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Abstract: The stability of soybean germ phytosterols (SGPs) in different lipid matrixes, including
soybean germ oil, olive oil, and lard, was studied at 120, 150, and 180 ◦C. Results on the loss rate
demonstrated that SGPs were most stable in olive oil, followed by soybean germ oil, and lard in
a decreasing order. It is most likely that unsaturated fatty acids could oxidize first, compete with
consumption of oxygen, and then spare phytosterols from oxidation. The oxidation products of SGPS

in non-oil and oil systems were also quantified. The results demonstrated that at relatively lower
temperatures (120 and 150 ◦C), SGPs’ oxidation products were produced the most in the non-oil
system, followed by lard, soybean germ oil, and olive oil. This was consistent with the loss rate pattern
of SGPs. At a relatively higher temperature of 180 ◦C, the formation of SGPs’ oxidation products in
soybean germ oil was quantitatively the same as that in lard, implying that the temperature became a
dominative factor rather than the content of unsaturated fatty acids of lipid matrixes in the oxidation
of SGPs.

Keywords: soybean germ phytosterols; phytosterols oxidation products; thermal-oxidation stability;
lipids medium

1. Introduction

Phytosterols (PSs) are a group of natural sterols in plants and their chemical structure is the
same as that of cholesterol except they have a different side chain. PS has been demonstrated to be
capable of reducing plasma total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C)
and effectively reducing the risk of cardiovascular and cerebrovascular diseases [1,2]. In addition,
PS has been reported to be anti-inflammatory and anticarcinogenic [3–5]. For these reasons, PS has
been commercially added into various foods in recent years, such as oils, sausages, bakery products,
spreads, cereals, salad dressings, chocolate, and so on.

Like cholesterol, phytosterols are also susceptible to thermal oxidation during the food process or
long-term storage [6]. The mechanism of PS oxidation is believed to be a free radical chain reaction. PS is
attacked by reactive oxygen species, such as ozone (O3), single oxygen (1O2), and hydroxyl (OH•) [3].
The double bond on PS is a target of free radical attack followed by hydrogen abstraction on the carbon
atom inα-position next to the double bond [7,8]. The oxidation products, hydroxyl, epoxy, keto, and triol
derivatives, are the main phytosterol oxidation products (POPs) [9]. Previous studies have demonstrated
that POPs are associated with apoptosis [10], atherosclerosis, cytotoxicity, and inflammation [11].
Recent studies have found that the triol derivatives are the most cytotoxic, while 7β-hydroxy and
7-keto derivatives are effective in inducing apoptosis in U937 cells [12–15].

PS widely exists in vegetable oils, nuts, and plant seeds. The thermal-oxidation stability of
phytosterols and formation of POPs in vegetable oils are therefore a health concern. The thermal-oxidation
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of PS is affected by many factors, including the specific structures of phytosterols, unsaturation degree
of fatty acids in vegetable oils, food matrixes, temperatures, and processing times [16–18]. Xu et al.
investigated the effect of steric acid, oleic acid, linoleic, and α-linolenic acid on the oxidation of
cholesterol and β-sitosterol, finding that the four fatty acids affected the degradation of cholesterol
and β-sitosterol in a time-dependent manner and their effect was unlikely related to their degree of
unsaturation [19]. Johnsson et al. investigated the POPs contents in olive oil, peanut oil, and maize oil
and found that after heating at 180 ◦C for 0~2 h, POPs in olive oil and peanut oil significantly increased,
but this did not happen in peanut oil [20].

PS in soybean germ oil is relatively higher compared with other oils (3168 mg/100 g) [21]. No study
to date has evaluated the thermal-oxidation stability of soybean germ phytosterols (SGPs) and the
formation of their oxidized derivatives. The aims of the present study were (i) to investigate the
loss rate of SGPs in a non-oil system and different oil systems (lard, soybean germ oil, and olive oil),
and (ii) to characterize the composition of the major oxidation products of SGPs.

2. Results and Discussion

2.1. Oxidation of SGPs in the Non-Oil System

The loss rate of SGPs in the non-oil system increased with the increasing temperatures and
prolonged time (Figure 1). When the heating time increased from 30 to 180 min, the loss rates of
SGPs increased from 16.78% to 43.08% at 120 ◦C, 37.05% to 73.89% at 150 ◦C, and 60.59% to 83.89%
at 180 ◦C, respectively. The higher the temperatures are, the greater the formation of free radicals.
The free radicals produced would attack the double bond on SGPs, resulting in the formation of SGPs’
oxidation products [22]. When SGPs were heated at 180 ◦C for 30, 60, 120, and 180 min, the loss
rates of SGPs were 60.59%, 73.21%, 79.03%, and 83.89%, respectively. This was in agreement with the
report of Xu et al., who investigated the oxidative stability of β-sitosterol in a mix with edible oils,
finding that, after heating at 180 ◦C for 120 min, a 75% degradation of β-sitosterol was observed [19].
Wawrzyniak et al. investigated PS degradation in rapeseed stored under different temperatures and
humidity. The results indicated that 61% of PS was lost when the seeds (aw = 0.90) were stored at
30 ◦C for 48 days [23].
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Figure 1. The loss rate of soybean germ phytosterols in the non-oil system.
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2.2. Oxidation of SGPs in Oil Systems

The thermal-oxidation stability of SGPs in oils is determined by several factors, including the
unsaturation degree of fatty acids, tocopherols, and some other micro-components in oils. The same as
in the non-oil system, the loss rate of SGPs in soybean germ oil was time and temperature dependent
(Figure 2). To be specific, the loss rates of SGPs at 30, 60, 120, and 180 min at 150 ◦C were 29.53%,
42.68%, 51.03%, and 58.27%, respectively. When the oils were heated for 30 min, the loss rates of SGPs
at 120, 150, and 180 ◦C reached 9.71%, 29.53%, and 49.18%, respectively. Compared with Figure 1,
the loss rate of SGPs in soybean germ oil was lower than that in the non-oil system. When heated
at 120, 150, and 180 ◦C for 180 min, the loss rates of SGPs in soybean germ oil were 30.73%, 58.27%,
and 74.12%, respectively, while the corresponding loss rates in the non-oil system increased by 12.35%,
15.62%, and 9.77%, respectively. When heated for 60 min, the loss rates of SGPs were 18.63%, 42.68%,
and 59.66%, respectively, while those in the non-oil system increased by 4.81%, 11.19%, and 13.55%,
respectively. Barriuso et al. evaluated the effect of different fatty acid methyl esters on the mixture of
three plant sterols [24]. The results showed that the presence of fatty acid methyl esters of stearate,
oleate, linoletate, and linolenate could delay phytosterols’ degradation and reduced the formation of
oxysterols. Together with our results, it could be concluded that the lipid matrix has some protective
effect on the degradation of phytosterols.
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Figure 2. The loss rate of soybean germ phytosterols in soybean germ oil.

The loss rate of SGPs in olive oil is presented in Figure 3. The results show that the loss rate of the
olive oil system was much lower than that in soybean germ oil. After heating for 180 min, the loss rates
of SGPs in olive oil at 120, 150, and 180 ◦C were 15.28%, 45.18%, and 57.37%, respectively, while the
corresponding levels in soybean germ oil increased by 14.45%, 13.09%, and 16.75%, respectively,
suggesting that SGPs were relatively more stable in olive oil than in soybean germ oil. Lard has up
to approximately 40% of saturated fatty acids. The loss rate of SGPs in lard was also investigated
(Figure 4). The same as in the soybean germ oil and olive oil system, the loss rate of SGPs in lard was
also temperature and time dependent. It was found that the loss rate of SGPs in lard was greater than
that in soybean germ oil or olive oil. When heated at 180 ◦C for 180 min, the loss rates of SGPs in lard,
soybean germ oil, and olive oil were 79.44%, 74.12%, and 57.37%, respectively; at 150 ◦C for 180 min,
they were 67.94%, 58.27%, and 42.79%, respectively; and at 120 ◦C for 180 min, they were 33.79%,
30.73%, and 15.28%, respectively. The loss rates of SGPs in the non-oil system for 180 min at 180, 150,
and 120 ◦C were 83.89%, 73.89%, and 43.08%, respectively. It was concluded that SGPs were most
unstable in the non-oil system followed by in lard, soybean germ oil, and olive oil in a decreasing order.
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Figure 3. The loss rate of soybean germ phytosterols in olive oil.
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Figure 4. The loss rate of soybean germ phytosterols in lard.

The present study clearly demonstrated that lipid matrixes are an essential factor on the stability
of SGPs. In this regard, Kemmo et al. found that the unsaturation degree of the matrix increased
the oxidative stability of sterols [25], indicating that unsaturated fatty acids have a certain protective
effect on the loss of SGPs. A study conducted by Hu and Chen showed that cholesterol presented
higher loss and oxidation products in stearic acid methyl ester than that in linoleic acid methyl ester or
docosahexaenoic acid methyl ester [26]. The unsaturated fatty acids in lard, soybean germ oil, and olive
oil were 53.91%, 81.53%, and 85.09%, which were inversely correlated with the oxidative stability of
SGPs. This suggests that the higher the unsaturation degree of surrounding lipids matrix is, the lesser
physterol oxidation that took place [24]. We speculated that unsaturated fatty acids might compete
with the oxygen, degrade first, and then spare sterols from oxidation. In addition, temperature had a
significant effect on the loss of SGPs both in non-oil and oil systems.
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2.3. GC-MS Analysis of SGPs Oxidation Products

Phytosterols’ oxidation products mainly refer to hydroxides, epoxy sterol oxides, keto oxides,
and triol oxides. As shown in Figure 5, peak 1 was the standard 5α-cholestane used for quantification,
wherein peaks 2 and 3 represent 7α(β)-hydroxy, 4 and 5 represent 5α(β), 6α(β)-epoxy, 6 represents triol,
and 7 represents 7-keto derivatives. The MS fragment chromatogram of SGPs’ oxidation products is
shown in Supplementary Material (Figure S1), which was mainly classified according to characteristic
fragment peaks [25,27], wherein A and B were 7α(β)-hydroxysterol oxides with the characteristic
fragment peaks of 482 and 572; C was 7-ketosterol oxides with the characteristic fragment ion peaks
of 386, 455, and 498; D and E were 5α(β), 6α(β)-epoxy sterol oxides with the characteristic fragment
peaks of 410 and 500; and F was triol oxides with the characteristic fragment ion peaks of 372 and 429.
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Figure 5. Gas chromatogram analysis of soybean germ phytosterols’ oxidation products (note: 1,
cholesterol; 2 and 3, 7 α(β)-hydroxy; 4 and 5, 5 α(β), 6 α(β)-epoxy; 6, triol; 7, 7-keto).

2.4. Composition of SGPs Oxidation Products in the Non-Oil System

Phytosterols and cholesterol undergo a similar process of oxidation and degradation [18].
The thermal oxidation reaction of SGPs is a free radical chain reaction, leading to the formation of
7α(β)-sterol hydroperoxide, then decomposition to 7α(β)-hydroxyl oxide (reduction) and 7-ketosterol
oxide (oxidation), and 5α(β), 6α(β)-epoxysterol oxide [28]. SGPs’ oxidation products in the non-oil
system at three temperatures of 120, 150, and 180 ◦C are shown in Table 1. The results show that
SGPs’ oxidation products, including 7α(β)-hydroxysterols, 5α(β), 6α(β)-epoxysterols, 7-ketosterols,
and triols, increased with the increasing temperature and time. When SGPs were heated from 30 to
180 min, SGPs’ oxidation products increased from 6.87% to 26.05% at 180 ◦C, 4.48% to 12.73% at 150 ◦C,
and 3.80% to 8.52% at 120 ◦C, respectively, indicating that the increasing temperatures accelerated the
propagation and hydroperoxide decomposition reactions, thus promoting the formation of phytosterols’
oxidation products [22,29]. In addition, 7-ketosterols and 7α(β)-hydroxylsterols were higher, followed
by 5α(β), 6α(β)-epoxysterols and triols at 120 and 150 ◦C. When the temperature was elevated to
180 ◦C, 5α(β), 6α(β)-epoxysterols and 7-ketosterols were increased significantly. The level of oxidation
products was in the order of 7-ketosterols > 5α(β), 6α(β)-epoxysterols > 7α(β)-hydroxylsterols >

triols, indicating that 7α(β)-hydroxysterol undergoes further oxidation to form 7-ketosterols and 5α(β),
6α(β)-epoxysterol [30].
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Table 1. The total content and composition of SGPs oxidation products in the non-oil system *.

Temperature
and Time

The Composition and Content of Oxidation Products/%

7α(β)-Hydroxy
Sterols

5α(β), 6α(β)-
Epoxy Sterols 7-Ketosterols Triols Total

Content

180 ◦C

30 min 1.82 ± 0.02 a 1.33 ± 0.02 a 3.61 ± 0.04 a 0.11 ± 0.01 a 6.87 a

60 min 1.98 ± 0.03 b 3.01 ± 0.03 b 6.62 ± 0.03 b 0.16 ± 0.01 ab 11.77 b

120 min 2.12 ± 0.02 c 4.92 ± 0.02 c 11.02 ± 0.05 c 0.21 ± 0.02 b 18.27 c

180 min 2.18 ± 0.04 c 7.42 ± 0.03 d 16.23 ± 0.03 d 0.22 ± 0.02 b 26.05 d

150 ◦C

30min 1.52 ± 0.03 a 0.52 ± 0.01 a 2.16 ± 0.05 a 0.28 ± 0.01 a 4.48 a

60 min 1.73 ± 0.06 a 0.82 ± 0.02 b 4.64 ± 0.04 b 0.34 ± 0.01 a 7.53 b

120 min 1.92 ± 0.03 a 1.30 ± 0.04 c 5.51 ± 0.03 c 0.30 ± 0.02 a 9.03 c

180 min 2.06 ± 0.41 a 2.65 ± 0.05 d 7.74 ± 0.06 d 0.28 ± 0.03 a 12.73 d

120 ◦C

30 min 1.28 ± 0.02 a 0.28 ± 0.02 a 1.92 ± 0.03 a 0.32 ± 0.03 bc 3.80 a

60 min 1.37 ± 0.10 a 0.43 ± 0.02 a 2.63 ± 0.07 b 0.18 ± 0.04 a 4.61 b

120 min 2.06 ± 0.08 b 0.94 ± 0.06 b 3.99 ± 0.04 c 0.21 ± 0.03 ab 7.20 c

180 min 2.05 ± 0.02 b 0.91 ± 0.04 b 5.18 ± 0.03 d 0.38 ± 0.03 c 8.52 d

* Data are expressed as the mean ± SD; a, b, c, d Means with different superscript letters differ significantly at
p < 0.05.

2.5. The Composition of Soybean Germ Phytosterols’ Oxidation Products in the Oil System

The contents and compositions of SGPs’ oxidation products in different oil systems (soybean
germ oil, olive oil, and lard) were also examined (Tables 2–4). The results show that the SGPs oxidation
products in oils were also composed of 7α(β)-hydroxysterols, 5α(β), 6α(β)-epoxysterols, 7-ketosterols,
and triols except for in olive oil, in which triols were absent. The same as in the non-oil system, SGPs’
oxidation products increased with the elevating temperatures and prolonged time. For instance, in
soybean germ oil, the total oxidation product at 150 ◦C was 2.55% (30 min) < 4.59% (60 min) < 6.51%
(120 min) < 9.30% (180 min); when the heating time was extended from 30 to 180 min, the total oxidation
products increased from 1.55% to 6.27% at 120 ◦C; 2.55% to 9.30% at 150 ◦C; 4.94% to 17.10% at 180 ◦C,
respectively. Quantitatively, 7-ketosterols were produced the most followed by 7α(β)-hydroxylsterols,
5α(β), 6α(β)-epoxysterols, and triols (absent in olive oil) except for in soybean germ oil at 180 ◦C, 5α(β),
6α(β)-epoxysterols were the second most produced followed by 7α(β)-hydroxylsterols. In addition,
7-ketosterols and 5α(β), 6α(β)-epoxysterols increased significantly, while 7α(β)-hydroxylsterol and
triol sterol had no further changes. With the temperature increasing from 120 to 180 ◦C (180 min),
the amounts of 7-ketosterols and 5α(β), 6α(β)-epoxysterols in soybean germ oil increased from 3.95%
to 10.18% and 0.63% to 4.76%, respectively, while 7α(β)-hydroxylsterols and triols changed from 1.56%
to 1.55% and 0.13% to 0.20%, respectively. The same trend was observed in lard. Different changes
were seen in olive oil: 7-ketosterols still remained the most produced (from 3.31% to 8.79%) compared
with other oxidation products, while 7α(β)-hydroxylsterols and 5α(β), 6α(β)-epoxysterols both had
a little increase (from 1.36% to 2.11% and 1.05% to 1.34% respectively). Notably, triols were absent
in olive oil. Rudzińska et al. evaluated the oxidative derivatives of phytosterols and phytostanols in
margarine at 4 and 20 ◦C for 18 weeks, finding that 7α(β)-hydroxy was the major oxidation products
at lower temperatures [31]. In combination with our results, it is concluded that a lower activation
energy is required for hydroxides’ formation [32].
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Table 2. The total content and composition of SGPs’ oxidation products in soybean germ oil *.

Temperature
and Time

Composition and Content of Oxidation Products/%

7α(β)-Hydroxy
Sterols

5α(β), 6α(β)-
Epoxy Sterols 7-Ketosterols Triols Total

Content

180 ◦C

30 min 0.84 ± 0.01 a 0.98 ± 0.02 a 3.01 ± 0.03 a 0.11 ± 0.02 a 4.94 a

60 min 1.31 ± 0.02 b 2.23 ± 0.04 b 4.08 ± 0.02 b 0.15 ± 0.03 ab 7.77 b

120 min 1.55 ± 0.02 c 3.45 ± 0.01 c 6.11 ± 0.04 c 0.12 ± 0.01 ab 11.23 c

180 min 1.96 ± 0.03 d 4.76 ± 0.03 d 10.18 ± 0.03 d 0.20 ± 0.02 b 17.10 d

150 ◦C

30 min 0.67 ± 0.04 a 0.23 ± 0.02 a 1.53 ± 0.03 a 0.12 ± 0.02 a 2.55 a

60 min 1.03 ± 0.03 b 0.48 ± 0.03 b 2.98 ± 0.06 b 0.10 ± 0.03 a 4.59 b

120 min 1.42 ± 0.02 c 0.94 ± 0.03 c 4.02 ± 0.05 c 0.13 ± 0.04 a 6.51 c

180 min 1.74 ± 0.11 d 1.56 ± 0.05 d 5.87 ± 0.03 d 0.13 ± 0.03 a 9.30 d

120 ◦C

30 min 0.38 ± 0.33 a 0.16 ± 0.03 a 0.88 ± 0.06 a 0.13 ± 0.02 a 1.55 a

60 min 0.89 ± 0.05 ab 0.32 ± 0.03 b 1.47 ± 0.05 b 0.09 ± 0.05 a 2.77 b

120 min 1.29 ± 0.06 b 0.57 ± 0.02 c 2.21 ± 0.06 c 0.11 ± 0.04 a 4.81 c

180 min 1.56 ± 0.03 b 0.63 ± 0.03 c 3.95 ± 0.03 d 0.13 ± 0.05 a 6.27 d

* Data are expressed as the mean ± SD; a, b, c, d Means with different superscript letters differ significantly at
p < 0.05.

Table 3. The total content and composition of SGPs’ oxidation products in olive oil *.

Temperature
and Time

Composition and Content of Oxidation Products/%

7α(β)-Hydroxy
Sterols

5α(β), 6α(β)-
Epoxy Sterols 7-Ketosterols Triols Total

Content

180 ◦C

30 min 0.98 ± 0.07 a 0.58 ± 0.06 a 1.83 ± 0.05 a ND 3.39 a

60 min 1.35 ± 0.09 a 0.84 ± 0.05 a 3.29 ± 0.04 b ND 5.48 b

120 min 2.03 ± 0.12 b 1.09 ± 0.96 a 5.08 ± 0.11 c ND 8.20 c

180 min 2.11 ± 0.11 b 1.34 ± 0.05 a 8.79 ± 0.16 d ND 12.24 d

150 ◦C

30 min 0.48 ± 0.08 a 0.20 ± 0.03 a 1.21 ± 0.04 a ND 1.89 a

60 min 0.72 ± 0.05 b 0.57 ± 0.07 b 2.15 ± 0.04 b ND 3.44 b

120 min 1.11 ± 0.03 c 0.99 ± 0.03 c 3.09 ± 0.06 c ND 5.19 c

180 min 1.49 ± 0.05 d 1.28 ± 0.06 d 4.37 ± 0.05 d ND 7.14 d

120 ◦C

30 min 0.28 ± 0.04 a 0.13 ± 0.02 a 0.53 ± 0.07 a ND 0.94 a

60 min 0.69 ± 0.05 b 0.37 ± 0.01 b 1.03 ± 0.02 b ND 2.09 b

120 min 0.94 ± 0.07 b 0.86 ± 0.04 c 2.47 ± 0.05 c ND 4.27 c

180 min 1.36 ± 0.11 c 1.05 ± 0.03 d 3.31 ± 0.01 d ND 5.72 d

* Data are expressed as the mean ± SD; a, b, c, d Means with different superscript letters differ significantly at
p < 0.05. ND means not detectable.

Table 4. The total content and composition of SGPs’ oxidation products in lard *.

Temperature
and Time

Composition and Content of Oxidation Products/%

7α(β)-Hydroxy
Sterols

5α(β), 6α(β)-
Epoxy sterols 7-ketosterols Triols Total

Content

180 ◦C

30 min 1.03 ± 0.09 a 1.06 ± 0.14 a 3.37 ± 0.13 a 0.37 ± 0.04 a 5.83 a

60 min 1.49 ± 0.10 b 1.23 ± 0.12 ab 5.13 ± 0.10 b 0.32 ± 0.07 a 8.17 b

120 min 1.88 ± 0.08 bc 1.78 ± 0.09 bc 8.38 ± 0.09 c 0.28 ± 0.03 a 12.32 c

180 min 2.12 ± 0.16 c 2.05 ± 0.23 c 13.12 ± 0.17 d 0.35 ± 0.04 a 17.64 d

150 ◦C

30 min 1.01 ± 0.11 a 0.38 ± 0.12 a 2.28 ± 0.02 a 0.27 ± 0.02 a 3.94 a

60 min 1.44 ± 0.09 ab 0.57 ± 0.07 a 3.47 ± 0.06 b 0.25 ± 0.03 a 5.73 b

120 min 1.87 ± 0.18 b 1.27 ± 0.15 b 4.11 ± 0.05 c 0.28 ± 0.05 a 7.53 c

180 min 2.03 ± 0.22 b 1.68 ± 0.18 b 5.87 ± 0.03 d 0.22 ± 0.08 a 9.80 d
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Table 4. Cont.

Temperature
and Time

Composition and Content of Oxidation Products/%

7α(β)-Hydroxy
Sterols

5α(β), 6α(β)-
Epoxy sterols 7-ketosterols Triols Total

Content

120 ◦C

30 min 0.62 ± 0.21 a 0.23 ± 0.04 a 1.23 ± 0.16 a 0.24 ± 0.12 a 2.32 a

60 min 1.03 ± 0.15 ab 0.41 ± 0.13 ab 2.94 ± 0.17 b 0.29 ± 0.03 a 4.67 b

120 min 1.59 ± 0.07 bc 0.68 ± 0.09 bc 3.23 ± 0.09 b 0.22 ± 0.02 a 5.72 c

180 min 1.84 ± 0.12 c 0.82 ± 0.11 c 4.06 ± 0.21 c 0.18 ± 0.06 a 6.90 d

* Data are expressed as the mean ± SD; a, b, c, d Means with different superscript letters differ significantly at
p < 0.05.

The comparison of the formation of SGPs oxidation products in different systems is shown in
Figure 6. The results demonstrated that at relatively lower temperatures (120 and 150 ◦C) (Figure 6A,B),
the total SGPs’ oxidation products were produced in an order of the non-oil system > lard > soybean
germ oil > olive oil. For instance, after being heated at 120 ◦C (30~180 min), the contents of SGPs
in the non-oil system, lard, soybean germ oil, and olive oil ranged from 3.80~8.52%, 2.32~6.90%,
1.55~6.27%, and 0.94~5.72%; at 150 ◦C, the corresponding figures were 4.48~12.73%, 3.94~9.80%,
2.55~9.30%, and 1.89~7.14%. The results indicated that the lipid matrix had an important influence on
the formation of sterol oxidation products. Our hypothesis is that the unsaturated fatty acids in the
lipid matrix are more readily oxidized at a high temperature, protecting the oxidation of phytosterols
to a certain extent [17]. The unsaturated fatty contents of soybean germ oil, olive oil, and lard were
81.53%, 85.09%, and 53.91%, respectively. In relatively saturated lipid matrices (lard), the degree of
oxidation of sterols was greater than that in relatively unsaturated lipid systems (soybean germ oil
and olive oil). The results are consistent with the study conducted by Ansorena et al. [33]. However,
when the temperate was elevated to 180 ◦C, a different situation was observed (Figure 6C). At the
beginning of the heating (180 ◦C, 30 min), the formation of SGPs’ oxidation products in lard and
soybean germ oil was 5.83% and 4.94%, respectively, whereas with the heating time prolonged to
180 min, the difference between the total content of SGPs’ oxidation products in lard and soybean germ
oil became less and less (60 min, 7.77% and 8.17%; 120 min, 11.23% and 12.32%; 180 min, 17.10% and
17.64%), implying that the surrounding fatty acids influenced the production of SGPs’ oxidation in a
temperature-dependent manner. Pennisi-Forell et al. examined the oxidative stability of low-fat beef
burgers formulated with pre-emulsified vegetable and fish oils (10%), tocopherols, and phytosterols,
indicating that the concentration of total phytosterols was unaffected by the formulation or storage time
at −20 ◦C [34]. We speculated that at the early stage of oxidation, the unsaturated fatty acids truly had
a protective effect on SGPs oxidation, but the thermal-oxidation of the lipid matrix and phytosterols
was an interaction process, meaning that the oxidation products of lipids might influence the formation
of POPs. Consequently, when the lipid medium was oxidized to a certain degree, the protective effect
became weaker, and even disappeared. The major polyunsaturated fatty acid in soybean germ oil was
linolenic acid (16.21%), while in lard and olive oil it was linoleic acid, accounting for 12.73% and 4.95%,
respectively. The study conducted by Botelho et al. indicated that phytosterol-enriched dark chocolate
presented higher values of hydroperoxides, which could be attributed to presence of higher levels of
alpha-linolenic acid [35]. Accordingly, soybean germ oil was easily oxidized compared with lard and
olive oil. Though the unsaturated fatty acid content of soybean germ oil and olive oil (81.53% and
85.09%) had a minor difference, the formation of SGPs’ oxidation products in soybean germ oil was
significantly higher than that in olive oil. On the other hand, the natural antioxidant ingredient (VE) in
soybean germ oil was relatively higher (1930 mg/kg) than others and might have a protective role on
the oxidation deterioration of sterols [36].
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3. Materials and Methods

3.1. Chemicals and Reagents

Soybean germ was purchased from Riotto Botanical Co. Ltd. (Xi’an, China) and stored at −10 ◦C
before analysis. Lard (no exogenous antioxidants) was obtained from Tianjin Jiuyuan Oil Company
(Tianjin, China). Olive oil (first grade, Olivoilà brand) was purchased from a local supermarket.
The fatty acid composition, tocopherols, and phytosterols content of soybean germ oil, olive oil,
and lard were analyzed. The results were as follows: Soybean germ oil (C16:0: 12.59%, C18:0: 3.27%,
C18:1: 9.87%, C18:2: 55.45%, C18:3: 16.21%; phytosterols, 3081 mg/100g; tocopherol, 1930 mg/kg); olive
oil (C16:0: 10.33%, C18:0: 3.70%, C18:1: 79.72%, C18:2: 4.95%, C18:3: 0.42%; phytosterols, 145.49 mg/100g;
tocopherol, 209.95 mg/kg); lard (C14:0: 1.50%, C16:0: 26.34%, C18:0: 17.35%, C18:1: 40.28%, C18:2:
12.73%, C18:3: 0.90%; phytosterols and tocopherol, no detected). Ether, chloroform, acetone, ethanol,
and pyridine were purchased from Tianjin Kermel Company (Tianjin, China). 5α-Cholestane, N, O-bis
(trimethylsily) trifluoroacetamide (BSTFA), +1% trimethylchlorosilane (TMCS) were all purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Silica used for TLC plate preparation was obtained
from Qingdao Ocean Chemical Factory (Qingdao, China).

3.2. Preparation of Soybean Germ Oil and SGPs

Soybean germ was dried in an oven at 60 ◦C under vacuum, and then was thoroughly ground
and sieved using 80 mesh. The soybean germ powder (500 g) was soaked in petroleum ether at a
solvent ratio of 10:1 (mL/g) for 24 h. After the mixture was filtered, the afforded cake was soaked again.
Then, the solvent was collected and evaporated, and the soybean germ oil was obtained. The resultant
soybean germ oil was weighted, and the yield was 11.2%. Soybean germ oil (50 g) was saponified with
1 M potassium hydroxide (500 mL) in ethanol (90 ◦C, 90 min). Unsaponifiable fraction was extracted
with 50 mL n-hexane for three times. After the solvent was removed, crude SGPs was obtained.
The crude product was purified on a TLC using a solvent mixture of hexane: ethyl ether: acetic acid
(70:30:2, v/v/v). After purification, the purity of SGPs was higher than 95%. The content of phytosterols
in soybean germ oil was 3.08%.

3.3. Quantification of SGPs

SGPs were firstly converted to their corresponding trimethylsilyl derivatives and then analyzed
on gas chromatograph as we previously described [21]. 5α-cholestane was used as internal standard.
The intimal column was set at 285 ◦C for 20 min. The injection and flame ionization detector (FID)
temperatures were set at 300 and 360 ◦C, respectively, with the split flow ratio 20:1. The injection
sample volume was 1 µL. Nitrogen was used as carrier gas at the speed of 1.0 mL/min. The sum of the
mass of individual phytosterols was the total SGPs mass.

3.4. Oxidation of SGPs in a Non-Oil System

SGPs were prepared into 2 mg/mL n-hexane solution, then 2 mL of the solution was accurately
transformed into a high-temperature resistance tube and dried under a gentle stream of nitrogen.
The tube was heated in an oven at three temperatures of 120, 150, and 180 ◦C. The sample (1 mg)
was taken periodically at 30, 60, 120, and 180 min, respectively. After cooling down, the remaining
phytosterols was converted to TMS derivatives with the addition of 0.5 mg 5α-cholestane as an internal
standard. The mixture was dried by nitrogen. The resultant SGPs-TMS derivatives were dissolved in
600 uL of hexane for GC analysis.

The thermal loss rate of the SGPs was calculated according to the following Formula (1), where
m1 represents the mass of the addition amount of SGPs, mg; and m2 represents the remaining mass of
SGPs after thermal-oxidation, mg:
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The loss rate of SGPs =
m1 −m2

m1
× 100% (1)

3.5. Oxidation of SGPs in Three Oil Systems

Soybean germ oil (5 g) was heated in an oven at three temperatures (120, 150, and 180 ◦C).
The sample (200 mg) was periodically taken and accurately weighed into a 25-mL flask at 30, 60, 120,
and 180 min, respectively. The oil samples were saponified with 1 M potassium hydroxide (2 mL)
in ethanol (80 ◦C, 90 min). After the reaction was completed, 5 mL of distilled water were added.
The unsaponificable matter was extracted 3 times with 10 mL of n-hexane. The solvent was combined
and then was removed by the rotary evaporator. The resultant SGPs were purified by the TLC method
with n-hexane: ether: acetic acid = 70:30:2 (V/V/V) as the developing solvent. Then, the phytosterols
were derivatized by TMS with the addition of 0.5 mg 5α-cholestane as internal standard. After being
dried by nitrogen, the resultant SGPs-TMS derivatives were dissolved in 600 µL of hexane for GC
analysis. The thermal-loss rate of the SGPs in soybean germ oil was calculated according to the same
equation used in the non-oil system.

SGPs were added into olive oil and lard, respectively, to adjust the amount of SGPs to reach that
in soybean germ oil (3.08%). The oxidation of SGPs in lard and olive oil was similarly investigated
using the same experimental procedure and analysis method conducted in soybean germ oil.

3.6. Measurement of Soybean Germ Phytosterols’ Oxidation Products

The SGPs’ oxidation products were prepared using the method described by Dutta et al. with
slight modification [37]. Pure SGPs (30 mg) were accurately weighed into a high-temperature-resistant
tube and were heated in an oven at three temperatures of 120, 150, and 180 ◦C. The sample (1 mg)
was taken at 30, 60, 120, and 180 min, respectively. After cooling to room temperature, the sample
was dissolved in 1 mL of n-hexane. The oxidation products were purified by the SiOH solid-phase
extraction (SPE) method. First, a mixture solution of ethyl ether and n-hexane (9:1, (V/V)) was used to
eliminate the non-polar components, and then the mixture of n-hexane and ethyl ether (1:1, (V/V))
was used to remove the unoxidized SGPs. The oxidized products of SGPs were eluted using 5 mL of
acetone. Then, the solvent was dried under nitrogen with 5α-cholestane (2 µg) addition as the internal
standard. The resultant SGPs’ oxidation products were converted to TMS (trimethylsilyl) derivatives
by N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS) (600 µL,
1 h, 60 ◦C) for GC-MS analysis.

In the oil systems (soybean germ oil, olive oil, and lard), after heating at a set temperature for
a certain time, 1 g of oil was accurately weighed in a 25-mL round-bottom flask. The oil sample
was saponified in potassium hydroxide ethanol solution (10 mL, 1 M) at room temperature for 12 h.
Then, the unsaponified matter was extracted by n-hexane for 3 times. The solvent was combined
and removed by rotating evaporation. Then, the oxidation products were obtained according to the
purification method described in the non-oil system.

3.7. Analysis of Oxidation Products of SGPs

The analysis of SGPs’ oxidation products was performed by GC-MS as described by
Menendez-Carreno et al. with slight modification [38]. The phytosterols’ oxidation products were
identified on a GC7890 (Agilent Technologies, Palo Alto, CA, USA) with a chromatographic column
HP-5 (30 m × 320 µm × 0.25 µm). Nitrogen was used as a carrier gas (1.0 mL/min) with the split flow
ratio of 10:1. The column temperature was set at 325 ◦C. The oven temperature was programmed at
90 ◦C for 1 min, increased to 270 ◦C at a rate of 15 ◦C/min (13 min), then slowly increased to 300 ◦C at
1.5 ◦C min. the injection and FID detector temperature was set at 300 and 300 ◦C, respectively. The MS
conditions were as follows: The ion source at 230 ◦C, four-stage bar temperature 150 ◦C, ionization
voltage 70 Ev, and the scanning range of 33~650 amu.
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The mass concentration of the oxidation products was obtained by using the standard curve
method made of 5α-cholestane. The content of SGPs oxidation products was calculated according to
the following Formula (2), where m1 represents the mass of oxidation products, mg; and m2 represents
the mass of total SGPs in the sample before oxidation, mg:

The content of SGPs oxidation products(%) =
m1
m2
× 100% (2)

3.8. Statistics

All the experiments were performed in triplicate and the results were expressed as
means ± standard deviations. Data significance analysis and mapping were performed using SPSS
16.0 (IBM, Armonk, New York, NY, USA) and Origin 8.5 software, respectively, with p < 0.05 indicating
significant differences in the results.

4. Conclusions

The present study clearly demonstrated that SGPs were most oxidized in a non-oil system followed
by in lard, soybean germ oil, and olive oil in a decreasing order, suggesting that lipid matrixes are a
crucial factor in the oxidation of phytosterols. Regarding the effect of the fatty acid composition in lipid
matrixes on the thermal-oxidation stability of SGPs, the unsaturated fatty acids inhibited the oxidation
of SGPs, most likely because they oxidized first, competed with consumption of oxygen, and spared
phytosterols from oxidation. At the relatively lower temperatures (120 and 150 ◦C), SGPs’ oxidation
products was produced the most in the non-oil system followed by in lard, soybean germ oil, and olive
oil in a decreasing order, accompanied with a similar trend in the loss rate of SGPs. At a relatively
higher temperature (180 ◦C), the formation of SGPs’ oxidation products in soybean germ oil and lard
was quantitatively the same, demonstrating that the temperature became a dominative factor rather
than the content of unsaturated fatty acids of lipid matrixes in the oxidation of SGPs.

Supplementary Materials: The followings are available online. Figure S1: GC-MS ion fragment chromatogram of
soybean germ sterols oxidation products, Table S1: The loss rate of soybean germ phytosterols in different systems,
Table S2: The fatty acid compositions, tocopherols and phytosterols contents in different oils.
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