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Biotransformation of Bile Acids,
Cholesterol, and Steroid Hormones

Stephen F. Baron and Phillip 8. Hylemon

1. Infroduction
o 11 Nomenclai‘we

Stermds are a family of organic compounds that have a five-ring perhydrocycio-
: pentanophenanthrsﬂe nuclens. The numbering system and skeletal stmciures for
eroids are shown in Figure 13.1. Steroids vary in the number and location of
able: bonds; in the type, mumnber, and position of functional groups; and i the
- stereochemical configuration of substituents below () or above (&) the plane of
the nnclezls ‘Most steroids have 188 and 198-methyl groups bonded to C-10
: 'E'hé hydrogen atom in steroids saturated at at C-5 can be Soriented
ne ed: (3110) Alkyl side chains with various functional groups can be
-'usually in the 178 orientation.
{5 of phenohc steroids) lack both a C-17 side chain and the 194~
oup and contain a 3-hydroxylated, aromatic A ring. Androgens (C ¢
ck a C- 17 side chain and have a 3-oxo group and 4* double bond.
pregnane hormones (C,; steroids) contain a two-carbon side
-0%0 group, and a 4* double bond. The Cys and Cyy stercids
v termied neittral steroids. Cholestero] and other Ty sterols contain
on, branched, aliphatic side chain, a 38-hydroxy group, and 2 4°
cids | possess a side chain substituted with 2 teruinal carboxyl
‘chain fengths of bile acids can vary, the most common
atbon side chain with 2 carboxyl group at C-24 (Cy,
group can be conjugated to glycine or taurine via an
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Figure 13.1. Simplified structures of sieroids found in the human intestinal tract. Refer
to the other fignres for specific struchures,

amide linkage or to other groups. Under physiological conditions, conjugated and
free bile acids exist 2s their sodium and potassium salts. However, the term *‘bile
acid” will be nsed throughout mest of the text

1.2, Systematic and Trivial Names

The systematic names of steroids mentioned in the text by their trivial names

are listed in Table 13.1. We followed the guidelines proposed by Hofmann ei al S

(1992} for nomenclature of bile acids.

1.3. Enterohepatic Circulation

The gastrointestinal tract of humans contains about 10 bécﬁéﬁa, i’eprﬂéeﬂt:ed
by 300 to 400 species (Moore et al, 1988, Savage 1977). At least 99% of these
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Table 13.1. Trivial and systematic name of steroids

Trivial Mame

Systematic MNams

Bile Acids
58-Cholanoic acid
2-Cholencic acid
3-Cholenoic acid
Lithocholic acid
Isolithocholic acid
Sulfolithocholic acid
Dieoxycholic acid
Allodeaxycholic acid
3-Behydrocholic acid
3-Dehydroaliodeoxycholic acid
3-Dehydro-4-deoxycholenoic
acid
3-Dehydro-4,6-
deoxycholdienoic acid
7-oxolithocholic acid
Ursodeoxzychoiic acid
Chenodeoxycholic acid
Cholic acid
Isocholic acid
7-Epicholic acid
12-Epicholic acid
Cholyl-Coenzyme A

Cholylglycine
Cholyhiaurine
3-Dehydrocholic acid
3-Dehydro-4-cholencic acid
7-Dehydrocholic acid
12-Dehydrocholic acid
F-Muricholic acid
FHyocholic acid

Con Sterols
Chelesterol
Coprostanone
Coprostanol
Cholestanol
Campestrol

F-Sitosterol
Stigmasterol

55-Cholan-24-0ic acid

2-Cholen-24-0ic acid

3-Cholen-Z24-0ie acid

3o-Hydrony-5 S-cholan-24-0ic acid
35-Hydroxy-3 G-cholan-24-0ic acid
3o-Entfo-3 S-cholan-24-oic acid

30,12 0-Diihydroxy-3 f-cholan-24-vic acid
o 120-Dikydrony-5a-cholan-24-oic acid
12e-Hydroxy-3-ox0-5 fcholan-24-0ic acid
12a-Hydrozy-3-0x0-5a-cholan-24-0ic acid
12a-Hydrozy-3-oxo-cholen-24-oic acid

12a-Hydroxy-3-ono-6-choldien-24-0ic acid

12 o-Fydroxy-7-0x0-3 F-cholan-24-0ic acid
3a,7 5-Dihydroxy-5 5-cholan-24-oic acid
3a,Ta-Dihydeoxy-3 G-cholan-24-o0ic acid
3,72, 120-Trihydroxy-3 f-cholan-24-cic acid
387,120 Trihydrony-3 -cholan-24-cic acid
30,781 2a- Trihydroxy-5 F-cholan-24-cic acid
3o, 702,12 3 Trihydrony-3 S-cholan-24-oic acid
3o, 72,1 2o Trihydroxy-3 S-cholan-24-ov]1-
COENZYIME A
3.7 12a-Trihydroxy-5 S-cholan-24-0viglycine
3o, 712 a-Trihydroxy-5 S-cholap-24-oyltaurine
T 12 0-Dihydroxy-3-ox0-5 S-cholan-24-oic acid
7 e, 12-Dihydroxy-3-oxo-4-cholen-24-oic acid
3o, 12-Dihydroxy-7-0x0-4-cholen-24-oic acid
3a,7 2-Dihydroxy-12-ox0-4-cholen-24-oic acid
3a.68, 75 Trhydroxy-53cholan-24-oic acid
360,75 Trihydroxy-5 A-cholan-24-oic acid

5-Cholesten-3 50l

3-Cholestan-3-one

58-Cholestan-35-ol

Sa-Cholestan-3 4ol

24o-Methyl-5-cholesten-3 5-01;24[R]-ergost-
5-en-33-0l

248 Ethy!l-3-cholesten-3 40l

35-Hydroxy-24-ethyl-3,22-cholestadiene

{ continued )
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Table 13.1. {continued ).

473

Trivial Mame

Systematic Mame

Cyp Bieroids

11 8-Hydroxy-androstencdions
Dehydrospiandrosterone sulfate
Testosterons

Epitesterons

5y Steroids

Cortisol

Ja-hydrony-5 f-etrabiydrodeortisol
3B-hydroxy-5 Aetrabydrodoortisol
So-Dihydrocortisol
55-Dihydrocortisol
20a-Dihydrocortisol
208-Dihydrocortisol
21-Deoxycortisol

Cortisone

11-Desoxyrortisol
16aflydrexyprogesterone
A_Progesterone

17 e-Progesterons
17e-Hydroxyprogesterone

11 4-Hydroxy-4-androstene-3,17-dione
38-Hydroxy-5-androsten-17-ons
17 A-Hydroxy-4-androsten-3-one
17 e-Hydroxy-4-androsten-3-one

118,17 0,21 - Tribydrozy-4-pregnene-3 20-dione
3,118,170, 21 -Tetrahydroxy-5 S-pregnane-20-one
35118,17a,21-Tewrahydrony-5 # pregnane-20-one
115,17 e, 21 -Trihydroxy-5F-preguane-3,20-dione
1181721 -Trihydroxy-5So-pregnane-3,20-dione
HB170,200,21-Tetrahydroxy-4-pregnen-3-one
115172,208,21-Tettahydroxy-4-pregnene-3-one
11817 a-Dihydrony-4-pregnene-3,20-diong

17 e, 21-Dihydroxy-4-pregnene-3,11,20-trione
172,21 -Dibydroxy-4-pregnene-3,20-dione
1so-Hydroxy-4-pregnense-3,20-dicne
4,18-Pregnadience-3,20-dione

17 a-pregn-4-en-3,20-dions

17 o-Hydroxy-d-pregnens-3,20-dione

are obligately anaerobic bacteria; the other 1% are faculiatively anaerobic bacte-
ria, The bacterial count increases from 10* to 10%g dry weight in the jejunum
to 10'/g dry weight in the colon (Moore et al. 1988). During passage through
the lower intestinal tract, exogenous and endogencus compounds are exposed to
the indigenous microbiota, which can biowansform them to various metabolites.
These metabolites can ofien be absorbed by the host and exert beneficial or
harmful effects. The steroid compenents of bile are notable examples of endoge-
nous compounds that are extensively modified by the intestinal microbiota.
Human gallbladder bile typically contains (g/g dry weight) 67% conjugated
bile acids, 22% phosphotipids, 4.5% protein, 4% cholesterol, 0.3% bilirubin,
electrolytes, and small amounts of steroid hormones (Carey and Cahalane 1988).
Cholesterol is obtained from dietary sources or synthesized de novo from acetate
in the liver and other tissues. Primary bile acids are synthesized from cholesterol
in the liver and conjugated to either glycine or taurine by an amide linkage at
the C-24 carboxyl. The types and proportions of primary bile acids synthesized
in the liver vary widely among different species of animals; the primary bile
acids in humeans are cholic and chenodeoxycholic acids. Neutral and phenolic
steroids are synthesized from cholesterol in the adrenal cortex or gonads, carried
by globulins in the bloodstream, and eventually taken up by the liver. They are
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then comjugated at C-3, C-17, and £-21 hydroxy groups with ghiowrome acid or
sulfate before secretion in bile (Macdonald =i al. 1983a). The lipid componenis
of bile asscciais to form mixed micelles, which are physiclogically active in fat
errulsification. The galibladder concentrates, stores, and secretes bile inio the
intestinal lumen doring digestion.

In the terminal ileum and proximal cecumn, bile acds are actively absorbed
inte the hepatic portal venous system and returned to the Hyver, This process is
termed enterchepatic cicularion (BHC), which has been described in detail (Carey
and Cahalane 1988; Hofmann 1976, 1977, 1979; Vighcevic et al. 1990). Greater
than 35% of the bile acids secreted in bile are returned to the liver dunng each
of the four to 12 daily cycles of the EHC. Therefore, most of the bile acid pocl
in tmumens (about 3 g} is retained within the EHC. The remaining 5% of biliary
bile acids which escape active absorption, about 0.2 to 0.6 g daily, pass through
the colon and are biotransformed by bacterial enzyimes. The hictransformation
products are largely excreted in feces, but some are passively absorbed, returned
o the liver, conjugated, and secreted in bile, The bile acids lost throngh fecal
excrefion are replaced by de novo synthesis in the liver.

Biliary cholestero! is reabsorbed in the intestine and enters the mesenteric
lymphatic system as chylomicrons (Cooper 1990, Stange and Distschy 1985).
These are large Lipoproteins consisting of free and esterified cholesterol, apolipo-
proteins, dietary triglycerides, and phospholipids. The chylomicrons are then
modified by lipases located on endothelial cell surfaces. Chylomicron remaants
are carried in the bloodsirearn to the liver, where they are taken up by recepior-
mediated endocytosis. About 1 g of cholestercl per day escapes intestinal absorp-
tion, passes into the colon, and is modified by bacterial enzymes. The biotransfor-
maiion produacts of cholesterol are not absorbed by the colon but are excreted in
the feces.

After secretion in bile (up o 13 mg/day), conjugated stercid hormones are
deconiugated by the lower small intestinal microbiota. Most of the deconjugated
steroids are passively absorbed and returned to the hiver viag EHC {Adlercreuiz
et al. 1979, Bokkenheuser and Winter 1983, Taylor 1971). However, some (about
2 mg/day) enter the colon, are biotransformed by the colonic microbiota, passively
absorbed, and transported to the liver for conjugation. Biliary stercids may
undergo several cycles of conjugation and deconjugation, but are evenmally ex-
creted in urine. Only minor amounis of steroid hormones are excreted n feces,
primarily as unconjugaied forms.

2. Metabolism of Bile Acids by the Intestinal Microbioia

Normal human feces contain over 20 different secondary bile acid metabolites
formed by bacterial modification of the primary bile acids, cholic acids, and
chenodeoxycholic acids (Ali et al. 1966, Hayakawa 1973, Midvedt 1974). Known
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bactenal fransformations of primary bile acids (Fig. 13.2) mclude {1} hydrolysis
of glycine- and taurine-conjugated bile acids, yielding free bile acids {reaction
1); (2)stereospecific oxidation of hydroxy bile acids (reactions 2, 4, and 8) and
reduction of the resulting oxo-bile acids to bydroxy epimers (reactions 3, 5, and
7Y (3) T-dehydroxylation—i.e., removal of Ta~hydroxy groups (reactions € and
9) or 7S5-hydroxy groups {reaction 10); {4} moenoester and polyester formation
{rzaction 11); and (5) removal of 3-suifo groups {(not shown).

Secondary bile acids which undergo EHC enter the bile acid pool and can thus
wfluence the physiology of the host. Secondary bile acids are gemerally more
hydrophobic and less effective in solubilizing lipids than primary bile acids (Carey
1585, Hofmann and Roda, 1984). Certain secondary bile acids are alse cviotoxic
(Viahcevic et al. 1990}, decrease de novo synthesis of cholesterol and primary
bile acids (Heuman et al. 1988a,b), and possibly promote colon carcincgenesis
{Cohen et al. 1980, Mower et al. 1979).

3 1 Hc"“ W. L

l 11 Ho
il

Vi

XX

Figure 13.2. Bacieral transformations of cholic acid. Large arabic numerals refer to
reactions cited in section 2. Structures: I, cholyigiveine; 11, chotic acid; I, 3-dehydrocholic
acid; IV, isocholic acid; V, 7-dehydrocholic acid; VI, 7-epicholic acid; VIE, 12-dehydro-
cholic acid; VIII, 12-epicholic acid; X, deoxycholic acid; X, allodeoxycholic acid; X1,
polyester of deoxycholic acid. 12-Dehydroxy analogs of intermediates I, M-V, IX, and
X can also be formed from chenodeoxycholic acid.
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2.1, Deconjupation

The hydrolysis of the amide bond of glycine- and taurine-conjugaied bile acids
{Fag. 13.2, reaction 1) is catalyzed by conjugated bile acid hydrolase (CBH). This
reaction is 50 rapid and complete that conjugated bile acids are usually not de-
tected in intestinal contenis (Macdonald ef al. 19832). Unconjugated bile acids
are considerably less soluble than conjugated Bile acids, particularly at low i,
and are less effeciive detergents for fat solubilization. Therefore, they must be
reconjugated by the Bver after EHC. CBH aciivity depresses growth in pouliry
{(Feighner and Diashievicz 1988) and contributes o the small-bowel syndrome
in bumans {Gorbach and Tabagchali 1969, Nonthfizld et 21, 1973). CBH activity
has been detected in intestinal strains of Bacteroides, Bifidobacterivm, Fusobacte-
risn, Clostridium, Lactobacillus, Peptosireptococcus, and Sirepiococous (Hy-
lemon and Glass 1983, Kobashi et al. 1978, Macdonald et al. 19832, Masuda
1981, Midvedt and Norman 1967). The contribution of these genera to overall
CBH activity depends on the host. For example, studies with germ-free and con-
ventional mice indicate that lactobacilli contribute at least 74% of the total intes-
tinal CBH activity (Tannock et al. 1989).

CBHs have been purified and characterized from Bactercides fragilis, Bacte-
roides vulgatus, Closiridivm perfringens, and Loctobacillus sp. steain 100-100
{Table 13.2). The optimum pH rangs for ike activity of all CBHz is acidic, ranging
from 4.2 to 6.4. Most of these epzymes are composed of one type of subunit,

Table 132, Characteristics of conjugated bile acid hydrelases purified from iniestinal bacieria

3 s
_Mmaw Subunit Apgarent Ko, (M) pH
Crganism Subunit  Madve Composiien CG DCG  CDCG T DCT CDCT  Oplimum  Reference?
Bacreraides 325 250 ay? 435 020 0.26 045 017 G.29 4.2-4.5 1
fragilis
Bactercides 36 140 ey — —— — + + + 5664 2
vulgans
Clostridium NG* ND ND 3.5 1.2 4 3 33 3.0 5.6-5.8 3
perfringens
Lactobaciilus sp. 42 (o) 586
strain 100-100 38 (B
isozyme A 42 ay - + ND 0.76 + -+ 4.2-4.5
isozyme B 42,38 1i5 @ B + + ND 0.95 + -+ "
isozyme C 42,38 105 o By ND ND ND 045 jSie] ND "
isozyme D 38 a5 B ND ND ND 0.37 WL ND
80
Lactobacillus 373 ND ND + + + ™ IR TR 4.7-5.3 7

plantarum 80

* CG, cholylplyeine; DCG, deoxylcholylglycine; CDCG, chenodeoxychotylglycine; CF, cholyltaurine; DT, deoxycholyitaurine; COCT, cheno-
deaxycholyltaurine; +, activity detected; TR, trace of activity; —, no activity deiected.

#References: 1. Stellway and Hylemon (1976); 2. Kawamoto et al. {1989); 3. Nair et al. (1967); 4. Gopal-Srivastava and Hylemon (1988); 5.
Lundeen and Savage (1990); 6. Lundeen and Savage (1992b); 7. Christiaens ef al. {1992).

< D, not determined.

4 Calcutated from the deduced amino acid sequence of the conjugated bile acid hydrolase gene (GenBank accession number S31638).
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However, Lactobaciilus sp. strain 100-100 produces four CRH ISDEZYIMEs Com-
posed of different trimeric combinations of immunologically distinct o and 8
subunits. These isozymes have similar kinetic properties, although the V., of
isozyme D with cholyhaurine is 10-fold lower than that of isozymes A, B, and
C. Most CBHs hydrolyze both glycine- and tawrine-conjugated dihydroxy and
tahydroxy bile acids 1o some extent. However, the CBH from B. vulgatus hydro-
lyzes only tacrine-conjugated bile acids. The CBH gene from the silage isolate,
Lactobacilius plantarus 80, has been cloned and expressed in Faecherichia coli
MC1061 (Christiaens et al. 1992) using a direct plate screening technique (Dash-
kevicz and Feighner 1989). The CBH expressed in £ coli MC1061 extracts
preferentially hydrolyzes glycine-conjugated bile acids. The deducad aming acid
sequence of the CBH gene shares 52% similarity with that of penicillin 'V amidase
from Bacillus sphaericus. CBH 1s synthesized constitutively in most iiestinal
ovacteria. However, CBH activity in B. fragifis (Hylemon and Stellwag 1976) and
Laciobacillus sp. strain 100-100 (Lundeen and Savage 1990) increases 300- and
10-fold, respectively, when the cells enter stationary phase. Furthermore, Lundeen
and Savage {1990, 1992a) detected an extracetlular facior in Lactobacilius sp.
strain 100-100 which is indiced by conjugated bile acids and stimulates intracel-
lular CBH activiry. The factor has an apparens M, of 12,000 to 25,000; is stable
to air, acid, heat, and pronase ireatiment; and can be partiaily extracted inio organic
solvents.

2.2. Hydroxy (roup Oxidation and Epimerization

Bile acid hydroxysteroid dehydrogenases (HSDH) catalyze the reversible oxi-
dation of hydroxy groups to oxo groups at varicus positions in the bile acid
molecule. These enzymes are NAD(P)-dependent and are stereospecific for the
o or f orientation of the hydroxy group. HSDHs are widely distributed ameong
intestinal bacteria, including enzymes specific for - or S-hydroxy groups at
-3, C-6, C-7, and C-12 (Hylemon and Glass 1983).

Through the concerted action of o~ and S-HSDHs, the intestinal microbiota
can epimerize hydroxy groups of bile acids by stereospecific oxidation (Fig. 13.2,
reactions 2, 4, and 6), followed by stersospecific reduction of the resulting oxo
group (veactions 3, 5, and 7). Epimerization can be performed by a single species
containing both o- and B-HSDHs (intraspecies) or by cooperation between one
species having an a-HSDH and another having 2 SHSDH (interspecies). Fpi-
merization of a-hydroxy groups to Shydroxy groups is more common than the
opposite conversion.

3@ AND 32 HSDH

The 3a-hydroxy group of primary bile acids can be epimerized in vivo (Fig.
13.2, reactions 2 and 3), since the feces of humans and laboratory animals contain
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low amounts of the 38 epimers (Hylemon and Glass 1983). Intraspecies 3-hy-
droxy epimerization has been demonstraied in fecal isclates of C perfringens
(Hirano et al. 1981, Macdopald et al, 1983b), Eubacterium lentum (Wirans and
Masuda 1981b), and Peprosirepiococcus producius {Edenharder et al. 1989a),
suggesting that these bacteria have both 3o and 35-HSDHs. However, to date
both enzymes have been detected only in P. productus (Edenharder et al. 1989a).
Apaerobic conditions favor epimerization of 3a-hydroxy bile acids in growing
culrares or cell suspensions of C. perfringens or F. lenawm, while asration favors
oxidation of these compounds to 3-0xo bile acids (Firane 2t al. 1981k, Macdonald
et al. 1983h).

3o and 38-H3DHs in various stages of purity have been characterized in
E. lentum, P. productus, Ruminscoccus sp. PO1-3, and three species of Closirid-
fum {Table 13.3). These 3-HSDHs differ in pyridine nucleotide cofactor specific-
ity, molecolar weighi, and substrate range. However, most have alkaline pH op-
tima and exiubit lower K5 for dihydroxy or dioxo bile acids than trisubstituted
forms. The 33-H8DH: from Clostridium innocuum and Clostridium sp. 2511 ¢
reduce 3-oxobile acids but do not oxidize 3 8-hydroxy bile acids. The 3-HSDHs
from C. perfringens, E. lentum, and Ruminococcus tecognize certain 3-hydioxy-
and 3-0x0-Cyo steroids as well as bile acid substrates. All of the 3-HSDH: in
Table 13.3 are synthesized constitutively, However, the synthesis of all but the

Table 13.3. Characteristics of bile acid Je- and 3f-hydroxystercid dehydrogenases (HSDED
from intestinal bacteria

Mative
M, pH Substrates Apparent K,
HSDH COrganism Purity” Cofacior (10°%) Optimem Used® (b)) Ref?
3o Clostridium perfringens CE NADP MDY 113 3a-HBA }.020-0.050 1
3a-HAN < G001
3o Eubacterium lensum CE NAD ND 113 3e-HBA (CON) 0.008-0.020 2
) 3o-HAM ND*
e Peprostreplococcus CE NAD 95 8.5 Se-HBA ND 3
producius 3-0BA
38 Peplosireptacoceus CE NaD 132 235 3-0BA ND 3
producns
38 Closiridivm innocuum PP NADH 56 10.0-102 3-GBA (F) 0.024-0.146 4
3-0BA (CON) 0.0334
;] Closiridium sp. 25.11.¢ CE NADPH 104 73 3-CBA (F) 0.013-0.134 5
3-OBA (CON) 9115
38 Ruminpcoceus sp. HP NADP 90 N 38HBA (F) 0.003-0.015 6
FO1-3 3-CBA (Fy 0.030-0.050
38-HAN ND
3-0aN ND

“ CE. cell extract; PP, partially purified; HF, highly purified.
*HBA, hydronybile acids; OBA, oxobile acids; F, free bile acids; CON, glycine or taurine conjugates; HAN, hydroxyzndrostanes; OAN,
oxoandrostanes. Redured NAD(P) was used with 3-0x0 substraizs,
“ References: 1. Macdonald et al. (1976); 2. Macdonald et al. (1977); 3. Edenharder ot al. (1989a); 4. Edenharder and Phiizaer (1989); 3.
Edenharder et al. (1989b); 6. Akao et al. (1986).
9ND, not determined.
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3-HSDH of C. perfringens is repressed by addition of their bile acid substrates
to the growth medinm.

60 AMD & HSDH

The prumary bile acid Fmuricholic acid (34,687 Grihydrozy-5S-cholanoic
acid) is found in the feces of gemn-free rats, mice, and pigs (Madsen =i al. 1976,
Wostmann et al. 1979}, but its 6o-epimer, Fhyocholic acid (3a,60,7-trihy-
droxy-33-cholanoic acid) is present in the feces of conventional animals. This
disparity suggests that the intestinal microbioia epimerize the 63 hydroxy group
of muricholic acid.

There is evidence for both intraspecies and interspecies epimerization of the
6Fhydrony group. A Closiridizm sp. (R6 X 76) isolated from rat feces converted
H-muricholic acid to S-hyocholic acid (Sacquet et al. 1979). Eyssen et al. (1983
isolaied sirains of Z. lesiwm and Fusobacterium sp. from rats. The E. lentum
isolate oxidized the 65-hydroxy group of S-muricholic acid to the 6-oxo deriva-
tive, while the Fusobacterium strains rednced the 6-oxo gronp to the So-hydroxy
derivative. When cocnitured, these two species epimerized Zmmuricholic acid to
Bhyocholic acid. No 6a- or 65-HSDHSs bave yet been purified or characterized.

74 AND 7 HSDH

The 75-epimers of cholic and chenodeoxycholic acids (7-epichelic and vrso-
deoxycholic acids, respectively) are ofien detected in human bile and feces, indi-
cating that epimerization of the 7a-hydroxy group occurs in vivo (Fig. 13.2,
reactions 4 and 5). The intestinal microbiota can also epimerize 78-hydroxy bile
acids 10 7e-hydroxy bile acids. However, the extent of 7-epimerization in vive
is difficult to gquantitate, since it competes with the irreversible 7-dehydroxylation
of bile acids (Hylemon and Glass 1983).

The epimerization of 7a-hydroxy bile acids has been demonstrated in vitro
with mixed fecal cultures (Fedorowski et al. 1979, Higashi et al. 1979, Hirano
et al. 1981a) and by coculturing 72-HSDH-producing fecal isolates with 78
HSDH-producing isolates (Hirano and Masuda 1981a, 1982b; Macdonald et al.
1982). Bacteria capable of intraspecies 7-epimerization include Clostridium abso-
rur (Macdonald and Roach 1981), Clostridium limoswm (Sutherland and ‘Wil-
liams 1985), and lecithinase-lipase-negative strains of Clostridium (Edenharder
and Knaflic 1981},

To-HSDHs from members of the genera Bacierpides, Clostridium, Esche-
rickia, and Eubacterium have been characterized at various levels of purity (Table
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13.4). Although these enzymes are diverse in pyridine nucleotide requirement,
modecular weight, and bile acid inducibility, all have particularly alkaline pH
optima and use free and conjugated bile acid substrates efficiently. B. fragilis
and C. absonwm have distinet NAD- and NADP-dependent 7o~-HSDHs. These
enzyimes in B, fragilis also differ in thermal stability, requiremeni for divalent
metal cations, and gel filtraiion elntion profiles (Hylemon and Sherrod 1973 To
date, iwo To-HSDHSs have been purified and characterized: an NAD-lnked en-
zyme from £. coli HB101 {Yoshimoto et al. 1991), and an NADP-linked enZYIne
from Eubacterium sp. VPI 12708 (Franklund et 2, 1990}, Their associated genes
have also been cloned and sequenced (Baron ot al, 1991, Yoshimoto et al, 1991),
The two enzymes are both homofeiramers of comparable M, are synthesized
constitutively, and share 36% amino acid sequence identity. However, the NATH-
linked enzyme has 100-fold higher K s for its bile acid substrates than the NADP-
Iinked enzyme. Both 7o-HSDH's share significant amino acid sequence homol-
ogy with short chain, non-metal-containing alcohol and polyol dehydrogenases,
which all contain a putative pyridine nucleotide binding domain. Sequence align-
ments of the two 7o-HEDHs with these enzymes reveals seven perfecily con-
served amino acid residues (Baron et al. 1991). Two of these, a tyrosine and a
lysine located in the middle of the amino acid sequence, are essential for catalytic
activity as demonsirated by site-directed mutagenesis of Drosophila alcohol deby-
drogenase (Chen et al. 1993).

TE-HSDHs have been characterized in C absonuen, Clostridinm sp. 25,110

Table 134, Characteristics of bile acid 7a-hydroxysteroid dehydrogenases from
intestinal bacteria

¥, (10°) - Apparent K, {;ab)<
Orgarism Purity” Inducibility® Cofsctor Native  Subunit  Optimum = C <G CDC CDOG Ref?
Bacteroides fragilis CE G NAD NI ND 2.5-10 0.34 0.33 6.10 10 1.2
straing CE G NADP ND ND 7.0-9.0 ND ND ND NE} 1.2
Bacteroides PP G? NAD 320 ND 8.5-9 02z 032 0.048 0082 3
theratotacricron
Closeridium absonum PP I NAD ND ND 95-11.5 0.25 NI WD ND 4,5
PP 1 NADP ND ND 9.5-11.5 €090 NI 0.0085 ND 4.5
Clostridium CE C NADP ND NI ND ND D ND NG 6
perfringens
Clostridium sp. CE S NADF 82 NB 8.5-8.7 ND ND ND ND 7
2511
Escherichia coli HP C NaD 120 28 8.5 12 125 043 WD 8
EBubacterizm sp. VPI HE < NADPF i24 32 £5-10.5 Q.01i 00083 00056 000655 ¢

12708

“CE, cell extract; PP, partially parified; HP, highly purified.

® G, synthesized during transition from log to stationary phse; 1, bile acid inducible; S, constitutive but synthesis stipulated by bile acids; €,
constitative,

© €, cholic acid; CG, cholytglycine; CDC, chencdeoxycholic acid, CDXCG, chenodeorycholylglycine.

¢ References: §. Macdonald et al. (1975); 2. Hylemon apd Shemrod (1975); 3. Sherrod and Hylemon (1977); 4. Macdonald et al. (2983c); 3.
Macdonald and Roach (1981); 6. Macdonald et ak. {1976); 7. Edenharder et al. (1989b); 8. Yoshimoto et al. (1991); 9. Franklund ot ai. (1990).
“ ND, nei detennined,
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Table 13.5. Charactenistics of bile acld 73 hvdroxystercid dehydrogenases from intestinal
bacteria

™, (10%) Apparent K, (mbiF
S — pEl -
Organism Purity’  Indicibiliy”  Cofactor  Masive  Subunit  Opdmum  UD uns T0L Refd
Clostridiam CE, PP I NADF 200 NI 2.0-100 0072 N> [yt 12
absonum
Closeridium sp. CE S NADF ils MLy 83-8.7 ND NE [S] 3
5.1e
Euvbacieritm CE C MNADF 43 D 10.5 0.108 0.909 ND 4
aureafaciens
Feptosivepiococrus CE C NADP 53 ND o8 6.022 6238 ND 4
produciuy CE 3 NADP 82 RND 10.0 TR ND 0.0530 5
Rurinococcus sp. HP ND NAD? 60 30 3.0-90 0.005 WD G.0085 6
PO1-3

ALCE, cell exiract; PP, pardally purified; HP, highly purified.

#1, bile acid inducible; 8, constimtve but synithesis stimulated by bile acids;, C, constitutive.

“UD, wsedeoxycholic acid, UDG, Ursedeoxycholyl glycine; TOL, 7-oxolithochokc acid (with MADPH as elecoon donor).

9 References: 1. Macdonald ec al. (1983¢);, 2. Macdonald and Roach {1981); 3, Bdenharder et al. (198%b), 4. Hirano and basuds (1982a); 3.
Edenharder et al. {1989a), 6. Akao e1 al. (1987).

° N, not determined,

STR, wace of activity.

{a lecithinase-lipase-negative strain), Fubacterium qurecfaciens, F. productus,
and Rwminococcus sp. PO1-3 (Table 13.5). All of these are NADP-dependent
and have alkaline pH optima but vary widely in native M, and bile acid inducibil-
ity. Only one, the 75-HSDH of Ruminccoccus sp. PO1-3, has been purified 10
homogeneity. It is a homodimer of a 30,000-M; subunit. Activity of the enzyme
is inhibited by sulfhydryl reagents and stivmlated by dithiothreitc!, suggesting
the presence of a reactive sulfhydryl group in the active site,

12¢¥- AND 125-HSDH

Low amounts of 12-oxo and 12 Z-hydroxy bile acids ocecur in human feces (Ali
et al. 1966, Erercth et al. 1966a.b), suggesting that the intestinal microbiota carmry
out the 1Z-epimerization of primary bile acids (Fig. 13.2, reactions 6 and 7).
Edenharder and Schneider (1985) demonstrated 12-epimerization of decxycholic
acid by mixed human fecal cultures and by coculiures of Clostridium paraputrifi-
cum and E. lentum, which produce 12«- and 128-HSDH, respectively. To date,
no intestinal isclaie bas been found to possess both 12¢- and 128-HSDH.

12-HSDHs have been characterized in E. lentum and four species of Clostrid-
iwm (Table 13.6). Most of these are NADP-dependent, have native M3 near
108,000, and have alkaline pH optima. The 12¢-HSDHs can all use cholic and
deoxycholic acids as substrates but have lower K,’s for the latier. Most of these
enzymes prefer unconjugated to conjugated substrates. The NADP-dependent
12a-HEDHSs of Clostridium group P, strain € 4850 (Braun et al. 1991) and
Clostridium leptum (P. de Prada, Ph.D. dissertation, Virginia Commonweaith
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Table 3.6, Characteristics of bile acid 120 and 128hydronysieroid dehydrogenazes
(HSDH) from intestinal bacieria

Apparent K, (mb)®

W, (10Y
pH 1253  i2-0Ba
HSDH Organism Purity” Cofactor Madve Subumit Opimuem  C DC G DOG HBA  (FCON)  Reff
12a0 Closiridizm HP NATYR TR 26 8.5-9.5 D072 0045 WDY ND 1
group B, sirai
£ 48-50
12 Clostridizm HP NADF 1o 27 8.5 + 0067+ + 2
deprieen,
12 Clostridium CE NAD MD ND 183 + 030 + ] E)
perfringens
122 Eubacravium P NAT 125 D 80-105 0039 0028 023 C.17 4
fentum
128 Closiridium CE NADP? 126 ND 78, 100 + 008027 3
parapurificein

2 tEP, highly punibed, PP, pactially pucified; CE, cell extract.
4, cholic acid; CG, cholylglycine; DU, deoxycholic acid; DCG, deoxycholylglycine; 128-HB A, 126-hydroxybile acids; 12-0x0B4, 12-oxobile

acids; F and CON. free and conjugated bile acids, respecuvely; +, K, not determined, but activity detected.

< Refereaces: 1. Braun et al. (1991); 2. P. de Prada {1933, doctoral dissentation, Virginia Commonwealth University, Richmond; 3. Macdonald

et al, (1976); 4. Macdopald et al. (1979) 5, Edenphardsr and Pfinzaer (1988).

4 NT3, not determined.

© for 124-FB A oxidation with NADP and 12-0BA reduction with NADPH, respecnvely.

University, Richmend, Virginia, 1993) have been purified to homogeneity. Boih
are homotetramers of a ca. 27, 000-M, subunit, Product inhibition studies indicate
that 12 a-hydroxy oxidation by these enzymes proceeds by an ordered bi bi mecha-
nism, with NADP binding first and leaving last with respect to the bile acid
subsirate. The M-terminal amine acid sequence of the C. lepiun enzyme shows
homology to those of short chain, non-metal-containing alcchol and polyol dehy-
drogenases.

NADP-dependent 128-HSDH has been detected in Closiridim fertium and
Clostridium difficile (Edenharder and Schneider 1985) and partially characterized
in C, parapuirificion (Edenharder and Pliitzner 1988) (Table 13.6). The C. para-
putrificum enzyme oxidized 128-hydroxy bile acids and reduced 12-oxo bile
acids, although the oxidative activity was 75% lower than the reductive activity.
Other properties of the enzyme are similar to those of the 120-HSDHs, The
synthesis of ail 124- and 124 HSDHs is constitative, although addition of 12-oxo
or 12 3-hydroxy bile acids to culmres of C. parapusrificum stimulates synthesis of
its 123-HSDH about threefold (Hdenharder and Pliltzner 1985).

2.3. 7-Dehydroxylation

The most physiologically significant biotransformation of bile acids in humans
is the 7a-dehydroxylation of the primary bile acids: cholic and chenodeoxycholic
acids, generating deoxycholic and lithocholic acids, respectively (Fig. 13.1, reac-
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iion 8). Deoxycholic acid 1 passively absorbed from the colon and conseguently
comprises up o 25% of the circulating bile acid peol in humans (3i6vall 1960)
and up fo 953% i rabbits {Lindsiedt and Sjovall 1957). The deoxycholic acid
content of human bile remaing relatively constani since the liver cannot 7o-
hydroxyiate this compeound to regenerate cholic acid. However, this reaction is
thought to ocour in rats (Norman and B36vall 1958). Lithocholic acid is so insolu-
ble that most adsorbs to and is excreted v feces; only minor amounts wndergo
EHLC.

The number of Ta-dehydroxylating bacieria it human feces is relatively low,
ranging from 10° 1o 10°/g wet weight of feces (Ferari et al. 1977, Steilwag and
Hylemon 197%). Most of the intestinal bacteria which carry out 7a-dehydroxyla-
tion are members of the genera Clostridium (Hayakawa and Hattonn 1970, Hirano
et al. 1981k,c, Swellwag and Hylemon 1979} and Eubacterium (Gustafsson et al,
1966, Hirane et al. 1981c, White et al. 1980). These bacieria use unconiugated
bui not C-24 conjugated bile acids as substrates for 7a-dehydroxylation, yvet lack
CBH (Batta et al. 1950, Stellwag and Hylemon 1979, White et al. 1983). There-
fore, conjugated bile acids must first be deconjugated by nendehydroxylating
bacteria before 7a-dehydroxylation. Moreover, bile acids conjugated at C-24 with
H-methylated amino acids (Schmassmann ef al. 1990a,5) or with sulfate (Iihira
et al. 1991) resisi both deconjugation and 7-dehydroxyiation by the gur microbiota
in rodents. Steric hindrance of the 7-hydroxy group also inhibits 7-dehydroxyla-
tien, as shown with 7-hydroxy bile acid analogs containing 7o or 7F-methyl
groups {Hylemon et al. 1984, Xuroki et al. 1987).

The human intestinal isolate, Fubacrerivm sp. VFI 12708, has & bile acid-
inducible enzyme systemn which dehydroxylates 7o-hydioxy bile acids (White et
al. 1980, 1981, 1983}, A mechanism for bile acid 7o-dehydroxylation in this
organism has been proposed, based on the isclation of bhile acid intermediates
and conversion of these intermediates to dehydroxylated products {Bitrkhem et
al. 1988, Coleman et al. 1987a, Hylemon et al. 1991, Mallonee et al. 1992). This
mechamisin is illustrated in Figure 13.3, with cholic acid as the dehydroxylation
substrate; however, this pathway might also funciion in the 7o-dshydrozylation
of chenodeoxycholic acid to lLithochelic acid. Cholic acid (I) is first actively
transporied into the bacterial cell by a specific carrier protein. Inside the cell,
cholic acid is conjugated at the C-24 carboxy! either to ADP-3"-phosphate (Cole-
man et al. 1887a) or to coenzyme A (CoA) by an ATP-dependent bile acid CoA
ligase (Mallonee et al. 1992), The cholic acid conjugate (IT} is oxidized iwice
and dehydrated, yielding 3-dehydro-4,6-deoxycholdienoic acid (V). This interme-
diate is reduced to 3-dehydro-4-deoxycholenoic acid (VI), which is reduced twice
to yield deoxycholic acid (VIIT). Deoxycholic acid is transported out of the cell
by a specific carrier. Most of the steps in the pathway appear to be pyridine
nucleotide-dependent. However, reduction of 3-dehydro-6-deoxycholenoic acid,
an analog of the 3-dehydro-4,8-deoxycholdienoic acid intermediate (V), 1s stimu-
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gest that reducton of the 3-dehydro-4-deoxycholdienoie intermediate (VI) zener
zizs both the 58 and 5o configurations of the C-3 hydrogen. Allobile acids are
the major bile acid class in lower animals and ceriain fishes (Elictt 1971), and
small amounis ocour in humans and other mammals (Eneroth e 2l 1968b, Tam-
mar 1965,

Bile acid Tordehydronylation activity in Eubactferium sp. VFL 12708 i3 induced
by cultunng the organism in the presence of unconjugated Uy, bile acids which
have a Ta-hydroxy group (White =f al. 1980). This weatmeni also induces the
biceynthesis of several new polypeptides presumably imvolved in 7o-debydroxy-
lation (Paone and Hylemon 1984, White ef al. 1951} Most of the genes encoding
these polypeptides are clustered on a large, cholic acid-inducible operon (510
kb)) containing nine or moore open reading frames (baiA2-bail ) (Franklund et al.
1993, Mallonss ef al. 1990, White et al. 1988a,b) (Fig. 13.4). This operon encodss
gene products with M s of 8,000, 19,500, 27,000, 47,500, 50,000, 58,000, 59,008,
and 72,000, Two additional cholic scid-inducible genes, boiAf and HaiA3, are
Iocated on separate monocistronic ranscripis about 1 kb long (Coleman et al.
1987h, 1988; Gopal-Srivastava et al. 1990; White 1988b) (Tig. 13.4}. These genes
encode identical 27,000-M, polypeptides which share 92% amino acid sequence
identity with the baid2 gene product, Enzymatic functions have fentatively been
assigned to several of the bai gene producis based on biochemical activities of
the gene producis expressed in E. coli or on amino acid sequence homology to

27K 27K 1 kb

TRAMSPORT
PROTEIN?

58K 59K 9K| 27K 47.5K 50K 72K 70K
19.5K

Figure 134. Bile acid inducible (bai) genes in FEubacterium sp. VFI 12708, The predicied
M,s in thousands (K) of the gene products are shown below each gene, and their proposed
functions in bile acid 7a-dehydroxylation above the genes. Genes that share homology
are shaded or blackened. Symbols: O/P, operator/promoter region; T, stem-icop terrinator
struckure; A7, A2, A3, D, and E—genes balAl, baiAZ, baiA3, baiD, and baiE, respectively.
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proteins with known fonctions. The 58.000-M, protein has ATP-dependent bile
acid-UoA ligase aciivity (Mallones et gl 1992), The three 27,000-M, proteins
share homology with shori-chain NAD(F)-dependent alcohol/polyol dehydrogen-
ases and are thus probably 32-HSDHs which caialyze 3o-hydroxy oxidation or
3-oxo reduction of intermediates 11, VI, and X (Fig. 13.3) (Coleman ot al. 1988,
The 30,000-M, protein has homology to bacterial tetracycline export proteins
and may thus function in bile acid transport (D.H. Mallonee and P.B. Hylemon,
nnpublished data). The 47,500-M, protein has homology to camiting dehydeatase
of E. cofi (D, Mallones and P.B. Hylemon, unpublished data). The 72,000-M,
protein has NADH: flavin oxidoreductase activity and has been purifisd from cell
exiracts of Eubacterium sp. VPL 12708 (Frankiund et al. 1993, Lipsky and Hy-
lemon 1980). It has arnino acid sequences homology with cerfain solable NAD(PYH
dehydrogenases, irimethylamine dehydrogenase, and the 59,000-M, protein en-
coded by the above operon, but its physiological role in 7a-dehydroxylation is
unclear (Franklond et al. 1993%).

The 7@-hydroxy bile acid mrsodeoxycholic acid is used clinically to dissolve
cholesterol gallstones and to treat certain cholestatic liver diseases. Washed fecal
suspensions convert this compound 1o Lithocholic acid (Fedorowski et al, 1979),
Bubacterivm sp. strains VPL 12708 (White et al. 1982) and C-25 (Takamine and
Imamura 1983) can 7G-dehydroxylate ursodeoxycholic acid, forming Uthocholic
acid. This reaction proceeds directly in these strains, and not by 7a-dehydroxyia-
tion of chenodsoxycholic acid formed by 78-epimerization of ursodeoxycholic
acid. The 7&-dehydroxylation activity in Eubacterium sp. strain C-25 is greatly
stimulated by coincubation with Bacteroides distasonis stvain K-35 whols cells or
cell extracts; ihe latter strain had no 7-HSDH or 7-dehydroxylation activity alone.
The 7o-debydroxylation and 78-dehydroxvlation activities in Eubacterinm sp.
YPi 12708 have similar bile acid inducibility, cofactor requirements, reaction
kinstics, and chromatographic behavior, suggesting that they are catalyzed by
the same enzyme system (White et al. 1982, 1983),

2.4. Esterification

Sapontfiable derivatives (esters) of bile acids have been detected in human and
rodent feces from untreated subjects or from subjects given oral doses of 24-14C-
labeled bile acids (Benson et al. 1993, Korpela et al. 1936, 1988, Norman 1964,
Norman and Palmer 1964). The proportion of saponifiable bile acids in human
feces is estimated to be 10% io 37% of the total bile acid content and consists
mainly of decxycholic acid esters (Korpela et al. 1986, 1988). Recently, Benson
et al. (1993) demonsirated that human and hamster feces contain considerable
arnounts of deoxycholic acid oligomers, formed by esterification of the C-24
carboxyl group of one molecule with the 3a-hydroxy group of the next (Fig.
13.2, reaction [1). The chain lengths of these polyesters range from two to 22
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deoxycholic zcid subunifs. Since these compounds are not present n bile, they
are probably produced by Intestinal bacteria.

Kelsey and Sexton {1976) showed that méxed culiures from hwiman foces lncu-
bated anserobically with 24-*C-lithocholic acid and ethanol produced the C-24
ethy! esters of hihocholic acid end isolithocholic acid. However, under similar
conditions, fecal isclates of B. thefaictaomicron, Citrobacter sp., and P producius
produced only the lithocholic acid ester (Kelsey and Thompson 1976). Bdenharder
and Hammeann (1985) showed that strains of Bacteroides, Enbacterivm, and Lacto-
becillus iselated from huian feces converted cholic acid to deoxycholic acid and
the C-24 methyl ester of deoxycholic acid. However, this activily was only ravely
detected 1 mixed fecal culivres. The esterification activity in the pure cnliures
did not requirs addition of exogencus methancl and was lost after serial transfers
of the cultres, To date, enzymes catalyzing bile acid esterification by intestinal
bacteria have not been purified.

2.5, Dgsuifation

Bacterially produced Lithocholic acid which escapes fecal excretion 13 returned
to the liver via EHC. There, it i3 conjugated to glycine or taurine at the C-24
carboxyl group and esterified with sulfate at the 3o-hydroxy gronp before secre-
tion in bile. After deconjugation of the glycine or tanrine modely by baclerial
CBH, the sulfate group can alse be removed by bacterial sulfatases. Sulfobile
acids are poorly absorbed from the gastrointestinal tract (Ie Witt and Lack 1980}
but are rzadily excreted in feces. Studies with germ-free and conventional rats
indicatz that bacterial desulfation of sulfobile acids decreases their excretion and
promotes BEHC of the desulfated products (Eyssen et al. 1985, Robben et al
1988).

Bile acid desulfation has been studied in mixed fecal cultures (Kelsey et al
1980, 1981; Pacini et al. 1987; Palmer 1972) and fecal isolates. The bacterial
genera capable of bile acid desulfation include Closiridinum (Borriello and Cwen
1982, Huijghebaert and Eyssen 1982, Robben et al. 19858), Pepiococcus (Van
FElders et al. 1988), and Fusobacterium (Robben et al. 1989). The desuifation
products of 3-sulfolithocholic acid generated by mixed and pure cultures inchude
lithocholic acid, isolithocholic acid and cerfzin of its 38-faity acyl esters,
2-cholencic acid, 3-cholenoic acid, and 5 S-cholancic acid.

Bile acid sulfatase activity in pure cultures of fecal bacteria requires 2 3a- or
33-sulfo group and a free C-24 or C-26 carboxyl group. Bile acids sulfated at
positions other than C-3 are not desulfated. Desulfation by these bacteria is also
stereospecific, depending on the configuration of both the 3-sulfo group (3a or
35) and the C-5 hydrogen atom (5S¢ or 58). These configurations also determine
the desulfated products formed. For exampls, Fusobacterium sp. sirains H35 and
H83 convert 3a- or 3F-sulfo-3 3-bile acids to 54-cholen-3-cic acids but convert




488 Stephen F. Baron and Phiflip B. Hylemon

3G-sulfo-Sa-bile acids 10 So-cholen-2-0ic acids and 3a-sulfo-5a-bile acids; nio
products are formed from 3a-sulfo-Sa-bile acids (Robben ef al, 1989). Bile acid
desulfation could hypothetically occur by elimination or hydrolysis. However,
ihe mechanism has not been determined, and enzymes catalyzing the reaction
have not been purified.

2.6. Physiological Funciion of Bile Acid Metabolism in Intestinal
Bacierig

Bile acid deconjugation and desulfation may provide growth substrates for the
bacteria which perform these reactions, o perhaps inhibit the growth of competing
bacteria due to the toxicity of the free bile acids produced. Dehydroxylating
bacteria may gain a similar competitive advantage, since dehydroxylated bile
acids are considerably more hydrophobic and toxic than their parsat compounds
{Binder et al. 1975).

Esterification and epimerization of hydroxy bile acids mav reduce their toxicity
and thus proiect bile acid-sensitive bacteria. For example, ursodeoxycholic acid
{7 8-hydroxy) is less hydvophobic than chenodeoxycholic acid (7a-hydroxy) and
presumably less deleterious io cell membranes (Ammstrong and Carey 1982).
Sireilarly, bile acid esters are sparingly soluble and may form harmless aggre-
gates.

Oxidation of hydroxy bile acids by HSDHs may generate reducing equivalents
for electron transport phosphorylation or biosynihetic purposes. In fact, addition
of exogenous electron acceptors such as menadione or fumarate to cultures of B.
thetaiotaomicron greatly increases the oxidation of cholic acid to 7-dehydrocholic
acid {Sherrod and Mylemon 1977). Oxo- and ring umsaziurated intermediates
formed during epimerization and 7-dehydroxylation reactions may serve as elec-
tron sinks or as terminal electron accepiors for electron transport chains. Because
7a-dehydroxylation is a net reductive process, it may serve as a key electron
accepiing reaction in the energy metabolism of dehydroxylating bacteria. These
bacteria may occupy a unique niche in the colon ecesystem since their nurnbers
are relatively low (Sect. 2.3) while the amounts of their bile acid subsirates are
considerable (up to 600 mg).

3. Metabolism of Cholesiero] by the Intestinal Microbioia

3.1. Reduction to Coprostanone and Coprosiansl

The colon receives up o 1 g of cholesterol per day originating from bile, the
daet, and sloughing of intestinal mucosa. Cholesterol is reduced to coprostanot and
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minor amounis of coprostanons by the colomic microbiota (Fg. 13.3). Together,
cholestercl and its transformation products comprise 95% of the total newiral
steroid detected in rat and human fecss (McNamara et 8l 1981). The role of
the intestingl microbiota in the formation of coprostancl and coprostanons was
confiemed by comparing the focal sterols of germ-free and conventional rais
{¥ellogg and Wostmann 1969); the former sxcrste unmodified cholesterol, bot
the latter also excrete coprostanol and coprostanons in amounts up to 55% of the
total fecal sterols. The cecum is the site where cholesterol is most extensively
wansformed in rats (Eyssen ot al. 1972, Kellogg 1973). The proporiion of choles-
werod converted 1 vivo variss within populations. Wilkdns and Hackman {1574)
found that 23 out of 31 in a group of North American Caucasians excreted high
amounts of coprostanol and coprostanone In their feces (283% of the total sterols),
while the other eight excreted only low amounts (10%).

Boih mized fecal biota (Snog-Kjaer ot al. 1956) and fecal isolaies have been
shown to convert cholesterol to its wansformation products. Crowther et al. (3977)
reported that strains of Bifidebacterium, Clostridium, and Bacteroides reduce
cholesterol to coprostanol, althongh dus has not been confirmed. Most choles-
serol-reducing bacteria that have been isolated and characierized are members of
the genus Fubacterium.

A cholesterol-reducing bacterium, Eubacteriwm ATCC 21408, was isclated

i v

Figure 13.5. Bacteriel transformations of cholesterol. Large Arabic mumerals refer to
reactions cited in section 3. Structures: I, cholesterol; T, 4-cholesten-3-one; I, coprosta-
nope; 1V, coprostancl.
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from rat cecal conients, using a cholesterol-rich calf brain powder medinm (Tys-
sen et al. 1973}, This organism required 3 & hydroxy-4° animal or plant stercls
for growth, including cholesterol, stigmasterc], campesterol, and S-sitostercl, and
reduced them to 3 A-hydroxy-5 G-saturated derivatives, In addition, the organism
redoced 4-cholesten-3-one, coprostanone, and its Se-epimer {cholestanone) to
coprostanol (see Fig. 13.5 for structures). Beduction of the 47 double bond re-
aquired a 3F-hydroxy group, since stercls with a 3e-hydroxy group, with other
-3 spbstituenis, of without a 3-bydroxy group were not reduced. Double bonds
at positions other than 4* or 4° were not reduced. Evssen et al. (1973) suggested
that this bacterium used cholesterol as an external electvon acceplor, since it
required up to 2.0 mgfml cholestersl for optimal growth. Subsequently, using
brain-supplemented media, Sadzikowski et al. (1577} isolated cholesterol-reduc-
ing gram-positive diplobacilli from rat cecal contenis and human feces, and Mott
and Brinkley (1979} isolated the cholesterol-reducing Fubacterium strain 403
from baboon feces. In 2}l of these studies (Eyssen et al. 1973, Mott and Brinidey
1979, Sadrikowski et al. 1977}, the bacteria would not form viable colonies on
solid media, and were purified in broth culture by serial dilution, filiration, and
addition of selective inhibitors,

Mott and Brinkley (1979) discovered thai the cholesterol-reducing Eubacte-
riwmn strains ATCC 21408 and 403 required both chelesterol and z plasmalogen
component of calf brain lipids, plasmenylethanclamine, for growth. Plasmalogens
are phosphoglyceride analogs in which the C-1 substituent of glycerol is a long
chain 1-alkenyl ether. These membrane phospholipids are particularly abundant
in muscle cells, nerve cells, and certain anaerobic bacteria. Although the role of
the plasmalogen was unclear, its alkenyl ether gronp was metabolized during
growth. Morsover, plasmalogens with a 1-alkyl ether rather than a I-alkenyl
ether would not support growth of these Fubacterium sixains (Mott et al. 1980).
Ultimately, Brinkley et al. (1980) developed 2 solid medivm containing lecithin,
brain powder, and 5% added cholesterol, which adeguaiely supported colony
formation by cholesterol-reducing Eubacterium strains. With this medivm, nine
new strains of cholesierol-reducing bacteria were isolated from baboon feces and
intestinal contents {Brinkley et al. 1982). Unlike previous cholestero! reducers,
none of these strains reguirad cholestercl plus piasmalogen for growth, although
seven reguired plasmalogen for cholesterol reduction. The above smdies suggest
that cholesterol-reducing intestinal bacteria can be classified into three categories:
(1} those that require plasmalogen (and cholesierol) for growth and cholesterol
reduction; (2) those that require plasmalogen for cholesierol reduction but not
growth; and (3) those that reguire plasmatogen for neither cholesterol reduction
nor growth.

The mechanism of cholesterol reduction was studied in cultures of Enbacterium
ATCC 21408 fed [44-°H,4-1%C]-cholesterol (Eyssen and Parmentier 1974, Pax-
mentier and Eyssen 1974) (Fig. 13.5). The reaction most likely proceeds by a
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sequential oxidation of the 38-hydroxy group and isomerization of the 4° 10 2
4% double bond, forming 4-cholesten-3-one (I, reduciion of the A* double bond,
yielding coprostanons (U, and reduction of the 3-0x0 group, viglding coprosia-
nol (V). This kypothesis is further supported by ihe detection of coprostanone
in feces and by the reduction of 4-cholesten-3-one and coprostanone (o cOprosta-
nol by fecal bacteria (Eyssen et al. 1973, Mot et al. 1980). Te date, the enzymol-
ogy of cholestero! reduction has not been studied.

4. Metaholism of Steroid Hormones by the Tofestinal Microbiota

Steroid hormones that undergo EHC are conjugaied to either glucuronide ox
sulfate at C-3, C-17, and C-21 by the liver and secreted in biliary bile (Laatikani-
nen 1970b). Total concentrations of steroids in human bile show gender differ-
ences, with adult men and women secrating approximaisly 13 mg/day and 5 mgf
day, respectively (Laatikaninen 1970a). Pregnant women are reporied to have an
increased biliary secretion of steroid hormones {Eriksson et al. 1970). Fowr 7o
hydroxylated Cy, steroids have been identified in biliary bile, inclnding 54 (and
Sa-)pregnan-3e, 172, 20a-triol and 5-pregnen-3or (and 361,17 0,200-triol (Laztin-
kanien 1570c).

Stadies of neutral steroid hormone patterns in feces of germ-free and conven-
tignal animals indicate that extensive biotransformations of steroid hormones are
carried ont by the intestinal microbiota (Eriksson and Gustafsson 1970, Eriksson
et al. 19692, Gustafsson 1968). Known microbial biotransformations inchide
(Tzble 13.7, Fig. 13.6) (1) hydrolysis of glucuronide and sulfate conjugates by
microbial ghucuronidases and sulfatases (not shown); (2) 21-dehydroxylation (re-
action 10); (3) side chain cleavage (reaction 3); (4} saturation of the A% double
bord (reactions 1 and 4); (5) oxidation/reduction of hydroxy/oxo groups at -3,
C-17, and C-20 (reactions 2, 3, 6—8, and 9); and (6) 16a-dehydroxylation, yielding
17 &-side chains (Fig. 13.7). Steroid hormons metabolites generated by the intes-
iinal microbiota can be absorbed and secreted in the urine (Wade et al. 1559).
However, (he significance of the intestinal biotransformations of steroid hormones
to the host is not clear.

4.1. Hydrolysis of Glucuronides and Sulfates

Steroid hormones that are secreted into bile are deconjugated in the intestine
by bacterial sulfatases and glucuronidases (Eriksson and Gustafsson 1970}, Gluc-
uronidase activity may be derived from intestinal bacteria or mucosal cells. How-
ever, the sulfatases are strictly bacterial, and the intestinal microbiota can hy-
drolyze sulfate conjugates in the 3a-, 38, 175, and 21-hydroxy positions
{(Macdonald et al. 1983a). Bacterial desulfation has been demonsirated {0 increass
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Table 13.7. Stercid hormone modifications by infestinal microbiota

Biotransiormation(s) Crganism(s) Fnzyme(s) Cofacior(s) B, (1673 ommenis Ref®
Hydrolysis of Closmidium sp. sulfatass(s) — ? F-elncnronidase i3
suifate and Pzpsocaccus sp. and actvity found
glucuronids Eubacterivm sp. f-ghicuronidas(s) — ¥ both in
conjugaies Leciobacitius sp. bacteriz and
Bacteroides sp. intestinak
Escherichin coli mMIEDS2
Z1-CH0H — 21- Eubacierium lentum 21-dehydeonylase BN, 582% Requires a-ketol %
CH, steroids as
subsTates
Cyq side L. scindens, desmolasc AB By, ? Steroid inducible 55
chain — 17-0x0 Eubacierium divalent
desmolans catons
Aegpye —= So-H Closiridimn sp. -1, S preduciase 7 7 Soluble apd 7.5
Eubacierivm sp. memnbrane
sirain 144 ovnd forms:
Hy oz
pyruvaie
siimulatory
4-zae— 54-H C. porapuirificion 5F-rednciass MaDH ¥ 911
C. ingcuasm
16a-OH — 4'° Ewbacierium sp. 16a-dehydratass — 42.4° A% steroid 12,13
strain [44 chemicaliy
FERCLVE
A8 [T Eubacieritm sp, A'%.gieroid reductase ¥ 7 H, or pyruvaic 14
Pregnanes sirain 144 stimulatory
3-ox0~» 35-0H €. {nnoguwn 3 8- hydrorysteroid NADH 300" 1
dehyrogenase
3-ox0 — 3a-OH £ fenium 3arhydroxysteroid HNADEH 7 10,15
C. parapuirificum dehydrogenass
17050 —» 178-GE E lennum 17 B-hydrozysteraid ? ? 1%
C. fnnocuwn dehydrogenase
B. fragiiis
17-0x0 — 17a-CH Eubacrerium sp. 17 a-hydroxysteroid NADPH 42.0° y-sonsitive 7
VPI 12708 dehydrogenase
20-oxo — 205-0H B. fragilis 208-hydroxysteroid 1 1 18
Bifidobaceerivm dehydrogenase
adolescenzis
20-oxe — 20a-CH C. scindens 20c-hydroxysieroid NADH 40.0° Uses enly i9
dehydrogenase sieroids with
i7e, 21-
dihydroxy
Foup

“ Selected references: 1. Graves et al, (1977); 2. Van Eldere et al. (1938); 3. Van Elderc ot al. (1991); 4. Feighner and Hylzmon {1980); 5.
Winter et al. (1984a); 6. Krafft ot 2l. {1987); 7. Bokkenheuser et al. (1983); 8. Glass et al. (1691); 9. Schubert et al. {1957); 10. Glass et al.
(1979); 11. Stokes and Hylemon (1985); 12. Glass and Lamppa (1985); 13, Glass 2t al. (1982); 14. Watkins and Glass (1991}); 13, Bokkenheuser
et al, {1979); 16. Winter et al. (1984b); 17, dePrada # al. (1994); 18. Wioker ef al. (1982a); 19. Xraffi and Hykemon {198%)

° Native M.

¢ Bubnpit M,.
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Figize 13.6. Bacterial transformations of cortisel. Large arabic mumerals refer 1o reactions
cited in section 4. Struchares: 1, cortisol; I, 5 & dihvdrocortisol; I, 3a-hydroxy-5 F-tetraly-
drocortisol; IV, 38-hydroxy-5S-tetrahydrocortisol; V, Sa-dihydrocortisol; VI, 115hy-
droxy-androstenedione; VI, 118,17 3Dihydroxy-4-androsten-3-one; VI, 115,17 a-Di-
hydroxy-4-androsten-3-one; X, 20a-dibydrocortisol; X, 20&-dibydrocortisol; X1, 21-
deoxycortisol. Intermediates V11 and VI have not been detected in vivo. However, their
11-dehydroxy analogs, testosterone and epitestosterone, are formed by the action of 172-
and 17 S-hydroxysteroid dehydrogenases on androstenedione (Section 4).

I

Figure 13.7. Bacterial metabolism of [6a-hydroxyprogesterone, Large arabic numerals
refer to reactions ciled in Section 4. Structuzes: 1, 16c-hydroxyprogesterons; I, 4'S-
progesterone; I, 17a-progesterone.
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the elirmination of dehydroepiandrosteone sulfate from rate by Increasing its EHO
and nonary excretion (Van Eldere af al. 1990). Sterocid sulfatass activity has been
detscted in certain species of the genera Clostridium, Laciobaciilus, Eubacterium,
FPepiococcus, and Bacteroides (Van Eldere et al. 1988). However, the substrate
specificity for steroid sulfates varies considerably among these species, suggest-
ing that there are many different stercid sulfstases among the ntestinel mi-
crobiota. Indeed, Pepiococcus niger synthesizes at least three different stercid
sulfatases {(Van Eldere ef al. 1991).

4.2. 2I-Dehydroxylation of Corticosteroids

21-Debydroxylation of corticosteroids is restricted to those that undergo BHC
{Fig. 13.6, reaction 10}. The role of intestinal bacteria in 21-dehydroxylation was
first shown in the late 1960z by comparing the steroid hormone patisrns in germ-
free and conventional animals {Eriksson et al. 196%h, Gustafsson 1968, Gustafs-
son and Sidvall 1968}, Studies by Eriksson et al. (1969) showed that anaerobic
incubation of fecal suspensions with 38,21-dihydroxy-5a-pregnane-20-one re-
sulted in the formation of 3,20-dihydroxypregrane metabaolites, Moreover, it has
also been demonstrated that the removal of the 21-hydroxy group of corticoste-
roids by intestinal bacterfal shifis the secretion from biliary to renal.

To date, all bacteria capable of 21-dehydroxylation are members of the genus
Eubacterivm. Bokkenheuser et al. (1977} auccessfully isolated a bacterium from
hurman fecal suspension, which was capable of the 2 1-dehydroxylation of cortico-
siercids with an a-ketol side chain. The bacterivm was later identified as a strain
of Eubacterivum lentum (Bokkenbeuser £t al, 1979). Feighner et al. (1979) demon-
strated Z1-dehydroxylase activity in cell exiracts of K. Jentum and showed thai
the enzyme required reduced free flavins for activity. The M, of 21-dehydroxylase
was estimated to be 582,000 by gel filtration chromatography. 21-Dehydroxyla-
tion increased sevenfold when whole cells of E. lenfum were sparged with hydro-
gen gas (Feighner and Hylemon 1980).

21-Dehydroxylation of corticosteroids requires a 20-oxo substrate and reduced
flavins. Holland and Riemiand (1984) studied the mechanism of 21-dehvdroxyia-
tion using subsirates labelied with deuterium at C-17 and C-21. Their proposed
mechanism is consistent with an initial formation of an enediol followed by
reduction, dehydration, and encl-oxo tantomerism, yielding the 21-dehydroxy-
lated steroid preduct. Such a mechanism suggests that 21-dehydroxvlation re-
quires more than one enzymatic activity. However, 21-dehydroxylase has not yet
been purified to homogeneity or characterized.

4.3. Side-Chain Cleavage

Evidence for the side-chain cleavage of glucocorticoids by members of the
intestinal microbiota was first reported by Nabarroe et al. (1957) {Fig. 13.6, reac-
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ton 5). Bmdies by Eriksson and Gustafsson (1971) demonstrated that mixed fecal
biota from healthy human subjects removed the side-chain of cortisol. Bolden-
heuser ef 2l (1984) isolated from human feces a species of Closrridium that had
desmoiase (C17-020 Iyase) activity. The bacterinum was classified a8 a new spe-
cizs, Clostridium scindens. It was demonstrated using whole cells of this bacter-
inzn that side-chain cleavage required a hydroxy gronp at C-17 and preferred an
a-ketol group at C-20 or C-21 for optimal activity (Winter et al. 1984a). It was
shown later that desmolase activity in . scindens was mduced by cortisol, cortd-
sone, 11-descxyrortisol, and 17e-hydroxyprogesierone. Desmolase activity in
cell exiracis of . scindens prepared from induced cultires requived MAD and
a divalent metal cation—i.e., Mg®", Mn®*, or Fe?" (Kxaffi et al. 1987). Additional
stadies demonstrated that desmolase activity was further stimmiaied by the sddi-
tion of vitamin By, to cell extracts of O, scindens (AE. Krafft and P.B. Hylemon,
unpublished data). Finally, Morris ot al. {1988) isclated from cat feces a new
species, Eubacterium deswolans, which had desmolase activity,

4.4, Reduction of Ring A

Reduction of ring A in steroid hormones markedly decreases their hormonal
activity. The reduction of ring A in stercid hormones is nommally thought to be
carried ont in the liver. However, the intestinal mxcrobiota rapidly reducs ning A
of stercid hormones containing the 4* 3-oxo-steroid structure. Bacterial reduction
of such hormones ocours by 2 sequential two step reaction (Glass et al. 1979},
The 4* double bond is initially reduced 1o either to the Sz- or 58 configuration
(Flg. 13.6, reactions 1 and 4) by stereospecific Sa- or 5 f-steroid reductases. The
3-0xo group is then reduced to either a 3a- or 3F-hydroxy group by stereospecific
3a- or 34-HSDHs (Fig. 13.6, reactions 2 and 3}. Species of iniestinal clostridia
have been shown to carry out the reduction of 4%-3-oxo-steroids. Clostridium
innocuum and Clostridium paraputrificum reduce 4*-3-oxosteroids to 3358 and
3a-58 derivatives, respectively (Bokkenheunser ot al. 1979, Glass et al. 1975,
Stokes and Hylemon 1985), while Clostridium sp. J-1 produces a 33-Sa derivative
{Bokkenheuser et al. 1983). Ring A in synthetic progestins, which are used in
oral contraceptives, is reduced three to 10 times more slowly than in naturally
oceurting progestins (Bokkenheuser et al. 1983). This observation may explain
the pharmacological superiority of synthetic progesting over natural progestins, In
cell extracts prepared from C. innocuwm or C. paraputrificium, NADH markedly
stimulated the 5 reductase and 3o- and 3 8-HSDH activities. The relative molec-
ular weight of 5&3-reductase and 38-HSDH from C. innocuum was estimaled 10
b 80,000 by gel filiration chromatography. Eubacterium lenturn has also been
reporied to have both 3a- and 38-HSDH activiiies and can epimerize the 3o-
hydroxy group to the 3A-orientation {Bokkenheuser et al. 1879).
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4.5, Oxidation/Beduction of 17- and 20-Hydroxy/Oxo Groups

The reduction of the 17-oxo grovp to 2 17# hydroxy derivative can be cafried
out by a number of species of infestinal bacteria incloding: Eubacterium lentum,
Clostridizm poraputvificum, Closiridivm J-1, Clostridium innocuum, and Bacte-
roides fragilis. The 17-o%o function of phenolic steroids is reduced specifically
by certain species of the gensra Eubacterivm and Clostridium, while the 17-ox0
group of androstenedione is reduced solely by B. fragilis (Winter ot al. 1984b).
The reduction of the 17-ox0 group of androstenedione to the 17 a-hydroxy deriva-
tive (yielding epitestosterone) was recently discovered in the human intestinal
isolate, Eubocteriym sp. VPI 12708 (de Prada ot al. 1994). A steroid inducible
17a-HEDH was purified and characterized from this organism. The enzyme was
oxygen-sensitive and was highly specific for NADPH and the 17-ox0 group of
Cyp stercids. The N-terminal amino acid sequence suggested that this SNZYINE
belongs to a disulfide reductase gene family {de Prada et al. 1994). The presence
of both 174~ and 173 HSDHs suggests that the intestinal microbicta can epimer-
1ze the 17 8-hydroxy group of testosierone to the 17a-hydroxy group of epitesiost-
erone. The pathways of epitestosterone biosynthesis in the body are controversial.
However, there has been renewed interest in the biosynthesis of this compound
because of its potential as zn antiandrogen {Bicikova et al. 1992). In addition,
the International Olympic Commitiee uses the urinary ratio of testosterone (o
epitestosterone as a marker for testosterone doping in athletes (Kicman et al,
1990).

Bacteroides fragilis and Bifidobacterium adolescentis have been reported to
have 202-HSDH activity (Bokkenheuser et al. 1975, Winter et al. 1982a). Reduc-
tion of the 20-ox0 group makes the steroid resistant to further modification of
the steroid side chain. Steroid substate specificity stodies using whole cells of
B. fragilis and B. adolescentis suggest that there may be more than one form of
205-HSDH among the intestinal microbiota. However, 208-HSDH has not been
purified or characterized from members of the intestinal biota,

20a-HSDH has been detected in a variety of mammalian tissues (Nancarrow
et al. 1981) and, in microorganisms, isolated from soil and water. Studies by
Winter et al. (1984a) showed that the intestinal microbiota contain 200-HSDH
activity. Bokkenhevser et al. {1984) isolated from human feces a species of Clos-
tridium that had 20a-HSDH activity. This bacterinm was later determined to be
a new species, Clostridium scindens (Morris 2t al. 1985). The 20a-HSDH from
C. scindens has been purified and characterized (Krafft and Hylemon 1989). The
enzyme was NAD*/NADH dependent and was highly specific for adrenocortico-
steroids having 17a- and 21-hydroxy groups. The subunit M; of the enzyme was
approximately 40,000 Da. The N-terminal amino acid sequence {first 11 residues)
suggested that this enzyme may belong to the glyceraldehyde-3-phosphaie dehy-
drogenase gene family (Krafft and Hylemon 1989).
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4.6. 18a-Dehvdroxviation

Stercid hormones with a 17w side chain have been detected in feces and vrine
of rats and humans (Calvin and Lisberman 1962, Eriksson =t al. 19693),. Theae
sterold hormones bave been shown o oviginate from the 16g-dehydroxyiation
of steroid hormones by the intestinal microbiota. 18o-Dehydronviation activity
has been detected in human feces and rat infestinal contents (Triksson and Gus-
tafsson 1971). Two intestinal strains of Hubacterinm with 16o-dehydroxylation
activity were isolated by Bokkenbevser etal. (1980). Winter et al. {1982b) showed
thai the 16o-dehydrozylation of corticoids by isolates of intestinal bacteria was
a twao-step biotransformation (Fig. 13.7). The 16a-hydroxysicroid substrais was
dehydrated to a A-steroid intermediate (reaction 1}, which accumulated in col-
ture media and was subsequently reduced o 2 17« side chain steroid product
{reaction 2). Glass et al. {(1982) showed that the A% steroid intermediate would
react nonenzymatically with L-cysteine in the culivwe medinm, forming 2 16-
thicether bond. The high reactivity of 4'® steroids is belisve to be due to the
formation of a highly reactive o, Gunsahurated ketone associaied with the D-ring
of the steroid. If is not known if cysteine conjugates of steroids are formed In
vivo, howsver, A'® steroids have bezen detected in the urine of female subjects
(Calvin and Lieberman 1962). A 16a-dehydratase has been purified from Eubac-
teriumm 8p. strain 144 and was found to have a subunit M, of 42,400 and native
M,s of 181,000 and 326,000 by gel filration chromatography (Glass and Lamppa
1983). The reduction of A'° steroids by whole cell suspensions of Eubacterium
s5p. strain 144 required growth in the presence of hemin and an inducing steroid.
In addition, it was necessary 10 incubate the cell suspensicns in the presence of
either pyruvaie or molecular kydrogen. It was proposeg that hemin was used for
the synthesis of a cytochrome-containing electron transport chain which then uses
A steroids as an electron acceptor (Glass et al. 1991, Watkins and Glass 1991). It
was discovered that these same growth conditions induced a membrane-associated
steroid Sa-reductase which also required either pyruvate or molecular hydrogen
as an electron donors. These results suggest that thess stercid bictransformations
might be linked to energy metabolism in this bacterium.

5, Summary

In the 1960°s and easly 1870’s, the various intestinal bioiransformations of
bile acids, cholesterol, and steroid hormones were shown to ocour in intact animals
and humans. In the late 1970°s and 1980z, intestinal bacteria catalyzing these
steroid biotransformations were isolated and identified. Enzymes catalyzing some
of the sieroid modifications have been purified and characterized, and the corre-
sponding genes cloned and sequenced. Some steroid modifying enzymes have
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been assigned to gene families. In the late 1980’s, a multi-step biochemical path-
way for bile acid 7-dehydroxylation was discoversd. However, the physiological
significance of the steroid biotransformations to intestinal bacteria has not been
determined. Finally, a thorough understanding of the imporisncs of these bictrans-
formations 1o the bost in health and disease awaits further research.
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