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Clostridioides difficile Infection:  
Approaching a Difficult Menace 

Introduction
The burden of Clostridioides difficile infection 
(CDI) to global healthcare systems remains sig-
nificant, with >460,000 cases occurring in the 
United States (US) alone in 2017.1 The condi-
tion remains the predominant cause of nosoco-
mial gastrointestinal infection,2 although at least 
25% of cases may be community acquired.3,4 
Severe CDI is associated with an infection-related 
mortality of approximately 5%, and an all-cause 
mortality as high as 20%.5 The occurrence of 
CDI is recognised to quadruple the cost of 

hospitalisation, and is responsible for approxi-
mately US $1.5 billion of annual health expendi-
ture in the US.6

It is well-established that recent antibiotic expo-
sure (in particular, broad spectrum antibiotic use) 
is one of the major risk factors for the occurrence 
of CDI.7 Other associated risk factors include older 
age (>65 years),3 immunocompromise,8 use of 
proton pump inhibitors and enteral feeding.9,10,11 
Antibiotics in particular – but all of these risk fac-
tors to at least some degree – are recognised to 
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impact markedly upon the composition and func-
tionality of the gut microbiome, with loss of key 
taxonomic features and reduction in microbial 
diversity being central contributors to the patho-
genesis of the condition.12 More specifically, such 
disruption of the gut microbiome facilitates the 
colonisation of C. difficile in the distal gut, its ger-
mination, and its ability to undergo growth and 
toxin production.12 By extension, the central 
rationale for the use of faecal microbiota trans-
plant (FMT) for the treatment of recurrent/
refractory CDI is that it restores this damaged gut 
microbiome back towards a composition more 
resembling the pre-morbid situation.13

Advances in next-generation microbial sequenc-
ing (such as from stool or tissue samples of patients 
affected by CDI) have revealed ever-increasing 

granularity of detail as to the specific composi-
tional changes to the gut microbiome occurring 
within the condition. However, such studies in 
themselves give only limited insight into the spe-
cific perturbances of gut microbiome functionality 
– and their impact upon host-microbiome cross-
talk – that underlie CDI pathogenesis. Gut micro-
bial-derived metabolites are recognised as one of 
the key intermediaries for interaction between the 
microbiome and the host, with their impacts on 
host physiology recognised as being as diverse as 
immune function and energy homeostasis.14,15 
Bile acid metabolism is one major such function 
of the gut microbiome16,17 ; the recognition for 
over 20 years, initially from in vitro studies, that 
different bile acids have markedly different effects 
on the ability of C. difficile to undergo germina-
tion and vegetative growth was among the earliest 

Figure 1. Schematic of gut microbiota–bile acid interactions in humans. The primary bile acids CA and CDCA are conjugated with 
taurine and glycine within the liver, and secreted through the biliary system into the small intestine. Once entering the distal gut, the 
enzyme BSH (found distributed widely amongst gut microbiome members) removes these taurine and glycine conjugates, reforming 
unconjugated CA and CDCA. Following on from this, the complex, multi-step process of 7-α-dehydroxylation also occurs through 
microbially derived enzymes, and converts primary to secondary bile acids (specifically, CA is converted to DCA, and CDCA is converted 
to LCA). A range of other microbially derived enzymes are also able to perform biotransformations upon primary bile acids, for 
example, 7 α/β-epimerisation to form ursodeoxycholic acid.16 TCA is the major endogenous trigger to Clostridioides difficile germination 
(with glycine as co-germinant); CA and DCA (at high concentrations) also trigger C. difficile germination.22 However, DCA and LCA at 
physiological concentrations inhibit TCA-mediated C. difficile germination23,24; these and other secondary bile acids also inhibit the 
vegetative growth and toxin activity of C. difficile.22–25 CDCA also inhibits the germination of C. difficile.26 The altered bile acid milieu found 
in the CDI gut is also associated with reduced signalling via the FXR-FGF-19 pathway, which may exacerbate CDI via a number of routes 
(see main text). Green arrows, microbially mediated biotransformations; red dotted arrows, impacts of bile acids upon the life cycle of C. 
difficile; purple dotted arrows, impacts of bile acids upon the FXR pathway. Adapted from Mullish et al.27 
BSH, bile salt hydrolase; CA, cholate, CDCA, chenodeoxycholate, DCA, deoxycholic acid; FGF, fibroblast growth factor; FXR, farnesoid X receptor; LCA, 
lithocholic acid; TCA, taurocholate.
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clues of the importance of bile acids to the patho-
genesis of CDI.

In this review, we present an overview of current 
knowledge regarding the contribution of disor-
dered bile acid metabolism to the pathogenesis of 
CDI. We extend this further by exploring how 
current treatment modalities for CDI impact on 
bile acid metabolism, and potential future impli-
cations of this for novel CDI therapeutics.

Overview of gut microbiome–bile acid 
interactions, and their relevance to CDI
In humans and other mammals, bile acid produc-
tion is a function of the liver, where conjugation 
of bile acids to the amino acids glycine and tau-
rine also occurs. After secretion within bile from 
the liver (and concentration within the gallblad-
der), bile enters the small intestine. At this stage, 
a large proportion of the pool of bile acids are 
tauro- and glyco-conjugated versions of the group 
named ‘primary bile acids’, including cholic acid 
(CA) and chenodeoxycholic (CDCA).18 Biotrans-
formation of primary bile acids to the group 
named ‘secondary bile acids’ [including deoxy-
cholic acid (DCA) and lithocholic acid (LCA)] 
occurs within the distal small intestine and colon; 
this is undertaken by several enzymes produced 
by the gut microbiota, but not by mammals 
(Figure 1). The two key enzymatic steps of this 
process are a first step mediated by bile salt hydro-
lase (BSH; also known as choloylglycine hydro-
lase), which hydrolyses the glycine or taurine 
group from conjugated bile acids, and a subse-
quent step by 7-α-dehydroxylase, which converts 
unconjugated primary bile acids into secondary 
bile acids.18,19 While BSHs are found predomi-
nantly within the bacterial phyla Bacteroidetes, 
Firmicutes and Actinobacteria, they are distributed 
widely throughout most major bacterial divisions 
and archaea species of the gut microbiota.19 
Furthermore, annotation for a bsh gene has been 
identified in 26.03% of all bacterial strains in the 
Human Microbiota Project microbiota reference 
genome.20 In contrast, based on current microbial 
genomic annotation, only a very small percentage 
of commensal gut microbiota members are pre-
dicted to possess 7-α-dehydroxylation activity, 
with those organisms that do predominantly 
belonging to the genera Clostridium clusters XIVa 
and XI.18,21 The biosynthesis of secondary bile 
acids creates a more hydrophobic bile acid pool, 

facilitating the elimination of such bile acids 
within faeces.

The potential relevance of bile acid metabolism 
to C. difficile infection was first suggested through 
the in vitro demonstration that different bile acids 
(and, in particular, primary versus secondary bile 
acids) had markedly different impacts upon dif-
ferent aspects of the ability of C. difficile to 
undergo different aspects of its life cycle. In par-
ticular, the conjugated primary bile taurocholic 
acid (TCA) potently promotes the germination 
of C. difficile (with glycine functioning as pro-
germinant).22,28 The C. difficile bile acid germi-
nant receptor was only relatively recently 
identified as CspC, a germination-specific pro-
tease.29 Unconjugated primary bile acids have 
differential effects on C. difficile, with CA mildly 
triggering germination,22 while CDCA inhibits 
this.26 The ability of CDCA to inhibit C. difficile 
germination is apparently more potent than CA 
in inducing it22,26; however, CDCA is absorbed 
by the colonic epithelium ten times faster than 
CA, therefore likely reducing levels below that 
needed for significant inhibition in vivo.30 
Conversely, secondary bile acids (including both 
DCA and LCA) potently inhibit the vegetative 
growth and toxin activity of C. difficile22,31; in 
addition, DCA and LCA (at physiological con-
centrations) are able to inhibit TCA-mediated C. 
difficile germination.23,31 Another recent surpris-
ing finding has been that bile acids are able to 
directly bind to and inhibit the C. difficile TcdB 
toxin, with the secondary bile acids evaluated 
having more potent toxin binding capacity than 
their corresponding primary bile acids.25

Experimental data regarding altered gut 
microbiome–bile acid interactions in CDI
Since bile acid metabolism is influenced so 
strongly by gut microbiota functionality – and 
given the marked effect of various bile acids upon 
different aspects of the C. difficile life cycle, as out-
lined above – it has been suspected that this path-
way may also be relevant to the pathogenesis of 
CDI in vivo. A theory that has been investigated 
experimentally recently has been whether a key 
contributory mechanism to CDI pathogenesis is 
particularly antibiotic-related loss of gut micro-
bial community members with BSH and/or 7-α-
dehydroxylase functionality, with associated  
gut enrichment of TCA (promoting C. difficile 
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germination) and loss of secondary bile acids 
(permitting vegetative growth and/or toxin activ-
ity of C. difficile) promoting progression of CDI.

Certain experimental work to date has focussed 
more towards the possible contribution of BSH to 
CDI. Allegretti and colleagues compared the stool 
microbiota of patients with a primary episode of 
CDI, patients with recurrent CDI and healthy 
controls.32 Using an inferential metagenomic tool 
(PICRUSt), researchers demonstrated that the 
predicted bsh gene abundance in the stool micro-
biota of rCDI patients was significantly lower than 
both patients with primary CDI and healthy con-
trols. There was a trend observed towards reduced 
predicted stool bsh gene abundance in patients 
with primary CDI compared with controls, 
although this did not reach statistical significance. 
Using a random forest regression model, research-
ers were able to distinguish rCDI from primary 
CDI patients with an AUROC of ~0.84 using fae-
cal bile acid profiling, with the ratio of DCA to 
glycoursodeoxycholic acid + DCA being the most 
important predictor variable for the model. Of 
note, this ratio was derived empirically, and there 
is no current experimental evidence evaluating the 
impact of glycoursodeoxycholic acid upon the life 
cycle of C. difficile directly.

Other experimental work has demonstrated the 
contribution of 7-α-dehydroxylase. Buffie and 
colleagues first applied mathematical modelling 
to compare gut microbiota profiles from antibi-
otic-exposed mice with different levels of CDI 
vulnerability, as well as to compare profiles from 
CDI patients with those who were C. difficile car-
riers.33 Using microbial sequencing, it was identi-
fied that the presence of an operational taxonomic 
unit (OTU) corresponding to Clostridium scindens 
was a key microbiota factor that predicted protec-
tion against CDI. In bacterial transfer experi-
ments, researchers demonstrated that the degree 
of colonisation of the gut microbiota of antibiotic-
treated mice with C. scindens correlated with 
degree of infection resistance. Since C. scindens is 
one of the few commensal bacteria with 7-α-
dehydroxylase activity, the researchers hypothe-
sised that the ability to produce secondary bile 
acids was the link between C. scindens colonisa-
tion and infection resistance. Evidence for this 
was reinforced by the demonstration that infec-
tion resistance was reversed after addition of the 
bile acid sequestrant cholestyramine (with 
cholestyramine being used in this experiment to 

bind and remove secondary bile acids).33 The 
same association between C. scindens and CDI 
resistance was observed after the organism was 
administered to germ-free mice.34 Of particular 
interest, a further potential role for 7-α-
dehydroxylating bacteria in inhibiting the growth 
of C. difficile (in addition to secondary bile acid 
production) has also recently been identified. 
Specifically, C. scindens was identified in vitro as 
producing the tryptophan-derived antibiotic 
1-acetyl-β-carboline, which inhibited the growth 
of C. difficile. This antibiotic is produced particu-
larly in the presence of CA, and acts most potently 
against C. difficile in the presence of DCA or 
LCA.35

Further studies have demonstrated that the actions 
of both BSH and of 7-α-dehydroxylase together 
are likely to be contributory to CDI pathogenesis. 
In a study currently reported in abstract form 
only, 29 patients with primary CDI were moni-
tored prospectively, and stool samples were col-
lected once to twice weekly from diagnosis up 
until approximately 6 weeks if no recurrence 
occurred (n = 19) or until the point of recurrence 
(n = 10).36 Stool 16S rRNA gene sequencing was 
performed for each sample, and analysed using a 
machine-learning based approach; this demon-
strated a greatly reduced rate of CDI recurrence 
occurring among patients whose gut microbiome 
contained C. scindens or Clostridium hylemonae, 
both 7-α-dehydroxylase-producing organisms. 
Further analysis demonstrated that, whereas lev-
els of stool TCA significantly reduced over time 
(and levels of BSH activity restored) compared 
with baseline among patients who did not experi-
ence recurrence, neither changed significantly 
from baseline level in patients who went on to 
develop CDI recurrence.

Impact of CDI treatments upon gut 
microbiome–bile acid interactions

Antimicrobials
The current mainstays of antimicrobial therapy 
for CDI are vancomycin and fidaxomicin (with 
metronidazole having a much less prominent role 
in current treatment algorithms than those previ-
ously existing).37 Despite vancomycin and fidax-
omicin both having established efficacy in 
reducing further recurrences when used in the 
treatment of rCDI, a proportion of patients will 
go on to have recurrences despite the use of these 
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agents, and alternative treatment strategies are 
needed. While FMT is one key such strategy (and 
discussed further below), and further area of keen 
interest relates to novel antimicrobial therapies.

One such new drug of interest is ridinilazole, 
which has shown promising phase II trial results 
in the treatment of CDI, and is now awaiting 
phase III studies.38,39 Ridinilazole is bactericidal 
against C. difficile, and is also particularly notable 
for being very specific in its targeting of Clostridia, 
while not impacting upon other faecal bacteria40; 
this is in marked contrast to other anti-CDI 
agents. A recent study longitudinally profiled 
stool bile acids for patients treated for CDI either 
with vancomycin or ridinilazole, and compared 
the changes seen with the two agents.41 Over the 
course of treatment with vancomycin, an almost 
100-fold increase in the ratio of conjugated to 
secondary bile acids was observed, consistent 
with other studies demonstrating that vancomy-
cin use is associated with loss of faecal secondary 
bile acids and enrichment in primary unconju-
gated bile acids (likely reflecting its relatively 
broad anti-microbial actions).42,43 However, in 
comparison, only very modest changes from base-
line were seen in the same bile acid profiles of 
ridinilazole-treated patients.41 The stool bile acid 
ratios seen at the end of treatment were shown to 
be predictive of which patients experienced future 
recurrence. As such, this experience with ridinila-
zole has helped to demonstrate that, in the con-
tinued hunt for novel anti-CDI antimicrobials, it 
is not only potency of action against the life cycle 
of C. difficile that is important to consider, but 
also the potential impact upon the bile-metabolis-
ing functionality of gut commensal bacteria.

Faecal microbiota transplantation
FMT is now well-established as a safe and highly 
effective treatment option for patients with recur-
rent or refractory CDI.44 However, whilst it is 
recognised that FMT acts in such patients to 
restore the stool microbiome to a composition 
comparable with the pre-morbid state,45–52 the 
specific mechanisms underlying its efficacy have 
until recently remained poorly defined. The dem-
onstration that either a defined consortium of 
commensal bacteria or spores derived from 
healthy donor stool deliver efficacy comparable 
with that of conventional FMT in treating rCDI 
support the concept that the bacterial component 
of FMT is a key contributor to efficacy.53–55 Of 

further particular interest has been the demon-
stration that sterile filtered FMT also is effica-
cious for treating rCDI.56 Collectively, these data 
suggest that soluble factors related to bacteria – 
but not necessarily intact bacteria per se – are 
important mediators of the efficacy of FMT, with 
potential explanations including bacterial prod-
ucts (e.g., enzymes or other proteins), associated 
bacteriophages, or gut microbial metabolites.57 
Given these data described above demonstrating 
that a contributory factor to the pathogenesis of 
CDI is loss of gut microbiome members with 
bile-metabolising functionality, one recent area of 
focus has been as to whether one of the key mech-
anisms of FMT may be restoration of bacteria 
that produce these enzymes, and associated rever-
sal of the abnormal bile acid milieu of the distal 
gut.

Consistent with this hypothesis, healthy donor 
stool typically has very low levels of TCA, but 
relatively high levels of secondary bile 
acids.27,32,46,58–60 Conversely, in human patients 
with rCDI, stool TCA is found at considerably 
increased levels compared with healthy donors, 
whilst secondary bile acids predominate in post-
FMT stool.27,32,46,58,59,61 Exposure of C. difficile 
spores to the bile acid milieu found in antibiotic-
treated mouse caecum or human stool pre-FMT 
was sufficient to cause spore germination,31,62 
whereas that of the non-antibiotic-treated mouse 
caecum or human stool post-FMT prevented ger-
mination and vegetative growth of C. difficile.31,62 
It has also been suggested that stool LCA may 
have utility as a predictor of FMT response, with 
sensitivity and specificity of >90%.60 Further 
experimental work has explored the impact of 
FMT upon microbial bile acid-metabolizing 
functionality in both rodent models and patients 
with rCDI.27,63,64 Patients with rCDI had a mark-
edly reduced relative abundance of a broad range 
of BSH-producing bacteria within their stool 
microbiome pre-FMT in comparison with post-
FMT, as well as in comparison with healthy stool 
donors.27 Successful FMT for rCDI rapidly and 
sustainably restored stool bsh gene copy number 
and BSH functionality from the very low levels 
detected pre-FMT up to high levels comparable 
with those of healthy stool donors,27 together with 
at least partial recovery of the baiCD operon of 
7-α-dehydroxylase.27 Finally, stool C. difficile 
counts were reduced by approximately 70% in an 
rCDI mouse model after administration of 
Escherichia coli engineered to express highly active 
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BSH compared with mice administered BSH-
negative E. coli.27 Supportive of these data, in a 
metagenomic study of stool studies collected pre- 
and post-FMT for rCDI, analysis of gene func-
tions demonstrated that secondary bile acid 
biosynthesis was one of the pathways most signifi-
cantly restored by FMT.64 In totality, these data 
support the hypothesis that FMT-driven restora-
tion of gut microbial bile acid metabolism is an 
important mechanism contributing to the efficacy 
of FMT in treating rCDI.

Within the field of FMT, much recent interest has 
been focussed on whether ‘microbiome therapeu-
tics’ derived from commensal bacteria within 
healthy donor stool may have a role as a ‘next gen-
eration’ FMT product. While one such product – 
SER109, consisting of donor-derived purified 
spores – failed to meet its primary endpoint of 
CDI remission in a phase II study (potentially due 
to underdosing), it was observed that where early 
engraftment of the product occurred, this was 
associated with future non-recurrence, as well as 
with increased faecal secondary bile acids.65 Initial 
results from a phase III study of SER-109 under-
taken by Seres Therapeutics (the ECOSPOR III 
study) have been reported recently, with the prod-
uct reaching the primary trial endpoint for reduc-
ing CDI recurrence.66 Furthermore, Finch 
Therapeutics has also reported positive initial out-
come data from a phase II study of an investiga-
tional ‘whole microbiome’ product (CP101; the 
PRISM3 trial).67 As such products emerge further 
within trials, their impact upon microbiota-medi-
ated bile acid metabolism is likely to be a useful 
area of investigation.

Other potential mechanisms by which gut 
microbiome–bile acid interactions may 
impact upon CDI

Fibroblast growth factor–farnesoid X receptor 
pathway
One key mechanism through which bile acids 
communicate with the host is through their role 
as endogenous ligands for host cell receptors. 
These include the nuclear receptor farnesoid X 
receptor (FXR), and the G protein-coupled 
plasma membrane bile acid receptor TGR5, both 
of which exhibit varying affinities for different bile 
acids and their moieties.16 In humans, the most 
potent endogenous ligand for FXR is CDCA; 
DCA and LCA are moderate FXR agonists, 

whilst CA also has modest agonist activity.16 A 
direct link between microbiota, bile acids and 
FXR signalling has been demonstrated in rodents 
through the use of germ-free or antibiotic-treated 
animals.16 Furthermore, not only does the gut 
microbiota influence bile acid metabolism, but 
bile acids directly influence the survival and 
growth of gut microbiota constituents, including 
via FXR-mediated signalling. More specifically, 
in a study where healthy volunteers or mice were 
administered obeticholic acid (OCA; a bile acid 
analogue and FXR agonist), endogenous bile acid 
synthesis was suppressed, and a reversible induc-
tion of Gram-positive bacteria (particularly a rela-
tive enrichment in Firmicutes) was observed.68

A number of rodent and human studies have now 
established an association between perturbation of 
the FXR pathway and CDI. In a CDI mouse 
model, treatment with ursodeoxycholic acid 
(UDCA) was associated with increased transcripts 
related to FXR and fibroblast growth factor 
(FGF)-related signalling, as well as with reduced 
intestinal inflammation (Figure 1).69 Similarly, in 
patients with rCDI, successful FMT was associ-
ated with increased circulating FGF-19, again 
consistent with upregulated FXR activation.70 
While the specific mechanistic underpinning this 
post-FMT increase in FXR activity is unclear, one 
theory was that the reduced level of a potent FXR 
agonist (CDCA) is offset by increased levels of 
two moderate FXR agonists (DCA and LCA), 
with a net upregulation of the ileal FXR–FGF 
pathway.70,71 A further interesting observation has 
been that successful FMT for rCDI is associated 
with a rapid and sustained reduction in the amount 
of tauro-β-muricholic acid in the stool of rCDI 
patients to a level comparable with that of healthy 
donors.72 Tauro-β-muricholic acid is of particular 
interest because this bile acid is a potent FXR 
antagonist (at least in mice, where levels are much 
higher than in humans), and therefore hypothe-
sised to be a key intermediary contributing to the 
association between the gut microbiota and FXR 
signalling.73

A number of potential explanations have been 
proposed as to how upregulation of FXR signal-
ling may contribute towards the resolution of 
CDI. Ileal FXR activation will result in reduction 
of further hepatic bile acid synthesis by negative 
feedback; this will result in the reduced further 
secretion of conjugated primary bile acids (includ-
ing TCA) into bile and, therefore, into the small 
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intestine, helping to limit further germination of 
C. difficile. Significantly increased hepatic primary 
bile acid production was observed in a high-fat 
diet CDI mouse model, and this was reduced 
towards normal levels through administration of 
OCA.74 OCA administration in this same study 
not only resulted in a reduced C. difficile burden, 
but also less diarrhoea and reduced intestinal 
inflammation.74 In addition, in a non-CDI/chem-
ically induced rodent colitis model, OCA admin-
istration was again associated with reduced 
colonic inflammation as well as a more intact 
intestinal barrier,75 further suggesting that FXR 
may provide benefits beyond direct effects upon 
C. difficile per se. Of particular relevance to the set-
ting of CDI, FXR activation has also been dem-
onstrated to inhibit bacterial overgrowth in mouse 
ileum,76 and is associated with reduced expres-
sion of nuclear factor kappa B (NF-κB) target 
genes [including tumour necrosis factor alpha 
(TNF-α) and interleukin (IL)-1β] that regulate 
the host innate immune response.77 FXR agonists 
(including OCA in particular) have recently 
become of increasing clinical focus for their 
potential role in the treatment of gastrointestinal 
(GI) and liver diseases, and a case for CDI being 
one such condition of interest may clearly be 
made; however, at present, there have been no 
human trial data presented on the use of OCA as 
treatment for CDI.

Other direct actions of bile acids
Gut microbiome–bile acid metabolism interac-
tions also play a contributory role in the patho-
genesis of even certain non-C. difficile diarrhoeal 
diseases. For instance, bile acids are recognised to 
directly impact significantly upon GI motility 
(reducing small intestinal transit time but increas-
ing colonic transit time)78,79; furthermore, 
increased luminal bile acid levels result in 
increased chloride secretion and reduced fluid 
absorption, which may result in diarrhoea.80 
These effects of bile acids are at least partly medi-
ated by binding to specific host receptors; for 
instance, activation of the membrane Takeda G 
protein-coupled receptor (TGR-5; for which sec-
ondary bile acids are the major endogenous ago-
nists) has an overall impact of increased colonic 
motility and reduced GI inflammation.81,82 
Furthermore, in patients with chronic functional 
diarrhoea and/or bile acid diarrhoea, the propor-
tion/percentage of stool primary bile acids is 
increased, and these values predict increased 

colonic transit.83 A proportion of such patients 
also demonstrate an increase in bile-metabolising 
Clostridia within their stool microbiome, increased 
faecal bile acid excretion, and reduced serum 
FGF-19.84 Increased intestinal transit time 
appears to result in a reduction in the extent to 
which microbially related bile acid biotransforma-
tions occur.85 However, the degree to which these 
processes may also contribute to the diarrhoea 
that typifies CDI are not presently well-defined.

Enterohepatic circulation
An additional area of potential relevance relates to 
the enterohepatic circulation, that is, the ~95% of 
bile acids that are reabsorbed from the distal small 
gut. It is conjugated bile acids that are particularly 
absorbed, and the process is mediated principally 
via the apical sodium dependent bile acid trans-
porter (ASBT) in the distal ileum. The ileum of 
germ-free rodents has increased capacity for the 
absorption of TCA compared with wild-type ani-
mals, while BSH-mediated deconjugation of gly-
cine or taurine is associated with reduced active 
uptake of bile acids from the small intestine via 
ASBT.16 Given the apparent interaction between 
the gut microbiome and ASBT function – coupled 
with the key contribution of gut microbiome per-
turbation to CDI pathogenesis – it is clearly feasible 
that altered enterohepatic circulation may occur in 
CDI, although this has not been demonstrated 
experimentally. A further implication of this inter-
action relates to different bile acid patterns found in 
samples derived from the ileum to those from the 
colon of either patients or animal models of CDI; 
this may impact upon experimental design and 
data interpretation in future studies.

Conclusions
The data presented here highlight the rapid 
advancements that have been made in the under-
standing of gut microbiome–bile-metabolism–
FXR interactions, their relevance to the 
pathogenesis of CDI and their implications for 
therapeutic intervention in rCDI. However, 
despite such progress, there remain many ongo-
ing areas of uncertainty and complexity where 
further research is needed. For instance, produc-
tion by the gut microbiome of a particular sec-
ondary bile acid, 3β-hydrodeoxycholic acid, has 
been demonstrated recently to act via FXR to 
promote the generation of peripheral regulatory 
T cells,86 but the potential implications of this 
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and other bile acid-immune interactions for CDI 
(and/or other gut inflammatory disorders) are 
currently of unclear significance. The specific 
pathways of synthesis and biotransformation 
(either host or microbial) of a large number of 
bile acids commonly detectable in biofluids 
remains poorly defined, with their potential con-
tribution to disease states therefore remaining 
currently underexplored. Differences in the pool 
of bile acid species detected in rodents and 
humans introduces complexity in, for example, 
extrapolating results of mouse models to the 
interpretation of human disease states.

Furthermore, despite the growing body of work 
within this area, no current laboratory test of clin-
ical applicability has been derived. For instance, 
there currently exists no stool or serum assay that 
assesses a microbiome/bile acid ‘signature’ – or 
specific concentrations/proportions of bile moie-
ties from patients – to help with the assessment 
and management of CDI. A focus of future work 
may include aiming to develop such assays, for 
example, for the stratification/prediction of recur-
rent disease in patients with primary CDI or for 
the prediction of the requirement of further FMT 
in rCDI patients after a first administration. In 
addition, data thus far also suggest that manipula-
tion of the gut microbiome–bile acid axis is also 
likely to remain an important area of focus as 
novel CDI therapeutics are developed.
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