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Abstract

Plant lignans are diphenolic compounds ingested with whole grains and seeds and converted to enterolignans by the colonic microbiota. In
the present study, we investigated absorption and metabolism of plant lignans and enterolignans in vivo after consumption of cereal-based
diets. Six pigs fitted with catheters in the mesenteric artery and portal vein and with a flow probe attached to the portal vein along with twenty
pigs for quantitative collection of urine were used for this study. The animals were fed bread based on wheat flour low in plant lignans and
three lignan-rich breads based on whole-wheat grain, wheat aleurone flour or rye aleurone flour. Plant lignans and enterolignans in plasma
were monitored daily at fast after 0-3d of lignan-rich intake, and on the 4th day of lignan-rich intake a 10-h profile was completed.
Urine samples were collected after 11d of lignan-rich diet consumption. The concentrations of plant lignans were low at fast, and was
1-2-2-6 nmol/1 after switching from the low-lignan diet to the lignan-rich diets. However, on the profile day, the concentration and quantitative
absorption of plant lignans increased significantly from 33 nmol/h at fast to 310 nmol/h 0-2-5 h after ingestion with a gradual increase in the
following periods. Quantitatively, the absorption of plant lignans across diets amounted to 7 % of ingested plant lignans, whereas the urinary
excretion of plant lignans was 3% across diets. In conclusion, there is a substantial postprandial uptake of plant lignans from cereals,
suggesting that plant lignans are absorbed from the small intestine.

Key words: Lignans: Cereals: Absorption of lignans: Plasma: Catheterised pigs

Epidemiological studies have linked the intake of plant lignans
with protection against a number of lifestyle-related diseases such
as certain cancers, CVD, type 2 diabetes and hormonally induced
diseases™?. Intervention(3'6), cross-sectional ™™ and animal
studies"™'" have shown a positive relationship between the
intake of plant lignans and plasma levels of enterolignans, and the
health benefits linking high lignan intake and the accompanying
high enterolignan serum concentration have been known for
more than a decade™'?. The biological activity of enterolignans
may be related to their oestrogen-like structure, and enterolignans
have been found to bind weakly to oestrogen receptors"® and
sex-hormone binding globulins (SHBG)* and to be positively
associated with levels of SHBG". Moreover, lignans have been
shown to inhibit 5-a-reductase®, reduce insulin-growth factor 147
and to suppress fatty acid synthase protein expression®.

In the Nordic countries, whole-grain cereals, fruits and
vegetables are the main sources of plant lignans. Plant lignans
consist of a number of non-nutritive diphenolic compounds
identified as follows: secoisolaricinol (SECO), matairesinol

(MAT), lariciresinol (LAR), pinoresinol (PIN), medioresinol and
syringaresinol*?”. The conventional view is that plant lignans
are converted to enterolignans (enterolactone (ENL) and
enterodiol (END)) by the colonic microbiota and are absorbed
through the colonic barrier”, which has the capability to
reconjugate enterolignans. Studies performed with the lignan
secoisolariciresinol diglucoside (SDG), the most abundant
lignan in flaxseed, have further shown that, although END are
produced by dominant members of the gut microbial commu-
nity, it is the subdominant species that are responsible for the
production of ENL?!2,

Numerous studies have dealt with the metabolism of plant
lignans to enterolignans; however, only a few have investigated
the absorption and functional role of plant lignans. Kinetic
studies show that plant lignans provided as SDG and sesamin
are rapidly absorbed presumably from the small intestine
and appear in the systemic circulation within hours after
ingestion'”?*; 3h after consumption of cereals, plant lignans
have been found in plasma from pigs?; however, the kinetics

Abbreviations: LAR, lariciresinol; MAT, matairesinol; PIN, pinoresinol; RAF, rye aleurone-rich flour; SDG, secoisolariciresinol diglucoside; SECO,

secoisolaricinol; WAF, wheat aleurone-rich flour; WFL, wheat flour; WWG, wheat-whole grain.
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Table 1. Ingredient list of the diets

Diet
Ingredients (g/kg, as-fed basis) WFL WWG WAF RAF
Standard WFL 711
WWG 813
WAF* 214
RAF (3-3-5% ash)t 365
Wheat starcht 516 359
Wheat glutent 59 36 116 116
Vitacel R200 (99-5 % cellulose)§ 69
Rapeseed oil 86 76 79 85
Sugar 15 15 15 15
Baker’s yeast 20 20 20 20
Vitamin—mineral mixturell 40 40 40 40

WFL, wheat flour; WWG, whole-wheat grain; WAF, wheat aleurone-rich flour; RAF, rye aleurone-rich flour.

* ASP02; Blhler AG.

1 Raisio plc.

1 LCH A/S.

§ J. Rettenmaier and S6hne GmbH.

Il Supplying per kg diet: retinol, 660 pg; cholecalciferol, 12-5 pg; a-tocopherol 30 mg; menadione, 11 mg; thiamin, 1 mg; riboflavin, 2 mg; p-pantothenic acid
5-5mg; niacin, 11 mg (available); biotin, 27-5ug; cyanocobalamin, 11pg; pyridoxine 1-65mg; Fe, 25mg; Cu, 10mg; Zn, 40mg; Mn, 13-9mg;
Co, 0-15mg; I, 0-01 mg; Se, 0-15mg; and maize Ca,(PO,)s, K-PO3, NaCl, CaCO; as a carrier (Solivit Mikro 106; Levens Kemiske Fabrik).

or mechanism of uptake of plant lignans from cereals has
not been studied. In cereals, plant lignans are not equally
distributed over the grain: the lowest concentration is found in
endosperm tissue and the highest in the fibre-rich pericarp/testa
and the aleurone layers®.

Owing to the health-beneficial effects of plant lignans, there is
growing interest in understanding the dynamics behind absorp-
tion, circulation and excretion of plant lignans and enterolignans
in organisms. In the present study, we investigated the effects of
feeding cereal-based breads prepared from whole-grain wheat,
wheat aleurone-enriched and rye aleurone-enriched fraction with
focus on the diurnal variation in plant lignans and enterolignans
using catheterised pigs as a model for humans. We hypothesised
that plant lignans in cereals, such as the case for plant lignans
sesamin and SDG, are absorbed in the small intestine.

Methods
Diets

Four bread-based diets were prepared from standard wheat
flour (WFL), wheat-whole grain (WWG), wheat aleurone-rich
flour (WAF) and rye aleurone-rich flour (RAF) (Table 1).
Comparable dietary fibre content in the diets was obtained by
addition of purified wheat fibres (Vitacel R200; J. Rettenmaier
and Sohne GmbH) to the WFL diet; furthermore, the diets were
balanced to have similar levels of fat, protein, starch, energy,
vitamins and minerals. After production, the breads were cut
into pieces and meal portions were frozen at —20°C and thawed
immediately before consumption.

Experimental design

The pigs used in the following studies were from the swineherd
at Aarhus University, Department of Animal Science, Foulum,
Denmark. The Danish Animal Inspectorate approved the animal

experiments, and housing and rearing were in compliance with
the guidelines of the Ministry of Justice, Animal Testing Act
(Consolidation Act no. 726 of 9 September 1993 as amended
by Act no. 1081 of 20 December 1995), concerning animal
experiments and care of animals under study. The animals were
kept in individual pens (2x2m), and an elevated plastic grid
covering half of the pen allowed the pigs to rest and stay dry. The
pigs had access to water ad libitum, and were allowed 45 min to
finish ingestion of a meal before any remaining food was
removed. Straw was not supplied to the pen. Once a week, the
pigs were weighed and received 400 mg Fe supplement, which
was injected intramuscularly (Uniferon®; Pharmacosmo A/S).

Study 1. The purpose of study 1 was to measure the con-
centration and net absorption of plant lignans and enterolignans
in blood samples obtained from the portal vein and the
mesenteric artery. Plasma samples were collected at fast for
measuring absorption from the colon and during a 10-h profile
to measure absorption from the small intestine. Six female
Landrace X Yorkshire pigs (56-5 (sem 1-8) kg) were included in
the experiment, which was designed as a repeated 3 x 3 Latin
square design. Pigs were adapted to the pen for 5d before
surgery. A flow probe (Transonic 20A probe, 20 mm; Transonic
System Inc.) was surgically fitted around the portal vein to
measure portal blood flow, and permanent catheters were fitted
in the portal vein and the mesenteric artery as described by
Jorgensen et al.*¥. After 5-7d post-surgery recovery, the
animals entered a 21-d experimental period (3 consecutive
experimental weeks). The animals were fed at 09.00 hours
(breakfast), 14.00 hours (lunch) and 19.00 hours (dinner) with
portions corresponding to 40, 40 and 20% of the total daily
intake, respectively. Within the experimental weeks, the WFL
diet low in lignans was fed as a washout diet on days 1-3, and
then pigs were fed one of the experimental lignan-rich diets
(WWG, WAF, RAF) on days 4-7. On days 4-7, fasting blood
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samples (30 min before the first daily meal) were collected from
the portal vein and the mesenteric artery. In addition, on day 7,
eighteen consecutive blood samples were drawn concomitantly
between 0 and 10h from the portal vein and the mesenteric
artery. Owing to limited blood sample volume, four artery and
four venous plasma samples were pooled from 9-ml blood
samples to represent the mean content of plant lignans and
enterolignans in blood during the following periods: 0-2-5h
(Phase D), 2:5-5h (Phase 1D), 5-7-5h (Phase III) and 7-5-10h
(Phase IV) after the morning feeding, respectively. Blood
samples were collected in Na heparin vacutainers, and blood
loss was replaced with saline. Blood samples were stored at
—20°C immediately after sample collection, and permanently
stored at —80°C. Packed cell volume was monitored once per
hour and was always >26%. Blood flow in the portal vein was
recorded immediately before blood collection as a mean of
sixty recordings within a minute.

Study 2. The main purpose of study 2 was to quantify the
urinary excretion of plant lignans and enterolignans. A total of
twenty cross-breed (Duroc X Landrace X Yorkshire) growing
female pigs were ileal cannulated as described by Jorgensen
et al®® (body weight at surgery: 64-9 (ssm 1-2)kg). Ileal
cannulation was used in the study by Le Gall et al.*>; however,
in the present study, only urine samples were analysed. Before
surgery, the pigs were fed a diet with low dietary fibre. After a
10-d recovery period, pigs were fed the same diet as before the
surgery. Four groups (five pigs in each) were formed and
assigned the WFL, WWG, WAF or RAF diets. The pigs were
gradually introduced to the new diets during days 7-10 by
mixing a smaller amount of the new diets with the low-dietary
fibre diet that was being fed.

The pigs were fed three times daily at 08.00 hours (breakfast),
13.00 hours (lunch) and 18.00 (dinner). To mimic the diurnal
variation of human cereal intake, the pigs were fed an amount
of 40, 40 and 20 % of the daily supply at the respective feedings.
On day 18, the pigs were transferred to metabolic cages and
urine samples were collected quantitatively throughout day 21.
To reduce dilution of urine samples caused by spillage of
drinking water, water was only supplied ad libitum at meals
during sample collection. Urine samples were stored at —20°C
immediately after sample collection and were permanently
stored at —80°C.

Analytical methods

The diets were analysed in duplicate for DM, ash, protein
(Kjeldahl method), fat (hydrochloric acid-fat), sugars, fructans,
starch, total soluble and insoluble NSP and Klason lignin.
Information on the chemical analysis procedures of the breads
can be found in the studies by Le Gall et al*® and Theil
et al®®. Resistance starch was analysed enzymatically using the
Megazyme assay (Megazyme International Limited). Analysis of
the diets for plant lignans was completed using isotope dilution
GC-MS in the selected ion monitoring mode (ID-GC-MS-SIM;
Fisons Instrumentation, Inc.) as described by Penalvo et al™?,

Analyses of plant lignans and enterolignans in urine and
plasma samples were carried out on an UltiMate 3000 (Dionex;
Thermo Scientific) HPLC system combined with a coulometric
electrode array detection (CEAD) (Coularray; ESA). Urine
samples were pre-treated according to Nurmi ef al.*”. In brief,
ascorbic acid was added to the urine samples, and the samples
were incubated with a hydrolysis reagent (f-glucuronidase
from Helix pomatia) for 16h. Lignans were extracted with
diethyl ether and purified using QAE-Ac-ion-exchange
chromatography (Amersham Pharmacia Biotech AB). Plasma
samples were stored in Na-heparin tubes and pre-treated as
described by Pefialvo et al.®®. The procedures described by
Pefialvo et al®® and Nurmi et al.?” were modified with an
purification step. Therefore, both
plasma samples were passed through a 0-2-um Nylon filter
(Costar Spin-x HPLC; Corning Inc.) before loading onto the
HPLC-CEAD. The lower limit of detection in plasma and
urine of enterolignans has been estimated to be 0-9-1-6
and 2-0-2-5 nmol/l and the limit of quantification to be 4-3-7-8
and 10-1-12-4 nmol/l, respectively®”*®. The limit of detection
of plant lignans in plasma and urine has been estimated to be
0-8-1-4 and 1-9-3-9 nmol/l and the limit of quantification to be
3.6-6-9 and 9-4-19-7 nmol/, respectively. The CV of detected
plant lignans and enterolignans form the plasma samples for
each batch was 24-2 and 10-9 %, respectively.

All lignan analyses included hydrolysis of any conjugate
(glucosides in diets, glucoronides and sulphates in the plasma
and urine), and therefore the results are expressed as
aglycones.

additional urine and

Calculations and statistical analysis

The quantitative absorption of lignans in study 1 was calculated
from the porto-arterial differences and the portal flow
measurements as described by Rérat et al.*”:

q=(Cy— Cy)F(dr),Q=12q,

where g is the amount of a given lignan net absorbed within
the time period dt, C, the concentration of a given lignan
in the portal vein, C, the concentration of a given lignan in
the mesenteric artery, F the blood flow in the portal vein
and Q the amount of a given lignan net absorbed from
fo 1O 1.

Urinary excretion of lignans in study 2 was calculated as the
collected daily volume of urine (Vine, g multiplied by the
concentration of plant lignans and enterolignans, respectively,
in urine samples expressed in pmol/g:

_ Virine (g) X Tp]antlignan (%101)

Total plant lignan excretion pmol
plant b8 da ) 1000 x 1000

Total urinary excretion of enterolignans:

pmol) _ Virine (g) X Tcntcrolignan (nn]’to])

d 1000 x 1000

Total enterolignans(

Data were analysed using JMP®; version 11.1.1 (SAS Institute
Inc.), 1989-2007, selecting standard least squares as personality
within the fit model platform.
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Fasting plasma variables after switching from diet WFL to the
lignan-rich diets (days 4-7) in study 1 were analysed using the
following mixed model:

Yiw=p + ;i + i+ afy + 6p + p; + ou + s,

where Yy, is the dependent variable, @; the bread (i=WWG,
WAF or RAF); B; the time after switching from diet WFL to one of
the lignan-rich diets (i.e. WWG, WAF, RAF), af; the two-factor
interaction term, d, the week (k=1, 2 or 3), p the pig (/=
pig 1, ...,6) and vy accounted for repeated measurements being
performed on the same pig (p,) within period (vg), whereas e,
describes the random error. The random effects were estimated
using the restricted maximum likelihood method in JMP®,
version 11.1.1; insignificant interactions were removed from the
analyses and the statistical model was re-analysed.

The plasma variables on the profile day (day 7) in study 1
were analysed using the following mixed model:

Yipmn =p + @i + B + v, + afy + ayy + Prp
+ 81+ Py + Vitm + Titmn + Cigetmn

where Yy, is the dependent variable, a; the bread (i=WWG,
WAF or RAF), f3; the effect of meal (j=1 or 2), which was also
associated with length of time without feed before the meal
(14 and 5h, respectively) (note that the third meal within a day
was not studied), y, the two phases after a meal (k=1 and
2 refer to 0-2-5 and 2-5-5 h after feeding, respectively), af;;, ay.
and Py, are two-factor interaction terms, 6, is the week (I=1,
2 or 3) and p,, the pig (m=pig 1,...,6); vy, and T,
(n meal 1, 2) accounted for repeated measurements being
performed on the same pig (p,,), on the same pig within period
(0i) and on the same pigs within period and meal (7)),
respectively, whereas ey, describes the random error. The
random effects were estimated as described above. If P> 0-05
was found for bread X meal, meal X phase or bread X phase, the
non-significant interaction terms were removed from the
analyses and the statistical model was re-analysed.

The fluctuations in plasma concentrations of plant lignans
and enterolignans after switching to the lignan-rich diets
(days 4-7) and on the profile day (day 7) were described by
a mechanistic growth model:

Y =a(l1—pe"),

where y is the dependent variable (plant lignans or enter-
olignans, in the portal vein and the mesenteric artery, respec-
tively), a is the asymptotic value, ¢ is the growth rate, f is the
scale and 7'is time.

A one-way ANOVA model was used to analyse the urinary
concentration and excretion data after log-transformation
before the statistical analysis. The logarithmic transformations
were applied to obtain normality and to stabilise the variances;
both the normality and the variance homogeneity were infor-
mally verified by examining the residual plots. F tests for nested
models were applied to test equality of diets.

In all analyses, the level of significance was P < 0-05, whereas a
tendency was reported when P values were between 0-05 and 0-1.

Results
Diets

The diets were composed to provide equal amounts of starch,
protein, fat, dietary fibre and energy, which was successfully
accomplished (Table 2). Among the diets, there was a substantial
variation in the concentration of plant lignans. The lowest
concentration was found in the WFL diet (1860 pg/kg DM),
which had a 5-8-fold lower plant lignan concentration than the
other diets. Among the lignan-rich diets, the concentration
of plant lignans was the highest in the two diets based on
aleurone-rich ingredients — WAF (14970 ug/kg DM) and RAF
(13170 pg/kg DM) — compared with WWG (9230 pg/kg DM).

Effect of diet on arterial and portal vein enterolignan
concentrations and absorption at fast

The intake of plant lignans when consuming the WFL diet was
6-7 pmol/d, whereas the intake when consuming the lignan-rich
diets was 38:0-56-4 umol/d. The animals were fed WFL diet on
day 1-3, and fasting blood samples collected before breakfast
on day 4 showed that enterolignan plasma concentrations
were indeed reduced to a minimum when the WFL diet was
provided — 18:1 nmol/! in the portal vein and 13-6 nmol/l in the
mesenteric artery, respectively (Table 3). When the animals
switched to the lignan-rich diets, the mean enterolignan con-
centration increased (P<0-0001) to 90 (sem 8-5)nmol/l in the
portal vein and to 64 (sem 5-0) nmol/] in the mesenteric artery,
respectively, on day 7 (Table 3). No difference was seen
between the lignan-rich diets, but all three diets caused higher
enterolignan concentrations in the mesenteric artery and portal
vein. The change from day 4 to 7 in plasma concentrations of
enterolignans after switching to the lignan-rich diets could be
described by a mechanistic growth model with estimated
growth rates of 0-0175 and 0-0124 nmol/l per h in the portal
vein and mesenteric artery, respectively (Fig. 1).

In contrast, plant lignan concentration in the blood at fast was
constant and in most cases below the limit of detection from
day 4 to 7, when measured in the portal vein and in the
mesenteric artery.

The net absorption of enterolignans increased 6-fold (time
effect P<0-0017 when switching from the WFL diet to the
lignan-rich diets but with no difference between the lignan-rich
diets. The response in plant lignans was more variable and with
no specific trend compared with the WFL diet; furthermore, the
measured plant lignan concentrations were below limit of
detection.

Net portal absorption of plant lignans and enterolignans
during a 10-h postprandial profile

The 10-h blood profile completed on day 7 presents the var-
iation in plant lignan and enterolignan levels after breakfast and
lunch. Breakfast was provided after a 14-h fast and lunch after a
5-h fast, and at both meals pigs received on average 57 pmol of
plant lignans. At fast, plant lignan levels were below the limit
of detection in the mesenteric artery and the portal vein
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Table 2. Chemical composition of the diets (per kg DM)

Diet
WFL WWG WAF RAF
DM (g) 639 654 704 691
Ash (g) 37 43 58 41
Protein (N x6-25, g) 168 173 177 173
Fat (g) 128 137 134 146
Carbohydrates (g) 641 630 589 626
Sugars (g) 11 19 14 17
Starch (g) 513 506 470 505
Resistant starch 12 11 10 18
Fructans (g) 2 3 2 10
Total NSP (g) 117 105 105 104
Soluble NSP (g) 16 26 15 39
Klason lignin (g) 10 22 23 26
Total dietary fibre (g)* 141 141 139 158
Plant lignans (ug) 1860 9230 14970 13170
SECO 80 310 430 210
MAT 0 70 50 140
LAR 230 1260 890 1250
PIN 0 390 360 990
SYR 1550 6910 12880 10130
MED 0 300 360 40
Gross energy (MJ/kg DM) 20-56 20-35 20-35 2043

WFL, wheat flour; WWG, whole-wheat grain; WAF, wheat aleurone-rich flour; RAF, rye aleurone-rich flour; SECO, secoisolaricinol; MAT, matairesinol;
LAR, lariciresinol; PIN, pinoresinol; SYR, syringaresinol; MED, medioresinol.
* Total dietary fibre: sum of total NSP, fructans, resistant starch, Klason lignin.

(approximately 1-5 and 2-0nmol/l, respectively). In Phase I
(0-2-5h), a rapid increase in plant lignan concentration was
observed at both sampling sites, and plant lignan concentra-
tions continued to increase through Phase II (2-5-5h),
reaching a level approximately seven times higher than fasting
levels (Table 4). After lunch, the plant lignan concentration
in the artery increased in Phase I (5-7-5h), but the
concentration did not increase further in Phase IV (7-5-10h).
In the portal vein, plant lignan levels found in Phase II were
maintained through Phase IIT and Phase IV. The statistic model
showed interaction between phase and meal, resulting from
uneven changes in plant lignan concentration following
breakfast and lunch. The fluctuations in plant lignan
concentrations both in the artery and in the vein in the time
frame 0-10 h after the first meal (breakfast) could be described
by a mechanistic growth model with growth rates of 0-404
and 0-260 nmol/l per h in the portal vein and the mesenteric
artery, respectively (Fig. 2).

The increased concentration of plant lignans in the portal
vein after breakfast and lunch was followed by a concomitant
increase in the concentration of plant lignans in the peripheral
circulation; the correlation between the concentrations at the
two sampling sites was 0-933 (P<0-0001).

Although the plant lignan concentrations increased rapidly
after breakfast, a concomitant decrease in enterolignan plasma
concentration was observed, resulting in the lowest level
2-5-5-0h after breakfast at both sampling sites (Table 4).
Although there was a rebound after lunch, the concentration
neither in the mesenteric artery nor in the portal vein reached
the concentrations at fast.

The blood-flow rate in the portal vein was not affected
by the dietary treatment, but fluctuated with time after feeding.

The net absorption of enterolignans at fast was estimated to be
1478 (sem 171) and 938-1306 (sem 207)nmol/h during the
10-h sampling period. Owing to large inter-individual variation,
no significant differences were observed in lignan absorption
neither between diets nor among the different phases.
However, the net absorption of plant lignans increased almost
10-fold after breakfast relative to fasting with no further increase
during the day. During the 10-h sampling period, the cumulated
net absorption of plant lignans amounted to 4-1pmol,
corresponding to 7-8 % of ingested plant lignan. Analysis of the
cumulative absorption of the individual plant lignans was
performed; however, no specific trend was observed, most
likely due to large inter-individual variation. At fast, plant
lignans represented 2 % of the total absorbed lignans compared
with 21-32% of plant lignans after feeding.

Dietary intake of nutrients and urinary excretion

The intake of plant lignans is shown in Table 5 along with the
urinary concentrations and excretion of plant lignans and
enterolignans. Consumption of the WFL diet resulted in an
intake of plant lignans of 8-1pmol/d, which increased to
40-1-63-9 pmol/d when consuming lignan-rich diets. The higher
intake of plant lignans via the lignan-rich diets compared with
WEFL gave rise to a significantly higher urinary concentration
and excretion of plant lignans and enterolignans compared with
the WFL diet, but with no difference between the lignan-rich
diets, primarily due to high individual variation. Across diets,
the urinary content of plant lignans was 3% of the ingested
plant lignans, whereas concentrations of enterolignans were
8-5-22 times higher (Table 5).
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0-04

0-002
0-008
0-036

<0-001
0-001
<0-001
0-042
0-044
0-829
0-338
0-485

<0-001
<0-001
0-126
0-002
0-976
0-939
0-372
0-381

Diet

0-8
0-0154
0-8515
0-068
0-638
0-378
0-366
0-240

SEM
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Phase IV
1.48°
13.52
55.5°
18-02
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Phase Il
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Breakfast

Phase |
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5.0°
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1476
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1.01¢
1.5¢
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33°
1478

1511

Fast*
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SEM
0-13
09
6.4
2.3
6-3
276
230
374

RAF
1.47
13.12
59.4
20-0
761
685
1424
2110
32

Diet
WAF
1.54
8.7°
59.5
1.7
69-0
167
887
1055
16

1.45
9.3°

55.0

68-3

13-1

WWG

330
1146
1476

Plant lignans (% of total)

Plant lignanst
Enterolignans

Portal vein (nmol/l)
Plant lignanst
Enterolignans

Net absorption (nmol/h)
Plant lignans
Enterolignans
Total lignans

Flow

Table 4. Portal blood flow, portal vein and mesenteric artery plant lignan and enterolignan concentrations and net absorption plant lignans and enterolignans at fast and during four postprandial phases
Mesenteric artery (nmol/l)

(I, 0=2-5h; Il, 2.5-5h; Ill, 5-7-5h; IV, 7-5-10h after feeding) in pigs (n 6) fed either whole-wheat grain (WWG), wheat aleurone-rich flour (WAF) or rye aleurone-rich flour (RAF) breads at breakfast

(09.00 hours) and lunch (14.00 hours) on day 7 of an experimental week
(Mean values of WWG, WAF and RAF diets with their standard errors)

Blood flow (litres/min)

Main effects

Absorption of plant lignans 1717

20
18
16
14
12
10

Concentration (nmol/l)

Time (h)

Fig. 2. Portal and arterial plant lignan plasma concentrations during day 7
of the experimental week after consuming the lignan-rich diets (wheat-whole grain
(WWG), wheat aleurone-rich flour (WAF), rye aleurone-rich flour (RAF)) at breakfast
and lunch. Plasma concentrations are presented as means resulting from intakes
of WWG, WAF or RAF, with their standard errors represented by vertical bars.
The variation in plasma concentration in the mesenteric artery (MA, [ll) could be
described as follows: plant lignanya=15-3x(1-0911xEXP (-0-260x T)),
R? 0-99; and in the portal vein (PV, @) by: plant lignangy = 18-9x (1 —0-898 x EXP
(=0-404 x T)), R? 0-997, where T is the time after breakfast.

concomitant decrease in the concentration of enterolignans.
Over the 10-h sampling period, the cumulated net absorption of
plant lignans corresponded to 7% of ingested plant lignans.

The rapid response in the uptake of plant lignans points to
the small intestine as the site of absorption of plant lignans,
as the concentration of plant lignans in both the portal vein and
the mesenteric artery increased significantly in Phase I relative
to the concentration at fast and gradually increased through the
following sampling periods. In an earlier study, we found that it
was not until 6h after providing a pulse dose of lignan-rich
bread that the concentration of enterolignans in the portal vein
and mesenteric artery started to increase”'? .

The absorbed plant lignans are relatively rapidly cleared from
the body; 14h after dinner (20% of the daily ration), the
concentration of plant lignans in plasma returned to low levels,
ranging between 0-6 and 2-6nmol/l. This is in contrast with
enterolignans, where the net absorption at fast is high and is
gradually increased with time after introduction of lignan-rich
diets. The rapid clearance of plant lignans is in concert with the
results of kinetic studies on humans fed a pulse dose of SDG
concentrate®*? and sesamin®®. In the study with SDG, the
concentration of plant lignans increased rapidly after oral
intake, peaked at 5-7 h and disappeared with half-lives of 4-8 h.
For comparison, maximum serum concentrations of END and
ENL were attained after 12-24 and 24-306h, respectively, and
with half-lives of 9-4 and 13-2h. These relatively long residence
times are suggested to be due to enterohepatic circulation of
the enterolignans circulating the lignans from the intestine,
excreting them through the bile ducts and back to the intestinal
tract. In addition to increasing the residence time, the entero-
hepatic circulation is suggested to have a buffering effect,
leveling out the diurnal fluctuation in microbial production in

* Fasting levels were not included in the statistical meal x phase test. Levels of significance between fasting and postprandial lignan levels were obtained using Wald’s test.

abed Mean values within a row with unlike superscript letters were significantly different (P < 0-05).
1 Limits of detection of plant lignans in plasma samples are 0-8—1-4 nmol/l.

M, meal; P, phase.
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Table 5. Intake of plant lignans and urinary concentrations and excretions of plant and enterolignans in pigs (n 5) fed either
whole-wheat grain (WWG), wheat aleurone-rich flour (WAF) or rye aleurone-rich flour (RAF) breads

(Mean values with their standard errors and 95 % confidence intervals)

Diet
WFL WWG WAF RAF P
Intake plant lignans (umol/d) 81 401 639 570
Urinary concentration (umol/l)
Plant lignans <0-001
Mean 012 0-3° 0-2° 0-4°
95% ClI 0.0, 0-2 0-2, 07 0-1,05 02,09
Enterolignans <0.-01
Mean 0-8° 4.9° 4.9° 5.7°
95% ClI 04,19 1.9, 125 1.9, 12:3 25,131
Urinary excretion (umol)
Plant lignans <0-01
Mean 042 1.1° 11 1.8°
95% ClI 02, 06 06,19 0-6, 2.0 11,30
Enterolignans <0-001
Mean 342 16-1° 23.7° 23.5°
95% ClI 2.3, 51 10-3, 25-3 15.1, 37:2 15.7, 35-1
Urinary excretion (% of intake)
Plant lignans 4.4 2.7 1.7 31
Enterolignans 419 40-2 371 41.2
Total lignans 46-3 429 38-8 44.3

ab Mean values within a row with unlike superscript letters were significantly different.

A01D (o

the gut"”. This study as well as previous studies
that it takes a relatively long time until the plateau levels of
circulating enterolignans are reached.

In this study, we found that plant lignans are absorbed from
the small intestine; however, only a minor fraction of the
ingested plant lignans is excreted via urine (1-4 %), whereas
approximately 40% of ingested plant lignans is excreted as
enterolignans. This tempts us to believe that plant lignans
absorbed from the small intestine enter the enterohepatic
circulation, such as enterolignans, and make a second round
(or multiple) through the small intestine, continuing into the
colon where the plant lignans are metabolised to enterolignans
by the microbiota. The study of Larke et al."" supports this
hypothesis by presenting contrasting proportion of plant
lignans:enterolignans in the portal vein (influx to the liver), the
bile (excretion to the gut) and the hepatic vein (outflow to the
circulation from the live™'". In the study of Leerke et al.,
sampling 3 h after feeding showed that the proportion of plant
lignans:enterolignans in the portal vein was 23:77, in the bile
77:23 and in the hepatic vein 17:83, suggesting that the liver, as
a detoxification organ, strives to remove the absorbed plant
lignans by excreting plant lignans to the intestine via the bile.
Further support for the re-secretion of plant lignans from the
body to the intestinal tract is the 2-5 to 10 times ileal recovery of
ingested plant lignans®?.

Although the biological activity of enterolignans, particularly
in relation to cancer, has been discussed in several
studies¥>3® much less is known about the biological function
of plant lignans. In an in vitro study by Hu et al®”
found that the antioxidant activities of flaxseed lignan SDG and
its aglycone SECO were much higher than was the case with
ENL or END. Although it can be difficult to extrapolate from an
in vitro to an in vivo situation, the data of Hu et al. suggest that

, it was

plant lignans could have health-promoting properties. In this
context, it is interesting that the concentration of plant lignans is
high not only in the portal vein but also in the mesenteric artery
during the periods with high influx of nutrients to the body and
high cellular activityu(’) .

The data from the urinary excretion of plant lignans and
enterolignans show that approximately 40 % of ingested total
lignans across diets was excreted via the urine; the remaining
part will be excreted via faeces, or possibly accumulate in
various tissues as demonstrated in rats®®. In an earlier study
where the full profile of plant lignans in diet and faeces was
determined, total tract digestibilities of plant lignans of 80 and
83 % were found for diets based on wheat and rye™". The study
by Laerke et al*", however, did not solubilise the faecal
residue in an alkaline solution and plant lignan values in faeces
were therefore most likely underestimated.

The urine excretion data for the three lignan-rich diets were
similar, and we therefore expected similar effects on the arterial
and the portal vein levels of enterolignans both in fasting blood
samples and in blood samples obtained from the 10-h profile.
This also applies for arterial and portal levels of plant lignans in
fasting blood samples; however, during the 10-h profile, intake
of RAF diet resulted in a significantly higher plant lignan con-
centration in the mesenteric artery compared with the intakes of
WWG and WAF diets. Among the lignan-rich diets, RAF had an
intermediate level of plant lignans, thus a higher plant lignan
content in the diet cannot directly explain the elevated plasma
level in the artery. RAF, on the other hand, had approximately
three times higher level of PIN and two to three times higher
MAT content compared with the other lignan-rich diets. Most
likely, the absorption through the intestinal wall differs between
the various types of plant lignans, resulting in a more or less
rapid response of plant lignan concentrations in the blood
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according to the plant lignan composition of the diet fed.
Mukker et al.®” support this suggestion by concluding that
SECO passively permeates across the intestinal epithelium
in vitro, whereas SDG does not exhibit this ability®”. This is
possibly influenced by the chemical structure of the plant lignan
and the hydrophobicity of the compound, where LAR and
SECO differ from PIN and MAT in having at least one alcohol
group present on the alkyl chain, whereas PIN and MAT have
furan and lactone rings, respectively. Furthermore, Pefalvo
et al.®® reported a large variation in the time needed to reach
maximum plasma concentrations for plant lignans, and thus PIN
and MAT appearing approximately three and five times faster,
respectively, in plasma compared with LAR and SECO. This
could possibly explain the more rapid absorption of plant
lignans in the RAF diet compared with WWG and WAF diets.

Conclusion

The major findings of the present study are the substantial and
rapid absorption of plant lignans in the small intestine during
the absorptive phases following intake of cereal-based diets.
We demonstrated that plant lignan levels in plasma of female
pigs increase rapidly after intake of lignan-rich cereal-based
diets and, in contrast to enterolignans, are taken up from the
small intestine.
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