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UMR 1319 Micalis, INRA, Microbiota Interaction with Human and Animal Team (MIHA), AgroParisTech,
Université Paris-Saclay, F-78350 Jouy-en-Josas, France

Abstract Recently, the gut microbiota has emerged as a
crucial factor that influences cholesterol metabolism. Ever
since, significant interest has been shown in investigating
these host-microbiome interactions to uncover microbiome-
mediated functions on cholesterol and bile acid (BA) metabo-
lism. Indeed, changes in gut microbiota composition and,
hence, its derived metabolites have been previously reported
to subsequently impact the metabolic processes and have
been linked to several diseases. In this context, associations
between a disrupted gut microbiome, impaired BA metabo-
lism, and cholesterol dysregulation have been highlighted.
Extensive advances in metagenomic and metabolomic studies
in this field have allowed us to further our understanding of
the role of intestinal bacteria in metabolic health and dis-
ease. However, only a few have provided mechanistic insights
into their impact on cholesterol metabolism. Identifying the
myriad functions and interactions of these bacteria to maintain
cholesterol homeostasis remain an important challenge in such
a field of research.lll In this review, we discuss the impact
of gut microbiota on cholesterol metabolism, its association
with disease settings, and the potential of modulating gut mi-
crobiota as a promising therapeutic target to lower hypercho-
lesterolemia.—Kriaa, A., M. Bourgin, A. Potiron, H. Mkaouar,
A. Jablaoui, P. Gérard, E. Maguin, and M. Rhimi. Micro-
bial impact on cholesterol and bile acid metabolism: current
status and future prospects. J. Lipid Res. 2019. 60: 323-332.

Supplementary key words gut microbiota ® cholesterol metabolism ®
metabolic diseases ® hypercholesterolemia

Over the last few years, we have witnessed a myriad of
original studies being dedicated to unraveling the role of
gut microbiota in health and disease, such as inflamma-
tory bowel diseases (1), obesity (2—4), type 2 diabetes (5),
liver cirrhosis (6), and atherosclerosis (7-9). The human
gastrointestinal tract (GIT) hosts a large number of distinct
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microbial communities, including bacteria, viruses, ar-
chaea, parasites, and fungi (10, 11). In a healthy state,
interactions between these microorganisms and the host
are largely symbiotic (12), as the gut microbiota shapes
the development of the intestinal immune system (13)
and influences the host metabolism [mainly through the
production of bacterial metabolites as bile acids (BAs)
and short-chain fatty acids] (14, 15). Conversely, changes
in the gut microbiota composition/functions (known as
dysbiosis) in combination with the classic genetic and en-
vironmental factors were shown to impact host health,
thus triggering the development of several metabolic disor-
ders, mainly CVDs (16). Recently, growing appreciation
has been seen for a role of the gut microbiota in metabolic
health, mainly in cholesterol homeostasis. The complex in-
terplay between intestinal microbiota, their metabolites,
and such diseases was also highlighted (17). Still, bacteri-
ally mediated pathophysiological mechanisms that impair
cholesterol metabolism and other related metabolic traits
remained, until now, poorly investigated (18). Surprisingly,
most of the contemporary literature linking gut microbiota
to host lipid metabolism and metabolic disorders was
aimed at drawing causal inferences and defining microbial
signatures for the disease. A better understanding of the
mutual interactions regulating cholesterol metabolism will
broaden the path to discover new targets for disease treat-
ment. In this review, we shed more light on the impact of
gut microbiota on cholesterol and BA metabolism in health
and disease with a focus on the different microbial path-
ways involved and their functional basis.

OVERVIEW OF CHOLESTEROL METABOLISM

Beyond being an essential molecule for eukaryotic life as
a structural building block for all cell membranes (19, 20),

Abbreviations: BA, bile acid; BSH, bile salt hydrolase; CA, cholic
acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GF, germ-
free; GIT, gastrointestinal tract; HSDH, hydroxysteroid dehydrogenase;
LCA, lithocholic acid; NPC1L1, Niemann-Pick Cl-like 1; OATP, organic
anion transporters; SR-B1, scavenger receptor class B type 1; TMA, tri-
methylamine; TMAO, trimethylamine-N-oxide.
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cholesterol is believed to serve as a genuine modulator of
cell signaling (21) and neuronal conduction (22). It is also
an essential precursor of several biomolecules, including
steroid hormones, vitamin D, oxysterols, and BAs (23).
Only about one-third of the body cholesterol is of dietary
or “exogenous” origin (mainly animal products as eggs and
red meat), the other two-thirds are synthesized within body
cells and recognized as endogenous cholesterol (Fig. 1)
(24). Virtually, all nucleated cells are able to synthesize
their full complement of cholesterol; however, only the
liver has the capacity to eliminate cholesterol via secretion
into bile or conversion into BA (25). Together with the
intestine, the liver controls the influx and the efflux of
cholesterol in a coordinated manner, maintaining the
whole-body cholesterol homeostasis. In the liver, part of
free dietary as well as de novo-synthesized cholesterol is es-
terified to cholesteryl esters and packaged along with tri-
glycerides and ApoB-100 into VLDLs to be secreted into
the blood. The latter lipoproteins are further metabolized
to form LDLs that are involved in the transport to periph-
eral tissues, as the case of VLDLs. Such lipoproteins con-
taining ApoA-I mediate the reverse cholesterol transport
from peripheral cells into the liver (26, 27). In fact, several
reports described the key role of ApoA-I in the different
steps of reverse cholesterol transport starting from the na-
scent HDL formation and their remodeling, via LCAT, to
the HDL cholesterol delivery into the liver through scaven-
ger receptor class B type 1 (SR-B1) (28, 29). Returning
to the liver by HDL, cholesterol is further converted into
BAs. Previously seen as simple fat emulsifiers, BAs are now
known as critical modulators influencing a plethora of host
processes, including lipid, glucose, and energy metabolism,
through the activation of several nuclear receptors, namely,
FXR, pregnane X receptor, vitamin D receptor, and one
G protein-coupled receptor (TGRb5) (30-33). Following
a coordinated series of steps involving at least 17 differ-
ent enzymes (34, 35), two primary BAs, chenodeoxycholic
acid (CDCA) and cholic acid (CA), are synthesized from
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cholesterol in the liver. Prior to secretion, BAs are subse-
quently conjugated to either glycine or taurine, with a ratio
of glycine to taurine of 3:1 in humans, and then stored in
the gallbladder as mixed micelles along with cholesterol
and phospholipids. Conjugation reduces BA pK,, making
BAs more water soluble and much more able to fulfill
their function as typical detergent molecules in the acid
environment of the duodenum (36).

On consumption of a meal, the gallbladder contracts
and releases BA micelles into the intestinal lumen to help
solubilize cholesterol and fat-soluble vitamins. BAs are af-
terward extensively reclaimed by the distal ileum via the
apical Na'-dependent transporter (ASBT), present on the
enterocyte brush border. Intracellularly, intestinal bile-
acid-binding protein (IBABP, FABP6) promotes BA trans-
port to the basolateral membrane where BAs are effluxed
by OST-a./f into the blood. Returning to the liver, BAs are
taken up avidly by the Na'-taurocholate cotransporting
polypeptide (NTCP) and, to a lesser extent, by organic an-
ion transporters (OATPs) to be reconjugated and rese-
creted during the next course of digestion, thus completing
a portal enterohepatic circulation (34) (Fig. 1). The com-
bined effects of these coordinated steps mentioned above
help to regulate not only the serum cholesterol level but
also the whole-body cholesterol balance, which is main-
tained by fine interactions between cholesterol absorption,
excretion, and synthesis (37).

IMPACT OF GUT MICROBIOTA ON CHOLESTEROL
METABOLISM

In addition to diet and the host’s genetic and environ-
mental factors, bacteria present in the gut have recently
been suggested to impact on cholesterol metabolism and
play a key role in each pathway, ranging from cholesterol
conversion into coprostanol to BA metabolism. Below, we
give a concise overview of these bacterial pathways.

Peripheral tissues

Fig. 1. Cholesterol origins and metabolism. Dietary
cholesterol or “exogenous” cholesterol accounts for
approximately one-third of pool body cholesterol, the
remaining 70% is synthesized exclusively in the liver
through a series of multiple biochemical steps. Choles-
terol is first converted into BAs, which are absorbed by
the apical sodium-dependent BA transporter (ASBT)
into enterocytes and secreted into the portal circula-
tion via the basolateral BA transporter, organic solute
transporter subunit a (OSTa). In the liver, cholesterol
is converted into lipoproteins. Hepatic cholesterol enters
the circulation as VLLDLs, which are further metabo-
lized to LDLs. LDL supplies cholesterol to peripheral
tissues for metabolic purposes. HDL, on the other hand,
transports cholesterol back to the liver either directly
by interacting with hepatic SR-B1 or indirectly by trans-
ferring the cholesterol to VLDL or LDL.

6T0Z ‘8 AInr uo ‘anbiwouoiBy aydlaydsay e| ap [euoneN 1Nsu| YYNI 1e 610 Jj:mmm woly papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

Microbial conversion of cholesterol into coprostanol

As much as 1 g of cholesterol originating from bile, diet,
and desquamated cells enters the colon daily and is ex-
posed to approximately 2 x 10" to 5 x 10" bacteria per
gram wet weight of human feces (18). Cholesterol conver-
sion to coprostanol by intestinal microorganisms was first
reported in the 1930s (38) and shown to be established
early in the first year of life in humans (39). The efficiency
of microbial cholesterol-to-coprostanol conversion in hu-
man populations is bimodal with a majority of high con-
verters (almost complete cholesterol conversion) and a
minority of low or inefficient converters (coprostanol con-
tent representing less than one-third of the fecal neutral
sterol content) (40, 41). Two major pathways have been
proposed for this biotransformation (42). The first one is a
direct stereospecific reduction of the 5,6-double bond of cho-
lesterol, while the second one is an indirect transformation

with at least three steps forming cholestenone and co-
prostanone as intermediates (Fig. 2A). Early attempts to
isolate bacteria responsible for this conversion were unsuc-
cessful (43), and only a few cholesterol-reducing microor-
ganisms from rat cecum (44), hog sewage lagoon (45), and
human feces were defined (43, 46). Most of the cholesterol-
reducing bacteria isolated and characterized are members
of the genus Eubacterium, except for Bacteroides sp. strain D8
(46) (Fig. 2A). Strains of Bifidobacterium, Lactobacillus, and
Peptostreptococcus were also reported to reduce cholesterol
to coprostanol (47, 48); unfortunately, they were not ex-
plored in vivo. Notably, cholesterol absorption takes place
mainly in the upper small intestine, which harbors lactic
acid bacteria (mostly Lactobacillus) able to significantly con-
vert cholesterol into coprostanol (48). Lately, new bacterial
phylotypes belonging to the Lachnospiraceae and Ruminococ-
caceae families have been associated with high coprostanol
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Fig. 2. A:Bacterial conversion of cholesterol into co-
prostanol. Two major pathways are proposed for the
conversion of cholesterol to coprostanol. The first
pathway involves direct reduction of the 5,6-double
bond. The second pathway starts with the oxidation of
the 3B-hydroxy group and isomerization of the double
bond to yield 4-cholesten-3-one, which undergoes two
reductions to form coprostanone and then coprosta-
nol. The main bacterial taxa carrying such a reaction
involve Eubacterium and Bacteroides. However, bacterial
enzymes are still unknown. B: Bacterial BA modifica-
tions in the host GIT. In the intestine, microbial en-
zymes from gut bacteria metabolize primary BAs into
secondary BAs. Glyco-conjugated and tauro-conju-
gated CA and CDCA are first deconjugated via BSHs,
epimerized, and then 7a-dehydroxylated to form sec-
ondary BAs (DCA and LCA). The main bacterial gen-
era involved in BA metabolism include Bacteroides,
Clostridium, Bifidobacterium, Lactobacillus, and Listeria in
BA deconjugation; Bacteroides, Clostridium, Eubacterium,
and Peptostreptococcus in the oxidation and epimeriza-
tion of hydroxyl groups at C3, C7 and C12; Clostridium
and Eubacterium in 7-dehydroxylation; and Clostridium
and Fusobacterium in desulfation. GCA, glycocholic
acid; TCA, taurocholic acid; GCDCA, glycochenode-
oxycholic acid; TCDCA, taurochenodeoxycholic acid.
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levels in healthy humans (49). Coprostanol production
from the available cholesterol appears to be most efficient
in the colon (50). Interestingly, Sekimoto et al. (50) de-
scribed the existence of an inverse relationship between
the blood cholesterol level and the coprostanol/choles-
terol ratio in human feces, suggesting that produced co-
prostanol can modulate cholesterolemia. Moreover, several
studies have reported that the rate of microbial cholesterol-
to-coprostanol conversion in human populations is vari-
able, as noted before, and is correlated with gut microbiota
composition (41). In line with these observations, some
bacteria are also linked to blood lipid levels (51). The poor
absorption of coprostanol in the intestine is associated to
its structure, which explains its very low uptake through the
intestinal mucosa and its limited esterification in mucosal
cells (52). Notably, a high efficiency of cholesterol to co-
prostanol metabolism was suggested to reduce the risk of
CVDs (40, 53). Using mice lacking Niemann-Pick Cl-like 1
(NPC1L1) treated with an LXR agonist, it was suggested
that lipid level decrease was essentially linked to low choles-
terol absorption and that production of coprostanol can
protect the GIT against accumulated cholesterol (54).
Moreover, it was demonstrated that mice lacking NPCI1L1
display a different gut microbiota composition when com-
pared with their wild-type littermates (55).

Unfortunately, the function, distribution, and abundance
of bacteria carrying this conversion in the gut community
are still unknown. Coprostanoligenic bacteria were sug-
gested to use cholesterol as a terminal electron acceptor
for energy, as originally proposed by Eyssen et al. (44),
but the significance of such a conversion to the bacteria
remains to be elucidated.

Given the inverse relationship between serum choles-
terol levels and fecal coprostanol/cholesterol ratio (50)
and the recent report highlighting a role for the gut micro-
biome in blood lipid levels (51), functional analysis of co-
prostanoligenic strains will be of great interest.

Microbial entrapment of cholesterol

Cholesterol entrapment and incorporation into bacte-
rial membranes was first noted in the early 1970s, as most
of the mycoplasmas and strains tested were shown to re-
quire exogenous cholesterol for growth and incorporate
large quantities of it into their cell membranes (56, 57). So
far, the ability of bacterial uptake of cholesterol has been
shown in vitro in several strains of Lactobacillus genera,
including Lactobacillus acidophilus, L. delbrueckii subsp.
bulgaricus, L. casei, and L. gasseri (58-61). Only distinct
strains of both Lactobacilli and Bifidobacterium were sug-
gested to perform such activity in vitro (62). Numerous
studies were focused on the investigation of mechanisms
of cholesterol entrapment by bacteria. In frame with this
topic, it was proposed that cholesterol removal from the
culture media is mainly associated to: i) binding to bacte-
rial cell walls or its assimilation during growth; and #) cho-
lesterol precipitation (63, 64) (Fig. 2A). In addition to that,
authors reported that most of the cholesterol taken up
from the medium may have been incorporated into the
bacterial cell membrane, as it remained intact inside the

326 Journal of Lipid Research Volume 60, 2019

cells rather than being further metabolically degraded
(64). Fascinating per se is the observation that even non-
growing and dead cells could remove cholesterol in vitro
via binding of cholesterol to the cellular surface (62, 65,
66). Moreover, earlier studies have reported that some bac-
teria could produce exopolysaccharides that adhered to
the cell surface and could absorb cholesterol (67). Kimoto-
Nira et al. (66) previously suggested that the ability of cho-
lesterol-binding is strain specific (65) and highly dependent
on the chemical and structural properties of cell mem-
branes (66). The incorporation of cholesterol into bac-
terial cell membranes increased the concentration of
saturated and unsaturated fatty acids, leading to increased
membrane strength and, subsequently, higher cellular re-
sistance toward lysis (67).

Whether cholesterol entrapment may offer a protective
effect to bacteria in the intestinal environment remains un-
clear, as the mechanism is still unknown. Additional stud-
ies are needed to define the influence of these strains on
the intestinal microflora and the overall metabolic activity

of the gut.

Microbial metabolism of BAs

Bacterial metabolism of BAs represents one of the most
intriguing relationships linking gut microbiota to the host.
While most BAs are efficiently absorbed and recycled back
to the liver, around 5% of the total BA pool serve as a sub-
strate for bacterial metabolism in the GIT and constitute
the major route for cholesterol excretion from the body
(18). Below, we outline the main BA biotransformations by
human intestinal bacteria.

Deconjugation

On their side chain, BAs undergo deconjugation to form
unconjugated BAs as well as free glycine or taurine residues
(68). The enzymatic hydrolysis of the C-24 N-acyl amide
bond, referred to as deconjugation, is catalyzed by bile salt
hydrolase (BSH) enzymes in the small intestine, a process
that continues to near completion in the large bowel (Fig.
2B) (69, 70). BSH activity has been widely detected in sev-
eral bacterial genera, including Clostridium, Bifidobacterium,
Lactobacillus, Bacteroides, Enterococcus (71, 72), and possibly
many others. Deconjugation of bile salts increases their pK,
to ~5, making them less soluble and less efficiently reab-
sorbed. This results in higher excretion of free BA into the
feces, an amount that must be replenished by de novo syn-
thesis from cholesterol (69). Although several hypotheses
have been proposed (as follows), the precise benefits of
this transformation to the bacterium are still a subject of
controversy and appear to vary between bacterial isolates.
Proposed benefits include the use of glycine from glyco-
cholic acid as an energy, carbon, and/or nitrogen source
and of taurine from taurodeoxycholate as a sulfur source
(69). A role of taurine as a nitrogen source was also noted
as the transcription of the Bifidobacterium longum bsh gene
was coupled to the glutamine synthase adenyltransferase
gene (glnE), which is part of the nitrogen regulation cas-
cade (73). Deconjugation has also been proposed to play a
role in bile detoxification, as it yields free BAs that may help
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to negate the pH-drop by recapturing and exporting the
cotransported proton (74). It may also enhance gastrointes-
tinal persistence in which the combined roles of BSH-positive
bacteria and those entrapping cholesterol into their mem-
branes may facilitate their survival in the GIT (67, 70).

Oxidation and epimerization of 3-, 7-, and
12-hydroxyl groups

The oxidation and epimerization of the 3-, 7-, or 12-hy-
droxyl groups of BAs are carried out by the hydroxysteroid
dehydrogenases (HSDHs) of intestinal bacteria. Epimer-
ization of BA hydroxyl groups is a reversible change in ste-
reochemistry from the « to the B configuration (or vice
versa), involving the generation of stable oxo-BA interme-
diates (75, 76). This process can be performed by a single
species of bacteria containing both a- and -HSDHs (intra-
species) or by proto-cooperation between two species, one
having an «-HSDH and the second containing the 3-HSDH
(interspecies). So far, HSDH activity has been confirmed in
a diverse variety of bacteria, including Bacteroides (77), Eu-
bacterium (78), Clostridium (79, 80), Bifidobacterium (81, 82),
Lactobacillus, Peptostreptococcus, and Escherichia (80, 83). No-
tably, epimerization of BA hydroxyl groups was proposed
to confer a protective effect for some bacterial species,
as it reduces BA toxicity. Generated ursocholic acid (73-
hydroxy), for instance, is less hydrophobic than chenocho-
lic acid (7o-hydroxy) and presumably less deleterious to
cell membranes (84). Whether intestinal bacteria benefit
from such reactions is still a matter of speculation.

7o-Dehydroxylation

In the colon, bacterial 7a-dehydroxylases convert primary
BAs, CA (with hydroxy groups at C-3, C-7, C-12), and CDCA
into deoxycholic acid (DCA) and lithocholic acid (LCA), re-
spectively (69). Both are absorbed to some extent and re-
turned to the liver (61). DCA is reconjugated and reabsorbed
in the ileum, similarly to primary BA. In the form of its gly-
cine and taurine conjugates, DCA was shown to account for
more than 20% of the total biliary BAs in humans (68). LCA,
on the other hand, never constituted more than 5%, as it is
largely excreted in the feces once conjugated to sulfite in the
liver (69). Quantitatively, 7a-dehydroxylation is the most im-
portant bacterial biotransformation, seeing that secondary
BAs predominate in human feces (69, 85). Surprisingly, only
distinct members of the Fubacterium and Clostridium XIVa
cluster were shown to undergo this reaction (69, 71, 86, 87).
Given the lack of redundancy in this ecosystem, any pertur-
bations to these bacterial groups were suggested to likely in-
fluence host metabolism (88). Because 7a-dehydroxylation
is a net reductive process, it was suggested to serve as a key
electron-accepting reaction in the energy metabolism of de-
hydroxylating bacteria (69).

Esterification and desulfation of BA in the gut

BA esters or saponifiable derivatives of BAs have been
reported to account for 10-30% of the total fecal BA con-
tent in humans (89). However, little is known about the
role of gut bacteria in carrying such a reaction. Bacterial
genera responsible for BA desulfation include Clostridium

(90, 91), Peptococcus (92), and Fusobacterium (93). To date,
this reaction mechanism has not been unleashed, and the
enzymes have not been characterized.

DYSBIOSIS, CHOLESTEROL DYSREGULATION, AND
METABOLIC DISEASES

Growing evidence suggests that gut microbiota may af-
fect lipid metabolism and function as an environmental
factor to influence the development of many metabolic dis-
eases (6-9, 94, 95). Several mediators were hypothesized to
link changes in gut bacteria to such diseases, including al-
terations in gut microbiota and subsequent changes in BA
metabolism (as is the case for hepatic cirrhosis) and pro-
duction of specific metabolites (atherosclerosis).

Hepatic cirrhosis

Recent reports have shown potential mechanisms explain-
ing how dysbiosis may affect BA metabolism and impact
upon disease state (96-98). With advancing liver disease and
cirrhosis, several taxonomic groups, including Lachnospira-
ceae, Roseburia, Ruminococcaceae, and Blautia, were reported to
decrease in addition to the reduction in primary BA concen-
trations in the intestine due to the liver problems. As these
taxa include members with BA 7a-dehydroxylation activity,
secondary BA rates were also significantly lower in cirrhotic
patients relative to healthy controls (98). Surprisingly, this
decrease in the BA pool entering the intestine appears to
promote the overgrowth of distinct pathogenic and pro-in-
flammatory members of Enterobacteriaceae and Porphyromon-
adaceae (97). Of note, a direct relationship was previously
reported between such bacteria and cognitive impairment in
cirrhotic patients (97). A recent comparison of gut microbial
genome content between cirrhotic and healthy individuals
suggests the enrichment for genes involved in ammonia pro-
duction and manganese transport systems, each of which is
suggested to play a mechanistic role in the cognitive prob-
lems associated with liver cirrhosis (6).

Atherosclerosis

Several significant associations between distinct micro-
bial taxa and atherosclerosis have been highlighted re-
cently (17, 99, 100), thus strengthening the evidence for
atherosclerosis as a microbiota-associated disease. Although
pathogenic bacteria have been previously associated with
such disease (9, 99, 100), the composition and functional
alteration of commensal microbiota in relation to athero-
sclerosis were recently examined (17). Different pathways
by which microbiota might affect atherogenesis were re-
ported previously (9). These include local or distant infec-
tion of the host, alterations in cholesterol metabolism by gut
microbiota, and the production of microbial metabolites.
Microbial processing of specific dietary components (cho-
line/carnitine) to trimethylamine (TMA), which is further
metabolized to TMAO in the liver, has been previously as-
sociated with atherosclerosis in several studies (101-105)
and is suggested to play a crucial role in the disease. In fact,
TMAO upregulated several macrophage scavenger receptors
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(CD36 and SR-A1) associated with atherosclerosis. Further-
more, the use of germ-free (GF) mice proved the effect
of diet and gut microbiota in the TMAO production linked
to macrophage cholesterol accumulation and foam cell
formation (101, 102). Dietary supplementation with the
TMA-containing precursor (choline or carnitine) and di-
etary TMAO directly were each shown to enhance aortic
root atherosclerotic plaque in mice (101). In humans, ele-
vated plasma levels of TMAO were strongly associated with
an increased risk of CVD (106-112). Indeed, numerous
TMAO-associated proteins were identified as involved in
the process of platelet aggregation (104, 110). Although
not entirely clear, TMAO was suggested to modulate
cholesterol and sterol metabolism at multiple sites in vivo
(101, 102). In the liver, TMAO reduced the expression of key
enzymes and multiple BA transporters (Cyp7al, Oatpl,
Oatp4, and Ntcp) and reduced the BA pool size (101).

Prior studies have suggested that multiple bacterial strains
can metabolize carnitine and choline in vitro (113, 114),
but specific commensal species that contribute to TMAO
formation remain largely unknown. Recently, species of
several bacterial taxa (Prevotella and Bacteroides) were shown
to be associated with both plasma TMAO and dietary status
(100, 102). A genus within the Coriobacteriaceae family (Co-
linsella) was also reported to be enriched in patients with
symptomatic atherosclerosis (100). Of note, patients with
atherosclerotic heart disease have higher cholesterol ab-
sorption and reduced fecal neutral steroid (115, 116),
which according to the findings of Martinez et al. (117)
was suggested to be linked to the increase of such genus.

Three main TMA-synthesis pathways have been described
involving each distinct enzyme complex (CutC/D, CntA/B,
and YeaW/X) (118-120). Recently, additional human bac-
terial taxa that exhibit choline TMA-lyase (CutC) and car-
nitine oxygenase (CntA) were further uncovered (121).
Furthermore, microbial choline processing was proposed
to confer certain advantages for bacteria in a complex envi-
ronment (122, 123). Of interest, an association between
atherosclerosis and gene abundance related to the TMA-
synthesis metabolic pathway (mainly those encoding TMA
lyases as YeaW/X) was lately described but further studies
are certainly needed (17).

Whether via direct pharmacological inhibition of micro-
bial enzymes involved in TMA production, dietary interven-
tion, or modification of the microbial community with pro- or
prebiotics, targeting the gut microbial TMAO pathway as a
treatment strategy has the potential to decrease the risk of
atherosclerosis. Further studies in animal models will thus be
of importance to ensure causality, define precise mecha-
nisms of action, and identify culprit bacteria in such disease.

MICROBE-BASED STRATEGIES FOR
CHOLESTEROL-LOWERING EFFECTS

BSH-active bacteria as a cholesterol-lowering agent

Partly owing to their cholesterol-lowering effects and
also being part of gut microbiota, BSH-active bacteria are
now largely used as food supplements or “drugs” in this
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day and age. A growing number of people with hyper-
cholesterolemia or CVDs have used these products con-
taining so-called “friendly” bacteria. Lately, increased
BSH activity was shown to disrupt micelle formation and
absorption, thus resulting in a significant decrease of cho-
lesterol level. Such a single widely distributed function of
gut microbiota could not only significantly influence lipid
metabolism but also weight gain and cholesterol levels
in the host (70, 124, 125). As mentioned in Joyce et al.
(124), high-level expression of cloned BSH enzymes in the
GIT of conventionally raised mice resulted in a signifi-
cant decrease in the host’s weight gain, plasma choles-
terol, and liver triglycerides, demonstrating the overall
impact of BSH activity on host physiology. In line with
this data, a combination of probiotic strains, VSL#3
(Lactobacilli, Bifidobacteria, and Streptococcus salivarius subsp.
thermophilus), was also found to improve lipid profiles in
mice (126). This commercially available mixture of bac-
teria promotes BA deconjugation and fecal excretion,
and increases hepatic BA synthesis via downregulation
of the FXR/FGF15 axis (126) (Table 1). An extra piece of
the puzzle in this captivating cross-talk was also revealed
when Li et al. (30) reported that pharmacologically re-
ducing the genus of Lactobacillus within the gut was linked
to a decrease of the BSH activity, allowing the reduction of
obesity induced by high-fat diet in mice. Such an effect
was proposed to be mediated by the accumulation of
intestinal tauro-B-muricholic acid that has been evidenced
as a natural FXR antagonist (30). Recently, the coloniza-
tion of gnotobiotic mice with Bacteroides thetaiotaomicron
and its corresponding mutant for BSH activity demon-
strated an alteration of BA metabolism, including higher
cecal TBMCA levels and lower liver and plasma lipid levels
(127). At a transcriptional level, the observed modifica-
tions in the BA pool were reported to modulate the expres-
sion of genes involved in both lipid uptake and glucose
metabolism, as well as those related to circadian rhythm
and immune response (127).

Using a double-blinded placebo-controlled randomized
study involving 114 subjects with high cholesterol levels,
the same author reported a decrease in total cholesterol
and LDL-C level by nearly 9% and 5%, respectively, after
consumption of yogurt containing BSH-active Lactobacillus
reuteri NCIMB 30242 (128-130) (Table 1). It is of interest
that this strain is the first commercial cholesterol-busting
probiotic ready for the US food, beverage, and supplement
markets.

Not surprisingly, several reports are nowadays devoted
to screening potential probiotic bacteria for BSH activ-
ity as potential biotherapeutics for metabolic diseases.
However, these studies focusing on the influence of a sin-
gle factor for strain selection (deconjugation in this case)
are insufficient to justify a cholesterol-lowering effect of
these strains.

Lactic bacteria as a hypocholesterolemic agent
Cholesterol entrapment has been reported for nu-

merous strains and was suggested to result in decreased

availability of cholesterol for absorption, thus leading to
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TABLE 1. Summary of the major studies investigating the relationship between probiotics and hypercholesterolemia

Dose and Time of Other
Probiotic Strain Animals/Subjects Intervention Effects Parameters Possible Mechanisms References
Lactobacillus lactis subsp. Rats 2.7x 10° CFU/ml  Decreased TC and Increased BA deconjugation (133)
lactic 1S-10285 daily for 12 days ~ LDL-c excretion of
BA in feces
Lactobacillus plantarum Mice 10° CFU/ml for Decreased LDL Increased fecal BA deconjugation (134)
KCTC3928 4 weeks cholesterol level BA excretion
Lactobacillus acidophilus Pigs 1 g/day for Decreased plasma — Cholesterol binding to (62)
ATCC 4962, mannitol, 8 weeks total cholesterol cell walls
FOS, inulin _
FEubacterium coprostanoligenes ~ Rabbits 2 x 10" CFU/ml Decreased plasma — Conversion of cholesterol (185)
total cholesterol into coprostanol
Lactobacillus rhamnosus Rats 10° CFU/ml for Decreased TC, HDL-c — NR (136)
SKG34 and FBB42 4 weeks and TG
Lactobacillus reutert NCIMB 114 subjects 5 x 10° CFU taken Reduced TC, LDL-c — BA deconjugation (130)
30242 twice per d over ~ and nonHDL-c
6 weeks
VSL#3 60 subjects 1125 x 10° CFU/  Reduced TC, TG, Increased fecal BA deconjugation (128)
capsule for 6 LDL and VLDL excretion
weeks
Enterococcus faecium CRL 49 subjects 10° and 10’ Decreased TC, — NR (137)
183 and Lactobacillus CFU/ml for LDL-c, nonHDIL~c
helveticus 416 42 days and CT/HDL-c ratio

TC, total cholesterol; LDL-c, LDL cholesterol; HDL-c, HDL cholesterol; TG, triglycerides; NR, not reported.

reduced serum cholesterol. In fact, consumption of Bifido-
bacterium bifidum, which was shown to assimilate cholesterol
in vitro, reduced serum cholesterol in hypercholesterol-
emic human subjects (60) (Table 1). Lactococcus lactis
KF147 and Lactobacillus plantarum Lp81 were also reported
to reduce cholesterol level by 12% (131). But, seeing that
both bacteria exhibit BSH activity, it was difficult to attri-
bute this effect to bacterial entrapment of cholesterol. Un-
fortunately, most of the in vivo trials done so far are based
on in vitro trials and focus only on verifying the hypocho-
lesterolemic effects shown in vitro, rather than the mecha-
nisms involved. Interestingly, it was reported that inhibition
of NPCILI by ezetimibe using GF and specific pathogen-
free mice allows a decrease of intestinal cholesterol absorp-
tion and a decrease of fecal cholesterol excretion in GF
mice correlated with a reduction of blood and hepatic cho-
lesterol levels. Therefore, targeting the gut microbiota has
been proposed as a promising strategy to lower cholesterol-
emia, probably in combination with other hypocholesterol-
emic drugs (132). Table 1 summarizes the main in vivo
trials with the mechanism proposed for each hypocholes-
terolemic effect.

CONCLUSIONS AND FUTURE PROSPECTS

In conclusion, current evidence has given some cre-
dence to the impact of gut microbiota on cholesterol me-
tabolism and its contributory role in the development of
metabolic diseases. Actually, microbiome profiling and fe-
cal transplantation have both proved the key role of gut
microbiota in cholesterol management, which may be a
risk factor for CVDs once dysregulated. The analysis of
these bacterial actions on cholesterol has allowed the iden-
tification of microbial pathways of cholesterol metabolism.
Still, this field of research remains poorly studied, as many
pathways still need to be unleashed and the involved enzymes
identified. The determination of the molecular basis of

these mechanisms of action will promote the use of intesti-
nal bacteria as a powerful cholesterol-lowering agent. Such
an approach can be combined with the existing attractive
strategies, including phytosterols, to increase their effi-
ciencies. Accumulating data from populations all over the
world will certainly promote the opportunity to investigate
the role of a functional microbiome on the host’s well-
being, which constitutes a challenge to develop specific
hypocholesterolemic therapies. Bl

The authors are grateful to A. Gargouri and R. Gargouri for
allowing this collaboration.

REFERENCES

1. Nishida, A., R. Inoue, O. Inatomi, S. Bamba, Y. Naito, and A.
Andoh. 2018. Gut microbiota in the pathogenesis of inflammatory
bowel disease. Clin. J. Gastroenterol. 11: 1-10.

2. Cani, P. D., R. Bibiloni, C. Knauf, A. Waget, A. M. Neyrinck,
N. M. Delzenne, and R. Burcelin. 2008. Changes in gut microbiota
control metabolic endotoxemia-induced inflammation in high-fat
diet-induced obesity and diabetes in mice. Diabetes. 57: 1470-1481.

3. Backhed, F., H. Ding, T. Wang, L. V. Hooper, G. Y. Koh, A. Nagy,
C. F. Semenkovich, and J. I. Gordon. 2004. The gut microbiota as
an environmental factor that regulates fat storage. Proc. Natl. Acad.
Sci. USA. 101: 15718-15723.

4. Turnbaugh, P. J., R. E. Ley, M. A. Mahowald, V. Magrini, E. R.
Mardis, and J. I. Gordon. 2006. An obesity-associated gut micro-
biome with increased capacity of energy harvest. Nature. 444:
1027-1031.

5. Qin, J., Y. Li, Z. Cai, S. Li, J. Zhu, F. Zhang, S. Liang, W. Zhang, Y.
Guan, D. Shen, et al. 2012. A metagenome-wide association study
of gut microbiota in type 2 diabetes. Nature. 490: 55—60.

6. Qin, N., F. Yang, A. Li, E. Prifti, Y. Chen, L. Shao, J. Guo, E. Le
Chatelier, J. Yao, L. Wu, et al. 2014. Alteration of the human gut
microbiome in liver cirrhosis. Nature. 513: 59-64.

7. 1i,D.Y., and W. H. W. Tang. 2017. Gut microbiota and atheroscle-
rosis. Curr. Atheroscler. Rep. 19: 39.

8. Chistiakov, D. A, Y. V. Bobryshev, E. Kozarov, I. A. Sobenin, and
A. N. Orekhov. 2015. Role of gut microbiota in the modulation
of atherosclerosis-associated immune response. Front. Microbiol. 6:
671.

Microbial metabolism of cholesterol and bile acids 329

6T0Z ‘8 AINr uo ‘anbiwouoiBy aydiaydsay e| ap [euoneN 1Nsu| YYNI Je 610 Jj:mmm woly papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

9.

10.

11.

12.

14.

15.

16.

17.

18.
19.
20.

21.

22.
23.

24.

25.
26.

27.

28.

29.

32.

35.

330

Jonsson, A. L., and F. Backhed. 2017. Role of gut microbiota in
atherosclerosis. Nat. Rev. Cardiol. 14: 79-87.

Tremaroli, V., and F. Backhed. 2012. Functional interactions
between the gut microbiota and host metabolism. Nature. 489:
242-249.

Hoffmann, C., S. Dollive, S. Grunberg, J. Chen, H. Li, G. D. Wu,
J. D. Lewis, and F. D. Bushman. 2013. Archaea and fungi of the
human gut microbiome: correlations with diet and bacterial resi-
dents. PLoS One. 8: ¢66019.

Wahlstrom, A., S. Sayin, H. Marschall, and F. Backhed. 2016.
Intestinal crosstalk between bile acids and microbiota and its im-
pact on host metabolism. Cell Metab. 24: 41-50.

. Round, J. L., and S. K. Mazmanian. 2009. The gut microbiota

shapes intestinal immune responses during health and disease.
Nat. Rev. Immunol. 9: 313-323.

Postler, T. S., and S. Ghosh. 2017. Understanding the holobiont:
how microbial metabolites affect human health and shape the im-
mune system. Cell Metab. 26: 110-130.

Delzenne, N. M., and L. B. Bindels. 2018. Gut microbiota in 2017:
contribution of gut microbiota-host cooperation to drug efficacy.
Nat. Rev. Gastroenterol. Hepatol. 15: 69-70.

Tang, W. H., T. Kitai, and S. L. Hazen. 2017. Gut microbiota in
cardiovascular health and disease. Circ. Res. 120: 1183-1196.

Jie, Z., H. Xia, S-L.. Zhong, Q. Feng, S. Li, S. Liang, H. Zhong, Z.
Liu, Y. Gao, H. Zhao, et al. 2017. The gut microbiome in athero-
sclerotic cardiovascular disease. Nat. Commun. 8: 845.

Gérard, P. 2013. Metabolism of cholesterol and bile acids by the
gut microbiota. Pathogens. 3: 14-24.

Liscum, L., and K. W. Underwood. 1995. Intracellular cholesterol
transport and compartmentation. J. Biol. Chem. 270: 15443-15446.
Simons, K., and E. Ikonene. 2000. How cells handle cholesterol.
Science. 290: 1721-1726.

Sheng, R., Y. Chen, H. Yung Gee, E. Stec, H. R. Melowic, N. R.
Blatner, M. P. Tun, Y. Kim, M. Kallberg, T. K. Fujiwara, et al. 2012.
Cholesterol modulates cell signaling and protein networking by
specifically interacting with PDZ domain-containing scaffold pro-
teins. Nat. Commun. 3: 1249.

Orth, M., and S. Bellosta. 2012. Cholesterol: its regulation and role
in central nervous system disorders. Cholesterol. 2012: 292598.
Russell, D. W. 2009. Fifty years of advances in bile acid synthesis
and metabolism. J. Lipid Res. 50: S120-S125.

Arnold, D. R., and P. O. Kwiterovich. 2003. Cholesterol: absorp-
tion, function, and metabolism. /n Encyclopedia of Food Sciences
and Nutrition. Second edition. 1226-1237.

Cohen, D. E. 2008. Balancing cholesterol synthesis and absorption
in the gastrointestinal tract. J. Clin. Lipidol. 2: S1-S3.

Fielding, C. J., and P. E. Fielding. 1995. Molecular physiology of
reverse cholesterol transport. J. Lipid Res. 36: 211-228.

Oram, J. F., and J. W. Heinecke. 2005. ATP-binding cassette trans-
porter Al: a cell cholesterol exporter that protects against cardio-
vascular disease. Physiol. Rev. 85: 1343-1372.

Saito, H., S. Lund-Katz, and M. C. Phillips. 2004. Contributions
of domain structure and lipid interaction to the functionality
of exchangeable human apolipoproteins. Prog. Lipid Res. 43:
350-380.

Lund-Katz, S., and M. C. Phillips. 2010. High density lipopro-
tein structure-function and role in reverse cholesterol transport.
Subcell. Biochem. 51: 183-227.

. Li, F., C. Jiang, K. W. Krausz, Y. Li, I. Albert, H. Hao, K. M. Fabre, ].

B. Mitchell, A. D. Patterson, and F. J. Gonzalez. 2013. Microbiome
remodelling leads to inhibition of intestinal farnesoid X receptor
signalling and decreased obesity. Nat. Commun. 4: 2384.

. Kuipers, F., V. W. Bloks, and A. K. Groen. 2014. Beyond intesti-

nal soap-bile acids in metabolic control. Nat. Rev. Endocrinol. 10:
488-498.

Staley, C., A. R. Weingarden, A. Khoruts, and M. J. Sadowsky.
2017. Interaction of gut microbiota with bile acid metabolism
and its influence on disease states. Appl. Microbiol. Biotechnol.
101: 47-64.

Long, S. L., C. G. M. Gahan, and S. A. Joyce. 2017. Interactions
between gut bacteria and bile in health and disease. Mol. Aspects
Med. 56: 54-65.

. de Aguiar Vallim, T. Q., E. ]J. Tarling, and P. A. Edwards. 2013.

Pleiotropic roles of bile acids in metabolism. Cell Metab. 17:
657-669.

Russell, D. W. 2003. The enzymes, regulation, and genetics of bile
acid synthesis. Annu. Rev. Biochem. 72: 137-174.

Journal of Lipid Research Volume 60, 2019

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hofmann, A. F. 1963. The function of bile salts in fat absorption.
The solvent properties of dilute micellar solutions of conjugated
bile salts. Biochem. J. 89: 57-68.

Stellaard, F., and D. Litohann. 2017. The interpretation of cho-
lesterol balance derived synthesis data and surrogate non choles-
terol plasma markers for cholesterol synthesis under lipid lowering
therapies. Cholesterol. 2017: 5046294.

Schoenheimer, R. 1931. New contributions in sterol metabolism.
Science. 74: 579-584.

Midtvedt, A. C., and T. Midtvedt. 1993. Conversion of cholesterol
to coprostanol by the intestinal microflora during the first two
years of human life. J. Pediatr. Gastroenterol. Nutr. 17: 161-168.
Veiga, P., C. Juste, P. Lepercq, K. Saunier, F. Beguet, and P.
Gérard. 2005. Correlation between faecal microbial community
structure and cholesterol-to-coprostanol conversion in the human
gut. FEMS Microbiol. Lett. 242: 81-86.

Wilkins, T. D., and A. S. Hackman. 1974. Two patterns of neutral
steroid conversion in the feces of normal North Americans. Cancer
Res. 34: 2250-2254.

Macdonald, I. A, V. D. Bokkenheuser, J. Winter, A. M. Mc, and
E. H. Lernon. 1983. Degradation of steroids in the human gut. /.
Lipid Res. 24: 675-700.

. Dam, H. 1934. The formation of coprosterol in the intestine.

The action of intestinal bacteria on cholesterol. Biochem. J. 28:
820-825.

Eyssen, H. J., G. G. Parmentier, F. C. Compernolle, G. de Pauw,
and M. Piessens-Denef. 1973. Biohydrogenation of sterols by
Eubacterium ATCC 21,408-Nova species. Eur. J. Biochem. 36:
411-421.

Freier, T. A.,, D. C. Beit, L. Li, and P. A. Hartman. 1994.
Characterization of Eubacterium coprostanoligenes sp. nov., a
cholesterol-reducing anaerobe. Int. J. Syst. Bacteriol. 44: 137-142.
Gérard, P., P. Lepercq, M. Leclerc, F. Gavini, P. Raibaud, and
C. Juste. 2007. Bacteroides sp. strain D8, the first cholesterol-
reducing bacterium isolated from human feces. Appl. Environ.
Microbiol. 73: 5742-5749.

Crowther, J. S., B. S. Drasar, P. Goddard, M. J. Hill, and K. Johnson.
1973. The effect of a chemically defined diet on the faecal steroid
concentration. Gut. 14: 790-793.

Lye, H. S., G. Rusul, and M. T. Liong. 2010. Removal of cholesterol
by Lactobacilli via incorporation of and conversion to coprostanol.
J- Dairy Sci. 93: 1383-1392.

Antharam, V. C., D. C. McEwen, T. J. Garrett, A. T. Dossey, E. C.
Li, A. N. Kozlov, Z. Mesbah, and G. P. Wang. 2016. An integrated
metabolomic and microbiome analysis identified specific gut
microbiota associated with fecal cholesterol and coprostanol in
Clostridium difficile infection. PLoS One. 11: e0148824.

Sekimoto, H., O. Shimada, M. Makanishi, T. Nakano, and O.
Katayama. 1983. Interrelationship between serum and fecal ste-
rols. Jpn. J. Med. 22: 14-20.

Fu, ]., M. J. Bonder, M. C. Cenit, E. F. Tigchelaar, A. Maatman, J. A.
Dekens, E. Brandsma, J. Marczynska, F. Imhann, R. K. Weersma,
et al. 2015. The gut microbiome contributes to a substantial pro-
portion of the variation in blood lipids. Circ. Res. 117: 817-824.
Bhattacharyya, A. K. 1986. Differences in uptake and esterification
of saturated analogues of cholesterol by rat small intestine. Am. J.
Physiol. 251: G495-500.

Beitz, D. C., J. W. Young, L. Li, and K. K. Buhman, inventors. Iowa
State University Research Foundation, Inc., assignee. Oral admin-
istration of coprostanol producing microorganisms to humans to
decrease plasma cholesterol concentration. United States patent
US 5,972,685. October 26, 1999.

Tang, W., Y. Ma, L. Jia, Y. A. Ioannou, ]. P. Davies, and L. Yu. 2008.
Niemann-Pick Cl-like 1 is required for an LXR agonist to raise
plasma HDL cholesterol in mice. Arterioscler. Thromb. Vasc. Biol. 28:
448-454.

Zhong, C. Y., W. W. Sun, Y. Ma, H. Wei, B. H. Zeng, Q. Zhang, Y.
Chen, L. Yu, and Z. Y. Song. 2015. Microbiota prevents cholesterol
loss from the body by regulating host gene expression in mice. Sci.
Rep. 5: 10512.

Razin, S. 1974. Correlation of cholesterol to phospholipid content
in membranes of growing mycoplasmas. FEBS Lett. 47: 81-85.
Razin, S. 1975. Cholesterol incorporation into bacterial mem-
branes. J. Bacteriol. 124: 570-572.

Gilliland, S. E., C. R. Nelson, and C. Maxwell. 1985. Assimilation of
cholesterol by Lactobacillus acidophilus. Appl. Environ. Microbiol. 49:
377-381.

6T0Z ‘8 AInr uo ‘anbiwouoiBy aydiaydsay e| ap [euoneN 1Nsu| YYNI Je 610 Jj:mmm woly papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Nielson, J. W., and S. E. Gilliland. 1985. Variations in cholesterol
assimilation by individual strains of Lactobacillus acidophilus and
Lactobacillus casei from human intestines. J. Dairy Sci. 68 (Suppl. 1):
83.

Rasic, J. L., I. F. Vujicic, M. Skringer, and M. Vulic. 1992.
Assimilation of cholesterol by some culture of lactic acid bacteria
and bifidobacteria. Biotechnol. Leit. 14: 39—-44.

Walker, D. K., and S. E. Gilliland. 1993. Relationship among bile
tolerance, bile salt deconjugation, and assimilation of cholesterol
by Lactobacillus acidophilus. J. Dairy Sci. 76: 956-961.

Liong, M. T, and N. T. Shah. 2005. Acid and bile tolerance and
cholesterol removal ability of lactobacilli strains. J. Dairy Sci. 88:
55-66.

Tahri, K., J. P. Grill, and F. Schneider. 1996. Bifidobacteria strain
behavior toward cholesterol: coprecipitation with bile salts and as-
similation. Curr. Microbiol. 33: 187-193.

Noh, D. O., S. H. Kim, and S. E. Gilliland. 1997. Incorporation of
cholesterol into the cellular membrane of Lactobacillus acidophi-
lus ATCC 43121. J. Dairy Sci. 80: 3107-3113.

Kimoto, H., S. Ohmomo, and T. Okamoto. 2002. Cholesterol re-
moval from media by lactococci. J. Dairy Sci. 85: 3182-3188.
Kimoto-Nira, H., K. Mizumachi, M. Nomura, M. Kobayashi, Y.
Fujita, T. Okamoto, I. Suzuki, N. M. Tsuji, J. I. Kurisaki, and S.
Ohmomo. 2007. Lactococcus sp. as potential probiotic lactic acid
bacteria. Jpn. Agric. Res. Q. 41: 181-189.

Lye, H. S., G. Rusul, and M. T. Liong. 2010. Mechanisms of cho-
lesterol removal by lactobacilli under conditions that mimic the
human gastrointestinal tract. Int. Dairy J. 20: 169-175.

Hofmann, A. F. 1999. Bile acids: the good, the bad, and the ugly.
News Physiol. Sci. 14: 24-29.

Ridlon, J. M., D]. Kang, and P. B. Hylemon. 2006. Bile salt bio-
transformations by human intestinal bacteria. J. Lipid Res. 47:
241-259.

Begley, M., G. M. Gahan, and C. H. Hill. 2005. The interaction
between bacteria and bile. FEEMS Microbiol. Rev. 29: 625-651.
Ridlon, J. M., D. J. Kang, P. B. Hylemon, and J. S. Bajaj. 2014.
Bile acids and the gut microbiome. Curr. Opin. Gastroenterol. 30:
332-338.

Tanaka, H., K. Doesburg, T. Iwasaki, I. Mierau. 1999. Screening of
lactic acid bacteria for bile salt hydrolase activity. J. Dairy Sci. 82:
2530-2535.

Tanaka, H., H. Hashiba, J. Kok, and I. Mierau. 2000. Bile salt hy-
drolase of Bifidobacterium longum-biochemical and genetic charac-
terization. Appl. Environ. Microbiol. 66: 2502-2512.

De Smet, 1., L. Van Hoorde, M. Vande Woestyne, H. Christiaens,
and W. Verstraete. 1995. Significance of bile salt hydrolytic activi-
ties of lactobacilli. J. Appl. Bacteriol. 79: 292-301.

Lefebvre, P., B. Cariou, F. Lien, F. Kuipers, and B. Staels. 2009.
Role of bile acids and bile acid receptors in metabolic regulation.
Physiol. Rev. 89: 147-191.

Cai, J. S., and J. H. Chen. 2014. The mechanism of enterohepatic
circulation in the formation of gallstone disease. J. Membr. Biol.
247: 1067-1082.

Hylemon, P. B., and J. A. Sherrod. 1975. Multiple forms of 7-alpha-
hydroxysteroid dehydrogenase in selected strains of Bacteroides fra-
gilis. J. Bacteriol. 122: 418-424.

MacDonald, I. A, J. F. Jellett, D. E. Mahony, and L. V. Holdeman.
1979a. Bile salt 3 alpha- and 12 alpha-hydroxysteroid dehydro-
genases from Eubacterium lentum and related organisms. Appl.
Environ. Microbiol. 37: 992-1000.

Macdonald, I. A, J. F. Jellett, and D. E. Mahony. 1979b. 12 Alpha-
hydroxysteroid dehydrogenase from Clostridium group P strain C48-
50 ATCC No. 29733: partial purification and characterization. J.
Lipid Res. 20: 234-239.

Dickinson, A. B., B. E. Gustafsson, and A. Norman. 1971.
Determination of bile acid conversion potencies of intestinal
bacteria by screening in vitro and subsequent establishment in
germfree rats. Acta Pathol. Microbiol. Scand B Microbiol. Immunol. 79:
691-698.

Aries, V., and M. J. Hill. 1970. Degradation of steroids by intestinal
bacteria. II. Enzymes catalysing the oxidoreduction of the 3 alpha-,
7 alpha- and 12 alpha-hydroxyl groups in cholic acid, and the de-
hydroxylation of the 7-hydroxyl group. Biochim. Biophys. Acta. 202:
535-543.

Ferrari, A., N. Pacini, and E. Canzi. 1980. A note on bile acid
transformations by strains of Bifidobacterium. J. Appl. Bacteriol. 49:
193-197.

84.

85.

86.

87.

88.

89.

90.

91.

92.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

. Hirano, S., and N. Masuda. 1981. Epimerization of the 7-hydroxy

group of bile acids by the combination of two kinds of microor-
ganisms with 7 alpha- and 7 beta-hydroxysteroid dehydrogenase
activity, respectively. J. Lipid Res. 22: 1060-1068.

Armstrong, M. J., and M. C. Carey. 1982. The hydrophobic-
hydrophilic balance of bile salts. Inverse correlation between
reverse-phase high performance liquid chromatographic mo-
bilities and micellar cholesterol-solubilizing capacities. J. Lipid
Res. 23: 70-80.

Hylemon, P. B., and J. Harder. 1998. Biotransformation of mono-
terpenes, bile acids, and other isoprenoids in anaerobic ecosys-
tems. FEMS Microbiol. Rev. 22: 475-488.

Kitahara, M., F. Takamine, T. Imamura, and Y. Benno. 2000.
Assignment of Eubacterium sp. VPI 12708 and related strains with
high bile acid 7alpha- dehydroxylating activity to Clostridium scin-
dens and proposal of Clostridium hylemonae sp. nov., isolated from
human faeces. Int. J. Syst. Evol. Microbiol. 50: 971-978.

Kitahara, M., F. Takamine, T. Imamura, and Y. Benno. 2001.
Clostridium hiranonis sp. nov., a human intestinal bacterium with
bile acid 7alpha-dehydroxylating activity. Int. J. Syst. Evol. Microbiol.
51: 39-44.

Samuel., P., C. M. Holzman, E. Meilman, and I. Sekowski. 1973.
Effect of neomycin and other antibiotics on serum cholesterol lev-
els and 7a-dehydroxylation of bile acids by the fecal bacterial flora
in man. Circ. Res. 33: 393-402.

Fiorucci, S., and E. Distrutti. 2015. Bile acid-activated receptors,
intestinal microbiota and the treatment for metabolic disorders.
Trends Mol. Med. 21: 702-714.

Borriello, S. P., and R. W. Owen. 1982. The metabolism of litho-
cholic acid and lithocholic acid-3a-sulfate by human fecal bacteria.
Lipids. 17: 477-482.

Robben, J., G. Parmentier, and H. Eyssen. 1986. Isolation of a rat
intestinal Clostridium strain producing 5 alpha- and 5 beta-bile salt
3 alpha-sulfatase activity. Appl. Environ. Microbiol. 51: 32-38.

Van Eldere, J., J. Robben, G. De Pauw, R. Merckx, and H. Eyssen.
1988. Isolation and identification of intestinal steroid-desulfat-
ing bacteria from rats and humans. Appl. Environ. Microbiol. 54:
2112-2117.

. Robben, J., G. Janssen, R. Merckx, and H. Eyssen. 1989. Formation

of delta 2- and delta 3-cholenoic acids from bile acid 3-sulfates by
a human intestinal Fusobacterium strain. Appl. Environ. Microbiol. 55:
2954-2959.

Caesar, R., and F. Backhed. 2010. Effects of gut microbiota on obe-
sity and atherosclerosis via modulation of inflammation and lipid
metabolism. J. Intern. Med. 268: 320-328.

Gregory, J. C., J. A. Buffa, E. Org, Z. Wang, B. S. Levison, W. Zhu,
M. A. Wagner, B. J. Bennett, L. Li, J. A. DiDonato, et al. 2015.
Transmission of atherosclerosis susceptibility with gut microbial
transplantation. J. Biol. Chem. 290: 5647-5660.

Chen, Y., F. Yang, H. Lu, B. Wang, Y. Chen, D. Lei, Y. Wang, B.
Zhu, and L. Li. 2011. Characterization of fecal microbial commu-
nities in patients with liver cirrhosis. Hepatology. 54: 562-572.
Bajaj, J. S., D. M. Heuman, P. B. Hylemon, A. J. Sanyal, M. B. White,
P. Monteith, N. A. Noble, A. B. Unser, K. Daita, A. R. Fisher, et al.
2014. Altered profile of human gut microbiome is associated with
cirrhosis and its complications. J. Hepatol. 60: 940-947.

Kakiyama, G., W. M. Pandak, P. M. Gillevet, P. B. Hylemon, D. M.
Heuman, K. Daita, H. Takei, A. Muto, H. Nittono, J. M. Ridlon,
et al. 2013. Modulation of the fecal bile acid profile by gut micro-
biota in cirrhosis. . Hepatol. 58: 949-955.

Lindskog Jonsson, A., F. F. Hallenius, R. Akrami, E. Johansson,
P. Wester, C. Arnerlov, F. Bickhed, and G. Bergstrom. 2017.
Bacterial profile in human atherosclerotic plaques. Atherosclerosis.
263: 177-183.

Karlsson, F. H., I. Nookaew, V. Tremaroli, D. Petranovic, F.
Backhed, and J. Nielsen. 2012. Symptomatic atherosclerosis is as-
sociated with an altered gut metagenome. Nat. Commun. 3: 1245.
Wang, Z., E. Klipfell, B. J. Bennett, and R. Koeth. 2011. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular dis-
ease. Nature. 472: 57-63.

Koeth, R. A., Z. Wang, B. S. Levison, J. A. Buffa, and E. Org. 2013.
Intestinal microbiota metabolism of L-carnitine, a nutrient in red
meat, promotes atherosclerosis. Nat. Med. 19: 576-585.

Tang, W. H., Z. Wang, B. S. Levison, R. A. Koeth, E. B. Britt, Y.
Wu, and S. L. Hazen. 2013. Intestinal microbial metabolism of
phosphatidylcholine and cardiovascular risk. N. Engl. . Med. 368:
1575-1584.

Microbial metabolism of cholesterol and bile acids 331

6T0Z ‘8 AInr uo ‘anbiwouoiBy aydiaydsay e| ap [euoneN 1Nsu| YYNI Je 610 Jj:mmm woly papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

332

Zhu, W, J. C. Gregory, E. Org, ]J. A. Buffa, and N. Gupta. 2016.
Gut microbial metabolite TMAO enhances platelet hyperreactiv-
ity and thrombosis risk. Cell. 165: 111-124.

Cho, C. E., S. Taesuwan, O. V. Malysheva, E. Bender, N.
F. Tulchinsky, J. Yan, J. L. Sutter, and M. A. Caudill. 2017.
Trimethylamine-N-oxide (TMAO) response to animal source
food varies among healthy young men and is influenced by their
gut microbiota composition. Mol. Nutr. Food Res. 61: 1-12.
Senthong, V., X. S. Li, T. Hudec, ]J. Coughlin, Y. Wu, B. Levison,
Z. Wang, S. L. Hazen, and W. H. Tang. 2016a. Plasma trimeth-
ylamine N-oxide, a gut microbe-generated phosphatidylcholine
metabolite, is associated with atherosclerotic burden. J. Am. Coll.
Cardiol. 67: 2620-2628.

Senthong, V., Z. Wang, Y. Fan, Y. Wu, S. L. Hazen, and W. H.
Tang. 2016b. Trimethylamine N-oxide and mortality risk in pa-
tients with peripheral artery disease. J. Am. Heart Assoc. 5: €004237.
Randrianarisoa, E., A. Lehn-Stefan, X. Wang, M. Hoene, G. Xu,
R. Lehmann, and N. Stefan. 2016. Relationship of serum trimeth-
ylamine N-oxide (TMAO) levels with early atherosclerosis in hu-
mans. Sci. Rep. 6: 26745.

Stubbs, J. R., ]J. A. House, A. J. Ocque, S. Zang, C. Johnson, C.
Kimber, K. Schmidt, A. Gupta, J. B. Wetmore, T. D. Nolin, et al.
2016. Serum trimethylamine-N-oxide is elevated in CKD and cor-
relates with coronary atherosclerosis burden. J. Am. Soc. Nephrol.
27: 305-313.

Manor, O., N. Zubair, M. P. Conomos, X. Xu, J. E. Rohwer, C. E.
Krafft, J. C. Lovejoy, and A. T. Magis. 2018. Multi-omic association
study of trimethylamine N-oxide. Cell Reports. 24: 935-946.

Li, X. S., S. Obeid, R. Klingenberg, C. M. Matter, Y. Wu, L. Li,
Z. Wang, H. S. Alamri, W. H. Tang, and S. L. Hazen. 2017. Gut
microbiota-dependent trimethylamine N-oxide in acute coro-
nary syndromes: A prognostic marker for incident cardiovascular
events beyond traditional risk factors. Eur. Heart J. 38: 814-824.
Suzuki, T., L. M. Heaney, D. ]J. Jones, and L. L. Ng. 2017.
Trimethylamine N-oxide and risk stratification after acute myo-
cardial infarction. Clin. Chem. 63: 420-428.

Elssner, T., A. Preusser, U. Wagner, and H. P. Kleber. 1999.
Metabolism of L(-)-carnitine by Enterobacteriaceae under aero-
bic conditions. FEMS Microbiol. Lett. 174: 295-301.

Romano, K. A, E. L. Vivas, D. Amador-Noguez, and F. E. Rey.
2015. Intestinal microbiota composition modulates choline bio-
availability from diet and accumulation of the proatherogenic
metabolite trimethylamine-N-oxide. MBio. 6: ¢02481.

Matthan, N. R., M. Pencina, J. M. LaRocque, P. F. Jacques,
R. B. D’Agostino, E. J. Schaefer, and A. H. Lichtenstein. 2009.
Alterations in cholesterol absorption/synthesis markers charac-
terize Framingham offspring study participants with CHD. J. Lipid
Res. 50: 1927-1935.

Rajaratnam, R. A., H. Gylling, and T. A. Miettinen. 2001.
Cholesterol absorption, synthesis, and fecal output in post-
menopausal women with and without coronary artery disease.
Arterioscler. Thromb. Vasc. Biol. 21: 1650-1655.

Martinez, 1., G. Wallace, C. Zhang, R. Legge, A. K. Benson, T. P.
Carr, E. N. Moriyama, and J. Walter. 2009. Diet-induced metabolic
improvements in a hamster model of hypercholesterolemia are
strongly linked to alterations of the gut microbiota. Appl. Environ.
Microbiol. 75: 4175-4184.

Craciun, S., and E. P. Balskus. 2012. Microbial conversion of cho-
line to trimethylamine requires a glycyl radical enzyme. Proc. Natl.
Acad. Sci. USA. 109: 21307-21312.

Craciun, S., J. A. Marks, and E. P. Balskus. 2014. Characterization
of choline trimethylamine-lyase expands the chemistry of glycyl
radical enzymes. ACS Chem. Biol. 9: 1408-1413.

Koeth, R. A,, B. S. Levison, M. K. Culley, J. A. Buffa, Z. Wang,
J. C. Gregory, E. Org, Y. Wu, L. Li, J. D. Smith, et al. 2014.
v-Butyrobetaine is a proatherogenic intermediate in gut micro-
bial metabolism of L-carnitine to TMAO. Cell Metab. 20: 799-812.

Journal of Lipid Research Volume 60, 2019

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Rath, S., B. Heidrich, D. H. Pieper, and M. Vital. 2017. Uncovering
the trimethylamine-producing bacteria of the human gut micro-
biota. Microbiome. 5: 54.

Martinez-del Campo, A., S. Bodea, H. A. Hamer, J. A. Marks, H. J.
Haiser, P. ]J. Turnbaugh, and E. P. Balskus. 2015. Characterization
and detection of a widely distributed gene cluster that predicts
anaerobic choline utilization by human gut bacteria. MBio. 6:
€00042-15.

Falony, G., S. Vieira-Silva, and J. Raes. 2015. Microbiology meets
big data: the case of gut microbiota-derived trimethylamine.
Annu. Rev. Microbiol. 69: 305-321.

Joyce, S. A., J. MacSharry, P. G. Casey, M. Kinsella, E. F. Murphy,
F. Shanahan, C. Hill, and C. G. Gahan. 2014. Regulation of host
weight gain and lipid metabolism by bacterial bile acid modifica-
tion in the gut. Proc. Natl. Acad. Sci. USA. 111: 7421-7426.

Jones, B. V., M. Begley, C. Hill, G. C. Gahan, and J. R. Marchesi.
2008. Functional and comparative metagenomic analysis of bile
salt hydrolase activity in the human gut microbiome. Proc. Natl.
Acad. Sci. USA. 105: 13580-13585.

Degirolamo, C., S. Rainaldi, F. Bovenga, S. Murzilli, and A.
Moschetta. 2014. Microbiota modification with probiotics induces
hepatic bile acid synthesis via downregulation of the Fxr-Fgfl5
axis in mice. Cell Reports. 7: 12-18.

Yao, L., S. C. Seaton, S. Ndousse-Fetter, A. A. Adhikari, N.
DiBenedetto, A. 1. Mina, A. S. Banks, L. Bry, and A. S. Devlin.
2018. A selective gut bacterial bile salt hydrolase alters host me-
tabolism. eLife. 7: €37182.

Rajkumar, H., N. Mahmood, M. Kumar, S. R. Varikuti, H. R.
Challa, and S. P. Myakala. 2014. Effect of probiotic (VSL#3) and
omega-3 on lipid profile, insulin sensitivity, inflammatory mark-
ers, and gut colonization in overweight adults: a randomized, con-
trolled trial. Mediators Inflamm. 2014: 348959.

Jones, M. L., C. J. Martoni, and S. Prakash. 2012. Cholesterol low-
ering and inhibition of sterol absorption by Lactobacillus reuteri
NCIMB 30242: a randomized controlled trial. Fur. J. Clin. Nutr.
66: 1234-1241.

Jones, M. L., C. J. Martoni, and S. Prakash. 2012. Cholesterol-
lowering efficacy of a microencapsulated bile salt hydrolase-active
Lactobacillus reuteri NCIMB 30242 yoghurt formulation in hy-
percholesterolaemic adults. Br. J. Nutr. 107: 1505-1513.
Hassanein, W. A., N. M. Awny, and S. M. Ibraheim. 2013.
Cholesterol reduction by Lactococcus lactis KF147. Afr. J. Microbiol.
Res. 7: 4338-4349.

Minggian, H., and S. Bingyin. 2017. Gut microbiota as a potential
target of metabolic syndrome: the role of probiotics and prebiotics.
Cell Biosct. T: 54.

Pato, U., I. S. Surono, Koesnandar, and A. Hosono. 2004.
Hypocholesterolemic effect of indigenous Dadih lactic acid bac-
teria by deconjugation of bile salts. Asian-Australas. J. Anim. Sci. 17:
1741-1745.

Jeun, J., S. Kim, S. Y. Cho, H. J. Jun, H. J. Park, J. G. Seo, M. J.
Chung, and S. J. Lee. 2010. Hypocholesterolemic effects of
Lactobacillus plantarum KCTC3928 by increased bile acid excre-
tion in C57BL/6 mice. Nutrition. 26: 321-330.

Li, L., K. K. Buhman, P. A. Hartman, and D. C. Beitz. 1995.
Hypocholesterolemic effect of Eubacterium coprostanoligenes ATCC
51222 in rabbits. Lett. Appl. Microbiol. 20: 137-140.

Nocianitri, K. A., N. S. Antara, I. M. Sugitha, D. M. Sukrama, Y.
Ramona, and I. N. Sujaya. 2017. The effect of two Lactobacillus
rhammosus strains on the blood lipid profile of rats fed with high
fat containing diet. Int. Food Res. J. 24: 795-802.

Cavallini, D. C., M. S. Manzoni, R. Bedani, M. N. Roselino, L.
S. Celiberto, R. C. Bendramini, G. de Valdez, D. S. Abdalla, R.
A. Pinto, D. Rosetto, et al. 2016. Probiotic Soy Product supple-
mented with isoflavones improves the lipid profile of moder-
ately hypercholesterolemic men: a randomized controlled trial.
Nutrients. 8: 1-18.

6T0Z ‘8 AInr uo ‘anbiwouoiBy aydlaydsay e| ap [euoneN 1Nsu| YYNI 1e 610 Jj:mmm woly papeojumod


http://www.jlr.org/

