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SUMMARY: For the increase in oxidative stability and phytonutrient contents of walnut oil (WO), 5, 10, 20 and
30% blends with almond oil (AO) were prepared. The fatty acid compositions and the micronutrients of the oil
samples such as tocopherol, phytosterol and squalene were measured by GC-MS and HPLC. It was found that
the proportions of PUFAs/SFAs in blended oils with high AO contents were lowered, and the blends contained
higher levels of tocopherols, phytosterols and squalene than those of pure WO. The 60 °C oven accelerated oxi-
dation test was used to determine the oxidative stability of the blended oil. The fatty acid composition, micro-
nutrients and oxidation products were determined. The results showed that the oxidation stability of the blended
oil increased with an increasing proportion of AO. In addition, a significant negative correlation between micro-
nutrient and oxidation products was observed as the number of days of oxidation increased.
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RESUMEN: Desarrollo de mezclas de aceites de nuez y almendra para mejorar la estabilidad nutricional y
oxidativa. Para el aumento de la estabilidad oxidativa y los contenidos de fitonutrientes del aceite de nuez (WO)
se prepararon mezclas al 5, 10, 20 y 30% con aceite de almendras (AO). La composicion de acidos grasos y los
micronutrientes de las muestras de aceite como tocoferoles, fitosteroles y escualeno se midieron por GC-MS
y HPLC. Se descubrio que la relacion de PUFA / SFA en un aceite mezclado con un alto contenido de AO se
redujo, y la mezcla contenia niveles mas altos de tocoferoles, fitosteroles y escualeno que los de WO puro. La
prueba de oxidacién acelerada en horno de 60 °C se usé para determinar la estabilidad oxidativa del aceite mez-
clado. Se determinaron la composicion de acidos grasos, micronutrientes y productos de oxidacion. Los resul-
tados mostraron que la estabilidad a la oxidacion del aceite mezclado aumentd con una proporcion creciente
de AO. Ademas, se observo una correlacion negativa significativa entre los micronutrientes y los productos de
oxidacion a medida que aumentaba el nimero de dias de oxidacion.
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1. INTRODUCTION

Edible oil is one of the three major nutritional
components of the human diet. Edible oil plays
an important role in the dietary pyramid and is
extremely necessary for maintaining the normal
physiological functions of the human body (Hart
et al., 2018). In recent years, people have paid more
attention to the quality and nutrition of edible oil
due to increased health awareness and improved liv-
ing standards. The most important factors of oils
in the food industry are their quality, stability and
nutritional characteristics. It is interesting to note
that pure oils do not have both suitable functional
and nutritional properties and proper oxidative sta-
bility (Hashempour-Baltork et al., 2016). For exam-
ple, perilla oil, linseed oil and sea buckthorn seed
oil are rich in a-linolenic acid but easily oxidized,
which limits their application. One of the simplest
ways to create new products with ideal nutritional
and oxidation properties is to mix different types of
oils (Hashempour-Baltork et al., 2016).

WO comes from walnuts and is a nutrient-dense
food due to its lipid characteristics (Zhou et al.,
2017). It contains fatty acids and has excellent
minor component contents (Gao et al., 2019). The
main fatty acid in WO is linoleic acid (52.5-60.2%)
and it also contains a large amount of linolenic acid
(8.1-15.2%) (Emre, 2018). Epidemiological and
clinical trials have shown that higher PUFA intake
can lower blood pressure, total cholesterol and LDL
cholesterol levels (Emre, 2018). However, the poly-
unsaturated fatty acids present in WO are easily
oxidized. In the presence of heat, light and reactive
oxygen species, active free radicals can be formed.
These free radicals can be converted into hydro-
peroxides and secondary oxidation products such
as aldehydes, ketones and high-molecular weight
polymers (Mohanan et al., 2018). These oxidation
products are toxic and are closely related to the bio-
logical damage of tissues and cardiovascular disease
(Nagao et al., 2008).

AO is a high-value product that contains bio-
active compounds that promote healthy functions
(Rabadan et al., 2018). Its monounsaturated fatty
acid content is rich, accounting for more than 50%
of the fatty acid content, and has excellent oxidative
stability (Matthaus ez al., 2018). In addition, AO is
rich in micronutrients such as tocopherols, sterols
and squalene at levels of 450 pg/g, 2, 200 pg/g and
95 ngl/g, respectively. These ingredients are consid-
ered traditional antioxidants and contribute to the
diversity of the physiological, biological and bio-
chemical functions of AO, including anti-inflamma-
tory, immunity-enhancing and anti-hepatotoxicity
properties. When they are present in food, they can
inhibit the absorption of cholesterol and thus lower
the density of low density lipoprotein (Givianrad
etal.,2013).

Blended oil is an edible oil product that is prepared
from two or more refined vegetable oils in a specific
proportion according to the nutritional needs of the
population. On the one hand, the proportion of fatty
acids in blended oil products is likely produced to
meet the needs of the human body in terms of the
composition of fatty acids. Long-term consumption
of blended oil will not result in an excessive or insuffi-
cient intake of certain fatty acids. Therefore, blended
oil not only improves human health and achieves
the goal of balanced nutrition but also reduces the
incidence of certain chronic diseases (Jiang et al.,
2011). Blended oils can also contain an increased
content of bioactive lipids and natural antioxidants
to provide better quality oils, including better physi-
cal and chemical properties, higher nutritional values
and improved affordability (Ramadan and Wahdan,
2012). On the other hand, the oxidative stability of
blended oils during and after processing is one of
the most important features of edible oils (Tavakoli
et al., 2018). A high oxidation stability of edible oil
is also an added value in the market.

No previous research has been conducted on
the blending of WO and AO. The purpose of this
paper is to study the nutritional characteristics and
oxidative stability of their blended oils. Through
the changes of various parameters and the relation-
ship between the parameters, the oxidation law of
blended oil is comprehensively understood to pre-
dict the oxidation process of blended oil. Whether
it is to reveal the relationship between the “intrinsic
influence factor” and “oxidation degree” of blended
oil or to predict the oxidation process of blended oil,
understanding that oxidation has important theo-
retical and practical significance.

2. MATERIALS AND METHODS
2.1. Samples and reagents

WO and AO were purchased from local markets.

Methanol, n-hexane and isooctane (HPLC grade)
were purchased from Merck (Darmstadt, Germany).
Water was purified using a Milli-Q water purification
system (Millipore, Bedford, USA). A 37-component
fatty acid methyl ester (FAME) mix, standards of o-,
v-, and é-tocopherol and standards of squalene were
purchased from Sigma-Aldrich (Bellefonte, PA).
A plant sterol mixture (p-sitosterol 53%, stigmasterol
7%, campesterol 26%, brassicasterol 13%) was pur-
chased from Matreya LLC Co. (Sweden). All chemi-
cal reagents, including solvents, were of analytical
grade and were obtained from local suppliers.

2.2. Blending of vegetable oils
The blends were prepared by mixing WO with

AO in the following respective proportions: 95:5,
90:10, 80:20, and 70:30 (m/m). The mixtures were
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uniformly stirred for 20 min according to the meth-
odology described by Choudhary et al., (2015).

2.3. Accelerated oxidation

All of the oil samples were placed in 50 mL col-
orless glass bottles. Under limited air and dark con-
ditions, oxidation was carried out in a 60 °C oven
for 24 days. During this period, the sample posi-
tion in the oven was changed every 12 h. A batch of
samples was collected every 4 days, and their related
index was measured (Cao et al., 2015).

2.4, Fatty acid composition analysis

The fatty acid composition of the oil samples was
determined by GC-MS (GC-MS-2010, Shimadzu,
Kyoto, Japan) and reported as relative area percent-
age. Prior to GC-MS analysis, the fatty acids were
methylated according to the method of Li et al,
(2013).

One microliter of the sample was injected
into a fused silica capillary column (0.25 pm,
30 m X 0.25 mm, Shimadzu, Japan) for separa-
tion. High purity helium was used as the carrier
gas at a flow rate of 2 mL/min with a split injec-
tion ratio of 40:1. The column oven temperature
was set to 160 °C, and the injection temperature
was 250 °C. The following temperature ramp
procedure was used: 160 °C for 5 min, followed
by an increase of 2 °C/min to 220 °C, held for
10 min, with an increase of 2 °C/min to 230 °C,
which was maintained for 5 min. The ion source
and interface temperatures were 200 and 250 °C,
respectively. GC-MS was performed using 70 eV
EI in scan acquisition mode and quantified by
TIC. Fatty acids were identified by the NIST
Mass Spectrometry Library (National Institute
of Standards and Technology, Gaithersburg, MD,
USA). All mass spectra were obtained in the range
of m/z 30-500 (Nogueira et al., 2018).

2.5. Tocopherol determination

The tocopherol content was determined
based on the method of Gliszczynska-Swigto and
Sikorska (2004). A sample of oil (100 mg) was dis-
solved in 2 mL of isopropanol. All HPLC analyses
of tocopherols were performed at room tempera-
ture on a Shimadzu LC-2010 high-performance
liquid chromatograph (Shimadzu, Kyoto, Japan)
equipped with a C18 column (250 mm X 4.6 mm, 5
um, Agilent, CA, USA). The detection was carried
out on a fluorescence detector (detection wave-
length 330 nm, excitation wavelength 290 nm). A
mobile phase consisting of 50% acetonitrile (sol-
vent A) and 50% methanol (solvent B) was used
at a flow rate of 1 mL/min. The injection volume
was 20 uL.

2.6. Phytosterol determination

Sterols were analyzed following the methods
reported by Changmo et al., (2011), with minor
modifications. 200 mg oil samples were mixed with
3mL of a 2 M potassium hydroxide ethanol solution
and 0.15 mL of an internal standard (0.5 mg/mL
Sa-cholestanol) at 90 °C for 1 h. After cooling the
mixture to room temperature, 1 mL of water and
2 mL of n-hexane were added, vortexed for 5 min,
and centrifuged for 10 min (3980 rpm), and the
supernatant was taken and dried under nitrogen.
Next, 100 uL of a silanization reagent was added,
the sterols were derivatized in an oven at 60 °C for
45 min, and then dried under nitrogen. Finally,
1.5 mL of n-hexane was added, and 1 pL of product
was analyzed by GC-MS.

Sterol samples were detected by a QP 2010
GC-MS (Shimadzu Corp, Kyoto, Japan) with
an Rxi-5MS capillary column (0.25 pm, 30 m X
0.25 mm, Shimadzu, Japan). The carrier gas was
helium at a flow rate of 1.82 mL/min, and the split
ratio was 20:1. The analysis was carried out under
the following temperature program: the initial tem-
perature was set at 150 °C and raised to 300 °C at a
rate of 10 °C/min for 12 min. The ion source tem-
perature was 230 °C, the transfer line temperature
was 280 °C, and the solvent delay was 14.5 min.
The mass range was 50-500 m/z. The phytosterols
in the oil samples were characterized according to
the mass spectrum of the corresponding standards.

2.7. Squalene determination

The pretreatment of squalene in edible oils was
similar to that of phytosterols. Briefly, 200 mg of oil
sample was mixed with 2 mL of a 2 M potassium
hydroxide methanol solution at 80 °C for 30 min.
The mixture was cooled to room temperature and
mixed with 2 mL of n-hexane. The supernatant
(1 uL) was analyzed by GC-MS.

2.8. Physicochemical properties

Measurement of the PV, CD, p-AnV and TBARS
values. To determine the PV and p-AnV, the method
was performed by using the formula given in a
previous report (Vaisali et al., 2016). The TBARS
value was measured by implementing the National
Standard GB/T 5009.181-2003 of China. To
measure the CD value, the method proposed by
Farahmandfar ez al., (2018) was used.

2.9. Statistical analysis

Each variable was studied in duplicate or tripli-
cate, and the results were expressed as the average
of the two or three independent measurements of
a sample. Statistical analyses were carried out using
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Statistical Product and Service Solutions (SPSS)
23.0 (SPSS Inc., Chicago, IL, USA) and Origin 8.0
(Originlab, Northampton, MA, USA). An analy-
sis of variance (ANOVA) was made using one-
way followed by Tukey’s significant difference test
(p <0.05). A correlation analysis was carried out by
Pearson’s test.

3. RESULTS AND DISCUSSION
3.1. Changes in fatty acid contents during oxidation

The fatty acids of the WO, AO and their blended
oils are presented in Table 1a. There was no signifi-
cant difference in the fatty acid composition of the
six oils. WO was characterized by a high percent-
age of linoleic acid (C18:2, 59.45 £ 0.04%), fol-
lowed by oleic acid (C18:1, 19.71 = 0.03%) and
linolenic acid (C18:3, 10.37 + 0.01%). These results
are consistent with the fatty acid composition of
the WO reported by Emra et al., (2018). The AO
contained more monounsaturated fatty acids than
WO, increasing its oxidation stability. A study
by Rabadan et al., (2018) showed that oleic acid
accounted for more than 65% of the fatty acid
composition of AO. Vegetable oils with high pro-
portions of unsaturated fatty acids are generally
not as stable as vegetable oils with high propor-
tions of saturated fatty acids (Mici¢ et al., 2015).

The reported rates of oxidation of C18:1 and C18:2
are in the order of 1:12 (Ramadan and Wahdan,
2012). The results showed that all four blended
oils were in compliance with the WHO regula-
tions of n-6/n-3=1:5-10. As the proportion of
AO increased in the blended oil, the proportion of
MUFAs also gradually increased, and the PUFAs/
SFAs gradually decreased. Bhatnagar ez al., (2009)
found that lowering the ratio of PUFAs/SFAs in
the diet increased the level of postprandial HDL-
C. In addition, the PUFASs/SFAs ratio is generally
considered to be an indicator of oxidative stabil-
ity. A decrease in the PUFAs/SFAs ratio indicates
that the stability of blended oil has been improved
(Tilakavati and Kalyana, 2013).

The results of the accelerated oxidation of the
oils at 60 °C are shown in Table 1b. As the storage
time increased, the six oils showed a similar trend:
the content of PUFAs decreased, while the con-
tent of MUFAs and SFAs increased. The results
indicated that the PUFAs were destroyed during
the accelerated oxidation process, which may be
related to the destruction of C=C bonds by oxida-
tion and polymerization (Tilakavati and Kalyana,
2013). Overall, there were few differences in the
fatty acid contents of the six oils at the beginning
and on the 24th day of the accelerated storage
experiment, and the content of unsaturated fatty
acid was still high.

TABLE la. Fatty acid composition of WO, AO and blended oils (5, 10, 20, 30% of AO), %

WO 5% 10% 20% 30% AO
Cl14:0 0.04 + 0.00* 0.04 +0.01* 0.04 + 0.00* 0.04 +0.01* 0.03 +0.00° 0.02 + 0.00°
Cl16:0 7.15%0.01° 7.04 £0.02° 6.90 £ 0.01° 6.65 *0.04° 6.40 * 0.02° 4.62+0.01"
Cl6:1 0.13 +0.01" 0.16 + 0.01° 0.18 + 0.00° 0.21 £ 0.01° 0.25 +0.01° 0.51 +0.01°
C17:0 0.05+0.01* 0.05 + 0.00* 0.05 + 0.00* 0.05 + 0.00* 0.05+0.01° 0.04 £0.01°
Cl17:1 0.03 £0.01° 0.03 +0.01° 0.03 + 0.00° 0.05 £ 0.00° 0.04 £0.01° 0.10 £ 0.00°
C18:0 2.57+0.01* 2.52+0.01° 247 +0.01° 2.30 +0.02° 2.20+0.01° 1.08 +£0.01"
C18:1 19.71 £ 0.03¢ 21.88 +0.01° 23.96 + 0.02° 28.14 + 0.04° 32.27 +0.05 60.36 + 0.02°
Cl18:2 59.45 +0.04* 57.90 +0.01° 56.46 + 0.07° 53.57 £0.01° 50.69 + 0.04° 30.96 +0.02"
Cl18:3 10.37 £0.01* 9.91 +0.00° 9.46 + 0.02° 8.58 +0.01¢ 7.74 +0.01° 2.01+0.01"
C20:0 0.09 *+ 0.00* 0.09 + 0.00* 0.07 £0.01° 0.09 + 0.00* 0.09 + 0.00° 0.09 +0.01°
C20:1 0.26 + 0.04* 0.23 £ 0.01* 0.24 +0.02° 0.23 £0.01° 0.20 £ 0.02° 0.18 £0.01°
C20:2 0.04 £ 0.01® 0.03 £ 0.01® 0.03 £ 0.01° 0.25+0.01° 0.07 £ 0.04° n.d.

C22:0 0.08 +0.02° 0.11 +0.00* 0.01 +0.02* 0.06 +0.01° 0.08 +0.00° 0.04 +0.02°
SFA 9.99 + .02 9.85 +0.02° 9.63 +0.01° 9.19 +0.03¢ 8.79 + 0.02° 5.87+0.01"
MUFA 20.14 £ 0.07" 22.31 +0.02° 24.42 +0.04° 28.63 +0.04° 32.77 £0.03° 61.16 +0.02*
PUFA 69.87 + 0.05° 67.84 +0.01° 65.95 +0.05° 62.17 +0.02° 58.43 £ 0.04° 32.97 +£0.02"
PUFA/SFA 7.00 +0.01* 6.89 +0.02° 6.85+0.01° 6.76 + 0.01¢ 6.64 + 0.02° 5.62+0.01"
N-6/N-3 5.73 +0.00" 5.84 * 0.00° 5.97 £0.02° 6.24 * 0.00° 6.55+0.01° 15.40 + 0.08"

n.d.= not detected; Each value in the table represents the mean = SD (n = 3). SFA: Saturated fatty acids, MUFA: Monounsaturated
fatty acids, PUFA: Polyunsaturated fatty acids, WO: Walnut oil, AO: Almond oil. Significant differences are indicated by different
lower case letters on the same line. Differences were significant at the level of 0.05 as compared by ANOVA (Tukey-Kramer HSD test).
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TABLE 1b. Changes in fatty acid composition characteristics during oven test for
original WO, AO and blended oils (5, 10, 20, 30 of AO), %

Days 0 4 8 12 16 20 24
WO SFA 9.99 +0.02* 10.08 £0.02*  10.02 £0.09*" 10.07 £0.02* 10.06 + 0.03"° 10.17 + 0.02"*" 10.24 + 0.04*
MUFA 20.14 £0.07° 20.18 £0.03™ 20.35+0.03" 20.35+0.01" 20.36 £0.03" 20.47 £0.02"™ 20.64 + 0.04"™
PUFA 69.87 £0.05™ 69.73 £0.05*" 69.63 £0.10% 69.57 £0.02* 69.57 £ 0.01"° 69.37 +0.04*" 69.12 + 0.08"
PUFA/SFA 7.00 £0.01*  6.92+0.02  6.95+0.07*" 6.91+0.02"> 6.92+0.02"" 6.82+0.02* 6.75+0.03"
n-6/n-3 573+0.00% 578+0.01"  579+0.01" 580+0.00 581 +0.00% 583+0.00° 5.90+0.01%
5% SFA 9.85+0.02%° 9.83+0.02"  9.74+0.02%  9.79+0.01*  9.76+0.03%¢ 9.84+0.02% 10.02 +0.01*
MUFA 2231 £0.02% 2230 +0.01% 2245+0.04% 2251 +0.03% 22.49+0.04% 22.67+0.06™ 22.75+0.02%
PUFA 67.84+0.01" 67.88+0.02% 67.81 £0.05*" 67.70 £0.03"° 67.75+0.07% 67.49 +0.08% 67.23 +0.03™
PUFA/SFA 6.89 +0.02% 691 +0.01"®" 6.96+0.02* 6.91+0.00" 6.94+0.03* 6.86%0.02* 6.71+0.01%
n-6/n-3 5.84+0.00% 590+0.01"™ 589+0.01% 592+0.00% 591 +£0.00% 595+0.04" 6.00+0.00°*
10% SFA 9.63+0.01° 9.60£0.01° 9.64+0.13%" 9.59+0.08° 9.53+0.04° 9.73+0.03" 9.75+0.02%
MUFA 2442 +0.04> 24.49 +0.01°* 24.50 £0.00™ 24.58 +£0.03™° 24.61 £0.04™ 24.73 £0.05" 25.20 £ 0.09™
PUFA 65.95+0.05% 6590 +0.01°° 6586 0.13® 65.83 +0.05° 65.85%0.01“° 65.54 +0.08< 65.05+0.08
PUFA/SFA 6.85+0.01° 6.86+0.00° 683+0.11% 6.87+0.06" 6.91+0.03* 6.74+0.03* 6.67+0.01B°
n-6/n-3 597 +0.02%  6.02+£0.01%  599+0.02° 6.01£0.01°¢ 6.04+0.00° 6.05+0.01" 6.14 +0.00"
20% SFA 9.19+0.03"™ 9.15+0.02°  9.11+0.10 921+0.02>® 9.13+0.01™ 9.31+0.01™ 9.35+0.04™
MUFA 28.63 £0.04° 28.72+0.02% 28.76 £0.05% 28.82+0.01°™ 28.88+0.01® 29.08 +0.04* 28.53 +0.08
PUFA 62.17 £0.02°* 62.13+0.01™ 62.13£0.04™ 61.97 £0.02°° 61.99 +0.20 61.60 +0.05™ 62.13 £ 0.05™
PUFA/SFA 6.76 £0.01°® 679 £0.02°° 6.82+0.05" 6.73+0.01®™ 6.79+0.01* 6.61 £0.01 6.64+0.02<
n-6/n-3 6.24+0.00° 627 £0.00° 625+0.01° 628+0.00 630000 6.34%0.00° 6.33%0.03
30% SFA 8.79 +0.025" 874+0.07"  8.66+0.07 8.74+0.02" 875+0.02" 8.84+0.02% 885+0.03™
MUFA 32.77£0.03% 3294 +0.05% 32.94+0.06% 32.94+0.07% 32.94+0.08% 32.94+0.09% 32.94+0.10%
PUFA 58.43+0.04% 5831 £0.11% 58.31 £0.10"" 58.19+0.05™ 5820+ 0.01™ 57.91+0.03% 57.89 +0.12"
PUFA/SFA 6.64+0.02"°  6.67+£0.06°" 6.73+0.06™  6.66+0.02° 6.65+0.01° 6.55+0.02> 6.54+0.03™
n-6/n-3 6.55+0.01% 6.58+0.01"  6.59+0.01% 6.60+0.00% 6.60+0.01* 6.66+0.01" 6.72+0.01%
AO SFA 587+0.01™ 586+0.01™ 587+0.05" 574+0.06© 582+0.03" 588+0.04™ 595+0.01™
MUFA 61.16 £0.02" 61.49 £0.02* 61.62£0.04* 61.81 £0.08"™ 61.78 +0.03"° 61.87 +0.08"" 62.05 £ 0.02**
PUFA 3297 £0.02™ 32.65+0.02" 32.51 £0.04™ 32.44+0.027 32.40+0.01™ 3225+0.05 32.01 £0.02"
PUFA/SFA 5.62+0.01™ 557+0.01"™  554+0.05% 565+0.06™ 5572003 549%0.03% 538+0.01™
n-6/n-3 15.40 £ 0.08% 15.80+0.10"" 15.67 +0.02*" 15.81 £0.08*" 15.87 +0.09" 16.12+0.20*" 15.88 +0.23""

Each value in the table represents the mean £ SD (n = 3). SFA: Saturated fatty acids, MUFA: Monounsaturated fatty acids, PUFA:
Polyunsaturated fatty acids, WO: Walnut oil, AO: Almond oil. The different small and capital superscripts in the same row indicate
significant differences between the means within the same oil sample and storage time. Differences were significant at the level of 0.05

as compared by ANOVA (Tukey-Kramer HSD test).

3.2. Changes in tocopherol content during oxidation

Table 2 reveals the content of tocopherols of
WO, AO and WO/AO blends at different storage
times. A lower tocopherol content was found for
WO than that for AO, which was in agreement with
the results of another work (Rabadan et al., 2018).
The a- and y-tocopherols were the main isomers in
WO. The a-, y-, and d-tocopherol contents in WO
were 45.42 + 0.85, 74.08 + 0.23 and 6.73 £ 0.03 mg/
kg, respectively. Emre et al., (2018) showed that the
total tocopherol content of WO was 469.41 + 1.55
mg/kg, and the highest content of y-tocopherol was
409.15 £ 1.98 mg/kg. Gao et al., (2018) studied the

tocopherol content of WO in different walnut vari-
eties, and the total tocopherol content ranged from
394 to 495 mg/kg. Our results were lower than the
above results, probably because the oil refinement
process reduced the tocopherol content. We found
that the tocopherol composition of AO was simi-
lar to that of WO, and its total tocopherol content
was 236.86 + 3.16 mg/kg, which was approximately
twice that of WO. The values are within the ranges
reported by Zhou et al., (2019). In the four blended
oils, the total tocopherol content increased with
the increase in the proportion of AO, and there
were consistent differences among the oil blends.
Tocopherol is a naturally occurring component in
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vegetable oils and is a major lipid-soluble antioxi-
dant (Tavakoli et al., 2018).

As the number of days of oxidation increased, the
tocopherol contents tended to decrease. Moreover,
the degrees of tocopherol loss were different for
each isomer, especially for a-tocopherol, which
decreased very rapidly and was below the detection
limit by day 12. This phenomenon is consistent with
previous studies, in which a-tocopherol is generally
considered to provide hydrogen atoms to reduce
peroxyl radicals at a greater rate than the y- and
d-homologues. Consequently, having a-tocopherol
preferentially oxidized, compared to other tocoph-
erol isoforms, would also result in a greater forma-
tion of a-tocopheroxyl radicals. (Maria Ayelén and
Baltanas, 2010, Elisia et al., 2013). y-tocopherol has
a weak hydrogen supply capacity and high oxida-
tive stability, indicating that its antioxidant effect is
better than that of a-tocopherol. The antioxidant
activity in food systems is reduced in the follow-
ing order: y > 6 > § > o isomers (Rudzinska ez al.,
2016). Our results indicated that AO has the highest
y-tocopherol content. On the 24th day, the tocoph-
erol content of WO was the lowest; the tocopherol
content of AO was the highest; and the tocopherol
content of the blended oil with high AO content was
high. Therefore, the presence of AO may increase
the antioxidant properties of the blended oil.

3.3. Changes in plant sterol content during oxidation

We found four phytosterols in WO and AO,
namely, brassicasterol, campesterol, stigmasterol
and f-sitosterol. As shown in Table 3, the content
of each plant sterol in AO was higher than that
of WO, and the total sterol content was 3121.04 £
148.35 mg/kg. The total sterol content of WO was
1795.27 + 56.27 mg/kg. There were significant dif-
ferences in the plant sterol contents between dif-
ferent varieties of WO. The results of Gao et al.,
(2019) indicated that the total sterol content in WO
was between 644.60 mg/kg and 1211.40 mg/kg, and
sitosterol was the major sterol, which is consistent
with our results. Amaral et al., (2003) studied dif-
ferent varieties of WO with a sterol content between
1201 mg/kg and 2026 mg/kg.

As the proportion of AO increased, the total
sterol content in the blended oil also increased and
was significantly higher than that of WO. In recent
years, interest in the consumption of phytoster-
ols has increased (Torri et al., 2019). Studies have
shown that a human diet rich in natural phytoster-
ols helps lower plasma cholesterol levels and coro-
nary artery mortality (Cusack et al., 2013). Torri
et al., (2019) formulated rapeseed oil with rice bran
oil or black cumin oil in the ratios of 95:5, 90:10
and 80:20. They found that the blending of rape-
seed oil and rice bran oil had a positive effect on
the total amount of sterols, and the blending of

rapeseed oil and cumin oil improved the composi-
tion of its sterols.

During the accelerated oxidation process, the ste-
rol content of the different oils showed a decreasing
trend, but the overall decrease was slow. On day 24,
the sterol contents of WO and AO were 1403 £ 7.00
mg/kg and 1629.63 mg/kg, respectively. There was a
distinct difference in the total sterol content between
different blended oils, and the blended oil with a
high proportion of AO had a high phytosterol con-
tent during the accelerated oxidation process. After
adding phytosterols to margarine-type spreads and
biscuits, Nieminen et al., (2016) found that the plant
sterol content remained stable for a long period of
time at room temperature and could be stored for at
least 74 weeks. In addition, Yang et al., (2018) found
that after adding 1% phytosterols to soybean oil,
phytosterols acted as antioxidants, which improved
the oxidative stability of the oil, while the results of
Winkler and Warner (2008) showed that the addi-
tion of phytosterols had no effect on the oxidative
stability of soybean oil.

3.4. Changes in squalene content during oxidation

Table 4 shows that the content of squalene in
AO was the highest; the content of squalene in
WO was the lowest; and the content of squalene
in the blended oils increased with the increasing
proportions of AO. After 24 days of storage, each
oil showed a slight decrease in squalene content
but did not change much. Alberdi-Cedeno et al.,
(2019) ventilated corn oil in an oven at 70 °C for 3,
6,9 and 12 days and found that its squalene content
decreased very slowly in the first 9 days, which is
consistent with our findings. Rastrelli ez al., (2002)
suggested that o-tocopherol protects squalene by
preventing or delaying its degradation under stor-
age conditions, which may be an explanation for our
results. This may also be due to the oxidative sta-
bility of squalene itself. It has been suggested that
squalene contributes to the oxidative stability of
olive oil at ambient or slightly elevated temperatures
(Hrncirik and Fritsche, 2005).

Squalene is associated with a decrease in the
serum levels of triglycerides and cholesterol and has
protective effects against various cancers. Therefore,
the addition of AO to WO had increased the squa-
lene content, which also played a role in the preven-
tion of a variety of cancers and oxidation stability
(Smith, 2000).

3.5. Primary oxidation products

Peroxide value (POV). Hydroperoxide is the pri-
mary oxidation product of lipids. The peroxide value
can be used to evaluate the early oxidation stage
of lipids (Mohdaly et al., 2010). The results of the
accelerated oxidation of WO, AO and the blended
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TABLE 4. Changes in squalene composition characteristics during oven test for
original WO, AO and blended oils (5, 10, 20, 30% of AO), mg/kg

Days 0 4 8

12 16 20 24

WO  10.84+0.18  872+0.42°  9.04 +0.09%
5% 1227 £0.15“  11.29 £ 0.02“® 10.67 £ 1.17°°
10%  13.80 +0.49°* 12..44 +0.40<°
20%  14.08 £0.29%"  13.41 £0.185°® 12.20 £ 0.16°
30%  15.69£0.21%  14.96 £0.04™  14.39 +0.15""
AO 2556+ 1.99% 2453 +1.68" 2137 +0.128°

9.51 *0.49
10.70 + 0.05%°
11.00 £ 0.09°°°  11.77 £ 0.53%™ 10.37 + 0.41%
13.15+ 0.51%®
13.09 + 0.28%"
21.14 + 2,84

9.02+1.83% 1042+ 1.22™ 8.82 +0.20“
10.59 £ 0.81%  11.63 £ 0.40°"*® 10.79 + 0.39%°
11.89 £0.28P™  10.98 + 0.63%
10.85+ 1.51%  12.85£0.52°  10.74 + 0.66°"
1334 £2.67%" 1487 £0.26%  12.09 + 1.53%
2241 £3.35% 2419 +0.58™  17.88 = 1.64*°

Each value in the table represents the mean + SD (n = 3). WO: Walnut oil, AO: Almond oil. The different small and capital superscripts
in the same row indicate significant differences between the means within the same oil sample and storage time. Differences were
significant at the level of 0.05 as compared by ANOVA (Tukey-Kramer HSD test).

oils at 60 °C are shown in Figure la. Initially, the
WO and AO had values of 4.24 + 0.26 and 3.94 £
0.31 meq O,/kg, respectively. Rabadan ez al., (2018)
studied the oxidative stability of different nut oils
under refrigeration and room temperature storage.
The peroxide values of the WO and AO were 1.3
*+ 0.5 and 2.6 * 0.7 meq Oy/kg, respectively, which
were slightly lower than our results. The POVs of the
blended oils were higher than those of the two oils,
most likely due to the formation of peroxides during
the blending process. After 24 days, the peroxide val-
ues of the oils increased. With the extension of stor-
age time, the peroxide value of WO was higher than
that of AO. The increase in the peroxide values of
the blended oils was slower, indicating that the addi-
tion of AO inhibited the oxidation of WO, probably
due to the large amount of tocopherol in AO.

Conjugated dienes (CD). The side chains of unsatu-
rated fatty acids are accompanied by the formation of
conjugated diene hydroperoxides during their oxida-
tion. Conjugated diene is a primary oxidation product
produced by the oxidation of an unsaturated fatty acid
double bond (Weber et al., 2008). Conjugated dienes
have a unique absorption peak at approximately
232 nm (Ramadan and Wahdan, 2012). The higher the
level of conjugated dienes in the edible oil, the worse
the oxidative stability (Mohdaly ez al., 2010).

During storage, the maximum increase in CD
was found in WO, which increased from 0.55 to
2.55, and the minimum increase was in AO, which
increased from 0.28 to 1.35, as shown in Figure 1b.
As the number of storage days increased, the con-
tent of conjugated diene continued to increase, and
all samples showed a linear growth trend; all final
CD values were significantly higher than the ini-
tial values. The CD values of the blended oils were
between the WO and AO, and the blended oil with
a high proportion of AO exhibited a slow increase
in the CD value. Rabadan er al., (2018) showed that
after storage for 16 months at room temperature,
the CD value of WO was 2.94 + 0.10, and the CD

i
~—
(8] S a1
o o o
1 1 |

POV (meq O2/kg)
n
o

0 4 8 12 16 20 24
Storage time (days)

~= WO e 5% 4 10% v 20% <+ 30% < AO
b) 3.0-
2.5

2.0
8515+
1.0

0.5

O-O T T T T T T T
0 4 8 12 16 20 24

Storage time (days)
~m— WO e 5% —4—10% —v—20% & 30% < AO

FIGURE 1. Changes in POV (a) and CD (b) of WO, AO and
blended oils (5, 10, 20, 30% of AO) at different times during
24 days of storage at 60 °C. Each value in the table represents
the mean * SD (n = 2). WO: Walnut oil, AO: Almond oil,
POV: Peroxide value, CD: Conjugated diene value.
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value of AO was 3.25 £ 0.09. After mixing corn
oil with black cumin (Nigella sativa) or coriander
(Coriandrum sativum) seed oils, Ramadan et al.,
(2012) found that the CD value was significantly
lower than that of the corn oil itself during 15 days
of accelerated storage.

3.6. Secondary oxidation products

p-Anisidine Value (p-AnV). The secondary oxida-
tion products of lipid oxidation are aldehydes and
ketones. The p-AnV reflects how many second-
ary oxidation products are present (Ismail et al.,
2016). The p-AnV of WO, AO and blended oils
are shown in Figure 2a under storage conditions of
60 °C. During the whole storage process, the p-AnV
showed an increasing trend. On the 24th day, the
p-AnV of the AO and blended oils were lower than
that of WO, probably due to the good oxidative sta-
bility of the AO. The results of Emre ez al., (2018)
showed that the anisidine value of WO increased to
46.83 after 20 days of accelerated storage, similar to
our findings. Homan and Fereidoon (2008) studied
the oxidative stability of different tree nut oils. After
12 days of accelerated oxidation, the p-AnV of WO
was significantly higher than that of AO.

Thiobarbituric acid reactive substances (TBARS).
To more comprehensively evaluate the degree of
oxidation of the edible oils, the TBARS value dur-
ing the oxidation process was measured. The final
oxidation product of edible oils, malondialdehyde,
reacts with TBA to form a colored compound with a
maximum absorption at 530 nm (Zhang et al., 2017).
The results of TBARS values are shown in Figure
2b. During the 24-day accelerated oxidation process,
the TBARS value of the six oils increased slowly as
the number of days of storage increased. Similarly,
the values of the blended oils were between those of
WO and AO. In general, the TBARS value showed
an increasing trend with the increase in storage time
for all samples, but no regular pattern of increase
could be observed. Kenaston et al., (1955) reported
that the TBA method is very sensitive in determin-
ing the oxidation products of linoleic acid and lin-
olenic acid and is less sensitive in determining the
oxidation products of oleic acid.

3.7. The relationship between the antioxidants and
oxidation products

Tocopherols, phenols and sterol compounds
are essential compounds and are present in trace
amounts in edible oils (Ramadan and Wahdan,
2012). Oxidative stability is a key factor in the
evaluation of the sensory and nutritional prop-
erties of oils, and the sensitivity of oils to oxida-
tive degradation is affected by trace components
(Anderson et al., 2001). It can be seen from Table 5

0 4 8 12 16 20 24
Storage time (days)
—a— WO ——5% —4—-10% Vv 20% —¢— 30% —<— AO

b) o.18
0.15 1
0.12 1

0.09 A

TBARS

0.06 -

0.03 A1

0.00 -

0 4 8 12 16 20 24
Storage time (days)
~m— WO e 5% —4A—-10% v 20% ¢ 30% < AO

FIGURE 2. Changes in p-AnV (a) and TBARS (b) of WO,
AO and blended oils (5, 10, 20, 30% of AO) at different
times during 24 days of storage at 60 °C. Each value in

the table represents the mean + SD (n = 2). WO: Walnut
oil, AO: Almond oil, p-AnV: p-Anisidine value, TBARS:
Thiobarbituric acid value.

that there was a different degree of negative cor-
relation between the active ingredients in the edi-
ble oil and the oxidation products. This indicated
that in the accelerated oxidation process, bioac-
tive substances such as tocopherol, phytosterol
and squalene decreased, and the oxidation prod-
ucts increased. The primary oxidation products of
edible oils are characterized by POV and CD, and
p-AnV and TBARS values indicate their secondary
oxidation products (Bastiirk ez al., 2018). In addi-
tion to &-tocopherol, the other tocopherols and
total tocopherols had a strong negative correlation
with the oxidation products, and these tocopher-
ols were more strongly correlated with primary
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Correlations between micronutrients and oxidation products

TABLE 5.
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gL oxidation products. In the oxidation process of oil,
2la oz o %’ §° tocopherol is a good free radical scavenger, pro-
2@ 33 S| E€ viding a hydrogen atom for free radicals to form
FTTT 22 a stable quinine or dimer, thereby terminating the
5 2 chain reaction in the auto-oxidation process and
S & ensuring the stability of the oil (Xu and Hanna,
= g y
a2 2010). Phytosterols had similar correlations with
8T I B the primary oxidation products and the secondary
SEICE RIS oxidation products. The correlation between squa-
gg lene and the oxidation products was the weakest,
85 showing a moderate correlation. Our results are
= =27 agreement with Gao efal, (2019), who showed
Slg e gyl P that the oxidation stability index in WO was signif-
125 S 2 =3 icantly correlated with tocopherols, squalene and
%2 T T g stigmasterol.
= 0
- O
25 4. CONCLUSIONS
S I=R=! :
§ v Oy 0 E’-E
é’ % &S §§ The WO and AO blends have achieved the desired
STTTT N goals in improving nutrition and functionality com-
@ = :‘5 pared to those of WO. With the increase in the pro-
_ g2 portion of AQ, the oleic acid content in the blended
fle 4 o ER: oil increased, and the fatty acid composition was
ZIRS R =8 more balanced. The contents of tocopherol, phytos-
S T o 3| g« erol and squalene in the blended oil increased due to
g < > S| terol and squal the blended oil dduet
) §§ the high content of trace nutrients in the AO. After
22 24 days of accelerated oxidation, the trace compo-
g B nents of the six oils gradually decreased, while the
Zl= § § § ,9; POV, CD, p-AnV, and TBARS value increased,
2l s s ﬁ.g indicating that the oil sample quality gradually
g' " 2’2% deteriorated, but the blended oils produced lower
= 2= concentrations of primary and secondary oxidation
= g products, indicating a significant increase in oxida-
> g s tive stability. In addition, we compared the correla-
25 92 e tion between micronutrients and oxidation products
2ls S35 ey and found that they had different degrees of nega-
3 S == tive correlation. This has important theoretical and
S EE practical significance for predicting the oxidation
i'g process of blended oils.
- =S
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