lower µmol range (Talavera et al. 2020; Premkumar 2014). In this 

context, activation of bicarbonate secretion (e.g. via cinnamaldehyde) should be useful for 

buffering colonic pH and thus, stabilizing the microbial flora. Furthermore, activation of TRP 

channels could increase the influx of NH4+ into the epithelial intestinal cell. Metabolization and 
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synthesis of amino acids such as glutamine and arginine may already partially occur here 

(Eklou-Lawson et al. 2009; James et al. 1998a, b). Moreover, activity of glutamine synthetase 

is higher in colonocytes than in enterocytes of small intestine (Andriamihaja et al. 2010). Thus, 

feeding of phytogenic agents with menthol as the main substance in sheep showed an increase 

in amino acids such as glutamine, glutamate, asparagine and aspartate in blood serum (Patra 

et al. 2019). Glutamine serves multiple functions in the body. Thus, it serves as a major source 

of energy for enterocytes. Furthermore, glutamine serves as a transport shuttle for ammonia 

to the kidney, where deamination follows with secretion of NH3 and subsequent binding of 

protons. On the other hand, glutamine is considered a semi-essential amino acid that serves 

as a precursor of other non-essential amino acids. Glutamine can be rate-limiting for 

performance, in particular during infection, pregnancy, growth or milk production (Xiao et al. 

2016; d’Paula et al. 2014; Meijer et al. 1993). Accordingly, the positive effect on growth and 

feed conversion rate by the use of phytogenic agents could be partly due to increased 

metabolization of ammonia to amino acids and proteins by initial activation of TRP channels. 

This potential effect of TRP channel agonists should be further investigated in future studies. 
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7. Summary 

Functional and molecular biological studies of the absorption of ammonia 
across porcine intestinal epithelia 

The high ammonia emissions associated with pig fattening have serious consequences 

for the health of the animals, the people who care for them, and the global climate. For 

example, about 50 % of fattening pigs undergo severe pneumonia with identifiable scarring of 

the lung tissue in the course of their lives (Hillen et al. 2014; Maes et al. 2001; Grest et al. 

1997). The source of this ammonia is degradation of protein within the gut, which is absorbed, 

detoxified by the liver and renally excreted. Most steps of this process have been investigated 

in detail. However, the mechanism by which ammonia is absorbed from the intestine continues 

to be unclear. Previous studies suggest that certain members of the TRP channel family 

contribute to uptake of ammonia in the form of NH4+ from the rumen. The aims of the present 

thesis were to investigate evidence for a channel-mediated uptake of NH4+ from the various 

parts of the porcine intestine, to study the expression of certain relevant members of the TRP 

family by the gut and to explore the effects of selected phytogenic agonists with a potential 

effect on these channels. A better understanding of the absorption mechanisms from the 

gastrointestinal tract of the pig is a prerequisite for the development of rational strategies in 

breeding and feeding with the aim of reducing ammonia excretion in fattening farms. 

Within the context of the two studies presented in this thesis, the expression levels of 

nine different TRP channels were studied and compared at mRNA level in the stomach (cardia 

and fundus), duodenum, jejunum, ileum, caecum and colon, always distinguishing between 

tissues of epithelial or muscular origin. While TRPV2, TRPV3, TRPV4, TRPV6, TRPM6, 

TRPM7, and TRPA1 could be detected in various segments of the porcine gastrointestinal 

tract, no evidence could be found for the expression of TRPV1 and TRPM8. Two channels 

with potential relevance for NH4+ transport, TRPV3 and TRPV4, were investigated further at 

protein level by immunoblot and immunohistochemistry, showing a predominant staining of the 

apical membrane of the epithelium in all segments. While TRPV4 was expressed throughout 

the gastrointestinal tract, mRNA data suggest that expression of the full-length TRPV3 protein 

is limited to those segments with the highest absorption of ammonia, namely caecum and 

colon. Via the Ussing chamber technique, functional evidence of TRPV3 and TRPV4 was 

obtained using the selective agonists 2-APB and GSK106790A. In line with a functional 

expression of these channels, electrogenic transport of NH4+ could be observed and was found 

to be further enhanced by the removal of divalent cations. In conjunction, the results suggest 

that the transport of NH4+ across the caecum and colon of the pigs may involve TRPV3, with 

possible further contributions of TRPV4. 
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In the second study, the electrophysiological effects of the TRPA1 agonist 

cinnamaldehyde and the TRPV3 and TRPA1 agonist thymol were investigated in the colon of 

pigs. For this purpose, the Ussing chamber technique and the use of different blockers and 

solutions were used to investigate the mechanism of action in more detail. It was shown that 

the effect of cinnamaldehyde in the colon is most likely due to HCO3- mediated secretion by a 

prostaglandin-mediated signalling cascade following activation of TRPA1. In contrast, the 

electrophysiological effects after thymol addition were diverse, suggesting different 

mechanisms of action, which need to be investigated in more detail in further studies. 

The results presented provide an overview of the expression pattern of nine different 

TRP channels in seven different parts of the porcine gastrointestinal tract. Furthermore, 

evidence is presented for the electrogenic transport of ammonia in the form of NH4+. Functional 

data suggest a direct involvement of TRPV3 and TRPV4 in colonic transport, while TRPA1 

modulates transport via a prostaglandin-dependent signalling cascade. By targeted 

modulation of these channels, e.g. by phytogenic agents, it seems possible to influence the 

transport and metabolism of cations, including the physiologically relevant NH4+ ion. 

Compounds with a selective inhibitory effects on the absorption of NH4+ from the hindgut are 

thus conceivable, but have yet to be developed. However, the use of currently available 

phytogenic agents, such as cinnamaldehyde, may result in other positive effects, such as the 

stimulation of bicarbonate secretion with buffering of protons in the lumen.  
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8. Zusammenfassung 

Funktionelle und molekularbiologische Untersuchungen zur Resorption von 
Ammoniak über intestinale Epithelien des Schweins 

Die mit der Schweinemast verbundenen hohen Ammoniakemissionen haben 

schwerwiegende Folgen für die Gesundheit der Tiere, der Menschen, die sie versorgen, und 

das Weltklima. So erleiden etwa 50 % der Mastschweine im Laufe ihres Lebens eine schwere 

Lungenentzündung mit nachweisbarer Vernarbung des Lungengewebes (Hillen et al. 2014; 

Maes et al. 2001; Grest et al. 1997). Die Quelle des Ammoniaks ist der Abbau von Eiweiß im 

Darm, welches absorbiert, von der Leber entgiftet und über die Nieren ausgeschieden wird. 

Die meisten Schritte dieses Prozesses sind im Detail untersucht worden. Der Mechanismus, 

über den Ammoniak aus dem Darm absorbiert wird, ist jedoch nach wie vor unklar. Frühere 

Studien legen nahe, dass bestimmte Mitglieder der TRP-Kanalfamilie zur Aufnahme von 

Ammoniak in Form von NH4+ aus dem Pansen beitragen. Ziel der vorliegenden Arbeit war es, 

Hinweise für eine kanalvermittelte Aufnahme von NH4+ aus den verschiedenen Teilen des 

Schweinedarms zu überprüfen, die Expression bestimmter relevanter Mitglieder der TRP-

Familie im Darm zu ermitteln und die Auswirkungen bestimmter phytogener Agonisten mit 

potenzieller Wirkung auf diese Kanäle zu untersuchen. Ein besseres Verständnis der 

Absorptionsmechanismen aus dem Magen-Darm-Trakt des Schweins ist eine Voraussetzung 

für die Entwicklung rationaler Strategien in der Zucht und Fütterung mit dem Ziel, die 

Ammoniakausscheidung in Mastbetrieben zu reduzieren. 

Im Rahmen der beiden in dieser Arbeit vorgestellten Studien wurden die 

Expressionsniveaus von neun verschiedenen TRP-Kanälen auf mRNA-Ebene in Magen 

(Kardia und Fundus), Duodenum, Jejunum, Ileum, Zäkum und Kolon untersucht und 

verglichen, wobei zwischen den Geweben auf epithelialem oder muskulärem Ursprung 

unterschieden wurde. Während TRPV2, TRPV3, TRPV4, TRPV6, TRPM6, TRPM7 und 

TRPA1 in verschiedenen Segmenten des Magen-Darm-Trakts von Schweinen nachgewiesen 

werden konnten, gab es keine Hinweise auf die Expression von TRPV1 und TRPM8. Zwei 

Kanäle mit potenzieller Relevanz für den NH4+-Transport, TRPV3 und TRPV4, wurden auf 

Proteinebene mittels Immunoblot und Immunhistochemie weiter untersucht und zeigten eine 

überwiegende Färbung der apikalen Membran des Epithels in allen Segmenten. Während 

TRPV4 im gesamten Gastrointestinaltrakt exprimiert wurde, deuten die mRNA-Daten darauf 

hin, dass die Expression des TRPV3-Proteins in voller Länge auf die Segmente mit der 

höchsten Ammoniakaufnahme, nämlich Zäkum und Kolon, beschränkt ist. Mit Hilfe der Ussing-

Kammertechnik wurde ein funktioneller Nachweis von TRPV3 und TRPV4 unter Verwendung 

der selektiven Agonisten 2-APB und GSK106790A erbracht. Im Einklang mit einer 
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funktionellen Expression dieser Kanäle konnte ein elektrogener Transport von NH4+ 

beobachtet werden, der durch die Entfernung von zweiwertigen Kationen noch verstärkt 

wurde. Die Ergebnisse deuten darauf hin, dass am Transport von NH4+ durch das Zäkum und 

dem Kolon von Schweinen TRPV3 beteiligt sein könnte, wobei TRPV4 möglicherweise weitere 

Beiträge leistet. 

In der zweiten Studie wurden die elektrophysiologischen Wirkungen des TRPA1-

Agonisten Zimtaldehyd und des TRPV3- und TRPA1-Agonisten Thymol im Kolon von 

Schweinen untersucht. Zu diesem Zweck wurde die Ussing-Kammertechnik und die 

Verwendung verschiedener Blocker und Lösungen eingesetzt, um den Wirkungsmechanismus 

genauer zu untersuchen. Es zeigte sich, dass die Wirkung von Zimtaldehyd im Dickdarm 

höchstwahrscheinlich auf eine HCO3- vermittelte Sekretion durch eine Prostaglandin-

vermittelte Signalkaskade nach Aktivierung von TRPA1 zurückzuführen ist. Im Gegensatz 

dazu waren die elektrophysiologischen Effekte nach Thymol-Zugabe vielfältig, was auf 

unterschiedliche Wirkmechanismen hindeutet, die in weiteren Studien noch genauer 

untersucht werden müssen. 

Die vorgestellten Ergebnisse geben einen Überblick über das Expressionsmuster von 

neun verschiedenen TRP-Kanälen in sieben verschiedenen Teilen des Magen-Darm-Trakts 

von Schweinen. Darüber hinaus gibt es Hinweise auf den elektrogenen Transport von 

Ammoniak in Form von NH4+. Funktionelle Daten deuten auf eine direkte Beteiligung von 

TRPV3 und TRPV4 am Transport im Kolon hin, während TRPA1 den Transport über eine 

Prostaglandin-abhängige Signalkaskade moduliert. Durch gezielte Modulation dieser Kanäle, 

z. B. durch phytogene Wirkstoffe, scheint es möglich, den Transport und den Stoffwechsel von 

Kationen, einschließlich des physiologisch relevanten NH4+-Ions, zu beeinflussen. Wirkstoffe 

mit einer selektiven Hemmwirkung auf die Absorption von NH4+ aus dem Dickdarm sind daher 

denkbar, müssen aber noch entwickelt werden. Die Verwendung derzeit verfügbarer 

Phytogene, wie z. B. Zimtaldehyd, kann jedoch zu anderen positiven Effekten führen, wie z. 

B. zur Stimulation der Bikarbonatsekretion mit Pufferung von Protonen im Lumen. 
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