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Abstract

Gut microbiota have a variety of health and nutritional benefits in their host organisms. Their beneficial effects are related to
gastrointestinal diseases, immunomodulation, intestinal microbial balance, and antimicrobial properties. However, their proper-
ties also involve an influence on the bioavailability of certain drugs and food components in the body. Phytoestrogens are
nonsteroidal secondary metabolites with estrogenic activity. They are found in various foods, especially soy, and are used for
the treatment of estrogen-associated diseases such as menopause, cardiovascular diseases, breast cancer, and osteoporosis. Some
metabolites produced by gut microbiota from phytoestrogens have even stronger effects due to their higher lipophilicity, which
leads to a better absorption and a higher affinity with estrogen receptors. The crucial metabolism of phytoestrogens takes place in
the gastrointestinal tract where the gut microbiota are present. Probiotics are live microorganisms that can confer health benefits
to the host when administered in adequate amounts. They are present in milk products and dietary supplements, and are capable
of restoring the gut microbial communities when ingested. Most of the probiotics are bacteria and thus their intake can enhance
the metabolism of phytoestrogens and, therefore, enhance their pharmacological effects. In this review, we summarize the

influence of gut microbiota on the metabolism of phytoestrogens and their beneficial effects on the host.
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Introduction

Throughout history, plants have been used as medicines. Even
today, their beneficial effects are recognized and used in mod-
ern medicine (Athni and Athni 2019). Plants have diverse
chemical compositions, which are responsible for their varied
pharmacological activity. A lot of those chemical composi-
tions are FDA approved, and one-third of the new molecular
entities are from natural origin (Patridge et al. 2016).
Phytoestrogens are nonsteroidal plant secondary metabolites
with estrogenic activity, which are present in a wide variety of
foods such as flax seeds, soy, and other legumes; they show
physiological similarity to 17-(3-estradiol, the primary female
sex hormone (Rietjens et al. 2017).
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One of the crucial factors that may affect for the activity of
medicinal plants is the metabolism of their active ingredients,
which takes place in the gastrointestinal tract and in the liver.
In the gastrointestinal tract, there is a complex community of
bacteria (gut microbiota) that are essential for the host’s health.
They contribute to normal gastrointestinal function and play a
fundamental role in preserving immune and metabolic ho-
meostasis, and other functions as offering protection against
pathogens (Thursby and Juge 2017). An absence of intestinal
bacteria is associated with reductions in important metabolic
contributions to vitamin K, folate, and short-chain fatty acids
(Canny and McCormick 2008).

Lactic acid bacteria (LAB) are the most common inhabi-
tants of the human gastrointestinal tract and include
lactobacilli, lactococci, streptococci, enterococci, leuconostoc,
and pediococci. Other important genera in gut microbiota are
the bifidobacteria. These genera differ in their morphology,
pH, salt tolerance, optimal temperature, habitats, and patho-
genic potential (Pessione 2012). Gut microbiota play a key
role in the metabolism of phytoestrogens and their transfor-
mation to therapeutically active substances. Phytoestrogens
are not produced by the endocrine system but are consumed
in food and, therefore, they are also called dietary estrogens.
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Isoflavones, ellagitannins, and lignans are the main groups of
phytoestrogens, and are metabolized by intestinal bacteria into
equol, urolithins, and enterolignans, respectively (Gaya et al.
2016a). Probiotics are living microorganisms that are found in
milk dietary supplements and can modulate the balance of the
microbiota by repopulating the gut. Their colonization in the
gut can contribute to the metabolism of phytoestrogens; thus,
the consumption of phytoestrogen-rich foods, together with
selected probiotic bacteria, may increase the production of
bioactive metabolites (Landete et al. 2017).

Due to the structural similarity to the endogenous estrogen
17-B-estradiol (1), phytoestrogens interact with estrogen re-
ceptors (ER) causing estrogenic and antiestrogenic effects
(Peirotén et al. 2019b). A wide range of beneficial health ef-
fects have been attributed to phytoestrogens, with evidence
from molecular and cellular experiments, animal studies, and
human clinical trials showing that phytoestrogens may poten-
tially confer health benefits related to cardiovascular diseases,
cancer, osteoporosis, and menopausal symptoms (Desmawati
and Sulastri 2019; Tham et al. 1998). However, the
phytoestrogens may cause disruption of the endocrine system,
indicating that they may have the potential to cause side ef-
fects as well (Patisaul and Jefferson 2010).

2 Ry=R,=H

3 Ry=H; R,=CHj
4 Ry=OH; R,=H

5 Ry=OH; R,=CHj

Health Benefits and Chemical Properties
of Phytoestrogens

Phytoestrogens are common phytochemical molecules that are
widely distributed in the plant kingdom. They are present in our
daily diet in foods such as fruits (grapes, plum, pear, and apple),
vegetables (soybeans, kidney beans, cabbage, spinach, hops,
garlic, and onion), wine, and tea; also, they have been identified
in a number of botanical dietary supplements (Bacciottini et al.
2007). The intake of phytoestrogens through food is varied in
different regions of the world due to changes in local diet. For
example, in Asian countries where fermented soy products are
part of the traditional diet, isoflavone intake levels may aggre-
gate to about 15-50 mg of isoflavones per day, but in the
Western countries, the isoflavone intake can be less than 2 mg
isoflavones per day (Eisenbrand and Senate Commission on
Food Safety of the German Research 2007). It was found that
Asian populations historically have lower risks of cardiovascu-
lar disease, menopausal symptoms, breast cancer (and other
hormone-dependent cancers), diabetes, and obesity than
Western populations (Adlercreutz and Mazur 1997).

There are many different phytoestrogens found in plants, but
the most common ones occurring in the diet and in food supple-
ments, are the isoflavones daidzein (2), formononetin (3), genis-
tein (4), and biochanin (5). The ellagitannins are a diverse class
of hydrolyzable tannins that originated from vegetables and me-
dicinal plants, as hexahydroxydiphenic acid (6), that undergo
metabolic transformations ending in urolithins. Plant lignan,
sometimes called lignan precursors, include pinoresinol (7),
lariciresinol (8), secoisolariciresinol (9), and matairesinol (10)
(Rietjens et al. 2017). Enterolignans, as enterodiol (11) and
enterolactone (12), are formed from plant lignans by intestinal
bacteria and displayed phytoestrogenic activity (Lampe 2003).
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The effect of phytoestrogens on human health is largely
mediated by gut microbiota, which metabolizes them into bio-
active derivatives with better bioavailability and receptor affin-
ity, which leads to beneficial effects on the host’s health due to
higher anti-inflammatory, antineoplastic, estrogenic/
antiestrogenic, and apoptotic actions than their precursors
(Bravo et al. 2017). This pharmacological potential is probably
due to the antioxidant activity of these metabolites to interact
with important cellular processes in which key enzymes such as
cyclooxygenase, lipoxygenase, phospholipase A,, NADH-oxi-
dase, and glutathione reductase are involved (Amarowicz and
Pegg 2019). The capacity of these polyphenols to interact with
oxygen-activated species, since they are strong scavengers of
lipid radicals, gives them a potential preventive effect against
DNA damage and lipid peroxidation. Furthermore, the antiox-
idant activity of enterolignans has been suggested to contribute
to the decrease of atherosclerosis, hyperglycemia, and hyper-
cholesterolemia (Peirotén et al. 2019b).

Phytoestrogens and Menopausal Symptoms

Menopause is characterized by changes in women’s hormone
balances. In menopause, the levels of estrogen decrease,
which triggers uncomfortable symptoms such as hot flashes,
night sweats, sleep disturbances, and vaginal dryness. These
symptoms are less common in Asian women compared with
the women in Europe and America (Freeman and Sherif
2007). Due to the similarities of phytoestrogens to 17-f3-
estradiol (1), they can imitate estrogen effects in the host.
The use of phytoestrogens for alleviating menopausal symp-
toms has shown positive results. A meta-analysis of 543 po-
tentially relevant studies where the efficacy of phytoestrogens
was examined for the relief of menopausal symptoms showed
that these phytochemicals reduce the frequency of hot flashes
in menopausal women without serious side effects (Chen et al.
2015). Furthermore, gut microbiota influences the activity of
phytoestrogens through the synthesis of (3-glucuronidase, an
enzyme responsible for estrogen deconjugation which enables
it to bind to its receptors, and thus reduce the menopausal
symptoms (Baker et al. 2017).

Phytoestrogens and Cardiovascular Diseases

The female sex hormones serve as antihypertensive molecules
antagonizing the prohypertensive effects of testosterone.
Phytoestrogens mediate their effects through the ER, which
are found in many tissues of the human body, including vascu-
lar tissues. Phytoestrogens maintain endothelial integrity and
decrease vascular permeability; they also increase nitrogen ox-
ide, prostaglandin I,, and/or endothelium-derived hyperpolariz-
ing factor release leading to endothelium-dependent vasodila-
tion (Gencel et al. 2012). Daily administration of soy proteins
containing isoflavones to post-menopausal woman showed

positive vasodilatory effects (Steinberg et al. 2003).
Bioavailability of phytoestrogens in the human body is greatly
influenced by gut flora. Some phytoestrogen metabolites man-
ifest similar or different cardiovascular activities; these com-
pounds are associated with cardiovascular risk factors, in par-
ticular blood pressure, abdominal obesity, and serum lipids,
triglycerides, glucose, and inflammatory markers (Frankenfeld
2016). Consumption of yogurt and dietary lignans was associ-
ated in improvement of some cardiovascular health parameters
such as lowering the levels of total cholesterol and low-density
lipoprotein cholesterol in Mediterranean population (Creus-
Cuadros et al. 2017). Bifidobacterium has the ability to metab-
olize daidzein (2) to equol (13), which has increased absorption,
bioavailability, and greater affinity for ER; thus, a superior ef-
ficacy compared with its precursor daidzein. Binding of equol
(13) to ER leads to inhibition of the production of endothelin-1,
a vasoconstrictor peptide that causes vasodilation (Gencel et al.
2012; Lye et al. 2009).

Phytoestrogens and Breast Cancer

Breast cancer is the second most common cause of cancer-
related deaths in women. Estrogen and progesterone induce
the growth of malignant cells through binding of the ER.
There are two types of ER in our body, i.e., ERox and ERf3.
Phytoestrogens can also bind to ER, and some have a prefer-
ential affinity for ER[3, which can inhibit the transcriptional
growth-promoting activity of ER«. Their anticancer effects
are also related to inhibition of cyclin D1, and expression of
cyclin-dependent kinase inhibitors (p21, p27, and p57) and
tumor suppressor genes (APC, ATM, PTEN, SERPINBS)
(Basu and Maier 2018). However, the binding of
phytoestrogens to ERf3 is dose-dependent, and only saturating
doses show inhibitory effects on breast cancer cell growth
(Bilal et al. 2014).

A meta-analyses of the protective function of lignans and
enterolignans against breast cancer showed that a high lignan
intake, as well as its resulting enterolignan concentration, in
postmenopausal women is associated with a significant reduc-
tion in the risk of breast cancer (Buck et al. 2010).

Phytoestrogens and Osteoporosis

Estrogen deficiency is known to cause significant alterations
in bone metabolism and is a major risk factor for osteoporosis
in postmenopausal women. Estrogen is responsible for sup-
pressing osteoclast activity, a large multinucleate bone cell
which absorbs bone tissue during growth and healing, and
thereby preventing bone resorption. On the other hand, oste-
oblasts are responsible for the formation of bone tissue. Both
ERa and ER 3 are found in osteoblasts and are responsible for
bone mineralization (Setchell and Lydeking-Olsen 2003). In
postmenopausal women, the deficiency of estrogen level is
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triggering the osteoclast activity and thus promotes bone frac-
tions, e.g., osteoporosis. However, the osteoclast activity is
greater due to the low estrogen levels. Phytoestrogens have
shown potential in preventing and treating osteoporosis. In
one randomized controlled trial, the use of red clover extract
which is rich in isoflavone aglycones together with probiotics
enhancing isoflavones bioavailability over a 1-year period
showed that intake of red clover extract, administrated twice
a day, potently attenuated bone mineral density loss caused by
estrogen deficiency (Lambert et al. 2017).

Phytoestrogens and Diabetes

Diabetes is a major health problem around the globe. Its prev-
alence estimated by the International Diabetes Federation is
that 382 million adults were diagnosed and 5.1 million deaths
occurred in 2013 due to diabetes (Talaci and Pan 2015). It is
accepted that the diet plays crucial role in the development and
progression of diabetes. The high intake of refined sugars is
related to many diseases and diabetes is one of them.
However, the food can also lower the high blood glucose level
and thus alleviate the symptoms or even prevent the occur-
rence of diabetes. Flaxseed is highly nutritious food rich in
essential fatty acids, fibers, and lignans. The anti-inflammato-
ry, antioxidative, and lipid-modulating properties of lignans
are associated with reduced blood glucose in subjects with
type 2 diabetes and prediabetes (Parikh et al. 2019). Gut mi-
crobiota can improve the antidiabetic effects of lignans
through their metabolism and converting them to enterodiol
(11) and enterolactone (12). Two cohort studies indicated that
lignan metabolites are associated with lower risk of type 2
diabetes in US women (Sun et al. 2014). The combination
of flaxseed and yogurt has also improved the hyperglycemic
symptoms in patients with type 2 diabetes. Particularly, the
daily consumption of 200 g flaxseed-enriched yogurt for
8 weeks resulted in lowering their hemoglobin Alc concen-
tration (Hasaniani et al. 2019).

Gut Microbiota and Metabolism
of Phytoestrogens

The three main structural types of phytoestrogens
(isoflavones, ellagitannins, and lignans) are metabolized by
gut microbiota into equol, urolithins, and enterolignans,
respectively.

Isoflavone Metabolism
Isoflavones are flavonoids present in various plants. Almost
all isoflavones present in plants and food are glycosides,

which are less estrogenic than their aglycones, and their ab-
sorption rate in the human intestine is lower due to their higher
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molecular weight and greater hydrophilicity (Hur et al. 2000).
In order to improve the estrogenic effects and the bioavailabil-
ity of isoflavones, they have to release their sugar component.
This is accomplished by the enzyme {3-glucosidase, which is
present in some LAB and other gut bacteria and, thus, improv-
ing the positive health effects of isoflavones (Landete et al.
2016). Lactobacillus delbrueckii was found to be involved in
the biotransformation of the isoflavone genistin (14) to its
aglyconic form, genistein (4), but was not able to metabolize
daidzein (2) and formononetin (3), which are already aglycons
(Igbal and Zhu 2009). Lactobacillus rhamnosus JCM 2771
was also found to be involved in the production of daidzein
(2) and genistein (4) from daidzin (15). The increased concen-
tration of L. rhamnosus JCM 2771 was also associated with
higher concentration of equol (13) (Tamura et al. 2011)
(Scheme 1). The intermediate metabolite between daidzein
(2) and equol (13) is dihydrodaidzein (16), which can undergo
on two metabolic pathways and produce O-
desmethylangolensin (17) or tetrahydrodaidzein (18).
Likewise, genistein (4) is further metabolized to
dihydrogenistein (19), then to 6-OH-O-desmethylangolensin
(20) and 4-hydroxyphenyl-2-propionic acid (21).

Facultative anaerobe bacteria found in the human intestine
showed positive results in the metabolism of isoflavones: al-
most all the strains from the genera Bifidobacterium and
Lactobacillus, along with Enterococcus faecalis and
Streptococcus bovis, metabolized genistin (14) and daidzin
(15) to daidzein (2) and genistein (4). The exceptions were
Bifidobacterium bifidum, Lactobacillus brevis, Lactobacillus
ermentum, and Lactobacillus reuteri that could not apprecia-
bly convert isoflavone glucosides to their aglycones
(Tsuchihashi et al. 2008). In another study, soy isoflavones
were given to seventeen postmenopausal women for period
of 1 week in order to determine the gut microbiota influence
on isoflavones. The results from urinary excretion revealed
that only 4 subjects were equol (13) producers and all subjects
produced O-desmethylangolensin (17). In addition, the pro-
portions of Bifidobacterium and Eubacterium were signifi-
cantly greater in equol vs nonequol producers (Nakatsu et al.
2014). The B-glucosidase activity from three strains of
Lactobacillus acidophilus, two of Lactobacillus casei, and
one of Bifidobacterium was tested. All of the six bacteria were
incubated in soymilk, and the 3-glucosidase activity was de-
termined based on aglycone formation. L. acidophilus 4461
showed the highest aglycone formation (76.9%) after 24 h of
incubation (Otieno et al. 2006). Another L. acidophilus strain
(L10), demonstrated highest aglycone formation after 36 h of
incubation, whereas in L. casei L.26 and Bifidobacterium
lactis B94, the highest aglycone formation was achieved after
12 h and 24 h, respectively (Donkor and Shah 2007). The
reason for the time-dependent enzyme activity is due to the
cell number. The enzyme activity depends on the cell growth,
greater cell count results in greater enzyme activity. Addition
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Scheme 1 Biotransformation of OH
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of specific substances can increase the growth of some bacte-
rial species and thus improve their metabolic effects. The ad-
dition of 2% lactose to soymilk and incubating 11 LAB strains
has shown enhanced biotransformation of isoflavone gluco-
sides to the more bioactive isoflavone aglycones. Lack of
lactose in soymilk slows the growth of LAB and, therefore,
decreases the isoflavone metabolism (Ding and Shah 2010).
Gaya et al. analyzed 92 strains of LAB and bifidobacteria
from the genera Lactobacillus, Enterococcus, Lactococcus,
and Bifidobacterium for their capacity to metabolize
isoflavones. Bifidobacteria was the group showing the greatest
ability to metabolize isoflavones, while the percentage of iso-
flavone metabolites produced by the other genera were 39.1%,

O,
HO o}
HO

I OH

43.5%, and 47.8% for Lactobacillus, Enterococcus, and
Lactococcus, respectively (Gaya et al. 2016b). Lactococcus
garvieae, isolated from the human intestine, is able to metab-
olize daidzein (15) to equol (13) after a steady state of growth
has been achieved (Uchiyama et al. 2007).

The anti-inflammatory effects of isoflavone metabolites
were demonstrated in vitro where four Lactobacillus species
(Lactobacillus plantarum DPPMA24W and DPPMASL33,
Lactobacillus fermentum DPPMAI114, and L. rhamnosus
DPPMAAZI1) showed the highest activity for metabolizing
isoflavones. These bacteria were incubated at 37 °C in soymilk
that was made from organically farmed soybeans, and after
96 h, the medium contained 57 uM daidzein, 140.3 uM
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genistein, 20.4 uM glycitein, and 37.3 uM equol. Soymilk
containing the bacterial strains and the soymilk without the
bacteria were tested on intestinal human Caco-2/TC7 cells
for anti-inflammatory effects resulting from the isoflavone me-
tabolism. The inflammatory effect was induced by interferon-y
(1000 U/ml) and lipopolysaccharide (100 ng/ml). The results
demonstrated that only the soymilk containing the bacteria
inhibited cell inflammation and the synthesis of IL-8 after treat-
ment with interleukin-13 (2 ng/ml) (Di Cagno et al. 2010).

Ellagitannin Metabolism

Ellagitannins are a family of bioactive polyphenols contained in
a number of edible plants and fruits, such as edible seeds, nuts,
raspberries, strawberries, pomegranate, and longan (Ismail et al.
2016). They are composed of hexahydroxydiphenoyl units,
galloyl units, and/or sanguisorboyl units bounded to a sugar
molecule. The ellagitannins that are transformed by the gut
microbiota are the ones that contain a hexahydroxydiphenoyl
unit, and they are metabolized to urolithins in the gastrointesti-
nal tract. Urolithins can also be synthesized from ellagic acid, a
metabolite of ellagitannins. Ellagitannins and ellagic acid have
very low bioavailability, but the urolithins have better absorp-
tion and are present in the blood stream as glucuronide and
sulfate conjugates. Recent research has shown preliminary ev-
idence for the anti-inflammatory, anticarcinogenic,
antiglycative, antioxidant, and antimicrobial effects of
urolithins (Espin et al. 2013; Zhang et al. 2019).

The most important urolithins produced by the gut micro-
biota are urolithin A (22), isourolithin A (23), urolithin B (24),
urolithin C (25), urolithin M6 (26), and urolithin M7 (27).
Urolithins were found in fecal samples of three healthy vol-
unteers without a history of gastrointestinal disease and with-
out usage of antibiotics in the past 6 months (Piwowarski et al.
2016).

22 R,=OH: R,=R,=H
23 R1=R3=H; R2=OH
24 R1:R2:R3:H

25 R,=R,=OH; Ry=H
26 R1=R2=R3=OH
27 R,=R3=OH; R,=H
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The metabolism of ellagitannins was examined in forty
healthy volunteers. The participants were divided into
four groups where each group consumed foods containing
ellagitannins: strawberries (250 g), red raspberries
(225 g), walnuts (35 g), and oak-aged red wine
(300 ml). Five urine fractions were collected, and the re-
sults demonstrated that ellagitannins were not present in
the samples; however, the microbial metabolite urolithin
B (24) was detected in all of the subjects. The mean per-
centage of metabolite excretion was 2.8% (strawberries),
16.6% (walnuts), 3.4% (red raspberries), and 6.5% (oak-
aged red wine) (Cerda et al. 2005). The results of a phar-
macokinetic observation of twenty healthy volunteers, af-
ter consumption of 300 g fresh berries (100 g of straw-
berry puree, 100 g of frozen raspberries, and 100 g of
frozen cloudberries [Rubus chamaemorus]) has shown
that urolithin A, B, C, and D glucuronides, methyl-
urolithin C, and D glucuronides, plus dimethyl-ellagic ac-
id glucuronide were detected in the urine, while in the
control group these metabolites were not found
(Puupponen-Pimia et al. 2013).

Gordonibacter urolithinfaciens and Gordonibacter
pamelaeae DSM 19378(T) can be isolated from the feces
of a healthy human volunteer. It has been shown that in
anaerobic conditions during the stationary phase of the
bacterial growth, catabolism of ellagic acid has occurred
and showed production of pentahydroxy-urolithin
(urolithin M-5), tetrahydroxy-urolithin (urolithin M-6),
and trihydroxy-urolithin (urolithin C), while dihydroxy-
urolithins (urolithin A and isourolithin A) and
monohydroxy-urolithin (urolithin B) were not produced
(Selma et al. 2014). Another strain of the Gordonibacter
genus (CEBAS 4A1, 4A2, 4A3, 4A4) has shown produc-
tion of isourolithin A (23), but did not produced urolithin
A (22) and urolithin B (24) (Selma et al. 2017). The bac-
teria involved in the metabolism of a specific ellagitannin
are still unknown, and further research is necessary to
discover the exact mechanism of biotransformation of this
type of phytoestrogens.

Lignan Metabolism

Lignans are a group of bioactive phenolic compounds
biosynthesized by the dimerization of two substituted
phenylpropane units. They are widely distributed in plants
and are an important group of phytoestrogens present in
our diets (Rodriguez-Garcia et al. 2019). Cereals, soy-
beans, cruciferous vegetables, and some fruits (particular-
ly apricots and strawberries) possess high amounts of
these compounds, e.g., matairesinol (10), pinoresinol (7),
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lariciresinol (8), sesamin (28), arctigenin (29), and
syringaresinol (30), as well as secoisolariciresinol (9)

and its glycosylated form, secoisolariciresinol diglucoside
(31) (Yoder et al. 2015).

OCH,
OH
O
- OCH,
Hi niH
H;CO .
AN O)
HO
OCH,
30

These compounds undergo substantial bacterial metabo-
lism in the intestine and are transformed into more biological-
ly active lignan metabolites, also known as enterolignans. The
intestinal microbiota hydrolyzes the sugar from the glycoside
molecule and the aglycone is released. This is followed by
dehydroxylation and demethylation to give enterodiol (11),
which can be further oxidized to produce enterolactone (12).
Matairesinol (10) can be directly transformed to enterolactone
by demethylation by the gut microbiota (Scheme 2) (Clavel
et al. 2006a).

Lignans have different capacities to produce enterolignans as
demonstrated by quantitative analyses of lignan transformations
to enterolactone (12) and enterodiol (11) (Heinonen et al. 2001).
Lignans were extracted from different plants and their transfor-
mation was induced by fecal microorganisms from healthy vol-
unteers. The results were (a) 62% of matairesinol (10) was con-
verted to enterolactone; (b) 72% of secoisolariciresinol (9) was
converted to enterolactone and enterodiol; 55% of pinoresinol
(7) was converted to enterolactone and enterodiol; (¢) 4% of
syringaresinol (24) was converted to enterolactone and
enterodiol, while several other metabolites were also identified;
(d) 23% of 7-hydroxymatairesinol was converted to 7-
hydroxyenterolactone and enterolactone; (e) 4% of arctigenin
(23) was converted to enterolactone. Two additional metabolites
were also identified, 3'-demethyl-4'-dehydroxyarctigenin and 3'-
demethylarctigenin, an isomer of matairesinol; and (f)
isolariciresinol remained mostly unchanged (Heinonen et al.
2001).

There are several gut microbiota species that are capable of
metabolizing lignans and transforming them into
enterolignans. Hydrolysis of secoisolariciresinol diglucoside
can be accomplished by some Bacteroides and Clostridium
strains (Clavel et al. 2006b). Three different Lactobacillus
strains (Lactobacillus salivarius INIA P183, L. salivarius

INIA P448 and Lactobacillus gasseri INIA P508) were capa-
ble of metabolizing lignans from flax extracts into enterodiol
and enterolactone (Bravo et al. 2017). Twenty Bifidobacterial
strains and three Lactobacillus strains (L. gasseri INIA P508,
L. salivarius INIA P448, and L. salivarius INIA P183) were
tested for their metabolism of lignans. Three bifidobacterial
strains (Bifidobacterium bifidum INIA P466, Bifidobacterium
catenulatum INIA P732, and Bifidobacterium pseudolongum
INIA P2) produced low levels of enterodiol from lignan ex-
tracts, while Bifidobacterium pseudocatenulatum INIA P946
was capable of producing secoisolariciresinol (9) from its gly-
coside (25). B. catenulatum INIA P732 and L. gasseri INIA
P508 were the strains that showed the largest percentage of the
metabolite enterolactone with concentrations above 2 mM
(Peirotén et al. 2019a). L. acidophilus and L. casei have been
tested for metabolizing secoisolariciresinol diglucoside pres-
ent in flaxseed (Linum usitatissimum). L. acidophilus and
L. casei were tested on the bioaccessibility of lignan in whole
flaxseeds and flaxseed flour submitted to a full in vitro simu-
lation of the digestive process from mouth to large intestinal
digestion. Secoisolariciresinol diglucoside is hydrolyzed to
secoisolariciresinol and then metabolized to enterodiol and
enterolactone (Scheme 2). The results showed that the two
tested bacteria influenced the bioaccessibility of lignans and
enterolignans (Mufioz et al. 2018).

Serum concentration of enterolactone is affected by the
use of antimicrobial drugs. In one cross-sectional health
survey studying 2753 Finnish men and women aged 25—
64 years, it was shown that the serum concentration of
enterolactone was significantly lower in those who had
used oral antimicrobials than in nonusers. The results dem-
onstrated that each antimicrobial lowered serum
enterolactone concentration by 16% in men and 11% in
women. This study showed the importance of intestinal
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Scheme 2 Biotransformation of

lignans by gut bacteria H3CO

. OH
HO \%\OH
CH,OH

bacteria in the biotransformation and absorption of plant
lignans (Kilkkinen et al. 2002).

Conclusion

In this review, the positive health effects of phytoestrogens
(isoflavones, ellagitannins, and lignans), their chemical struc-
tures, as well as their metabolism induced by gut microflora
and probiotics are described. Phytoestrogens can bind to the
ER and, therefore, promote estrogenic/antiestrogenic proper-
ties. Their effects are mostly useful in postmenopausal wom-
en, where hormones are unbalanced. Phytoestrogens have
beneficial health effects in alleviating menopausal symptoms,
cardiovascular diseases, breast cancer, osteoporosis, and dia-
betes. However, these beneficial activities on human health
mainly depend on their metabolization by gut microbiota pres-
ent in the small and large intestine, since metabolites (genis-
tein, equol, enterolignans, and certain urolithins) are more
likely to produce the beneficial effects due to their greater
lipophilicity and better absorption, antioxidant properties,
and capacity to bind to ER. Most of the gut bacteria express
[3-glucosidase, which is involved in the sugar hydrolysis to
release the lipophilic active aglycone.

@ Springer
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Intake of phytoestrogen-rich foods with probiotics can in-
crease the metabolism and bioavailability of phytoestrogens
and thus increase their positive effects. The knowledge of the
specific mechanism of how probiotics transform phytoestrogens
can help to understand the best combinations of probiotics and
phytoestrogens and their usage in therapy.
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