
Journal of Chromatography B, 813 (2004) 303–312

Urinary excretion of lignans after administration of isolated plant lignans
to rats: the effect of single dose and ten-day exposures

Annika I. Smedsa,∗, Niina M. Saarinenb, Teija T. Hurmerintab, Pauliina E. Penttinenb,
Rainer E. Sj̈oholma, Sari I. Mäkel̈ab
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Abstract

The difference in urinary excretion of mammalian and plant lignans in rats was determined after oral administration of equivalent doses
( ECO).
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25 mg/kg of body weight) of 7-hydroxymatairesinol (HMR), lariciresinol (LAR), matairesinol (MR), and secoisolariciresinol (S
wenty-four hours-urine samples were collected after a single dose and after administration of one dose/day for 10 days. Eight li
nalysed in urine extracts using a high-performance liquid chromatography–tandem mass spectrometry method showing good se
epeatability. After a single dose of HMR, LAR, MR, and SECO, the main metabolites were 7-hydroxyenterolactone (HENL), cyclolar
CLAR), enterolactone (ENL), and enterodiol (END), respectively, but after 10-day exposure ENL was the main metabolite of all
ignans, showing a considerably higher excretion than after a single dose. Metabolic transformations of plant lignans into each o
lso be observed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Plant lignans such as matairesinol (MR), 7-hydroxy-
atairesinol (HMR), and secoisolariciresinol (SECO) both
s an aglycon and as a diglycoside (SDG) are converted to

he mammalian lignans enterodiol (END) and/or enterolac-

Abbreviations: bw, body weight; CLAR, cyclolariciresinol;
ND, enterodiol; ENL, enterolactone; HAc, acetic acid; HENL, 7-
ydroxyenterolactone; HMR, 7-hydroxymatairesinol; HPLC–MS/MS,
igh-performance liquid chromatography–tandem mass spectrometry;

C, internal control; LAR, lariciresinol; LOD, limit of detection; MeOH,
ethanol; MR, matairesinol; MRM, multiple reaction monitoring; MUG,
-methylumbelliferyl-�-d-glucuronide; MUS, 4-methylumbelliferyl sul-
hate; QC, quality control; R.S.D., relative standard deviation; SDG,
ecoisolariciresinol diglycoside; SECO, secoisolariciresinol

∗ Corresponding author. Fax: +358 2 2154866.
E-mail address:ansmeds@abo.fi (A.I. Smeds).

tone (ENL) (Fig. 1) both in vivo[1–6]and in vitro using feca
microbiota[7,8]. HMR has been found to convert also to
hydroxyenterolactone (HENL) (Fig. 1) both in vivo (in rats
[3] and in vitro using human fecal microbiota[7]. High con-
centrations of ENL in serum and urine are suggested to b
sociated with a lower breast cancer risk in women[9–11]and
with a reduced risk of coronary heart disease[12,13]. ENL, as
well as its precursors SDG and HMR, has also shown an
cinogenic properties in dimethylbenz[a]-anthracene induce
experimental mammary carcinoma in rats[3,5,14,15]. Be-
cause of these putative favourable health effects, a high
concentration in the body may be desirable. Administra
of ENL as such was shown to be superior to plant lign
in increasing the urinary ENL excretion in rats (within 2
after a single dose of each lignan)[2].

Plant lignans are present in our diet; SECO and MR
found in e.g., legumes, nuts, grains, berries, fruits, and e

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Enterolignan metabolites of plant lignans.

cially in flaxseed[16]. The plant lignan lariciresinol (LAR)
identified in e.g., rye bran was shown to be a noteworthy
precursor of END and ENL in an in vitro study[7]. Sev-
eral lignans are also present in wood species. HMR is very
abundant in knots of Norway spruce (Picea abies) and also
e.g., MR, SECO, and LAR are present in wood knots[17].
These lignans, especially HMR, can easily be isolated from
wood knots in large scale. Moreover, we have recently shown
that HMR can easily be transformed to other lignans such as
(+)-LAR, (+)-cyclolariciresinol (CLAR), 7-oxomatairesinol,
(−)-MR, (−)-END, and (−)-ENL by chemical modification
[18–20].

In the search of precursors forming ENL we have stud-
ied the metabolism in rats after oral administration of sev-
eral potential mammalian lignan precursors. In a previous
study we showed that within 24 h after administration of a
single oral dose (25 mg/kg of body weight (bw)) of plant
lignans to rats, the order of urinary ENL excretion was
MR > SECO≥ SDG≥ HMR [2]. In the present study, we in-
cluded LAR isolated from wood knots and extended the ex-
periment to 10 days in order to study the effect of prolonged
exposure on the formation of mammalian lignans. The study
gives important information as very few comparative studies
on lignan metabolism with pure compounds have been done
before in vivo.
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extractives including LAR. The acetone extract was puri-
fied using flash chromatography. The purity of the final
product was 97% as determined by GC. HMR was a mix-
ture of two stereoisomers differing in stereochemistry at C-
7, HMR1 [(−)-allo-HMR] and HMR2 [(−)-HMR] with a
HMR2/HMR1 ratio of approximately 70/30. (−)-MR and
(+)-CLAR were prepared from HMR as described previously
[2,18]. HENL (a mixture of two stereoisomers differing in
stereochemistry at C-7) was prepared according to a modifi-
cation of a previously described method[22]. The methods
for preparation of d6-MR and d6-ENL, which were used as
internal standards in the HPLC–MS/MS analyses, have been
described previously[23,24]. END and ENL were obtained
from Fluka Chemie (Buchs, Switzerland).

Ascorbic acid andHelix pomatia, an enzyme mixture
of �-glucuronidase and sulphatase, were purchased from
Biosepra (Villenouve la garenne Cedex, France). Anhydrous
sodium acetate, acetic acid (HAc) (99–100%), and HPLC-
grade methanol (MeoH) were obtained from J.T. Baker (De-
venter, Netherlands) and sodium azide and Lichrosolv-grade
methanol from Merck (Darmstadt, Germany). Polyethylene
glycol (Mr 3400) was from ICN Biomedicals Inc. (Aurora,
OH, USA). 4-Methylumbelliferyl-�-d-glucuronide (MUG)
and 4-methylumbelliferyl sulphate (MUS) were purchased
from Sigma (St. Louis, MO, USA). RP-18 material (Bonde-
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The urinary excretion of plant and mammalian lign
as measured after acute (single dose) or sub-chroni
ays) exposure to the plant lignans HMR, LAR, MR
ECO. A high-performance liquid chromatography–tan
ass spectrometry (HPLC–MS/MS) method using ele

pray ionisation for quantitation of the lignans in rat urine
racts was developed by modification of our previous me
21].

. Experimental

.1. Chemicals

(−)-HMR, (−)-SECO, and (+)-LAR were extracted fro
oniferous trees; HMR and SECO as described previo
2]. LAR was isolated from ground knots ofPinus cembra
y Soxhlet extraction with hexane to remove the lipoph
xtractives and then with acetone to obtain the hydrop
il, 40�m) for purification of water used in the eluent w
btained from Varian Inc. (Harbor City, CA, USA).

.2. Animals

Forty 8-week-old male Sprague–Dawley rats were
ained from Harlan (Horst, Netherlands). The rats w
oused (two animals/cage) at standardised conditions
2 h light:12 h dark cycle at 18–21◦C and 50% relative hu
idity with free access to tap water and semipurified C1
iet (Altromin Ltd, Lage, Germany).

.3. Lignan feedings and urine collections

After an acclimatisation period of 10 days, rats were g
ged into stomach (per os) with the vehicle (50% polye

ene glycol in water containing 10% ethanol) used for
ignan administrations (200�L per 100 g bw) and individ
al 24 h urine samples (“baseline” samples) were colle
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in metabolic cages. The baseline group consisted of 40 ani-
mals. During the urine collection period, rats had water and
C1000 diet available ad libitum. The lignan administrations
were done essentially in the same way as described in our
previous work[2]. The rats were randomised into four lignan
administration groups: (1) HMR (n= 11), (2) SECO (n= 11),
(3) MR (n= 7), and (4) LAR (n= 11). For comparison of uri-
nary excretion of lignans, rats were gavaged per os with a
vehicle containing MR, HMR, SECO or LAR in a dose of
25 mg/kg bw once per day for 10 days. The individual 24 h
urine samples were collected in metabolic cages as described
above after the first dose (acute exposure) and after 10 days
of daily administration (sub-chronic exposure). The collec-
tion jars in the metabolic cages contained 120�L of 0.56 M
ascorbic acid and 120�L of 0.15 M sodium azide as preser-
vatives. The centrifuged urine volumes were measured and
the samples were stored at−20◦C.

2.4. Sample preparation

The urine samples were enzymatically hydrolysed and
solid-phase extracted at pH 4.0 as described previously[2]
except that before extraction d6-MR and d6-ENL were added
as internal standards in an amount of 0.97�g and 0.54�g,
respectively. The solid-phase extracted samples were stored
i ◦ is
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Table 1
Relative retention times (tR), recorded transitions, cone voltages and col-
lision energies used in the LC–MS/MS (MRM) analyses of the analysed
compounds

Compound tR relative to
d6-MR

Transition
(m/z)

Cone
voltage (V)

Collision
energy (eV)

MUG 0.65 351→ 175 22 25
CLAR 0.69 359→ 344 38 18
HMR 0.69 and 0.73 373→ 355 30 15
HENL 0.85 and 0.89 313→ 147 35 21
LAR 0.86 359→ 329 22 12
SECO 0.88 361→ 165 40 25
MR 1.00 357→ 83 38 22
d6-MR 1.00 363→ 83 35 22
END 1.06 301→ 253 40 20
ENL 1.09 297→ 253 35 20
d6-ENL 1.09 303→ 259 37 20
MUS 1.24 255→ 175 23 20

5× 10−3 mbar. Negative ions were acquired in the multiple
reaction monitoring (MRM) mode. The source block tem-
perature was set to 150◦C, the desolvation temperature to
200◦C, and the capillary voltage at 3.40 kV. Dwell times were
0.15 s for MUS and MUG and 0.25 s for the other compounds
with an interchannel delay of 0.05 s.

Individual parameters, i.e., relative retention times,
recorded transitions, cone voltages, and collision cell ener-
gies used in the MRM analyses of the analysed compounds
are listed inTable 1. The parameters were optimised by sy-
ringe infusion of pure compounds.

HMR and HENL were determined as a sum of the two
stereoisomers.

2.7. Quantitation and quality control

Standard samples for the calibration curve were prepared
by spiking pooled blank urine (collected from adult male rats
fed at least 1 week with semipurified lignan-poor C1000 diet)
with a stock standard solution and six dilutions of this. These
samples were solid-phase extracted as the study samples, but
they were not hydrolysed. The stock standard solution con-
tained the following amounts of reference standards (�M,
in MeOH): HMR 18.7, SECO 13.8, HENL 25.8, MR 14.0,
LAR 20.1, END 20.5, and ENL 27.2. The following dilu-
t and
1 s of
t nged
f the
s . END
a d,
t

C)
s olu-
t sam-
p hich
c term
( iet
n MeOH at−20 C. Just prior to HPLC–MS/MS analys
he samples were gently evaporated to dryness under
rogen flow at +45◦C and then redissolved in 0.5–2.0 mL
eOH/0.1% HAc 20/80 (v/v).

.5. Optimisation of pH during enzymatic hydrolysis

The extent of transformation of LAR to CLAR and the s
ility of HMR were determined at different pH values dur

he enzymatic hydrolysis. LAR may at least partly be c
erted to CLAR under acid conditions[18,25,26]. Sample
f pure LAR or HMR were enzymatically hydrolysed a

hen solid-phase extracted as described previously[2]. The
ydrolysis was done in buffer solutions at pH 3, 4, 5, an
AR, CLAR, and HMR were then analysed in the samp
y HPLC–MS/MS and the relative amount of LAR and HM
as determined before and after hydrolysis using d6-MR as

nternal standard.

.6. HPLC–MS/MS analyses

The HPLC system and conditions have been desc
reviously [2]. The distilled, deionised, and filtered wa
as further purified using RP-18 material as described p
usly [2,21]. The triple-quadrupole mass spectrometer u
as a Micromass Quattro Micro (Micromass, Manche
K) equipped with an electrospray source. Data acquis
nd analyses were carried out using MassLynx versio
oftware. Nitrogen was used as nebuliser, desolvation
50 L/h), and cone gas (flow 20 L/h). Argon was used a
ollision gas at a collision cell pressure of approxima
ions were made: 1 + 9, 1 + 19, 1 + 39, 1 + 399, 1 + 1999,
+ 9999 (stock solution + MeOH, v/v). The concentration

he compounds in the most diluted standard sample ra
rom 1.4 to 2.7 nM. Each standard solution contained
ame amount of internal standards as the study samples
nd ENL were quantified using d6-ENL as internal standar

he other lignans using d6-MR as internal standard.
For each sample batch, two to nine quality control (Q

amples (i.e., the 1 + 39 dilution of the stock standard s
ion) were prepared in the same way as the standard
les. Furthermore, one internal control (IC) sample w
onsisted of pooled male rat urine collected after long-
≥4 months) administration of HMR containing C1000 d
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(1.5%, w/w) was prepared in the same way as the individ-
ual urine samples. Deconjugation standards MUS and MUG
were added to this sample to verify the successfulness of the
enzymatic hydrolysis detected as the absence of MUS and
MUG peaks.

The ion suppression effect on the detector response due
to matrix effects was determined by analysing a standard
solution (a) dissolved in pure mobile phase (MeOH/0.1%
HAc 20/80, v/v) and (b) spiked into solid-phase extracted
matrix (unhydrolysed pooled blank urine). Each sample was
analysed three times.

2.8. Statistical analysis

All analyses were performed using Statistica version 5.1
software for Windows. The data distribution (Normality) was
tested by using Shapiro–Wilk’sW-test. Normally distributed
data were analysed with one-way analysis of variance fol-
lowed by Tukey’s least significance test. Non-normally dis-
tributed data were analysed with Kruskal–Wallis median test
followed by Mann–WhitneyU-test. The acceptable level of
significance was set atp≤ 0.05. Results are expressed as
mean± standard deviation.
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H
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concentration of the analysed plant lignans in the most diluted
standard sample was below the detection limit, whereby this
point was omitted from the calibration curve.

The calibration curve linearity (r value) was >0.995 for all
compounds in all determinations. The average accuracy of the
compounds in the QC samples ranged from 85% to 93% and
the average intra-assay R.S.D. in the same samples ranged
from 4.3% to 10.5% (Table 2). The inter-assay variation of the
lignan concentrations in the IC sample ranged from 19.6%
(HENL) to 33.3% (SECO) in 11 determinations. LAR and
CLAR were not present in the IC sample.

Fig. 2shows MRM chromatograms of lignans in a spiked
urine extract andFig. 3shows typical chromatograms of urine
extracts after administration of HMR, MR, SECO, and LAR.

The measured SECO and MR content in the hydrol-
ysed reagent blank originating from the enzyme preparation
was subtracted from the SECO and MR concentrations ob-
tained in the hydrolysed samples. The unhydrolysed pooled
blank urine contained non-quantifiable amounts of ENL, MR,
END, and HENL.

The solid-phase extraction recoveries were calculated by
dividing the slope of the calibration curve in the presence of
urine with the slope in the absence of urine and they ranged
from 71% (END) to 108% (HMR).

3
e

ob-
s LAR
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H tion
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s 17%,
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t

T
L averag compound

C near ra
M)a

H .07–11
H 1.05–3
L .61–10
C .90–19
S .52–27
M .59–67
E .24–13
E .37–23

s.
tions.
, and E
. Results

.1. Analytical method

The limits of detection (LODs) and linear range of the p
ignans in MeOH/0.1% HAc (20/80, v/v) are summarise
able 2. The LOD was defined as the concentration at w
he signal-to-noise ratio was about 3.

Ion suppression due to matrix components was cons
ble. The recovery of the detector response was the follo
%): HMR 4.41± 0.31, MR 4.42± 0.20, d6-MR 5.25± 0.45,
ECO 3.46± 0.27, LAR 3.12± 0.44, CLAR 2.94± 0.12,
ENL 11.31± 0.76, END 6.47± 0.90, ENL 9.50± 0.31,
nd d6-ENL 8.81± 0.16. Because of the ion suppression,

able 2
imits of detection and linear ranges in MeOH/0.1% HAc 20/80 (v/v),

ompound Detection limit
(nM)a

Li
(n

MR1 or HMR2 2.02 5
ENL (sum of two isomers) 0.040
AR 1.60 1
LAR 0.86 0
ECO 0.30 0
R 0.66 2
ND 0.13 0
NL 0.13 0

a Injection volume 50�L.
b Determined concentration/expected concentration of QC sample
c Relative standard deviation of determined QC sample concentra
d Eleven determinationśan= 2–9 for HMR, HENL, SECO, MR, END
.2. Conversions and degradations of lignans during
nzymatic hydrolysis

LAR was converted to CLAR at pH 3–5, which was
erved as an increase of the relative peak area of C
nd a decrease of that of LAR. The conversion of LAR
LAR was 42% at pH 3, 13% at pH 4, and 1% at pH
MR was stable at pH 3 and 4 (however, an isomerisa

rom HMR2 to HMR1 of approximately 1% could be o
erved) but showed a decrease at pH 5 and 6 (5% and
espectively). In this work, the hydrolysis was done at
.0 and the measured LAR and CLAR concentrations in
rine samples were corrected for 13% conversion of L

o CLAR.

e accuracies and intra-assay R.S.D.s in QC samples of the analyseds

nge Average
accuracybd (%)

Average intra-assay
R.S.D.cd (%)

,210 88.4 7.0
4,030 85.1 4.9
,530 92.8 10.5
,390 92.8 4.7
,880 90.4 6.3

00 86.5 7.4
,900 92.1 4.3
,110 88.3 5.0

NL; two determinationsán= 3 for LAR and CLAR.
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Fig. 2. MRM chromatograms of the analysed lignans in a spiked rat urine extract.

3.3. Urinary excretion of lignans

3.3.1. Mammalian lignans
The mammalian lignans END, HENL, and ENL could be

detected in the urine of rats fed with the semipurified lignan-
poor diet (baseline value,Table 3). They could not, however,
be quantified in all the samples. HENL could be quantified in
all but one sample, whereas END could be quantified in only
14 samples and ENL in 20 samples. In the other samples the
concentration was below the quantitation limit (2.7 nM and
2.0 nM for ENL and END, respectively).

Administration of all the tested plant lignans (HMR, LAR,
MR, and SECO) resulted in an increase of the urinary excre-
tion of the three mammalian lignans with the exception of
HENL after a single dose of SECO and LAR. The urinary
quantities varied due to the time of exposure but also due
to the type of the administered plant lignan. After a single
dose, the total mammalian lignan excretion was similar in
all groups (Table 3), whereas after 10 days the excretion was

clearly higher after exposure to SECO than to the other lig-
nans. After a single dose, HENL was the main metabolite
of HMR (six rats out of 11 excreted more HENL than ENL),
ENL was the main urinary lignan after administration of MR,
whereas END was the main mammalian lignan metabolite of
SECO and LAR (Tables 3 and 4). After 10-day exposure,
ENL was the main lignan metabolite of all the tested plant
lignans. The increase in ENL excretion compared to the sin-
gle dose administration was 56-, 27-, 19-, and 10-fold for
SECO, LAR, HMR, and MR, respectively. A significant in-
crease in urinary END quantity could also be observed after
10 days of SECO or LAR administration, as compared to the
single dose administrations (9.0- and 3.5-fold for SECO and
LAR, respectively).

3.3.2. Plant lignans
Like the three mammalian lignans, also the plant lignans

MR, LAR, and CLAR could be detected in the urine of rats fed
with a semipurified lignan-poor diet (baseline value,Table 4).
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Fig. 3. Typical total ion current (TIC) chromatograms of rat urine extracts after administration of: (A) HMR; (B) SECO; (C) MR; (D) LAR.

Table 3
Baseline urinary excretion of mammalian lignans and excretion after a single oral dose (25 mg/kg bw) and after multiple doses of 25 mg/kg bw/day for 10 days
of HMR, SECO, MR, and LAR

Urinary excretion (nmol/24 h)

END HENL ENL Total

Baseline 0.099± 0.26 e 0.34± 0.20 d 1.63± 2.26 e 2.06± 2.41 d
Administered lignan, mean dose (nmol/24 h)

HMR
27632 (single) 0.57± 0.27 d 63.4± 53.6 a 50.0± 20.5 c 114± 60.3 c
27738 (multiple) 13.4± 6.99 c,d 72.6± 40.8 a 950± 256 b 1036± 253 b

SECO
27675 (single) 75.5± 60.2 c 0.32± 0.18 c,d 27.7± 20.6 d 104± 74.2 c
27696 (multiple) 675± 213 a 10.2± 5.10 b 1570± 601 a 2255± 617 a

MR
28314 (single) 1.23± 1.41 d 1.34± 0.89 c 137± 62.4 c 140± 64.0 c
28307 (multiple) 5.85± 2.66 d 15.1± 7.51 b 1328± 529 a,b 1349± 535 b

LAR
26768 (single) 113± 53.3 c 0.36± 0.26 c,d 33.2± 21.1 c,d 147± 69.3 c
27066 (multiple) 394± 205 b 11.2± 3.49 b 896± 333 b 1301± 442 b

Values are mean± standard deviation. The number of individual samples available for analysis was 40 in the baseline group, 11 in the HMR and SECO
administered groups, 6 in the MR administered single dose group and 7 in the multiple dose group, 10 in the LAR administered single dose group and 11 in
the multiple dose group. Different letters (a–e) indicate statistically significant differences (p< 0.05) in concentrations of each measured compound between
groups of animals administered with different lignans or with single or multiple doses of the same lignan.
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Table 4
Baseline urinary excretion of plant lignans and excretion after a single oral dose (25 mg/kg bw) and after multiple doses of 25 mg/kg bw/day for 10 days of
HMR, SECO, MR, and LAR

Urinary excretion (nmol/24 h)

HMR SECO MR LAR CLAR

Baseline nd nd 0.28± 0.32 c 0.42± 0.15 e 1.58± 0.42 b
nquant/nanal – – 25/40 12/12 12/12
Administered lignan, mean dose (nmol/day)

HMR
27632 (single) 553± 181 b nd 1.57± 1.21 b 1.08± 0.39 d 1.89± 0.72 b
nquant/nanal 11/11 – 11/11 11/11 11/11
27738 (multiple) 725± 203 a nd 0.81± 0.66 b,c 2.22± 1.30 c 2.80± 1.58 b
nquant/nanal 11/11 – 8/11 11/11 11/11

SECO
27675 (single) 0.072± 0.16 d 51.3± 21.3 b 0.077± 0.19 d 1.47± 0.64 c,d 2.22± 0.69 b
nquant/nanal 2/11 11/11 3/11 11/11 11/11
27696 (multiple) nd 111± 42.5 a 0.20± 0.30 c,d 2.22± 1.36 c,d 2.14± 1.25 b
nquant/nanal – 11/11 6/11 11/11 11/11

MR
28314 (single) 1.71 nd 38.5± 22.4 a,b 0.55± 0.25 d 1.39± 0.47 b
nquant/nanal 1/6 – 6/6 6/6 6/6
28307 (multiple) 0.72± 1.07 d nd 73.4± 87.9 a 0.50± 0.39 d 1.19± 0.75 b
nquant/nanal 4/7 – 7/7 5/7 6/7

LAR
26768 (single) 2.88± 2.14 d 13.9± 8.06 c 0.26± 0.67 c,d 696± 156 b 735± 338 a
nquant/nanal 8/10 10/10 2/10 10/10 10/10
27066 (multiple) 3.71± 1.36 c 18.5± 12.9 c 0.21± 0.33 b,c 891± 222 a 863± 388 a
nquant/nanal 11/11 11/11 5/11 11/11 11/11

Values are mean± standard deviation. nd, not detected;nquant/nanal, number of samples in which the lignan could be quantified/number of analysed sam-
ples. Different letters (a–e) indicate statistically significant differences (p< 0.05) in concentrations of each measured compound between groups of animals
administered with different lignans or with single or multiple doses of the same lignan.

After administration of HMR and LAR, a considerable
amount of the administered lignan was excreted into urine
as such. A significant increase in HMR quantities was ob-
served after 10 days of administration as compared to a single
dose. Interestingly, the proportion of HMR2 of the total HMR
amount was higher in urine both after a single dose of HMR
and after administration for 10 days (78.1± 3.02%,n= 22)
than that of the administered HMR preparation (70%).

LAR administration also significantly increased the ex-
cretion of CLAR (Table 4, Fig. 4). LAR and CLAR were the
major urinary lignans after a single dose and still after ad-
ministration for 10 days their excretion was almost as high
as that of ENL. Furthermore, after a single dose the quantity
of CLAR was significantly higher than that of END or ENL.
However, only slightly (but significantly) increased quanti-
ties of SECO or MR were observed after the administration
of the parent compounds.

Administration of HMR, LAR, MR or SECO also changed
the urinary excretion of plant lignans other than gavaged. In
addition to the high CLAR excretion, LAR administration
also increased the SECO and HMR excretion as compared
to the baseline urine samples (p< 0.05) (Table 4, Fig. 4).
Further, a slightly increased urinary concentration of LAR
was detected after HMR and SECO administration (p< 0.05).
Administration of HMR increased significantly the excretion
o tion

increased the excretion of HMR as compared to the baseline
urine quantity (p< 0.05), suggesting possible transformation
of plant lignans into each other.

4. Discussion

4.1. Analytical method

The linear range of the developed method was wider for
mammalian lignan metabolites HENL and END than in our
previous method[21]. The linear range extended over four
orders of magnitude for HENL, END, and ENL and also for
the plant lignan SECO. The linear range for the other lignans
exceeded three orders of magnitude. Due to large individual
differences in plant and mammalian lignan excretion, a wide
analysis range is an important advantage of this developed
analysis method.

The LODs were higher than in the previous method[21],
which was mainly due to the more sensitive instrument used
in that study. Furthermore, the LOD of ENL was approxi-
mately the same as what has been achieved using the time-
resolved fluoroimmunoassay method[27] and lower for END
and ENL than those achieved using HPLC with coulometric
a
f MR after a single dose, and 10 days of MR administra
 rray detection[28].
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Fig. 4. Metabolic transformations of plant lignans. The arrows indicate a measured significant increase (p< 0.05) in urinary excretion after administration of
the lignan in question.

Despite the extensive ion suppression effect due to matrix
components the method is usable, as the variability in the
composition of the rat urine is expected to be small. The
urine is collected from a relatively large group of animals
of the same strain, age, and sex that have been housed at
standardised conditions and fed the same diet. The usability
of the method is further supported by low intra-assay R.S.D.s
and good accuracy of the QC samples.

4.2. Urinary excretion of lignans and metabolic
conversions

4.2.1. Types and quantities of excreted mammalian
lignans

The conversion of some pure plant lignans to mammalian
lignans in rats has been shown in previous studies. SECO
[1,2,6] and SDG[4,5] have been demonstrated to produce
both END and ENL, whereas MR produces mainly ENL
[1,2]. In an in vitro fermentation study with human fecal
microbiota, SECO and LAR were demonstrated to produce
END and ENL[7]. The present study shows that LAR is
converted to END and ENL also in vivo, however, a large
portion of LAR is converted to CLAR probably because of
the acid conditions in the stomach. In rats, HMR has been
shown to be metabolised to ENL[2,3] and HENL[3] and to
a y
t that
a sed
e AR
o et al.
[ s at
a CO
o of

such compounds in the urine of untreated rats and elevated
levels in the urine of rats fed with flaxseed or dosed with
ENL.

Interestingly, in our present and in previous studies, a
slightly, but significantly, elevated urinary excretion of END
was observed after HMR administration[2,15] and MR ad-
ministration as well as after ENL administration[2]. In in
vitro fermentations with human fecal microbiota, HMR has
been shown to produce a trace amount of END[7], but no
END formation from MR has been reported[7,8] and in stud-
ies with liver microsomes no END formation from ENL has
been reported[30]. In our studies the excretion of END after
HMR, MR, and ENL administration has been very small and
it may be below the detection limit using more insensitive an-
alytical methods. The formation of END from MR and HMR
may go via ENL. Small amounts of END may be formed via
a reduction of the lactone ring carbonyl group of ENL.

In our previous study, the quantities of ENL and END
excreted in 24-h rat urine samples were compared after ad-
ministration of a single per os dose of equivalent amounts of
the plant lignans SDG, SECO, MR or HMR[2]. The results
showed that the quantities varied after exposure to the dif-
ferent lignans. Administration of MR resulted in the highest
ENL excretion, while the total quantity of mammalian lig-
nans was highest after administration of SECO. In the present
s revi-
o ays
i one
w
w was
h ver,
d lysis
w

small degree also to END[2,3,15], which is supported b
he results of the present study. This study also shows
dministration of MR, SECO or LAR leads to an increa
xcretion of HENL, however, in the case of SECO or L
nly after prolonged exposure. In one study, Niemeyer

6] could not detect any aliphatic hydroxyenterolactone
ll in rat urine after a single dose administration of SE
r MR, but in another study[29], they detected traces
tudy after a single dose the results were similar. In a p
us study in which HMR was administered to rats for 2 d

n different doses (3–50 mg/kg bw), hydroxyenterolact
as found in urine in much smaller amounts than ENL[3],
hereas in the present study the mean HENL excretion
igher than the ENL excretion after a single dose. Howe
ue to lack of authentic reference compounds, the ana
as only semi-quantitative in the previous study.
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The present study shows that a longer period of lignan
exposure affects the quantity of excreted mammalian lig-
nans. The excretion of all three mammalian lignans increased
significantly after prolonged exposure to all the tested lig-
nans with the exception of HENL after HMR dosage. ENL
showed the highest increase, i.e., 10–56-fold compared to a
single-dose administration. Of the tested plant lignans, SECO
showed the highest increase in total mammalian lignan ex-
cretion after prolonged exposure compared to the single dose
administration (22-fold compared to approximately 9-fold
for the other three lignans).

Only a minor portion of the administered lignan was
excreted into 24 h urine as mammalian lignan metabolites.
After a single dose of the plant lignan, the proportion of
excreted amount of enterolignans (sum of END, HENL,
and ENL) of the administered amount ranged from 0.38%
(SECO administration) to 0.54% (LAR administration). Af-
ter 10 days, the excreted portion of enterolignans ranged
from 3.8% (HMR administration) to 8.2% (SECO adminis-
tration). These figures can be calculated by dividing the total
mammalian lignan excretion with the mean lignan dose in
Table 3.

Differences in the basal diet may also have an impact on
the lignan metabolism of the rats. In our previous study[2]
open formula RM1 chow diet which is rich in plant fiber
m study
s cted,
t and
E udy
(
i n in
t CO.
I unts
o

4
e as

s th ef-
f tudy
[ s as
s the
u as
s f an
e R1
r MR
p R2
i han
H on
o ig-
n n of
L er
t the
u that
L tro
[ ed
t ery

recent experiments in our laboratory show that large amounts
of CLAR can also be found in the serum of rats orally admin-
istered with LAR, which confirms that CLAR is a real major
metabolite of LAR.

Examples of transformations of the ingested plant lignan
to other plant lignans could be observed as shown inFig. 4.
HMR dosage leads to a significant increase in the excre-
tion of LAR, which also involves a reduction of the lactone
ring carbonyl group like in the formation of END from ENL
(discussed in Section4.2.1). In this study, administration of
SECO increased the excretion of LAR and MR administra-
tion increased the excretion of HMR, although the quantities
compared to the major metabolites were small. In vitro in rat
liver microsomes SECO was also transformed to LAR and
MR to HMR [6], suggesting the possibility for P450 medi-
ated reactions. However, in rats these metabolites were not
detected in urine after administration of SECO or MR[6].
The amounts of identified oxidative metabolites in rat urine
were very small compared to other metabolites[6]. It is thus
possible that the amounts of some of these oxidative metabo-
lites were below the detection limits. Therefore, we cannot
exclude the possibility that part of the observed plant lignan
transformations in this study are caused by P450 mediated
reactions.

5

lig-
n both
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e f the
m inis-
t hest
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aterials was used as the basal diet, whereas in this
emipurified lignan poor C1000 diet was used. As expe
he RM1 diet caused a higher baseline excretion of END
NL (0.29 and 37 nmol/24 h, respectively) than in this st

0.09 and 1.6 nmol/24 h, respectively,Table 3). Differences
n mammalian lignan excretion after lignan administratio
he two studies can also be observed, especially with SE
n the previous study, SECO produced much larger amo
f END and ENL than in this study.

.2.2. Metabolism of plant lignans
Some of the plant lignans are also excreted into urin

uch which raises the question about the putative heal
ects of plant lignans. In the present and in a previous s
2], significant differences in excretion of the plant lignan
uch were observed. Administration of HMR increased
rinary quantity of HMR considerably more than what w
een in SECO or MR quantities after administration o
quivalent dose of SECO or MR. The higher HMR2/HM
atio observed in urine as compared to the administered H
reparation indicates either isomerisation of HMR1 to HM

n the body or that HMR1 is more easily metabolised t
MR2. Administration of LAR resulted in a high excreti
f both LAR and CLAR, which were the major urinary l
ans after a single dose administration. The conversio
AR to CLAR in vivo may at least partly take place und

he acid conditions prevailing in the stomach and/or in
pper parts of the gastrointestinal tract, as it is known
AR is converted to CLAR under acid conditions in vi

18,26,27]. It is also possible that LAR is partly convert
o CLAR in the bladder or during urine collection, but v
. Conclusions

This study shows that a longer time period of plant
an exposure affects both the type and the quantity of
lant and mammalian lignans excreted in urine. Prolon
xposure significantly increases the urinary excretion o
ammalian lignan ENL compared to a single dose adm

ration. Of the studied lignans, SECO produced the hig
mounts of mammalian lignans in total. Furthermore,
tudy indicates that plant lignans may be transformed to
ther in vivo.
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