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ABSTRACT: Commercial rapeseed press cakes are rich
sources of phenolic compounds, namely, sinapic acid deriva-
tives, which can be extracted as free sinapic acid and its bound
forms (such as sinapine, the choline ester of sinapic acid). Frac-
tionated rapeseed extracts rich in sinapic acid and sinapine
were compared for their capacity to inhibit the formation of
lipid oxidation products. Oxidation at 40°C was monitored by
the formation of hydroperoxides (indicating primary oxidation
products) and propanal (secondary oxidation products). The
70% methanolic extract of rapeseed meal, added as an equiva-
lent of 500 pmol/kg oil (based on sinapic acid equivalent for
sinapic acid-rich extracts or sinapine equivalent for sinapine-
rich extracts) showed good antioxidative activity compared with
the addition of 500 umol/kg oil sinapic acid. Apart from this,
the interaction between a mixture of a-/y-tocopherol and
sinapic acid was investigated using response surface methodol-
ogy for the experimental design. The experiments indicated that
the addition of sinapic acid (concentration dependent) caused
inhibition of peroxide formation, complementing further lower
endogenous tocopherol concentration in oils.
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Rapeseed and mustardseed are processed into oil, leaving a
by-product normally referred to as meals. Meals (press cakes)
contain, after the extraction of oil, large amounts of phenolic
compounds. The interest in extraction of phenolic compounds
from the by-product of rapeseed oil processing arises because
they are a source of a significant amount of endogenous an-
tioxidative compounds. However, these antioxidative pheno-
lic compounds contribute to the dark color, bitter taste, and
astringency of rapeseed meals. They may also interact with
amino acids, enzymes, and other food components, thus in-
fluencing the nutritional significance of the meal (1,2). On the
other hand, the phenolic compounds can be extracted with
pure or aqueous solvents such as methanol, isopropanol, and
ethanol and used as natural antioxidants to complement the
main antioxidant component of rapeseed oil, namely, the to-
copherols. Sinapic acid (SA), the main phenolic compound

This paper was initially presented at the 95th AOCS Annual Meeting and
Expo in Cincinnati, Ohio, May 1-4, 2004.

*To whom correspondence should be addressed at Institute of Human Nutri-
tion and Food Science, Heinrich Hecht Platz 10, Christian-Albrechts Uni-
versity Kiel, 24118 Kiel, Germany. E-mail: thiyam @ivv.fraunhofer.de

Copyright © 2006 by AOCS Press

523

of rapeseed, constitutes over 73% of free phenolic acids and
about 80-99% of the total phenolic acids, mainly occurring
as esters and glucosides (3,4). Sinapine, the choline ester of
SA, is the main phenolic ester in rapeseed meals. The most
active antioxidative components of press cake from canola
(which is also a member of the Brassicacae) and of the polar
fraction of rapeseed oil have been identified as 1-O-B-D-glu-
copyranosyl sinapate, an SA derivative (5), and vinylsyringol,
a decarboxylation product of SA (6).

SA is a potent radical scavenger and antioxidant in several
lipid-containing systems (7). In addition, SA has peroxyni-
trite (ONOQO") scavenging activity and can be used for pro-
tection of cellular defense activity against ONOO—involved
diseases (8). When compared with other phenolic acids such
as caffeic acid, ferulic acid, p-coumaric acid, and reference
antioxidants such as BHA, Trolox, and o-tocopherol, SA at
concentrations of 500 pmol/kg oil was effective in inhibiting
the formation of conjugated diene (CD) hydroperoxides (9).
However, aspects of extraction of the main phenolic com-
pound SA in the free or esterified form, namely sinapine, for
stabilization of rapeseed oil, needs to be investigated to un-
derstand whether it complements the tocopherols, the main
antioxidative compound of rapeseed oil. Furthermore, the an-
tioxidative capacity of the individual phenolic compounds as
related to their concentration and form (free or bound) needs
to be studied. Currently, refined rapeseed and cold-pressed
rapeseed oils are common in the edible oil markets. However,
the rapeseed oils are subjected to high temperatures during
extraction and processing, which removes many phenolics,
including SA derivatives. The amounts of phenolics were
greatest in crude expelled rapeseed oil, i.e., after pressing, and
decreased with an increasing degree of refining (6). To main-
tain a high content of phenolic compounds in the oil after re-
fining, phenols extracted from the rapeseed meal could be
added back to the refined oil, resulting in a value-added rape-
seed oil. At present, food manufacturers use food-grade com-
mercial antioxidants to prevent quality deterioration and to
maintain the nutritional value of different food products in-
cluding oils and products containing oil. The objective of the
study was to investigate the antioxidative capacity of individ-
ual phenolic compounds of rapeseed meal with respect to
their concentration and form (free or bound) independent of
and together with the tocopherols, the main antioxidative
compound of rapeseed oil.
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MATERIALS AND METHODS

Materials. Commercial rapeseed meal was procured from Teu-
toburger Olmiihle GmbH (Ibbenbiiren, Germany). Refined
rapeseed oil for stripping was purchased from a German rape-
seed oil company, Olmiihle Ditzingen GmbH (Ditzingen, Ger-
many). All antioxidants including SA were from either Sigma
(Diesenhofen, Germany) or Merck (Darmstadt, Germany). All
solvents used were of analytical grade. Sinapine as thiocyanite
salt was used for calibrations related to sinapine.

Preparation of fractionated and nonfractionated extracts
from rapeseed meal. Defatted meal (1 g with negligible oil
content) was extracted three times with 9 mL each of extrac-
tion solvent (70% methanol, i.e., methanol/water 70:30) using
ultrasonication (50 s each time) followed by centrifugation
under refrigerated conditions (10 min at 5000 X g) and filtra-
tion. The extract was made up to a total volume of 25 mL.
This extract was added as a nonfractionated extract in rape-
seed TG based on sinapine content. Meal extracts were frac-
tionated into free phenolics and esterified phenolics accord-
ing to the method of Krygier et al. (3). Briefly, defatted rape-
seed meal was extracted with 70% methanolic solution (6 X
~20 mL), then the total extract was concentrated to ~20 mL.
Further, diethyl ether was used to extract the free SA-contain-
ing fraction from the concentrated extract, denoted as free ex-
tract. The aqueous fraction was the bound extract. All the
fractions were redissolved in a known amount of methanol.

Characterization of main phenolic compounds in rapeseed
meal extract. Fractionated rapeseed meal extracts were ana-
lyzed by HPLC (Agilent 1100 series instrument; Agilent,
Waldbronn, Germany) for SA derivatives at 330 nm and for
vinylsyringol, a decarboxylated product of SA, at 275 nm. A
gradient elution was performed using water/methanol (90:10)
with 1.25% o-phosphoric acid as solvent A and methanol
(100%) with 0.1% o-phosphoric acid as solvent B on a C-8
Chrospher column (250 X 4 mm; Knauer GmbH, Berlin, Ger-
many) at 0, 7, 20, 25, and 28 min with 10, 20, 45, 70, and 100%
B with a post-run of 3 min. Peaks were identified by compar-
ing their relative retention times with those of authentic stan-
dards of SA, sinapine, and sinapoyl-glucose. For vinylsyringol
(275 nm), the identification was carried out by comparing the
order of retention times with those in the literature.

Incubation with added antioxidants. Rapeseed oils were
purified according to the adsorption chromatography method
of Lampi ef al. (10) to strip the rapeseed oils of natural an-
tioxidants, trace metals, and FFA. Rapeseed TG (~20 g) were
incubated at 40°C and monitored for the formation of oxida-
tion products. Antioxidants and extracts were added to the oil
in aliquots of 50-200 UL methanol or ethanol. The fractions
containing free phenolic compounds (free phenolic fraction),
bound phenolic compounds (bound-phenolic fraction), and
the nonfractionated extract (70% methanolic extract) were
added to stripped rapeseed oil at a concentration that was
equivalent to 500 pumol/kg oil of phenolic compounds (SA
equivalent for SA-rich fraction and sinapine equivalent for
sinapine-rich fraction as quantified by HPLC, 330 nm).
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Measurement of oxidation products. CD were measured
according to the method of Stockmann et al. (11). Aliquots
(~10 mg) of oil were dissolved in 5 mL isopropanol, vor-
texed, and directly measured at 234 nm (DU-530 UV/vis
spectrophotometer; Beckman, Fullerton, CA) and calculated
as mmol hydroperoxides/kg of oil as previously described by
Stockmann et al. (11).

Hydroperoxides were measured using the standardized fer-
ric thiocyanite method according to Stockmann et al. (11).
Aliquots (10 mg) of oxidized oil were dissolved in 5 mL of
isopropanol and vortexed for 30 s; then50 pL ferrous solution
and 50 pL thiocyanite solution were added and the solution
was vortexed again for 10 s. After incubating in a water bath
at 60°C for 30 min and then cooling to ambient temperature,
the absorbances of the samples were measured at 485 nm
against a blank without oil samples. Results were expressed
as mmol hydroperoxides/kg of sample.

Propanal was measured as an indicator for secondary oxi-
dation products using static headspace GC according to the
method of Frankel (12). Approximately 1000 mg of lipids
was weighed into headspace vials, hermetically closed imme-
diately, and incubated at 70°C for 15 min.

Central composite design (CCD) for testing oxidative sta-
bility of rapeseed triglycerides with added natural antioxi-
dants. The response-surface method (RSM) for analyzing
these experiments was based on a CCD generated using the
software design expert v6.0.10 (Stat-Ease, Inc. Minneapolis,
MN).

Terminology in the context of RSM (13). Calculation is
made of the adjusted R%ie., adjusted for the number of terms
in the model relative to the number of points in the design, as
follows:

SSresidual/DFresidual

adjusted R>= - -
(SSresidual+SSmodel)/(DFresidual+ DFmodel)

(1]

where degrees of freedom (DF) denotes the number of inde-
pendent comparisons available to estimate a parameter (the
number of model parameters minus 1) and sum of squares
(SS) denotes the total of the sum of squares for the terms in
the model, as reported in the “model screen” for RSM de-
signs.

SA was used at a concentration of 50 (low, —1) and 500
umol/kg oil (high, +1), while the tocopherol mixture (ratio of
Y/ou 3.5:1) was used at a concentration of 50 (low, —1) and
1000 umol/kg oil (high, +1) as presented in Table 1. The re-
sponses used were the protection factor (PF) estimated to
reach a CD value of 25 mmol/kg oil (response 1), a hydroper-
oxides value of 50 mmol/kg oil (response 2), and propanal
formation (response 3) at the fifth week of the incubation
study (Table 2).

Protection factor (PF) was calculated as:

PF(d)=(S-0)/C (2]

where C = days for the control sample to reach a hydroperox-
ides value of 50 mmol/kg oil or a CD value of 25 and S = days
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Central Composite Design for Testing Optimal Concentration of Sinapic Acid

and Tocopherol Content in Rapeseed Oil

Levels
Independent Low-actual High-actual
variable (pmol/kg oil)  Low-coded  (pmol/kg oil)  High-coded
Sinapic acid (SA) 50 =1 500 +1
Tocopherol mixture (Toco-mix) 50 -1 1000 +1

for the oxidized sample to reach a hydroperoxides value of
50 mmol/kg oil or a CD value of 25.

RESULTS AND DISCUSSION

Antioxidant activity of extracts, SA, and sinapine. The extrac-
tion of phenolic compounds from commercial rapeseed meal
was carried out with aqueous alcohol (70:30 methanol/water)
as this extraction solvent showed the best efficiency with re-
spect to phenolic concentration (9).

The fractions containing free-SA (free phenolic fraction),
bound-SA, or sinapine (bound phenolic fraction) non-frac-
tionated extract (70% methanolic extract) were compared
with SA, and sinapine.

Figures 1 and 2 depict the formation of hydroperoxides
and propanal, respectively, in stripped rapeseed bulk oils.
Whereas SA and the free phenolic fraction (containing over
90% SA) caused marked inhibition of the formation of hy-
droperoxides and propanal, all other additives showed clearly
lower activity or even slight pro-oxidant activity. In the non-
fractionated extract, sinapine is the major SA derivative, rep-
resenting approximately 70% of the phenolic compounds,
whereas the SA concentration amounts to approximately
10%. In the bound fraction, the concentration of sinapine is
enhanced to 85%. As sinapine showed slight pro-oxidant ac-

tivity compared with the control sample with respect to hy-
droperoxide and propanal formation, the low activity of the
nonfractionated extract and the bound fraction can be attrib-
uted to the content of sinapine. In previous investigations (14),
SA and sinapine caused radical-scavenging activity toward
the DPPH (diphenylpicrylhydrazyl) radical in methanol solu-
tion. To scavenge 25 X 10'8 DPPH radicals, the required con-
centrations (in mM) were 30.8 for SA and 47.5 for sinapine
in comparison with 21.5 for Trolox, the water-soluble analog
of a-tocopherol (15). Although these results suggested a
lower antioxidant activity of sinapine compared with SA,
they do not suggest that sinapine is not an active antioxidant
in rapeseed oil TG. Also, the structural properties of sinapine
suggest a marked antioxidant potential due to its phenolic
group. According to the polar paradox, which describes the
phenomenon of increasing antioxidant activity of compounds
with increasing polarity in bulk oil (16), sinapine, which is
more polar than SA, should have exhibited a higher activity.
The strong turbidity of samples during the storage experiment
containing sinapine and the bound fraction suggests that both
additives were only dispersed in the oil phase but not solubi-
lized. According to Uri (17), low solubility of an antioxidant
does not limit its activity as long as small quantities of the an-
tioxidants are in solution. In the case of sinapine, however, it
can be assumed that its solubility in oil was too low for it to

TABLE 2
Central Composite Design Arrangement and Responses Used for the Design
Response 1
Variable levels Conjugated Response 2
Tocopherol dienes Hydroperoxide Response 3

Run Sinapic acid mixture protection factor formation protection Propanal
number (SA) (Toco-mix) (PF) factor (hydroperoxide PF) formation
(random) (umol/kg oil) (pmol/kg oil) (d) (d) (pmol/ kg oil)

6 275 525 2.30 2.03 265
16 275 525 2.50 2.29 300
17 275 525 2.20 1.79 325
20 275 525 2.22 1.61 325

3 43.2 525 2.10 1.83 265
15 593.2 525 2.20 2.03 300
11 275 146.7 4.70 4.00 244
18 275 1196.7 0.90 1.18 210
19 50 50 3.00 3.51 375

7 500 50 5.00 5.85 260

9 50 1000 1.20 0.90 230

4 1 1 1.39 1.20 260
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FIG. 1. Effect of fractionated rapeseed meal extracts on the formation of
hydroperoxides in purified rapeseed oil at 40°C in the dark. Control,
sinapine (SP), sinapic acid (SA), extract nonfractionated 70% methano-
lic extract (Extract), free phenolic fraction (Free), bound phenolic frac-
tion (Bound), all added to stripped rapeseed oil at a concentration of
500 pmol/kg oil SA or SP equivalent.

function as an antioxidant when added alone. The slight pro-
oxidant effect may be attributable to the additional interfaces
formed by the dispersed sinapine.

Interaction of tocopherols and SA. As rapeseed meal ex-
tracts can be hydrolyzed to yield SA, the potent component
effective against lipid oxidation in bulk lipids, it was of fur-
ther interest to understand the interactions of SA with tocoph-
erols, the main antioxidants in refined rapeseed oils. The CCD
of the experiment was done to test the hypothesis that the in-
teraction of SA and tocopherols depends on their respective
concentrations and to predict the interaction between both an-
tioxdants within a wide range of concentrations. The range of
concentration for SA (50 to 500 umol/kg oil, corresponding
to —land +1) was based on previous experimental results (9).
The low (—1) concentration for tocopherol was 50 pmol/kg
whereas the high (+1) concentration of 1000 pmol/kg oil is
similar to that found in edible rapeseed oils (18). Tocopherol
was investigated in a mixture of the o- and y-isomers in a
ratio of 1:3.5, representing their natural composition in rape-
seed oil (18). Responses desired were maximal values for re-
sponse 1 (PF for CD) and 2 (PF for hydroperoxides) and min-
imal values for response 3 (formation of propanal). At week
5 the control (no added antioxidants) sample of the rapeseed
TG showed a propanal value of over 2600 umol/kg oil.

Figures 3a and 3b show that the inhibition of primary oxi-
dation products (CD and hydroperoxides) was highest for the
lowest tocopherol concentration (50 umol/kg oil) and the
highest SA concentration (500 pwmol/kg oil). Increasing to-
copherol concentration caused a reduction of the PF (re-
sponses 1 and 2) at all SA concentrations. On the other hand,
increasing the SA concentration caused the strongest increase
of the PF at low tocopherol concentration whereas the lowest
effects for SA can be expected at the highest tocopherol con-
centration. The influence of SA on the activity of tocopherol
can be described as additive at low tocopherol concentration
and as neutral at high tocopherol concentration. It can be as-
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FIG. 2. Effect of fractionated rapeseed meal extracts on the formation
of propanal in rapeseed oil at 40°C in the dark. Control (no antioxi-
dants), sinapine (SP), sinapic acid (SA), extract (nonfractionated 70%
methanolic extract), free (free phenols fraction), bound (bound phe-
nols fraction), all added to stripped rapeseed oil at a concentration of
500 umol/kg oil.

sumed that SA functions as an antioxidant parallel to o- and
v-tocopherol at low tocopherol concentration. At higher to-
copherol concentration SA may lose its activity due to reac-
tion with increasing amounts of tocopheryl radicals. Increas-
ing amounts of tocopheryl radicals, which rapidly decom-
pose, were attributed by other authors to the reduced activity
of a-tocopherol at higher concentration (19,20).

It can be assumed that o-tocopherol determines the trend
of the concentration dependency of the tocopherol mixture
and overwhelms the activity of y-tocopherol. The decreasing
activity of o-/y-tocopherol mixtures (1:1) and soybean to-
copherols (o/B/y/d 12:1:58:19) was also reported by Huang et
al. (20). However, they carried out their investigation in
stripped corn oil and found an increase in activity from 250
to 500 ppm followed by a decrease at concentrations from
750 to 3000 ppm. In the present study SA was not able to
change the trend of decreasing activity of tocopherols.

With respect to the formation of secondary oxidation prod-
ucts (propanal formation) the pattern (Fig. 3¢) indicated a dif-
ferent concentration-dependent interaction between SA and
tocopherol. The lowest propanal formation can be expected
at the highest tocopherol concentration combined with the
lowest SA concentration and vice versa at the highest SA con-
centration combined with the lowest tocopherol concentra-
tion. Further, SA displayed an opposite behavior with respect
to the tocopherol concentration. At low tocopherol concen-
tration the increase in SA resulted in lower propanal forma-
tion whereas at high tocopherol concentration an increase in
SA caused a higher propanal formation. However, the effect
of SA according to the model (Table 3) was not significant.
Overall, the formation of propanal was strongly retarded at
all concentrations. The control sample without antioxidants
reached a concentration of over 2600 umol/kg oil after 5 wk,
and the addition of antioxidants inhibited the formation by
87.5 to 92%. By contrast, the effect on primary oxidation
products differed more strongly with PF varying from 0.9 to
5.85 (PF hydroperoxides).
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FIG. 3. Variation of the (a) Response 1 (conjugated dienes PF, %), (b)
Response 2 (hydroperoxides PF, %), and (c) Response 3 (propanal,
umol/kg oil) as related to concentration of independent factors: Tocoph-
erol-mixture (Toco-mix) and sinapic acid (SA). PF, protection factor.
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With respect to the activity of tocopherols, the results are
in good agreement with those of Huang er al. (20). At all
concentrations (250-3000 ppm) for tocopherol mixtures
containing o- and y-tocopherols in different ratios the au-
thors found strong inhibition (over 90%) of hexanal forma-
tion in stripped corn oil at a hexanal concentration of ap-
proximately 1350 umol/kg oil. Hexanal is the major volatile
secondary oxidation product from linoleic acid, whereas
propanal is a characteristic degradation product from
linolenic acid.

Diagnostic checking of fitted model. Polynomial equa-
tions were fitted to the set of experimental data. Regression
analysis of the fitted models for all three responses indicated
that the fitted quadratic models were significant with “Prob
> F” less than 0.05. The final equations in terms of actual
factors for the three responses were as depicted in Table 3.
The fit of the model as evaluated by determinant coefficients
(RZ) and adjusted R? (adj R2) were in agreement (Table 3).
Further, the ANOVA of the fitted models indicated the mod-
els are significant. Lack of fit was nonsignificant for the
models.

Table 3 indicates that for response 1 (CD PF) and 2 (hy-
droperoxide PF) the factors SA (term A) and tocopherol
concentration (term B) are significant along with the inter-
action of the factors (term AB). In contrast, only tocopherol
was significant for response 3 propanal along with the inter-
action of factor A and B. In describing an optimal combina-
tion of tocopherols and SA, the effect on the formation of
primary oxidation products seems to be more important, as
the effect on the formation of secondary oxidation products
(propanal) varied in a narrow range.

Using the models according to Table 3 at concentrations
of 500 umol/kg oil of SA combined with 50 umol/kg oil of
tocopherol, maximal values for responses 1 [CD PF (4.7, d)]
and 2 [hydroperoxide PF (4.8, d)] and a minimal value for
response 3 propanal (263 pmol/kg oil) formation were ob-
tained.

Rapeseed meal could be extracted to obtain significant
amounts of phenolic compounds, namely SA, in the free and
esterified form. The study indicates that phenolic com-
pounds derived from rapeseed as free SA effectively prevent
lipid oxidation in rapeseed TG. Free phenolic compounds
are the most potent fraction, as compared with bound phe-
nolic fractions of rapeseed meal extracts, in effectively pre-
venting lipid oxidation in rapeseed TG. Therefore, extracts
rich in SA derived from by-products of rapeseed oil process-
ing could be used to stabilize rapeseed oils especially those
with low amounts of endogenous tocopherols. Furthermore,
the study also indicates that SA complements the inhibition
of hydroperoxide and propanal formation apart from the to-
copherols, which are the main antioxidants in rapeseed oils.
This concept can be applied to commercial refined rapeseed
oils after the processing to stabilize the oils as with antioxi-
dants naturally present in rapeseed.

JAOCS, Vol. 83, no. 6 (2006)
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TABLE 3

Model Relating Responses to the Independent Variables in Coded Form with Desirability? for Optimal Response

Response 1
(Desirable*' high PF)
Conjugated dienes PF*'

Response 2
(Desirable *2 high PF)
Hydroperoxide PF*?

Response 3
(Desirable** low propanal
formation) Propanal

+2.28 +2.05 +299.55
+0.29 *A +0.37 * A -26.64 * B
-1.35*B -1.41*B -31.95 * B2
+0.30 * B2 +0.45 * B2 +31.25*A*B
-0.45 *A*B -0.51 *A*B

R? = 0.962 adjR? =0.94
*IProtection factor (PF)

= (control — sample/control)
(using days to reach 25

mmol conjugated dienes/kg oil)

R?>=0.858 adjR? = 0.778
*2Protection factor (PF)

= (control — sample/control)
(using days to reach 50
mmol hydroperoxide/kg oil)

R?>=0.7 adjR* = 0.6
*3Propanal (pmol/kg oil)
at week 5 when control
reached a value of over
2600 pmol/kg oil

Icoded.
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