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ABSTRACT

The enterolignans, enterolactone and enterodiol, the main metabolites produced from plant lignans
by the gut microbiota, have enhanced bioavailability and activity compared to their precursors, with
beneficial effects on metabolic and cardiovascular health. Although extensively studied, the
biosynthesis, cardiometabolic effects, and other therapeutic implications of mammalian lignans are
still incompletely understood. The aim of this review is to provide a comprehensive overview of
these phytoestrogen metabolites based on up-to-date information reported in studies from a wide
range of disciplines. Established and novel synthetic strategies are described, as are the various
lignan precursors, their dietary sources, and a proposed metabolic pathway for their conversion to
enterolignans. The methodologies used for enterolignan analysis and the available data on
pharmacokinetics and bioavailability are summarized and their cardiometabolic bioactivity is explored
in detail. The special focus given to research on the health benefits of microbial-derived lignan
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metabolites underscores the critical role of lignan-rich diets in promoting cardiovascular health.

Background

Lignans are phenolic secondary metabolites found in a wide
range of plant-derived foods, including seeds, whole grains,
beans, fruits, and vegetables, virgin olive oil, although they
represent only a small fraction of the phenolic compounds
consumed in the human diet (Adriouch et al. 2017; Landete
2012). Upon digestion by the gut microbiota, lignans are
transformed into more active and bioavailable metabolites
known as enterolignans. Inter- and intra-individual varia-
tions in enterolignan production have been observed and are
attributed to individual dietary habits, food transit time, and
gut microbial composition and abundance. Three different
enterolignan-producing phenotypes have been defined (low,
middle, and high), based on the metabolic capacity of the
gut microbiota, the differences being influenced by age, sex,
and genetics (Possemiers et al. 2007; Sawane et al. 2022;
Senizza et al. 2020). The most extensively studied mamma-
lian enterolignans are the primary end metabolites enterolac-
tone (ENL) and enterodiol (END) (Baldi et al. 2023; Senizza
et al. 2020). Dietary lignans in general, including ENL and
END, have been linked to cardiovascular health benefits,

and are therefore of great interest in the field of preventive
nutrition (Peterson et al. 2010; Reger et al. 2016). Notably,
non-communicable diseases, above all cardiovascular disease,
account for more than half of the global burden of disease
(Abbafati et al. 2020). Research suggests that dietary lignans
may help to reduce cardiovascular risk by promoting endo-
thelial function, improving the lipid profile, and reducing
inflammation (Frankenfeld 2017; Peterson et al. 2010; Reger
et al. 2016; Vanharanta et al. 2003). The effects of dietary
lignan exposure depend on factors such as conversion rates
into enterolignans and the metabolite profile and yield
(Senizza et al. 2020).

Although some publications deal with mammalian enter-
olignans (Plaha et al. 2022), a comprehensive review encom-
passing their synthesis and cardiometabolic health effects
has been lacking to date. Therefore, to fill this gap, the pres-
ent work aims to summarize and discuss the latest develop-
ments in mammalian enterolignan research, focusing on
various key aspects: (1) new synthetic strategies are outlined,
and established routes summarized; (2) lignan precursors
and their food sources are comprehensively described; (3) a
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tentative metabolic pathway of mammalian lignans is pre-
sented; (4) an updated summary of the current analytical
approaches used in enterolignan research is provided; (5) the
pharmacokinetics and bioavailability of ENL and END are
addressed; and (6) the cardiometabolic bioactivity of enter-
olignans are analyzed in detail, outcome by outcome. Special
emphasis has been given to research focused on the poten-
tial health benefits of microbiota-derived lignan metabolite
exposure, which provides a more accurate approximation of
the impact of consuming lignan-containing foods.

Synthesis of mammalian enterolignans

The structures of END and ENL (Figure 1) have been elu-
cidated from mass spectrometric, infrared, ultraviolet, and
nuclear magnetic resonance (NMR) data and validated by
chemical synthesis. The simple spectra afforded by the struc-
turally symmetrical END are easily interpreted (Setchell,
Bull, and Adlercreutz 1980), unlike the asymmetrical ENL,
for which the 'H-NMR spectrum in the high-field region
resembles that of matairesinol and its demethylether (Nishibe
et al. 1980). It was not until 2002 that full '"H- and *C-NMR
data were first reported for both compounds (Wang 2002).
ENL has been found in urine as a racemic mixture resulting
from its isomerization by the exchange of the hydrogen vic-
inal to the lactone carbonyl group. The optical rotation of

HO

(-)-Enterodiol (END)

Figure 1. Structures of lignan-type phytoestrogens ENL and END.

/\B(mac)

1 + . 5
alkenylboronic L1/N|’arz glyme (20% mol)
ester el py
MeO

ZnCl THF/DMSO/DMF (10:1:1)
—40°C, 18h, then allyl bromide

56%

arylzinc chloride

OMe

1) 0sO4, NMO O 1) LDA, -78 °C, 1h

H,O/DCM, t, 15h then 3-MeOBnBr

then NalO4 o HMPA, -50 °C, 2h
—_— >
2) PCC, silica, rt, “u, 2) BBr3, CH,Cl,

DCM, 2h 0°C to-20°C, 12h

5
76% over 2 steps

MeO A

3 chiral boronic ester
73%

synthetic (-)-ENL is [a] P = —40.3° (¢=0.55, CHCl;) and
(-)- END is [a],,° = —=13.2° (¢=1 in EtOH) (van Oeveren,
Jansen, and Feringa 1994).

As END and ENL are produced by animals in small quan-
tities and their extraction is unviable, their total synthesis has
been critical, initially for structural validation and then to pro-
duce standards for research on metabolism, pharmacokinetics,
and bioactivity. Since the 2018 review of ENL total synthesis
(Waulters et al. 2018), three novel and innovative synthetic
strategies have been reported. A summary of the main syn-
thetic routes reported before 2018 are included in the sup-
porting information (Tables S1 and S2, Figures S1-S4).

Latest enantiopure syntheses of enterolactone

Since 2018, three new syntheses providing enantiomerically
pure ENL, taking advantage of metal- or organocatalytic
processes as the key step, have been reported.

Zhang’s synthesis (2021)

Zhang and coworkers (Zhang et al. 2021) developed a pow-
erful procedure for the synthesis of enantiomerically enriched
a-borylzinc reagents by nickel-catalyzed carbozincation of
vinylboronic esters. Its synthetic value was demonstrated by
the successful synthesis of (—)-ENL in six steps and overall
yield of 20% (Figure 2).
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Figure 2. A nickel-catalyzed carbozincation approach to enterolignan synthesis (THF: tetrahydrofuran; DMSO: dimethyl sulfoxide; DMF: dimethylformamide; DCM:
dichloromethane; NMO: N-methylmorpholine N-oxide; PCC: pyridinium chlorochromate; LDA: lithium diisopropylamide; HMPA: hexamethylphosphoramide; rt: room

temperature; er: enantiomeric ratio.
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From vinylboronic ester 1, the synthesis began with the
preparation of an enantioenriched organozinc intermediate,
which was trapped with allyl bromide to obtain boronic
ester 3 in moderate yield and enantioselectivity. Boronic
ester 3 was then converted to chiral alcohol 4 through a
Matteson homologation, and this intermediate underwent
oxidative lactonization to provide lactone 5 in 76% vyield.
The final diastereoselective alkylation and subsequent
demethylation with BBr, afforded (—)-ENL.

Jiang’s synthesis (2022)

Jiang et al. reported the synthesis of both (-)-ENL and its
enantiomer by enantioselective oxidative lactonization of
meso-diols (Figure 3) (Jiang et al. 2022). The required
meso-aldehyde 7 was prepared in three steps from
cis-3-cyclobutene-1,2-dimethanol (6): protection, dihydroxyl-
ation, and oxidative cleavage with silica gel-supported NalO,.
The enantioselective intramolecular Tishchenko reaction
using a chiral Ir complex afforded lactone 8 in 78% yield
and 91% ee, which was then obtained in optically pure form
by recrystallization. The acetal moiety in lactone 8 was
cleaved under acidic conditions and the intermediate unex-
pectedly underwent a beta-epimerization process to afford
the corresponding trans-diol 9a as the major product in 96%
yield. A subsequent Appel reaction followed by double
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Negishi coupling of the resulting diiodide provided (—)-ENL.
This synthetic route was completed in six steps and 29%
overall yield.

The synthesis of ent-ENL via a controlled alpha-
epimerization step was also completed by hydrogenolysis of
lactone 8, protection, and subsequent treatment under basic
conditions with DBU to furnish trans-diol 9b as the unique
product. The ent-ENL was produced in seven steps with an
overall yield of 20%.

Yetra’s synthesis (2022)

Recently, a catalytic photochemical enantioselective alpha-
alkylation of aldehydes with amino acid-derived pyridinium,
using the McMillan amine catalyst A, led to the enantiose-
lective total synthesis of ENL and END (Figure 4) (Yetra,
Schmitt, and Tambar 2023). Aldehyde 10 and the pyridin-
ium salt of racemic m-tyrosine reacted in a stereoconvergent
process to form an alpha-alkylated product, which was sub-
jected to reductive conditions to obtain lactones 11 in 46%
yield and a low diastereomeric ratio but high enantiomeric
excess. Nevertheless, after treatment with LiHMDS and
TMSC], the natural product was obtained with a 12:1 dias-
tereomeric ratio and 97% ee. Finally, reduction with LiAIH,
afforded the natural precursor (-)-ENL in 70% yield as a
single diastereomer.
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Figure 3. Asymmetric synthesis of both enantiomers of enterolactone via selective epimerization at the a- or B-position. NMO: N-methylmorpholine N-oxide; DBU:
1,8-diazabicyclo(5.4.0)undec-7-ene; DCE: 1,2-dichloroethane; MPM: methoxybenzyl, PPTS: pyridinium p-toluenesulfonate, ee: enantiomeric excess)
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Figure 4. Yetra's synthetic approach to enterolignans via enantioselective alpha-alkylation of carbonylic compounds with pyridinium salts. DMA, TMSCI: trimethyl-
silyl chloride; LIHMDS: lithium bis(trimethylsilyl)amide; THF: tetrahydrofuran; DCM: dichloromethane; dr: diastereomeric ratio; ee: enantiomeric excess.

Enterolignan precursors and food sources

END and ENL are phenolic metabolites produced by the
intestinal microbiota from dietary lignans. The first plant
lignans to be identified in foods, and thus the focus of early
research in this field, were secoisolariciresinol (SECO) and
matairesinol (MAT) (Horn-Ross et al. 2000; Mazur et al.
2000; Valsta et al. 2003). Subsequent lignans analyzed in
food include pinoresinol (PIN) and lariciresinol (LAR)
(Milder et al. 2005; Thompson et al. 2006), and more
recently, medioresinol (MED), and syringaresinol (SYR)
(Penalvo et al. 2008). The lignan 7'-hydroxyMAT, which is
predominant in Norway spruce knots (Holmbom et al
2003), has been reported in cereals such as wheat and rye
(Penalvo et al. 2005), as well as in sesame seeds in signifi-
cant amounts (Smeds et al. 2007). Sesamin (SES) has been
quantified in sesame seeds (Pefialvo et al. 2005), but is gen-
erally not included in routine analytical studies due to its
scarce detection in other foods.

Lignans are present in a wide variety of plant foods,
including seeds (flax, sunflower, sesame), whole grains (rye,
oats, barley), bran (wheat, oat, rye), beans, fruits (particu-
larly berries), cruciferous vegetables (broccoli, cabbage), and
beverages (tea, coffee), as well as olive oil, grapes, and wine.
Although high quantities of lignans are found in flax and
sesame seeds, daily intake of seeds is low in some popula-
tions, where the main dietary sources of lignans are whole
grain cereals, vegetables, beverages and vegetable oils. The
predominant lignan in flaxseeds is SECO diglucoside
(Landete 2012). Lignans are absent in most seed oils, and
their content in whole or ground seeds varies according to
the region, environment, crop maturity, and storage time.
Despite the numerous food sources of lignans, they repre-
sent less than 10% of total dietary phenolic intake (Adriouch
et al. 2017; Tresserra-Rimbau et al. 2014). With variations
across geographical regions and populations, the mean intake
of lignans ranges from 0.2 to 6.4mg/day (Rizzolo-Brime
et al. 2022; Tresserra-Rimbau et al. 2014).

Detailed tables showing the contents of SECO, MAT,
PIN, LAR, MED, SYR and SES in food are included in the
Supporting Information using the classification of the
Phenol-Explorer (version 3.6) database. However, as some
mistakes have been detected in the database, the contents in
the tables (mg per 100g of fresh weight (FW)) have been
retrieved from the original articles. Here, we discuss the
primary food sources of each specific lignan.

Secoisolariciresinol

SECO, the most extensively studied lignan, is primarily found
in seeds, nuts, cereals, vegetables, and certain fruits, as listed
in Table S3. Flaxseed is the richest source of SECO, with con-
centrations ranging from 690.75 to 81.70mg/100g FW, accord-
ing to several studies (Mazur et al. 1996; Milder et al. 2005;
Obermeyer et al. 1995; Peflalvo et al. 2005; Smeds et al. 2007;
Smeds, Eklund, and Willfér 2012; Thompson et al. 2006).
Bread made with whole-grain flaxseed, multi-grains, or rye is
also a good source of SECO (Mazur et al. 1996; Milder et al.
2005; Thompson et al. 2006). Other notable sources are ber-
ries (blackberries, lingonberries, and cranberries) (Smeds,
Eklund, and Willfér 2012), certain nuts (Brazil nuts, cashews,
and chestnuts) (Kuhnle et al. 2008, 2009; Smeds et al. 2007),
seeds (sunflower, pumpkin, and sesame seeds) (Kuhnle et al.
2008; W. Mazur et al. 1996; Smeds, Eklund, and Willfor
2012), and dried fruits (dates, apricots, and prunes) (Kuhnle
et al. 2009). In addition, vegetables such as asparagus, soy-
beans, mung beans, and sweet potatoes contain significant
amounts of this lignan.

Matairesinol

MAT is found in foods in lower amounts compared to
SECO and is primarily present in seeds and cereals, with
minor quantities in other foods like vegetables and fruits
(Table S4). The highest concentrations of this lignan have
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been reported in whole grain flaxseed (Mazur et al. 1996;
Penalvo et al. 2005) and sesame seeds (Smeds et al. 2007;
Smeds, Eklund, and Willfér 2012) (5.20mg/100g FW and
1.16mg/100g FW, respectively), followed by cereals such as
rye, oat, and wheat (0.72-0.41mg/100g FW) (Smeds et al.
2007). Among vegetables, only sweet potatoes are notable
sources of MAT (Kuhnle et al. 2007, 2009). Generally, fruits
have low levels of this lignan, with raisins and pineapple
containing the most (Kuhnle et al. 2009).

Pinoresinol

Sesame seeds are the most significant source of PIN, with
concentrations ranging from 47.13 to 6.81mg/100g FW
(Milder et al. 2005; Smeds et al. 2007; Smeds, Eklund, and
Willfér 2012; Thompson et al. 2006), followed by flaxseed
(3.32-2.46mg/100g FW) (Milder et al. 2005; Pefialvo et al.
2005), with lower amounts found in almonds and sunflower
seeds (Table S5). Vegetables, cereals, and fruits are also nota-
ble sources of PIN. Among vegetables, the highest content is
found in curly kale and common cabbage (Milder et al
2005), and among cereals, in rye, oat, and spelt wheat
(Smeds et al. 2007), as well as bread made with whole grain
flaxseed, multi-grains, or rye (Milder et al. 2005). Berries
such as strawberries, blackberries, and lingonberries have
notable amounts of PIN (1.40-1.07mg/100g FW) (Smeds,
Eklund, and Willfér 2012). Other fruits containing this lig-
nan include apricots, lemons, peaches, and nectarines. In
addition, extra virgin olive oil has a significant content of
PIN, ranging from 0.24 to 0.14mg/100g FW) (Milder et al.
2005; Thompson et al. 2006).

Lariciresinol

LAR, similar to PIN, is primarily found in seeds, nuts, and
cereals, followed by certain vegetables and fruits, as listed in
Table S6. Sesame seeds are the most important source of
LAR, with contents ranging from 15.94 to 9.47mg/100g FW
(Milder et al. 2005; Smeds et al. 2007; Smeds, Eklund, and
Willfor 2012). Other seeds and nuts rich in LAR are flax-
seeds, with contents of 3.67-2.81mg/100g FW (Milder
et al. 2005; Penalvo et al. 2005; Thompson et al. 2006), sun-
flower seeds and cashew nuts (Milder et al. 2005). Notable
amounts are also found in cereals such as rye, oats, wheat,
and spelt wheat (Penalvo et al. 2005; Smeds et al. 2007;
Smeds, Eklund, and Willfér 2012).

Additionally, a range of fruits and vegetables have signif-
icant amounts of PIN, particularly cloudberries (5.00mg/100g
FW)(Smeds, Eklund, and Willfér 2012), broccoli, curly kale,
Brussels sprouts, and cabbage (Milder et al. 2005; Thompson
et al. 2006).

Medioresinol

Primarily found in seeds and fruits, MED is usually much
less abundant in food than other lignans (see Table S7). The
food source richest in MED is sesame seeds, with contents
ranging from 9.47 to 4.15mg/100g (FW) (Smeds et al. 2007;
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Smeds, Eklund, and Willfor 2012). Berries, including cloud-
berries, lingonberries, strawberries, and blackberries, are
another excellent source, with contents varying from 3.75 to
0.47mg per 100g (FW) (Smeds, Eklund, and Willfér 2012),
as are cereals such as rye, spelt wheat, and wheat (Pefialvo
et al. 2005; Smeds et al. 2007; Smeds, Eklund, and Willf6r
2012). Vegetables, on the other hand, are generally low in
MED, with only avocados containing >0.2mg/100g (FW) of
MED (Penalvo et al. 2005, 2008).

Syringaresinol

Hemp seeds are the richest source of SYR but their intake
in the general population has not been estimated (Smeds,
Eklund, and Willfor 2012), whereas other seeds and nuts do
not contain significant amounts of this lignan (Table S8).
Among cereals, high concentrations of SYR are found in rye,
wheat, and spelt wheat, as well as rye bread and some flours
(Penialvo et al. 2005; Smeds et al. 2007; Smeds, Eklund, and
Willfér 2012). Berries such as cloudberries, cranberries, and
blackberries are again notable for their high levels of SYR
(Smeds, Eklund, and Willfér 2012). Similar to MED, avoca-
dos contain 0.44mg/100g FW of SYR (Penalvo et al. 2005,
2008), whereas the contribution of other vegetables to SYR
intake is insignificant.

Sesamin

Sesame seeds, which have been utilized as an oilseed since
antiquity, are an exceptional source of SES (for contents, see
Table S9). In fact, the notable resistance of sesame oil to
oxidative deterioration in comparison with other vegetable
oils is attributed to its lignan content (Hemalatha and
Ghafoorunissa 2007). However, the amounts of SES and ses-
amolin in sesame seeds differ greatly. Most of the research
published so far has focused on determining the SES profile
according to Sesamum species (Kamal-Eldin and Appelqvist
1994), the origin of the sesame cultivars (India (Hemalatha
and Ghafoorunissa 2004) or Taiwan (Wu 2007)), or the
impact of processing (Moazzami and Kamal-Eldin 2006;
Yoshida et al. 1995; Yoshida and Takagi 1997) and storage
conditions (Shahidi et al. 1997). However, the richest source
of SES is flour made from whole sesame seeds, which con-
tains 538.68mg of SES per 100g (FW) (Liu, Saarinen, and
Thompson 2006).

Metabolism of lignans to enterolignans

Lignans are dietary diphenolic chemicals. The majority of
lignans found in plants are glycosides, and after consump-
tion, the sugar moieties are hydrolyzed to produce aglycones.
Bacterial (-glucosidases and P-glucosidases in the mucosal
brush border of the human gut are capable of hydrolyzing
substances. The intestinal bacteria can absorb the aglycones
or further convert them to enterolignans (Lampe, Atkinson,
and Hullar 2006).

The mammalian enterolignans END and ENL are formed
from plant lignan precursors by the activity of the gut
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microbiota in the proximal colon. A tentative metabolic
pathway of enterolignans and their absorption in the gut are
depicted in Figure 5. Although enterolignans can passively
diffuse across the enterocyte membrane, a portion of these
phase
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and soluble conjugated metabolites (glucuronide and sulfate).
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portal vein. In the hepatocyte, enterolignans can undergo
phase II metabolism by UGT and ST enzymes prior to
active bile transport, resulting in enterohepatic recirculation.
Once in the systemic circulation, enterolignans can reach
various tissues and promote biological responses. Finally,
enterolignans can be eliminated in the feces (most predom-
inant) or urine (De Silva and Alcorn 2019).

The transformation of plant lignans such as SECO diglu-
coside, PIN diglucoside, arctiin, and MAT to ENL and END
by intestinal bacteria involves a series of reactions such as
deglucosylation, ring cleavage, demethylation, dehydroxyl-
ation, and oxidation. PIN diglucoside undergoes two sequen-
tial deglycosylations to produce the corresponding
monoglycoside and aglycone. PIN is converted to LAR by
reductive cleavage of its furofuran bicyclic ring and further
metabolized by elimination of the furan ring to SECO,
which alternatively can be generated by deglycosylation of
the non-absorbed dietary SECO diglucoside (Quartieri et al.
2016; Setchell et al. 2014; Xie et al. 2003). The oxidation of
SECO generates MAT (Setchell et al. 2014). Finally, the
demethylation and dehydroxylation of both SECO and MAT
may be carried out by intestinal microbiota, leading to END
and ENL, respectively (Niemeyer et al. 2003). Alternatively,
ENL can be generated by oxidation of END (Adlercreutz 2007).

Although END and ENL were detected when SES was
fermented with human fecal inoculum, the amount was rel-
atively small compared with SECO diglucoside. SES can be
classified as a furofuran lignan with methylenedioxyphenyls,
whose oxidation results in the formation of the correspond-
ing catechol (Liu, Saarinen, and Thompson 2006). On the
other hand, the lignan phillyrin is metabolized by intestinal
bacteria to ENL; the estimated metabolic pathway is also
presented in Figure 6 (Nishibe et al. 2021).

In addition, two extra methoxy groups at meta positions
in both phenolic rings distinguish the structure of SYR
from that of PIN, its substitution pattern being especially
complicated. Several SYR metabolites have been produced
in in vitro studies. The majority of the tentatively identified
metabolites have an oxydiarylbutane structure, which sug-
gests that SYR breaks down similarly to PIN and involves
the equivalent LAR and SECO intermediates (Heinonen
et al. 2001). Since the first identification of two plant enter-
olignan precursors, SECO and MAT (Axelson et al. 1982),
evidence has emerged indicating that 7-hydroxyMAT and
arctigenin, both present in sesame seeds (7.20 and
0.01mg/100g FW, respectively) (Smeds et al. 2007), are con-
verted to enterolignans by the colon microbiota (Nose et al.
1992; Saarinen et al. 2000). 7-hydroxyMAT has been trans-
formed to ENL and, in small amounts, to END both in vivo
(rats) and in vitro (Saarinen et al. 2000). According to
Smeds et al. (2005), the reported in vitro oxidation of
7-hydroxyMAT to 7-oxoMAT suggests that lignans possess-
ing a hydroxyl group at C-7 are likely to also be oxidated
in vivo, a hypothesis supported by the presence of 7-oxoMAT
in human plasma. On the other hand, the metabolic pro-
cesses undergone by the lignan artiin include deglucosyla-
tion as well as several demethylations and dehydroxylations
catalyzed by intestinal bacteria (Wang et al. 2013). The two
adjacent methoxy groups of arctigenin are rather resistant
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to demethylation and the methoxy group adjacent to a
hydroxy group is easily demethylated in the initial steps of
the metabolic pathway (Nose et al. 1992). Although isoLAR
has been detected in in vitro studies, it is thought to be
generated from LAR when samples are treated with acid,
and its intestinal conversion to enterolignans appears not to
take place. A thorough study of the gut bacteria responsible
for the synthesis of ENL from SECO diglucoside (SDG) was
published in 2006 (Clavel et al. 2006).

Extraction and analysis of the mammalian
phytoestrogens enterodiol and enterolactone

To understand the biological activity of END and ENL and
the factors that influence their production, their structural
analysis is necessary. A range of approaches have been
employed, using different extraction methods such as mass
spectrometry (MS) (Fotsis et al. 1982) or immunoassays
(Shinkaruk et al. 2014). The compounds have been analyzed
alone, or together with other phytoestrogens (Gaya et al
2016) or lignans (Nerskov et al. 2015) and more recently with
multiple other microbial metabolites (Gonzilez-Dominguez,
Urpi-Sarda, et al. 2020; Laveriano-Santos, Marhuenda-Mufoz
et al. 2022). Due to their biological importance, an official
method has been developed for the analysis of urinary END
and ENL along with other phytoestrogens using
high-performance liquid chromatography (HPLC) coupled to
mass spectrometry in tandem (MS/MS) (CDC-Division of
Laboratory Sciences 2004). Before analysis, some sample pre-
treatment is usually necessary. The first step is the deconjuga-
tion of ENL and END from sulfate and glucuronide groups,
followed by a separation of phenolic compounds. Finally, after
the samples are filtered, the phenolic compounds are derivat-
ized prior to the analysis. For each pretreatment step, different
methodological approaches have been proposed, including a
range of solvents, reactants, and materials, depending on the
analyzer and the other analytes. All these steps are optional,
depending on the type of analysis, and some (or even all) can
be avoided. The different procedures are discussed below,
together with their possible applications, and all the methods
are summarized in Figure 7.

The deconjugation step is most frequently performed
enzymatically, using the digestive juice from the edible snail
(Helix pomatia), which contains both B-glucosidase and sul-
phatase (Nerskov et al. 2015; Shinkaruk et al. 2014; Smeds
et al. 2006). Alternatively, deconjugation can be carried out
with chlorohydric acid (S. H. Lee et al. 2004). Some studies
have eliminated the deconjugation step, analyzing the sul-
fate and glucuronide forms and aglycones separately
(Laveriano-Santos, Marhuenda-Muifioz et al. 2022; Norskov
et al. 2016) to elucidate which chemical forms, that have
different biological activity, are really present in the biolog-
ical samples. A study using feces reached the conclusion
that the sulfate and glucuronide content was too low in this
kind of sample (less than 10%) to make deconjugation
worthwhile (Adlercreutz et al. 1995).

For the extraction and purification, two main approaches
have been proposed: a solid phase extraction (SPE) (Wyns
et al. 2010) and liquid-liquid extraction (LLE) (Prasain et al.
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Figure 6. Tentative metabolic pathway to mammalian lignans.

2010), using either ethyl acetate or diethyl ether (Gaya et al
2016). It is not clear which method is more effective for enter-
olignan extraction; for example, when LLE with diethyl ether
was used, the recoveries in serum were 87% (END) and 81%
(ENL) compared with 88% (END) and 74% (ENL) obtained
with an SPE CI18 (Laveriano-Santos, Marhuenda-Muioz et al.
2022). Higher extractions have been achieved with other more

complex methods, such as supported liquid extraction using a
mixture of ethyl acetate and diethyl ether (30:70), which has
resulted in recoveries of 96% for both END and ENL. SPE
arguably offers more advantages than other methods, includ-
ing simplicity, speed, and low reactant consumption; it also
allows several samples to be processed at the same time
(OASIS HLB 96-well plate) and facilitates the purification step.
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Figure 7. Flow chart depicting the different extraction and analytical methods used to study enterolignans. SPE: solid phase extraction; LLE: liquid-liquid extraction;
GC: gas chromatography; MS: mass spectrometry; LC: liquid chromatography; CAD: colourimetric array detector; DAD: diode array detector.

If deconjugation is included, the separation step is necessary
to remove the enzymes and buffer salts from the samples.
Otherwise, the sample is usually cleaned by the SPE
(Laveriano-Santos, Marhuenda-Muiioz et al. 2022). Recently,
Gonzalez-Dominguez et al. (2020) (Gonzilez-Dominguez,
Jauregui, et al. 2020; Gonzalez-Dominguez, Urpi-Sarda, et al.
2020) proposed using SPE for urine samples and only protein
precipitation for plasma.

Finally, when using gas chromatography (GC), a derivat-
ization step is needed to volatilize the analytes, which is
done by adding trimethylsilyl (TMS) to the ENL and END
molecules. Two different methods have been proposed: an
offline derivatization reacting END and ENL with TMS
ether (Fotsis et al. 1982) or N-methyl-N-trifluorotrimethylsilyl
acetamide (Lee et al. 2004), or an on-line procedure using

a solid-phase microextraction and an on-fiber derivatization
with  N,O-bis(trimethylsilyl)trifluoroacetamide)  (Aresta,
Cotugno, and Zambonin 2019).

After the sample pretreatment, the enterolignans are ana-
lyzed by different methods: immunoassays (Adlercreutz
et al. 1998), GC-MS (Fotsis et al. 1982), high-performance
liquid chromatography (HPLC)-MS (Franke et al. 2002),
HPLC-fluorescence (FL) (Mukker et al. 2010), HPLC-
photodiode array detection (DAD) (Gaya et al. 2016) and
HPLC-colorimetric array detection (CAD) (Gamache and
Acworth 1998). Ultra-high performance liquid chromatogra-
phy (UHPLC)-MS has also been employed (Socas-Rodriguez
et al. 2017).

The first method developed and validated was GC-MS
(Fotsis et al. 1982), and received extensive use, giving good
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limits of detection (LOD) and quantification (LOQ): 0.3 pg/L
and 1pg/L, respectively, for both ENL and END (Choi et al.
2002). In healthy adults, concentrations measured in urine
were 1.2-259ug/L (ENL) and 1.4-17pg/L (END), and in
plasma 5.6-11.9ug/L (ENL) and 3.7-19.4ug/L (END) (Choi
et al. 2002). However, GC requires a derivatization step and
considerable processing time for each sample: 22min of
chromatography plus the refrigeration time (Choi et al
2002). Recently, the derivatization step has been avoided by
using on-fiber derivatization, although the time required for
chromatography is still high at 50min (Aresta, Cotugno, and
Zambonin 2019).

In contrast, in HPLC methods, chromatography time is
reduced to as little as two minutes (Prasain et al. 2010),
whereas the LODs and LOQs differ according to the type
of detector. When using CAD, the LOD for both END and
ENL in plasma and urine is 1.32pg/L (Gamache and
Acworth 1998) and 0.28pg/L for ENL in blood (Melby
et al. 2005); when using DAD, the LOQs are 0.53ug/L
(END) and 0.84ug/L (ENL) in fecal samples (Gaya et al.
2016). Regarding MS, limit values also vary according to
whether single quadrupole MS, MS/MS or high-resolution
MS (HRMS) are used. For example, the LOQs reported in
urine are 0.133 pug/L (END) and 0.003 ug/L (ENL) for single
quadrupole MS (Palma-Duran et al. 2020), 0.037pug/L
(END) and 0.066ug/L (ENL) for MS/MS (Gonzalez-
Dominguez, Urpi-Sarda, et al. 2020), and 0.18 pg/L (END)
and 0.06ug/L (ENL) for HRMS (Laveriano-Santos,
Marhuenda-Munoz et al. 2022). Besides better LODs, MS
also offers improved selectivity compared to the other
detectors, giving more confidence in the results (Wilson
et al. 2014).

Finally, the immunoassays used can be specific, designed
for only one molecule (Adlercreutz et al. 1998), or nonspe-
cific. A nonspecific assay has been used to analyze estro-
genic activity, the test reacting to more than one molecule,
but only those with estrogenic effects (Dusza et al. 2019).
Regarding the specific immunoassays, four have been
reported for ENL, two validated for plasma (Adlercreutz
et al. 1998; Shinkaruk et al. 2014) and two for urine
(Bensaada et al. 2023; Uehara et al. 2000), but none for
END; the reported LOQs are low, varying from 0.1 to
0.5pg/L. These specific tests allow rapid screening of a high
number of samples, but the required synthesis and prepara-
tion of antibodies and haptens represents an analytical bot-
tleneck. In contrast, nonspecific tests have the advantage of
readily available commercial reactants (Dusza et al. 2019),
but they are limited by lack of specificity, allowing the
estrogenic activity of a sample to be quantified, but without
identifying the compounds responsible. As a solution,
Nielen et al. (2004) designed a combined HPLC-bioassay-
HRMS method, in which the flow was divided after chro-
matography, one part analyzed in a bioassay for estrogenic
activity and the rest injected to an HRMS instrument to
identify and quantify the active compounds.

In summary, the most optimal approach for quantifying
ENL and END in biological samples is through UHPLC-MS
methods that require minimal sample preparation, can quan-
titate the aglycones separately from the sulfates and

glucuronides, and can quantitate a large number of com-
pounds (Gonzélez-Dominguez, Urpi-Sarda, et al. 2020;
Gonzalez-Dominguez, Jauregui, et al. 2020; Laveriano-Santos,
Marhuenda-Muioz et al. 2022). These techniques combine a
rapid chromatographic analysis and few preparation steps
with a high selectivity and sensitivity, allowing large num-
bers of samples to be analyzed in relatively little time.

Pharmacokinetics and bioavailability of
enterolignans

Several studies have investigated the pharmacokinetics and
bioavailability of lignans and their metabolic products END
and ENL in subjects administered whole, ground, or milled
flaxseed (also known as linseed) or isolated lignan extracts.
In a study of 12 postmenopausal women who received a sin-
gle dose of 25mg/day of 7-hydroxymatairesinol aglycone
(7-HMR), levels of 7-HMR and its metabolite ENL were
measured in blood samples over 72h. It was found that
7-HMR was rapidly absorbed into the bloodstream and
effectively metabolized to ENL, reaching a maximum con-
centration  (Cmax) (mean+standard  deviation)  of
48+1.64ng/mL at 24h (Udani et al. 2013). In a similar
study by Kuijsten, Arts, Van't Veer, et al. (2005), this time
using a single dose of a purified secoisolariciresinal digluco-
side (SDG), the Cmax for END was reached at 14.8+5.1h
and for ENL at 19.7+6.2h, and the mean area under the
curve of ENL was double that of END (Kuijsten, Arts, Tom
B., et al. 2005). In another study, seven subjects ingesting
500g of lignan-rich strawberry in a single dose had the
highest mean blood and urinary ENL at 24h and 25-36h,
respectively, as measured by a fluoroimmunoassay, with con-
siderable inter-individual variation (Mazur et al. 2000).

In a randomized, cross-over study with healthy women
aged 20-40years receiving daily doses of raw ground flax-
seed (5, 15, or 25g) for 7 or 8days, a time- and dose-response
was observed in urinary lignan excretion. The study found
that it takes more than 24h and possibly as long as a week
for urinary enterolignans to reach their peak and level off
with a once-daily supplementation of 25g of flaxseeds, while
24h is insufficient to see plasma END and ENL return to
baseline values (Nesbitt, Lam, and Thompson 1999). Similar
results were found by Setchell et al. (2014) in a dose-response
study in postmenopausal women receiving a single-dose of
SDG. The serum concentration of SDG reached a peak at
7.2+1.0h after exposure, thereafter decreasing rapidly, some
of it being biotransformed to END and then ENL in a
time-dependent sequence. The time required to reach the
Coox (I.) of END in serum was between 12 and 24h with
a half-life of 9.4h, compared to 24-36h and a half-life of
13.2h for ENL. The delayed appearance of END and ENL in
serum relative to SDG is consistent with their production in
the distal intestine and colon and the known precursor-product
relationship between the two enterolignans. Urinary excre-
tion of END and ENL was also delayed, little appearing in
the first 12h and still detectable after 5days. It was also con-
cluded that a steady-state concentration of lignans would be
attained after 5-7days of daily SDG administration (Setchell
et al. 2014).



The bioavailability of lignans has been investigated in
randomized, controlled intervention trials of 4-8 wk. Knust
et al. (2006) reported a 2.6-fold increase in total urinary lig-
nans after 8 wk of supplementation with 20g flaxseed
(9.13mg SDG/g) in pre- and perimenopausal women. In
another study, 31 postmenopausal women underwent a
7-week flaxseed supplementation, which led to a significant
linear, dose-response increase in the excretion of END and
ENL (Hutchins et al. 2000). Pharmacokinetics studies also
indicate a significant correlation between urine and serum
concentrations (Knust et al. 2006; Nesbitt, Lam, and
Thompson 1999; Setchell et al. 2014), making urinary enter-
olignan concentration a surrogate marker of lignan bioavail-
ability, given that renal clearance and elimination in urine
are the predominant route by which lignans are removed
from the body.

The END:ENL ratio has also been investigated. After
8days of lignan supplementation, ratios of END: ENL >1
were found (Nesbitt, Lam, and Thompson 1999). However,
after 8 wk of ground flaxseed supplementation, the mean
END:ENL ratio was 0.9, suggesting a high induction of bac-
terial enzymes and therefore an almost complete metabolism
of the terminal end-product ENL prior to absorption (Knust
et al. 2006). The rate of ENL formation from END may be
influenced by exposure time but can also be explained by
the composition of the microbiota, transit time, and the
redox level of the large intestine of each subject.

In a comparative study of younger (18-29years old) and
older (45-69years old) populations consuming 30g/d of
milled flaxseed for 4 wk, differences were observed in
END:ENL ratios and inter-group coefficients of variation.
The younger group exhibited a higher inter-individual vari-
ability in total enterolignans, which could be attributed to
the small sample size, age-related differences between groups,
gut microbiota, or the lower liver volume of elderly people
(Edel, Pierce, and Aliani 2015). The differences in enterolig-
nan pharmacokinetics between men and women found in
another study were attributed to the smaller blood volume
of women, even when adjusted for body weight, which
resulted in earlier and higher Cmax values (Kuijsten, Arts,
Tom B., et al. 2005). A study comparing the metabolism of
raw and processed flaxseed in healthy women found that its
consumption as an ingredient of muffins or bread did not
affect the quantity of lignan excretion (Nesbitt, Lam, and
Thompson 1999). As the absorption of enterolignans occurs
in the colon, the food matrix might not play an important
role in enterolignan release, but the crushing and milling of
flaxseed was found to improve their bioavailability (Kuijsten,
Arts, Van't Vree et al. 2005).

In summary, enterolignans are produced to a greater or
lesser extent by the entire population, but wide ranges of
concentrations in biofluids have been found. The high
interindividual variability can be explained by differences in
the composition of human microbiota, transit time, the
redox state of the large intestine, and habitual diet. It has
also been hypothesized that the variability of lignan excre-
tion in humans is due to the existence of several alternative
metabolic pathways or mammalian lignan metabolites that
are not routinely measured. Additionally, a 24h-study seems
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insufficient for accurately determining the pharmacokinetics
of END and ENL due to their delayed appearance in serum
and urine and slow elimination. Indeed, these factors make
the metabolites suitable for use as long-term biomarkers of
lignan exposure. Furthermore, dose-response studies have
shown that END and ENL concentrations in biofluids
reflect the amount of lignans consumed, discriminating
between different levels of consumption in a healthy popu-
lation and allowing quantitative determination of exposure
to dietary lignans and related health effects. Finally, interin-
dividual differences in END:ENL ratios have been found,
with unknown physiological implications.

Cardiometabolic bioactivity of enterolignans:
studies in humans, in vivo and in vitro

Potential effects of enterolignan exposure on cardiometabolic
health, including a reduced cardiovascular disease (CVD)
risk and mortality, have been reported in several studies
(Adlercreutz 2007; Adolphe et al. 2010; Frankenfeld 2017;
Peterson et al. 2010). This relationship might be influenced
by the interplay between lignan intake, gut microbial diver-
sity, and host-microorganism interaction, as shown in Figure
8. However, the mechanisms of action underlying the impact
of enterolignans on cardiometabolic parameters such as
inflammation, blood pressure, adiposity, blood lipid, and
glucose levels have not been well established. Table S10
includes information on in vivo cardiometabolic studies of
enterolignans: study design, subjects, metabolite, findings,
and in the case of randomized clinical trials, dose of lignan
or lignan source.

Inflammation and oxidative stress

The immune system is a coordinated response of innate and
adaptive immunity. Data from several human studies sup-
port that END and ENL can scavenge reactive oxygen spe-
cies (ROS) and exert anti-inflammatory and antioxidative
activity (Adolphe et al. 2010).

Miles et al. (2021) found that ENL was inversely associ-
ated with proteins involved in both innate and adaptive
immunity in healthy adults: Fc receptor-like protein 5, which
promotes the development and signaling of B cells;
GRB2-associated binding protein 1, a regulator of cytokine
production; lysosomal-associated protein transmembrane 5,
which is involved in cytokine production and autophagy in
immune cells; and carcinoembryogenic antigen-related cell
adhesion molecule-1, involved in cell adhesion and intracel-
lular signaling. In a study conducted in 6,009 adults aged
40years or older, higher urinary levels of END and ENL
were associated with lower concentrations of serum
C-reactive protein (CRP), a biomarker of inflammation.
These results remained robust after controlling for con-
founders such as age, sex, race, education, body mass index
(BMI), smoking status, alcohol consumption, and urinary
creatinine. Thus, each unit increase in END and ENL was
associated with a decrease in CRP of 0.07 and 0.15 units,
respectively. Moreover, participants with the highest urinary
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excretion of ENL (median of 1.630ng/mL) had a lower risk
(odds ratio [OR]=0.59) of high CRP levels (= 3.0mg/L)
compared to those with the lowest excretion of ENL (median
of 30ng/mL) (Reger et al. 2017). Shivappa et al. (2019)
reported that a pro-inflammatory diet may has a negative
effect on microbial diversity, reduces urinary enterolignan
levels, and increases the risk of elevated CRP levels
(= 3.0mg/L) in adults aged >19 years. Eichholzer et al.
(2014) observed that increases in urinary ENL were associ-
ated with lower CRP levels. Additionally, higher urinary
END and ENL values were associated with 2.1% and 1.3%
lower white blood cell counts, respectively (a marker of sys-
temic inflammation) and with lower TXA2:PGI2 ratio and
TXA2 levels, these two molecules are important regulator of
the interaction between platelets and vessel walls in vivo,
and crucial for vascular health (Parilli-Moser et al. 2023).
Holma et al. (2014) showed that consuming a mixture of
probiotics (Lactobacillus, Bifidobacterium, and Propionibac-
terium strains) and galactooligosaccharides increased serum
ENL concentration in human males, but had no significant
effect on CRP levels. In contrast with the results from the
observational studies described above, a randomized clinical
trial with 32 older healthy adults aged between 60 to 80years
found that a daily oral supplementation of 600 mg secoisala-
riciresinol diglucoside for six months was correlated with
plasma concentrations of enterolignans, but did not have a
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significant effect on tumor necrosis factor-alpha (TNF- a),
interleukin 6 (IL-6), or CRP levels (Di et al. 2017).
Findings from in vitro studies confirm the anti-inflammatory
and antioxidant properties of enterolignans and reveal plausible
mechanisms for their effects. As mentioned, enterolignans act
as general antioxidants by scavenging harmful ROS, but they
also interact directly with enzymes, including those associated
with the nitric oxide (NO) system, such as superoxide dis-
mutase (SOD) (Almousa et al. 2018). Enterolignans may
enhance NO bioactivity by stimulation of endothelial eNOS via
the p38 mitogen-activated protein kinase (p38 MAPK) pathway.
A study carried out in endothelial cells showed that 50uM of
ENL, produced by ex vivo incubation of human gut microbiota
with arctiin and phillyrin from a Forsythia sp. extract, reduced
TNF-a and IL-1B production, as well as neutrophil adhesion
and the expression of E-selectin, intercellular adhesion
molecule-1 (ICAM-1), and B2 integrins DC11a/CD18, CD11b/
CD18. These results suggest that lignans, and probably ENL,
can attenuate the phosphorylation of proteins such as p38
MAPK and extracellular signal-regulated kinase (ERK) and
contribute to reducing inflammation and oxidative stress
(Michalak et al. 2018). Activation of p38 MAPK in neutrophils
has been identified as a key factor in the synthesis of
pro-inflammatory cytokines, although the process is unknown
(Moens, Kostenko, and Sveinbjernsson 2013; Zu et al. 1998).
Similarly, activation of the ERK pathway has been shown to



result in the expression of pro-inflammatory cytokines (Simard
et al. 2015). A study by Almousa et al. revealed that the admin-
istration of ENL in different concentrations (200nM and
20,000nM) increased SOD activity and reduced ROS levels as
well as malondialdehyde (MDA) production in macrophages.
MDA is a well-established marker of lipid peroxidation closely
related to oxidative stress damage. It was also suggested that
ENL, along with other bioactive compounds present in flax,
may regulate the expression of TNF-a and PPAR-y, thus con-
tributing to its protective effect against oxidative stress (Almousa
et al. 2018). A study by Kitts et al. (1999) reported that 10uM
of END and ENL suppressed lipid peroxidation by 20.8% and
31.6%, respectively. This effect can be attributed to the ability
of enterolignans (10 and 1,000uM) to protect DNA from dam-
age, which was demonstrated by a reduction in deoxyribose
oxidation and DNA site-specific «OH breakage, even at low
concentrations. Another study concluded that physiological
concentrations (50 and 100pM) of END and ENL have a pro-
tective effect against DNA damage although to a lesser extent
than SDG and SECO (C. Hu, Yuan, and Kitts 2007). Other
authors found that 2.5mg/ml of END and ENL added directly
to blood reduced the activity of polymorphonuclear leukocytes
by 94.2% and 81.6%, respectively, exhibiting higher antioxidant
potency than SDG (Prasad 2011). However, the concentration
of END and ENL in plasma was higher compared to the levels
observed in human clinical studies.

Vascular function

Contradictory findings have been reported in the literature
regarding the effect of enterolignans on vascular function. A
randomized clinical trial conducted in healthy postmeno-
pausal women aged 61+7years, who were administered
500mg of SDG daily for six weeks, found no effect on
flow-mediated dilation, a biomarker of endothelial function
and cardiovascular health (Hallund, Tetens, et al. 2006). A
case-control study, including 608 case-control pairs, assessed
the association between the gut-derived metabolites ENL
and trimethylamine N-oxide (TMAO) in plasma and the
risk of coronary artery disease (CAD). The results revealed
that a higher ENL:TMAO ratio, indicative of a greater intake
of plant-based foods and a lower intake of animal-based
foods, was associated with a significantly lower CAD risk,
with a multivariable-adjusted odds ratio of 0.58. Neither
ENL nor TMAO alone were correlated with CAD risk,
although higher plasma levels of ENL in women were asso-
ciated with a 54% lower risk (G. Liu et al. 2021). Studies
performed with middle-aged men in eastern Finland showed
that individuals with higher serum ENL levels had a 65.3%
lower risk of acute coronary events (Vanharanta et al. 1999).
This was supported by a 56% lower incidence of mortality
related to coronary heart disease and a 45% reduction in
CVD-related mortality (Vanharanta et al. 1999, 2003).

Platelet aggregation

P-selectin, a cell adhesion molecule, is commonly employed as
a biomarker of platelet aggregation (Merten and Thiagarajan
2000). Another biomarker linked to platelet function is the
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Von Willebrand Factor (VWEF), a large glycoprotein involved
in thrombus formation (Ruggeri 2007). A study showed that
rats fed a specific-pathogen-free diet had higher serum levels
of ENL compared to rats on a germ-free diet, the latter group
also developing more pronounced endothelium plaque lesions
(VWE-positive endothelial cells) in their aorta and coronary
arteries from weeks 13 to 52. These differences were related
to a higher accumulation of macrophages and higher expres-
sion of TNF-a and IL-6 in cells in the arterial walls of the
rats on the germ-free diet (Chuang et al. 2022). In humans,
ENL and END have been associated. with lower TXA2:PGI2
ratio and TXA2 levels, these two molecules are important
regulator of the interaction between platelets and vessel walls
in vivo, and crucial for vascular health (Parilli-Moser et al.
2023). It was further concluded that the gut microbiota may
modulate the production of ENL and END, which exhibits
anti-inflammatory properties and prevents plaque formation
in blood vessels, although the underlying molecular mecha-
nisms are still not fully understood (Chuang et al. 2022).

Blood pressure

The literature about the effect of enterolignans on blood
pressure (BP) is controversial. A nested case-control study
showed that individuals with a minimum of 76.4nmol/L of
plasma ENL had a significantly lower risk of prehyperten-
sion and hypertension compared with those with less than
31.6nmol/L, especially in participants with obesity (J. Lee
et al. 2021). In contrast, results from a large survey found
no association between urinary ENL and high BP in a sam-
ple of 2,260 adults (>20years) from the 2003-2010US
National Health and Nutrition Examination Surveys
(NHANES) (Frankenfeld 2014). Similarly, urinary ENL and
ED were not associated with BP parameters in two
cross-sectional studies with 200 participants at high risk for
CVD or in 560 young adolescents (Dominguez-Lopez et al.
2023; Laveriano-Santos, Quifer-Rada, et al. 2022). A pro-
spective case-control study also observed no association
between serum ENL and BP in 760 males aged 50-69 years
(Kilkkinen et al. 2006). However, a cross-sectional analysis
of 2,429 children and adolescents from the 2009-2010
NHANES found that urinary ENL, but not END, was
inversely associated with systolic blood pressure (SBP).
Nevertheless, when participants were categorized by high
SBP (greater than or equal to 140mm Hg), no significant
association was found (Jeng, Kantaria, and Beydoun 2015).
In contrast, results from a Spanish adolescent cohort (n=560)
revealed no association between urinary enterolignans and
BP parameters (Laveriano-Santos, Quifer-Rada, et al. 2022).
Different results have been obtained in an adult population,
as Struja et al. (2014) found that 1,748 US adults with the
highest excretion of enterolignans (more than 794ug/g cre-
atinine) had a lower risk of hypertension compared to those
with the lowest excretion (less than 153pg/g creatinine),
although the mean BP did not differ between lignan excre-
tion categories.

In addition, supplementation with 30g of milled flaxseed
for 6months led to a reduction of 10mmHg of SBP and
7mmHg of DBP compared with the control group
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(Rodriguez-Leyva et al. 2013). Similar results were found in
a study by Di et al. (2017), where older healthy adults with
high SBP (greater than or equal to 140 mmHg) receiving a
daily dose of 600mg SDG from a flaxseed lignan complex
for 24 wk had increased plasma levels of enterolignans. After
the intervention, their SBP values were 15mmHg lower
compared to the placebo group. In line with these findings,
a study found that participants who consumed 32% carbo-
hydrates and 60g of flaxseed powder daily for 42days had
higher serum levels of END and ENL, as well as urinary
levels of ENL, compared to baseline.

Plasma or serum lipid levels

Studies have shown that the consumption of high levels of
lignans can have a positive effect on the lipid profile, i.e., the
levels of total cholesterol (TC), low-density lipoprotein cho-
lesterol  (LDL-c), high-density lipoprotein cholesterol
(HDL-c), and triacylglycerols (TAG). In a cross-over study
of 40 men with metabolic syndrome, LDL-c and TC concen-
trations were lower after 4 wk on a whole-grain rye diet
(30% of daily energy intake) compared with a wheat diet
(Eriksen et al. 2020). The authors showed that the rye diet
improved the lipid profile in adults, and additional supple-
mentation with lignan capsules containing 280mg SDG
resulted in the highest plasma and urinary concentrations of
END and ENL (Eriksen et al. 2020). In addition, a daily
supplementation with 300 or 600 mg of SDG from a flaxseed
extract for 8 wk reduced TC, HDL-c, and LDL-c in adults
with hypercholesterolemia compared to baseline, and the
observed lower lipid levels (TC, LDL-c, HDL-c, and TAG)
were correlated with plasma END (W. Zhang et al. 2008).
Another study showed that after supplementation with 0.3 g/
kg/day of flaxseed for 7days, serum ED and ENL levels
increased approximately 10-fold (143nM after intervention).
Furthermore, flaxseed supplementation regulated intestinal
microflora such as Ruminococcaceae, which was positively
associated with ENL production and LDL-c levels
(Lagkouvardos et al. 2015). In contrast with these previous
studies, other study reported a significantly increased con-
centration of enterolignans in the blood and urine of healthy
postmenopausal women who consumed low-fat muffins
enriched with a lignan complex every day for 6 wk, but no
effect on the plasma lipid profile was observed (Hallund,
Ravn-Haren, et al. 2006). Controversial results have also
been found in observational studies. Frankenfeld (2014)
reported that ENL was inversely associated with lower
HDL-c levels (<40mg/dL). In another cohort, US adults with
the highest quartile of urinary enterolignan levels had sig-
nificantly lower plasma TAG levels and higher HDL-c levels
than those in the lowest quartile (Struja et al. 2014). Similar
results were found in a cross-sectional analysis of 1,492
adults from the 1999-2004 NHANES, with a mean urinary
enterolignan concentration of 1.9umol/L. The participants
with the highest excretion of enterolignans had higher levels
of HDL-c and lower levels of TAG than those in the lowest
tertile (Peflalvo and Lopez-Romero 2012). Meanwhile,
Dominguez-Lépez et al. (2023) and Liu et al. (2018) found
no association between enterolignans and blood lipids.

Results from in vitro and in vivo studies support some of
the findings described above. Owen et al. described the phy-
toestrogenic role of END in the macrophage uptake of ath-
erogenic lipoproteins such as LDL-c and lipoprotein(a)
(Lp(a)) (Owen and Abbey 2004). Although similar in struc-
ture, Lp(a) differs from LDL-c in that it contains a specific
protein, apo(a), which is an important risk factor for CVD.
However, unlike LDL, Lp(a) levels are less sensitive to dietary
changes because they are not easily altered by HMG-CoA
reductase inhibitors (Enkhmaa et al. 2020). A study found
that END (10puM) reduced the uptake of Lp(a) into macro-
phages, but had no effect on the LDL-c uptake (Owen and
Abbey 2004).

The effect of ENL on the lipid profile can be attributed
to its potential antioxidant capacity, as proposed by Fortin
et al. (2017). They found that ENL prevented oxidative liver
damage induced by a diet high in polyunsaturated fatty
acids in early lactating cows. However, ENL increased the
expression of genes encoding enzymes involved in lipid
metabolism, such as MLX interacting protein-like, fatty acid
(FA) synthase and stearoyl-CoA desaturase, suggesting that
flax lignan supplementation alone may increase hepatic TAG
accumulation in dairy cows. In addition, Biasiotto et al.
(2018) suggested that ENL and END, gut microbiota metab-
olites of 7-hydroxymatairesinol, may inhibit adipogenesis
genes such as PPARy, C/EBPa and aP2, and reduce TAG
uptake in 3T3-L1 cells. Drygalski et al. (2017) showed that
50uM of ENL protects against liver steatosis in the HepG2
human liver cell line by stimulating the extracellular free FA
and TAG efflux into the medium, inhibiting B-oxidation,
reducing the expression of enzymes involved in the regula-
tion of lipid metabolism such as carnitine palmitoyltransfer-
ase 1 (CPT1), AMP-activated protein kinase (pAMPK), and
peroxisome proliferator-activated receptor alpha (PPARa),
and increasing sterol regulatory element-binding protein 1c
(SREBPIc) expression. CPT1 is an enzyme implicated in the
transport of FA into the mitochondria membrane for
B-oxidation, and defects in its activity have been linked to
metabolic disorders, such as insulin resistance, obesity, fatty
liver disease, and cancer (Fang et al. 2022; M. Wang et al.
2021). AMPK controls cellular metabolism and promotes cell
proliferation by regulating the oxidation and synthesis of FA
and TAG (Shen et al. 2019). PPARa is a transcription factor
that promotes the transcription of genes involved in FA
uptake, transport, and B-oxidation to control lipid homeosta-
sis (Lin, Wang, and Li 2022). SREBPIc is also a transcrip-
tion factor implicated in the transcription of genes related to
lipid synthesis in the liver, such as fatty acid synthase,
stearoyl-CoA desaturase, acetyl-CoA carboxylase, and diacyl-
glycerol acyltransferase (Yang et al. 2022).

Adiposity

A cross-sectional study with 6,806 participants evaluated the
association of urinary enterolignan concentration with adi-
posity. Those individuals with higher END excretion had a
lower likelihood of being obese or overweight or having a
high-risk waist circumference. Regarding ENL, higher con-
centrations in urine were associated with a lower risk of



obesity and overweight. In this study, age and sex did not
modify the associations (Frankenfeld 2013). Y. Hu et al
(2015) analyzed the associations between urinary ENL and
END in a prospective study with women. Women with a
higher excretion of total lignans were associated with a
lower BMI, and those with a higher END excretion gained
less weight in the following 10years. These results suggest
that lignans, specially END, contribute to slower weight gain.
X. Wu et al. (2012) examined urinary excretion of phy-
toestrogens in a population-based cohort study that included
2,165 adult women. A weak inverse association was found
between END and ENL and BMI. Surprisingly, ENL excre-
tion was associated with a higher fat intake. A large
cross-sectional study assessed the levels of urinary phy-
toestrogens in both adults and children. Interestingly, a
stronger negative association was found for ENL with obe-
sity and waist circumference in adult males aged 20-60years
compared to children and older adults (C. Xu et al. 2015).
The effects of lignans have also been studied in
post-menopausal women. A cross-sectional study measuring
dietary lignans and plasma ENL found that women who
consumed more lignans, and therefore had higher concen-
trations of plasma ENL, had lower BMI and total body fat
mass (Morisset et al. 2009). In a longitudinal study assessing
the effect of phenolic compound exposure during childhood,
Deierlein et al. found that ENL was inversely associated with
BMI, waist circumference, and percent of body fat (Deierlein
et al. 2017). The effects of phytoestrogen exposure on puber-
tal stages in girls were evaluated by Wolff et al. (2010) in a
multi-ethnic longitudinal study. They found that the associ-
ation between BMI and breast development was modified by
ENL. In girls with low exposure to ENL, breast development
differed depending on the BMI, whereas with high exposure,
there was no significant association (Wolff et al. 2010).

The benefits of END and ENL on adiposity may be related
to their ability to modulate gene expression. It has been
observed that phytoestrogens can inhibit adipose cell differen-
tiation in vitro (Taxvig et al. 2013). Another in vitro study
showed that in adipocyte-like phenotype cells, END and ENL
inhibited the expression of PPARy, C/EBPa and aP2, proteins
that modulate fat metabolism and play a key role in the final
phases of adipocyte differentiation. In addition, they also pre-
vented triglyceride uptake in hepatoma cells (Biasiotto et al.
2018). In an in vivo study in mice, Fukumitsu et al. (2008)
found that END induces the mRNA expression of two genes
related to adiposity, adiponectin and PPAR-y.

Glucose metabolism

Evidence for the effect of END and ENL on glucose metab-
olism is contradictory. A cross-sectional study conducted in
children and adolescents found a direct association between
fasting glucose and urinary END (Jeng, Kantaria, and
Beydoun 2015). Similarly, a positive association between
blood glucose and urinary END was observed in adults
(Frankenfeld 2014). In contrast, other studies have found no
association between these metabolites in plasma or urine
and glucose or type-2 diabetes (J. Liu et al. 2018;
Marhuenda-Muiioz et al. 2022; Talaei et al. 2016).
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Nevertheless, most research in this field has reported ben-
eficial effects of enterolignans on glucose metabolism. A
cross-over study in which 29 adults consumed whole pea
flour and fractionated pea flour detected an increase in uri-
nary ENL, although without any changes in fasting insulin or
insulin resistance (Marinangeli and Jones 2011). The effects of
a flaxseed lignan extract were evaluated in a randomized clin-
ical trial with 55 hypercholesterolemic subjects. As expected,
plasma END and ENL increased in the group that consumed
the dietary supplement, the participants also experiencing a
reduction in fasting glucose (W. Zhang et al. 2008).

Another cross-over study administering dietary flaxseed
lignans in patients with type-2 diabetes found an improve-
ment in glycaemic control after consumption of the supple-
ment, but fasting glucose and insulin sensitivity were not
affected (Pan et al. 2007). In post-menopausal women,
Morisset et al. (2009) reported that participants with higher
concentrations of plasma ENL showed better insulin sensi-
tivity, as they had lower insulin resistance and 2h postload
glycemia, and a higher glucose disposal rate.

A few mechanisms have been proposed to explain the
effects of enterolignans on glucose metabolism. In vitro, it
has been demonstrated that ENL can suppress insulin sig-
naling protein phosphorylation in hepatic cells, which
reduces insulin sensitivity and therefore insulin resistance in
the liver (Charytoniuk et al. 2019). ENL also promoted glu-
cose uptake through translocation of the GLUT4 transporter
to plasma membrane in L6 myoblasts. These results were
corroborated in vivo in a db/db mouse model of type-2 dia-
betes, as it improved fasting blood glucose and the index of
insulin resistance (Zhou et al. 2017).

Conclusions and future challenges

This review of state-of-the-art research on enterolignans has
focused above all on their effects on cardiometabolic health,
but also includes other aspects to provide a comprehensive
overview of these gut metabolites. Strategies to synthesize
ENL and END have been developed since the early 1980s,
centered on novel metal or organocatalytic reactions, achiev-
ing their stereoselective synthesis, and providing pure stan-
dards for analytical investigation. To understand their health
effects, the quantification of ENL and END is crucial, espe-
cially in biological samples. Among the different methods
used, UHPLC-MS stands out for its high selectivity and sen-
sitivity, rapid analysis with minimal sample preparation, and
capacity to handle large sample volumes. Technical advances
now allow END and ENL to be quantified with a huge
amount of other bioactive compounds. With information
about the concentration of each compound and inter-individual
differences in concentration, it is possible to discern which
compounds are associated with any perceived health effects.
After the ingestion of lignan precursors, whose main food
sources are whole cereals and seeds, they undergo bacterial
transformation to enterolignans. Concentrations of the metabo-
lites ENL and END in biofluids vary between individuals, due
to differences in gut microbiota, transit time, redox state, and
dietary patterns. Other factors such as alternative pathways or
unmeasured metabolites may also contribute to the variability
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in enterolignan excretion. Due to their delayed appearance and
slow elimination, END and ENL serve as long-term biomarkers
of dietary lignan exposure in dose-response studies.

Regarding the cardiometabolic effects of enterolignans,
most available data are based on observational studies, which
provide conflicting results. Interpretation of these findings
should take into account the potentially confounding vari-
ables like a low consumption of animal foods and the high
fiber content of lignan-rich foods. Human trials have
revealed positive effects of ligan intake on parameters related
to inflammation, oxidative stress, blood pressure, lipid pro-
file, and glucose metabolism, which have been associated
with higher enterolignan levels in urine and/or plasma.

Future research on enterolignans should include mecha-
nistic investigations, larger studies with comprehensive and
variable controls, the use of enterolignans as long-term bio-
markers, and comparative studies to understand the differen-
tial effects of dietary lignans and enterolignans, with a focus
on inter-individual variability. Taking on these research chal-
lenges will contribute to a deeper understanding of the role
of enterolignans in improved cardiometabolic health and
their potential therapeutic implications.
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AUC area under the curve
BMI body mass index

BP blood pressure

CAD colorimetric array detector

Cmax  maximum concentration

CVD cardiovascular disease

CHD coronary heart disease

CPT1 palmitoyltransferase 1

CRP serum C-reactive protein

DAD diode array detector

DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene
END Enterodiol

ENL Enterolactone

eNOS  endothelial nitric oxide Synthase
ERK extracellular signal-regulated kinase
EtOH ethanol

FA fatty acid

FMD flow-mediated dilation

HDL-c  high-density lipoprotein cholesterobioactive compoundsl
HPLC  high performance liquid chromatography
HRMS  high-resolution mass spectrometry
ICAM-1 intercellular adhesion molecule-1
LAR lariciresinol

LDL-c  low-density lipoprotein cholesterol

LiHMDS Lithium bis(trimethylsilyl)amide

LLE liquid-liquid extraction

LOD limit of detection

LOQ limit of quantification

Lp(a) lipoprotein(a)

MAPK  mitogen-activated protein kinase
MDA malondialdehyde

MAT matairesinol

MED medioresinol

MS Mass spectrometry

MS/MS  mass spectrometry in tandem
NO nitric oxide

PAMPK AMP-activated protein kinase
PIN pinoresinol

PMNLs polymorphonuclear leukocytes
PUFAs  polyunsaturated fatty acids
PPARa  peroxisome proliferator-activated receptor alpha

OR odds ratio

RCT randomized clinical trial

ROS reactive oxygen species

SBP systolic blood pressure

SDG secoisolariciresinal diglucoside
SECO  Secoisolariciresinol

SES Sesamin

SOD superoxide dismutase

SPE solid phase extraction
SREBPIc sterol regulatory element-binding protein 1c
SYR syringaresino

TAG triacylglycerols

TC total cholesterol

TMSCl  Trimethylsilyl chloride

TMAO  N-6xido trimetilamina

UHPLC ultra-high performance liquid chromatography.
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