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Gastrin and Nitric Oxide Production in Cultured Gastric Antral Mucosa Are Altered in Response to a Gastric Digest of a Dietary Supplement
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In vitro organ culture can provide insight into isolated mucosal responses to particular environmental stimuli. The objective of the present study was to investigate the impact of a prolonged culturing time as well as the addition of acidic gastric fluid into the in vitro environment of cultured gastric antral tissue to evaluate how altering the commonly used neutral environment impacted tissue. Furthermore, we aimed to investigate the impact of G's Formula, a dietary supplement for horses, on the secretion of gastrin, interleukin1-beta (IL-1β), and nitric oxide (NO). These biomarkers are of interest due to their effects on gastric motility and mucosal activity. Gastric mucosal tissue explants from porcine stomachs were cultured in the presence of a simulated gastric fluid (BL, n = 14), simulated gastric fluid containing the dietary supplement G's Formula (DF, n = 12), or an equal volume of phosphate buffered saline (CO, n = 14). At 48 and 60 h, 10−5 M carbachol was used to stimulate gastrin secretion. Cell viability was assessed at 72 h using calcein and ethidium-homodimer 1 staining. Media was analyzed for gastrin, IL-1β, and NO at 48, 60, and 72 h. There were no effects of treatment or carbachol stimulation on explant cell viability. Carbachol resulted in a significant increase in gastrin concentration in CO and DF treatments, but not in BL. NO was higher in CO than in BL, and NO increased in the CO and DF treatments but not in BL. In conclusion, the addition of carbachol and gastric digests to culture media did not impact cell viability. The use of an acidic gastric digest (BL) reduced the effect of cholinergic stimulation with carbachol at a concentration of 10−5 M and reduced NO secretion. The addition of the dietary supplement to the gastric digest (DF) appeared to mediate these effects within this model. Further research is required to evaluate the specific effects of this dietary supplement on direct markers of mucosal activity and the functional relevance of these results in vivo.
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INTRODUCTION

Gastric motility is a strictly regulated physiological function that relies on physical, chemical, and neurological signals to integrate information from the gastric environment. Dysregulation of any of the integrated signals can result in gastric motility disorders. Furthermore, there are neurological and hormonal mechanisms that integrate signals from distal regions of the gastrointestinal (GI) tract that significantly influence gastric motility in vivo. Ileal break is a principal nutrient-triggered control mechanism that acts to slow gastric motility following the ingestion of a meal (1). This feedback mechanism relies on signals from the distal small intestine that act to delay gastric emptying, thus enabling improved nutrient absorption. Infusion of short-chain fatty acids into the distal ileum can induce gastroparesia (2, 3), which has been linked to humoral control involving peptide YY (4). In horses, inappropriate GI motility has been associated with several critical conditions including colic, obstructive disorders, and ileus (5). Nutritional options for optimizing equine gastric health using dietary feed supplements and additives are appealing alternatives to pharmaceutical treatment of GI disorders.

G's Formula™ (GF), manufactured by G's Organic Solutions INC. (BC, CANADA), is an equine dietary supplement formulated to optimize equine GI health. It is composed of whole food ingredients including dried cabbage, carrot, oat flour, and hemp. Both cabbage (Brassica oleracea var. capitata) and carrot (Daucus carota L.) have demonstrated anti-ulcerogenic, analgesic, and anti-inflammatory properties, and have historically been used to enhance and maintain GI health (6, 7). Beta-glucans, polysaccharides in which β-glucosidic bonds link glucose monomers, are prevalent in cereals such as wheat, oats, and barley. The antioxidant activity and immunomodulatory characteristics of beta-glucans contribute to their positive health benefits (8). The combination of ingredients in GF were selected based on their historical use in promoting and maintaining GI health.

The stomach has a pH of ~2 (9). Therefore, culturing mucosa in an acidic environment may create a model that is more reflective of the physiological conditions to which the gastric mucosa is commonly exposed. The hormone gastrin, secreted by G cells in the pyloric antrum of the stomach, is an important stimulus for gastric acid secretion and promotes epithelial cell proliferation (10). While increased gastric pH promotes gastrin secretion, the presence of gastric acid in the stomach stimulates antral D cells to secrete somatostatin (St), which, in a negative feedback mechanism, inhibits G-cell secretion of gastrin (10). Other biomarkers of interest involved in regulating the gastric environment include nitric oxide (NO) and interleukin 1-beta (IL-1β). Both these signals have been reported to have protective and deleterious impact on the ability of the gastric mucosa to withstand damage from luminal stimuli and acid (11). Exposure of tissue to a stimulated environment provides a means to evaluate feedback systems that exist between these biomarkers. Furthermore, gastric smooth muscle cells contain gastrin receptors (12), and both exogenous (13) and endogenous (14) gastrin have been found to influence gastric motility. NO is an important molecular signal within the GI tract. Low concentrations of NO are crucial for maintaining mucosal defenses such as epithelial barrier function and microcirculation (15). NO is involved in the control of GI motility via inhibitory pathways, acting directly as a stimulus for inhibitory neurotransmitter release and indirectly as inhibitor of stimulatory neurotransmitters (16). IL-1β released by the rat stomach retards gastric emptying (17, 18). It has been reported to potentiate CaCl2-induced contractions in rat isolated stomach smooth muscle strips (19), as well as inhibit acetylcholine (Ach)-induced mechanical activity of GI smooth muscle (20). The influence of a simulated digest of GF on the response of gastric smooth muscle to Ach has been previously investigated by our lab (21). A simulated digest of GF increases the contractility of gastric smooth muscle in response to increasing concentrations of Ach in vitro. However, the initial exposure to any feed within the GI tract is the gastric mucosa.

The objective of the current study was to evaluate the influence of acidic gastric digests on the secretory activity of the pyloric antrum in an in vitro organ culture model. Furthermore, the effects of a gastric digest of GF on gastric mucosal secretions of biomarkers relevant to GI smooth muscle contractility and GI motility in vitro were investigated. It was predicted that tissue cultured with acidic digests would display a different secretory profile than tissue cultured without the use of digests. Furthermore, the use of GF would further alter levels of gastrin, IL-1β, and NO within culture media.



MATERIALS AND METHODS

All reagents were purchased from Sigma Aldrich Canada unless otherwise stated. All spectrophotometric readings were obtained using a Victor3 plate reader (PerkinElmer, USA).


Experiment 1: Tissue Viability in Culture

The objective of this initial experiment was to determine the effect of 120 h of culture on viability of porcine antral mucosa explants in order to determine an optimal culture timeframe. A total of 36 porcine antral explants were obtained from the antral stomach of 3 pigs (12 explants per pig). Initial viability was assessed on 18 fresh explants immediately following specimen dissection. Subsequently, four to six explants were removed from culture at 6, 24, 48, 72, 96, and 120 h, and viability was assessed using differential calcein AM and ethidium homodimer-1 (Eth-D) staining (see below for details).


Tissue Collection and Culture

Porcine stomachs (n = 3) were collected from a local abattoir (Reist and Weber, St. Jacobs, ON) and transported on ice in phosphate buffered saline (PBS). Stomachs were opened along the lesser curvature and a section of pyloric antral tissue was excised (~5 × 5 cm). The entire mucosal surface, comprising the luminal epithelial cells and basolateral cells (9), was separated from the underlying smooth muscle using blunt dissection. Mucosal tissue was gently rinsed with PBS to remove adherent particulates and then pinned taunt onto a silicone bottom dish. All of the following procedures were performed using aseptic conditions in a laminar flow hood. Tissue explants were obtained using a sterile, 4-mm punch biopsy (~0.014 g). Each explant was rinsed twice in sterile culture media [Dulbecco's Modified Eagle Medium (DMEM) containing 100 U/L penicillin and 100 μl/L streptomycin, 1 ml/L amphotericin, 5% fetal bovine serum (GE Healthcare, HyClone, CAN)]. Single explants were placed in each well of a sterile 24-well culture plate (Primaria, Corning, NY). Two milliliters of culture media with 10 μl/ml freshly prepared glutamine was added to each well. Culture dishes were covered and placed in an incubator at 37°C (7% CO2) for up to 120 h. Media was aspirated and refreshed initially at 6 h, and then every 24 h.



Viability Assessment

The viability of mucosal cells was assessed using the LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen™, CA) according to the manufacturer's instructions for fluorescence measurements using a microplate reader. In order to optimize dye concentrations and incubation time, as per the manufacturer's instructions, tissue explants obtained by 4-mm punch biopsy with a thickness of ~3 mm were utilized. A positive control composed of 18 fresh explants (six explants per pig from three pigs) and a corresponding negative control of 18 dead explants (six explants per pig), in which cells were killed by a 30-min incubation in anhydrous ethanol, were utilized. In brief, cells were stained with calcein AM (10 μM) and Eth-D (20 μM) and incubated at room temperature (60 min). The microplate reader was set to scan each well, beginning at the bottom, with 10 horizontal steps at each of three vertical displacements set 0.1 mm apart. This was done to generate measurements of fluorescence at 30 points at three depths across the explant. The calcein AM fluorescence of live cells and EthD-1 fluorescence of dead or damaged cells in explants was measured with excitation and emission filters of 485 and 530 nm and 530 and 685 nm, respectively. The Invitrogen™ LIVE/DEAD® Viability/Cytotoxicity Kit for Mammalian cells takes advantage of differential stain penetration of cells based on membrane integrity and their different fluorescence profiles. Calcein penetrates live cells and indicates intracellular esterase activity, while Eth-D is permeable only to cells with damaged membranes. Percent live cells were calculated as: (live cells)/(live cells + dead cells) * 100.



Statistics

Data were analyzed using PROC GLIMMIX in SAS 9.4 (SAS Institute Inc., NC, USA). The following model was used to assess percent viability (y):

[image: image]

where μ = the overall mean, pig = the random effect of the pig (i = 1–3), time = fixed effect of time point (j = 0–120 h), and ε = the experimental error. Least square means using a Tukey adjustment were calculated. Data are presented as mean ± SEM and p ≤ 0.05 was considered significant.




Experiment 2: Effects of Gastric Digests on Antral Mucosal Tissue Secretions

This experiment was performed to determine the influence of a gastric digest of the dietary supplement G's Formula™ (DF) on porcine antral explants in vitro. A blank gastric digest (BL), without the addition of the GF, was included to evaluate the effect of the digest procedure components on explant viability and secretion. A PBS control (CO) was included to evaluate the influence of time on explants. Carbachol (10−5 M) was used to stimulate gastrin secretion from tissue explants. The dose of carbachol used was based on maximal stimulation of gastrin as demonstrated in previous studies (22–26).

Prolonged culture of gastric mucosa is notoriously difficult due to challenges with microbial contamination. In the first set of experiments, tissue viability remained statistically consistent at ~94% between 48 and 72 h. Therefore, we chose to reduce the timeline to 72 h, exposing the tissue to carbachol stimulation at 48 and 60 h. Culture media was assayed for gastrin, NO, and IL-1β as detailed below.

A total of 14 stomachs from market weight pigs were used. Experiments were run using four pigs per experimental run (a total of four experimental runs were completed). The final run included only two pigs. Explants from the stomach of each pig were run through all treatments and stimulations and therefore animal was used as a random effect in the statistical analysis to account for secretory differences between individuals.


Experimental Design

In order to determine an impact of treatment, stimulation by carbachol, and time, between and within treatments, explants from the same animal were exposed to the following conditions: G's formula (DF) stimulated with carbachol or PBS (DF_stim, DF_non); a blank digest, to assess the impact of the digest without the inclusion of G's formula on mucosal secretions, stimulated with carbachol or PBS (BL_stim, BL_non); a PBS control, to assess the impact of time and the carbachol model on secretory activity, stimulated with carbachol or PBS (CO_stim, CO_non).

A 24-h culture period was undertaken to allow samples to equilibrate to culture conditions after excision (27–30). Gastrin data from a subsample of wells were analyzed during the viability pilot and demonstrated a rise in media gastrin by 24 h, which stabilized by 48 h and remained consistent until the end of a 5-day culture period. Harty et al. (31) also demonstrated a progressive rise in media gastrin over a 24-h culture period. A 24-h period in which samples were exposed to simulated digest treatments was employed as a means of conditioning explants to the treatment conditions. This was decided in order to avoid potentially confounding treatment effects with a tissue response to an initial disturbance of culture conditions. A media refreshment during this 24-h period was decided against in order to reduce the chance of contamination. The viability of samples demonstrated a stabilization between 48 and 72 h and therefore within this period was determined to be the optimal time to stimulate. Consecutive stimulations with carbachol were undertaken as a means of enhancing gastrin release so as to amplify potential differences in response. As pilot data (not shown) had demonstrated a significant rise in media gastrin 12 h following stimulation, 60 h was used as the second stimulation time point.

Figure 1A represents a plate map of a culture plate used in this study. The series of stimulation and treatments was randomized between plates. Figure 1B represents a visual timeline of the experimental protocol.
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FIGURE 1. (A) A plate map of the treatments used on a culture plate. BL_non, explants were treated with a blank gastric digest and stimulated with sterile PBS; BL_stim, explants were treated with a blank gastric digest and stimulated with 10−5 M carbachol; CO_non, explants were treated with sterile PBS and stimulated with sterile PBS; CO_stim, explants were treated with sterile PBS and stimulated with 10−5 M carbachol; DF_non, explants were treated with a gastric digest of the dietary supplement G's Formula™, composed of dried cabbage, carrot, hemp, and oat flour, and stimulated with sterile PBS; DF_stim, explants were treated with a gastric digest of the dietary supplement G's Formula™ composed of dried cabbage, carrot, hemp, and oat flour, and stimulated with 10−5 M carbachol. (B) A visual timeline of the experimental protocol.




Simulated Digestion Protocol

To better reflect the acidic conditions within which the gastric mucosa functions and to which it would be exposed, a simulated gastric digest of GF was made. The protocol used was the gastric phase of digestion adapted from a simulated digestion protocol used to generate consistent digests of feedstuffs for in vitro tissue exposure (21, 27–29). In brief, 160 mg/ml of supplement was added to simulated gastric fluid composed of 2.16 g/L 3 mM NaCl, 30 ml/L 0.03N HCl, and 3.2 mg/ml porcine pepsin (added fresh per use). The gastric digest was incubated at 37°C in a water bath shaker for 2 h. Following incubation, the gastric digest was serially filtered using a perforated funnel filter, 0.45-μm syringe filter unit (Millex-HA, Millipore, ON), and 0.22-μm syringe filter unit (Millex-GP, Millipore, ON) into sterile tubes (Thermo Scientific, Thermo Fisher Scientific, CAN) and kept at 4°C. The g of dietary supplement used was calculated such that the concentration in the 1.5-ml volume of media was reflective of a dosage of a total daily dose of 160 g of supplement. The manufacturer's recommended dose for a 450-kg horse is 80 g 2×/day. Therefore, calculations were based on 160 g in 10-L volume [the approximate volume of the equine stomach (32)]. The BL gastric digest was made using the same protocol without the added dietary supplement. The pH of the working DF gastric digest was ~2.62 and that of the BL gastric digest was ~2.32.



Tissue Collection and Culture

Tissue explants were obtained from porcine stomachs (n = 14), and preparation methods were as stated previously with the following modifications to reduce the potential for contamination. Mucosal tissue was rinsed with de-ionized water to remove any adherent particulates prior to being pinned onto a silicone bottom dish and bathed in PBS, 100 U/L penicillin and 100 μl/L streptomycin, and 1 ml/L amphotericin. In a sterile culture hood under aseptic conditions, explants were rinsed twice in the PBS with antibiotic. Two explants were placed in each well of sterile 24-well culture dishes with 1.5 ml of culture media added per well. A total of 24 explants per stomach were cultured. Following a 24-h equilibration period, media was aspirated and replaced with 1.4 ml of media with an additional 100 μl of either DF, BL, or CO. This process was repeated at 48 h with the addition of each treatment being stimulated by either carbachol (10−5 M; EMD Millipore Corp., USA; DF_stim, BL_stim, CO_stim) or sterile PBS (DF_non, BL_non, CO_non). This concentration of carbachol was chosen based on previous dose–response studies of carbachol on culture media gastrin to generate a repeatable and maximal response (22, 23). Media was refreshed and digest/stimulation was repeated at 60 h. The experiment was terminated at 72 h. Subsequent experiment termination explants were weighed, and viability was assessed (see below). Aspirated media was stored at −20°C until analyzed.



Viability Assessment

Cell viability of explants from the first eight porcine stomachs was measured following the termination of the experiment, as previously described. These data were assessed in PROC GLIMMIX SAS 9.4 (SAS Institute Inc., NC, USA) using a model with the random effect of pig, fixed effect of treatment (CO, BL, or DF), fixed effect of stimulation (stim or non-stim), and interaction between treatment and stimulation. The difference between least square means using a Tukey adjustment was assessed and p ≤ 0.05 was considered significant. Based on this analysis, it was concluded that neither treatment nor stimulation significantly affected cell viability and therefore further viability assessments were discontinued.



Measurement of Media Gastrin and IL-1β Concentrations

Media gastrin and IL-1β were measured using porcine specific gastrin (MyBiosource Inc, SD, CS; CAT# MBS736639; intra-assay SD ±0.1, interassay SD ±0.6) and IL-1β (MyBioSource Inc, SD, CA; CAT# MBS260684; intra-assay SD ±0.04, interassay SD ±0.05) ELISA kits according to the manufacturer's instructions.



Measurement of Media Nitrite

Media nitrite, a stable oxidation product of NO, was measured using the Griess reaction adapted for measurement by spectrophotometric analysis (33). In brief, samples were added to 96-well plates in duplicate. Sulfanilamide (0.01 g/ml), N-(1-Napthyl)ethylenediamide dihydrochloride (0.001 g/ml), and phosphoric acid (0.25 ml/ml) were added to all wells. Absorbance was read immediately at 530 nm. Sodium nitrate was used to generate a standard curve on each plate, to which sample absorbances were compared to calculate sample concentrations (intra-assay SD ±0.003, interassay SD ±0.02).



Statistics

Media concentrations of biomarkers were analyzed using PROC GLIMMIX in SAS 9.4 (SAS Institute Inc., NC, USA). Concentrations were standardized per gram of mucosal tissue wet weight (y). A RM ANOVA was used according to the following model:
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where μ = the overall mean, β = the covariate slope, initial = the concentration/g tissue at 48 h, pig = the random effect of the pig (i = 1–14), txt = the fixed effect of treatment (j = CO, BL, and DF), stim = the fixed effect of stimulation (k = stim, non-stim), time = the repeated measure of the h sampled (l = 48, 60, and 72), all interactions of fixed effects were included, and ε = the experimental error. The residuals of different covariance structures were analyzed to identify the most appropriate structure, and lognormal distributions were used to improve normality if required. Least square means were used to analyze the difference between treatment, stimulation, and time; least square mean interactions sliced by effect were used to analyze the differences between the various levels of effects. Data are presented as means ± SEM/g tissue wet weight unless otherwise specified and p ≤ 0.05 was considered significant.

This design and statistical methodology enable the overall differentiation between the type III main effects of time, treatment, and stimulation. It also permits differentiation within treatments over time.





RESULTS


Experiment 1: Cell Viability

Explant viability remained high throughout the 120-h culture period (97.5% ± 0.16–92.6% ± 0.38). A significant effect of time on cell viability (p < 0.001) was observed (Table 1).


Table 1. Porcine stomachs (n = 3) were collected from a local abattoir and 4-mm punch biopsies of antral mucosal explants were cultured over 120 h in sterile DMEM containing 100 U/L penicillin and 100 μl/L streptomycin, 1 ml/L amphotericin, and 5% fetal bovine serum that was refreshed daily.
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Experiment 2: Effects of GF on Mucosal Tissue Secretions


Cell Viability

Viability at 72 h was between 95.1 and 95.3% ± 0.01 in all treatments. There was no effect of treatment (p = 0.15; Figure 2) or carbachol stimulation (p = 0.33) on explant cell viability.
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FIGURE 2. Overall treatment viability of antral mucosal explants ± SEM collected from porcine stomachs (n = 8) and cultured for 72 h in sterile DMEM containing 100 U/L penicillin and 100 μl/L streptomycin, 1 ml/L amphotericin, and 5% fetal bovine serum that was refreshed daily. Viability was assessed by calcein (10 μM) and ethidium homodimer-1 (20 μM) staining at 72 h. CO (CO_stim and CO_non; n = 14) explants treated with sterile PBS. BL (BL_stim and BL_non; n = 14), explants treated with a blank gastric digest. DF (DF_stim and DF_non; n = 12), explants treated with a simulated gastric digest of G's Formula™ composed of dried cabbage, carrot, hemp, and oat flour. There was no significant effect of treatment, stimulation, or treatment by stimulation interactions.




Media Gastrin Concentration

There were no main effects of time (p = 0.12) or treatment (p = 0.06) on media gastrin. In explants stimulated with carbachol, gastrin increased over time in CO from 48 h (p = 0.03) and 60 h (p = 0.05) to 72 h. Similarly, in DF-conditioned explants, gastrin increased over time from 48 to 60 h (p = 0.05). No differences were observed over time in BL-conditioned explants (Table 2). Supplementary Data includes gastrin concentrations not standardized per g tissue ww.


Table 2. Media gastrin (pg/ml/g tissue ww) as assessed by spectrophotometric assay of a commercial ELISA for porcine gastrin over time in porcine antral explants stimulated with either 10−5 M carbachol (_stim) or sterile PBS (_non).
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Media IL-1β Concentration

There were no main effects of treatment (p = 0.73) or stimulation (p = 0.75) on media IL-1β. There was a significant overall effect of time on media IL-1β (p = 0.0005). The concentration of media IL-1β increased over time from 48 h (1,905 ± 42.4 ng/ml/g ww) to 60 h (2,078 ± 42.34 ng/ml/g ww; p = 0.0002) and 72 h (2,038 ± 42.4 ng/ml/g ww; p = 0.004).



Media Nitrite Concentration

There was no significant effect of stimulation (p = 0.11) on media nitrite. There were overall effects of treatment on media nitrite, which was lower in the CO (458 ± 6.8 μM/ml/g ww) compared to BL-conditioned (475 ± 7.4 μM/ml/g ww; p = 0.03).

Overall media nitrite decreased over time in the CO explants from 48 to 60 h (p = 0.0008) and 72 h (p < 0.0001). Similarly, in DF-conditioned explants, nitrite decreased over time from 48 to 72 h (p = 0.007). There was no effect of time on media nitrite in BL-conditioned explants (Table 3).


Table 3. Overall media nitrite (μM/ml/g tissue ww) as assessed by spectrophotometric assay of the Griess reaction over time in porcine 4-mm punch biopsy antral explants cultured in sterile DMEM containing 100 U/L penicillin and 100 μl/L streptomycin, 1 ml/L amphotericin, and 5% fetal bovine serum and refreshed daily.

[image: Table 3]





DISCUSSION

The antral organ culture protocol used in this study took advantage of a simulated digestion procedure (21, 27–29) to generate a gastric digest of GF. Overall cell viability was not impacted by the addition of DF to culture media during the 72-h culture period. Furthermore, there was an increase in gastrin secretion over time in CO and DF explants stimulated with carbachol, and in NO secretion over time in combined stimulated/unstimulated CO and DF explants, responses that were not observed in BL.

Full thickness organ culture techniques represent an appealing option for targeted evaluations into integrated gastric mucosal secretory activity. In vivo research of isolated mucosal activity is challenging due to the confounding variables present within a complete system. Both horses and pigs are monogastric species that have composite stomachs (34). Pyloric glands residing in the antrum of the stomach contain gastrin-secreting G cells, St-secreting D cells, and mucus-secreting cells (9, 35). Histological staining techniques have identified mucous, chief, St, and gastrin cells within the distal portion of the porcine stomach (36). Similarly, the distal portion of the equine stomach is the site of hormone and mucus secretion and immunohistochemical analysis has also identified these cell types within this region (37). Due to the structural and cellular similarities between the porcine and equine stomach (38–40), the use of porcine tissue represents a practical alternative to the collection of equine gastric tissue, which can be difficult due to accessibility, the lack of homogeneity across subjects, and challenges with the influence of sedatives and euthanasia drugs on tissue physiology.

Historically, gastric antral organ culture evaluating the actions of hormones on gastric tissue have been performed for limited periods of time at neutral pH (22, 25, 26, 31, 41). However, the stomach has a pH of ~2 (9). Therefore, in this study, tissue was exposed to a gastric digest of our dietary supplement of interest so as to create a model that better represented the physiological conditions to which the luminal surface of the gastric mucosa is exposed. A high level of cell viability was maintained as measured through calcein/Eth-D staining despite exposure to acidic or carbachol-stimulated culture conditions. Our results are consistent with others, who report that porcine gastric tissue remains viable in culture for up to 10 days, as determined by histochemical analysis (42). Calcein AM and Eth-D differential staining has been used as a means of viability assessment in full thickness cartilage explants (28–30) and as a viability parameter in the assessment of uterine tissue pieces (43, 44). Therefore, the quantitative and repeatable means of assessing cell viability provided by a differential staining assay is considered an appropriate preliminary method to demonstrate the viability of cells within this system. However, histological evaluations or the use of confocal laser scanning microscopy would have provided a more detailed evaluation of tissue cellular shape and distribution within the tissue. Further analysis of mucosal defensive mechanisms active within this model is warranted to identify factors that contribute to the maintenance of such high levels of cell viability. Morphological assessments could be included in future investigations and would be particularly informative if mucosal culturing were to be used in a disease model.

An important limitation of this study and consideration when interpreting results is that, despite the use of an acidic digest, the culture conditions had noteworthy distinctions from in vivo gastric physiology. The exposure of tissue to gastric digests chosen for this study is substantially longer than typical gastric retention. Seventy-five percent of a fluid marker exits the equine stomach within 30 min (45). The full digestive period is generally considered to be between 2 and 3 h following a meal (46). Therefore, exposing tissue to a digest for 12 h represents a prolonged exposure. Whether the use of a shorter period of exposure would have demonstrated a heightened or reduced response to treatment is worthy of further exploration and would provide relevant details regarding the influence of this particular dietary supplement. Currently, the results should be interpreted within the context of the particular set of culture conditions utilized in this experiment.

In the current study, the cholinergic agonist carbachol was used to stimulate antral G cells to secrete gastrin. Cholinergic stimulation of antral tissue by carbachol results in a sustained and progressive increase in gastrin release over time (47). In CO-stim explants, cholinergic stimulation significantly enhanced gastrin secretion, which is consistent with other studies (22–25, 47). Creating an acidic culture environment through the use of a blank acidic digest in our model (BL-stim) abolished the stimulatory effect of carbachol on gastrin release. Cholinergic stimulation of gastrin is mediated in part by St inhibition (25). St is a potent inhibitor of gastric acid secretion from the stomach that acts both directly on acid-secreting parietal cells and indirectly through the inhibition of gastrin secretion from G cells and histamine secretion from enterochromaffin-like cells (ECL) (48). It is possible that a reduction in pH invoked by the acidic conditions created by the blank digest stimulated St release, countering the influence of cholinergic stimulation on gastrin release.

Interestingly, in contrast to the effect of BL, when exposed to DF, cholinergic stimulation remained effective in stimulating gastrin release. When gastric smooth muscle is exposed to a DF, it increases Ach induced contractility (21). It was proposed that the potentially synergistic actions of the flavonoid components of GF, contributed to by the vegetable whole ingredients used in the product, sensitize smooth muscle cells to cholinergic stimulation. It is possible that a sensitizing effect to cholinergic stimulation is also responsible for the maintenance of gastrin synthesis by the mucosa in this model. As the main function of gastrin in the stomach is a stimulus of acid secretion, the use of 14C aminopyrine uptake from media would provide insight into the functional impact of DF-induced gastrin secretion. No dose–response curve to carbachol in the particular culture conditions used in this study was undertaken, and only 10−5 M carbachol was used to stimulate tissue. Therefore, it is difficult to ascertain how the digest might have impacted tissue sensitivity to various doses of carbachol in vitro. Hence, any conclusions regarding the sensitizing effects of G's formula cannot be extrapolated beyond the dose of carbachol used in the current study. Furthermore, media gastrin represents the sum of gastrin from several sources and is not specific to actively stimulated gastrin release. As we only measured media gastrin, it was not possible to differentiate between gastrin sources. Assessment of mucosal gastrin would have aided in deciphering whether there was an impact on gastrin synthesis, secretion, or both. Additionally, an alteration in St synthesis or release resulting from tissue exposure to DF may also have been involved in the maintenance of gastrin secretion. St was not measured in this study, in part because carbachol has been found not to significantly alter St release in antral mucosa organ culture (24). However, antral mucosa cultured with an acidic gastric digest may demonstrate different dynamics than what is observed at neutral pH and future studies should consider analyzing media for both gastrin and St.

A time-dependent increase in media IL-1β was noted in this study that was not influenced by either cholinergic stimulation or treatment with a gastric digest. Similarly, a study by Montuschi et al. (49) demonstrated a time-dependent release of IL-1β from the rat gastric fundus that was not altered by treatments that induce IL-1β synthesis or electrical field stimulation. The function of the time-dependent release of IL-1β in vitro is unclear. Exogenous IL-1β dose dependently inhibits carbachol-stimulated acid secretion from parietal cells (50). It is also protective against GI damage caused by ethanol, indomethacin, cysteamine, and aspirin (51, 52). In the current study, the consistent increase in media IL-1β observed, regardless of treatment or stimulation, suggests its involvement in a protective mechanism. Although it is appealing to speculate that IL-1β may be contributing to mucosal defense against the mild irritation caused by media aspiration and refreshment, no quantitative measures of mucosal defense, such as mucus secretion, epithelial barrier function, or leukocyte adherence, were examined in the current study. Therefore, it is possible that IL-1β was acting in a pathological manner.

Interleukin-1 beta and NO exhibit integrated regulation in several biological systems. We observed an inverse relationship between IL-1β and NO over time, with an increase in IL-1β mirroring a decrease in NO, which was apparent in CO and DF. Interleukin-1 beta stimulates inducible nitric oxide synthase (iNOS) in several different cell types including cardiocytes (53), pancreatic-beta cells (54), and chondrocytes (55). Conversely, iNOS inhibition results in an increase in IL-1β protein secretion and NO-producing compounds inhibit IL-1β release from macrophages (56, 57). It is possible that, in this study, the reduction in NO over time facilitated the increase in IL-1β from the gastric mucosa. However, the increase in IL-1β was apparent in all treatments, whereas the reduction in NO was not, which suggests that these systems did not directly co-regulate each other in this model.

Positive controls for IL-1β or NO were not included in this study. The stimulation of gastrin through the use of carbachol has the strongest evidence for repeatable and consistent results when used in porcine antral organ culture within the literature. Therefore, we choose to develop our model using carbachol as the primary stimulus. However, future studies investigating the mechanisms of action and impacts on mucosal function of inflammatory or free radical regulators should include positive controls of these biomarkers and evaluate culture media levels of these positive controls to ensure that the model reacts as expected. Nevertheless, based on the reaction of the model to carbachol, similar results seen within other gastric mucosal studies on IL-1β concentrations over time (49), and the substantial role of NO within the stomach on mucosal acid (58, 59) and mucus production (60), we believe that the results noted in this study on IL-1β and NO represent true mucosal secretory responses.

An additional consideration to the interpretation of the decrease in media concentration of NO overtime in the CO treatment is that neutral conditions are not truly reflective of the gastric environment. Gastric mucosa is most commonly cultured at a neutral pH (24, 41, 42, 61). However, in the majority of mammals, gastric pH can be as low as 2 (62). This is of significance when interpreting results that demonstrate changes in gastric function. Mucosal activity in neutral culture might be considerably different than gastric responses at physiological pH. Our result regarding the difference in NO release between CO and BL explants highlights this discrepancy. The CO explants had pH neutral PBS added to the media, whereas BL explants had a digest with a pH of 2 added to the media. NO plays a role in gastric acid regulation and mucus secretion (58, 63). It is possible that the impact of NO on gastric acid and mucosal defense mechanisms was reflected in the differential concentrations of media NO between CO and BL. However, this response was not investigated in detail and was beyond the scope of this study. Nevertheless, this differential response highlights the importance of conservative data interpretation in culture studies, particularly because mucosal response can be highly influenced by culture conditions. Culture conditions that are more reflective of the luminal environment to which tissue is exposed generate results that are more likely to relate to in vivo tissue responses.

A limitation to the interpretation of the G's Formula results is that, although a blank-simulated digest was included, none of the specific component parts, bioactive compounds, or osmolar effects of G's Formula on the digest were evaluated in the model. Rather, we choose to evaluate a digest of the product in its entirety so as to capture the effects of the complete product. Although it would be of interest to determine which specific ingredients or compounds within the product have the greatest impact on gastric hormone secretion, we were more interested in the influence of the combination of ingredients. Therefore, we choose to utilize a whole product-simulated digest. Additionally, it can be challenging to discern individual components of whole food products that impact physiological function as many bioactive compounds display synergistic or antagonistic activity (64, 65) and therefore do not demonstrate particular effects when isolated. Nevertheless, more digests of particular factions of G's Formula would provide superior insight into how this product may influence the mucosa.

Although this study was investigating a supplement designed for horses, the use of porcine tissue enabled us to gather data from a more homogenous group of animals, collecting and culturing tissue from multiple animals at one time. However, despite certain structural similarities between the gastric mucosa of pigs and horses, there exist considerable morphological differences in the mammalian GI tract across species. Diet is known to play a considerable role in influencing GI morphology, and this represents a meaningful difference between pigs, an omnivorous species, and horses, which are strict herbivores. Therefore, the use of porcine tissue in this study does represent a limitation for the direct translation of the results to horses, and as such, the results should be interpreted with caution. However, this may mainly be reflected in the direct scale of the response as opposed to the nature of tissue response to the culture conditions and gastric digests. Nevertheless, direct comparative studies between the secretory response of porcine and equine tissue to physiological stimuli such as Ach would strengthen conclusions, which could be drawn across species.



CONCLUSION

The inclusion of acidic gastric digests and the cholinergic agonist carbachol did not alter cell viability as measured by calcein AM/Eth-D staining in porcine antral mucosa cultured over 72 h. The creation of an acidic environment through the addition of a blank gastric digest to the media eliminated cholinergic gastrin stimulation and enhanced NO secretion into the media. The addition of G's Formula to the acidic digest maintained the tissue response to cholinergic stimulation such that gastrin secretion was increased over time and media nitrite demonstrated the same profile as tissue cultured in a neutral environment. However, future studies would benefit from histological analysis and by including measures of mucosal activity and defense such as acid or mucus production and protein metabolism. The functional significance of the in vitro effect of G's Formula also needs to be verified and would benefit from in vivo research.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

Ethical review and approval was not required for the animal study because postmortem abattoir tissue was utilized.



AUTHOR CONTRIBUTIONS

JM: experimental design, data collection, data analysis, manuscript composition, and manuscript editing. WP: experimental design and manuscript editing. Both authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by G's Organic Solutions INC. (Duncan, BC, CAN) (Grant number 053305). JM is funded by NSERC. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.



ACKNOWLEDGMENTS

The authors would like to gratefully acknowledge Reist and Weber (St. Jacobs, ON) for their assistance in collection and provision of tissue for this research.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.684203/full#supplementary-material



REFERENCES

 1. Van Citters GW, Lin HC. The ileal brake: a fifteen-year progress report. Curr Gastroenterol Rep. (1999) 1:404–9. doi: 10.1007/s11894-999-0022-6

 2. Cuche G, Malbert CH. Ileal short-chain fatty acids inhibit transpyloric flow in pigs. Taylor Fr. (1999) 34:149–55. doi: 10.1080/00365529950173005

 3. Cuche G, Malbert CH. Short-chain fatty acids present in the ileum inhibit fasting gastrointestinal motility in conscious pigs. Neurogastroenterol Motil. (1999) 11:219–25. doi: 10.1046/j.1365-2982.1999.00149.x

 4. Cuche G, Cuber JC, Malbert CH. Ileal short-chain fatty acids inhibit gastric motility by a humoral pathway. Am J Physiol - Gastrointest Liver Physiol. (2000) 279:G925–30. doi: 10.1152/ajpgi.2000.279.5.G925

 5. Hudson NPH, Merritt AM. Equine gastrointestinal motility research: where we are and where we need to go. Equine Vet J. (2008) 40:422–8. doi: 10.2746/042516408X312932

 6. Wehbe K, Mroueh M, Daher CF. The potential role of daucus carota aqueous and methanolic extracts on inflammation and gastric ulcers in rats. J Complement Integr Med. (2009) 6:1159. doi: 10.2202/1553-3840.1159

 7. Šamec D, Pavlović I, Salopek-Sondi B. White cabbage (Brassica oleracea var. capitata f. alba): botanical, phytochemical and pharmacological overview. Phytochem Rev. (2017) 16:117–35. doi: 10.1007/s11101-016-9454-4

 8. Ciecierska A, Drywień ME, Hamulka J, Sadkowski T. Nutraceutical functions of beta-glucans in human nutrition. Rocz Panstw Zakl Hig. (2019) 70:315–24. doi: 10.32394/rpzh.2019.0082

 9. Hall JE, Guyton AC. Guyton and Hall Textbook of Medical Physiology. Philadelphia: Elsevier Saunders (2006).

 10. Dockray GJ. Clinical endocrinology and metabolism. Gastrin. Best Pract Res Clin Endocrinol Metab. (2004) 18:555–68. doi: 10.1016/j.beem.2004.07.003

 11. Martin GR, Wallace JL. Gastrointestinal inflammation: a central component of mucosal defense and repair. Exp Biol Med. (2006) 231:130–7. doi: 10.1177/153537020623100202

 12. Menozzi D, Gardner JD, Jensen RT, Maton PN. Properties of receptors for gastrin and CCK on gastric smooth muscle cells. Am J Physiol - Gastrointest Liver Physiol. (1989) 257:G73. doi: 10.1152/ajpgi.1989.257.1.G73

 13. Isenberg JI, Grossman MI. Effect of gastrin and SC 15396 on gastric motility in dogs. Gastroenterology. (1969) 56:450–5. doi: 10.1016/S0016-5085(69)80151-4

 14. Sugawara K, Isaza J, Woodward ER. Effect of gastrin on gastrin motor activity. Gastroenterology. (1969) 57:649–58. doi: 10.1016/S0016-5085(19)33820-X

 15. Wallace JL, Miller MJS. Nitric oxide in mucosal defense: a little goes a long way. Gastroenterology. (2000) 119:512–20. doi: 10.1053/gast.2000.9304

 16. Olsson C, Holmgren S. The control of gut motility. Comp Biochem Physiol Part A Mol Integr Physiol. (2001) 128:479–501. doi: 10.1016/S1095-6433(00)00330-5

 17. Robert A, Olafsson AS, Lancaster C, Wei-rong Zhang. Interleukin-1 is cytoprotective, antisecretory, stimulates PGE2 synthesis by the stomach, and retards gastric emptying. Life Sci. (1991) 48:123–34. doi: 10.1016/0024-3205(91)90405-Z

 18. Sütó G, Király Á, Taché Y. Interleukin 1β inhibits gastric emptying in rats: mediation through prostaglandin and corticotropin-releasing factor. Gastroenterology. (1994) 106:1568–75. doi: 10.1016/0016-5085(94)90412-X

 19. Mugridge KG, Donati D, Silvestri S, Parente L. Arachidonic acid lipoxygenation may be involved in interleukin-1 induction of prostaglandin biosynthesis. J Pharmacol Exp Ther. (1989) 250:714–20.

 20. Aubé AC, Blottière HM, Scarpignato C, Cherbut C, Rozé C, Galmiche JP. Inhibition of acetylcholine induced intestinal motility by interleukin 1β in the rat. Gut. (1996) 39:470–4. doi: 10.1136/gut.39.3.470

 21. MacNicol JL, Murrant C, Pearson W. The influence of a simulated digest of an equine dietary feed additive G's formula on contractile activity of gastric smooth muscle in vitro. J Anim Physiol Anim Nutr (Berl). (2020) 104:1919–26. doi: 10.1111/jpn.13325

 22. Harty RF, McGuigan JE. Effects of carbachol and atropine on gastrin secretion and synthesis in rat antral organ culture. Gastroenterology. (1980) 78:925–30. doi: 10.1016/0016-5085(80)90773-8

 23. Harty RF, Maico DG, McGuigan JE. Somatostatin inhibition of basal and carbachol-stimulated gastrin release in rat antral organ culture. Gastroenterology. (1981) 81:707–12. doi: 10.1016/0016-5085(81)90495-9

 24. Lawton DE, Simcock D, Candy E, Simpson H. Gastrin secretion by ovine antral mucosa in vitro. Comp Biochem Physiol Part A Mol Integr Physiol. (2000) 126:233–43. doi: 10.1016/S1095-6433(00)00199-9

 25. Wolfe MM, Jain DK, Reel GM, McGuigan JE. Effects of carbachol on gastrin and somatostatin release in rat antral tissue culture. Gastroenterology. (1984) 87:86–93. doi: 10.1016/0016-5085(84)90129-X

 26. Wolfe MM, Reel GM, McGuigan JE. Inhibition of gastrin release by secretin is mediated by somatostatin in cultured rat antral mucosa. J Clin Invest. (1983) 72:1586–93. doi: 10.1172/JCI111117

 27. Pearson W, Fletcher RS, Kott LS, Hurtig MB. Protection against LPS-induced cartilage inflammation and degradation provided by a biological extract of Mentha spicata. BMC Complement Altern Med. (2010) 10:19. doi: 10.1186/1472-6882-10-19

 28. Pearson W, Orth MW, Karrow NA, MacLusky NJ, Lindinger MI. Anti-inflammatory and chondroprotective effects of nutraceuticals from Sasha's Blend in a cartilage explant model of inflammation. Mol Nutr Food Res. (2007) 51:1020–30. doi: 10.1002/mnfr.200700026

 29. Pearson W, Kott LS. A biological extract of turmeric (Curcuma longa) modulates response of cartilage explants to lipopolysaccharide. BMC Complement Altern Med. (2019) 19:252. doi: 10.1186/s12906-019-2660-z

 30. Pearson W, Garland AEN, Nixon A, Cant JP, Hurtig MB. Culturing articular cartilage explants in the presence of autologous adipose tissue modifies their inflammatory response to lipopolysaccharide. Mediators Inflamm. (2020) 2020:8811001. doi: 10.1155/2020/8811001

 31. Harty RF, Vijver van der JC, McGuigan JE. Stimulation of gastrin secretion and synthesis in antral organ culture. J Clin Invest. (1977) 60:51–60. doi: 10.1172/JCI108768

 32. Frape D. Equine Nutrition and Feeding. Malden: Blackwell Pub (2004). doi: 10.1002/9780470751053

 33. Ridnour LA, Sim JE, Hayward MA, Wink DA, Martin SM, Buettner GR, et al. A spectrophotometric method for the direct detection and quantitation of nitric oxide, nitrite, and nitrate in cell culture media. Anal Biochem. (2000) 281:223–9. doi: 10.1006/abio.2000.4583

 34. Colville TP, Bassert JM. Clinical Anatomy and Physiology for Veterinary Technicians. St. Louis: Elsevier Health Sciences.

 35. Schubert ML, Peura DA. Control of gastric acid secretion in health and disease. Gastroenterology. (2008) 134:21. doi: 10.1053/j.gastro.2008.05.021

 36. Beinborn M, Giebel J, Linck M, Cetin Y, Schwenk M, Sewing KF. Isolation, identification and quantitative evaluation of specific cell types from the mammalian gastric mucosa. Cell Tissue Res. (1993) 274:229–40. doi: 10.1007/BF00318742

 37. Kitamura N, Yamada J, Calingasan NY, Yamashita T. Immunocytochemical distribution of endocrine cells in the gastrointestinal tract of the horse. Equine Vet J. (1984) 16:103–7. doi: 10.1111/j.2042-3306.1984.tb01870.x

 38. Argenzio RA, Southworth M, Stevens CE. Sites of organic acid production and absorption in the equine gastrointestinal tract. Am J Physiol. (1974) 226:1043–50. doi: 10.1152/ajplegacy.1974.226.5.1043

 39. Argenzio RA, Southworth M. Sites of organic acid production and absorption in gastrointestinal tract of the pig. Am J Physiol. (1975) 228:454–60. doi: 10.1152/ajplegacy.1975.228.2.454

 40. Argenzio RA. Comparative pathophysiology of nonglandular ulcer disease: a review of experimental studies. Equine Vet J. (1999) 31:19–23. doi: 10.1111/j.2042-3306.1999.tb05163.x

 41. Seoane LM, Al-Massadi O, Barreiro F, Dieguez C, Casanueva FF. Growth hormone and somatostatin directly inhibit gastric ghrelin secretion. An in vitro organ culture system. J Endocrinol Invest. (2007) 30:806. doi: 10.1007/BF03350806

 42. Rainsford KD, Tsang S, Hunt RH, Al-Jehani N. Effects of non-steroidal anti-inflammatory drugs on prostaglandin h synthase isoenzyme 2 (cyclo-oxygenase 2) production by porcine gastric mucosa in organ culture. Inflammopharmacology. (1995) 3:299–310. doi: 10.1007/BF02668024

 43. Dittrich R, Maltaris T, Mueller A, Dimmler A, Hoffmann I, Kiesewetter F, et al. Successful Uterus Cryopreservation in an Animal Model. Horm Metab Res. (2006) 38:141–5. doi: 10.1055/s-2006-925175

 44. Siebzehnrübl E, Kohl J, Dittrich R, Wildt L. Freezing of human ovarian tissue — not the oocytes but the granulosa is the problem. Mol Cell Endocrinol. (2000) 169:109–11. doi: 10.1016/S0303-7207(00)00362-2

 45. Argenzio R, Lowe J, Pickard D, Stevens C. Digesta passage and water exchange in the equine large intestine. Am J Physiol. (1974) 226:1035–42. doi: 10.1152/ajplegacy.1974.226.5.1035

 46. Goyal RK, Guo Y, Mashimo H. Advances in the physiology of gastric emptying. Neurogastroenterol Motil. (2019) 31:e13546. doi: 10.1111/nmo.13546

 47. Harty RF, Maico DG, McGuigan JE. Comparison of adrenergic and cholinergic receptor-mediated stimulation of gastrin release from rat antral fragments. Peptides. (1988) 9:463–8. doi: 10.1016/0196-9781(88)90148-9

 48. Van Op, den bosch J, Adriaensen D, Van Nassauw L, Timmermans JP. The role(s) of somatostatin, structurally related peptides and somatostatin receptors in the gastrointestinal tract: a review. Regul Pept. (2009) 156:1–8. doi: 10.1016/j.regpep.2009.04.003

 49. Montuschi P, Tringali G, Mirtella A, Parente L, Ragazzoni E, Preziosi P, et al. Interleukin-1β release from rat gastric fundus. Am J Physiol - Gastrointest Liver Physiol. (1996) 271:G275. doi: 10.1152/ajpgi.1996.271.2.G275

 50. Beales LPI, Calam J. Inhibition of carbachol stimulated acid secretion by interleukin 1β in rabbit parietal cells requires protein kinase C. Gut. (2001) 48:782–9. doi: 10.1136/gut.48.6.782

 51. Wallace JL, Keenan CM, Mugridge KG, Parente L. Reduction of the severity of experimental gastric and duodenal ulceration by interleukin-1β. Eur J Pharmacol. (1990) 186:279–84. doi: 10.1016/0014-2999(90)90444-B

 52. Perretti M, Mugridge KG, Wallace JL, Parente L. Reduction of aspirin-induced gastric damage in rats by interleukin-1 beta: possible involvement of endogenous corticosteroids. J Pharmacol Exp Ther. (1992) 261:1238–47.

 53. Tsujino M, Hirata Y, Imai T, Kanno K, Eguchi S, Ito H, et al. Induction of nitric oxide synthase gene by interleukin-1 beta in cultured rat cardiocytes. Circulation. (1994) 90:375–83. doi: 10.1161/01.CIR.90.1.375

 54. Kwon G, Corbett JA, Rodi CP, Sullivan P, McDaniel ML. Interleukin-1 beta-induced nitric oxide synthase expression by rat pancreatic beta-cells: evidence for the involvement of nuclear factor kappa B in the signaling mechanism. Endocrinology. (1995) 136:4790–5. doi: 10.1210/endo.136.11.7588208

 55. Palmer RMJ, Hickery MS, Charles IG, Moncada S, Bayliss MT. Induction of nitric oxide synthase in human chondrocytes. Biochem Biophys Res Commun. (1993) 193:398–405. doi: 10.1006/bbrc.1993.1637

 56. Fiorucci S, Santucci L, Federici B, Antonelli E, Distrutti E, Morelli O, et al. Nitric oxide-releasing NSAIDs inhibit interleukin-1β converting enzyme-like cysteine proteases and protect endothelial cells from apoptosis induced by TNFα. Aliment Pharmacol Ther. (1999) 13:421–35. doi: 10.1046/j.1365-2036.1999.00442.x

 57. Obermeier F, Gross V, Schölmerich J, Falk W. Interleukin-1 production by mouse macrophages is regulated in a feedback fashion by nitric oxide. J Leukoc Biol. (1999) 66:829–36. doi: 10.1002/jlb.66.5.829

 58. Hasebe K, Horie S, Komasaka M, Yano S, Watanabe K. Stimulatory effects of nitric oxide donors on gastric acid secretion in isolated mouse stomach. Eur J Pharmacol. (2001) 420:159–64. doi: 10.1016/S0014-2999(01)00995-5

 59. Hasebe K, Horie S, Yano S, Watanabe K. Inhibitory effect of N(ω)-nitro-L-arginine on gastric secretion induced by secretagogues and vagal stimulation in the isolated stomach. Eur J Pharmacol. (1998) 350:229–36. doi: 10.1016/S0014-2999(98)00248-9

 60. Brown JF, Keates AC, Hanson PJ, Whittle BJR. Nitric oxide generators and cGMP stimulate mucus secretion by rat gastric mucosal cells. Am J Physiol - Gastrointest Liver Physiol. (1993) 265: G418. doi: 10.1152/ajpgi.1993.265.3.G418

 61. Seoane LM, Al-Massadi O, Caminos JE, Tovar SA, Dieguez C, Casanueva FF. Sensory stimuli directly acting at the central nervous system regulate gastric ghrelin secretion. An ex vivo organ culture study. Endocrinology. (2007) 148:3998–4006. doi: 10.1210/en.2007-0226

 62. Kararli TT. Comparison of the gastrointestinal anatomy, physiology, and biochemistry of humans and commonly used laboratory animals. Biopharm Drug Dispos. (1995) 16:351–80. doi: 10.1002/bdd.2510160502

 63. Brown JF, Hanson PJ, Whittle BJR. Nitric oxide donors increase mucus gel thickness in rat stomach. Eur J Pharmacol. (1992) 223:103–4. doi: 10.1016/0014-2999(92)90824-N

 64. Shahidi F. Nutraceuticals and functional foods: whole versus processed foods. Trends Food Sci Technol. (2009) 20:376–87. doi: 10.1016/j.tifs.2008.08.004

 65. Shahidi F. Functional foods: their role in health promotion and disease prevention. J Food Sci. (2006) 69:R146–9. doi: 10.1111/j.1365-2621.2004.tb10727.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 MacNicol and Pearson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-684203-t003.jpg
Overall treatment Hour

co 48
60
72

BL 48
60
72

DF 48
60
72

Media nitrite (uM/ml/g tissue ww)

4812
452°
442°

484
470
a7

4882
472%
459°

SEM

86
8.2
% |

95
9.2
2.2

10.6
10
9.8

CO (CO_stim and CO_non; n = 14), explants treated with sterile PBS. BL (BL_stim and
BL_non; n = 14), explants treated with a blank gastric digest. DF (DF_stim and DF_non
n = 12), explants treated with a simulated gastric digest of Gs Formula™, composed of

dried cabbage, carrot, hemp, and ot flour.

Different superscriots represent time points that are significantly diferent within treatments

o < 0.05).





OPS/images/math_1.gif
+ pig + ime; +






OPS/images/fvets-08-684203-t001.jpg
Hour % Viability SEM

0 97.5* 0.16
6 97.4% 0.1
24 95.6° 0.23
48 94.4° 0.23
72 94.5° 0.22
96 93.4%4 0.69
120 92.6¢ 0.38

9% Viabilty was assessed by calcein (10 wM) and ethidium homodimer-1 (20 uM) staining
at0, 6,24, 48, 72, 96, and 120 h.
Different superscripts represent time points that are significantly different (p <0.05).





OPS/images/fvets-08-684203-t002.jpg
Treatment Hour Gastrin (pg/ml/g tissue ww) SEM

CO_stim 48 12,379 1256.5
60 13,008% 13204
72 16,426° 1,492.8
CO_non 48 13,171 1,397.3
60 11,857 1,226.1
72 13,433 1,492.8
BL_stim 48 13,718 1,3333.3
60 11,626 1,130.0
72 13,890 1,350.0
BL_non 48 13,563 1,264.8
60 12,569 11721
= 13,335 1,243.6
DF_stim 48 12,787% 12410
60 15,915 1,544.5
72 16,303% 1,582.2
DF_non 48 14,383 1,609.6
60 14,738 1,649.4
T2 14,248 1,594.5

Explants were taken with 4-mm punch biopsy and cultured in sterile DMEM containing
100 U/L penicilin and 100 w/L streptomycin, T mi/L amphotericin, and 5% fetal bovine
serum that was refreshed daiy. CO_stim (n = 10/CO_non (n = 10), explants treated
with sterie PBS. BL_stim (n = 10/BL_non (n = 13), explants treated with a blank gastric
digest. DF_stim (n = 11)/DF non (n = 9), explants treated with a simulated gastric digest
of G's Formula™, composed of ried cabbage, carrot, hemp, and oat flour

Different superscripts represent time points that are significantl different within treatments
(p <0.05).





OPS/images/math_2.gif
Yhijid = & + Pxinitial + pigi + trtj + stimy + timey + trtj stimy
trttime; + stimitime, + tre*stimitime; + £i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Gastrin and Nitric Oxide Production in Cultured Gastric Antral Mucosa Are Altered in Response to a Gastric Digest of a Dietary Supplement



		Introduction



		Materials and Methods



		Experiment 1: Tissue Viability in Culture



		Tissue Collection and Culture



		Viability Assessment



		Statistics









		Experiment 2: Effects of Gastric Digests on Antral Mucosal Tissue Secretions



		Experimental Design



		Simulated Digestion Protocol



		Tissue Collection and Culture



		Viability Assessment



		Measurement of Media Gastrin and IL-1β Concentrations



		Measurement of Media Nitrite



		Statistics













		Results



		Experiment 1: Cell Viability



		Experiment 2: Effects of GF on Mucosal Tissue Secretions



		Cell Viability



		Media Gastrin Concentration



		Media IL-1β Concentration



		Media Nitrite Concentration













		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Veterinary Science

Gastrin and Nitric Oxide Production
in Cultured Gastric Antral Mucosa
Are Altered in Response to a Gastric
Digest of a Dietary Supplement





OPS/images/fvets-08-684203-g001.gif





OPS/images/fvets-08-684203-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





