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The liver receives blood from the intestine, from the spleen, and directly from the heart and holds a vital po-
sition in vertebrate physiology. It plays a role in intermediary metabolism, bile secretion, maintaining blood
sterility, serum homeostasis, xenobiotic detoxification, and immunological activity. This article provides
our perspective on the liver as a nexus in establishing and maintaining host microbial mutualism. We discuss
the role of the liver not only in sanitizing the blood stream from penetrant live microbes, but also in metabo-
lizing xenobiotics that are synthesized or modified by intestinal microbes, and how microbiota modify the
signaling potential of bile acids. The combination of bile acids as hormones and the metabolic control
from pervasive effects of other absorbedmicrobial molecules powerfully shape hepatic metabolism. In addi-
tion, intestinal microbial metabolites can be sensed by liver-resident immune cells, which may disturb liver
homeostasis, leading to fibrosis and liver cancer.
Prospect
The liver is the heaviest organ and the largest gland in the

human body, with an amazing diversity of functions. These can

be broadly sub-divided into intermediary metabolism (including

a central role in body carbohydrate, lipid, and nitrogen meta-

bolism); secretion of bile; disinfection of the blood facilitated by

the largest population of macrophages in the body; sanitation

of serum (including synthesis of many serum proteins, degrada-

tion of hormones, and detoxification of xenobiotics); and immu-

nological activity as a secondary lymphoid organ. All of these

functions have an impact on host-microbial mutualism: the liver

not only responds to the microbiota and its metabolites, but also

actively shapes intestinal microbial composition andmetabolism

through enterohepatic biliary circulation.

This article provides our perspective on the central role of the

liver in establishing and maintaining host microbial mutualism

and its mirroring of some of the consequences of disturbing

the host-microbial relationship through diet, intestinal dysfunc-

tion, or liver failure. Our initial focus is on blood vascular

sanitation from live microbes. We also consider how the body

copes with the promiscuous penetration of microbial molecules

and how the microbiota modifies the signaling potential of bile

acids.

Routes of Penetration of Live Intestinal Microbes or
Their Molecular Constituents into the Body
To appreciate the role of the liver in mutualism with the micro-

biota, one has to distinguish the different routes whereby live mi-

crobes from the intestine can penetrate and persist in the body.

There are potentially four destinations for any live microbe that

penetrates the surface intestinal epithelium: (i) it may be immedi-

ately rejected into the intestinal lumen via binding to IgA during

intestinal secretion, (ii) it may be destroyed by biocidal activity

in intestinal mononuclear cells (macrophages), (iii) it may be

sampled by intestinal dendritic cells and transported via the
C

lymph to the local (mesenteric) lymph nodes, or (iv) it may enter

the mesenteric bloodstream.

The first two processes of rejection or immediate destruction

of the microbe by the host are generally highly efficient provided

the host immune system is fully functional and the microbe is

non-pathogenic, meaning that it has not developed strategies

of evading host immunity, damaging the host itself or occupying

a habitat of such intimate apposition with the host epithelium that

host compensatory immunity will be continuously challenged.

The third possibility of deliberate lymphatic sampling to induce

host immunity requires transit of live intestinal microbes to the

mesenteric lymph nodes and uptake by intestinal dendritic or

mononuclear cells, which takes place via the afferent lymphatics

(Diehl et al., 2013; Macpherson and Uhr, 2004). Only very small

numbers of intestinal microbes are sampled, and this occurs

without appreciable intestinal damage or inflammation.

The fourth route is live microbial entry into the bloodstream.

This requires either direct penetration of the gut vascular endo-

thelial barrier, which is much more likely during intestinal inflam-

mation (Balmer et al., 2014; Spadoni et al., 2015), or a preliminary

trajectory of lymphatic spread where organisms such as Salmo-

nella are able to establish an early facultative intracellular exis-

tence (Dinh et al., 2013).

A clear distinction between the penetration of live microbes

and their molecular constituents needs to be made. The number

of non-pathogenic live microbes penetrating the body is rather

small, even in the context of intestinal inflammation. However,

as shown by the sequential uptake of 14C or 13C metabolites

from challenge with metabolically labeled bacteria, there is pro-

miscuous exchange of molecules of microbial origin to virtually

all tissues of the body (Balmer et al., 2014; Gomez de Ag€uero

et al., 2016). The same conclusion is reached by comparing

metabolomic profiles between germ-free and colonized animals

(Dumas et al., 2006; Holmes et al., 2011; Marcobal et al., 2015).

Both live microbes (Balmer et al., 2014) and their metabolic
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constituents and metabolites (Heath and Claus, 2011) require

clearance through the liver, but with different potential conse-

quences for the body that will be discussed further in this review.

The Anatomy and Function of the Liver in Relation to the
Challenges of Intravascular Microbes and Xenobiotics
Liver Vasculature

To introduce the importance of the liver in terms of mutualism

with the intestinal microbiota, we will start with the anatomy of

its special blood supply. There are two sources of blood flowing

into the liver: (i) arterial blood from the hepatic artery, which

branches off the descending aorta via the celiac trunk and (ii)

portal venous blood from tributaries of the mesenteric veins

that drain the intestinal tract from the stomach to the rectum

(Figure 1). Both the hepatic artery and the hepatic portal vein pro-

gressively divide into branches bundled together with three other

structures: the tributaries of the bile ducts, the lymphatics that

drain lymph into the thoracic duct via the hilar lymph nodes,

and branches of the vagus nerve. These bundles can be seen

as the ‘‘portal triads’’ in liver sections, so named because only

the small vessels originating from the hepatic artery, the portal

vein, and bile ducts are easy to visualize without special staining

(Figure 1A, inset).

The upshot is that the arterial and portal venous blood mix

together at a capillary level to flow along the hepatic sinusoids

(Figure 1A, inset) draining into the hepatic vein, which is quite

distinct and physically separate from the portal vein, and it is

the true venous drainage of the liver into the inferior vena cava

and the right heart.

The hepatic sinusoids are therefore a filtration system be-

tween the arterial and (true) venous blood on one hand, and

the portal venous outflow from the intestines and the spleen on

the other hand. Expressed in another way, both the gut and

the spleen circulations are arranged in series with the liver sinu-

soids before draining into the venous circulation (Figure 1B).

Hepatic Sinusoids Containing Kupffer Cells—A Site for

Vascular Hygiene

The sinusoids are lined with fenestrated ‘‘open pore’’ endothe-

lium, which allows the passage of large molecules, including

proteins, into the underlying space of Disse that separates the

endothelium of the sinusoids from the hepatocytes.

Within the sinusoids and attached to the endothelium are the

Kupffer cells, which are the resident macrophages of the liver,

comprising the largest population of macrophages in the body.

It is important to appreciate that these cells are highly phagocytic

for intravascular bacteria, especially when the bacteria have

been opsonized with serum components. The evidence for this

comes from papers dating back as far as 100 years and was

published in the first volumes of both the Journal of Immunology

and Immunology (Howard and Wardlaw, 1958; Manwaring and

Coe, 1916; Manwaring and Fristchen, 1923; Wardlaw and Ho-

ward, 1959). The experimental technique used was to perfuse

livers ex vivo with physiological solutions of bacterial suspen-

sions containing different concentrations of heat-inactivated or

native serum. Uptake of flagellated bacteria was readily measur-

able from the difference between the bacterial concentrations in

the input and output perfusate. Microscopic sections from these

experiments showed that the bacterial clearance was due to the

uptake of microbes by Kupffer cells. Non-flagellated strains were
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also generally efficiently taken up, but mainly in the presence of

native serum or serum taken from an animal previously immu-

nized with the bacterial strain in question.

This technique also assesses differences in the potential ca-

pacity of different tissues to clear bacteria from a perfusate.

For example, clearance from the vasculature was shown to be

measurably better in the spleen compared with the brain or the

lungs. However, a key result was that the most efficient output/

input clearance ratio was found by perfusing the liver (Manwaring

and Fristchen, 1923). A further finding was that very few bacteria

were cleared when perfusing just the intestine, emphasizing that

the liver is the critical clearance site for those microbes that have

penetrated the intestinal vasculature, a result that aligns with the

series arrangement of the mesenteric and liver vascular beds

(Figure 1B).

Kupffer cells express an array of scavenger receptors (Armen-

gol et al., 2013) and Fc receptors (FcgammaRII, FcgammaRIII,

and in humans FcalphaRI) (Løvdal and Berg, 2001; Monteiro

and Van DeWinkel, 2003) that enable their phagocytic functions.

Complement is also sensed through the presence of comple-

ment receptors of the immunoglobulin superfamily (CRIg) on

Kupffer cells, which bind fragments C3b and iC3b. There are

different subsets of Kupffer cells that can be distinguished ac-

cording to CD68 and CD11b expression: CRIg is predominantly

expressed on CD68+ phagocytic cells rather than CD11b+ cyto-

kine-secreting cells (Ikarashi et al., 2013). Although Kupffer cells

dominate hepatic phagocytosis, the endothelial cells lining the

sinusoids are also involved in clearance of intravascular particles

and express FcgammaRII and (like Kupffer cells) MHCI and

MHCII in conjunction with costimulatory molecules for antigen

presentation.

Over time experimental techniques have been transformed, so

the capture of intravascular bacteria by liver Kupffer cells can

nowbe imaged dynamically (Jenne and Kubes, 2013). The in vivo

immunological mechanisms involved have been revealed by

combining dynamic imaging with gene-targeted strain combina-

tions and antibody neutralization of protein function. This more

detailed appreciation of the mechanisms and different phases

of Kupffer cell bacterial uptake from the circulation and further

evidence that the liver is usually dominant over the spleen will

be described in a later section.

Inflammatory Monocytes and iNKT Cells—Important

Immune Mediators in the Liver

Besides resident Kupffer cells, the liver is home to infiltrating

monocyte/bone-marrow-derived macrophages. These macro-

phages enter the liver predominantly in response to acute and

chronic liver injury and, compared to rather tolerogenic Kupffer

cells, have a more pro-inflammatory profile and can initiate an

immune response by activating liver-resident T cells (Ju and

Tacke, 2016). A large proportion of lymphocytes residing in the

liver are invariant natural killer T (iNKT) cells. These can account

for up to 35% of murine and up to 15% of human liver lympho-

cytes, while they constitute a maximum of 2% of all lymphocytes

in other lymphatic organs such as the spleen, lymph nodes, or

the intestinal lamina propria, rendering the liver the organ with

the highest frequency of iNKT cells (Gao et al., 2009). iNKT cells

are a specific subclass of T lymphocytes that carry a semi-

invariant T cell receptor using the Va14-Ja18 a chain in mice

and Va24-Ja18 in men together with a limited number of



Figure 1. Vasculature and Anatomy of the Liver
(A) Schematic view of liver anatomy and vascularization. The liver receives arterial blood from the hepatic artery, which branches off the descending aorta via the
celiac trunk, and portal venous blood from tributaries of the mesenteric veins that drain the intestinal tract. Both the hepatic artery and the hepatic portal vein
progressively divide into branches bundled together as the ‘‘portal triads’’ in liver sections: vessels originating from the hepatic artery, the portal vein, and bile
ducts. Blood from both sources mix together at a capillary level to flow along the hepatic sinusoids (inset) draining into the hepatic vein and further into the inferior
vena cava and the right heart. The sinusoids are lined by fenestrated endothelial cells and contain liver-resident macrophages, the so-called Kupffer cells.
Hepatocytes produce primary bile acids that are secreted into the bile canaliculi, eventually reaching the gall bladder.
(B) Schematic view of arterial (red) and venous (blue) blood flow in the body. Note: the liver receives both arterial blood from a branch of the aorta aswell as venous
blood that has drained from the intestine and the spleens (color appears as a mixture of blue and red), while other organs receive only arterial blood. There are
several ways bywhich intestinal microbes or their metabolites can enter the body from the intestine. Intact bacteria are constantly sampled by dendritic cells in the
lamina propria of the intestine and transported to the mesenteric lymph nodes. Some bacteria, and especially bacterial metabolites, can reach the venous blood
stream and are transported via the portal vein to the liver. This is much more predominant during damage and/or inflammation of the intestine.
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b-chains. iNKT cells are thus limited in their antigen specificity,

recognizing glycosphingolipid antigens often present in bacterial

cell walls, which are presented by the MHC class I-like molecule

CD1d. According to their ability to recognize bacteria-derived

components and to be activated immediately, iNKT cells have

often been suggested to play an important role in host-microbial

mutualism. Blumberg and colleagues reported that germ-free

mice harbor more iNKT cells in the intestinal lamina propria

and in the airways, while iNKT cell numbers in livers of germ-

free mice appear to be unaltered compared to colonized mice

(Olszak et al., 2012). In contrast, hepatic iNKT cells seem to be

impaired in function in the absence of microbiota, indicating

that they do sense signals derived from the commensal micro-

biota in order to fully mature and play their role in liver homeosta-

sis (Wingender et al., 2012). iNKT cells have been described to

play a role in the pathogenesis of various liver diseases, including

fibrosis, cancer, viral hepatitis, and even non-alcoholic steatohe-

patitis and subsequent liver cancer (Dong et al., 2007; Wolf et al.,

2014).

Liver Sinusoidal Endothelial Cells and Hepatic Stellate

Cells in the Response to Microbial-Derived Antigens

As sentinel cells that encounter intestinal-derived microbial anti-

gens, the stromal cells lining the hepatic sinusoids—namely, liver

sinusoidal endothelial cells (LSECs) and hepatic stellate cells

(HSCs)—have a key role in regulating the response to microbial

antigens. LSECs express high levels of scavenger receptors and

compete with liver dendritic cells for the uptake of antigen pre-

sent in the serum (Schurich et al., 2009). Since they only express

low levels of major histocompatibility complex II (MHC II) and co-

stimulatory molecules such as CD80 and CD86, LSECs are only

weak Th1 cell activators. Rather, they induce both Foxp3� and

Foxp3+ regulatory T cells through secretion of TGF-b, or by inhib-

iting CD4+ T cells via IL-10 and PD-1 (Carambia et al., 2013).

LSECs are also involved in tolerance induction of liver CD8+

T cells (Limmer et al., 2000). Similarly, HSCs provide a number

of anti-inflammatory mediators, such as PD-1, IL-10, TGF-b,

and B7-H4, that contribute to the regulation of T cell activation

(reviewed in Schildberg et al., 2015). These cells are sensing

the molecular constituents in blood from the portal vein that is

draining the intestine and are at the front line to see a high num-

ber of potentially foreign antigens. They are therefore well situ-

ated to limit unregulated hepatic T cell activation and potential

host organ damage.

Generalized Hepatic Metabolic Functions in Relation to

the Position of the Liver

Hepatic anatomy and microanatomy position the liver to filter

both the blood from the intestinal tract, spleen, and pancreas

via the portal system and the general circulation via its direct

arterial supply. This anatomical position is ideal for the liver to

clear unwanted microbes from the circulation either directly or

in series with the spleen. It is also ideal to fulfill biochemical func-

tions of chemically detoxifying xenobiotics that enter the body

through the gut, buffering the blood glucose through hepatic

glycogen synthesis and buffering energy stores through biosyn-

thesis or beta oxidation of fatty acids. These threemetabolic pro-

cesses are somewhat connected.

Xenobiotics (chemicals not normally produced by an organ-

ism) were initially explored in the early days of organic chemistry,

in work that todaymakes shocking reading (Wöhler and Frerichs,
564 Cell Host & Microbe 20, November 9, 2016
1848). Animals (and humans) were challenged with organic ex-

tracts from plants and products of chemical syntheses such as

salicylic acid, benzaldehyde, amygdalin, tannic acid, uric acid,

arsenic acid, and phosphoric acid. Modern readers will be horri-

fied by the graphic descriptions of fatal results following delib-

erate administration of arsenic acid, a non-organic poison that

cannot be effectively detoxified: 19th century scientists living in

a world of different ethical norms were surprised by the relative

lack of toxicity of the other organic compounds and their chem-

ical conversion to apparently innocuous compounds secreted

in the urine. The key point that remains relevant today is that

these detoxification mechanisms are a combination of host

(mainly liver) and microbial metabolism. For example, we now

appreciate that Wöhler and Frerichs’ observation of chemical

conversions of dietary xenobiotics such as salicylic acid and

benzaldehyde into hippurate (a benzoic glycine conjugate) in-

volves co-metabolism by intestinal microbes (Claus et al., 2008).

Since the liver is immediately downstream of the intestinal

vasculature, it also has the most immediate exposure to bacteri-

ally derivedmolecules, apart from the intestine itself. Theportfolio

of microbial metabolites is vastly different from true mammalian

endobiotics because of the huge diversity of microbial metabolic

pathways (Rath and Dorrestein, 2012). Considering the micro-

biota as part of the host-microbial superorganism somewhat

blurs the xenobiotic-endobiotic distinction.Manymicrobial com-

pounds such as essential amino acids, vitamins, and short-chain

fatty acids (SCFAs) are generally beneficial to the host. Neverthe-

less, aromatics and microbial products of aromatic metabolism

are able to exert powerful effects on liver metabolism through

members of the nuclear receptor superfamily (farnesoid X recep-

tor [FXR], hepatocyte nuclear factor 4, pregnane X receptor

[PXR], and constitutive androstane receptor [CAR]) and the Per/

ARNT/Sim family of receptors (aryl hydrocarbon receptor [AhR];

di Masi et al., 2009; Klaassen and Cui, 2015). Colonization of

germ-free mice with intestinal microbes increases liver PXR

levels and the target gene Cyp3a11 (Claus et al., 2011). The li-

gands of PXR are produced by some species within the micro-

biota (Venkatesh et al., 2014). These receptors have been best

investigated as xenosensors capable of regulating the expres-

sion of redox, conjugative, and transporter proteins in the liver

required to detoxify aromatics and their halogenated derivatives

(di Masi et al., 2009). The receptors also have a wider impact on

carbohydrate and lipid metabolism, especially in the liver, that

connects microbial molecular exchange with central host meta-

bolism: the mechanisms are discussed further in this review.

Immunological and Hematological Mechanisms of
Microbial Clearance from the Vasculature
One of the main tasks of the immune system is to clear blood-

borne bacteria from the circulation. Failure to do so has cata-

strophic consequences. The constellation and interactions

of microbes, platelets, and complement in the blood potentially

triggers disseminated intravascular coagulation, an imbalance

in initiation of hemostatic mechanisms over their resolution

with intravascular fibrin clots resulting in multiple organ failure.

Clinically manifest sepsis is difficult to control, with a highmortal-

ity rate (Levy et al., 2015).

In contrast, we are easily able to deal with the low levels of

bacteremia that characterize everyday existence, although this
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is compromised in patients that have liver disease (Balmer et al.,

2014; Kellogg et al., 2000; Zhang et al., 2013). This certainly does

depend on the macrophage clearance mechanisms in the liver

(Balmer et al., 2014) and the spleen (Aichele et al., 2003). At least

for pathogens such as Listeria monocytogenes and Borrelia

burgdorferi, experimental models that compare lack of liver

Kupffer cell function with removal of the spleen indicate that

the liver has a lion’s share of clearing blood-borne infections

(Ebe et al., 1999; Lee et al., 2010). Indirect evidence in humans

supports the importance of the liver in vascular clearance of mi-

crobes. Most patients with serious liver failure as a result of

cirrhosis die of sepsis rather than metabolic complications

(Leber et al., 2009).

Platelets outnumber blood leukocytes by an order of magni-

tude. Although their function is best appreciated in terms of their

role in hemostasis, they have retained immunological functions

seen in multifunctional invertebrate hemocytes such as expres-

sion of Toll-like receptors, complement receptors, and adhesion

molecules. Platelets also have direct biocidal potential from the

secretion of defensins, thrombocidins, and kinocidins (reviewed

in Jenne and Kubes, 2015). Dynamic imaging has shown that

liver Kupffer cells have large clusters of von Willibrand factor

(vWF) decorating their surface. Once Kupffer cells have captured

intravascular (pathogenic) bacteria, platelets nucleate on the

Kupffer cells: initially there are transient ‘‘touch-and-go’’ interac-

tions between platelet glycoprotein GPIa and vWF, followed later

by durable binding between vWF and platelet GPIIb-GPIIIa. The

role of each partner in this constellation has been established

functionally through bacterial challenge after depletion of Kupffer

cells with clodronate liposomes, antibody blockade of vWF, or

mouse strain combinations with GP1b deficiency (Wong et al.,

2013). Platelet infusion has also been shown to be protective

in vivo by an independent group using an E. colimodel of sepsis

(Xiang et al., 2013).

We generally make the assumption that the immune pro-

cesses essential for pathogen clearance are also functioning

more generally to control the smaller numbers of mutualistic mi-

crobiota that enter host tissues. This assumption is supported

clinically both from opportunistic infections and from primary

or acquired immunodeficiency (Taur and Pamer, 2016) or in tar-

geted animal models of immunodeficiency (Shiloh et al., 1999).

Given that the perspective of this review is to promote the liver

as a central systemic organ of host-microbial mutualism and

that the experiments of the Kubes group on platelet nucleation

described in the previous paragraph used Bacillus cereus and

multiple antibiotic-resistant Staphylococcus aureus (Wong

et al., 2013), we now need to support the argument that this is

a general mechanism.

So what is the evidence that the liver is generally clearing the

blood vasculature of microbes dominantly over other lymphoid

organs such as the spleen? Certainly, the demonstrated superi-

ority of the liver for bacterial clearance in isolated organ infusion

experiments cited earlier and clinical observations of septic

complications in cirrhotic patients with liver failure are aligned

with a general role of this organ in blood disinfection. Splenec-

tomy or splenic dysfunction has potentially serious hematologi-

cal and immunological consequences, but the susceptibility to

infection is limited and centered on encapsulated bacteria

such as Streptococcus pneumoniae, Neisseria meningitidis, or
Haemophilus influenzae type b (reviewed in Di Sabatino et al.,

2011). In these cases, the capsule interferes with complement

binding and direct microbial-macrophage binding. The marginal

zones of the spleen harbor an IgM B cell memory population,

which generate anti-capsule antibodies that opsonize these mi-

crobial species for clearance (Kearney et al., 2015). Where it is

clear that patients will require surgical splenectomy, the risks

of later septic complications can be largely abrogated by immu-

nization with polyvalent pneumococcal polysaccharide vaccine

and vaccines against H. influenzae and meningococcus.

An independent study by Broadley et al. (2016) examined the

clearance of a broad range of bacterial pathogens using in vivo

imaging in mice. They compared the trajectory of Listeria mono-

cytogenes bacteremia with a range of Gram-postive and Gram-

negative microbes. Fast clearance via the Kupffer cells in the

liver was confirmed, although a slower mechanism of intravas-

cular platelet binding through GPIb and activated complement

C3 later led to capture of the opsonized bacteria with the com-

plement receptor of the immunoglobulin superfamily (Broadley

et al., 2016). In this biphasic system, some Listeria that escaped

the fast clearance mechanism were available to be sampled by

CD8a splenic dendritic cells and induced protective T cell immu-

nity (Figure 2), suggesting that the capacity of fast phase clear-

ance sets a threshold for induction of adaptive immunity. One

might speculate that this is generally true and can explain the

high threshold for the induction of systemic adaptive immunity

to benign non-adherent intestinal microbes. Serum antibodies

specific to intestinal bacteria are normally only seen in path-

ogen-free mouse models after experimental systemic priming

with the respective bacterium, or where there is background

immunodeficiency that would weaken the intestinal protective

immune barrier (Konrad et al., 2006; Macpherson et al., 2000;

Slack et al., 2009). The concept that the adaptive immune

systemmay be primed to compensate for clearance of otherwise

non-pathogenicmicrobes has also been shown directly in animal

models and indirectly in human patients with a range of severity

of liver compromise from non-alcoholic steatohepatitis to

cirrhosis (Balmer et al., 2014).

Bile Acids as Hormones: Secreted by the Liver and
Personalized by an Individual’s Intestinal Microbiome
Flowing in the opposite direction to the portal blood supply, but

with a ductal system that is bundledwith the branches of the por-

tal vein and the hepatic artery, bile is secreted by hepatocytes

and cholangiocytes (lining the bile ducts). Within the complex

chemical biliary mixture, one finds conjugated primary bile salts

that have been synthesized from cholesterol by reorientating

the hydroxyl group at the 3 position from a beta to an alpha

stereoisomer and by adding hydroxyl groups at the C7 and

C12 (cholic acid, hydrophilic) or C7 positions (chenodeoxycholic

acid, hydrophobic) and eliminating a proprionyl group from the

apical side chain in humans (Chiang, 2009). In rodents, positions

6 and 7 are hydroxylated, giving the relatively hydrophilic muri-

cholic acid. Bile acids are conjugated to glycine or taurine, which

decreases toxicity and increases solubility (Figure 3).

The rate-limiting enzyme of this process is microsomal

CYP7A1, which catalyzes the C7 hydroxylation, and is inhibited

directly or indirectly by insulin, steroid hormones, inflammatory

cytokines, growth factors, or bile acids themselves via fibroblast
Cell Host & Microbe 20, November 9, 2016 565
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Figure 2. Mechanisms of Bacterial
Clearance from Systemic Circulation
Bacteria that enter the bloodstream need to be
cleared efficiently to prevent septic shock. There
are two main clearing mechanisms that differ in
their kinetics, therefore named ‘‘fast’’ and ‘‘slow’’
clearance. Non-opsonized bacteria are efficiently
and rapidly cleared by hepatic Kupffer cells via
scavenger receptors. Some bacteria are spared
from this fast clearance because of opsonization
with activated complement C3 and binding to
platelets via glycoprotein GPIb. The bacteria-
platelet complexes are cleared more slowly via the
complement receptor of the immunoglobulin su-
perfamily and are therefore available to dendritic
cells in the spleen, which efficiently present anti-
gen to T cells, thereby inducing adaptive immune
responses against the invading bacterium.
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growth factor (FGF) 15/19 and hepatocyte nuclear factor 4 alpha

(Chiang, 2009).

Reabsorption of bile acids in the terminal ileum is extremely

efficient (Krag and Phillips, 1974; Schiff et al., 1972), leading to

a circulation through the intestine and the liver (Figure 3). This

was initially shown by following the trajectory of radiolabeled

bile acids over the enterohepatic pathway in experimental ani-

mals and man; subsequently, the carrier proteins were charac-

terized (Hofmann et al., 1983; Trauner and Boyer, 2003). A small

proportion of bile acids escapes the reabsorption mechanism in

the ileum, and once the bile acids have reached the large intes-

tine, different taxa of intestinal bacteria may deconjugate the

glycine and taurine side chains or accomplish a variety of redox

modifications of which 7 dehydroxylation converts the primary

bile acids cholic and chenodeoxycholic acids to deoxycholate

and lithocholate, respectively (Doerner et al., 1997; Ridlon

et al., 2016; Ridlon et al., 2006). Different members of the genus

Clostridium have been isolated and shown to convert primary

bile acids into secondary bile acids via 7a- dehydroxylation (Ri-

dlon et al., 2006). The genes involved in this process are encoded

by a large bile acid inducible (bai) operon (Mallonee et al., 1990;

Ridlon et al., 2010; Wells and Hylemon, 2000). These deconju-

gated secondary bile acids are passively reabsorbed in the colon

and return to the liver (Ridlon et al., 2006).

Bile salts have multiple functions including solubilization and

absorption of glycerides and cholesterol, promoting cholesterol

secretion and bile flow, and acting as anti-bacterial compounds

due to their ability to destabilize bacterial membranes. Our

perspective of bile salt functions has evolved to include a more

hormonal view with pervasive targets affecting host physiology

and metabolism. The neoendocrine view involves secretion by

the liver, metabolism by the microbiota, and recirculation into

the body with a wide range of target organs, including the liver

itself (Parséus et al., 2016; Zhou and Hylemon, 2014). This

view originated from work showing that bile acids are natural li-

gands for a wide range of formerly ‘‘orphan’’ nuclear receptors.

Before their ‘‘adoption’’ by bile acids, they had been mainly
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associated with xenobiotic metabolism

and excretion, but their importance in vivo

for bile acid homeostasis and signaling

has been established, including using

mouse strains with selective receptor de-
ficiencies (Chiang, 2009; di Masi et al., 2009; Sinal et al., 2000).

These nuclear receptors (that form a family with steroid and thy-

roid hormone receptors and have a promiscuous ligand portfolio)

include the farnesoid X receptor, pregnane X receptor, vitamin D

receptor, and G protein-coupled receptors (TGR5, sphingosine-

1-phosphate receptor 2, muscarinic receptor 2) (di Masi et al.,

2009).

Different bile acids vary considerably in their ability to activate

each of these receptors (Zhou and Hylemon, 2014), so the

personalized details of bile acid metabolism, which depend on

the composition of the microbiota and the diet in any individual

(Philipp, 2011), likely make a big difference to the extent of re-

ceptor signaling. For example, only a relatively narrow spectrum

of bacterial species encode enzymatic capability for 7-dehy-

droxylation or 3-epimerization (Devlin and Fischbach, 2015; Ri-

dlon et al., 2006, 2010). The individualized specifics of the bile

salt portfolio thus has far-reaching consequences of multiple tar-

gets that influence intestinal physiology and central metabolism,

including lipidmetabolism (Sinal et al., 2000), glucose homeosta-

sis (Kuipers et al., 2014), fatty acid biosynthesis or beta oxida-

tion, brown fat formation, and negative feedback effects on

bile salt secretion itself (Duboc et al., 2014). There are also direct

effects on the immune system; for example, TGR5 is expressed

by macrophages including the Kupffer cells in the liver (Keitel

et al., 2008). Ligation of TGR5 by hydrophobic bile acids, such

as lithocholic or deoxycholic acids, downregulates the TNF in-

flammatory response to LPS challenge (Kawamata et al., 2003).

Microbial Metabolism and Proinflammatory Effects
Alter Lipid and Carbohydrate Metabolism in the Liver
Effects of the Microbiota on Increasing the Energy

Harvest

Comparisons of germ-free and colonized animals show that the

presence of an intestinal microbiota increases the lipid content of

hepatocytes and decreases the content of glycogen (B€ackhed

et al., 2004; Chuang et al., 2012). In seminal studies, B€ackhed

and colleagues showed that colonization increases overall
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Figure 3. Bile Acid Synthesis, Secretion,
and Recirculation in Humans
Primary bile acid synthesis takes place within
hepatocytes through a multistep process from
cholesterol. The first step in this process is
catabolized by the enzyme CYP7A1, converting
cholesterol into 7a-hydroxycholesterol, and is the
rate-limiting step in the synthesis of primary bile
acids. In humans, several additional steps are
necessary to generate either cholic acid (CA) or
chenodeoxycholic acid (CDCA). Before secretion
into the bile duct, CA and CDCA are conjugated to
one of the two amino acids, glycine or taurine, to
increase their solubility in the acidic milieu of the
duodenum. Conjugated bile acids are concen-
trated and stored in the gall bladder before being
released into the duodenum postprandially, where
they are important factors in the digestion of di-
etary fat. Most primary bile acids are actively re-
absorbed in the terminal ileum and returned to the
liver. Few bile acids escape this process and are
deconjugated and converted into deoxycholic
acid and lithocholic acid by intestinal microbiota
in the large intestine. These secondary bile acids
are either passively re-absorbed and transported
back to the liver or excreted via feces.
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body fat, despite reduced caloric intake with loss of insulin sensi-

tivity and no decrease of the overall metabolic rate (B€ackhed

et al., 2004). A mechanism of this effect was found to be an ac-

celeration of lipogenesis in the liver. The intestinal microbiota is

metabolically capable of breaking down polysaccharide glyco-

sidic bonds that are resistant to host digestion. This results in

an increased release of simple sugars from dietary sources,

which are taken up by the host, and hence an increased energy

harvest from the diet. A second effect that increases the delivery

of digested saccharides to the liver in animals hosting a micro-

biota is the expansion of the intestinal vascular capillary bed as

a result of colonization (Stappenbeck et al., 2002). The increased

absorption of these sugars in colonized mice promoted lipogen-

esis via signaling through the sterol response element binding

protein 1 (SREBP1) and upregulating key enzymes of the fatty

acid synthesis pathway.
Cell
Effects of the Microbiota on

Signaling

However, while gut bacterial colonization

increased the lipid content of the liver, it

also caused overall fat increase in adi-

pose tissue throughout the body. The

mechanism for this was not due to

de novo differentiation and increase of

adipocytes, but rather was due to

loading of adipocytes with lipid through

increased activity of lipases, the en-

zymes that release fatty acids from lipo-

protein complexes in the circulation

(B€ackhed et al., 2004). Lipoprotein lipase

is downregulated by fasting-induced

adipose factor (FIAF, otherwise called

angiopoietin-4) expressed by the intes-

tine, liver, and white and brown fat.

Microbial colonization decreases FIAF

expression, resulting in increased fatty
acid synthesis in the liver and increased fat dissemination

throughout the body.

Other effects of themicrobiota affecting the control of lipid and

carbohydrate metabolism in the liver include inflammation,

signaling from bile acids, and direct effects of other microbial

metabolites (Parséus et al., 2016). For example, microbiota

composition can change and become proinflammatory in the

context of defective inflammasome function, resulting in

increased Toll-like receptor 4 (TLR4) and TLR9 ligands in the por-

tal circulation driving inflammatory cytokine expression in the

liver (Henao-Mejia et al., 2012). These proinflammatory effects

activate gluconeogenesis (Figure 4) and increase insulin resis-

tance through transcriptional inhibition of Cyp7a3, the rate-

limiting enzyme of the neutral bile salt pathway. This promotes

accumulation of the pathway precursors farnesyl- and geranyl-

geranylpyrophospate, which sets up isoprenylation reactions
Host & Microbe 20, November 9, 2016 567



Figure 4. Metabolic Alterations Driven by
Microbial Metabolites and Bile Acids
Insulin signaling is shown in blue, and bile acid and
microbialmetabolite signaling in red. For simplicity,
signaling partner proteins are not shown and
nuclear transcriptional controls are summarized
according to the pathway involved. Akt, serine/
threonine protein kinase B; ATF2, activating tran-
scription factor 2; CREB, cAMP response element
binding protein; Cyp7a1, cytochrome P450 7a1
(cholesterol 7 a hydroxylase); FGF15/19, fibroblast
growth factor 15 (mouse) 19 (human); FoxO, fork-
head box protein O1; FXR, farnesyl X receptor;
INSIG, insulin induced gene 1; PDK, phosphoino-
sitide-dependent kinase; PGC1a, peroxisome
proliferator-activated receptor gamma coactivator
1- a; PI3K, phosphatidylinositol-4,5-bisphosphate
3-kinase; PIP3, phosphatidylinositol (3,4,5)-tri-
sphosphate; PXR, pregnane X receptor; SHP,
small heterodimer partner; SREBP, sterol regula-
tory element-binding protein; TNF-a, tumor ne-
crosis factor a.
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that culminate in insulin receptor inhibition. Conversely, bile salt

signaling via FXR has been shown in FXR-deficient mice and

through FXR agonist experiments to decrease hepatic fatty

acid biosynthesis and increase beta oxidation (Figure 4) (Jiao

et al., 2015).

Epigenetic Activity of Dietary Bacterially Metabolized
Compounds
Some diet and microbiota-dependent alterations in liver physi-

ology likely occur via epigenetic non-heritable changes including

DNAmethylation, covalent histone modifications, and regulation

of gene expression by non-coding RNAs. Direct molecular prod-

ucts of digestion and indirect products after microbial meta-

bolism can have epigenetic potential, either by providing sub-

strates for covalent modifications such as methylation and

acetylation or by generating compounds that directly influence

the activity of enzymes involved in epigenetic modifications.

The intestine delivers high concentrations of these compounds

to the liver via the portal blood. We will take a few examples

from this rapidly developing area to indicate its likely breadth

and the potential interplay of intestinal microbes.

SCFAs, such as butyrate, propionate, and acetate, generated

by some intestinal microbes through the fermentation of fiber,

are found in both the colonic epithelium and the portal blood

(Cummings and Macfarlane, 1991; Cummings et al., 1987).

SCFAs act as histone deacetylase (HDAC) inhibitors and are a

well-described system to generate epigenetic marks (Maolanon

et al., 2016). Dietary glucosinolates present in cruciferous vege-

tables can be converted to isothiocyanates (ITCs), which also
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have epigenetic potential for HDAC inhi-

bition. Conversion by gut bacterial thio-

glucosidases is especially important after

ingestion of cooked vegetables, as plant-

derived myrosinases are inactivated by

the cooking. A number of intestinal micro-

bial species including Escherichia coli,

Bacteroides thetaiotaomicron, Entero-

coccus faecalis, Enterococcus faecium,

Peptostreptococcus sp., and Bifidobac-
terium sp. have the capacity to convert glucosinoates into ITCs

(Brabban and Edwards, 1994; Elfoul et al., 2001) with absorption

into the liver and systemic tissues (Holst and Williamson, 2004).

Polyphenols arephytochemicals that comprise several classes

according to their chemical structures. They include phenolic

acids, anthocyanins, flavonoids, stilbenes, lignans, and curcumi-

noids. These compounds are also metabolized by bacteria in the

large intestine and enter enterohepatic circulation. Many of the

dietary polyphenolic compounds have been associated with

epigenetic alterations, and it is likely that the microbially trans-

formed polyphenols also have such potential (Hullar and Fu,

2014). Finally, a link between bile acid nuclear receptor signaling

and epigenetic marks has been made through the observation

that lysine-specific histone demethylase 1 is induced by FXR ac-

tivity (Kim et al., 2015).

Signaling from the Microbiota Potentially Causing Liver
Fibrosis and Cancer
The impact of the microbiota on fibrosis and hepatic malignant

potential has been a long-standing issue. As we have described,

bacterial products or PAMPs can drive liver inflammation and

liver metabolism. Here, we will specifically consider the effects

of signaling from TLR4, which detects lipopolysaccharides

(LPS) from Gram-negative bacteria and is expressed by almost

all cell types of the liver including hepatocytes (Liu et al., 2002),

Kupffer cells (Su et al., 2000), stellate cells (Paik et al., 2003), si-

nusoidal endothelial cells (Uhrig et al., 2005), and biliary epithelial

cells (Harada et al., 2003). In alcohol-induced liver injury, activa-

tion of Kupffer cells is closely linked to TLR4 expression (Uesugi
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et al., 2001), and in a methionine-choline-deficient dietary model

of non-alcoholic fatty liver disease TLR4 absence limits liver

inflammation and hepatic lipid accumulation (Rivera et al.,

2007). In addition, alcohol consumption is linked to lower intes-

tinal anti-microbial peptide (REG-3 lectins) expression, which

leads to translocation of commensal bacteria to the mesenteric

lymph nodes and the liver, enhancing the progression of

alcohol-induced liver injury (Wang et al., 2016). Hepatic fibrosis

and liver cirrhosis have also been associated with TLR4; TLR4-

deficientmice showed less fibrosis in chemically or bile duct liga-

tion-induced fibrosis models (Seki et al., 2007).

Persistent inflammation is known to increase the chances of

hepatic malignancy. TLR4-dependent participation in hepato-

cellular carcinoma (HCC) has also been found in mice, contrib-

uting to the evidence that HCC is promoted by the intestinal mi-

crobiota (Dapito et al., 2012). The liver tumors in chronically

injured livers in this study depended on the gut microbiota and

TLR4 activation in resident liver cells—both hepatocytes and

HSCs. In contrast, Yu and colleagues found that Kupffer cells

were the main hepatic targets of TLR4 agonists that induced

TNF-a and IL-6 (Yu et al., 2010), both of which can drive compen-

satory proliferation and also tumor formation (Naugler et al.,

2007). In humans, a single nucleotide variation in the TLR4

gene is associated with protection against fibrosis and liver can-

cer progression in the context of hepatitis C virus infection

(Agúndez et al., 2012; Guo et al., 2009).

Retrospect
In this article, we have related the anatomic intimacy of the liver

and intestine with its equally intimate role in host microbial mutu-

alism. Not only does the liver function as a vascular firewall for

sanitizing those microbes that reach the portal vein or the sys-

temic vasculature, but it must metabolize or detoxify the tsunami

of molecules emanating from direct dietary absorption or after

secondary microbial conversion. Bile acid synthesis and meta-

bolism have long been known to be shared between the liver

and the intestinal microbiota, although bile salts are now appre-

ciated to have significant neoendocrine signaling roles. With the

liver at the very center of host-microbial interactions, including

mutualism, it represents an area of study where the concepts

of toxicology, microbiology, immunology, physiology, andmeta-

bolism meet.
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