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Livestock animals are often exposed to unavoidable stressful situations during their productive life that triggers stress-induced inflammatory responses, which are known to influence their nutrient requirements and feed intake. Decreased growth performance and immunocompetence of stressed livestock are often the main consequence of reduced feed intake. Because feed intake is usually reduced in animals experiencing stress conditions, concentrations of certain nutrients in the diets typically need to be increased to meet the requirements of the animals. Therefore, understanding the mechanisms that control feed intake in animals experiencing stress-induced inflammation is essential for increasing intake, milk or meat production, feed efficiency, and animal health. This review highlights the hormones regulating feed intake in ruminants and how stress-induced inflammation affect these hormones at local and systemic levels. The mechanism of feed intake regulation in ruminants is extremely complex and involves multiple controls. The liver is an important sensor of energy status in animals under homeostatic conditions, which transmits signals to brain feeding centers that modulate appetite. However, the physiologic consequences associated with different stressors will rearrange the hierarchy of mechanisms controlling feed intake compared to animals under homeostatic conditions, and other tissues (e.g., intestines), systems (e.g., endocrine and lymphatic) hormones (e.g., leptin and ghrelin) will directly affect intake regulation during stress and inflammatory conditions. It is suggested that the immune system can interact with the central nervous system to modulate feed intake. As example, stress events elicit numerous stressors that increase circulating proinflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and IL-8, and acute-phase proteins (APP), and the magnitude of these responses are negatively correlated with feed intake. A direct effect of these cytokines on rumen microbial fermentation and intestinal barrier function was also reported and might indirectly affect intake regulation in ruminants. This review describes the main hormones and proinflammatory cytokines involved in stress-induced inflammation and how they can directly or indirectly affect intake regulation in ruminants. Understanding the mechanisms controlling feed intake in ruminants will help producers to implement management and feed strategies to optimize productivity and profitability in stressed livestock species.
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Introduction

Adequate feed intake will provide animals with essential nutrients and energy for maintenance, growth, reserves, and reproduction. Besides intake, the total amount of nutrients absorbed by the animals also depends on the ingredient or diet digestibility, which in turn, will be affected by feed intake and digestion kinetics (e.g., passage rate [solid and fluids] and digestion rate [soluble, potentially digestible, and indigestible fractions]). Several factors can influence feed intake, including dietary composition (e.g., energy density, nitrogen concentration, feed additives [ionophores]), physiological status (e.g., growth, pregnancy, and lactation [post-partum period]), sex, age, body composition (e.g., fatness), frame size (e.g., mature weight), health status (e.g., chronic, or acute diseases and metabolic disorders [rumen acidosis and bloat]), management (e.g., growth-promoting implants, grain/forage processing methods [physical such as particle size, and chemical such as digestibility characteristics], feed bunk space, frequency of feeding, and stocking density), and environmental factors (e.g., heat and cold stress, photoperiod, precipitation, mud, and wind). Throughout this review, some of these factors will be addressed in the context of cattle experiencing stress-induced inflammation. According to Ingvartsen and Andersen (2000), a better understanding of feed intake regulation and its integration with metabolism is the key to increasing intake, milk or meat production, feed efficiency, and health in livestock species.

The mechanism of feed intake regulation in ruminants is highly complex, involves multiple controls, and is not yet fully understood. Describing the mechanisms underlying intake control in ruminants is not the scope of this review and has been detailed by others (Anil and Forbes, 1988; Ingvartsen and Andersen, 2000; Allen et al., 2009; Allen and Piantoni, 2013; Allen, 2020). Briefly, physical and metabolic constraints are associated with feed intake control in beef and dairy cattle, but the hepatic oxidation theory (HOT) has frequently been suggested to be important in regulating feed intake in ruminants (Allen et al., 2009; Allen and Piantoni, 2013; Allen, 2020). According to the HOT, the liver is the primary sensor of energy (Allen, 2000), transmitting signals (inhibitory or stimulatory) to brain feeding centers (Anil and Forbes, 1988). Allen and Piantoni (2013) reported that there are three main mechanisms controlling feed intake in ruminants: 1) physical regulation (rumen fill), 2) endocrine regulation (gut peptides), and 3) metabolic regulation (oxidation of fuels). Signals from all these three mechanisms will reach the brain and provide the animal with information to initiate or end meals. According to Kuhla (2020), the hypothalamus is one of the key regions of the brain regulating intake. It can receive and integrate input signals from the periphery, detect humoral substances, such as nutrient-related metabolites, hormones and cytokines, and integrate neural signals from other brain regions to adjust feed intake. Ruminants are exposed to different stressors during their productive life (e.g., weather changes, weaning, commingling with different animals, road transportation, exposure to novel diets, feeding management, and environments), which has been shown to decrease feed intake and, consequently, cattle performance (Carroll and Forsberg, 2007; Cooke, 2017). Infectious diseases can also down-regulate appetite via cytokines in the immune system (Johnson, 1997), resulting in inadequate energy intake, reduced growth or lactation performance, and feed efficiency. According to Gautron and Laýe (2010), inflammation-associated anorexia reduces food intake during acute and chronic inflammatory states. Early evidence suggested that anorexia in sick mice is an adaptive-host defense response that increases survival (Murray and Murray, 1979). According to Johnson (1997), the immune system can interact with the central nervous system and modulate food intake. More specifically, cytokines such as interleukin-1b (IL-1b), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) may act as anorectic compounds (Johnson, 1997; Finck et al., 1998). Some studies also suggested that proinflammatory cytokines can also regulate feed intake by stimulating adipocytes to synthesize leptin (Grunfeld et al., 1996). Leptin has multiple physiological functions in the bovine (Chelikani et al., 2003), and has been implicated in the control of feed intake by regulating the synthesis and release of orexigenic (anabolic, e.g., neuropeptide Y) and anorexigenic (catabolic, e.g., corticotrophin-releasing hormone) neuropeptides in the hypothalamus (Houseknecht et al., 1998; Ingvartsen and Andersen, 2000).

The scope of this review is to address the feeding regulation mechanisms in cattle experiencing stress-induced inflammation, particularly how proinflammatory cytokines impact the hormones that regulate feed intake at local (e.g., physical regulation) or systemic levels (e.g., endocrine and metabolic regulation). This will be followed by a discussion of the effects of stress and inflammation on the rumen function and its interaction with feed intake regulation. Understanding the mechanisms controlling feed intake in ruminants will help producers implement management and feed strategies to optimize the productivity and profitability of cattle experiencing stress-induced inflammation.



Hormones regulating feed intake

Feed intake is controlled by a multifaceted neural mechanism with the hypothalamus as its center. According to Kuhla (2020), the hypothalamus is one of the key regions of the brain regulating energy balance (intake vs. expenditure) as it receives and integrates input signals from the periphery. Still according to these last authors, hypothalamic neurons may detect humoral substances, such as nutrient-related metabolites, hormones and cytokines, and integrate neural signals from other brain regions (e.g., tongue or orinasal origin) to adjust feed intake. The hypothalamus contains neurons that stimulate feed intake such as neuropeptide Y (NPY) and agouti-related peptide (AgRp), as well as neurons that suppress feed intake including those that produce proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART; Harada and Inagaki, 2022). Accordingly, Miner (1992) reported that intracerebral ventricular injection of NPY increased both water and feed consumption in sheep, and Ingvartsen and Andersen (2000) reported that NPY is one of the most potent inducers of feed intake in dairy cows. Conversely, the administration of POMC inhibits feed intake in rats (Fan et al., 1997), whereas POMC mRNA expression is positively correlated with feed restriction in sheep (Lincoln and Richardson, 1998).

Feed intake regulation by the central nervous system is also affected by integrative signals produced peripherally, including adipose tissue reserves and products from ruminal fermentation and intestinal absorption (Roche et al., 2008; Harada and Inagaki, 2022). For instance, insulin and leptin regulate appetite by transmitting signals regarding the animal’s energy balance to the central nervous system (Schwartz et al., 2000; Air et al., 2002). Leptin binds to the leptin receptor on the arcuate nucleus of the hypothalamus, suppressing NPY and AgRp neurons. Leptin also suppresses neurons that produce orexin and melanin-concentrating hormone, which then triggers POMC and CART neurons (Harada and Inagaki, 2022). Insulin is a pancreatic hormone that enters the brain from circulation and binds to its receptors in the hypothalamus, and depresses feed intake by inhibiting NPY and AgRp neurons and activating POMC and CART neurons (Schwartz et al., 2000; Air et al., 2002; Harada and Inagaki, 2022). Air et al. (2002) reported that exogenous insulin suppresses feed intake and regulates energy balance even in doses that do not affect blood glucose concentrations. Several hormones produced by the intestine also act directly on the hypothalamus, controlling feed intake (Schwartz et al., 2000; Air et al., 2002; Harada and Inagaki, 2022). Glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), and peptide YY (PYY) have feed intake-suppressing effects, whereas ghrelin stimulates appetite (Woods, 2004; Chaudhri et al., 2008). Enteroendocrine cells produce and release these hormones in the gastrointestinal tract, stomach, and pancreas (Gribble and Reimann, 2019). Products of feed digestion (glucose, amino acids, and fatty acids) and ruminal microbial fermentation (short-chain fatty acids [SCFA]) stimulate the production of these intestinal hormones, which in turn target diverse tissues involved in the control of intestinal function, insulin secretion, and appetite behavior (Schwartz et al., 2000; Chaudhri et al., 2008; Gribble and Reimann, 2019; Harada and Inagaki, 2022). As an example, GLP-1 markedly reduces gastrointestinal emptying and suppresses feed intake (Harada and Inagaki, 2022), whereas the GLP-1 receptor is expressed on POMC/CART neurons in the hypothalamus and its activation controls appetite and eating behavior (Adriaenssens et al., 2019; Harada and Inagaki, 2022).

In ruminants, feed intake is controlled by a combination of physical (meal size and frequency) and metabolic mechanisms, with dietary characteristics playing an essential role in these two processes (Fitzsimons et al., 2017). The gastrointestinal tract and the attached glands are the first system that senses the dietary components (i.e., energy), secreting hormones that regulate feed intake (i.e., insulin and ghrelin) and nutrient utilization (i.e., glucose-dependent insulinotropic polypeptide, insulin, and IGF-1; Cantalapiedra-Hijar et al., 2018). Diet composition and energy concentration can change gut hormone concentrations and expression of neuropeptides important in regulating feed intake, including NPY and POMC (Relling and Reynolds, 2008; Relling et al., 2014; Perkins et al., 2014).



Stress response and feed intake

The animal responses to factors that potentially disrupt its homeostasis encompass a cascade of adaptive reactions initiated in the central nervous and peripheral tissues, leading to transient physiological, psychological, and behavioral changes that influence appetite, metabolism, and feeding behavior (Adam and Epel, 2007). Beef cattle are inevitably subjected to inherent management situations that elicit a stress-induced response resulting in suppressed feed intake, such as weaning (Haley et al., 2005), road transport (Marques et al., 2012; Filho et al., 2014), water and feed deprivation (Marques et al., 2019), and feedlot entry (Hutcheson and Cole, 1986; Loerch and Fluharty, 1999; Cooke, 2017). This stress-induced response does not involve a pathogen but it may increase the susceptibility of the animal to an existent pathogen(s), and triggers an inflammatory response cascade that negatively impacts their performance and immunocompetence (Cooke, 2017).

Although stress-induced response depends on the stressor’s intensity, duration, and nature (Adam and Epel, 2007), the activation of the HPA axis is the primary response to a stressful situation, leading to the synthesis and release of the corticotropin-releasing hormone (CRH) and vasopressin (VP) by their respective neurons located into the paraventricular nucleus of the hypothalamus (Adam and Epel, 2007; Carroll and Forsberg, 2007). In cattle, CRH stimulates the secretion of the adrenocorticotropic hormone (ACTH) from the pituitary gland. Circulating ACTH acts on the adrenal cortex stimulating the synthesis and release of cortisol, generally classified as a stress hormone (Carroll and Forsberg, 2007). Cortisol stimulates a range of responses in different tissues of the body, including glycogen, muscle, and adipose tissues breakdown to provide energy to the animal, hepatic production of acute-phase proteins (APP) as part of an inflammatory response, increased synthesis and release of catecholamines, and suppression of the inflammatory and immune systems to prevent autoimmune disorders (Carroll and Forsberg, 2007; Cooke, 2017). In contrast, elevated cortisol levels might increase food intake in humans (Adam and Epel, 2007). Under unstressed situations, insulin and cortisol have antagonistic effects on metabolism (Dallman et al., 1993), leading to a balanced system to provide energy to the organism (Adam and Epel, 2007). In a stressful environment that increases cortisol levels, the metabolism becomes unbalanced which transiently stimulates appetite (Tataranni et al., 1996; Adam and Epel, 2007). Tataranni et al. (1996) reported that the administration of glucocorticoids to healthy humans increased energy intake, which might be related to the ability of glucocorticoids to act directly or indirectly on the central regulation of appetite. Additionally, elevated glucocorticoid concentrations have been associated with insulin and leptin resistance (Björntorp, 2001; Rosmond, 2003). Therefore, the stress-induced response might result in lessened sensitization of satiety signals increasing appetite in humans (Adam and Epel, 2007). Nonetheless, a reduction in feed intake might also occur during acute and chronic inflammatory reactions in humans and livestock species (Gautron, 2009; Rodrigues et al., 2015; Lippolis et al., 2017). It is widely known that the administration of proinflammatory cytokines such as LPS, tumor necrosis factor-alpha (TNF-α), IL-6, and IL-8 reduces feed intake (Kapás and Krueger, 1992; Fantino and Wieteska, 1993; Sonti et al., 1996; Rodrigues et al., 2015; Lippolis et al., 2017). Upon a pathogenic stimulus, the innate immune system elicits several responses, including the synthesis of proinflammatory cytokines (i.e., TNF- α) from leukocytes, with the intent of attenuating or eliminating the infection (Carroll and Forsberg, 2007; Carroll et al., 2009; Rodrigues et al., 2015). Moreover, increased circulating proinflammatory cytokines elicits the hepatic synthesis of APP, including haptoglobin (Carroll and Forsberg, 2007; Carroll et al., 2009). All these inflammation responses have been associated with reduced feed intake in animals and humans (Kapás and Krueger, 1992; Fantino and Wieteska, 1993; Sonti et al., 1996; Rodrigues et al., 2015; Lippolis et al., 2017) and will be covered in the next section of this review. It is important to highlight that stress and inflammation are two separate physiological events that often, but not always, occur simultaneously, and the LPS-induced inflammation may not necessarily represent all forms of stress-induced inflammation.

According to Allen (2020) multiple signals are integrated in brain feeding center to ultimately determine feeding behavior. Fuels oxidized in the liver are derived from both the diet and tissues, and includes non-esterified fatty acids (NEFA), amino acids (AA), lactate, glycerol, and shot-chain fatty acids (mainly propionate; Allen, 2020). Vagal afferents will transmit signals (inhibitory and stimulatory) from the liver to brain feeding center (Langhans et al., 1996). According to Friedman (1997), firing rate of afferent fibers in the hepatic branch of the vagus will affect intake and a subpopulation of small vagal afferent neurons carries the hepatic signal to initiate eating behavior. The energy status of the liver is dependent upon the balance between energy-consuming and energy production reactions - fuels extracted from the blood by the liver can be converted to acetyl CoA (AcCoA) and oxidized in the tricarboxylic acid (TCA) cycle (Allen, 2020). However, according to Allen (2020) hormones and cytokines can modulate the hepatic oxidation by affecting availability of AcCoA for oxidation and/or by anaplerotic/cataplerotic reactions in TCA cycle. Leptin for example is known to act centrally to inhibit the effects of neuropeptide NPY (Houseknecht et al., 1998), apparently by inhibiting its synthesis in the arcuate nucleus of the hypothalamus (Cusin et al., 1996), causing a dose-dependent decrease in food intake (Pelleymounter et al., 1995). According to Houseknecht et al. (1998), there is mounting evidence that leptin may act peripherally as well, since leptin receptors are found outside the central nervous system (Tartaglia et al., 1995), for example on pancreatic β-cells (Kieffer et al., 1996), which can elicit its effects by directly inhibit β-cell secretion of insulin by altering ion channel function (Emilsson et al., 1997; Kieffer et al., 1996). Plata-Salaman et al. (1996) concluded that IL-1β can induce long-term anorexia when chronically administered intracerebroventricular. The infusion of 0.01 μg LPS per kilogram BW for approximately 6 h per day increased plasma IL-1β concentrations and decreased feed intake of mid-lactating Holstein cows (Ning et al., 2018). According to Plata-Salaman (1989) proinflammatory cytokines can regulate food intake by a direct action in the central nervous system through a specific neuro-immune interaction.

In summary, under stress-induced inflammation, it appears that the hierarchy of mechanisms controlling feed intake is rearranged and the direct effect of proinflammatory cytokines and hormones in the central nervous system will affect feed intake before the liver can detect the energy status and the HOT can take place to control feeding behavior.



Inflammatory responses and intake regulation

Antigenic stimuli and/or inflammation can cause clinical and metabolic alterations in the host’s metabolism. Scientists have long recognized that different stressors and diseases during the productive life of ruminants can decrease intake and growth performance (Coates et al., 1963; Johnson, 1997; Carroll and Forsberg, 2007). Acute and chronic inflammatory reactions stimulate the synthesis and release of cytokines, including IL- 1b, IL-6, IL-8, and TNF-α, that elicit the hepatic synthesis of APP (Carroll and Forsberg, 2007; Carroll et al., 2009). These cytokines are known to result in anorexia (Johnson, 1997; Finck et al., 1998). Other studies suggest that these cytokines can regulate feed intake by stimulating adipocytes to synthesize leptin (Grunfeld et al., 1996). For instance, circulating TNF-α levels were previously reported as a feed intake reducer by modulating the central nervous and endocrine system and disrupting gastrointestinal function (Klasing and Korver, 1997; Lippolis et al., 2017). Gautron and Laýe (2010) reported that feed intake reduction during an acute and chronic inflammatory state results from the action of proinflammatory cytokines and prostaglandins E2 on the nervous system. The elevation of circulating cytokines also elicits an innate immune response by the hepatic tissue, releasing APP such as haptoglobin and ceruloplasmin (Carroll and Forsberg, 2007; Cooke, 2017). According to Carroll and Forsberg (2007), the innate immune system triggers the hepatic synthesis of APP in response to proinflammatory cytokines initiating an acute phase response within minutes after tissue damage (e.g., infection, disease, or trauma). Pathogen-associated molecular patterns also trigger additional sentinel cell responses and pain due to tissue damage, causing sensory nerves to release bioactive peptides (Tizard, 2018). In fact, Johnson (1997) reported that the immune system could interact with the central nervous system and modulate feed intake. Both proinflammatory cytokines and APP responses demand significant body resources, increase animal requirements, and decrease nutrient intake (Elsasser et al., 1997; Johnson, 1997). Accordingly, Araujo et al. (2010) observed a negative correlation (r ≤ -0.50) between circulating levels of APP and feed intake and weight gain in cattle, demonstrating that stress-induced inflammatory response is unfavorable to feed intake and animal performance.

Although the innate immune system responses are essential for restoring homeostasis following pathogenic infection, these reactions may be unnecessary when induced by stressors that are part of the management routine practices in beef cattle systems (Kushner, 1982; Cooke, 2017). These management practices, including weaning (Haley et al., 2005), transportation (Marques et al., 2012), and feedlot receiving (Loerch and Fluharty, 1999), cause inflammation and acute-phase reactions that frequently impair feed intake and health parameters, leading to a subsequent immunosuppressive state (Carroll and Forsberg, 2007). Additionally, feed deprivation stimulates the mobilization of body nutrients (Marques et al., 2019) and inflammatory stress response (Ward et al., 1992; Henricks et al., 1994), which also elicits acute-phase reactions in cattle (Cooke et al., 2011; Cooke and Arthington, 2012). Feed and water deprivation may also disturb the ruminal flora and cause microbial death (Meiske et al., 1958), resulting in the release of microbial endotoxins, which could activate the acute-phase response (Carroll et al., 2009). Collectively, these multiple inflammatory pathways are involved and likely impact the mechanisms associated with feed intake in cattle.

During an inflammatory response, leptin synthesis is increased to modulate the activation and maturation of leukocytes (Matarese et al., 2005; Fernández-Riejos et al., 2010; Rodrigues et al., 2015). Moreover, both leptin and CCK are known to synergistically limit gastrointestinal motility, resulting in satiety and reduced voluntary feed intake (Matson and Ritter, 1999). Rodrigues et al. (2015) observed that administration of lipopolysaccharide (LPS) to healthy steers increased insulin and leptin synthesis during an inflammatory reaction, with the intent of increasing energy utilization by the body to restore homeostasis (Waggoner et al., 2009). Accordingly, Adam and Epel (2007) suggest that the interactions between glucocorticoids, leptin, insulin, and NPY facilitate the storage, distribution, and release of energy during an acute activation of the hypothalamic-pituitary-adrenal (HPA) axis, which contributes to the initiation and termination of a meal.

To better understand the physiologic consequences of stressors and mechanisms controlling feed intake, Lippolis et al. (2017) evaluated the effects of intravenous infusion of LPS (0.5 μg/kg of body weight [BW]; Escherichia coli 0111:B4) on feed intake of beef steers. Steers receiving LPS consumed 50% less feed, expressed as kilograms per day or percent of BW, compared with the control group (i.v. injection of 0.9% sterile saline) on the day following the LPS challenge. However, intake was similar from days 2 to 6 following LPS injection. Waggoner et al. (2009) also conducted a study to evaluate the effects of supplemental metabolizable amino acids on beef steers exposed to an LPS challenge (Escherichia coli O55:B55). The intravenous infusion of LPS (1.5 µg of LPS/kg of BW) increased rectal temperature, serum cortisol, and haptoglobin concentration, resulting in a 6.5% reduction in feed intake compared with the control group. Several response mechanisms are involved in activating the immune system during routine management practices in beef cattle. These management practices may induce inflammatory and acute phase reactions that habitually impair cattle productivity and health, including feed intake. Hence, stress-induced inflammation impacts feed intake in beef cattle through several inflammatory agents; however, it seems like these are not the only mechanisms regulating feeding behavior, and additional research is warranted.



Inflammatory responses and gastrointestinal regulation

The physiologic consequences associated with different stressors will result in different mechanisms controlling feed intake than those observed in animals under homeostatic conditions. More specifically, the local control of feed intake in the gastrointestinal tract of ruminants can involve rumen motility and distension, passage rate, absorption of SCFA, and intestinal permeability dysfunction. Primary adaptive responses to stress or inflammation that alter the homeostasis of the gastrointestinal tract can lead to changes in one or more of these mechanisms that ultimately can affect intake regulation with a cause-and-effect nature.

According to Waggoner et al. (2009), the intravenous LPS infusion decreased by 25% and 24% the ruminal liquid and solid passage rates respectively, which is probably a result of reduced gut motility (Waggoner et al., 2009). Löest et al. (2018) conducted a similar experiment to evaluate the effects of supplementing branched-chain amino acids to beef steers exposed or not to a gram-negative bacterial LPS challenge (Escherichia coli O55:B55). Steers infused with LPS had 50% and 40% lower solid and liquid total tract passage rates, respectively, than the control group receiving saline. Lohuis et al. (1988) also reported that rumen-reticulum motility and abomasal emptying were impaired after administering intravenous LPS endotoxins. Still, according to Lohuis et al. (1988), the reduction of rumen motility starts between 30 and 60 min after endotoxins challenge, and both intensity and frequency of ruminal contractions were reduced or even ceased for up to 7 h after endotoxin administration. Rumen contractions are primarily controlled by the dorsal vagal nucleus in the brainstem. Foster (2017) reported that afferent fibers in the vagus nerve transmit regular and coordinated contractions, also known as primary contractions. Rumen distension resulting from recent meals usually increases the signals for primary contractions that contribute to an adequate mixing of the rumen content and removal of solid and liquid phases from the rumen (Constable et al., 1990; Foster, 2017). Nakade et al. (2007) concluded that restraint stress affects colonic motility via central CRH and peripheral 5-HT3 receptors located in the peripheral and central nervous systems of rats. Collectively, research suggests that reduction in feed intake by animals experiencing stress-inducing inflammation might also be due to impairment of rumen function and motility controlled by the central nervous system.

Löest et al. (2018) observed an interaction between LPS infusion and time (hours after LPS administration) for ruminal pH, in which steers infused with LPS had decreased pH at 8 hours after LPS infusion compared to the control group, but not at 0, 2, 4, 12, or 24 hours. Feed intake was reduced in steers infused with LPS compared to the control group in both Waggoner et al. (2009) and Löest et al. (2018), but no effects of LPS challenge were observed in the apparent total digestibility of dry matter or neutral detergent fiber in these experiments. Nonetheless, Lippolis et al. (2017) evaluated the effects of intravenous infusion of LPS on ruminal passage rate and forage degradability of beef steers. The LPS infusion reduced rumen liquid dilution rate and rumen liquid volume compared to the control group during the 24-h sampling period following treatment administration (Figure 1). Steers receiving LPS also had a reduced ruminal disappearance rate (Figure 1) compared with the control group. Contrary to Waggoner et al. (2009) and Löest et al. (2018), the LPS challenge decreased the effective degradability of dry matter and neutral detergent fiber compared with the control group in Lippolis et al. (2017). As expected, the LPS challenge increased plasma cortisol in all three studies, which modulates early physiological responses following a pathogenic stimulus to elicit proinflammatory and acute-phase reactions (Carroll et al., 2009; Cooke, 2017) and might have impaired rumen function and motility in cattle experiencing stress-induced reactions. In addition, Kent-Dennis et al. (2020) reported that when cultured ruminal epithelial cells are exposed to LPS stimulation, they increase the transcription of proinflammatory genes. The magnitude of this response is influenced by the dose and duration of LPS exposure. Moreover, the permeability of rumen tissues increases in the presence of LPS (Emmanuel et al., 2007), which might result in an increased transfer of microbial endotoxin into the circulation, eliciting an inflammation reaction (Carroll et al., 2009). Contrary, Gao et al. (2022), using an ex vivo method, concluded that LPS (at a pH of 7.4) does not affect the permeability of rumen tissues.




Figure 1 | Effect of intravenous injection of lipopolysaccharide Escherichia coli 0111:B4 (LPS; 0.5 μg/kg of body weight) or saline solution (CON; 5-mL i.v. injection of 0.9% sterile saline) on rumen liquid dilution rate (%/hour; Panel A), rumen liquid volume (ml/kg of body weight; Panel B), and ruminal disappearance rate of dry matter and neutral detergent fiber (%/h; Panel C) of beefs steers. Adapted from Lippolis et al. (2017).



Stress conditions can also affect the rumen microbial community and, consequently, affect feed digestibility and feed intake in ruminants (Tajima et al., 2007). Changes in ruminal pH and ruminal microbiota composition of Holstein heifers in response to different housing temperatures were reported by Tajima et al. (2007). These authors evaluated the effects of three housing temperatures (20, 28, and 33°C) at 60% relative humidity on the rumen bacterial diversity of Holstein heifers. No effect of temperature was observed on dry matter intake, but ruminal pH decreased with the increase of housing temperature. The microbiota composition was significantly different at elevated temperatures. According to these authors, the ruminal microorganisms were responsive to the changes in the physiological parameters resulting from the heat stress in their host, but the factors that triggered these changes in ruminal diversity have yet to be elucidated. Freestone and Lyte (2010) reported that microorganisms in the gastrointestinal tract could interact with their host under specific stress conditions and have evolved particular systems for sensing hormones produced by the host, which is used as an environmental cue to respond to different conditions. Still, according to these authors, neuroendocrine hormones produced by the host, such as adrenaline and dopamine, can enhance the growth and virulence of some bacteria.

Jing et al. (2014) evaluated the effects of three doses (0.0, 0.4, and 0.8 mg/kg body weight) of LPS (Escherichia coli 0111:B4) on changes in ruminal microbiota and ruminal fermentation characteristics of dairy cows. After the LPS challenge, ruminal pH was linearly decreased, decreasing the organic matter degradability of alfalfa hay and soybean meal in the rumen. Also, the LPS infusion linearly increased the abundance of Firmicutes and linearly reduced the percentage of Bacteroidetes, Tenericutes, Spirochaetes, Chlorobi, and Lentisphaerae. Hence, changes in ruminal microbiota in this experiment can be an indirect result of LPS on ruminal pH, which might be related to reduced rumination time, as described by Borderas et al. (2008). A direct effect of cortisol on rumen microbial fermentation was reported by Samuelson et al. (2016). These authors used dual-flow continuous culture fermentors equipped to maintain pH between 5.0 and 8.0 to evaluate the effects of salivary cortisol on rumen microbial fermentation and nutrient digestibility in vitro. Donor cattle were fed a 41% (dry matter basis) cracked corn-based diet at 1.7% of BW for a minimum of 7 d before collecting rumen contents. According to these authors, rumen microbial fermentation and nutrient digestibility are altered, especially when exposed to 9 ng/mL salivary cortisol concentrations. Digestibility of NDF decreased in fermentors receiving cortisol at 9 ng/mL compared to 0, 3, and 6 ng/mL (quadratic effect; Figure 2). This decrease was 8.1% compared to the control group. Also, ruminal ammonia nitrogen concentration decreased after cortisol treatment in fermenters receiving 3, 6, or 9 ng/ml of cortisol compared to control (no cortisol infusion; Figure 2), or a 37% decrease compared to the control group.




Figure 2 | Effects of cortisol concentration (0, 3, 6, and 9 ng/mL) on in vitro neutral detergent fiber (NDF) digestibility (quadratic effect; Panel A) and ruminal ammonia nitrogen (linear effect; Panel B). Adapted from Samuelson et al. (2016).



Many cytokines, such as TNF-α, IL-8, or IL-10, regulate the intestinal barrier function through the tight junction, and an increased or inappropriate cytokine profile will increase permeability (Wang et al., 2012; Guo et al., 2013). According to Salvo-Romero et al. (2015), the vagus nerve activity may also modulate intestinal barrier function via the release of neuropeptides such as acetylcholine and vasoactive intestinal peptide. In ruminants, some stressors that can cause intestinal barrier dysfunction include weaning, transportation stress, heat stress, feed deprivation, and acute or subacute ruminal acidosis (Baumgard and Rhoads, 2013; Kvidera et al., 2017). Although the mechanisms affecting intestinal permeability in ruminants are not yet completely elucidated, the negative effect of proinflammatory cytokines is probably the main factor involved in intestinal permeability. Therefore, induced inflammation might also affect gastrointestinal function and permeability, resulting in reduced feed intake in cattle and other livestock species.



Conclusions

Stress-induced inflammation will trigger adaptive physiological responses interfering with feed intake regulation in ruminants compared to those observed in animals under homeostatic conditions. Proinflammatory cytokines can decrease feed intake by stimulating different tissues to synthesize hormones that can stimulate or inhibit appetite. Although the liver is a key sensor of energy status, in ruminants, a direct effect of proinflammatory cytokines on rumen microbial fermentation and intestinal barrier function can indirectly affect intake regulation by their impact on the supply of energy to the host animals. Understanding the mechanisms controlling feed intake in ruminants will help producers in implementing management and feed strategies to optimize productivity and profitability in stress-induced animals. Future studies using more appropriate models, such as a direct effect of heat stress or road transportation, or direct infusion of stress hormones (e.g., vasopressin and corticotropin-releasing hormone) are necessary to better understand the cause-and-effect nature of stress-induced inflammation. Differences among animal category, physiological state, and dietary composition (e.g., receiving and finishing), duration/intensity of stressors, and the long-term effects of stressors on feed intake regulation should be investigated. More research is also needed to understand the hierarchical mechanisms that control feed intake in beef cattle experiencing stress-induced inflammation.
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