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ABSTRACT
Background: By-products of canola oil production are currently discarded or low value commodities.
This study investigates if these by-products are a significant source of extractable dietary phenols which
could exhibit cellular antioxidants activity.
Methods: Endogenous phenolic compounds obtained from canola oil deodistillates and canola meal using
different extraction techniques were identified and examined for their in vitro antioxidant activities in
“test tube” and cellular assays.
Results: Sinapine was the predominant phenolic in the canola meal crude extract, while canolol was the
only significant phenol in the accelerated solvent extract of canola meal. The deodistillate did not have
canolol or sinapine present, but contained high molecular weight phenols of unknown identity. The “test
tube” antioxidant assays indicated that canola meal crude extract and sinapic acid both exhibited stronger
antioxidant potentials compared to the other extracts. A dose dependent cyto-protection effect was observed under oxidative challenge by H2O2, when cells were incubated with the canola meal accelerated
solvent extract, deodistillate extract and sinapic acid.
Conclusions: This study demonstrates that canola by-products can be the sources of health promoting
phenols, for possible formulation into value added nutraceuticals.
Keywords: canolol, canola meal, canola oil deodistillates, cellular antioxidants
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INTRODUCTION
Canola (Brassica napus L.) is the third largest oilseed
crop worldwide with the seeds containing about 4243% oil [1]. The production of canola oil involves
crushing the seeds, which separates the crude oil from
the meal, followed by oil-refining using neutralization
with alkali, bleaching with clay, and deodorizing via
steam distillation [2]. Several by-products are fractionated and used in human nutraceuticals, such as canola
meal proteins [3]. Due to its origin, the canola seed
contains more dietary phenolic compounds than other
oilseeds [4], almost all of which remain in the processing by-products [5]. We therefore hypothesize that
canola by-products are a significant source of extractable dietary phenols.

um dodecyl sulphate, dimethyformamide, glacial acetic acid, and thiazolyl blue tetrazolium bromide (MTT)
were purchased from Sigma Aldrich, Canada. Sinapic
acid was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dulbecco's Modified Eagle Medium
(DMEM), Phosphate Buffered Saline (PBS) and antibiotic/antimycotic solution were purchased from Thermal Fisher Scientific (Waltham, MA, USA).

The consumption of dietary phenols is associated with
the prevention of some of the most detrimental chronic
diseases, such as various cancers, inflammatory and
cardiovascular diseases [6-9]. Although a variety of
mechanisms have been reported for the preventative
actions of phenolics, significant antioxidative activity
has been attributed to dietary phenols [10, 11]. Specifically, some canola derived phenols have been shown
to exhibit significant antioxidant activity in vitro [1214] and in vivo [15, 16]. We therefore hypothesize that
canola phenols extracted from processing by-products
exhibit antioxidant activity and could protect cells
from oxidative damage.

Ultrasonic extraction of canola meal: Canola meal
was defatted using a Soxtec 2050 (Foss-Tecator, Foss
North America, MN, USA). The defatted sample was
extracted following the procedure described by Khattab et al. [5] to investigate residual phenolics. Defatted
sample (1 g) was extracted with 9 mL 70% methanol with ultrasound treatment for 1 minute. The ultrasound treated methanolic mixture was centrifuged at
5000 x g for 10 min at refrigerated condition. The supernatant was collected and filtered using Whatman
No.1 filter paper. Residue was extracted following the
same procedure twice. The filtrates were pooled and
made up to 30 mL.

A novel method has been developed for extracting
canola phenols from meal and deodorizer distillates. In
addition we show significant antioxidant activity for
the crude extracts in chemical assays and that they can
protect cells from an oxidative challenge.

Accelerated solvent extraction of canola meal: Canola meal was heated at 180 ºC in oven for 15 min (pretreated) prior to Accelerated Solvent Extraction (ASE)
(ASE 300, Dionex). Fifty grams of heated substrates
thoroughly were mixed with Ottawa sand in a ratio of
1:1 (w/w) using a spatula. Two filter papers were
placed at the bottom of each sample cells followed by
completely filling it with canola seeds/ meal. Cell caps
were hand tightened securely for both sides and were
placed in ASE cell holder and extraction was carried
out using n-hexane. The ASE extraction was carried
under the following conditions: temperature: 190 ºC;
static time: 5 minutes; static cycles, 2 cycles; flush
volume: 60%; Purge time: 1 min; pressure: 1500 psi;
heat time: 5 min. The hexane extract was re-extracted
with 70% methanol

MATERIALS AND METHODS
Materials
Canola meal and canola oil deodistillates were provided by Viterra Canola Processing Inc. (Winnipeg, MB,
Canada). All chemicals were of analytical grade.
Methanol, n-hexane, Folin–Ciocalteau phenol reagent,
sodium carbonate, iron (III) chloride dihydrate, TPTZ
(2,4,6- tripyridy-s-triazine, Sigma), D-(+)-Glucose,
sodium chloride, potassium chloride, monopotassium
phosphate, disodium hydrogen phosphate, magnesium
sulfate heptahydrate, calcium chloride dehydrate, sodi-

Preparation of crude phenolic extracts from canola
by-products
Canola meal was subjected to 2 extraction methods:
ultrasonic extraction and accelerated solvent extraction. Canola oil deodistillate was extracted using liquid
-liquid solvent extraction.
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Extraction of Phenolics from canola oil deodistillate: The deodistillate sample was extracted with 50%
aqueous methanol, as previously described [17]. Two
grams of deodistillates were solubilized with 10 mL
hexane (1:5 w/v), followed by extraction using 50%
methanol (3 mL) three times. For production of the
extract, the same procedure of extraction was maintained and 400 g of deodistillates was solubilized in
1600 ml of n-hexane for 15 minutes, followed by extraction with 400 ml of 50% methanol, five times. The
pooled methanolic extracts were evaporated to dryness/ minimum volume in a rotary evaporator (at 50 oC
until methanol evaporates, and at 70 oC for 30 minutes
for the evaporation of water). A minimum quantity (10
mg) of dried DDL extract was dissolved in 5 ml 50%
methanol for further quantification.
Quantification and identification of phenolic compounds by RP-HPLC-DAD
Quantification and identification of phenolic compounds in the extracts was established following a RPHPLC-DAD analysis as described previously [5]. An
80 mm × 4.0 mm i.d., 4 µm, Synergi Fusion-RP column (Phenomenex, Torrance, Canada) was used for
sinapic acid derivatives separation (UV detection at
270 nm and 330 nm). Standards of sinapine, sinapic
acid, and canolol were used to authenticate the retention time and UV absorption spectra. The contents of
all sinapic acid derivatives were expressed as sinapic
acid equivalents (SAE) in μg/g of sample, wherein
sinapine and sinapic acid was detected at 330nm, canolol was detected at 270 nm.
Preparation of phenolic solutions
All the crude canola phenolic extracts were concentrated using a rotary evaporator at 50 ± 5 ºC to a minimum
volume and re-dissolved in 2 mL methanol prior
HPLC quantification. After quantification of phenolic
compounds in the canola extracts, they were diluted in
(i) HEPES PO4 treatment buffer (glucose: 5mM,
HEPES: 10 mM, NaCl: 147 mM, KCl: 5 mM,
KH2PO4: 1.9 mM, Na2HPO4: 1.1 mM, MgSO4-7H2O:
0.3 mM; MgCl-6H2O: 1 mM, CaCl2-2H2O: 1.5 mM,
pH: 7.4) for cell culture experiment or (ii) distilled
water for Folin-Ciocalteau and DPPH assays to desired
concentrations. Sinapic acid standard was dissolved in
dimethyl sulfoxide (DMSO) before further dilution in
treatment buffer or distilled water. Final treatment so-
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lutions contained <1% solvent, and there was no cytotoxicity to CHO and CaCo-2 cells at those concentrations.
Folin-Ciocalteau assay
Folin–Ciocalteu assay was carried out as described
[18], with slight modifications to be performed in 96well microplates. Aliquots (20 μL) of phenolic solutions at different concentrations were loaded on a 96well microplate, followed by addition of 100 μL Folin
–Ciocalteau phenol reagent and the microplate was
mixed well. After 5 min, 7.5% sodium carbonate (80
μL) was added and the microplate was covered and
kept at dark for 2 h. The absorbance was measured at
750 nm using a spectrophotometric microplate reader
(BioTek, Winooski, USA). The results were quantitatively expressed as the slope coefficient of the lines
representing the dependence of A750 on the concentration of the investigated phenolic solutions. The
slope was obtained by linear regression analysis in a
concentration range up to 2 mM.
Ferric ion reducing antioxidant power (FRAP) assay
The reducing capacity of phenolic solutions was determined by the FRAP assay [19] with modifications to
be performed in 96-well microplates. Briefly, the
FRAP solution was freshly prepared using 10 mL of
0.3 M acetate buffer (pH 3.6), 1 mL of 20 mM FeCl3
solution and 1 mL of 10 mM TPTZ (2,4,6- tripyridy-striazine) solution in 40 mM HCl and warmed at 37 ºC
before using. Twenty-five μL of phenolic solutions at
different concentrations and 175 μL FRAP solution
were added on a 96-well microplate and incubated at
room temperature for 10 min. The absorbance was
measured at 595 nm with a spectrophotometric microplate reader (BioTek, Winooski, USA). The results
were quantitatively expressed as the slope coefficient
of the lines (not shown) representing the dependence
of A595 on the concentration of the investigated phenolic solutions, where higher values of slope indicated
higher FRAP antioxidant activity. The slope was obtained by linear regression analysis in a concentration
range up to 1 mM.
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging
activity assay
The DPPH scavenging activity assay was carried out
according to the method proposed by Brand-Williams
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et al. [20] with modifications to be performed in 96well microplates. Briefly, 25 μL of phenolic solutions
at different concentrations were added on a 96-well
microplate. Then 175 μL freshly prepared DPPH ethanolic solution (0.1 mM) was added to the sample and
the microplate was covered and incubated at room
temperature for 10 min. The absorbance was measured
at 516 with a spectrophotometric microplate reader
(BioTek, Winooski, USA). The dose that inhibited free
radicals by 50% (IC50) was calculated linear correlation from the average data.

For MTT assay, 100 μL MTT solution (0.5 mg/mL)
was added to the buffer washed well and the microplate incubated for 2 h. Further, 100 μL MTT solubilisation solution (16% sodium dodecyl sulphate, 4%
dimethyformamide, 2% glacial acetic acid, pH: 4.7)
was added to the well to dissolve formazan crystals.
The plate was then shaken and absorbance read at 570
nm with a spectrophotometric microplate reader
(BioTek, Winooski, USA). The final results were expressed as cell viability in percentage of the shamtreated positive control.

Cell culture
Human epithelial colorectal adenocarcinoma (CaCo-2)
and Chinese Hamster Ovary (CHO) cell lines were
obtained from ATCC (cat no. HTB-37 and CCL-61)
and cultured at 37 ºC in a humidified 5% CO2 incubator. The cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM) containing 10% Fetal Bovine
Serum (FBS) and 1% antibiotic. Cells were grown in
25 T-flasks until they reached more than 80% confluence before splitting or seeding. For experiments, the
cells were seeded on a 96-well plate in 100 μL of
growth medium and incubated for 24 h at 37 °C.

Statistical analyses
The results are expressed as mean ± SD of at least
three independent experiments. Differences between
different treatment groups and the control counterparts
were determined using one-way ANOVA with least
significant difference t-test by using SAS 9.4 software
(SAS Institute Inc., USA). Statistical significance was
accepted at p<0.05. Regression analysis was carried
out using Microsoft Excel 2010.

Cellular protection against H2O2 induced oxidative
stress
For the oxidative stress induction, hydrogen peroxide
(H2O2) was prepared in the HEPES PO4 treatment
buffer. Initially, cells in 96-well plate were treated
with a range of concentrations of phenolic solutions
and incubated at 37 ºC for 23 h, followed by addition
of H2O2 (final concentration: 500 μM) for a further 1
h. The wells were washed with HEPES PO4 treatment
buffer and the protection effect of the phenolic solutions on the oxidative induced cells was determined
via cell viability using the colorimetric MTT assay.

RESULTS
Phenols are distinct in canola by-product extracts
The major identifiable phenols in the different canola
processing by-products were sinapine and canolol
(structures was shown in Figure 1), which are also
major phenols of intact canola seeds or crude canola
oils [13, 21]. Sinapine was the predominant component in the canola meal crude extract (CM) (Figure 2
A), while canolol was the sole significant phenol in
the accelerated solvent extract from canola meal
(Figure 2 B). The extract from the deodistillate did not
contain canolol or sinapine, but higher molecular
weight phenols of unknown identity (Figure 2 C).

Figure 1. Chemical structures of canola principle phenolics: (1) sinapine, (2) sinapic acid and (3) canolol.
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Figure 2. HPLC chromatogram of phenolic extracts of
canola processing by-products. (A), Canola meal crude
extract (CM) predominantly contains sinapine (peak 1)
and some other phenols, such as sinapic acid (peak 2).
(B), Canola meal extract obtained from Accelerated
Solvent Extraction (ASE) exclusively contains canolol.
(C) The deodistillates extract (DDL) contains higher
molecular weight phenols of undetermined identity
(peaks 4-7).
Phenolics from canola by-products are antioxidants in
artificial chemical test systems.
Plants phenolics are increasingly recognized as antioxi-

dants [22]. We therefore assessed the chemical antioxidant capacity using three chemical methods, Folin–
Ciocalteu, FRAP, and DPPH assays, which determine
the reducing capacity and scavenging activities to ferric
ions and free radicals, respectively. The results for Folin
–Ciocalteu assay revealed that crude canola meal extract
exhibited the highest antioxidant capacity (slope coefficient: 1.12 ± 0.02 μM-1), followed by sinapic acid (0.50
± 0.06 μM-1), deodistillates extract (0.38 ± 0.02 μM-1)
and canola meal accelerated solvent extract (0.26 ± 0.01
μM-1) (Table 1). Similarly, FRAP values of deodistillate
extract (slope coefficient: 1.40 ± 0.01 μM-1) and canola
meal accelerated solvent extract (1.02 ± 0.04 μM-1) were
also significantly lower than that of crude canola meal
(2.64 ± 0.07 μM-1) and sinapic acid (2.42 ± 0.07 μM-1).
The DPPH activity in this study was expressed as the
concentration of extract required to inhibit 50% DPPH
radicals (IC50). The results showed a similar patent with
the other two assays, crude canola meal extract (IC50:
71.2 ± 0.9 μM) and sinapic acid (IC50: 78.1 ± 1.1 μM)
exhibited stronger antioxidant activity than that of deodistillates extract (IC50: 561.6 ± 72.8 μM) and canola
meal accelerated solvent extract (IC50: 461.9 ± 5.8 μM).

Table 1. Antioxidant capacity of canola phenolic extracts/solutions
Crude canola meal
extract

Canola meal accelerated extract

Deodistillate extract

Sinapic acid

FC1 (mM-1)

1.12±0.07a

0.26±0.01d

0.38±0.02c

0.50±0.06b

FRAP2 (mM-1)

2.64±0.07a

1.02±0.04d

1.40±0.01c

2.42±0.07b

DPPH3 (IC50 μM)

71.2±0.9a

461.9±5.8b

561.6±72.8c

78.8±1.1a

Data represents the mean ± standard deviation of at least three independent experiments. Values in each row
share same letters are not significant different (p<0.05).
1

FC, Reducing capacity measured by Folin-Ciocalteu method; values are expressed as the slope coefficients calculated by linear regression (see material and methods), where higher antioxidant activity is expressed by an increase in the slope.
2

FRAP, ferric ion reducing antioxidant power, values are slope coefficients calculated by linear regression (see
material and methods), where higher antioxidant activity is expressed by an increase in the slope.
3

DPPH, 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity, values are the concentration of phenolics
needed to inhibit the DPPH● concentration by 50% (IC50).
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demonstrated that H2O2 induces oxidative stress by
both acting as a reactive oxygen species (ROS) and a
regulator of several redox enzymes [23, 24]. Therefore, we tested whether the antioxidant capacity determined in the chemical assays translated into a protective effect in enterocytes (CaCo-2) and fibroblastic
cells (CHO) in culture challenged with H2O2.

Figure 3. Effect of canola by-products extracts on cell
viability under different concentrations on CHO (A)
and CaCo-2 (B) cells using 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Asterisks indicates significant difference with control
(* p<0.05, ** p<0.01). CM, Canola meal crude extract; ASE, Canola meal accelerated solvent extract;
DDL, Deodistillates extract; SA, Sinapic acid.
Phenolics from canola by-products do not exhibit
evident toxicity to CHO and CaCo-2 cells
The cytotoxicity of the phenolics from canola byproducts was determined using MTT assay with cells
were treated with different concentrations of phenolic
solutions from 0 to1000 µM. The data indicated that
none of the tested phenolic extracts has obvious cytotoxicity against normal CHO and CaCo-2 cells at the
concentration below 500 µM (Figure 3). All the extracts showed slight or medium cytotoxicity when the
concentrations reach 1000 µM. This indicated the concentrations used in the experiment were safe to the
cells.

Phenolics from canola by-products protect cells from
oxidative damage
Hydrogen peroxide (H2O2) is one of the major contributors of oxidative stress and a number of studies have

Of all tested extracts, only the crude canola meal extract did not reduce cell death in both cell lines
(Figures 4 A, 5 A). A dose dependent increase in cell
viability was observed, however, when the canola
meal accelerated solvent extract (Figures 4 B, 5 B)
and the deodistillate extract (Figures 4 C, 5 C) were
present during the oxidative challenge. Similarly, sinapic acid, a major phenolic in canola, protected the
cells in a dose dependent manner (Figures 4 D, 5 D).
We therefore conclude that the canola accelerated solvent extract, with its major component canolol, as well
as the deodistillate extract (with some undetermined
phenolic compounds), both exhibited an antioxidant
effect in living cells.

Figure 4. Effect of canola by-products extracts on
CaCo-2 cell treated with H2O2-induced cytotoxicity.
The data represents the mean ± standard deviation of
at least three independent experiments. Asterisks indicates significant difference with control (* p<0.05, **
p<0.01). (A) CM, Canola meal crude extract. (B)
ASE, Canola meal accelerated solvent extract. (C)
DDL, Deodistillates extract. (D) SA, Sinapic acid.
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to previously published methods [5, 26, 27]. Moreover, some unknown phenols of slightly higher molecular weight were found in deodistillate extract.

Figure 5. Effect of canola by-products extracts on
CHO cell treated with H2O2-induced cytotoxicity. The
data represents the mean ± standard deviation of at
least three independent experiments. Asterisks indicates significant difference with H2O2 only treated
cells (* p<0.05, ** p<0.01). (A) CM, Canola meal
crude extract, (B) ASE, Canola meal accelerated solvent extract, (C) DDL, Deodistillates extract, (D) SA:
Sinapic acid.
DISCUSSION
The presented data support both of our hypotheses: a)
that canola by-products were a significant source of
dietary phenols when extracted properly; and b) that
the extracted phenols exhibited antioxidant activity
and protected cells from oxidative damage.
The predominant phenols in whole canola seeds are
sinapic acid derivatives including sinapine, sinapic
acid, and sinapoyal glucose [13]. Canolol does not
occur naturally in canola seeds, but is formed in crude
canola oils [21]. In the canola meal crude extract sinapine was the predominant phenol, while in the accelerated solvent extract canolol was almost exclusively
present. The presence of canolol in accelerated solvent
extract was attributed to the high temperature and
pressure which caused decarboxylation of the predominant phenol of canola meal (sinapine). Previous studies have demonstrated that thermal treatment of canola
seeds and meals, such as roasting and microwave
heating [25, 26] and supercritical extraction [27], can
produce extracts or oils rich in canolol. Our result suggested that accelerated solvent extraction is a novel
technique for production of canolol, and an alternative

The phenolic extracts of canola by-products showed
significant antioxidant activities in the “test tube” systems. The Folin–Ciocalteu assay is the most commonly used method for measuring the total phenols of
foods and nutraceuticals by determining the reducing
capacity of the sample [28]. Other investigators suggested that the Folin–Ciocalteu assay should be seen
as a measure of antioxidant capacity rather than a
measure of total phenols [29]. The other antioxidant
assays (FRAP and DPPH) are also based on electron
transfer mechanism [30]. These assays don’t measure
thiol antioxidants and are preferred by some researchers as methods for measuring antioxidant activity of
foods [31]. The difference in antioxidant activities in
“test tube” systems between the canola by-product
samples in our study might be due to the different phenolic compounds in the extracts. The predominant
phenolic compound in crude canola meal extract was
sinapine which is a hydrophilic phenol. Several earlier
studies have demonstrated that hydrophilic phenols
can exhibit stronger antioxidant capacities than their
lipophilic forms in the homogeneous polar media [32,
33]. Our results are in agreement with work by Terpinc’s et al. [34] who reported that decarboxylation
products of hydroxycinnamic acids (e.g. canolol) exhibited poorer reducing capacities when measured by
the Folin–Ciocalteu assay than the corresponding phenolic (e.g. sinapic acid). Sørensen et al. [35] also reported that sinapine and sinapic acid exhibit higher
antioxidant activity than canolol as determined with
FRAP and DPPH assays. However, both Terpinc’s et
al. [34] and Sørensen et al. [35] suggested that canolol
exhibited stronger antioxidant activity in emulsion
systems.
Phenols can exhibit antioxidative effects in “test tube”
systems relevant to food stability and increased shelflife, however, this might not translate into protective
effects in cells. Our data showed a clear dose dependent cyto-protection effect under oxidative challenge by
H2O2, when the cells were incubated with the canola
meal accelerated solvent extract (predominantly containing canolol) and the deodistillate extract
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(containing unknown high molecular weight phenols).
An identical effect was achieved with sinapic acid, a
known antioxidant found in canola seeds. The most
potent cyto-protective extracts did not exhibit the most
potent antioxidant activity when chemically assayed
(Folin–Ciocaltau, FRAP, DPPH). We therefore propose that canola derived phenols could have an antioxidative effect in vivo, in general tissues or specifically
in the intestinal tract. The antioxidant effect exhibited
upon cells, which is important for health promoting
properties, is different than the antioxidant activity in
solution, which is more relevant for the protection of
food (e.g. prolonged shelf-life).
The bioavailability and intracellular concentrations of
canola derived phenols, such as canolol, sinapine and
sinapic acid, are unknown. Phenolic bioavailability
varies greatly although plasma levels are generally not
exceeding low micromolar concentrations [36]. All
extracts exhibited antioxidative protection from about
100 µM onwards in both cell lines tested, where CHO
cells represent the parenchymal cells of organs and
CaCo-2 cells represent the enterocyte. If phenols are
bioavailable, the plasma concentration might reach
100 µM and so that the extracts could exhibit systemic
antioxidant effects in vivo.
Even if the bioavailability is limited and the phenols
not absorbed in the small intestine, they could reach
concentrations exceeding 200 µM in the intestinal lumen. Our extracts protected the enterocytes (CaCo-2)
from oxidative challenge at concentrations of 100 µM
and higher, and enterocytes representing the outermost
barrier towards the intestinal lumen are likely to experience these levels of phenols. This might be relevant
in situations of oxidative challenge in the intestinal
tract, such as evident in inflammatory bowel disease.
CONCLUSION
This study demonstrated that distinct phenolics can be
obtained from different by-products of canola when
subjected to different extraction techniques. Although
the deodistillate and accelerated solvent extracts of
canola showed lower antioxidant activity based on the
F-C, FRAP and DPPH assays than crude canola meal
extract and sinapic acid, they demonstrated significant
higher antioxidant potentials in reducing H2O2 in-
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duced cytotoxicity in cells. This study has shown that
canola by-products can be the sources of health promoting phenols, with potential as potent nutraceuticals. However, further studies are required to accurately assess the bioavailability of these phenolics.
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