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Abstract

Depending on nutritional habits, our diet may contain a substantial load of
phenolics, defined as plant secondary metabolites consisting of one to several
phenol groups. Their bioavailability, in other words the active fraction of
ingested amounts that reaches targeted cell types or tissues where biochemical
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properties can act, is markedly influenced by metabolism and absorption in the
gastrointestinal tract. Indeed, our intestine is the primary metabolically active
site of absorption of exogenous factors in our body and harbors trillions of
microbial cells with a vast metabolic potential, referred to as the intestinal
microbiota. The aim of the present book chapter is to give insights into the
role of phenolic compounds in human health. We will focus our attention on
two families of polyphenols of importance in human nutrition, namely,
the isoflavones and lignans, and will discuss in detail the role of intestinal
microorganisms in regulating their metabolism and thereby health effects.
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Abbreviations

BMD  Bone mineral density

DNA  Deoxyribonucleic acid

E. coli  Escherichia coli

ED Enterodiol

EFSA  European Food Safety Authority

EL Enterolactone

ER Estrogen receptor

FOS Fructooligosaccharides
GI Gastrointestinal

LDL Low-density lipoprotein
PCR Polymerase chain reaction

RCT Randomized controlled trials
SDG Secoisolariciresinol diglucoside

1 Introduction

Nutrition, in combination with other environmental factors such as climate shifts
and changes in ecosystem structure, has played a key role in evolutionary processes
that made us what we are: Homo sapiens. Our brain must be constantly fueled with
energy in the form of glucose, and essential nutrients such as fatty acids are required
for proper brain development. Thus, selectively advantageous eating behaviors
have certainly favored essential nutrient supply, efficient energy harvest from
food stuff and effective mechanisms of energy storage, contributing to nutritional
stability and thereby to more rapid development of cognitive functions and the
emergence of our species [1]. Beyond evolutionary issues, it is nowadays acknowl-
edged that nutrition, along with physical activity, are important factors influencing
human health. In westernized countries, the long-term deleterious health effects of
diets rich in calories, simple sugars, saturated fat, and red meat with respect to the
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development of cardiovascular diseases, colorectal cancer, and the metabolic syn-
drome are as much recognized as the virtue of eating enough portions of fruits and
vegetables, although underlying mechanisms of actions remain to be described
[2—4]. Positive effects of fruits and vegetables are usually attributed to high content
of fiber, vitamins, and phenolic compounds (hereon defined as plant secondary
metabolites with a backbone structure made of one or several phenol groups). Assum-
ing that a substantial proportion of the dietary intake of common ancestor species
consisted of plant materials, it is not surprising that, over millions of years of evolution,
our body has inherited an efficient metabolic machinery to dispose of the large
quantity of phenolic compounds that we still ingest daily as part of our omnivorous
diet. Intestinal microorganisms are intrinsic parts of this metabolic machinery. Indeed,
from an evolutionary perspective again, the human body can be considered as a supra-
organism made of not only own eukaryotic cells, but also the hundred trillions of
microorganisms that colonize various body sites such as the skin and the genital,
respiratory and, most importantly with respect to nutrition, the gastrointestinal (GI)
tract [5]. The intestinal microbiota is referred to as the assemblage of microbial
communities and associated genomes (the metagenome) primarily colonizing the
distal GI tract. Due to its highly diverse metabolic potential, the intestinal microbiota
greatly alters the fate of phenolics in the human body by changing their structure and
absorption rates in the gut, thereby influencing their biological effects.

In that context, the present chapter gives insights into the relevance of phenolic
compounds in human nutrition. We will primarily discuss bioavailability and
biological properties of isoflavones and lignans in the context of human health
and disease, our main focus being the metabolic activities of intestinal bacteria.

2 Phenolics in Human Nutrition

Concoctions of plant products for the purpose of curing disease or sustaining health
in human subjects have a long history of use, especially in traditional Chinese
medicine. However, molecular mechanisms underlying positive effects have yet to
be defined and traditional medicine therefore faces intense criticism [6]. Neverthe-
less, the emergence of systems biology approaches may help shedding light on host
responses toward treatment with plant products that obviously contain a wealth of
phenolic compounds [7-9]. Beyond these issues on the role of herbal treatment for
improvement of human health, there is a plethora of epidemiological data highlight-
ing beneficial effects associated with intake of food items rich in phenolic com-
pounds. A well-known example of such food items is soy (or soy products) which
contain elevated concentrations of the isoflavones daidzein and genistein as well as
their glycosylated and methylated precursors (Fig. 78.1).

Biological properties of isoflavones were first coined in the 1940s, after infer-
tility problems started to occur in female sheep grazing on clover pastures
containing high amounts of isoflavones, and later in the 1980s in captive cheetahs
fed a soy-based diet [10, 11]. These data already suggest that dietary phenolics or
corresponding metabolites, such as equol, one of the two end metabolites produced
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- Estimation of total daily intake of plant phenolics: 1 g/d

- Exposure depends upon dietary habits

- Intervention with phenolic-containing food increases circulating levels
- High structural diversity (often as polymers and glycosides in plants)
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Fig. 78.1 Phenolics in human nutrition: A microbiological perspective. Bioavailability of dietary
compounds depends on the sum of molecular mechanisms underlying liberation of the compounds
from dietary matrices, absorption, distribution into body tissues via blood circulation, metabolism
(in the GI tract or target tissues), and elimination from the body. The keypad shows parameters of
relevance to phenolic bioavailability. The two enlarged windows illustrate the diversity of both
phenolics in food and microbial functions involved in phenolic conversion, with a focus on
isoflavones and lignans. Estimates of blood concentration of daidzein, equol, and enterolignans are
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by bacteria from the plant isoflavone daidzein, have the potential to interfere with
highly sensitive host hormonal pathways. Since then, numerous meta-analyses and
epidemiological studies including Asian populations consuming soy products on
a daily basis have reported positive effects of soy intake on the development of
breast cancer, bone disorders, and cardiovascular diseases [12—14].

The lignans, a family of polyphenolic compounds with a dibenzylbutane structure
(Fig. 78.1), are another example of major plant phenolics relevant to human nutrition.
Dietary lignans are converted to the enterolignans enterodiol (ED) and enterolactone
(EL) by bacteria in the GI tract [15]. In contrast to isoflavones that occur in high
concentrations almost exclusively in soy, a vast variety of food items such as flax-
seeds, sesame seeds, berries (blackberry and strawberry), cereals (rye and wheat), and
beverages (coffee, tea, and wine) contain detectable concentrations of lignans, which
are therefore of importance in westernized diets [16]. Importantly, lignins have also
been shown to be dietary precursors of enterolignans [17]. Of note, researchers
originally proposed in 1980 that enterolignans were new mammalian hormones after
they detected them in urinary extracts from female primates and human adults via
spectrometric measurement [18, 19]. This shows that lignans share structural features
with steroid hormones and are, as isoflavones, also referred to as phytoestrogens. Two
years later, in 1982, the same authors reported that urinary lignans originate from food
precursors [20]. Thereafter, enterolignan production has been associated with positive
effects on the incidence of heart diseases as well as breast and prostate cancer [21-23].

Besides isoflavones and lignans, human food contains a wealth of phenolic
compounds (Fig. 78.1). Rapid improvement in the sensitivity of analytical tools,
together with the development of specific databases such as Phenol-Explorer and
the USDA Flavonoid Database, have substantially contributed to the understanding
of human exposure to phenolics [24]. Table 78.1 provides a non-exhaustive list of
major groups of dietary phenolics and representative food sources. Depending
on dietary habits, total intake of phenolics in European populations can reach up
to 1 g/day or higher [26, 28, 30]. By studying dietary intake in 4,942 French adults,
Scalbert et al. showed that the most dominant dietary phenolics are
hydroxycinnamic acids, flavonols, and anthocyanins [30]. However, there is
a direct positive association between ingested amounts of specific food products
and blood concentrations of corresponding metabolites, showing that one can easily
and rapidly modulate exposure to specific phenolics by modulating dietary intake.
In Asian populations for instance, isoflavones intake is nearing 100 mg/day due to
high intake of soy products [35]. Nevertheless, health effects of dietary phenolics
do not depend solely on ingested amounts, but rather on the concentration of
active compounds that reaches target tissues. In that respect, what makes lignans
and isoflavones outstanding is that plant precursors are usually less biologically

<
«<

Fig. 78.1 (continued) given in brackets (large interindividual differences are observed due to
various dietary habits and ability to metabolize polyphenols). Abbreviations: ED enterodiol, EL
enterolactone, GIT gastrointestinal tract, LARI lariciresinol, O-DMA O-desmethylangolensin, R
residues (—H, —OH, or —CH3), SECO secoisolariciresinol, SDG secoisolariciresinol diglucoside
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Table 78.1 Dietary intake and example food sources of phenolic compounds®

Compound Intake® Food Content®
Phenolic acids
Hydroxybenzoic acids 10-30 Blackberry 8-27
(e.g., gallic acid) Tea leaves Up to 450
Hydroxycinnamic acids (e.g., 25-800 (68 %) Coffee 35-175
caffeic and ferrulic acid) Blueberry Up to 200
Flavonoids
Anthocyanidins (e.g., cyanidin, 20-80 Blackberry 100400
peonidin) Black currant 130-400
Flavanols (e.g., epicatechin) 10-20 Chocolate 45-60
Apricot 10-25

Flavanones (e.g., naringenin, 25-50 Orange juice 22-69
hesperitin) Grapefruit juice 10-65
Flavones (e.g., apigenin, 5-30 Parsley 24-185
luteolin) Celery 2-14
Flavonols (e.g., quercetin, 10-20 Yellow onions 35-120
kaempferol) Curly kale 30-60
Isoflavones (e.g., daidzein, <1-60 Boiled soybean 20-90
genistein) (0-82 %)  Soy milk 3-20

(3-30 %) Whole grain bread 0.3-0.8
Lignansd 0.5-2 (10 %) Flaxseed 300

3 %) Sesame seed 39

(16 %) Broccoli 1.3

0.7 %) Strawberry 0.3

(7.4 %) Wheat bread (whole grain) 0.1

3 %) Beer 0.03

(11 %) Coffee 0.02-0.03

“Compiled using data from Phenol-Explorer (www.phenol-explorer.eu), the USDA Flavonoid Data-
base (www.nal.usda.gov/fnic/foodcomp/Data/Flav/flav.html) and the following Refs. [16, 25-32]
"Given as ranges (in mg/day aglycone equivalent) for each of the listed families of phenolics (e.g.,
isoflavones). Ranges reflect fluctuations of mean dietary intake depending on population origin
(Asia, Denmark, Finland, France, Germany, Holland, Italy, Spain, UK, or USA) and dietary habits.
Values in brackets indicate mean contribution of some of the given food items to dietary intake in
European populations

“In mg/100 g or 100 ml. Of note, concentration of phenolic compounds in food can be altered
by food processing [33]. During production of tempeh for instance, a traditional soy product from
Indonesia, isoflavone glycosides are hydrolyzed to aglycones [34]

dRefers to lariciresinol, matairesinol, pinoresinol, and secoisolariciresinol

active so that enterolignans and equol can be seen as paradigm metabolites
highlighting the relevance of bacterial activation of dietary components in the
intestine. Hence, no matter which phenolics are of interest and what health effects
they have, bioavailability and bacterial metabolism are matters of primary
importance.


http://www.phenol-explorer.eu
http://www.nal.usda.gov/fnic/foodcomp/Data/Flav/flav.html
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3 Bioavailability: Importance of the Intestinal Microbiota

Bioavailability refers to the proportion of absorbed doses of a molecule, and even-
tually metabolites thereof, which reaches sites of physiological activity. Our GI tract
is of course at the front line of metabolic events regulating bioavailability due to its
primary role in nutrient absorption and because oral intake is the major voluntary
route of exchange with our environment (compared with passive exposure to exog-
enous factors via the skin and the respiratory tract). The liver and kidneys play
a central role in bioavailability as well. Efficient conjugation of phenolics for the
purpose of increasing water solubility, and eventually excretion, occurs in all three
organs (gut, liver, kidneys) mainly via the activity of O-methyl transferases, UDP-
glucuronosyltransferases, and sulfotransferases [26]. The bioavailability of dietary
phenolics is thus tuned by the sum of molecular mechanisms underlying liberation
from dietary matrices, absorption, metabolism (by both host and microbial cells),
distribution, and excretion (Fig. 78.1).

In upper parts of the GI tract, there is a paucity of data on the fate and role of
polyphenols. Their effects have been discussed in the context of oral cancer preven-
tion [36]. Their fate in the stomach has not yet been systematically studied. Quer-
cetin has been shown to be absorbed in the rat stomach, but only as aglycone [37].
Fast plasma appearance of anthocynins may also be explained by rapid absorption in
the stomach [38]. Concerning lignans, we found that secoisolariciresinol diglucoside
(SDG) (the main enterolignan precursor in flaxseed) is resistant to acid hydrolysis
in vitro [39], which confirmed previous findings [40]. In the jejunum, there is good
evidence that isoflavones and flavonols can be deglycosylated via lactase-phlorizin
hydrolase activity and rapidly absorbed in the brush border membrane of enterocytes
[41, 42]. Rat in vitro perfusion models have also been useful in demonstrating
absorption of phenolic acids as well as quercetin and phloretin in the small intestine
[43, 44]. However, the flavanol epigallocatechin-3-gallate can inhibit hydrolase
activity in vitro, yet this inhibition is regulated by salivary proline-rich proteins
[45]. This raises the question of the effect of chewing on polyphenol bioavailability
via indirect or direct mechanisms such as salivary hydrolysis [46]. Plant phenolic
substrates can be detected in blood and urine samples shortly after intake, which
speaks in favor of rapid absorption, albeit, in low amounts. For instance, only about
2 % of the ingested dose of plant lignans was found in plasma of four individuals 1 h
after intake of 50 g sesame seeds [47]. In some individuals however, plant lignans
may occur in higher concentrations than enterolignans in blood samples [48]. This is
also true for the isoflavone daidzein, which occurs at higher concentrations than its
metabolite equol in blood samples [49], most likely because bacterial production of
equol in the gut is a limiting reaction (see details in Sect. 5.1). Altogether, charac-
terization of the metabolic network regulating phenolic bioavailability in the upper
GI tract requires further investigation. In particular, very little is known about
phenolic transport from gut lumen into blood stream. A recent pharmacokinetic
study in human adults based on the use of equol isotopes revealed peak plasma
concentrations 2-3 h after oral intake of the isotopes (350-500 ng/ml after
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administration of a single bolus of 20 mg) [50]. One may interpret that transport
mechanisms in the gut are not region-specific, since equol is supposed to be primarily
produced in distal parts of the intestine. Absorption rates of phenolics and kinetics of
appearance in blood vary greatly depending on chemical structure. For instance,
glucosides of quercetin (but not rhamnoglucosides) are more efficiently absorbed
than aglycones [51]. However, underlying molecular mechanisms of absorption are
not known. So far, only monocarboxylic acid transporters and the plasma membrane
carrier bilitranslocase have been discussed for transport of phenolic acids and
anthocynins, respectively [52-55]. Independently of what exactly happens in the
upper GI tract, it is acknowledged that a substantial proportion of ingested poly-
phenols can reach the colon, where lower transit time favors bacterial conversion.

The first piece of evidence demonstrating that distal parts of the GI tract are crucial
for the metabolism of phenolics is the so-called second plasma peak observed after
6-8 h postprandial when measuring phenolic metabolites in plasma samples overtime
after ingestion of plant substrates [56]. Indeed, a substantial proportion of absorbed
phenolics is efficiently conjugated in enterocytes and later in the liver prior to secretion
back into the small intestine via the bile (enterohepatic circulation) [57]. Enterohepatic
circulation thereby contributes to bacterial “re-feeding” since the bulk of
glucuronidated and sulfated phenolic metabolites released in the bile can be hydro-
lyzed by various bacterial species [58]. Bacterial hydrolysis thus allows reabsorption
of otherwise lost conjugated phenolics to be excreted in feces and thereby to delayed
appearance of phenolic metabolites in the blood (second plasma peak). Another piece
of evidence showing that distal gut microorganisms are crucial for phenolic metabo-
lism is the drop in plasma and urinary concentrations of phenolics associated
with alteration of intestinal microbial communities following oral antibiotic treatment
[56, 59, 60]. Finally, the use of germfree mice, that is, mice that are bred in isolators
under sterile conditions and are thus deprived of any living microorganisms, has
provided major insights into the important role of intestinal microbial communities
in shaping host physiology, including the ability to metabolize food substrates such as
phenolics. To some extent, one can consider germfree mice as knockout mice, in
which a multifunctional set of genes (the microbiome) has been disrupted, leading to
loss of functions. Indeed, besides alteration of immune cell development [61], the
absence of microorganisms in germfree animals has major impacts on energy balance
[62], nutrient supply via production of short-chain fatty acids, and degradation of
mucin [63] as well as phytoestrogen conversion. Enterolignans and equol, for instance,
are not detectable in the intestine and body fluids of germfree rats fed phenolic-rich
diets, yet gnotobiotic rats colonized with fecal suspensions from phenolic-converting
human donors or with isolated active bacterial consortia regain the ability to produce
active metabolites [64—67]. Taking into account that the intestinal microbial ecosys-
tem in mammals harbors a total of up to 10'* cells belonging to more than 1,000
different species per host, each bearing approximately a few thousands of genes, it is
not surprising that the absence of such diverse microbial communities is linked to
disturbances in metabolic functions. In the following two sections, we will highlight
specific features of intestinal microbiota that are of importance for phenolic
conversion.



78 Phenolics in Human Nutrition 2441

4 Microbial Diversity: Relevance for Phenolic Conversion

As seen above in Sect. 2, a broad array of food items contain various phenolic
compounds in a wide range of concentrations (from a few micrograms up to a few
hundred milligrams per 100 g), which highlights the rationale for “eating a little of
everything each day” to cover supplies yet avoid adverse effects due to long-term
excessive intake of a limited number of food items. With respect to chemical
structure, the variety of phenolics is also quite large and the amounts ingested are
driven by dietary habits, which differ markedly between individuals (Fig. 78.1).
Hence, the mixture of phenolics in the intestinal lumen is determined by multiple
levels of complexity and is thus highly diverse and variable.

Diversity is also a major attribute of intestinal microbial communities in mam-
mals. Indeed, although our intestinal microbiota consists dominantly of only four of
the 30 known bacterial phyla (highest taxonomic level within the superkingdom
Bacteria; www.ncbi.nlm.nih.gov/Taxonomy; www.bacterio.cict.fr), namely, the
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, the diversity at
low taxonomic levels (< genus) is very high. Most recent molecular studies refer
to a few thousands different bacterial species being present in the human gut, and
accordingly even more individual strains [68]. Although bacteria make up
the majority of intestinal microbial populations, our intestine harbors also Archaea
(two dominant methane-producing species, Methanobrevibacter smithii and
Methanosphaera stadtmanae, have been described to date), eukaryotic microor-
ganisms, such as fungi and protozoa, as well as viruses. However, the role of these
microorganisms in the metabolism of phenolics is unknown (bacteriophages may,
for instance, influence phenolic conversion by regulating the density of specific
active bacterial populations).

As often in biology, the efficacy of one complex system (the intestinal microbiota)
is greater than the sum of its biologically active parts (bacterial strains). Indeed, one
key asset of the high diversity of our intestinal microbiota is that several different
bacterial species can carry out one given function, such as cleaving glucose moieties
of phenolics. This is referred to as “functional redundancy” (one bacterium can take
over the function of another if for some reason the latter disappears). This ensures
flexibility and is crucial to achieve stability and ecosystem equilibrium over time
upon influence of various environmental stimuli [69]. Hence, the high diversity of our
intestinal microbiota helps us cope with the high diversity of exogenous chemical
compounds that we ingest. Nevertheless, in spite of this high diversity, there are a few
bacterial species (50-100), and by extension a few associated bacterial functions, that
make up the so-called core microbiome [70], that is, the assemblage of species/
functions that are dominant (occur in high numbers) and show a high prevalence
(they are found in most individuals).

Despite the notion of a core microbiome and the stability of the gut microbial
ecosystem over time without major changes in dietary habits, each individual person
harbors their own characteristic intestinal microbiota (in the sense of a personalized
fingerprint). Indeed, there are large interindividual differences in both intestinal
bacterial composition (proportion of taxa) and diversity (qualitative pattern of
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taxa); there is marked quantitative variation and low similarity indexes between gut
samples from different individuals, even for dominant bacterial groups [68, 71, 72].
Individualized intestinal microbial patterns in adulthood are highly dependent upon
a dynamic sequence of events affecting the ecosystem throughout life, especially in
early life. At birth, the human body is colonized by microorganisms from the
environment. Primary colonizers (aerobic or facultative anaerobic bacteria) help
establish a reduced environment that is suitable for subsequent colonization by
strictly anaerobic species, which largely dominate the ecosystem in adulthood. In
infants below 1 to 2 years of age, the human intestinal microbiota is unstable and
composition fluctuates greatly [73]. The infant gut microbiome seems not to be well
equipped for efficient conversion of polyphenols. For example, equol is not detected
in urine and blood samples from infants below the age of 12 months who are fed cow
or breast milk [74, 75]. Delivery mode at birth (vaginal delivery vs. caesarian section)
and breast versus formula milk feeding have been shown to influence microbial
colonization patterns [76—79]. In early life, and very often thereafter, the intestinal
ecosystem is challenged by infectious agents and antibiotic therapies. In most cases,
the ecosystem shows resilience, thanks to its diversity, that is, it rapidly returns to its
original state after a challenge. However, in some cases, and more likely and
frequently during infancy where microbial populations are not yet fully stabilized,
the ecosystem or at least specific community niches can be permanently affected [80].
Altogether, this variety of colonization and challenging events can partly explain why
certain individuals harbor specific bacteria and others do not, and why the latter group
therefore lacks the functions expressed by absent or subdominant bacterial species.
For instance, it is well known that only about 30-50 % of human subjects produce
equol from the isoflavone daidzein, meaning that one half to two thirds of human
populations do not harbor equol-producing bacteria in their intestine, at least not in
high enough densities [81, 82]. Likewise it has been shown that bacteria capable of
catalyzing the production of enterolactone from plant lignans belong to subdominant
populations, that is, they occur at densities below 10® cell/g content (compared to
a total cell density of approximately 10'? cell/g) [83, 84].

In summary, our intestinal microbiome encodes numerous core functions of impor-
tance for the conversion of dietary phenolics, yet interindividual differences in the
makeup of bacterial species that colonize our gut underlie interindividual differences in
phenolic metabolism and thereby in possible health effects. In Sect. 5, we will give
more details on active bacterial members and central metabolic reactions involved in
phenolic conversion prior to focusing on health effects of isoflavones and lignans.

5 The Gut Microbiota Influences Health Effects of Phenolics

5.1 Core Bacterial Reactions and Conversion of Isoflavones
and Lignans

Exceptions prove the rules: the functional diversity of intestinal microbiota implies
that all plant phenolics that we ingest can be converted by microorganisms.
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However, there are exceptions, such as the isoflavone irilone, which seems to be
resistant to bacterial conversion [85]. Gut bacteria catalyze an array of dominant
core reactions that play key roles in the metabolism of a large panel of phenolic
compounds, including isoflavones and lignans: (I) hydrolysis of esterified and
conjugated bounds, (II) deglycosylation (removal of sugar moieties),
(IIT) demethylation (substitution of a methyl by a hydroxyl group),
(IV) dehydroxylation (reduction of hydroxyl groups), (V) dehydrogenation,
(VI) reduction. Figure 78.1 gives a brief overview of the so far identified bacterial
species that catalyze these reactions [86, 87]. It is noteworthy that several species
occur in proximal parts of the bowel (Enterobacteriaceae, lactobacilli, lactococci,
and streptococci in the stomach and small intestine), showing that bacterial metab-
olism of phenolics may be crucial not only in the colon, but already before, for
example, for hydrolysis of conjugated metabolites secreted in the bile. Most dietary
phenolics occur as biologically inert polymers or glycosides, meaning that reaction
type I and II are crucial for phenolic activation and influence downstream reactions
such as demethylation. As a matter of fact, the production of one given active
metabolite often results from sequential reactions involving several bacterial spe-
cies. For instance, production of enterolignans from SDG requires four reactions,
among which demethylation and dehydroxylation are catalyzed only if the substrate
has been previously deglycosylated and demethylated, respectively [15, 88]. Reac-
tion type III (demethylation) is also crucial with respect to biological activities
since most plant phenolics are methylated and are less active than hydroxylated
metabolites. This is obvious, for instance, in the case of caffeic acid phenyl ester (an
active phenolic constituent of honeybee propolis), for which we found that meth-
ylation of catechols markedly reduces anti-inflammatory activities [89].

The physiological advantage for bacteria to convert phenolic compounds is
easily understandable in the case of deglycosylation (active species can utilize
released glucose moieties as carbon and energy sources) or demethylation
(acetogenic bacteria, for instance, are capable of producing energy by incorporating
methyl groups into the Wood-Ljungdahl pathway of acetogenesis). In contrast, it is
more difficult to identify driving forces that led to the establishment of complex
phenolic-converting metabolic chains involving various distantly related bacterial
species. One simplistic way to assess such a complex system is to try gaining access
to individual bacterial components of the metabolic chain by means of anaerobic
cultivation for subsequent in vitro characterization. Indeed, the isolation of pure
bacterial cultures, in combination with the use of biochemical techniques (high
performance liquid chromatography and mass spectrometry), for the purpose of
metabolite identification allows description of key bacterial players in phenolic
metabolism, including subdominant bacterial populations [15, 90]. Microbiologists
have been culturing microorganisms for a long time, rapidly leading to major
breakthroughs in biomedical research such as the identification of Mycobacterium
tuberculosis by Robert Koch in 1876 or the discovery of the antibiotic penicillin by
Alexander Fleming in 1928. In contrast, it is only from the 1950s onwards that the
development and use of anaerobic tools by pioneers such as René Dubos, Sydney
Finegold, Lillian Holdeman, Robert Hungate, Edward Moore, and Russel Schaedler
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Table 78.2 Cultivable bacteria capable of converting the isoflavone daidzein®

Bacterial strain End metabolite Origin References
Adlercreutzia equolifaciens Equol Human feces Maruo et al. [96]
FIC-B9"
Asaccharobacter celatus Equol Rat cecum Minamida et al. [97]
do03" Minamida et al. [98]
Eggerthella sp. YY7918 Equol Human feces Yokoyama et al. [99]
Enterorhabdus mucosicola  Equol Mouse ileal Matthies et al. [100]
Mtl-B§T* mucosa Clavel et al. [101]
Eubacterium ramulus wK1 — O-desmethylangolensin Human feces Schoefer et al. [102]
Lactococcus sp. 20-92 Dihydrodaidzein Human feces Shimada et al. [103]
Slackia equolifaciens Equol Human feces Jin et al. [104]
DZE" * Jin et al. [105]
Slackia Equol Human feces Matthies et al. [106]
isoflavoniconvertens HES8T?
Slackia sp. NATTS Equol Human feces Tsuji et al. [107]
Strain D1 and D2 Equol Pig feces Yu et al. [108]
Strain HGH6 Dihydrodaidzein Human feces Hur et al. [109]
Strain HGH136 O-desmethylangolensin Human feces Hur et al. [110]
Strain Julong 732 Equol ° Human feces Wang et al. [95]
Strain Niu-O16 Dihydrodaidzein Bovine rumen Wang et al. [111]
Zhao et al. [112]
Strain SY8519 O-desmethylangolensin Human feces Yokoyama et al. [113]
Strain TM-40 Dihydrodaidzein Human feces Tamura et al. [114]

“These strains are also able to produce 5-hydroxy equol from the isolflavone genistein
®From dihydrodaidzein only (this strain does not convert daidzein)

gave rise to extensive culture-based work dealing with commensal bacterial
communities from human intestinal samples [91-93].

In 1985, Borriello et al. were the first to study the conversion of plant lignans by fecal
slurries in detail [94], yet active bacterial strains were first isolated in 2000 [88]. In the
case of phenolic acids, which as mentioned above are dominant phenolics in human diet,
knowledge of bacterial conversion and involved species is scant. Hydroxycinnamates
(e.g., p-coumaric, ferulic, and sinapic acid) as well as benzoic acids (e.g., gallic, syringic,
and vanillic acids) are rapidly degraded by intestinal bacteria and a few members of the
Firmicutes are known to demethylate a variety of phenolic acids [39, 86]. Actually, this
is the case of isoflavones that rapidly drew most of the attention of microbiologists
working in the field of polyphenols. Reasons for this are the low proportion of equol
producers among humans (30-50 %) and the fact that equol is the most potent known
isoflavone metabolite. Researchers have thus embarked on a microbial “Gold Rush”
attempting to isolate and identify those rare equol-producing bacteria that colonize the
human gut. The first evidence for microbial equol production was published
in 1995 [81], however the first equol-producing bacterium, strain Julong 732, was
isolated in 2005 (and so far this isolate is still not taxonomically classified) [95]. To
date, a total of 16 daidzein-converting strains have been identified (Table 78.2).
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From this listing, it is obvious that proper taxonomic description is needed, as
some of the isolates could belong to the same species. It is also striking that all
equol-producing bacteria with a validly published name are members of the family
Coriobacteriaceae. This hints at functional specialization in the gut, maybe con-
tributing to the better survival of this bacterial group in the competitive intestinal
milieu. Interestingly, some Coriobacteriaceae, such as Eggerthella spp., are dom-
inant intestinal bacteria and can convert steroid hormones and biliary acids [58].
This shows again that core functions such as dehydroxylation are relevant to
various substrates and raises the question on the influence of host hormonal status
on polyphenol metabolism [115].

A major advantage of culture-based approaches is that isolated strains can be
used in vivo to assess physiological roles of phenolic-converting bacteria (in e.g.,
germfree mice) or in vitro for isolation and characterization of active enzymes. So
far, very few corresponding data have been published. Crude enzyme extracts from
Asaccharobacter celatus converts daidzein to dihydrodaidzein under anaerobic
conditions and a dihydrodaidzein-producing reductase from lactococci has already
been cloned (UniProtKB E1CIA4 and E7FL40/1) [103, 116]. However, culturing is
per definition restricted to the study of microorganisms able to be isolated and to
grow in the laboratory (most recent estimation refers to a proportion of 60 %
cultivable bacteria in the mouse intestine) [62]. Again, it is important to remember
that one given reaction can be catalyzed by several phylogenetically distantly
related bacteria, which highlights the notion of functional bacterial groups and
the importance of considering intestinal microbiota as a dynamic pool of functions
rather than an assemblage of taxonomic entities. A more comprehensive way to
assess the bacterial conversion of phenolics at the level of the entire ecosystem (the
pool of microbial functions) than culturing is to use metagenomic techniques, i.e.,
molecular tools dedicated to the study of the metagenome (the sum of genomes
originating from the thousands of bacterial species colonizing the intestine) [68,
117]. For instance, culture- or PCR-based screening of gut metagenomic clone
libraries can give direct access to bacterial genomic information involved in
conversion of phenolics, metagenomic libraries being defined as collections of
>10,000 Escherichia coli clones where each clone expresses functions encoded
on one large DNA fragment (commonly 40,000 bp) from the gut metagenome. As
an example, metagenomic clones can be cultured on agar plates containing
a glucosylated phenolic substrate as sole carbon and energy source, an approach
that has been already used with other kinds of substrates such as f-glucans [118].
In such an assay, only clones capable of utilizing the substrate would grow and
could be further analyzed by sequencing for determination of active gene
sequences. Alternatively, colorimetric reactions may also be used for detection of
for instance phenolic-demethylating clones [119].

One additional key issue in the field of bacterial enzymatic conversion of poly-
phenols is enantiospecificity. Many polyphenols, such as isoflavones and lignans,
are optically active molecules that display several asymmetric carbon atoms. So far,
only S-equol has been detected as a bacterial product of daidzein conversion [95,
120]. In the case of lignans, both (+)- and (-)-enantiomers occur in plants and
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bacterial conversion in the gut seems to be enantiospecific and preserve absolute
configuration [121]. There is strong evidence that biological activity depends upon
chirality of equol [122, 123], stressing the need for stereochemical analysis of other
phenolic metabolites produced by intestinal bacteria. This serves as further proof of
the necessity to isolate phenolic-converting bacterial enzymes for potential bio-
technological production of active metabolites [103]. Finally, the search for new
bacterial metabolites (and determination of corresponding biological properties) is
also of primary interest. Considering the diversity of both dietary phenolics and
intestinal bacterial species, it is likely that the panel of intermediate and end
metabolites produced by intestinal bacteria is much larger than hitherto
observed. For instance, we have found that the lignan-dehydrogenating
bacterium Lactonifactor longoviformis does not only produce enterolactone,
but also the novel metabolite 2,3-bis(3,4-dihydroxybenzyl)butyrolactone,
the occurrence of which in vivo along with biological activities is still to be
determined [121].

In summary, the array of enzymatic reactions catalyzed by the gut microbiome
alters the structure of ingested phenolics. In view of the notion of structure/activity
relationship, we conclude that intestinal bacteria greatly influence the biological
activities of dietary phenolics. In the case of the isoflavone daidzein the route
of bacterial conversion (i.e., the production of equol or O-desmethylangolensin
depending on gut bacterial composition), is key to downstream health
effects (Fig. 78.1). In the following two sections, we will give detailed
information on biological activities and potential health effects of isoflavones
and lignans.

5.2 Health Effects of Isoflavones and the Bacterial Metabolite
Equol

In recent reports, the European Food Safety Authority (EFSA) refuted claims about
the role of isoflavones in body function effects (article 13.1) such as maintenance of
normal blood LDL-cholesterol concentrations in the general population [124, 125].
This has two main implications (also true beyond the sole case of isoflavones): first,
even when scientific rationale is sound and there is a substantial number of well-
conducted studies showing an overall significant trend toward positive effects of
a defined dietary compound, a major problem in nutrition research is that intake of
definite food stuff may need to stretch over long life periods before one can observe
significant effects, when compared, for example, with pharmacological products
usually associated with instant target effects (even though long-term effects of
pharmacological therapies are often also not determined, yet beneficial immediate
effects indeed prevail). Thus, the preventive aspect of nutritional strategies implies
to carry out studies at scales (both in terms of time and cohorts) virtually impossible
to manage in order to substantiate beneficial effects. This very often hampers
closing the gap between scientific evidence and clear recommendations for con-
sumers. The second implication is that, whereas it is very difficult to corroborate
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findings for the “general population,” it makes sense to look at health effects of
isoflavones in sensitive target groups, like infants. For these reasons, this is not our
intention to provide here an exhaustive review of possible health effects of
isoflavones. Instead, we will focus our attention on osteoporosis affecting meno-
pausal women and on the effect of early exposure to isoflavones, thereby highlight-
ing the biological properties of the bacterial metabolite equol.

Infants make up a study population of particular interest for several reasons:
(1) they have not yet necessarily acquired a fully functional phenolic-metabolizing
machinery (at least from a microbiological perspective), (2) the use of soy-based
infant formula has become a rather common feeding alternative in westernized
countries, and (3) a growing human body may be particularly sensitive to the
biological properties of isoflavones. There are several published papers showing
that early exposure to isoflavones has the potential to influence hormone levels and
organ differentiation in the offspring of various animal species [126—129]. For
instance, male marmoset twin monkeys fed soy formula milk for 30-40 days from
the age of 5 days were characterized by lower mean testosterone levels in blood
samples [129]. However, long-term effects must be further investigated. Further-
more, caution must be taken when interpreting results obtained using doses higher
than the estimated intake of 2—10 mg isoflavones per day per kilogram body weight in
infants fed soy-based formula [130, 131]. Exposure of human infants to dietary
isoflavones has drawn attention of researchers since the mid-1990s. Depending on
studies, isoflavone concentrations in soy-based infant formula range from 30 to
280 mg/kg [131-133]. Setchell et al. found that mean plasma concentrations of
both genistein and daidzein in seven infants fed soy-based formula were 979 ng/ml
(approximately 4 pmol/l) [131]. This concentration was markedly higher than in
infants fed either cow-milk formula (5.3 ng/ml) or human breast milk (4.2 ng/ml),
and is also higher than in adults on their usual diet. Interestingly, infants can also be
exposed to isoflavones via breast milk during lactation. In seven breastfeeding
mothers, ingestion of 55 mg/day isoflavone glucosides for 2—4 days increased
isoflavone concentrations significantly in breast milk (from ca. 5 to 70 nmol/l) and
in infant urine (from ca. 30 to 110 nmol/mg creatinine) [134]. Hence, it is clear that
infants can be exposed to relatively high isoflavone concentrations and experimental
work shows some significant effects of early exposure to isoflavones in animals.
However, there is an obvious lack of physiological evidence in humans, as underlined
in recent review papers and human infant trials [135-139].

The rationale for considering possible health effects of dietary isoflavones in
infants is substantiated by in vitro and in vivo work on their biological properties.
Especially, the estrogenic-like properties of isoflavones have been studied as early
as in the 1950s based on the mouse uterine weight method [140], 30 years before
equol was first detected in human urine [141]. Among daidzin metabolites, equol
has the strongest binding affinities to estrogen receptors (ER), especially for ER-f8
[122, 142, 143]. Nevertheless, 17f-estradiol is 10-100 times more potent than
equol. Interestingly, the R- and S-enantiomer of equol exhibit different binding
affinities for ER-o (0.5 vs. 2 % of 17f-estradiol binding, respectively) or ER-f
(1 vs. 20 %) [122]. Beyond binding affinities, equol can also modulate ER
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transcriptional activity [142, 144, 145]. Very recently, induction of estrogenic
responses by equol has been demonstrated in vivo using the 3xERE-luciferase
mouse model, which allows detection of estrogen activity by light production
[146]. On the other hand, isoflavones have the potential to reduce estradiol
bioavailability by increasing levels of circulating sex hormone-binding globulin
[147, 148]. Obviously, the pro- or anti-estrogenic activities of equol depend on
circulating concentrations of estradiol, which markedly vary during puberty, men-
strual cycle, and menopause. Isoflavones concentrations in blood may reach up to
a maximum of 10 pmol/l after ingestion of phenolic-rich food, which exceeds blood
concentration of estradiol by a factor of > 10,000 [149]. Interestingly, tissue accu-
mulation of polyphenols (including isoflavones and lignans) has been reported, which
likely contributes to modulation of biological properties in target tissues [150—153].

In spite of the aforementioned properties of equol, its direct contribution to
health effects is unclear. From the complex metabolite mixtures found in blood and
target tissues after soy intervention, it is impossible to relate effects to only one
specific molecule. Still, discoveries from the last decade may form the basis of
future research to assess the exact role of equol in mediating health effects. Indeed,
the fact that single equol-producing bacterial strains are now available allows the
design of gnotobiological experiments using animal model of diseases. In such
experiments, germfree animals colonized with an equol-producing or non-
producing bacterium (a closely related inactive species or a mutant strain in
which active enzymes have been knocked-out) could be compared with respect to
the development of, for instance, tumors in various tissues or bone disorders in
response to ingestion of daidzein-rich diets. In addition, large-scale production of
pure enantiomers of equol for use in experimental or even clinical studies will
surely help in deciphering direct health effects and underlying molecular mecha-
nisms (US Patent no. 7528267 and 6716424).

To follow up on phytoestrogenic activities of isoflavones in vivo, a number of
studies have looked at the effect of soy consumption on fertility parameters in
adults. Again, there is evidence in animal species [154, 155], but very few data in
human [156]. Alteration of semen quality by soy food or isoflavones is questionable
[157, 158] and a recent meta-analysis of 15 placebo-controlled studies concluded
that soy or isoflavone consumption is not associated with changes in testosterone
levels in healthy men [159]. In contrast, peri- and postmenopausal women represent
a target population of particular relevance. We will here focus only on the effect of
isoflavones on osteoporosis, which has been intensively studied in postmenopausal
women and represent a major public health problem [160]. Readers interested in the
effects of isoflavones on cardiovascular risks and breast cancer may refer to already
published comprehensive papers [13, 14, 161-163]. Osteoporosis is characterized
by low bone mass, deterioration of bone tissue, and disruption of bone microarch-
itecture resulting in compromised bone strength and increased fracture risk [160].
The diagnosis of osteoporosis is primarily established by measurement of bone
mineral density (BMD) [164]. Of course, genetic factors determine peak bone mass.
However, studies involving twins indicate that environmental factors, including
dietary habits, play a substantial role in the pathogenesis of osteoporosis [165].
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Again, the EFSA refuted claims related to the use of soy isoflavones for mainte-
nance of BMD [125]. This highlights the difficulty to reach consistency in exper-
imental setups required for drawing conclusion on definite intake of isoflavones
associated with long-term health benefits. Nevertheless, there is a growing body of
valid scientific data showing overall that beneficial effects of isoflavones on
bone disorders in elderly women are promising [161]. In two recent meta-analyses
[166, 167], Ma et al. selected randomized controlled trials (RCT) investigating the
effects of soy isoflavones on BMD and markers of bone turnover in peri- and
postmenopausal women. Based on a total of 19 RCT with an intervention period
of 1-24 months and isoflavone intake of 4-150 mg/day, the authors concluded that
isoflavone intervention significantly attenuates bone loss of the spine in menopausal
women, inhibits bone resorption, and stimulates bone formation. These results were
confirmed by even more recent meta-analyses [168, 169]. However, it must be
acknowledged that most studies are not appropriate for assessment of soy isofla-
vone consumption for more than 1 year [12]. Thus, one major remaining challenge
is to characterize long-term clinically relevant effects of isoflavones prior to making
statements on their use in hormone replacement therapies [170]. In a very recent
double-blind RCT, Tai et al. found that treatment with 300 mg/day isoflavones for
2 years did not prevent decline of BMD in lumbar spine and proximal femur in
postmenopausal Taiwanese [171].

5.3 Health Effects of Enterolignans

As for isoflavones, there is a vast number of studies investigating various biological
properties and potential health effects of lignans [115]. There is good experimental
evidence that lignans are beneficial with respect to the development of cardiovas-
cular diseases and breast cancer. It is obvious however that RCT in human subjects
are lacking. Interventions based on the use of flaxseeds as main lignan source have
revealed promising effects with respect to reduction of prostate cancer proliferation
[172, 173], tumor growth in breast cancer patients [174—176], and low-density
lipoprotein (LDL) cholesterol levels [22, 177]. In addition, recent data from the
EPIC study (European Prospective Investigation into Cancer and Nutrition)
suggested that lignan intake decreases colon cancer risk in women [178]. However,
because flaxseeds contain substantial amounts of fibers and oil, it is not possible to
distinguish between direct effects of lignans and confounding or synergistic effects
of fibers and oil. We will thus focus hereafter only on studies assessing health
effects that can be attributed to pure lignans converted in vivo to the enterolignans
ED and EL by gut bacteria. Unfortunately, viewed from that perspective, the
number of human intervention trials shrinks further away. We found only two
different double-blind RCT, in which authors analyzed the effect of flaxseed
extracts enriched in SDG (ca. 30 % dry mass). Hallund et al. found that an
intervention with 500 mg/day SDG equivalent for 6 weeks in 22 healthy postmen-
opausal women marginally reduced C-reactive protein concentrations and had no
effect on endothelial function and plasma lipid concentrations [179-181].
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In another trial involving 78 subjects with benign prostatic hyperplasia, ingestion of
a flaxseed lignan extract (>300 mg/day SDG equivalent) over a 4-month period
significantly improved International Prostate Symptom and Quality of Life Scores
[182]. It is thus again in laboratory animals that most of the beneficial effects of
pure lignans have been reported. In rodents, Lilian Thompson and colleagues found
that SDG reduces or delays mammary tumor growth [183—185], affects mammary
gland structure [186, 187], reduces metastasis in the lung [188] as well as colon
carcinogenesis (number of aberrant crypt foci after azoxymethane treatment) [189].
In contrast, matairesinol and secoisolariciresinol did not protect against intestinal
tumor formation in Min mice [190]. More recently, lariciresinol was found to
attenuate mammary tumor growth in xenograft- and carcinogen-induced rat models
[191]. With respect to cardiovascular risks, SDG was found to reduce the incidence
of atherosclerosis in rabbits and to induce neovascularization-mediated
cardioprotection in rats [192—194].

Biological properties underlying the aforementioned protective effects of lignans
are not well characterized, especially in vivo. As stated in Sect. 2, plant lignans are
usually less active than enterolignans, which are thus seen as paradigm metabolites
for the relevance of bacterial conversion. In vitro studies showed that EL has slightly
higher binding affinity for the human pregnane X receptor, which mediates induction
of enzymes involved in steroid metabolism and xenobiotic detoxification, than its
precursor secoisolariciresinol [195]. Moreover, EL binds to estrogen receptors, with
a preference for ER-o [142, 196], and can activate estrogen responsive elements
[197]. Both ED and EL modulate ER-o« mRNA and protein contents and compete
dose dependently with estradiol and the unsaturated fatty acid arachidonic acid for
binding site on rat and human o-fetoprotein, an estradiol-binding protein [198, 199].
However, binding affinities of enterolignans appear to be 10-10,000-fold lower
than those of other phytoestrogens or sex hormones. Both enterolignans and plant
lignans also bind to sex hormone-binding globulin, with possible consequences
on circulating levels of the sex hormones testosterone and estradiol [200].
The estrogen-dependent properties of ED and EL include as well inhibition of
aromatase, So-reductase, and 17f-hydroxysteroid dehydrogenase, three enzymes
involved in the metabolism of growth-promoting steroid hormones [201-204].
Besides, EL was found to induce the expression of the estrogen-responsive protein
PS2 in human breast cancer MCF-7 cells [205]. This and other in vitro studies showed
that ED and EL alter cell proliferation of various breast, colon, and prostate cell lines,
as well as endothelial cells derived from bovine brain capillaries [206-210]. In vitro,
both ED and EL have also higher antioxidant activities than plant precursors [211,
212]. In vivo, short-term feeding of SDG to rats only led to minor changes in the
antioxidant status of hepatic tissue [213].

To conclude on the last two sections on health effects, one can say that poly-
phenols are generally regarded as safe and there are only a few reports on possible
toxic effects (yet not in the case of isoflavones and lignans in humans) [214-217].
However, polyphenols have the potential to interact with sensitive hormonal systems.
Moreover, as implied above when discussing bioavailability, efficient conjugation
and excretion mechanisms as well as relatively low phenolic concentrations in blood
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(<200 nmol/l without intervention [51, 218, 219]), when compared with other
molecules of dietary origin (sugars, amino acids, acetate, etc ...), are hallmarks of
efficient host metabolism dedicated to the elimination of exogenous molecules.
Thus, one should not presume that biological properties of phenolics are solely
synonyms of beneficial effects, for example, equol may trigger hyperplasia of rat
uterine tissue [220] and lignans have been shown to affect pregnancy outcome,
reproductive development, and estrous cycling in rats and women [221-223].
Isoflavones are promising with respect to improvement of osteoporosis in
postmenopausal women, but long-term effects and dose/activity relationship must
be further investigated. Regarding lignans, data obtained using animal models of
cancer and cardiovascular disorders are promising too. However, there is a paucity
of data in human subjects. In both cases (isoflavones and lignans), direct in vivo
effects of bacterial metabolites is a future research area of particular interest.

6 Impact of Phenolics on Intestinal Microbiota

One fundament of intestinal ecosystems is the trialog between dietary components,
intestinal microorganisms, and the host. Over the last century, medical microbiol-
ogy had been a dominant field of research and the focus was mainly placed on the
study of bacteria-host interactions. However, over the last 20 years, the impact of
nutrition on human health and the intestinal microbiome has gained a lot more
attention in westernized countries [5]. This is mainly due to: (1) research-founded
breakthroughs (molecular mechanisms underlying benefits or deleterious effects
of specific dietary molecules are being described); (2) shifts in public health
challenges and mentalities (while many bacterial infections are no major threat
anymore, chronic disorders such as allergies, obesity, and inflammatory diseases in
an ever-aging population represent an increasing social and economical burden;
meanwhile, many people are concerned about self-improvement of well-being via
nutrition); and (3) market-driven issues (global food companies are lured by profits
associated with massive consumption of functional foods and nutraceuticals).
There is nowadays strong evidence that diet greatly influences the composition
of intestinal microbiota. The most studied dietary components having striking
effects on microbial diversity are fat and fibers [224, 225]. In contrast, the effect
of dietary microcomponents like polyphenols on intestinal microbiota is much less
known, in spite of various possible mechanisms of actions. First of all, the fact that
the conversion of phenolics is under the control of bacterial metabolic chains means
that any substrate affecting one chain link has the potential to alter the entire
system. Secondly, there is good indication that phenolic extracts and pure phenolics
have antimicrobial properties and may thereby alter the growth of intestinal bacteria
like clostridia, bacilli, and members of the Enterobacteriaceae [226-229].
In addition, since gene expression of enzymes catalyzing, for instance,
dehydroxylation can be induced by matching substrates [230], it is possible that
polyphenols directly influence core gut microbial functions. At the same time, the
growth of phenolic-metabolizing bacteria may be favored if conversion provides
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a net energy input for the bacteria. This could lead in parallel to increased compet-
itive advantage and thus indirect growth inhibition of other bacterial groups.
Finally, certain polyphenols or metabolites thereof may interfere with quorum
sensing, a molecular system that coordinates gene expression of, for instance,
virulence factors according to bacterial cell density [226-229]. In spite of these
mechanisms, which must still be substantiated by further investigations, there is to
the best of our knowledge only 11 papers reporting effects of phenolic compounds
on intestinal microbiota. In vitro experiments showed that incubation of fecal
slurries with tea extracts prevented growth of clostridia [231]. Possemiers et al.
showed that the hop prenylflavonoid isoxanthohumol increased the abundance of
members of the Clostridium cluster XIV as well as bifidobacteria in a continuous
culture system [232]. In rats, Hanske et al. found that xanthohumol does not affect
the diversity of dominant fecal microbial communities, as analyzed by denaturing-
gradient gel electrophoresis [233]. Smith et al. reported that a diet rich in proantho-
cyanidins increased the occurrence of Enterobacteriaceae and Bacteroides in
rat feces [234]. The remaining papers relate to human intervention trials.
Tea polyphenols increased viable counts of bifidobacteria and decreased counts
of Clostridium perfringens in eight Japanese healthy adults [235], but had no major
impact on fecal microbiota in six hypercholesterolemic volunteers [236]. We found
in 2005 that a dietary treatment with 100 mg isoflavones per day for 1 month altered
the bacterial diversity and composition in fecal samples from 39 postmenopausal
women [71]. Very recently, Tzounis et al. found that a diet rich in cocoa-derived
flavanols (494 mg/day) consumed for 4 weeks by 22 healthy human volunteers
increased the proportion of lactic acid bacteria by a factor of two, as measured by in
situ hybridization [237]. The same authors had previously reported that 150 mg/1 of
the flavanol monomers epicatechin and catechin stimulated growth of
bifidobacteria, E. coli and members of the Firmicutes in vitro [238]. With respect
to bacterial activities, Wiseman et al. found that soy consumption for 10 weeks
increased beta-glucosidase activity in feces from 76 healthy young adults [239].
Finally, Hoey et al. reported two- to tenfold lower counts of bacteria in feces from
ten infants (aged 4-12 months) fed a soya- versus milk-based formula [74].
However, the fecal concentration of total short chain fatty acids (ca. 45 pmol/g) as
well as beta-glucosidase and glucuronidase activities (both ca. 10-25 umol/h per g)
were unchanged.

Bottom line is that the amount of data is too limited to draw firm conclusions on
the impact of phenolics on intestinal microbiota. The task ahead is challenging due
to the diversity of phenolics in food as well as interindividual intestinal microbial
profiles. The use of next generation molecular approaches will be crucial for the
identification of core responses to dietary phenolics at the level of the entire gut
microbial ecosystem. High-throughput 16 S ribosomal RNA sequencing allows for
instance in-depth characterization of changes in bacterial diversity. However, it will
be essential to translate the meaning of such structural changes for host health
development, since microbial functions are the driving force of bacteria-host
interactions and changes in diversity are not necessarily linked to changes in
ecosystem functions. Ecological approaches, such as metatranscriptomic
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or metabolomic, for gene or metabolite expression profiling could be used for
identification of core microbial functional markers under the influence of dietary
phenolics [240].

7 Can We Potentiate Intestinal Microbial Metabolism?

The pace of research involving phenolic compounds has rapidly increased over the
last two decades (Fig. 78.2). One obvious underlying reason is the wish to prevent
or cure diseases by means of natural products. Since intestinal bacteria are essential
for phenolic bioavailability and associated health effects, nutritional strategies
favoring production of active metabolites via the microbiome look very attractive.
As seen above, the use of antibiotics is the best proof-of-concept that influencing
metabolite production by targeting intestinal microbial communities is promising
[56, 60, 241-244]. However, there is to date no valid data substantiating the theory
of diet-driven optimization of microbial phenolic conversion.

The link between intake of specific dietary components and phenolic metabolite
production is unclear. Although increased excretion of equol has been associated
with increased consumption of fat, meat, and fruits, for instance [82, 152, 245-247],
and enterolignans excretion seems to correlate well with dietary intake of fibers
[248-250], more work is needed to reach consensus in results. Nonetheless, it is
clear that ingestion of isoflavone and lignan food substrates enhance production of
equol and enterolignans [33, 251-253]. An intriguing question is however to know
whether the activity or growth of phenolic-activating bacteria can be specifically
induced, that is, in the case of equol, for example, whether non-equol producers on
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their usual diet can become producers, thanks to ingestion of appropriate plant
substrates. In 12 Caucasian postmenopausal women, Védrine et al. found that
isoflavone intervention (100 mg/day) increased plasma equol concentrations
from 0.31 to 0.99 umol/l in equol producers, but that the seven volunteers classified
as non-equol producers did not acquire the ability to produce equol after 1 month
exposure [251]. In contrast, another study in China revealed a higher proportion of
equol producers among 200 healthy adults challenged with a soy-isoflavone supple-
ment for 3 days (60 % equol producers after supplementation vs. 27 % at baseline)
[254]. Here too, more work is needed to draw firm conclusions on equol
phenotype changes and influence of demographic origin on phenolic bioavailability
[245, 255, 256].

Probiotics are defined as live microorganisms that, when administered in
adequate amounts, confer a health benefit to the host [257]. Their use has drawn
quite some attention for improvement of phenolic activation in the gut based on the
rationale that glucosidases from probiotic lactic acid bacteria (mainly lactobacilli
and bifidobacteria) may enhance phenolic bioavailability by increasing concentra-
tions of aglycones. However, the dominance of endogenous phenolic-
deglycosylating Bacteroides, Bifidobacterium, and Clostridum spp. in the intestine
suggests that deglycosylation is not a limiting step in the in vivo production of
active metabolites. Moreover, while there are many reports on the fermentation of
soy products by probiotic bacteria, all ten intervention trials based on soy and
probiotic treatment in human subjects failed to demonstrate any positive effects of
probiotic bacteria [258-267]. Concerning lignans, the only one study available
also failed to show any beneficial probiotic effects [268]. More interestingly,
researchers in the group of Willy Verstraete at Ghent University have successfully
used phenolic-converting bacteria originating from the human intestine, such as
Eubacterium limosum catalyzing demethylation, to enhance the activation of
isoflavones and isoxanthohumol in continuous culture systems and in
rats [269, 270].

Functional food products also include prebiotics like fructooligosaccharides
(FOS) and inulin, which are nondigestible food ingredients that beneficially affect
the host by selectively stimulating the growth and/or activity of one or a limited
number of bacterial species already resident in the colon [271]. The prebiotic
concept was first coined in 1995 by Glenn Gibson and the bifidogenic effect of
FOS and inulin has since then been confirmed by many studies. In contrast, there
are only a few reports on the influence of prebiotics on isoflavone bioavailability.
Steer and colleagues showed in vitro that 10 g/l FOS in combination with soyabean
isoflavones significantly prevented genistein breakdown in continuous culture
system vessels [272]. Similar results were obtained by Piaza et al. using inulin in
a randomized double-blind crossover study enrolling 12 healthy postmenopausal
women [273]. The authors found increased plasma concentration of daidzein and
genistein after inulin treatment (approximately 7 g/day) for 21 days. Possible
synergistic effects of combined isoflavone and prebiotic intervention are of
particular interest with respect to health parameters such as blood lipid profiles or
bone density and calcium homeostasis [274-276].
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8 Conclusion

The issue of phenolics in human nutrition bears resemblance to industrialized
production factories, where input of raw materials is important, yet processing
strategies determine the quality of final products. That is, the amount of phenolics
that we eat makes of course a difference, but metabolism within the body deter-
mines their fate and health effects. Future prospects related to phenolic bioavail-
ability (especially bacterial metabolism) that have been evoked throughout the

chapter are summarized in Table 78.3.

Intestinal microbial functions are essential for conversion of a vast majority of
dietary phenolics, for example, isoflavone and lignan activation. The main future

Table 78.3 Take home messages and future challenges®

Facts

Human diet contains a wealth of highly diverse
phenolic compounds

Plant phenolics can be absorbed in the upper
GI tract

The intestinal microbiota is highly diverse
and has a vast metabolic potential

Bacterial culture allows isolation of phenolic-
converting bacteria

Isoflavones may improve osteoporosis in
postmenopausal women, and lignans can protect
against tumor growth and atherosclerosis in
animal models

Health effects depend on the type of bacterial
metabolites produced

There are large interindividual differences in the
ability to metabolize plant phenolics in the gut

Intestinal microbiota is sensitive to dietary
changes

Infants can be exposed to substantial amounts of
phenolics and colonization events determine the
metabolic potential of intestinal microbiota

Perspectives

Implementation of phenolic databases is crucial
for good estimation of intake depending on
dietary habits

Transport mechanisms and kinetic of appearance
in blood must be characterized in detail,
especially in relation to chemical structure
Functional metagenomic screening is

a promising approach for characterization of
bacterial genes involved in phenolic conversion
Identified strains can now be used for
colonization of experimental animal models and
for large-scale production of pure phenolics
More clinical data are needed; long-term effects
must be defined

Studies in gnotobionts or using pure substances
are required for assessing direct health effects of
equol and enterolignans in vivo

Effort must be put into studying
enantiospecificity of bacterial conversion
High-throughput sequencing and metabolite
analysis will allow dynamic characterization of
the gut microbial ecosystem in human
intervention trials

Impact of phenolics on gut microbial diversity
and activities must be further studied

Use of pre- and probiotics to increase bacterial
production of active metabolites is not yet
scientifically founded

Epidemiological data on the impact of chronic
early exposure to phenolics are warranted and
effort should be put in characterizing the
establishment of intestinal microbiota in large
infant cohorts
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challenge for microbiologists working in the field of phenolics and human nutrition
is to characterize metabolic networks at the level of the entire intestinal ecosystem,
in relation to host functions. New generation molecular techniques will certainly
help taking on this challenge, although computer analysis of the colossal amounts
of data generated by high-throughput methods is a high hurdle for most microbi-
ologists. It would be valuable, for instance, if large-scale human intervention trials
on phenolics were designed so as to include microbiological analysis of intestinal
samples via, for instance, sequencing or spectrometry analysis to characterize
bacterial diversity and identify core functions of relevance to phenolics.
This could lead to the discovery of phenolic-specific enterotypes, as in the sense
of specific clusters of microbial species associated with functional profiles of
relevance [277], thereby allowing detailed characterization of interindividual
differences. The long-term objective is the ability to generate personalized meta-
metabolic profiling for development of individualized nutritional strategies [278].
In view of individualized nutritional strategies, we must also say that, even though
the focus of the present chapter is the metabolic potential of intestinal microorganisms,
host genotype strongly determine health effects of phenolics too. Thus, a challenging
task is also to assess the role of host genotype in controlling phenolic health effects,
either directly via differential expression of specific key genes (coding for ER or
intestinal transporters for instance) or indirectly via alteration of microbiota [279].
Finally, it is important to remember that early life periods are critical for shaping
the intestinal microbiome. More effort should be put into characterizing intestinal
microbiota development in infants and the implication of early dietary exposure to
phenolics for health homeostasis later in life. To date, it is also not possible to provide
clear recommendations with respect to dietary intake of isoflavones or lignans for
treatment or prevention of diseases. Nevertheless, good evidence has been accumu-
lating regarding improvement of bone disorders in postmenopausal women by
isoflavones and cardiovascular risks as well as breast cancer by lignans. More clinical
and epidemiological data are mandatory and effort should be put into performing
experiments in gnotobiotic animal models of disease to draw firm conclusions on the
direct role of bacterial metabolites, such as equol and enterolignans, in host health.
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