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ABSTRACT

Study objectives were to determine the effects of continuously infusing glucose (GLC) or casein (CAS)
into the terminal ileum on biomarkers of metabolism, inflammation, and intestinal morphology in
growing pigs. Crossbred gilts (n=19; 81+3 kg body weight [BW]) previously fitted with T-cannulas at
terminal ileum were used in the current experiment. Following 4 d of acclimation, pigs were enrolled
in 2 experimental 4-d periods (P). During P1, pigs were housed in individual pens and fed ad libitum
for collection of baseline parameters. At the beginning of P2, pigs were assigned to 1 of 3 infusion
treatments: 1) control (CON; water; 3 L/d; n=7), 2) GLC (dextrose 50%; 500 g/d; n=6;), or 3) CAS
(casein sodium salt; 300 g/d; n=6). Water, GLC, and CAS solutions were continuously infused at a
rate of 125 mL/h for the entirety of P2. Animals were euthanized at the end of P2, and intestinal
tissue was collected. During P2, average daily feed intake differed across treatments and was
reduced in GLC compared to CON pigs (14%), while CAS pigs consumed an intermediate amount
(P=0.05). Average daily gain and final BW were similar across treatments. A treatment by time
interaction was observed for blood urea nitrogen (BUN; P<0.01), as it decreased in GLC (21%) while
it gradually-increased in CAS (76%) pigs relative to CON pigs. Mild hyperthermia occurred with both
GLC and CAS infusions relative to CON (+0.3 and 0.2°C, respectively; P<0.01). Blood neutrophils
increased in CAS relative to CON pigs (26%) but remained similar between CON and GLC treatments
(P<0.01). Blood monocytes decreased in GLC relative to CON pigs (24%) while CAS pigs had an
intermediate value (P=0.03). Circulating lipopolysaccharide binding protein tended to decrease in
GLC (29%) relative to CON pigs but remained similar between CON and CAS pigs (P=0.10). Plasma

tumor necrosis factor-alpha was similar across treatments. lleum villus height:crypt depth was
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increased in CAS compared to CON pigs (33%; P=0.05) while GLC pigs had an intermediate value.
Colon myeloperoxidase-stained area increased in CAS compared to CON pigs (45%; P=0.03) but
remained similar between GLC and CON pigs. In summary, continuously infusing GLC or CAS into the
terminal ileum appeared to stimulate a mild immune response and differently altered BUN patterns
but had little or no effects on blood inflammatory markers, intestinal morphology, or key production

parameters.
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Abbreviations:

ADFI: Average daily feed intake

ADG: Average daily gain

BCFA: Branched-chain fatty acids

BUN: Blood urea nitrogen

BW: Body weight

CAS: Casein

CON: Control

GLC: Glucose

H&E: Hematoxylin and eosin

LBP: Lipopolysaccharide binding protein

MPO: Myeloperoxidase

NEFA: Non-esterified fatty acids
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P: Period

PAS: Periodic acid-Schiff

SCFA: Short-chain fatty acids

TNFa: Tumor necrosis factor-alpha

Tr: Rectal temperature

VFA: Volatile fatty acids
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INTRODUCTION

Although monogastric digestion and absorption of non-structural carbohydrates and
proteins in the small intestine are typically efficient, numerous factors, including sudden dietary
changes, decreased digestibility, increased passage rate, small intestinal malabsorption, etc., can
negatively influence nutrient assimilation in the proximal gastrointestinal tract (Pieper et al.,
2016). Increased passage of simple carbohydrates and soluble proteins into the large intestine are
susceptible to fermentation by cecum and colonic bacteria. Rapid fermentation of undigested
carbohydrates leads to the increased rate and extent of short-chain fatty acid (SCFA) and lactic
acid production, exceeding the large intestine’s capacity for their absorption. Excessive
accumulation of organic acids and the subsequent decrease in digesta pH creates an acidic
environment, a condition known as hindgut acidosis (Lin, 2004; Gressley et al., 2011). Akin to
carbohydrate fermentation, increased microbial digestion of nitrogenous compounds in the large
intestine results in the production of various metabolites (i.e., SCFA and branch-chain fatty acids
[BCFA]) as well as other potentially toxic compounds, including ammonia, biogenic amines, and
hydrogen sulfide; this process is referred to as protein putrefaction (Blachier et al., 2007; Pieper et

al., 2016).

Various gastrointestinal disorders in both ruminants and monogastrics have been
associated with increased rates of carbohydrate or protein fermentation in the hindgut (Pluske et
al., 1996; Gressley et al., 2011; Gilbert et al., 2018). Although the etiology of these disorders
remains to be fully elucidated, excessive production and accumulation of fermentation end-
products in the large intestine and the ensuing increase in intestinal luminal osmolarity ostensibly
damages the intestinal epithelium (Lin, 2004; Blachier et al., 2007; Grauso et al., 2019).

Compromised intestinal barrier integrity and the subsequent translocation of luminal contents into

120z KB\l 9z uo Jasn Aysienlun ojels emol Aq 926.29/€919eNs/Sel/€601 "0 L/10p/a[olE-0UBAPE/SEl/W0o dNO"oIWapEsE//:SdlY WOl pPaPEOUMO



the circulation could stimulate local and systemic inflammatory responses (Plaizier et al., 2008).
Once activated, the immune system causes hypophagia and utilizes a substantial amount of
nutrients that would have otherwise been directed for anabolic purposes (i.e., growth,

reproduction; Kvidera et al., 2017a,b; Huntley et al., 2018).

Owing to the obvious implications to animal health and productivity, it is important to
better understand how rapid and excessive soluble carbohydrate and protein fermentation
contributes to intestinal pathologies. Therefore, study objectives were to evaluate the effects of
continuously infusing glucose (a simple carbohydrate) or casein (a soluble protein) into the
terminal ileum on biomarkers of metabolism, inflammation, and intestinal morphology in growing
pigs. We hypothesized that the appearance of glucose and casein into the large intestine would
increase hindgut fermentation and result in altered circulating leukocyte dynamics, inflammatory

biomarkers, intestinal morphology, and ultimately decrease growth.

MATERIALS AND METHODS

All experimental procedures followed the guidelines for the ethical and humane use of
animals for research according to the Guide for the Care and Use of Agricultural Animals in
Research and Teaching (FASS, 2010) and were approved by the lowa State University Institutional

Animal Care'and Use Committee (#9-17-8614-S).

Animals and Experimental Design

Nineteen crossbred gilts (81 + 3 kg body weight; [BW]) previously fitted with a simple T-
cannula at the distal ileum according to the procedures described by Petry et al. (2020) were
utilized in the current experiment. Pigs were allowed to acclimate to individual pens for 4 d during

which jugular catheters were surgically implanted. Following acclimation, pigs were enrolled in 2
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experimental periods (P). Period 1 (4 d) served for the collection of baseline measurements. At the
beginning of P2 (4 d), pigs were randomly assigned to 1 of 3 infusion treatments: 1) control (CON;
water; 3 L/d; n=7), 2) glucose (GLC; 500 g/d dextrose 50%; n = 6), or 3) casein (CAS; 300 g/d
casein sodium salt; n = 6). Pigs were housed in individual crates (57 x 221 cm) equipped with a
stainless-steel feeder and a nipple drinker. Pigs were fed ad libitum a standard diet formulated to
meet or exceed the requirements for growing pigs for essential amino acids, minerals, and

vitamins (NRC, 2012; Table 1). Water was provided ad libitum during the entire experiment.

lleal Infusions

Approximately 5% of dietary starch and 14% of dietary N are assumed to reach the large
intestine in the growing pig fed a typical corn-soybean meal diet (Acosta et al., 2017; Rosenfelder-
Kuon et al., 2017). Based on this premise and a baseline average daily feed intake (ADFI) of 3 kg, a
total of 63 g of dietary starch/d and 11.8 g of dietary N/d was assumed to reach the large intestine
in the current trial. In an attempt to induce unhealthy carbohydrate and protein fermentation, an
8-fold increment (63 vs. 500 g, in the form of dextrose) was implemented for the GLC pigs, while a
4-fold increase (11.8 vs. 44 g of N; in the form of casein sodium salt) was applied in the CAS
treatment. We are unaware of previous experiments evaluating the safety threshold of large
intestine infused GLC and CAS, but we theorized that the amounts and rates we selected would
cause a pathological response. Two solutions were prepared according to the following
specifications: 1) a GLC solution (50% dextrose; AgrilLabs, St. Joseph, MO) dissolved in tap water
for a final concentration of 166.6 g GLC/L; and 2) a CAS solution (casein sodium salt; 14.75% N;
Thermo Fisher Scientific Chemicals Inc., Ward Hill, MA) dissolved in tap water for a final
concentration of 100 g CAS/L. Tap water was used as the CON treatment. Water, GLC, and CAS

solutions were kept at room temperature and continuously infused via the ileocecal cannula at a
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rate of 125 mL/h during the entirety of P2. The infusion rate was set using a modular pump (Deltec
3000, Deltec Inc., St. Paul, MN), and the total volume infused per pig was approximately 3 L/d.
Each respective infusion treatment was administered at 0600 h on d 1 of P2 (immediately

following the 0 h blood sample collection).

Production Parameters

Average daily feed intake (on an ad libitum basis) was measured during P1 and P2 as feed
disappearance. Body weights were obtained at the end of acclimation, P1, and P2. Average daily

gain (ADG) was calculated for both P1 and P2.

Rectal Temperature

Rectal temperature (Tg) was measured daily at 1800 h during P1 and at 0, 6, 12, 24, 36, 48,
72, and 96 h relative to infusion during P2 using a calibrated electronic thermometer (SureTemp

Plus 590; accuracy: + 0.19C; WelchAllyn, Skaneateles Falls, NY, USA).

Blood Sampling and Analysis

An indwelling jugular catheter was surgically inserted on d 4 of acclimation using a
percutaneous technique as previously described (Sanz Fernandez et al., 2015). All pigs received
antibiotics (Ceftiofur, Excede, Pfizer Animal Health, New York, NY) and non-steroidal anti-
inflammatory drugs (Flunixin Meglumine, Banamine-S, Schering-Plough Animal Health Corp.,
Whitehouse Station, NJ) during surgery. Blood samples in a non-fasted state were obtained from
the jugular catheter ond 4 of P1 and at 0, 6, 12, 24, 36, 48, 72, and 96 h relative to infusion during
P2. Blood samples were collected into disposable tubes (plasma, K,EDTA tube, BD vacutainers,
Franklin Lakes, NJ) and catheters were flushed afterwards with heparinized saline (100 IU/mL).

Plasma samples were harvested by centrifugation at 1500 x g for 15 min at 49C, aliquoted into 2.0
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mL microcentrifuge tubes, and stored at -202C until analysis. A second set of plasma samples was
collected from the same time points, stored at 42C, and sent later to the lowa State Department of

Veterinary Pathology for hematology analysis.

Plasma glucose, non-esterified fatty acids (NEFA), and blood urea nitrogen (BUN)
concentrations were measured enzymatically (glucose, Wako Chemicals USA, Inc, Richmond, VA;
NEFA, Wako Chemicals USA, Inc, Richmond, VA; BUN, Teco Diagnostics, Anaheim, CA). The intra-
and inter-assay coefficients of variation for glucose, NEFA, and BUN were 4.0.and 6.3%, 3.9 and
6.5%, and 6.1 and 12.0%, respectively. ELISA kits were used to determine plasma insulin (Mercodia
Porcine Insulin ELISA; Mercodia AB, Uppsala, Sweden), lipopolysaccharide binding protein (LBP;
Hycult Biotech, Uden, The Netherlands) and tumor necrosis factor-alpha (TNFa; R&D Systems, Inc.,
Minneapolis, MN) concentrations at time 0, 24, and 96 h relative to infusion. The intra- and inter-
assay coefficients of variation for insulin, LBP, and TNFa were 3.6 and 3.0%, 4.0 and 6.2%, and 3.5

and 5.9%, respectively.

Fecal pH

During P1and P2, fresh fecal samples were collected twice daily (~0600 and 1800 h) via
grab sampling from each pen. Samples were stabilized at room temperature and then
homogenized with distilled water in a 1:1 ratio. Fecal pH was measured using a hand-held pH

meter (Oakton Instruments, Vernon Hills, IL). Values were averaged by day for statistical analysis.
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Tissue Collection and Analysis

Pigs were euthanized at the end of P2 with the captive bolt technique followed by
exsanguination. Intestinal tissues were immediately harvested following euthanasia. A jejunum
segment measuring about 20 cm long was collected approximately 90 cm distal to the pyloric
sphincter. An ileum segment measuring about 20 cm long was obtained approximately 30 ¢cm
proximal to the ileocecal junction (~ 15 cm proximal to the T-cannula). A colon section measuring
about 20 cm was obtained approximately 30 cm proximal to the rectum. Colon digesta contents
were collected, snap frozen in liquid nitrogen, and stored at -802C until analysis. Subsequently,
intestinal segments from the jejunum, ileum, and colon were flushed with sterile saline to remove
luminal contents. A transversal section was collected from each intestinal segment, fixed in 10%
neutral buffered formalin for 24 h, and then transferred into 70% ethanol. Fixed intestinal samples
were submitted to the lowa State University Veterinary Diagnostic Laboratory for sectioning and
hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and myeloperoxidase (MPO) staining. One
slide per pig per intestinal segment was generated for each stain. Using a microscope (Leica
DMI3000 B Inverted Microscope, Bannockburn, IL) with an attached camera (Qlmaging 12-bit
QICAM Fast 1394; Surrey, BC, Canada), five intact intestinal segment images per pig were obtained
at 50x (H&E and PAS slides) and at 200x magnification (MPO slides) with the Q-capture Pro 6.0
software (Qlmaging; Surrey, BC, Canada). Image processing and quantification were completed
using Imagel) 1.49v (National Institutes of Health, USA). For intestinal morphology, villus height
was measured from the villus tip to the villus-crypt interface, villus width was measured at mid-
villus height, and crypt depth was measured from the villus-crypt opening to the lamina propria.
Goblet cell area was quantified as a percentage of the total mucosal area stained by PAS. Similarly,

MPO was expressed as a percentage of positive MPO relative to total stained area.
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Volatile Fatty Acid (VFA) Analysis

Volatile fatty acid concentrations in colon digesta were determined using gas
chromatography. Briefly, 1 g of digesta was weighed in a 15 mL conical tube and mixed with 2.5
mL of deionized water. A portion of the mixture (~1 mL) was transferred into a microcentrifuge
tube and centrifuged at 9,000 rpm for 15 min at 42C. A total of 0.5 mL of the resultant supernatant
was transferred into microcentrifuge tubes and mixed with 0.1 mL of 25% metaphosphoric acid
and 0.05 mL of internal standard solution (4-methyl-valeric acid, S381810, Sigma-Aldrich) for a
final dilution of 1:3. Standards and samples were centrifuged at 12,000 rpm for 25 min at 42C. The
resultant supernatant was analyzed for VFA concentration (i.e., acetic, propionic, butyric,
isobutyric, valeric, and isovaleric acids) using a Varian model 3800 Gas Chromatograph (Varian,
Analytical Instruments, Walnut Creek, CA) with a Nukol capillary column (Supelco 24106-U,
Bellefonte, PA). A flame-ionization detector was used with an injector temperature of 2002C and a

detector temperature of 2002C.

Statistical Analysis

Data from P2 were statistically analyzed using SAS version 9.4 (SAS Inst. Inc., Cary, NC).
Average daily feed intake, fecal pH, T, and blood metabolites were analyzed using the MIXED
procedure with autoregressive (for ADFI and fecal pH) or with spatial power covariance structure
(for T and blood metabolites), and time as the repeated factor. When available, each specific
variable’s P1 value served as a covariate. The model included treatment, time, and treatment x
time interaction as fixed effects; pig was used as a random effect. Body weight, ADG, VFA
concentrations, and intestinal measurements were analyzed using PROC MIXED with a diagonal
covariance structure. The model included treatment as a fixed effect. Data are reported as least

squares means and considered significant if P < 0.05 and a tendency if 0.05 < P < 0.10.
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RESULTS

Average daily feed intake differed across treatments and was reduced by 14% in GLC
compared to CON pigs, while CAS pigs had an intermediate value (P = 0.05; Table 2). No

differences in ADG or final BW were observed across treatments.

Blood glucose and NEFA levels were similar among treatments. However, there was a
tendency for a treatment x time interaction for insulin as it decreased over time in CON pigs, while
it remained almost unchanged in GLC and CAS treatments during P2 (P = 0.07; Table 3). Circulating
BUN was decreased in GLC relative to CON pigs during P2 (21%), whereas CAS pigs had
progressively increased BUN levels from 6 to 96 h post-infusion when compared to their CON

counterparts (76%, P < 0.01; Figure 1).

Mild hyperthermia was observed during P2 in both GLC and CAS treatments when
compared to CON (+0.3 and 0.29C, respectively; P < 0.01; Figure 2A). Plasma neutrophils increased
in CAS relative to their CON counterparts (26%; P < 0.01) but remained similar between GLC and
CON pigs (Figure 2B). Circulating monocytes decreased in GLC relative to CON pigs (24%) while CAS
pigs had an intermediate value (P = 0.03; Figure 2C). No other treatment differences were
observed in circulating white blood cells, lymphocytes, eosinophils, basophils, or platelets (Table

3).

Circulating LBP tended to differ across treatments as it decreased in GLC relative to CON
pigs (29%) but remained similar between CON and CAS pigs (P = 0.10; Table 3). However, no

differences were observed in TNFa levels among treatments during P2.
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There was no treatment effect for all measured parameters of intestinal histology (Table
4), except for ileum villus height to crypt depth ratio (P = 0.05) and colon MPO stained area (P =

0.03).

Fecal pH remained similar across treatments during P2 ( Table 5). Infusing GLC at the
terminal ileum increased propionic and valeric acid (34 and 70%, respectively; P < 0.04; Table 5),
and decreased butyric, isobutyric, and isovaleric acid (24, 54, and 39%, respectively; P < 0.08; Table
5) concentrations in colon digesta when compared to CON pigs. Conversely, when pigs were
continuously infused with CAS, acetic and propionic acid concentrations decreased in colon digesta
(20 and 31%, respectively; P < 0.01; Table 5), while butyric, isobutyric, isovaleric, and valeric acid
concentrations remained unchanged relative to CON pigs. Total VFA concentrations were similar
between CON and GLC treatments but were reduced in CAS relative to both CON and GLC pigs (18

and 19%, respectively; P = 0.03; Table 5).

DISCUSSION

Excessive carbohydrate or protein fermentation in the hindgut has been associated with
the onset and exacerbation of different gastrointestinal disorders in ruminants and monogastrics
(Pluske et al., 1996; Gressley et al., 2011; Gilbert et al., 2018). Although hindgut acidosis is
apparently more common in ruminants, especially growing steers, and dairy cows (Gressley et al.,
2011), evidence suggests that monogastrics, including horses (Garner et al., 1977; Crawford et al.,
2007) and pigs (Argenzio and Meuten, 1991; Pluske et al., 1996, 1998) are also prone to acidotic
conditions in the hindgut. Furthermore, excessive protein fermentation in the large intestine has
been associated with post-weaning diarrhea in pigs and with the incidence of wet-litter in poultry

(as reviewed by Collett, 2012; Gilbert et al., 2018). Thus, there is increasing recognition that lower
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intestine digestion dysfunction contributes to nutritional pathologies and compromises farm

animal productivity.

The underlying mechanisms by which excessive carbohydrate or protein fermentation in
the large intestine causes intestinal dysfunction are not fully understood. Nevertheless, changes in
fermentation patterns, shifts in microbial populations, the accumulation of potentially toxic and
inflammatory compounds (i.e., SCFA, lactic acid, BCFA, phenols, indols) in combination with the
resultant osmotic stress can damage the gut epithelium (Lin et al., 2002; Hughes et al., 2008;
Gressley et al., 2011; Grauso et al., 2019). In both scenarios, altered-intestinal barrier integrity and
the subsequent translocation of luminal contents into circulation result in a local and systemic
inflammatory response that has consequences to animal health and productivity. Therefore,
understanding the role these fermentation processes and their associated metabolites play in the
onset of intestinal dysfunction and systemic inflammation is a prerequisite to developing

strategies that improve overall gut function and animal performance.

Circulating Metabolites

Altered post-absorptive metabolism is characteristic of animals undergoing an
inflammatory state (Spurlock, 1997; McGuiness, 2005; Klasing, 2007), as nutrients, especially
glucose, are diverted to support the increased energetic requirements of the immune system
(Elsasser et al., 2008; Kvidera et al. 2017a,b, Huntley et al., 2018). Because altered fermentation
dynamics have been associated with an inflammatory response (Plaizier et al., 2008; Pieper et al.,
2016), we anticipated differences in these metabolic biomarkers following GLC or CAS infusions.
However, circulating glucose, NEFA, and insulin did not differ across treatments, suggesting both
GLC or CAS fermentation did not meaningfully influence overall carbohydrate or lipid metabolism

in this study.
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Changes in BUN were observed in the current study as circulating BUN remained
decreased in GLC whereas it increased over time in CAS when compared to CON pigs. Reduced
BUN in GLC pigs ostensibly indicates that microbial proliferation in the large intestine was
stimulated and that ammonia was used for de novo synthesis of bacterial protein rather than
being absorbed (Misir and Sauer, 1982). This agrees with previous studies where supplying dietary
fermentable carbohydrates resulted in decreased BUN in pigs (Mosenthin et al;, 1992; Li et al.,
2011), rats (Younes et al., 1997), sheep (Thornton et al., 1970), and dairy cows (Gressley and
Armentano, 2007). In contrast, when casein was infused into the large intestine, ammonia
production exceeded the capacity of growing bacteria to assimilate it, and the enhanced nitrogen
absorption increased circulating BUN. These results are similar to those reported in pigs fed high-
dietary protein diets (Heo et al., 2008, 2009; Jeaurond et al., 2008). Altogether, altered BUN
dynamics support the fact that our current model accurately resembled conditions of increased

fermentation in the large intestine in GLC and CAS pigs.

Fever, Circulating Markers of Inflammation, and Intestinal Morphology

Infusing GLC and CAS in the current trial induced a mild fever response that was sustained
throughout P2. Additionally, slight changes in circulating leukocytes were detected herein;
increased neutrophils were observed in CAS, while monocytes decreased in both GLC and CAS pigs
relative to CON. Nevertheless, variations in other circulating markers of inflammation were
minimal. For instance, LBP mildly decreased in GLC relative to CON, but remained similar between

CAS and CON pigs. Whereas no changes in circulating TNFa were detected across treatments.

Thus, while our data validate altered fermentation patterns in both GLC and CAS pigs, it is
likely that the infusion challenge was not severe enough to elicit a systemic inflammatory

response. Although surprising, previous reports investigating the effects of excessive fermentation
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in the hindgut on systemic inflammation have also been inconclusive. Accordingly, Mainardi et al.
(2011) observed no changes in rectal temperature or circulating acute-phase proteins when
hindgut fermentation was experimentally induced with a pulse-dose of oligofructose in growing
steers. Similarly, despite marked reductions in fecal pH, inflammatory markers were unaltered in
cows abomasally infused with either 500 g/d resistant starch (Piantoni et al., 2018), 4 kg/d of
starch (Abeyta et al., 2019a,b), or 3 kg/d of ground corn (van Gastelen et al., 2021). On the other
hand, literature regarding the effects of protein fermentation on circulating markers of
inflammation is scarce, mainly because previous studies have focused on local (as discussed
below) rather than systemic inflammatory responses. We used relatively heavy pigs (>80 kg) and
maybe the fermentative and absorptive capacity of the large intestine was able to safely adjust to
the continuous infusion. Regardless, the lack of observable differences in systemic inflammation in

GLC and CAS clearly demonstrates that there was not a robust immune response.

Compromised intestinal integrity has been previously demonstrated in animals fed high
carbohydrate or protein diets (Krueger et al., 1986; Andriamihaja et al., 2010; Tao et al., 2014a,b;
Ye et al., 2016). Furthermore, in vivo and in vitro studies have reported local inflammatory
responses, including epithelial cell damage, altered tight-junction profile, increased expression of
inflammatory mediators, and immune cell infiltration associated with mucosal exposure to organic
acids (i.e., SCFA) or excessive protein fermentation in the lower gut (Argenzio and Meuten, 1991;
Hughes et al., 2008; Ritcher et al., 2014). Therefore, in an attempt to evaluate the effects of GLC or
CAS infusion in both the small and large intestine, markers of villi morphology, mucosal area, and
immune cell infiltration were assessed herein. Contrary to our hypothesis, GLC or CAS infusion did
not seem to alter intestinal morphology or mucosal surface area in the current model; however,
we observed increased MPO stained area in the colon of CAS relative to CON pigs. Increased MPO

stained area could be interpreted as increased neutrophil infiltration in the colonic tissue of CAS
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pigs due to immune activation; however, the biological relevance of this observation must be
interpreted with caution as no major alterations in neither intestinal morphology nor circulating

inflammatory biomarkers were observed by the continuous CAS infusion.

Fecal pH and VFA Concentrations

Fecal pH was similar in both GLC and CAS treatments when compared to'CON pigs. This is
unexpected as excessive carbohydrate fermentation in the hindgut has been shown to induce
marked reductions in colonic pH (Lin, 2004; Ye et al., 2016; Abeyta et al., 2019a,b), while
fermentation of nitrogenous compounds in the lower gut concurs with-a more alkaline intestinal
environment (Rist et al., 2013; Wang et al., 2018). Although fecal pH has been previously assessed
in different studies as an indirect marker of colonic fermentation (Yao et al., 2016), its values might
resemble conditions in the distal rather than the proximal colon, where most of the fermentation
is presumably taking place (Cummings and Macfarlane, 1991; Macfarlane et al., 1992; Williams et

al., 2005).

Despite no treatment differences observed in fecal pH, VFA concentrations in the colon
were altered. Increased propionate and decreased butyrate concentrations were observed in GLC
pigs when compared to their CON counterparts. Along with acetate, propionate and butyrate are
the main SCFA produced from microbial fermentation of carbohydrates and are known to play an
important role as metabolic substrates, regulators of gene expression, and signaling molecules (as
reviewed by Tan et al., 2014). In particular, butyrate is a key fuel for intestinal epithelium and has
been shown to improve barrier dysfunction (Leonel and Alvarez-Leite, 2012). Furthermore,
although BCFA concentrations did not differ between CAS and CON pigs, CAS infusion coincided
with increased isobutyric and isovaleric concentrations relative to GLC-infused pigs. Both

isobutyric and isovaleric fatty acids are produced exclusively upon branched-chain amino acid
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fermentation, specifically valine, leucine, and isoleucine, which corroborates the fact that
conditions for protein fermentation were favored in the CAS pigs during the current study (Smith
and Macfarlane, 1997; Andriamihaja et al., 2010). Unlike other fermentation end-products, no

adverse effects of BCFA on colonic epithelium have been previously reported (Gilbert et al., 2018).

Production Parameters

We hypothesized that both GLC and CAS pig would be immune stimulated and thus
experience inflammation-induced anorexia. Immune activation decreased appetite is a highly
conserved species response and occurs even in insects (Adamo, 2005). A slight decrease in ADFI
was observed in GLC relative to CON pigs, while no differences were detected between CAS and
CON pigs. Considering that healthy animals regulate ADFI to meet their energy requirements, it is
likely that GLU pigs decreased their nutrient intake when an additional energy source (in the form
of GLC infusions) was supplied (Conrad et al., 1964; Li and Patience, 2017). Regardless, this
difference was moderate and had no overall influence on other productive parameters, including
ADG and final BW. Although measuring production parameters was not the main objective of this
study, this allows us to put our results into context, indicating that both GLC and CAS infusions had

little to no detrimental effects on overall pig performance.

Limitations and Further Directions

Although our observations validate that altered fermentation patterns occurred in GLC
and CAS pigs, our current model did not effectively stimulate a robust inflammatory response. The
lack of changes in biomarkers of inflammation or intestinal morphology in this study suggests the
large intestine is highly adaptable to large variations in diet constituents. Consequently, other
mechanisms might exist that facilitate adaptation to these fermentation processes and their

associated metabolites in the hindgut. For instance, colonic ion transporters (i.e., bicarbonate,
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Na‘/H" exchangers) are secreted in the lumen of the large intestine in exchange with SCFA, which
may contribute to colonic alkalinity by regulating luminal pH and by reducing the accumulation of
organic acids produced during hindgut acidosis (Musch et al., 2001; Binder et al., 2005). Similarly,
increased colonocyte expression of a gene involved in the detoxification of hydrogen sulfide, a
bacterial metabolite produced during protein fermentation, was observed in rats exposed to a
high protein diet, suggesting an adaptive response to the increased production of this toxic
compound (Beaumont et al., 2016). Regardless, investigating the mechanisms by which the large

intestine maintains colonic homeostasis is warranted.

Unfortunately, a limitation of our study is the lack of measurements of other bacterial
metabolites (i.e., lactic acid, ammonia, phenols, indols, amines, hydrogen sulfide) produced during
excessive fermentation in the hindgut. The ability of these bacterial products to exert adverse
effects on epithelial health has been extensively studied (Pieper et al., 2016; Gilbert et al., 2018);
however, their deleterious effects seem to be directly associated with their luminal concentrations
(Blachier et al., 2010; Beaumont et al., 2016). Thus, when present in low concentrations, end-
fermentation products might be easily handled by the colonic environment, at least in healthy
animals (Beaumont et al., 2016). Consequently, it is likely that hindgut acidosis or protein
putrefaction alone does not necessarily result in an inflammatory state. Rather, the presence of
other intrinsic (i.e., stress, viral/bacterial infections, nutrient malabsorption) and/or extrinsic
factors (i.e., dietary/environmental changes, off-feed events) may contribute to an increased flow
of undigested nutrients to the large intestine, promote excessive fermentation, cause dysbiosis,
and exceed the large intestine’s capacity to detoxify harmful metabolites (Pieper et al., 2016).
Additional research is needed to better understand the association between these

intrinsic/extrinsic factors and the incidence of hindgut acidosis or protein putrefaction.
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Conclusion

We continuously infused GLC or CAS in the terminal ileum in growing pigs in an attempt to
model “unhealthy” hindgut acidosis and protein fermentation. Decreased ADFI and mild
hyperthermia were observed in GLC and CAS-infused pigs, along with minor changes in circulating
leukocytes. Additionally, changes in BUN patterns and in the concentration of VFA in the colon
suggests our model successfully resembled increased carbohydrate and protein fermentation
patterns in the hindgut. However, contrary to our hypothesis, excessive fermentation did not
seem to stimulate an immune response nor alter markers of intestinal morphology. Furthermore,
no phenotypic responses or changes in production parameters were detected, suggesting other
mechanisms might exist that facilitate the animals’ adaptation to these fermentation processes
and their associated metabolites in the hindgut. What:is clear is that fermenting large amounts of
soluble carbohydrates and proteins in the large intestine does not appear to be pathological, at
least not under the conditions of this trial. Therefore, hindgut acidosis and protein putrefaction
may not be causal to alimentary disorders as many predict, but merely symptoms of an underlying
intestinal disorder. Regardless, further research is warranted to better understand how hindgut

acidosis or protein putrefaction causes (or it is caused by) intestinal dysfunction.
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Figure 1. Effects of continuously infusing glucose or casein at the terminal ileum on blood urea
nitrogen (BUN). Treatments: CON = Control, tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS =
Casein, 300 g/d. Hour 0 (0600 h) was utilized as a covariate. Results are expressed as least squares

means + SEM.

Figure 2. Effects of continuously infusing glucose or casein at the terminal ileum on (A) rectal
temperature (Tg) and on circulating (B) neutrophils and (C) monocytes. Treatments: CON = Control,
tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS = Casein, 300 g/d. Hour 0 (0600 h) was utilized as a

covariate. Results are expressed as least squares means + SEM.
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Table 1. Ingredient and chemical composition of diet (as-fed basis)

Item %

Ingredient composition
Corn 63.98
Soybean meal, CP 46% 13.67
Corn DDGS* 20.21
Lysine HCI 0.29
Limestone 1.26
NaCl 0.43
Vitamin-mineral premix’ 0.13
Ronozyme (500 FTU/kg)® 0.02

Chemical composition
Starch* 42.22
Crude protein® 17.60
Acid hydrolyzed ether extract* 4,51
ca’* 0.54
p? 0.38

'Corn distillers dried grains with solubles.

2Vitamin-mineral premix provided the following (per kilogram diet): 8,400 1U/kg of vitamin A,
1,540 1U/kg of vitamin D3, 45 1U of vitamin E, 0.03 mg of vitamin B,,, 2.2 mg of menadione, 4.2
mg of riboflavin, 17 mg of D-pantothenic acid, 21 mg of niacin, 1.9 mg of ethoxyquin.112 mg of
Fe (ferrous sulfate), 112 mg of Zn (zinc sulfate), 51 mg of Mn (manganous oxide), 20 mg of Cu
(copper chloride), 0.78 mg of I (calcium iodate), and 0.17 mg of Se (sodium selenite).

3DSM Nutritional Products Ltd, Basel, Switzerland.
*Calculated value.
*Assayed value.
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Table 2. Effects of continuously infusing glucose or casein at the terminal ileum on
production parameters

Treatment P-value
Parameter CON GLC CAS SEM Trt® Time  Trtx Time®
ADFI*, kg 2.96° 256" 271 011 0.5 0.28 0.83
ADG”, kg 0.83 0.91 086  0.17 0.96 - -

Final BW®, kg 94.1 93.9 94.8 0.9 0.82 - -

'CON = Control, tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS = Casein, 300 g/d.
*Treatment

$Treatment by time interaction

*Average daily feed intake

*Average daily gain

®Final body weight

*dMeans with different superscripts significantly differ (P < 0.05)
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Table 3. Effects of continuously infusing glucose or casein at the terminal ileum on blood

metabolites and inflammatory biomarkers

Treatment! P-value
Trt x

Parameter CON GLC CAS SEM Trt? Time: _ Time®
Metabolism

Glucose, mg/dL 100 101 101 2 099 032 0.52

Insulin, pug/L 021  0.15 0.17 0.03 045 -0.04 0.07

NEFA, pEg/L 78 86 77 7 0.67 031 0.61
Immune Metrics

WBC*, x 103/uL 207 20.1 20.2 07 © 079 0.3 0.19

Lymphocytes, x 129 120 12.2 05 041 0.7 0.82
10%/uL

Eosinophils, x 103/uL 082 091 0.84° 007 074 <0.01 0.68

Basophils, x 10%/uL 0.16 0.14 014 002 053 <0.01 0.73

Platelets, x 10%/uL 333 297 350 25 0.35 <0.01 0.43

LBP®, ng/L 16.4¢ 116 148 15 0.10 0.19 0.72

TNFo?, pg/dL 53 57 55 3 052 <0.01 0.62

'CON = Control, tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS = Casein, 300 g/d.

*Treatment

*Treatment by time interaction
“White blood cells
*Lipopolysaccharide-binding protein
*Tumor necrosis factor-alpha

*YMeans with different superscripts tend to differ (0.05 < P <0.10)
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Table 4. Effects of continuously infusing glucose or casein at the terminal ileum on
intestinal morphology

Treatment! P
Parameter CON GLC CAS SEM Trt?
Jejunum
Villus height, zm 359 378 391 25 0.67
Villus width, um 85.3 81.0 82.1 4,50 0.70
Crypt depth, um 171 170 172 11 0.99
Villus height:crypt depth 211 2.26 2.30 0.16 0.68
Goblet cell area, %° 3.41 2.58 2.97 0.34 0.22
MPO* area, %° 2.49 2.52 2.51 0.07 0.94
lleum
Villus height, um 220 243 274 19 0.20
Villus width, um 89.4 73.5 74.8 6.9 0.25
Crypt depth, um 161 155 139 9 0.27
Villus height:crypt depth 1.48" 1.62% 1.97° 0.12 0.05
Goblet cell area, %° 5.26 6.93 5.10 0.77 0.21
MPO* area, %° 2.95 2.90 2.84 0.14 0.85
Colon
Crypt depth, um 242 276 249 14 0.23
Goblet cell area, %° 7.95 6.31 7.35 0.99 0.51
MPO* area, %° 0.67° 0.80% 0.97° 0.07 0.03

'CON = Control, tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS = Casein, 300 g/d.
*Treatment

*Expressed as a percentage of epithelial area

“Myeloperoxidase

*Expressed as a percentage of positive myeloperoxidase relative to total stained area
*bMeans with different superscripts significantly differ (P < 0.05)
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Table 5. Effects of continuously infusing glucose or casein at the terminal ileum on fecal

pH and colon volatile fatty acids®

Treatment® P-value

Parameter CON GLC CAS SEM Trt® Time Trtx Time*
Fecal pH 6.33 6.24 6.32 007 062 054 0.46
Short chain fatty acids

Acetic acid, mMol/g 331* 310  255° 14 0.01 " -

Propionic acid, mMol/g ~ 146° 197*  101° 15 <001 - -

Butyric acid, mMol/g 62.4¢ 475 592¢¥ 46 0.08 - -

Total, mMol/g 540°  554% 425" 28 0.01 - -
Branched chain fatty acids

Isobutyric acid, mMol/g 175 8.1° 17.8° 1.7 <001 - -

Isovaleric acid, mMol/g 27.4* 16.7° 29.6° 2.6 0.01 - -

Valeric acid, mMol/g 209° 355° 266° 37 004 - -

Total, mMol/g 65.8 603 74.0 58 0.29 - -
Total VFA, mMol/g 605°  614% 499" 31 0.03 - -

"Expressed as mMol/g of colon digesta on dry matter basis

2CON = Control, tap water, 3 L/d; GLC = Glucose, 500 g/d; CAS = Casein, 300 g/d

$Treatment

*Treatment by time interaction

#*Means with different superscripts significantly differ (P < 0.05)
*YMeans with different superscripts tend to differ (0.05 < P <0.10)
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Figure 1

Downloaded from https://academic.oup.com/jas/advance-article/doi/10.1093/jas/skab163/6279236 by lowa State University user on 26 May 2021
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Figure 2
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