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I. Introduction

TaE study of the metabolic fate of foreign
compounds has a history which can be
traced back to the time of some of the
earliest discoveries in organic chemistry and
biochemistry. During most of the subsequent
period, investigations in the whole animal
have dominated although the use of various
tissues and tissue preparations, especially
of the liver, has been widespread in recent
decades. The emphasis in these studies has
been placed nearly exclusively on the me-
tabolism of compounds in the animal tissues
and little interest has been shown in the
metabolic activities of the microorganisms
harbored in the gastrointestinal tract in
relation to foreign compound metabolism.
However, the metabolic capacity of these
microorganisms can be very large and foreign
compounds may be exposed quite easily to
these effects. This may occur after oral
administration and especially when absorp-
tion is retarded or it may take place as a
result of diffusion or secretion of the com-

pound or its metabolites into the gastro-
intestinal tract. Until recently there appears
to have been a reluctance to accept these
possibilities and to investigate the microbial
metabolism of foreign compounds. While
this hesitancy and therefore the neglect of
one of the many facets of the discipline of
foreign compound metabolism is sometimes
still to be seen, we have nonetheless wit-
nessed a surge of interest in this area during
the past decade. During this period an im-
pressive variety of reactions has been re-
ported and the description of these metabolic
pathways formed the basis of the subject
when microbial drug metabolism was
initially reviewed (348). However, the in-
tervening period of nearly 5 years, in ad-
dition to furnishing examples of new types
of metabolic reactions, has seen a rapid
growth in the awareness that foreign com-
pound metabolism by gastrointestinal micro-
organisms may have important implications.
It has become increasingly obvious that the
gastrointestinal metabolism of compounds
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may have appreciable effects on their ab-
sorption, distribution, and excretion as well
as on their biological properties. The latter
point has received an increasing share of
interest due to its toxicological significance
(350, 381, 443a). The present review re-
flects this recent expansion of the subject
although the central theme concerns the
types of metabolic reactions which occur
with drugs and other foreign compounds by
gastrointestinal microorganisms. While the
purely microbiological aspects are obviously
an integral part of this subject, this area has
purposely been treated in less detail than the
biochemical and pharmacological features.

II. Gastrointestinal Microflora
A. Nature of the Gastrointestinal Microflora

Although studies of the normal microbial
flora of the gastrointestinal tract date back
to the early part of this century, this area
of microbiology has historically received less
attention than that dealing with pathogenic
microorganisms. Although a major con-
tributing factor to this difference has been
the lack of suitable methods for cultivating
many members of the normal microflora,
advances made in recent years have over-
come many of these problems. As a con-
sequence, a significant expansion in this
field has resulted and a fairly extensive
literature is now available. It is felt, how-
ever, that no essential purpose would be
achieved in the present review by covering
this topic in detail. Instead, brief mention
will be made of some of the important
characteristics of the gastrointestinal micro-
flora. In addition, sufficient literature refer-
ences are included so that the interested
reader may pursue this area in greater depth.

Any discussion of the microbial inhabi-
tants of the gastrointestinal tract must, at
the outset, note the great variety of species
normally present. In fact, more than 60
different species have been isolated from the
intestinal tract or feces of animals or man
(115). While many of these are normally
only minor inhabitants, the list of those
microorganisms which are found commonly
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in moderate to high numbers is still fairly
extensive. Nonetheless, much recent evi-
dence has made it clear that the dominant
intestinal bacteria in most animals are
members of the genera Bacteroides and
Bifidobaclertum (anaerobic lactobacilli) (117,
124, 127, 165, 184, 375, 397). Recent studies
of the mouse cecal flora have indicated that
members of genus Fusobactertum, which are
extremely sensitive to oxygen, are also
abundant (243, 397). However, in spite of
the use of improved techniques for main-
taining anaerobic conditions, a considerable
portion of the cecal microflora has still not
been cultivated (6, 387). In any case it
should be noted that the common Gram-
negative enterobacteria, the enterococei, and
the clostridia represent only a small part of
the microflora. The aerobic flora of human
feces consists mainly of coliforms, strep-
tococci, and lactobacilli which account for
5% or less of the total bacterial population
whereas clostridia, staphylococei, aerobic
spore formers, proteus, and yeasts account,
when demonstrable, for less than 0.001 %
(185). The types of microorganisms which
are invariably or often found in the gastro-
intestinal tracts of animals are listed in
table 1. Further information on the nature of
the gastrointestinal microflora is available
in the following articles: general—56a, 115,
124, 127, 164, 184, 320, 445; numerous
animal species—48, 119, 375, 376, 378;
human—49, 122, 149, 165, 166, 222, 223;
rat—313, 314; mouse—126, 167, 243, 397;
hamster—186; piglets—104; rumen—>57.

B. Distribution of Microorganisms in the
Gastrointestinal Tract

In general, the upper parts of the human
gastrointestinal tract including the stomach,
duodenum, jejunum, and upper ileum are
sparsely populated with microorganisms.
Gastric acidity seems to be an important
factor in determining the nature of the
stomach flora; acid-resistant microorganisms
including streptococci, aerobic lactobacilli,
and fungi are the main inhabitants (164).
The acidic stomach contents of man often
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TABLE 1

Typical representatives of the
gastrointestinal microfiora

Microorganisms Description
Bacteriodes Gram-negative, strictly
anaerobic, non-spore
forming rods
Lactobacilli Gram-positive rods
1. Anaerobic
(Bifidobac-
terium)
2. Aerobic
Fusobacterium Gram-negative, strictly
anaerobic, spindle-
shaped rods
Enterobacteria Gram-negative, aerobic or
facultatively anaerobic,
non-spore forming rods
1. Escherichia
colr
2. Aerobacter
3. Klebsiella
4. Proteus
5. Providence
group
Clostridia Gram-positive, anaerobic,
spore-forming rods
Streptococei
1. Enterococci Gram-positive, aerobic or
facultatively anaerobic
cocci
2. Anaerobic Gram-positive, anaerobic
cocci
Pseudomonads Gram-negative, aerobic
motile rods
1. Pseudomonas
2. Alcaligenes
faecalis
Staphylococcei Gram-positive, aerobic or
facultatively anaerobic
cocci
Veillonella Gram negative, anaerobic
cocci
Yeasts

bhave been reported to be sterile but the
above-mentioned microorganisms may be
carried down from the oral cavity during
meals (122). However, small numbers of
them have been reported even in fasting
individuals (163). The numbers of micro-
organisms in the anterior part of the stom-
achs of numerous animal species are higher
than those in the posterior part (375). It
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was also pointed out that the rabbit, unlike
other homothermic animals, has a stomach
that is usually sterile or populated only by
bacteroides. This genus and the bifidobac-
teria were later reported to be the sole
members of the stomach microflora in rabbits
(119).

The upper small intestine in man is
sparsely populated with a flora consisting
largely of Gram-positive, facultative micro-
organisms (164). Other investigations have
found coliforms (48) and sometimes bac-
teroides (119) but they have also stressed the
lack of a large microbial population in this
region of the intestine. Of the common
laboratory animals, the rabbit is more com-
parable to man in that relatively few types
of microorganisms are present (119). These
are mainly bacteroides and bifidobacteria
(119, 375). In contrast, these investigations
showed that a much more varied flora
similar to that shown in table 1 is present in
the proximal intestine of other species in-
cluding the common domestic and labora-
tory animals.

Although the lower small intestine in man
may be sparsely populated with micro-
organisms, this region generally shows an
abundant flora which is similar to that found
in the common laboratory animals (119).
The concentrations of organisms in the distal
ileum, with its larger numbers of anaerobic
forms, are intermediate between those found
in the upper gastrointestinal tract and the
large intestine and this region can be con-
sidered as a transitional zone (164, 166). A
pattern of increasing numbers of intestinal
bacteria as the lower small intestine is
reached was found to be general in many
animal species although the rabbit still
shows a flora made up of fewer types and
numbers of microorganisms (119, 375).

A significant change in the intestinal
microflora in man is seen below the ileocecal
valve. This is manifested by an increase in
the anaerobic microorganisms which out-
number the aerobic and facultative flora by
a factor of 102 to 10* (164). Thus the micro-
flora of the human large intestine consists
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predominantly of bacteroides and bifido-
bacteria (119) with lesser contributions being
made by other types, mainly those listed in
table 1. The large intestine is, of course, the
site of the most abundant microbial flora in
the gastrointestinal tracts of most other
animals. In general, the types of micro-
organisms are similar to those found in man.
Ruminants are a notable exception to this
general picture with a large fermenting bulk
located in the ruminoreticulum which is
found between the esophagus and stomach
(abomasum).

While the above remarks deal with the
longitudinal distribution of microorganisms
in the intestinal tract, it should also be noted
that variations in the cross-sectional distri-
bution occur. Thus, it has been demon-
strated recently that many bacteria are
associated with the mucosa of the gastro-
intestinal tract (128, 280, 305, 339). These
associations, which appear to be quite stable,
have been observed in several mammalian
species including man. The microorganisms
have not been found in the gastrointestinal
wall itself.

C. Variations in the Gastrointestinal
Microflora among Different Animal
Spectes

In general the gastrointestinal microfloras
in mammals and other homothermic animals
are remarkably similar (375). Nevertheless,
both qualitative and quantitative differences
have been reported with the most striking
examples being between man and other
animals rather than between members of
the latter group. As pointed out in section
II B, many of these dissimilarities are re-
lated to differences in the types and numbers
of microorganisms found in different parts of
the gastrointestinal tract. Man has a micro-
flora mainly in the lower part of the tract
whereas some animals and especially rats
and mice have large microbial populations
also in the upper parts. Here feeding habits
including coprophagy are important al-
though, in the case of rabbits, the latter
practice does not appear to influence the
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nature of the microflora (375). Further in-
formation is available in the articles listed at
the end of section IT A.

D. Influence of Diet on the Gastrointestinal
Microflora

While it is well known that the gastro-
intestinal microflora in animals and man
remains approximately constant under stable
conditions, it is also recognized that con-
siderable variations, both quantitative and
qualitative, can result from environmental
and physiological changes (127). It has long
been realized that the nature of the diet may
be important in this regard (115). However,
many of the available results have been ob-
tained from studies in which gross alterations
in the composition of the diet have been
made. For this reason these findings may
have relatively little significance for many
investigations with animals maintained on a
standard and stable diet. On the other hand,
switching to a simpler type of diet, e.g., one
based upon casein, sugar, oil, salts, and
vitamins, has been a fairly common practice
in many investigations when it is necessary
to reduce the amounts and numbers of
urinary metabolites arising from dietary
sources. The present state of knowledge of
the influence of dietary factors on the in-
testinal microflora, as covered briefly below,
does not permit the development of a system
of guidelines which could be of use when
studying the intestinal metabolism of foreign
compounds. There is obviously a need for
more information in this area.

A decrease in the number of lactobacilli
and an increase in the numbers of coliforms
and enterococci were shown to occur when
diets containing a high proportion of meat
protein (307) or casein (125) were fed.
Similar findings have been reported in rats
fed raw pork or casein compared with an
ordinary pellet diet and it was also found
that the meat diet greatly increased the
numbers of Clostridium welchit throughout
the alimentary tract (375). The latter in-
vestigation also demonstrated that the lacto-
bacilli population was greatly decreased
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when diets lacking cereals were fed. In
addition, yeasts were numerous when cereals
were given whereas they were practically
absent in rats fed high protein diets. On the
other hand, the fecal flora of rats maintained
on diets containing 40 % corn oil or butter
did not differ appreciably from that found in
animals given a normal pellet diet (168).
The only noteworthy change was with
Clostridium perfringens which was often
seen when high fat diets were fed whereas it
was usually absent from the feces of rats on
the pellet diet. Interestingly, changes in the
diet of rabbits have not produced appreciable
changes in the microflora (375). Animals fed
ad libitum on raw cabbage or dried milk
showed similar fecal bacterial counts to those
from animals maintained on an ordinary
commercial ration, except that the rabbits
fed dried milk developed a considerable
population of lactobacilli. The composition
of the diet markedly influences the nature of
the microflora in the chick (376). Large
differences have been noted in the gastro-
intestinal flora of suckling and early-weaned
piglets (104). The major differences were
the reduction in the numbers of lactobacilli,
the increase in coliforms and the predomi-
nance of strict anaerobes in the upper
intestine of the piglets fed an artificial
liquid diet. A related point of interest con-
cerns the spacing of feedings and it has been
suggested that much greater fluctuations in
the upper intestinal microflora must occur
when well spaced meals are given compared
with ad libitum feeding (375).

Studies in man indicate that, except for
breast feeding which promotes an intestinal
microflora consisting nearly entirely of
the anaerobic Lactobacillus bifidus, drastic
changes in the microflora do not take place
after nutritional alterations (185). It was
shown, for example, that the type of diet
among four groups of subjects maintained
on meat and eggs, milk and vegetables,
vegetables, or raw vegetables could not be
deduced from the resulting fecal microflora.
The effects on the fecal microflora of in-

SCHELINE

dividuals placed on highly defined, highly
digestible, and highly absorbable diets were
found to be small and the dietary changes
could not account for other variabilities
seen in the flora during the study (388).
Individual variations which were sometimes
quite pronounced were also noted. In this
regard it has been found that a standard
diet containing a high proportion of carbo-
hydrate did not produce a standardization
of the microflora (165). The variations in
fecal bacterial counts in individuals eating
the standard diet were similar to those on
random, unsupervised diets.

1. Effects of starvation. The use of fasted
animals in metabolic studies is a fairly
common practice and it should therefore be
noted that changes in the gastrointestinal
flora may occur as a result of this treatment.
Results obtained from studies with rats
starved for 24 hr have indicated a variable
but sometimes extensive alteration in the
numbers of some gastrointestinal micro-
organisms (375).

2. Effects of coprophagy. The effects of the
prevention of coprophagy on the microflora
in guinea pigs, rabbits, and rats for periods
of up to 14 days have been investigated
(375). The practice was found to have little
influence on the qualitative and quantitative
composition of the microflora in rabbits and
rats, although the numbers of lactobacilli in
the upper parts of the gastrointestinal tract
in the latter animals were slightly lower.
However, prevention of coprophagy in rats
for 4 weeks was earlier reported to result in
a large decrease in the numbers of these
organisms in cecal contents and feces (181).
It was shown subsequently that the marked
decrease in the numbers of fecal lactobacilli
began very soon after coprophagy was pre-
vented (141). On the other hand, the counts
of enterococei and coliform organisms were
increased. With the exception of the dis-
appearance of anaerobic lactobacilli within
a few days, the fecal bacterial counts were
unchanged in guinea pigs when coprophagy
was prevented (375).
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E. Influence of Age on the Gastrointestinal
Microflora

The lumen of the gastrointestinal tract,
which is sterile in the fetus, begins to be
colonized shortly after birth. The develop-
ment of the microflora in breast-fed infants
and in infants after weaning has long been a
topic of interest (see 115, 445), especially in
regard to the anaerobic lactobacilli. L. bifidus
constitutes the bulk of the microflora in
breast-fed infants whereas bottle-feeding
promotes a more varied microflora which
includes Lactobacillus acidophilus, entero-
cocci, coliform organisms, and non-spore
forming anaerobes. Studies on the fecal
microflora of some domestic animals and
man after birth showed a general similarity
during early life (378). Subsequently, larger
differences, especially of a quantitative
nature, were noted. The initial colonization
was carried out by FEscherichia coli, Cl.
welchit, and certain types of streptococci
which later decreased in numbers as lacto-
bacilli and bacteroides emerged as the domi-
nant bacterial inhabitants. This investiga-
tion was extended subsequently to include
the development of the microflora of dif-
ferent parts of the gastrointestinal tract
among a wider variety of domestic and
laboratory animals (376). It was found that
lactobacilli were generally the most common
inhabitants of the stomach and small in-
testine whereas bacteroides, after a longer
period of colonization, were mainly re-
stricted to the large intestine where they
were the principal inhabitants. Other studies
on the development of the gastrointestinal
microflora in mice (127) and rats (314) have
appeared.

The nature of the human fecal microbial
flora was investigated in groups of in-
dividuals ranging from 20 to 100 years of
age (165). Elderly persons were found to
harbor fewer anaerobic lactobacilli and more
coliform organisms and fungi than younger
individuals.
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F. Influence of Disease on the Gastrointestinal
Microfiora

Mention has been made above of the
relatively sparsely populated upper gastro-
intestinal tract in man. However, a pro-
liferation of bacterial growth occurs in
certain disease conditions and the micro-
flora will then come to resemble that seen,
for example, in the rodent. Conditions which
give rise to intestinal stasis and thus en-
courage the growth of the bacterial flora in
the region proximal to the affected area may
be caused by blind loops, abnormal intestinal
motility or strictures arising from Crohn’s
disease, tuberculosis, or congenital condi-
tions (399, 400). In addition, abnormalities
in gastric function may also encourage
bacterial growth in the intestine.

G. Influence of Foreign Compounds on the
Gastrointestinal Microflora

It is common knowledge that treatment
with antimicrobial drugs may also affect the
gastrointestinal microflora, sometimes pro-
ducing gastrointestinal disorders. Likewise,
these compounds have been used widely in
animal feedstuffs for their growth promoting
effects (253, 377). The effects of antimicrobial
substances on the gastrointestinal micro-
organisms have been briefly summarized
(115, 136) and it was concluded that the
interrelationships between the compounds
and the microflora may be very complex.
However, the main effects on the human
intestinal flora produced by a large number
of antimicrobial substances have been con-
veniently summarized (136). These results
indicate that selective modification of the
microflora is feasible. Anaerobic bacteria
can, for example, be largely eliminated with
little to no change in the aerobes with
lincomycin whereas the opposite result can
be largely achieved with kanamycin and
related aminoglycosides. However, the re-
sults from this type of experiment are
not always uniform and the latter group of
antibiotics may also reduce the numbers of
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Baclerotdes. This genus is not affected by
neomycin in vitro but the oral treatment
with this compound of rats with blind loop
significantly reduced the numbers of Bac-
teroides (270). This was thought to be
brought about by a change in the environ-
mental conditions in the intestinal lumen
as a result of the reduction of aerobic bac-
teria. In mice reared under conditions that
promote a simpler flora containing large
numbers of lactobacilli, the floral pattern
was very sensitive to the effects of orally
administered penicillin, oxytetracycline, or
chloramphenicol (129). These antibiotics
brought about the disappearance of the
lactobacilli whereas the numbers of entero-
cocci and Gram-negative bacilli were greatly
increased. Similar but smaller changes were
found in normally maintained mice which
have a more complex flora.

Opportunities also exist for altering the
composition of the gastrointestinal flora with
compounds other than the antibiotics and
related drugs mentioned above. Oral ad-
ministration of lactulose, a sugar that is
very poorly absorbed from the intestine,
has been shown to have this effect (200-
202). The total numbers of fecal bacteria
were reduced and this decrease was seen
with the populations of E. colz and Bacte-
rotdes. In contrast, the numbers of lacto-
bacilli and bifidobacteria showed a pro-
nounced increase. However, a lactulose
feeding study by other investigators has
failed to show any alteration in the pattern
of the fecal microflora (75). The chronic
feeding of the carcinogen N-hydroxy-N-2-
fluorenylacetamide resulted in the alteration
of the cecal microflora in rats (440) (see
section III G 2). The main findings were a
proliferation of yeasts and the nearly com-
plete absence of coliform organisms. Daily
administration of cyclamate to rats was
shown to greatly increase the numbers of
clostridia found in the feces and this or-
ganism is apparently responsible for the
conversion of cyclamate to cyclohexylamine
in this animal species (120) (see section
III E).
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III. Metabolic Reactions
A. Hydrolysis of Glycosides

1. GQlucuronides. Perhaps the best known
example of the bacterial metabolism of
foreign organic compounds in the intestine
is that observed with glucuronide conju-
gates. Many investigations have directly
or indirectly shown that these compounds
are hydrolyzed by the intestinal bacteria.
It is of interest to note that this reaction
distinguishes itself from most of the others
described in section III in that the com-
pound metabolized usually is produced en-
dogenously. While the aglycones themselves
may have diverse origins and include syn-
thetic, plant, or endogenous substances or
metabolites of these, the deconjugation in-
volves the loss of a moiety which, in most
cases, has been furnished by the animal
itself. As the formation of glucuronides are
often major metabolic reactions which occur
with many types of compounds, it can be
readily appreciated that their hydrolysis by
the intestinal bacteria is likely to be one of
the most common and most important of the
gastrointestinal reactions. However, for this
to be so the glucuronide must first be trans-
ported from its site of formation to the
intestinal lumen. In many cases this may be
accomplished by the biliary excretion of the
conjugate; extensive studies, mainly during
the past decade, have demonstrated the
significance of this excretory route. After the
hydrolysis of the conjugate the liberated
aglycone may be reabsorbed from the in-
testinal lumen and thereby establish an
enterohepatic circulation of the compound.
Thus, the intestinal microorganisms often
play a vital role in this phenomenon. While
glucuronide hydrolysis is usually the reac-
tion involved, other metabolic pathways
may also be encountered. In view of this,
the subject of the intestinal metabolism of
compounds in relation to enterohepatic cir-
culation will be treated separately (section
VI). Many examples of the intestinal hy-
drolysis of glucuronides which serve pri-
marily to illustrate this phenomenon there-
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fore are covered only in section VI. The
present section is devoted mainly to results
which show the hydrolysis of glucuronides
by mixed or pure cultures of intestinal bac-
teria and to a discussion of the bacteria
known to carry out this reaction.

The ability of mixed or pure cultures of
intestinal bacteria to hydrolyze glucuronides
has been known for many years. Some early
reports indicated that some strains of Staphy-
lococcus albus could hydrolyze pregnanediol
glucuronide (19) and that some strains of
E. coli contained B-glucuronidase activity
(58). The glucuronide conjugate of thyroxine
was found to be hydrolyzed by contents of
the lower small intestine or large intestine of
rats (404). Estriol glucuronide was converted
to free estriol when incubated with human
feces (394). Experiments with chlorampheni-
col glucuronide injected into isolated seg-
ments of rat intestine showed that hydrolysis
occurred in the cecum and large intestine but
not in the jejunum (157). Liberation of
chloramphenicol from the glucuronide was
shown in incubates containing rat cecal
contents, human feces, or suspensions of E.
coli or Aerobacter aerogenes. A survey of -
glucuronidase activity in the digestive tracts
of numerous animal species showed that
high activity was invariably present in the
colon and cecum from sheep, cow, horse,
rabbit, rat, pig, cat, and fowl (256). While
activity was low or lacking in the stomach
except in ruminants, appreciable activity
was sometimes noted in the small intestine.

As noted above, E. col has been shown to
produce B-glucuronidase. However, it has
been pointed out that this microorganism
normally comprises only a small proportion
of the gastrointestinal flora (192). Ac-
cordingly, the contributions of other in-
testinal inhabitants to the B-glucuronidase
activity were assessed. It was concluded
that, in the rat, glucuronides are hydrolyzed
mainly by the non-spore forming anaerobes
(bacteroides and bifidobacterium) and the
lactobacilli. Little contribution to this ac-
tivity is made by E. coli in the lower parts
of the intestine although some contribution
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may be made in the proximal small intestine.
However, very striking differences in the
patterns of intestinal B-glucuronidase ac-
tivity were noted for the rat and mouse
compared with rabbits, guinea pigs, and
man. The former two species showed very
high values in the small intestine and this is
a reflection of the relatively large numbers of
microorganisms which are found in the upper
parts of their gastrointestinal tract. Glucuro-
nide hydrolysis by a Bacterotdes species has
also been reported in experiments with 4-
methylumbelliferone glucuronide (383), a
conjugate which previously had been shown
to undergo hydrolysis when incubated with
mixed cultures of rat cecal microorganisms
(347). B-Glucuronidase activity was studied
in several genera of intestinal bacteria and,
in addition to bacteroides, hydrolysis was
also found when E. coli was used.

Studies in germ-free rats have indicated
that the B-glucuronidase activity of the
cecum is not entirely of microbial origin
(133, 433, 440). The optimum activity of
the bacterial enzyme was found to be at
pH 6 whereas the activity of the cecal
enzyme in germ-free rats was much lower,
.., at pH 5. The latter value is charac-
teristic of mammalian S-glucuronidase and
its presence in the cecum has been suggested
to be due to sloughing off of mucosal cells
into the intestinal lumen (132). The de-
velopment of intestinal g-glucuronidase ac-
tivity in young animals is discussed in
section IV C.

Further relevant findings have been ob-
tained from investigations in which the
metabolism of glucuronides administered
orally to animals was studied. The di-
glucuronide of p-hydroxybenzoic acid was
found to undergo hydrolysis in the human
intestine after which the acid was ab-
sorbed and then excreted in the free form
and as the glycine conjugate in the urine
(311). Similar results were obtained with
phenyl glucuronide in rabbits (150) and
salicylic acid ether glucuronide in rats (247).

2. Other glycosides. Numerous glycosides
have been shown to be hydrolyzed by the
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intestinal bacteria. This reaction occurs with
compounds containing either the «- or 8-
glycosidic linkage.

One of the most widely studied classes of
glycosides in this regard is that of the
flavonoids. Much of this interest arises
incidentally since flavonoids, which are
widely occurring plant compounds and there-
fore dietary constituents, undergo extensive
metabolic change both by the intestinal
microflora (section III L) and the tissue
enzymes. Hydrolysis of the flavonoid gly-
cosides by the intestinal bacteria is thus an
early if not initial step in some interesting
metabolic sequences. Several early feeding
studies with flavonoid glycosides including
rutin (quercetin-3-rhamnoglucoside) (41),
hesperidin  (hesperetin-7-rhamnoglucoside)
(36), diosmin (diosmetin-7-rhamnoglucoside)
(36), and naringin (naringenin-7-rhamno-
glucoside) (37) showed that these com-
pounds were excreted in the urine partly as
their aglycones or as other metabolites
lacking the sugar moiety. The ability of
intestinal bacteria to carry out the hydrolysis
of rutin was subsequently demonstrated
with mixed cultures of rat fecal micro-
organisms (45). Although the aglycone itself
was not detected in this study, hydrolysis
of the rutinose residue would be required
for the formation of the m-hydroxyphenyl-
propionic acid detected. However, in a
similar study (347) the aglycone quercetin
was detected in the incubates and hesperidin
was hydrolyzed to its aglycone hesperetin.
Other investigators have found that myrici-
trin (myricetin-3-rhamnoside), apiin (api-
genin-7-apioglucoside), robinin (kaempferol-
3-robinobioside-7-rhamnoside), pelargonin
(pelargonidin-3,5-diglucoside), phloridizin
(phloretin-2’-B-glucoside), and naringin
undergo hydrolysis of the glycosidic linkage
when incubated anaerobically with rat cecal
microorganisms (177, 178, 371).

Flavonoid glycosides are hydrolyzed not
only by rat intestinal microorganisms but
also by bovine rumen microorganisms.
Rutin, naringin, hesperidin, and quercitrin
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(quercetin-3-rhamnoside) were degraded by
the microorganisms in rumen fluid upon
anaerobic incubation and the products ap-
peared to be similar to those produced by
rat intestinal microorganisms (363). Sub-
sequent reports have described several
strains of rumen bacteria which can cleave
the glycosidic bonds of rutin and quercitrin
(67, 233).

An example of glycoside hydrolysis by
intestinal bacteria which has received con-
siderable attention is that found with cycasin
(I). This compound is a constituent of
cycad plants, which are indigenous to tropi-
cal and subtropical areas of the world and
which are utilized as food, primarily because
of their starch content (450). Much of the
interest in cycasin stems from the fact that
its ingestion by normal rats results in
hepatotoxicity and the production of tumors
in the liver, kidneys, and intestine whereas
these effects are not observed when the
glycoside is given to germ-free rats (239).
It is also known that similar toxic effects are
produced when methylazoxymethanol, the
aglycone of cycasin, is administered orally
to rats (258). The toxic properties were
found to be associated with the aglycone
rather than the glycoside itself, which is
apparently without toxicity after intraperi-
toneal injection to rats (230). Moreover the
glycoside is excreted almost quantitatively
in the urine after administration intraperi-
toneally to normal rats or orally to germ-free
rats (385). As these findings suggested that
the hydrolysis must be brought about by
intestinal microorganisms, germ-free rats
were monocontaminated with several strains
of bacteria with different levels of 8-glucosi-
dase activity (386). It was found that the
degree of toxicity after feeding cycasin
showed a positive correlation with the g-
glucosidase levels of the particular bacterial
strain used and that excretion of unchanged
cycasin was reduced in those rats con-
taminated with bacteria having high enzyme
levels.
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Studies on several 6-bromo-2-naphthyl
glycosidases in the digestive tract of con-
ventional and germ-free rats have shown
that these may originate from either the
intestinal mucosa or the intestinal bacteria
(85). However, the cecal a-glucosidase ac-
tivity in conventional rats was found to be
of bacterial origin.

A number of cyanogenic glucosides are
found in plants, many of which are im-
portant foodstuffs (447). Studies on the re-
lease of glucosidal cyanide from lima beans
indicated that hydrolysis occurs first in the
colon (448). Incubation of cooked beans
with feces extract or with E. coli resulted in
the liberation of significant amounts of cy-
anide. Amygdalin (II), the B-gentiobioside
of mandelonitrile, occurs in the seeds of
bitter almonds. A recent report has shown
that the toxicity of this compound after oral
administration is due to its conversion to
cyanide by the intestinal bacteria (381).
The glycoside has a low degree of toxicity
when given by injection or when given
orally to animals pretreated with antibiotics
and fasted to inhibit the intestinal micro-
flora. It was also found that incubation of
amygdalin with strains of enterobacteria
and enterococci isolated from mouse intes-
tine resulted in the liberation of cyanide.

Rat cecal microorganisms were shown to
hydrolyze phenyl-g-p-glucoside to phenol
upon anaerobic incubation (347). This re-
action also occurred when the glycoside was
incubated with a strain of Lactobactllus
isolated from rat cecum or with strains of
Proteus vulgaris and A. aerogenes (383).

Intestinal bacteria have been shown to be
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able to hydrolyze cardiac glycosides. Incu-
bation of k-strophanthin-y (k-strophanthi-
din-cymarose-glucose-glucose) with rat feces
resulted in the loss of two glucose moieties
to give cymarin (131). A subsequent in-
vestigation confirmed this result and it was
also found that the glucose units of cerbero-
side and lanatoside A were removed in these
incubates (240). It was suggested that this
reaction can be carried out by clostridia.
The loss of the terminal glucose unit in
lanatoside C to give acetyldigoxin is carried
out by strains of clostridia and by several
other groups of intestinal bacteria (192).
However, this cardiac glycoside was more
often hydrolyzed by enterococci than by the
other groups of bacteria.

The aforementioned investigation (192)
used other glycosides including p-nitrophenyl
glycosides and esculin (4,5-dihydroxycou-
marin-g-p-glucoside). B-Glucosidase activity
was shown with all of the groups of bacteria
which included E. coli, enterococci, lacto-
bacilli, clostridia, bacteroides, and bifido-
bacteria. While the enterococci showed the
highest activity, the far larger numbers of
lactobacilli, bacteroides, and bifidobacteria
present in the intestine indicate that the
intestinal hydrolysis of 8-glucosides is carried
out principally by these genera. Most of the
hydrolysis of B-glycosides and a- and g-
galactosides also was carried out by the
lactobacilli and the non-spore forming an-
aerobes.

B. Hydrolysts of Sulfate Eslers

Few studies on the hydrolysis of sulfate
esters by intestinal microorganisms have
been reported. Some of these studies deal
with compounds of endogenous origin.
Sodium estrone sulfate was hydrolyzed when
it was incubated with human feces (394) and
several steroid sulfates were hydrolyzed
when incubated with rat cecal contents
(132). In the latter study the sulfatase ac-
tivity was shown to be of microbial origin
as no hydrolysis occurred when cecal con-
tents or intestinal mucosa from germ-free
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rats was used. It is not known which strains
of intestinal bacteria were responsible for
the hydrolytic activity. The possible sig-
nificance of the intestinal metabolism of
thyroid hormones has been mentioned in a
study which showed that 3,5,3’-triiodo-L-
thyronine sulfate was hydrolyzed when incu-
bated with rat intestinal bacteria (71). The
intestinal bacteria have been implicated in
the metabolism of chondroitin sulfate after
its oral administration (113). When the
35S-labeled compound was given to rats the
urinary radioactivity was due to inorganic
sulfate and the excretion peak was not
reached until after 36 hr. These findings
were shown to be due to the bacterial
hydrolysis of the compound in the large
intestine as pretreatment of the animals
with oxytetracycline and phthalylsulfathiaz-
ole nearly abolished the urinary excretion of
radioactivity. Also, incubation of chondroitin
sulfate with rat feces resulted in the forma-
tion of inorganic sulfate.

Relatively few reports have appeared
which indicate that xenobiotic compounds
containing sulfate groups are hydrolyzed
by the intestinal bacteria. A study of the
metabolism of sodium amylopectin sulfate,
a pepsin inhibitor and anti-ulcer compound,
in the rat showed that the compound was
not absorbed after oral dosage (316). How-
ever, a small amount (0.3%) of the radio-
activity appeared in the urine in 4 days.
This was due to the activity of bacterial
sulfatases as rats pretreated with oxytetra-
cycline and sulfaguanidine excreted the 38
quantitatively in the feces. A similar study
with cyclohexylphenyl 2-sulfate showed that
the amount of inorganic sulfate excreted in
the urine was decreased from roughly 20 %
in normal rats to only 1 to 2 % in rats treated
with antibiotics (194). An investigation of
the nature and amounts of the metabolites
of the carcinogen N-2-fluorenylacetamide
indicated that a bacterial sulfatase is present
in the cecum of rats (170).

The intestinal hydrolysis of some phenol
sulfate derivatives has been investigated in
relationship to their laxative properties
(292). One compound which showed high
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laxative activity is the sulfate ester analogue
of bisacodyl (X) in which both of the
phenolic hydroxyl groups are attached to
sulfate rather than to acetate groups. It was
reported that this compound was not hydro-
lyzed in the intestine as no free phenol or
metabolites could be detected in the urine or
feces of rats given the test compound orally.
However, in a reinvestigation, it was found
that hydrolysis of the sulfate ester by
intestinal microorganisms does occur and
that liberation of the free diphenol is a
requisite for the laxative action (143). Hy-
drolysis was also shown to occur when the
sulfate ester was incubated with rat cecal
contents. However, less than 4% of the
added ester was converted to the diphenol
under the conditions employed. This low
figure again points to the lack of appreciable
sulfatase activity among the intestinal micro-
organisms. In this particular case, however,
a biological response is elicited by very
small amounts of the free diphenol owing to
its potency in inhibiting the absorption of
water and electrolytes in the intestine.

Microbiological studies suggest that the
sulfatase activity found in the intestine may
be due to some enterobacteria. p-Nitro-
catechol sulfate is hydrolyzed by Pr. vul-
garis (112), Proteus retigeri (269), and A.
aerogenes (383). Some of the properties of
an enzyme from a strain of A. aerogenes
that catalyzes the hydrolysis of p-nitro-
phenyl sulfate have been described (146,
315).

Although the investigations cited above
illustrate that hydrolysis of sulfate esters by
the intestinal microorganisms may occur in
some cases, other studies have demonstrated
that compounds of this type are stable in
the intestine or when incubated with in-
testinal bacteria. In fact, several studies on
the metabolism of sodium estrone sulfate
suggest that its metabolism n vivo is mainly
by mammalian enzymes rather than by
bacterial systems (394). When this com-
pound labeled with **S was given orally to
rats over 75% of the radioactivity was re-
covered in the urine and feces in 36 hr (188).
A similar value was obtained when the
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compound was given by subcutaneous or
intravenous injection and biliary excretion
was less than 15% of the 8. These results
point to the tissues as the source of hy-
drolytic activity and this was demonstrated
with liver homogenates. This conclusion was
reached also in a recent study of the metabo-
lism of sodium estrone sulfate (114) and of
the mono- and disulfate esters of diethyl-
stilbestrol (172) in rats.

Metabolism studies with other sulfate
esters have similarly indicated that intestinal
hydrolysis is not a significant reaction.
Phenylsulfate is excreted almost quantita-
tively unchanged after oral administration
to rabbits (150). In rats it is hydrolyzed to
an extent of 4 to 6% but this is seen after
both oral or intraperitoneal administration
(191). The latter investigation gave similar
results when 1- and 2-naphthylsulfate were
used. As pointed out above, the desulfura-
tion of cyclohexylphenyl 2-sulfate can be
attributed almost completely to the in-
testinal microorganisms. However, the
closely related cyclohexylphenyl 4-sulfate
and biphenylyl 4-sulfate show only moderate
or no loss of sulfate, respectively, as a result
of the metabolic activities of the microflora
(194). p-Nitrocatechol sulfate was not hy-
drolyzed when incubated with rat cecal
microorganisms (347) or with strains of
representative intestinal bacteria except A.
aerogenes which showed minor activity (383).

Thus, the information presently available
does not appear to necessitate any major
alteration of the viewpoint expressed earlier
(348) that the intestinal hydrolysis of sulfate
esters is a reaction of limited occurrence and
importance. Another point of interest is the
fact that biliary conjugates are generally
glucuronides rather than sulfates (382). As
a result, endogenously formed sulfate esters
are unlikely to come into contact with the
intestinal flora as a result of biliary excretion.

C. Hydrolysis of Amides

Compounds containing the amide linkage
include glycine conjugates and N-acetyl
derivatives; these are among the several
forms of amides which are known to be
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hydrolyzed by the gastrointestinal bacteria.
In view of the paucity of information avail-
able on the specificity of these amidases, it is
felt that no real purpose is served by rigidly
dividing this section on the basis of super-
ficial chemical features of the various amides.

Several examples of the hydrolysis of
amides by intestinal bacteria deal with N*-
acyl derivatives of sulfonamides. Perhaps the
most well known examples of this reaction
are those of phthalylsulfathiazole and suc-
cinylsulfathiazole (III), intestinal antiseptics
which are activated in the large intestine by
bacterial hydrolysis (431). Sulfathiazole (IV)
was formed when succinylsulfathiazole was
incubated anaerobically with mixed cultures
of rat cecal microorganisms (347). However,
this activity was not detected in isolated
strains of some common intestinal bacteria
(383). Deacylation of a series of N*-acyl
derivatives of sulfadiazine in the gastro-
intestinal tract was found to occur to the
greatest extent with the propionyl and
butyryl derivatives whereas negligible hy-
drolysis was found with very short or with
long aliphatic chains in the acyl group
(295). N*-Acetylsulfanilamide was not hy-
drolyzed upon incubation with rat cecal
microorganisms (347) or with numerous
intestinal bacteria (383). However, further
studies are needed to determine whether the
apparent requirement of a moderately long
acyl group for bacterial hydrolysis of sulfon-
amide derivatives, which has been indicated
so far, is merely fortuitous.

In contrast to the lack of hydrolysis of
the N‘acetyl sulfonamides, deacetylation
of an N'-acetyl derivative, N'-acetylsulfisox-
azole (V), has been shown with several
species of intestinal bacteria (410). Activity
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was found with Streptococcus faecalis, L.
acidophilus, and E. coli with the highest
activity occurring with E. colz.

N-Acetylhistamine and p-acetamidoben-
zoic acid are also deacetylated. The former
compound was shown to be hydrolyzed to
histamine in the intestinal lumen (366) and
upon anaerobic incubation with human fecal
suspensions (365). p-Acetamidobenzoic acid
was hydrolyzed when incubated anaero-
bically with mixed cultures of rat cecal
microorganisms (347) and this reaction can
also be carried out by 4. aerogenes (383).

Another group of amides which has been
shown to be hydrolyzed by the intestinal
microflora consists of the N-acyl derivatives
of amino acids. The usual amino acid in this
group is glycine but examples with glutamic
acid and taurine are also known. It should
be noted that most of the research in this
area has been devoted to studies of the
deconjugation of glycocholic and taurocholic
acids. Although this subject falls outside the
scope of the present review, pertinent in-
formation is available in several articles (8,
118, 180, 197, 198, 267, 277, 285, 286, 321).
A simple member of this general group of
amides, hippuric acid, has been reported to
be hydrolyzed by enterococci (285). The
related p-aminohippuric acid is converted
to p-aminobenzoic acid when incubated with
rat cecal microorganisms (347) or with
pure cultures of Str. faecalis or A. aerogenes
(383). Both p-aminohippuric acid and p-
acetylaminohippuric acid have been shown
to be hydrolyzed at the amide linkage in the
gastrointestinal tract of man (209).

The metabolic fate of the folic acid
antagonist and anti-tumor agent metho-
trexate (V1) in rats and mice was found to
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be significantly altered when the animals
received antibiotic pretreatment or when
germ-free animals were used (453, 454). The
nature of the metabolites was not determined
but it was suggested that they arose in the
intestine as a result of bacterial metabolism.
This hypothesis has been confirmed recently
as incubation of methotrexate with mouse
cecal contents resulted in conversion to
several metabolites including 4-amino-4-
deoxy-N'"-methylpteroic acid (VII), the
major fecal metabolite of mice given metho-
trexate (411). Although the particular micro-
organisms responsible for the amidase ac-
tivity in these experiments have not been
identified, it is known that this reaction can
be carried out by Alcaligenes faecalis (261)
as well as by several species of Pseudomonas
(31, 245).
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A recent study of the deamination of
nicotinamide in the gastrointestinal tract of
rats showed that this reaction occurs in the
preventricular portion of the stomach in
normal but not in germ-free rats (403).
Furthermore, a bacillus with high deamidase
activity was isolated from this area. A sub-
sequent investigation showed that deamidase
activity, in decreasing order, was present in
Flavobacterium peregrinum, E. coli, Str.
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faecalis, and L. acidophilus isolated from
the preventricular region of the rat stomach
(362).

An early example of amide hydrolysis by
intestinal bacteria is that of chloramphenicol
(VIII). The antibiotic was found to be
hydrolyzed to 1-p-nitrophenyl-2-amino-1,3-
propanediol (IX) and dichloroacetic acid by
E. coli, Bacillus mycoides, Pr. vulgaris, and
Bacillus subtilis (374). Another investiga-
tion indicated that incubation of chloram-
phenicol with E. coli resulted in the cleavage
of the amide linkage (204). The extensive
degradation of chloramphenicol by these
four microorganisms was subsequently eluci-
dated and, among the 18 or so products
identified, both 1-p-nitrophenyl-2-amino-
1,3-propanediol (IX) and its 1-p-amino-
phenyl reduction product were detected in
large amounts (373). These incubations
were carried out in aerated nutrient medium
broth and they may therefore be somewhat
unrepresentative of the changes likely to
take place in the intestinal tract of animals.
However, this remark probably applies
more to some of the terminal metabolic
steps than to the amide hydrolysis itself as
both 1-p-nitrophenyl-2-amino-1,3-propane-
diol (IX) and its p-amino reduction product
have been detected in the urine of rats after
oral administration of chloramphenicol glu-
curonide, a major biliary metabolite of the
antibitiotic (157).
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Pencillin acylase or amidase catalyzes the
hydrolysis of the side chain of penicillins to
produce 6-aminopenicillanic acid. This en-
zyme therefore has considerable commercial
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significance in regard to the preparation of
the semisynthetic penicillins, but it is not an
important factor in the bacterial resistance
to penicillin (187). Penicillin acylase activity
is present in strains of many genera of in-
testinal bacteriaincluding Aerobacter, Micro-
coccus, Proteus, and Pseudomonas and also
in E. coli (73, 187). A further study on the
penicillin acylase of E. coli has shown that
amides and N-acylglycines unrelated to
penicillin are also hydrolyzed (74).

The other bacterial enzyme which cata-
lyzes the hydrolysis of an amide linkage in
penicillins and other 8-lactam antibiotics is a
B-lactamase. Since the B-lactam ring is essen-
tial for the antibacterial activity of these
compounds, hydrolysis results in their inac-
tivation. B-Lactamase activity is found in
both Gram-negative and Gram-positive
bacteria although more common in the
former (393). Activity has been reported in
many enterobacteria, including E. coli,
A. aerogenes, Aerobacter cloacae and several
species of the genus Proteus (195, 393).

The arylamidase activity of 18 Gram-
negative and Gram-positive bacteria, includ-
ing some common intestinal inhabitants,
has been studied with amino-acid 8-naph-
thylamines as substrates (28). Hydrolytic
activity was found most frequently in the
Gram-negative bacteria.

D. Hydrolysis of Esters

When considering the intestinal hydrolysis
of esters it should be kept in mind that
esterase activity may be associated with en-
zymes in the intestinal secretions or in the
mucosa. An example of the former situation
appears to be found with the laxative drug
bisacodyl (X) which underwent hydrolysis
when incubated with small intestine juice
from the rat (134). Esterases have been
shown to be present in the mucosa from all
parts of the human gastrointestinal tract
(101). It is these mucosal enzymes that
have been implicated in the intestinal hy-
drolysis of some foreign compounds includ-
ing reserpine (158), aspirin (246), and the
hypolipidemic agent halofenate (207).
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Other compounds subject to intestinal
ester hydrolysis include the ester of citra-
urin, a constituent of orange peel (46),
chloramphenicol mono- and di-succinate
(156), erythromycin propionate (244), the
diesters of taraxanthin and zeazanthol (47),
penamecillin, the acetoxymethyl ester of
penicillin  (91) and 2,2,4-trimethyl-1,3-
pentanediol diisobutyrate (13). In these
cases the available data do not indicate the
source of the hydrolytic activity.

In addition, a third possibility exists in
that esterases of the intestinal bacteria are
now known to carry out this reaction with a
number of foreign compounds. The ester
linkage of acetylated cardiac glycosides was
found to be hydrolyzed after incubation
with intestinal microorganisms (240). Lanato-
side A (digitoxigenin-bis-digitoxosido-acetyl-
digitoxosido-glucoside) and acetyldigitoxin
were both converted to digitoxin (digitoxi-
genin-tridigitoxide) under these conditions.
Some enterococcal strains recently have
been found to hydrolyze acetyldigoxin to
digoxin (192).

Gallic acid methyl ester was hydrolyzed
when incubated anaerobically with mixed
cultures of rat cecal microorganisms (347).
However, a subsequent study was unable
to correlate this reaction with specific repre-
sentatives of nine genera of intestinal bac-
teria (383). Chlorogenic acid (XI) under-
went hydrolysis and further metabolism to
m-hydroxyphenyl-propionic acid when given
orally to rats (35). This metabolite was
formed also when chlorogenic acid was in-
cubated with mixed cultures of rat cecal
bacteria (352) and bacterial metabolism can
therefore fully account for this reaction se-

quence.
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Studies on the metabolic disposition of
methylatropine iodide, a quaternary anti-
cholinergic drug, showed that oral ad-
ministration to several animal species re-
sulted in the urinary excretion of two metab-
olites not observed after parenteral dosage
(4). These metabolites had the same chro-
matographic properties as the hydrolysis
products of methylatropine and it was felt
that substantial hydrolysis of the drug oc-
curred in the gastrointestinal tract. Since
some bacteria possess esterases that hy-
drolyze atropine, it was concluded that some
of the observed hydrolysis was carried out
by the intestinal bacteria.

While other aspects of the metabolism of
the hepatotoxic pyrrolizidine alkaloids by
intestinal bacteria are discussed in sections
III M, 8, and Y, the degradation of lasio-
carpine (XII) will be presented now as
ester hydrolysis is involved. Incubation
in vitro with sheep rumen contents resulted
in the conversion of lasiocarpine (XII) to
7a-angeloxy - 1 - methylene - 8« - pyrrolizidine
(XIII) which was then followed by hydrol-
ysis to 7-a-hydroxy-la-methyl-8a-pyrrolizi-
dine (XIV) (238).

Several pentacyclic triterpenoid com-
pounds have shown therapeutic usefulness
because of their wound-healing properties.
Two of these compounds, carbenoxolone
(B-glycyrrhetic acid hemisuccinate, XV),
and asiaticoside (XVI) contain ester groups
and the hydrolysis of these groups which
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occurs when these compounds are ad-
ministered to rats is carried out by bacteria
in the gastrointestinal tract (66, 214).
Carbenoxolone, labeled with “C in the
succinate moiety, was not hydrolyzed when
incubated with blood, liver homogenates,
or human gastric contents whereas extensive
hydrolysis was detected when rat stomach
or cecal contents were employed (214).
Furthermore, inhibition of the gastrointest-
inal microfiora with antibiotics completely
inhibited the hydrolysis of orally adminis-
tered carbenoxolone as none of it was metab-
olized to ¥CO; . In normal rats this conver-
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sion amounted to about 709, of the dose.
Hydrolysis of asiaticoside to its aglycone,
asiatic acid, was also demonstrated upon in-
cubation of the compound with rat cecal
contents (66). Also, asiatic acid was iden-
tified in the cecal contents of rats given
the glycoside orally.

E. Hydrolysis of Sulfamates

This section is presently limited to a
single compound, cyclamate (XVII, cyclo-
hexylsulfamic acid), the salts of which have
been used extensively as sweetening agents.
Partly because of recent events regarding
the use of cyclamate, widespread interest
has been given to the pharmacological,
toxicological, and metabolic aspects of this
compound. Current knowledge in these
areas has been reviewed recently (5).

<___>~ NH=-S0,H
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Cyclamate was long considered to be a
metabolically stable compound but it was
eventually demonstrated that it could be
metabolized to cyclohexylamine (XVIII)
(232). It soon became evident that conver-
sion to cyclohexylamine was variable, both
with respect to the percentage of individuals
showing the conversion and the amount of
metabolite formed (10, 34, 87, 100, 162, 241,

OH

XVI
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242, 250, 289, 309, 318, 420). While the source
of this activity was not immediately clear,
it became increasingly likely that intestinal
microorganisms were responsible for cyclo-
hexylamine production (10, 87, 162, 289,
309, 384, 420). This was indicated by the
findings that cyclohexylamine production
was reduced when the animals receiving
cyclamate were pretreated with antibiotics
(384) and that rats which were non-con-
verters would become converters after
being caged with converters (87). Although
some experiments ¢n vitro in which cyclamate
was incubated with fecal bacteria failed to
show a conversion to cyclohexylamine
(100, 241), another study reported a small
conversion when intestinal contents or a
strain of Cl. perfringens from dogs was used
(162).

A subsequent investigation of the hy-
drolysis of cyclamate has demonstrated con-
vincingly that this reaction is carried out
by the intestinal microflora (120, 121, 317,
381). Incubation of cyclamate with the
intestinal contents from converter rats (317)
or with strains of intestinal bacteria from
converters (120, 121) resulted in the forma-
mation of cyclohexylamine. The implicated
bacteria included enterococci from human
feces, clostridia from rat feces, and entero-
bacteria from rabbit feces. A significant
result of this investigation was the finding
that the intestinal bacteria acquire the
ability to produce cyclohexylamine after
prolonged exposure to cyclamate. This type
of induction phenomenon has important
practical and theoretical consequences and
these considerations, as well as some of the
relevant data concerning cyclamate metab-
olism, are therefore dealt with in section
IVD.

F. Hydrolysis of Nitrates

Studies of the absorption and metabolism
of the antianginal drug pentaerythritol
tetranitrate in rats have shown that degra-
dation to pentaerythritol and the mono-, di-,
and trinitrates takes place (108). Injection
of the compound into the ligated large
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intestine resulted in the appearance of in-
creasing amounts of the lower nitrates in
this organ during the experimental period.
It was proposed that this hydrolysis was
carried out by the intestinal bacteria. Great-
est absorption of the “C-labeled drug oc-
curred initially from the small intestine but
after 2 hr absorption of the radioactivity
was faster from the large intestine. This
was believed to be due to the formation of
the lower nitrates which should have greater
water and lipid solubility and therefore
pass more readily through the intestinal
wall than the original compound which is
very insoluble.

G. Dehydroxylation

1. C-Hydroxyl compounds. Investigations
of the metabolism of bile acids provided the
first evidence of dehydroxylation by in-
testinal microorganisms. However, as the
present review is devoted primarily to the
metabolism of xenobiotic rather than en-
dogenous compounds, no coverage of this
topic will be made. The subject was dis-
cussed briefly in an earlier review (348) and
further information has appeared (9, 183,
198, 268).

Many of the investigations dealing with
metabolic dehydroxylation have their origin
in a report published in 1955 which indicated
that 3,4-dihydroxyphenylacetic acid (homo-
protocatechuic acid) was metabolized partly
to m-hydroxyphenylacetic acid in rats and
rabbits (40). Subsequent experiments showed
that metabolites containing the m-hydroxy-
phenyl group were also produced in rats,
rabbits, and man from caffeic acid (3,4-
dihydroxycinnamic acid, XIX) (35, 107).
3,4-Dihydroxyphenylalanine (dopa) was de-
hydroxylated to m-hydroxyphenylacetic acid
when given to rats and rabbits (107). On
the other hand, protocatechuic acid, the
corresponding benzoic acid derivative, was
not found to undergo dehydroxylation. Con-
firmation of the para-dehydroxylation of
homoprotocatechuic acid was obtained with
4C-labeled compound which, when given
orally to rabbits at a dose level of 100 mg/kg,
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was converted to the extent of 149, to the
m-hydroxyphenyl derivative (357). In addi-
tion, slightly over 19, of the dose was found
to be dehydroxylated in the meta-position.
A subsequent study with “C-homoproto-
catechuic acid in rats showed the same
extent of meta-dehydroxylation but only half
the amount of para-dehydroxylation (82).
When the metabolism of protocatechuic acid
was re-investigated with MC-labeled ma-
terial, it was found that dehydroxylation
occurred to a minor extent (83, 84). A total of
about 5% of the dose of 100 mg/kg was
metabolized in rats to m-hydroxy-, p-hy-
droxy-, and m-methoxybenzoic acid.

HO

HO@CH=CH-COOH

XIX

The first information on the site of for-
mation of these m-hydroxyphenyl metabo-
lites was obtained from feeding studies which
showed that their excretion is virually abol-
ished when plant materials are removed from
the diet (361). In addition, treatment of
man or rats for several days with neomycin
reduces the urinary excretion of m-hydroxy-
phenyl compounds to insignificant levels,
regardless of the nature of the diet. As a
result of these findings it was postulated that
dehydroxylation of the 3,4-dihydroxy-
phenyl nucleus to give m-hydroxyphenyl
derivatives is a reaction peculiar to bac-
teria. This suggestion has been supported
strongly by studies with conventional,
antibiotic-treated and germ-free animals.
As noted above, “C-labeled protocatechuic
and homoprotocatechnic acids were dehy-
droxylated when administered orally to
animals. It was also found that treatment of
the animals with neomycin prior to dosage
suppressed the formation of the dehydrox-
ylated metabolites (82-84). Similar results
have been obtained in man given caffeic acid
(XIX) (103). It was shown recently that
germ-free rats given the latter compound
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excreted no m-hydroxyphenylpropionic acid
in the urine whereas this compound was the
major urinary metabolite when conventional
animals were used (297a, 354). Metabolism
studies in rats with the closely related
ferulic acid (4-hydroxy-3-methoxycinnamic
acid) have shown that m-hydroxyphenyl-
propionic acid is a prominent urinary
metabolite (35, 345, 406, 407).

In addition to the numerous studies in
animals mentioned above, other investiga-
tions on the dehydroxylation of phenolic
acids by intestinal contents and by isolated
strains of intestinal bacteria have been car-
ried out. Dehydroxylation of caffeic acid
(XIX) and several other catechol deriva-
tives was first shown to occur in incubates
of intestinal contents from numerous ani-
mal species (44, 45). The reaction required
anaerobic conditions and was inhibited by
several antibiotic or antiseptic substances.
Several other studies with mixed cultures of
rat cecal microorganisms have demon-
strated the dehydroxylation of catechol
derivatives including caffeic acid (345),
dihydrocaffeic acid (3,4-dihydroxyphenyl-
propionic acid) (345), and homoproto-
catechuic acid (344, 345). Similar incuba-
tion of protocatechuic acid, the correspond-
ing benzoic acid derivative, failed to reveal
any dehydroxylation (45, 354) and catechol
itself was not converted to phenol (354).
These results appear to indicate that the
degree of dehydroxylation is increased in
compounds having a longer side chain.
Moreover, the corresponding Ce-Cs acid,
5-(3,4-dihydroxyphenyl) - valeric acid is
reported to undergo para-dehydroxylation
when incubated anaerobically with rat cecal
microorganisms (349).

Studies with caffeic acid or dihydrocaffeic
acid have shown that dehydroxylation can
be carried out by isolated strains of intestinal
bacteria. This was first shown in anaerobic
incubates of a Pseudomonas species isolated
from rat feces (299) and subsequently with
Ps. fluorescens, Ps. wviburni, Ps. insolita,
Ps. myzogenes, and Ps. chlororaphis (298).
Recently, several strains of bacteria isolated



470

from human feces were tested for their
ability to degrade caffeic acid and its metabo-
lites (296). It was found that a mixed culture
of E. coli and Str. faecalis var. liquifaciens
isolated with the help of a medium contain-
ing dihydrocaffeic acid would metabolize
this compound to m-hydroxyphenylpropionic
acid. In another investigation, however, 12
strains of common intestinal bacteria belong-
ing to nine genera failed to demonstrate
dehydroxylation of dihydrocaffeic acid (383).
Interestingly, gnotobiotic rats, infected with
two strains of lactobacilli, a strain of bac-
teroides and a strain of group N strepto-
cocci, excreted m-hydroxyphenylpropionic
acid in the urine after ingestion of caffeic
acid, whereas the metabolite was not de-
tected in cultures of the four bacteria grown
in the presence of caffeic acid (297a).

While the dehydroxylation of compounds
containing an ortho-dihydroxyphenyl group
has received the greatest amount of atten-
tion in this field, it has also been shown that
the 3,4,5-trihydroxyphenyl group can un-
dergo this reaction. Pyragallol was dehy-
droxylated to resorcinol but not to catechol
when incubated with rat intestinal contents
(343, 345). This situation therefore differs
from that noted above with catechol which
was not dehydroxylated under similar con-
ditions. However, the results with the C¢-C, ,
Ce-C:, and C,-C,; acids are similar to those
described above for the series of catechol
acids. Thus, gallic acid (3,4,5-trihydroxy-
benzoic acid) was not found to be dehy-
droxylated by rat intestinal contents (343,
354), although this may perhaps be related
to the relative ease of decarboxylation of
this compound (see section 111 H).

The dehydroxylation of the higher homo-
logues of these trihydric acids has received
considerable attention recently. 3,4,5-Tri-
hydroxyphenylacetic acid underwent para-
dehydroxylation when incubated anaerobic-
ally with rat cecal microorganisms (179, 371).
The same metabolite was excreted in the
urine of rats given the trihydroxy compound
orally and its formation was abolished when
the animals were treated with neomyein.
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The same pattern of preferential para-de-
hydroxylation leading to 3,5-dihydroxy-
phenyl derivatives was noted in a similar
study of the metabolism of 3,4,5-trihy-
droxyphenylpropionic acid (265, 266).
Metabolites containing the 3,5-dihydroxy-
phenyl structure are also formed from nu-
merous methyl ethers of trihydroxyphenyl
compounds (see section ITI I 1).

Dehydroxylation is an important reaction
in the metabolism of several flavonoid com-
pounds including quercetin, hesperetin, and
(4)-catechin. Flavonoid metabolism by
intestinal microorganisms is discussed in
section III L and will therefore not be dealt
with in detail here. However, many flavo-
noids are degraded to phenolic acids of the
type discussed above and these products
may then be dehydroxylated. Alternately,
dehydroxylation may also occur in interme-
diate stages of flavonoid degradation. (+4)-
Catechin is metabolized by intestinal bac-
teria to é-phenyl-y-valerolactone derivatives
and one of these lacks the para-hydroxyl
group found in the B-ring of the original
compound.

Increased interest in the metabolism of
L-dihydroxyphenylalanine (1-dopa) has de-
veloped recently as a result of the use of this
amino acid in the treatment of parkinsonism.
As noted above, an early study showed that
it was metabolized to m-hydroxyphenyl-
acetic acid when given to rats and rabbits
(107). On the other hand, an initial study
in vitro with rat intestinal microorganisms
showed that it was degraded to m-hydroxy-
phenylpropionic acid (45). Recent investiga-
tions in man have shown that L-dopa under-
goes para-dehydroxylation (61) and that
metabolite formation can be suppressed by
inhibition of the intestinal microflora with
neomycin (338). The degradation of L-dopa
by rat cecal bacteria has been re-investigated
and both m-hydroxyphenylacetic acid and
m-hydroxyphenylpropionic acid are formed
(17, 162a). Interestingly, dopamine is not
converted to phenolic acid metabolites by
the cecal bacteria. Both of the above m-
hydroxy acids are excreted in the urine of
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conventional rats given dopa but are absent
when germ-free rats are used (162a). Another
report has indicated that both dopa and
dopamine can undergo meta-dehydroxyla-
tion to form p-tyramine (51). However, this
reaction was found to be carried out not by
intestinal microorganisms but by enzymes
located in rat brain.

An unusual reaction sequence occurs in
guinea pigs treated with tolbutamide, an
oral hypoglycemic agent, which resulted in
the degradation of dopamine, norepineph-
rine, normetanephrine, and 4-hydroxy-3-
methoxyphenylglycol to m-hydroxyphenyl-
acetic acid (369, 370). This metabolic se-
quence involves both aromatic and aliphatic
dehydroxylations. These findings have been
confirmed (51) but it would be of further
interest to ascertain the sites of formation of
these metabolites. An earlier study failed to
demonstrate any metabolism to dehydroxyl-
ated acids when epinephrine or norepineph-
rine were incubated anaerobically with
mixed cultures of rat intestinal bacteria
(45).

The examples described above indicate
that numerous phenolic compounds possess-
ing an ortho-dihydroxyl structure may
undergo dehydroxylation as a result of meta-
bolic activities of intestinal microorganisms.
However, the requirement for the catechol
structure is not absolute and several ex-
amples are now known in which removal of a
solitary hydroxyl group takes place. This
was noted with p-hydroxyphenylpropionic
acid (phloretic acid) and L-tyrosine which
were found to be converted to phenyl-
propionic acid when incubated with rumen
microorganisms (359, 360). Several studies
of the metabolism of kynurenic acid (4-hy-
droxyquinaldic acid, XX) and xanthurenic
acid (4,8-dihydroxyquinaldic acid, XXI)
have shown that these compounds undergo
dehydroxylation. This reaction involves
removal of the 4-hydroxyl group and occurs
in rats, cats, and man (42, 218, 401, 402)
and especially rabbits (219). In experiments
with rabbits, oral administration of xan-
thurenic acid resulted in the urinary excre-

471

tion of most of the dose as 8-hydroxy-
quinaldic acid whereas injection of the
compound led to its excretion mainly un-
changed. These results suggested that the
reaction took place in the gastrointestinal
tract and this interpretation was validated
in a subsequent study with rabbits treated
orally with neomycin (220). Dehydroxyla-
tion ability 3 weeks after antibiotic treat-
ment had been terminated was again present
at high levels. Similar results have been
found with the 8-methyl ether of xan-
thurenic acid (XXII) as the urinary excre-
tion of 8-methoxyquinaldic acid in rabbits
was severely inhibited when the animals
were treated with neomycin (252). Direct
evidence of the dehydroxylation of 4-hydrox-
yquinoline-2-carboxylic acids by intestinal
microorganisms from rats, rabbits, sheep,
and man has also been obtained (42, 347).
Xanthurenic acid and, to a lesser extent,
kynurenic acid underwent loss of the 4-hy-
droxyl group upon incubation under an-
aerobic conditions.

OH

~—COOH

N/ COOH
CHO
XXI1I

Examples are also known of the dehy-
droxylation of meta-dihydroxyl compounds.
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This reaction recently was shown to occur
with 3,5-dihydroxyphenylpropionic acid
which, upon prolonged anaerobic incubation
with rat cecal microorganisms, was con-
verted to m-hydroxyphenylpropionic acid
(179). Similar experiments with 3,4,5-
trihydroxyphenylacetic acid resulted in sub-
stantial dehydroxylation to the 3,5-di-
hydroxy derivative but also to a trace of
m-hydroxyphenylacetic acid. Further ex-
amples of the dehydroxylation of phenolic
compounds having a meta-dihydroxyl struc-
turehavebeenfound with the isoflavonoidsas
genistein (62) and its 4’-methyl ether bio-
chanin A (XXIII) (63) are metabolized in
the fowl to equol (XXIV). However, the
site of the conversion was not determined
and the possible role of the intestinal micro-
organisms in this reaction is a matter of
speculation.

HO 0| ocw3

HO 0
XXIII
HO o
| 9@
XXIV

2. N-Hydroxyl compounds. Metabolic
studies of the carcinogen N-hydroxy-N-2-
fluorenylacetamide (XXV) showed that
N-dehydroxylation occurred when the com-
pound was incubated with rat liver or brain
homogenates or with the soluble fraction of
liver (171). Further studies on the metabolic
fate of this compound with germ-free and
conventional rats (170, 433) and intestinal
microorganisms (440) have shown that this
reaction is also carried out by enzymes of the
intestinal bacteria. Although incubation of
the N-hydroxyl compound with cecal con-
tents from germ-free rats did not lead to
disappearance of the substrate, a progressive
loss of substrate together with the appear-

SCHELINE

ance of N-2-fluorenylacetamide was ob-
served when cecal contents from conven-
tional rats were used. The rate of dehydrox-
ylation in these incubates increased
progressively when additional substrate was
added after 4 and 8 hr. Furthermore, dehy-
droxylation was also carried out by a strain
of E. coli. The dual origin of N-dehydroxylat-
ing activity in both the tissues and the
intestinal microflora is thus in contrast to
the situation described above with phenolic
xenobiotic compounds which are dehy-
droxylated only by the intestinal bacteria.

OH

|
O‘O N—-COCH3

XXV

H. Decarboxylation

The decarboxylation of amino acids by the
intestinal bacteria has received increased
attention because of the possible significance
of the urinary excretion of amines in certain
disease states (300). It was found that several
urinary amines previously considered to be
of internal metabolic origin result instead
largely or entirely from the activities of the
intestinal bacteria. An earlier study (263)
has listed several intestinal microorganisms
including E. coli, Str. faecalis, Clostridium
spp., Lactobacillus spp., and Pr. vulgaris
which can decarboxylate amino acids. Other
studies have demonstrated that amino acids
can be extensively metabolized by intestinal
microorganisms. Tyrosine and 3,4-dihy-
droxyphenylalanine (dopa) furnish good ex-
amples of this and the end products of
degradation include simple phenols (15-17).
The reaction sequence with these amino
acids may be initiated with decarboxylation
and it is known that this reaction can be
carried out with a decarboxylase obtained
from Str. faecalis (33, 135). However, the
details of these pathways are not clear and
this topic is therefore covered in section
IIT Y. It has been found recently that most
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of the L-dopa administered orally to man is
decarboxylated in the digestive tract prior
to reaching the general circulation (29).
However, it was not determined whether
this was due to intestinal bacteria or to
decarboxylases in the intestinal mucosa.

While much of the subject dealing with
the decarboxylation of amino acids by in-
testinal bacteria falls outside the scope of this
article, mention will be made of two relevant
examples. After the administration of 3,5,3’-
trilodothyronine by intravenous injection to
rats its decarboxylation product, 3,5,3’-
trilodothyronamine, was detected in the in-
testinal contents and feces (319). As the
metabolite was not present in the bile it was
suggested that the decarboxylation took
place in the intestine after the biliary excre-
tion of the original compound or its con-
jugates. A recent study of histidine de-
carboxylase in the rat stomach has shown
that much of the activity present is due to a
bacterial enzyme (205). This is derived from
several strains of L. acidophilus which are
located in a mucin-like material on the epi-
thelium of the stomach. The histamine con-
centration in gastric juice of germ-free rats
was very low and the values found in normal
rats could be decreased by fasting or anti-
biotic administration which reduced the
numbers of gastric lactobacilli.

Considerable interest has been shown re-
cently in the intestinal decarboxylation of
phenolic acids. This reaction results in the
formation of simple phenols and these com-
pounds are often found as urinary metab-
olites. Resorcinol, as its monosulfate ester,
has been detected in the urine of some
individuals (80) and it was subsequently
found to arise from a tea constituent or
constituents (81). Catechol is excreted in
conjugated form in human and cattle urine
(133) and the presence of urinary pyrogallol
has been reported (409). In the latter case
it was postulated that the phenol arises from
decarboxylation of gallic acid (3,4,5-trihy-
droxybenzoic acid) in the intestine. The
metabolic fate of gallic acid in rats and
rabbits has been investigated subsequently
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(39, 425) and pyrogallol was detected as a
urinary metabolite. However, the finding
that the decarboxylated compound was also
excreted when gallic acid was given intra-
peritoneally was believed to preclude the
possibility that the pyrogallol was of in-
testinal origin (39). As it had been noted
that protocatechuic acid (3,4-dihydroxy-
benzoic acid) was decarboxylated to catechol
when incubated with rat intestinal contents
(45), a study of the metabolism of proto-
catechuic and gallic acids in the rat was
carried out in order to assess the role of the
intestinal microorganisms (343). It was
found that decarboxylation of both of these
phenolic acids occurred when they were
incubated anaerobically with rat cecal or
colon contents. Further metabolism to
resorcinol was noted with gallic acid when
rat feces were used as the source of the
decarboxylating activity. Furthermore, the
decarboxylation reaction was strongly in-
hibited when the antibiotic oxytetracycline
was added to the incubates.

These initial findings which pointed to the
significance of the intestinal microorganisms
in the decarboxylation of phenolic acids
prompted the study of the metabolism of a
large number of these compounds by the rat
cecal microflora (344, 345, 354). Phenolic
benzoic, phenylacetic, phenylpropionic, and
cinnamic acids were used and decarboxyla-
tion was observed in all types except the
phenylpropionic acids. The results indicated
that a free p-hydroxyl group is necessary for
the decarboxylation reaction. However, a
recent study with longer incubation times
has shown that decarboxylation can also
occur with a m-hydroxyphenyl compound
(17). Nonetheless, present evidence leaves
no doubt that the decarboxylation of
phenolic acids by intestinal bacteria is pri-
marily a reaction occurring with p-hydroxyl-
ated compounds. This has also been shown
in a study of the metabolism of 1-tyrosine, its
degradation products and related compounds
by rat cecal microorganisms (15). In the
latter study, an a-keto acid, 4-hydroxy-
phenylpyruvic acid (XXVI), was also de-
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carboxylated as 4-hydroxyphenylacetic acid
was detected in most of the incubation
samples. Other investigations with proto-
catechuic acid have shown that it is
decarboxylated to catechol by bovine rumen
microorganisms (363) and that the carboxy-
4C.-labeled compound is metabolized to
4CO, when incubated with rat intestinal
contents (84).

0
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XXVI
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While the presence of a p-hydroxyl group
appears to be an important structural feature
of the phenolic acids which undergo de-
carboxylation by intestinal bacteria, further
ring substitution leads to varying degrees of
inhibition of the reaction (345, 354). For
example, strong inhibition is found among
2-hydroxy acids and 3,5-dimethoxy com-
pounds. An example of the latter situation
has been found with sinapic acid (XXVII)
which is not decarboxylated when incubated
with rat cecal microorganisms (265).

The significance of these in vitro microbial
decarboxylations with regard to the metab-
olic fate of phenolic acids in animals has
been demonstrated in a number of studies.
The decarboxylation of protocatechuic and
gallic acids to catechol and pyrogallol, re-
spectively, was observed when the acids were
given orally but not intraperitoneally to rats
(343). Furthermore, inhibition of the in-
testinal microflora with antibiotics known to
inhibit the reaction in wifro reduced or
abolished the excretion of the decarboxylated
metabolites. Some of the results obtained
from metabolism studies with protocatehuic
acid have been explained on the basis of this
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decarboxylation reaction (83, 84). When the
4C-labeled compound was given orally to
rats it was found that 729, of the radio-
activity was excreted in the urine and feces
in 7 days in normal rats whereas 999, was
excreted in rats treated with neomycin to
inhibit intestinal bacteria. It was concluded
that at least part of this 20 to 309, difference
in recovery of the “C is probably due to
formation of “CQO; by the intestinal bacteria
in the normal animals. The same general
picture has been shown with homoproto-
catechuic acid (3,4-dihydroxyphenylacetic
acid) which was partly decarboxylated to
4-methylcatechol (XXVIII) (344) and with
caffeic acid (3,4-dihydroxycinnamic acid,
XIX) which was converted to a small extent
to 4-vinyleatechol (XXIX) and its reduc-
tion product 4-ethylcatechol (345). Experi-
ments with carboxy-C-labeled homoproto-
catechuic acid in rats showed that the 4C
was quantitatively excreted in the urine and
feces in neomycin-treated rats whereas 93%,
was accounted for in the normal animals
(82). It was suggested that this difference of
7% reflects the degree of metabolism of the
compound to ¥CO; . Thelack of decarboxyl-
ation of sinapic acid (XXVII) by rat cecal
microorganisms has been noted above and
this compound was not converted to de-
carboxylated metabolites when administered
orally to rats (175, 266).

HO
XXVIII

HO

HO@cnsmz

XXIX

Numerous studies of the decarboxylation
of phenolic acids by particular bacteria
have been reported. The microorganism
most commonly associated with decar-
boxylation has been A. aerogenes which



METABOLISM AND GASTROINTESTINAL MICROORGANISMS

forms catechol when incubated with proto-
catechuic acid (303). In a study of the
ability of this species to decarboxylate
cinnamic acid derivatives those compounds
containing a p-hydroxyl group were metab-
olized whereas related derivatives lacking
this group did not undergo decarboxylation
(138). The reaction rate was greatest with a
single p-hydroxyl group and the rate de-
creased when adjacent substituents were
present. Some recent studies with A.
aerogenes have shown that p-hydroxyben-
zoic acid is converted to phenol (294) and
that this phenolic acid as well as proto-
catechuic acid and gallic acid undergo non-
oxidative decarboxylation (169). Gentisic
acid was also decarboxylated to a lesser
extent and, in this regard, the results differ
from those found with mixed cultures of
cecal bacteria. The metabolism of several
classes of phenolic acids previously shown
to undergo decarboxylation by mixed cul-
tures of rat cecal bacteria was investigated
with A. aerogenes (383). The benzoic acid
and cinnamic acid derivatives which con-
tained a p-hydroxyl group were decar-
boxylated. However, no activity was seen
with phenylacetic acid derivatives and the
decarboxylation of these compounds which
has been shown previously in rats (344) and
with mixed cecal cultures (345) cannot
presently be associated with particular
bacteria.

The ability of several strains of Bacillus
isolated from rat intestine to decarboxylate
different classes of phenolic acids has been
investigated (211, 383). It was found that
the reaction took place only with cinnamic
acid derivatives containing a p-hydroxyl
group. A recent report (296) has dealt with
the metabolism of caffeic acid (XIX) by
12 bacteria isolated from human feces.
Neither A. aerogenes nor Bacillus sp. was
among these but it was found that Strepto-
coccus fecium metabolized caffeic acid to
4-vinylcatechol (XXIX) under anaerobic
conditions.

Another example of decarboxylation has
been reported with the 8-methyl ether of
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xanthurenic acid (XXII) (251) although
the site of this reaction was not identified.
Administration of the compound to mice
resulted in only minor conversion to 4-
hydroxy-8-methoxyquinoline although more
was produced after oral than after subcu-
taneous dosage. Other reactions including
dehydroxylation (section III G 1) and O-de-
methylation (section III I 1) have been
shown to be carried out by intestinal mic-
roorganisms with this and related com-
pounds. It would therefore be of interest to
see whether this is the case with the decar-
boxylation reaction as well.

The decarboxylation of o- and p-amino-
benzoic acids by cell-free preparations from
E. coli has been reported (259). However,
this reaction is unlikely to have significance
in animals as aniline has not been reported
to be a metabolite of p-aminobenzoic acid
(443) and this acid was not found to be
metabolized when subjected to the decar-
boxylating activity of A. aerogenes (169) or
mixed cultures of rat cecal bacteria (352).

I. Dealkylation

1. 0-Alkyl compounds. Studies on the
metabolism of some naturally occurring plant
estrogens by sheep rumen fluid first demon-
strated that intestinal bacteria are capable
of demethylating foreign compounds (282-
284). Biochanin A (4’-O-methylgenistein,
XXIII) and formononetin (4’-O-methyl-
daidzein, XXX) were demethylated to geni-
stein and daidzein, respectively, when incu-
bated with rumen fluid. These results have
been confirmed (25) and they indicate that
the methoxylated isoflavones can undergo
demethylation while still in the rumen.
However, the reaction has also been shown
to be carried out in the liver (281). De-
methylation of these compounds in the
domestic fowl has also been reported (63).
However, it was found recently that they
are largely resistant to degradation when
incubated with rat cecal microorganisms
(178).

A study of the metabolic fate of the
flavonoid hesperidin (XXXI) in rabbits
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showed that 3,4-dihydroxyphenylpropionic
acid and m-hydroxyphenylpropionic acid
were among the metabolic products (36).
The O-demethylation that is required for
the formation of these products was sug-
gested to occur in the intestine as a result of
bacterial metabolism (345) and it was sub-
sequently shown to take place in vitro when
hesperidin was incubated with rat cecal
contents (347).

The ability of the intestinal microor-
ganisms to O-demethylate compounds was
first investigated in a systematic manner
with a variety of mono-, di-, and trihydric
aromatic acids and their derivatives (345,
354). Many methoxy derivatives of benzoic,
phenylacetic, phenylpropionic, and cinnamic
acids were found to be demethylated when
incubated with rat cecal microorganisms.
The few acids studied which contained a
methoxyl group as the sole ring substituent
were found to be resistent to demethylation
(354). Similar results have been noted re-
cently with the corresponding benzaldehyde
and benzyl alcohol derivatives (351). How-
ever, the metabolism of biochanin A (XXIII)
and formononetin (XXX) deseribed above
indicates that some methoxyl compounds
lacking further ring substitution can be
demethylated by the intestinal microor-
ganisms. Di- and trihydric derivatives are
generally demethylated fairly readily by
mixed cultures of rat cecal microorganisms
and a m-methoxyl group appears to be
more labile than a p-methoxyl group (345,
354). This has been confirmed recently in a
study of the sequential O-demethylation of
3,4, 5-trimethoxycinnamic acid (XXXII) by
rat cecal microorganisms (265). Several other
reports dealing with the metabolism of
methyl ethers of trihydric cinnamic and
propionic acids in the rat have appeared
which emphasize the important role of the

SCHELINE

intestinal microorganisms in determining the
metabolic fate of these compounds (175, 176,
266). These studies showed that the tri-
methyl ethers were fully demethylated by
the intestinal bacteria and, after dehydrox-
xylation, were excreted in the urine partly as

OH
0
Ci2Hzy04-0 O OCHy
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XXXI
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3,5-dihydroxyphenylpropionic acid (XXX-
IITI). A similar reaction of the intestinal
microflora has been described recently with

- (3,3 - dimethylpropynyl) - 3,4,5 -
trimethoxycinnamide (XXXIV) which is
excreted in the urine partly as a 3,5-di-
hydroxycinnamido derivative after its oral
administration to rats (210).

The significance of intestinal O-demethyla-
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tion in determining the metabolic fate of a
compound has been illustrated recently in a
study of the demethylation of 3-O-methyl-
dopa (XXXYV) in the rat (64, 65). This com-
pound, labeled with “¥C in the methyl group,
was given intraperitoneally and 15 to 20%,
of the injected radioactivity appeared in the
expired air as “CO, during the next 3 to 4
days. Rats with cannulated bile ducts ex-
creted about 209, of the radioactivity in the
bile, probably as a conjugate of the original
compound, but *CO, was no longer present
in the expired air. These results show that
the demethylation of 3-O-methyldopa
(XXXYV) occurred for all practical purposes
exclusively in the intestine after its biliary
excretion. The metabolism of the closely
related ferulic acid (4-hydroxy-3-methoxy-
cinnamic acid) appears to follow a similar
pathway. A major metabolite of this com-
pound when administered orally or intra-
peritoneally to rats is m-hydroxyphenyl-
propionic acid (35, 345, 407). Ferulic acid is
excreted readily in the bile as its glucuronide
conjugate (345) and the dehydroxylation
reaction leading to the m-hydroxy metabolite
is known to be due solely to the metabolic
activities of the intestinal microorganisms
(354). It is therefore clear that the entire
sequence of reactions including deconjuga-
tion, hydrogenation of the double bond,
O-demethylation, and dehydroxylation oc-
curs in the intestine.

The metabolism of the 8-methyl ether of
xanthurenic acid (XXII), which is a urinary
metabolite of tryptophan shown to have
carcinogenic properties, has been studied in
rabbits (252). It is converted to O-demeth-
ylated metabolites after oral administration
and this reaction was inhibited severely
when the intestinal microflora was suppressed
with neomycin sulfate. These results there-
fore furnish a further example showing that
intestinal demethylation may be quantita-
tively far more important than that which
occurs in the tissues.

The above examples of O-dealkylation are
restricted to methoxyl compounds and no
reports of the dealkylation of higher ho-
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mologues have been published. However, a
few preliminary studies of the metabolism
of some ethyl ethers of phenolic acids and
aldehydes by mixed cultures of rat cecal
microorganisms under conditions which
readily demethylated the corresponding
methyl ethers failed to show any evidence of
loss of the ethyl group (352).

Further studies on intestinal O-dealkyla-
tion are certainly warranted, especially in
regard to the nature of the reaction involved.
Although it is possible that the methyl
group is lost as methane, the experiments
with 3-O-methyldopa described above (64,
65) which detected the radioactivity as ¥CO,
in the expired air may point to another
entity.

2. N-Alkyl compounds. Examples of N-
dealkylation by intestinal microorganisms
have appeared only recently. The herbicide
trifluralin (XXX VT) is degraded to numerous
products by rumen fluid (161) and by two
strains of rumen bacteria (442). Several of
these metabolites were characterized as com-
pounds lacking one of the N-propyl groups
and it was postulated that both of these
groups can be removed by the rumen micro-
organisms. This seems likely in view of the
finding of a fully dealkylated metabolite in
the feces of a goat after oral administration
of trifluralin (161). The distribution of radio-
activity in the urine and feces of ruminants
given “C-trifluralin is similar to that seen
in rats (130) although dealkylated products
are urinary metabolites in the latter case.
It has been suggested (348) that dealkylation
of trifluralin in rats is a tissue reaction but
the findings now available indicate that the
intestine may be the site of this reaction.

A recent study has dealt with the extra-
hepatic metabolism of some psychotropic
drugs (271). Imipramine is converted to
desmethylimipramine by gastric and in-
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testinal contents of rats and by lower in-
testinal contents of man. It was calculated
that the extent of imipramine metabolism
in the rat is divided about equally between
the liver and the gastrointestinal contents.

Methamphetamine is N-demethylated
when incubated anaerobically with cecal or
rectal contents of guinea pigs (60). The
demethylation of methamphetamine and 4’-
hydroxymethamphetamine was examined
with representative strains of the main bac-
terial genera in the mammalian intestine.
Demethylation activity with both substrates
was highest among the enterococci and lac-
tobacilli with some activity being shown by
clostridia. Little, if any, N-demethylation
occurred in the incubates with enterobac-
teria, bacteroides, or bifidobacteria.

3. Other alkyl derivatives. Studies on the
metabolic fate of some organotin compounds
bhave shown that ethyltin trichloride is
metabolically inert when administered to
rats whereas diethyltin dichloride is dealkyl-
ated to ethyltin to an appreciable extent
(55, 56, 98). Diethyltin containing a “C
ethyl group was not metabolized to radio-
active CO; and it was suggested that the
ethyl group is lost as ethane. The results ob-
tained indicated that the reaction takes
place in both the tissues and the intestinal
tract. Dealkylation at the latter site is un-
doubtedly of microbiological origin as di-
ethyltin was converted to ethyltin when it
was incubated anaerobically with rat cecal
contents.

The metabolism of methyl mercuric chlo-
ride in germ-free and control rats has been
investigated recently in order to determine
whether the cleavage of the carbon-mercury
bond which is observed with this compound
is due to the intestinal microorganisms (287).
The results obtained failed to show any
differences between the two groups with
regard to the amounts of inorganic mercury
found in the cecal contents or feces and it
was concluded that the microflora is not
involved in this reaction.

The metabolism of triphenyl-lead acetate
has been studied in rats (439) and may be

SCHELINE

included conveniently in this section. Oral
administration of the “C-labeled compound
resulted in excretion of 209, of the dose in
the expired air in 7 days. This radioactivity
was found to be present nearly entirely as
benzene. In addition, the known metabolites
of benzene were excreted in the urine. It was
suggested that triphenyl-lead acetate is not
absorbed as such from the intestine but is
decomposed in the intestine, possibly by the
intestinal microorganisms, to give benzene
which is then absorbed.

J. Dehalogenation

While metabolic dehalogenation is known
to occur with organic chlorine, bromine, and
iodine compounds, evidence for dehalogena-
tion by the intestinal microorganisms has
been presented only for chlorinated com-
pounds. An early example of dechlorination
which was explained by the action of in-
testinal bacteria was the finding that rabbits
given tetrachlorobenzenes orally excreted di-
and trichlorobenzenes in the expired air and
di- and trichlorophenols in the urine during
the first day or two (215). However, intra-
peritoneal administration of the tetrachloro-
benzenes resulted in the urinary excretion of
only the corresponding tetrachlorophenols
during this initial period. The di- and tri-
chlorophenols were excreted in the urine in
increasing amounts 4 to 8 days after ad-
ministration of the dose and this was pre-
sumed to result from slow excretion of tetra-
chloro compounds in the bile followed by
bacterial dehalogenation. In a subsequent
investigation with 1,3,5-trichlorobenzene
and pentachlorobenzene, these compounds
were similarly dechlorinated when given to
rabbits and the reaction was again suggested
to be carried out by the intestinal bacteria
(293).

The compound which has received most
attention in regard to dehalogenation by
intestinal microorganisms is DDT (1,1,1-
trichloro - 2,2 - bis (p - chlorophenyl) -
ethane, XXXVII). Reductive dechlorina-
tion of DDT gives rise to DDD (1,1-
dichloro-2,2-bis  (p-chlorophenyl)-ethane,
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XXXVIII) and this compound was shown
to be a metabolite of DDT in rats (301).
Also of interest was the finding that DDD
was formed by liver homogenates under con-
ditions of putrefaction and it was proposed
that, under these conditions, bacterial con-
version of DDT may be partly responsible for
the presence of DDD. Another report con-
cluded that DDD is produced from DDT
only in decomposing animal tissue and not
in normal live tissues (20). Shortly thereafter,
several investigations showed that this de-
chlorination reaction could be carried out
by intestinal microorganisms. This was found
with Pr. vulgaris isolated from mouse in-
testine (22), E. colt, and A. aerogenes iso-
lated from rat feces (264) as well as several
other representatives of intestinal bacteria
(391). The latter investigation also showed
that bacteria from the intestines of flies con-
verted some of the DDT into DDE (1,1-
dichloro-2,2-bis (p-chlorophenyl)-ethylene,
XXXIX). Furthermore, the strain of Pr.
vulgaris which was found to convert DDT
to DDD was subsequently shown to metab-
olize the latter compound by reductive de-
chlorination to DDMS (1-chloro-2,2-bis-
(p-chlorophenyl)-ethane, XL) and by de-
hydrochlorination to DDMYV (1-chloro-2,2-
bis (p-chlorophenyl)-ethylene, XLI) (21).
The metabolic products formed from DDT
when incubated with whole cells or cell-free
extracts of several microorganisms includ-
ing A. aerogenes and E. coli have been
studied in detail (427-429). In the case of
A. aerogenes at least seven metabolites were
formed including those shown in chemical
structures XXXVIII, XXXTX, XTI, XLI,
DDNV (unsym-bis (p-chlorophenyl)ethyl-
ene, XLII), DDA (2,2-bis (p-chlorophenyl)
acetate, XLIII), and DBP (4,4’-dichloro-
benzophenone, XLIV). It is noteworthy that
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none of these reactions involve aromatic
dechlorination.

Investigations of the metabolism of DDT
by intestinal microorganisms in fish have
shown that the microflora plays an important
role in the detoxication of DDT in the rain-
bow trout, Salmo gairdneri (430) and in the
northern anchovy, Engraulis mordax (255).
Rumen microorganisms have been shown to
be very effective in converting DDT to DDD
(XXXVIII) (147, 235, 272) and a recent re-
port has shown that DDE (XXXIX) and,
tentatively, DDMV (XLI) are also formed
(364).

K. Deamination

Deamination by intestinal microorganisms
appears to be very largely a reaction of
amino acids. Consequently much of the
subject falls outside the scope of this review
and and attention will be given only to
amino acids employed as drugs or to com-
pounds closely related to these.

The deamination of 3,5,3’-triiodo-L-thy-
ronine was shown to be carried out by sus-
pensions of rat intestinal bacteria (71).
Similar experiments with pL-dopa showed
that deamination and dehydroxylation oc-
curred to produce m-hydroxyphenylpropionic
acid (45). However, pL-dopa was earlier
found to be metabolized to m-hydroxy-
phenylacetic acid when given to rats (107).
A recent reinvestigation of this subject with
L-dopa has shown that its anaerobic incuba-
tion with mixed cultures of rat cecal bacteria
resulted in the formation of both the phenyl-
acetic and phenylpropionic acid derivatives
(17). In agreement with the earlier study,
only phenylacetic acid derivatives were found
in the urines of rats given dopa (16). m-Hy-
droxyphenylacetic acid has also been re-
ported to be a urinary metabolite of L-dopa
in man and its excretion was reduced when
the intestinal microflora was suppressed by
neomyecin (338). Deamination of the closely
related amino acid, tyrosine, has been re-
ported to occur upon incubation with sheep
rumen microorganisms (359) and rat cecal
contents (15). Deamination of other amino
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acids including phenylalanine and tryp-
tophan have been shown with microor-
ganisms from sheep rumen (359) and from
monkey feces (189).

The oral administration of 5-fluorocytosine
(XLV) to rats resulted in its deamination
by the intestinal microflora to 5-fluorouracil
(XLVI) (231).

L. Heterocyclic Ring Fission

The cleavage of heterocyclic ring systems
of xenobiotic compounds by intestinal micro-

XLVI

organisms often results in metabolic products
quite unlike those which can be formed in
the tissues. These reactions serve as excellent
illustrations of the metabolic ingenuity
which is possessed by the microflora. This
factor undoubtedly has much to do with the
growing interest in the metabolism of hetero-
cyclic compounds, especially flavonoids, by
intestinal bacteria. Heterocyclic ring fission
has been demonstrated in chemically diverse
ring systems containing either oxygen or
nitrogen. However, relatively little system-
atic work aimed at assessing the scope of
these microbial reactions has been carried out
and this general area appears likely to be a
profitable one for future investigations.

A class of oxygen ring compound of
relatively simple type which has been studied
in regard to its metabolism by intestinal
microorganisms is that of the coumarins.
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Coumarin itself (XLVII) undergoes scission
to melilotic acid (XLIX), presumably by
way of the reduced intermediate dihydro-
coumarin (XLVIII) when incubated anaero-
bically with mixed cultures of rat cecal
microorganisms (346). The phenolic acid
was found to be a urinary metabolite of
coumarin-treated rats and the data sup-
ported the view that most, if not all, of it
was of intestinal origin. This subject was
studied subsequently more fully with 7-
hydroxycoumarin (umbelliferone) and 7-
methoxycoumarin (herniarin) (212). Again,
phenylpropionic acid derivatives were
formed from the coumarins upon incubation
with rat cecal microorganisms and these
metabolites were detected in the urine of
rats given umbelliferone or herniarin. With
the use of germ-free rats it was shown that
the intestinal microorganisms were solely
responsible for the formation of the phenyl-
propionic acids. An investigation of the
scission of coumarin by members of 9
genera of intestinal bacteria was able to
demonstrate only minor activity with one of
these (A. aerogenes) (383).

As mentioned above, studies on the metab-
olism of flavonoid compounds have furnished
some of the most interesting examples of
the metabolic capabilities of the intestinal
microorganisms. In addition, a multiplicity
of reactions is involved in the overall path-
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ways of metabolism as hydrolysis of glyco-
sidic linkages, dehydroxylation, demethyla-
tion, and reduction of double bonds may
also be involved. Details of these reactions
are found in sections IIT A 2, G,I1, and M
and the present section will deal instead
with the ring fission reactions observed with
flavonoid compounds and with some of the
structural requirements for flavonoid deg-
radation. Structural formulas of some of
the major types of flavonoid compounds
including the numbering and designation of
the rings are shown below. The types de-
picted are flavone (L), flavanone (LI),
flavonol (LII), flavanol (LIII), flavylium
cation (LIV), isoflavone (LV), and dihydro-
chalcone (LVI).
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One type of flavonoid which has received
considerable attention from a metabolic
point of view is that of the flavonols (LII).
Quercetin (3, 4, 7, 3’, 4'-pentahydroxy-
flavone) and its glycoside rutin are the best
known examples of flavonols and the exis-
tence of numerous reports on their fate in
animals largely reflects their widespread
occurrence in plants and their use as thera-
peutic agents (105, 148). An early study of
the metabolism of rutin and some deriva-
tives showed that their intestinal absorption
was negligible but that they were not present
in the feces (70). Incubation of rutin with
fecal samples resulted in extensive degrada-
tion of the compound although no break-
down products were identified. Subse-
quently, several investigations of the metab-
olism of rutin and quercetin in animals were
carried out. It was initially shown that the
flavonols undergo extensive degradation and
are ultimately excreted in the urine as 3-
hydroxy-, 3,4-dihydroxy-(homoprotocate-
chuic acid) and 4-hydroxy-3-methoxy-
phenylacetic acid (homovanillic acid) (40,
41). These results were confirmed later with
UC-quercetin given orally to rats (257, 302).
Formation of these metabolites apparently
arose from cleavage of the heterocyclic
ring at the 1,2- and the 3,4-positions.
Thus, they are derived from the catechol
portion (B-ring) of the molecule and not
from the phloroglucinol portion (A-ring).
These findings make it clear that a major
metabolic pathway in the metabolism of
quercetin or its glycoside rutin leads to the
formation of phenylacetic acid derivatives.
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However, several other reports have indi-
cated that the overall metabolic picture is
more complex as derivatives of benzoic,
phenylpropionic, and cinnamic acids as well
as a neutral compound characterized as an
o-dihydroxy lactone have been detected in
the urine of rats given quercetin (54, 278,
302).

Investigations on the site of formation of
the quercetin metabolites have been carried
out and it was reported that rat kidney
homogenates were able to convert the
flavonol to 3,4-dihydroxybenzoic acid under
aerobic conditions (116). On the other hand,
no degradation occurred when quercetin
was placed in the ligated rat stomach (54).
Although the degradation of rutin by various
molds, streptomycetes, and bacteria had
been reported (434), an interesting finding
showed that it was converted to m-hydroxy-
phenylpropionic acid when incubated with
rat intestinal microorganisms (45). This was
confirmed subsequently with both quercetin
and rutin and it was also found that m-
hydroxyphenylacetic acid was formed (347).
These results make it clear that several of
the main urinary metabolites of these flavo-
nols can be formed entirely by the intestinal
microflora. Subsequent tissue reactions in-
cluding B-oxidation, methylation, and de-
hydrogenation explain the presence of other
urinary metabolites. Support for the key
role played by the microflora in the metabo-
lism of quercetin was obtained in experi-
ments with neomycin-treated rats which
no longer excreted the three characteristic
hydroxyphenylacetic acids. Hydroxyethyla-
tion of the 5-, 7-, 3’-, and 4'-hydroxyl groups
of quercetin results in a derivative which no
longer undergoes ring fission by the intestinal
bacteria (24a).

Several recent investigations have directed
attention to the anaerobic degradation of
some flavonoids including rutin by rumen
microorganisms. Incubation with rumen fluid
resulted in the degradation to phenolic
compounds which appeared to be similar to
those formed in the rat intestinal tract
(363). Subsequently, numerous strains of
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Buiyrivibrio sp. isolated from bovine rumen
contents were shown to degrade rutin anaero-
bically (67) and several phenolic compounds
including phloroglucinol, 3,4-dihydroxy-
benzaldehyde, and 3,4-dihydroxyphenylace-
tic acid were identified as metabolic products
(233). The results from the latter investiga-
tion indicate that the metabolic pattern is
not identical to that observed with rat
intestinal microorganisms. Also, the Buty-
rivibrio sp. metabolized quercetin glycosides
whereas the aglycone was not degraded.
The finding cited above that rumen micro-
organisms degrade a quercetin glycoside to
phloroglucinol (233) is of interest in rela-
tionship to the fate of the A-ring. An earlier
study reported that phloroglucinol, phloro-
glucinol carboxylic acid, and 3,4-dihydroxy-
benzoic acid were formed when rats were
given quercetin (221). However, it was sug-
gested subsequently that, instead of being
metabolic products, these compounds were
artifacts arising from the chemical degrada-
tion of quercetin during sample preparation
(257). Subsequently, the latter workers found
that very small amounts of phloroglucinol
could sometimes be detected in extracts of
rat feces incubated with quercetin, especially
when shorter incubation periods were used
(106). The transient nature of this metabolite
has also been noted in experiments with
bovine rumen microorganisms (363). It is
possible that quercetin degradation can pro-
ceed along more than one pathway. One of
these would allow the A-ring to remain
intact and thus give phloroglucinol car-
boxylic acid and phloroglucinol while the
other would involve destruction of the A-
ring and result in Cs—Cz and Ca—'C;
phenolic acids. The relative significance of
these routes may be a reflection of the types
and relative numbers of microorganisms
present in the intestinal microflora. How-
ever, it may also be significant that a
dihydrochalcone derivative (see LVI) was
cleaved to p-hydroxyphenylpropionic acid
and phloroglucinol when incubated with rat
cecal microorganisms (178). On the other
hand, no process of simple fission of the
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flavonoid molecule will allow for the forma-
tion of both phloroglucinol carboxylic acid
and the Ce—C; derivative and clarification
of this subject will require further investiga-
tion.

While the metabolism of other flavonols
has been investigated, fewer reports are
available than is the case with quercetin
and its glycoside rutin. Nonetheless, experi-
ments with normal and antibiotic-treated
animals and with cultures of intestinal
microorganisms have shown much the same
pattern of metabolism with most of these
related compounds (177-179, 371). Kaemp-
ferol (3, 5, 7, 4’-tetrahydroxyflavone) and
its glycoside robinin (kaempferol 7-rham-
nosido-3-galactorhamnoside) are degraded
to the expected 4-hydroxyphenylacetic acid
when incubated with rat cecal microor-
ganisms and this phenolic acid is excreted
in the urine of rats given these flavonols
(178). Related flavonols having a 3, 5, 7-
hydroxylation pattern are myricetin (3, 5,
7, 3, 4, 5-hexahydroxyflavone) and its
3-rhamnoside, myricitrin. These compounds
are metabolized in rats and by rat cecal
microorganisms to phenylacetic acid de-
rivatives (177, 179, 371). The conversion in
rats was prevented when the animals were
treated with neomycin before and during
administration of the flavonoid. Robinetin
3,17, 3, 4, 5-pentahydroxyflavone) differs
from myricetin only in the absence of the
5-hydroxyl group and it might seem reason-
able to assume that the metabolic products
would be identical to those from the hexa-
hydroxy compound. However, in similar
experiments only unchanged robinetin is
present in the urines or incubates. These
results suggest that hydroxylation of the
A-ring at the 5-position is essential for ring
fission. Other findings have been presented
which show that the hydroxyl group at the
3, 5, and 7 positions must be free as the 3-,
5-, or 7-methyl ethers of quercetin were not
metabolized when given orally to rats (106).
Likewise, no urinary metabolites of 3, 5, 6,
7, 4 -pentamethoxyflavone (tangeretin) were
detected.
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Flavones (L) differ structurally from the
flavonols in that they lack a hydroxyl group
at the 3-position. That this deficiency is not
decisive in regard to their ability to undergo
metabolic degradation was shown in an
early study of flavonoid metabolism which
included diosmetin (5, 7, 3’-trihydroxy-4’-
methoxyflavone) and its 7-rutinoside dios-
min (36). The major urinary metabolite of
these compounds after oral dosage to rats
was m-hydroxyphenylpropionic acid and
small amounts of the related cinnamic acid,
m-coumaric acid, were also found. Thus,
ring fission takes place in the absence of a
3-hydroxyl group but the major degradative
product is a Ce—C; compound (phenyl-
propionic acid) rather than the Ce—C,
compounds (phenylacetic acids) which are
largely formed from the flavon-3-ols.

Recent reports on the metabolism of a
large number of flavones in the rat and by
intestinal microorganisms have clarified con-
siderably the structural requirements for
ring fission of these compounds (177-179,
371). Apigenin (5, 7, 4’-trihydroxyflavone)
was metabolized to p-hydroxyphenylpro-
pionic acid by rat cecal microorganisms and
the latter compound, together with its
metabolites p-hydroxycinnamic acid and p-
hydroxybenzoic acid, was also a major
urinary metabolite of the flavone in rats
(178). Similar results were obtained with
apiin (apigenin 7-apiosylglucoside). The
general pattern of degradation was not
altered as a result of increased substitution
of the B-ring as both tricetin (5, 7, 3’, 4’ 5’'-
pentahydroxyflavone) and tricin (5, 7, 4'-
trihydroxy-3’,5'-dimethoxyflavone)  were
partly converted to phenolic phenylpropionic
acid derivatives when administered orally to
rats or incubated with rat cecal micro-
organisms (179).

Experiments with 2 flavones lacking sub-
stitution in the B-ring [chrysin (5,7-di-
hydroxyflavone) and tectochrysin (5-hy-
droxy-7-methoxyflavone)] have indicated
that the intestinal microorganisms are not
capable of cleaving flavonoids of this type
(178). Acidic metabolites therefore were
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not excreted in the urines of rats given these
compounds although some hydroxylation of
the B-ring occurred in the tissues. How-
ever, the nature of the B-ring substituents
appears to be of importance and the degrada-
tion of the heterocyclic ring is impeded
when methoxyl groups and not hydroxyl
groups are present. This was shown with
acacetin, the 4’-methyl ether of apigenin,
and with the 3’,4’,5-trimethyl ether of
tricetin which underwent little or no fission
to phenylpropionic acid derivatives under
the usual in vivo or in vitro conditions (178,
179). While it has been postulated that
flavonoids lacking a free 4’-hydroxyl group
have a decreased susceptibility to ring fission
(178), the results noted above with diosmetin
and diosmin (36) indicate that extensive
degradation of a 4’-methoxyl flavonoid may
occur. However, it is also possible that the
flavonoid may initially undergo O-demethyl-
ation of this group as many methoxyl
compounds similar in structure to the B
ring of flavonoids are cleaved readily by
intestinal microorganisms (section III I 1).
Another finding dealing with the structural
requirements for ring fission points to the
necessity of a 5-hydroxyl group in flavones
as well as in flavonols as mentioned above.
When 7,4’'-dihydroxyflavone was incubated
with rat cecal microorganisms no metabo-
lites could be detected (178). Also, none of
the expected p-hydroxyphenyl acids were
excreted in the urine of rats given the
flavone orally. It has been reported pre-
viously that the unsubstituted parent com-
pound, flavone, is not degraded to ring
fission products in the rat (94).

Flavanones (LI) make up another major
type of flavonoid compound and differ
from flavones only in the lack of a double
bond at the 2,3-position. This chemical
difference has not been found to alter their
metabolic fate which is similar to that ob-
served with the flavones. Hesperetin (5,7,3’-
trihydroxy-4’-methoxyflavanone), its 7-
rhamnoglucoside (hesperidin, XXXI), erio-
dictyol (5,7,3',4'-tetrahydroxyflavanone),
and homoeriodictyol (5,7,4'-trihydroxy-3’-
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methoxyflavanone) all underwent ring fission
when given orally to rats (36). As with
flavones, the degradation led to C¢—C; phe-
nolic acids and m-hydroxyphenylpropionic
acid was the principal urinary metabolite.
Thus, dehydroxylation and/or O-demethy-
lation are also involved in the metabolism
of these flavonoids in the rat. Interest-
ingly, these reactions appear to be of little
importance in the human as oral administra-
tion of hesperetin or hesperidin led instead
to the urinary excretion of a new metabolite
which was identified as 3-hydroxy-4-
methoxyphenylhydracrylic acid (LVII) (36).
A similar study was made with naringenin
(5,7,4'-trihydroxyflavanone) and its 7-
rhamnoglucoside, naringin (37). Again, fis-
sion of the heterocyclic ring occurred and,
in rats, the principal metabolic product was
p-hydroxyphenylpropionic acid. In man,
however, oral administration of naringin
resulted only in the urinary excretion of
naringenin and its glucuronide conjugate.
Studies which show that flavanones and
their glycosides can be fully degraded to
phenylpropionic acid derivatives by rat in-
testinal microorganisms have been carried
out with hesperetin and hesperidin (347)
and with naringin (178). The intestinal
reactions are thus able to account fully for
the major urinary metabolites formed from
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these flavonoids and subsequent dehydro-
genation and B-oxidation of the phenyl-
propionic acids in the tissues give rise to
the cinnamic and benzoic acid derivatives
that are usually detected. Degradation of
naringin and hesperidin to water-soluble
phenolic products upon anaerobic incubation
with bovine rumen microorganisms has been
reported (363).

The flavanols differ structurally from the
3 previous types of flavonoids by their lack
of a keto group at the 4-position. While
metabolic investigations have been carried
out with a limited number of flavanols, the
number of studies and detail of information
on one of these (+)-catechin (3,5,7,3',4'-
pentahydroxyflavan, LVIII), are greater
than with any other flavonoid compound.

The initial metabolic studies with (+)-
catechin showed that it was converted to
several simple phenolic acids and to neutral
compounds when given to rabbits (290, 291).
The major acidic metabolites were identified
as 3-hydroxy-, 3,4-dihydroxy-, and 4-hy-
droxy-3-methoxy-benzoic acid and the 3
neutral compounds excreted were postulated
to be phenolic derivatives of phenylvalero-
lactone. A detailed investigation of the
latter compounds showed that they were
8-(3-hydroxyphenyl)-y-valerolactone (LIX,
R=OH, R'=H) 4-(3,4-dihydroxyphenyl)-
v-valerolactone (LIX, R=R’=0H), and
6 - (4 - hydroxy - 3 - methoxyphenyl) - v -
valerolactone (LIX, R=0CH,;, R'=0H)
(421-424). A subsequent study in rats estab-
lished that m-hydroxyphenylpropionic acid
was formed from (+)-catechin and, on the
basis of its excretion profile, it was sug-
gested that its formation may be due to the
action of the intestinal microflora (173).
This reaction was soon shown to take place
when the flavonoid was incubated anaero-
bically with rat intestinal microorganisms
(45) and several subsequent investigations
have confirmed these results (92, 347). It
was also found that the phenylvalerolac-
tones observed earlier as urinary metabolites
were formed in the incubates (92).

Several further investigations of the meta-



486

bolic fate of (+4)-catechin in rats (96, 97,
174), guinea pigs (95, 96), and man (93)
have been carried out which both add con-
siderably to our understanding of many of
the details involved in catechin metabolism
and substantiate the picture outlined above.
The phenylvalerolactones have been shown
to be intermediates in the formation of the

phenolic acids as §-(3-hydroxyphenyl)-v- -

valerolactone given orally to guinea pigs is
excreted in the urine partly as m-hydroxy-
phenylpropionic acid, m-hydroxybenzoic
acid, and m-hydroxyhippuric acid (95). It
seems reasonable to assume that the general
pattern of (4 )-catechin degradation is the
same in the different animal species studied
although the nature of the ultimate urinary
metabolites probably reflects differences in
the tissue metabolism of the terminal in-
testinal metabolites. Phenylpropionic acid
derivatives are major urinary metabolites in
rats and man whereas further metabolism
of these in the tissues to benzoic and hip-
puric acid derivatives is seen in rabbits and
guinea pigs. The microbial breakdown of
(+)-catechin to higher homologues of the
phenolic acids mentioned above has been
reported (349) although this reaction is
likely of limited importance when the
flavonoid is given to animals. In this case
(+)-catechin was converted to 5-(3-hy-
droxyphenyl)-valeric acid and 5-(3,4-dihy-
droxyphenyl)-valeric acid. This degradation
to Ce—Cs phenolic acids was the major
reaction detected when (+)-catechin was
incubated anaerobically with rabbit intes-
tinal microorganisms whereas only small
amounts were formed when rat cecal micro-
organisms were used.

Elucidation of the structures of the lac-
tone metabolites of (+4)-catechin has been
an important advance in our understanding
of the metabolic degradation of flavonoids.
Unfortunately, the possible significance of
related intermediates in the breakdown of
other types of flavonoids remains largely a
matter of speculation. Nonetheless, it may
be significant that one of the urinary metabo-
lites of quercetin in rats was found to be a
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lactone very similar to, but not identical
with, LIX, R=R'=0H (54). Another
finding which is of interest in this context is
that (—)-epiafzelechin (3,5,7,4/-tetrahy-
droxyflavan), the only flavan-3-ol other than
(+4)-catechin that has been studied, was
found to be metabolized to two neutral
compounds when incubated anaerobically
with rat cecal microorganisms (178). These
were not identified but they were reported
to be phenolic compounds. A third phenolic
metabolite formed under these conditions
was p-hydroxyphenylpropionic acid.

The flavylium cation (LIV) is a structure
common to flavonoids of the anthocyanin
type which are found as pigments in flowers,
fruits, and leaves. An early investigation of
the metabolic fate of the anthocyanin pig-
ment from Concord grapes showed that no
loss of color occurred as a result of incubation
with extracts of human feces (206). Cyanidin
chloride (3,5,7,3’,4'-pentahydroxyflavy-
lium chloride) was not converted to phenolic
metabolites when incubated anaerobically
with rat cecal microorganisms (347). This
finding has subsequently been confirmed
(178). Cyanidin chloride has the same hy-
droxylation pattern as (+)-catechin and
otherwise differs from the latter compound
only by the presence of the cation. It has
been postulated that this structural dif-
ference is the feature responsible for the
metabolic stability of flavylium compounds
(348). However, recent investigations (178,
179) have shown that some of these com-
pounds can be metabolized when given
orally to rats or incubated with intestinal
microorganisms. Perlargonin (3,5,7,4'-
tetrahydroxyflavylium chloride 3,5-digluco-
side) was converted to a phenolic compound
tentatively identified as p-hydroxyphenyl-
lactic acid (LX) when incubated with rat
cecal microorganisms (178). Similar experi-
ments with delphinidin (3,5,7,3’,4,5-
hexahydroxyflavylium chloride) resulted in
the formation of two unidentified metabo-
lites having, respectively, neutral and acidic
characteristics whereas malvin (3,5,7,4’-
tetrahydroxy-3’, 5’-dimethoxyflavylium
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chloride) did not undergo detectable metab-
olism (179). The acidic metabolite of del-
phinidin was also excreted in the urine of
rats given this flavonoid orally. Malvin gave
rise to three unidentified neutral metabolites
under similar conditions. Thus, it appears
that flavylium compounds may undergo
metabolic alteration although to a much
more limited extent than is the case with
related flavonoids lacking the cationic group.
Further information will be needed before
the metabolic pathways involved are clari-
fied.

The dihydrochalcones (LVI) are related
structurally to the flavanones (LI) and both
types of compounds appear to share the
same metabolic fate. This was first shown
with pholoretin (2’,4,4’,6'-tetrahydroxydi-
hydrochalcone) and its 2’-8-glucoside, phlo-
rizin, which were metabolized in rats to p-
hydroxyphenylpropionic acid, p-hydroxycin-
namic acid, and p-hydroxybenzoic acid
sulfate, the same metabolites seen after
giving naringenin and naringin, the cor-
responding flavanones (37). It was later
reported that this metabolic similarity oc-
curred when the compounds were incubated
with rat cecal microorganisms (106). Under
these conditions phlorizin was converted to
p-hydroxyphenylpropionic acid. These re-
sults have been confirmed recently (178).

The basic structure of isoflavonoid com-
pounds differs from that of the types listed
above in that the B-ring is attached to the
heterocyclic ring at the 3-position instead of
the 2-position. Four isoflavones (LV) have
been investigated in regard to their metabo-
lism in animals and by intestinal micro-
organisms. These are daidzein (7,4’-dihy-
droxyisoflavone), genistein (5,7,4’-trihy-
droxyisoflavone), formononetin (7-hydroxy-
4’-methoxyisoflavone, XXX), and biochanin
A (5,7-dihydroxy-4'-methoxyisoflavone,
XXIII). However, it must be pointed out
that the metabolic reactions so far described
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for these compounds do not always involve
fission of the heterocyclic ring; for example,
daidzein and formononetin are both con-
verted to the isoflavan equol (XXIV) when
incubated anaerobically with rat cecal micro-
organisms (178). Similar results were ob-
tained previously with sheep rumen fluid
(284). Equol is also a metabolite of genistein
(62) and of biochanin A and formononetin
(63) in the domestic fowl. However, the site
of these conversions was not determined.
On the other hand, rupture of the hetero-
cyclic ring also occurs as genistein was
metabolized readily by rat cecal micro-
organisms to p-ethylphenol (178), a urinary
metabolite of this isoflavonoid in sheep
(25). These findings suggest that hydroxyla-
tion in the 5-position of a A-ring may be as
important for the heterocyclic ring fission of
the isoflavonoids as it appears to be for the
degradation of flavones and flavonols (178).
The degradation of biochanin A by intestinal
microorganisms is poorly understood al-
though unidentified metabolites are formed
(178, 284). However, intraruminal admini-
stration of the compound to sheep results
in extensive metabolism to p-ethylphenol
(25). Fission of the heterocyclic ring prob-
ably occurs subsequent to the demethyla-
tion of biochanin A. The latter reaction is
carried out by intestinal microorganisms
with both of the aforementioned 4’-methoxy-
isoflavones and is discussed in section III
I1.

Several examples of the fission of nitrogen-
containing ring systems by intestinal micro-
organisms are known. Interesting metabolic
pathways have been demonstrated with the
food colors indigo carmine (LXI) and tartra-
zine (LXII) which are derivatives of indole-
3-one and pyrazole, respectively. Incubation
of indigo carmine with rat intestinal contents
resulted in the fading of the blue color of the
dye and the appearance of the degradation
products isatin-5-sulfonic acid (LXIII) and
5-sulfoanthranilic acid (LXIV) (249). Small
amounts of these metabolites were excreted
in the urine of rats given the dye and it was
suggested that these may partly be due to
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absorption of the degradation products from
the intestine after their formation by the
intestinal bacteria.

The metabolism of azo compounds by the
intestinal microorganisms is discussed in
section III O which underlines the impor-
tance of the reductive fission of the azo
linkage. In the case of tartrazine (LXII)
this process leads to the formation of
sulfanilic acid (LXYV) arising from cleavage
of the p-sulfophenylazo portion of the mole-
cule. However, experiments with tartrazine
labeled with S in the p-sulfophenyl moiety
of the pyrazolone ring showed that radio-
active sulfanilic acid was both excreted in
the urine after oral dosage of the dye to rats
and produced when the dye was incubated
with rat intestinal contents (325). Thus, a
further source of sulfanilic acid exists in the
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pyrazolone portion of the molecule. As the
above experiments also showed the presence
of small amounts of p-sulfophenylhydrazine
(LXVI) it was believed that the ring is
first cleaved to the hydrazine derivative and
the latter metabolite then reduced to sulfa-
nilic acid. A subsequent report (334) has
confirmed this as the substituted amino-
pyrazolone formed from the reductive fission
of the azo group of tartrazine was con-
verted to aromatic amines when given orally
to rats. Furthermore, p-sulfophenylhydra-
zine was readily metabolized to sulfanilic
acid after oral, but not intraperitoneal,
dosage. Additional evidence for the intestinal
origin of this reaction sequence was obtained
in experiments which showed that the hy-
drazine derivative was converted to sul-
fanilic acid when incubated with rat in-
testinal contents (333). Finally, the same
metabolic picture was seen when a tartra-
zine analogue containing a methyl group in
place of the carboxyl group in the pyrazolone
ring was employed.

A recent investigation has shown that the
imidazole ring of histamine is split by rumen
microorganisms and that CO, is a degrada-
tion product (367). A subsequent study
showed that this activity was also present in
the feces of half of the human subjects
studied (368).

HzN—©—503H

LXV

HyN— NH@-SO;,H

LXVI

A further example of the rupture of a
nitrogen-containing ring by intestinal bac-
teria is seen with the penicillins and related
antibiotics containing a g-lactam ring. This
topic is discussed briefly in section III C.

M. Reduction of Double Bonds

The bacterial reduction of double bonds in
foreign compounds has very largely dealt
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with various derivatives of cinnamic acid.
However, it should also be mentioned that
much work has been carried out on the
hydrogenation of unsaturated fatty acids,
especially with regard to their metabolism
in the rumen. While this area falls somewhat
outside the scope of the present view, brief
mention of some of the pertinent findings
may be worthwhile.

Mixed rumen bacteria hydrogenated lin-
oleic and oleic acids under anaerobic condi-
tions (275, 306). Of the numerous strains
investigated, only Bulyrivibrio fibrisolvens,
& COmMmON rumen microorganism, was able
to hydrogenate linoleic acid (306). A path-
way for the probable hydrogenation of lin-
oleic acid to stearic acid by rumen bacteria
has been proposed (438). Again, the ability
of pure cultures of intestinal bacteria to
hydrogenate linoleic acid was limited to a
few strains and in some cases it resulted in
incomplete hydrogenation. Further reports
have appeared on isolated strains of rumen
bacteria capable of hydrogenating fatty acids
(228, 436, 452). Hydrogenation of linoleic
and oleic acids in the rumen is not dependent
on the presence of ciliate protozoa (102). A
study on the hydrogenation of ricinoleic
acid, a constituent of castor oil, found that
it was hydrogenated to hydroxystearic acid
in both the rat and human intestine (426).
The hydrogenation was inhibited when neo-
mycin was administered orally and it was
suggested that the reaction is due to in-
testinal bacterial activity.

Metabolism studies with rats and rabbits
have shown that oral administration of
caffeic acid (3,4-dihydroxycinnamic acid,
XIX) results in the urinary excretion of
numerous metabolic products, some of which
possess a reduced side chain, i.e., derivatives
of phenylpropionic acid (35, 107, 297a, 345).
Similar findings have been made with the
closely related ferulic acid (35, 345, 407). It
was also shown that the double bond in
caffeic acid was hydrogenated upon incuba-
tion with the intestinal contents of several
animal species (44, 45). A subsequent study
of six hydroxylated cinnamic acid derivatives
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showed that reduction occurred with all of
them upon anaerobic incubation with mixed
cultures of rat cecal microorganisms (345).
Recently, the reduction of p-hydroxycin-
namic acid (p-coumaric acid) to the corre-
sponding phenylpropionic acid derivative by
the microflora has been confirmed (178).
Cinnamic acid itself was found to be re-
duced to phenylpropionic acid when incu-
bated with fecal bacteria from monkeys
(189).

Further investigations of the metabolism
of trihydric cinnamic acid derivatives includ-
ing sinapic acid (XXVII) have been carried
out (175, 176, 265, 266). Normal and anti-
biotic-treated rats as well as cultures of
mixed cecal microorganisms were used and
hydrogenation to phenylpropionic acid de-
rivatives was a major metabolic pathway.
The reduction observed was primarily a re-
sult of the metabolic activities of the in-
testinal bacteria rather than of tissue en-
zymes (266). No metabolites containing a
reduced double bond were excreted in the
urine of germ-free rats fed with diets contain-
ing caffeic acid or 4-vinylcatechol (XXIX)
(297a).

The reduction of the double bond in
cinnamic acid derivatives has also been
studied with isolated strains of intestinal
bacteria. A study of the dehydroxylation of
caffeic acid by a strain of Pseudomonas sp.
isolated from rat feces (see section III G 1)
indicated that hydrogenation also occurred
(299). A subsequent study with a number
of species of Pseudomonas showed that this
reaction took place in all cases (298). Cell-
free extracts of Ps. fluorescens were also
able to reduce caffeic acid. In an examination
of 12 microorganisms isolated from human
feces, caffeic acid was reduced to a small
extent when incubated anaerobically with a
strain of Peptostreptococcus sp. or of Cl.
perfringens (296). This finding is of interest
as, in another study with 12 strains of in-
testinal bacteria, only a strain of Clostridium
sp. and a strain of Lactobacillus sp. were
able to reduce 3-hydroxycinnamic acid to
3-hydroxyphenylpropionic acid (383). Re-
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duction of cinnamic acid and some of its
hydroxy derivatives previously has been
shown to be carried out by a member of the
genus Lactobacillus (437).

The hydrogenation of a few acrylic acid
derivatives other than the aforementioned
cinnamic acids (3-phenylacrylic acids) has
been studied. Acrylate itself was reduced by
a rumen microorganism (237) and indolyl-
acrylic acid (LXVII) was reduced to indolyl-
propionic acid when incubated with monkey
feces (189).

The reduction of the methylene group in
some pyrrolizidine alkaloids by sheep rumen
microorganisms has been reported (238).
Heliotrine (LXVIII) and lasiocarpine (XII)
are metabolized to 1-goreensine (7-a-hy-
droxy-1-methylene-8a-pyrrolizidine, LXIX)

@\—]cnscn-coon
N

which is reduced to the corresponding
1-methyl derivative (XIV).

N. Reduction of Nitro Groups

The reduction of nitro groups by the in-
testinal microorganisms was first reported
over two decades ago and thereby provides us
with one of the earliest examples in the
field of microbial metabolism of foreign
compounds (159). The then newly intro-
duced antibiotic, chloramphenicol (VIII),
was excreted to a limited extent in the urine
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of dogs and other animals, in contrast to the
situation in man where about 90% of the
dose was excreted in the urine as chloram-
phenicol and its derivatives. This difference
was due to an extensive excretion of nitro
compounds in the bile of lower animals. The
concentration of nitro compounds in the
intestinal tract of rats decreased with time
with a concomitant increase in the amounts
of aryl amines. In fact, the intestinal
metabolites consisted nearly entirely of
amino compounds after 17 hr and they were
located largely in the cecum. The finding that
incubation of the intestinal tract contents
at 38°C overnight doubled the aryl amine
content gave further support to the con-
clusion that the intestinal bacteria play an
important role in the nitro reduction of
chloramphenicol (159). In studies on the
bacterial reduction of the nitro group in
chloramphenicol, both E. coli and Pr. vulgaris
carried out the reaction (372, 373). On
further investigation of the origin and nature
of the amines produced from chloramphenicol
in the rat (157), only insignificant quantities
of these metabolites were produced in iso-
Jated jejunal loops whereas large amounts
were formed in similar preparations of the
large intestine and cecum. Chloramphenicol
glucuronide, a major biliary metabolite of
chloramphenicol, was hydrolyzed and re-
duced to aromatic amines at the same sites
and also by suspensions of E. colz and human
feces. The reduction of chloramphenicol by
cell-free extracts of E. coli has been studied
(340-342) and the described properties are
different than those subsequently found for
the system in rabbit liver and kidney which
reduces nitro groups of organic nitro com-
pounds including chloramphenicol (145).
Another early report which clearly demon-
strated the possible significance of the in-
testinal microorganisms in the reduction of
nitro compounds dealt with the metabolism
of 2,3,4,5- and 2,3,5,6-tetrachloronitro-
benzene in the rabbit (52). These compounds
have very low water solubility and are only
partially absorbed from the intestine. It was
pointed out that nearly all of the reduction
observed with such nitro compounds may
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result from bacterial reduction in the in-
testine prior to absorption. The distribu-
tion and metabolism of the closely related
pentachloronitrobenzene given chronically
to dogs and rats have been studied recently
(234) and the results obtained give a
similar picture for this compound. Con-
versely, readily absorbed nitro compounds
can largely avoid this fate and only a small
amount of reduction may occur with these
compounds. Examples of the latter type
are seen with the nitrobenzoic acids and
their amides which undergo a moderate
degree of reduction to amino compounds in
rabbits (53). As noted previously with chlor-
amphenicol, however, biliary excretion of
well absorbed nitro compounds can greatly
alter this situation.

The finding that rabbit intestinal con-
tents reduced the tetrachloronitrobenzenes
prompted an investigation of this reaction
with numerous other aromatic nitro com-
pounds (52). Nitrobenzene, m-nitrophenol,
0-, m-, and p-nitrobenzoic acids and their
amides were reduced extensively whereas
p-nitrophenol and o- and p-nitrotoluenes
were reduced slowly.

A study of the metabolism of the herbicide
trifluralin (XXXVI) in rats and dogs showed
that the compound was excreted to a large
extent in the feces, also as amino products
(130). On the basis of these results it was
suggested that reduction of trifluralin oc-
curred in the intestine (348). A subsequent
investigation with microorganisms from ru-
men fluid has supported this view as the
main route of metabolism was found to
proceed via reduction of the nitro groups
(161). These metabolites formed in the
incubates with rumen fluid are the ultimate
degradation products of trifluralin in the
ruminant and two characterized strains of
rumen bacteria recently have been shown to
carry out these reactions (442). Another
example of nitro reduction by rumen or-
ganisms is seen with parathion (LXX) which
is reduced to the corresponding amino com-
pound when incubated with bovine rumen
fluid (77). This finding was suggested to
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explain the relative lack of toxicity of this
pesticide when it is given orally to cows.

Studies of nitro reduction with isolated
strains of intestinal bacteria have been noted
above with chloramphenicol and trifluralin.
In addition, 4-nitroquinoline 1-oxide (LXXT)
has been incubated with several microor-
ganisms including E. coli which reduced the
compound to 4-aminoquinoline l-oxide via
the corresponding hydroxylamino interme-
diate (288). The reduction of 4-nitrobenzoic
acid via the hydroxylamino intermediate to
4-aminobenzoic acid by isolated strains of
rat intestinal bacteria and other representa-
tives of the intestinal flora recently has
been shown to be carried out by Str. faecalis,
E. coli, Pr. vulgaris, A. aerogenes, and strains
of Lactobacillus, Bacillus, Clostridium, and
Bacteroides (383).

Oral administration of 4-nitrophenylar-
sonic acid (LXXII) to chickens was shown
to lead to the excretion of about 20 % of the
dose as the corresponding amino compound
(arsanilic acid, LXXIII) in 3 days (273).
This reduction occurred mainly in the crop
and was of microbiological origin. Similar
results were obtained with the related 4-hy-
droxy-3-nitrophenylarsonic acid (274).
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0. Reduction of Azo Groups OH Q
Azo compounds provide several of the "2""‘5‘32‘<:_>’N=NNH-c ~CHs
most commonly used synthetic coloring
agents in food and beverages and knowledge Na03S SO3Na
of their metabolic fate is therefore desirable. LXXIV

However, interest in this area remained
low until about 10 years ago. Since then
numerous investigations have been carried
out, both with respect to the metabolism in
the tissues and in the gastrointestinal tract
(414). In fact, development within the latter
area has been such that our knowledge of
the metabolism of azo compounds by the
intestinal bacteria is now more extensive
than that with any other group of foreign
organic compounds.

While most of these investigations are of
fairly recent data, a few scattered reports
dealing with the metabolism of azo com-
pounds by various microorganisms appeared
30 to 35 years ago (414). In one of these early
studies which is pertinent to the present dis-
cussion, prontosil soluble (neoprontosil,
LXXIV) was both decolorized and con-
verted to sulfanilamide to varying extents
when incubated with various microorganisms
including some intestinal inhabitants (389).
An advance in our understanding of the
metabolic fate of azo compounds resulted
from the brief report which appeared in 1953
stating that sodium 4-p-sulfophenylazo-1-
naphthol (LXXYV) was converted rapidly to
unidentified degradation products when in-
cubated with dog intestinal contents (413).

The fairly non-specific nature of the bac-
terial reduction of azo dyes was shown clearly
with numerous compounds containing one
or more azo linkages (110). This study em-
ployed 21 bacterial species including some
representatives of the intestinal microflora.
However, the investigation which appears to
have had the greatest influence on the sub-
sequent development in this area appeared
in 1962 and dealt with the metabolism of
some commonly used, water-soluble azo dyes
(312). The three compounds studied were
amaranth (LXXVI), ponceau SX (LXXVII),
and sunset yellow (LXXVIII); most of the
reduction of the azo linkage was carried out
by intestinal bacteria whereas reduction in

HO Q N=N©so3ua

LXXV

the liver was relatively unimportant. Fur-
thermore, the sulfonated amino compounds
formed from the reductive fission of the
azo dyes were excreted in the urine after
their absorption from the intestine. For
example, 1-amino-4-naphthalene sulfonic
acid (LXXIX) and 1-amino-2-hydroxy-3,6-
naphthalene disulfonic acid (LXXX) were
urinary metabolites of orally administered
amaranth,
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The finding that oral administration of
azo dyes results in the urinary excretion of
the component amines was also reported in a
study of the metabolism of 11 azo food
colors (88). Similar results were obtained in
a number of subsequent investigations with
water-soluble dyes including tartrazine
(LXII) (216, 435), acid yellow (LXXXI)
(353), and brown FK, a dye consisting of a
mixture of p-sulfophenylazo derivatives of
2,4-diaminotoluene and 1,3-diaminobenzene
(142). In contrast, intraperitoneal adminis-
tration of the dyes resulted in no or relatively
little fission of the azo linkage. For example,
no fission products of tartrazine (216) or
acid yellow (353) were detected in the
urine after intraperitoneal injection of the
dyes. Similar results have also been re-
ported with the 4- and 5-sulfonated deriva-
tives of 2-phenylazo-1-naphthol (23). On
the other hand, in studies with brown FK
(142) given by injection, fission products
may be found in the urine but this prob-
ably stems from the intestinal metabolism
of the dye and metabolites after their biliary
excretion. In this regard it should be noted
that the biliary excretion of azo compounds
as well as of their hydroxylated derivatives
and conjugates can be an important feature
in the metabolic fate of these dyes (see 414).
Nonetheless, reductive fission of the azo
linkage by the body tissues may sometimes
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be encountered and prontosil (LXXXII),
a lipid-soluble azo compound, and prontosil
soluble (LXXIV) have been shown recently
to be converted to sulfanilamide partly in
the tissues and partly in the intestine as a
result of bacterial metabolism (154). How-
ever, most of the reduction of prontosil
soluble was found to occur in the intestine.
Further indirect evidence showing the sig-
nificance of the intestinal reduction was ob-
tained from animals treated with antibiotics
to suppress the intestinal microorganisms.
The urinary excretion of sulfanilamide in
these animals was greatly reduced. A recent
report has stated that the total urinary sul-
fanilamide excretion in rats given 5 mg of
prontosil intravenously was only about 10 %
of that found after intracecal administra-
tion (152).

The above results obtained from animal
studies clearly demonstrate the important
role played by intestinal bacteria in the
metabolism of azo compounds. This fact has
been amply corroborated in numerous meta-
bolic studies with mixed cultures or par-
ticular strains of intestinal bacteria. Acid
yellow (LXXXI) undergoes reduction to
to its component amines when incubated
with extracts of rat feces or with a strain
of Str. faecalis isolated from rat feces (347,
353). A subsequent study showed that this
azo dye was reduced by 7 of 12 strains of
intestinal bacteria belonging to 9 different
genera (383). Reduction was extensive with
Str. faecalis, moderate with Lactobacillus and
Bacteroides, and minor with Pseudomonas
aeruginosa, Pr. vulgaris, A. aerogenes and a
strain of Clostridium. Tartrazine (LXII),
the widely used yellow food color, has been
studied extensively in regard to its reduc-
tion by intestinal bacteria. The reaction was
carried out by suspensions of rat intestinal
bacteria (327) and by Pr. vulgaris isolated
from rat intestine (326, 328). Further ex-
amples of the reduction of water soluble
azo compounds by mixed cultures of rat
intestinal bacteria are seen with brown FK
(142), with prontosil soluble (153, 154, 327),
and with several other dyes belonging to the
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aminoazobenzene, azopyrazolone, and azo-
naphthol groups (327).

The role of the intestinal bacteria in the
metabolism of lipid soluble azo compounds
has also been investigated. While some con-
flicting results have been obtained, it is
now evident that bacterial reduction of
these dyes may be an important feature of
their metabolism. Biliary excretion of this
type of azo compound must be considered
and the statement has been made that fat
soluble dyes are reduced only if they are
absorbed and excreted in the bile as water
soluble conjugates (331). Evidence for this
was obtained in experiments which showed
that while conjugated metabolites of some
4-dimethylaminoazobenzene derivatives were
reduced readily upon incubation with Pr.
vulgaris or rat intestinal contents, this reac-
tion was not observed in similar experiments
with the dyes themselves. Nonetheless,
several investigations have demonstrated
the reduction of lipid soluble azo dyes by
the intestinal microflora. One of the com-
pounds studied was 4-dimethylaminoazoben-
zene (butter yellow, LXXXIII); the specific
reductase activity in cecal contents of rats
was considerably higher than that in liver
(441). 1-Phenylazo-2-napththol (LXXXIV)
was reduced when incubated with rat
intestinal contents and with strains of
E. coli, A. aerogenes, and Proteus sp. (68).
Similar results have been obtained with
methyl red (LXXXYV) when incubated with
rat cecal contents (347) and with all of the
strains tested among 9 genera of common
intestinal bacteria (383). Thus it seems likely
that many lipid soluble azo dyes themselves
may undergo reduction if, due to insufficient
absorption after oral administration, they
reach the appropriate part of the intestinal
tract. In addition, water soluble conjugates
of the dyes usually undergo biliary excre-
tion and these metabolites then may be
reduced by bacterial enzymes. However,
quite different results may also be obtained
as shown by the findings with bisazo dyes
including sudan IIT (LXXXYVI), This com-
pound undergoes negligible biliary excretion
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and appears to be reduced in the body but
not by the intestinal bacteria (331, 332).
Arecent example of the intestinal reduction
of a non-sulfonated azo compound is seen
with salicylazosulfapyridine (LXXXVII).
None of the drug was detected in the
urine, feces, or cecal contents of conven-
tional rats after oral administration (297).
Instead, the excreta contained large amounts
of metabolites resulting from the reductive
fission of the azo bond. However, the un-
changed compound was detected readily in
the feces of rats treated with neomycin or
of germ-free rats and in the latter case none
of the metabolites found in the excreta of
conventional rats was detected. Infection of
germ-free rats with four typical intestinal
bacteria resulted in the same pattern of
metabolism of salicylazosulfapyridine as
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found in conventional rats. These bacteria
also carried out the azo reduction of the
compound #n wvitro, as did 12 strains of
typical human gastrointestinal bacteria. The
fate of salicylazosulfapyridine in man has
also been investigated and it was found that
azo reduction by the intestinal bacteria was
the most significant metabolic reaction which
occurred (297b, 358).

From the evidence showing that azo
reductase activity is present in many gastro-
intestinal microorganisms, it appears that
this is a fairly general reaction rather than
one carried out by merely one or a few of
the intestinal inhabitants. Sir. faecalis
showed high reductase activity (383) but,
on the other hand, other bacteria such as
Bacteroides which are present in far greater
numbers may make a greater contribution
to the reduction of azo compounds in the
intestine in spite of their having what ap-
pears to be lower levels of azo reductase
activity (383). In experiments with whole
cells the permeability of the bacterial cell
wall may influence the rate of azo reduction.
Tartrazine reduction was lower in fresh than
in aged cultures of Pr. vulgaris (328) and
the different rates of azo dye reduction by
Str. faecalis and E. coli are due largely to
differences in cell permeability (276).

The widespread occurrence of azo reduct-
ase activity is partly responsible for the fact
that studies on the reaction mechanisms
involved are more numerous here than they
are with any other reaction carried out by
the intestinal bacteria with foreign com-
pounds. Cell-free preparations of Pr. vulgaris
isolated from rat intestine have been shown
to reduce tartrazine through the action of a
soluble reduced nicotinamide adenine di-
nucleotide phosphate (NADPH)-dependent
flavoprotein (328). Similar experiments with
acid yellow and cell-free extracts of Str.
faecalis showed extensive reduction of the
dye when NADPH- or NADH-generating
systems were present (355). NADH was the
more effective electron donor in these ex-
periments. Addition of flavins to the in-
cubates was found to result in marked stimu-
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lation of the reductase activity, both with
tartrazine and acid yellow. The results of a
comprehensive investigation of the mech-
anisms of azo reduction have appeared re-
cently (155, 416, 417). Cell-free extracts of
numerous bacteria were tested and those
from Str. faecalis, which showed the highest
specific azo reductase activity, were chosen
for the study. Red 2 G, a sulfonated phenyl-
azonaphthol, was used as the substrate and
both reduced nicotinomide dinucleotide
(NADH) and NADPH were active as elec-
tron donors. As found previously (355), the
activity with this enzyme system was en-
hanced by additions of riboflavin, flavin
mononucleotide (FMN) or flavin adenine
dinucleotide (FAD). It was concluded that
the reduction of azo dyes under anaerobic
conditions results from their participation
as electron acceptors from flavins which act
as electron shuttles between the dyes and
NADH-linked flavoproteins which normally
are involved in cellular electron transport
(155). The actual reduction of the dyes by
the reduced flavin is probably non-enzymic
and this correlated well with the wide sub-
strate specificity and extensive distribution
of the azo reductase systems. A recent report
has indicated that this azo reductase system
from Str. faecalis can reduce p-nitrobenzoic
acid to p-hydroxylaminobenzoic acid but
not further to p-aminobenzoic acid (151a).
Furthermore, the system is not capable of
reducing the double bond in cinnamic acids
or the aldehyde group in benzaldehyde
derivatives (see sections III M and P).
The influence of structural factors on the
rates of reduction of azo compounds by the
intestinal microflora has also been inves-
tigated (419). The compounds studied were
derivatives of 2-phenylazo-8-amino-1-naph-
thol-3,6-disulfonic acid (Red 2 G, Red 10 B
and their analogues) and it was found that
the electron density in the region of the
azo group was the main factor in determin-
ing the reduction rate although stabiliza-
tion through hydrogen bonding could also
be involved.
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P. Reduction of Aldehydes

The metabolism of a series of benzalde-
hyde derivatives by rat cecal microorganisms
has been investigated (351) and the major
reaction was the reduction to the correspond-
ing benzyl alcohols.

Q. Reduction of Ketones

The metabolism of ketones to carbinols
by animal tissues is a well known reaction
but only a few examples of this reduction by
intestinal microorganisms have been re-
ported. Appreciable reduction to 17 8-estra-
diol occurred when estrone was incubated
with human feces (394) and the 3-keto
group in bile acids was reduced to the 3 8-hy-
droxyl group when incubated anaerobically
with mixed fecal microorganisms (182).
Little is known regarding the intestinal
metabolism of non-steroidal ketones although
some preliminary results suggest that ace-
tovanillone (LXXXVIII) and zingerone
(LXXXIX) are not reduced to the corre-
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sponding carbinols when incubated anaerob-
ically with mixed cultures of rat cecal micro-
organisms (352).

Reduction of the a-keto acid, 4-hydroxy-
phenylpyruvic acid (XXVI), to phloretic
acid (4-hydroxyphenylpropionic acid) was
detected when the compound was incubated
anaerobically with rat cecal microorganisms
(15). Another example of the complete re-
duction of a ketone group has been found
with daidzein (7,4’-dihydroxyisoflavone, see
LV) which was converted to equol (XXIV)
when incubated with microorganisms from
sheep rumen fluid (284) or rat cecal con-
tents (178).

R. Reduction of Alcohols

Investigation of the reduction by rat
cecal microorganisms of some substituted
benzaldehyde derivatives showed that the
expected benzyl alcohols (see section III
P) were absent or present only in small
amounts when the compounds contained a
p-hydroxyl group (351). This was found to
be due to a further reduction of the benzyl
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alcohols to toluene derivatives. Thus, p-hy-
droxybenzaldehyde and p-hydroxybenzyl al-
cohol were both reduced to p-cresol whereas
vanillin (LXL) and vanillyl aleohol (LXLI)
were metabolized partly to 4-methylguaia-
col (LXLII) and its demethylation product
4-methylcatechol (XXVIII). This reaction
has significance in regard to the metabolic
fate of vanillin (LXL) and vanillyl alecohol
(LXLI) when administered to rats as small
quantities of both LXLII and XXVIII
were excreted in conjugated form in the
urine (356).

S. Reduction of N-oxides

The metabolism of 4-nitroquinoline 1-ox-
ide (LXXI) by several microorganisms has
been investigated (288); reduction to 4-
aminoquinoline occurred with several of
these including E. colt and Ps. aeruginosa.
The ability of the microorganisms from
sheep rumen liquor to reduce N-oxides also
has been demonstrated as heliotrine-N-oxide
(LXLIII) was converted to heliotrine when
incubated under anaerobic conditions (109).

An investigation of the metabolism of
(—)-nicotine-1’-N-oxide in man showed that
intravenous administration led to the quan-
titative excretion of the compound in the
urine (26). However, considerable amounts
of nicotine and cotinine were excreted also
when the N-oxide was given orally or rectally.
It was concluded that these differences can
be explained by reduction by intestinal
microorganisms of some of the N-oxide to
nicotine which is then absorbed and partly
metabolized in the liver to cotinine. A sub-
sequent investigation has demonstrated that
the N-oxide is reduced when incubated
anaerobically with suspensions of rat in-
testinal contents (86).

T. Reduction of Arsonic Acids

Several organic arsenicals are employed to
promote growth and control disease in poul-
try. One such compound, 4-nitrophenyl-
arsonic acid (LXXII) is reduced to the cor-
responding arsenoxide (LXLIV) when in-
cubated anaerobically with hen feces (273).
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Furthermore, the aromatic nitro group was
reduced so that both arsanilic acid (4-amino-
phenylarsonic acid, LXXIII) and 4-amino-
arsenoxide (LXLV) were detected in these
incubates. Reduction of the arsonic acid
group also occurred subsequent to the re-
duction of the nitro group as 4-amino-
phenylarsonic acid (LXXIII) was reduced to
4-aminoarsenoxide (LXLV) under the same
conditions.

In addition to the above experiments in
vitro, the metabolism of 4-nitrophenylarsonic
acid (LXXII) labeled with “C after oral ad-
ministration to hens was studied also (273).
While no arsenoxides were found in the
water-soluble fraction of the excreta, both
4-nitroarsenoxide (LXLIV) and 4-amino-
arsenoxide (LXLV) were present in the
residual fraction which contained roughly
10 % of the radioactivity excreted during the
experimental period. The results from vari-
ous extraction procedures suggested that the
14C and the arsenic were attached partly as
arsenoxides through sulfhydryl groups in
the fecal residue. Thus, the reduction of
arsonic acids to arsenoxides which occurs
in incubates with hen feces appears also
to take place in the intestinal tract of hens
given the compound orally.

U. Aromatization

Some non-aromatic cyclic compounds in-
cluding quinic acid (1,3,4,5-tetrahydroxy-
cyclohexanecarboxylic acid, LXLVI), a
common plant constituent occurring in fruits,
vegetables, coffee, and tea, are metabolized
to aromatic substances when ingested by
animals. The aromatization of quinic acid
to benzoic acid, which is excreted in the
urine as hippuric acid, occurs to an appre-
ciable extent in man (3, 27, 30, 78, 310),
guinea pigs (30, 78), and some species of
monkeys (3). However, intraspecies dif-
ferences have been reported as a recent
study found that oral administration of
quinic acid to guinea pigs did not give rise to
aromatization (3). The latter investigation
demonstrated that there are appreciable
interspecies variations with man and Old
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World monkeys showing extensive aroma-
tization whereas New World monkeys and
numerous lower animals including the com-
mon laboratory species showed little or no
conversion. In the case of rats values of
about 2 and 5 % for two experimental groups
were noted and the former figure is fairly
close to the value reported earlier for this
species (27). In a recent extensive study (32
rats) with a roughly similar oral dose (100
mg/animal), 12% of the dose of quinic acid
was excreted in the urine as hippuric acid
(213).

The above results refer to data obtained
after oral administration of quinic acid and
several investigations have shown clearly
that the route of administration is critical
in regard to the degree of conversion. Thus,
no aromatization of quinic acid was observed
when it was given by injection to guinea
pigs (27, 78). Similar results have been re-
ported in rats (405). The differences in
aromatization after different routes of ad-
ministration together with the report that
some strains of A. aerogenes could aromatize
quinic acid (99) suggested that the intestinal
bacteria might be responsible for the reac-
tion (78). This hypothesis was supported by
the finding that inhibition of the intestinal
microorganisms with neomycin prevented
the conversion of quinic acid to hippuric acid
in man (78). This finding was later con-
firmed with rats (11). In the latter study an
even greater increase in hippuric acid out-
put occurred when shikimic acid (3,4,5-
trihydroxy-1-cyclohexene-1-carboxylic acid,
LXLVII) was given; this conversion was
prevented also by neomycin treatment.

Hippuric acid formation is not the sole
pathway in aromatization of quinic acid and
shikimic acid as their oral administration to
rats increases the excretion of urinary cate-
chol (43). In addition, vanillic acid was also
excreted. The extent of conversion of quinic
acid to catechol in rats recently has been
found to amount to about 1 % of an oral dose
of 100 mg/animal (213). It therefore seems
unlikely that an extensive utilization of this
pathway leading to catechol can explain the
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low values for conversion to benzoic and
hippuric acids observed in some species.
However, further pathways seem to be in-
volved as 20 to 50% of the “C-quinic acid
given orally was found to be converted to
CO; (3).

Several studies of the site of catechol
formation have shown that this metabolite
is produced also from quinic and shikimic
acids by intestinal microorganisms (45, 347).
The microorganisms responsible have not
been identified but quinic acid is known to
be converted to 3,4-dihydroxybenzoic acid
(protocatechuic acid) by strains of Pseu-
domonas, including some isolated from
chicken droppings (392). The latter finding
may be relevant in view of the fact that
protocatechuic acid is detected sometimes
when shikimic acid is incubated with rat
cecal microorganisms (347). The further
decarboxylation of protocatechuic acid to
catechol has been well documented (see
section III H). It has been suggested that
these polyhydroxy compounds can be con-
verted by intestinal bacteria to protocat-
echuic acid which can be partly absorbed
and methylated to vanillic acid and partly
decarboxylated in the intestine to catechol
(343).

Studies on the aromatization of steroids by
intestinal bacteria have shown that strains
of Clostridium paraputrificum and E. cols
can carry out this dehydrogenation reaction
(7, 160, 160a).

V. Nitrosamine Formation

Nitrosamines are a group of N-nitroso
compounds having powerful biological prop-
erties. Considerable interest has been shown
in such compounds because of their actions,
of which carcinogenic, mutagenic, and tera-
togenic effects are the most striking manifes-
tations. A recent review of the toxicity of
nitrosamines dealt with the biological ac-
tions of nitroso compounds, their possible
occurrence in food and their formation in the
stomach (254). The latter point has gen-
erated considerable interest and it is now well
documented that secondary amines and
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nitrites react to form nitrosamines under
acid conditions such as those found in the
mammalian stomach;

A development of great interest in regard
to the present review was the report that
several species of nitrate-reducing entero-
bacteria formed nitrosamines when incu-
bated with nitrate and secondary amines
(335). Aryl amines were much better sub-
strates for the reaction than were aliphatic
amines. However, nitrosamines formed from
secondary aliphatic amines are known to be
potent carcinogens and the bacterial forma-
tion of dimethylnitrosamine therefore has
been investigated (229). This compound was
formed when dimethylamine and sodium
nitrite were incubated anaerobically at neu-
tral pH with rat cecal microorganisms. It
should be noted that nitrite may be made
available in the gastrointestinal tract from
nitrate, a reduction which may be carried
out by bacteria in the human stomach
(336), by rat cecal microorganisms (229),
and by isolated strains of human intestinal
bacteria (193). Dimethylamine is known to
be a constituent of some foods, especially
fish products and therefore may be ingested
along with these. Moreover, its formation
was dependent upon the bacterial metabolism
of dietary choline in the intestine, although
the major portion of urinary dimethylamine
arises from endogenous sources (12). The
metabolic pathway proposed for choline
initially involves formation of trimethyl-
amine by the intestinal microflora followed
by demethylation in the tissues to give
dimethylamine. This scheme adequately ex-
plains the failure of choline and nitrite to
form dimethylnitrosamine under incubation
conditions with rat cecal bacteria which
result in the formation of this metabolite
from dimethylamine and nitrite (229).

Another recent investigation has dealt
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with the formation of nitrosamines by strains
of bacteria isolated from the human intestinal
tract (193). Many strains of E. colz, entero-
cocel, clostridia, bacteroides, and bifido-
bacteria were tested for their ability to
nitrosate diphenylamine when incubated in
the presence of nitrate or nitrite. Diphenyl-
nitrosamine formation was detected with
some (1040%) of the strains of all the
genera tested. In more extensive studies with
E. colt many of these strains also nitrosated
aliphatic and heterocyclic secondary amines.

W. Acetylation

Histamine was converted partly to N-
acetylhistamine when incubated with human
fecal suspensions (365). Other observations
from patients who received chemotherapeutic
agents have suggested that histamine acety-
lation is carried out largely by the intestinal
microorganisms rather than by the liver
(300). However, the possible significance of
the acetylation reaction in the intestinal
metabolism of xenobiotic compounds is not
known. In a study of the metabolism of
sulfanilic acid and p-phenylenediamine sul-
fonic acid in rats, increased amounts of
these compounds were found in fecal samples
after hydrolysis (353). The bound forms were
assumed to be acetylated derivatives and
it was suggested that these were formed in
the gastrointestinal tract. However, later
experiments in which sulfanilic acid was
incubated anaerobically with rat cecal con-
tents were unable to demonstrate any acet-
ylation (352). It has been stated that acetyla-
tion of aromatic amines by the intestinal
microflora has not been detected (260).

X. Esterification

The information given in section III D
indicates that many esters may be hydrolyzed
by intestinal bacteria. Thus, the formation
of such compounds seems unlikely to be a
reaction which would be expected to be
observed readily. The sterol esters found in
human feces were identified as the linoleate,
palmitate, and stearate esters of coprostanol
(322) and subsequent reportsshowed that the
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esterification could be carried out by fecal
bacteria (323, 324). Anaerobic incubation of
propyl gallate with mixed cultures of rat
cecal bacteria resulted in the formation of
methyl gallate, presumably after initial hy-
drolysis to gallic acid (415).

Y. Other Reactions

The fission of the heterocyclic ring of
tartrazine (LXII) by intestinal bacteria has
been discussed above (section III L). These
results also have shown that a hydrazine
derivative (LXVI) can be cleaved to the
corresponding amino compound (LXYV) by
intestinal microorganisms (333).

Isomerization by intestinal bacteria has
been reported with a-linoleic acid (cis-cis-
cis-octadeca-9,12,15-trienoic acid) which
was converted to the cis-trans-cis isomer by
rumen microorganisms (227).

Various aspects of the metabolism of
some pyrrolizidine alkaloids by intestinal
bacteria have been mentioned in sections
III D, M, and S. In addition, some of these
compounds undergo reductive cleavage of
the ester linkage when incubated with rumen
microorganisms. This was shown with helio-
trine (LXVIII) and lasiocarpine (XII) which
were reduced to 7a-hydroxy-l-methylene-8a-
pyrrolizidine (LXIX) and 7a«-angeloxy-l-
methylene-8a-pyrrolizidine (XIII), respec-
tively (109, 238). This reductive fission of
heliotrine has also been demonstrated in an-
aerobic incubates with a small Gram-nega-
tive coccus isolated from sheep rumen con-
tents (329).

Examples of the oxidative metabolism of
xenobiotic compounds by the intestinal
microflora are not numerous. The metabolism
of chloramphenicol (VIII) has been discussed
in the sections covering amide hydrolysis
(I1I C) and nitro reduction (III N). In addi-
tion, this antibiotic compound undergoes
extensive degradation when incubated with
several species of bacteria including E. colz
and Pr. vulgaris (373). The further metabolic
reactions found include oxidation of a side
chain hydroxyl group to a ketone group as
well as fission of a carbon-carbon bond.
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However, these incubations were carried out
under aerobic conditions and are likely to be
fairly unrepresentative of the situation exist-
ing in the intestinal lumen. The bacterial
metabolism of the food color indigo carmine
(LXI) has been discussed in section III L
and the metabolites formed, isatin-5-sulfonic
acid (LXIII) and 5-sulfoanthranilic acid
(LXIV), are oxidative products (249). A
recent study of the metabolism of a series of
benzaldehyde derivatives by rat cecal micro-
organisms showed that, in addition to the
major reductive pathway (section III P),
these compounds were also oxidized to the
corresponding benzoic acids (351).

Diquat (LXLVIII) and paraquat (LXIL-
IX) are herbicides of the bipyridylium type.
Their metabolism in rats has been studied
and it was found that they were poorly ab-
sorbed from the intestine (89). However,
about 70% of the diquat and 30% of the
paraquat given orally were found in the
feces as metabolic products. These products
appear to be capable of absorption from the
intestine as small amounts of metabolites
not identical with the original compounds
were detected in the urine. As incubation
of diquat and paraquat with a rat fecal
homogenate resulted in extensive degrada-
tion of the compounds it was concluded that
the intestinal metabolites were the result
of microbiological degradation.

The metabolism of tyrosine by decarbox-
ylation and deamination has been men-
tioned in sections ITI H and K, respectively.
It was also pointed out that this amino
acid is further degraded by intestinal micro-
organisms. Incubation with rat cecal micro-
organisms resulted in the formation of p-hy-
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droxyphenylacetic acid, p-hydroxyphenyl-
propionic acid, p-cresol, and phenol (15).
The conversion of tyrosine to simple phenols
also has been demonstrated in rats fed a
diet containing 10% tyrosine (14). The
major urinary volatile phenol in these ex-
periments was p-cresol and the daily outputs
of this metabolite were increased more than
100-fold over the values from rats receiving
a similar diet lacking tyrosine.

Studies with germ-free rats have shown
that the degradation of choline to trimethyl-
amine is carried out solely by the intestinal
microorganisms (308). This conversion was
depressed in rats when coprophagy was
prevented or when several antibiotics which
affect intestinal bacteria were administered
(236). The urinary excretion of dimethyl-
amine after choline or lecithin ingestion
results partly from the bacterial degradation
of these compounds in the intestine (12). This
is presumably dependent upon an initial con-
version to trimethylamine.

4C.Hydroxyethyl starch is degraded partly
to CO; when given orally but not intra-
peritoneally to rats (330). As biliary excre-
tion of radioactivity is minimal it was con-
cluded that the reaction was mediated by
the intestinal microorganisms. However, it
was not determined whether complete de-
gradation to CO. occurred in the intestine
or whether the bacteria formed an inter-
mediate which was then absorbed and oxi-
dized in the tissues.

The hydration of oleic acid to hydroxy-
stearic acid is carried out by aerobic and
anaerobic intestinal bacteria (408). The re-
action was observed with clostridia and Str.
faecalis and was increased greatly when the
bacteria were preincubated with oleic acid.

IV. Factors Affecting the Gastro-
intestinal Metabolism of
Foreign Compounds

A. Species Variations

The list of examples of compounds which
undergo qualitative or quantitative differ-
ences in metabolism by the gastrointestinal
microorganisms in different animal species
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has been growing quite rapidly. Most of
these studies merely illustrate these differ-
ences without attempting to correlate them
with variations in the microbial populations
among the various animal species. However,
future work will have to place increased
emphasis on this latter aspect as has been
done recently in the case of glycoside hy-
drolysis (192) and cyclamate metabolism
(120, 121). In the former investigation
numerous strains of six groups of bacteria
(E. coli, enterococci, lactobacilli, clostridia,
bacteroides, and bifidobacteria) were assayed
for their production of various glycosidases
including B-glucuronidase. A major finding
was that levels of the latter enzyme in the
small intestine were much lower in man,
rabbits, and guinea pigs than in rats or mice.
These results are described in greater detail
in sections IIT A 1 and A 2. A microbiological
study of the bacteria responsible for hy-
drolyzing cyclamate to cyclohexylamine
showed that enterococci were responsible in
man whereas clostridia and enterobacteria
were implicated in rats and rabbits, respec-
tively (120, 121).

The 8-methyl ether of xanthurenic acid
(XX1I) is known to be metabolized by the
gastrointestinal microorganisms of rabbits
by both O-demethylation and dehydroxyla-
tion (252). The former reaction was found to
account for about 20 % of the dose whereas
values from about 2 to 9% were found for
the dehydroxylation reaction. These reac-
tions were also observed in mice when the
compound was given at the same dose; how-
ever they accounted for less than 1% of the
amount given as over 99 % was excreted un-
changed (251). Studies on the metabolism of
homoprotocatechuic acid in rats and rabbits
have shown that dehydroxylation by in-
testinal microorganisms occurs with part of
the orally administered dose (82). The per-
centage dehydroxylated in rabbits was about
twice that observed in rats when the same
dose level was employed.

The aromatization of quinic acid
(LXLVI) is carried out by intestinal micro-
organisms and, as mentioned briefly in
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section III U, appreciable differences in this
ability have been observed among different
animal species and also among various groups
of a single species. The most comprehensive
study of these species variations showed that
extensive aromatization of quinic acid oc-
curred in man and Old World monkeys
whereas New World monkeys and many
species of lower animals showed little or no
conversion (3). Lack of conversion was noted
in guinea pigs. However, a previous investi-
gation with this species reported that 30 %
of an ingested dose was excreted in the urine
as hippuric acid (78). Variations in the values
of conversion to hippuric acid ranging from
about 2 to 12% have been obtained from
different groups of rats (3, 27, 213). Thus,
variations in the ability of the gastroin-
testinal microorganisms to aromatize quinic
acid appear to follow more subtle influences
than those which can be related solely to the
species of the animal in question. A further
example of this situation is seen with
coumarin (XLVII) which is metabolized
in rats partly to melilotic acid (XLIX) as a
result of ring scission (38, 346). This reaction
appeared to result from the metabolic activi-
ties of the gastrointestinal microflora (346),
an assumption which was confirmed subse-
quently with a coumarin derivative given to
germ-free rats (212). However, earlier studies
with another population of rats found no
scission of coumarin to melilotic acid (217,
262).

The metabolism of flavonoid compounds
by the gastrointestinal microflora has been
discussed in section ITT where it was shown
that numerous reactions including glycoside
hydrolysis and heterocyclic ring fission are
carried out. While most of the studies have
dealt with the reactions carried out by the
microflora of laboratory animals, a few
studies in man have shown that the same
metabolic products can be formed. This has
been shown with the flavonol quercetin (41)
and with the flavanol (4 )-catechin (LVIII)
(93). However, other reports have demon-
strated a marked difference in the metab-
olism of some flavonoids in man compared
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with that observed in rats and rabbits. The
flavanones hesperetin and its glycoside
hesperidin are degraded to phenylpropionic
acid derivatives in these laboratory animals
whereas, in man, a novel metabolite identi-
fied as 3-hydroxy-4-methoxyphenylhydra-
crylic acid (LVII) was formed (36). The
metabolism of a related flavanol, naringin,
follows the expected route leading to the
formation of a C¢—C; phenolic acid in rats
(37). However, in man, this reaction was not
observed and the only urinary metabolites
detected were the aglycone naringenin and
its glucuronide conjugate. Species differences
in the degradation of (4 )-catechin when
using rat and rabbit intestinal microorga-
nisms have been reported (349).

While the explanation for the species dif-
ferences in metabolism in most or all of the
examples noted above appears most likely
to be associated with variations in the gastro-
intestinal microorganisms of the various
animal species, it must also be kept in mind
that other species-related variables may also
influence the microbial metabolism of com-
pounds. This is especially important in re-
gard to the variations in biliary excretion
that exist among different animal species.
An excellent example of this is seen with
chloramphenicol (VIII). Metabolism studies
in man and rats have indicated that ap-
preciable quantities of aromatic amines are
formed in the latter species (159). Most of
this reduction was found to take place in the
intestine. It was shown subsequently that
the reaction is dependent upon the biliary
excretion of chloramphenicol glucuronide
which undergoes bacterial metabolism to
amino compounds upon reaching the lower
intestine (157). These metabolites are then
absorbed and excreted in the urine. In man,
however, biliary excretion of chloramphen-
icol metabolites is very low with the result
that only small amounts of amines are de-
tected in the feces.

B. Diet

Several studies have indicated that, in
man at least, a dominant feature of the



METABOLISM AND GASTROINTESTINAL MICROORGANISMS

microflora of the lower intestinal tract is its
stability towards nutritional factors (185,
388). However, this stability need not apply
to the microbial metabolism taking place
and more drastic changes in this regard may
be observed, as evidenced by the large varia-
tions in urinary indican excretion found in
individuals maintained on different diets
(185).

An example of the influence of diet on the
gastrointestinal metabolism of a compound
is seen with the flavonoid glycoside hes-
peridin (XXXI). It is metabolized exten-
sively by the intestinal bacteria which carry
out hydrolysis of the glycosidic linkage,
fission of the heterocyclic ring system, de-
methylation, and dehydroxylation (see ap-
propriate subdivisions in section III). It was
found that a rabbit, maintained on a com-
mercial pellet diet, excreted the degradation
products of hesperetin (the aglycone of hes-
peridin) but not those of the glycoside when
these compounds were administered orally
(36). This indicates that the intestinal flora
was not able to carry out the initial hy-
drolysis of the glycoside. However, when the
animal was adjusted to a purified diet based
on starch, dextrose, casein, oil, salt, and
vitamins, both glycoside hydrolysis and sub-
sequent degradation to numerous phenolic
acids were observed.

Another example showing the effect of diet
on the gastrointestinal metabolism of a com-
pound has recently been reported with r-
dopa. Minor urinary metabolites of this
compound have been shown to be m-
hydroxyphenyl acids which are formed by
the intestinal bacteria (see section III K).
However, rats given a milk diet failed to show
this conversion and this difference was ex-
plained on the basis of the different diets
used (50). It seems likely that the nature of
the diet was responsible for the finding that
homoprotocatechuic acid was not dehy-
droxylated when fed to rats maintained on a
purified diet (54). As discussed in section III
G 1, this compound is converted in several
animals species including the rat partly to
m-hydroxyphenylacetic acid which is a prom-
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inent urinary metabolite. However, this
metabolite was not detected when homo-
protocatechuic acid was administered after a
5-day feeding period on a synthetic test diet.

The carcinogen 4-dimethylaminoazoben-
zene is split by a bacterial azo reductase
which is present in large amounts in the rat
cecum (441). The activity of this reductase
was depressed when rats were fed a diet low
in riboflavin. Activity was restored when
small amounts of the vitamin were added to
the cecal incubates.

The glycoside amygdalin (II) gives rise to
cyanide toxicity when administered orally to
mice (381). This arises from its intestinal
hydrolysis by bacterial enzymes and it was
also reported that starvation of the animals
for 48 hr to suppress the intestinal bacteria
conferred some protection against the toxic
effects. Starvation has been shown to affect
the intestinal metabolism of a sulfate ester
of a laxative of the diphenol type (143).
When the compound was placed in colon
segments from fed rats it was hydrolyzed to
the free diphenol which is responsible for the
laxative effect. However, this reaction did
not occur when segments lacking fecal
material from fasted rats were employed. In
agreement with the findings given in section
II D 2 which show that prevention of
coprophagy often has little influence on the
composition of the microflora in the lower
intestine, it was shown recently that the
metabolism of L-tyrosine to simple phenols
which is known to occur in the large intestine
was not significantly different in coprophagy-
prevented and control rats (1).

C. Age

‘While the information presented in section
II E clearly shows that large changes in the
gastrointestinal microflora take place in
young animals, very little is known about
the effects these may have on the intestinal
metabolism of foreign compounds. However,
changes in the developing microflora would
be expected to give rise to alterations in
metabolic patterns. Evidence of this has
been presented very recently in the case of
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diethylstilbestrol which undergoes a pro-
nounced enterohepatic circulation in rats
(139a, 140). An essential part of this process
is the deconjugation by bacterial 8-glucuroni-
dase of the conjugate excreted in the bile. It
was found that very little hydrolysis of the
conjugate occurred in the intestinal contents
of rats on the day of birth or at the age of
5 days. This activity subsequently developed
until it reached an adult level by about the
25th day. It was suggested that a similar
metabolic pattern may be seen with many
other compounds which are excreted in the
bile as conjugates and thereafter undergo
enterohepatic circulation. It was pointed out
that this delay in the development of in-
testinal deconjugating enzymes may spare
the liver from repeated exposure of reab-
sorbed unconjugated material during the
period in which the conjugating mechanisms
of the liver are being developed.

D. Metabolic Adaptation

The effect of foreign compounds on the
composition of the gastrointestinal micro-
flora has been discussed in section II G where
it was shown that these circumstances may
initiate changes in the bacterial population
which range from subtle to the most pro-
found. In these cases it is not surprising that
the alterations produced may be reflected in
changes in the metabolism of other foreign
compounds which would otherwise undergo
metabolic change by the affected bacteria.
The present section is concerned with a
more restricted aspect of this general topic
and deals with the situation in which a
compound influences the gastrointestinal
microflora with the result that its own
metabolism is affected. This alteration may
take place by quantitative shifts among the
bacterial groups so that a group becomes
more or less abundant or by adaptive
changes in a bacterial group which aug-
ment its metabolic capabilities. In any case,
this metabolic adaptation to a compound
may have considerable metabolic and/or
toxicological significance as not only may
an existing metabolic pathway be enhanced
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but entirely new pathways may be de-
veloped. This latter point is important and
it illustrates a fundamental difference be-
tween the metabolic adaptation shown by
the gastrointestinal microflora compared
with that associated with the endoplasmic
reticulum. The latter phenomenon is now
well documented (see ref. 76 for discussion
and further references) but it is one which
generally involves quantitative rather than
qualitative changes in metabolism.

The metabolic adaptation of the intestinal
microflora to a foreign compound given
repeatedly appears to have been described
in only a few instances. The best known
and most thoroughly investigated of these
is the conversion of cyclamate to cyclo-
hexylamine. However, other reports have
shown that this phenomenon also occurs
with widely differing compounds including
the flavonoids kaempferol and robinin and
the pyrimidine precursor orotic acid (uracil-
4-carboxylic acid). The flavonoids are
metabolized by rat intestinal bacteria to
p-hydroxyphenylacetic acid which is ex-
creted in the urine (178). The formation of
the metabolite was increased in animals
previously maintained on a diet containing
the flavonoids. A substantial portion of a
dose of ingested orotic acid is excreted un-
changed in the feces of conventional and
germ-free rats (446). While this fecal excre-
tion continues in the latter group, the in-
testinal microorganisms in the conven-
tional animals rapidly adapt to catabolize
all the non-absorbed orotic acid, which dis-
appears from the feces within 5 days after
feeding is begun.

Discussion of the conversion of cyclamate
(XVII) to cyclohexylamine (XVIII) by
the intestinal bacteria is found in section
III E and the present section therefore is
devoted to the question of the ability of the
bacteria to acquire this metabolic capacity.
The availability of several recent articles
on this topic (5, 121, 318, 350, 381) makes
detailed coverage of the subject unneces-
sary. The acquisition of cyclamate convert-
ing abilities by the intestinal microflora was



METABOLISM AND GASTROINTESTINAL MICROORGANISMS

demonstrated first in rats (317). Very little
cyclohexylamine was excreted after the
initial dose but values corresponding to a
conversion of about 1 to 35% of the dose
were obtained when the rats were given
drinking water containing 0.5% calcium
cyclamate for 3 months. Upon removal of
the animals from the cyclamate-containing
diet, production of the metabolite was re-
duced to a low level in 5 days. The pro-
nounced capacity of rats to acquire this
ability after chronic cyclamate administra-
tion has been confirmed (420). This ability
is acquired also in other species including
man although the extent to which this
occurs may vary considerably with species
and also with individuals (381).

In spite of the small number of reports
in this area, the implications of this phe-
nomenon of metabolic adaptation are
readily apparent. It seems reasonable to
assume that investigations designed to
assess this factor will uncover further ex-
amples and that these may be of consider-
able interest in chronic feeding studies.

E. Enzyme Inhibition

Little use has been made of compounds
which can inhibit particular intestinal re-
actions, although this approach should be
able to furnish useful information in some
cases. A possible advantage of this method
is that a metabolic pathway can be blocked
without altering the composition of the
gastrointestinal microflora. Examples of
this method have been demonstrated with
the intestinal hydrolysis of compounds con-
taining glycosidic linkages (381). Orally
administered amygdalin (II) is toxic be-
cause of its hydrolysis by a B-glycosidase
present in the intestinal contents. However,
pretreatment of animals with lactose pro-
tected them from a lethal dose of amyg-
dalin. This effect probably resulted from
the competition of lactose, a B-glycoside,
for intestinal B-glycosidases as maltose, an
a-glycoside, did not confer protection under
similar conditions. 8-Glucuronidase is inhib-
ited by saccharo-1,4-lactone and oral ad-
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ministration of this compound to rats was
shown to reduce markedly the rate and
amount of stilbestrol absorbed from the in-
testine after the intraduodenal infusion of
stilbestrol glucuronide.

V. Alterations in Physico-chemical
Properties and Membrane Permea-
bility Characteristics as a Result of
Gastrointestinal Metabolism

With the exception of those compounds
which exert only local effects, biologically
active substances must penetrate membranes
before reaching their site of action. As is
well known, these membranes are lipoid in
nature. Furthermore, the concentration
gradient of the compound across the mem-
brane is the main driving foree behind trans-
membranal movement. We therefore find
that passive diffusion is the most important
feature in the movement of foreign com-
pounds into the various compartments of
the body and that the properties of lipid
solubility, degree of ionization, and molecu-
lar size of these compounds are of major
importance (72). To a large extent, the
physicochemical properties of very many
biologically active foreign compounds are
such that they readily penetrate biological
membranes at physiological pH-values. This
fact would have significant effects on the
duration and perhaps the depth of action of
many compounds if mechanisms for altera-
tions in their polarity did not exist. It is now
well known that such processes are carried
out by enzyme systems in many tissues of
the body and that, in general, the metabolic
reactions result in more water-soluble deriva-
tives due to the introduction of more polar
functional groups. Thus the metabolites will
penetrate less readily into cells and will be
excreted more rapidly from the body.

With the above remarks as a background,
it is of interest to consider the nature of the
metabolic conversion of foreign compounds
effected by gastrointestinal microorganisms.
Much of what has been said in section III
should make it clear that quite different
changes in polarity often occur as a result
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of bacterial metabolism. Indeed, the altera-
tion may sometimes be the opposite of that
which takes place in the tissues as, for ex-
ample, in the case of glucuronides. The
gastrointestinal reactions very often involve
the hydrolysis or reduction of compounds or
other reactions which remove various groups.
They therefore often have a degradative
character although it is wise not to use this
term in characterizing all microbial metabo-
lism of foreign compounds as some of the
reactions do not fit this pattern. However, a
general degradative pattern can be expected
to enhance the lipoid permeability proper-
ties of the metabolite compared with those
of the original compound. This may be a
result of a reduction in molecular size but
will more likely come about from reactions
which remove highly polar or highly ionized
groups. In the case of compounds containing
a glycosidic linkage, the change in permea-
bility characteristics will be profound and
this particular subject is one of special im-
portance (see section VI). With many of the
gastrointestinal reactions, however, the
polarity changes are more subtle and the
consequences may not be readily apparent
without further study. Increases in lipo-
philic properties may be expected with
reactions involving sulfamate hydrolysis,
dehydroxylation, decarboxylation, or aroma-
tization whereas the opposite change may
take place in the case of ester hydrolysis or
dealkylation. Negligible polarity changes
may occur with some of the other reactions.
On the whole, however, the trend differs con-
siderably from that which takes place as a
result of metabolism in the tissues and it
therefore may be of profound significance in
determining the pharmacological and toxico-
logical properties of some compounds (see
section VII).

VI. Role of the Intestinal Microorga-
nisms in the Enterohepatic
Circulation of Compounds

While the excretion of xenobiotic sub-
stances by the biliary route has long been
recognized, most of the studies and especially
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the systematic investigations are of recent
date. Reviews have appeared on the general
aspects of this subject (304, 379, 382, 395)
as well as on specific topics including species
differences in biliary excretion (380) and
the biliary excretion of azo dyes (414). The
possible consequences of biliary excretion
with regard to the ultimate fate of the ex-
creted compound are greater than is the case
with urinary excretion which largely means
that the compound is removed from the
body. While this is likewise a possibility with
biliary metabolites, there is also the chance
of the compound being reabsorbed un-
changed from the intestinal lumen with the
result that an enterohepatic circulation is
established. However, a third possibility
also exists in that the biliary metabolite may
undergo metabolism by the intestinal micro-
organisms. In fact, it is now realized that the
bacterial metabolism of these metabolites is
usually a key step in the complex chain of
events required for the enterohepatic circu-
lation of compounds. This is best illustrated
with glucuronide conjugates which are
readily hydrolyzed by bacterial enzymes in
the intestine. A further possibility exists for
the compound to undergo alternate meta-
bolic pathways or for the initial product of
intestinal metabolism to be further metabo-
lized. The factors involved in enterohepatic
circulation have been discussed in the
general reviews cited above. Several articles
have dealt recently with the significance of
the intestinal reactions in enterohepatic
circulation, with special emphasis on the
formation of metabolites possessing en-
hanced biological activity (350, 381, 444).
In view of this extensive coverage of the
subject, it is felt that further detailed dis-
cussion is unwarranted in the present review.
However, numerous examples of the metab-
olism of biliary metabolites by intestinal
microorganisms are summarized in table 2.

The examples in table 2 serve to illustrate
several different possibilities including re-
generation of the original compound in the
intestine and therefore its prolonged re-
tention in the body, liberation of various
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metabolites of the administered compound,
and, finally, situations where the compound
released by intestinal hydrolysis undergoes
further intestinal metabolism. Examples of
the latter situation are seen with the in-
testinal O-demethylation of 3-O-methyldopa
(65) and of ferulic acid (345) which are ex-
creted in the bile of rats as conjugates. It
has been found recently that vanillin and
its metabolites, vanillyl alcohol and vanillic
acid, are excreted in bile as glucuronide con-
jugates which undergo further metabolism
by the intestinal microorganisms to decar-
boxylated compounds and to toluene deriva-
tives (396). However, these minor metabo-
lites are not formed when biliary excretion
is prevented, even after the oral administra-
tion of vanillin. An example of the first
situation, prolonged retention of a com-
pound, which is not included in table 2 is
seen with digitoxin. This characteristic has
been proposed to be due to its excretion in
the bile as conjugates which are hydrolyzed
by enzymes present in the intestine (224,
225). These conjugates have been identified
tentatively as a glucuronide and a sulfate.
A recent pharmacokinetic study of digitoxin
in rats has emphasized the major role of
enterohepatic circulation with this com-
pound and its metabolites (2).

Another type of compound which can
undergo enterohepatic circulation but which
is not covered in table 2 is that of the amino
acid conjugates of bile acids. However, refer-
ences to the intestinal hydrolysis of these
amides are given in section III C.

While it is readily apparent from table 2
that the intestinal metabolism of biliary
metabolites is to a very great extent con-
cerned with glucuronide conjugates, it
should be added that a similar situation may
exist with other types of glycosides after
their parenteral administration. This was
shown to be the case with 3’,4’,7-tri-O-(8-
hydroxyethyl) rutoside which is excreted
extensively in the bile of rats (24). After
hydrolysis of the glycoside in the intestine
the aglycone was excreted in the feces. It
seems likely that a similar situation may
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exist with the glycosides naringin and
phloridzin which, after subcutaneous ad-
ministration, were excreted in the urine as
degradation products known to be produced
only by the intestinal bacteria (37, see
section 1II L).

The findings briefly summarized in table 2
indicate that the majority of the results now
available were obtained in experiments with
rats. While this may attest to the widespread
use of this experimental animal, it must not
be overlooked that biliary excretion in this
species, along with the dog, is more exten-
sive with many compounds than is the case
with numerous other animal species includ-
ing the rabbit, guinea pig, rhesus monkey,
and man (see 382). Thus, experimental data
from rats may overly emphasize the metabo-
lism of biliary metabolites by the intestinal
microorganisms insofar as extrapolation to
other species is concerned.

VII. Implications of Drug Metabolism
by Gastrointestinal Microorganisms

In view of the information presented in
sections V and VI, it is to be expected that
the metabolism of drugs and other foreign
compounds by the gastrointestinal micro-
organisms may produce alterations in the
biological activities of certain compounds.
Indeed, the tendency for many of these re-
actions to reduce the polarity of compounds
suggests that increases in pharmacological or
toxicological effects may be a common
feature. In addition, due consideration must
be given to the possibility of the metabolic
adaptation of the gastrointestinal microor-
ganisms to some compounds after their
repeated administration. While the implica-
tions of these situations have only recently
received attention, four publications are
now available which deal with the toxico-
logical significance of drug metabolism by
gastrointestinal microorganisms (119, 350,
381, 443a). In view of this, detailed coverage
of this area in the present article is unwar-
ranted. However, the toxicological findings
presently available are summarized and, in
addition, a number of reports showing



TABLE 2

Metabolism of biliary metabolites by iniestinal microorganisms

curonide

metabolism of liberated chloramphenicol to aryl
amines which are partly absorbed and excreted in
urine

Compound Species Results References
QGlucuronides
Stilbestrol glucuronide Rat | Hydrolyzed compound reabsorbed from intestine and | 69, 139,
undergoes pronounced enterohepatic circulation. 381
Excreted mainly in feces, largely as stilbestrol and
unidentified metabolites
Etorphine-3-glucuronide | Rat | Largely hydrolyzed in lower intestine where it is re- | 111
absorbed. Reappears in bile as conjugate. Fecal
rather than urinary excretion predominates
18 B-Glycyrrhetic acid Rat | Hydrolysis in intestine and free acid excreted largely | 214
glucuronide in feces
4,4’ -Dihydroxydiphenyl - Rat | Following intestinal hydrolysis the free diphenol ex- | 134, 412
(2-pyridyl)-methane creted mainly in feces
glucuronide
Naphthaleneacetic acid | Rat | Conjugate hydrolyzed in intestine and acid mainly | 248
glucuronide reabsorbed and excreted in urine, largely as glycine
and glucuronide conjugates
3,5-Diiodo-4-(4"-hydroxy- | Rat | Hydrolyzed in intestine and excreted mainly in feces | 279
3’-iodophenoxy) benzoic
acid glucuronide
3,5-Di-t-butyl -4-hy- | Rat | Intestinal hydrolysis followed by partial reabsorption | 90, 203
droxybenzoic acid ester of the free acid
glucuronide
Glucuronidesof pentaery- | Rat | Hydrolysis in intestine followed by extensive ab- | 79
thritol mono-, di-, and sorption
tri-nitrate
Glucuronides of myalex | Rat | Metabolites liberated by intestinal hydrolysis and | 144
and its metabolites excreted in feces and urine
Glucuronides of metab- | Rat | Biliary metabolites eliminated in feces and/or reab- | 390
olites of ethynylestra- sorbed from large intestine
diol 3-cyclopenyl ether
Glucuronides of hydroxy- | Rat | Conjugates hydrolyzed and partially absorbed from | 226
lated metabolites of intestine
glutethimide
Glucuronides of phenolic | Rat | Conjugates mainly hydrolyzed in lower intestine. Both | 32
metabolites of imipra- urine and feces contain considerable amounts of
mine phenolic metabolites. Large individual variations in
enterohepatic circulation noted
4-Demethylgriseofulvin Rat | 4-Demethylgriseofulvin absorbed from intestine and { 398
glucuronide then excreted mainly in urine
Glucuronide of metab- | Rat | Reabsorption from intestine leads to excretion mainly | 190
olites of mepivacaine in urine
Glucuronides of hydrox- | Rat | Hydrolyzed in intestine where the aglycones are ab- | 194
vlated derivatives of sorbed and excreted in urine
biphenylyl 4-sulfate,
cyclohexylphenyl  4-
sulfate and cyclohexyl-
phenyl 2-sulfate
Glucuronides of hydrox- | Rat | Extensive hydrolysis in and absorption from the in- | 196
ylated derivatives of testine. Extensive urinary and fecal excretion
orphenadrine
p-Hydroxydiphenylhy- Rat | Partial hydrolysisin and absorption from the intestine. | 151
dantoin glucuronide Subsequently excreted as conjugate in urine
Chloramphenicol-3-glu- Rat | Intestinal hydrolysis followed by further intestinal | 157
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TABLE 2—Continued

Compounds Species Results References
Ferulic acid glucuronide | Rat | Hydrolyzed in intestine and further metabolized by | 345
intestinal bacteria to m-hydroxyphenylpropionic
acid which is absorbed and excreted in urine
N-Hydroxy-N-2-fluo- Rat | Hydrolysis in lower intestine followed by further | 170, 433,
renylacetamide metabolism, both by intestinal bacteria and in 440
glucuronide tissues after absorption
(+)-Catechin Rat | Intestinal hydrolysis followed by further metabolism | 97
glucuronide to lactones and phenolic acids which are absorbed
and excreted in urine
Morphine glucuronide Dog | Conjugate hydrolyzed in intestine and partially ab- | 449
sorbed. This source responsible for most of the later
urinary morphine and most fecal morphine
Indomethacin Dog | Enterohepatic circulation leads to excretion mainly in | 208, 451
glucuronide feces. However, in other animal species urinary
excretion predominates
7-Hydroxyfluphenazine Dog | Conjugate hydrolyzed and phenolic compound ex- | 123
glucuronide creted in feces
Sulfates
3,5-Diiodo4-(4'- Rat | Hydrolyzed in intestine and mainly excreted in feces | 279
hydroxy-3’-iodophe-
noxy)benzoic acid sul-
fate
4,4’-Dihydroxydiphenyl- | Rat | Ester hydrolyzed in intestine, free phenol partly ab- | 143
(2-pyridyl)-methane sorbed and partly retained in intestine where it
sulfate exerts a laxative effect

changes in pharmacological activity as a
result of gastrointestinal metabolism are
discussed.

A. Pharmacological Significance

It has been shown recently that azo re-
duction by intestinal microorganisms can
result in drug activation. Prontosil
(LXXXII) and neoprontosil (LXXIV) are
converted to the active antibacterial sulfa-
nilamide partly by intestinal bacteria in
rats (154). In the case of neoprontosil, most
of the reduction took place in the intestine
and it was suggested that this also may have
occurred in man since the drug, after its
injection, would be expected to undergo
biliary excretion. Another example of the
intestinal reduction of an azo drug is seen
with salicylazosulfapyridine (LXXXVII).
Although the mode of action of this drug,
which is used in the treatment of ulcerative
colitis, is not known entirely, it was shown
recently that reduction to sulfapyridine is

carried out by the intestinal bacteria in rats
(297) and, presumably, in man (358).

An investigation of the extrahepatic
metabolism of several psychotherapeutic
agents including imipramine indicated that
the gastrointestinal contents of rats and the
lower intestinal contents of man have the
ability to demethylate this drug to the
active metabolite, desmethylimipramine
(271). The data suggested that about an
equal extent of metabolism occurred in the
liver and in the gastrointestinal tract and
it was suggested that this and the probable
variation in metabolism which takes place
at the latter site may be of importance in
imipramine therapy.

In view of the well known differences in
the oral and parenteral doses of quaternary
anticholinergic drugs needed to produce an
identical effect, the fate of methylatropine
in animals and man was studied (4). Oral
administration was found to result in the
formation of two urinary metabolites not
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TABLE 3

Ezamples of reactions by the gastrointestinal microflora which have tozicological implications

Reaction

Compounds

Remarks

References

Hydrolysis of
glucuronides

Hydrolysis of
of glycosides

Hydrolysis of
amides

Hydrolysis of
sulfamates

N-Dehydroxy-
lation

Decarboxyla-
tion

0-Demethyla-
tion

Reduction of
nitro groups

Reduction of
azo groups

Reduction of
aldehydes
and alcohols

N-Hydroxy-N-2-fluo-
renyl-acetamide
glucuronide

Chloramphenicol
glucuronide

Cycasin

Amygdalin

Methotrexate

Cyclamate

N-Hydroxy-N-2-fluo-
renylacetamide

Several phenolic car-
boxylic acids

Biochanin A and
formononetin

Chloramphenicol

Parathion

Brown FK

Several phenolic
compounds

The glucuronide excreted in bile of
rats, hydrolyzed to the carcino-
genic N-hydroxy compound which
can be absorbed or further metab-
olized by intestinal bacteria

The glucuronide excreted in bile of
rats, hydrolyzed and further metab-
olized by intestinal bacteria to
thyrotoxic arylamines

The glycoside, found in cycad plants,
hydrolyzed to  methylazoxy-
methanol which is hepatotoxic and
carcinogenic

The glycoside hydrolyzed to mandelo-
nitrile which then forms cyanide

Hydrolyzed in the mouse to 4-amino-
4-deoxy-N¥-methylpteroylglutamic
acid which is less toxic than
methotrexate

After continued exposure to cycla-
mate, intestinal bacteria adapt
metabolically to produce cyclo-
hexylamine which has sympatho-
mimetic and perhaps carcinogenic
effects

The hydroxy compound excreted in
the bile of rats following conjuga-
tion with glucuronic acid. After in-
testinal hydrolysis of glucuronide,
the toxic N-hydroxy compound
partly dehydroxylated to N-2-
fluorenylacetamide which is both
absorbed and excreted in feces

Produces more toxic simple phenols

Metabolized to genistein and dai-
dzein, respectively, which are more
potent estrogens

Reduction in rats to aryl amines
which have thyrotoxic properties

Low toxicity in cattle correlated
with rapid reduction to amino com-
pound by rumen microorganisms

Amines derived from the dye ab-
sorbed from the intestine and
cause muscle toxicity in rats. Toxic-
ity is not seen in mice and this may
be due to differences in intestinal
microflora

Compounds containing a p-hydroxyl
group reduced to more toxic toluene
derivatives

Section III G 2, 170,
433, 440

Sections III A1and
IIIN

Section III A 2

Section IIT A 2

Section III C

Sections III E and
IVD

Section III G 2

Section III H, 18

Section IITI'1

Sections IIT A 1
and III N
Section III N
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Sections III P and
IIIR
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TABLE 3—Continued

Reaction Compound Remarks References
Aromatization | Steroid compounds Postulated that particular intestinal | Section III V, 59,
floras, as a result of dietary varia- | 199
tions, may convert steroids to aro-
matic hydrocarbon carcinogens
Nitrosamine Nitrite and secondary | Carcinogenic nitrosamines produced | Section III V
formation amines
Reductive Pyrrolizidine alkaloids | Hepatotoxic alkaloids converted to | Section III Y
ester group non-toxic derivatives
cleavage

seen after parenteral dosage. These were
probably hydrolysis products of methyl-
atropine and it was believed that substantial
hydrolysis of the drug occurred in the gastro-
intestinal tract. It is thus possible that the
differences in effects after different routes of
administration, in addition to the important
influence of poor gastrointestinal absorption,
may arise also from metabolism of the drug
by intestinal microorganisms.

Interest has been expressed recently in the
possible relationship between the timing of
the clinical response after L-dopa therapy
in parkinsonism and the minor metabolic
pathways of this drug (337). In particular,
the production of m-tyrosine, which has the
ability to protect monoamine stores from
depletion, by p-dehydroxylation of r-dopa
by intestinal bacteria has been suggested as
a factor of possible importance in the re-
sponse observed with L-dopa.

In addition, some well known examples
of drug activation by intestinal bacteria are
seen with certain poorly absorbed sulfon-
amides and some cathartics. The antibac-
terial effect of succinylsulfathiazole (III) and
phthalylsulfathiazole appears to be due to
their hydrolysis by the intestinal microflora
to the bacteriostatically active sulfathiazole
(IV) (431). The anthraquinone cathartics
including the glycosides of cascara sagrada
and senna act by virtue of their hydrolysis
to active components by bacterial glycosi-
dases in the lower intestine (137). A similar
metabolic pathway has been demonstrated
recently with the sulfate cster analogue of
bisacodyl which was shown to be active as a

result of its hydrolysis to the free phenol by
intestinal bacteria (143) (see section III B).
Thus, the metabolic activities of the intes-
tinal microflora can be used to release an
active drug in the intestine.

B. Tozxicological Significance

Examples of intestinal reactions which
have toxicological implications are listed in
table 3. Literature references, which are
given in only a few cases in the table, are
found mainly in the appropriate parts of
other sections of this review as indicated. A
fuller discussion of most of these examples is
available in references 350, 381 and 443a. In
addition, the possible role of bacterial
enzymes in the production of cancer of the
colon, breast, and stomach has been dis-
cussed recently (117a, 432). An interesting
hypothesis has been put forward linking the
metabolic activities of the intestinal flora
with the blood dyscrasias that occasionally
result from the use of chloramphenicol (204).
It was pointed out that this toxic effect has
not been seen after the parenteral adminis-
tration of the antibiotic. It was suggested
that a particular type of intestinal flora, con-
sisting of large numbers of enterobacteria,
which seems to occur in a low proportion of
the patients studied may be able to degrade
chloramphenicol to toxic compounds. En-
terobacteria have been shown previously to
metabolize chloramphenicol to a large
number of compounds under suitable condi-
tions (373) although the toxicity of these to
the bone marrow has not been assessed. The
intestinal decarboxylation of amino acids
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was discussed briefly in section ITI H. This
subject may have toxicological interest and
it has been suggested that the amines thus
formed suppress animal growth (263).

VIII. Conclusions

The findings summarized in this review
clearly show that gastrointestinal microor-
ganisms can carry out a large number of
metabolic reactions with foreign organic
compounds. These reactions are of diverse
types although hydrolytic, reductive, and
degradative pathways are encountered most
commonly. Fairly simple alterations occur
in many of these whereas others involve
extensive and complex metabolic changes.
Reactions of the latter type illustrate the
high degree of metabolic ingenuity which is
sometimes shown by the gastrointestinal
microorganisms. The numerous reactions
which are now known furnish us with a
reasonably good picture of the general
nature of this microbial metabolism. None-
theless, new routes of metabolism can be
expected to be encountered in the future,
especially among reactions of a pronounced
degradative character.

Most of the articles cited in this review are
of quite recent date, a fact which attests to
the growing interest in this aspect of foreign
compound metabolism. However, this de-
velopment is understandable in view of the
increasing awareness of the important role
which microbial metabolism is capable of
playing in numerous areas including the
enterohepatic circulation of compounds, the
metabolism of compounds to more active or
toxic metabolites, alterations in metabolism
resulting from chronic administration of
compounds and species differences in metab-
olism. We can also expect to see many new
and interesting findings in these areas in the
future since we now know that the gastroin-
testinal microflora has the ability to act asan
organ with a metabolic potential equal to or
sometimes greater than that of the liver. It
is expected that these developments will re-
sult in the study of the gastrointestinal
reactions becoming a natural and integrated
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part of the larger subject of foreign com-
pound metabolism.

Further studies on the ability of the gastro-
intestinal microorganisms to adapt to com-
pounds given chronically are greatly needed.
The surface of this subject has only been
scratched and it is obviously important to
know whether the phenomenon is of fairly
widespread occurrence or whether such a
development, which can lead to the forma-
tion of new metabolites of increased activity
or toxicity, is to be expected only rarely.
Another area which requires considerable
further study is that of species variations in
metabolism, both in regard to the variations
in gastrointestinal metabolism occurring
among the various animal species and in how
these are related to the types, numbers, and
distribution of the microorganisms which are
capable of carrying out the particular meta-
bolic reactions. Although numerous investiga-
tions have shown clearly that foreign com-
pound metabolism by gastrointestinal micro-
organisms occurs not only in certain lab-
oratory animals but in all species studied
including man, much of our present informa-
tion is derived from studies in rats, a species
which appears to show more than average
abilities in this respect. We shall thus need
to look more closely at these species varia-
tions in order to be able to better assess the
role of the microbial metabolism of foreign
compounds in other species including man.

There exist, in addition, areas which have
hitherto been largely neglected but which
should provide fruitful avenues for future
investigation. Foremost here are studies of
the mechanisms involved in the reactions
carried out by the gastrointestinal microor-
ganisms. The present review has used con-
ventional terminology in designating the
types of reactions although it is realized
that a better understanding of the path-
ways involved may show that the events
which occur are sometimes unlike those
which we are accustomed to from tissue
metabolism. This may, perhaps, be the situ-
ation with the so-called hydrolytic reactions
where bond cleavage may involve either
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hydrolysis or reductive fission. In fact, the
latter pathway has been shown to be used
by rumen bacteria in the cleavage of the
ester group of pyrrolizidine alkaloids (sec-
tion III Y). Further information of this
nature may reveal some common character-
istics of some of the many seemingly diverse
types of metabolic reactions carried out by
gastrointestinal microorganisms and thereby
may be of predictive value in the assess-
ment of the role played by the microflora in
the metabolism of foreign organic com-
pounds
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