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Abstract

Recent research has convincingly demonstrated a bidirectional communi-
cation axis between the gut and liver that enables the gut microbiota to
strongly affect animals’ feeding behavior and energy metabolism. As such,
the gut-liver axis enables the host to control and shape the gut microbiota
and to protect the intestinal barrier. Gut microbiota—host communication
is based on several gut-derived compounds, such as short-chain fatty acids,
bile acids, methylamines, amino acid—derived metabolites, and microbial-
associated molecular patterns, which act as communication signals, and mul-
tiple host receptors, which sense the signals, thereby stimulating signaling
and metabolic pathways in all key tissues of energy metabolism and food in-
take regulation. Disturbance in the microbial ecosystem balance, or micro-
bial dysbiosis, causes profound derangements in the regulation of appetite
and satiety in the hypothalamic centers of the brain and in key metabolic
pathways in peripheral tissues owing to intestinal barrier disruption and sub-
sequent induction of hepatic and hypothalamic inflammation.
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THE SIGNIFICANCE OF THE GUT-LIVER AXIS FOR
COMMUNICATION BETWEEN THE MICROBIOTA
AND THE ANIMAL

The term axis is increasingly used in the field of animal and human physiology to recognize a
special association between two organs, even if these organs are anatomically wide apart and ex-
ert completely different functions, e.g., the liver—adipose tissue axis, gut-brain axis, and gut-liver
axis. The term gut-liver axis was created to describe the association between two organs of the
gastrointestinal tract, the gut and the liver. Apart from the fact that both organs have a common
developmental origin from the ventral foregut endoderm, the term gut-liver axis primarily ex-
presses that both organs directly communicate with each other via the biliary tract, the portal
vein, and the systemic circulation. Because of the vascular connection between the intestine and
liver through the portal vein, the liver receives approximately two-thirds of its blood from the
intestine (1). Consequently, the liver is the first recipient of gut-derived products, such as dietary
nutrients transported across the intestinal barrier, thereby acting as a key metabolic organ and a
hub for the distribution of nutrients to other tissues.

The intestine harbors a great number of microbes, collectively called the microbiota, which
utilize dietary and host-derived molecules (e.g., bile acids, endogenous protein), thereby produc-
ing various microbial metabolites [e.g., short-chain fatty acids (SCFA), methylamines, hydrogen
sulfide, and phenolic and indolic compounds]. One critical structural component of the gut-liver
axis is the intestinal barrier, which serves as a physical and functional barrier between the intesti-
nal microbiota and the liver (2). Key elements of this barrier are the intestinal epithelial cells,
which are tightly connected with adjacent cells by different tight junction proteins, as well as ad-
ditional factors further strengthening the barrier, including mucins; antimicrobial peptides, such
as lectins, defensins, and cathelicidins; immunoglobulins of type A (IgA); and commensal bacteria
closely associated with the mucosa (3, 4). Commensal bacteria reinforce barrier integrity by stim-
ulating cell-mediated immunity and producing protective metabolites (3). If the intestinal barrier
is impaired, the liver is also confronted with microbial components, such as cell-wall components
like lipopolysaccharide (LPS) and bacterial DNA, together referred to as microbial-associated
molecular patterns (MAMP), and even intact microbes. In this case, the liver, i.e., hepatic immune
cells such as Kupffer cells, hepatic stellate cells, natural killer (NK) cells, and NK T cells, exerts
typical functions of an immune organ aiming to protect the other tissues from potentially harmful
effects of these infectious stimuli (5).

In recent years, it has become increasingly clear from studies with germ-free versus con-
ventionally raised animals and from animal studies in which the gut microbiota composition
was altered by antibiotics or prebiotics that the gut microbiota profoundly affects the animals’
feeding behavior and energy metabolism. This is most impressively shown by the observation
that germ-free lean animals are resistant to diet-induced obesity and by the identification of an
“obesogenic gut microbiota,” whose metabolic phenotype is transmissible by transplantation of
the gut microbiota from an obese animal into a germ-free lean animal (6-8). This dramatic impact
of the gut microbiota on the animal’s metabolism is explained by the ability of the gut microbiota
to communicate with the host along the gut-liver axis via gut-derived compounds, which act as
communication signals, and multiple host receptors, which sense the signals, thereby stimulat-
ing signaling and metabolic pathways in all key tissues of energy metabolism and food intake
regulation. Importantly, although the term gut-liver axis implies that the liver is targeted by the
gut in a unidirectional way, the communication between intestine and liver is bidirectional. This
is reflected by the secretory function of the liver, namely, to produce bile acids, which together
with other biliary components are secreted into the small intestine via the bile duct to facilitate
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digestion of fat-soluble nutrients. Bile acids secreted into the intestine also modulate the gut
microbiota composition, both directly by inhibiting the growth of specific bacterial groups and
indirectly by stimulating the production of antimicrobial agents in the intestine (9). In addition,
the liver along with the intestine is an important source of IgA antibodies, which are particularly
important in the clearance of gut-derived antigens reaching the liver, thereby protecting the
organism from pathogens. Indeed, transgenic mice lacking IgA exhibit an increased susceptibility
to intestinal injury and intestinal barrier disruption (10). Liver-derived IgA is secreted from
IgA-producing plasma cells that originate from the intestinal Peyer’s patches and colonize hepatic
portal regions and the biliary tract, from which IgA is transported into the bile (11). Thus, the
host plays a key role in shaping the microbial communities in the intestine and in protecting the
critical component of the gut-liver axis through the secretory functions of the liver.

REGULATION OF FOOD INTAKE AND ENERGY BALANCE IN THE
BRAIN THROUGH INTEGRATING PERIPHERAL SIGNALS ABOUT
THE ANIMAL’S NUTRITIONAL AND METABOLIC STATUS

Because of the vital role of regular intake of nutrients and energy for animals, regulation of food
intake and energy homeostasis is a key function of the brain. Within the brain, distinct hypotha-
lamic regions have been identified as being particularly important for regulating feeding behav-
ior and energy homeostasis. Among these regions, the arcuatus nucleus (ARC), located in the
mediobasal hypothalamus, plays a key role through sensing and integrating peripheral feedback
signals about the animal’s nutritional and metabolic status (12). To execute this role, the ARC
contains two functionally antagonistic neuronal populations, which are targeted by the periph-
eral signals either directly after crossing the blood-brain barrier through specific receptors or
indirectly via afferent vagus and sympathetic nerves. The anorexigenic neuronal population ex-
presses either cocaine- and amphetamine-regulated transcript (CART) or pro-opiomelanocortin
(POMC), both of which decrease appetite and, thus, energy intake by releasing different anorex-
igenic signals in the brain, such as a-melanocyte-stimulating hormone (aMSH) (13). In contrast,
the orexigenic neuronal population increases appetite and, thus, energy intake through expressing
the potent orexigens neuropeptide Y (NPY) and agouti-related peptide (AgRP), both of which
inhibit the anorexigen-acting POMC-expressing neurons (14).

The peripheral signals comprise different peptide hormones secreted from specific endocrine
cells in the intestine, called gut hormones (incretins), such as peptide YY, glucagon-like peptide-1
(GLP-1), cholecystokinin (CCK), and ghrelin (15). Whereas peptide YY, GLP-1, and CCK are
acute satiety-inducing signals secreted during the preabsorptive phase upon sensing of feed or
specific nutrients (e.g., amino acids) by different receptors in the stomach and intestine and con-
tribute to controlling meal size, the stomach-derived ghrelin is a powerful stimulator of appetite
whose secretion is decreased in response to food intake (16). Important peripheral feedback signals
acting during the postabsorptive phase, when systemic levels of nutrients (e.g., glucose) change,
are released from the pancreas, such as insulin, glucagon, and pancreatic peptide. The anabolic
hormone insulin suppresses appetite and food intake via several mechanisms, including insulin
receptor—dependent induction of CART and aMSH and decreasing expression of the orexigens
NPY and AgRP (17). Together with insulin, another peripheral feedback signal originating from
white adipose tissues (WAT), leptin acts in the hypothalamus to reduce appetite and food intake
(18). Because WAT is the main energy storage tissue and leptin reflects WAT size, leptin represents
an important long-term feedback signal about the animal’s energy storage capacity.

Because it senses these peripheral feedback signals in the hypothalamus, the animal is ca-
pable of tightly adapting nutrient and energy intake to the body’s demand; e.g., during energy
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restriction, when systemic levels of nutrients such as glucose decrease and leptin levels fall owing
to reduction of WAT size, the orexigenic NPY- and AgRP- expressing neurons in the hypotha-
lamic ARC are activated and stimulate the animal to consume food. Based on this, it is plausible
that hypothalamic resistance to either of these peripheral signals severely impairs the adapta-
tion of food intake to the animal’s energy demand and disturbs energy homeostasis. Of note, the
hormonal-induced adaptation to pregnancy is characterized by dramatic changes in food intake
and energy balance, because of the increased demand of nutrients and energy for growth of fetal
and maternal (reproductive and nonreproductive) tissues. In all pregnant mammals, food intake
increases as a result of increased expression of orexigenic neuropeptides and stable or decreased
expression of anorexigenic neuropeptides, leading to body weight gain due to increases of fetal
and maternal tissues (WAT and reproductive tissues).

Owing to an increase in maternal fat mass, plasma leptin levels markedly increase in almost
all animal species; e.g., they increase up to 25-fold in rodents (19, 20). However, despite this in-
crease of leptin levels, the pregnancy-associated hyperphagia persists, which is explained by the
development of physiological hypothalamic leptin resistance during this phase (21). Hypothalamic
leptin resistance, which is mediated by pregnancy-associated hormonal changes, is an important
maternal adaptation that counteracts the anorectic effect of leptin, thereby enabling the pregnant
animal to cover its increased nutrient and energy demand. Interestingly, hypothalamic leptin re-
sistance also occurs in many seasonal breeding species to adapt the animals to seasonal changes
in energy supply and demand; e.g., seasonal leptin resistance allows animals to store energy when
food supply is abundant to overcome subsequent periods of food shortage. For instance, sheep
exhibit an increased appetite during the long-day season (spring, summer) when food is abundant,
despite leptin levels being dramatically elevated during this phase compared with the short-day
season (autumn, winter), in which sheep show normal leptin sensitivity and appetite adjusts in
proportion to nutritional status (22, 23). A similar seasonal regulation of leptin sensitivity is also
seen in certain rodent species, such as the Djungarian hamster (24). In addition, evidence exists
that peripheral production of leptin in WAT also underlies a seasonal regulation. In lactating dairy
cows, a long photoperiod (18 h) causes higher leptin expression in WAT than a short photoperiod
(6 h) (25). This indicates that photoperiod-induced differences in peripheral production of leptin
may also contribute to seasonal leptin sensitivity.

ROLE OF THE ENDOCANNABINOID SYSTEM IN REGULATING
FOOD INTAKE AND ENERGY BALANCE IN ANIMALS

Within the last two decades, the endocannabinoid system (ECS) has emerged as a key signaling
system evolved in animals as a mechanism to store energy through stimulating appetite and food
intake and promoting fat accumulation (26). Although the ability to store energy has been an
evolutionary advantage for free-living animals to cope with seasonal changes in food supply, it is
probably a disadvantage when the individual has permanent access to food. In fact, although the
central ECS is under negative control by the energy storage feedback signal leptin (27), convinc-
ing evidence shows that an overactive ECS promotes metabolic disorders, such as obesity, under
conditions of unlimited availability of food (28, 29).

The ECS is composed of endogenous ligands called endocannabinoids (EC); enzymes syn-
thesizing and degrading EC, such as N-acetyltransferase and fatty acid amide hydrolase (FAAH);
and EC receptors mediating the effects of EC (30). The most prominent and best-characterized
EC are anandamide (AEA) and 2-arachidonoylglycerol, both of which are produced on demand
from membrane phospholipid-bound arachidonic acid, which serves as precursor. The two main
receptors for EC are the cannabinoid receptors CB; and CB,, which act as G protein—coupled

Ringseis o Gessner o Eder



receptors. However, several other receptors are also activated or modulated by EC, such as
peroxisome proliferator-activated receptors and different transient receptor potential vanilloid
1 isoforms, indicating that EC can exert their biological effects via multiple signaling pathways.
The ECS is found in many tissues but appears to play a particular role in tissues involved in
the regulation of food intake and energy balance, such as the brain, but also in key metabolic
tissues such as liver, intestine, skeletal muscle, and WAT (31). In the above-mentioned tissues,
CB, is widely expressed, whereas CB; is found primarily in immune and blood cells (32). Initial
knowledge about ECS function has been gained from the observation that exogenous cannabi-
noids from the marijuana plant Cannabis sativa stimulate appetite and intake of food, in particular
highly palatable food (sweets, fat-rich food), in animals and humans (33).

The orexigenic effect of cannabinoids has long been attributed solely to activation of CB;-
dependent signaling pathways in the above-explained hypothalamic neuronal subpopulations in-
volved in the regulation of food intake and energy status, because pharmacological blockade of
CB, by the blood-brain barrier—penetrating CB; antagonist rimonabant—the first clinically ap-
proved CB; antagonist—reduced food intake and body weight in rodents and humans (34-36).
However, peripherally restricted CB; antagonists, which were developed upon withdrawal of ap-
proval of rimonabant owing to severe adverse side effects (depression, anxiety), were also found to
effectively reduce food intake and to successfully treat diet-induced obesity (37). This clearly in-
dicates that CB;-dependent signaling in peripheral tissues along the gut-liver axis is also involved
in the regulation of food intake and energy metabolism.

Despite most of the knowledge about ECS function and regulation being gained from studies
in laboratory animals, such as mice and rats, few studies demonstrate that the ECS is also impor-
tant in regulating energy homeostasis in livestock animals. In line with its orexigenic action, in
beef cattle the plasma concentration of the EC AEA increases throughout the finishing period,
and the more efficient animals (with greater gain-to-feed ratio) have a greater AEA plasma con-
centration, suggesting that plasma EC are useful predictors of growth and feed efficiency (38, 39).
In dairy cows, alterations in the peripheral ECS (WAT, liver) were reported in the periparturient
period (40, 41). Although an upregulation of hepatic FAAH soon after parturition has been inter-
preted as a mechanism to prevent excessive EC production in the liver of cows postpartum (40),
EC levels in WAT were higher in postpartum than in prepartum dairy cows (41). Although the
exact relevance of these alterations in peripheral ECS in postpartum dairy cows is unclear, these
alterations likely reflect or even contribute to the metabolic adaptations to lactation. In addition,
Zachut et al. (41) revealed that activation of WAT ECS is higher in dairy cows exhibiting marked
weight loss, lipolysis, and signs of WAT inflammation than in cows with low weight loss, suggest-
ing that increased ECS stimulation in these cows may be related to elevated lipolysis levels and
WAT inflammation.

MICROBIOTA REGULATION OF FOOD INTAKE AND ENERGY
METABOLISM VIA THE GUT-LIVER AXIS

Regulation Through Modulating the Intestinal Endocannabinoid System

A pioneering study from Muccioli et al. (42) provided strong evidence for gut microbiota regula-
tion of the ECS. This study demonstrated that the intestinal microbiota regulates the peripheral
ECS in the intestine and that obesity-induced dysregulation of intestinal ECS causes a disruption
of the intestinal barrier. This was deduced from the finding that increased activity of the intestinal
ECS (elevated intestinal levels of AEA and CB; mRNA) in diet-induced obese mice was associated
with elevated plasma levels of LPS, which is indicative of an impairment of intestinal barrier. Ac-
cordingly, treatment of lean mice with a CB; agonist mimicked obesity-induced activation of the
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ECS and elevated plasma levels of LPS. In contrast, modulating the gut microbiota by feeding a
prebiotic or more drastically by an antibiotic (but also pharmacological blockade of intestinal CB,
receptor) in obese mice resulted in improved intestinal barrier function and decreased activity of
intestinal ECS (42). Similar to the intestine, the ECS tone in WAT of the obese mice was increased,
as evidenced by elevated CB; expression and AEA levels in WAT, whereas the ECS activity of WAT
of the obese mice was reduced by feeding the prebiotic (42). Several lines of evidence exist that
an overactive ECS in WAT promotes obesity. For instance, CB; expression is higher in mature
adipocytes than in preadipocytes, and activation of CB; in preadipocytes promotes their differen-
tiation into mature adipocytes (43). In addition, activation of CB; in adipocytes stimulates lipo-
genesis and fat accumulation and inhibits mitochondrial biogenesis (44, 45), whereas the opposite
is the case when CB, receptor is pharmacologically blocked or genetically deleted in adipocytes
(46, 47). In agreement with this, selective CB; knockout in mature adipocytes was sufficient to
protect mice from diet-induced obesity (48). Moreover, blockade of CB; receptor in diet-induced
obese mice was associated with reduced macrophage retention in WAT and decreased local and
systemic inflammation (49), indicating that inhibition of peripheral CB; receptors reduces the sys-
temic low-grade inflammatory state associated with obesity. Additionally, this study demonstrated
that the anti-obesity effect of CB; receptor blockade was associated with a significant alteration
in gut microbiota composition, with an increase in Akkermansia muciniphila and a decrease in the
families Lachnospiraceae and Erysipelotrichaceae (49).

According to the findings from Muccioli et al. (42), the intestinal barrier as a key component of
the gut-liver axis plays a critical role in the obesogenic effect of ECS activation in WAT, because
LPS, which is systemically elevated as a consequence of an impaired intestinal barrier, stimulates
production of EC ligands, particularly AEA, in white adipocytes and/or WAT macrophages (50,
51). Activation of ECS in response to an increased intestinal permeability leading to systemically
elevated levels of LPS may also promote metabolic disorders in other peripheral tissues, such as
liver and skeletal muscle. Similar to WAT; activation of CB; in the liver promotes lipogenesis,
thereby inducing fat accumulation and ultimately hepatic steatosis (29, 52). In line with this, mice
with a hepatocyte-specific CB; receptor deficiency do not develop fatty liver in response to a high-
fat diet (29). Interestingly, studies in animal models of obesity demonstrate that the ECB system is
affected even in skeletal muscle; according to these studies, increased activity of the ECB system
in skeletal muscle causes an impairment of oxidative metabolism and reduced mitochondrial bio-
genesis (45). Overall, these findings clearly show that activation of the ECS in peripheral tissues
leading to a dysregulation of energy metabolism in key metabolic organs occurs as a consequence
of an impairment of a key structural component of the gut-liver axis: the intestinal barrier. Di-
etary strategies aiming to maintain intestinal barrier integrity are therefore of high relevance with
regard to protection from metabolic disorders induced by ECS activation.

It has been recognized in recent years that postpartum dairy cows typically develop a chronic
low-grade inflammatory condition (53) as a result of infectious diseases (mastitis, endometritis)
but also intestinal disorders associated with increased intestinal permeability (subacute rumen
acidosis, abomasal displacement) (54, 55), which increases systemic levels of LPS and other
inflammatory stimuli. These stimuli are considered as driving forces in the development of
typical postpartum disorders of energy and lipid metabolism in the liver, such as fatty liver. This
view is based on the observation that these stimuli can activate stress-signaling pathways, such as
endoplasmic reticulum (ER) stress, which itself is known to stimulate de novo synthesis of fatty
acids in the liver (56). Regarding the link between increased intestinal permeability, activation
of ECS in peripheral tissues (liver, WAT), and stimulation of de novo synthesis of fatty acids by
ECS activation and the recent observation that the peripheral ECS is activated in postpartum
versus prepartum dairy cows (41), fatty liver development in the liver of postpartum dairy cows
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may involve both activation of hepatic stress-signaling pathways and hepatic ECS activation.
In line with this view, it was recently shown that fatty acid-induced ER stress promotes lipid
accumulation in calf hepatocytes and that ER stress exists in the liver of severe fatty liver cows

7).

Regulation Through Gut Microbiota-Derived Signals

As described above, the gut microbiota profoundly affects animals’ energy metabolism and food
intake (6-8), because the gut microbiota communicates with the host along the gut-liver axis
through various microbiota-derived bioactive compounds, which initiate signaling through re-
ceptors in different tissues of the host (Figure 1). Several of these microbiota-derived bioactive
compounds, such as SCFA, bile acids, methylamines, amino acid-derived metabolites, and MAMP,
and their signaling mechanisms underlying the regulation of the host’s energy metabolism and
food intake are discussed below.

Role of Short-Chain Fatty Acids

The quantitatively most-important bacterial metabolites are SCFA, which are produced during
fermentation of indigestible carbohydrates (resistant starch, inulin, cellulose) in the gut (caecum
and colon). The most prominent SCFA are acetate, propionate, and butyrate, but several other
SCFA, such as valerate, isovalerate, formate, and caproate, are also formed during bacterial
fermentation, although at lower levels (<5% of total SCFA). SCFA are efficiently absorbed
at high rates (90-95%) from the intestine (58) and partially metabolized within the intestinal
epithelial cells, thereby exerting trophic effects on the epithelial mucosa (59). SCFA not used by
intestinal cells are transported via the portal vein to the liver, where they can be used as substrates
for gluconeogenesis (propionate) and lipogenesis (acetate, butyrate). SCFA are also substantially
available in the systemic circulation and found in humans at concentrations of 19-160 pM
(acetate), 1-13 uM (propionate), and 1-12 pM (butyrate) (60), depending mainly on the dietary
amount of indigestible carbohydrates. In recent years, different SCFA receptors, such as free
fatty acid receptor FFAR2 (also known as GPR43), FFAR3 (also known as GPR41), and even
the hydrocarboxylic acid receptor GPR109A (also known as niacin receptor) (61, 62), have been
discovered in the nervous system and in many metabolic tissues, including liver, WAT, and skeletal
muscle. This indicates that gut-derived SCFA also act as important signaling molecules used for
communication between the microbiota and host tissues via the gut-liver axis, and thereby affect
host metabolism (Figure 2). This is underscored by recent observations that the expression of
SCFA receptors in key metabolic tissues like WAT and liver in livestock animals, such as dairy
cows, changes during the periparturient period, likely as a mechanism to adapt to the animal’s
changing energy demand during this period (63-65).

Several lines of evidence have suggested in recent years that systemic availability of SCFA
via the gut-liver axis plays an important role in the regulation of food intake through inducing
satiety. Xiong et al. (66) provided evidence in this regard, showing that SCFA stimulate secretion
of satiety-inducing leptin in both a mouse adipocyte cell line and mouse adipose tissue in
primary culture in a GPR41-dependent manner. In addition, this study revealed that acute oral
administration of propionate increases circulating leptin levels in mice (66). Likewise, incubation
with SCFA stimulates leptin secretion from bovine adipocytes (67), and oral and intravenous
administration of propionate increases leptin gene expression in WAT of sheep (68). Also, oral
administration of a mix of SCFA caused an increase in plasma concentration of leptin in pigs (69).
In addition, Frost et al. (70) demonstrated that acetate administered into the colon of mice crosses
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Figure 1

The gut-liver axis is a bidirectional communication axis enabling the gut microbiota to strongly affect the animals’ feeding behavior
and energy metabolism and enabling the host to control and shape the gut microbiota and protect the intestinal barrier. Gut
microbiota—host communication is based on several gut-derived compounds, such as short-chain fatty acids (SCFA), bile acids,
methylamines, amino acid-derived metabolites, and microbial-associated molecular patterns (MAMP), which act as communication
signals, and multiple host receptors, such as Toll-like receptors (TLR), free fatty acid receptors (FFAR2/3, GPR109A), receptors for bile
acids, and many others, which sense the signals, thereby stimulating signaling and metabolic pathways in all key tissues of energy
metabolism, such as liver, skeletal muscle, and white adipose tissue (WAT), and food intake regulation (brain). Increased translocation of
MAMP as a consequence of intestinal barrier disruption causes profound derangements in the regulation of appetite and satiety in the
brain and in key metabolic pathways in peripheral tissues owing to induction of hepatic and hypothalamic inflammation.

the blood-brain barrier and is taken up by the brain, and that intraperitoneal injection of acetate
decreases food intake by changing the hypothalamic expression of orexigenic/anorexigenic
neuropeptides in a way that causes appetite suppression. Uptake of acetate into the brain has been
shown in humans as well (71), indicating that direct regulation of appetite by SCFA likely also
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Short-chain fatty acids (SCFA), such as acetate, propionate, and butyrate, are the quantitatively
most-important gut-derived products produced during bacterial fermentation of indigestible carbohydrates
in the intestine. SCFA are efficiently absorbed at high rates (90-95%) from the intestine and partially
metabolized within the intestinal epithelial cells, thereby exerting trophic effects on the epithelial mucosa.
SCFA not used by intestinal cells are transported to the liver via the portal vein, where they can be used as
substrates for gluconeogenesis (propionate) and lipogenesis (acetate, butyrate). In addition, gut-derived
SCFA also act as important signaling molecules for communication between the microbiota and host tissues,
such as liver, skeletal muscle, white adipose tissue (WAT), and brain, thereby regulating appetite, food intake,
and energy expenditure by activating various receptors for SCFA, such as free fatty acid receptors (FFAR2,
FFAR3) and hydrocarboxylic acid receptor (GPR109A). In addition, butyrate and to a lesser extent
propionate, but not acetate, stimulate the secretion of the gut hormones peptide YY and glucagon-like
peptide-1 (GLP-1), both of which induce satiety in the brain by suppressing orexigenic neurons.
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occurs in humans. Although not within the primary scope of this review, it should be pointed out
that SCFA also regulate appetite and food intake, and thus energy balance, independent of the
gut-liver axis. Studies in rats and pigs showed that intracolonic and ileal infusion, respectively, of
a mixture of SCFA increases secretion of the gut hormone peptide YY (72, 73), which is known
to induce satiety in the brain. A recent study aimed at determining the individual contribution
of SCFA on gut hormone secretion demonstrated that butyrate and to a lesser extent propionate,
but not acetate, stimulate the secretion of peptide YY and GLP-1 (74). In addition, several studies
reported that feeding fermentable carbohydrates increases expression and secretion of peptide
YY and GLP-1 in rodents (75, 76), both of which induce satiety in the brain by suppressing NPY
and activating POMC neurons in the hypothalamic ARC.

Apart from satiety-inducing effects of SCFA, convincing evidence exists that systemic SCFA
influences energy balance by exerting direct effects in key metabolic tissues, such as WAT, skeletal
muscle, and liver. Gao et al. (77) demonstrated that dietary administration of butyrate prevents
obesity development in mice through enhancing energy expenditure by increasing mitochondrial
function and biogenesis and fatty acid oxidation in skeletal muscle and brown adipose tissue. In-
creased mitochondrial fatty acid oxidation in the skeletal muscle of these mice was probably the
result of a butyrate-induced increase of the proportion of type I muscle fibers, which are rich in mi-
tochondria and have high oxidative capacity. Similarly, propionate also enhanced energy expendi-
ture through increasing sympathetic nervous system activity (78). An enhancement of sympathetic
function increases heart rate and diet-induced thermogenesis (79). Kimura et al. (78) demonstrated
in a series of in vitro and in vivo studies with wild-type and GPR41 knockout mice that activation
of sympathetic ganglion neurons by propionate is mediated by a GPR41-dependent mechanism.
Also, injection of acetate into rats increased expression of fatty acid oxidation in brown adipose
tissue, indicating a stimulation of energy expenditure (80).

Besides stimulating energy expenditure, systemic SCFA improve metabolic health through en-
hancing WAT lipid buffering capacity by inhibiting intracellular lipolysis. The antilipolytic ef-
fect of SCFA is thought to reduce ectopic fat accumulation and to improve insulin sensitivity by
decreasing lipid overflow into the circulation (81). The antilipolytic role has been ascribed par-
ticularly to acetate, which was reported 50 years ago to decrease plasma free fatty acids after a
single oral acetate ingestion (82). Moreover, elevation of circulating acetate concentration owing
to acute colonic administration of three physiologically relevant mixtures of SCFA was found to
reduce circulating glycerol concentration in overweight males, indicating a reduced whole-body
lipolysis (83). Recently, the same group showed that physiologically relevant levels of acetate exert
an antilipolytic response, via FFAR2- and FFAR3-mediated attenuation of HSL phosphorylation
(at Ser650), in a human white adipocyte model (84). Because the niacin receptor GPR109A, which
is responsible for mediating the antilipolytic effects of nicotinic acid in WAT (85), is activated by
butyrate (62), the antilipolytic effect of butyrate might also involve GPR109A.

Lastly, beneficial metabolic effects of SCFA indicative of a reduction of ectopic fat accumulation
were also observed in the liver. In pigs, oral infusion of a mix of acetate, propionate, and butyrate
caused a decreased expression of lipogenic genes, an increased expression of fatty acid oxidation
genes, and a reduction of total fat content in liver (69). These effects might be directly caused by
systemic SCFA reaching the liver, because hepatocytes are known to express different receptors
for SCFA, such as GPR41 and GPR43 (61). However, effects of SCFA in the liver might be also
secondary to an improvement of intestinal barrier function. Several studies demonstrated that
SCFA improve critical components of the intestinal barrier, such as the expression of tight junction
proteins and mucin glycoproteins (86). As a consequence, the intestinal permeability for bacterial
components such as LPS is reduced, thereby decreasing the exposition of the liver to LPS via
the portal vein. It is discussed elsewhere in this article that LPS is sensed by different receptors,
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such as Toll-like receptors (TLR) on Kupffer cells and hepatic stellate cells (87). TLR signaling
activates inflammatory and stress-signaling pathways, such as nuclear factor-kappa B (NF-kB) and
ER stress-induced unfolded protein response (UPR), which promotes hepatic inflammation and
hepatic fat accumulation owing to stimulating de novo lipogenesis.

Role of Bile Acids

Bile acids [cholic acid (CA) and chenodeoxycholic acid (CDCA) in humans and additionally - and
B-muricholic acid (MCA) in rodents] are enzymatically synthesized from cholesterol in the liver
via the classical (neutral) pathway, which accounts for more than 75% of bile acid synthesis, and
the alternative (acidic) pathway. Subsequently, these primary bile acids are conjugated within the
hepatocyte to glycine (predominantly in humans) or taurine (predominantly in rodents), leading
to glycine- and taurine-conjugated bile acids. The glycine and taurine conjugates are subsequently
released into the duodenum, where they facilitate digestion of fat-soluble food components owing
to their detergent properties. The vast majority (>95%) of these bile acids are reabsorbed from the
ileum and transported back via the portal vein to the liver, where they are secreted back to the bil-
iary tract in a process called enterohepatic circulation. Although most bile acids are taken up from
the portal vein into the liver via different bile acid transporters (88), a certain fraction of bile acids
becomes available in the systemic circulation by bypassing their uptake out of liver sinusoids (89).
Because of the high bile acid flux in the portal vein following food digestion, systemic levels of bile
acids increase up to 15 pM in the postprandial phase, compared with less than 5 pM in the fasting
state (90). The small amount (<5%) of glycine and taurine conjugates escaping the enterohepatic
recycling process is metabolized by the gut microbiota. After initial deconjugation by microbial
bile salt hydrolase, which is important for protection of bacteria against bile acid toxicity (91), the
deconjugated bile acids are further metabolized (dehydrogenation and dihydroxylation), thereby
leading to the secondary bile acids [mainly deoxycholic acid (DCA) and lithocholic acid (LCA) in
humans and additionally murideoxycholic acid in rodents and, less prominently, hyodeoxycholic
acid and ursodeoxycholic acid (UDCA)].

In the last two decades, it has become clear that bile acids are not only simple detergents but
also potent signaling molecules exhibiting important regulatory effects on metabolic and signal-
ing pathways, at both the intestinal and the systemic level, through binding to different nuclear
hormone receptors, including farnesoid X receptor (FXR) (92), pregnane X receptor (93), vitamin
D receptor (94), and Takeda G protein—coupled receptor 5 (TGRS) (95) (Figure 3). Because the
potency of bile acids to activate bile acid receptors varies among different primary and secondary
bile acids, as shown for FXR (CDCA > CA > DCA > LCA), and because the composition of
the intestinal and circulating bile acid pool is greatly affected by the gut microbiota, it is obvious
that changes of the gut microbiota can significantly affect host metabolism and health. Interest-
ingly, certain bile acids, such as UDCA, which is found in humans, and the murine Tauro-MCA,
exhibit antagonistic activities on FXR (96). Convincing evidence has been discovered recently
that the bile acid—sensing receptor FXR represents a crucial link between the gut microbiota and
host energy metabolism. FXR-dependent mechanisms play an important role in regulating bile
acid homeostasis through feedback inhibition of hepatic CYP7A1 (97), the rate-limiting enzyme
in the classical pathway of bile acid synthesis, but also of other bile acid synthesis genes, such as
CYP8B1 and CYP27AL1 (98).

Feedback inhibition of bile acid synthesis is mediated by activation of hepatic FXR, which
induces small heterodimer partner (SHP), thereby repressing bile acid synthesis genes. In addi-
tion, activation of intestinal FXR by bile acids also causes negative inhibition of bile acid synthesis
owing to induction of the enterokine fibroblast growth factor (FGF) 19 in human and FGF15
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in mouse, which reach the liver via the portal vein and downregulate hepatic CYP7A1 via acti-
vation of FGFR4 signaling (9). Interestingly, activation of intestinal FXR is also closely linked
with metabolic diseases, such as obesity and hepatic steatosis (99, 100). This is evident from the
observation that intestine-specific FXR-deficient mice are protected against diet-induced obesity
and steatosis (99, 100). In addition, inhibition of intestinal FXR signaling by modulation of the
mouse gut microbiota using an antibiotic mixture or the antioxidant tempol was also found to
decrease obesity and hepatic steatosis (99, 100), which has been attributed to changes in the in-
testinal bile acid spectrum owing to the altered gut microbiota. Indeed, in germ-free mice, which
lack a gut microbiota capable of deconjugating, dehydrogenating, and dehydroxylating bile acids,
the bile acid profile in the distal small intestine and caecum almost exclusively contains Tauro-
BMCA and Tauro-CA (101). In contrast, the intestinal bile acid spectrum of conventionally raised

Regulation of food
intake, thermogengsis, DIO2 . VDR
and energy expenditure

N
FGF15/19

Liver

LIVER

Primary bile acids

(CA, CDCA)
\ ®

Conjugation to taurine (

and glycine (TCA, TBMCA)

o°

2R 0B
&

Storage in
gall bladder %

CYP8B1
CYP27A1
CYP7A1

/J /

L . o o a

~——> Urinary

excretion
SYSTEMIC CIRCULATION

Nuclear receptors

I—(—OSQFXR $VDR

VEIN
A

Q T Thyroid and
S\ PORTAL DIO2 peripheral
Reael - T, tissues

o
TGR5
‘ Enterohepatic w *
circulation .@
O
o

Enteroendocrine

cells
FXR

INTESTINE

306

\ :
PNy F P WP
Primary bile acids Reabsorption 95%

w C(SD —>» Fecal

. . DUBA S Secondary bile acids excretion
Microbial I/,= '\’ / (LCA, DCA, MDCA)

transformation O:g)
e

(Caption appears on following page)

Ringseis o Gessner o Eder



Figure 3 (Figure appears on preceding page)

Primary bile acids are synthesized from the liver and conjugated within the hepatocyte, leading to glycine- and taurine-conjugated bile
acids. The vast majority (>95%) of these bile acids are reabsorbed from the ileum and transported back via the portal vein to the liver.
Although most bile acids are taken up from the portal vein into the liver via different bile acid transporters, a certain fraction of bile
acids becomes available in the systemic circulation by bypassing their uptake out of liver sinusoids. The small amount (<5%) of glycine
and taurine conjugates escaping the enterohepatic recycling process are metabolized by the gut microbiota, leading to the secondary
bile acids (mainly DCA, LCA, and MDCA). In addition, bile acids act as potent signaling molecules, exhibiting important regulatory
effects on metabolic and signaling pathways at both the intestinal and systemic level by binding to different nuclear hormone receptors,
including FXR, pregnane X receptor and vitamin D receptor, and TGRS in all key tissues of energy metabolism, such as liver, skeletal
muscle, and WAT, and of food intake regulation (brain). FXR is a crucial link between gut microbiota and host energy metabolism.
FXR-dependent mechanisms play an important role in regulating bile acid homeostasis through feedback inhibition of hepatic
CYP7AL, the rate-limiting enzyme in the classical pathway of bile acid synthesis, but also of other bile acid synthesis genes, such as
CYP8B1 and CYP27A1. Feedback inhibition of bile acid synthesis is mediated by activation of hepatic FXR, which induces SHP,
thereby causing repression of bile acid synthesis genes. In addition, activation of intestinal FXR by bile acids also causes negative
inhibition of bile acid synthesis owing to induction of the enterokine FGF19 in human or FGF15 in mouse, which reaches the liver via
the portal vein and downregulates hepatic CYP7AL via activation of FGFR4 signaling. FGF19/15 can also pass the blood—brain barrier
and bind to a hypothalamic FGF19/FGF15 receptor, which decreases orexigenic neuronal activity, thereby decreasing appetite and
food intake. Through activating TGRS, bile acids induce energy expenditure by promoting intracellular thyroid hormone activation.
This effect is mediated by TGRS5-dependent activation of DIO2, which converts the inactive thyroxine into the active triiodothyronine,
thereby resulting in enhanced energy expenditure in brown adipose tissue and skeletal muscle. Abbreviations: CA, cholic acid; CDCA,
chenodeoxycholic acid; DCA, deoxycholic acid; DIO2, type 2 iodothyronine deiodinase; FGE, fibroblast growth factor; FXR, farnesoid
X receptor; GLP-1, glucagon-like peptide-1; LCA, lithocholic acid; MDCA, murideoxycholic acid; PXR, pregnane X receptor; SHP,
small heterodimer partner; TBMCA, tauro-p-muricholic acid; TCA, tauro-cholic acid; TGRS, Takeda G-protein-coupled receptor 5;
VDR, vitamin D receptor; WAT, white adipose tissue.

mice exhibits greater diversity, with high levels of CA and low levels of Tauro-BMCA, both of
which indicate efficient deconjugation by the gut microbiota (101). Owing to the strong structure
dependence of bile acids to activate FXR (CA is a potent FXR activator, whereas Tauro-BMCA
even acts as an FXR antagonist), extensive microbial metabolism of Tauro-pMCA results in in-
creased intestinal FXR activity in conventionally raised mice, whereas decreased metabolism of
Tauro-BMCA suppresses intestinal FXR activity in germ-free mice (101).

Although these studies convincingly show that inhibition of FXR signaling reduces obesity and
liver steatosis in mice, the precise mechanisms by which FXR regulates host metabolism are un-
clear. According to a recent study, increased intestinal FXR signaling may contribute to obesity by
shifting the gut microbiota to a more obesogenic configuration; this study (102) demonstrated that
the serum bile acid profile of intestine-specific FXR-deficient mice is clearly different from that
of wild-type mice. The gut microbiota of FXR-deficient mice exhibited a phylum-wide increase
in Bacteroidetes and phylum-wide reduction of Firmicutes, both of which have been associated
with protection from obesity (103). In addition, Parséus et al. (102) showed that transfer of the
microbiota from diet-induced obese FXR-deficient mice to germ-free wild-type mice resulted in
less fat mass gain. Gut microbiota alterations are likely the result of increased production of bile
acids, which can modulate bacterial growth and microbial ecology in the gut (104) by, for instance,
stimulating the production of antimicrobial agents such as angogenin-1 and RNase family mem-
ber 4 in the small intestine in a FXR-dependent manner (102, 105). Regulation of host metabolism
via activation of intestinal FXR might also involve the above-mentioned enterokine FGF19 (in
human)/FGF15 (in mouse), which can pass the blood-brain barrier and bind to a hypothalamic
FGF19/FGF15 receptor (106). Of note, intracerebroventricular administration of FGF19 in mice
decreases orexigenic AgRP/NPY neuronal activity (107). Because the brain abundantly expresses
FXR (108), it is also interesting in this context that circulating bile acids, at least the unconjugated
bile acids CA, CDCA, and DCA, can even cross the blood—brain barrier (109). Thus, direct actions
of bile acids in the regulation of food intake and energy balance in the brain cannot be ruled out.
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Apart from FXR and other nuclear hormone receptors, TGRS signaling induces relevant ef-
fects with regard to regulation of energy metabolism through bile acids via the gut-liver axis. For
instance, activation of TGRS by bile acids was reported to induce energy expenditure by promot-
ing intracellular thyroid hormone activation (110). This effect was mediated by TGRS5-dependent
activation of type 2 iodothyronine deiodinase, which converts the inactive thyroxine into the active
triiodothyronine, thereby resulting in increased BAT activity and enhanced energy expenditure
in murine BAT and human skeletal muscle (110). In line with this, Broeders et al. (111) found
that oral supplementation with the bile acid CDCA increased the thermogenic activity of primary
adipocytes derived from the human brown adipose tissue in the neck region but not in adipocytes
from WAT. Apart from regulation via the gut-liver axis, bile acids can regulate food intake via
TGRS5-dependent secretion of GLP-1 from enteroendocrine L cells (112).

Role of Choline Metabolites

Recent research indicates that gut microbiota—derived choline metabolites, such as trimethy-
lamine (TMA), contribute to severe disturbances of hepatic lipid metabolism and even promote
cardiometabolic disorders, such as atherosclerosis. Among the commensal gut bacteria in the
mammalian intestine, several families from the Firmicutes and Proteobacteria phyla have been
identified as potential TMA producers (113). Gut microbiota—dependently produced TMA
reaches the liver via the portal circulation, where it is subsequently oxidized by hepatic flavin-
containing monooxygenases forming TMA-N-oxide (TMAO). Via the same gut microbiota—host
cometabolic pathway, carnitine (3-hydroxy-4-N,N,N-trimethylaminobutyric acid) was also re-
ported to increase circulating levels of TMAO (114). TMAO has recently attracted great medical
attention because it was found to directly promote atherosclerosis in mice (115), and increased
TMAO levels are associated with an increased risk of major adverse cardiovascular events (116).
Apart from this, TMAO was found to promote the development of fatty liver in mice fed a
high-fat diet (117). In line with this, a positive correlation between the circulating TMAO level
and the presence and severity of nonalcoholic fatty liver was recently found in Chinese adults
(118). The increased risk for the development of fatty liver disease in response to TMAO has
been attributed to the lowering of the total bile acid pool by inhibiting key enzymes of bile
acid synthesis and limiting the enterohepatic circulation of bile acids (114). As a consequence of
this, bile acid-induced signaling pathways such as FXR in the intestine and liver are modulated,
thereby disturbing lipid and energy metabolism. In addition, elevated systemic TMAO levels are
also concomitant with decreased levels of host-produced phosphatidylcholine, which promotes
hepatic steatosis because phosphatidylcholine is required for hepatic excretion of lipids via
very-low-density lipoprotein particles.

Role of Amino Acid-Derived Metabolites

Apart from indigestible carbohydrates reaching the caecum and colon, proteins escaping digestion
in the small intestine are used by the gut microbiota for fermentation. Fermentation of amino
acids from undigested/partially digested proteins produces a wide array of different compounds,
including branched-chain fatty acids, ammonia, hydrogen sulfide, and phenolic and indolic
compounds, as well as amines and polyamines (119). Despite certain metabolites like hydrogen
sulfide being detrimental for the colonic epithelium at high concentrations because they induce a
proinflammatory response (120), metabolites derived from aromatic amino acid metabolism, such
as indole and its microbiota—host cometabolites (bacterial products modified by host enzymes),
indole-3-aldehyde or indole-3-lactate, were found to improve gut barrier function and reduce
intestinal inflammation (121, 122), thereby likely protecting from metabolic endotoxemia. The
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stimulatory effect of endotoxins such as LPS on lipogenesis in peripheral tissues is explained
above. Apart from local effects in the intestine, indole crosses the intestinal barrier and reaches
the liver via the portal vein. Of note, Beaumont et al. (123) recently demonstrated that indole
reduces hepatic inflammation induced by LPS in an ex vivo model using cut liver slices. Using
the same model, the authors also demonstrated that indole decreases hepatic inflammation in
obese mice that is characterized by metabolic endotoxemia and liver inflammation (123). Based
on their results, the authors proposed administering indole-producing bacteria as probiotics to
increase indole availability in the liver.

Role of Microbial Components

Microbial components such as LPS, peptidoglycan, lipoteichoic acid, flagellin, and bacterial nu-
cleic acids (DNA, RNA), collectively termed MAMP, are present at low levels in the liver and
systemic circulation even in healthy animals. This indicates that the intestinal barrier does not
completely prevent the translocation of microbial components into the portal circulation and that
the liver is constantly exposed to microbial components. However, because the liver does not dis-
play overt signs of inflammation under these conditions (124), it can be assumed that physiologi-
cal levels of MAMP are not detrimental to animal health. Interestingly, low levels of MAMP may
even be important for animals to initiate an effective adaptive immune response in the case that
the liver is acutely exposed to high levels of MAMP, and for developing lasting immunity against
certain pathogens (125). In addition, owing to the ability of Kupffer cells, which are liver-resident
macrophages, to capture and/or kill whole bacteria and MAMP (126), the liver acts like a second
firewall after the intestine (5). Besides Kupffer cells, several other cell types are important cellu-
lar constituents of this second firewall, such as intrahepatic mucosal-associated invariant T cells,
which are predominantly located around the intrahepatic bile ducts in the vicinity of the portal
tract; intrahepatic Tregs; dendritic cells; and NK cells (127). Owing to this innate defense sys-
tem, the liver largely prevents the translocation of MAMP into the systemic circulation, thereby
protecting other tissues from infectious and inflammatory stimuli and maintaining animal health.
However, if the intestinal barrier is disrupted (“leaky gut”), exposure of the liver to whole bac-
teria and MAMP is dramatically increased, which can overcharge the protective mechanisms of
the liver, thereby promoting disease development. Strong evidence has been found in recent years
that an elevation of systemic MAMP levels owing to loss of intestinal barrier integrity causes a
dysregulation of food intake and energy metabolism, a state that has been named metabolic en-
dotoxemia (128). In very simplified terms, hepatic and hypothalamic inflammation induced by the
disruption of intestinal barrier integrity are the two key events underlying this dysregulation of
food intake and energy metabolism.

Induction of Hepatic and Hypothalamic Inflammation by Microbial Components

In the liver, MAMP such as LPS are recognized by specific pattern recognition receptors (PRR),
which are abundantly expressed in the above-mentioned hepatic immune cells but also in hepatic
parenchymal cells and have been evolved to sense and respond to microbial stimuli by trigger-
ing an acute immune response. One important class of PRR are the TLR, mammalian homologs
to the Drosophila Toll gene, which encodes a receptor for host defense against microbial infec-
tions. Upon sensing MAMP, TLR activate different downstream signaling adaptor proteins, in-
cluding myeloid differentiation primary response 88, interleukin-1 receptor-associated kinases,
and TRAF6, which trigger various inflammatory and stress-signaling pathways, such as NF-«B,
¢-JUN N-terminal kinase (JNK), and ER stress-induced UPR (129). Apart from TLR, the large
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family of nucleotide-binding oligomerization—like receptors (NLR), which consists of several sub-
families that share a common MAMP-sensing domain but differ in their N-terminal effector do-
mains, has also been identified to promote the development of hepatic and systemic inflammation
in response to MAMP. Among the NLR, the NLRP subfamily is best known for its role in induc-
ing the formation of a multi-protein inflammatory complex, called the inflammasome, in response
to MAMP (130). As a consequence of the activation of hepatic TLR and NLR, proinflammatory
cytokines (IL-1B, TNFa) and chemokines, which recruit further inflammatory cells, are produced
and released, thereby contributing to hepatic inflammation. Because the proinflammatory me-
diators are also secreted into the circulation, systemic inflammation develops, which also affects
peripheral tissues.

As a consequence of elevated levels of proinflammatory cytokines arising from hepatic and sys-
temic inflammation and of circulating MAMP, a state of hypothalamic inflammation is induced. At
the molecular level, hypothalamic inflammation is induced via stimulation of the above-mentioned
PRR, among which hypothalamic TLR4 is considered a major contributor (131). Stimulation of
TLR4 and other PRR in the hypothalamus by LPS and cytokines results in the activation of mul-
tiple inflammatory signaling pathways, such as NF-kB, JNK/AP-1, and ER stress-induced UPR
(132), thereby creating a paracrine inflammatory milieu in the hypothalamus, which modulates
the activity of neuronal populations regulating appetite and energy balance (133, 134). Acute hy-
pothalamic inflammation plays a key role in initiating the acute illness response, which represents
a concerted adaptive response to infectious stimuli aiming to promote organism survival. Typical
symptoms of the acute illness response, such as anorexia and cachexia, clearly indicate dysregula-
tion of appetite and energy balance by hypothalamic inflammation.

A key mechanism underlying anorexia during acute hypothalamic inflammation is the acti-
vation of neuronal populations that produce anorexigenic neuropeptides (POMC, CART) while
inhibiting hypothalamic neurons expressing orexigenic neuropeptides (AgRP, NPY), thereby
decreasing appetite and food intake (133, 134). In line with this, intravenous administration of
proinflammatory cytokines (IL-18, TNFa) and LPS to livestock animals (growing pigs, broilers,
lactating cows) strongly reduces feed intake and performance (gain-to-feed ratio or milk yield)
(135-137). Genetically deleting any of the proteins involved in the inflammatory signaling
pathways (e.g., TLR4) in the hypothalamus reduces anorexia in response to administration
of LPS or cytokines (131, 138). In addition, hypothalamic inflammation—through secreting
proinflammatory cytokines and through activation of the hypothalamic—pituitary axis leading
to secretion of glucocorticoids such as cortisol—promotes mobilization of fuel substrates from
energy stores in skeletal muscle via proteolysis and in WAT via lipolysis (139). Through this,
mobilized substrates (amino acids, glycerol, fatty acids) are shifted toward tissues that are es-
sentially required to combat infectious stimuli; e.g., amino acids in general serve as building
blocks for hepatic synthesis of acute-phase proteins (140), whereas glucogenic amino acids
and glycerol serve as substrates for hepatic gluconeogenesis, thereby providing immune cells
with their preferential fuel substrate, glucose (53). As a result, WAT depots and skeletal muscle
mass decrease, leading to typical symptoms of the acute illness response, such as cachexia and
fatigue.

We and others have recently reported that the liver of livestock animals such as cows and
sows develops typical signs of hepatic and systemic inflammatory conditions during early lacta-
tion as a consequence of the metabolic and physiological adaptations occurring during the tran-
sition from pregnancy to lactation (53, 54, 141-145). Because hepatic and systemic inflammation
induces hypothalamic inflammation, which itself causes activation of anorexigenic hypothalamic
neurons, it is not unlikely that the frequently observed reduction of food intake of livestock ani-
mals in the early lactation period is at least partially due to directly decreasing appetite in the brain.
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Nevertheless, unequivocal evidence for the occurrence of hypothalamic inflammation in lactating
cows and sows is lacking.

Interestingly, obesity in rodents and humans is also associated with hypothalamic inflammation
(145, 146). However, obesity-associated hypothalamic inflammation is chronic and even accom-
panied by hypothalamic injury, as evident from gliosis (145), a nonspecific reactive change of glial
cells in response to damage to the central nervous system. In this regard, several studies showed
that the key site of hypothalamic inflammation and injury in high-fat diet-induced obesity is the
hypothalamic ARC (145, 147), the central site for regulating appetite and satiety. Of note, in ro-
dent models of diet-induced obesity, hypothalamic inflammation and gliosis precede the onset of
body weight gain (145, 146). This indicates that hypothalamic inflammation and damage in crit-
ical regions of the hypothalamus are responsible for the altered metabolic phenotype and eating
behavior of obese individuals.

Despite similar mechanisms underlying development of hypothalamic inflammation between
acute illness response and diet-induced obesity, it is obvious that the feeding behavior is differ-
entially affected by acute versus chronic hypothalamic inflammation. Burfeind et al. (139) pro-
posed that diet-induced obesity inhibits anorexigenic neurons while activating orexigenic neurons,
which is in sharp contrast to the situation in the acute illness response, in which the dominance
of anorexigenic signals in the hypothalamus is responsible for induction of anorexia. In addition,
several studies demonstrated that the development of hypothalamic inflammation in response to
high-fat-diet feeding is accompanied by an impaired responsiveness of the hypothalamus to pe-
ripheral signals such as insulin and leptin (148, 149), both of which act as anorexigenics (150),
thereby reducing food intake and body weight. Because of the obesity-induced resistance of the
hypothalamus to the actions of insulin and leptin, energy homeostasis is dysregulated, and body
weight gain is promoted.

CONCLUSIONS AND PERSPECTIVES

In recent years, the gut microbiota has been recognized as profoundly affecting animals’ feeding
behavior and energy metabolism through the ability of the gut microbiota to communicate with
the animals’ tissues along the gut-liver axis via different gut-derived compounds, such as SCFA,
bile acids, methylamines, amino acid—derived metabolites, and MAMP. In addition, animals can
shape the gut microbiota, and thereby protect the intestinal barrier—a critical component of the
gut-liver axis—through secretory functions of the liver (bile acids, liver-derived IgA), as well as
intestinal production of numerous antimicrobial peptides, indicating that microbiota-host com-
munication along the gut-liver axis is bidirectional. Convincing evidence has been found that
animals’ food intake and energy metabolism are severely dysregulated if the intestinal barrier is
impaired as a consequence of microbial dysbiosis, a condition of the gut microbiota in which
microbial ecosystem balance (eubiosis) is disturbed and microbial diversity is reduced. This is ex-
plained by increased translocation of MAMP and even intact microbes into the portal and systemic
circulation and subsequent induction of hepatic and hypothalamic inflammation, which causes
profound derangements in the regulation of appetite and satiety in the hypothalamic ARC and in
key metabolic pathways in peripheral tissues.

Because the gut microbiota composition is strongly influenced by environmental factors, such
as diet, dietary interventions that promote microbial diversity and the growth of beneficial bac-
terial species are suitable strategies to combat microbial dysbiosis and thereby protect the in-
testinal barrier and prevent metabolic diseases. Suitable dietary interventions include the feeding
of prebiotics (resistant starch, inulin-type fructans, cell-wall polysaccharides such as arabinoxy-
lans, chitosan-oligosaccharides), which directly promote the growth of certain bacterial species
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specialized for the degradation of selected carbohydrates but also favor microbial diversity and
eubiosis through the phenomenon of cross-feeding, where typically Bacteroidetes species serve as
primary degraders of certain polysaccharides and Furmicutes species further process the released
products. In addition, feeding of probiotics is a promising approach to improve intestinal barrier
function and metabolic health, as shown from administration of specific bacterial species such as
A. muciniphila, which was reported to improve the gut barrier, reduce systemic inflammation, and
decrease obesity in mice fed a high-fat diet (151). Furthermore, polyphenols, which include a large
family of different compounds from plants, such as catechins, flavonoids, anthocyanins, and phe-
nolic acids, are not digested in the small intestine and reach the colon, where they modulate gut
microbiota composition and function by inducing antimicrobial effects and improve the intestinal
barrier through microbial production of bioactive compounds.
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