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Conceptualizing the Vertebrate Sterolbiome
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ABSTRACT Vertebrates synthesize a diverse set of steroids and bile acids that un-
dergo bacterial biotransformations. The endocrine literature has principally focused
on the biochemistry and molecular biology of host synthesis and tissue-specific me-
tabolism of steroids. Host-associated microbiota possess a coevolved set of steroid
and bile acid modifying enzymes that match the majority of host peripheral bio-
transformations in addition to unique capabilities. The set of host-associated micro-
bial genes encoding enzymes involved in steroid transformations is known as the
sterolbiome. This review focuses on the current knowledge of the sterolbiome as
well as its importance in medicine and agriculture.
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ost-associated bacteria are estimated to be roughly numerically equal to host cells
(1) but possess ~99% of the functional genes in the host (2). Microbiome com-
positions differ between health and disease states (3). Phenotypic transfer of a disease
through fecal transplant establishes microbiomes as causal in the disease process (4).
Further delving into mechanisms of causation requires determining relevant host-
microbe interactions. In this regard, microbial metabolic contributions to the host
metabolome have come sharply into focus (5, 6). However, we are still working toward
identifying microbial genes associated with metabolites generated by host-associated
microbiota. Much of the early mechanistic work on the human microbiome was with
reference to the “glycobiome,” where complex pathways for polysaccharide degrada-
tion were determined (7-9). The glycobiome continues to present a “call to arms” in
working out host-microbe interactions relating to the degradation of dietary and
endogenous carbohydrates and the formation of short-chain fatty acids. It also provides
a useful paradigm for organizing work focused on other areas of microbial metabolism.
The vertebrate host converts cholesterol to a diversity of sterols, neutral steroids,
and bile acids, whose complexity is markedly enhanced by the metabolic activity of
host-associated microbiota. My group previously introduced the term “sterolbiome” to
describe “the genetic potential of the gut microbiome to produce endocrine molecules
from endogenous and exogenous steroids in the mammalian gut” (10). The sterolbiome
concept fits into the overarching and burgeoning field of microbial endocrinology (11), _ -
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TABLE 1 Sterolbiome metabolites alter host physiology

Applied and Environmental Microbiology

Host target (abbreviation) Sterolbiome agonists Disease relevance Reference(s)
Nuclear receptor
Farnesoid X receptor (FXR) DCA, LCA Metabolic syndrome, colon cancer, 10, 57, 187
liver cancer
Pregnane-activated receptor (PXR) LCA, DCA Metabolic syndrome, colon cancer, 10, 57, 187
liver cancer
Vitamin D receptor (VDR) 3-Oxo-LCA, LCA Colon cancer, liver cancer, cholestasis 10, 57, 187
Androgen receptor (AR) 11-Oxyandrogens Colon cancer, prostate cancer, 141, 188
immune system function
Retinoic acid receptor y T (RORYT) Allo-DCA, allo-LCA, isoalloLCA Colon cancer, IBD, liver 61
regeneration, liver cancer
G protein-coupled receptor
TGR-5 DCA, LCA Metabolic syndrome, cancer, liver 57
regeneration
M2,3-muscarinic receptor DCA, LCA, TDCA, TLCA, Colon cancer, fetal heart arrhythmia 57, 189-191
GDCA, GLCA
Sphingosine-1-phosphate receptor 2 TLCA, TDCA Metabolic syndrome 57
Membrane androgen receptor 11-Oxyandrogens Prostate cancer, colon cancer 192
Host enzyme
11B-Hydroxysteroid dehydrogenase1/2 7-Oxo-LCA, 11-oxyandrogens, Hypertension, metabolic syndrome 97, 126
11-oxy-progesterone
Transcription/cell adhesion
B-Catenin DCA, LCA Colon cancer 193

aIBD, inflammatory bowel disease.

THE GUT STEROLBIOME

Cholesterol metabolism by gut bacteria. Cholesterol is the precursor to all
steroids, including sex steroids and bile acids. Roughly 1 g of cholesterol reaches the
human gut each day, originating from diet, bile, and sloughed intestinal cells (12).
Anaerobic bacteria have evolved enzymes to utilize cholesterol as an electron acceptor,
resulting in the formation of coprostanol (12). In humans, coprostanol formation can be
prevented through oral antibiotic treatment (13). Indeed, coprostanol is not observed
in the gut contents of germfree (GF) animals (14). Moreover, conversion of cholesterol
to coprostanol has been shown in vitro with fecal suspensions (12, 14). Unlike choles-
terol, coprostanol is not absorbed efficiently in the gastrointestinal (Gl) tract (15, 16). An
inverse relationship between serum cholesterol levels and the fecal ratio of cholesterol
to coprostanol has been reported. However, individual microbiomes differ in the
capacity to metabolize cholesterol (16). Importantly, evidence in mice and rabbits
suggests that coprostanoligenic gut bacteria may serve as probiotics that have poten-
tial to regulate serum cholesterol levels, although this was not observed in laying hens
(17-19).

Unfortunately, work in this area has been hampered by the difficulty of isolating and
culturing coprostanoligenic bacteria (20, 21). The first bacterium capable of converting
cholesterol to coprostanol was isolated from rat cecal contents and displayed an
absolute requirement for cholesterol or other unsaturated steroids (22), with limited
growth in the absence of homogenized brain or brain lipid extracts (22). It was later
shown that plasmenylethanolamine from brain lipid extraction is a growth factor for
Eubacterium strain ATCC 21408 (20). In vitro studies also identified bacteria belonging
to Lactobacillus, Bifidobacterium, and Clostridium as potentially capable of converting
cholesterol to coprostanol (23).

Two main biochemical pathways for conversion of cholesterol to coprostanol have
been proposed, largely based on radiometric studies of whole cells or cecal contents
(14, 24-26). The direct pathway (Fig. 1) involves the direct biohydrogenation of
cholesterol (cholest-5-en-33-ol) to coprostanol (53-cholestan-33-ol) (24, 25). Studies by
Rosenfeld et al. showed that [3a-2H]- and [3a-3H]-cholesterol was converted to copros-
tanol in vivo and in vitro with retention of most of the label, suggesting that the
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FIG 1 Microbial pathways for the conversion of cholesterol to coprostanol in the Gl tract. Gray box, Cholesterol structure with numbering. There are three
pathways proposed for the conversion of cholesterol to coprostanol. Refer to the text for a detailed description.

3B-hydroxyl group was not metabolized (24, 25). Thereafter, Bjérkhem et al. demon-
strated removal and reinsertion of the 3a-3H label via enzyme-bound cofactors in
sequential oxidative and reductive steps (14, 26). They showed using [43-3H,4-'4C]- and
[3a-3H,4-“C]cholesterol extensive oxidoreduction at C-3, in addition to transfer of
tritium from C-4 to C-6 indicating an isomerization reaction, which indicated an indirect
pathway from cholesterol to coprostanol (26). Indeed, the greatest support is for the
indirect pathway, which combines results from both radiometric studies in mixed rat
cecal cultures as well as studies in whole cells of Eubacterium strain ATCC 21408,
Eubacterium coprostanoligenes ATCC 51222, and Bacteroides sp. strain D8 (Table 2) (14
22, 27-29). The indirect pathway involves oxidation of the 3B-hydroxy group (5-
cholesten-3-one), followed by isomerization of the A> bond to A% (cholest-4-en-3-one),
reduction of the A* bond to coprostanone, and then reduction of the 3-oxo group to
coprostanol (28) (Fig. 1). Addition of the above-mentioned intermediates to pure
cultures resulted in formation of coprostanol (22, 27, 29). Identification of the genes
responsible for coprostanol formation and determining substrate specificity for en-
zymes, particularly whether enzymes involved in isomerization and A* reduction rec-
ognize both 3-keto and 3B-hydroxy group, will be important in testing the validity of
the proposed direct and indirect pathway (Fig. 1).

To this end, Bjorkhem et al. partially purified NADH-dependent 3-oxo-A*-steroid
5B-reductase after generating cell extracts from rat cecal contents; however, the
identity of the gene(s) is not known (14). The enzyme catalyzing the initial step of the
indirect pathway has been proposed to be an oxygen-dependent enzyme, cholesterol
oxidase (23). Presumably, this is because there is a well-characterized cholesterol
oxidase expressed by aerobic soil bacteria. However, another plausible scenario under
anaerobic conditions is oxidation of the 33-hydroxyl group by an oxygen-independent
NAD(P)H-dependent 3B-hydroxysteroid dehydrogenase (3B-HSDH) in the short-chain
dehydrogenase, aldo/keto-reductase, or medium-chain reductase family (30). Examples
of gut bacterial NAD(P)-dependent 33-HSDH enzymes that recognize bile acids and
neutral steroids have been reported (31, 32). NAD(P)H-dependent flavoproteins have
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TABLE 2 Bacterial species contributing to the sterolbiome
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Source of Enzyme(s) or
Bacterial species isolation gene/operon? Substrate(s) Product(s) Reference(s)
Cholesterol metabolism
Eubacterium ATCC 21408 Large intestine 3B-HSDH, A4-reductase, Cholesterol Coprostanol 22,28
A4,5-isomerase
E. coprostanoligenes ATCC 51222 Hog sewage  3B-HSDH, A4-reductase, Cholesterol, 4-cholesten-3-one, Coprostanol 27
lagoon A4,5-isomerase coprostanone
Bacteroides sp. D8 Large intestine 3B-HSDH, A4-reductase, Cholesterol Coprostanol 29
MA4,5-isomerase
Eubacterium strain 403 Baboon feces 3B-HSDH, A4-reductase, Cholesterol, allocholesterol, 4-  Coprostanol, 194
A4,5-isomerase cholesten-3-one, 5B-androstane-33-ol-17-one
coprostanone,
androst-5-en-33-ol-17-one
Bile acid metabolism
Clostridium perfringens Large intestine BSH, 3a-HSDH, Conjugated bile acids Unconjugated bile acids 196
12a-HSDH
Lactobacillus spp. Large intestine BSH Conjugated bile acids Unconjugated bile acids 197, 198
Bifidobacterium spp. Large intestine BSH Conjugated bile acids Unconjugated bile acids 43, 207
Enterococcus spp. Large intestine BSH Conjugated bile acids Unconjugated bile acids 44
Methanobrevibacter smithii Large intestine BSH Conjugated bile acids Unconjugated bile acids 40
Eggerthella lenta Large intestine 3a-HSDH, 33-HSHD, 7a- Unconjugated bile acids Oxo-epimers and bile acid 32,83
HSDH, 12a-HSDH epimers
Ruminococcus gnavus Large intestine 3a-HSDH, 33-HSHD Unconjugated bile acids Oxo-epimers and bile acid 31
epimers
Escherichia coli Large intestine 7a-HSDH Unconjugated bile acids Oxo-epimers and bile acid 91
epimers
Bacteroides spp. Large intestine BSH, 7a-HSDH Conjugated bile acids; Unconjugated bile acids, oxo- 52, 195, 199
unconjugated primary bile bile acids
acids
Clostridium paraputrificum Large intestine 12B-HSDH Unconjugated bile acids Oxo-epimers and bile acid 88, 89
epimers
Blautia producta Large intestine 3a-HSDH, 38-HSHD Unconjugated bile acids Oxo-epimers and bile acid 200
epimers
Clostridium scindens Large intestine bai operon, 12a-HSDH,  Primary bile acids (CA, CDCA,  Secondary bile acids (DCA, 33, 38, 80, 201
7a-HSDH UDCA) LCA), oxo-bile acids
Clostridium hiranonis Large intestine bai operon, 12a-HSDH,  Primary bile acids (CA, CDCA,  Secondary bile acids (DCA, 202, 203
7a-HSDH UDCA) LCA), oxo-bile acids
Clostridium hylemonae Large intestine bai operon, 12a-HSDH,  Primary bile acids (CA, CDCA, Secondary bile acids (DCA, 203, 204
70-HSDH UDCA) LCA), oxo-bile acids
Clostridium bolteae Large intestine Bile acid conjugase Primary bile acids (CA, CDCA,  Tyro-, phenylalano-, leucho-bile 95
UDCA) acid conjugates
Clostridium limnosum Large intestine 7a-HSDH; 73-HSDH Primary bile acids (CA, CDCA,  Oxo-epimers and bile acid 205
UDCA) epimers
Glucocorticoid metabolism
Clostridium scindens ATCC 35704 Large intestine desABCD operon Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 76, 107-109, 207
cortisol, allo- 11-oxyandrogens
tetrahydrocortisol,
20a-dihydrocortisol
Butyricicoccus desmolans Large intestine desABE operon Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 110, 111
cortisol, allo- 11-oxyandrogens
tetrahydrocortisol,
20B-dihydrocortisol
Clostridium cadaveris Large intestine desABE operon Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 110
cortisol, allo- 11-oxyandrogens
tetrahydrocortisol,
20B-dihydrocortisol
Propionimicrobium lymphophilum  Urinary tract ~ desABE operon Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 109, 111
cortisol, allo- 11-oxyandrogens
tetrahydrocortisol,
20B-dihydrocortisol
Bifidobacterium adolescentis Large intestine desE Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 111, 112
cortisol, allo- 11-oxyandrogens
tetrahydrocortisol,
20B-dihydrocortisol
Eggerthella lenta Large intestine 21-Dehydroxylase Corticosterone, DOC 11B-Hydroxyprogesterone 135
Intestinibacillus sp. Large intestine desABE operon Cortisol, cortisone 11B-Hydroxyandrostenedione, 109
Marseille-P4005 11-oxyandrogens
Arcanobacterium urinimassiliense  Urinary tract ~ desABE operon Cortisol, cortisone, 11-desoxy-  11B-Hydroxyandrostenedione, 109
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TABLE 2 (Continued)
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Source of Enzyme(s) or
Bacterial species isolation gene/operon? Substrate(s) Product(s) Reference(s)
Sex steroid metabolism
C. innocuum Large intestine 17B-HSDH, 33-HSDH, Estrone, progesterone, 17B-Estradiol, 3B-hydroxy-53- 138
5B-reductase testosterone pregnan-20-one,
5B-androstan-33,173-diol
C. paraputrificum Large intestine 17B-HSDH, 3a-HSDH, Estrone, progesterone, 17B-Estradiol, 3B3-hydroxy-53- 138
5B-reductase testosterone pregnan-20-one,
5B-androstan-3«,173-diol
Bacteroides fragilis Large intestine 17B-HSDH (11B-Hydroxy)androstenedione  (11B-Hydroxy)testosterone 137
Eggerthella lenta 144 Large intestine 16-Dehydroxylase 16a-Hydroxyprogesterone 17a-Pregnanolone 122,123
Large intestine 173-HSDH Androstenedione Testosterone 82
Bacteroides melaninogenicus Oral cavity 5B-Reductase? Estradiol, progesterone 5B-Pregnane-3,20-dione? 147
Porphyromonas gingivalis Oral cavity 5B-Reductase? Testosterone DHT 151
Prevotella intermedia Oral cavity 5B-Reductase Testosterone DHT 151
Actinobacillus Oral cavity 5B-Reductase Testosterone DHT 151
actinomycetemcomitans
Clostridium scindens VPI 12708 Large intestine 17a-HSDH Androstenedione Epitestosterone 136
16-Ene-steroids
Corynebacterium sp. Axillae 16-Reductase, 3a-HSDH, 5,16-Androstadien-3-ol 1-Androstenedione, 4- 159, 160

3b-HSDH, A1-
reductase, A4-
reductase, 173-HSDH

androstenedione, pregna-
1,4-dien-3,30-dione, pregna-
4,6-dien-3,20-dione, 4,16-
androstadien-3-one,
5B-androst-16-en-3-ol

aBSH, bile salt hydrolase.

been identified in gut bacteria capable of metabolizing bile acid 3-oxo-A* interme-
diates (33) and progestins (34). Genes encoding 3-ketosteroid-A%>-isomerase result-
ing in a 4-cholen-3-one intermediate have not been identified. The ketosteroid isomer-
ase from Comamonas testosteroni (208) does not appear to have homologs in the gut
microbiome based on a BLAST search (data not shown); however, the genomes of
coprostanoligenic bacteria, such as Eubacterium VPl 21408, E. coprostanoligenes, and
Bacteroides sp. D8, are reported to have been sequenced, but these sequences are not
publicly available at present.

Bile salt biotransformations. Bile acids are synthesized primarily in the liver from
cholesterol through a multienzyme process (35). In aqueous solution, bile acids act as
amphipathic detergents that self-associate into mixed micelles with cholesterol, lipid-
soluble vitamins, and other lipids, including some pharmaceuticals. Chenodeoxycholic
acid (CDCA; 3¢,7 a-dihydroxy-5B-cholan-24-oic acid) is the primary bile acid from which
other bile acids are synthesized (35). In humans, cholic acid (CA; 3a,7a,12a-trihydroxy-
5B-cholan-24-oic) is generated by the 12a-hydroxylation of CDCA, resulting in roughly
equal proportions of the two primary bile acids in bile (35). In the liver, primary bile
acids are then amidated (conjugated) to the amino groups of glycine or taurine, which
lowers the pK, values by 2.4 to 5 units, respectively (36). The result is the formation of
effective detergents involved in dietary lipid absorption in the small bowel. An initial
step in microbial metabolism of bile salts in the intestines is the hydrolysis of the amide
bond linking amino acid to bile acid.

Bile salt deconjugation. Bile salt hydrolases (BSH; EC 3.5.1.24) are members of the
choloylglycine hydrolase family, which includes penicillin V amidase (EC 3.5.1.11) (37)
(Fig. 2). Bile salt hydrolysis is a substrate-limiting reaction and goes to completion in the
Gl tract, as evident in fecal bile acid profiles of healthy individuals who are not on
antibiotics (38, 39). Bile salt hydrolase-encoding genes are generally constitutively
expressed and intracellular, with some notable exceptions for both the former and the
latter (38). Metagenomic surveys reveal that bsh genes are specific to vertebrate gut
communities and widely distributed among bacterial genera from all major phyla
(Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria) of the domain Bacteria and
gut methanogens from the domain Archaea (Table 2) (40).

Despite differences in subunit composition, pH optimum, substrate specificity, and
kinetic properties, BSH share conserved active-site amino acids (Cys2, Asp21, Asn175,
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FIG 2 Major bile salt biotransformation reactions in the Gl tract. Gray box, structures of the two primary bile acids synthesized by the human liver and the major
secondary bile acids generated from gut bacterial 7a-dehydroxylation. After conjugation to taurine or glycine in the liver, conjugated bile acids undergo
hydrolysis in the large intestine catalyzed by bacterial bile salt hydrolase enzymes. Unconjugated primary bile acids can be reversibly oxidized and epimerized
at each hydroxyl group by pyridine nucleotide-dependent hydroxysteroid dehydrogenase enzymes. Removal of the 7-hydroxyl group is catalyzed by a small
population of clostridia that encode a bile acid-inducible (Bai) multienzyme pathway. Lithocholic acid, formed by bile acid 7-dehydroxylation of CDCA or UDCA,
is highly toxic. When absorbed by colonocytes, LCA is sulfated at the 3-position. Bacteria have evolved desulfurases that hydrolyze 3-sulfo-LCA.

and Arg228) in common with the BSH from Clostridium perfringens (38). Structures have
been determined for some BSH, including those of Lactobacillus salivarius (41), C.
perfringens (42), Bifidobacterium longum (43), and Enterococcus faecalis (44). Under-
standing the mechanisms for bile salt hydrolysis and the physiological effect of
inhibition of BSH function in vivo may have important applications in both medicine
and agriculture (45-48). The inhibition of BSH, particularly in lactobacilli, is predicted to
improve weight gain in poultry (48, 49). Additional structural studies, particularly for
BSH with diverse substrate specificity with bound substrates, would greatly aid in the
development of inhibitors. Indeed, recent work identified a covalent BSH inhibitor that
prevented deconjugation in conventional mice (209). Mechanisms for inverse relation
between BSH activity and weight gain may include solubilization of dietary lipids (50),
altered glucose and lipid metabolism due to changes in bile acid cellular signaling (51,
52), and reduction in the formation of lithocholic acid (LCA), which is hepatotoxic in
poultry (53). Conversely, increased BSH activity functions to lower serum cholesterol in
laboratory animals and humans (54). Thus, regulating the activity of certain sterolbiome
enzymes may be important for production animals, as well as for cardiovascular health
in humans.

Bile acid 7-dehydroxylation. The fecal bile acid profile of healthy conventional
vertebrates is predominated by hydrophobic secondary bile acids, particularly DCA and
LCA (Fig. 2) (38). In contrast, the fecal bile acid profile of diseases such as inflammatory
bowel disease and advanced cirrhosis (55) and patients with antibiotic-induced dys-
biosis who acquire Clostridium difficile infection (56) are enriched in a mix of conjugated
primary bile acids and unconjugated primary bile acids. Hydrophobic secondary bile
acids have greater affinity for several host nuclear receptors and G-protein-coupled
receptors than many primary bile acids (Table 1), indicating cross talk and coevolution
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between host and microbe (57). Among beneficial functions of hydrophobic secondary
bile acids (DCA and LCA) are resistance against pathogens (56), regulation of serotonin
synthesis (58), activation of cellular signaling that induces secretion of antimicrobial
peptides (59), and regulation of immune function (57-61). The concentration of hydro-
phobic secondary bile acids may be key to the balance between normal physiological
function, and the promotion of Gl diseases because our diets and life span have
changed drastically during the industrial and postindustrial era. Western diets, high in
saturated fat and animal protein, select for increased bile acid secretion into the Gl tract
and expansion of Clostridium cluster XVla, V, and IX organisms capable of converting
host primary bile acids to hydrophobic secondary bile acids (Table 2) (62). Increased
levels of DCA and LCA are associated mechanistically with chronic disease such as
cholesterol gallstones (63), colon cancer (64-68), liver cancer (69, 70), and correlated
with Alzheimer’s disease (71, 72).

In 1980, the first bacterium capable of converting CA to DCA, Eubacterium sp. strain
VPI 12708 (73) (now C. scindens strain VPl 12708) (74), was isolated in pure culture,
followed by the type strain Clostridium scindens ATCC 35704 (75). The addition of
primary bile acids, such as CA and CDCA (but not ursodeoxycholic acid [UDCA]), to the
culture medium of C. scindens strain VPl 12708 resulted in induction of multiple
polypeptides on two-dimensional (2D) SDS-PAGE (76). During the late 1980s and early
1990s, a polycistronic bile acid-inducible (bai) regulon was cloned and sequenced (38).
Radiolabeled cholic acid intermediates were separated after incubation with cell ex-
tracts of C. scindens strain VPI 12708 and identified by mass spectrometry (77). Chemical
synthesis of each of these cholic acid intermediates, and addition of each to cell
extracts of C. scindens strain VPI 12708, resulted in formation of DCA (78). The associ-
ation of particular biochemical steps with purified native or recombinant Bai enzymes
has expanded our understanding of this complex multistep process responsible for the
formation of secondary bile acids such as DCA and LCA (reviewed previously [10, 38,
79]) (Fig. 2).

Recently, my group determined global differential gene expression (by transcrip-
tome sequencing [RNA-Seq]) caused by the addition of CA or DCA (80). Several novel
candidate genes involved in bile acid metabolism were identified, including several
likely candidates for secondary bile acid efflux pumps. A recent report demonstrated
that the bai gene cluster engineered in Clostridium sporogenes, or overexpressed in
vitro, is sufficient to convert CA to DCA, indicating potential roles for BaiCD and BaiH in
both the oxidative and reductive arms of the bile acid 7a-dehydroxylation pathway
(210). Further work will be needed to determine the detailed substrate specificity of Bai
enzymes and whether BaiCD and BaiH serve as the core reductive enzymes acting on
the bile acid ring structure in bile acid 7a-dehydroxylating clostridia or serve an
ancillary function as the bile acid concentration increases. As yet, genetic tools to
manipulate the organisms encoding the bai pathway have yet to be reported.

Bile acid oxidation and epimerization. Gut bacteria have evolved a suite of
pyridine nucleotide-dependent hydroxysteroid dehydrogenases that are both regio-
specific (C-3 versus C-7 hydroxy groups) and stereospecific (a- versus B-hydroxyl
orientation) (79). For the bile acid chemist, these enzymes have practical application in
the quantification of bile acids as well as the generation of bile acid standards (81). One
of the more versatile bile acid oxidizers is Eggerthella lenta (formerly Eubacterium
lentum). In rich growth medium under a nitrogen atmosphere, some Eggerthella lenta
strains quantitatively convert cholic acid to trioxocholanoic acid, which is hypothesized
to provide reducing equivalents for reductive carboxylation via the Wood-Ljundahl
pathway (82, 83). E. lenta also epimerizes the 3a-hydroxy group, forming what are
known as “iso”-bile acids (33-hydroxy) (31, 82). Iso-bile acid derivatives of DCA and LCA
make up a substantial quantity of bacterial fecal bile acid metabolites (39). Bacterial
epimerization of bile acids results in partial hydrophilic character to both faces of the
steroid ring system, which reduces the detergent strength of the bile acid and reduces
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its toxicity to both bacterial and host cells. The liver is capable of epimerization of
iso-bile acids, loss of which results in an inability to solubilize lipids in the diet (84).

My group’s in vitro work suggests that primary bile acids that are oxidized and
epimerized at the 3-hydroxyl group are less rapidly converted to DCA or LCA by
Clostridium scindens (82). Indeed, since C. scindens appears to lack appreciable 33-HSDH
activity (85), the conversion of CA or CDCA to iso-CA or iso-CDCA, respectively, would
block removal of the 7a-hydroxyl group by C. scindens (38). This is because the removal
of the 7a-hydroxyl group requires sequential oxidation of the 3a-hydroxy followed by
ring-A oxidation. Urso-bile acids (7B-hydroxy) such as the therapeutic bile acid UDCA,
are used to treat biliary disorders but are subject to 73-dehydroxylation. The rate of bile
acid 7B-dehydroxylation is lower than the rate of bile acid 7a-dehydroxylation (86).
Urso-bile acids can be reversibly epimerized by gut bacteria and 7a-dehydroxylated by
a few species of clostridia (87). In contrast, there is very little known about 123-hydroxy
bile acids (88, 89). Co-culture between E. lenta (12a-HSDH) and Clostridium paraputri-
ficum (12B-HSDH) results in the formation of epicholic acid (88). The extent to which
epicholic acid is 7a-dehydroxylated is not currently known. Structures have been
determined for gut bacterial 3a-HSDH (90), 7a-HSDH (91), and 7B8-HSDH (92), which are
beginning to shed light on the regio- and stereospecificity of these enzymes.

Bile acid esterification, polymerization, and amidation. There are reports in the
literature that gut bacteria are capable of forming ethyl esters of bile acids as well as
long-chain fatty acid esters of LCA (93). In addition, one report identified polyesters of
DCA (94). These reactions very likely represent detoxification mechanisms by gut
bacteria aimed at reducing the concentration of hydrophobic bile acids. The gut
bacteria responsible for these reactions are not known, nor have the genes or gene
products catalyzing these reactions been identified. A recent report indicates that
Clostridium bolteae strains are capable of generating three new bile acid amides from
phenylalanine (phenylalanocholic), tyrosine (tyrosocholic acid), and leucine (leu-
chocholic acid) (95). These conjugated bile acids were not deconjugated in mixed fecal
suspension and were found to be potent farnesoid X receptor (FXR) agonists, suggest-
ing that this may have physiological effects, potentially mediating host-microbe com-
munication (95).

Corticosteroids. Steroid hormones play critical roles in the regulation of salt and
water balance, metabolism, and stress responses and in sexual differentiation and
reproduction. The primary steroidogenic tissues include the adrenal cortex, the gonads,
and the placenta, which are capable of de novo cholesterol and steroid biosynthesis
from cholesterol (96). Vertebrates have evolved a suite of enzymes expressed in
particular tissues in the body to modify steroid functional groups, altering their affinity
to host receptors and thus their potency (96). The 113-hydroxy group can be reversibly
oxidized by NAD*-dependent 11B-HSD1 isoform, converting cortisol (active form) to
cortisone (inactive form), the latter of which is not a ligand glucocorticoid receptor (97).
The 17B-hydroxyl group is characteristic of potent androgens and estrogens, the
oxidation of which by NADP-dependent 173-HSD isoforms reversible (in)activates these
steroids (HSD17B2/4) (96). 3-Keto/ring A reduction, primarily in the liver, to either 5a-
or 5B-reduced forms inactivates steroids and is considered from the host point of view
irreversible (96). Glucocorticoids and progesterone are also subject to 20a/20B-reduced
through aldo-keto reductase (AKR1C1) (98). With the exception of metabolism at C-11,
the human sterolbiome encodes enzymes capable of each reaction host tissues per-
form, as well as unique biotransformations. The human microbiome should thus be
considered a potentially important component of the host endocrine system.

Steroid-17,20-desmolase pathway. The adrenal product 11p-hydroxyandro-
stenedione (11B8-OHAD) has been the subject of considerable recent controversy, after
many years of marginal interest since its discovery in the 1950s. 113-OHAD is formed
primarily in the adrenal gland through 11B-hydroxylation of androstenedione, with
some peripheral side chain cleavage of cortisol (99). Early clinical studies examining the
treatment of ulcerative colitis by rectal infusion of cortisol provided the first evidence
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that human-associated bacteria also catalyze the side chain cleavage of cortisol (C,,),
resulting in 113-OHAD (C,,) (100, 101). Patients given doses of cortisol exhibited a spike
in urinary excretion of 11B8-OHAD derivatives (11-oxyandrogens). Oral antibiotic treat-
ment prevented the spike in urinary 11-oxyandrogens (100, 101). This provided evi-
dence that gut bacteria are capable of generating 11-oxyandrogens in the gut that are
absorbed into the bloodstream. Formation of 11-oxyandrogens from cortisol in feces is
common among those vertebrates that produce cortisol (102). Measurement of gluco-
corticoid levels in feces collected at a distance from an animal is a noninvasive
measurement of stress in both the wild and captivity (103).

In 1981, Cerone-McLernon et al. definitively established that fecal microbes were
capable of cortisol side chain cleavage by identifying radiolabeled products of cortisol
incubated with human fecal suspensions (104). A few years later, Clostridium scindens
ATCC 35704 was isolated and shown to generate two products from cortisol, 20a-
dihydrocortisol and 118-OHAD (Fig. 3) (75, 105). Both NADH-dependent cortisol 20a-
HSDH and steroid-17,20-desmolase activities are induced in C. scindens ATCC 35704 by
the addition of cortisol to the culture medium (106). The genes encoding NADH-
dependent cortisol 20a-HSDH and steroid-17,20-desmolase were later identified by
comparing mRNA profiles between cortisol-induced whole cells of C. scindens ATCC
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35704 and uninduced control mRNA (107). A highly induced gene cluster was identified
that was named desABCD for hypothesized desmolase activity (107).

desA and desB are annotated as “transketolase” genes, while desC is annotated as a
zinc-dependent medium-chain dehydrogenase (MDR), and desD encodes a putative
membrane transport protein (107). The desC gene from C. scindens ATCC 35704 was
cloned and overexpressed in Escherichia coli and shown to encode a 40-kDa NADH-
dependent 20a-HSDH with substrate specificity identical to that of the native enzyme
(107). Phylogenetic analysis of DesC revealed that this protein appears to have evolved
from MDR family proteins but has so far been found only in C. scindens (107). Our group
recently reported the 2.0-A apo-structure and proposed catalytic mechanism of DesC
from C. scindens ATCC 35704 based on hybrid quantum mechanical molecular model-
ing (QM/MM) validated by site-directed mutagenesis and biophysical techniques (207).

The recombinant DesAB gene products from C. scindens were recently shown to
catalyze the side chain cleavage of cortisol (108). Phylogenetic and sequence similarity
network analysis revealed that desAB genes were found in Butyricicoccus desmolans and
Clostridium cadaveris, as previously reported, as well as Intestinibacillus sp. strain
Marseille-P4005, which remains uncharacterized with respect to cortisol metabolism
(Table 2) (109, 110). Butyricicoccus desmolans and Clostridium cadaveris, as well as
Bifidobacterium adolescentis, were also reported previously to express cortisol 208-
HSDH activity (110). Examination of the genomes of B. desmolans and C. cadavaris
revealed desAB genes adjacent to a gene encoding a putative short-chain dehydroge-
nase family (SDR) our group hypothesized and demonstrated to encode cortisol
203-HSDH, designated desE (111). The desC gene was not located in these genomes. We
then solved the 2.0- and 2.2-A structures of the DesE apo-complex and binary complex
from B. adolescentis (112). The enzyme had strong directionality toward formation of
20B-dihydrocortisol. Interestingly, only some strains of B. adolescentis possess desE
(111).

Steroid 16a-dehydroxylation and 3-ketosteroid-5p-reductase. The host 16a-
hydroxylates progesterone as a means to excrete it from the body (113). Intrave-
nous administration of a human patient with 16a-hydroxyprogesterone resulted in
urinary excretion of 17a-pregnanolone (3a-hydroxy-5B-17a-pregnan-20-one), which
indicates that this excretion product is significantly modified in the gut and reabsorbed
(114). In both humans and rodents, 16a-hydroxyprogesterone is reduced to 16a-
hydroxypregnanolone by the liver, is secreted into bile, and undergoes enterohepatic
circulation (EHC), encountering gut microbiota (114-117). It has been reported that
16a-dehydroxylation occurs in conventional rats but not in germfree rats (118). In fecal
suspensions from rats (118) and humans (117), 16a-hydroxyprogesterone was con-
verted to 17a-pregnanolone, implicating gut bacteria. This is significant because it
indicates three important changes to 16a-hydroxyprogesterone: (i) removal of the
16a-hydroxy group, (ii) change in side chain stereochemistry, and (iii) reduction of
3-ox0-A* to a 3a-hydroxy-58 derivative or 3a-hydroxy-5« derivative, both of which are
absorbed from the Gl tract and excreted via urine (Fig. 3). Thus, urinary metabolomics
of pregnanolones capable of distinguishing side chain stereochemistry can differentiate
the origin of the metabolite.

Later studies determined, after incubation of 16a-hydroxyprogesterone in the pres-
ence of human or rat fecal microbiota, the formation of 3a-hydroxy-5B-17a-pregnan-
20-one or 3a-hydroxy-5a-17a-pregnan-20-one, respectively (119). Bokkenheuser et al.
reported isolation of a strain identified as Bacteroides ruminicola subsp. brevis (strain
145) from rat feces with 3-ketosteroid reductase activity that resulted in the 5a-reduced
derivative (120). However, steroid 16a-dehydroxylation appears so far limited to the
Coriobacteriaceae, in particular strains of Eggerthella lenta or closely related taxa (121,
122). Bacteria expressing 16a-dehydroxylase activity were isolated and described as
Gram-positive non-spore-forming obligate anaerobes that are nonmotile, with charac-
teristics nearly identical to those of Eggerthella lenta, including in the case of strain
146 stimulation by addition of L-arginine, but did not reduce nitrate (121). Partial
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purification and characterization of 16a-dehydroxylase have been performed (122-
125). Further work is needed to identify and characterize the gene(s) encoding
16a-dehydroxylase.

Steroid 21-dehydroxylation in the gut. Corticosterone is synthesized at 1/10th the
amount as cortisol; however, its metabolism by gut bacteria may have important
consequences for the host (126). Work at the Karolinska Institute in the 1960s and 1970s
sought to characterize corticosterone metabolism by the gut microbiota (114, 115, 117,
118). Corticosterone enters bile after ring A saturation (5a or 5B reduction) and
glucuronidation in the liver (11). Comparison of steroid metabolism between germfree
and conventional rodents indicates that gut bacteria catalyze the dehydroxylation of
the side chain-terminal carbon (C-21) (Fig. 3) (127). Importantly, identification of
radiolabeled metabolites of 33,21-dihydroxy-5a-pregnane-20-one after incubation with
rat cecal contents provided important clues to the substrate specificity of bacterial
21-dehydroxylase. Principally, derivatives with a C-20 hydroxyl group were not 21-
dehydroxylated, but those with a C-20 ketone were 21-dehydroxylated (127). In addi-
tion, there were important sex differences observed, with male rats excreting increased
20-hydroxy derivatives, which underwent less 21-dehydroxylation than in female rats
(127). Later studies by Honour and colleagues in the 1980s showed that corticosterone
administration to rats led to increased blood pressure, which was ablated by neomycin
treatment (128, 129).

A possible mechanistic link between the observation that gut bacteria convert
corticosterone to 11B-hydroxyprogesterone, and that a relation exists between corti-
costerone, antibiotics, and hypertension, has been offered by the study of the inhibition
of host 11B-hydroxysteroid dehydrogenase (113-HSD) isoforms (97). Host 11B-HSD is
expressed in mineralocorticoid target tissues such as colon, skin, artery smooth muscle,
and renal tubules. Cortisol has affinity for the mineralocorticoid receptor (MR) on par
with its physiological ligand, aldosterone, while the latter has low affinity (97, 126). Host
11B-HSD2 functions to convert cortisol to cortisone, which is not a ligand for MR.
Patients deficient in 11B-HSD2 activity suffer from a severe form of hypertension that
presents as aldosterone excess but in fact is due to excess cortisol binding to MR.
Consumption of licorice is known to cause hypertension that presents in the same way
as an apparent mineralocorticoid excess (130). Licorice contains the compound glycyr-
rhetinic acid, which causes hypertension through the inhibition of 118-HSD2 (130).
Endogenous 21-dehydroxylated derivatives of corticosterone were shown to inhibit
11B-HSD2 (126). From this, it has been hypothesized that gut microbial 21-
dehydroxylation results in the formation of glycyrrhetinic acid-like factors (GALFs) that
increase sodium and water retention through the inhibition of 118-HSD1/2, resulting in
hypertension observed in the Honour rat model (128, 129). Importantly, a consequence
of bacterial metabolism of corticosterone derivatives is to affect the route of excretion
of the microbial metabolites from fecal to renal (131). For example, 11-de-
oxycorticosterone (DOC) is a precursor of urinary 5B-pregnan-3«,20a-diol glucuronide
(132), and corticosterone is a precursor to urinary 5B-pregnan-3¢,20a-diol-11-one
glucuronide (133). Additional work is needed to determine the role of microbial
metabolism of corticosterone derivatives in hypertension.

Strains identified as Eubacterium lentum (now Eggerthella lenta) capable of cortico-
steroid 21-dehydroxylation were isolated previously (134). Substrates for bacterial
21-dehydroxylation include aldosterone, corticosterone, DOC, and cortisol (11, 104). In
vitro studies with E. lenta VPl 11122 indicate that 21-dehydroxylase is coupled with
A?'-reductase activity (NADH:flavin oxidoreductase) (135). The enzyme was reported to
be rapidly and irreversibly inactivated by oxygen (135). When DOC was a substrate, only
progesterone was detected as a product in the presence of crude cell extracts of E.
lentum VPI 11122 (135). The genes encoding 21-dehydroxylase and A2'-reductase have
yet to be identified.

Reduction of ring A, 17-keto metabolism. Gut bacteria are capable of desulfation
and hydrolysis of glucuronides as well as ring A oxidation/reduction and reduction of
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17-ketosteroids (14). Clostridium scindens strain VPI 12708 has been shown previously to
express 17a-HSDH activity, which converts androstenedione to epitestosterone (136). E.
lenta (82) and Bacteroides spp. (137) have been shown to express 173-HSDH, which
converts androstenedione to testosterone. C. paraputrificum is capable of converting
3-oxo-A*-steroids to 3a,5B-reduced derivatives, whereas Clostridium innocuum pro-
duces 3B,5B-reduced derivatives (14, 138). Incubation of radiolabeled cortisol and
corticosterone results in a mixture of metabolites with these modifications in addition
to side chain cleavage (steroid-17,20-desmolase) or 21-dehydroxylation (104, 139).
Some modifications preclude side chain cleavage by C. scindens. Our group recently
showed that C. scindens and recombinant DesAB recognizes allotetrahydrocortisol
(3a,5a-reduced) (109) but not dihydro- or tetrahydrocortisol (5B-reduced) (108). The
conversion of allodihydrocortisone to allodihydro-11-keto-testosterone through the
combination of steroid-17,20-desmolase and bacterial 173-HSDH generates a potent
androgen (140, 141).

Conversion of estrone (17-keto) to estradiol (17B-hydroxy) by gut bacteria after
B-glucuronidation allows resorption of a major estrogen (142, 143). The genes involved
in estrogen metabolism have been termed the estrolbolome (144). Deconjugation of
estrogens leads to increased levels of circulating estrogens associated with develop-
ment and progression of breast cancer (144, 145). Similarly, recent evidence indicates
that free and glucuronidated testosterone and dihydrotestosterone (DHT) are also
detected in high relative concentrations in both male and female mouse Gl tract as well
as >20-fold higher concentrations than serum (146). This was also observed in the feces
of young adult male humans with fecal levels >70-fold that of serum (146). Comparison
of GF versus conventional mice indicates that B-glucuronidase is the major microbial
activity, which releases a highly potent androgen into the large intestine (146). The
host-associated microbiota should be recognized as a contributor to the metabolism of
endocrine molecules whose function changes with diurnal rhythm, diet, and antibiotics
and through other environmental and stochastic processes.

THE ORAL STEROLBIOME

Steroids are excreted in saliva, where they are metabolized by oral microbiota.
Strains of Bacteroides melaninogenicus have been shown to increase in abundance in
the oral cavity during pregnancy (147). Indeed, B. melaninogenicus was shown to import
radiolabeled estradiol and progesterone, which could replace vitamin K as an essential
growth factor (147). Metabolism of progesterone and estradiol was observed, and the
product was speculated to be 5B-pregnane-3,20-dione (147). Measurement of salivary
cortisol is an important diagnostic tool for monitoring disorders of steroid metabolism
(148). The extent to which cortisol is metabolized by the oral microbiota, in particular
whether side chain cleavage occurs, is not known. Approaches focusing on determining
the cortisol-induced transcriptome of the oral microbiome (149) may provide a way to
identify genes induced by cortisol and other steroids. Increased salivary cortisol has
been shown to affect plaque formation in pregnant women and thus risk for dental
caries and periodontal disease (150). Sex hormones are also known to affect oral health,
and oral bacteria are likely to contribute to the metabolism of salivary steroids. Indeed,
both mixed oral microbiota and strains of Porphyromonas gingivalis, Prevotella interme-
dia, and Actinobacillus actinomycetemcomitans were capable of converting ['“Cltestos-
terone to [“Cl4-androstenedione and DHT (151). The study of the oral sterolbiome is
only beginning but has the potential to impact oral health as well as interpretation of
how well salivary metabolomes reflect steroid profiles in serum.

THE SKIN STEROLOBIOME

The skin represents an important barrier to the external environment, with a diverse
biogeography ranging from “tropical” to “desert.” Cortisol has been measured in sweat
at concentrations comparable to those in saliva. Indeed, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) approaches have been developed to measure
cortisol levels in sweat (152). Gower and Ruparelia reported that pregnanolone is side

August 2020 Volume 86 Issue 16 €00641-20

Applied and Environmental Microbiology

aem.asm.org 12


https://aem.asm.org

Minireview

chain cleaved by axillary bacteria (153). The metabolism of cortisol, particularly through
steroid-17,20-desmolase, has not as yet been demonstrated by skin bacteria but may be
relevant given that eccrine sweat glands in skin display colocalized expression of MR
and 11B-HSD isoforms (154, 155). If skin microbiota are capable of steroid-17,20-
desmolase, the presence of resulting “GALFs” that inhibit 113-HSD isoforms could
locally alter reductase/dehydrogenase activities of 118-HSD isoforms, affecting the ratio
of cortisol to cortisone and thus MR function. Such a scenario would be expected to
alter bacterial growth due to alterations in glucocorticoid and sodium concentrations
in sweat (156). Studies on cortisol metabolism by skin microbiota sampled across
biogeographically distinct niches could be initiated to see if this hypothesis is worth
pursuing.

The host enzyme cytochrome P450 17A1 (CYP17A1) catalyzes key reactions such as
17a-hydroxylation and 17,20-lyase activities involved in steroidogenesis. In addition,
CYP17A1 catalyzes the formation of 16-androstenes in the testes, which are secreted in
sweat (157). Studies starting in the 1950s revealed that malodor generated in the
underarm (axilla) is caused by the biotransformation of odorless axillary secretions by
resident microorganisms from the genera Micrococcus, Corynebacterium, Propionibac-
terium, and Staphylococcus (153). Indeed, washing of the axillae of men with a germi-
cidal solution caused a reduction in formation of 5a-androstenone to undetectable
levels (158). Studies on the biotransformations of 5,16-androstadien-3-ol by Corynebac-
terium isolates in culture revealed strain-dependent formation of products, including
5a-androstenol, 5a-androstenone, and 3a-androstenol (159). These 16-ene-steroids are
reported to have a “urine-like” or “musk-like” odor (153). Testosterone is also metab-
olized to multiple metabolites, including DHT, by Corynebacterium spp., indicating the
expression of A*-5a-reductase, A%-5B-reductase, 3a-HSDH, 33-HSDH, and 178-HSDH
(160).

THE UROGENITAL STEROLBIOME

Recent work has begun to define the urinary microbiome in both health and
disease, with particular focus on urinary tract infection (161, 162) and prostate
cancer (163, 164). Urinary steroid profiles are used diagnostically for endocrine
disorders and certain forms of steroid hypertension (96). Therefore, determining the
extent to which the microbiota inhabiting the urinary tract is capable of metabo-
lizing urinary steroids may be expected to be important for the interpretation of
urinary steroids. Phylogenetic analysis of the 208-HSDH (DesE) from Butyricicoccus
desmolans identified several gut bacterial isolates, as well as urinary tract isolates of
Propionimicrobium lymphophilum (111). Recent phylogenetic and sequence similar-
ity network analysis of DesA revealed that P. lymphophilum and Arcanobacterium
urinimassiliense possess the desEAB gene cluster that is found in a slightly different
gene order in gut bacteria, including B. desmolans, Clostridium cadaveris, and Intes-
tinibacillus sp. Marseille-P4005 (109). Incubation of P. lymphophilum ACS-093-V-SCH5
with cortisol or 20B-dihydrocortisol, but not 20a-dihydrocortisol, resulted in quantita-
tive conversion to 11B-hydroxyandrostenedione, indicating expression of functional
DesAB and DesE (111).

A recent metagenomic comparison between male patients with prostate cancer
versus negative biopsy found a significant association with P. lymphophilum (164). The
urinary tract runs through the prostate gland. Surgically removed prostate tissue has
been reported to harbor a microbiome, although their spatial orientation within the
tissue is not well delineated and biopsy through the GI tract prior to surgery may
confound interpretation (165). It is possible that the urinary tract in some men is
colonized by DesAB-expressing microbes, whereas others are DesAB negative. Since
cortisol is excreted largely through the urine (~200 nM), it is conceivable that side chain
cleavage of cortisol may expose the prostate to 11-oxyandrogens and represent a risk
factor for the development of prostate cancer (109). The significance of bacterial
steroid-17,20-desmolase activity to host physiology and pathophysiology remains to be
determined. However, work by Storbeck et al. has convincingly demonstrated that
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derivatives of the primary adrenal steroid 11B-hydroxyandrostenedione act as nuclear
androgen receptor agonists as potent as dihydrotestosterone and play an important
role in the development and progression of prostate cancer (140, 141). Indeed, my
group’s recent work has shown that P. lymphophilum and purified recombinant DesAB
are capable of the side chain cleavage of endogenous cortisol derivatives as well as
pharmaceutical glucocorticoids (109). Indeed, initial cell culture work indicates that the
side chain cleavage product of prednisone promotes the growth of prostate cancer
cells to an even greater extent than the most potent endogenous androgen receptor
ligand, DHT (109). Understanding the structure and catalytic mechanism of enzymes
involved in cortisol metabolism is a key step to hasten the development of strategies
that reduce the formation of disease-promoting bioactive steroids in individuals.

THE STEROLBIOME AND VERTEBRATE SOCIAL COMMUNICATION

Olfactory pathways have evolved in both invertebrates and vertebrates to facilitate
responses to environmental clues that ensure survival and reproduction. In particular,
chemosensory G protein-coupled receptors and 4-transmembrane domain receptors
allow vertebrates to sense steroids and bile acids in the environment (166). The
emission of complex steroid and bile acid profiles, phenotypes that result from the host
genome and microbiome, provides olfactory “detectors” in the environment, with a
readout of the internal state and identity of the emitter. Mapping out these patterns is
the goal of metabolomics, which can be correlated with animal and/or neuronal
behavior.

There is considerable diversity among animals in terms of the bile acid side chain
structure and the degree and stereochemistry of bile acid hydroxyl groups (167, 168).
Social communication, at least in rats and mice, may at least partially explain their
unique formation of muricholic acids. Accessory olfactory system neuronal pattern
activity was shown to be discriminable for unconjugated primary and secondary bile
acids, including w-muricholic acid, a secondary bile acid in high abundance in the feces
of rats and mice (169). Thus, while many bile acids, such as CA, CDCA, DCA, and LCA,
are common to most vertebrates, taxon-specific information may be conveyed by the
presence of certain olfactory stimulating bile acids such as primary and secondary
muricholic acids (169). The secondary bile acid DCA is detected by olfaction in a
number of vertebrates (166). Because bile acid profiles offer a “molecular fingerprint”
that changes with diet (64), health (62), and sex (170), the ability of vertebrates to sense
such patterns may offer clues about potential mates, as well as health and vigor of
emitters (169). Species-specific patterns of fecal bile acids, in combination with other
chemical profiles, provide a means to either avoid predation or locate prey. In this way,
complex steroid profiles, generated by host and microbiota, may serve as either
pheromones (intraspecies) or kairomones (interspecies) (166).

Pigs and humans respond to unconjugated, volatile androstanes (153). Male pigs
secrete 16-ene-steroids such as androstenone, which induces attraction and mating
behavior in estrous females (153). Humans are more genetically diverse in their
responses to volatile androstanes, with some finding these odors pleasant while others
find them repellant (171). The locations of 16-ene-steroids are reported to be the testes,
adrenal gland, and ovaries (153). The source is suggested to be pregnenolone, rather
than androgens (153). The axilla in humans is the major site for the secretion of
16-ene-steroids, which as described above undergo numerous metabolic biotransfor-
mations by axillary aerobic bacteria (159). 16-Ene-steroids are suggested to act as
pheromones in humans (153). Indeed, 16-ene-steroids are generated in large abun-
dance by males, but not females, and females respond to the olfactory effects of
16-ene-steroids, whereas males do not (153). Corynebacterium spp. isolated from the
axilla have been reported to generate a complex mixture of 16-ene-steroids in vitro
(159). Proposed biochemical pathways for microbial 16-ene-steroid metabolism remain
speculative; however, initial identification of steroid metabolites suggests a potentially
rich area of future research (Fig. 4; Table 2) (159). Indeed, because the microbiota
biotransform 16-ene-steroids, there may be a role for bacteria in mate preference and
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enzymes characterized for these proposed pathways; thus, these remain speculative.

other social interactions between humans (172). Such is the case for commensal
bacteria in Drosophila, which generate pheromones (173). Bile alcohols also function as
pheromones in sea lampreys and kairomones in invertebrates (174-176).

THE ROLE OF BIOLOGICAL SEX IN THE STEROLBIOME

A complex interplay is being unraveled between sex-dependent circulating hor-
mones, the immune system, the gut microbiome, and susceptibility to autoimmune
diseases (177). Correlations have been found between serum testosterone or estradiol
levels and gut microbial abundance and diversity (178). Altered expression of estrogen
receptor (ER-B) affects the composition of the microbiome (179). Sex differences in
microbiome composition have been demonstrated in 89 inbred strains of mice and
were shown to be hormone dependent after gonadectomy and hormone treatment
(180). Gonadectomy also resulted in sex-dependent changes in biliary bile acid profile
(180). Sex differences in the adaptive and innate immune system are well known, with
females having a more robust immunity than males (181). Circulating hormones differ
between males and females, and most immune cells have receptors for estrogens,
testosterone, secondary bile acids, and progesterone (182). Transfer of male rodent
microbiota into young females conferred sustained testosterone elevation and meta-
bolic changes that could be attenuated by the androgen receptor antagonist flutamide
(183). This indicates that gut bacteria are capable of regulating sex hormone produc-
tion, although the mechanisms are still poorly understood. Likewise, the structures of
host-associated microbiomes are affected by steroid composition and the immune
system. Distinct female and male pig gut microbiota appear to be driven by the testes,
as castration of males resulted in a gut microbiome that overlapped that of females
(184). The study of the role of the relationship between sex and the microbiota, termed
the “microgenderome,” is still in its infancy (185, 186) and represents the bidirectional
interactions between host physiology, steroids, and microbiota.

CONCLUSIONS AND FUTURE DIRECTIONS

The sterolbiome concept encompasses host-associated microbiomes across verte-
brates. Sterolbiome genes and pathways represent a modular aspect of the host
endocrine system which may vary markedly between individuals and longitudinally
within individuals through the course of life as part of the aging process or acutely after
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perturbations such as dietary changes or antibiotic use. The coevolution between host
and microbiota suggests a normal physiological role of steroid metabolites unique to
bacterial biotransformation. This interkingdom steroid signaling may become patho-
logical in situations where the concentration of these metabolisms is altered by
dysbiosis, exogenous intake of pharmaceutical steroids, or the Western diet. Mapping
out sterolbiome genes and pathways in metagenomes, coupled with steroid metabo-
lomics, is expected to allow researchers in the field to diagnose and treat pathological
conditions. The vertebrate sterolbiome is predicted to have significant impact on
microbiome structure, digestion, the gut-brain axis, innate and adaptive immune
function, cancers, cardiovascular health, and behavior. The role of steroid metabolism
both remote from tumors and in the tumor microenvironment may be one of many
important contributing factors to cancer development and progression (206). Mapping
out and manipulating the sterolbiome are expected to reveal mechanisms behind
sex-dependent differences in microbiome composition and immune function. The
identification of novel sterolbiome enzymes may be important for pharmaceutical
production of steroids, and the development of inhibitors or the engineering of
probiotics to modify bile acids and steroids may be important for growth of production
animals.
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