
ABSTRACT:  The flaxseed lignans secoisolariciresinol (SECO)
and its diglucoside secoisolariciresinol diglucoside (SDG) are re-
ported to have a number of health benefits associated with their
consumption that have in part been attributed to their antioxi-
dant properties. In this study the relative antioxidant capacity of
the flaxseed lignans vs. BHT was determined in two model sys-
tems. First, an antioxidant stoichiometric value was determined
for SECO and SDG in a liposomal system as a mimic of lipid per-
oxidation. Stoichiometric values for SECO (1.5) and SDG (1.2)
vs. BHT (2.0) were measured from the lag time for the formation
of conjugated dienes; all values were significantly different (P <
0.01). Second, the ability of flaxseed lignans to prevent oxidative
degradation of canola oil was determined. Samples were stored
at room temperature and analyzed at 30-d intervals over 120 d
using a RancimatTM analyzer. The lignans prevented degrada-
tion of canola oil, as measured by induction time, in a concen-
tration-dependent manner. Although SECO demonstrated a trend
for better protection than either SDG or polymer containing
SDG, they were not significantly different (P > 0.01). There was
also no significant difference between SECO or SDG and BHT,
suggesting flaxseed lignans may be good alternatives to minimize
rancidity in oil-based food products.
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Flaxseed consumption has been demonstrated to exhibit poten-
tial health benefits including decreased tumor growth, reduced
serum cholesterol levels, and decreased formation of breast,
prostate, and colon cancers (1–4). These health benefits may
be the result of the oil in flaxseed, which has a high content of
α-linolenic acid (18:3 ω-3) (approximately 59%), or the
polyphenolic lignans that are present in the meal (1,5,6). The
major lignan present in flaxseed is secoisolariciresinol (SECO)
(Scheme 1) (2). Free SECO is not found in the meal, rather it is
present as the diglycoside SDG (7–11) (Scheme 1), which is
incorporated into a polymer that is ester-linked via 3-hydroxy-
3-methylglutaric acid moieties (12,13). Flaxseed is the richest
source of food lignans, and can contain 75–800 times more

than other food sources (2.0 mg/g based on seed dried weight)
(1,14).

SECO and SDG are metabolized in the gastrointestinal tract
to the mammalian lignans enterodiol (END) and enterolactone
(ENL), which also have been associated with beneficial health
effects in humans (2,15,16). Several studies have suggested
that the antioxidant properties of SECO, SDG, END, and ENL
are associated with their beneficial effects (15,17,18,19). 

The exposure of vegetable or animal fats to oxygen at ambi-
ent temperature can result in autoxidation leading to lipid per-
oxides (20,21). Lipid peroxidation can result in rancidity of fats
and oils, which affects the odor, taste, and nutritional values of
these products. The main purpose of using antioxidants in veg-
etable oils is to prevent or delay the autoxidation process, thus
extending the shelf life of the product and minimizing nutri-
tional losses (21). Antioxidant food preservatives that are cur-
rently used, phenols such as BHT and BHA, inhibit lipid per-
oxidation by trapping peroxyl radicals and preventing peroxyl
radical chain propagation from occurring (21). Potential liver
toxicity from chronic use of these compounds, however, has
caused some concerns (22).

This study investigates the antioxidant properties of flaxseed
lignans to determine whether they might be suitable alternatives
to BHT in terms of food preservation. Flaxseed lignans are nat-
ural products with no known toxicity (23), and they may also
have potential health benefits associated with their consump-
tion. This study aims to determine the relative abilities of SECO,
SDG, SDG polymer, and BHT to prevent lipid peroxidation.
Two model systems were used to measure these properties.
First, a peroxyl radical-mediated liposomal oxidation system
was used to calculate an antioxidant stoichiometric value, which
measures the number of radicals consumed per molecule of an-
tioxidant (15). Second, the ability of each antioxidant to inhibit
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rancidity in a commercially available vegetable oil via measure-
ment of lipid oxidation levels using a RancimatTM analyzer was
determined (24,25). This study suggests flaxseed lignans, espe-
cially SECO, may be suitable alternatives to BHT for the pre-
vention of lipid oxidation.

EXPERIMENTAL PROCEDURES

Materials. Canola oil (CriscoTM; J.M. Smucker Co., Orrville,
OH) was purchased from a commercial source in Saskatoon.
The oil was free of added antioxidants or preservatives. SECO,
SDG, and SDG polymer were obtained from Agriculture and
Agri-Food Canada (Saskatoon, Canada). SECO and SDG were
≥99% pure by HPLC and are present as the (R,R) (+)-enan-
tiomer as determined by optical rotation using a Jasco P-1010
polarimeter (glass cell; length: 100 mm) (Jasco Corp., Tokyo,
Japan). The optical rotation was determined to be: SECO
[α]22

D = +35 (c 0.20, CH3OH) and SDG [α]22
D = +0.02 (c

0.20, CH3OH). BHT and Tris-HCl were purchased from Sigma
(St. Louis, MO), 2,2′-azobis(2-amidinopropane) (AAPH) was
from Monomer-Polymer & Dajac Labs, Inc. (Feasterville, PA)
and 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC) was
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All
solvents were HPLC grade. Water was purified using a Milli-
pore Super Q water system with one carbon cartridge followed
by two ion exchange cartridges (Bedford, MA). UV spectra
were recorded using quartz cuvettes (VWR Canada) on an Ag-
ilent 8453 UV/vis photodiode array (PDA) spectrophotometer
with ChemStation software (Agilent Technologies Canada Inc.,
Mississauga, ON). 

Antioxidant stoichiometry. Antioxidant stoichiometry was
measured using a modification of the method of Liebler and
Burr (26). A liposomal oxidation mixture was prepared, using
BHT, AAPH, and DLPC. The stoichiometric ratio of SECO
and SDG was measured by comparison of the lag time for con-
jugated diene formation (at 240 nm) in the presence of SECO
and SDG vs. the lag time for conjugated diene formation in the
presence of a standard antioxidant (BHT). The stoichiometric
ratio (n) for peroxyl radical trapping was calculated from the
following equation: n = Ri τ/[ArOH], where Ri (mM min−1) is
the rate of chain initiation, [ArOH] is the concentration of the
antioxidant, and τ is the length of induction time (min) (26).

Liposomes were prepared following a modification of the
method of Azuma et al. (27). Briefly, BHT in hexane (0.80
mM) was added to a screw-capped wide-mouthed 5-mL vial,
and the hexane evaporated under nitrogen. To the vial was
added 5 mg DLPC in chloroform, and the chloroform was
evaporated under nitrogen to obtain a thin-film coating of
DLPC. Tris-HCl buffer (0.6 mL), pH 7.0, was added, and the
mixture was vortex-mixed for 1 min, resulting in a multilamel-
lar dispersion. The suspension was then transferred into a small
LiposoFast™ extrusion device (Avestin Ltd., Ottawa, Canada),
outfitted with a polycarbonate membrane (100-nm pore size).
The suspension was passed through the membrane 17–20 times
to obtain a homogeneous unilamellar liposome. The unilamel-
lar liposome (0.5 mL) was then transferred to a new screw-

capped 1.5-mL HPLC vial with a septum on top and diluted
with 800 µL of pre-warmed (50°C) Tris-HCl buffer, pH 7.0.
The lipid peroxidation reaction was initiated by adding 200 µL
of AAPH (0.2 mM in water) solution to a final volume of 1.5
mL to minimize headspace oxidation. The vial was sampled
through the septum via syringe to minimize the introduction of
air to the system. Oxidations were carried out at 50°C in the
dark; a control reaction was performed in the absence of BHT.
Conjugated diene formation was measured by removing 30-µL
aliquots, which were dissolved in 970 µL methanol to a final
volume of 1.0 mL. Aliquots were removed at 2-min intervals
for 20 min and at 5-min intervals until 30 min. Absorbance was
measured at 240 nm using methanol as a blank. SECO and
SDG were analyzed using the same concentration as BHT
(0.80 mM). Owing to incomplete dissolution of SECO and
SDG in hexane, the procedure was modified slightly. To a vial
was added 5 mg DLPC in chloroform, and the chloroform was
evaporated under nitrogen. To this vial was then added a solu-
tion of SDG or SECO dissolved in Tris-HCl buffer (0.6 mL).
Other oxidation reaction parameters were the same as those
used for BHT. For each analysis, three individual samples were
prepared in duplicate, and the data were analyzed statistically
by using the Microsoft™ program Excel. Errors were ex-
pressed as the SD of the mean.

Rancidity test. The ability of BHT, SECO, SDG, and SDG
polymer (comprising mainly HMG-linked SDG) to maintain
the shelf life of a commercially available cooking oil was de-
termined by measuring the induction time for autoxidation of
canola oil in the absence or presence of an antioxidant using a
Rancimat™ analyzer (model 743; Metrohm Ltd., Herisau
Switzerland) following AOCS method Cd 12B-92 (28). Two
studies were carried out. First, a pilot study compared SECO
with BHT at different weight concentrations (10, 20, and 30
mg/100 g oil) of antioxidant or a control reaction containing no
antioxidant. BHT is typically present in concentrations of at
least 75 mg/kg in foods (24,25). A second study was performed
in which samples were treated with different molar concentra-
tions (0.04, 0.06, and 0.08 mmol/100 g oil for BHT, SECO, and
SDG; 10, 20, and 30 mg/100 g oil for SDG polymer) of antiox-
idant or a control reaction containing no antioxidant. Samples
were stored at room temperature (23°C) in sealed glass con-
tainers in the dark and were analyzed at 30-d intervals over 120
d. For each analysis, 3 g of sample was placed in a clean Ranci-
matTM measuring tube; the contents of the tube were then heated
at 110 ± 2°C and subjected to a stream of air (flow of 20 L/h).
The volatile oxidation products bubbled through individual
cells containing doubly deionized water, and the conductivity
of the water was measured. A change in conductivity was re-
ported as the induction time (IT). Data are the mean of at least
two replications.

Analytical HPLC. The products of AAPH-mediated BHT
oxidation were determined using an Alliance HPLC (Waters
Inc., Milford, MA) on a Symmetry reversed-phase C18 column
(3 × 150 mm, 5 µm particle size; Waters Inc.). The mobile
phase consisted of 0.05% (vol/vol) trifluoroacetic acid (TFA)
in H2O (solvent A) and 0.05% (vol/vol) TFA in acetonitrile
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(solvent B). A gradient elution was performed, using a flow
rate of 0.4 mL min−1, with 2% solvent B isocratic for 10.0 min;
increased to 40% solvent B over 2 min; isocratic at 40% for 3
min then decreased to 2% over 2 min and isocratic at 2% B for
5 min. Peaks were detected using a 996 UV/vis PDA detector
(Waters Inc.) with full spectral scans (200–400 nm).

LC-MS analysis. The reaction products of AAPH-mediated
oxidation of BHT in DLPC liposomes were analyzed via MS.
LC-MS data were determined using the same high-perfor-
mance liquid chromatograph already indicated, connected to a
Quattro-LC (Micromass UK Ltd., Manchester, United King-
dom) equipped with electrospray ionization (ESI)-MS (±)
sources (Micromass). HPLC analysis was performed by apply-
ing the same gradient as for the analytical HPLC except 0.05%
formic acid was used instead of 0.05% TFA.

Statistical analysis. Two-way ANOVA was performed using
SAS (Cary, NC). The differences were considered significant
when P < 0.01.

RESULTS AND DISCUSSION 

Stoichiometric ratio (n) determination. BHT (n = 2) was used
as a standard for antioxidant activity to determine an Ri value
(0.09 ± 0.01 mM min–1) from AAPH-mediated lipid peroxida-
tion of DLPC liposomes at 50°C (τ = 17.8 ± 0.04 min) (26). An
n of 2 was confirmed for BHT by analyzing products of the
BHT/AAPH/DLPC reaction. LC-MS data showed that BHT
formed one major oxidation product (retention time = 2.6 min,
ESI (m/z 337 [M – H]– and m/z 335 [M + H]+), λmax 350 nm)
consistent with a cyclohexadiene-peroxyl radical adduct (26).
The Ri value was then used to calculate n for each antioxidant
(Table 1). HPLC analyses of a control mixture of BHT, AAPH,
and DLPC at room temperature indicate no interaction oc-
curred between the components in the absence of heat.

A plot of absorption (240 nm) vs. time (min) for a control
reaction in the absence of antioxidant was linear for conjugated
diene formation over 20 min (Fig. 1). In the presence of antiox-
idant, lag time was determined from the intercept of two lines
representing the delay prior to the onset of lipid peroxidation
and the oxidation phase, when the antioxidant (BHT, SECO, or
SDG) had been consumed. This is demonstrated in Figure 2,
where the line representing delay (y = 0.0035x + 0.3621) and
the line representing the onset of lipid peroxidation (y =
0.0174x + 0.1762) in the presence of 0.80 mM SECO are

shown. SECO delayed AAPH-induced lipid autoxidation by
13.3 min. The stoichiometric ratios (n) for BHT, SECO (1.5 ±
0.05), and SDG (1.2 ± 0.1) are significantly different (Table 1).
This suggests that both SECO and SDG are less potent antioxi-
dants than BHT, although SECO is superior to SDG. 

Induction time determination. The results for the pilot study
comparing SECO with BHT by weight (mg) per 100 g oil are
shown in Table 2. There was no significant difference between
the induction times at time = 0 for control, BHT, and SECO at
all concentrations. Protection against autoxidation was concen-
tration-dependent, as induction times were significantly differ-
ent for BHT at 10, 20, and 30 mg and for SECO at 10, 20, and
30 mg. Induction time decreased with increasing storage time
for all samples. Induction times for both BHT and SECO were
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TABLE 1
Stoichiometric Ratio (n) for SECO (0.80 mM) and SDG (0.80 mM)
Inhibition of AAPH-Mediated Peroxidation of DLPC Liposomesa,
pH 7.4, 50°C

Ri value Stoichiometric ratio
Sample Lag time (min) (mM min–1) n

SECO 13.4 ± 0.1 0.09 ± 0.01 1.5* ± 0.2
SDG 10.8 ± 0.03 0.09 ± 0.01 1.2* ± 0.03
aData are expressed as mean ± SD. *P < 0.01 compared with BHT. SECO,
secoisolariciresinol; SDG,secoisolariciresinol diglucoside; AAPH, 2,2′-azo-
bis-(2-amidinopropane); DLPC, 1,2-dilinoleoyl-sn-glycero-3-phospho-
choline; Ri, rate of chain initiation.

FIG. 1. Conjugated diene formation as a measure of AAPH-mediated
peroxidation of DLPC liposomes (pH 7.4, 50°C). ABS, absorbance.

FIG. 2. Conjugated diene formation for the determination of antioxi-
dant-mediated lag time (min) for AAPH-mediated peroxidation of DLPC
liposomes at pH 7.4, 50°C, in the presence of 0.80 mM secoisolari-
ciresinol. For abbreviations see Table 1.



significantly longer than control at all concentrations; however,
BHT and SECO were not significantly different from each
other. These data suggest that, on a per weight basis, SECO is
comparable with BHT for the prevention of canola oil autoxi-
dation. SECO, however, has a M.W. of 362 g/mol whereas
BHT has a M.W. of 220 g/mol; therefore, 10 mg of BHT corre-
sponds to 0.045 mmol and 10 mg of SECO corresponds to
0.027 mmol. This suggested that each molecule of SECO
demonstrates a capacity for protection against autoxidation in
our system nearly 1.6 times greater than BHT.

The results for the second study, comparing the ability of
BHT and flaxseed lignans to protect against autoxidation in the
model system on a per mole basis, are shown in Table 3. Induc-
tion time decreased with increasing storage time for control and
all antioxidants. Protection against autoxidation was concen-
tration-dependent, as induction times for BHT, SECO, and
SDG were significantly different at 0.04, 0.06, and 0.08 mmol.
Antioxidant induction time was significantly different from
control at all concentrations; however, BHT, SECO, and SDG
were not significantly different from each other. These results
suggest that flaxseed lignans should be effective at preventing
autoxidation of canola oil at the typical concentrations cur-
rently used for BHT in food. 

SDG polymer was also included in this study (7,12). A spe-
cific M.W. cannot be assigned to the polymer, although a lower
limit of 35 wt% SDG in the polymer (7,12) allows an estimate
of SDG equivalents such that 10, 20, and 30 mg/100 g oil cor-
respond to SDG concentrations of 0.0044, 0.0087, and 0.0131
mmol/100 g oil, respectively. Therefore, the results for SDG
polymer in this study cannot be compared directly with the
other antioxidants. It is important to note that other phenolics,
including cinnamates, are present in unknown amounts in SDG
polymer, and these may contribute to the antioxidant effects
(7). SDG polymer showed significant concentration-dependent
increases in induction time vs. control (Table 3). A tentative
comparison of induction times for the SECO results at 120 d
from our pilot study (Table 2) suggests that 10 mg of SDG
polymer/100 g oil (9.10 h) compares favorably with 10 mg of
SECO/100 g oil (9.01 h). SDG polymer may be the most eco-
nomically feasible form of flaxseed lignans to use in the role of
food preservative since SDG polymer requires fewer process-
ing steps and is likely to be less expensive to isolate than SECO
or SDG.

The stoichiometric ratio study shows that SECO is a better
antioxidant than SDG; the induction time study shows a simi-
lar trend, although the results are not statistically significant.
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TABLE 2
Induction Time (h) Measured Using a Rancimat at 110ºC for BHT and SECO at 10, 20, and 30 mg/100 g Oil at Different Storage Timesa (d)

Induction time (h)

Storage time SECO 2 SECO 2 SECO 2 BHT 17 BHT 17 BHT 17
(d) Control (10 mg) (20 mg) (30 mg) (10 mg) (20 mg) (30 mg)

0 11.29 ± 0.04 11.26 ± 0.06 11.28 ± 0.04 11.25 ± 0.01 11.33 ± 0.01 11.29 ± 0.04 11.36 ± 0.02
30 10.38 ± 0.02 10.68* ± 0.02 10.98* ± 0.01 11.13* ± 0.05 10.61* ± 0.08 11.05* ± 0.06 11.17* ± 0.04
60 9.93 ± 0.02 10.19* ± 0.02 10.44* ± 0.02 10.98* ± 0.03 10.22* ± 0.04 10.86* ± 0.04 11.11* ± 0.05
90 8.62 ± 0.01 9.77* ± 0.04 10.21* ± 0.01 10.62* ± 0.02 9.92* ± 0.01 10.50* ± 0.08 10.82* ± 0.04

120 7.09 ± 0.04 9.01* ± 0.01 9.16* ± 0.02 10.03* ± 0.04 9.05* ± 0.02 9.44* ± 0.01 10.27* ± 0.06
aSamples were stored at 23ºC. Data are expressed as mean ± SD. * P <0.01 compared with control. For abbreviation see Table 1.

TABLE 3
Induction Time (h) Measured Using a Rancimat at 110ºC for BHT, SECO, and SDG at 0.04, 0.06, and 0.08 mmol/100 g Oil and SDG Polymer
at 10, 20, and 30 mg/100 g Oil at Different Storage Timesa (d)

Induction time (h)

Storage time SECO SECO SECO BHT BHT BHT
(d) Control (0.04 mM) (0.06 mM) (0.08 mM) (0.04 mM) (0.06 mM) (0.08 mM)

0 11.43 ± 0.02 11.45 ± 0.15 11.60 ± 0.02 11.61 ± 0.06 11.45 ± 0.06 11.60 ± 0.08 11.63 ± 0.13
30 10.06 ± 0.01 11.12* ± 0.18 11.46* ± 0.07 11.27* ± 0.07 11.22* ± 0.07 11.40* ± 0.04 11.59* ± 0.06
60 8.90 ± 0.02 10.52* ± 0.24 10.93* ± 0.03 11.16* ± 0.02 10.72* ± 0.08 11.16* ± 0.13 11.51* ± 0.06
90 7.74 ± 0.03 9.93* ± 0.05 10.42* ± 0.07 10.65* ± 0.03 10.14* ± 0.19 10.68* ± 0.06 11.07* ± 0.13

120 6.76 ± 0.02 9.37* ± 0.61 9.95* ± 0.14 10.23* ± 0.04 9.46* ± 0.19 10.39* ± 0.21 10.65* ± 0.13

Storage time SDG SDG SDG SDG SDG SDG
(d) Control (0.04 mM) (0.06 mM) (0.08 mM) polymer (10 mg) polymer (20 mg) polymer (30 mg)

0 11.43 ± 0.02 10.96 ± 0.14 11.25 ± 0.07 11.35 ± 0.13 11.41 ± 0.08 11.50 ± 0.13 11.50 ± 0.02
30 10.06 ± 0.01 10.63* ± 0.17 10.84* ± 0.10 11.10* ± 0.08 10.82* ± 0.12 11.02* ± 0.08 11.24* ± 0.22
60 8.90 ± 0.02 10.00* ± 0.18 10.70* ± 0.06 10.78* ± 0.12 10.31* ± 0.09 10.60* ± 0.03 10.91* ± 0.11
90 7.74 ± 0.03 9.36* ± 0.05 10.36* ± 0.12 10.17* ± 0.12 9.70* ± 0.13 10.19* ± 0.05 10.58* ± 0.04

120 6.76 ± 0.02 8.86* ± 0.12 9.25* ± 0.42 9.80* ± 0.02 9.10* ± 0.12 9.70* ± 0.02 10.18* ± 0.04
aSamples were stored at 23ºC. Data are expressed as mean ± SD. *P < 0.01 compared with control. For abbreviations see Table 1.



This trend, i.e., that SECO may confer better protection than
SDG, may be due to one of two reasons. First, the alcohol
groups on SECO, which are connected to glucose in SDG, may
be an important contributor to antioxidant activity. Second, the
glucose moieties on SDG and SDG polymer cause them to be
less lipid soluble than SECO; thus, SDG and SDG polymer
may not incorporate into the oil as well as SECO or BHT. 

There has been no reported evidence of SECO, SDG, or
SDG polymer-induced toxicity. In vitro studies have found
SECO to be nongenotoxic to microtubule stability, induction
of mitotic arrest, micronuclei induction, and mutagenicity of
the hypoxanthine guanine phosphoribosyltransferase gene
locus in cultured Chinese hamster V79 cells and to cell-free mi-
crotubule formation (23). This indicates that flaxseed lignans
may be useful as alternative natural antioxidant preservatives
and may be applicable in this role in vegetable oils and possi-
bly in other foods. It may also be attractive to include flaxseed
lignans as a preservative in vegetable oils because of the po-
tential to provide additional health benefits as antioxidant or
antiestrogenic compounds. The requirement for increased
amounts of flaxseed lignans for this purpose could also provide
a value-added economic benefit to flaxseed growers.
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