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Abstract

Bacterial translocation (BT) has been impeccably
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implicated as a driving factor in the pathogenesis of
a spectrum of chronic liver diseases (CLD). Scientific
evidence accumulated over the last four decades has
implied that the disease pathologies in CLD and BT are
connected as a loop in the gut-liver axis and exacerbate
each other. Pregnane X receptor (PXR) is a ligand-
activated transcription factor and nuclear receptor that is
expressed ubiquitously along the gut-liver-axis. PXR has
been intricately associated with the regulation of various
mechanisms attributed in causing BT. The importance
of PXR as the mechanistic linker molecule in the gut-
liver axis and its role in regulating bacterial interactions
with the host in CLD has not been explored. PubMed
was used to perform an extensive literature search using
the keywords PXR and bacterial translocation, PXR and
chronic liver disease including cirrhosis. In an adequate
expression state, PXR acts as a sensor for bile acid
dysregulation and bacterial derived metabolites, and in
response shapes the immune profile beneficial to the
host. Activation of PXR could be therapeutic in CLD as it
counter-regulates endotoxin mediated inflammation and
maintains the integrity of intestinal epithelium. This review
mainly focuses PXR function and its regulation in BT in the
context of chronic liver diseases.
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Core tip: Translocation of bacteria at pathological levels
is @ major driving factor in the progression of chronic
liver diseases (CLD). However, it remains to be known
whether it is the CLD condition that triggers leaky
gut, or if translocation of bacteria plays an etiological
role in the pathogenesis of CLD. Dysregulation of
homeostasis in the gut-liver axis is considered as a
crucial element that underlies the pathogenesis of BT.
The nuclear receptor, pregnane X receptor (PXR) is
widely expressed in gut and liver axis and is implicated
in maintenance of equilibrium in the gut-liver axis. This
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review will summarize the various studies that have
highlighted the importance of PXR as the mechanistic
linker molecule in the gut-liver axis and its role in
regulating bacterial translocation in the pathogenesis of
cirrhosis.
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INTRODUCTION

Pregnane X receptor

Pregnane X receptor (PXR) is an adopted orphan nuclear
receptor (NR) that is part of a broad nuclear receptor
superfamily. Specifically, PXR is encoded by NR1I2 gene
and is categorized as the 2™ member of group I (nuclear
receptor subfamily 1) which also comprises VDR (NR1I1)
and CAR (NR1I3)™?, Consistent with the majority of dass
1 NR’s, PXR behaves as a transcription factor that is present
in the cytosol and is activated only post ligand binding.
After ligand activation, these NR's form complexes with
retinoid X receptor (RXR) and bind to DNA response
elements of the genes that they regulate®®. PXR was
initially characterized as a xenobiotic receptor that senses
and responds only to exogenous toxic substances and
prescription drugs. Over the last two decades, PXR is
widely recognized for its additional roles in sensing a
range of endobiotic compounds such as bilirubin, bile
acids, dietary lipids and steroid hormones, and hence
is also referred to as steroid and xenobiotic receptor
(SXR)™. PXR has been shown to be expressed in various
tissues including stomach, placenta, kidney, lung, uterus
and ovary, but is predominantly expressed in small
intestine, colon and liver. Its increased expression in
intestinal epithelium and hepatocytes also highlight its
vital role in adaptive defense against xenobiotics and
endobiotics exposure in intestine and liver®?, A recent
study has shown evidence that hepatic stellate cell (HSC)
expressed PXR and its activation lead to attenuation of
HSC's differentiation and proliferation®. A study using
mice knock out model also highlighted the expression
of PXR in monocyte/macrophage cells and their role in
countering inflammatory profile””’. PXR expression has
also been observed in other immune cells including T-cells
and dendritic cells'®’.

Identical with other NR’s, PXR contains a conserved
DNA binding domain (DBD) and a flexible ligand-
binding domain (LBD). Upon activation by a ligand, PXR
binds to its response elements only as heterodimeric
complexes that it forms with 9-cis retinoic acid receptor
(RXR or NR2B) and others co-activators such as
SRC-1P!, The structural feature that makes PXR stand
out from the other NR’s is its voluminous and flexible
ligand-binding pocket. This enables PXR to bind and be
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activated by a wide range of hydrophobic ligands. Indeed,
its spherical shaped ligand binding pocket has a volume
greater than 1150 angstrom, making its ligand cavity
one of the largest to be characterized so far™®, and on
par with the NR PPAR~/s ligand pocket™™. It is also
important to highlight the unselective nature of the PXR
LBD, enabling it to sense and respond to chemicals
within a broad molecular weight range (about 250-850
kDa)". An impressive range of bioactive components
from herbal sources, such as Hyperforin, Paclitaxel and
Guggul have also been added to the increasing list of
naturally occurring PXR ligands!*'.

Functions of PXR

The primary and the most conceded function of PXR is
to activate genes encoding drug metabolizing and drug
transporter enzymes. It acts as sensors that monitor
any alteration in the levels of foreign compounds or
endobiotics®*?, The genes that PXR activate take
the responsibility of metabolizing and elimination of
exogenous chemicals, and thus form the primary line
of defense against toxicity challenge!***!. In humans,
among drug metabolizing cytochrome P450 (CYP)
enzymes, CYP3A is the most copiously expressed
isoform in the liver and intestine™. Furthermore,
transgenic rodent knock out models (KO)"**! have
established beyond doubt that PXR’s are master
regulators of CYP3A genes™, which encode proteins
responsible for the metabolic oxidation of more than
half of the known prescription drugs®. Classic PXR
activators such as pregnenolone 16 a-carbonitrile
(PCN) and Rifampicin have also been used to validate
the same. PXR also controls the expression of phase
2 conjugating enzymes such as SulTla and UGT-1A
which are primarily responsible for sulfate conjugation
or glucuronidation of steroid hormones, bile acids and
bilirubin™***%", Following conjugation, PXR controlled
phase 3 drug transport proteins like P-glycoprotein
and MRP-2 are then involved in efflux transport and
elimination of the toxic metabolites!***?,

The function of PXR extends beyond metabolism of
drugs and endobiotics, which has made it a considerable
area of research over the last decade. NR’s, in general,
are rising as major targets for drug discovery and the
identification of additional roles of PXR has given a new
perspective in freshly approaching already known disease
pathologies. Apart from its most researched role in
inflammatory bowel disorders (IBD), PXR dysregulation
has been implicated in CLDs"™®** various cancers®"! and
metabolic disorders like obesity™'. PXR play a crucial
role and aids hepatocytes in uptaking endobiotics or
xenobiotics and is further involved in their metabolism
and elimination™®?”), Anti-fibrogenic activity has also
been documented, wherein PXR activation by its ligand
PCN prevented the transdifferentiation of hepatic stellate
cells into myofibroblasts'. Similar observations were
made when using another established PXR ligand
Rifampicin, where PXR was associated with inhibition of
major pro-fibrogenic factors such as transforming growth
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factor-p (TGF-p) and Alpha smooth muscle actin™.
Interestingly, a significantly increased expression of PXR
was observed in various tumor tissues when compared
to non-neoplastic tissues, and a positive correlation was
found between cell proliferation and PXR positive cells’®".

PXR has also been attributed to playing a role in
energy metabolism and has been linked with diseases
such as type 2 diabetes, obesity and hyperglycemia.
Activation of PXR has been observed to produce a
suppressive effect on hepatic gluconeogenesis. How-
ever, it has also been reported to cause hepatic steatosis
by increasing lipogenesis and fatty acid uptake'®.
Increased skin inflammation was reported in PXR null
mice when challenged with hapten and was associated
with increased interferon gamma (INF-y) and reduced
anti-inflammatory cytokine interleukin-10 (IL-10)%®.
The numerous roles of PXR in interaction with microbial
metabolites, maintaining innate immunity, epithelial
integrity, countering inflammation, bile acid trafficking
and detoxification are discussed in detail in the
upcoming sections.

GUT MICROBIOTA AND PATHOLOGICAL
TRANSLOCATION

Gut microbiome and gut-liver crosstalk

The presence of bacteria in the gut gains significant
importance because of the monumental level of
interaction that happens between the gut microbiome
and the host. In the human body, almost 100 trillion
bacteria are in constant communication with the
intestinal epithelium, which spans almost 400 m?
in surface area-which is the largest in humans®.
It does not come as a surprise that, at such a level
of interaction, some of the important physiological
functions of the human host including digestion,
energy metabolism, maintenance of intestinal integrity
and innate immune homeostasis depend largely on
the balance of host-microbiome interaction™®. These
physiologic events are dependent on the extensive
arsenal of microbial metabolites, which are yet to be
characterized completely.

In physiological state, the commensal bacteria
have influence beyond the intestine. In this context,
Bjérkholm et al*" have reported that more than 100
genes in the liver are differentially expressed between
germ-free mice and their conventionally raised wild
counterparts. However, the most gripping evidence put
forth by this study was that majority of these genes
that varied in expression in GF mice, were in fact
related to xenobiotic metabolism. This study highlights
the significance of xenobiotic sensors PXR and CAR as
mechanistic links between microbes and host™". Thus
any alterations in the gut microbiome or its sensors
will be reflected in the liver functionality. Accordingly,
ulcerative colitis patients have been observed to have
increased susceptibility to develop primary sclerosing
cholangitis®®”. Interestingly, any abnormalities in liver
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function are also reflected as alterations in the quality
and quantity of intestinal bacteria in the gut. Patients
with intrahepatic cholestasis have been shown to
manifest overgrowth of bacteria in the small intestine!®*!,
Similar observations were made in NAFLD patients,
where fat induced bile acid abnormalities were linked
with bacterial dysbiosis™*. Moreover, studies in NAFLD
and chronic alcohol feeding models have observed the
manifestation of intestinal inflammation, which indirectly
compromises gut integrity™>*%,

Bacterial translocation

Bacterial translocation (BT) is defined as the passage
of viable indigenous bacteria and bacterial products,
such as endotoxin, from the intestinal lumen through
the mucosa into mesenteric lymph nodes (MLNs) and
other organs™'**"?¥1 1t is a common physiological
event in the healthy individuals and is tightly regulated
by various levels of immune and physical barriers™,
However, BT is seen to happen physiologically at minor
levels, where it is considered as a beneficial event
to the host, especially in priming the host immune
system™®**), The mucus and tightly bound intestinal
epithelial lining comprise the physical barrier, while
gastric acid, antimicrobial peptides (AMPs), IgA
antibodies and innate immune cells form the chemical/
immune barriers®®. Physiologically dendritic cells
constantly sample bacteria through their processes
and help in priming the B-cells to secrete IgA. The DCs
also aid in the transport of the translocating microbes
to mesenteric lymph node (MLN), which serves as
a central hub between the gut and rest of the body.
MLN are also the location where the microbes are
killed via local immune response!, However, when
the physiologic barriers are compromised, or if the
quality or quantity of bacteria is altered in the gut
due to other external abnormalities such as alcohol
abuse and high fructose diet, the translocation of
bacteria or its products is persistent and pathologic.
This phenomenon results in chronic induction of both
systemic and hepatic inflammation**,

Bacterial infections in patients with cirrhosis are
correlated with a poor prognosis and an increased risk
of mortality™”. BT can also exacerbate the hepatic
and systemic hemodynamic abnormalities of liver
cirrhosis. Pathological BT is an important and emerging
mechanism for the pathogenesis of CLDs. Emerging
research has also shown clear evidence of increased
intestinal permeability, mucosal inflammation and
detection of bacteremia and endotoxemia in patients
with CLD"*4, Indeed, spontaneous bacterial peritonitis
(SBP) is considered the most evidenced clinical
expression of BT, which responsible for 25%-40% of
overall mortality in cirrhotic patients'*?’. Pathological BT
has been implicated in a range of other complications
that arise in CLD, including acute-on-chronic liver failure,
hepatorenal syndrome and hepatic encephalopathy
(HE)®®, The exact mechanisms of increased intestinal

November 18, 2017 | Volume 9 | Issue 32 |



Mohandas S ef a/. PXR and BT in cirrhosis

Liver disease exacerbation

Chronic liver disease
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Figure 1 Cyclic cascade of bacterial translocation and associated progression of chronic liver diseases and its complications. The figure enlists the various
proposed mechanisms through which chronic liver diseases conditions triggers intestinal permiability and BT. Increased intestinal permeability causes translocation of
bacteria across the intestinal epithelium to the MLN and extra-intestinal sites such as liver and blood causing discrete complications in each of the systems. In the intestinal
lumen, BT causes overt activation of immune cells and aggravates the pro-inflammatory cytokines in the gut. Translocation of bacteria at pathological levels to MLN is a
major risk factor for systemic inflammation which leads to hyperdynamic circulation and is reflected across various organs in the form of complications such as cardiac
dysfunction, hepatorenal syndrome and hepatic encephalopathy. Translocation of bacteria to the liver causes TLR4 and TLR9 mediated inflammation which further
exacerbates the progression of chronic liver diseases and intestinal permeability. BT to liver also causes portal hypertension, which forms the basis of development of SBP.

BT: Bacterial translocation; MLN: Mesenteric lymph node; SBP: Spontaneous bacterial peritonitis.

permeability and BT in CLD remains obscure, and
only the probable pathways that might cause the
phenomenon have been predicted. The cyclic cascade
of events that cause BT and exacerbate CLD have been
summarized in Figure 1.

Possible mechanisms of BT in CLD

Compromised Bile in the intestines: Bile flow
is altered in liver disease, as the organ is the major
producer of bile. Bile acids have been shown to interact
with NR'’s such as FXR in the GI tract and keep bacteria
under check. Hence a compromised bile environment
may lead to overgrowth of bacteria in liver disease
conditions™**¥,

Dysbiosis: It is a phenomenon inclusive of any quan-
titative or qualitative alterations from the symbiosis
maintained between the host and microbiota™*!.
Quantitative overgrowth of bacteria also called as
small intestinal bacterial overgrowth is usually the
first step in the phenomenon of BT. Patients with CLD,
especially alcoholic hepatitis have been directly linked

Raishidenge ~ WJH | www.wjgnet.com

with developing bacterial overgrowth, low motility and
increased transit time in the intestine). The proportion
of beneficial and less beneficial (sometimes pathogenic)
bacteria is tightly maintained and is termed symbiosis.
In CLD, this balance is disrupted leading to increase
in pathogenic bacteria and harmful metabolites that
damage the epithelium™!!. Beneficial bacteria such
as lactobacillus reduce in numbers and potentially
pathogenic bacteria like Enterobacteriaceae increase.
Indeed, it was observed that the pathogenic bacteria
are more likely to translocate across the intestinal
epithelium™",

Immune dysfunction: The mucosal immune system
prevents the exposure of commensal bacteria to systemic
circulation through various secretory mechanisms such
as mucus and anti-microbial peptides (AMP). In cirrhotic
animal models, Paneth cells, have been observed to have

diminished expression of AMP’s™*!,

Intestinal inflammation: Both mucosal and sub-
mucosal inflammation have been observed in patients
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with CLD. A pro-inflammatory cytokine profile is al-
so actively linked with increased intestinal permea-
bility™***¢*7), Inflammation and its significance on
intestinal permeability are discussed in more detail in the
later sections of this review.

Disruption of tight junctions: A single layer of
epithelial cells separate 100 trillion gut bacteria from
other parts of the body. The epithelial cells are sealed
tightly via tight junctions (TJ’s) that are seen to
disassociate in CLD and result in the leaky gut leading
to BTV %),

PXR AND ITS ROLE IN COUNTERACTING
INFLAMMATION

Inflammation is a response mechanism to meet and
overcome the challenges an organism faces from an
injury or infection. However, when uncontrolled or
unregulated, inflammation is often a pathological driving
force in various disease conditions. In the context of
this review, inflammation is the most prominent player
in the pathophysiology of BT and sets the environment
that causes increased intestinal permeability. Studies
over the last decade have firmly established the role
of PXR as a counter-regulator of inflammation'.
Clinical studies have revealed that, in IBD patients a
clear pattern of PXR downregulation was observed in
inflamed tissues®™. In this context, polymorphism of
NR1I2 gene has identified to be associated with more
susceptibility to IBD**!, PXR has been described
to interact with various components of the immune
response signaling cascade to produce an immune
regulating effect.

Nuclear factor kappa B (NF-kB) is a transcription
factor playing a central role in regulating plethora of
genes involved in innate and adaptive immunity™". It is
well established that drug metabolism is compromised
in an inflammatory environment and vice versa®. This
phenomenon plays an important role in highlighting the
counter-regulation that exists between PXR and NF-«B.
PXR controls drug metabolism by binding to its response
elements as heterodimers. PXR forms heterodimers
with RXR-a and studies have revealed that this
interaction is inhibited by the binding of p-65 subunit
of NF-xB to the RXR unit of PXR heterodimer complex
(Figure 2A)*°.. However, of even more interest are the
observations that PXR can reciprocally inhibit NF-xB
and thus making PXR an excellent target to counteract
NK-«xB and its associated inflammatory gene kit"*".
Zhou et al*® demonstrated an increased NF-kB activity
and inflammatory cytokine profile in PXR null mice
when compared to wild type mice that constitutively
express PXR. This indicates that in physiological state
PXR expression keeps the NF-«B initiated inflammatory
response under check. Additionally, when wild type mice
were treated with PCN, a specific PXR agonist, majority
of the NF-«B target genes were downregulated, an
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effect that was lost in PXR null mice. This suggests that
PCN antagonism of NF-xB happened in a PXR dependent
manner®®, Similar findings were observed in DSS-
induced colitis mice with and without PCN treatment™.
Ultimately, PXR which is responsible for defense against
chemicals, and NF-xB which is responsible for mounting
an immune defense, counter-regulate each other to
maintain physiological state.

Studies by Wallace et al'”! employed a SIL/J mice
model that is characterized by increased monocyte cell
infiltration into the hepatic portal tract, revealed that
PXR was expressed in infiltrating monocytes. Further
in SJL/J-PXR** mice, activation of PXR using PCN,
downregulated tumor necrosis factor alpha (TNF-o.) and
Interleukin-1a (IL-1a), which are cytokines controlled
by NF-«B. Consistent with other studies, this effect was
lost in SIL/3-PXR” mice”*. Thus BT is also associated
with considerable recruitment of monocytes cells to
the lamina propria, which is accompanied by increased
production of TNF-o'**®!, Similarly, Fiorucci et a/®”
observed that LPMC's isolated from colitis mice that were
treated with Rifaximin, showed complete abrogation of
INFy cytokine production. Unfortunately this study did
not consider if activation of PXR by Rifaximin could have
produced this effect. However, study by Cheng et af*”
using humanized PXR (hPXR) mice with DSS induced
colitis showed that Rifaximin indeed works in a PXR-
dependent manner and attenuated NF-xB mediated
cytokines. Interestingly, TNF-a has also been associated
with direct downregulation of epithelial TJ proteins'®*. In
this scenario, further studies targeting activation of PXR
with an aim to antagonize NF-xB-induced-TNF-a. may
pose as an exciting therapeutic outcome especially by
controlling mononuclear cell infiltration, with an aim to
attenuate intestinal epithelial damage, which is a major
prequel to BT.

Even though many studies have established the
mutual inhibition between PXR and NF-«B, the exact
mechanism by which PXR represses NF-«xB is not
well understood. Indeed, Ye et a/®! showed that
PXR activation by a natural PXR ligand Ginkgolide-A
(GA) repressed NF-kB indirectly by enhancing the
expression of nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (Ik-Ba),
an inhibitory protein of NF-xB activity. When siRNA
was used for silencing of PXR, GA did not increase
the expression of Ix-Ba, showing that the induction
happens in a PXR dependent manner®” (Figure 2B).

Various plant flavanols like chrysin and isorhamnetin
have also been shown to inhibit NF-xB activity through
a PXR dependent manner®>®, Studies using these
flavanols in a DSS-induced colitis mouse model showed
PXR mediated downregulation of NF-xB target genes
including iNOS, ICAM-1 MCP-1, COX-2, TNF-a IL-2
and IL-6. Intriguingly, both studies showed that PXR
activation prevented the degradation of Ix-Ba and thus
underlining the possibility that PXR might counteract
NF-«xB mainly through manipulation of fate of Ix-Bo!®>*®
(Figure 2C).
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SUMOYLATION dependent regulation of PXR-NF-x<B axis
SUMOYLATION is a post-translational modification
process, in which a small ubiquitin-like modifier (SUMO)
protein would be added to the ligand-binding domain of
PXR protein®”’. A SUMO1 binding site was discovered
in the ligand-binding domain of PXR™®. It was revealed
that post SUMOYLATION there is an increase in the
transcriptional activity of PXR, marked by increased
transcription of PXR target genes (Figure 3A). Also, an
increase in interaction between SUMOylated PXR and
NR co-repressor (NCOR1) was observed. Thus it is
speculated that post-modification, PXR protein might
be able to repress NF-kB indirectly by helping to keep
the co-repressors (N-COR)/HDAC3 complex intact by
preventing their clearance'®®®?, Vice versa, endotoxin
stimulus such as LPS would signal the clearance of
these repressor complex from the promotor region of
pro-inflammatory genes and thus enabling NF-«xB to
transcribe the inflammatory profile genes”. A similar
event has already been established to happen in
another NR, PPAR-y, which post SUMOYLATION trans-
represses NF-xB by preventing recruitment of Ubc5
protein and initiates the clearance of co-repressors”!..
This mechanism opens attractive opportunities to
target the PXR SUMOylation site, particularly in a
scenario such as bacterial sepsis, where endotoxin
stimulated NF-«B inflammatory response occurs.

Furthermore, Hu et al®® revealed that the PXR
SUMOylation occurs as a feedback response to inflam-
matory stimulus such as TNF-a. They specifically
identified SUMO3 chains in the post translationally
modified (SUMOylated) PXR protein. An extremely
interesting aspect of their discovery is that they found
through their in vitro assays that SUMOylated form of
PXR played a huge role in diminishing inflammation,
but was hardly effective in regulating CYP3A ex-
pression. Thus, SUMOylation may shift the functional
activity of PXR from a ligand-activated transcriptional
inducer which upregulates xenobiotic target genes,
towards a ligand-activated transcriptional repressor
that brings about an immunosuppressive effect (Figure
3B).

PXR and TNF-«

Dysregulation between the intestinal epithelial cells
and the innate immune system is often initiated by
endotoxins such as LPS and is one of the established
pathological mechanism for gut barrier disruption?*”?,
It has been observed that TNF-a acts as a central
mediator of NF-«B in the initiation of mucosal inflam-
mation””. Goldman et a’* have reported that an anti-
TNF approach which was effective in countering BT.
Research conducted by Mencarelli et al” revealed
that IEC on exposure to TNF-a showed significant
dampening of PXR mRNA levels. However, TNF-a was
completely antagonized when treated with Rifaximin,
which showed significant anti-inflammatory effect
through PXR activation. Further, when cells cultured
from colon biopsies of IBD patients were induced with
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LPS and followed by Rifaximin treatment, an abrogation
of the LPS induced NF-xB target genes such TNF-q,
MIP-3a and IL-8 were observed. These evidence clearly
indicate that effectively inducing PXR, which inhibits the
effects of LPS induced TNF-a. and NF-xB, may pose as a
desired outcome in the treatment of BT.

PXR and MDR1 puzzle

Multi drug resistance gene (MDR) 1 is categorized
under the ABC family of transporters and encodes the
transmembrane protein P-glycoprotein (P-gp). MDR1
is one of the primary genes regulated by PXR and is
widely expressed in intestinal epithelial cells and the
liver”®. P-gp acts as an ATP-dependent drug efflux
system and is responsible for maintaining intestinal
homeostasis by pushing out noxious chemicals (from
drug or microbial source) from mucosa back into gut
lumen™®””1, Polymorphism in Mdrla gene that results
in @ phenotype with reduced P-gp expression was
observed in both Ulcerative colitis and Chron’s disease
subjectst”®. Mdria”" knockout mice models confirmed
that, in absence of this efflux pump protein, the
animals developed spontaneous colitis resembling
human IBD. This effect was ameliorated by treatment
with oral antibiotics indicating that reducing the
bacterial burden is an effective measure to control
inflammation. Reducing the toxin accumulation in the
gut might be the probable mechanism for ameliorating
inflammation and thus underlining the importance of
a xenobiotic clearance system in the gut””.. Langman
et al”® showed that mRNA levels of both PXR and
Mdrla were reduced in UC patients and also assumed
that the dampening of PXR expression might be the
probable reason for Mdrla downregulation.

A recent study performed by Toklu et al® hypo-
thesized that PXR stimulation by antibiotics rifampicin and
spironolactone may cause an immunosuppressive effect
through induction of Mdria gene (and thus P-gp protein
expression). However, these observations were conflicted
by Blokzijl et a®! who showed that PXR protein levels
were unchanged between inflamed and uninflamed
human colons, in spite of low Mdrla expression in the
same tissues. Thus in such a scenario Mdrla may be
independent of PXR protein concentration. Ros et af®”
reported Mdrla expression to be unaltered in liver of
LPS-treated rats. Conflicting evidence regarding reduced
Mdrla levels in intestine was provided by Kalitsky-
Szirtes et al’®®. Further research using PXR null mice
may confirm if PXR-induced-P-gp expression is a valid
mechanism in controlling BT, most probably by riding
the gut of endotoxins, which may otherwise stimulate
mucosal immunity.

PXR and LPS

LPS is a major component of the cell walls of gram-
negative bacteria and is considered an endotoxin, which
potently stimulates host innate immune response!®®°,
LPS is recognized by its specific receptor toll like receptor
4 (TLR4) and is one of the earliest inflammatory triggers
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to induce gut barrier disruption and BT®®*, The pro-
inflammatory effects of LPS are mediated primarily
through activation of transcription factors like NF-
kB, which is present upstream in the inflammatory
cascade®®®¥, In humans, a physiological BT state has
been defined, where 5%-10% of bacteria, translocate
across the intestine with minor exposures of LPS,
maintaining a tightly regulated tolerance towards the
gut microbes and their toxins™®. However, when there
are alterations in quantity (load) or quality (dysbiosis)
of bacteria, the innate immune system is activated
overtly. This is often by means of increased exposure to
LPS, which stimulate immune cells such as monocytes,
neutrophils and lymphocytes. These cells, in turn,
produce acute response cytokines including IL-1p, IL-6
and TNF-o, creating an inflammatory profile™®®,
LPS-induced inflammation models have highlighted
the importance of PXR activity in regulating different
phases of the immune response. Diminished expression
of CYP3A gene was identified during infections and has
been replicated in LPS-induced animal models®>®,
Interestingly, mRNA levels of PXR were also seen to be
downregulated in such models. Indeed, Moriya et af®”
have indicated that LPS treatment significantly reduced
both the gene expression and activity of CYP’s, even in
mice that were pre-stimulated with PXR activator PCN.
LPS caused this effect by inducing cytokines, which
bring about the inhibition of PXR in an NF-xB dependent
manner. A similar observation was made by Gu et af*®
where the use of NF-xB suppressor SRIkBa, reversed the
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LPS induced downregulation of PXR, proving that “NF-«B
stimulated PXR inhibition” is central in bringing out the
effects of LPS. While IECs are in constant contact with
bacterial products like LPS, immune cells are involved
in the response to any dysregulation between IEC
and microbial products. It should be noted that PXR is
expressed in both these cell types and thus play a major
role in regulating both the toxin challenge that is faced
by IEC, as well as in response to that challenge that is
brought about by immune cells. A recent study identified
in the primary culture of hepatocytes (PCH) isolated
from WT mice that, PCN pretreatment for 24 h alleviated
LPS induced an acute response by decreasing cytokines
such as IL-1B, TNF-a and IL-6. However, when PCH from
PXR-null mice were treated with LPS, enhanced pro-
inflammatory cytokine response was documented™?,
When PCH isolated from humanized PXR mice were pre-
treated with PXR activators, it led to increased production
of IL-1Ra, a natural inhibitor of IL-18”*. Thus PXR
expression is seen to be important in both dampening
endotoxin-stimulated immune response to maintain
homeostasis, as well as in resolving the inflammatory
state through inducing anti-inflammatory response™®**¥,

Relationship between PXR, LPS and ROS

Xu et al®>*® have revealed an interesting pathway in
which LPS could suppress the expression of PXR and
its associated genes. In their experiment, LPS dose-
dependently suppressed PXR mRNA levels in mice
and was significantly improved following antioxidants
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treatments®®®, Furthermore, inhibition of xanthine

oxidase and NADPH oxidase that generates ROS,
using specific inhibitors allopurinol and diphenylene
iodonium respectively, led to attenuation of LPS
induced PXR downregulation’®®. In this context, the
antioxidant melatonin was also observed to produce a
similar effect®”. Chen et al®® revealed that treatment
with a free radical trapping agent alpha-phenyl-N-
tbutylnitrone prevented LPS from downregulating PXR.
Thus, it is well understood that ROS and oxidative
stress have an impact in the LPS induced diminishing
of PXR expression. PXR ligands such as Danshen,
which have an inherent antioxidant property could
be used to further understand the LPS-countering
activity of PXR!", Research performed using PXR
ligands or constitutively active PXR (VP-PXR) have
revealed that LPS instigated response is regulated by
PXR activation®**), Hence, countering LPS induced
ROS promises to be a novel opportunity to counter
endotoxin-induced inflammatory response, in BT®*%%,

PXR and TLR4 crosstalk

TLR4 is a transmembrane receptor that recognizes
LPS, which is a pathogen associated molecular pattern.
LPS can only bind to the TLR4 complex after it has
associated itself with LBP (LPS binding protein)"®. The
recognition also involves additional co-receptors such
as CD-14 and MD-2 and adaptor protein MyD88™!,
Physiologically TLR4 expression and regulation is of
significant importance in the intestine. Hence, TLR4
expression is tightly regulated based on the level of
LPS in the gut lumen as it directly correlates with the
intensity of immune response at any given time. A
pathological state such as small intestinal bacterial
overgrowth, may challenge this homeostasis leading
to overt activation of TLR4 signaling and trigger NF-
«B, which leads to barrier dysfunction and BT*°1%%,
Studies have shown that the crosstalk between TLR4
and PXR could determine the homeostasis in the
intestine!®®, For instance, when TLR4 was activated
using its specific agonist KDO2, increased induction of
mucosal TNF-q, followed by intestinal permeability was
observed in both WT and PXR null mice™. Similarly,
when PXR was activated using PCN, a clear reduction
in mucosal TNF-a induction was documented. PCN
activation did not have any effect in PXR null mice
and thus indicating that the TLR4 inhibition was PXR-
dependent. This study clearly shows that PXR and
TLR4 counter-regulate each other upon their respective
activation™®,

A study by Esposito et al''®! observed a similar
pattern of regulation when Caco2 IECs were induced
with Clostridium difficile toxin A (TcdA) to replicate
ulceration and inflammation model. They found
that the toxin stimulated the expression of TLR4 by
1411% in Caco2 cells. However, this phenomenon
was completely reversed by Rifaximin treatment dose
dependently, which down-regulated the expression of
TLR4, MyD88 and NF-«B. This study also brings to light
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an additional pathway, where by reducing TLR4 levels
following PXR activation, the NF-xB activity might be
reciprocally inhibited™®. Furthermore, PXR and TLR4
double KO mice models have shed more light into PXR's
ability to act as a mediator between the microbes and
TLR4. Venkatesh et al*®® observed that PXR null mice
developed leaky gut and showed increased induction
of TLR’s including TLR4 (1.8 fold increase). However,
in TLR4” and PXR”" double KO mice model, the
previously observed pathological defects in intestine
disappeared. This emphasizes the impact of TLR4
expression, which was particularly high in absence
of PXR, in bringing about intestinal inflammation and
the gut disruption. In addition, enterocytes isolated
from PXR null mice, showed similar results with TLR4
inhibitors. Thus a reciprocal relationship seems to exist
between PXR and TLR4 in maintaining homeostasis.
They also found that Indole-3 Propionic Acid (IPA),
which is an endogenous, microbe derived ligand for
PXR, activated PXR and reduced enterocyte TNF-a*%,
This is a clear example of the sensing system: PXR,
and the symbiotic bacteria working in coherence to
repress overt inflammation. Together, these data
suggest that PXR regulates the expression of TLR4,
and that PXR activation could have a therapeutic effect
in BT by counteracting TLR4 mediated gut disruption.

INTESTINAL INTEGRITY AND PXR: TIGHT
JUNCTIONS

PXR and maintenance of intestinal integrity
A single layer of epithelial cells serve as physical barrier
that prevent the diverse contents of the gut from
entering the systemic circulation and other tissues.
The integrity of this barrier is governed by junctional
complex proteins including TJ and adherent junctions
(AJ) and are involved in sealing the gap between two
adjacent cells™™, The expression of these junctional
complexes are tightly controlled and are dynamic in
nature, such that allowing passage of only selected
molecules across the epithelial barrier’®®. In disease
state, the expression of these junctional complexes are
highly compromised leading to a leaky gut, which is the
major driving factor for BT and its complications!®**%,
PXR is extensively expressed by IECs and have been
shown to have a direct impact on the signaling molecules
that govern intestinal integrity. Accordingly, studies
have shown that in PXR null mice, there is a leaky gut
like pathology!'®. Indeed Venkatesh et a/''**® observed
reduced mRNA levels of junctional complexes such as
Zonula occludens 1 (ZO1) and E-cad in PXR KO mice.
However, they also found an increased expression of
Claudin-2, which is associated with promoting paracellular
transport of microbes and which in high expression
state is linked with hyperpermeability in gut. One of
the possible mechanisms through which PXR maintains
expression of junctional complexes was revealed through
the use of PXR-TLR4 double KO mice!*®®. When both PXR
and TLR4 were knocked out, the level of T] expression
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was almost relatable to the levels that were found
in PXR** mice. Hence, PXR may preserve junctional
complexes by countering TLR4 and thereby inhibiting the
downstream inflammatory cytokines such as TNF-a that
are stimulated by TLR4. This shows that PXR knockout
state is associated with pattern of upregulation of genes
that promote paracellular transport (claudin-2, TNF-o)
and downregulation of genes that maintain barrier
functions (Z01) and thereby playing a vital role in
maintaining intestinal integrity.

Negative regulation between PXR and MLCK

Several studies that have targeted PXR activation have
attributed the preservation of the junctional complexes
to PXR’s ability to interact with various intercellular
sighaling mediators. Myosin Light Chain Kinase
(MLCK) is associated with regulation of paracellular
permeability through its ability to phosphorylate myosin
IT regulatory light chain (MLC), which underlies the
junctional complex arrangement™", Hence through
phosphorylation of MLC, MLCK is able to stimulate
actomyosin contraction and modulate TJ localization!!"’,
In a pathological state such as infection or inflammation
TNF-a induced both the expression of MLCK, and its
activity and thus influencing intestinal permeability!**?..
He et al''** observed TNF-o induced MLCK expression
was increased through the stimulation of NF-xB, which
acted upstream of MLCK. Hence PXR, which counter-
regulates TNF-a. mediated NF-«xB could possibly interact
with this pathway to preserve TJs. Indeed, study by
Garg et al''® reported that TNF-o exposure induced
increased relocalization of ZO1 through the upregulation
of MLCK expression. However, PXR activation by Ri-
faximin, countered the MLCK upregulation in Caco2
IEC cells, through its established function of atte-
nuating NF-xB. The same results were reproduced
in an in-vivo DSS mice model, where PCN treatment
attenuated MLCK expression and protected against ZO1
mislocalization™**. Thus by inhibiting TNF-o induced NF-
kB activation, PXR is able to maintain intestinal integrity
through indirectly regulating MLCK!'*¥,

Preservation of intestinal integrity by PXR through
JNK1/2 interference

PXR activation has been reported to influence on the
INK1/2 pathway. C-jun N-terminal kinase (JNKs) are
kinases that are activated in response to stress stimuli
including various cytokines like TNF-o. and are implicated
in apoptosis and inflammation™****}, The exact role
of JNK1/2 on inflammatory disorders is still unclear.
While few studies reported JNK1/2 deletion increased
the severity of inflammation in DSS model™”}, others
showed that INK1/2 inhibition is protective*****®., In this
context, Mitsuyama et af*'*! have reported an increased
INK1/2 expression in IECs of CD patients. Garg et a/**"
have reported that TNF-o/INFy stimulation of Caco-2
cells resulted in increased activation of JINK1/2, an effect
that was associated with ZO1 mislocalization. However,
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this phenomenon was completely inhibited using JNK
inhibitor SP600125. Most importantly, activation of
PXR using Rifaximin was seen to attenuate JNK1/2
activity by inducing the transcription of growth arrest
and DNA damage inducible 453 (GADD45p), a protein
that is known to block JNK1/2 activity by preventing
its phosphorylation. Thus PXR activation was seen
to protect intestinal TJ integrity by preventing the
activation/phosphorylation of INK1/2.

PXR and CDX2: An interaction of two transcription
factors

Recently a new mechanism of PXR-related immuno-
suppression was reported by Dou et all***! involving
the Caudal related Homeobox transcription factor,
CDX2. Interestingly, CDX2 has been implicated in
intestinal differentiation and in maintaining intestinal
integrity!***??, CDX2 is a transcription factor reportedly
expressed in the intestine, where it binds to the
promotor region of PXR and induces PXR transcription.
Further mechanistic studies may establish if CDX2 is a
player involved in regulating PXR expression especially
in the scenario of mucosal inflammation.

PXR AND BILE ACIDS

Bile acids play a very important physiologic role in the
catabolism of cholesterol and are known to regulate
bacterial overgrowth owing to their bacteriostatic
properties'?*'?*, Bile acids are also ligands to NR’s such
as FXR and VDR!™**], On activation these NR’s regulate
the expression of anti-microbial peptides and innate
immunity genes, which keep gut microbiome outgrowth
in check™*%!, However, studies have shown that when
bile acids accumulate, they can be potentially toxic, thus
highlighting the importance of presence of active bile acid
detoxification system to afford protection against their
toxicity!*?”). Lithocholic acid (LCA) is a secondary bile acid,
which is considered to be toxic at higher concentrations
than the basal levels and is a byproduct of gut bacterial
biotransformation process!**®, Makoto Ishit et a/t'*!
have shown that upregulation of PXR and its dependent
genes happens as an adaptive response to an increase
in LCA, in patients who underwent gastrectomy. They
reported that gastrectomy shifted the intestinal PH
towards alkaline state due to reduced gastric acid, which
led to the increased thriving of LCA-producing bacteria
and thus leading to increased accumulation of LCA. This
study highlights that PXR is the foremost physiologic and
adaptive sensor of LCA especially considering that FXR
another important bile acid sensor is unresponsive to
LCA"), More importantly, this study using the example
of gastrectomy sets the precedence that other pathologic
events, such as dysbiosis may also shift the balance of
gut microbiome composition and ultimately influence the
bile acid metabolism and the genes they control.
Bacterial dysbiosis, an established mechanism to
cause BT, has been shown to affect the composition of
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bile acid pool™*”. Disease states such as Non-Alcoholic
Fatty Liver Disease (NAFLD) are associated with both
increased bile acids and alteration in bacterial gut
microbiome communities!*!. Such states may shift
the balance of hydrophobic and hydrophilic secondary
bile acids in the overall bile acid pool. In the context of
this review, this is of importance, as a linear correlation
has been observed between perturbance in gut
microbes, disturbance in bile metabolites and disruption
of intestinal barrier homeostasis'*****), Increased
hydrophobic bile acids such as LCA and Deoxycholic
acid (DCA) have been shown to be associated with
disruption of gut barrier as shown by Stentman et at**"
where high fat related concentration of hydrophobic but
not hydrophilic bile acids produced barrier disruption.
Hughes et al''** made an interesting observation
that at physiologic levels, LCA increased paracellular
permeability in Caco2 intestinal epithelial cells, which
was indicated by a decrease in trans-epithelial resistance
and increase in mannitol flux. However, at the same
physiologic levels, LCA was seen to increase occludin
expression. It would be interesting to see if LCA induced
occludin expression happens in a PXR dependent
manner, as PXR is the major physiologic sensor of LCA.
Also, since this study only focused on acute twelve
hour effects of LCA at basal levels™®, future studies at
chronic treatment times and higher doses would need
to be conducted to illuminate the effect of LCA toxicity
on TJ expression.

LCA-feeding has been used a standard in-vivo model
to induce cholestasis in mice. Fickert et al'"**, used
this model to demonstrate that LCA feeding induced
disruption of TJ protein ZO1 in both bile duct epithelial
cells and between hepatocytes. Vu et a/**”}, have
found the similar observations that TJ permeability was
elevated followed by cholestatic dose of LCA.

Role of PXR in LCA detoxification

The role of PXR in LCA detoxification is paramount,
evidenced by studies which showed that PXR KO animals
were susceptible to bile toxicity and cholestasis*®!, In
cholestasis, as the disease progresses the bile acid flow
is impeded leading to a compromised bile environment.
This is exploited by bacterial outgrowth leading to their
uncontrolled translocation™®!, This highlights the fact
that, PXR sensing and detoxification may serve as a
prophylactic (preventive) setup to maintain homeostasis
in bile metabolism and afford protection against
cholestasis**®’. The role of PXR in protection against
NAFLD may also be critical, as increased LCA has been
associated with high-fat consuming population™**%?,
Studies by Staudinger et ai™*! and Xie et al'***! have
documented the various mechanisms of PXR-dependent
LCA detoxification. PXR has been observed to control
the expression of CYP7A1, a rate-limiting enzyme in
bile acid production from cholesterol, and is seen to
repress CYP7AL1 following PXR activation through its
ligands!***l, PXR also directly regulates the expression of
Nal-independent organic anion transporter 2, a protein
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that is involved in uptake of bile acids by hepatocytes
for metabolism!******, Finally, PXR dependent CYP3A
enzymes in the hepatocytes mediate hydroxylation
of LCA and prime it for elimination™**). Additional
mechanisms such as sulfonation of LCA by PXR
dependent SULT enzymes have also been described"*®.
Transgenic mice that constitutively expressed activated
PXR (VP-PXR) were seen to be resistant to the toxic
effects of LCA™*®!. Consequently, PXR plays a very
important role prophylactically in affording protection
against bile dysregulation and toxicity, as seen in closely
related pathologic states such as dysbiosis and NAFLD.
The activation of PXR might serve as an attractive
option in preventing BT, which might result from direct
or indirect effects of bile acid dysregulation.

PXR THE SENSOR OF MICROBIAL
METABOLITE CUE

In a physiological state, bacteria have been shown to
have an impact on host genes without direct contact™!l.
Gut bacteria communicate with the host mainly
through the extensive profile of microbial metabolites
that they produce, which interact with a range of
physiologic sensors such as NR's in the host cells of
intestine and liver'™. The enterohepatic circulation
gains major importance in this matter, as the liver
and intestine interact with each other through bile and
metabolite (nutrient and microbial) profile respectively.
Compromised bile availability in disease states like
cholestasis has been linked with bacterial dysbiosis in
the intestine™”’. Similarly, metabolic disorders such
as obesity and Type 1 diabetes have been implicated
with alterations in the gut microbiota'*®, which indicate
alterations in the proportion of the microbial metabolites
the microbiota produce. While some of these microbial
metabolites have been characterized as essential
nutrients, many other metabolites and the NR's that
they interact with are yet to be explored. PXR owing
to its flexible binding domain and extensive expression
pattern in gut and liver has been identified to interact
with wide range of bacterial metabolites through which
it is seen to maintain homeostasis along the gut-liver
axis.

IPA, a bacterial product of the tryptophan metabolism
is being recognized as one of the established ligands of
PXR™, Venkatesh et a'® highlighted the importance
of IPA sensing by PXR, where PXR after activation,
maintained gut barrier function by downregulating
TLR4 and its downstream effector TNF-a. IPA also
increased the mRNA levels of junctional proteins. They
demonstrated that either loss or reduced expression of
PXR (as seen in inflammatory conditions) or the loss
of IPA producing bacteria (as documented through
commensal depleted organism models) led to worsening
of inflammation and increased intestinal permeability™®.
It was also revealed that reintroducing C. Sporogenes in
the presence of their substrate L-Tryptophan in GF mice
led to production of IPA and improved cell-cell junctional
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Table 1 Table enlisting the documented effect of various natural occurring ligands of pregnane X Receptor

No Natural ligand and source Effective response after binding of ligands with PXR Ref.
1 Baicalein Attenuated colonic inflammation in DSS induced colitis mice model Dou et al'* Plos One 2012
from roots of Scutellaria baicalensis  through stimulation of CDX2. | TNFa and IL-6 mRNA levels in intestinal
Georgi mucosa
2 Forskolin and 1,9 dideoxyforskolin TCYP3A expression in primary hepatocytes through activation of Protein ~ Ding and Staudinger*" |
from roots of Coleus forskohlii Kinase A signaling pathway Pharmacol Exp Ther 2005
3 Z-guggulsterone from |CYP7A1 gene in HepG2 cells Owsley and Chiang!"™
Commiphora mukul (Guggul) Biochem Biophys Res
Commun 2003
4 E-guggulsterone from 1CYP3A11 and CYP3A4 mRNA levels only in cultured hepatocytes from  Brobst et al™™ | Pharmacol
Commiphora mukul (Guggul) PXR +/+ mice and not in PXR KO mice Exp Ther 2004
5 Hyperforin from Hypericum 1CYP3A4 induction in hepatocytes. Induction of CYP2C9 gene expression  Moore et al™ Proc Natl
perforatum (St. John’s wort) was also reported in humans Acad Sci USA 2000
6 Colupulone from Humulus 1CYP3A4, CYP2B6 and MDR1 gene expression in primary human Teotico et al™ Mol
lupulus (Hop Extract) hepatocytes dose dependently Pharmacol 2008
7 Kava Kava (Piper methysticum)  TCYP3A4 mRNA expression in primary human hepatocytes extensively Raucy™® Drug Metab
Dispos 2003
8 Wu Wei Zi [Dibenzocyclooctene TTranscription of CYP3A4, CYP2C9 and MRP2 genes in primary Mu et al™ | Pharmacol Exp
lignans: schisandrol B, schisandrin hepatocytes Ther 2006
(A and B)]
9 Ginkgolide A from Gingko Biloba  Protection against CCL4 induced acute toxicity model in rats, 1Tk-Ba Ye et al'*!! Biomol Ther
extract transcription, which in turn inhibited NF-«xB (Seoul) 2016
10 Ginkgolide B from Gingko Biloba ~ Nuclear translocation of PXR, and protected HUVEC cells from drug Zhou et al™ Acta
extract induced apoptosis. Anti-inflammatory role by reducing VCAM-1 and Pharmacol Sin 2016

E-selectin induced by TNFo

1: Upregulation; |: Downregulation; PXR: Pregnane X receptor.

complex efficacy. Importantly, the same phenomenon
was absent in PXR KO mice. Hence shifting the bacterial
composition towards favorable metabolic profile might
be an effective method to activate PXR and counteract
inflammation™®®. However, it is also important to
consider the level of PXR available to sense IPA, which is
often compromised during inflammation.

Gut bacteria also play a vital role in the bio-trans-
formation of various natural herbal products into forms
that are beneficial to host. p-glucuronidases produced
by symbiotic bacteria have been shown to convert the
flavonoid baicalin into baicalein!*****”, Interestingly,
Dou et al*** reported that both baicalein and baicalin
attenuated gut inflammation induced by DSS in
vivo. However, baicalin treatment did not have any
effect, when the B-glucuronidase inhibitor was used to
prevent the bioconversion of baicalin. The study further
reported that only baicalein activated PXR to potently
produce an anti-inflammatory phenotype in the colitis
induced mice. Thus, PXR acts as an important mediator
between bacterial derived metabolites and host, and
upon activation shapes the immune profile. Table 1
summarizes the various identified natural ligands of PXR
along with the effective response they produce after
binding with PXR.

CONCLUSION

PXR plays a pivotal role as an endobiotic and xenobiotic
sensor scanning for any alterations in the environmental
cues and then translates the signals into an epithelial
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phenotype that is protective to host. Its role in maintaining
homeostasis along the gut liver axis is undisputable. The
majority of studies in exploration of PXR pathways, have
been conducted only in IBD and associated pathologies.
However, PXR is expressed copiously along the gut liver
axis and has been proved to have a huge functional
impact in both liver and intestine, and poses as an
excellent target in CLDs with BT. As summarized above,
PXR has important functional implications in each of
the major pathophysiological mechanisms attributed to
causing BT in CLD states. Targeting PXR with naturally
occurring herbs or other polyphenolic compounds may
potentially cease BT and attenuate the progression of
liver disease or the manifestation of the associated fatal
complications of CLD. Moreover, even though Rifaximin is
a potent agonist for PXR, it can activate only gut PXR and
is associated with adverse hepatotoxic side effects. The
plethora of bioactive components from natural herbs are
being discovered as effective activators for both human
and rodent PXR, promising a fertile research ground for
future studies. Using a CCL4 induced mouse cirrhotic
model, our lab is currently investigating the effect of a
naturally identified PXR ligand Ginkgolide-A, to further
comprehend the functional impact of PXR activation on
regulating BT.
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