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The plant lignans secoisolariciresinol and matairesinol occur in numerous foods such as oilseeds,
whole grains, vegetables, and fruits. We have studied the hitherto unknown oxidative metabolism of
secoisolariciresinol and matairesinol in hepatic microsomes from untreated and Aroclor 1254-induced
Wistar rats and from humans. Five oxidative metabolites of secoisolariciresinol and 10 oxidative
metabolites of matairesinol were detected in rat liver microsomes, and their chemical structures were
elucidated. The pathways in the metabolism of both secoisolariciresinol and matairesinol included
aliphatic and aromatic hydroxylation, whereas oxidative demethylation was only observed for
matairesinol. Human hepatic microsomes were able to metabolize secoisolariciresinol whereas
matairesinol was only poorly metabolized. This study clearly shows that secoisolariciresinol and
matairesinol are substrates of cytochrome P450-mediated metabolism. However, from preliminary
experiments with rats dosed orally with secoisolariciresinol and matairesinol, it appears that the
intestinal absorption and subsequent oxidative metabolism of these plant lignans occur only to a
very small extent due to the highly efficient conversion of secoisolariciresinol and matairesinol to the
mammalian lignans enterodiol and enterolactone by the gut microflora.
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INTRODUCTION

Secoisolariciresinol diglycoside and matairesinol are plant
lignans occurring in a variety of different foods, e.g., oilseeds,
whole grains, vegetables, and fruits (1, 2). Lignans are of
increasing interest due to their potential anticarcinogenic,
estrogenic, and antiestrogenic activities (3-6) and antioxidative
effects (7-10). They are discussed as protective agents against
hormone-dependent cancers, especially breast and prostate
cancer (4, 11-13). High levels of lignans are found in flaxseed,
with secoisolariciresinol diglycoside as the major and mataires-
inol as the minor lignan constituents (14). Recently, isolaricir-
esinol, pinoresinol, and lariciresinol were identified in flaxseed
as additional lignan compounds (15, 16). After ingestion,
secoisolariciresinol diglycoside and matairesinol are converted
by intestinal bacteria to the mammalian lignans enterodiol and
enterolactone (Figure 1), which were identified in the urine of
rats and humans (17-19). The extent of conversion depends
on the activity of the gut microflora and the use of antimicrobials

and varies intervidually (20-23). An intermediate bacterial
metabolite of secoisolariciresinol diglycoside is its aglycone,
secoisolariciresinol. Furthermore, enterodiol can be metabolized
to enterolactone in the intestine (24).

The mammalian metabolism of the plant lignans secoisola-
riciresinol diglycoside and matairesinol is still unknown. The
proportion of secoisolariciresinol and matairesinol escaping
bacterial metabolism in the intestine will undergo absorption,
and oxidative metabolites could possibly be formed in the
mammalian organism, which may be of biological and toxico-
logical relevance. For example, chemopreventive and antioxi-
dative effects were recently reported for 7′-hydroxy-matairesinol,
a further plant lignan (25, 26) that is also a putative hydroxyl-
ation product in the oxidative metabolism of matairesinol.

In the present study, we have investigated the oxidative in
vitro metabolism of secoisolariciresinol and matairesinol in rat
and human hepatic microsomes. Using gas chromatography-
mass spectrometry (GC-MS) analysis and reference substances,
the structures of three oxidative metabolites were definitely
elucidated. For several other oxidative metabolites of the two
plant lignans, no reference compounds were available, and their
tentative identification is presented. In a preliminary experiment,
secoisolariciresinol and matairesinol were orally administered
to Wistar rats, and metabolites of the plant lignans were searched
for in the rat urine.
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MATERIALS AND METHODS
Chemicals and Materials. (()-Secoisolariciresinol was kindly

provided by M. Schöttner (University of Bayreuth, Germany). (()-
Matairesinol was synthesized in our laboratory by E. Jacobs according
to a modification of the method of Pelter et al. (27). (()-Lariciresinol
was a gift from Dr. L. B. Davin (Washington State University, U.S.A.).
7′-Hydroxy-matairesinol was kindly provided by Dr. R. Santti (Uni-
versity of Turku, Finland) and consisted of two diastereomers. The
purity of secoisolariciresinol and matairesinol wasg99 andg92%
according to GC-MS analysis. Deuterated d9-BSA was purchased from
C/D/N Isotopes Inc. (Quebec, Canada). All other chemicals were
purchased from major suppliers and were of the highest purity available.

Preparations and Incubations of Liver Microsomes.Microsomes
were prepared from the liver of untreated and Aroclor-treated male
Wistar rats and from human liver as described by Lake (28). To induce
cytochrome P450 enzymes, animals were treated with a single intra-
peritoneal dose of 500 mg Aroclor 1254/kg body weight, dissolved in
sesame oil at 100 mg/mL, and sacrificed on day 6 after treatment.
Protein concentrations were measured using the Pierce bicinchoninic
reagent. Cytochrome P450 concentrations were determined as described
by Omura and Sato (29). Hepatic microsomes from untreated and
Aroclor-treated rats were found to contain 0.59 and 1.69 nmol
cytochrome P450 per mg protein, respectively. Human liver microsomes
contained 0.32 nmol cytochrome P450 per mg protein.

Incubations of secoisolariciresinol and matairesinol with liver
microsomes were carried out as previously reported (30). A standard
incubation mixture of 4 mL total volume contained 100 nmol of
secoisolariciresinol or matairesinol dissolved in 100µL of dimethyl
sulfoxide (DMSO) or methanol, 4 mg of microsomal protein (4.5 mg
for untreated rat liver microsomes), and a NADPH-generating system
(1.21 mM NADP+, 4.3 mM MgCl2, 9.4 mM D,L-isocitrate, and 1.8 U
isocitrate dehydrogenase) in 0.1 M potassium phosphate buffer, pH
7.4. Incubations (37°C, 60 min) were stopped by the addition of 4 mL
of ethyl acetate. Lignans and metabolites were extracted with 3× 4
mL of ethyl acetate, the extract was evaporated to dryness under reduced
pressure at 40°C, and the residue was dissolved in 200µL of methanol
or a methanol/water mixture. For further purification, the methanolic
solution was diluted with water and applied to a 9 mm× 10 mm, short
body RP-18 cartridge (Waters) preconditioned with 10 mL of water, 5
mL of methanol, and 10 mL of water. After they were washed with 5
mL of water, the lignans and their metabolites were eluted with 5 mL
of methanol. The eluate was evaporated to dryness under reduced
pressure or a stream of nitrogen. The residue was either redissolved in
200 µL of methanol or methanol/water for high-performance liquid
chromatography (HPLC)-UV/diode array detection (DAD) analysis
with fractionation of the metabolites or directly treated with BSTFA,
BSA, or d9-BSA overnight at room temperature for GC-MS analysis.
Control incubations were carried out with heat-inactivated microsomes,
without microsomes, without substrate, or without the NADPH-
generating system.

HPLC-UV/DAD Analysis and Fractionation of in Vitro Me-
tabolites.HPLC analysis was carried out on a 250 mm× 4.6 mm i.d.,
5 µm Prodigy ODS column (Phenomenex) using a linear solvent
gradient from 25 B to 29% B in 55 min (solvent A: water/methanol
84:16 v/v, adjusted to pH 2.8 with formic acid; solvent B: methanol)
with a flow rate of 1 mL/min. Aliquots of 20-50 µL were injected for
the analysis of metabolites. Detection was carried out at 283 nm with
both a Lamda-Max model 480 UV detector (Waters) and a Series 1100
DAD detector (Hewlett-Packard) to obtain UV spectra (wavelength
range 200-400 nm) of the metabolites. For GC-MS analysis, secoiso-
lariciresinol metabolites were separated by HPLC into two fractions:
fraction 1 was collected from 5.0 to 21.5 min elution time; in fraction
2, the major metabolite was collected from 21.5 to 25.0 min. Metabolites
of matairesinol were collected from 5.0 to 37.0 min elution time, prior
to the matairesinol peak. After they were evaporated to dryness under
reduced pressure at 40°C or by freeze-drying, the metabolites were
trimethylsilylated as described above.

GC-MS Analysis. GC-MS analysis was carried out using a GCQ
ion trap mass detector (Finnigan MAT) with the following conditions:
28.7 m× 0.25 mm i.d.; 0.25µm MDN-5S fused silica capillary column
(Supelco, Taufkirchen, Germany); flow of He, run pressure from 10 to
20 psi; column temperature program, 1 min isothermic at 60°C, then
from 60 to 250°C at 30°C/min, 10 min isothermic at 250°C, from
250 to 275°C at 1°C/min; injector temperature, from 50 to 275°C at
8 °C/s; transfer line temperature, 275°C; ion source temperature, 200/
250 °C; ionization energy (EI), 70 eV; injection volume, 0.5-2µL.
Full scan mass spectra (m/z50-850) were recorded at a rate of two
spectra per second. Detection of secoisolariciresinol, matairesinol, and
their metabolites was achieved by selecting up to three characteristic
ions from the full scan data using the Finnigan GQ 2.31 data analysis
software.

RESULTS

Microsomal Metabolites of Secoisolariciresinol.In the
symmetric secoisolariciresinol molecule, three aromatic and two
aliphatic sites are available for hydroxylation (Figure 1).
Furthermore, demethylation of the methoxy groups as well as
combinations of hydroxylation and demethylation reactions may
occur in the oxidative metabolism of secoisolariciresinol.

HPLC-UV analysis of the extracts obtained from the
incubations of secoisolariciresinol with microsomes from un-
treated and Aroclor-treated rats and from humans gave rise to
the same qualitative result. In addition to parent secoisolarici-
resinol, which had a retention time of 25.8 min, only one peak
eluting at 22.8 min was detected, which was not present in
control incubations. Its absorption maxima were 283 and 229
nm as determined by HPLC-DAD analysis. The extent of
conversion of secoisolariciresinol to this metabolite peak

Figure 1. Bacterial transformation of the plant lignans secoisolariciresinol diglycoside and matairesinol to the mammalian lignans enterodiol and enterolactone.
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(calculated as peak area of metabolite/∑ (peak area of metabolite
+ remaining secoisolariciresinol)) depended on the microsomes
used and was approximately 30% for induced rat, 21% for
untreated rat, and 16% for human liver microsomes, assuming
identical absorption coefficients at the detector wavelength of
283 nm.

GC-MS analysis of the incubation mixtures again revealed
only one major peak other than secoisolariciresinol in the total
ion current chromatogram (Figure 2A). This metabolite had a
molecular ion ofm/z576 (Figure 2B) and was unequivocally
identified as lariciresinol by comparison of its GC retention time
and mass spectrum with that of authentic (()-lariciresinol and
with mass spectrometric data described in the literature (31-
33). Derivatization with d9-BSA was used to determine the

number of hydroxyl groups, because each hydroxyl gives rise
to a shift of nine mass units when d9-BSA is used instead of
nonlabeled BSA. The molecular ion of the major secoisolar-
iciresinol metabolite shifted tom/z603 (Table 1), in accordance
with the three hydroxyl groups in the lariciresinol molecule.

To identify further secoisolariciresinol metabolites present in
smaller amounts, the incubation mixture with rat liver mi-
crosomes was fractionated by HPLC, and the fraction collected
between 5.0 min and the retention time of lariciresinol was
analyzed by GC-MS. Because hydroxylation and/or demeth-
ylation products of secoisolariciresinol may be expected as
metabolites, characteristic fragment ions for these compounds
were selected from the full scan spectra. The characteristic ions
for the trimethylsilylated derivatives werem/z 648, 558, and
297 for monohydroxylation products andm/z708, 618, and 528
for demethylation products. The loss of 90 mass units due to a
TMSOH group is a typical fragmentation of lignans, e.g.,
secoisolariciresinol (Figure 2B). The search for the calculated
ions led to the detection of five monohydroxylated metabolites
of secoisolariciresinol (peaks I, II, IV, V, VI;Figure 3), whereas
demethylation products, combinations of hydroxylation and
demethylation (m/z706, 616, and 267), or dihydroxylation
products (m/z736, 646, and 556) were not observed. Metabolites
I, IV, and V were obtained after incubation of secoisolarici-
resinol with microsomes from both Aroclor- and untreated rats.
Metabolites II and VI were formed from untreated rat liver
microsomes but were not always clearly detectable in the
incubations with Aroclor-treated rat liver microsomes. The mass
spectra of the five compounds are depicted inFigure 4.

Monohydroxylation products of secoisolariciresinol have a
molecular weight of 738 after trimethylsilylation. However,
compounds I and II exhibit virtually identical mass spectra
without a molecular ion ofm/z 738 (Figure 4). As observed
previously for metabolites of enterodiol and enterolactone,
aliphatic hydroxylation products easily undergo elimination of
the newly introduced hydroxyl group, resulting in the lack of a
molecular ion in their mass spectra (30). It is therefore assumed
that compounds I and II are aliphatic hydroxylation products
of secoisolariciresinol. The base peak atm/z297 probably arises
from a benzylic cleavage of 7-hydroxylated secoisolariciresinol
(Figure 5), as the same type of fragmentation was observed in
the mass spectrum of authentic 7′-hydroxy-matairesinol. Com-

Figure 2. (A) GC-MS chromatogram of secoisolariciresinol metabolites
from Aroclor-treated rat liver microsomes (TMS derivatives). (B) Mass
spectra and chemical structures of secoisolariciresinol and lariciresinol
(TMS derivatives).

Table 1. Mass Spectra of Secoisolariciresinol and Matairesinol Metabolites from Rat Liver Microsomes after Derivatization with d9-BSA
(in Parentheses, Corresponding TMS Derivatives)

compound m/z

secoisolariciresinol 686 (650), 587 (560), 488 (470), 457 (439), 368 (350), 261 (270), 257 (248), 218 (209)
lariciresinol (peak VII)a 603 (576), 504 (486), 473 (455), 342 (324), 286 (277), 232 (223), 218 (209)
hydroxysecoisolariciresinol (peak I)a 684 (648), 585 (558), 554 (527), 486 (468), 473 (455), 342 (324), 315 (297), 218 (209)
hydroxysecoisolariciresinol (peak II)a 585 (558), 554 (527), 486 (468), 342 (324), 315 (297), 218 (209)
isolariciresinol (peak III)a 684 (648), 585 (558), 554 (527), 486 (468), 473 (455), 455 (437), 388 (379), 218 (209)
hydroxysecoisolariciresinol (peak IV)a 684 (648), 585 (558), 367 (349), 315 (297), 270 (261), 218 (209)
hydroxysecoisolariciresinol (peak V)a 783 (738), 684 (648), 585 (558), 554 (527), 367 (349), 315 (297), 270 (261), 218 (209)
hydroxysecoisolariciresinol (peak VI)a 783 (738), 684 (648), 585 (558), 367 (349), 316 (298), 218 (209)
matairesinol 520 (502), 502 (487), 302 (293), 218 (209)
demethylated matairesinol (peak A)b 587 (560), 369 (351), 311 (293), 285 (267), 218/219 (209/210)
ring-opened matairesinol (peak B)b 700 (664), 682 (649), 601 (574), 583 (559), 474 (456), 382 (364), 256 (247), 219 (210)
hydroxymatairesinol (peak C)b 617 (590), 518 (500), 399 (381), 315 (297), 218 (209)
hydroxymatairesinol (peak D)b 617 (590), 518 (500), 315 (297), 218 (209)
demethylated matairesinol (peak E)b 587 (560), 569 (545), 470 (455), 302 (293), 285 (268), 218 (209)
hydroxymatairesinol + ring closure (peak F)b 615 (588), 516 (498), 471 (453), 410 (392), 397 (379), 311 (302), 283 (274), 218 (209)
hydroxymatairesinol (peak G)b 617 (590), 383 (365), 315 (297), 283 (267), 218 (209)
hydroxymatairesinol (peak H)b 617 (590), 383 (365), 342 (324), 315 (297), 218 (209)
hydroxymatairesinol (peak I)b 617 (590), 316 (298), 285 (267)
hydroxymatairesinol (peak J)b 617 (590), 316 (298), 285 (267), 218 (209)

a Peak number according to Figure 3. b Peak number according to Figure 7.
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pounds I and II are therefore proposed to represent diastereomers
of 7-hydroxy-secoisolariciresinol. The mass spectrometric frag-

mentation proposed inFigure 5 is consistent with the mass
spectra obtained after trimethylsilylation with d9-BSA, e.g.,
showing that the fragment ionm/z 648 is shifted tom/z 684
and must therefore contain four hydroxyl groups (Table 1).

The mass spectrum of peak III resembles that of metabolite
I in the higher mass range but lacks the fragment ions atm/z
297 and 324 (Figure 4). The same mass spectrum as well as
the corresponding fragmentation pattern was described earlier
for isolariciresinol, occurring in flaxseed, in human urine, and
in Norway spruce (15,31,32). The assignment of the fragment
ions was corroborated by derivatization with d9-BSA (Table
1). Peak III was thus identified as isolariciresinol withm/z648
as molecular ion. However, it is not clear at this time whether
isolariciresinol is a true metabolite of secoisolariciresinol,
because Haworth and Kelly (34) have reported that lariciresinol,
which is the major microsomal metabolite of secoisolariciresinol,
is chemically unstable and may generate isolariciresinol.
Moreover, traces of isolariciresinol were present in the secoiso-
lariciresinol used for the microsomal incubations.

In the mass spectra of metabolites IV, V, and VI, the
molecular ion atm/z738 was quite prominent (Figure 4). This
suggests aromatic hydroxylation products of secoisolariciresinol,
which are more stable against fragmentation than aliphatic ones
according to our previous study on the metabolites of enterodiol
and enterolactone (30). Elimination of TMSOH (90 mass units)
from the molecular ion can be observed twice, resulting in the
fragment ionsm/z 648 and 558. The base peak atm/z 297
probably arises from benzylic cleavage at the hydroxylated ring,
as observed earlier for aromatic hydroxylation products of
enterodiol and enterolactone (30). Derivatization with d9-BSA
corroborates these postulated fragmentations (Table 1). It is
therefore concluded from the mass spectra that metabolites IV,
V, and VI are aromatic hydroxylation products of secoisolar-
iciresinol. The position of the newly introduced hydroxyl groups
cannot be definitively assigned without reference substances.

When the complete extract from incubations of secoisolar-
iciresinol with microsomes from human liver was analyzed by
GC-MS, the major product other than parent secoisolariciresinol
was lariciresinol. Trace amounts of isolariciresinol, but none
of the aliphatic or aromatic hydroxylation products found with
rat liver microsomes, could be detected.

Microsomal Metabolites of Matairesinol. As the mataires-
inol molecule is not symmetrical (Figure 1), six aromatic and
five aliphatic sites are theoretically available for hydroxylation.
In addition, demethylation is a conceivable metabolic reaction.

HPLC-UV analysis of the extract of the incubations of
matairesinol with liver microsomes from Aroclor-treated and
untreated rats revealed seven products (peaks 1-7; Figure 6)
that were not present in control incubations. Assuming identical
absorption coefficients for matairesinol and its metabolites, the
overall metabolic conversion of matairesinol was estimated as
43 and 37% with microsomes from treated and untreated rats,
respectively (calculated as∑ peak areas of metabolites/∑ (peak
areas of metabolites plus remaining matairesinol)). With human
liver microsomes, no metabolites could be detected by HPLC-
UV analysis.

The extract from the incubation with untreated rat liver
microsomes was purified by HPLC, and the fraction containing
the metabolites, collected from 5.0 to 37.0 min, was subjected
to GC-MS analysis (Figure 7A). When the mass spectra were
searched for ions characteristic for products of monohydroxyla-
tion (m/z590, 500, and 297) and demethylation (m/z560, 268,
and 267) of matairesinol, six hydroxylated (peaks C, D, G, H,
I, J; Figure 7B) and two demethylated matairesinol metabolites

Figure 3. GC-MS chromatogram of secoisolariciresinol metabolites present
in the HPLC fraction 1 of the incubation with untreated rat liver microsomes
(TMS derivatives). (A) Total ion current (TIC) and (B) monohydroxylated
secoisolariciresinol metabolites reconstructed from full scan spectra by
selection of characteristic ions.

Figure 4. Mass spectra of secoisolariciresinol metabolites (TMS deriva-
tives). Peak numbers are as shown in Figure 3.

6320 J. Agric. Food Chem., Vol. 51, No. 21, 2003 Niemeyer et al.



(peaks A and E;Figure 7C) were detected. Their mass spectra
are depicted inFigure 8. No products of dihydroxylation
(expectedm/z678, 588), double demethylation (m/z618, 268),
or a combination of monohydroxylation and monodemethylation
(m/z648, 558, and 268) were observed. However, two further
major metabolites (GC peaks B and F;Figure 7A) displayed
the typical loss of 90 mass units from their molecular ions of
m/z664 andm/z588, respectively (Figure 8).

Metabolites A und E are proposed to represent monode-
methylation products of matairesinol. Demethylation appears
to occur at either ring although to a different extent, because
the amounts of metabolites A and E differ widely (Figure 7A).
The proposed structures were corroborated by derivatization with
d9-BSA (Table 1). No reference compounds were available to
completely identify the structures of metabolites A and E.

Metabolite B exhibited a molecular ion ofm/z664 (Figure
8), shifted tom/z700 with d9-BSA (Table 1) indicative of the
presence of four hydroxyl groups. The molecular weight of
metabolite B should thus be 376, which differs from that of
matairesinol by 18 mass units. Because two additional hydroxyl
groups are present, a likely structure is that of matairesinol with
an opened lactone ring, exposing alcoholic and carboxylic acid
functions. The ring opening may be the result of an esterase-
catalyzed hydrolysis or of a spontaneous hydrolysis after
metabolic formation of an unstable hydroxylation product at
C-9′. The proposed structure is supported by other ions of the

mass spectrum, e.g., the pronounced elimination of TMSOH
yieldingm/z574, followed by elimination of the benzylic moiety
(m/z210) to yieldm/z364. The ions atm/z574 and 364 still
contain the trimethylsilylated carboxyl group and give rise to
m/z456 andm/z247, respectively, upon decarboxylation.

Metabolite F exhibited a molecular ion ofm/z 588, and
derivatization with d9-BSA revealed the presence of three
hydroxyl groups (Figure 8 and Table 1). The molecular ion
differs from that of monohydroxylated matairesinol by two mass
units. This implies a ring closure, in analogy to that leading
from secoisolariciresinol to isolariciresinol (see above), which

Figure 5. Proposed mass fragmentation scheme for secoisolariciresinol metabolite I. Numbers in parentheses refer to ions obtained after derivatization
with d9-BSA and the deduced number of hydroxyl groups.

Figure 6. HPLC profile of matairesinol metabolites from untreated rat
liver microsomes.

Figure 7. GC-MS chromatogram of matairesinol metabolites formed in
from untreated rat liver microsomes (TMS derivatives). (A) TIC, (B)
monohydroxylated matairesinol metabolites reconstructed from full scan
spectra by selection of characteristic ions, and (C) monodemethylated
matairesinol metabolites reconstructed from full scan spectra by selection
of characteristic ions.
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is consistent with the other mass spectrometric data. The
fragment of [M- 90] suggests that the hydroxyl group is located
in the aliphatic moiety of the molecule.

The remaining six matairesinol metabolites all share a
molecular ion ofm/z 590 and represent monohydroxylated
matairesinol metabolites, as mentioned above. The mass spectra
of metabolites C and D exhibited the base peak atm/z297 and
rather low intensities of both the molecular ions and the [M-
90] fragments (Figure 8). The same type of mass spectrum was
reported by Ekmann (32) for 7′-hydroxy-matairesinol isolated
from Norway spruce and obtained in our laboratory upon GC-
MS analysis of authentic 7′-hydroxy-matairesinol, which consists
of two stereoisomers. The intense fragment ion atm/z297 arises
from benzylic cleavage between C-7′and C-8′. Metabolites C
and D were unambiguously identified as isomers of 7′-hydroxy-
matairesinol by cochromatography with the reference substance.

Metabolites G, H, I, and J exhibited very intense molecular
ions atm/z590 but no fragment ions atm/z500 in their mass
spectra (Figure 8), indicating more stable aromatic hydroxyla-
tion products of matairesinol. Again, strong fragment ions of
m/z 297 were observed for all metabolites, resulting from
benzylic cleavage of the hydroxylated ring. Although there are
differences in the intensity of minor fragment ions, it is presently
not possible to determine the site of hydroxylation in ring A or
B from the mass spectra without reference compounds.

When the extract obtained from the incubation of matairesinol
with human liver microsomes was analyzed by HPLC-UV, no
metabolites were detectable. GC-MS analysis revealed the
presence of only traces of one aromatic hydroxylation (corre-
sponding to peak I;Figure 8) and one demethylation product
(corresponding to peak E;Figure 8).

In Vivo Metabolites of Secoisolariciresinol and Mataires-
inol in Rat Urine. In a preliminary experiment, single doses
of 10 mg/kg body weight of secoisolariciresinol and matairesinol
dissolved in corn oil containing 2.5% DMSO were orally
administered to female Wistar rats and the urine was collected
for 24 h. Following cleanup and conjugate hydrolysis according
to the method described by Jacobs et al. (35), the extract was
analyzed by GC-MS after trimethylsilylation both without and
with prior fractionation by HPLC. The 24 h urine of the same
animals prior to administration of the plant lignans was used
as control. The major compounds observed in the urine of the
dosed animals were the mammalian lignans enterodiol and
enterolactone, which were excreted in higher amounts than the
administered plant lignans secoisolariciresinol and matairesinol.
This demonstrates the extensive conversion of the plant lignans
to the mammalian lignans by intestinal bacteria. No oxidative
metabolites of secoisolariciresinol and matairesinol were de-
tected when their characteristic fragment ions were searched in
the full scan mass spectra. These findings suggest that oxidative

Figure 8. Mass spectra of matairesinol metabolites (TMS derivatives). Peak numbers are as shown in Figure 7.
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metabolites of the plant lignans may not play a significant role
in intact organisms in vivo, probably due to the rapid bacterial
metabolism to enterodiol and enterolactone prior to absorption
in the intestine. Traces of products of aromatic hydroxylation,
but not of aliphatic hydroxylation, of enterodiol and enterolac-
tone were detected in the rat urine. However, because recent
observations in our laboratory have disclosed that aromatic
hydroxylation products of mammalian lignans can be formed
as artifacts under the conditions of urine collection and conjugate
hydrolysis, in particular in the presence of ascorbic acid
(Niemeyer et al., unpublished), we conclude that oxidative
metabolites of enterodiol and enterolactone were not excreted
in the rat urine to any appreciable extent.

DISCUSSION

The objective of this study was to elucidate the chemical
structures of the major oxidative metabolites of the plant lignans

secoisolariciresinol and matairesinol formed in vitro. In rat liver
microsomes, secoisolariciresinol gave rise to at least five novel
products, which are represented as a metabolic scheme inFigure
9. According to their mass spectra, three products of aromatic
monohydroxylation (metabolites IV, V, and VI) and two
products of aliphatic hydroxylation at the benzylic C-7 position
(metabolites I and II) were detected. The major metabolite of
secoisolariciresinol with rat and human liver microsomes was
identified as lariciresinol and is presumably formed from
7-hydroxy-secoisolariciresinol by further reaction of the newly
introduced hydroxyl group with one of the methylenehydroxyl
groups. No products of dihydroxylation, oxidative demethyla-
tion, or combinations thereof were detected. Isolariciresinol was
also identified among the microsomal products but may arise
as an artifact from lariciresinol.

Incubation of matairesinol with rat liver microsomes gave
rise to 10 metabolites depicted inFigure 10. In addition to

Figure 9. Oxidative metabolism of secoisolariciresinol in rat liver microsomes.

Figure 10. Oxidative metabolism of matairesinol in rat liver microsomes.
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products of monohydroxylation at the aromatic rings (metabo-
lites G, H, I, and J) and at the benzylic positions (metabolites
C and D), two metabolites (A and E) arising from oxidative
demethylation were detected. Metabolite B is most likely formed
by hydrolysis of the lactone ring of matairesinol, whereas
metabolite F probably results from ring closure between C7 and
C6′ but carrying an additional hydroxyl group in the aliphatic
moiety of the molecule. Surprisingly, virtually no metabolites
of matairesinol were generated by human liver microsomes. This
suggests that the oxidative metabolism of matairesinol is
mediated by specific isoforms of cytochrome P450 present in
rat liver but not in human liver.

When secoisolariciresinol and matairesinol were administered
to female Wistar rats by gavage, no oxidative in vivo metabolites
of the two plant lignans were detected in the 24 h urine. Most
of the administered dose of secoisolariciresinol and matairesinol
was found as the bacterial conversion products enterodiol and
enterolactone.

Our study shows that secoisolariciresinol and matairesinol
are substrates of the cytochrome P450 system in rat and human
liver, although matairesinol appears to be only very poorly
oxidized by human liver. In intact rats, however, both plant
lignans are very efficiently converted to their corresponding
mammalian lignans enterodiol and enterolactone, leaving only
little secoisolariciresinol and matairesinol for direct absorption.
No oxidative in vivo metabolites of secoisolariciresinol or
matairesinol were detected. It is well-known that the conversion
of plant lignans to mammalian lignans in humans depends on
the activity of the gut microflora and can vary considerably
between individuals and under certain medical conditions, e.g.,
after application of antibiotic drugs (23, 36). Little is known
about the bacterial strains capable of carrying out the conversion
(37). In the case of a reduced activity of the gut microflora, the
oxidative metabolism of secoisolariciresinol and matairesinol
might take place to a larger extent.

ABBREVIATIONS USED

BSA, N,O-bis(trimethylsilyl)acetamide; d9-BSA, BSA with
deuterated TMS groups; BSTFA,N,O-bis(trimethylsilyl)tri-
fluoroacetamide; TMS, trimethylsilyl.
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