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Controlled, reductionist approaches
are required in order to obtain a
more complete understanding of the
functional capabilities of the gut micro-
biota. We recently identified microbial
bile salt hydrolase (BSH) activity as a gut
microbial activity that has the capacity to
profoundly alter both local (gastrointesti-
nal) and systemic (hepatic) host func-
tions. Using both germ free and
conventionally-raised mouse models we
demonstrated  that  gastrointestinal
expression of BSH results in local bile
acid deconjugation with concomitant
in lipid and cholesterol
metabolism, signaling functions and
weight gain. Key mediators of cholesterol
homeostasis (Abcg5/8), gut homeostasis
(Regllly) and circadian rhythm (Dbp)
were influenced by elevated BSH in our
study. In this addendum we discuss the
implications of this work for the rational
development of probiotics with the

alterations

potential to modulate host weight gain.

The Functional Genetic Analyses
of Gut Microbes and Probiotics

Large-scale new generation sequencing
projects have improved our understanding
of the composition of the gastrointestinal
microbiota in health and disease'? and
have identified potential markers of dis-
case risk.> However there remains a need
for controlled, reductionist studies to
determine the impact of specific microor-
ganisms (including probiotic microorgan-
isms) or specific microbial functions upon
the host.” Such studies will support the
interpretation of microbial community
analyses  and

community  shotgun
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sequencing studies and will indicate the
potential for targeted intervention strate-
gies for the amelioration of disease.
Dietary supplementation with probiot-
ics has been shown to potentially enhance
or reduce weight gain in humans and/or
animals, an effect that is strain-dependent
(recently reviewed in®). Weight-enhancing
probiotics have applications in growth
promotion of farm animals and in coun-
teracting malnutrition or sarcopenia in
humans. Weight-reducing probiotics may
find an application in weight management
in obese humans (in combination with
dietary interventions). Understanding the
molecular features of probiotic microor-
ganisms which influence host energy
metabolism is therefore important in
order to select probiotics for safe, effective
administration for specified purposes.
Numerous studies have linked the gut
microbiota to obesity and weight gain in
mice and humans (reviewed in” ™). Studies
have demonstrated an association between
an elevated Firmicutes-to-Bacteroidetes
ratio and enhanced weight gainlo’12 and
have shown that the phenotype is trans-
missible between mice via the micro-
biota'? Gut microbial factors positively
linked with elevated weight gain include
the increased translocation of lipopolysac-
charide (LPS) in mice'* and in humans"®
indicating reduced gut barrier function.’
Studies have indicated an inverse correla-
tion between the mucin-degrading bacte-
rium  Akkermansia  mucinophila  and
obesity in humans'® and mouse studies
have confirmed that this organism is pro-
tective against obesity by mediating
enhanced gut barrier function.'” In addi-
tion to these mechanisms we postulated
that microbial metabolism of bile acids
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may also play a role in regulation of host
weight gain given that individual bile acids
are regulators of host energy metabo-
lism'®" (a hypothesis that we investigated

in our recent study outlined below™®).

Bile Salt Hydrolase Distribution
and Potential Function

In our recent work we focused upon a
single microbial function (bile salt hydro-
lase (BSH) activity) to determine its over-
all impact upon host physiology.*’
Microbial BSH activity has previously
been proposed to be a regulator of lipid

metabolism in the host?'>* but to our

knowledge direct, controlled studies of
this activity using isogenic mutants are
limited.

BSH enzymatic activity functions as a
gateway reaction in the metabolism of bile
acids (BAs) in the small intestine by
deconjugating tauroconjugated or glyco-
conjugated primary BAs to produce their
unconjugated counterparts (see Fig. 1).
These unconjugated BAs are further
metabolised by the gut
through the activity of 7 a dehydroxylase
enzymes to ultimately produce secondary
and tertiary BAs (Fig. 1).%!

Previous work by our group used a

microbiota

functional metagenomics approach to
show that BSH is an abundant enzyme
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Figure 1. Microbial Metabolism of Bile Acids. Bile acids are synthesized from cholesterol in the liver
as moieties that are conjugated either to a glycine (G) or taurine (T) molecule. They are stored in
the gallbladder and subsequently released into the duodenum. In the small intestine microbial BSH
activity removes the glycine or taurine molecules to produce unconjugated bile acids (BAs). Bile
acids are efficiently reabsorbed via the terminal ileum into the enterohepatic portal system but
some enter the large intestine where they are further metabolised by microbial 7a dehydroxylase
enymes to produce secondary BAs. CA, cholic acid; CDCA, chenodeoxycholic acid; TCA, taurocholic
acid; GCDCA, glycochenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid. T, taurine;
G, glycine, represent free amino acids liberated through BSH activity.
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found in all major phyla within the gut
microbiota (including the Firmicutes,
Bacteroidetes, Actinobacteria and Proteo-
bacteria) and across both Domains of life
(gut Bacteria and gut Archaea).?”> We
determined that active bona fide BSH
enzymes are restricted to gut microorgan-
isms, while Penicillin V acylase enzymes
that have a similar structure are found
both in gut and non-gut organisms.
Experimental evidence from our group®
and others®"?® suggests that BSH activity
may contribute to microbial bile resistance
and colonisation of the gastrointestinal
environment. We have demonstrated that
expression of cloned BSH in Listeria inno-
cua significantly enhances both in vitro
microbial bile tolerance and gut colonisa-
tion in mice relative to the BSH negative
control strain.”> In the context of the
development of a nascent gut microbial
community in neonates, BSH may there-
fore represent an important factor which
influences initial survival and colonisation.
Furthermore the wide distribution of this
function and apparent host-driven evolu-
tion of this trait within the gastrointestinal
microbial community suggested that BSH
may influence host health in ways that
permit persistent mutualism.

This hypothesis is strengthened by the
dual digestive and signaling roles of bile
acids in the host.”” Individual BAs have
been shown to specifically interact with
host receptors including FXR and the G-
coupled  protein TGR5.19%8
Analysis of bile acid metabolites in rats
revealed their widespread distribution in
diverse tissues (including heart, liver, kid-

receptor

ney and plasma) indicating that BAs
potentially act as mediators of host signal-
ing in multiple tissue compartments.” In
an elegant study the deconjugated BA,
cholic acid, was shown to enhance weight
loss in mice fed a high fat diet through a
mechanism involving TGRS signaling to

increase metabolic rate in brown fat

. 1
tissue. '’

Gut Associated BSH Activity
Alters Host Weight Gain and
Specific Host Metabolic Pathways

We recently adopted a controlled, reduc-
tionist approach to specifically analyze the
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impact of bacterial BSH activity upon host
physiology and metabolism.*® In our model
system genes encoding well characterized
BSH enzymes™® (designated as BSH1 or
BSH2) were cloned into an E. col; strain
(MGI1655) that colonises the GI tract of
mice allowing localized delivery of high lev-
els of enzymatic activity. This permitted the
direct comparison of 2 different bsh alleles
using an otherwise isogenic system. Mono-
colonisation of the GI tract of germ-free
mice with E. coli producing either BSH
enzyme (clones designated as ECBSHI or
ECBSH?2) led to significant BA deconjuga-
tion activity (as determined by UPLC-MS
analysis of BA profiles) that was evident in
the gut and in liver and plasma compart-
ments. The system allowed us to analyze the
host response to in situ microbial BSH
activity and revealed the regulation of
multiple effector pathways that regulate
lipid and cholesterol metabolism, periph-
eral circadian rhythm and immune and
epithelial homeostasis. In conventionally
raised mice BSH1 activity in particular was
capable of reducing weight gain (with an
attendant reduction in fat mass), lowering
serum cholesterol and reduc-

ing liver triglyceride levels.

GI tract by BSH expression in both germ
free and conventionally-raised animals.
We determined that BSH activity in
the GI tract of germ free mice promotes
expression of a number of systems that
play a role in gut homeostasis. Regenerat-
ing islet-derived protein 3 gamma
(REGIILy) is an antibacterial protein pro-
duced by the host that modulates local
immune homeostasis in the gut by target-
ing gram positive bacteria.’’ We deter-
mined that gastrointestinal expression of
Regllly is enhanced through re-conven-
tionalisation of germ-free mice and also
by BSHI activity both in germ-free and
conventionally raised mice. This suggests
that bile acid deconjugation may be an
important signal in the regulation of this
homeostatic feedback loop. Overall this
fits with a concept in which local bile acids
may feedback to regulate the microbiota
directly’®?? or through regulation of host
homeostatic factors which may impact
upon the microbiota®*?° (see Fig. 2). We
demonstrate the potential to influence this
process through an intervention which
enhances the local expression of BSH.

We demonstrated that high-level gas-
trointestinal BSH activity can reduce
weight gain in conventionally raised mice.
Unconjugated bile acids are less effective
than conjugated bile acids in the emulsifi-
cation of dietary fats®' and it is therefore
likely that local lipid absorption is affected
in our model (a phenomenon that we are
currently investigating). However work
published contemporaneously with our
own study indicated that bile acid signal-
ing via FXR also plays a significant role in
weight loss (in particular following bariat-
ric  surgery®®). Indeed we detected
increased expression of Fiaf (fasting
induced adipose factor) which encodes a
lipoprotein lipase inhibitor normally asso-
ciated with reduced obesity in mice.”” We
are also currently examining the influence
of BSH upon local and systemic expres-
sion of other regulators of lipid metabo-
lism in conventionally raised animals
(based upon data generated in our germ
free model system). It is likely that the
impact of gastrointestinal BSH activity
upon weight gain is a reflection of local
effects upon lipid absorption and the local

Potential Effectors in

Liver

Bile homeostasis: FXR-FGF15 &

our System

Given the impaired phys-
iological development of the
gut in germ free mice it is
important to validate host
responses in conventionally
raised animals.'"® We used
our global transcriptomic
analysis in germ free mice to
generate hypotheses which
could subsequently be tested
in conventionally-raised ani-
mals. For instance, others
have postulated a role for the
gastrointestinal ~ cholesterol
efflux system encoded by
Abcg5/8 in the lowering of
cholesterol by BSH-active
probiotics  (reviewed in®%).
In our controlled experimen-
tal system we determined
that expression of Abcg5/8 is

specifically elevated in the
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other potential mechanisms
Cholesterol: Transport & metabolism
Signalling: FXR, PPARy
Circadian Rhythm: In germ free mice

Intestine

Immune Homeostasis: iNOS, Regllly
& dendritic cell differentiation

Bile homeostasis: FXR-FGF15 axis

Circadian Rhythm: Dbp and other
genes central to circadian clock

Energy Metabolism: Intestinal FXR

Cholesterol : Transport & metabolism

2

Adipose
Microbial Community:

Altered microbiota

Energy Metabolism: TGR5-mediated
weight loss

Figure 2. Impact of unconjugated bile acids upon local and systemic physiological processes in the host. Some of
the key findings linking predominately unconjugated bile acids with intestinal and systemic responses in the host.
In addition to a role in the emulsification of dietary fats in the gut, bile acids affect inmune homeostasis, energy
metabolism, bile acid homeostasis and potentially peripheral circadian rhythm. Importantly unconjugated bile
acids also have a significant impact upon the makeup of the gut microbial community which may have further
implications for the host. iINOS,>* Regllly,*® dendritic cell differentiation,> FXR-FGF15 axis,*® circadian rhythm,?
intestinal FXR,** cholesterol metabolism,>** microbial community structure,>3 liver FXR signaling,'®%”*° PPARy
liver,”® energy metabolism in adipose tissue.®
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and systemic signaling properties of
unconjugated bile acids uncovered by
other studies'?2%3¢ (Fig. 2).

Intriguingly BSH1 expression in the
gut of germ free mice reversed the expres-
sion pattern of genes responsible for regu-
rthythm.*®  Mice
colonised by E. coli expressing BSH1

lating  circadian
induced a gene expression profile that
reflects conditions of energy utilization
(associated with daylight exposure in
humans) (elevated Clock and Arntl
expression and reduced Perl, Per2 and
Per3 expression).”® In conventionally
raised animals the diurnally-regulated
gene Dbp (encoding the albumin D-box
binding protein) was also regulated by
BSHI1 activity (Fig. 2). The potential
influence of bile acid deconjugation upon
circadian rhythm locally and systemically
is interesting given the links between cir-
cadian desynchronizations and altered
weight gain in humans.?” Recently it has
emerged that interactions between the
gut microbiota and toll like receptors on
intestinal epithelial cells are influenced by
the circadian clock and that deregulation
of this interaction can enhance the devel-
opment of a pre-diabetic syndrome.*
This highlights the importance of circa-
dian rhythm in regulating host microbe
interactions which protect against meta-
bolic disease. It is well established that
bile acid synthesis is regulated by the cir-
cadian clock.*"%? While acknowledging
the need for more studies our data suggest
that microbial BSH activity represents a
potential switch that can further influence
circadian both

peripheral

responses
locally and systemically.

Probiotics and Bile Acid
Deconjugation

Whether probiotics influence host
physiology through in wive bile acid
metabolism is uncertain but merits con-
has
recently that the mixed probiotic formula-
tion VSL#3 (containing BSH-active Lb.
acidophilus and B. infantis strains) is capa-
ble of significantly altering bile acid pro-
files in mice with repression of the FXR-
FGF15 axis and increased hepatic bile
acid

sideration. It been demonstrated

. 4 . .
synthesis.”” An  increase in
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unconjugated bile acids in the plasma of
human volunteers receiving BSH-active
Lb. reuteri NCIMB 30242 has also been
noted indicating the potential for probiot-
ics to alter bile acid metabolism in
humans.** Mice and humans differ in
their baseline bile acid profiles with
murine bile containing a predominance of
tauro-conjugated bile acids (including
muricholic acids) while human bile con-
tains greater concentrations of glyco-con-
jugated bile acids**” In this regard we
have previously noted significant differen-
ces between the BSH complement of the
murine gut and that of humans, perhaps
indicating subtle, species-specific differen-
ces in the host-driven selection of this
trait.”> This may influence translation of
the existing work from mice to humans
and should guide the selection of probiot-
ics  with appropriate  deconjugation
activities.

A number of studies have demon-
strated a reduction in body weight
through administration of probiotics in
mice and humans (recently reviewed in%).
In many cases these probiotics represent
Lactobacillus species that are likely to have
bile salt deconjugating activity. However,
some species of Lactobacillus promote
weight gain in animals and humans® sug-
gesting that there are multiple potential
mechanisms by which probiotics alter
weight gain and that effects may be species
or even strain dependent. To our knowl-
edge there is limited mechanistic data
linking certain probiotics to weight gain
and others to weight loss. Based upon our
data?® and other recent work’®® it is
likely that BSH activity plays a significant
role in this process. Other probiotic fac-
tors which may influence the process of
weight gain in the host may include an
overall influence upon the community
structure of the microbiome and a direct
or indirect influence upon production of
other significant metabolites including
short chain fatty acids.”*®

Potential adverse effects on the host
from any strategy designed to alter bile
acid metabolism need careful consider-
ation. For instance, highly elevated levels
of unconjugated bile acids could poten-
tially lead to lipid malabsorption and
resultant steatorrhea®” More importantly,
the secondary bile acids deoxycholic acid
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(DCA) and lithocholic acid (LCA) are
produced from unconjugated bile acids
following specific microbial conversions in
the colon (Fig. 1). These secondary bile
acids have been linked to an elevated risk
of colorectal cancer.*® It is unclear
whether elevated BSH activity per se
results in an elevation of secondary bile
acid metabolism in the host. In the recent
study of VSL#3 probiotic administration
in mice elevated BSH activity and elevated
de novo bile acid synthesis did not increase
relative levels of DCA.* In our study very
high levels of BSH1 activity in our model
system resulted in a marginal increase in
secondary bile acid levels but this was not
statistically significant.”® Furthermore, the
FXR bile acid receptor, which is preferen-
tially stimulated by unconjugated bile
acids, is thought to be protective against
colorectal cancer suggesting that bile acid
deconjugation may enhance the anti-can-
cer effects of FXR.**° Certainly more
work is warranted to examine how alter-
ation of the gut microbial community
changes secondary bile acid metabolism
and the implications of these changes for

host health.

Conclusions

The BSH activity of the gut microbiota
influences body weight and lipid metabo-
lism in mice. This raises the potential for
novel strategies to control weight gain in
the host. First it will be necessary to clarify
all of the host effector mechanisms that
are triggered through elevated microbial
BSH activity and to ensure the safety of
any approach which alters host metabo-
lism. Our findings are supportive of stud-
ies linking the activity of certain
antibiotics to weight gain via an impact
upon bile metabolism by the micro-
biota.»**°">* The work also supports the
intriguing concept of specifically targeting
intestinal bile salt hydrolase activity to
enhance  weight gain in  animal
23,2453

husbandry.
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