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Whole-grain rye and wheat alkylresorcinols are incorporated into human
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Alkylresorcinols (AR), a group of phenolic lipids, exist in the human diet in whole-grain rye and wheat. They are absorbed by humans and have been quan-
tified in plasma. In this 2-week study we assessed AR incorporation into human erythrocyte membranes. Nine subjects attended the study; four avoided
whole-grain products for 1 week and then included whole-grain rye and wheat bread in the diet for the second week, four included whole-grain rye and
wheat products in the diet during the whole follow-up and one followed a gluten-free diet. Plasma and erythrocyte membrane AR were analysed after
weeks 1 and 2. Erythrocyte membrane AR concentrations increased an average of 231 nmol/l of packed erythrocytes (P=0-036) after consumption of
whole-grain rye and wheat products. Plasma AR levels increased an average of 175 nmol/l (P=0-058). When intake of whole-grain products was constant,
erythrocyte membrane and plasma AR levels remained stable. Long-chain AR were incorporated into erythrocyte membranes in a higher proportion com-
pared to shorter-chain AR. This preliminary study shows that AR are incorporated into human erythrocyte membranes in vivo.

Alkylresorcinols: Whole grain: Erythrocyte membranes: Biomarkers

Intake of whole-grain products is generally recommended (Kantor
et al. 2001), and is correlated to a lower risk of some chronic dis-
eases such as diabetes, cardiovascular diseases and certain types
of cancer (Slavin et al. 2001; Adlercreutz, 2002; Slavin, 2003).
Alkylresorcinols (AR) are 1,3-dihydroxy-5-alkylbenzene deriva-
tives with an odd-numbered alkyl chain, usually C;7 to Cps. In
the human diet they are found in high amounts in bran fractions
of rye (360-3200ng/g DM) and wheat (317-1429 ng/g)
grains, and in smaller amounts in triticale and barley grains, but
not in highly refined products (Ross et al. 2003c¢,d). The average
percentages of AR homologues C;7.9, C19.9, C21.0, C23.0 and Css.g
are 24, 32, 25, 10 and 9 % for rye and 5, 33, 48, 10 and 4 % for
wheat (Ross et al. 2003d). AR are absorbed by humans most
probably from the upper intestine (Ross et al. 2003c), and have
been quantified in human plasma (Linko et al. 2002).

In vitro studies show that AR are incorporated into biological
membranes, where they can alter the membrane properties and
function (Kozubek, 1987a; Kozubek & Tyman, 1999). Depending
on the chain length and saturation degree, they can change the per-
meability of erythrocyte membranes (Kozubek, 1987b; Kozubek &
Tyman, 1999). AR possess a concentration-dependent ability to
alter the activities of membrane-bound enzymes (Kozubek et al.
1992). They could also have a role in oxidation reactions in mem-
branes, although they seem to be rather weak antioxidants
per se (Kamal-Eldin ef al. 2001). Long-chain AR, compared to
their shorter-chain homologues, are incorporated more easily

into membranes and diffuse faster across them (Kozubek, 1989).
The biological role of AR in humans is still undetermined, but it
has been suggested that AR could serve as specific biomarkers of
whole-grain intake (Ross et al. 2003b). The aim of this preliminary
study was to provide more information about distribution and
behaviour of AR in humans, and to show that whole-grain
rye and wheat AR are incorporated into erythrocyte membranes
in vivo.

Materials and methods

Nine volunteers attended the study. Four of them (Group I) avoided
rye, wheat and barley products for 1 week and then continued for
another week with their habitual Finnish diets, including whole-
grain rye bread (average 3-5 pieces per d) and whole-grain wheat
bread rich in AR (2 pieces per d). Four subjects (Group II) followed
their normal diets with whole-grain rye (2 pieces per d) and whole-
grain wheat bread (2 pieces per d) for 2 weeks, and one subject
maintained a gluten-free diet with no rye, wheat or barley products.
The breads were commercially available whole-grain rye and
wheat bread. Overnight fasting blood samples were drawn after
the first (week 1) and the second (week 2) week of the experiment.

Plasma was separated by centrifugation and AR were analysed
in plasma with a GC—MS method (Linko et al. 2002). Erythro-
cytes were analysed with a modified method for the analysis of
vitamin E, which has a molecular structure resembling that

Abbreviation: AR, alkylresorcinol(s).
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of AR (Bieri et al. 1979; Simon et al. 2001). Erythrocytes were
separated from plasma by centrifugation and the cells were
washed three times with 0-15m-NaCl-10mm-Na-phosphate
buffer, pH 7-4, and made to a 50% hematocrit suspension.
Samples were stored at —20°C until analysis. An internal AR
standard C20:0 (30 wl), which does not naturally exist in grains
(kindly provided by Prof. K. Wihild, Department of Chemistry,
University of Helsinki, Finland), was added to 3 ml of suspension
and proteins were denaturated with ice-cold methanol (Rathburn
Chemicals, Walkerburn, UK) and vigorous shaking. AR were
extracted twice with 10ml n-heptane (Rathburn Chemicals),
which was evaporated to dryness. Heptane, being more suitable
with methanol extraction, was used as the extraction solvent
instead of diethyl ether from the plasma method. Extraction sol-
vents and extraction repeatability were tested previously with
the plasma method development. Samples were dissolved into
0-5ml of methanol and purified with DEAE-Sephadex A-25
(Pharmacia Biotech AB, Uppsala, Sweden) in a free base form
and analysed with the GC-MS as with the plasma method
(Linko er al. 2002). All samples were analysed in duplicate,
and a control plasma sample and a blank sample were included
in every batch. Inter-series coefficient of variation was less than
10%. We quantified saturated AR homologues C17:0, C19:0,
C21:0, C23:0 and C25:0. The results (nmol/l of packed erythro-
cytes or nmol/l of plasma) are expressed as total amounts of
AR homologues and as an average of the study groups with
their confidence intervals where appropriate. We performed all
statistical analysis with SPSS 11.0.1 (SPSS Inc., Chicago, IL,
USA) by a paired samples test (95 % CI). Differences were con-
sidered significant with a two-sided significance level of P<<0-05.

The Ethics Committee for the Department of Medicine, Hospital
District of Helsinki and Uusimaa, Helsinki, Finland approved the
study. All volunteers gave permission to publish the results.

Results

Table 1 shows the mean values of AR concentrations in plasma
and erythrocyte membranes with their standard error of mean
(SE) and range after week 1 and week 2. The change (95 % CI)
in the concentrations during the follow-up is also presented. We
found no AR in plasma or erythrocyte membranes from the
person following a gluten-free diet.

Table 2 shows mean percentages of AR C17:0, C19:0, C21:0,
C23:0 and C25:0 with their range (95 % CI) in plasma and eryth-
rocyte membranes calculated as an average from eight subjects
after consuming whole-grain rye and wheat products for the
second week of the study. The ratio of different AR homologues
in plasma and erythrocyte membranes is also shown.

Discussion

As expected by the nature of lipophilic AR and in vitro studies,
AR are incorporated into human erythrocyte membranes after
whole-grain rye and wheat intake and can be quantified from
the membranes. This is in agreement with earlier studies with
rats, where AR were found in the adipose tissue and in low
amounts in the blood cell fraction of whole blood (Ross et al.
2003a).

There was less individual variation in erythrocyte membrane
AR concentrations than in plasma after avoiding whole-grain

Table 1. Plasma and erythrocyte membrane concentrations in Group | (n 4) and Il (n 4) after weeks 1 and 2t

(Mean values with their standard errors and range; also the increase (95 % Cl) in the concentrations during the fol-

low-up)
Plasma (nmol/l) Erythrocytes (nmol/l of packed cells)
Mean SE Range Mean SE Range
Group |
Week 1 324 12.2 4.4,55.5 17.2 2:6 13-2,24-3
Week 2 207 54.7 56-3, 288 248 657 136, 436
Increase 175* 58-3 6-36, 269 231 63.7 119, 412
Group Il
Week 1 37-8 15-4 10-8, 69-0 625 25-8 16-7, 136
Week 2 41.2 235 11.0, 110 69-6 17.7 25-8, 107
Increase 3-44 NS 14.3 —28-2,41.2 7-01 NS 14.9 —29:5,43:5

Mean values were significantly different from those at the beginning (paired samples test): *P=0-036, **P=0-058.

1 For details of diets and procedures, see pp. 11-12.

Table 2. Average percentages of AR homologues C17:0, 19:0, 21:0, 23:0 and 25:0 in plasma and erythrocyte mem-
branes (n 8) after whole-grain rye and wheat intake, and the ratio of different homologues in plasma and erythrocytes

(Mean values with their range (95 % CI))

C17:0 C19:0 C21:0 C23:0 C25:0
Plasma (%) 13 34 14 5
(6, 16) (32, 35) (31, 42) (13, 14) (4,9)
Erythrocyte membranes (%) 5 36 16 12
(3,9 (28, 33) (30, 41) (10, 20) (10,13)
Plasma/erythrocyte membranes 3-0** 0-94 0-89 0-50*
(1-6, 4-9) (1-0,1-2) (0-85, 1-0) (0-68, 1-4) (0-29, 0-81)

The ratio was significantly different (paired samples test): *P<0-05, **P<0-001.
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products in Group I. This suggests that AR could be stored in
erythrocytes and probably in other tissues, and their liberation
from tissues could explain AR present in plasma after avoiding
whole-grain products. After intake of whole-grain rye and
wheat products a clear increase in plasma AR levels was seen
in all but one subject. Erythrocyte membrane AR levels increased
significantly in all subjects to the same level or higher than
plasma. In Group II, plasma and erythrocyte membrane AR
levels remained stable, and this stability can be an advantage if
AR are used as a biomarker. Higher plasma and erythrocyte mem-
brane AR concentrations after the second week in Group I com-
pared to Group II could be explained by higher whole-grain rye
product intake. Storage of AR in body tissues during steady
intake could also explain lower levels of AR in Group II. No
AR were detected in plasma or erythrocyte membranes from the
subject following a gluten-free diet that included no rye, wheat
or barley cereals, which indicates that intake of AR from other
sources apart from whole-grain rye and wheat is nil.

AR homologue compositions were calculated as an average of
eight subjects, reflecting the homologue patterns after both rye
and wheat bread intake. The mixed pattern can be seen when
compared to the literature values of AR homologues in rye and
wheat grains (Ross et al. 2003d). We found that longer-chain
AR are incorporated into erythrocyte membranes in a higher pro-
portion than shorter-chain AR. This result is in agreement with
previous in vitro studies (Kozubek, 1989). AR have high octa-
nol—water partition coefficients (log P o/w), being about 11 for
C19:0 (Kozubek, 1995), and are therefore easily incorporated
into the membranes. A higher proportion of longer-chain AR in
membranes can have relevance when their biological properties
are considered.

This study did not address the kinetics of AR in plasma and
erythrocytes or provide data to correlate the plasma and erythro-
cyte membrane AR concentrations to the intake of rye bread or
AR from the diet. Such studies are under way. A small number
of subjects sets limits to the statistical calculations performed in
this study. This study suggests that AR concentrations in
plasma and erythrocyte membranes react to the changes in the
diet and supports the usability of AR as biomarkers of whole-
grain rye and wheat. Erythrocyte —membrane AR
concentrations could reflect long-term AR and therefore whole-
grain rye and wheat intake and could be more suitable as their
long-term biomarkers compared to plasma. To confirm this
idea, larger, dose-dependent studies are needed.
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