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Abstract

:

During the periparturient period there is a significant increase in the incidence of multiple metabolic and infectious diseases in dairy cows. Dairy cows are fed high-grain diets immediately after calving to support production of large amounts of milk. Mounting evidence indicates these types of diets are associated with the release of high amounts of endotoxins in the rumen fluid. If infected, the udder and uterus additionally become important sources of endotoxins during the postpartum period. There is increasing evidence that endotoxins translocate from rumen, uterus, or udder into the systemic circulation and trigger chronic low-grade inflammatory conditions associated with multiple diseases including fatty liver, mastitis, retained placenta, metritis, laminitis, displaced abomasum, milk fever, and downer cow syndrome. Interestingly, endotoxin-related diseases are triggered by a bacterial component and not by a specific bacterium. This makes prevention of these type of diseases different from classical infectious diseases. Prevention of translocation of endotoxins into the host systemic circulation needs to take priority and this could be achieved with a new approach: mucosal vaccination. In this review article, we discuss all the aforementioned issues in detail and also report some of our trials with regards to mucosal vaccination of periparturient dairy cows.
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1. Introduction


Despite improvements to production and efficiency within the dairy industry, the high incidence of disease from 3 weeks prepartum to 3 weeks postpartum, termed the transition period, remains a major cause of high culling rates as well as significant economic losses for the producer [1]. During this period, dairy cows are under numerous physiological challenges including the nutritional and physical adaptation to lactation [1,2], immunosuppression [3] and increased mucosal exposure to immunogenic compounds, namely endotoxins [4,5,6]. It is at this time that metabolic disorders such as ruminal acidosis, fatty liver, ketosis, milk fever, laminitis, retained placenta (RP), displaced abomasum (DA), downer cow syndrome (DCS), and infectious diseases including mastitis and metritis, are most prevalent [7].



A strong link exists between the periparturient diet of dairy cows and the development of periparturient diseases, although recent evidence is shifting the view of how these factors are linked. Classically, most metabolic disorders are viewed as a result of negative energy balance (NEB) encountered at the end of parturition and especially at the onset of lactation, with each disorder due to imbalance of one metabolite, and increased infectious diseases are viewed to be the result of periparturient immunosuppression. These classical views are being challenged by new research indicating that the root of these disorders is the postpartum feeding of high-grain diets in support of high milk production [2,7,8].



The implementation of high-grain diets is associated with a rapid decrease in the pH of the rumen leading to significant changes in the microbial population. Ruminal acidosis is identified as depression of ruminal pH below physiological levels and is separated into acute and subacute acidosis (ARA and SARA, respectively) based on the respective critical pH thresholds of <5.0 and <5.6 [9]. The development of ruminal acidosis leads to shifts in the microbial population of the rumen towards starch-utilizing and lactic-acid-producing bacteria and away from lactic-acid-utilizing bacteria, ultimately leading to a dramatic increase in the concentration of free lipopolysaccharide [LPS; a component of Gram-negative bacteria (GNB)] in the rumen [5,7,10]. It is likely that the concentration of free lipoteichoic acid [LTA; a component of Gram-positive bacteria (GPB)] rises in the rumen fluid as a result of the microbial shift as well, although information regarding LTA concentration in the rumen, its translocation, and its fate in the host is not known.



Endotoxin is able to translocate across the mucosal tissues, including the gastrointestinal tract (GIT) [5], mammary gland [4] and uterus [6], into the systemic circulation. Multiple studies have implicated the role of bacterial endotoxins in the pathophysiology of not only ruminal acidosis but also inflammation and many periparturient diseases affecting both dairy and beef cattle [5,7,8]. Although it has been less extensively studied, LTA has also been implicated in inflammation and periparturient disease [7,11].



Given that the major sources of bacterial endotoxins are mucosal sites, it is important to boost the mucosal immune system in order to prevent translocation of these compounds. Conventional vaccines are typically administered subcutaneously or intravenously, which poorly stimulate the mucosal immune system, while mucosal application can not only increase immune exclusion at the mucosa through stimulation of secretory immunoglobulin A (sIgA) production but also stimulate the systemic immune system as well [12,13]. A pilot study conducted by our team showed that oral administration of increasing doses of LPS with a flat dose of LTA to periparturient dairy cows stimulated innate and humoral immune responses [13]. Additional studies by our team utilizing LPS alone also observed the stimulation of humoral immune responses during oral administration [13,14] as well as changes to the concentration of plasma metabolites and minerals in periparturient dairy cows during oral or oronasal administration [15,16]. While previous studies have demonstrated promise in using mucosal vaccination of dairy cows with LPS and LTA to reduce periparturient disease there has been no investigation of the benefit to combining both mucosal and parenteral vaccination [13,14,15,16].




2. High-Grain Diets, Rumen Microbiota, and Periparturient Disease


The function of the bovine rumen is to facilitate the digestion of dietary fiber through a symbiotic relationship with the inhabiting microbes. The rumen serves as an environment for these microbes to survive and they, in return, can digest dietary fiber and subsequently provide the host with necessary nutrients, such as protein and vitamins, they would otherwise be unable to utilize. Ruminants naturally consume fiber-rich diets with very little starch content; however, within the dairy industry they are provided feedstuffs containing large quantities of non-fiber carbohydrates (NFC) to support higher milk production [2,17]. While the practice of high-grain feeding has been shown to improve milk production, it also causes a shift in the microbial population away from cellulose-digesting species and towards starch-digesting species, the latter being mostly composed of GNB [9]. It is well documented that a consequence of this shift in the population is the release of free lipopolysaccharide (LPS) into the rumen [18,19]. Currently, little research has been done to evaluate the concentration and fate of LTA in the rumen although it is likely to be released into the rumen as well during the microbial shift as the rumen is rich in both Gram-negative and Gram-positive bacterial species.



2.1. Structure and Function of Endotoxins


Lipopolysaccharide and LTA are the main components of bacterial cell wall membranes of GNB and GPB species, respectively, and are vital to their stability and function [20]. These molecules are known as endotoxins and while they are not harmful when embedded in the cell membrane, once released they are highly immunostimulatory and largely responsible for the signs of bacterial infection [21]. Endotoxins are released in minute amounts when bacteria grow. They are released in larger amounts when bacteria disintegrate or die, for various reasons. GNB also release LPS as part of outer membrane vesicles (OMV). These vesicles have different functions including secretion of important proteins in colonization of the host, for delivery of autolysins in a competitive environment, for bacterial survival to kill other competitors, or nutrient acquisition (for more details read [22]).



2.1.1. Structure of Lipopolysaccharide


Lipopolysaccharide is an amphiphilic molecule expressed by all GNB and is necessary for the structure and function of their outer membrane. All forms of LPS possess the same general structure consisting of three regions: The O-polysaccharide chain, the core polysaccharide, and lipid A (Figure 1). The O-polysaccharide, also referred to as the O-chain, is the outermost region of LPS and its structure is highly variable, consisting of one to eight glycosyl residues. The variation within this area is a result of differences in sequence, sugars, substitution, linkage and ring form utilized within the repeating oligosaccharide subunit. In being the outermost area, the O-chain is also the main target for host antibody responses and is commonly referred to as the O-antigen. The high variability in this region allows for specificity of the host antibody response against different bacterial strains and is also used in the serological typing of GNB isolates [23,24].



The core polysaccharide consists of the inner and outer core, with the latter connecting to the O-chain. The outer core contains common hexose sugars, while the inner core consists of unusual sugars such as 3-deoxy-D-manno-octulosonic acid (Kdo) and L-glycero-D-manno heptose (Hep). Kdo is essential for the viability of GNB and connects the core to the lipid A region with a few exceptions utilizing 2-keto-D-glycero-D-talo-octonic acid (Ko) instead of Kdo. Lipid A is the innermost section of LPS, which typically consists of a phosphorylated β-1,6-linked glucosamine disaccharide with up to four attached acyl chains; these chains may be substituted with fatty acids allowing for up to seven acyl substituents (Figure 1). The use of synthetic lipid A in 1985 proved it is the endotoxic component of LPS by exerting the same biological effects as natural E. coli lipid A [23,24].




2.1.2. Relationship between Lipid A Structure and Activity of LPS


The bioactivity of LPS is directly related to the structure of lipid A via the three-dimensional conformation, which it assumes (Figure 2). The structure of lipid A can vary in terms of the type of disaccharide backbone, number and length of acyl groups, asymmetry of acyl group distribution, and the presence of phosphate groups. Highly active varieties of LPS, such as that found in E. coli, possess a lipid A structure that assumes a conical three-dimensional shape, while the lipid A of less active forms assume a cylindrical shape or an intermediate conical shape [24]. The lipid A structure found in the LPS of E. coli is a biphosphorylated β-1,6-linked glucosamine disaccharide substituted with 3-hydroxyl myristoyl (C14:0) groups at the 2, 2′, 3, and 3′ positions, of which the 2′ and 3′ fatty acyl chains are esterified with myristate and laurate (C12:0). This structure is highly conical and optimally recognized by the mammalian immune system; any deviation from this structure results in reduced bioactivity [23,24]. There is strong evidence indicating the intermediate and conical-shaped lipid A stimulate different toll-like receptors (TLRs) and thus result in different proinflammatory responses. While E. coli LPS stimulates cells through TLR4, LPS from Porphyromonas gingivalis, which is an intermediate shape between conical and cylindrical, stimulates TLR2 receptors. This differential receptor stimulation results in marked differences to gene transcription with E. coli LPS inducing the transcription of tumor necrosis factor α (TNF), interleukin (IL)-1, interferon (IFN)-γ, and the IL-12 subunit p40, while P. gingivalis, which exclusively binds to TLR2, induces only the transcription of TNF and IL-1 and to a lesser extent than E. coli [24]. Molecules, which have a completely cylindrical lipid A conformation, such as compound 406, have antagonistic properties and inhibit regular lipid A signalling [23,24].




2.1.3. Structure of Lipoteichoic Acid


Lipoteichoic acid is an amphiphilic molecule expressed in most GPB and is considered the GP counterpart to LPS. It is suggested that LTA is involved in the proper growth and physiology of GPB, playing a role in homeostasis and virulence [25]. The general structure of LTA is a single unbranched polyglycerophosphate chain that is phosphodiester-linked to the non-reducing hexapyranosyl residue of the diacylglycerol anchor (Figure 3) [20]. The polyglycerophosphate chain is substituted with D-alanine and sugar residues [26]. Variation of LTA between different GPB species comes from the length of the acyl chains of the anchor and the length and carbohydrate composition of the glycerophosphate chain [20].






3. Sources of Endotoxins


3.1. Gastrointestinal Tract


The gastrointestinal tract (GIT) is the main source of endotoxin as the bovine rumen is a delicate ecosystem of microbiota, including both GN and GP species. Changes within the rumen environment alter the microbiota, disturb the balanced ecosystem, and negatively affect the overall health of the host [7,19]. A significant change to the rumen environment occurs during increased NFC feeding, a common practice to support high milk production, which depresses ruminal pH [2,7,19]. Recently, there have been many studies conducted using varying techniques to assess the alterations to the rumen microbiome in connection with decreased ruminal pH.



Fernando et al. [10] utilized terminal restriction fragment length polymorphism (T-RFLP), 16S rRNA gene libraries and quantitative real-time polymerase chain reaction (qRT-PCR) and observed that during adaptation to high-concentrate diets (high in NFC), there was a distinct increase in bacteria of the phylum Bacterioidetes and Proteobacteria, which are GNB, while individuals fed hay diets (low in NFC) had higher proportions of Fibrobacteres (GNB) and Firmicutes (GPB). Overall, there was a favoring towards growth of starch-digesting bacteria and GNB during high-NFC diets [10]. Another study evaluated changes to the microbiome, using T-RFLP of 16S rRNA genes and qRT-PCR, in connection with SARA induced via grain or alfalfa feeding. In general, they found that during SARA, regardless of induction method, there was a decrease in the proportion of GNB, mainly phylum Bacteroidetes and an increase in phylum Firmicutes. It was also determined that during severe SARA, the dominant microbiota were E. coli (GNB) and S. bovis (GPB), while mild SARA was dominated by Megasphaera elsdenii (GNB) and alfalfa-induced SARA was dominated by P. albensis (GNB) [25]. Similar results were attained through the use of 16SrRNA pyrosequencing of ruminal fluid following adaptation to SARA. While the proportions of GNB and GPB were found to be nearly equal in the control group, there was a distinct difference seen with the SARA-inducing diet. It was concluded that the SARA-inducing diet caused an increase in bacteria of phyla Firmicutes and Actinobacteria and a decrease in Proteobacteria and Bacteroidetes, in favor of amylotic bacterial species [19]. Overall, it seems to be the case that as NFC is slowly increased in the diet, there is a resulting increase in GNB, while the onset of SARA causes a major decrease in the GNB population [9]. The decrease in GNB can be linked to an increase in free ruminal LPS, likely due to the death and lysis of these bacteria [19]. It should be noted that there is a lack of information regarding the ruminal concentration of LTA and it is possible that this is also increased in the rumen following the shift in microbiota caused by acidosis.



Can LPS translocate through the rumen and colon barriers? In a study conducted by our lab, we proved that LPS is able to increase the permeability of rumen and colon tissue to 3H-mannitol by 6- and 5-fold, respectively, at ARA pH levels of 4.5 and 5.5 [5]. On the contrary, LPS was not able to affect permeability of rumen and colon to 3H-mannitol when pH of the media was at a normal level of 5.5 and 7.4 for rumen and colon, respectively. On the other hand, translocation of LPS was not pH-dependent. LPS was able to translocate freely if present at the mucosal side of rumen and colon [5]. Khafipour et al. [27] also tested whether SARA challenge would increase permeability to LPS. Indeed, they reported increased systemic circulatory LPS concentrations after cows were fed a diet that induced SARA. The next important question is, if LPS does translocate through intestinal barriers, what are some of the effects on the host intestinal permeability? Williams et al. [28] addressed this question and demonstrated the ability of systemic LPS to increase permeability of the small intestines of mice, which would allow the passage of LPS across it. It is physiologically normal for the intestine to shed epithelial cells at a consistent rate and the process is tightly regulated to maintain the integrity of the gut barrier. Intestinal epithelial cells (IECs) are produced in the crypts and move upwards towards the tip of the villi, where they are subsequently shed. Williams et al. [28] found that mice treated systemically with LPS had accelerated rates of IEC apoptosis and shedding exceeding the rate of production, disrupting the tight junctions of the gut epithelium and causing gaps through which LPS may translocate. This response was maximally observed at 1.5 h after administration of LPS. Overall, this study suggests that translocation of small amounts of LPS may result in conditions that provide the opportunity for more LPS to subsequently translocate.




3.2. Mammary Gland


The bovine mammary gland is another common source of endotoxin during bacterial infection, known as mastitis. Bovine mastitis is often caused by pathogenic coliform bacteria such as E. coli or species of Staphylococcus—the former being environmental while the latter is often acquired by contagious transfer. Mastitis induced by E. coli, although more severe, and acute compared to that induced by S. aureus, which causes a more chronic infection due to the ability of these bacteria to colonize within the mammary gland. Experimentally induced E. coli mastitis has been shown to result in a systemic acute phase response, initiated in the liver and indicative of LPS translocation [4,29]. Intramammary inoculation with E. coli also causes a significant increase in transcription of the following acute phase proteins (APPs), serum amyloid A (SAA), haptoglobin (Hp) and C-reactive protein (CRP) within the liver hepatocytes. In addition to the increase in APPs, there was also an early increase in transcription of genes involved in regulating cell death and gene transcription, as well as a late increase in those involved with the response to oxidative stress [30].



Until early 2000s, there was no evidence that LPS was able to translocate through the mammary gland to the systemic circulation. Several studies have proved that intrammary administration of LPS has been associated with disruption of the milk–blood barrier and translocation of LPS into systemic circulation [4,29,30,31]. Leitner et al. [32] evaluated the local and systemic effects of intramammary S. aureus infection. While factors such as SCC only increased in the infected quarters, specific immunoglobulins (IgG1, IgG2, IgM, and IgA) were found to increase in the milk of all quarters, both infected and non-infected, indicating a systemic immune response [32]. There is evidence confirming that LPS is able to translocate from the mammary gland to the circulation from Hakogi et al. [29] and Dosogne et al. [4], both finding increased LPS in the plasma during mammary gland infection. Hakogi et al. [29] reported that the plasma concentration of LPS during gangrenous mastitis was 85.2 ± 68.2 pg/mL, significantly higher than the control cow concentration of 4.7 ± 2.6 pg/mL [29]. Dosogne et al. [4] found that during intramammary LPS treatment used to experimentally induce mastitis, plasma concentrations of LPS were found to be within a range of 55–134 pg/mL while healthy cows maintained a level below 10 pg/mL [4]. This evidence supports the ability for LPS to translocate into the circulation from the mammary gland.




3.3. Uterus


Similar to the mammary gland, there has been some controversy regarding the absorption of endotoxin from the uterus. A study conducted on cows with puerperal endometritis evaluated the concentration of endotoxin in the uterine fluid as well as the plasma [6]. There was a positive correlation between the severity of endometritis, based on the characteristics of the lochia (postpartum vaginal discharge), and the concentration of LPS in the plasma. Endotoxin within the plasma was detected in one out of six mild endometritis cows and in all eight heavy endometritis cows at a range of 2–914 pg/mL. The results indicate translocation of endotoxin from the uterus to the blood stream during severe endometritis [6]. Prior to this, another study found that administration of healthy cows with an intrauterine infusion of 5 µg/kg body weight of E. coli resulted in the qualitative detection of endotoxin in the plasma using the limulus amebocyte lysate test (LAL). All control cows (n = 4) infused with saline were consistently negative for plasma endotoxin on day 5 postpartum, while all treated cows (n = 7) were positive at this time, suggesting that endotoxin was absorbed from the uteri of treated cows. It should be noted that at day 20 post-partum, this absorption was no longer seen in treated cows, indicating that early post-partum cows are more susceptible to endotoxin translocation than late post-partum cows [33].





4. Translocation of Endotoxin


The mechanisms by which endotoxin translocates into systemic circulation are not fully understood, although there are two main proposed pathways—paracellular and transcellular. Paracellular involves transport between IEC, while transcellular is the transport of endotoxin through the epithelial cells using receptor-mediated endocytosis [34].



The GI tract is exposed daily to billions of microorganisms and nutrients deriving from the diet fed to dairy cows. Maintenance of GI tract barrier functions is very important to prevent translocation of pathogenic bacteria and their by-products including endotoxins, and at the same time, allow absorption of nutrients. The protection barriers are built in layers in order to prevent both physical and chemical translocation of pathogenic bacteria and endotoxins. The first GI tract layer includes luminal antibacterial enzymes such as intestinal alkaline phosphatase (IAP), which functions to dephosphorylate and deactivate LPS [35]. The second layer involves the mucus layer that serves to physically prevent penetration of pathogenic bacteria and their by-products including endotoxins. The third physical barrier are tight junctions that bring epithelial cells tightly together and prevent translocation of bacteria and endotoxins in between the intestinal epithelial cells. The last barrier layer includes specialized cells such as Paneth cells and B cells that produce antibacterial peptides and secretory immunoglobulin A (sIgA), respectively [35]. The breakdown or dysfunction of GI tract barrier functions has local and systemic effects on the host related to direct interaction of bacteria and their toxic compounds with the epithelial cells, and translocation of endotoxins into the systemic circulation. One of those consequences is translocation of endotoxin into the systemic circulation associated with multiple health effects as we will discuss in detail below.



4.1. Possible Mechanisms of Paracellular Transport


The intestinal epithelium is a single layer of cells, called enterocytes, which act as a barrier from the external environment and are joined by junction complexes (Figure 4). Disruptions to the tight junction protein complexes between IECs decreases intestinal barrier function, thus increasing paracellular permeability, commonly referred to as “leaky gut”. The permeability of the intestinal epithelium can be altered by many factors such as ruminal acidosis, increased LPS in the luminal side, metabolic and environmental stressors, and inflammation [5,34,36].



Endotoxin-induced alterations to gut permeability are thought to occur via increased expression of inducible nitric oxide synthase (iNOS), an enzyme which produces nitric oxide (NO) [37,38]. This phenomenon occurs in the epithelium of not only the gut and lungs but liver sinusoidal endothelial cells as well. The role of iNOS, NO, and peroxynitrite (ONOO−) in alteration of epithelial permeability have been observed through the use of iNOS−/− knockout mice, inhibitors of iNOS as well as scavengers of NO and ONOO−, which in all cases, prevented the increased intestinal permeability caused by endotoxemia [38]. Potoka et al. [39] showed that ONOO− can induce enterocyte apoptosis. Both NO and ONOO− have been shown to inhibit mitochondrial respiration resulting in decreased cellular ATP levels, and eventually, cell death [40]. In addition to its direct effects in inhibiting cellular respiration, ONOO− may also induce cell death by activating the cell’s apoptotic machinery [40].



Nitric oxide is an important mediator of inflammation and has protective effects when in low concentrations. Under normal conditions, only a small amount of NO is secreted as constitutive NO synthase (cNOS) and endothelial NO synthase (eNOS) produce much less NO than iNOS [37]. When in excessive concentrations, NO can impair localization and expression of important tight junction proteins such as the zonula occludens (ZO)-1 and ZO-3, and occludin [38]. Nitrogen oxide is also suggested to disrupt tight junctions by decreasing expression and function of Na+/K+ ATPase and causing Na+ dysregulation, leading to cell swelling and dysregulation of the tight junctions and protein expression [41].




4.2. Possible Mechanisms of Transcellular Transport


The second pathway by which endotoxin may enter the systemic circulation is transcellular, or through the epithelial cells. It has been shown that LPS is able to move across polarized intestinal cells while tight junctions remain intact and further evidence suggests this occurs via receptor-mediated endocytosis facilitated by TLR4 [42]. Multiple proteins are required for LPS signaling, including TLR4, myeloid differential protein 2 (MD2), and cluster of differentiation (CD14), which will be discussed further in detail. Under normal conditions there is minimal expression of these proteins by intestinal cells, preventing LPS signaling and causing hyporesponsiveness of healthy IECs to bacterial exposure [40]. Conversely, during states of inflammation, the expression of these signaling proteins is increased, causing increased responsiveness of IEC to LPS and possibly facilitating its endocytosis via TLR4 [43,44,45].



Only a small proportion of internalized LPS is transcytosed as the majority is either transported to endosomes and late lysosomes or recycled back to the apical side [46]. Ghoshal et al. [47] showed that long-chain fatty acids expediate absorption of LPS and its incorporation in epithelial cells (Caco-2 cells). The absorbed LPS was then incorporated in the newly formed chylomicrons in the Golgi apparatus and secreted from the basolateral side together with chylomicrons. Although the association of LPS with lipoproteins is typically a protective mechanism, it can also result in systemic inflammation when there is a significant amount of LPS in the circulation [47,48,49].





5. Periparturient Diseases and Their Connection to Endotoxin


5.1. Acute and Subacute Ruminal Acidosis


The main cause of ruminal acidosis is an increased intake of highly fermentable carbohydrates causing an imbalance of lactic-acid-producing and -utilizing bacteria, leading to the accumulation of volatile fatty acids (VFA) (subacute acidosis) or lactic acid (acute acidosis) [50]. A proportion of VFAs can be buffered through selective feeding, salivary buffering, and ruminal absorption but when concentrations become excessive ruminal pH drops [51,52]. Subacute ruminal acidosis is characterized by periods of ruminal pH below 5.8 to 5.0 for extended periods of time. This pH depression is attributed to an accumulation of VFAs but not lactic acid. The pH drop associated with acute ruminal acidosis (ARA), on the other hand, is caused by an increase in the concentration of lactic acid. The difference between acute and subacute ruminal acidosis is centred on the shifts of the rumen microbiome. When there are high levels of NFCs in the rumen, S. bovis rapidly grows and converts glucose to lactate, which is metabolized by other bacteria such as M. elsdenii into other VFAs. As pH continues to decrease below 5.0, however, the lactate-utilizing bacteria are inhibited and lactate accumulates in the rumen causing ARA [53,54,55]. During severe SARA, the dominant microbiota are E. coli and S. bovis, and as SARA persists, there is a decrease in GNB, leading to an increase in free LPS from E. coli, due to their lysis, which is conical and highly toxic [19,27,53].



The exact mechanisms of how LPS translocates through rumen or GI tract of cattle are not known. In a study conducted by our lab, we demonstrated that endotoxin is able to permeate rumen and colon walls, under Ussing chamber conditions, when present in the luminal side, independently of luminal pH of rumen or colon [5]. Presence of LPS on the luminal side of rumen and colon of cattle also increased permeability to 3H-mannitol by 6- and 5-fold, under acidic pH 4.5 and 5.5, respectively, suggesting LPS might disrupt tight junctions and cause leaky GI tract. In another study, we also showed that feeding diets containing 30% to 45% of the total mix ration (TMR) as barley grain increased ruminal concentration of LPS by 7.6- to 13.5-fold vs. cows that did not consume barley grain [36]. Also, feeding the same diet was associated with a systemic inflammatory status as indicated by increased acute-phase proteins (serum amyloid A, lipopolysaccharide binding protein and C-reactive protein).




5.2. Fatty Liver


Fatty liver is characterized by the storage of triglycerides (TGs) within hepatocytes. Conventionally, this disease is viewed as the result of the NEB that cows develop around parturition, causing increased mobilization of non-esterified fatty acids (NEFA) from adipose tissue. Increased NEFA in the circulation leads to increased hepatic uptake and oxidation of NEFA for energy; however, when the uptake is too high, the liver is only able to partially oxidize them, generating ketones, or converting them to TGs for storage [1,54,55].



Recent evidence suggests that, besides NEB, there might be other factors involved in the development of fatty liver. Interestingly, while all cows go through NEB around parturition, only some of them develop fatty liver and attempts to reduce the NEB through increased NFC diets during the far-off dry period can increase hepatic TG storage [7,55]. Connections have also been made between fatty liver and different peripartum diseases, some of which are not directly connected with NEB, such as mastitis and metritis, which are infectious diseases. However, the latter can affect feed intake (reduction) and indirectly contribute to NEB. It has been hypothesized that the endocytosis of TG-rich lipoproteins (i.e., chylomicrons) utilized for rapid removal of endotoxin from the circulation may contribute to the development of fatty liver [7].



Increasing evidence indicates a contributory role of inflammation triggered by endotoxin in the pathophysiology of fatty liver. Cows experiencing fatty liver have increased concentrations of TNF and SAA, as well as Hp, NEFA, and TG in the plasma with decreased calcitonin gene-related peptide (CGRP) and cholesterol. Serum amyloid A and Hp are acute-phase proteins, which bind toxins to aid their removal by the liver via lipoproteins, and bind hemoglobin to prevent the bacterial uptake of iron, respectively. Likely triggers of increased SAA and Hp are IL-1 and IL-6, which are produced in the liver by Kupffer cells when stimulated by endotoxin. Calcitonin gene-related peptide is also involved in the acute phase response and increases plasma concentration of glucose and lactate [7,56].



A study conducted by Bradford et al. [57] found that injection of TNF alone in late-lactation dairy cows promoted the storage of roughly double the amount of TGs in the liver compared to controls. Additionally, there was evidence of decreased glucose-6-phosphatase and phosphoenolpyruvate carboxykinase 1 transcription, two genes required for gluconeogenesis, which is consistent with the observed reduction in glucose production [57]. These observations further implicate endotoxins as TNF production is stimulated by both LPS and LTA [11,58,59]. Lastly, the role of inflammation and endotoxins in fatty liver disease development has been further identified through the study of its prevention utilizing probiotics. Two studies demonstrating positive results for the use of probiotics in preventing fatty liver utilized L. rhamnosus GG in mice and C. butyricum in rats. These probiotics helped to maintain the integrity of the gut barrier and thus reduce endotoxemia, inflammation and the development of fatty liver, which helps confirm the pivotal role of gut microbiota and endotoxemia in the development of this disease [60,61].




5.3. Mastitis


Mastitis is defined as inflammation of the udder, which is typically caused by bacterial infection [62]. The incidence of mastitis remains among the highest of all diseases affecting cattle and results in significant economic losses to the dairy industry [30,63,64]. In spite of many prevention strategies and therapies, bovine mastitis continues to be of high economic significance with annual losses of approximately $2 Billion in the USA alone. These strategies include antibiotic treatments, various vaccines specific to different pathogenic bacteria, dry or lactating cow therapies and non-specific prevention therapies. Regardless of the numerous strategies to treat and prevent mastitis, this disease continues to be a serious concern in the dairy industry, indicating a further need to prevent this disease [65].



Bovine mammary epithelial cells (bMEC) express TLR-2 and TLR-4 and during mastitis, the expression of these receptors is increased [66,67]. When stimulated by bacteria, the bMEC are able to produce chemokines, such as IL-8, to attract the migration of neutrophils. Additionally, upon stimulation with LPS or S. aureus, the bMEC can rapidly produce pro-inflammatory cytokines, namely TNF, which serve as mediators for inflammation. The coordinated production of cytokines and chemokines recruit neutrophils to the udder during infection by increasing the presence of adhesion molecules on endothelial cells that bind neutrophils and allows them to migrate into the mammary gland. Subclinical mastitis is diagnosed by measurement of somatic cell count (SCC) in the milk, which determines the level of neutrophil recruitment. An SCC above 200,000 cells/mL is indicative of inflammation of the udder and serves as a baseline for subclinical mastitis diagnosis [63,64,68].



Lipopolysaccharide has been found to induce major metabolic changes in bMEC when they are incubated with LPS [69]. The results of this study showed a total of 63 metabolites that differentiated the control cells from the treated ones. The most affected metabolites included glycerophosphocholine, glycerol-3-phosphate, L-carnitine, L-aspartate, glutathione, prostaglandin G2, α-linolenic acid and linoleic acid. They were mainly involved in eight pathways, including D-glutamine and D-glutamic acid metabolism; linoleic acid metabolism; α-linolenic metabolism; and phospholipid metabolism. The authors indicated that the differential metabolites were involved in eight pathways involved in lipid and energy metabolism. Additionally, findings suggested that the bMEC are able to regulate pro-inflammatory, anti-inflammatory, and antioxidation responses to maintain cell homeostasis to confront LPS challenge.



A study conducted by Moyes et al. [70] reported that IM LPS challenge in early postpartum cows was associated with expression of inflammatory genes in blood PMN leukocytes related with immune response, immune activation, leukotriene synthesis, and PMN adhesion or migration. The authors did not report whether LPS translocated or not in the systemic circulation. In addition, Paape et al. [71] demonstrated that 18 h after an IM challenge with LPS, a large percentage of immature PMN leukocytes were found in blood circulation. Immature PMN has been shown to have lower immune functions comparable with the mature PMN [71]. The recruitment of neutrophils is critical in the defence against bacterial infections as their release of reactive oxygen species (ROS) and various proteolytic enzymes are used to kill the invading bacteria. Unfortunately, it is through the recruitment of activated neutrophils that endotoxin causes damage to the mammary gland epithelium during mastitis when the mechanisms used to kill bacteria also harm the mammary gland tissue [71]. Studies suggest neutrophil-induced mammary gland damage is caused by proteases and toxic ROS, which severely damage secretory tissue, leading to the reduced milk production responsible for the bulk of economic loss associated with mastitis [72,73,74]. Additionally, Lavon et al. [75] found that both GNB and GPB mastitis are able to disrupt follicular function, linking mastitis to reproductive failure, which is the top cause of economic loss to dairy producers.



In dairy cattle, LPS has been used to mimic E. coli-induced mastitis, and it has been found to induce a systemic APR with increased levels of acute phase proteins in bloodserum [76]. Indeed, Hoeben et al. [77] reported that systemic effects of LPS or E. coli in the mammary gland might be reinforced by translocation of pro-inflammatory cytokines and induction of APP from the liver. Moreover, Minuti et al. [78] showed that IM challenge with LPS was associated with liver expression of genes related to APP including serum amyloid A, haptoglobin, and ceruloplasmin. Interestingly, IM challenge with LPS was able to increase accumulation of TG in the liver, supporting the hypothesis that translocation of LPS or cytokines from mammary gland can contribute to development of fatty liver. In support of this finding, Khovidhunkit et al. [79] showed that mammary administration LPS in rodent models increased markedly the uptake of NEFA from the liver.



On another note, Perkins et al. [80] treated mid-lactation cows with intramammary LPS and observed clinical responses. Interestingly, IM LPS lowered rumen motility. Lowered rumen motility is related to displaced abomasum (DA) in dairy cows. Indeed, in a review article, Doll et al. [81], summarized predisposing factors for DA and reports that mastitis is one of the predisposing factors of DA. The study by Perkins et al. [80] suggests that LPS derived from mammary gland during mastitis infection by GNB might explain association of mastitis with DA. Indeed, in a study conducted by our lab [82], we showed that parenteral administration of LPS increased the incidence of DA. Moreover, Vlaminck et al. [83] demonstrated that administration of E. coli LPS either intravenously or directly in the abomasum was associated with inhibition of abomasal motility in a dose-dependent manner. Additionally, Kaze et al. [84] showed that muscle tissue derived from the abomasal antrum of cows treated with endotoxin decreased contractility.



It has been known that peracute mastitis caused by GNB has been associated with a systemic inflammatory state triggered in part by LPS [85]. Moreover, proinflammatory cytokines that are involved in both local and systemic response to GNB mastitis are stimulated by LPS [86]. Upregulation of these cytokines has been related to interaction of LPS with APP including LBP and CD14. In a study by Bannerman et al. [68], they demonstrated that IM challenge of midlactating dairy cows with E. coli LPS was associated with increased lipopolysaccharide-binding (LBP) protein in the blood of those cows.



In addition, LPS has been shown to affect milk–blood barrier function. Thus, in a rodent model, Kobayashi et al. [31] showed that IM LPS challenge weakened milk–blood barrier functions 3 h after injection of LPS, as indicated by increased permeability to fluorescein isothiocyanate-conjugated (FITC)-albumin. Another interesting finding was that 3 h after LPS challenge, there was shedding of alveolar epithelial cells. The mechanism of LPS actions are related to its effects on claudin-7 and claudin-3 that are part of alveolar tight junctions. A more severe disruption of milk–blood barrier functions was observed 12 h after IM LPS injection, as indicated by ectopic localization of β-casein and larger amounts of FITC-albumin into the alveolar lumen.



A study conducted by Petzl et al. [87] pretreated cows with LPS 72 or 240 h prior to E. coli challenge. The results of the experiment revealed that pretreatment with LPS prevented development of fever and there were no alterations in the circulating leukocyte numbers. Additionally, there were no clinical signs of mastitis detectable in the groups pretreated with LPS versus the control group that showed clear signs of mastitis during the 24 h after challenge with E. coli. Moreover, bacterial load after E. coli challenge decreased significantly in cows pretreated with LPS versus control cows, where bacterial load remained high at 24 h after challenge. Lipopolysaccharide pretreatment also lowered expression of inflammation-related genes including TNF, CXCL-8, serum amyloid A3, IL-6, and β-defensin. Additionally, anti-inflammatory genes were up-regulated in the control group but not in the LPS-pretreatment groups.



The data presented clearly show that LPS plays an important role in the etiopathology of Gram-negative mastitis. Results presented show that LPS affects not only alveolar epithelial cells but is able to spill into systemic circulation and influence the activity of other organs, including the liver. LPS deriving from the mammary gland might contribute to the etiopathology of DA. Also, LPS deriving from mammary gland influences immune cells that translocate to the udder to help clean the infection caused by GNB.




5.4. Retained Placenta


Retained placenta (RP) is defined as failure to expel the placenta within 24 h after parturition. Promptly following calving, the immune system is responsible for degradation of the placentomes, which detaches the placental membranes from maternal tissue. The key event leading to RP is failure to breakdown the cotyledon–caruncle attachment after parturition due to immune dysfunction [88]. In cows with RP, there is evidence of impaired neutrophil activity and recruitment that can be seen prior to parturition. Kimura et al. [89] found that isolated neutrophils typically respond strongly to cotyledon supernatant. In cows that would later develop RP, however, neutrophils had decreased myeloperoxidase, indicating a reduced killing ability, which was evident throughout the sampling period from 2 weeks prepartum to 2 weeks postpartum. In addition, RP cows had a lower plasma concentration of IL-8, a chemoattractant that recruits neutrophils to cotyledons and increases collagenase secretion to help separate maternal and placental tissues [89]. LeBlanc [88] also describes evidence of decreased neutrophil chemotaxis and oxidative burst activity along with lower plasma IL-8 at 2 weeks prepartum in cows that later developed RP.



Cows affected by RP also have higher concentrations of LPS present in their lochia. Delayed uterine involution caused by RP allows the lochia to function as a medium for bacterial growth and favors the development of uterine infections [90]. The role of LPS in the etiology of RP was established in a study by Zebeli et al. [82] in which cows receiving parenteral administration of increasing doses of LPS over three consecutive weeks around parturition had a significantly higher incidence of RP compared to controls. It was proposed that this may be due to the exposure of neutrophils to LPS prior to calving causing them to develop LPS tolerance, a phenomenon where tolerized cells have reduced expression of TLR4 and thus have a weaker response to LPS [87]. Immune dysfunction may also be connected to LPS through reduced expression of L-selectin, which mediates the passage of neutrophils from the blood to the inflamed organ given the evidence that intramammary infusion of LPS reduces polymorphonuclear leukocyte expression of L-selectin in the mammary gland [91].



A recent study of gene expression in the utero-placental tissues found further evidence of immune dysfunction in cows with RP. When compared to cows that normally expelled placental tissues those with RP had lower expression of IL-1, IL-6, IL-8 and TNF. Additionally, there was reduced expression of intercellular adhesion molecule-1 (ICAM-1), an adhesion molecule responsible for the adhesion of leukocytes to vessels for movement from the circulation into the tissue [92]. This evidence also implicates the development of endotoxin tolerance in the pathogenesis of RP as the reduced cytokines are those typically stimulated by LPS and LTA [11,58].




5.5. Metritis and Endometritis


Bacterial infection of the uterus is common after parturition as 90% of cows experience uterine contamination with bacteria at this time [93]. Metritis, present in up to 40% of dairy cows, occurs within 21 days postpartum and is characterized by enlargement of the uterus and abnormal vaginal discharge. If infection persists longer than 21 days postpartum, as determined by the presence of purulent or mucopurulent vaginal discharge, it is classified as endometritis [93,94]. According to Sheldon et al. [94] cows that have no clinical sign of systemic disease but have a larger than normal uterus as well as vaginal purulent discharges, coming from the uterus, within the first 21 days after parturition may be diagnosed as having clinical metritis. On the other hand, if cows within the 21 days after calving have signs of systemic illness including high rectal temperature >39.5 °C, dullness, lowered milk production, or other associated signs of toxaemia, and a larger than normal uterus may be classified as puerperal metritis. The bacteria most commonly associated with uterine disease are E. coli and A. pyogenes, whose growth is supported by the postpartum uterine environment due to disruptions of the endometrium and retention of lochia [93]. Dohmen et al. [90] reported high concentrations of LPS in the lochia of dairy cows at 1 or 2 days after calving and its concentration was related to the presence of E. coli, Clostridium spp., and A. pyogenes. However, the same authors did not find increased LPS in the systemic circulation of cows with dystocia and RP. An earlier study by Peter et al. [33] showed increased levels of LPS in the plasma of healthy cows 4 h after infusion of E. coli endotoxin in the uterus at 5 days after calving.



Uterine infections are associated with a dramatic decrease in reproductive performance. Gilbert et al. [95] evaluated 141 Holstein cows over 5 herds for endometritis and reproductive performance. Utilizing cytological methods, 53% were diagnosed with subclinical endometritis and compared to healthy cows, there was a significant reduction in reproductive performance in cows with endometritis. Cows with infections had increased days open (118 vs. 206), delayed first service, decreased first service pregnancy rate and an increase in the number of inseminations [92]. More recently, Williams et al. [96] found that LPS reduces the production of estradiol (E2) by granulosa cells, while TNF decreased theca cell androstenedione production in addition to granulosa E2 in vitro, which are pivotal to ovulation. When applied in vivo animals treated with intrauterine LPS or TNF were less likely to ovulate, indicating impairment of ovarian function [96]. Uterine infections with E. coli have also been found to cause extension of the luteal phase through inducing a switch in progesterone production from PGF2α, which terminates the luteal phase, to PGE, which does not [97].



Another recent and interesting study was that of Purba et al. [98] that studied whether LPS infused intravenously (iv) or intrauterine (iu) would reach mammary gland. Data from the iv experiment demonstrated that LPS was immunolocalized in the microvessels of the lamina propria of the mammary gland 3 h after injection, as well as in the connective tissue and epithelial cells of alveoli 24 h after the iv administration. This suggests that intravenously injected LPS can be transported to the mammary glands. Results from the iu administration experiment, demonstrated that LPS had translocated in the connective tissues and interepithelial spaces of alveoli of the mammary gland 24 h after iu administration. This is a direct proof that LPS is able to translocate from the uterus to the mammary gland through systemic circulation.



A recent study found promise in the development of a subcutaneous vaccine against metritis in Holstein dairy cows utilizing bacterial proteins and inactivated whole cells from E. coli, F. necrophorum, and T. pyogenes. Results showed that the various subcutaneous vaccines lowered the incidence of metritis, increased likelihood of conception, and had increased serum IgG against the bacteria and proteins they were vaccinated against [99].




5.6. Laminitis


Laminitis is the inflammation of the dermal layers inside the foot regardless of infection and is one of the three major diseases, along with mastitis and uterine infections, which lead to the high culling rate of cows [7,100]. Laminitis occurs in acute, subclinical, and chronic forms, has a multifactorial etiology, and is believed to have many interdependent causal factors such as hormone changes, endotoxic insult, and environmental aspects [100].



There is general agreement that laminitis is a systemic disease with local manifestations in the hoof area [101]. Overall, laminitis is a disease that develops over three stages that overlap with each other. Phase 1, which starts with the release of vasoactive compounds that affect blood flow to the corium with damage to the dermal–epidermal junction. Phase 2 is associated with sinking and displacement of the third phalanx (i.e., P3) that damages corium and the cushion beneath. During this phase there is hemorrhage, thrombosis and different levels of necrosis. Phase 3 is characterized by development of sole ulcers and white line disease that takes 2–3 months to develop. The first two phases are subclinical and the third one is characterized by clinical lameness [102].



There have been various hypotheses with regard to etiopathology of laminitis. However, in this review, we will focus on the information related to the potential role of endotoxemia in the etiopathology of laminitis. The first experimental evidence for a potential role of systemic endotoxemia on the etiology of laminitis came from the study of Boosman et al. [103]. In their study, Holstein cows were injected intradermally (id) and intravenously (iv) with different doses of E. coli LPS (0111:B4), for three consecutive days. The researchers aimed to test whether endotoxemia, triggered by id or iv administration of LPS, would trigger acute laminitis. The doses of LPS used were similar to those that are known to cause an acute-phase response, ranging from the lowest 46 μg id and up to the highest dose of 6350 μg iv [103]. Data from this study showed that there were no clinical signs of laminitis, during pre-experimental claw trimming, in all 13 cows in the study. Histopathologic examination of the claws in cows administered LPS revealed lesions indicative of acute laminitis such as vacuolation of the stratum basale cells, infiltration of lymphocytes or polymorphonuclear lymphocytes, congestion, and hemorrhages. However, the authors concluded that although they were able to trigger laminitis they were not able to evoke acute lameness suggesting that other additional etiological factors besides endotoxin were involved.



Evidence for a potential role of endotoxin in the etiology of laminitis came from another study conducted by Singh et al. [104]. The aim of that study was to test whether intra-arterial injection of LPS would induce lesions in the treated foot or in all of the feet. Researchers used one Holstein cross bull calf and two Charolais cross bulls in the study. The authors infused a 2 mg dose of E. coli endotoxin (0111:B4) in 1 L of Hartmann’s solution, within an hour, and monitored the animals for 10 h. The first bull was given another 3 L of Hartmann’s solution 24 h after the first infusion. Hoof biopsies were collected 2–3 days prior to endotoxin infusion and 15 days after infusion. Clinical observations indicated that 5 days after infusion of LPS, the hoofs looked red. At necropsy, there were hemorrhages in all the claws of the Holstein bull and these were severe in the wall and sole of hind claws. In Charolais bulls, the hemorrhages appeared as dark brown streaks throughout the sole. The authors concluded that experimental endotoxemia can induce hoof lesions in cattle, which may be a local effect of a systemic reaction.



Thoefner et al. [105] explored the possibility of developing laminitis by alimentary oligofructose overload. They used heifers in their study and provided three different oral doses of oligofructose at 13, 17, and 21 g/kg per group. Four of the six heifers fed oligofructose displayed clinical signs of laminitis starting 39 to 45 h after feeding. This finding was confirmed by another study by Danscher et al. [101], who showed that feeding oligofructose triggered laminitis and induced signs of lameness. In this study, claw pain was present, as shown by increased sensitivity in the hoof area. Data also showed joint effusion and concurrent systemic signs. The authors concluded that their data support the common perception that laminitis is a systemic disease with local manifestations and that oligofructose is a good model to study the etiology of laminitis in dairy cows. Although the mechanism of how oligofructose induces laminitis in cattle is not known, equid research suggests the potential involvement of endotoxin, released in the GI tract and its translocation into systemic circulation, as a potential factor. Bailey et al. [106] reported an increase in plasma concentration of LPS from the limit of detection (0.6 pg/mL) to a peak of 2.4 ± 1.0 pg/mL at 8 h after administration of LPS. Additionally, they reported that plasma TNF, a cytokine released by macrophages during endotoxemia, was detected in horses during oligofructose-induced laminitis, from 12 to 24 h after administration of LPS. These authors suggested that endotoxin may play an indirect role in the onset of laminitis through the activation of platelets, which can then activate neutrophils [101]. Platelets are 1000-times more sensitive to LPS than leukocytes are [107]. Platelets are capable of activating leukocytes by platelet-derived chemokines [108]. Additionally, an in vitro study by Reisinger et al. [109] found that culturing equine hoof explants with LPS caused a dose-dependent reduction in lamellar tissue integrity, further implicating endotoxins.



The association of ruminal acidosis with laminitis has been well established, although the pathophysiology remains poorly understood [7]. The mechanisms of development, as described by Nocek [100], are linked to acidosis through depression of systemic pH activating a vasoactive mechanism that increases blood pressure, which is exacerbated by factors such as histamine and endotoxin. Multiple studies have shown that feeding high-grain diets to dairy cows is associated with 16- to 20-fold increase in the amount of endotoxin in the rumen fluid [36]. We also demonstrated that LPS is able to translocate through rumen and colon walls independently of pH [5]. Endotoxin triggers a sustained increase in the blood pressure by inducing serum exudation, swelling and pain as the microvasculature of the foot begins to degrade and this vessel damage subsequently limits the nutrients to the epidermal cells, causing degradation of the corium and breakdown of the dermal–epidermis junction [97,110].



Lastly, cows treated orally with a vaccine against LPS alone or in combination with LTA have also been found to have lowered incidence of laminitis. The results from the combination treatment implicates LTA in the etiology of laminitis as it was found to further lower laminitis when compared to treating with LPS alone [7].




5.7. Displaced Abomasum


Displaced abomasum (DA) in dairy cows is the abnormal positioning of the abomasum from its normal position in the abdomen to the right (RDA) or left (LDA) side, with LDA being more frequently diagnosed than RDA. The incidence of DA ranges from 1.7% to 5.8% [111,112]. The ratio of left to right DA in Holstein dairy cows ranges between 3:1 and 7:1 [113,114,115]. Displaced abomasum is related to enlargement of the organ with fluid and/or gas. Once migrated, the abomasum usually becomes trapped in the abnormal position by the rumen and the torsion of the stomach can reduce or fully inhibit the passage of digesta [116,117]. Displaced abomasum is a multifactorial disease and has been reported to affect an average of 3%–5% of dairy cows in a herd [7,118,119,120]. The main cause of LDA is reduced motility leading to accumulation of gas in the organ [113] and the three main risk factors include: (1) hypocalcemia, (2) hypokalemia, and (3) endotoxemia [117].



Other factors that affect the incidence of LDA include decreased ruminal filling, increased NFC diets, and increased incidence of other diseases such as fatty liver, ketosis, RP, metritis and mastitis [119,121,122]. A lack of ruminal fill increases the opportunity for the abnormal positioning of the abomasum and can be caused by high NFC feeding in herds not fed a total mixed ration (TMR). In addition, high NFC diets also reduce abomasal motility and emptying via accumulation of VFAs [116,119]. Lastly, an increased risk of LDA occurs with multiple common periparturient diseases including ketosis, fatty liver, RP, mastitis, metritis, and milk fever. It has been proposed that some of these diseases lead to atony of the abomasum through hypocalcaemia (milk fever), or an increase in histamine (mastitis, metritis), while others may have similar causes such as prepartum feed intake depression followed by a slow increase in postpartum intake, which leads to decreased ruminal fill (ketosis, fatty liver); other connections are still unknown [116,119,122].



There is increasing evidence that endotoxin is involved in the etiology of LDA beginning with the high incidence of concurrent diseases such as acidosis, fatty liver, metritis, RP, and mastitis, which are all potentially caused by endotoxin or lead to its translocation [87,118,119,123]. The study conducted by Zebeli et al. [82], discussed previously, with regard to RP, also found an increased incidence of DA in cows treated intravenously with LPS [82]. Both in vitro and in vivo experiments have described the ability of endotoxin to reduce motility of the abomasum as well [83,84]. Reduced motility may be caused indirectly through reducing plasma calcium as there is a high association of hypocalcemia and DA [82,117,119,123]. When plasma concentrations of calcium are high, it may be involved in endotoxin clearance by binding endotoxin to form aggregates that are subsequently removed from the circulation via macrophages, which reduces calcium concentration in the circulation [7]. Research conducted by Zadnik et al. [123] found evidence of leukocytosis with neutrophilia (increased neutrophils in the blood) in cows with DA, which is also associated with the immune response against endotoxin [123]. Increased Hp in the plasma is evident during DA as well, further implicating the role of endotoxin and the inflammatory reaction against it in the development of DA [82,120].



Gram-positive bacteria may also be involved in the etiology of DA. During investigation of the reduced response to vasoconstrictors in connection with sepsis, it was established that LTA from S. aureus decreased smooth muscle contractility in the vasculature. It was concluded that the mechanism by which LTA inhibits contractility is through the activation of iNOS, which is present in the smooth muscle, a mechanism which may be applicable to motility of the GIT as well [124].




5.8. Milk Fever


Milk fever, also called parturient paresis, can be described as clinical hypocalcemia and is the most common disease present in dairy cows at parturition. On average, 5%–10% of cattle are affected by this disease postpartum, with 15% that are unresponsive to treatment with calcium borogluconate, resulting in downer cow syndrome (DCS), which will be discussed later [125]. Milk fever has been identified as a risk factor for other periparturient diseases such as mastitis, RP, ketosis, and DA. The current view for prevention of hypocalcemia is through the dietary cation-anion difference (DCAD) as well as the provision of dietary magnesium (Mg) [126]. However, there is evidence indicating that inflammation and possibly endotoxin are involved in the etiology of milk fever [7,83].



Endotoxemia has been linked to hypocalcemia and hypomagnesaemia, as well as other electrolyte disturbances. It has previously been shown that dairy cows infused with LPS experience reduced total calcium in the serum in a dose-dependent manner [127]. In addition, extensive evidence shows that hypocalcemia is common during sepsis in animals [128,129,130,131] as well as humans [132] and the administration of calcium during sepsis increases organ failure and lethality. Dietary magnesium is important in the prevention of milk fever and this may be further evidence of the endotoxin hypothesis. Magnesium deficiency has been shown to increase expression of CD14, an endotoxin receptor, in the small intestine and myocardium of rats [133].



There is evidence of inflammation in cows with milk fever as well, as they have increased plasma concentration of SAA, suggesting inflammation, and decreased plasma CGRP, an APP that decreases plasma calcium [7,134]. Gray et al. [125] suggests immunity is involved in the etiology of milk fever and serves as an explanation for the lower incidence of milk fever in heifers. Some of the evidence presented in support of their hypothesis includes the ability of IL-1β to trigger reduction in plasma calcium and the heritability of susceptibility as seen by breed predisposition [125]. Interestingly, recent research by our team identified a significant increase in factors of innate immunity, including IL-6, TNF, Hp, and LBP, up to 8 weeks prior to the development of clinical symptoms and diagnosis of milk fever [135]. This evidence strongly implicates a role of endotoxins in the etiopathogenesis as all of these factors are involved in the immune response against LPS [58,136,137].




5.9. Downer Cow Syndrome


The term “downer cow” is used in reference to a cow that is unable to get up from sternal recumbency due to hypocalcemia, calving paralysis, or a complication of other diseases such as milk fever, mastitis, and metritis. In addition to hypocalcemia, other suggested risk factors of DCS are stillbirth, dystocia and RP [138]. A review by Ametaj et al. [7] and Eckel et al. [139] was able to establish the possible role of endotoxin in the development of DCS through the measurement of plasma variables prepartum in a cow that developed DCS shortly after parturition. The sick cow had increased LBP and anti-LPS IgM, indicating an immune response against endotoxin [7]. A decrease in plasma cholesterol was also observed and may be indicative of bile production to protect against endotoxin, as previously discussed [56]. Additionally, all prepartum measurements of calcium concentration were lower, suggesting calcium dysregulation and the potential contribution of endotoxin to the hypocalcemia seen in cases of DCS. Lastly, during this study, there was an observed increase in plasma NEFA and BHBA postpartum [7].



Similar results were found in another study conducted on the connection of DCS with fatty liver. Of the 36 downer cows studied, there was a combined 88% suffering from moderate to severe fatty liver, suggesting a strong link between the two diseases. An observed increase in NEFA and BHBA with reductions in calcium and cholesterol were seen in downer cows concurrently suffering moderate to severe fatty liver [140]. Byrne et al. [141] found downer cows had a 3.3-fold higher incidence of E. coli O157:H7 in the feces and/or colon tissue when compared to healthy cows. This indicates the possibility of E. coli’s translocation from the colon into the blood may be involved in the development of DCS [7,141]. A case study also found a recumbent cow to have demyelination of the spinal cord, which has been induced by TNF in mice and rats, additionally implicating inflammation and endotoxin in downer cow syndrome [125]. It should be noted that there is no conclusive evidence yet that endotoxemia is involved in the etiology of downer cow syndrome.





6. Mucosal Immunity and Vaccination against Bacterial Antigens


6.1. Why Mucosal Vaccination Against LPS and LTA?


Mucosal surfaces are the entrance site of most infectious agents and as such the mucosal immune system is the first line of defense against pathogenic infection. Various vaccines, including parenteral and mucosal ones, have been developed to prevent bacterial or viral infections from mucosal sites. However, it should be noted that although parenteral vaccines have been very efficient in protecting against many bacterial or viral pathogens, they have been considered less efficient at inducing mucosal immunity [142]. Therefore, there is new interest in developing mucosal vaccinations in livestock animals. We are bringing to the research community the most recent development in the area of mucosal vaccination.



One of the benefits of mucosal vaccination is the induction of secretory immunoglobulin A (sIgA) production at specific mucosal sites. Immunoglobulin A is uniquely suited to function at mucosal sites as it is resistant to degradation by proteases, which are abundant in the external environment of the mucosal surface [143,144,145]. Additionally, lymphocytes that are primed at the mucosa express homing receptors that allow them to preferentially migrate back not only to the mucosal tissue where they were primed but also to distal mucosal tissues as well (further discussed in Section 6.4). These homing mechanisms help ensure that effector cells return to the initial site of infection to enhance protection at this tissue and can induce additional protection across other mucosal tissues. In addition to stimulating local responses in the mucosa, the activation of systemic immunity by mucosal vaccines is evident by the production of systemic immunoglobulin G (IgG) and the stimulation of a cell-mediated response with CD4+ T cells and CD8+ cytotoxic T cells, the latter contributing to protection against intracellular pathogens. Aside from these physiological advantages to mucosal vaccination, there are practical advantages as well, including their non-invasive nature, ease of administration, reduced adverse effects, and potentially lower production costs [143,145].



It should be noted that although the current paradigm in vaccine development is that vaccines delivered by needles (or otherwise known as parenteral vaccination) are not efficient in inducing mucosal immune responses, recent developments indicate that this is not the case [146]. Several clinical and experimental studies have shown that induction of mucosal immune responses after systemic vaccination are not a rare occurrence. This opens new horizons for parenteral vaccination and for the way vaccines can be delivered. However, the focus of this review article is to discuss new developments on mucosal vaccination in dairy cows (for more details, read 146). However, as indicated above, we will focus our discussion on mucosal immunity and some recent developments in dairy cows. Our team also has gathered data that when both parenteral and mucosal vaccination against LPS and LTA were applied, the results were better than parenteral or mucosal vaccination alone (see discussion on Section 6.5).




6.2. Secretory Immunoglobulin A (sIgA)


The production of secretory immunoglobulin A (sIgA) is the hallmark of the mucosal immune system and is the dominant functional antibody in mucosal secretions. The lamina propria is the submucosal region of mucosal surfaces and is the major site of antibody production, containing the Peyer’s patches where the majority of activated B cells are located [147]. Unlike other antibodies, sIgA is uniquely suited for functioning in the harsh, protease-rich environment of the mucosal surfaces as it is resistant to degradation [147,148]. Secretory IgA is almost exclusively found in dimers, which are connected by a joining chain (J-chain) [147]. The basolateral surface of IECs expresses a polymetric immunoglobulin receptor (pIgR) that mediates the transport of IgA across the cell to the apical side. Immunoglobulin A is then secreted via proteolytic cleavage of pIgR, which generates the secretory component, a polypeptide that remains associated with IgA and is thought to prevent degradation of the antibody [142,147,149].



The main function of sIgA is to maintain the integrity of the mucosal barrier and is effective in preventing viral and bacterial infection [144]. A vital feature of IgA is its ability to promote “immune exclusion”, involves the entrapment of pathogens within the mucous, preventing direct contact of microorganisms with the mucosal surface [142,144]. During pIgR-mediated transport, sIgA may also intercept invading pathogens contained in epithelial cell vesicular compartments. Dimeric IgA is additionally present in the interstitial fluid underlying the epithelial barrier as it is synthesized locally by IgA-secreting plasma cells. This may be used to transport pathogens, which have breached the epithelial barrier back into the lumen using pIgR or by mediating the destruction of infected cells via antibody-dependent cell-mediated cytotoxicity [142].



Research conducted on V. cholerae and the role of IgA in the protection against it found that antibodies against LPS are important to the prevention of this bacterial infection. The antibody is known to bind to the bacterial surface and cause aggregation of the live bacteria, which prevents their colonization in the small intestine and enhances their clearance from the GIT by peristalsis [150]. Lipopolysaccharides are considered to be T cell-independent (TI) antigens due to their ability to activate B cells independently of T cells. T cell-dependent activation of B cells requires the binding of an antigen to the B cell receptor (BCR) and binding of the CD40 ligand on a T cell with the CD40 receptor on a B cell. T-independent antigens, on the other hand, can activate B cells without the help of T cells. In the case of LPS, the second signal received by the B cell comes from the activation of TLRs. Simultaneous engagement of TLR4 and the BCR by LPS stimulates the production of both polyclonal and antigen-specific antibodies [151].



Oral administration of LTA from L. rhamnosus GG has also been found to increase the number of IgA producing cells in the lamina propria in mice [146]. Thus, the production of sIgA is pivotal in the prevention of both GN and GP bacterial disease at the mucosal surface. Additionally, a preliminary study of repeated oral administration of LPS and LTA in dairy cows found that it caused an increase in total salivary sIgA and a decrease in acute-phase proteins, plasma anti-LPS immunoglobulins, and the cytokine TNF. These results indicated an increase in mucosal protection against endotoxins and reduced markers of systemic endotoxin exposure in the plasma [13].




6.3. Induction of the Mucosal Immune Responses


The induction of a mucosal immune responses requires the presence of organized lymphoid tissues, such as Peyer’s patches and mesenteric lymph nodes [142,148]. Organized inductive sites are concentrated in areas where pathogens are most likely to enter and areas of high microbial density. The presence of an organized mucosal lymphoid follicle induces the differentiation of a follicle-associated epithelium (FAE), which contains microfold cells (M cells) [142]. These M cells are rich in endocytotic vesicles to uptake lumen contents and transport them to their intraepithelial pockets or directly to underlying dendritic cells (DCs), which reside in the subepithelial dome (SED) [142,147]. The intraepithelial pocket of M cells contains lymphocytes and macrophages, which interact with the transcytosed antigens and microorganisms. There is evidence indicating that DCs can also directly sample from the luminal environment [149].



Dendritic cells are professional antigen-presenting cells (APCs) that express large amounts of major histocompatibility complexes I and II (MHC I and MHC II) that allow for the presentation of soluble antigens to both naïve and primed T cells. Particulate antigens are likely phagocytosed by macrophages, present in the intraepithelial pocket, which then present the antigens to T cells or release the antigen to DCs for presentation [147]. Dendritic cells can exit the mucosa through the lymphatic system and present antigens to T cells within the lymphoid tissues of the draining lymph nodes, thus allowing for interaction with the systemic immune system and not just local mucosa (Figure 5) [142]. The presentation of antigens to naïve T cells results in the activation of both CD4+ and CD8+ T cells. T helper cells (CD4+) differentiate into five main profiles including Th1, Th2, Th17, Treg and Tfh subsets, which are characterized by their cytokine production. At mucosal sites, activation of T helper cells by DCs promotes the differentiation of Th2 cells, which produce cytokines that cause B cell isotype switching to IgA production [147,152].




6.4. Connectivity and Compartmentalization of the Mucosal Immune System


Lymphocytes, which have been activated at the mucosa preferentially migrate to other mucosal effector sites throughout the body. This resulted in the idea of a common mucosal immune system [147]. Lymphocytes activated at mucosal sites upregulate the expression of tissue-specific adhesion molecules as well as chemokine receptors, which act as ‘homing receptors’ to guide the cells back to the mucosa. For example, B cells activated in the mucosa express CCR10, a chemokine receptor for CCL28, which is secreted by epithelial cells of the intestines, salivary glands, tonsils, respiratory tract and lactating mammary glands. This allows for CCR10+IgA+ B cells to migrate to all of these tissues. Thus, immunization at one site can result in the secretion of specific IgA antibodies in other mucosal or glandular tissue [147].



In addition to the common system, there are chemokines, integrins, and cytokines that are differentially expressed among mucosal tissues, resulting in compartmentalization of certain mucosal tissues [148]. This keeps an immune response focused at the site of initial induction through receptor-mediated recognition systems [142]. Lymphocytes activated in the gut mucosa, for example, may express L-selectin and α4β7 integrin, which are two major adhesion molecules that bind to mucosal addressin cell adhesion molecule 1 (MAdCAM-1) expressed in venules of the small and large intestines [142,147]. The homing signals from the gut-associated lymphoid tissue (GALT) differ from those of the bronchus-associated lymphoid tissue (BALT) and nasal-associated lymphoid tissue (NALT) (Figure 6) [154].



Further evidence of this regionalization was seen in immunization studies with the cholera toxin B subunit. Oral immunization was found to induce an antibody response in the small intestine, ascending colon, mammary and salivary glands with an inefficient induction of IgA in the distal large intestine, tonsils and the female genital tract. Nasal immunization, on the other hand, resulted in strong responses in the upper respiratory tract, female genital tract and the salivary and nasal secretions with no response in the gut. Lastly, rectal and vaginal immunizations are found to have mostly local effects with little spread to further mucosal tissues [148].




6.5. Optimal Route of Immunization


Due to the connectivity and compartmentalization of the mucosal immune system, there are constraints to the route of immunization, depending on the target site for increasing immunity [149]. There is variation in the magnitude of both local and systemic immune responses at different vaccination sites [154,155]. The four major mucosal immunization routes are oral, nasal, vaginal, and rectal and while all produce local responses, the most effective vaccination routes are those that also produce strong systemic immunity and mucosal immunity at distal sites [12].



Administration of a mucosal vaccine through the female reproductive tract is difficult as the immunological features of the area are altered by hormonal fluctuations during the menstrual cycle [12]. The vaginal route has been found to induce a localized effect, causing little or no response in the respiratory and gastrointestinal tract. Rectal immunization, similar to vaginal, produces a strong localized response in the rectum with little response in the small intestine and the proximal colon [148]. The lack of a distal response from these routes eliminated them as optimal choices to generate a wide-spread effect throughout the mucosa [12,142,148].



Oral and nasal vaccinations have been found to effectively induce both mucosal and systemic immunity through cellular and humoral responses [12]. Research performed by Hopkins et al. [156] immunized mice with S. typhimurium, carrying the hybrid form of the hepatitis B virus core antigen (HBc), by four different routes—oral, nasal, rectal, and vaginal. The immunization induced specific antibodies against both LPS and HBc, although they were independent of each other. Evaluation of the differences in immune response to all four routes determined that oral and nasal routes were the most effective at inducing immunity in the saliva and intestines [156].




6.6. Endotoxin and Immunological Memory


The foundation of vaccination is to induce immunological memory and subsequently allow for a more rapid and efficient response against pathogenic infections [157]. The development of B cell memory (or plasma cells - PC) is the hallmark of adaptive immunity and was previously thought to require a T cell dependent (TD) response (Figure 7). This belief led to the thought that bacterial toxins, which are TI antigens, could not be used as vaccines as they could not elicit long-term protection [158,159]. An increasing body of evidence, however, shows that B cell memory can also be stimulated by TI antigens, although not in the classical TD fashion. In 2004, B-1b memory cells were isolated from T-deficient donors infected with B. hermsii, which is sufficient to establish the development of long-term protection in the absence of a TD response [158]. Obukhanych and Nussenzweig [160] found that polysaccharide antigens stimulate production of PC that are distinct from those induced by TD responses. Upon a secondary challenge with the polysaccharide, it was found that the activation of the B memory cells is regulated by antigen-specific IgG.



Further evidence of the role LPS plays in the development of immunological memory is present from research done with regard to human infection with V. cholerae and S. flexneri 2a. The presence of LPS-specific IgG memory B cells in the circulation was associated with a 68% decrease in risk of infection. Lipopolysaccharide-specific IgA antibodies are also associated with increased protection against V. cholerae infection. Due to the large increase in protection, which comes from LPS-specific memory B cells, it can be inferred that the use of LPS as a vaccine can help develop a strong and long-lasting immune response against subsequent infections [161]. Additionally, a study done on an oral vaccine for S. flexneri 2a showed promising results with detectable memory B cells to LPS present 28 days after exposure [162]. These studies show that vaccinations with bacteria or their components are able to elicit long-term immune protection.



Research conducted by our lab has demonstrated that oral administration of LPS and LTA in dairy cows has modulated both innate and adaptive immune responses [15]. In this study, 30 cows were split into a control group treated with oral saline only and a treated group that received five oral treatments of three increasing doses of LPS from E. coli 0111:B4 during week 4, 3, and 2 prior to calving and one flat dose of LTA from Bacillus subtilis administered orally during the same weeks prior to calving. The results of this study showed that cows treated with bacterial LPS and LTA increased concentrations of immunoglobulin-(Ig)A in the saliva. Treatment also lowered concentrations of anti-LPS IgA, IgG, and IgM Abs in the plasma as well as concentrations of tumor necrosis factor-alpha (TNF-α). The results of this study demonstrated that repeated mucosal administration of dairy cows to bacterial LPS and LTA is able to trigger both innate and humoral immune responses in periparturient dairy cows.



Another study by our lab (unpublished data) showed that cows treated with a combination of oral and parenteral LPS and LTA lowered the incidence of multiple periparturient diseases of dairy cows. Data showed that cows treated with a combination of LPS and LTA both orally and subcutaneously had 60% lower clinical cases of mastitis, 12% lower clinical cases of endometritis, 8% lower cases of udder edema, 33% lower number of dead and culled cows, and 27% lower number of cows removed from the herd by 27%. Additionally, the number of healthy cows in the group was 150% higher than the control group of cows. These data indicate that bacterial endotoxins (LPS and LTA) play a role in the periparturient health of dairy cows, increasing the susceptibility of them to disease.





7. Conclusions


Overall, increasing evidence suggest that bacterial endotoxins are involved in multiple periparturient diseases of dairy cows. Endotoxins include membrane components deriving from both Gram-negative and Gram-positive bacteria including LPS and LTA. The sources of endotoxins in dairy cows might be various, including rumen, when cattle are fed diets containing high amounts of grain, or infected uterus and udder in the days following calving. Given that endotoxins translocate into the systemic circulation of the host through mucosal membranes, knowledge about mucosal immunity and mucosal vaccination is of utmost importance to prevent health consequences of endotoxins.
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Figure 1. The general structure of Gram-negative bacterial lipopolysaccharide [23]. 
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Figure 2. Three-dimensional conformations of various lipid A structures: (a) conical conformation; (b) intermediary form; (c) cylindrical shape [24]. 
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Figure 3. Chemical structure of LTA from B. subtilis. The glycolipid anchor is shaded; R indicates a fatty acid, and R1 denotes backbone substitutions [25]; permission by original publisher obtained for use of this figure. 
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Figure 4. Paracellular pathway of LPS translocation. Under the healthy status, the intestinal epithelial barrier is closed to bacteria and LPS. Intestinal alkaline phosphatase (IAP), an enzyme produced by epithelial cells, dephosphorylates and detoxifies LPS in the luminal space. When intestinal barrier functions are disrupted during ruminal acidosis, the presence of pathogenic bacteria or large amounts of LPS and the expression of tight junction proteins are suppressed then LPS can translocate. Immune cells (macrophages, dendritic cells, T cells, and B cells—not shown in the diagram) located in the lamina propria below the epithelium are engaged to remove LPS and produce specific immunoglobulin A (IgA) to neutralize LPS. Lipopolysaccharide and pathogenic bacteria also enter into systemic circulation, triggering a systemic inflammation with proinflammatory cytokines released by immune cells [35]. 
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Figure 5. Diagram summarizing the mucosal immune response. Lumen contents are sampled from inductive sites by M-cells within the mucosa-associated lymphoid tissue (MALT) and transported to underlying antigen-presenting cells. Dendritic cells are able to directly sample lumen contents and capture antigens as well. Naïve B and T cells arrive at the MALT and lymph nodes via high endothelial venules. After being primed to become memory/effector B and T cells, they migrate from MALT and lymph nodes to the peripheral blood for subsequent extravasation at the mucosal effector site. This process is mediated by local vascular adhesion molecules and chemokines, collectively known as homing receptors. Within the mucosal effector site of the gut (the lamina propria) are B lymphocytes, plasma cells, and T helper cells. Immunoglobulin A and M (IgA and IgM) produced by plasma cells is secreted into the lumen through interaction with pIgR-mediated transport [153]. 
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Figure 6. Homing properties of mucosal memory/effector B cells. Putative scheme for the compartmentalized migration of B cells from inductive sites to effector sites with more or less preferred pathways depicted (graded arrows). The principal homing receptor profiles of the respective B-cell populations, and adhesion/chemokine cues directing extravasation at different effector sites, are indicated (pink and blue panels) [154]. 
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Figure 7. T-dependent (TD) and T-independent (TI) production of plasma cells (PC) or memory B cells. One model proposes life-long TD memory PC cells associated with the strength of B-cell receptor (BCR) signal, provided there is T cell help. The antigens (Ag) for TD response are proteins which activate follicular (FO) B cells by aggregation of their BCR and accessory signals by CD4+ T-cell. These cells are differentiated into germinal center (GC) B cells prior to converting into PC. A model proposed by Defrance et al. [159] suggests that differentiation of B-1b or marginal zone (MZ) B cells into TI memory PC combines a strong BCR signal that is induced by multiple BCR crosslinking and accessory danger signals presented by toll-like receptor (TLR) agonists or inflammatory cytokines. The strong BCR crosslinking is related to repetitive structure of TI Ag. Dangers signals for the latter are provided directly by bacterial pathogen (pathogen-associated molecular patterns—PAMPS) or through proinflammatory cytokines by accessory cells. IL1R = Interleukin-1 receptor; IL-18R = Interleukin-18 receptor [160]. 






Figure 7. T-dependent (TD) and T-independent (TI) production of plasma cells (PC) or memory B cells. One model proposes life-long TD memory PC cells associated with the strength of B-cell receptor (BCR) signal, provided there is T cell help. The antigens (Ag) for TD response are proteins which activate follicular (FO) B cells by aggregation of their BCR and accessory signals by CD4+ T-cell. These cells are differentiated into germinal center (GC) B cells prior to converting into PC. A model proposed by Defrance et al. [159] suggests that differentiation of B-1b or marginal zone (MZ) B cells into TI memory PC combines a strong BCR signal that is induced by multiple BCR crosslinking and accessory danger signals presented by toll-like receptor (TLR) agonists or inflammatory cytokines. The strong BCR crosslinking is related to repetitive structure of TI Ag. Dangers signals for the latter are provided directly by bacterial pathogen (pathogen-associated molecular patterns—PAMPS) or through proinflammatory cytokines by accessory cells. IL1R = Interleukin-1 receptor; IL-18R = Interleukin-18 receptor [160].
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