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Abstract: Plant polyphenols are a broad group of bioactive compounds characterized by different
chemical and structural properties, low bioavailability, and several in vitro biological activities.
Among these compounds, lignans (a non-flavonoid polyphenolic class found in plant foods for human
nutrition) have been recently studied as potential modulators of the gut–brain axis. In particular,
gut bacterial metabolism is able to convert dietary lignans into therapeutically relevant polyphenols
(i.e., enterolignans), such as enterolactone and enterodiol. Enterolignans are characterized by
various biologic activities, including tissue-specific estrogen receptor activation, together with
anti-inflammatory and apoptotic effects. However, variation in enterolignans production by the gut
microbiota is strictly related to both bioaccessibility and bioavailability of lignans through the entire
gastrointestinal tract. Therefore, in this review, we summarized the most important dietary source of
lignans, exploring the interesting interplay between gut metabolites, gut microbiota, and the so-called
gut–brain axis.
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1. Introduction

In the last years, research efforts have been devoted to the characterization of polyphenols and their
metabolites in different biofluids related to potential health-promoting properties [1]. In this regard,
a phenolic-rich diet is suggested to provide health benefits for the consumers, mainly when considering
protection against oxidative stress and other diseases (Rothwell et al., 2016). Phenolic compounds are
classified as plant secondary metabolites, characterized by a chemically diverse group of bioactive
compounds and comprising several subclasses like flavonoids, phenolic acids, lignans, stilbenes,
and other compounds (such as tyrosol derivatives and tannins, respectively) [2].

Among polyphenols, lignans have been widely studied due to their steroid-analogous chemical
structure, being recognized as phytoestrogens, and possessing various biological properties,
including anti-inflammatory and antioxidant properties [3–5]. Additionally, epidemiological studies
observed that lignans decrease the risk of cardiovascular disease [6], whilst other widely studied effect
on chronic diseases (such as breast cancer) are still not fully confirmed.

The presence of lignans in the plant kingdom follows a similar pattern of distribution to
other phenolic compounds. There are particularly rich dietary sources of lignans, such as oilseeds
(flaxseed, sesame, linseed, and sunflower), whilst other foods present moderate to low amounts [7].
Nevertheless, dietary surveys have observed that whole grains (especially rye), legumes, fruits,
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vegetables, nuts, and some beverages such as tea and coffee, can be considered good dietary
sources of these compounds [8,9]. Starting from the previous considerations, it seems clear that
the characteristics of the diet will define the degree of exposition to plant lignans. Due to their large
occurrence in foods, the most studied compounds are secoisolariciresinol, matairesinol, lariciresinol,
pinoresinol, medioresinol, syringaresinol, and sesamin, which are predominantly present as glucosides
as secoisolariciresinol diglucoside and pinoresinol diglucoside [7,10,11].

As widely reviewed in the scientific literature [12], lignans originate from cinnamic acid
derivatives, which are biochemically related to the metabolism of phenylalanine. In particular,
according to the incorporation of oxygen within the pattern of cyclization, lignans can be divided
into eight subclasses [3], namely dibenzylbutyrolactol, dibenzocyclooctadiene, dibenzylbutyrolactone,
dibenzylbutane, arylnaphthalene, aryltetralin, furan, and furofuran lignans. The nutritional significance
of lignans is unknown. Although lignans are not classified as dietary fibers, they share some of the
chemical characteristics of lignin (a large plant polymer characterizing the cell wall), which is an
insoluble fiber. Overall, the comprehensive database about the phenolic composition of foods,
namely, Phenol-Explorer, reports 53 lignans (including both parent compounds and large intestine
metabolites). In this regard, the plant lignans most commonly distributed in foods are reported to
be lariciresinol, matairesinol, pinoresinol, and secoisolariciresinol. Several other lignans characterize
plant foods, including medioresinol (such as sesame seeds, rye, and lemons), syringaresinol (in grains),
sesamin, and the lignan precursor sesamolin (in sesame seeds). Other lignans found in foods but
not often quantified include arctigenin, cyclolariciresinol (isolariciresinol), 7′-hydroxymatairesinol,
and 7-hydroxysecoisolariciresinol. Some cyclolariciresinol occurs naturally and a part arises from
lariciresinol during extraction and analysis under acidic conditions. The most common lignan structures
and major food sources are presented in Table 1.

Table 1. Most common lignans in plant foods, together with their structure, class, and major sources,
according to the comprehensive Phenol-Explorer database [4].

Compound Structure Class Major Food Sources

Secoisolariciresinol Dibenzylbutane
lignan

Flaxseed (257.6 mg/100 g FW)
Cashew nut (6.7 mg/100 g FW)

Matairesinol Dibenzylbutyrolactone
lignan

Sesame seed (29.8 mg/100 FW)
Flaxseed (6.7 mg/100 g FW)

Lariciresinol Furan lignan Broccoli (97.2 mg/100 g FW)
Kale (59.9 mg/100 g FW)

Medioresinol Furofuran lignan Sesame seed (4.1 mg/100 g FW)
Cloudberry (0.48 mg/100 g FW)
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Table 1. Cont.

Compound Structure Class Major Food Sources

Pinoresinol Furofuran lignan Olive oil (2.4 mg/100 g FW)
EVOO (0.42 mg/100 g FW)

Syringaresinol Furofuran lignan
Rye, whole grain flour

(0.9 mg/100 g FW)
Avocado (0.4 mg/100 g FW)

Sesamin Furofuran lignan
Sesame seed, oil

(644.5 mg/100 g FW)
Sesame seed (538.1 mg/100 g FW)

Sesamolin Furofuran lignan
Sesame seed, oil

(287.3 mg/100 g FW)
Sesame seed (133.9 mg/100 g FW)

Starting from the previous considerations, the present review attempts to describe the potential
beneficial effects of lignan intake as related to the modulation of gut microbiota and the possible
interactions existing with the so-called “gut–brain” axis. The latter represent a novel topic worthy
to be investigated, considering that increasing evidence suggests that food ingested polyphenols can
have beneficial effects in neuronal protection, acting against oxidative stress and inflammatory injury.

2. Bioaccessibility and Bioavailability of Lignans during Gastrointestinal Digestion and
Fermentation Process

The digestion process encompasses concatenated steps, each of them with particular physiological
conditions to facilitate the release of food components to the lumen for subsequent intestinal absorption
and distribution to organs and tissues.

Under in vitro simulated conditions of the stomach and small intestine, it was observed that release
of secoisolariciresinol diglucoside (SDG) from the food digesta depends on the matrix characteristics
with no release of secoisolariciresinol (SECO), thus suggesting marginal alteration of lignans during
gastric and intestinal steps [10]. Nevertheless, deglycosylation of SDG may occur via the action
of brush border enzymes as suggested by the in vivo appearance of SECO in biofluids after the
intake of SDG-rich source [11–13]. However, the relation among ingested plant lignans and small
intestinal-absorbed aglycones is low [14], with a significant proportion reaching the colon for further
processing by the local microbiota to produce the enterolignans enterodiol (ED) and enterolactone (EL).
Overall, the gut microbial metabolism can be studied through in vitro and in vivo approaches. The most
common procedure for in vitro fermentations consists in exposing the plant lignans source to fecal gut
microbiota from either human or animal origin. This allows determining the sequence of bacterial
reactions involved in the microbial catabolism of lignan precursors by analyzing samples collected at
different time points [15]. On the other hand, in vivo studies including dietary interventions (animals
or humans) and epidemiological studies are pivotal to know the pharmacokinetic and bioavailability
of colonic metabolites and their possible connection with biological activity [9,11,13].

As exposed previously, the mammalian enterolignans ED and EL are the common major microbial
end metabolites of plant lignans [15,16]. Hence, the colonic pathways of plant lignans can be
almost wholly described taking as the starting point the parent compound further transformed to
simpler compounds to conclude in the generation of ED and EL as promoted by microbial phase I
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reactions [15–17]. An overview of the proposed colonic transformation pathway of plant lignans is
reported in Figure 1.

Figure 1. Overview of the colonic pathways involving plant lignans, starting from two parent
compounds, namely syringaresinol and pinoresinol.

Overall, pinoresinol diglucoside (PDG) undergoes two sequential deglycosylations to initially
produce pinoresinol (PINO) monoglycoside and then PINO aglycone, which is converted to lariciresinol
(LAR) by means of reduction reactions [18]. Demethylation of LAR produces demethyl-LAR, which by
subsequent reduction generates dimethyl-SECO; nevertheless, this route has been observed to possess
little relevance [18]. Alternatively, the reduction of LAR produces SECO that it can also be originated
by deglycosylation of non-absorbed dietary SDG [15]. In addition, LAR and SECO were identified in
the urine of rats received a daily oral gavage of 15 mg of sesamin/kg b.w. during 10 d indicating they
can also be originated by consecutive bacteria demethylation and dehydroxylation of sesamin [19].

In view of the above, the final and decisive stages of the gut metabolism of many of the
most common plant lignans can be described by bacterial transformations of SECO. The analysis
of available data from in vitro and in vivo studies allows us to construct a detailed description of
the colonic fate of SECO. In this regard, luminal SECO can be originated by microbial metabolism
of plant lignans precursors or by non-absorbed SDG. Additionally, as reported by several in vitro
studies, SDG is converted to SECO after two successive deglycosylations, leading to the transient
appearance of SECO monoglycoside (SMG) [15,17]. Deglycosylation was observed to be a common
property of a wide range of gut bacteria but specified consortia have the capability to continue
metabolizing SECO [16,19]. Accordingly, a total of 17 metabolites, including intermediates (i.e.,
ED and EL), have been related to the colonic metabolism of SECO [15,17]. Initial demethylation
of SECO generates demethyl-SECO from which demethyl-dehydroxy-SECO, didemethyl-SECO
(dihydroxy-ED), didemethyl-dehydroxy-SECO (hydroxy-ED), and ED are generated by a combination
of demethylation and dihydroxylation reactions [15]. It was proposed that the demethylation
of SECO should activate subsequent SECO modifications [20]. An important metabolic step is
the oxidation of ED, after which EL is generated. Another described route for the production
of EL involves the generation of MAT after dehydrogenation of SECO. Nevertheless, MAT not
always was successfully detected as an intermediate product of SECO [15,17] but the appearance
of related derivatives as intermediates did not reject this hypothesis. These lactones derivatives
have been described as demethyl-MAT, demethyl-dehydroxy-MAT, didemethyl-MAT (dihydroxy-EL),
and didemethyl-dehydroxy-MAT (hydroxy-EL) although a second alternative for the generation of
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these metabolites was associated with dehydrogenation of the metabolites described previously [15,18].
On the other hand, both MAT and hydroxy-MAT (HMAT) are provided by several food products,
making them an important dietary source of EL and hydroxy-EL precursors. In the colonic pathway of
SECO cyclic ethers derivatives were also described, in which the first reaction involved in the appearance
of anhydrosecoisolariciresinol (AHS) remains still to be clarified [15]. The anhydrous metabolites
were described after the in vitro fermentation of SDG [15] and synthetically obtained AHS [21] and
include demethyl-anhydro SECO, didemethyl-anhydro SECO, and didemethyl-dehydroxy-anhydro
concluding with the possible formation of enterofuran [15,21]. The colonic conversion of plant lignans
into each other and the identification of some of the above-described intermediate metabolites were
also observed in urine, plasma and/or feces after acute or sustained intake of dietary lignans in
humans [9,15] and animals [21], which validate in vitro fermentation models to study the colonic fate
of plant lignans.

3. Intraindividual and Interindividual Variability in the Conversion of Plant Lignans

In an attempt to explore the gut transformation of plant lignans into enterolignans,
both intraindividual and interindividual differences in the conversion rate, maximal yield, and pattern
profile need to be carefully considered. Diverse intraindividual metabolic capacities are mainly
associated with the chemical structure of the precursor and/or the matrix characteristics of the plant
lignan source. However, exactly defining the effectiveness of such conversion, according to the type of
lignan molecule, is a difficult task due to the inconsistency of results. Nonetheless, both in vitro [19,22]
and in vivo [23] studies reported that the catabolic transformation of SECO and MAT was observed to be
greater than LAR, SYR, PINO, and sesamin and, in turn, that aglycones are more efficiently metabolized
than diglucosylated derivatives. Except for MAT that generates EL but not ED, the contribution of each
plant lignan to the whole pool of ED and EL is not entirely clear [19]. Smeds et al. [24] have observed
that after a sustained oral dose of SECO and LAR to rats for 10 d, the ED:EL ratio decreased compared
with the first single dose indicating that probably an adaptation of gut microbiota occurs during the
dosage period toward a major efficiency to convert EL from ED. Nevertheless, the ED:EL ratio seems
to be more closely associated with gut microbiota activity than the lignan molecule. Furthermore,
the role of the food matrix and the origin source of plant lignan should not be underestimated since
they may also explain differences, particularly in the production yield of enterolignans [10].

Wide interindividual variability in the magnitude range and profile of enterolactones is a
common observation in experimental and observational studies. Idiosyncrasy explains part of
the individual physiological responses, but other aspects could contribute to understanding these
deviations. Dietary interventions in which plant lignan-rich products were provided in a single [11] or
sustained dose [9,24–26] result in an evident increase of excreted and circulating levels of enterolignans.
Observational studies also support these findings since variable amounts of enterolignans were
quantified in the urine of healthy women (0.52, 1.95, and 6.22 µg/mg creatinine for low, middle,
and high enterolactone excreters, respectively) [5] and men (1.57 and 5.96 µmol/24 h for low and
high enterolactone excreters, respectively) [27] and in plasma of endoscopy individuals (4.5, 15.2,
and 40.1 nmol/L for low, middle, and high enterolactone producers, respectively) [28] and, in both cases,
the highest tertile corresponded with those volunteers who reported major intake of plant lignans-rich
food in habitual diet, especially dietary fiber.

Along with diet, the capacity of gut microbiota to metabolize non absorbed plant lignans determine
the coexistence of different phenotypes: low, middle, and high enterolignan producers [8,9,29],
although other factors including genetics [30], sex [31], and age [20,32] could also contribute to
metabolic differences. It was suggested that microbial dehydrogenation of ED to generate EL is a
crucial step in the colon metabolism of plant lignans that could explain major variation in enterolignan
production [33]. The shift toward a major production of EL is desirable because this metabolite showed
a stronger association with health benefits than ED [34]. Eeckhaut et al. [29] carried out an in vitro
fermentation of flaxseed extract rich in SDG using feces from low and high enterolignan producers and
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observed that the later donor produced ten times more EL (200 nM) than the former (20 nM) whereas
the amount of ED was similar in both batch cultures. This exciting finding was partially reproduced in
humans after single or sustained supplementation of plant lignans. After the acute intake of SDG by
healthy adults of both sexes, the cumulative excretion of ED and EL was 966 ± 639 nmol/L·h for and
1762 ± 1117 nmol/L·h, respectively. Among the participants, it was determined that EL was more than
twice than ED in 5 out of 12 subjects, between 1 and 2 times in 5 out of 12 subjects and in 2 volunteers
excreted ED was higher than EL [31]. In another study, after the daily intake of 0.3 g flaxseed/kg body
weight by healthy man for 1 week, the mean serum concentration of ED and EL increased 10-fold
compared to baseline until reach 20 and 60 nM, respectively, but not all the participant responded to
the same form since ED increased in all participants while EL remained unchanged in two subjects [26].
Many dietary interventions including pharmacokinetic studies in human [11] and animals [23,24]
and prolonger plant lignan supplementation in human [13] have presented the mean values of ED
and EL or only EL in biofluids before and after the intervention. Still, they have not discriminated
among categories of different metabolic responses losing the opportunity to gather data to define how
individuals respond to plant lignans supplementation as proposed by other authors [15].

Overall, evidence that suggests that the production pattern of EL vary within age exists.
For example, in an in vitro fermentation of the oilseed mix it was observed that the fecal microbiota
from healthy young women generates more EL than those from premenopausal donors and this
difference was attributed to diverse intestinal microbiota profile [20]. This observation could explain a
previous study in which a lower proportion of feces from postmenopausal women could generate
EL compared with ED following in vitro fermentation of flaxseed extract [35]. These results were not
exactly reproduced under in vivo conditions. Postmenopausal women received an acute administration
of 86 and 172 mg SDG showed major urinary EL (46.93 and 80.45 µmol/96 h for the low and high dose,
respectively) than ED (29.78 and 46.3 µmol/96 h for the low and high dose, respectively). On the other
hand, Milder et al. [28] have observed an association between older volunteers and major circulating
ED and EL. Nevertheless, the ED:EL ratio in urine was lower in younger than in older volunteers [10].
In addition, the reduced plant lignans metabolic capacity is not only exclusive to old women, but also
involves young children [32] and man [31]. Feces from children lower than 3 years-old inoculated
with SECO generate dihydroxienterodiol but not ED and only 9 out of 24 fecal samples were able to
generate EL, thus suggesting the presence of immature microbiota lacking in a bacteria population able
to participate in some essential metabolic steps for the generation of mammalian enterolignans [16].
The differences attributable to sex were noticed after a pharmacokinetic study where the plasma peak
of EL appear earlier in women than men and the plasma concentration of EL and tended to be higher
in women, but not differences were found in urine. Additionally, the differences attributable to sex
were noticed during a pharmacokinetic study where EL peaked earlier and tended to be higher in
women than men, although no significant differences were found in urine [28].

In summary, alternative and simultaneous branches of metabolic pathways to transform non
absorbed plant lignans into enterolignans do exist. These pathways are mainly defined by bacterial
demethylation, reduction, dehydroxylation, and dehydrogenation; nevertheless, the main final
metabolites are ED and EL. A comprehensive list of the most interesting studies can be observed in
Table 2. However, beside the intrinsic characteristics of individual lignan molecule, diet, and gut
microbiota (conformation and activity) are dominant factors affecting the amount and profile of
mammalian enterolactones produced in the colon. Therefore, in the context of plant lignans colon
metabolism it was observed great interindividual differences, which has led to the identification
of different phenotypes, which can be affected by age and sex, according to the capacity to
produce enterolignan.
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Table 2. Studies summarizing the production of lignan metabolites (enterodiol and enterolactone)
following the intake of lignans from different plant foods.

Plant Lignan Source Experiment Type Main Findings Reference

Wheat bread; Rye bread Crossover intervention
using pigs.

Conversion of parent lignans in
EL. MAT and SECO showed the

higher conversion rate.
[36]

Oilseeds mix In vitro fermentation using
women feces.

Lower effectiveness in the
conversion ED in EL in

postmenopausal period.
[20]

BeneFlax®
In vivo study based on

healthy adults.

Plasma concentration of flaxseed
lignans SECO, ED, and EL
correlated with daily oral

supplementation of flaxseed
lignan–enriched complex.

[13]

LinumLife Extra SHIME (considering low and
high enterolignan producers)

Marked differences in EL/ED
ratio over the

experimental period.
[29]

Whole flaxseed and
flaxseed flour

In vitro fermentation using
pooled human feces.

Major ED production as
resulting by flaxseed

flour.Similar production of EL
for both food matrices.

[10]

Flaxseed extract In vitro fermentation using
children feces.

Dihydroxy-ED detected as the
major metabolites. [32]

Single lignan compounds
(MAT, SECO, PDG, SYR

diglucoside, HMAT).

In vitro fermentation using
pooled human feces.

Major conversion rates observed
for SECO (72%), MAT (62%),

and PDG (55%).
[37]

Habitual diet
Food record on urine

collected from
premenopausal women.

ED was detected over the limit
of detection as major metabolite

in all urine samples.
[38]

Ground linseed

Healthy women increasing
the consumption of fruit and

vegetables. Collection of
serum and urine samples.

Increase in the concentration of
ED (as main metabolite) in both

serum and urine samples.
[39]

Isolate SDG
Plasma and urine samples

collected from mean
and women.

Extraction of urinary EL was
2-fold higher than enterodiol.

Plasma concentration of ED was
higher in women.

[31]

Wheat and rye diet Feces and urine collected
from pigs.

EL was the predominant
circulating lignan found in both

biofluids and significantly
correlated to the higher plant

lignan intake.

[25]

Flaxseed Collection of serum samples
from healthy men.

10-fold increase in serum
concentration of ED and EL. [33]

Sesame, flaxseed and
sesame seeds

In vitro fermentation and
collection of urine from rats.

Higher conversion rate of parent
compounds in ED. [19]

Habitual diet
Food record on endoscopy

men and women (collection
of plasma samples).

Higher levels of EL detected
in biofluids. [28]

Whole grains and
refined grains

Food record on urine
samples collected from

health volunteers.

No linear correlation between
lignans intake and EL excretion. [9]
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Table 2. Cont.

Plant Lignan Source Experiment Type Main Findings Reference

Habitual diet
Food record on urine

samples collected from
healthy men.

EL production was correlated
with a higher intake of

vegetables and
berries consumption.

[27]

Pure sesamin and
sesame seed

In vitro fermentation using
pooled human feces.

EL was the main metabolite
of sesamin. [40]

LinumLifeTM In vitro fermentation using
feces collected from women.

ED detected in higher % when
compared with EL. High
inter-variability detected.

[35]

SDG and flaxseed
consumption

In vitro fermentation and
collection of urine samples.

Great inter- and intra-variability
detected when considering the

different donors.
[15]

Single compounds
(SECO, HMAT,

and MAT)

Urine samples collected
from rats.

Different proportions of excreted
EL and ED depending on the

lignan precursor.
[41]

Flaxseed extracts (high
in SDG)

Serum and urine samples
collected from

postmenopausal women.

Great dose-response effect
observed when considering EL

and ED production.
[11]

4. Modulation of Gut Microbiota by Enterolignans

Diet represents one of the main factors that can modulate the bacterial richness and abundance in
the gastrointestinal tract of humans and animals [42]. In this regard, the metabolites released by gut
microbiota influence the physiological activities of the host [43]. Furthermore, intestinal bacteria provide
short chain fatty acids (SCFAs) and other metabolites as a result of diet component degradation [44].
All these metabolites exert effects on both the host and other bacteria within the intestinal microbial
community. They act as signaling molecules or as substrates for subsequent metabolic reactions. One of
the most investigated fields of research is the fiber impact on gut microbiota metabolisms. In particular,
plant-based diet rich in fiber have been linked to a Prevotella enterotype, whereas the Bacteroides
enterotype was associated with a high intake of protein and fat [45,46]. Of particular interest are the
results from an in vivo study, when considering the Hazda population and children from Burkina
Faso [47,48]. In fact, the gut microbiota of Hazda population was enriched in Prevotella, Treponema,
and an unclassified Bacteroidetes, while the diets of Burkina Faso children showed high abundance
of Prevotella and Xylanibacter species. In both cases, diet was primarily plant-based and this favored
groups of bacteria particularly efficient in degrading complex carbohydrates. The digestion of dietary
fiber requires specific bacterial pathways due to the high content of complex polysaccharides and other
compounds such as polyphenols, mainly tannins and lignans, which negatively affect their degradation.
As widely discussed, polyphenols are usually classified into different subfamilies, according to their
chemical structure. Their scaffolds represent the specific characteristic of the molecule and at the same
time is the limiting factor for the production of possible final bioactive products. In fact, only some
structures can be biotransformed by enzymes of both host and gut microbiota.

Regarding the transformation of lignans into enterolignans (i.e., enterodiols and enterolactones),
despite the huge number of bacteria inhabiting gut microbiota, only few species have been identified
as involved in such conversion [20]. Besides, the enzymes responsible for this transformation remain
unknown [49]. Although mucosal enzymatic activities and chemical hydrolysis in the stomach may
influence the bioavailability of lignans, the mechanisms underlying these processes are still under
investigation. Indeed, controversial results are available in literature, since Clavel et al. [50] reported
that SDG was not hydrolyzed after prolonged incubation at 37 ◦C in artificial stomach juice (in vitro
study). These results were in agreement with other similar experiments, including other lignans
substrates [51]. Thus, this data suggested that the bioavailability of SDG and other glycosylated
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lignans is not fully related to the hydrolysis promoted by the stomach juice, as normally described.
Conversely, their bioavailability is strictly associated with gut microbiota metabolism. Hence, the role
of gut microbiota in converting these compounds is very relevant since intestinal bacteria can turn
some plant lignans such as sunflower, flaxseed, caraway, legumes, pumpkin, and soybean [52],
into mammalian lignans.

Several biochemical steps are involved in plant lignan transformation into enterolignans and
the consortia of bacteria share metabolic intermediates. For example, bacteria utilize four sequential
reactions to convert SDG to enterolactone (EL): O-deglycosylation, O-demethylation, dehydroxylation,
and dehydrogenation [53]. Despite the in vitro nature of the approach used, interesting conclusions
concerning host-related metabolic capability were reported in literature. In fact, SDG was completely
metabolized using human fecal microbiota, whereas the last step of this reaction did not occur when rat
fecal inoculum was used. Of particular interest, a possible pathway involved in SDG metabolization
was reported. This transformation was a cascade process that led to eight different compounds,
corresponding to seven different enzymatic reactions. The role of enzymes in these conversions was
confirmed by the absence of SDG degradation products in negative control without bacterial inoculum.
Clavel et al. [50] demonstrated that the first reaction involving the O-deglycosylase was closely related
to the genera of Bacteroides and Clostridium. Among these, Clostridium cocleatum, Clostridium ramosum,
Clostridium saccharogumia, Bacteroides distasonis, Bacteroides fragilis, and Bacteroides ovatus species have
been demonstrated to catalyze this first reaction.

The second reaction in the conversion of SDG to EL is the O-demethylation of secoisolariciresinol
(SECO) [54] through the intermediate 2,3-bis-(3,4-dihydroxy-benzyl)butane-1,4-diol. Eubacterium
limosum and Blautia producta and other bacteria are able to catalyze this conversion [50,53].
The O-demethylases proteins purified from strains of Eubacterium limosum, Moorella thermoacetica,
Acetobacterium dehalogenans, and Desulfitobacterium hafniense have been investigated for their
properties [54–57]. According to these studies, O-demethylase is composed of four components
with a specific function and three of them are directly involved in the SECO conversion, whereas the
fourth plays an accessory role. In fact, this protein reduces the corrinoid proteins, resulting by the
enzymatic SECO conversion, thus reactivating them. Conversely, the other three enzymes are involved
in a cascade process as described by Chen et al. [58]. In particular, genes encoding for the first three
components are organized in an operon, thus suggesting their simultaneous transcription, whereas the
last one is separated from this locus. This indicates that the component responsible of the corrinoid
protein reduction can act separately from the other three subunits, likely reactivating similar proteins
in other enzymatic reactions [58].

The third step is the dihydroxylation step to convert matairesinol into enterodiol (ED). ED is
rapidly converted into EL via dehydrogenation. Consistent with this hypothesis, in a human trial,
ED was detected only in five subjects out of 14, while EL was found in all individuals [59].

Despite the information previously reported, no microorganisms have been identified that can
completely metabolize the plant lignan SDG to EL. Thus, in a complex microbial community, cooperation
between different groups of bacteria led to the production of EL. As an example, Eggerthella lenta
is not able to directly convert SECO to EL, since it specifically converts an intermediate compound,
the 2,3-bis-(3,4-dihydroxy-benzyl)butane-1,4-diol, to this final product. The entire conversion can
be conducted by E. lenta when it is cocultured with Blautia producta. Indeed, this last species is able
to produce the aforementioned intermediate that can be used as a substrate by E. lenta. We could
speculate that such a relationship proved using an “in vitro” study could explain the production of EL
also in the intestinal environment.

Concerning in vivo studies, little information is available in scientific literature. Of interest,
in gnobiotic rats, the infection with Clostridium saccharogumia, E. lenta, B. producta, and Lactonifactor
longoviformis and the administration of plant lignans SECO allow one to investigate the production of EL
and ED. In the urine of these rats, ED and EL were detected, but not SECO. On the contrary, in the urine
of not colonized animals, SECO was found but not its bioactive enterolignans [60]. These observations
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confirm the role of bacteria in SECO conversion and the “in vitro” studies. In human, gut microbiome
composition of young healthy (25–30 years) and premenopausal women was assessed after incubation
in batch in the presence of an oilseed mix. The ENL production increased in young women, whereas an
increase of ED was detected in premenopausal subjects. Differences in Clostridiaceae, Klebsiella sp.
and Collinsella sp. were observed. In particular, Clostridiaceae appeared higher in premenopausal
volunteers than in the younger, thus suggesting the role of this family in lignans degradation.

Overall, it is important to highlight the in vitro nature of the most important findings in this field,
thus representing a strong limitation when translated to in vivo applications. In fact, several data
obtained did not consider the complexity of bacterial community and intestinal environment conditions.
The conversion of lignans to enterolignans is influenced by many factors, such as pH, oxygen
pressure, and temperature. On the other hand, these kinds of studies represent the best approach
to investigate bacterial behavior without interference from host and other bacterial metabolisms.
Therefore, many bacteria that are known to convert lignans into enterolignans have low abundance in
the human intestine, thus making it difficult the study through an in vivo approach.

5. Potential of Enterolignans as Health-Promoters and Modulators of the Gut–Brain Axis

In the last years, several research works demonstrated that dietary polyphenols could have
beneficial effects in cognitive functions, by acting against oxidative stress and inflammatory
injury [61–63]. Overall, biotransformation of polyphenols is a pivotal step to obtain metabolites
active in brain, through a set of microbiota-related reactions occurring in the gut [63]. In this regard,
evidence suggests that polyphenols exert beneficial effects acting through multiple pathways involved
in oxidative/inflammatory stress signaling and leading to the expression of antioxidant enzymes
neurotrophic factors, and cytoprotective proteins. All these processes contribute to maintaining brain
homeostasis [64]. Epidemiological studies reported a strong protective effect of a lignan-rich diet
towards cardiovascular diseases [65]. The structural similarity between enterolignans and 17β-estradiol
allows enterolignans to represent natural ligands of estrogen receptors [66]. Consistently, a high lignan
intake has been associated with beneficial effects on human health, due to reduced cardiovascular
risk that involves the lowering of LDL cholesterol [67] and the modulation of lipid metabolism [68].
Despite showing pro-oxidant potential at high concentrations and in the presence of transition
metal ions (like the other phenolics do), lignans have been also described as strong antioxidants via
both a direct radical scavenging activity and an indirect enhancement of the activity of antioxidant
enzymes [69]. The enhanced antioxidant capacity imposed by lignans results in the regulation of
key molecules involved in inflammation, resulting in the decrease of proinflammatory cytokines
and mediators [69].

It is known that oxidative stress is closely related to neuroinflammation phenomena, and that
both processes are typically involved in neurodegenerative disorders. Phenolic compounds have been
demonstrated to prevent neurological disorders through modulation of the gut–brain axis [70]. A recent
study [61] using different neuronal systems, reported that metabolites from dietary polyphenols exert
neuroprotective effects after reaching the brain by crossing the blood–brain barrier. Additionally, it was
suggested that mammalian enterolignans play a prominent role, even higher than their precursors,
against neurodegeneration [71]. That is why considerable research effort was devoted to a complete
understanding of the colonic transformations of plant lignans, leading to the generation of ED and EL,
as explained in the previous sections. Polyphenols indirect actions involve mechanisms that improve
the peripheral cerebrovascular health. Several studies in humans indicated that dietary polyphenols
improve vasodilatory response and increase levels of circulating nitric oxide (NO) species that are
essential in the control of vascular tone, vasodilation and blood flow in the body and in cerebral
circulation [72,73].

Gut microbiota can interact with a central nervous system through different mechanisms and
pathways, such as the neurosystems implicated in stress and stress-related disorders (sympathetic and
parasympathetic branches of the autonomic nervous system and neuroendocrine and neuroimmune
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systems) [74–77]. The communication between these pathways occurs through the vagus nerve,
specific metabolites, neurotransmitters, and brain neurotrophic factors [78–81]. Gut microbiota
is able to synthetize neurotransmitters, and thus microbiota homeostasis can impact on complex
neurodegenerative disorders. Examples are short-chain fatty acids (SCFAs), tryptophan, GABA, and a
brain-derived neurotrophic factor (BDNF) [82]. Specifically, the connection between gut microbiota
and the central nervous system, the so-called gut–brain axis, plays an important role in stress response
and it is widely recognized as the neuroendocrine system [83–87]. Communication between gut and
brain involves multiple overlapping pathways: the enteric nervous system and the neuroimmune
and the neuroendocrine systems [88,89]. By interacting with the nervous, endocrine, and immune
systems, gut microbiota can influence both directly and indirectly the brain functions. A schematic
representation of the gut microbiota–brain interaction when considering lignans and their metabolites
is provided as Figure 2.

Figure 2. Schematic representation of the gut microbiota–brain interaction, when considering dietary
lignans and their gut metabolites (enterodiol and enterolactone). Besides, the main bioactive properties
of both parent compounds and gut metabolites are also reported.

Overall, the microbiota directly influences the brain functions via the production of
neurotransmitters and neuropeptides, in turn acting on neuroactive metabolites production [90–92].
In fact, some of these neurotransmitters are able to cross the mucosal layer of the intestines, thus reaching
the brain where they can mediate different physiological events [93]. Alteration in the homeostasis of
gut–brain axis has been associated also to neurological disorders and neurodegenerative diseases [94].
Moreover, it is emerging that the regulation of microbiota composition can be realized using natural
bioactive molecules such as polyphenols derived by plants, suggesting that polyphenols could be used
to restore the altered brain functions that characterize neurodegenerative diseases.

Flaxseed-derived lignans, secoisolariciresinol diglucoside (SDG) and pinoresinol diglucoside,
are metabolized by the intestinal bacteria, Ruminococcus species, in humans, to give the enterolignans
(+)-dihydroxyenterodiol and (+)-enterolactone [95,96]. This gut bacterial species accomplishes both
deglycosylation and demethylation of plant-based lignans to give human lignans that are of broad
physiological effects. Enterolactone has been related to anticancer activity [97,98]. For example,
it was shown that enterolactone inhibits the growth of prostate cancer cell lines in vitro and in vivo,
through a caspase-dependent pathway [99]. Enterolactone and secoisolariciresinol are inhibitors of
carbonic anhydrase [100] and acetylcholinesterase and butyrylcholinesterase, and thus may afford
neuroprotection [101]. In this regard, Alzheimer’s disease (AD) patients show lower levels of
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acetylcholine in the neuronal synapses, thus leading to the memory loss phenomena. Therefore,
through the inhibition of the acetylcholinesterase, these lignans may prevent memory loss in AD
patients, hence providing a nutritional strategy to complement the use of synthetically derived
acetylcholinesterase inhibitors. In fact, the available commercial pharmaceuticals (i.e., donepezil,
galantamine, and rivastigmine) only show a symptomatic relief, whereas lignans may, in addition,
help in attenuating the progress of AD [102]. As a further example, the gut bacterial metabolite
enterolactone, formed through intestinal bacterial metabolism of the lignan 7-hydroxymatairesinol
(HMR), was found to attenuate the degeneration of the striatal dopaminergic terminals in Parkinson’s
disease (PD), in the PD rat models [103].

Therefore, dietary polyphenolic compounds are potentially able to affect the gut–brain axis
via modulation of the gut microbiota, and thus may be used as nutraceuticals in the prevention of
neurological disorders. However, with this regard, it is important to bear in mind that the role of gut
microbiota in the health outcomes of dietary (poly)phenols is of paramount importance [104].

6. Conclusions and Future Perspectives

Polyphenols may be useful for chronic intestinal disorders, acting at the intestinal level where
they achieve their highest concentration in the human body, interacting with inflammation-related
cellular signaling pathways and modulating gut microbiota. Furthermore, they can also provide
an interesting strategy to defeat neurological disorders, either by direct mechanisms, involving the
reduction of neuroinflammation and the enhancement of memory and cognitive functions, or by
indirect mechanisms, implying the modulation of gut microbiota and the reduction of intestinal
inflammation. Interestingly, native lignans, despite exerting health benefits in the gastrointestinal
tract, are substrates for gut microbiota-derived metabolites that are involved in the systemic effects
attributed to their parental compounds. Dietary lignans and their gut metabolites should, therefore,
be considered as promising nutraceuticals for preventing chronic disorders. In particular, the regulation
of gut microbiota composition using polyphenols (such as lignans) may help to restore gut equilibrium
and to set up new therapeutic intervention in neuropathologies. In fact, since brain dysfunctions can be
linked with dysbiosis of the gut microbiota, a rebalance in the gut microbiota composition may result
in a partial or complete reversion of the diseases. Finally, regarding future research directions, a better
understanding of the interplay existing between lignans (mainly when considering the gut metabolites
enterolignans) and gut microbiota will provide more insight into their health effects, thus opening new
possibilities to develop microbiota-based therapies for treating neuronal disorders.
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