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Simple Summary: It is well established that the functions of the gastrointestinal tract go beyond the
digestion and absorption of nutrients. For instance, its constant contact with the gastrointestinal
microbes and components of the diet makes it a major player within the immune system. Preserving
the gut’s barrier function is essential to maintaining overall health and subsequently performance
in farm animals. In cattle, multiple factors throughout their productive cycle can have negative
consequences on gut health, including dietary changes. Most research in this topic has focused on
rumen health, due to its critical role in digestion in bovines. However, it is increasingly evident that
other sections of the gastrointestinal tract, such as the large intestine (also referred to as the hindgut),
are similarly impacted by the same factors. Nutritional strategies aimed to promote rumen health
have proven beneficial for overall health and performance in bovines. Targeting the hindgut might
represent a window of opportunity for further improvement.

Abstract: An adequate gastrointestinal barrier function is essential to preserve animal health and
well-being. Suboptimal gut health results in the translocation of contents from the gastrointestinal
lumen across the epithelium, inducing local and systemic inflammatory responses. Inflammation
is characterized by high energetic and nutrient requirements, which diverts resources away from
production. Further, barrier function defects and inflammation have been both associated with
several metabolic diseases in dairy cattle and liver abscesses in feedlots. The gastrointestinal tract is
sensitive to several factors intrinsic to the productive cycles of dairy and beef cattle. Among them,
high grain diets, commonly fed to support lactation and growth, are potentially detrimental for rumen
health due to their increased fermentability, representing the main risk factor for the development of
acidosis. Furthermore, the increase in dietary starch associated with such rations frequently results in
an increase in the bypass fraction reaching distal sections of the intestine. The effects of high grain
diets in the hindgut are comparable to those in the rumen and, thus, hindgut acidosis likely plays a
role in grain overload syndrome. However, the relative contribution of the hindgut to this syndrome
remains unknown. Nutritional strategies designed to support hindgut health might represent an
opportunity to sustain health and performance in bovines.

Keywords: gut health; hindgut acidosis; inflammation; large intestine; liver abscess; metabolic disease

1. Introduction

The gastrointestinal tract is one of the most metabolically active tissues in ruminants, accounting
for approximately 20% of their oxygen consumption and 30% of metabolic processes and protein
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synthesis [1,2]. Traditionally, digestion and absorption of nutrients have been considered its primary
functions. However, its constant exposure to microbes (both commensal and potentially pathogenic)
and its role maintaining an impermeable barrier to immunogenic luminal content reveal a central role
within the immune system. This is supported by the fact that 75% of all lymphocytes of a healthy
organism reside in the gastrointestinal tract [3]. Further, being the main interface with the external
environment, it has been proposed that the evolutionary origin of the immune system is in the gut [4].
An adequate gastrointestinal barrier function is currently considered essential to preserve animal
health and well-being.

The term gut health is being increasingly used, although a precise definition is currently lacking.
From a human perspective, Bischoff [5] described five criteria to characterize a healthy gastrointestinal
tract: effective digestion and absorption of food, absence of gastrointestinal illness, normal and stable
intestinal microbiota, effective immune status (based on an adequate barrier function and appropriate
immune tolerance), and status of well-being (referring to a normal quality of life). In this review,
when referring to gut health, we focus on the ecological balance between host and microbiome, as well
as an effective barrier function. Based on this definition, the gastrointestinal tract is sensitive to
multiple stimuli and several factors are known to have an impact on it. Feed deprivation [6,7], dietary
changes [8], heat stress [9], social and psychological stress [10,11], and systemic inflammation and
disease [12,13] have all proven to be detrimental for the intestinal barrier function. Furthermore,
combinations of these factors can occur simultaneously, particularly in the critical transitions of the
productive cycles of dairy and beef cattle. For instance, during the transition from pregnancy to
lactation, dairy cows experience a decrease in voluntary feed intake, systemic inflammation due to the
calving process, and an abrupt dietary change, characterized by an increase in the proportion of rapidly
fermentable carbohydrates at the expense of effective fiber. Concomitantly, the massive increase in the
energy required for lactation, typically resulting in body reserves mobilization, provides additional
stress. Similarly, in beef cattle, animals arriving to feedlots endure feed and water deprivation, social
mixing, and potentially heat or cold stress during transportation, to be then subjected to an abrupt
change in diet composition, also towards greater fermentability and lower effective fiber. In both cases,
the summation of these factors may have cumulative or synergistic detrimental consequences on gut
health. A defective intestinal barrier function results in both local and systemic inflammation due to
infiltration of luminal content across the epithelium [14,15]. Upon activation, immune cells drastically
increase their energy and nutrient requirements, which directly competes with agriculturally relevant
processes such as milk synthesis and growth [16]. Moreover, inflammation has been associated with
the incidence of a variety of diseases [17]. Therefore, supporting gut health and reducing inflammation
represents an attractive strategy to improve overall health and performance.

The effects of introducing high grain diets in both transition cows and feedlot cattle on
gastrointestinal health are likely the best characterized in the literature. Increasing the proportion
of grain in the diet is an extensive practice intended to support the high energetic demands of
lactation and maximize somatic growth. However, a rapid shift in dietary fermentation rate can
ultimately lead to different degrees of rumen acidosis (acute vs. subacute) and its associated clinical
signs [8,14,15]. While ruminal health has received much attention, it is increasingly evident that the
impact of such diets on other sections of the gastrointestinal tract might substantially contribute to the
overall pathophysiology of the disease. Increasing the dietary inclusion of grains leads to an increase in
rumen bypass starch reaching distal sections of the intestine. Specifically, the effects of high grain diets
on the hindgut are likely comparable to those in the rumen, as a result of carbohydrate fermentation
by the large intestine microflora [18]. Nevertheless, the dearth of data pertaining to the ruminant
hindgut makes it challenging to elucidate its relative contribution to the complex syndrome englobed
by rumen acidosis.
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In this review, our objective was to summarize the available knowledge on hindgut health in cattle
and its potential systemic consequences. Further, we propose the utilization of nutritional interventions
aimed at supporting microbiome homeostasis and barrier function of this section of the gastrointestinal
tract to ultimately improve animal health and subsequently their welfare and performance.

2. Grain Overload Syndrome and Considerations on Starch Digestion Site

High grain diets increase the amount of starch digested postruminally. Moreover, the type of grain
as well as the rate and extent of grain processing have a major impact on both the site of digestion and
total tract digestibility of starch [19–21]. In order to investigate changes in starch digestibility, in both
site and magnitude, we compiled data from published dairy nutrition studies in which dietary starch
was the main experimental factor and duodenal starch flow was recorded. Figure 1A illustrates how
increasing starch supply has an exponential effect on duodenal starch flow, indicating that as dietary
starch increases, the proportion of starch digested in the rumen decreases. Below 10 g/d/kg body weight
(BW), an average of 72% (±SD 19%) of starch was digested in the rumen (n = 21). In contrast, ruminal
digestibility decreased to only 55% (± 13%) above that threshold (n = 32).
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From an energy point of view, shifting the site of digestion of starch from the rumen to the small
intestine (SI) might be beneficial, as the latter is assumed to be more efficient [22–24]. Nevertheless,
just like in the rumen, as the amount of starch reaching the duodenum increases, starch digestibility
in the SI also seems to decrease [25,26]. The model of Offner and Sauvant [26] based on 18 studies
and 51 treatment means, predicts that when 50 g/kg dry matter (DM) of starch reaches the duodenum
(i.e., about 2 g/d/kg BW on Figure 1A), SI digestibility is 68%. However, this drops to 44% when
starch flow to the duodenum increases to 250 g/kg DM (i.e., approximately 9 g/d/kg BW in Figure 1A).
Interestingly, infusing increasing amounts of starch into the duodenum results in a reduction in
pancreatic α-amylase secretion [27,28], which could partly explain this decrease in digestibility.
Consequently, an increase in dietary starch supply results in disproportionately greater amounts
reaching the large intestine.

In contrast to the rumen and SI, digestibility at the hindgut seems relatively unresponsive to
starch supply. In the meta-analysis conducted by Offner and Sauvant [26], the average hindgut starch
digestibility was estimated at 49.5% (±18.2%, n = 55). Therefore, the variation in postruminal starch
digestibility seems to be predominantly driven by variation in SI digestibility. On average, 84% (±10%)
of bypass starch was digested in the intestines, but a substantial interaction between starch level and
experimental effect was observed (Figure 1B). For instance, at 7 g of starch/d/kg BW, variation in fecal
starch ranged from 0.25 to 2.5 g/d/kg BW. Despite these variations in site, total tract starch digestibility
remained high, with a median of 95.6% (Figure 1C, n = 95).

3. Intestinal Health and Inflammation

High grain diets are the main risk factor for the development of different forms of ruminal
acidosis, also sometimes referred to as grain overload syndrome. Subacute ruminal acidosis (SARA)
is characterized by reductions in feed intake, fiber digestion, and performance and different degrees
of diarrhea with frothy feces and mucin casts [14,15]. This subacute presentation has an estimated
prevalence of up to 26% in dairy cows [8]. In contrast, acute ruminal acidosis has a rapid onset
and is characterized by depression, profuse diarrhea, and high mortality rates [29]. The effects of
high grain diets on rumen dynamics and health have been the focus of extensive research. However,
analogous processes occur in the hindgut, where excessive and rapid fermentation in response to high
postruminal starch leads to accumulation of volatile fatty acids (VFAs) and the decrease in digesta
pH [18]. Moreover, changes in substrate availability lead to a similar increase in microbe proliferation
and the accumulation of bacterial components such as lipopolysaccharide (LPS), bioactive amines,
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and other toxic compounds in both anatomical sites [18,30–32]. In addition to overall proliferation,
alterations in microbial ecology and dysbiosis occur, and losses in microbial richness and diversity
in response to acidotic diets are observed in both rumen fluid and cecum digesta/feces [33–35]. As a
result, not only fermentation rates, but also patterns change, enhancing lactate synthesis and buildup
and further contributing to the pH decline [36,37].

Despite the analogy in the processes occurring in both sites, it has been suggested that the effects
of acidosis are more deleterious in the hindgut than in the rumen due to the intrinsic characteristics
of each of these sections. From a structural point of view, the single layer of columnar epithelium of
the large intestine might be more vulnerable to an acidic environment and bacterial components than
is the stratified squamous lining of the rumen, even when considering the protective effects of the
colonic mucus layer, which is absent in the rumen [15]. Physiologically, the buffering capacity of the
hindgut is probably limited compared to the rumen system where saliva and protozoa modulate pH
fluctuations [18]. Human and rodent studies suggest that the colonic mucus layer helps to create a
microclimate capable of preserving a relatively stable pH at the epithelial surface independently of
luminal pH fluctuations [38]. Under these conditions, a decrease in pH due to VFA accumulation would
not facilitate their absorption as it occurs in the rumen, further exacerbating acidosis [18,39]. In terms
of immune function, it is generally accepted that the hindgut’s immune response is more robust and
active than that of the rumen, due to a larger presence of immune cells and defense mechanisms
(e.g., mucus layer, antimicrobial peptides, secretory IgA) [40]. Therefore, in response to a comparable
stimulus, the hindgut could be expected to mount a more extensive inflammatory response with
increased energy and nutrient requirements. If the increased susceptibility of the hindgut to acidosis
was confirmed, this would imply that the large intestine might substantially contribute to its clinical
picture. Indeed, some of the symptoms attributed to rumen acidosis are actually indicative of hindgut
acidosis. Specifically, the presence of loose and frothy feces and mucin casts are the result of mucosal
damage in the large intestine due to excessive starch fermentation. Nevertheless, the paucity of studies
designed to isolate the effects of acidosis in the rumen and in the hindgut makes it difficult to establish
the relative importance of each gastrointestinal section in the general syndrome.

Independently of anatomical site, the changes in pH and LPS concentrations associated with
acidosis interfere with the intestinal barrier function. As a result, there is increased infiltration of
luminal content, such as bacteria and their associated components (e.g., LPS, bioactive amines) through
the epithelium, which is commonly referred to as leaky gut. In an ex vivo study, Emmanuel et al. [41]
observed that permeability to mannitol (a marker of paracellular permeability) increased in the rumen
and the colon when both low pH conditions and the presence of LPS occurred concurrently, but not when
these factors were introduced independently. In contrast, LPS permeability was pH independent [41].
In a model of acute rumen acidosis in sheep, an increase in gastrointestinal permeability, as measured
by lactulose recovery in blood, was reported [42]. The authors suggested that the reticulorumen was
the most affected section of the digestive tract, because lactulose peaked in blood only 2 h after oral
administration. However, fecal pH dramatically decreased 3.5 points and fecal alkaline phosphatase
(a brush border enzyme) increased more than 50 fold, suggesting concomitant hindgut acidosis and
damage of the epithelial lining. Acute acidosis affects the ultrastructure and the histology of the rumen
papillae, inducing extensive sloughing of the epithelium and compromised adhesion between cells [43].
Similarly, hindgut acidosis in goats led to increased epithelial injury and immune cell infiltration,
widened intercellular spaces (indicative of tight junction damage), and upregulation of inflammatory
and apoptosis pathways [44,45]. In addition to its consequences at the microscopic level, macroscopic
lesions are common findings induced by acidosis. In the rumen, low pH results in rumenitis, which can
develop into hyperkeratosis and ulceration [46]. In the hindgut, mucosal damage leads to the shedding
of mucin casts and their appearance in feces. In summary, under both rumen and hindgut acidotic
conditions, gastrointestinal integrity is severely compromised.
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The intestinal content is highly immunogenic and its translocation across the epithelium results in
the activation of a local inflammatory response, which may progress to the liver via portal circulation and
become systemic if left unresolved. Indeed, several studies have detected an increase in blood LPS and
other markers of reduced gut barrier function in response to diets aimed to induce acidosis [31,42,47].
Systemic inflammation as a consequence of acidosis was once assumed to be exclusively due to
increased permeability at the rumen level. However, in retrospect, it is likely that hindgut acidosis
concomitantly developed in these studies, potentially contributing to immunoactivation. Interestingly,
Plaizier et al. [48], in a series of experiments, demonstrated that blood LPS and systemic inflammation
were only detected when SARA was induced through a grain-based compared to an alfalfa pellet-based
diet [32,49,50]. Mechanistically, only the grain-based diet led to an increase in the amount of rumen
bypass starch, resulting in hindgut acidosis (decreased pH and increased LPS concentration in the
cecum). Based on these results, the authors suggested that the inflammatory stimulus originated in
the large intestine, rather than in the rumen. Very few studies where carbohydrate fermentation in
the hindgut was evaluated in isolation (e.g., through abomasal infusions), investigated its effects on
gut health and inflammatory parameters. In a pilot study, our group successfully induced hindgut
acidosis through an abomasal starch infusion in lactating cows, as confirmed by changes in fecal
fermentation parameters (i.e., decreased pH, increased starch content and lactate concentration) [51].
A dramatic increase in fecal alkaline phosphatase activity and increased blood D-lactate (a marker of
microbial metabolism poorly utilized by mammalian cells) were observed in this study, both indicative
of mucosal sloughing and leaky gut [51]. In contrast, Mainardi et al. [52] did not detect changes in
acute phase proteins after oligofructose infusion in heifers. Similarly, and despite inducing apparent
signs of acidosis (e.g., diarrhea and mucin casts) through starch infusions, Bissel and Hall [53] detected
inconsistent inflammatory responses in culled non-lactating cows. Reasons for the differences in results
among studies are unclear, but they might be related to experimental design, sampling timing, sample
size, and physiological status.

Finally, leaky gut has been proposed as a predisposing factor for other disorders associated with
acidosis, including liver abscesses (further discussed later in this review) and laminitis. The exact
etiology of laminitis is insufficiently understood, but it has been suggested that different substances
infiltrating from the intestine (e.g., LPS, histamine, etc.) damage the capillaries of the lamellae in
the hoof resulting in inflammation and lameness [54]. To our knowledge, there is no data available
specifically associating defective hindgut barrier function with laminitis in ruminants. However,
in horses, grain supplementation and increased intake of rapidly fermentable carbohydrates result in
systemic inflammation and a higher incidence of laminitis [55,56]. Assuming that horses, being posterior
fermenters, could serve as a viable model for ruminants, this data supports that hindgut acidosis could
play a role in the development of laminitis in cattle.

4. Energetic Cost of Inflammation

Excessive inflammation is an animal welfare concern that can ultimately affect health, growth,
and reproduction by diverting energy away from these productive processes and toward the immune
response [57]. The energetic response to inflammation has been studied for well over a century. As early
as the 1830s, medical doctors such as Robert J. Graves (for whom Graves’ disease is named) began
teaching about the importance of maintaining energy intake during illness [58]. Recent findings have
demonstrated that both innate and adaptive activated immune cells undergo a metabolic shift from
oxidative phosphorylation to aerobic glycolysis, known as the Warburg effect, which substantially
increases their glucose consumption [59–61]. Accurately determining nutrient requirements of the
immune system is difficult due to its ubiquitous and fluctuating distribution throughout tissues. During
infection, both whole-body energy expenditure and glucose utilization markedly increase [62–64],
but tissues with a large immune compartment (e.g., spleen, liver, lung, and ileum) show the largest
increases in glucose utilization [63]. Furthermore, Mészáros et al. [65] examined different cell fractions
within the liver after an i.v. LPS challenge and demonstrated glucose uptake did not change in
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parenchymal cells, but markedly increased in Kupffer cells (~7-fold) and neutrophils (~5-fold). Better
understanding the impact of immunoactivation on whole-animal glucose consumption has practical
implications to animal agriculture, as glucose availability is a critical signal for anabolic processes
required for animal performance. Using the LPS–euglycemic clamp technique, Kvidera et al. [16,66,67]
determined glucose requirements of an acutely activated immune system were 0.66, 1.0, and 1.1 g/kg
BW0.75/h in cows, steers, and pigs; respectively. The consistency in the glucose requirements on a
metabolic bodyweight basis suggests a relatively conserved immune system response across different
ages, physiological states, and species. In the lactating dairy cow model, this equated to ~1 kg of glucose
utilized by the immune system in a 12-h period. Thus, infection and inflammation noticeably redirect
resources toward the immune system and away from synthesis of economically relevant products.

5. Role of Hindgut Health on Metabolic Diseases in Dairy Cows

Inflammation is essential during the periparturient period, being involved in the signaling cascade
that leads to parturition, the involution of the postgravid uterus, and the initiation of lactogenesis [68,69].
In agreement, increased inflammatory biomarkers are observed in both healthy and poorly transitioning
cows [70–73]. However, inflammation might become a double-edged sword when repeated insults
and/or unresolved infection lead to excessive or uncontrolled immuno-activation. The transition
period is characterized by a myriad of stressful events including calving, onset of lactation, pen moves
(and social stress), inconsistent dry matter intake, and diet changes. Single inflammatory events
with the adequate resources are likely harmless. However, multiple and successive insults such as
those encountered during the transition period can interfere with the animal’s ability to maintain
homeostasis [69].

As previously reviewed [17], inflammation likely plays an etiological role in multiple transition
cow diseases. For instance, cows that eventually develop transition disorders such as metritis [74,75],
mastitis [76], laminitis [77], ketosis [78,79], milk fever, and retained placenta [80] show a much
stronger inflammatory profile than do their healthy counterparts. Huber et al. [81] observed that cows
culled before the end of lactation due to health and/or fertility issues presented a pro-inflammatory
metabotype compared to those of healthy ones that completed lactation. These metabolic profiles were
also detectable prepartum. In a retrospective study, cows that developed ketosis in early lactation
experienced an increase in circulating acute phase proteins postpartum and increased blood LPS
before calving when compared to those of healthy controls [78]. Similarly, Mezzetti et al. [82] have
recently demonstrated that cows categorized as ketotic already showed signs of immunoactivation
during the dry period, followed by a more robust acute phase response postpartum. In addition,
ewes suffering from pregnancy toxemia (ketosis) had increased inflammatory markers 6 days before
lambing [83]. Interestingly, in all these studies, inflammation precedes the onset of the disease, but the
origin of inflammation in this context remains unknown, and causality beyond correlation could not
be demonstrated. Abuajamieh et al. [78] hypothesized that leaky gut might be contributing to this
proinflammatory status in the absence of any other overt inflammation sources. If confirmed, practical
implications would follow as mitigation strategies aimed to support gut health might represent
an opportunity to prevent metabolic diseases. Regardless of the origin, the mechanisms by which
inflammation and metabolic disease are associated are not well understood. Immunoactivation and
early lactation each require profound metabolic adaptation, and both occurring simultaneously in the
periparturient period may result in metabolic imbalance and disease.

6. Role of Hindgut Health on Liver Abscesses in Beef Cattle

Liver abscesses (LAs) are still a prevalent problem in feedlot cattle in the US, Canada, Europe,
Japan, and South Africa [84,85]. To date, efforts to eradicate the disease have been unsuccessful,
resulting in a major concern to feedlot producers and packing plants as they represent a food safety
risk. In addition, in recent years, LAs have received more attention due to the metaphylactic use
of antibiotics to mitigate their incidence. This disease presented itself as early as 1935, with 5.2%
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LA-related condemnations reported for cattle slaughtered in the US [86]. Currently, LA prevalence
is approximately 25% in grain-fed Holsteins and 18.2% in beef steers [87]. Researchers have been
unable to agree on the cause of the disease [85,88–90] with mitigation opportunities likely requiring a
multidisciplinary approach.

The majority of etiological explanations proposed to cause LA are reliant on the rumenitis–hepatic
abscess theory first proposed by Jensen et al. [91]. This is based on the correlation between ulcerative
rumen lesions and LA occurrence in feedlot cattle first noted by Smith et al. [88]. After Nagaraja
et al. [92] stated that LA in cattle is caused by aggressive grain feeding programs, industry and
academia alike generally agreed on ruminal acidosis being the predisposing factor to LA. Further,
multiple researchers have linked LA in cattle to ruminal acidosis caused by chronically low rumen
pH [93–95]. Microbial ecology of the rumen is disrupted by dietary manipulation [96] and Fusobacterium
necrophorum, identified as the primary LA-causing pathogen [97,98], exhibits a 10-fold increase in the
rumen when transitioning cattle onto a high concentrate diet. Interestingly, the acidic conditions in the
rumen actually restrict the growth of these gram-negative bacteria. However, the physical damage to
the rumen epithelium caused by the excess VFAs, hyperosmolality, toxins, and low pH is believed
to provide entry to F. necrophorum and allow colonization around the damaged area. A nutritional
and pathogenic synergy exists between F. necrophorum and Trueperella pyogenes [99], a gram-positive
anaerobe, which is the second most frequently isolated pathogen in LA [100]. Trueperella pyogenes is
believed to both facilitate the oxygen sensitive F. necrophorum’s colonization of damaged areas of the
rumen wall and allow its survival in the oxygen-rich hepatic environment [101]. Since rumen microbes
lack virulence factors to disrupt host immunity [102], a compromised ruminal epithelium is required
for pathogen transfer to take place.

The hindgut as an entry point for LA-causing pathogens has not received much attention to
date. As mentioned earlier, the rumenitis–hepatic abscess theory is dependent on the high correlation
between ulcerative rumen lesions and LA. However, Weiser et al. [103] detected no correlation between
LA incidence and rumen lesions. More recently, in a large observational survey in commercial yards
and packing plants, Bester et al. [104] also reported no correlation between rumen lesions or tylosin
phosphate treatment with the incidence or severity of LA. Amachawadi and Nagaraja [105] alluded
to the possible role of the hindgut in this disorder after being the first to isolate a novel serotype of
Salmonella enterica from LAs of cattle. Since the strain matched the ones isolated from lymph nodes
of slaughtered cattle [106], it was proposed to be either an etiological agent or secondary invader in
LA formation. Considering Salmonella’s presence in the gut, it is believed to enter the lymph nodes
and portal circulation resulting in LA formation after crossing the epithelial barrier of the small or
large intestine. Going forward, the potential role of the hindgut in LA pathogen entry in feedlot cattle
deserves further research.

Current mitigation strategies of LA in cattle relies mainly on tylosin phosphate, a macrolide
antibiotic fed to more than 71% of feedlots in the US [107]. Tylosin phosphate has been shown to
reduce ruminal levels of F. necrophorum between 80 and 90% [108] and LA prevalence by 75% [84,98].
However, LA is still reported at 12–18% of cattle fed tylosin phosphate [109] as opposed to the reported
45% in untreated cattle [85,110]. This antibiotic drug belongs to a medical class relevant to human
medicine, underscoring the need to investigate alternative metaphylactic treatments to reduce both LA
incidence and severity.

7. Nutritional Strategies to Support Hindgut Health

Supporting gastrointestinal health represents an opportunity to improve overall health and
performance in beef and dairy cattle. Nutritional solutions in this direction have mostly focused on rumen
health; however, targeting the hindgut could constitute an unexplored opportunity for improvement.
This concept is well established in human and monogastric nutrition, where the utilization of pre- and
probiotics to support large intestine homeostasis has been extensively researched as a mean to improve
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health and productivity [111,112]. Nevertheless, in ruminants, the application of these types of products
require additional considerations, including the use of rumen bypass technologies.

As an example, zinc has shown beneficial effects on intestinal health in different agriculturally
relevant species [113], including ruminants [114]. However, environmental concerns with the excretion
of high concentrations of minerals in the manure preclude their supplementation at high doses.
Specific trace metal forms (e.g., organic zinc, zinc hydroxychloride) have proven greater nutritional
bioavailability [115,116] and, therefore, benefits on gut health could be reproduced at lower doses.
Probiotics are additives of a microbial nature capable of positively influencing gastrointestinal
ecology [117]. Several practical constraints require attention when developing probiotic products
including survival during manufacturing and storage, delivery to the appropriate section of the
gastrointestinal tract, and maintenance of viability and phenotypic characteristics [117]. Particularly
in ruminants, targeting the post ruminal compartments requires specific formulations. In contrast,
prebiotics present fewer of these constraints. The term prebiotic was originally defined as a “non-
digestible food ingredient that positively affects the host by selectively stimulating the growth and/or
activity of one or a limited number of bacteria in the colon, and thus improves host health” [118].
The same group later expanded upon this definition, proposing that ingredients classified as prebiotics
should (1) pass through the digestive tract intact with minimal degradation and absorption by the
host, (2) be fermented by the intestinal microbiota, and (3) selectively stimulate the growth and/or
activity of intestinal microbiota associated with health and well-being [119]. In the field of human
nutrition, many prebiotics are related to different fiber fractions that support production of VFAs
in the colon [120]. These VFAs exert a variety of bioactive effects, such as reductions in colonic
inflammation [112], and support epithelial homeostasis [121,122]. Additionally, using prebiotics to
selectively promote growth of specific bacterial species such as Lactobacilli and Bifidobacterium may help
stimulate the expression of proteins that maintain tight junctions [112], improving gut barrier function.

While there is abundant research dedicated to rumen microbial metabolism, information pertaining
to the hindgut or ruminant species is sparse, particularly concerning the applications of prebiotics
(as reviewed by [40,111,123]). In the context of ruminant nutrition, many fiber components of a typical
ration would be considered prebiotics based a priori on the criteria of Gibson et al. [119]. However,
in contrast to monogastrics, for a compound to have prebiotic effects in the large intestine of cattle,
it would need to escape rumen fermentation in sufficient quantities to stimulate a response in the
hindgut microbiota. This is well illustrated by the novel prebiotic gluconic acid, which has been shown
to improve performance when supplemented in monogastric species [124–127]. Gluconic acid salts
(GAS), such as sodium or calcium gluconate, act indirectly to improve hindgut health by stimulating
the production of VFAs, which are critical for the growth and support of intestinal cells. Gluconic acid
is a naturally occurring byproduct of the incomplete oxidation of glucose and is present in a variety of
plants and other feedstuffs [128]. In an in situ study, Asano et al. [129] observed that approximately
80% of sodium gluconate remained unabsorbed in the SI of rats after 30 min. This supports the notion
that GAS can survive transit through the SI and reach the large intestine intact, where they are used as
a substrate for a variety of bacteria to produce predominantly lactic acid and acetate [124,130]. Table 1
outlines the bacterial species found to be stimulated by the addition of GAS in vitro [129]. The main
species stimulated by GAS were Bifidobacterium, which produce lactic acid, and lactic-acid utilizing
bacteria, such as Megasphaera elsdenii.
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Table 1. Utilization of gluconate by intestinal bacteria 1.

Bacterial Species Gluconate Affinity 2

Bifidobacterium
adolescentis ++
pseudocatenulatum +++
catenulatum +++
dentium +++

Clostridium
clostridifome +
innocuum +

Cutibacterium acnes 3 +
Enterococcus faecium ++
Klebsiella pneumoniae +
Megasphaera elsdenii +

1 Adapted from Asano et al. [126]. 2 Bacterial growth assessed by optical density at 660 nm between control and test
experiments: +, 0.200–0.399; ++, 0.400–0.599; +++, > 0.600. 3 Formerly identified as Propionibacterium acnes.

In a later study published by Tsukahara et al. [124], it was observed that GAS was fermented
at a slow rate when incubated in cecal digesta from pigs based on VFA production (i.e., acetate,
propionate, and butyrate) with no lactic acid buildup. To account for the increased production of all
major VFAs, the authors proposed that GAS are fermented to lactic acid and acetate by Bifidobacterium
and Lactobacillus acidophlius, in agreement with the findings of Asano et al. [129], and that the lactic
acid is subsequently fermented by another bacterial species (i.e., M. elsdenii) to produce propionate
and butyrate. The slow-fermenting characteristics of GAS allow for the gradual production of lactic
acid so that it can be completely utilized by M. elsdenii, preventing a decrease in pH. Interestingly,
increasing concentrations of lactate stimulate M. elsdenii growth and its expression of genes involved
in lactate utilization [37], which might further promote butyrate production and pH modulation
when supplementing GAS. This pattern of VFA production where one species produces the substrates
used by another species, known as syntrophy, is very common and takes place in other instances of
fermentation, such as in the rumen. Tsukahara et al. [125] demonstrated that VFA production was
significantly increased in the presence of both L. acidphilus and M. elsdenii in cecal digesta of pigs
incubated with GAS, providing further support for this hypothesis. A similar response in butyrate
production was observed in rats [131] and piglets [126,132] after GAS dietary supplementation.

In a series of experiments, our research group has demonstrated that delivering calcium
gluconate to the hindgut of lactating cows via abomasal infusion increases milk fat concentration and
energy-corrected milk yield (Figure 2A,B) [133,134]. In contrast, when gluconate was fed unprotected
and left available for ruminal fermentation, no benefits on performance were observed, supporting its
postruminal mode of action (Figure 2C) [133].

For its application in ruminants, calcium gluconate has been embedded in a matrix of hydrogenated
fat, protecting its prebiotic characteristics from the fermentative activity of the rumen microbiota. The fat
matrix is then digested during passage through the intestine, liberating the calcium gluconate and
allowing access to the hindgut microbiota. Dietary supplementation of dairy cows with fat-embedded
calcium gluconate results in production responses similar to those observed when dosed as a
postruminal infusion [135]. This suggests that sufficient calcium gluconate reaches the hindgut
to elicit a response and that this response is similar in mechanism to that observed in other species.
By selectively promoting the activity and proliferation of microbiota associated with improved gut
health, prebiotics can be supplemented to sustain adequate hindgut ecology and positively influence
gut barrier function, similar to monogastric applications.
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Figure 2. Milk fat yield response to (A) an abomasal infusion of 5–46 g/day [133], (B) an abomasal
infusion of 44–187 g/day [134], and (C) dietary supplementation of 45 g/d [133] of unprotected calcium
gluconate (CaG). Within experiments, no differences were detected between infused CaG doses, and the
results of the control vs. CaG contrast are shown. * p < 0.05; † p < 0.10.

8. Conclusions and Implications

An adequate gastrointestinal health is critical to ensure welfare, support overall health,
and optimize performance. Challenges affecting the rumen may also disrupt hindgut homeostasis;
however, its relative contribution to the acidotic syndrome in dairy and beef cattle remains unclear and
deserves further research. Targeting the hindgut with precise nutritional strategies requires additional
considerations in cattle and circumventing the rumen through bypass technologies is essential.
Stimulating hindgut’s ecological balance and barrier function through nutritional interventions might
represent a window of opportunity to further improve health and productivity in cattle.

Author Contributions: Conceptualization: M.V.S.-F. and J.M.-T. Drafting, review and editing of the manuscript:
M.V.S.-F., J.-B.D., D.J.S., S.K.K., Z.B., J.D., J.M.-T. All authors have read and agree to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors of this paper are employed by Trouw Nutrition, a company with commercial
interests in some of the nutritional strategies listed in this review.

References

1. McBride, B.W.; Kelly, J.M. Energy cost of absorption and metabolism in the ruminant gastrointestinal tract
and liver: A review. J. Anim. Sci. 1990, 68, 2997–3010. [CrossRef]

2. Cant, J.P.; McBride, B.W.; Croom, W.J., Jr. The regulation of intestinal metabolism and its impact on whole
animal energetics. J. Anim. Sci. 1996, 74, 2541–2553. [CrossRef] [PubMed]

3. Van der Heijden, P.J.; Stok, W.; Bianchi, A.T.J. Contribution of immunoglobulin-secreting cells in the murine
small intestine to the total ‘background’ immunoglobulin production. Immunology 1987, 62, 551–555.
[PubMed]

4. Matsunaga, T.; Rahman, A. What brought the adaptive immune system to vertebrates?—The jaw hypothesis
and the seahorse. Immunol. Rev. 1998, 166, 177–186. [CrossRef]

5. Bischoff, S.C. ‘Gut health’: A new objective in medicine? BMC Med. 2011, 9, 24. [CrossRef]
6. Kvidera, S.K.; Horst, E.A.; Sanz Fernandez, M.V.; Abuajamieh, M.; Ganesan, S.; Gorden, P.J.; Green, H.B.;

Schoenberg, K.M.; Trout, W.E.; Keating, A.F.; et al. Characterizing effects of feed restriction and glucagon-like
peptide 2 administration on biomarkers of inflammation and intestinal morphology. J. Dairy Sci. 2017, 100,
9402–9417. [CrossRef]

http://dx.doi.org/10.2527/1990.6892997x
http://dx.doi.org/10.2527/1996.74102541x
http://www.ncbi.nlm.nih.gov/pubmed/8904723
http://www.ncbi.nlm.nih.gov/pubmed/3323031
http://dx.doi.org/10.1111/j.1600-065X.1998.tb01262.x
http://dx.doi.org/10.1186/1741-7015-9-24
http://dx.doi.org/10.3168/jds.2017-13229


Animals 2020, 10, 1817 12 of 18

7. Zhang, S.; Albornoz, R.I.; Aschenbach, J.R.; Barreda, D.R.; Penner, G.B. Short-term feed restriction impairs
the absorptive function of the reticulo-rumen and total tract barrier function in beef cattle. J. Anim. Sci. 2013,
91, 1685–1695. [CrossRef] [PubMed]

8. Plaizier, J.C.; Krause, D.O.; Gozho, G.N.; McBride, B.W. Subacute ruminal acidosis in dairy cows:
The physiological causes, incidence and consequences. Vet. J. 2008, 176, 21–31. [CrossRef]

9. Baumgard, L.H.; Rhoads, R.P. Effects of heat stress on postabsorptive metabolism and energetics. Annu. Rev.
Anim. Biosci. 2013, 1, 311–337. [CrossRef] [PubMed]

10. Vanuytsel, T.; van Wanrooy, S.; Vanheel, H.; Vanormelingen, C.; Verschueren, S.; Houben, E.; Salim Rasoel, S.;
Tóth, J.; Holvoet, L.; Farré, R.; et al. Psychological stress and corticotropin-releasing hormone increase
intestinal permeability in humans by a mast cell-dependent mechanism. Gut 2014, 63, 1293–1299. [CrossRef]

11. de Punder, K.; Pruimboom, L. Stress induces endotoxemia and low-grade inflammation by increasing barrier
permeability. Front. Immunol. 2015, 6, 223. [CrossRef] [PubMed]

12. Ziegler, T.R.; Smith, R.J.; O’Dwyer, S.T.; Demling, R.H.; Wilmore, D.W. Increased intestinal permeability
associated with infection in burn patients. Arch. Surg. 1988, 123, 1313–1319. [CrossRef] [PubMed]

13. Hietbrink, F.; Besselink, M.G.; Renooij, W.; de Smet, M.B.; Draisma, A.; van der Hoeven, H.; Pickkers, P.
Systemic inflammation increases intestinal permeability during experimental human endotoxemia. Shock
2009, 32, 374–378. [CrossRef] [PubMed]

14. Plaizier, J.C.; Danesh Mesgaran, M.; Derakhshani, H.; Golder, H.; Khafipour, E.; Kleen, J.L.; Lean, I.; Loor, J.;
Penner, G.B.; Zebeli, Q. Review: Enhancing gastrointestinal health in dairy cows. Animal 2018, 12, s399–s418.
[CrossRef]

15. Steele, M.A.; Penner, G.B.; Chaucheyras-Durand, F.; Guan, L.L. Development and physiology of the rumen
and the lower gut: Targets for improving gut health. J. Dairy Sci. 2016, 99, 4955–4966. [CrossRef]

16. Kvidera, S.K.; Horst, E.A.; Abuajamieh, M.; Mayorga, E.A.; Sanz Fernandez, M.V.; Baumgard, L.H. Glucose
requirements of an activated immune system in lactating Holstein cows. J. Dairy Sci. 2017, 100, 2360–2374.
[CrossRef]

17. Eckel, E.F.; Ametaj, B.N. Invited review: Role of bacterial endotoxins in the etiopathogenesis of periparturient
diseases of transition dairy cows. J. Dairy Sci. 2016, 99, 5967–5990. [CrossRef]

18. Gressley, T.F.; Hall, M.B.; Armentano, L.E. Ruminant Nutrition Symposium: Productivity, digestion,
and health responses to hindgut acidosis in ruminants. J. Anim. Sci. 2011, 89, 1120–1130. [CrossRef]

19. Kreikemeier, K.K.; Harmon, D.L.; Brandt, R.T., Jr.; Nagaraja, T.G.; Cochran, R.C. Steam-rolled wheat diets for
finishing cattle: Effects of dietary roughage and feed intake on finishing steer performance and ruminal
metabolism. J. Anim. Sci. 1990, 68, 2130–2141. [CrossRef]

20. Swingle, R.S.; Eck, T.P.; Theurer, C.B.; De la Llata, M.; Poore, M.H.; Moore, J.A. Flake density of steam-processed
sorghum grain alters performance and sites of digestibility by growing-finishing steers. J. Anim. Sci. 1999,
77, 1055–1065. [CrossRef]

21. Galyean, M.L.; Wagner, D.G.; Johnson, R.R. Site and Extent of Starch Digestion in Steers Fed Processed Corn
Rations. J. Anim. Sci. 1976, 43, 1088–1094. [CrossRef]

22. Armstrong, D.A.; Blaxter, K.L.; Graham, N.M. Fat synthesis from glucose by sheep. Proc. Nutr. Soc. 1960, 19,
xxxi–xxxii.

23. Owens, F.N.; Zinn, R.A.; Kim, Y.K. Limits to starch digestion in the ruminant small intestine. J. Anim. Sci.
1986, 63, 1634–1648. [CrossRef] [PubMed]

24. McDonald, P.; Edwards, R.A.; Greenhalgh, J.F.D.; Morgan, C.A. Animal Nutrition, 5th ed.; Longman Scientific
& Technical: Harlow, UK, 1995.

25. Kreikemeier, K.K.; Harmon, D.L.; Brandt, R.T.; Avery, T.B.; Johnson, D.E. Small intestinal starch digestion in
steers: Effect of various levels of abomasal glucose, corn starch and corn dextrin infusion on small intestinal
disappearance and net glucose absorption. J. Anim. Sci. 1991, 69, 328–338. [CrossRef] [PubMed]

26. Offner, A.; Sauvant, D. Prediction of in vivo starch digestion in cattle from in situ data. Anim. Feed Sci. Technol.
2004, 111, 41–56. [CrossRef]

27. Walker, J.A.; Harmon, D.L. Influence of ruminal or abomasal starch hydrolysate infusion on pancreatic
exocrine secretion and blood glucose and insulin concentrations in steers. J. Anim. Sci. 1995, 73, 3766–3774.
[CrossRef]

http://dx.doi.org/10.2527/jas.2012-5669
http://www.ncbi.nlm.nih.gov/pubmed/23422009
http://dx.doi.org/10.1016/j.tvjl.2007.12.016
http://dx.doi.org/10.1146/annurev-animal-031412-103644
http://www.ncbi.nlm.nih.gov/pubmed/25387022
http://dx.doi.org/10.1136/gutjnl-2013-305690
http://dx.doi.org/10.3389/fimmu.2015.00223
http://www.ncbi.nlm.nih.gov/pubmed/26029209
http://dx.doi.org/10.1001/archsurg.1988.01400350027003
http://www.ncbi.nlm.nih.gov/pubmed/3140766
http://dx.doi.org/10.1097/SHK.0b013e3181a2bcd6
http://www.ncbi.nlm.nih.gov/pubmed/19295480
http://dx.doi.org/10.1017/S1751731118001921
http://dx.doi.org/10.3168/jds.2015-10351
http://dx.doi.org/10.3168/jds.2016-12001
http://dx.doi.org/10.3168/jds.2015-10727
http://dx.doi.org/10.2527/jas.2010-3460
http://dx.doi.org/10.2527/1990.6872130x
http://dx.doi.org/10.2527/1999.7751055x
http://dx.doi.org/10.2527/jas1976.4351088x
http://dx.doi.org/10.2527/jas1986.6351634x
http://www.ncbi.nlm.nih.gov/pubmed/3539905
http://dx.doi.org/10.2527/1991.691328x
http://www.ncbi.nlm.nih.gov/pubmed/2005026
http://dx.doi.org/10.1016/S0377-8401(03)00216-5
http://dx.doi.org/10.2527/1995.73123766x


Animals 2020, 10, 1817 13 of 18

28. Swanson, K.C.; Matthews, J.C.; Woods, C.A.; Harmon, D.L. Postruminal administration of partially
hydrolyzed starch and casein influences pancreatic alpha-amylase expression in calves. J. Nutr. 2002, 132,
376–381. [CrossRef]

29. Nagaraja, T.G.; Titgemeyer, E.C. Ruminal acidosis in beef cattle: The current microbiological and nutritional
outlook. J. Dairy Sci. 2017, 90, 17–38. [CrossRef]

30. Nagaraja, T.G.; Bartley, E.E.; Fina, L.R.; Anthony, H.D. Relationship of rumen gram-negative bacteria and
free endotoxin to lactic acidosis in cattle. J. Anim. Sci. 1978, 47, 1329–1336. [CrossRef]

31. Gozho, G.N.; Plaizier, J.C.; Krause, D.O.; Kennedy, A.D.; Wittenberg, K.M. Subacute ruminal acidosis induces
ruminal lipopolysaccharide endotoxin release and triggers an inflammatory response. J. Dairy Sci. 2005, 88,
1399–1403. [CrossRef]

32. Li, S.; Khafipour, E.; Krause, D.O.; Kroeker, A.; Rodriguez-Lecompte, J.C.; Gozho, G.N.; Plaizier, J.C. Effects
of subacute ruminal acidosis challenges on fermentation and endotoxins in the rumen and hindgut of dairy
cows. J. Dairy Sci. 2012, 95, 294–303. [CrossRef] [PubMed]

33. Mao, S.; Zhang, R.; Wang, D.; Zhu, W. The diversity of the fecal bacterial community and its relationship
with the concentration of volatile fatty acids in the feces during subacute rumen acidosis in dairy cows.
BMC Vet. Res. 2012, 8, 237. [CrossRef] [PubMed]

34. Mao, S.Y.; Zhang, R.Y.; Wang, D.S.; Zhu, W.Y. Impact of subacute ruminal acidosis (SARA) adaptation on
rumen microbiota in dairy cattle using pyrosequencing. Anaerobe 2013, 24, 12–19. [CrossRef] [PubMed]

35. Plaizier, J.C.; Li, S.; Tun, H.M.; Khafipour, E. Nutritional models of experimentally-induced subacute
ruminal acidosis (SARA) differ in their impact on rumen and hindgut bacterial communities in dairy cows.
Front. Microbiol. 2017, 7, 2128. [CrossRef] [PubMed]

36. Chen, L.; Luo, Y.; Wang, H.; Liu, S.; Shen, Y.; Wang, M. Effects of glucose and starch on lactate production
by newly isolated Streptococcus bovis S1 from Saanen Goats. Appl. Environ. Microbiol. 2016, 82, 5982–5989.
[CrossRef] [PubMed]

37. Chen, L.; Shen, Y.; Wang, C.; Ding, L.; Zhao, F.; Wang, M.; Fu, J.; Wang, H. Megasphaera elsdenii lactate
degradation pattern shifts in rumen acidosis models. Front. Microbiol. 2019, 10, 162. [CrossRef]

38. McNeil, N.I.; Ling, K.L.; Wager, J. Mucosal surface pH of the large intestine of the rat and of normal and
inflamed large intestine in man. Gut 1987, 28, 707–713. [CrossRef]

39. Aschenbach, J.R.; Penner, G.B.; Stumpff, F.; Gäbel, G. Ruminant Nutrition Symposium: Role of fermentation
acid absorption in the regulation of ruminal pH. J. Anim. Sci. 2011, 89, 1092–1107. [CrossRef]

40. O’Hara, E.; Neves, A.L.; Song, Y.; Guan, L.L. The role of the gut microbiome in cattle production and health:
Driver or passenger? Annu. Rev. Anim. Biosci. 2020, 8, 199–220. [CrossRef]

41. Emmanuel, D.G.V.; Madsen, K.L.; Churchill, T.A.; Dunn, S.M.; Ametaj, B.N. Acidosis and lipopolysaccharide
from Escherichia coli B:055 cause hyperpermeability of rumen and colon tissues. J. Dairy Sci. 2007, 90,
5552–5557. [CrossRef]

42. Minuti, A.; Ahmed, S.; Trevisi, E.; Piccioli-Cappelli, F.; Bertoni, G.; Jahan, N.; Bani, P. Experimental acute
rumen acidosis in sheep: Consequences on clinical, rumen, and gastrointestinal permeability conditions and
blood chemistry. J. Anim. Sci. 2014, 92, 3966–3977. [CrossRef] [PubMed]

43. Steele, M.A.; AlZahal, O.; Hook, S.E.; Croom, J.; McBride, B.W. Ruminal acidosis and the rapid onset of
ruminal parakeratosis in a mature dairy cow: A case report. Acta Vet. Scand. 2009, 51, 39. [CrossRef] [PubMed]

44. Tao, S.; Duanmu, Y.; Dong, H.; Tian, J.; Ni, Y.; Zhao, R. A high-concentrate diet induced colonic epithelial
barrier disruption is associated with the activating of cell apoptosis in lactating goats. BMC Vet. Res. 2014,
10, 235. [CrossRef] [PubMed]

45. Tao, S.; Duanmu, Y.; Dong, H.; Ni, Y.; Chen, J.; Shen, X.; Zhao, R. High concentrate diet induced mucosal
injuries by enhancing epithelial apoptosis and inflammatory response in the hindgut of goats. PLoS ONE
2014, 9, e111596. [CrossRef]

46. Garry, F.B. Indigestion in ruminants. In Large Animal Internal Medicine, Mosby-Year Book; Smith, B.P., Ed.;
Mosby: St. Louis, MO, USA, 2002; pp. 722–747.

47. Zebeli, Q.; Ametaj, B.N. Relationships between rumen lipopolysaccharide and mediators of inflammatory
response with milk fat production and efficiency in dairy cows. J. Dairy Sci. 2009, 92, 3800–3809. [CrossRef]

48. Plaizier, J.C.; Khafipour, E.; Li, S.; Gozho, G.N.; Krause, D.O. Subacute ruminal acidosis (SARA), endotoxins
and health consequences. Anim. Feed Sci, Techno. 2012, 172, 9–21. [CrossRef]

http://dx.doi.org/10.1093/jn/132.3.376
http://dx.doi.org/10.3168/jds.2006-478
http://dx.doi.org/10.2527/jas1978.4761329x
http://dx.doi.org/10.3168/jds.S0022-0302(05)72807-1
http://dx.doi.org/10.3168/jds.2011-4447
http://www.ncbi.nlm.nih.gov/pubmed/22192209
http://dx.doi.org/10.1186/1746-6148-8-237
http://www.ncbi.nlm.nih.gov/pubmed/23217205
http://dx.doi.org/10.1016/j.anaerobe.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23994204
http://dx.doi.org/10.3389/fmicb.2016.02128
http://www.ncbi.nlm.nih.gov/pubmed/28179895
http://dx.doi.org/10.1128/AEM.01994-16
http://www.ncbi.nlm.nih.gov/pubmed/27474714
http://dx.doi.org/10.3389/fmicb.2019.00162
http://dx.doi.org/10.1136/gut.28.6.707
http://dx.doi.org/10.2527/jas.2010-3301
http://dx.doi.org/10.1146/annurev-animal-021419-083952
http://dx.doi.org/10.3168/jds.2007-0257
http://dx.doi.org/10.2527/jas.2014-7594
http://www.ncbi.nlm.nih.gov/pubmed/24987080
http://dx.doi.org/10.1186/1751-0147-51-39
http://www.ncbi.nlm.nih.gov/pubmed/19840395
http://dx.doi.org/10.1186/s12917-014-0235-2
http://www.ncbi.nlm.nih.gov/pubmed/25256013
http://dx.doi.org/10.1371/journal.pone.0111596
http://dx.doi.org/10.3168/jds.2009-2178
http://dx.doi.org/10.1016/j.anifeedsci.2011.12.004


Animals 2020, 10, 1817 14 of 18

49. Khafipour, E.; Krause, D.O.; Plaizier, J.C. A grain-based subacute ruminal acidosis challenge causes
translocation of lipopolysaccharide and triggers inflammation. J. Dairy Sci. 2009, 92, 1060–1070. [CrossRef]

50. Khafipour, E.; Krause, D.O.; Plaizier, J.C. Alfalfa pellet-induced subacute ruminal acidosis in dairy cows
increases bacterial endotoxin in the rumen without causing inflammation. J. Dairy Sci. 2009, 92, 1712–1724.
[CrossRef]

51. Sanz-Fernandez, M.V.; Ilg, T.; Daniel, J.B.; Martin-Tereso, J.; Mertens, C.; Doelman, J.H. Characterization of a
model of leaky gut secondary to hindgut acidosis in mid-lactation cows: A pilot study. In Proceedings of the
ADSA Discover Conference, Ithasca, IL, USA, 28–31 October 2019.

52. Mainardi, S.R.; Hengst, B.A.; Nebzydoski, S.J.; Nemec, L.M.; Gressley, T.F. Effects of abomasal oligofructose
on blood and feces of Holstein steers. J. Anim Sci. 2011, 89, 2510–2517. [CrossRef]

53. Bissell, H.A. Post-ruminal starch infusion in dairy cattle: Implications for inflammatory response and animal
health. Ph.D. Thesis, University of Florida, Gainesville, FL, USA, 2002.

54. Boosman, R.; Mutsaers, C.W.; Klarenbeek, A. The role of endotoxin in the pathogenesis of acute bovine
laminitis. Vet. Q. 1991, 13, 155–162. [CrossRef]

55. Geor, R.J. Current concepts on the pathophysiology of pasture-associated laminitis. Vet. Clin. N. Am. Equine Pract.
2010, 26, 265–276. [CrossRef] [PubMed]

56. Suagee-Bedore, J.K.; Linden, D.R.; Bennett-Wimbush, K.; Splan, R.K. Feeding grass hay before concentrate
mitigates the effect of grain-based concentrates on postprandial plasma interleukin-1β. J. Equine Vet. Sci.
2020, 86, 102899. [CrossRef] [PubMed]

57. Lochmiller, R.L.; Deerenberg, C. Trade-offs in evolutionary immunology: Just what is the cost of immunity?
Oikos 2000, 88, 87–98. [CrossRef]

58. Graves, R.J. Lecture IV. In Clinical Lectures, 2nd ed.; Barrington & Haswell: San Francisco, CA, USA, 1842;
pp. 278–285.

59. Calder, P.C.; Dimitriadis, G.; Newsholme, P. Glucose metabolism in lymphoid and inflammatory cells and
tissues. Curr. Opin. Clin. Nutr. Metab. Care 2007, 10, 531–540. [CrossRef]

60. MacIver, N.J.; Jacobs, S.R.; Wieman, H.L.; Wofford, J.A.; Coloff, J.L.; Rathmell, J.C. Glucose metabolism in
lymphocytes is a regulated process with significant effects on immune cell function and survival. J. Leukoc. Biol.
2008, 84, 949–957. [CrossRef]

61. Palsson-McDermott, E.M.; O’Neill, L.A. The Warburg effect then and now: From cancer to inflammatory
diseases. Bioessays 2013, 35, 965–973. [CrossRef]

62. Lang, C.H.; Dobrescu, C. Sepsis-induced increases in glucose uptake by macrophage-rich tissues persist
during hypoglycemia. Metabolism 1991, 40, 585–593. [CrossRef]

63. Lang, C.H.; Spolarics, Z.; Ottlakan, A.; Spitzer, J.J. Effect of high-dose endotoxin on glucose production and
utilization. Metabolism 1993, 42, 1351–1358. [CrossRef]

64. Plank, L.D.; Connolly, A.B.; Hill, G.L. Sequential changes in the metabolic response in severely septic patients
during the first 23 days after the onset of peritonitis. Ann. Surg. 1998, 228, 146–158. [CrossRef]

65. Mészáros, K.; Bojta, J.; Bautista, A.P.; Lang, C.H.; Spitzer, J.J. Glucose utilization by Kupffer cells, endothelial
cells, and granulocytes in endotoxemic rat liver. Am. J. Physiol. 1991, 260, G7-12. [CrossRef]

66. Kvidera, S.K.; Horst, E.A.; Abuajamieh, M.; Mayorga, E.A.; Sanz Fernandez, M.V.; Baumgard, L.H. Technical
note: A procedure to estimate glucose requirements of an activated immune system in steers. J. Anim. Sci.
2016, 94, 4591–4599. [CrossRef] [PubMed]

67. Kvidera, S.K.; Horst, E.A.; Mayorga, E.A.; Sanz Fernandez, M.V.; Abuajamieh, M.; Baumgard, L.H. Estimating
glucose requirements of an activated immune system in growing pigs. J. Anim Sci. 2017, 95, 5020–5029.
[CrossRef] [PubMed]

68. van Engelen, E.; de Groot, M.W.; Breeveld-Dwarkasing, V.N.A.; Everts, M.E.; van der Weyden, G.C.;
Taverne, M.A.M.; Rutten, V.P.M.G. Cervical ripening and parturition in cows are driven by a cascade of
pro-inflammatory cytokines. Reprod. Domest. Anim. 2009, 44, 834–841. [CrossRef] [PubMed]

69. Bradford, B.J.; Yuan, K.; Farney, J.K.; Mamedova, L.K.; Carpenter, A.J. Invited review: Inflammation during
the transition to lactation: New adventures with an old flame. J. Dairy Sci. 2015, 98, 6631–6650. [CrossRef]

70. Ametaj, B.N.; Bradford, B.J.; Bobe, G.; Nafikov, R.A.; Lu, Y.; Young, J.W.; Beitz, D.C. Strong relationships
between mediators of the acute phase response and fatty liver in dairy cows. Can. J. Anim. Sci. 2005, 85,
65–175. [CrossRef]

http://dx.doi.org/10.3168/jds.2008-1389
http://dx.doi.org/10.3168/jds.2008-1656
http://dx.doi.org/10.2527/jas.2010-3348
http://dx.doi.org/10.1080/01652176.1991.9694301
http://dx.doi.org/10.1016/j.cveq.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20699174
http://dx.doi.org/10.1016/j.jevs.2019.102899
http://www.ncbi.nlm.nih.gov/pubmed/32067663
http://dx.doi.org/10.1034/j.1600-0706.2000.880110.x
http://dx.doi.org/10.1097/MCO.0b013e3281e72ad4
http://dx.doi.org/10.1189/jlb.0108024
http://dx.doi.org/10.1002/bies.201300084
http://dx.doi.org/10.1016/0026-0495(91)90048-2
http://dx.doi.org/10.1016/0026-0495(93)90137-D
http://dx.doi.org/10.1097/00000658-199808000-00002
http://dx.doi.org/10.1152/ajpgi.1991.260.1.G7
http://dx.doi.org/10.2527/jas.2016-0765
http://www.ncbi.nlm.nih.gov/pubmed/27898958
http://dx.doi.org/10.2527/jas2017.1830
http://www.ncbi.nlm.nih.gov/pubmed/29293729
http://dx.doi.org/10.1111/j.1439-0531.2008.01096.x
http://www.ncbi.nlm.nih.gov/pubmed/19769639
http://dx.doi.org/10.3168/jds.2015-9683
http://dx.doi.org/10.4141/A04-043


Animals 2020, 10, 1817 15 of 18

71. Humblet, M.-F.; Guyot, H.; Boudry, B.; Mbayahi, F.; Hanzen, C.; Rollin, F.; Godeau, J.-M. Relationship
between haptoglobin, serum amyloid A, and clinical status in a survey of dairy herds during a 6-month
period. Vet. Clin. Pathol. 2006, 35, 188–193. [CrossRef]

72. Bionaz, M.; Trevisi, E.; Calamari, L.; Librandi, F.; Ferrari, A.; Bertoni, G. Plasma paraoxonase, health,
inflammatory conditions, and liver function in transition dairy cows. J. Dairy Sci. 2007, 90, 1740–1750.
[CrossRef]

73. Mullins, C.R.; Mamedova, L.K.; Brouk, M.J.; Moore, C.E.; Green, H.B.; Perfield, K.L.; Smith, J.F.; Harner, J.P.;
Bradford, B.J. Effects of monensin on metabolic parameters, feeding behavior, and productivity of transition
dairy cows. J. Dairy Sci. 2012, 95, 1323–1336. [CrossRef]

74. Huzzey, J.M.; Duffield, T.F.; LeBlanc, S.J.; Veira, D.M.; Weary, D.M.; von Keyserlingk, M.A.G. Short
communication: Haptoglobin as an early indicator of metritis. J. Dairy Sci. 2009, 92, 621–625. [CrossRef]

75. Dervishi, E.; Zhang, G.; Hailemariam, D.; Goldansaz, S.; Deng, Q.; Dunn, S.M.; Ametaj, B.N. Alterations
in innate immunity reactants and carbohydrate and lipid metabolism precede occurrence of metritis in
transition dairy cows. Res. Vet. Sci. 2016, 104, 30–39. [CrossRef]

76. Dervishi, E.; Zhang, G.; Hailemariam, D.; Dunn, S.M.; Ametaj, B.N. Innate immunity and carbohydrate
metabolism alterations precede occurrence of subclinical mastitis in transition dairy cows. J. Anim. Sci. Technol.
2015, 57, 46–65. [CrossRef] [PubMed]

77. Zhang, G.; Hailemariam, D.; Dervishi, E.; Deng, Q.; Goldansaz, S.A.; Dunn, S.M.; Ametaj, B.N. Alterations of
innate immunity reactants in transition dairy cows before clinical signs of lameness. Animals 2015, 5, 717–747.
[CrossRef] [PubMed]

78. Abuajamieh, M.; Stoakes, S.K.; Sanz Fernandez, M.V.; Nayeri, A.; Upah, N.C.; Nolan, E.A.; Lei, S.M.;
DeFrain, J.M.; Green, H.B.; Schoenberg, K.M.; et al. Inflammatory biomarkers are closely associated with
ketosis in periparturient Holstein cows. Res. Vet. Sci. 2016, 109, 81–85. [CrossRef] [PubMed]

79. Zhang, G.; Hailemariam, D.; Dervishi, E.; Goldansaz, S.A.; Deng, Q.; Dunn, S.M.; Ametaj, B.N. Dairy cows
affected by ketosis show alterations in innate immunity and lipid and carbohydrate metabolism during the
dry off period and postpartum. Res. Vet. Sci. 2016, 107, 246–256. [CrossRef]

80. Dervishi, E.; Zhang, G.; Hailemariam, D.; Dunn, S.M.; Ametaj, B.N. Occurrence of retained placenta is
preceded by an inflammatory state and alterations of energy metabolism in transition dairy cows. J. Anim.
Sci. Biotechnol. 2016, 7, 6–39. [CrossRef]

81. Huber, K.; Dänicke, S.; Rehage, J.; Sauerwein, H.; Otto, W.; Rolle-Kampczyk, U.; Von Bergen, M. Metabotypes
with properly functioning mitochondria and anti-inflammation predict extended productive life span in
dairy cows. Sci. Rep. 2016, 6, 1–11. [CrossRef]

82. Mezzetti, M.; Minuti, A.; Piccioli-Cappelli, F.; Amadori, M.; Bionaz, M.; Trevisi, E. The role of altered immune
function during the dry period in promoting the development of subclinical ketosis in early lactation.
J. Dairy Sci. 2019, 102, 9241–9258. [CrossRef]

83. Sanz-Fernandez, M.V.; Pesantez-Pacheco, J.L.; Torres-Rovira, L.; Vazquez-Gomez, M.; Garcia-Contreras, C.;
Heras-Molina, A.; Perez Villalobos, N.; Hernandez, F.; Gonzalez-Martin, J.V.; Gonzalez-Bulnes, A.; et al.
Gestational toxemia in lactating sheep is associated with alterations in circulating inflammatory biomarkers.
In Proceedings of the 30th World Buiatrics Congress, Sapporo, Japan, 28 August–1 September 2018.

84. Nagaraja, T.G.; Laudert, S.B.; Parrott, J.C. Liver abscesses in feedlot cattle. Part 2. Incidence, economic
importance and prevention. Comp. Cont. Edu. Pract. Vet. 1996, 18, S264–S273.

85. Reinhardt, C.D.; Hubbert, M.E. Control of liver abscesses in feedlot cattle: A review. The Prof. Am. Sci. 2015,
31, 101–108. [CrossRef]

86. Smith, H.R. Beef liver condemnations. J. Anim. Sci. 1940, 1940, 272–276.
87. Herrick, R.; Rogers, C.; Jones, T.; McEvers, T.; Brown, T.; Maxwell, C.; Lawrence, T. 481 Association of

liver abscess presence and severity with trim loss, harvest yield, carcass grading performance, lung lesions,
and value of fed Holsteins. J. Anim. Sci. 2018, 96 (Suppl. 3), 269. [CrossRef]

88. Smith, H.A. Ulcerative lesions of the bovine rumen and their possible relation to hepatic abscesses. Am. J.
Vet. Res. 1944, 5, 235–242.

89. Jensen, R.; Frey, P.R. Telangiectasis, sawdust, and abscesses in the livers of beef cattle. J. Am. Vet. Med. Assoc.
1947, 110, 256–261. [PubMed]

90. Matsushima, J.; Dowe, T.W.; Adams, C.H. Effect of aureomycin in preventing liver abscess in cattle. Proc. Soc.
Exp. Biol. Med. 1954, 85, 18–20. [CrossRef]

http://dx.doi.org/10.1111/j.1939-165X.2006.tb00112.x
http://dx.doi.org/10.3168/jds.2006-445
http://dx.doi.org/10.3168/jds.2011-4744
http://dx.doi.org/10.3168/jds.2008-1526
http://dx.doi.org/10.1016/j.rvsc.2015.11.004
http://dx.doi.org/10.1186/s40781-015-0079-8
http://www.ncbi.nlm.nih.gov/pubmed/26705479
http://dx.doi.org/10.3390/ani5030381
http://www.ncbi.nlm.nih.gov/pubmed/26479383
http://dx.doi.org/10.1016/j.rvsc.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27892878
http://dx.doi.org/10.1016/j.rvsc.2016.06.012
http://dx.doi.org/10.1186/s40104-016-0085-9
http://dx.doi.org/10.1038/srep24642
http://dx.doi.org/10.3168/jds.2019-16497
http://dx.doi.org/10.15232/pas.2014-01364
http://dx.doi.org/10.1093/jas/sky404.589
http://www.ncbi.nlm.nih.gov/pubmed/20289323
http://dx.doi.org/10.3181/00379727-85-20772


Animals 2020, 10, 1817 16 of 18

91. Jensen, R.; Deane, H.M.; Cooper, L.J.; Miller, V.A.; Graham, W.R. The rumenitis-liver abscess complex in beef
cattle. Am. J. Vet. Res. 1954, 15, 202.

92. Nagaraja, T.G.; Beharka, A.B.; Chengappa, M.M.; Carroll, L.H.; Raun, A.P.; Laudert, S.B.; Parrott, J.C. Bacterial
flora of liver abscesses in feedlot cattle fed tylosin or no tylosin. J. Anim. Sci. 1999, 77, 973–978. [CrossRef]

93. Brink, D.R.; Lowry, S.R.; Stock, R.A.; Parrott, J.C. Severity of liver abscesses and efficiency of feed utilization
of feedlot cattle. J. Anim. Sci. 1990, 68, 1201–1207. [CrossRef]

94. Owens, F.N.; Secrist, D.S.; Hill, W.J.; Gill, D.R. Acidosis in cattle: A review. J. Anim. Sci. 1998, 76, 275–286.
[CrossRef]

95. Nagaraja, T.G.; Lechtenberg, K.F. Liver abscesses in feedlot cattle. Vet. Clin. North. Am. Food Anim. Pract.
2007, 23, 333–350. [CrossRef]

96. Wadhwa, M.; Bakshi, M.P.; Makkar, H.P. Modifying gut microbiomes in large ruminants: Opportunities in
non-intensive husbandry systems. Anim. Front. 2016, 6, 27–36. [CrossRef]

97. Scanlan, C.M.; Hathcock, T.L. Bovine rumenitis-liver abscess complex: A bacteriological review. Cornell Vet.
1983, 73, 288–297. [PubMed]

98. Nagaraja, T.G.; Chengappa, M.M. Liver abscesses in feedlot cattle: A review. J. Anim. Sci. 1998, 76, 287–298.
[CrossRef] [PubMed]

99. Tadepalli, S.; Narayanan, S.K.; Stewart, G.C.; Chengappa, M.M.; Nagaraja, T.G. Fusobacterium necrophorum:
A ruminal bacterium that invades liver to cause abscesses in cattle. Anaerobe 2009, 15, 36–43. [CrossRef]
[PubMed]

100. Tan, Z.L.; Nagaraja, T.G.; Chengappa, M.M. Fusobacterium necrophorum infections: Virulence factors,
pathogenic mechanism, and control measures. Vet. Res. Commun. 1996, 20, 113–140. [CrossRef]

101. Narayanan, S.; Nagaraja, T.G.; Wallace, N.; Staats, J.; Chengappa, M.M.; Oberst, R.D. Biochemical and
ribotypic comparison of Actinomyces pyogenes and A pyogenes-like organisms from liver abscesses, ruminal
wall, and ruminal contents of cattle. Am. J. Vet. Res. 1998, 59, 271–276.

102. Rasmussen, M.A.; Carlson, S.A.; Franklin, S.K.; McCuddin, Z.P.; Wu, M.T.; Sharma, V.K. Exposure to rumen
protozoa leads to enhancement of pathogenicity of and invasion by multiple-antibiotic-resistant Salmonella
enterica bearing SGI1. Infect. Immun. 2005, 73, 4668–4675. [CrossRef]

103. Wieser, M.F.; Preston, T.R.; Macdearmid, A.; Rowland, A.C. Intensive beef production. 8. The effect of
chlortetracycline on growth, feed utilisation and incidence of liver abscesses in barley beef cattle. Anim. Sci.
1966, 8, 411–423. [CrossRef]

104. Bester, Z.; Hubbert, M.E.; Carey, R.E.; Samuelson, K.L.; Loest, C.A. 1671WS Shifting the paradigm of liver
abscess dogma in USA feedlots. J. Anim. Sci. 2016, 94 (Suppl. 5), 814. [CrossRef]

105. Amachawadi, R.G.; Nagaraja, T.G. First report of anaerobic isolation of Salmonella enterica from liver abscesses
of feedlot cattle. J. Clin. Microbiol. 2015, 53, 3100–3101. [CrossRef]

106. Gragg, S.E.; Loneragan, G.H.; Brashears, M.M.; Arthur, T.M.; Bosilevac, J.M.; Kalchayanand, N.; Wang, R.;
Schmidt, J.W.; Brooks, J.C.; Shackelford, S.D.; et al. Cross-sectional study examining Salmonella enterica
carriage in subiliac lymph nodes of cull and feedlot cattle at harvest. Foodborne Pathog. Dis. 2013, 10, 368–374.
[CrossRef]

107. United States Department of Agriculture (USDA). Part IV: Health and health management on U.S. feedlots
with capacity of 1000 or more head. In Feedlot 2011; USDA–APHIS–VS–CEAH–NAHMS: Fort Collins, CO,
USA, 2013.

108. Nagaraja, T.G.; Sun, Y.; Wallace, N.; Kemp, K.E.; Parrott, C.J. Effects of tylosin on concentrations of
Fusobacterium necrophorum and fermentation products in the rumen of cattle fed a high-concentrate diet.
Am. J. Vet. Res. 1999, 60, 1061–1065. [PubMed]

109. Elanco. Elanco Liver Check System; Elanco Animal Health: Greenfield, IN, USA, 2014.
110. Brown, T.R.; Lawrence, T.E. Association of liver abnormalities with carcass grading performance and value.

J. Anim. Sci. 2010, 88, 4037–4043. [CrossRef] [PubMed]
111. Gaggìa, F.; Mattarelli, P.; Biavati, B. Probiotics and prebiotics in animal feeding for safe food production.

Int. J. Food Microbiol. 2010, 141, S15–S28. [CrossRef] [PubMed]
112. Hills, R.D.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, S.C.; Theberge, C.R. Gut microbiome:

Profound implications for diet and disease. Nutrients 2019, 11, 1613. [CrossRef] [PubMed]

http://dx.doi.org/10.2527/1999.774973x
http://dx.doi.org/10.2527/1990.6851201x
http://dx.doi.org/10.2527/1998.761275x
http://dx.doi.org/10.1016/j.cvfa.2007.04.002
http://dx.doi.org/10.2527/af.2016-0020
http://www.ncbi.nlm.nih.gov/pubmed/6349929
http://dx.doi.org/10.2527/1998.761287x
http://www.ncbi.nlm.nih.gov/pubmed/9464910
http://dx.doi.org/10.1016/j.anaerobe.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18595747
http://dx.doi.org/10.1007/BF00385634
http://dx.doi.org/10.1128/IAI.73.8.4668-4675.2005
http://dx.doi.org/10.1017/S0003356100038095
http://dx.doi.org/10.2527/jam2016-1671
http://dx.doi.org/10.1128/JCM.01111-15
http://dx.doi.org/10.1089/fpd.2012.1275
http://www.ncbi.nlm.nih.gov/pubmed/10490072
http://dx.doi.org/10.2527/jas.2010-3219
http://www.ncbi.nlm.nih.gov/pubmed/20817855
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.02.031
http://www.ncbi.nlm.nih.gov/pubmed/20382438
http://dx.doi.org/10.3390/nu11071613
http://www.ncbi.nlm.nih.gov/pubmed/31315227


Animals 2020, 10, 1817 17 of 18

113. Pearce, S.C.; Sanz Fernandez, M.V.; Torrison, J.; Wilson, M.E.; Baumgard, L.H.; Gabler, N.K. Dietary organic
zinc attenuates heat stress–induced changes in pig intestinal integrity and metabolism. J. Anim. Sci. 2015, 93,
4702–4713. [CrossRef] [PubMed]

114. Abuajamieh, M.; DeFrain, J.; Rhoads, R.P.; Baumgard, L.H.; Kvidera, S.K.; Horst, E.A.; Mayorga, E.J.;
Seibert, J.T.; Johnson, J.S.; Ross, J.W.; et al. The effects of zinc amino acid complex on biomarkers of gut
integrity and metabolism in heat-stressed steers. J. Anim. Sci. 2016, 94 (Suppl. 5), 564. [CrossRef]

115. Spears, J.W. Zinc methionine for ruminants: Relative bioavailability of zinc in lambs and effects of growth
and performance of growing heifers. J. Anim. Sci. 1989, 67, 835–843. [CrossRef]

116. Shaeffer, G.L.; Lloyd, K.E.; Spears, J.W. Bioavailability of zinc hydroxychloride relative to zinc sulfate in
growing cattle fed a corn-cottonseed hull-based diet. Anim. Feed Sci. Technol. 2017, 232, 1–5. [CrossRef]

117. De Lange, C.F.; Pluske, J.; Gong, J.; Nyachoti, C.M. Strategic use of feed ingredients and feed additives to
stimulate gut health and development in young pigs. Livest. Sci. 2010, 134, 124–134. [CrossRef]

118. Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept
of prebiotics. J. Nutr. 1995, 125, 1401–1412. [CrossRef]

119. Gibson, G.R.; Probert, H.M.; Van Loo, J.; Rastall, R.A.; Roberfroid, M.B. Dietary modulation of the human
colonic microbiota: Updating the concept of prebiotics. Nutr. Res. Rev. 2004, 17, 259–275. [CrossRef] [PubMed]

120. Simpson, H.L.; Campbell, B.J. Dietary fibre–microbiota interactions. Aliment. Pharmacol. Ther. 2015, 42,
158–179. [CrossRef] [PubMed]

121. Hamer, H.M.; Jonkers, D.M.; Venema, K.; Vanhoutvin, S.A.; Troost, F.J.; Brummer, R.J. The role of butyrate on
colonic function. Aliment. Pharmacol. Ther. 2008, 27, 104–119. [CrossRef] [PubMed]

122. Kristensen, N.B.; Harmon, D.L. Effect of increasing ruminal butyrate absorption on splanchnic metabolism
of volatile fatty acids absorbed from the washed reticulorumen of steers. J. Anim. Sci. 2004, 82, 3549–3559.
[CrossRef]

123. Uyeno, Y.; Shigemori, S.; Shimosato, T. Effect of probiotics/prebiotics on cattle health and productivity.
Microbes Environ. 2015, 30, 126–132. [CrossRef]

124. Tsukahara, T.; Koyama, H.; Okada, M.; Ushida, K. Stimulation of butyrate production by gluconic acid
in batch culture of pig cecal digesta and identification of butyrate-producing bacteria. J. Nutr. 2002, 132,
2229–2234. [CrossRef]

125. Tsukahara, T.; Hashizume, K.; Koyama, H.; Ushida, K. Stimulation of butyrate production through the
metabolic interaction among lactic acid bacteria, Lactobacillus acidophilus, and lactic acid–utilizing bacteria,
Megasphaera elsdenii, in porcine cecal digesta. Anim. Sci. J. 2006, 77, 454–461. [CrossRef]

126. Biagi, G.; Piva, A.; Moschini, M.; Vezzali, E.; Roth, F.X. Effect of gluconic acid on piglet growth performance,
intestinal microflora, and intestinal wall morphology. J. Anim. Sci. 2006, 84, 370–378. [CrossRef]

127. Poeikhampha, T.; Bunchasak, C. Comparative effects of sodium gluconate, mannan oligosaccharide
and potassium diformate on growth performances and small intestinal morphology of nursery pigs.
Asian-Australas. J. Anim. Sci. 2011, 24, 844–850. [CrossRef]

128. Cañete-Rodriguez, A.M.; Santos-Duenas, I.M.; Jimenez-Hornero, J.E.; Ehrenreich, A.; Liebl, W.; Garcia-Garcia, I.
Gluconic acid: Properties, production methods and applications—An excellent opportunity for agro-
industrial by-products and waste bio-valorization. Process. Biochem. 2016, 51, 1891–1903.

129. Asano, T.; Yuasa, K.; Kunugita, K.; Teraji, T.; Mitsuoka, T. Effects of gluconic acid on human faecal bacteria.
Microb. Ecol. Health Dis. 1994, 7, 247–256.

130. Sokatch, J.T.; Gunsalus, I.C. Aldonic acid metabolism. I. Pathway of carbon in an inducible gluconate
fermentation by Streptococcus faecalis. J. Bacteriol. 1957, 73, 452–460. [CrossRef] [PubMed]

131. Kameue, C.; Tsukahara, T.; Yamada, K.; Koyama, H.; Iwasaki, Y.; Nakayama, K.; Ushida, K. Dietary sodium
gluconate protects rats from large bowel cancer by stimulating butyrate production. J. Nutr. 2004, 134,
940–944. [CrossRef] [PubMed]

132. Michiels, J.; Truffin, D.; Majdeddin, M.; Van Liefferinge, E.; Van Noten, N.; Vandaele, M.; Van Kerschaver, C.;
Degroote, J.; Linder, P. L’acide gluconique améliore les performances des porcelets nouvellement sevrés
associées avec des modifications au niveau du microbiote intestinal et de la fermentation. In Proceedings of
the 52emes Journées de la Recherche Porcine, Paris, France, 4–5 February 2020; pp. 177–178.

133. McKnight, L.L.; Doelman, J.; Carson, M.; Waterman, D.F.; Metcalf, J.A. Feeding and postruminal infusion of
calcium gluconate to lactating dairy cows. Can. J. Anim. Sci. 2019, 99, 563–569. [CrossRef]

http://dx.doi.org/10.2527/jas.2015-9018
http://www.ncbi.nlm.nih.gov/pubmed/26523563
http://dx.doi.org/10.2527/jam2016-1175
http://dx.doi.org/10.2527/jas1989.673835x
http://dx.doi.org/10.1016/j.anifeedsci.2017.07.013
http://dx.doi.org/10.1016/j.livsci.2010.06.117
http://dx.doi.org/10.1093/jn/125.6.1401
http://dx.doi.org/10.1079/NRR200479
http://www.ncbi.nlm.nih.gov/pubmed/19079930
http://dx.doi.org/10.1111/apt.13248
http://www.ncbi.nlm.nih.gov/pubmed/26011307
http://dx.doi.org/10.1111/j.1365-2036.2007.03562.x
http://www.ncbi.nlm.nih.gov/pubmed/17973645
http://dx.doi.org/10.2527/2004.82123549x
http://dx.doi.org/10.1264/jsme2.ME14176
http://dx.doi.org/10.1093/jn/132.8.2229
http://dx.doi.org/10.1111/j.1740-0929.2006.00372.x
http://dx.doi.org/10.2527/2006.842370x
http://dx.doi.org/10.5713/ajas.2011.10334
http://dx.doi.org/10.1128/JB.73.4.452-460.1957
http://www.ncbi.nlm.nih.gov/pubmed/13428674
http://dx.doi.org/10.1093/jn/134.4.940
http://www.ncbi.nlm.nih.gov/pubmed/15051851
http://dx.doi.org/10.1139/cjas-2018-0154


Animals 2020, 10, 1817 18 of 18

134. Doelman, J.; McKnight, L.L.; Carson, M.; Nichols, K.; Waterman, D.F.; Metcalf, J.A. Postruminal infusion of
calcium gluconate increases milk fat production and alters fecal volatile fatty acid profile in lactating dairy
cows. J. Dairy Sci. 2019, 102, 1274–1280. [CrossRef] [PubMed]

135. Seymour, D.J.; Daniel, J.B.; Martín-Tereso, J.; Doelman, J. Effect of fat-embedded calcium gluconate on
lactation performance and metabolism in dairy cattle. J. Dairy. Sci. 2020, 103 (Suppl. 1), 70–71.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3168/jds.2018-15148
http://www.ncbi.nlm.nih.gov/pubmed/30591339
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Grain Overload Syndrome and Considerations on Starch Digestion Site 
	Intestinal Health and Inflammation 
	Energetic Cost of Inflammation 
	Role of Hindgut Health on Metabolic Diseases in Dairy Cows 
	Role of Hindgut Health on Liver Abscesses in Beef Cattle 
	Nutritional Strategies to Support Hindgut Health 
	Conclusions and Implications 
	References

