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Abstract

An HPLC-MS/MS method was validated for the determination of the plant lignans 7-hydroxymatairesinol (HMR), matairesinol (Mat), secoiso-
lariciresinol (Seco), lariciresinol (Lar), and cyclolariciresinol (CLar) and for the enterolignans 7-hydroxyenterolactone (HEL), enterodiol (ED), and
enterolactone (EL) in human serum. The method included sample enzymatic hydrolysis, solid-phase extraction, and lignan analysis using a triple
quadrupole mass spectrometer with electrospray ionisation in the multiple-reaction monitoring mode. The serum lignans were quantified using
deuterated Mat or EL as internal standards. The method met the validation criteria for selectivity, intra- and inter-assay precision, and accuracy.
The method was applied to ten serum samples collected from healthy individuals (five men and five women) consuming their habitual Finnish diet.
All lignans except HMR and Seco were found in quantifiable amounts in the samples. All serums contained EL; the average concentration was
34 nM. In three individuals, the serum concentration of plant lignans was higher than that of enterolignans. Using the method, common dietary
plant lignans and their major metabolites can be reliably quantified in human serum at low-nanomolar concentrations in a simple and rapid way.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lignans, a group of phenolic compounds that are dimers
of phenylpropanes linked by 3—(3-bonds, are commonly found
in plants as their secondary metabolites. Of edible plants,
flaxseed and sesame seed are the richest sources of lignans,
flaxseed containing mainly secoisolariciresinol (Seco) diglu-
coside, but also matairesinol (Mat) [1,2], lariciresinol (Lar)
and its derivative CLar, and pinoresinol (Pin) in considerable
amounts [2,4]. Sesame seed contains mainly sesamin and its
derivatives, but also other lignans e.g. Pin, Lar, Seco, and Mat
[2,3], 7-hydroxymatairesinol (HMR), and syringaresinol [3].
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Also whole-grain bread contains relatively large amounts of Pin,
Lar, and Seco and Brassica vegetables Pin and Lar [2].

Several plant lignans are known to be converted to so-called
enterolignans (mammalian lignans), e.g. enterodiol (ED) and
enterolactone (EL) by mammalian intestinal microbiota shown
in numerous studies both in vivo [4-9] and in vitro [10-12].
The metabolism of plant lignans to enterolignans may have
importance in disease risk modulation in humans. In epidemio-
logical studies, high serum and urine EL has been associated
with a reduced risk of breast cancer [13-15] and cardiovas-
cular diseases [16,17]. Furthermore, some of the dietary lig-
nans or their mammalian metabolites have been demonstrated
to have anticancer properties in vivo [7-9,18-22]. Seco diglu-
coside and HMR as well as their metabolite EL. have been
demonstrated to inhibit dimethylbenz-[a]-anthracene induced
mammary cancer growth in rats [7-9,18] and MCF-7 human
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breast cancer xenografts in mice [19]. Furthermore, dietary
HMR has been shown to reduce the incidence of N-ethyl-N'-
nitro-N-nitrosoguanide induced uterine adenocarcinoma [20],
the number of intestinal adenomas in (Apc)Min mice [21], and the
growth of LNCaP human prostate cancer xenografts in athymic
nude male mice [22].

Traditionally, in determining lignans in human serum, the
interest has mainly focused on the analysis of enterolignans,
e.g. EL and ED and their two dietary lignan precursors, Seco and
Mat [23-28]. Recently, several other plant lignans, e.g. HMR,
7-oxo-Mat, a-conidendrin, Lar, CLar, Pin, and syringaresinol
as well as the enterolignan 7-hydroxy-EL (HEL) have been
identified in serum samples from humans consuming their habit-
ual diet [29,30]. The methods developed for quantification of
these lignans in human serum include isotope dilution GC-MS
[23,24] and more recently, HPLC methods such as HPLC
with coulometric electrode array detection (CEAD) [25,26,30],
HPLC-photodioide array-MS [27], and HPLC-MS/MS [28,29].
In addition to these chromatographic methods, time-resolved
fluoroimmunoassay (TR-FIA) has been applied extensively for
analysis of EL in human serum and plasma [31-34]. Of these
methods, GC-MS with SIM (selected ion monitoring), HPLC-
CEAD, and HPLC-MS/MS allow determination of several com-
pounds at a time with high sensitivity and selectivity. However,
the GC-MS-SIM technique requires time-consuming multi-step
sample pre-treatment, while much simpler pre-treatment is suf-
ficient for lignan analysis with the HPLC techniques, HPLC-
MS/MS requiring only a single extraction step.

We have previously described a validated method for quantifi-
cation of lignans (HMR, Mat, 7-oxo-Mat, a-conidendrin, HEL,
ED, and EL) in human plasma using HPLC-MS/MS with elec-
trospray ionisation (ESI) in the multiple-reaction monitoring
(MRM) mode [29]. However, this method did not include other
plant lignans of dietary origin reported to be present in urine
of humans consuming their habitual diet such as Seco, Lar,
and CLar [1-3,35,36]. Therefore, in the present work, a vali-
dated HPLC-ESI-MS/MS method was developed for the dietary
lignans HMR, Mat, Seco, Lar, and CLar and their major mam-
malian metabolites ED, EL, and HEL (Fig. 1). The method was
applied to quantify these lignans in ten human serum samples
collected from five men and five women consuming their habit-
ual diet in order to determine the individual serum plant and
enterolignan profiles.

2. Experimental
2.1. Reference compounds and chemicals

(—)-7-Hydroxymatairesinol (HMR) was isolated as a mix-
ture of two stereoisomers from knots of Norway spruce (Picea
abies) according to a modification of a previously described
method [37]. The two diastereomers differing in the stereochem-
istry at C-7 were called HMR1 [(—)-allo-HMR] (minor isomer)
and HMR?2 [(—)-HMR] (major isomer) with a HMR1/HMR?2
ratio of about 30/70. (+)-Lar and (—)-Seco were isolated from
knots of Pinus cembra and Araucaria angustifolia, respectively,
as described previously [4,38]. (+)-CLar was prepared by treat-

ing (+)-Lar with concentrated formic acid. Lar for preparation
of CLar was isolated from knots of Abies balsamea through
extraction, after which it was purified by flash chromatography
and recrystallisation. (—)-Mat was prepared from (—)-HMR by
modifications of a method described previously [37]. Racemic
EL was purchased from VTT, Technical Research Centre of
Finland (Espoo, Finland). HEL, a mixture of two isomers dif-
fering in stereochemistry at C-7, was prepared by modification
of a previously described method [39]. ED was purchased from
Sigma—Aldrich Co. (St. Louis, MO, USA). The internal stan-
dards Mat-dg and EL-dg were prepared according to previously
described methods [40,41]. They were both isotopically pure
as determined by 'H NMR. All compounds were purified on
silica gel and vacuum-dried. HEL, Mat-dg, and EL-dg were
further purified using preparative TLC. The purity of the ref-
erence compounds was determined by GC-FID by using HP
5890 Series II GC, GC-MS (HP 5890 GC coupled to an HP
5971A series MSD, Hewlett Packard, Palo Alto, CA, USA) or
'H NMR (AV600 MHz NMR spectrometer, Bruker, Karlsruhe,
Germany). The purities determined by GC-FID or GC-MS by
dividing the peak area of the lignan with the total peak area,
or by "H NMR by comparing integrated signals of EL with sig-
nals of impurities (ethanol, water) were the following: HMR and
Lar 97% (GC-FID), Mat and Seco 98% (GC-FID), CLar 95%
(GC-FID), HEL 92% (GC-MS), EL 96% ('H NMR), Mat-dg
100% (GC-MS), and EL-dg 93% (GC-MYS).

For the enzymatic hydrolyses, -glucuronidase type H-1,
from Helix pomatia was obtained from Sigma—Aldrich Co. All
the solvents used were of p.a. or HPLC grade.

2.2. HPLC-MS/MS equipment

The HPLC-MS/MS analyses were conducted using an Agi-
lent 1100 series HPLC (Agilent Technologies Inc., Palo Alto,
CA, USA) system and a Quattro Micro mass spectrometer
equipped with an ESI source (Micromass Ltd., Manchester, UK)
according to a previously described method [4]. The HPLC col-
umn used was Agilent C18 Hypersil BDS 2.0 mm x 125 mm
with a 3.0 wm particle size (Agilent Technologies Inc.). The
HPLC conditions were modified by using 0.1% HAc-IPA 99:1
(v/v) as eluent A and MeOH-0.1% HAc-IPA 90:10:0.01 (v/v)
as eluent B and a 16min gradient from 22 to 73% of B
and then to 95% B in 1 min. The final composition was held
for 1 min followed by an equilibration time of 7 min, render-
ing a total analysis time of 25min. The water used in the
eluent was purified as described previously [29]. The analy-
sis data was collected and analysed using MassLynxTM V3.5
software and the statistics calculated using QuanLynxTM V3.5
software (Micromass Ltd., Manchester, UK). Negative ions
were acquired in the MRM mode and individual parameters
were optimised for each lignan by syringe infusion of pure
compounds.

2.3. Calibration standards and QC samples

Each reference compound was dissolved in MeOH to pro-
duce stock standard solutions. These solutions were diluted 1:9
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Fig. 1. Chemical structures of the analysed lignans.

(v/v) with 50% MeOH in 50 mM sodium acetate buffer (pH 4.0)
to produce the most concentrated standard solution. A dilution
series was prepared with 50% MeOH in acetate buffer to produce
five standard solutions of descending concentration. Each of the
resulting six standard solutions was further diluted with blank
serum 1:99 (v/v) (see Section 2.4) to obtain calibration stan-
dards. The calibration ranges of the analytes were the following
(nM): HMR 5.34-2136, Mat 6.98-558.0, Seco 1.38-552.0, Lar
8.31-664.8,CLar 1.38-554.0, HEL 5.57-445.2, ED 1.99-794 .4,
and EL 3.35-268.0.

The quality control (QC) samples were prepared at three con-
centration levels (Table 1). The high-concentration QC sample
(HQC) was a 1:0.25 (v/v) dilution and the middle-concentration
QC (MQC) a 1:3 (v/v) dilution of the most concentrated cali-
bration standard. Low-concentration QCs (LQCs) corresponded
to three times the concentration of the most diluted calibration
standard. All solutions were stored at —20 °C.

2.4. Serum samples

For blank serum and zero samples (blank serum with inter-
nal standards added), calibration standards, and QC samples,
serum from four male smokers consuming a lignan-poor diet
was pooled. The serum EL concentration is likely to be lower

in men than in women and in the serum of smokers than of
non-smokers [32].

The internal control samples were collected from four female
volunteers who had supplemented their diet with flaxseed for 3
days. This pooled serum was used for determination of intra- and
inter-assay variation of the lignan concentration in hydrolysed
samples and for optimisation of the duration of the enzymatic
hydrolysis.

The study samples were collected from five male and five
female Finnish healthy volunteers, aged 22—58 years consuming
their habitual diet. All the volunteers were omnivorous except
for one woman consuming a vegetarian diet. The samples were
stored at —20 °C.

2.5. Sample pre-treatment

Into four aliquots of 0.6 ml of internal control serum sam-
ples, 2.0 mg of B-glucuronidase/sulphatase freshly dissolved in
1.0 ml of 50 mM sodium acetate buffer (pH 4.0) was added. The
samples were incubated at 37 °C in a shaker for 1, 3, 19, and 24 h.
The samples were solid-phase extracted as described below and
analysed with HPLC-MS/MS. The optimal hydrolysis time of
19 h was determined in two parallel sets of samples as the time
at which ED and EL reached their maximal concentration.



A.L Smeds et al. / Journal of Pharmaceutical and Biomedical Analysis 41 (2006) 898905 901

Table 1

Intra- and inter-assay variation of the lignans at three concentration levels, R.S.D.% of six parallel samples except if otherwise noted

Compounds LQC MQC

HQC

Concentration (nM) Intra-assay Inter-assay Concentration (nM) Intra-assay Inter-assay Concentration (nM) Intra-assay Inter-assay
HMR 16.0 10.3 13.8 534.0 6.41 9.03? 1709 6.79 9.74
Mat 4.17 12.9 7.63 139.5 10.2 13.1 446.4 4.84 15.0
Seco 4.14 8.21¢ 13.8 138.0 3.70 9.07 441.6 5.72 13.3
Lar 4.98 11.0 4.95 166.2 6.91% 9.23 531.8 5.48 10.7
CLar 4.14 14.7 8.57 138.5 1.82 11.4 443.2 10.8 12.3
HEL 3.33 10.2 135 111.3 9.08 12.0 356.2 5.43 6.75
ED 5.97 12.6 13.8 198.6 1.78 4.64 635.5 2.70 8.71
EL 2.01 10.3 9.01 67.0 13.0 7.67 214.4 5.35 14.6

 Five parallel samples.

Study samples (4 0.6 ml) and the internal control samples
(for determination of intra- and inter-assay variation of lig-
nan concentration in hydrolysed samples) were enzymatically
hydrolysed for 19h. The internal standards in MeOH (corre-
sponding to 1.37 nmol of Mat-dg and 1.64 nmol of EL-dg) were
added and the samples solid-phase extracted.

The Oasis HLB 30 mg extraction cartridges (Waters Corp.,
Milford, MA, USA) were activated with 1.0 ml of MeOH and
1.0 ml of acetate buffer. The serum samples were subjected to the
cartridge, washed with 1.0 ml of acetate buffer, and eluted with
1.0 ml of MeOH followed by 1 ml of acetone. The samples were
evaporated to dryness with nitrogen at 40 °C in a water bath,
redissolved in 300 wl of MeOH/0.1% HAc (20:80, v/v), and
stored at —20 °C until analysis. The resulting concentrations of
Mat-dg and EL-dg in the samples were approximately 4600 and
5500 nmol/l, respectively. Thirty microliter of this solution was
injected into the HPLC-MS/MS. The calibration standards, QC
samples, blank, and zero serum samples were not hydrolysed.
To 0.6 ml aliquots of these, 1.0 ml of acetate buffer and internal
standards were added as described above and the samples were
solid-phase extracted and reconstituted. Internal standards were
not added to the blank samples.

2.6. Quantification and quality control

HMR and HEL were quantified as a sum of their two diastere-
omers. ED and EL were quantified using EL-dg as an internal
standard and the other lignans using Mat-dg. For each study
sample set, one blank serum, two zero serum samples, two QC
samples at each concentration level, and one internal control
sample were prepared and analysed. The accuracy was eval-
uated from the QC samples. The lignan concentrations in the
zero samples were subtracted from the concentrations in study
samples.

During the enzymatic hydrolysis of the samples, Lar is partly
(13%) converted to CLar [4]. Thus the obtained concentrations
in study samples were corrected for this conversion.

The statistical differences in serum EL concentrations in
study samples collected from men and women were performed
using Statistica software for Windows (Stat Soft, Tulsa, OK,
USA). The normally distributed data were analysed with one-
way analysis of variance (ANOVA) followed by Tukey’s least

significant difference test. The acceptable level of significance
was set at p <0.05.

2.7. Method validation

The method was validated basically according to guidelines
of the U.S. Food and Drug Administration (FDA) [42] with slight
modifications which are presented below.

2.7.1. Calibration curves and relative extraction recovery

Calibration curves were generated for each analyte by
analysing the calibration standards (Section 2.3). The standard
curves consisted generally of six standard points, however, for
HEL, Mat, and EL, they consisted of five points. The sets of
standards for the calibration curve were prepared and analysed
in triplicate and each set of standards was analysed twice. The
analyte/internal standard concentration ratio was plotted against
the analyte/internal standard peak area ratio as a linear regres-
sion curve with 1/x weighting and the origin excluded.

For determination of relative extraction recovery, the analytes
were spiked in MeOH/acetate buffer solution (20:80, v/v) with-
out blank serum to produce reference standards. The calibration
curves for these reference standards were prepared similar to
those of the calibration standards. The relative extraction recov-
ery was determined by dividing the slope, i.e. mean k-value
(n=06) of the calibration curve of an analyte in the presence and
absence of serum.

2.7.2. Precision and accuracy

The inter-assay precision was evaluated using data collected
from six HQC, MQC, and LQC samples from three different
sample sets extracted on different days. The acceptable intra- and
inter-assay variation was an R.S.D. of <15%. The intra-assay
precision of hydrolysed samples was determined by analysing
five parallel internal control samples and the inter-assay pre-
cision by analysing one internal control sample each from five
different sample sets. The accuracy of the method was evaluated
from the same samples. The acceptance criterion for accuracy
was that the determined concentration of at least four of the six
samples at each concentration level was within 20% of their
theoretical concentration.
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2.7.3. lon suppression

The possible ion suppression effect of the serum matrix on
the detector response of the lignans was determined by analysing
standard solutions at three concentration levels both dissolved
in mobile phase (MeOH-0.1% HAc 20:80, v/v) and spiked into
solid-phase extracted (unhydrolysed) blank serum.

3. Results and discussion
3.1. Method validation

In blank serum, traces of EL, Lar, and HEL were detected.
The accepted level of analytes in the blank was set at one
fourth of that in the LLOQ samples, which is higher than
the FDA recommended level of one fifth of the LLOQ con-
centrations [42]. However, this was considered acceptable,
as human serum containing no lignans is practically non-
existent. Lignans are natural compounds common in human
diet and thus inherently present in almost any human serum
sample.

The R.S.D. of the calibration curve slopes in the three repli-
cate samples analysed twice (n =6) varied from 3.5% (Mat and
HEL) to 9.4% (ED) in spiked mobile phase and from 6.0%
(CLar) to 16.6% (Lar) in spiked and extracted blank serum. The
relative extraction recoveries varied from 80% (Mat) to 110%
(ED).

The intra-assay R.S.D.s of six LLOQ samples varied from
8.9% (EL) to 18.6% (Seco), and the accuracy of the mean con-
centration from 81.6% (Seco) to 111.8% (HEL) of the theoretical
concentration. The extracted ion MRM chromatograms of the
lignans in an LLOQ sample are shown in Fig. 2.

In Table 1, intra- and inter-assay R.S.D.s of six QC sam-
ples at three concentration levels are shown. All the compounds
had acceptable analysis repeatability (R.S.D.< 15%) at all the
concentrations. The accuracy of the determined concentrations
was acceptable at all three concentration levels both within- and
between-run.

Only ED and EL were present in the internal control samples
in amounts sufficient for evaluating the intra- and inter-assay
variation. The intra-assay variation of five parallel samples was
10.8% and 4.8% and the inter-assay variation 18.2% and 18.7%
for ED and EL, respectively.

The detection limits and linear ranges of the compounds
in mobile phase composed of MeOH/0.1% HAc (20/80, v/v)
have been reported previously [4]. These detection limits were
expected to correspond to the limits in extracted and spiked
human blank serum as no significant ion suppression effect of
the matrix was detected. The detector response in the presence
of matrix compared to the response in mobile phase varied from
87.3% (CLar) to 100.0% (HEL and EL).

3.2. Lignans in study samples

The acceptance criterion for study sample sets was fulfilled,
i.e. the determined lignan concentrations of at least one of the
two QC samples at the three concentration levels were within
+20% of the theoretical concentrations.

The lignan concentrations in the human serum samples are
shown in Table 2 and an example chromatogram of one study
sample (woman no. 3) is presented in Fig. 3. EL was detected in
all samples. Also ED was detectable in serum both in men and
women but in quantifiable concentrations only in two out of five
serum samples in women. As EL is formed in the intestine from
dietary lignan precursors, such as Mat, Seco [1,2,43], Lar, Pin
[2,11], syringaresinol [11], sesamin, and HMR [3], the presence
of EL in all measured serum samples of volunteers having their
habitual diet suggests the ubiquitous presence of its precursors
in the food. EL may be metabolised further to HEL as observed
in rat liver microsomes [44] and in male rats administered with
EL (unpublished results). Furthermore, HEL may be formed
from HMR as indicated by the increased HEL excretion in HMR
administered rats [4,7].

The inter-individual variation in EL concentrations was large
both in men and in women (CV 97.5% and 77.5%, respec-
tively), which concurs with previous observations in humans
[32,45,46]. In this study, the average serum EL concentration
in Finnish men, 31.5nM, was higher than published previ-
ously in larger studies (17.3nM, n=1168 [32] and 16.9nM,
n=2141[33]). Accordingly, the average serum EL concentration
in Finnish women obtained in the present study, 36.3 nM, was
also higher than reported in larger studies, i.e. 20.5 nM (n = 1212)
[32] and 24.0 nM (rn=215) [34]. However, no significant differ-
ence (p =0.8) in average serum EL concentrations between men
and women was measured. The differences between EL concen-
trations in the present and previously published studies may be
explained by a small set of serum samples in this study, which
is not likely to reflect the serum EL levels in Finnish population
in general.

Most of the studies done so far have focused on the analysis
of only two plant lignans, i.e. Seco and Mat in human serum.
These lignans are known to be present in several dietary sources
[1,2,43], and in the present study, Mat was detected in four serum
samples out of ten. However, Seco could not be detected in any
of the analysed samples, which was somewhat surprising. It is

Table 2
Lignan concentrations (nM) in the serum of five men and five women consuming
their habitual Finnish diet

HMR Seco Mat Lar CLar HEL ED EL

Women
1 nd nd nd nd 10.1 nd nq 55.0
2 nd nd nq 875 4.16 9.00 6.06 225
3 nd nd 16.2 190 nd 9.95 2.61 76.4
4 nd nd nd 48.9 7.23 nq nd 16.8
5 nd nd nd nq nd 10.4 nq 110
Men
1 nd nd 242 nd nd 6.87 nd 17.2
2 nd nd nq nd nd nq nd 85.8
3 nd nd nd nd nd 6.87 nd 22.5
4 nd nd nq nd nd nd nq 22.3
5 nd nd nd nd nd 8.71 nq 9.95

nd, not detected; ng, not quantified, i.e. below LLOQ. Detection limits (nM):
Lar 1.21, HMR 3.37, Seco 0.50, Mat 1.10, HEL 0.067, and ED 0.22 (calculated
from [4]). LLOQ (nM): Mat 6.98, HEL 5.57, ED 1.99, Lar 8.31.
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Fig. 2. HPLC-MS/MS-MRM chromatograms of lignans in an LLOQ sample. From above to below the chromatograms represent the following [compound, monitored
ions in MS1 and MS2 (m/z), and retention time (min)]: HMR, 373 — 355, 10.47 and 11.05 (HMR2 and HMRI, respectively); CLar, 359 — 344, 10.76; HEL,
313 — 147, 13.19 and 13.86 (two stereoisomers); Lar, 359 — 329, 13.56; Seco, 361 — 165, 13.86; Mat-dg, 363 — 83, 15.91; Mat, 357 — 83, 16.03; ED, 301 — 253,
16.78; EL-dg, 303 — 259, 17.29; and EL, 297 — 253, 17.41.
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Fig. 3. HPLC-MS/MS-MRM chromatograms of lignans in a study sample. From above to below the chromatograms represent HEL, Lar, Mat-ds, Mat, ED, EL-dg,

and EL. Monitored ions as in Fig. 2.

possible that plant lignans differ from each other in regard to their
absorbability, metabolism, and excretion in humans as we have
previously demonstrated in animals [4,6,47,48]. Instead, Lar as
well as CLar was quantified in most of the samples collected
from women, while they were not detected in any of the male
subjects (Table 2). Moreover, in three female samples out of five,
Lar was the major serum lignan.

HMR was not detected in any of the serum samples. Previ-
ously, HMR has been detected in sesame seeds and in the plasma
of human subjects after intake of sesame seeds [3]. Although
sesame seeds are rarely consumed in Finland, the compound
has been detected in blood bank human plasma in Finland [29].
Thus, the presence of this compound in other dietary sources
than sesame seeds is possible.

The recent reports on the presence of Lar and Pin in rye
[2,11] and several other foods [2] may explain the presence of
Lar in some of the serum samples in this study. Lar as well
as CLar were quantified in most of the samples collected from
women, while they were not detected in any of the male subjects
(Table 2). Moreover, in three female samples out of five, Lar was
the major serum lignan.

CLar is known to be formed from Lar under acid conditions
[4,49,50]. This suggests that Lar may be at least partly converted

to CLar under the acidic stomach conditions and hence explain
the presence of CLar in some of the analysed serum samples.
Accordingly, CLar detected in food sources [51] may have been
produced during the strong acid treatments [4,49,50], although
the presence of CLar in dietary sources cannot be excluded.

4. Conclusions

The present HPLC-MS/MS method for human serum allows
reliable and sensitive quantification of five plant lignans (HMR,
Mat, Seco, Lar, and CLar) and their three major mammalian
metabolites (ED, EL, and HEL). The lignans can be quantified
at low-nanomolar concentrations and the method is applicable
for serum samples with a wide range of lignan concentrations.

In this study we demonstrate for the first time that in men and
women consuming their habitual Finnish diet, the serum concen-
trations of plant lignans may clearly exceed the concentrations
of enterolignans. Similar to enterolignans, large inter-individual
variation in serum plant lignan profiles were observed. Human
serum may as well contain high concentrations of other plant lig-
nans such as Lar or Mat. Thus, depending on the individual diet
and metabolic characteristics of the microbiota, the individual
profile of lignans in human serum may vary. As the knowledge
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of the variety of dietary plant lignans is increasing, their pres-
ence in serum and putative importance as biologically active
components requires further investigation.

Acknowledgements

We thank Christer Eckerman at the Laboratory of Wood and
Paper Chemistry, Abo Akademi University, for supplying HMR,
Seco, Lar, and CLar. At the Department of Organic Chemistry,
Abo Akademi University, we thank Patrik Eklund and Fredrik
Sundell for supplying Mat. Patrik Eklund is also acknowledged
for NMR determinations. This work was funded by TEKES, the
National Technology Agency of Finland (40056/03).

References

[1] W. Mazur, H. Adlercreutz, Pure Appl. Chem. 70 (1998) 1759-1776.

[2] E.J. Milder, I.C.W. Arts, B. van de Putte, D.P. Venema, P.C.H. Hollman,
Br. J. Nutr. 93 (2005) 393-402.

[3] J. Penalvo, S.-M. Heinonen, A.-M. Aura, H. Adlercreutz, J. Nutr. 135
(2005) 1056-1062.

[4] AL Smeds, N.M. Saarinen, T.T. Hurmerinta, P.E. Penttinen, R.E.
Sjoholm, S.I. Mikel4, J. Chromatogr. B 813 (2004) 303-312.

[5] M. Axelson, J. Sjovall, B.E. Gustafsson, K.D. Setchell, Nature 298
(1982) 659-660.

[6] N.M. Saarinen, A. Smeds, S.I. Mikela, J. Ammild, K. Hakala, J.-M.
Pihlava, E.-L. Ryhénen, R. Sjoholm, R. Santti, J. Chromatogr. B 777
(2002) 311-319.

[7] N.M. Saarinen, A. Wirri, S.I. Mikeld, C. Eckerman, M. Reunanen, M.
Ahotupa, S.M. Salmi, A.A. Franke, L. Kangas, R. Santti, Nutr. Cancer
36 (2000) 207-216.

[8] S.E. Rickard, L.J. Orcheson, M.M. Seidl, L. Luyengi, H.H.S. Fong, L.U.
Thompson, J. Nutr. 126 (1996) 2012-2019.

[9] L.U. Thompson, M.M. Seidl, S.E. Rickard, L.J. Orcheson, H.H.S. Fong,
Nutr. Cancer 26 (1996) 159-165.

[10] H.B. Niemeyer, D.M. Honig, S.E. Kulling, M. Metzler, J. Agric. Food
Chem. 51 (2003) 6317-6325.

[11] S.-M. Heinonen, T. Nurmi, K. Liukkonen, K. Poutanen, K. Wihila, T.
Deyama, S. Nishibe, H. Adlercreutz, J. Agric. Food Chem. 49 (2001)
3178-3186.

[12] S.P. Borriello, K.D.R. Setchell, M. Axelson, A.M. Lawson, J. Appl.
Bacteriol. 58 (1985) 37-43.

[13] H. Adlercreutz, R. Heikkinen, M. Woods, T. Fotsis, J.T. Dwyer, B.R.
Goldin, S.L. Gorbach, Lancet (1982) 1295-1299.

[14] D. Ingram, K. Sanders, M. Kolybaba, D. Lopez, Lancet 350 (1997)
990-994.

[15] P. Pietinen, K. Stumpf, S. Minnistd, B. Kataja, M. Uusitupa, H. Adler-
creutz, Cancer Epidemiol. Biomark. Prev. 10 (2001) 339-344.

[16] M. Vanharanta, S. Voutilainen, T.A. Lakka, M. van der Lee, H. Adler-
creutz, J.T. Salonen, Lancet 354 (1999) 2112-2115.

[17] M. Vanharanta, S. Voutilainen, T.H. Rissanen, H. Adlercreutz, J.T. Salo-
nen, Arch. Int. Med. 163 (2003) 1099-1104.

[18] N.M. Saarinen, R. Huovinen, A. Wirri, S.I. Mikeld, L. Valentin-Blasini,
R. Sjoholm, J. Ammiili, R. Lehtild, C. Eckerman, Y.U. Collan, R. Santti,
Mol. Cancer Ther. 1 (2002) 869-876.

[19] K.A. Power, N.M. Saarinen, J.M. Chen, L.U. Thompson, Int. J. Cancer
118 (2006) 1316-1320.

[20] S.-I. Katsuda, M. Yoshida, N. Saarinen, A. Smeds, D. Nakae, R. Santti,
A. Maekawa, Exp. Biol. Med. 229 (2004) 417-424.

[21] S.I. Oikarinen, A.-M. Pajari, M. Mutanen, Cancer Lett. 161 (2000)
253-258.

[22] A. Bylund, N. Saarinen, J.-X. Zhang, A. Bergh, A. Widmark, A. Johans-
son, E. Lundin, H. Adlercreutz, G. Hallmans, P. Stattin, S. Mikeld, Exp.
Biol. Med. 203 (2005) 217-223.

[23] H. Adlercreutz, T. Fotsis, J. Lampe, K. Wihild, T. Mékeld, G. Brunow,
T. Hase, Scand. J. Clin. Lab. Invest. (Suppl. 53) (1993) 5-18.

[24] M.S. Morton, G. Wilcox, M.L. Wahlqvist, K. Griffiths, J. Endocrinol.
142 (1994) 251-259.

[25] PH. Gamache, I.LN. Acworth, Proc. Soc. Exp. Biol. Med. 217 (1998)
274-280.

[26] T. Nurmi, H. Adlercreutz, Anal. Biochem. 274 (1999) 110-117.

[27] A.A. Franke, L.J. Custer, L.R. Wilkens, L.L. Marchand, A.M.Y. Nomura,
M.T. Goodman, L.N. Kolonel, J. Chromatogr. B 777 (2002) 45-59.

[28] L. Valentin-Blasini, B.C. Blount, H. Schurz Rogers, L.L. Needham, J.
Exp. Anal. Environ. Epid. 10 (2000) 799-807.

[29] A. Smeds, K. Hakala, J. Chromatogr. B 793 (2003) 297-308.

[30] J.L. Pednalvo, T. Nurmi, K. Haajanen, A.-M. Nawaf, N. Botting, H.
Adlercreutz, Anal. Biochem. 332 (2004) 384-393.

[31] H. Adlercreutz, G.J. Wang, O. Lapcik, R. Hampl, K. Wihila, T. Mikeld,
K. Lusa, M. Talme, H. Mikola, Anal. Biochem. 265 (1998) 208-215.

[32] A. Kilkkinen, K. Stumpf, P. Pietinen, L.M. Valsta, H. Tapanainen, H.
Adlercreutz, Am. J. Clin. Nutr. 73 (2001) 1094-1100.

[33] A. Kilkkinen, J. Virtamo, M.J. Virtanen, H. Adlercreutz, D. Albanes, P.
Pietinen, Cancer Epidem. Biomark. Prev. 12 (2003) 1209-1212.

[34] A. Kilkkinen, J. Virtamo, E. Vartiainen, R. Sankila, M.J. Virtanen, H.
Adlercreutz, P. Pietinen, Int. J. Cancer 108 (2004) 277-280.

[35] C. Bannwart, H. Adlercreutz, K. Wihild, G. Brunow, T. Hase, Clin.
Chim. Acta 180 (1989) 293-302.

[36] T. Nurmi, S. Voutilainen, K. Nyyssonen, H. Adlercreutz, J.T. Salonen,
J. Chromatogr. B 798 (2003) 101-110.

[37] K. Freudenberg, L. Knof, Chem. Ber. 90 (1957) 2857-2869.

[38] R.J. Anderegg, J.W. Rowe, Holzforschung 28 (1974) 171-175.

[39] T.H. Mikeld, S.A. Kaltia, K.T. Wihild, T.A. Hase, Steroids 66 (2001)
777-784.

[40] H. Adlercreutz, T. Fotsis, C. Bannwart, K. Wihild, G. Brunow, T. Hase,
Clin. Chim. Acta 199 (1991) 263-278.

[41] K. Wihild, T. Mikeld, R. Backstrom, G. Brunow, T. Hase, J. Chem.
Soc. Perkin Trans. I (1986) 95-98.

[42] Guidance for Industry: Bioanalytical Method Validation. U.S. Depart-
ment of Health and Human Services, Food and Drug Administration,
Center for Drug Evaluation and Research (CDER), Center for Veteri-
nary Medicine (CVM), May 2001. BP. Available on the internet at
http://www.fda.gov/cder/guidance/index.htm.

[43] L.M. Valsta, A. Kilkkinen, W. Mazur, T. Nurmi, A.-M. Lampi, M.-L.
Ovaskainen, T. Korhonen, H. Adlercreutz, P. Pietinen, Br. J. Nutr. 89
(2003) S31-S38.

[44] E. Jacobs, M. Metzler, J. Agric. Food Chem. 47 (1999) 1071-1077.

[45] A. Zeleniuch-Jacquotte, H. Adlercreutz, A. Akhmedkhanov, P. Toniolo,
Cancer Epidemiol. Biomark. Prev. 7 (1998) 885-889.

[46] M.S. Morton, P.S.F. Chan, C. Cheng, N. Blacklock, A. Matos-Ferreira,
L. Abranches-Monteiro, R. Correia, S. Lloyd, K. Griffiths, Prostate 32
(1997) 122-128.

[47] A.L. Smeds, N.M. Saarinen, P.C. Eklund, R.E. Sjoholm, S.I. Mikeld, J.
Chromatogr. B 816 (2005) 87-97.

[48] N.M. Saarinen, P.E. Penttinen, A.l. Smeds, T.T. Hurmerinta, S.I. Mikeld,
J. Steroid. Biochem. Mol. Biol. 93 (2005) 209-219.

[49] P. Eklund, R. Sillanpdd, R. Sjoholm, J. Chem. Soc. Perkin Trans. I
(2002) 1906-1910.

[50] R.D. Haworth, W. Kelly, J. Chem. Soc. (1937) 384-391.

[51] L.P. Meagher, G.R. Beecher, V.P. Flanagan, B.W. Li, J. Agric. Food
Chem. 47 (1999) 3173-3180.


http://www.fda.gov/cder/guidance/index.htm

	Determination of plant and enterolignans in human serum by high-performance liquid chromatography with tandem mass spectrometric detection
	Introduction
	Experimental
	Reference compounds and chemicals
	HPLC-MS/MS equipment
	Calibration standards and QC samples
	Serum samples
	Sample pre-treatment
	Quantification and quality control
	Method validation
	Calibration curves and relative extraction recovery
	Precision and accuracy
	Ion suppression


	Results and discussion
	Method validation
	Lignans in study samples

	Conclusions
	Acknowledgements
	References


