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Phytoestrogens of the lignan type are widely distributed in plant-derived food items and are believed
to protect against hormone-dependent cancer. The richest known dietary source of lignans is flaxseed.
Flaxseed has been reported to contain glycosides of secoisolariciresinol as the major lignan, together
with small amounts of matairesinol, isolariciresinol, and pinoresinol. Secoisolariciresinol, but none of
the other lignans, has so far been identified in pumpkin seeds. In the present study, two different
methods for the hydrolysis of lignan glycosides are compared. Artifact formation and loss of lignans
under acidic conditions were observed. Lariciresinol was identified by GC—MS analysis in two different
types of flaxseed (Linum usitatissimum L. and Linum flavum L.) and in pumpkin seeds (Cucurbita
pepo L.) for the first time. Likewise, the novel lignan demethoxy-secoisolariciresinol was tentatively
identified in the flaxseed samples. Stereochemical analysis by chiral HPLC of several lignans isolated
from flaxseed showed that secoisolariciresinol, matairesinol, and lariciresinol consisted predominantly
of one enantiomer.

KEYWORDS: Flaxseed; Linum usitatissimum L.; yellow flaxseed; Linum flavum L.; pumpkin seeds;
Cucurbita pepo L.; lignan extraction; chiral HPLC; secoisolariciresinol; matairesinol; lariciresinol;
isolariciresinol; pinoresinol

INTRODUCTION isolariciresinol ¥/, Figure 1) were also identified in human urine

Lignans are phytoestrogens occurring in various plant foods (25, 26).
(1-3). Interest in lignans and other phytoestrogens has grown Different methods have been reported for the extraction of
in recent years because of their putative beneficial health effects.lignan glycosides from food and their subsequent hydrolysis.
Epidemiological data suggest that phytoestrogens protect againsMazur et al. {8) developed a method for the quantitative
hormone-dependent tumors, e.g., breast and prostate cdncer ( determination of phytoestrogens in plant foods using isotope
7). Estrogenic and anti-estrogents; 8—11), anti-aromatasé g, dilution GC—MS analysis. Enzymatic hydrolysis withelix
13), and anti-oxidativeX4—17) properties might be responsible ~ pomatiahomogenate, which was suitable for the hydrolysis of
for these effects. Flaxseed is known as the richest dietary sourcgsoflavonoid but not lignan glycosides, was followed by an acid
of lignans, with glycosides of secoisolariciresinol igure 1) hydrolysis step to convert lignans to their aglycones. The
and matairesinolll) as the major compounds [370 mg/100 g instability of lignans during the acid hydrolysis step, resulting
and 1 mg/100 g, respectively (18)]. Significant amounts of in the conversion of secoisolariciresinol to anhydrosecoisolar-
secoisolariciresinol (21 mg/100 g of dry weight), but no other iciresinol (VI, Figure 1) as an artifact, was described as a
lignans, were found in pumpkin seeds).( limitation of this method. To avoid the formation of artifacts,

After ingestion, the plant lignans secoisolariciresinol and Obermeyer et al.27) used an enzymatig{glucuronidase/
matairesinol are deglycosylated and partly converted to the sulfatase) hydrolysis step only, followed by solid-phase extrac-
mammalian lignans enterodiol and enterolactone by colonic tion with a Gg column. Secoisolariciresinol, but not mataires-
bacteria. Enterolactone, enterodiol, secoisolariciresinol, and inol, was detected by HPLEUV and HPLC-MS analysis. The
matairesinol are absorbed, metabolized, and excreted in the urinesame hydrolysis and extraction method was applied by Thomp-
in humans and animald9—23). Recently, pinoresinolll), son et al. (28).
lariciresinol (IV) (seeFigure 1), 7-hydroxymatairesinol, syrin- Johnsson et al.29) reported a method for the isolation of
garesinol, and arctigenin were identified as further precursors secoisolariciresinol diglucoside from flaxseed. Following extrac-
of mammalian lignans (24). Matairesinol, lariciresinol, and tjon of defatted flaxseed flour with 1,4-dioxane/95% ethanol
(1:1, viv), chemical hydrolysis with 0.3 M sodium hydroxide
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(+)-anhydrosecoisolariciresinol

(-)-isolariciresinol
Figure 1. Chemical structures of plant lignans. Nomenclature according
to Ayres and Loike (17).

Sicilia et al.

biochemical pathway to secoisolariciresinol diglucoside hy-
droxymethyl glutaryl ester-linked lignan oligomers in flaxseed
using radiolabeled lignan precursors. Two diastereomers of
secoisolariciresinol diglucoside were separated by HPLC on a
Cis column after base-catalyzed hydrolysis of an aqueous
ethanol extract. After separate enzymatic hydrolysis of each
secoisolariciresinol diglucoside isomer and chiral HPLC analysis
of the aglycones, the peak resulting from the major secoisola-
riciresinol diglucoside isomer was identified as){secoisola-
riciresinol, whereas the minor peak was){secoisolariciresinol.
The minor diastereomer of secoisolariciresinol diglucoside
presumably originates from~)-secoisolariciresinol. The ratio

of the two secoisolariciresinol diglucoside diastereomers was
99:1.

MATERIALS AND METHODS

Chemicals and Materials. Flaxseed (Linum usitatissimurh.,
Linaceae), marketed by Kluth GmbH & Co. (Norderstedt, Germany);
yellow flaxseed inum flasumL., Linaceae), Optimil Gesundkost
GmbH (Kéln, Germany); and pumpkin see@i€urbita pepd.. convar
citrullina var. styriaca, Cucurbitaceae), Kluth GmbH & Co. (Norder-
stedt, Germany), were purchased from a local supermgt@tucosi-
dase from almonds (3.2 U/mg) was purchased from Sigma (Taufkirchen,
Germany) -glucuronidase frontelix pomatia(4.8 U/mL) andN,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) from Fluka (Taufkirchen,
Germany), and deuterat®O-bis(trimethylsilyl)acetamide (d9-BSA)
from C/D/N lIsotopes Inc. (Quebec, Canadat})-Secoisolariciresinol
and (+)-anhydrosecoisolariciresinol were kindly provided by M.
Schéttner (University of Bayreuth, Bayreuth, Germany))-Mataires-
inol was synthesized in our laboratory as reported previodsly (+)-
Lariciresinol was a gift from Dr. L. B. Davin (Washington State
University, Pullman, WA). All other chemicals were purchased from

secoisolariciresinol diglucoside molecules connected by three Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), or BASF

3-hydroxy-3-methyl-glutaric acid molecule8Q). Extraction
with ethanol followed by base-catalyzed hydrolysis of the
secoisolariciresinol diglucoside complex is also used in a U.S.
patent for extracting lignans from flaxseetllj. Meagher et al.
(32) used methanol/water (80:20, v/v) for the extraction of lignan
glycosides, followed by glycoside hydrolysis with hydrochloric
acid and extraction of the aglycones with ethyl acetaltexane
(2:1, v/v). In addition to secoisolariciresinol and matairesinol,
isolariciresinol and pinoresinol were identified by G®IS
analysis as minor lignan compounds.

To our knowledge, no lignans other than secoisolariciresinol,
matairesinol, isolariciresinol, and pinoresinol have been identi-
fied in flaxseed so far. Because pinoresinol and lariciresinol
are biosynthetic precursors of secoisolariciresindramsythia
intermedia, Linum flayzum, and other plants (334), it is
assumed that lariciresinol is likely to be a precursor of
secoisolariciresinol ilLinum usitatissimunas well (35).

The first objective of our study was to identify further lignan
compounds in two different types of flaxseddrnium usitatis-
simumL. andLinum flavumL.) and in pumpkin seed<Cucur-
bita pepoL.) by using both an enzymatic and acid hydrolysis
method and GEMS analysis. The second objective was to
investigate the occurrence of lignan enantiomers by chiral HPLC

separation. The biosynthesis of lignans takes place under regio-

(Ludwigshafen, Germany) and were at least of analytical grade.
Extraction and Hydrolysis. About 10 g of flaxseed or pumpkin
seeds was finely ground with a coffee grinder and defatted twice with

100 mL ofn-hexane under magnetic stirring at 20 for 1 h Figure

2). After vacuum filtration and air-dryind g of thedefatted material
was extracted with 70 mL of ethanol/water (80:20, v/w) foh at 55

°C in a shaking water bath. The ethanolic extract was filtered and
concentrated to about 10 mL by rotary evaporation®@5100 mbar).

Lignan glycosides were hydrolyzed either with enzymes or with acid
(Figure 2). Five hundred microliters of the concentrated extract was
mixed with 10 mL of 0.15 M sodium acetate buffer (pH 5.0) and
incubated with 25@L of 5-glucuronidase and 6 mg-glucosidase for
14 h in a shaking water bath at 3C. For acid hydrolysis, 3 mL of the
concentrated extract was incubated with 2iI0of concentrated HCI
(final concentration 1 M) fo1 h at 95°C in a shaking water bath,
diluted with 4 mL of water, and centrifuged at 3000 rpm for 3 min.

The supernatant of this centrifugation or the incubation mixture of
the enzymatic hydrolysis was extracted three times with 10 mL of ethyl
acetate/n-hexane (1:1, v/v), and the organic phases were collected in a
100-mL round-bottomed flask. After each extraction, the samples were
centrifuged at 4000 rpm and°€ to accelerate phase separation. The
combined organic phases were first concentrated to about 3 mL by
rotary evaporation (38C, 270 mbar) and then evaporated to dryness
in an evaporation centrifuge under reduced pressure &#tC30The
residues were dissolved in 3@ of methanol for HPLC analysis.

HPLC Analysis. The hydrolyzed extracts were first analyzed by

and stereochemical control because of certain glycoproteins, soHPLC on a 250x 4.6 mm i.d., S5um, Prodigy ODS(2) reverse-phase

called “dirigent proteins”. They do not have catalytic properties
but bind radical monomers to bring them into the correct three-
dimensional position for the coupling reaction (36—38). Bam-
bagiotti-Alberti et al. 89) identified two isomers of secoisola-

Cis column (Phenomenex, Aschaffenburg, Germany). Solvent A was
water/methanol (84:16, v/v) adjusted to pH 2.8 with formic acid, and
solvent B was 100% methanol. Gradient 1, used after enzymatic
hydrolysis, started with isocratic elution at 25% B for 25 min, followed
by a convex gradient to 40% B from 25 to 35 min. Gradient 2, used

riciresinol diglucoside isolated from flaxseed by reverse-phase after acid hydrolysis, consisted of a linear gradient from 25% B to

HPLC on a Gg column, likely to be an enantiomeric (or the  50% B in 55 min. The flow rate was 0.9 mL/min for both gradient
racemate) and the meso form. Ford et 38b)(investigated the  programs, and the UV detector was set to 283 nm.
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analysis: peak 1, isolariciresinol; 2, lariciresinol; 3, secoisolariciresinol;

residue 4, pinoresinol. (B) GC-MS analysis: peak |, secoisolariciresinol; I,

dissolve in methanol matairesinol; Ill, pinoresinol; 1V, lariciresinol; V, isolariciresinol; VII,

derivatize demethoxy-secoisolariciresinol.
HPLC on 5 pm column GC/MS analysis
collect fractions 250 to 275°C at 1°C/min; injector temperature, ramp from 50 to 275
)\ﬁerivame °C at 8 °C/s; transfer line temperature, 27%5; ion source tempera-

ture, 225°C; ionization energy, 70 eV. Full scan mass speatnéz (

) 50—750) were recorded at a rate of two spectra per second. Individual

collect fractions lignans were detected by selecting characteristic ions from the full scan
derivatize spectra using the Finnigan GCQ 2.31 data analysis software.

HPLCon 3 um column  GC/MS analysis

chiral HPLC analysis ~ GC/MS analysis
Figure 2. Isolation of lignans from flaxseed and pumpkin seeds. RESULTS AND DISCUSSION

For the isolation and analysis of lignans, the steps listed in
Figure 2 were carried out. Briefly, lignan glycosides were
I 0,
column (Bischoff, Leonberg, Germany). The mobile phase consisted extracted from ground and defatted flaxseed with 80% aqueous

of water with 0.05% formic acid (solvent A) and 100% acetonitrile €thanol and hydrolyzed either enzymatically with a mixture of
(solvent B). For all lignan fractions except the isolariciresinol fraction, /-glucosidase ang-glucuronidase or chemically with hydro-

a linear gradient over 50 min from 20% B to 50% B was used with a chloric acid. The lignan aglycones were either separated by
flow rate of 0.8 mL/min. The isolariciresinol fraction was separated HPLC or directly analyzed by GEMS after trimethylsilylation.

by isocratic elution with a solvent mixture of 80% A and 20% B. A The collected HPLC fractions were further analyzed by chiral
diode array detector was used, and UV spectra were recorded fromHPLC or by GC-MS. Identification of the isolated lignans is

The HPLC fractions collected on thei®n column were further
analyzed on a 25 4 mm i.d., 3um, Prontosil reverse-phase,C

200 to 400 nm. based on a comparison of their retention times and mass spectra
Following HPLC on the 3-um column, the separation of lignan  with those of authentic reference compounds (secoisolaricires-
enantiomers was carried out on a 26@.6 mm i.d., 10-um, Chiralcel  jno| matairesinol, lariciresinol, anhydrosecoisolariciresinol) or

OD chiral HPLC column (Daicel Chiral Technologies, lllkirch, France) uiih mass spectra reported in the literature. Trimethylsilylation

with diode array detection. The mobile phase con5|sted_ of absolute with deuterated reagent gave rise to modified mass spectra that
ethanol (solvent A) anah-hexane (solvent B). All separations were ] -
confirmed the assigned structures.

achieved by isocratic elution with individual solvent ratios and flow - S .
rates for each lignan as follows : secoisolariciresinol and anhydrosec-  Isolation and Identification of Lignans from Flaxseed
oisolariciresinol, 70% B, 0.5 mL/min; lariciresinol, 65% B, 0.5 mL/  (Linum usitatissimumL.). When the lignan glycosides extracted
min; matairesinol, 85% B, 0.5 mL/min. The enantiomeric excess of from flaxseed were subjected to enzymatic hydrolysis and the
enantiomers was calculated according to enantiomeric excess=(%) aglycones were analyzed by HPLC, three major and three minor

|% peak area (+)-enantiomer % peak area (—)-enantiomer|. peaks were observed in the chromatogré&igire 3A). Frac-
GC—MS Analysis. The residues of the collected HPLC fractions  tions 1—4 were collected as indicated figure 3A, trimeth-
were treated with 1QL of BSTFA or d9-BSA overnight at 20C. ylsilylated, and analyzed by GEMS. The two large HPLC

The injection volume was ZL. The residues of the total extracts after peaks eluted between fractions 1 and 2 were also analyzed by

hydrolysis were partially treated with 3@ of BSTFA or d9-BSA, GC—MS, but the mass spectra were not characteristic for
and 1ul was injected. Analyses were carried out on a Finnigan GCQ '

ion-trap mass detector under the following conditions: 28.% @25 lignans. . . . . . -

mm i.d., 0.25-um, MDN-5S fused silica capillary column (Supelco, HPLC fraction 1 contained a lignan tentatively identified as
Taufkirchen, Germany); flow of He, run pressure from 10 to 20 psi; isolariciresinol. No reference compound was available, but the
column temperature program, 1 min isothermic at°6Q ramp from mass spectrum of its TMS derivativEigure 4) exhibited the

60 to 250°C at 30 °C/min, 10 min isothermic at 25, ramp from same characteristic ions at/z 648, 558, 527, 468, 455, 437,
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Figure 4. Mass spectra (TMS derivatives) of lignans present in flaxseed and identified by GC—MS after enzymatic hydrolysis. The figures in parentheses
represent the corresponding m/z values after trimethylsilylation with d9-BSA. I, secoisolariciresinol; Il, matairesinol; Ill, pinoresinol; IV, lariciresinol; V,

isolariciresinol; VII, demethoxy-secoisolariciresinol.

424, and 209 as reported in the literature (@8,41). The shift
of the ion masses caused by deuterated TMS grokiggiie
4) was consistent with the presence of four hydroxyl groups. In HPLC fraction 4, pinoresinol was detected by KIS
Lariciresinol, a lignan not previously identified in flaxseed, analysis. The mass spectruRigure 4) exhibited the same ions
was detected in HPLC fraction 2. Characteristic ions in the massat m/z502, 235, 223, and 209 as reported by Meagher et al.
spectrum of its TMS derivatived-{gure 4) are atm/z576, 498, (32) and Ekman (41).
486, 455, 324, 277, 223, 209, and 179. The same fragment ions The lignans isolariciresinol, lariciresinol, secoisolariciresinol,
of lariciresinol were also described by Bannwart et 26)(and and pinoresinol identified in HPLC fractions—# were also
Ekman @1). Authentic lariciresinol was at hand as a reference detected by GEMS analysis of the complete extragtigure
compound and had an identical GC retention time and mass3B). Secoisolariciresinol represented the largest peak, but
spectrum. isolariciresinol, lariciresinol, and pinoresinol were also clearly
HPLC fraction 3 contained the most intense peak, which was detectable in the profile of the total ion current (TIC). Two
identified as secoisolariciresinol by its mass spectriigyre additional lignans could be identified in the complete extract,
4), with ions atm/z 650, 560, 470, 439, 424, 350, 274, 261, viz., matairesinol by its mass spectrum (Figure 4) and com-

248, 209, and 179. The same mass spectrum was also observed
for the reference compound.
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parison with an authentic reference compound and a novel
compound tentatively assigned the structure of secoisolaricir-
esinol lacking one methoxy group (demethoxy-secoisolaricir-
esinol,VIl ) because of its mass spectrufRigure 4). The mass
spectra of all lignans containing the butanediol moiety, e.g.,
isolariciresinol, secoisolariciresinol, and demethoxy-secoisola-
riciresinol, are characterized by the consecutive loss of two
TMSOH moieties (90 mass units each); this fragmentation
occurs only once in lariciresinol and not at all in matairesinol
or pinoresinol (Figure 4). lons withm/z 179 and 209 are
fragment ions formed through benzylic cleavage and containing
one aromatic ring and one hydroxy groum/¢ 179) or one
hydroxy and one methoxy group (n#49).

When the collected HPLC fractions were rechromatographed
by HPLC using a & column with 3um particle size, it was
noted that fraction 2 contained isolariciresinol in addition to
lariciresinol. This was confirmed by GEMS analysis and
suggests a conversion of lariciresinol to isolariciresinol. There-
fore, itis not clear at this time whether isolariciresinol in fraction

1is an authentic compound extracted from flaxseed or an artifact

due to the instability of lariciresinol. The instability of laricir-
esinol under acidic conditions was also described by Haworth
and Kelly @2). Moreover, the conversion of lariciresinol into
isolariciresinol during HPLC fractionation was observed in
studies on the in vitro metabolism of secoisolariciresinol with
liver microsomes, where lariciresinol is one of the major
metabolites of secoisolariciresinol (unpublished data).

HPLC fraction 3, containing secoisolariciresinol, could be
separated into one major and one minor peak orgac@umn
with 3-um particle size. Both peaks were identified as secoiso-
lariciresinol by GC-MS, and are possibly two diastereomers
as reported by Bambagiotti et aBY).

In a control experiment, water instead of the flaxseed extract

was subjected to the enzymatic hydrolysis and extraction proce-

dures. When the derivatized extract was analyzed by @S,

only traces of secoisolariciresinol were detected, which could
have originated from the hydrolytic enzymes. Incubation of
authentic secoisolariciresinol with the hydrolytic enzymes did
not cause the formation of other products. In summary, our
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Figure 5. Extract from flaxseed after acid hydrolysis. (A) HPLC analysis:
peak 1, isolariciresinol; 2, lariciresinol; 3, secoisolariciresinol; 4, mataires-
inol; 5, pinoresinol; 6, anhydrosecoisolariciresinol. (B) GC-MS analysis:
peak |, secoisolariciresinol; |1, matairesinol; Ill, pinoresinol; V, isolariciresinol;
VI, anhydrosecoisolariciresinol; VII, demethoxy-secoisolariciresinol; VIII,

demethoxy-anhydrosecoisolariciresinol; IX, demethoxy-isolariciresinol.

isolariciresinol detected in fraction 1 is likely to be generated
from lariciresinol as an artifact during acid hydrolysis. Traces
of isolariciresinol detected in HPLC fraction 2 could derive from
a small amount of lariciresinol in this fraction that is converted
into isolariciresinol during fractionation. As discussed earlier,
the authenticity of isolariciresinol in flaxseed is not clear.
When the complete acid-hydrolyzed extract was analyzed by
GC—MS, the most intense peaks were identified as secoisola-
riciresinol and anhydrosecoisolariciresinol, whereas matairesinol
and pinoresinol were detectable only as minor pe#&kgufe
5B). The search for characteristic ions clearly confirmed the
presence of matairesinah(z 502, 209, and 179) and pinoresinol

studies of the enzymatically hydrolyzed flaxseed extract have (m/z502, 235, and 223). Likewise, isolariciresinoh/z 558,
confirmed the presence of secoisolariciresinol, matairesinol, and527, and 455) and demethoxy-secoisolariciresimak 620, 530,

pinoresinol in flaxseed and, for the first time, identified
lariciresinol and demethoxy-secoisolariciresinol. Isolariciresinol,
which was detected ealier by Meagher et aR)( is generated
from lariciresinol as an artifact under acidic HPLC conditions.
Its presence in flaxseed could not be clearly determined.

When the acid-hydrolyzed flaxseed extract was analyzed by
HPLC, a large amount of polar material was eluted during the
first 10 min, followed by four major and several minor peaks
(Figure 5A). HPLC fractions 1—6 were collected as indicated
in Figure 5A and analyzed by GC—MS after derivatization.
Isolariciresinol was detected mainly in HPLC fraction 1 and
only in traces in fraction 2, whereas secoisolariciresinol
represented the major lignan and was identified in fraction 3.
HPLC fractions 4 and 5 contained matairesinol and pinoresinol,
respectively. In fraction 6, a major lignan was tentatively
identified as anhydrosecoisolariciresinol (VI) on the basis of

and 440) were detected, both of which coeluted with other
substances of the complete extract. Lariciresinol, which had been
identified in the enzyme-hydrolyzed extract, was found neither
in the complete acid-hydrolyzed extract nor in the collected
HPLC fractions. This might be explained by the above-
mentioned instability of lariciresinol, which might lead to a
complete conversion of lariciresinol into isolariciresinol under
the acid hydrolysis conditions. However, when small amounts
of authentic lariciresinol were subjected to acid hydrolysis,
neither lariciresinol nor isolariciresinol was detected.

Two other compounds with lignan-type fragmentation patterns
were detected in the complete extract by-@@S analysis. They
were tentatively identified as anhydrosecoisolariciresinol and
isolariciresinol lacking one methoxy group (demethoxy-anhy-
drosecoisolariciresinolVIll , and demethoxy-isolariciresinol,
IX) on the basis of their mass spectiaidure 6). The mass

its mass spectrum (Figure 6), which suggested the presence ofspectra of demethoxy-anhydrosecoisolariciresinol and demethoxy-

two aromatic hydroxyl groups but no butanediol structure
because of the lack of TMSOH elimination. The identification
of anhydrosecoisolariciresinol was corroborated by the mass
spectrum of the authentic reference compound. Dehydration of
secoisolariciresinol to anhydrosecoisolariciresinol under acidic
conditions has been reported previoudl$,32). Furthermore,

isolariciresinol are very similar to those of anhydrosecoisolar-
iciresinol and isolariciresinol, respectivelfFigure 4), except

for the decrease of the molecular ions by 30 mass units as a
result of the lack of a methoxy group. In the control experiment
without flaxseed extract, no lignans were detected by-®IS
analysis after acid hydrolysis.
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Figure 6. Mass spectra (TMS derivatives) of lignans present in flaxseed and identified by GC-MS after acid hydrolysis. The figures in parentheses
represent the corresponding m/z values after trimethylsilylation with d9-BSA. VI, anhydrosecoisolariciresinol; VIII, demethoxy-anhydrosecoisolariciresinol;
IX, demethoxy-isolariciresinol.

Comparing the results from enzymatic and acid hydrolysis also detected. After acid hydrolysis, anhydrosecoisolariciresinol,
of the flaxseed extract, secoisolariciresinol, matairesinol, pi- but neither secoisolariciresinol nor lariciresinol, was detected
noresinol, and isolariciresinol, as well as demethoxy-secoiso- by GC-MS analysis of the complete pumpkin seed extract.
lariciresinol, were found after both types of hydrolysis. Lar- Obviously, secoisolariciresinol is completely converted to
iciresinol was detectable only after enzymatic hydrolysis, anhydrosecoisolariciresinol under these hydrolysis conditions
apparently because of its instability under acidic conditions, and at the much lower concentrations compared to flaxseed.
which might cause the formation of isolariciresinol. Anhy- Likewise, lariciresinol is not stable under these conditions, as
drosecoisolariciresinol and demethoxy-anhydrosecoisolaricir- expected from the flaxseed studies. These results again indicate
esinol are assumed to be artifacts generated from secoisolarthat the enzymatic hydrolysis of lignan glycosides is preferable
iciresinol and demethoxy-secoisolariciresinol, respectively, during to acidic hydrolysis, especially for lignans occurring only in
acid hydrolysis. Indeed, authentic secoisolariciresinol incubated trace amounts. For the first time, lariciresinol was identified as
under the conditions of acid hydrolysis gave rise to the formation a second lignan in pumpkin seeds, but only in trace amounts.
of anhydrosecoisolariciresinol. Demethoxy-isolariciresinol might  Stereochemistry of Flaxseed Lignand-or an investigation
be liberated from its glycoside only upon acid hydrolysis, or it of their stereochemistry, the lignans secoisolariciresinol, anhy-
might be an artifact formed from another, yet unknown drosecoisolariciresinol, matairesinol, and lariciresinol were
substance. Overall, the enzymatic hydrolysis is preferable isolated from flaxseed and purified by HPLC. The purified
because of the lower level of artifact formation. lignans were separated into their enantiomers by HPLC on a

Isolation and Identification of Lignans from Yellow chiral column and compared with racemic reference compounds.
Flaxseed(Linum flavzum L.). A study of the lignans presentin  Secoisolariciresinol was isolated after both enzymatic and acid
yellow flaxseed was conducted in the same way as describedhydrolysis, whereas anhydrosecoisolariciresinol and matairesinol
for flaxseed and gave very similar results. The same major were collected after acid hydrolysis and lariciresinol after
lignan peaks as observed for flaxseed were found in the HPLC enzymatic hydrolysis only. From yellow flaxseed, only sec-
analysis after both enzymatic and acid hydrolyses, and the sameoisolariciresinol isolated after enzymatic and acid hydrolysis
lignans were identified by GEMS in the collected HPLC was analyzed by chiral HPLC.
fractions, with the exception of pinoresinol, which was not  The (+)-secoisolariciresinol reference compound was sepa-
detected in yellow flaxseed. When the fraction containing rated into the {)- and ()-enantiomers, with the first peak

secoisolariciresinol was further separated on @an8-HPLC relating to ()-secoisolariciresinol and the second peaktd-(
column, again one major and one minor secoisolariciresinol peaksecoisolariciresinol (Figure 7A). The peaks were assigned
were detected. according to literature datat8). Secoisolariciresinol isolated

Isolation and Identification of Lignans in Pumpkin Seeds from both flaxseed types was chromatographed on tpen3-
(Cucurbita pepoL.). Pumpkin seeds are a known source of column, and the major secoisolariciresinol peak was collected.
secoisolariciresinoly). For the identification of other lignans, This peak was separated by chiral HPLC into one major peak
the same extraction and hydrolysis methods were used asof (+)-secoisolariciresinol and one minor peak of){secoiso-
described for flaxseed. Because no clear secoisolariciresinol pealariciresinol Figure 7B). GC—MS analysis of the{)- and -)-
was detectable by HPLC analysis of the enzyme-hydrolyzed enantiomers from chiral HPLC separation confirmed that both
pumpkin seed extract, no fractionation was carried out. GC— peaks have the mass spectrum of secoisolariciresinol. These
MS analysis of the complete extract revealed secoisolariciresinolresults suggest that the biosynthesis of secoisolariciresinol in
as the major lignan compound, but traces of lariciresinol were flaxseed and in yellow flaxseed is not completely stereoselective.
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Figure 7. Chiral HPLC analysis of (A) (+)-secoisolariciresinol reference

compound and (B) secoisolariciresinol isolated from flaxseed.

The enantiomeric excess of the)tenantiomer was determined
as approximately 97% for flaxseed and 91% for yellow flaxseed.
The results from yellow flaxseed were unexpected, as Xia et
al. (34) describe the biosynthesis of only the){enantiomer

in cell-free extracts froniinum flazumroots.

The reference compoundtj-anhydrosecoisolariciresinol
could also be separated into its two enantiomers by chiral HPLC.
Chiral analysis of anhydrosecoisolariciresinol from the flaxseed
extract resulted in one major enantiomer with an enantiomeric
excess of approximately 96%. This ratio of enantiomers is about

the same as for secoisolariciresinol from flaxseed and consistent

with the proposal that anhydrosecoisolariciresinol is formed from
secoisolariciresinol as an artifact, although no information is
available on the elution order of+)- and (~)-anhydrosecoiso-
lariciresinol.

From the biosynthetic point of view, it is expected that the
major enantiomers of matairesinol and lariciresinol atg-(
matairesinol and (—)-lariciresinol (33). The racemic reference

compounds could not be completely separated, and the elution

order of the enantiomers is unknown. Chiral HPLC analysis of
matairesinol from flaxseed revealed only one peak, whereas
lariciresinol from flaxseed was separated into one major and
one minor peak. However, the minor lariciresinol peak had a
retention time different from that of the reference compound
and was identified by GEMS as isolariciresinol, presumbably
formed from lariciresinol as described above. A small peak with
the same retention time that was identified as isolariciresinol
by GC—MS was also present in th&)-lariciresinol reference

compound. Therefore, our data suggest that one enantiomer of

each matairesinol and lariciresinol occurs in large excess, but
its stereochemistry could not be clarified. Moreover, the presence

J. Agric. Food Chem., Vol. 51, No. 5, 2003 1187

of small amounts of the other enantiomers of matairesinol and
lariciresinol in flaxseed cannot be ruled out because of the
incomplete chromatographic separation and the very small
amounts of these lignans available for chiral analysis.

ABBREVIATIONS

BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; d9-BSA,
deuteratedN,O-bis(trimethylsilyl)acetamide; GEMS, gas chro-
matography-mass spectrometry; HPLC, high-performance lig-
uid chromatography; ODS, octadecylsilyl; RP, reverse-phase;
TIC, total ion current; TMS, trimethylsilyl.
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