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Following a brief description of the structure and nomenclature of the lignan family, this review focuses on the flaxseed lignan
secoisolariciresinol (SECO). The main properties, the analysis methods and two routes for the preparation of SECO, i.e.
extraction from renewable raw material and (hemi)-synthesis, are reviewed. Green methods recently developed for the first
route and chemical syntheses inspired from biosyntheses for the second one are the main subjects of this paper.
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Structure,propriétés et voies d’obtention du sécoisolaricirésinol,unelignane dela graine delin (synthese bibliographique).
Apres avoir rappelé la structure et la nomenclature de la famille des lignanes, cette revue a pour objectif de décrire les principales
propriétés, les méthodes d’analyse et les techniques d’obtention d’une lignane du lin, le sécoisolaricirésinol (SECO). Deux
voies d’obtention du SECO sont décrites : I’extraction au départ de matieres premieres naturelles et la synthese chimique.
Pour la premicere, le travail met I’accent sur les procédés verts développés jusqu’a présent. Pour la deuxiéme voie, la synthése
chimique s’inspirant de la biosynthese naturelle est principalement détaillée.

Mots-clés. Lignanes, sécoisolaricirésinol, processus d’extraction, addition conjuguée, couplage oxydatif assisté par des
enzymes, CO, supercritique, chimie verte.

1. INTRODUCTION are ones based on biosynthetic pathways that were
elucidated only recently.
Following the description of the structure and

nomenclature of lignans, the aim of this article is to give

an overview of the properties, the analysis methods and
the two routes developed to obtain the flaxseed lignan
secoisolariciresinol (SECO, 6). The first route involves
an extraction step from its biological source (flaxseed).
This topic has already been surveyed (Hosseinian
et al., 2009a). Hence, the present work will give a
brief overview of the main conventional techniques
and will be more focused on greener processes. The
second route to obtain SECO (6) is chemical synthesis.
Conventional conjugated addition can be compared to
more recent oxidative coupling methods. These latter

2. LIGNAN STRUCTURE

The lignan family is a large group of naturally
abundant molecules that can be found in a plethora of
superior plants. Lignans were first defined in 1936 as
phenylpropanoids dimers where two phenylpropane
units (C6C3) (1) are linked by their carbon 8 (3-f3” link)
(2) as represented in figure 1 (Haworth, 1936). This
definition is largely accepted although some authors
prefer to describe lignans as “1.4-Diarylbutane”
compounds (Cassidy et al., 2000). During the
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seventies, the lignan family was extended to a series of
compounds where the momomers are linked differently
(Gottlieb, 1978). These “new lignans” are named
“neolignans”. Lignans fundamental structures are
accurately described in the IUPAC Recommendations
published in 2000 (Moss, 2000).

The most frequent phenylpropane units constitutive
oflignans,often called monolignol units,are p-coumaryl
(3), coniferyl (4) and sinapyl alcohols (5) (Lainé et al.,
2007). These three phenylpropanoids species vary
only by methoxylations on their aromatic ring (see
structures in figure 2). Assembly of monolignols gives
rise to natural lignin which occurs in many woody
plants (Umezawa, 2003).

Although lignans have been the subject of many
studies over the years, research continues concerning
their natural diversity and abundance in the vegetal
kingdomand theirbiological properties and biosynthesis
pathways (Beejmohun et al., 2007; Bonzanini et al.,
2009; Hosseinian et al., 2009b; Attoumbré et al., 2010).
Lignans have also been the topic of several reviews
(Westcott et al., 2003; Albertazzi et al., 2008; Touré
etal., 2010).

Among lignans, secoisolariciresinol (SECO) (6) is
of particular interest (Figure 3). It is formed by two
coniferyl alcohols (monolignol units) linked by their
carbon number 8. Particularly abundant in flaxseed,
this molecule can also be found, for example, in

OH OH OH
= 4 =
H5C
o "o 7
OH OH CHs OH CHs
(3) (4) (5)

Figure 2. Structure of three common monolignols —
Structure de trois monolignols usuels.

(3): p-coumaryl alcohol (p-hydroxyphenyl alcohol) — alcool
p-coumarylique (alcool p-hydroxyphénylique); (4): coniferyl
alcohol — alcool coniférylique; (5): sinapyl alcohol — alcool
sinapylique.

Saintivu P., Nott K., Richard G. et al.

Figure 1. Structure and carbon numbering
of (1) phenylpropane and (2) lignan (3-p’
or 8,8 link) [ITUPAC recommendations
(Moss,2000)] — Structure et numérotation
des atomes de carbone du phénylpropane
(1) et des lignanes (2) (liaison -’ ou
8,8’) [Recommendations IUPAC (Moss,
2000)].

soybean, peanut (Mazur et al., 1998), broccoli, cashew
nut, mung bean (Schwartz et al., 2006), many fruits
such as kiwi (Milder et al., 2005) and pomegranate
(Bonzanini et al., 2009), triticale straw (Hosseinian
et al.,2009b), greater burdock (Cai et al., 2006) or
Forsythia intermedia (Umezawa et al., 1991).

SECO (6) like other lignans may occur in different
natural forms. They can be free (aglycone) or attached to
other molecules such as glucose or organic acids to form
more complex structures. In flaxseed, SECO is mostly
mono or diglycosylated [SMG or SDG (7)]. SMG and
SDG are linked by 3-hydroxy-3-methyl-glutaryl units
(HMG), derived from 3-hydroxy-3-methyl-glutaric
acid (HMGA) (8), to form an ester-linked biopolymer
(9) (Figure 3) (Ford et al., 2001).

3. MAIN PROPERTIES

SECO (6) is known to have many physiological
properties and health benefits. Indeed, SECO is
converted into enterolignans [enterodiol (END) (10) and
enterolactones (ENL) (11)] by the anaerobic intestinal
microflora (Wang et al.,2000; Wang et al.,2010). Three
other components of flaxseed, matairesinol (MATA)
(12), lariciresinol (LARI) (13) and pinoresinol (PINO)
(14) (Figure 4), are also converted into enterolignans.
These four coumpounds are mammalian oestrogens
precursors, also called phyto-oestrogens (Raffaelli
et al., 2002; Bartkiene et al., 2011).

Due to the structural similarity of enterolignans
with mammalian oestrogens, these compounds are
potentially interesting for combating some hormone-
dependent cancers. Over the past ten years, this topic has
been extensively studied and reviewed (Adlercreutz,
1995; Thompson et al., 1996; Wang L.Q., 2002; Apers
et al.,2003; Duncan et al., 2003; Boccardo et al., 2006;
Albertazzi et al., 2008; Mesa-Siverio et al., 2008).
Some epidemiologic investigations have shown that
the risk of breast, prostate and colon cancers is lower
in countries or regions in which the diet is particularly
rich in lignans. However, others were considered
conclusively “negative”, i.e. failed to demonstrate any
protective effect on carcinogenesis (Boccardo et al.,
2006). Several cell culture and animal experiments
have also shown the positive effect of enterolignans
against these cancers. The protective role of lignans
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Figure 3. SECO and some of its natural complexed forms in flaxseed (inspired by Ford et al., 2001) — SECO et formes
complexées naturelles du SECO dans les graines de lin (inspiré de Ford et al., 2001 ).

(6): secoisolariciresinol — sécoisolaricirésinol (SECO); (7): diglucosylated secoisolariciresinol — forme diglycosylée du
sécoisolaricirésinol (SDG); (8): 3-hydroxy-3-methyl-glutaric acid — acide 3-hydroxy-3-méthyl glutarigue (HMGA); (9): an example of
ester-linked biopolymer derived from SECO — un exemple de biopolymere avec liens ester dérivé du SECO.
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Figure 4. Two enterolignans and
four enterolignan precursors — Deux
entérolignanes et quatre précurseurs
d’entérolignanes.

(10): enterodiol — entérodiol (END); (11):
enterolactone — entérolactone (ENL); (6):
secoisolariciresinol — sécoisolaricirésinol
(SECO); (12): matairesinol — matairésinol
(MATA); (13): lariciresinol — laricirésinol
(LARI); (14): pinoresinol — pinorésinol
(PINO).
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can be in part explained by the fact that they can bind
to oestrogen receptors. However, their mechanism
of action has been shown to be more complex, they
can also influence intracellular enzymes and protein
synthesis. They can stimulate the production of the sex
hormone-binding globulin in the liver which results
in reducing the concentration of free hormones in the
plasma. They interact with sex steroid binding protein
and act as inhibitors of several steroid metabolizing
enzymes such as aromatase and cholesterol
7o-hydrolase, these inhibitions being respectively
positive against the breast and colon cancers. Their
antioxidant activity is also one of the possible
anticarcinogenic mechanism of the compounds. For
example they can reduce the endogenous generation of
oxidized DNA bases. SECO (6), SDG (7), END (10)
and ENL (11) were demonstrated to have antioxidant
activity (e.g. lowering lipid oxidation or DPPH*® free
radical quench) in various in vitro systems (Kitts et al.,
1999; Hu et al., 2007).

Phyto-oestrogens were also suggested to play a
role in protection against diabetes and cardiovascular
diseases (Duncan et al., 2003; Albertazzi et al., 2008).

Despite these numerous studies, many questions still
remain unanswered (potency, toxicity, bioavailability,
etc.) and further studies are required to fully understand
the role of enterolignans in human health and disease
and to establish dietary recommendations for example.

4. STRUCTURE ANALYSIS

For more than twenty years, NMR techniques, along
with the classical melting point determination and IR
spectroscopy, have been used to confirm the structure
of extracted and synthesized lignans (Pelter et al., 1992;
Eklund et al., 2002). More recently, mass spectrometers
coupled or not with a chromatographic separation has
become the technique of choice to analyze lignans.
NMR and MS techniques can also be combined
(LC-NMR-MS) to elucidate structures of optically
active molecules (Fritsche et al., 2002) such as the two
enantiomers of SDG (7) occurring in flaxseed.
RP-HPLC is the most used analytical technique
for detection and quantification of lignans (Willfor
et al., 2006). The most common method for analysis
of SECO (6) and its glycosylated forms consists of
separation on an octadecyl silica gel (ODS) column
followed by detection by UV and MS (Eliasson et al.,
2003; Beejmohun et al., 2007; Attoumbré et al., 2010).
Other detection techniques such as Coulometric
Electrode Array Detection can also be used (Schwartz
et al.,2006). As with UV and MS detection, simplicity,
universal applicability and good sensitivity are the
main advantages of this technique. Furthermore, it can
give additional information such as the presence of
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electrochemically active groups in the sample. Chiral
chromatography allows the separations of lignan
enantiomers, and for example, a semi-micro chiral
cellulose carbamate-based column is able to distinguish
(+)-SECO and (-)-SECO (6) (Okunishi et al., 2004).
Gas chromatography coupled to a mass spectrometer
has also been used to detect and quantify lignans in
specific food applications (Pefialvo et al., 2004).
Among identification methods of phytoestrogens,
non-chromatographic techniques such as MALDI-
TOF-MS, radioimmunoassay or ELISA are powerful
and sometimes more adapted for analysis of complex
media such as biofluids (Wang C.C. et al., 2002).

5. EXTRACTION

The choice of method for the extraction of lignans
depends on their molecular structure. Less polar
lignans can be extracted by hexane but in contrast,
SECO (6), with a higher polarity, can be extracted by
polar solvents such as aqueous methanol or ethanol.

SDG (7) and SECO (6) were first identified in
flaxseed by Bakke et al. (1956). Westcott et al. (1998)
patented an optimized extraction and purification
method of flaxseed lignans. Their general extraction
steps for SECO are schematized in figure 5. Following
grinding, the flour obtained is usually defatted with
organic non polar solvents (e.g. hexane) to facilitate
alcoholic extraction of SDG (7). After defatting, the
lignans are extracted by a primary alcohol (aqueous
methanol or ethanol, with an alcohol content of 55 to
75% v/v being preferred). The crude extract undergoes
an alkaline treatment (sodium or potassium hydroxide
1N, 3-7% w/v) which breaks the SDG-HMG link and
releases free SDG (7). An extraction yield of about
30 mg SDG per gram of defatted flaxseed flour (DFF)
is obtained with a mixture of ethanol and water (65/35,
v/v). To obtain the aglycone form of the SECO (6),
SDG (7) must undergo an acidic or an enzymatic
treatment in order to break the glycosidic link (Bakke
et al., 1956; Schwartz et al., 2006).

For safety and environmental issues, replacement
of the organic solvents is a growing requirement.
Supercritical fluids, such as supercritical carbon
dioxide (SC-CO,), which have gas-like diffusivity
and liquid-like density have been used successfully
as greener alternatives to non-polar solvents such as
hexane to defat flaxseed flour (Bozan et al., 2002).
Pressurized low polarity water (PLPW) extraction
(also named subcritical water extraction) has also been
applied to obtain lignans such as SDG (7) from flaxseed
(Cacace et al.,2006). The defatted flaxseed flour (DFF)
undergoes a high temperature (circa 140°C) treatment
under high pressure (circa 5.2 MPa) to ensure liquid
state of water. In this subcritical state, water’s dielectric
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Figure 5. Extraction process steps of SECO (6) from
flaxseed — Etapes du processus d’extraction du SECO (6) a
partir de graines de lin (Westcott et al., 1998).

constant and polarity decrease and reach similar values
to those of a methanol-water mixture. Toxicity of this
method is lower than a methanolic extraction but the
effect of the temperature on extracts must be taken
into account. SDG (7) extraction yield is quite good
(10 mg SDG per gram of seeds) but some phenolic
compounds may be damaged.

Real usefulness of organic solvents to extract SDG
(7) from flaxseed is not established. For example,
a direct alkaline hydrolysis process that does not
require the use of organic solvent has provided an
extraction yield of 14 to 31 mg-g' dry DFF depending
on the origin of the flaxseeds (Eliasson et al., 2003).
This process can be microwave-assisted (Nemes
et al., 2011). Different parameters were studied to
optimize the microwave-assisted extraction such as
the microwave (MW) power level (between 30 and
360 W), the time of residence in the MW cavity
(between 1 and 25 min), the molar concentration of
sodium hydroxide (between 0.25 and 1 M) and the
time of MW power application (30 or 60 s-min™).
The yields obtained with the optimized MW-assisted
extraction method (0.5 M NaOH for 3 min witha MW
power level of 135 W and MW power application of
30 s'min') were 6% higher than those obtained with
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the Elianson’s reference hydrolysis method which is
much longer (1 M NaOH for 1 h at room temperature)
and were 10% higher than the control method
(0.5 M NaOH for 3 min at room temperature). This
organic solvent and corrosive product free process
is a promising green method to obtain SDG (7) from
flaxseed.

6. SYNTHESIS AND MODIFICATION OF SECO

Two trends can be observed for lignans synthesis. The
first one exploits traditional organic chemistry routes
including asymmetric synthesis. The second one,
more recent, develops chemical pathways inspired
from biosynthesis.

A great challenge in chemical lignan formation
is asymmetric synthesis. Several methods can be
used to synthetize chiral building blocks that can be
assembled to create controlled-configuration lignans
(Itoh et al., 1997). For a review of the most frequent
lignan synthesis pathways the reader can refer to Del
Signore and Mathias Berner’s paper (2000).

In 2005, Davin and Lewis highlighted the
flaxseed lignan biosynthesis mechanism. It is based
on an enzyme-assisted oxidative coupling of two
monolignol units (for example, two coniferyl alcohol
units). The identification of the key compounds and
main steps of the natural biosynthesis leads to the
development of original chemical synthesis routes.
As an example, Wang et al. (2006) have investigated
the chemical transformation of coniferyl alcohol or its
derivatives into SECO (6) via an oxidative coupling.
In this example, SECO synthesis can be subdivided
into three main stages: obtention of the lignan
precursor unit, oxidative coupling and reduction and
dealkylation steps (Figure 6). The first stage, the
lignan precursor (16) synthesis from commercially
available 4-hydroxy-3-methylbenzaldehyde (15), can
be summarized into four steps:

(i) reduction of the aldehyde function;

(i1) alkylation with tert-butanol of the aromatic
carbonnumber 5;

(iii) reformation of the aldehyde function by oxidation;

(iv) transformation into an ester derivative via a Wittig
reaction.

An overall yield of 64% was obtained for this
first stage. During the second stage, two molecules of
the lignan precursor are then linked by their carbon
number 8 (17) by oxidative coupling (v). The third
stage leads to (+£)-SECO (6) with a yield of 36% and
consists of three steps:

(vi) reduction of the 7-8 (7°-8’) unsaturated link;
(vii) removal of the tert-butyl groups;
(viii) final reduction of the ethyl esters.
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HO 5 i - H,, PA/C (10%), rt, 24h - 99% HO S
ii- BUOH, 85% H,PO,, 75°C,
OMe 10n - 80% OMe
iii - Br,, BUOH, t, 1h - 85%
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iv - Ph,PCHCOOETt,

CH,OCH,CH,OCH,, reflux,
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2" stage (1 step)

v - K,[Fe(CN),]. KOH, C;H:/H,0,
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—
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Figure 6. Schematic pathway of SECO synthesis — Schéma de synthése du SECO (Wang Q. et al., 2006).

vi-H,, Pd/C (10%), rt, 24h - 99%
vii- AICI;, C;H,, 50°C, 1h- 79% HO

viii - LIAIH,, Et,0, -15°C, 2h- 85%

tBu

(15): 4-hydroxy-3-methylbenzaldehyde — 4-hydroxy-3-méthylbenzaldéhyde; (16): lignan precursor — précurseur de lignane; (17):
synthesis intermediate — intermédiaire de synthese; (6): secoisolariciresinol — sécoisolaricirésinol (SECO).

The critical step in this biomimetic approach is the
oxidative coupling. When the link between the two
lignan precursor units is formed, a lack of selectivity
leading to compounds other than the one with a 3-8’
link is observed. Indeed, the radical obtained by
deprotonation of a coniferyl derivative is delocalized
over the molecule and causes uncertainty about which
carbon will be involved in the coupling reaction.
The major product was reported to be the 3-5 linked
compound. To increase the -3’ link, Wang et al. (2006)
blocked the position 5 of the phenyl ring by alkylation
(step 2 of stage 1). This reaction step risks decreasing
the yield of the lignan precursor synthesized but the
final product should be easier to isolate.

Flaxseed lignans such as SECO (6) can also
be obtained by chemical modification of another
flaxseed lignan such as MATA (12). The latter can be
synthesized or extracted from natural sources such as
leaves and stems of Forsithia intermedia (Eich et al.,
1996) or from Norway spruce as hydroxyMATA
(18) (Eklund et al., 2002) which will lead to
hydroxySECO.

Mikela et al. (2000) synthesized MATA (12) via
a Michael conjugated addition (and not oxidative

coupling) which is a classical route for flaxseed lignans
synthesis. The main step of the reaction is generally the
tandem addition of a carbanion to butenolide followed
by an in situ benzylation (1* stage of figure 7). Many
examples exist in the literature (Pelter et al., 1992;
van Oeveren et al., 1994; Ward et al., 2001) and some
are cited in Del Signore and Mathias Berner’s review
(2006).

Sefkow et al. (2003) replaced the classical
butenolide reactant by malic acid. It reacts twice
with the benzyl bromide and then the product
obtained is reduced into hydroxyMATA. Fryatt et al.
(2005) whose goal was to obtain '“C-labeled MATA
(20) used diethyl malonate (instead of butenolide).
HydroxyMATA (18) can be synthesized by following
a radical carboxyarylation approach (Fischer et al.,
2004). Starting materials are two molecules of silyl
ether protected 4-hydroxy-3-methoxybenzaldehyde
(Figure 8): one of them undergoes an aldol reaction
(i1) followed by a protection (iii) and a reduction (iv)
and the second is “chlorothionated” (vii) before their
assembly (viii); intramolecular radical reaction (ix)
followed by removal of the protecting groups (x) gave
the desired hydroxyMATA (18).
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Figure 7. Synthesis of MATA (12) via the classical route using Michael conjugated addition with butenolide — Synthése du
MATA (12) via la voie classique utilisant ’adition conjuguée de Michael avec le buténolide (Mikeli et al., 2000).
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Figure 8. Synthesis of hydroxyMATA (18) via an intramolecular alkene 1,2-carboxyarylation reaction — Synthése de
I’hydroxyMATA (18) par une réaction intramoléculaire de 1,2-carboxyarylation sur un alcéne (Fischer et al., 2004).
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SECO (6) is obtained by reduction of MATA
(12) with a Lewis-base catalyst such as LiAlH, that
catalyses the reduction of the lactone into the diol
function (Eich et al., 1996; Ward et al., 2001; Eklund et
al., 2002; Fryatt et al., 2005). Thus, Ward et al. (2001)
synthesized the SECO (6) with a 62% yield, whereas
Eklund et al. (2002) obtained hydroxySECO with a
78% yield, and a small yield of 1% was reached by
Fryatt et al. (2005) for the synthesis of the '*C labeled
SECO.

More recently, Morreel et al. (2010) have designed
a synthesis of SECO (6) starting from ferulic acid
(Figure 9) which is particularly interesting as it is
the most abundant hydroxycinnamic acid found in
plants. The intermediate 8-8’-dilactone, resulting from
radical coupling of the ferulic acid, was reduced into
8-8’ diacid (i), then esterified with methanol to give
the 8-8-dimethylester (ii) and finally reduced (iii) into
SECO (6).

Enzymes can also be used to catalyze the
transformation of lignans into SECO (6) (Chu et al.,
1993; Dinkova-Kostova et al., 1996). Pinoresinol/
Lariciresinol Reductase, an enzyme found in Forsythia
intermedia, is able to catalyze the sequential reduction
of PINO (14) into LARI (13) then into SECO (6). These
steps are performed with conversion yields of 18% and
37.7% respectively. The knowledge of the possibility
of modification of this enzyme opens door for research
concerning level control of phytoestrogens associated
with hormone dependant diseases.

7. CONCLUSION

Lignans, including SECO (6), are abundant in superior
plants and present properties particularly interesting to
the health sector. The food and cosmetic fields could
also potentially exploit their antioxidant activity.

OH
MeO.
radical coupling
/
(0] OH
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The two approaches to obtain SECO (6) are
extraction from natural raw materials and chemical
synthesis. Organic solvents are often used to extract
this lignan from biomass. Greener processes have
been developed in the past few years but further
work is needed to improve the extraction yields. The
chemical synthesis alternative, allows control of the
structure of the desired compounds and some of the
purification steps are thus avoided. Another advantage
of organic synthesis is that it gives access to a larger
range of structures and this may open new applications
opportunities. Only a few studies have focused on
enzymes applied in SECO (6) synthesis. However,
this synthesis pathway has considerable potential.
Indeed, the specificity of enzyme activity leads to
stereochemically-controlled compounds that should
not require tedious purification steps and the process
may have a lower environmental footprint.

Acknowledgements

The work was funded through the ARC grant “Superzym”,
financed by the French Community of Belgium which is
gratefully acknowledged for its financial support. Magali
Deleu thanks the Fonds National de 1a Recherche Scientifique
(FNRS) from Belgium for her Research Associate position.

Bibliography

Adlercreutz H., 1995. Phytoestrogens — Epidemiology and
a possible role in cancer protection. Environ. Health
Perspect.,103, 103-112.

Albertazzi P. & Purdie D.W., 2008. The nature and utility of
the phytoestrogens: a review of the evidence (reprinted
from Maturitas, 2002, 42, 173-185). Maturitas, 61, 214-
226.

OH
MeO. I
OH

i - PdH,, EtOH, O/, rt - HO

ii - AcCl, MeOH, rt, ON, rt

1ii - AlH(Bu-i)2, PhMe, 5h, 1t O

(6)
OMe
OH

Figure 9. Synthesis of SECO (6) from ferulic acid — Synthese du SECO (6) a partir de I’acide férulique (Morreel et al.,2010).
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