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ABSTRACT 

Cholesterol and phytosterols can suffer oxidation under heating conditions to give Sterol 

Oxidation Products (SOPs), known by their toxic effects. This paper studied the 

degradation of cholesterol and three plant sterols during a 360 min heating treatment 

(180ºC). The formation and further degradation of SOPs was also analyzed by GC-MS. 

Results revealed a sterol susceptibility to degradation according to the following 

decreasing order: campesterol ≈ β-sitosterol ≥ stigmasterol > cholesterol. Their 

degradation curve fit (R2 = 0.907 - 0.979) a logarithmic model. Sterol Oxidation Products 

increased their concentration during the first 5-10 min and thereafter, their degradation 

rate was higher than their formation rate, resulting in a decrease over time. Irrespective of 

the sterol from which they had derived, 7-keto derivatives presented the highest levels 

throughout the entire process, and also SOPs with the same type of oxidation followed a  

similar degradation pattern (R = 0.90- 0.99). 

KEYWORDS 

Cholesterol; plant sterols; heating stability; degradation; kinetic models 

 

 2



1. INTRODUCTION 

Cholesterol and plant sterols can suffer autoxidation to give sterol oxidation 

products (SOPs), named COPs (cholesterol) and POPs (phytosterols), respectively. Some 

of these compounds have been demonstrated to exert harmful effects in the organism, 

including atherosclerosis, cytotoxicity and mutagenesis (Larsson, Baird, Nyhalah, Yuan, 

& Li, 2006; Roussi, Gosse, Werner, Zhang, & Marchioni, 2007; O'Callaghan, Foley, 

O'Connell, McCarthy, Maguire, & O'Brien, 2010). The presence of polar SOPs has been 

widely reported in a great variety of foods, from vegetable oils to pork meat (Otaegui-

Arrazola, Menendez-Carreno, Ansorena, Astiasaran, 2010).  Particular attention has been 

paid to the development of phytosterol-enriched functional foods due to their much 

higher sterol content compared to conventional foods. As a consequence, final oxysterol 

are also increased, reaching up to 3-5-fold compared to the non-enriched foods 

(Conchillo et al., 2005; Menéndez-Carreño, Ansorena, & Astiasaran, 2008a). Assessing 

the perspectives of plant sterols-enriched food, particularly focusing on the occurrence of 

plant sterol oxidation products is of great interest (García-Llatas & Rodríguez-Estrada, 

2011). Not only their formation but also their degradation patterns should be studied in 

depth to predict their levels in foods. In order to avoid interferences of the food matrix 

and identify their net influence on the process, model systems are commonly used so that 

a better comprehension of the factors governing this issue can be obtained and a better 

control of certain food processing conditions might be consequently proposed. 

Furthermore, there is also wide evidence of the capability of these compounds to be 

absorbed from the diet (Staprans, Pan, Rapp & Feingold, 2005). Given the above-
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mentioned harmful effects in human cell lines, their formation should be minimized and 

the responsible factors should be studied in detail. 

In this sense, factors such as high temperature and exposure to oxygen or light are 

responsible for oxysterols formation. Although 7-keto oxiderivatives are normally the 

most abundant ones as a consequence of heat treatments, 7α-hydroxy, 7β-hydroxy, 5,6α-

epoxy, 5,6β-epoxy and 5,6,7-triol derivatives are usually analyzed, too (Lampi, Juntunen, 

Toivo, & Piironen, 2002; Xu, Sun, Liang, Yang & Chen, 2011). Degradation of both 

sterols and oxysterols occurs over 150ºC, giving rise to fragmented phytosterol 

molecules, volatile compounds and oligomers (Rudzinska, Przybylski & Wasowicz, 

2009; Struijs, Lampi, Ollilainen & Piironen, 2010). 180 ºC is the temperature commonly 

chosen in most of the studies to evaluate sterol thermal susceptibility as it represents the 

more usual temperature applied in frying culinary processes. At this temperature, 

Menéndez-Carreño, Ansorena, Astiasaran, Piironen and Lampi. (2010) found a 

progressive decrease in stigmasterol content and formation and subsequent degradation of 

SOPs after one hour of heating. Nevertheless, this SOPs degradation has been reported to 

start at different moments of the heating process (Kemmo, Soupas, Lampi & Piironen, 

2005; Xu et al., 2011) depending on the experimental procedure, even when same 

temperature is applied.  

Comparison between oxysterols derived from different initial sterols is a matter of 

great interest, which could contribute to complete a general overview. Some studies 

involving parallel monitoring of several sterols have been carried out (Grandgirard 

Martine, Joffre, Juaneda, & Berdeaux, 2004; Menéndez-Carreño, Steenbergen, & 

Janssen, 2011; González-Larena, Garcia-Llatas, Vidal, Sanchez-Siles, Barbera & Lagarda 
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2011). However, few of them assess a discussed comparison of relative degradation data 

(Cercaci et al., 2006; Menéndez-Carreño et al., 2008a) and the majority used a low 

number of sterols.  

There are some studies concerning modelling with regression equations of 

cholesterol degradation as well as COPs formation(Chien, Wang & Chen, 1998; Chien, 

Hsu & Chen 2006; Yen, Inbaraj, Chien & Chen 2010). However, to our knowledge, no 

study has dealt with plant sterols or SOPs degradation modelling and this would provide 

relevant information to estimate their actual levels. 

Therefore, the aim of this work was to study the behaviour of three phytosterols 

(β-sitosterol, stigmasterol and campesterol), as well as the formation and degradation 

pattern of six ring-structure polar oxidation products at 180ºC, comparing them to those 

of cholesterol. Non-linear regression models for the degradation curves of both sterols 

and oxysterols were designed. 

 

2. MATERIAL AND METHODS 

2.1 Reagents 

Cholesterol, 5α-cholestane and commercial mixtures of β-sitosterol, campesterol and 

stigmasterol were purchased from Sigma-Aldrich Chemical (Steinhei, Germany). 19-

hydroxycholesterol was purchased from Steraloids (Wilton, NH, USA). Tri-sil reagent 

was obtained from Pierce (Rockford, IL, USA). Acetone, chloroform, diethyl ether, 

methanol, hexane and 2-propanol were obtained from Panreac (Barcelona, Spain). 

Hexane for gas chromatography and dichloromethane for gas chromatography were from 
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Merck (Whitehouse Station, NJ, USA). Sep-pack Vac 6cc silica 1g cartridges were 

obtained from Waters (Milford, USA). 

2.2 Heating of sterol samples 

Thermo-oxidation of sterol standards was done at 180 ºC for various time 

durations: 0, 5, 10, 20, 30, 60, 90, 120, 180 and 360 min. For the thermo-oxidation, 0.5 

mL of cholesterol standard solution (5mg/mL) was added into 20 open glass vials (15 x 

100 mm). Half of the samples were used for the analysis of sterols and half of the 

samples for the determination of SOPs. The solvent was evaporated under gentle nitrogen 

stream. Subsequently, the vials were placed open (allowing enough oxygen disposal) in 

the Tembloc (P Selecta, Spain) previously stabilized at 180 ºC. After the corresponding 

time, vials were taken out from heat. Same procedure was applied to the phytosterol 

standards solution (5mg/mL; 3.29% campesterol, 0.40% campestanol, 53.81 % 

stigmasterol, 37.33% β-sitosterol and 5.18% sitostanol). Then, the samples were 

maintained at room temperature for 20 min, except for 5 and 10 min samples, which were 

cooled in ice for 5 min before acclimatization. After heating, samples presented an oily 

appearance. The experiment was performed in quadruplicate. 

2.3 Sterol analysis  

In order to get a similar concentration than that of phytosterols mixture samples, 

cholesterol heated samples were redissolved with 5 mL hexane/2-propanol (3:2, v/v) and 

1 mL was transferred into a new tube. Subsequently, 0.1 mL of 5α-cholestane (2mg/mL) 

was added to each cholesterol and phytosterol heated sample. The solvent was evaporated 

under gentle nitrogen stream. 
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Both cholesterol and phytosterol heated samples were derivatized to trimethylsilyl 

(TMS) ethers according to a modified version of the method described by Dutta and 

Appelqvist (1997). 400 μL of Tri-Sil reagent were added to each sample and they were 

kept at 60ºC for 45 min in a water bath. The solvent was evaporated under a stream of 

nitrogen and the TMS-ether derivates were solved in 10 mL of hexane for gas 

chromatography. 400 μL of this solution were filtrated with a syringe and a filter 

(0.45µm) and poured to a glass vial prior to GC-MS analysis.  

Gas chromatography-Mass spectrometry (GC-MS) analysis was performed on a 

HP Hewlett Packard 6890 GC coupled to a HP 5973 Mass Selective Detector. The TMS-

ether derivatives of cholesterol and phytosterol standards were separated on a capillary 

column Agilent 19091S-433 HP-5ms 5% Phenyl Methyl Siloxane (30 m x 250 μm x 0.25 

μm film thickness) (Agilent, CA, USA). Oven temperature conditions had previously 

been optimized in order to achieve proper separation of the individual compounds. The 

program started at temperature of 85ºC, heated to 290ºC at a rate of 50ºC/min and, 

finally, increased to 298ºC at rate of 0.5ºC/min. High purity helium was used as a carrier 

gas at a flow rate of 1 mL/min. The inlet pressure used was 9.64 psi. The injector 

temperature was 280ºC and the samples were injected (1µL) in a splitless mode.  

Peak identification was based on comparison of their mass spectra with the 

spectra of the Wiley library (HPCHEM, Wiley, 275, 6th ed.) and also with those obtained 

from the literature. In some cases, a comparison of their retention time and MS fragments 

with those of standard pure compounds was also done. An internal standard method was 

used for quantification, with 5α-cholestane as the internal standard. Cholesterol and 5α-

cholestane quantification was made in SCAN, while plant sterols were quantified using 
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selected ion monitoring (SIM) analysis on the basis of the amount of a specific ion for 

each peak (343, 484, 357, for campesterol, stigmasterol and β-sitosterol, respectively), 

and taking into account the relative abundance of each ion (Berasategi et al., 2012). 

Calibration curves were previously built. For the integration Agilent MSD Productivity 

ChemStation for GC and GC/MS Systems Data Analysis Application were used.  

2.4 Sterol Oxidation Products analysis 

The identification and quantification of sterol oxidation products was performed 

according to the validated method of Menéndez-Carreño et al. (2008b).  

Firstly, 1 mL of internal standard (20 μg/mL of 19-hydroxycholesterol) was added 

to the heated samples. SPE was used to separate SOPs from non-polar and mid-polar 

products. The purification of oxysterols allows obtaining clear chromatograms. The SPE 

was made according to the procedures described in detail in Guardiola et al. (1995). The 

test tubes containing the samples diluted in 5 mL of hexane were applied to a SPE silica 

cartridge, previously equilibrated with 5 mL of hexane. The cartridge was subsequently 

treated with 10 mL of hexane:diethyl ether (95:5, v/v), 30 mL of hexane:diethyl ether 

(90:10, v/v), and with 10 mL of hexane:diethyl ether (80:20, v/v). Sterol oxidation 

products were finally eluted from the SPE cartridge with 10 mL of a mixture of 

acetone/methanol (60:20, v/v). The solvent was evaporated in rotary evaporator under 

warm water bath (35ºC). 

The sample solutions of sterol oxidation products were derivatized to 

trimethylsilyl (TMS) ethers as previously described for sterols.  

GC-MS analysis was performed on a Hewlett Packard 6890N GC coupled to a 

5975 Mass Selective Detector. The TMS-ether derivatives of sterol oxides were separated 
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on a capillary column Agilent 19091S-433 HP-5ms 5% Phenyl Methyl Siloxane (30 m x 

250 μm x 0.25 μm film thickness). Oven temperature conditions were as follows: initial 

temperature of 75ºC, heated to 250ºC at a rate of 30ºC/min, increased to 290ºC at rate of 

8ºC/min, and finally, it was raised to 292ºC at a rate of 0.5ºC/min. High purity helium 

was used as a carrier gas at a flow rate of 1 mL/min. The inlet pressure used was 9.08 psi. 

The injector temperature was 250ºC and the transfer line to detector 280ºC. The samples 

(1µL) were injected in splitless mode.  

Peak identification was made following the same procedure as for sterols. SOPs 

quantification was also based on an internal standard method (19-hydroxycholesterol). It 

was performed using selected ion monitoring (SIM) analysis. For each stage of time, 

different ions (33) were selectively quantified and, consequently, extract ion 

chromatogram had to be used to integrate the corresponding peak areas. Given the lack of 

available POPs standards and their demonstrated similar to COPs response, COPs 

calibration curves assessed by Menendez-Carreño et al. (2008b) were also used to 

determine POPs content. For the integration Agilent MSD Productivity ChemStation for 

GC and GC/MS Systems Data Analysis Application (Agilent Technologies, Inc., CA, 

U.S.A.) were used.  

2.5 Statistical analysis 

For the statistical analysis of the data, SPSS 15.0 program (SPSS, Inc., Chicago, 

IL, U.S.A.) was used. Mean and standard deviation of data obtained from each replicate 

were calculated. For the mathematical modelling of the degradation of sterols and their 

oxides, the nonlinear regression analysis was used (from beginning in the case of sterols 

and from the moment of the maximum achieved in the case of SOPs). For the evaluation 
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of the significant differences of the amounts of sterols and sterol oxides along time and 

among different sterols, one factor ANOVA with Tuckey post hoc multiple comparisons 

(p<0.05) was applied. Finally, correlations between oxysterols of the same oxidation 

pattern (concerning functional group and position) but from different sterol origin were 

assessed by means of Pearson´s correlation test. 

 

3. RESULTS 

3.1 Sterol study 

Amounts of remaining cholesterol and phytosterols after the different heating 

times (0-360 min) are shown in Table 1. Significant differences were observed among 

every heating time during the first 20-30 min, when a drastic drop was detected. 

Thereafter, small differences were found. Degradation reached around 55-60% of the 

initial sterol content -except for cholesterol, 41.80%- during the first 5 min of treatment 

(Table 2). After 30 min heating, around 88% and 74.71% of the initial sterols had already 

been degraded, for phytosterols (mean value) and cholesterol, respectively. And around 

90 and 79.64 % respectively after 90 min. At the end of the heat treatment all sterols were 

degraded up to around 95% of their initial level. 

Different nonlinear regression models were assayed to predict the loss of sterols 

(logarithmic, inverse and exponential), with logarithmic model showing the highest R2 

for all cases (0.907, 0.972, 0.953 and 0.979 for cholesterol, campesterol, stigmasterol and 

β-sitosterol, respectively). The plots and corresponding equations are shown in Figure 1. 

Cholesterol showed the highest first constant - named as α - (48.720) compared to the 

other equations (39.786 - 41.474). 
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3.2 Sterol Oxidation Products 

The evolution of 24 different SOPs was followed in this study. 7α-hydroxy, 7β-

hydroxy, 5,6β-epoxy, 5,6α-epoxy, triol and 7-keto derivatives of each sterol were 

analyzed (Tables 3-6). The total amount of compounds derived from each sterol was also 

calculated (Figure 2). Maximum levels for each sterol total oxides were 73.79, 106.53, 

49.75 and 98.38 µg/mg, for cholesterol (10 min), campesterol (10 min), stigmasterol (5 

min) and β-sitosterol (5 min), respectively. After this time, there was a significant and 

progressive decrease for total oxysterols, reaching minimal amounts, around 6% of the 

maximum concentration at the end of the process.  Higher levels of total campesterol and 

β-sitosterol oxides were detected compared to those achieved by cholesterol and 

stigmasterol derivatives throughout the whole heating process. 

The most abundant SOP formed was, by far, 7-ketosterol (irrespective of the type 

of sterol), reaching 64.28, 65.93, 53.85 and 67.68 % of the total amount of oxides derived 

from cholesterol, campesterol, stigmasterol and β-sitosterol, respectively, at the moment 

of the maximum total SOPs concentration, which was set at 5-10 min treatment.  A trend 

to increase in all 7-keto plant sterol derivatives was observed at minute 60, although not 

statistically significant. 7α-hydroxy- and 7β-hydroxy- were the next derivatives formed 

from the quantitative point of view. While 7α-hydroxy- derivatives were more abundant 

than β-hydroxy- ones at the initial points of analysis, as the treatment progressed, β-

hydroxy- formation is favoured over alpha’s. Sterol epoxides level is much smaller than 

7-hydroxysterols’ at the beginning (especially in the case of campesterol and 

stigmasterol), but higher at the end, ie, 8.09 and 21.11 µg/mg of 5,6α/β-epoxycampesterol 

and 7α/β-hydroxycampesterol respectively at 5 min, compared to 5.89 and 0.52 µg/mg at 
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90 min. Triol derivatives were the ones formed in a lower amount, even finding no 

campestanetriol. 

As a similar behaviour could be observed among the same kind of oxysterols of 

different sterol origin (Table 1 and Figure 2), correlation was also studied among them, 

showing Pearson’s Coefficients between 0.90 and 0.99 in most cases.   

Among the different nonlinear regression models assayed (Table 7), and 

considering the R2 values, the ones which best fit the degradation were for 7α and 7β-

hydroxy, an inverse model; for 5,6β-epoxy, a logarithmic model; and for the rest of 

compounds an exponential model –except for 5,6α-epoxycholesterol, which fit a 

logarithmic model-. In the overall view, total chol-ox, total cam-ox, total stigma-ox and 

total sito-ox followed an exponential-type degradation. 

Concerning the degradation rate constants, 7α-hydroxy compounds showed a 

degradation rate constant around twice that of 7β-hydroxy, except for cholesterol 

samples. Among exponential regression adjustments, rate constants were in all cases 

ranging between -0.010 and -0.004. Values were rather uniform within the same type of 

oxidation mechanism, regardless of the sterol origin -except for 5,6α-epoxycholesterol-, 

the constants of triol being the lowest (in absolute value) and that of 5,6α-epoxy the 

highest.  

4. DISCUSSION 

Compared to other studies performed both in model or real systems (Xu, Guan, 

Sun & Chen, 2009; Yen et al., 2010; Menéndez-Carreño et al., 2010), the heat treatment 

conditions applied in our study seemed to be more destructive, since the degradation 

percentages of sterols were, in general, higher. Around 55% degradation of cholesterol 
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and β-sitosterol standards and 38% stigmasterol standard have been previously reported 

after 1h heating at 180ºC (Xu et al., 2009; Menéndez-Carreño et al., 2010), compared to 

more than 70 % noted for the present study. Different heating temperature/exposure time 

and other experimental conditions (such as initial sterol amount) could be behind this 

diversity of results. In their work, Menéndez-Carreño et al. (2010) heated the stigmasterol 

standard samples into glass vials placing them into an oven where the energy transfer 

takes place via convection heating. In contrast, sterol standards were heated in the present 

study by using an electronic heating device. Thus, the transfer of energy here occurs 

between two objects that are in physical contact (conduction heating). Then, as it has 

been suggested in several previous works, the sterol degradation pattern can differ 

significantly after the application of different heating technologies (Chien et al., 1998). 

The comparison among the different degradation percentages of sterols showed a 

greater susceptibility to oxidation for phytosterols than for cholesterol, during first 120 

min. Moreover, non-linear regression equation parameters for remaining sterol content 

also suggested a rather lower degradation intensity of cholesterol compared to plant 

sterols, attending to the value of the first constant, higher for cholesterol than for plant 

sterols As different initial amounts of sterols were used, interferences during oxidation 

could have occurred since thermo-oxidation is significantly dependent on the sample and 

to volume ratio (Lampi et al., 2002). In this sense, cholesterol particles would be less 

exposed to oxidation because of the highest initial amounts used (2.5 mg). In this case, 

some controversial data can be observed in different works: Menéndez et al. (2008a) and 

Cercaci et al. (2006) found cholesterol to be more prone to oxidative degradation than β-

sitosterol, whereas Xu et al. (2009) reported no differences in degradation rates among 
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sterols. On basis on a kinetic study, Yen et al. (2010) and Chien et al. (1998) proposed 

first order equations for cholesterol degradation. Lower heating temperature (150ºC 

instead of 180ºC) resulted in a slower degradation process, which could have lead to the 

adjustment of a first order equation with these parameters instead of a logarithmic one. 

Regarding the accumulation of SOPs, maximum levels achieved were in 

accordance to the values found in the literature for cholesterol and β-sitosterol oxides, but 

slightly lower for campesterol and stigmasterol oxides (Xu et al., 2011; Yen et al, 2010; 

Kemmo, Ollilainen, Lampi, & Piironen 2008; Lampi, Kemmo, Makela, Heikkinen & 

Piironen, 2009). It is important to note that the maximum SOPs levels were reached at 5-

10 min, whereas other studies found maximum levels at 60 min or longer times at the 

same temperature (180 ºC) (Xu et al., 2011; Menéndez et al., 2010). These data pointed 

out that our degradation started earlier and higher concentrations could not have been 

achieved. The subsequent drastic drop was in accordance to what Xu, Zhang, 

Prinyawiwatkul and Godber (2005) found, when heating cholesterol at 175 ºC. 

Nevertheless, compared to other studies (Kemmo et al., 2005; Xu et al., 2011; Chien et 

al., 2006; Yen et al., 2010; Menéndez-Carreño et al., 2010), our degradation occurs much 

earlier, probably due to the different experimental conditions applied mentioned above. 

Changing processing temperatures have an important effect on the formation of 

oxysterols, but other experimental conditions are likely to contribute to differential 

results, ie different initial sample amounts, purification procedures or chromatographic 

techniques applied. Polymeric products, steradiens and both non-polar and mid-polar 

compounds have been reported as possible degradation products formed during extreme 
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heating conditions (Menéndez-Carreño et al., 2010; Rudzinska et al., 2009; Lampi et al., 

2009; Lercker and Estrada, 2002).  

7-hydroxy and 7-keto oxides are usually expected to be the major SOPs 

(Grandgirard et al., 2004; González-Larena et al., 2011), at least during the first stages of 

oxidation. Dominancy of β-epimer among 7-hydroxy compounds is possibly due to 

stearic hindrance of the hydroxyl group at position 3 (Kemmo et al., 2005; Smith, 1987); 

other authors have also observed this trend (Lampi et al., 2002; Xu et al., 2005; Soupas 

Huikko, Lampi & Piironen, 2007). The trend to increase in all 7-keto plant sterol oxides 

observed at minute 60 (Tables 3-6), might be attributed to the conversion from 7-

hydroxy derivatives (Rudzinska et al., 2009; Kemmo et al., 2008). Negligible levels of 

triol compounds have previously been reported (Conchillo et al., 2005; Lampi et al., 

2002), only by heating treatments. 

Regarding the higher levels of campesterol and β-sitosterol derivatives compared 

to that of cholesterol and stigmasterol ones, this behaviour could be attributed either to a 

faster oxidation of the campesterol and β-sitosterol to give rise to the corresponding 

oxides either to a slower degradation of these oxides. The lower initial amounts of 

campesterol (0.081 mg) and β-sitosterol (0.916 mg) could be behind this behaviour 

(Lampi et al., 2002), since it would have been overexposed to oxygen. In addition, the 

presence of an extra double bound in the side chain of stigmasterol at position 22 may 

possibly have affected to the rate of oxidation of this compound. Thus, stigmasterol 

presented the lowest total maximum amount of oxidation products especially affecting 7-

ketostigmasterol formation in comparison to the other sterols. Nevertheless, further 

research would be necessary to confirm this hypothesis. 
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Considering comparative graphs and kinetic curves, it can be stated that 

oxysterols followed a tendency according to the type of oxidation, and regardless of the 

sterol origin. However, a particular case can be highlighted: 5,6α-epoxycholesterol 

presented its best adjustment for a logarithmic model, whereas plant sterols analogous 

oxides were adjusted to an exponential one. Different side chain could be behind this 

behaviour, although further studies would be required to make more accurate 

conclusions. Drastic drop of 7-hydroxy derivatives levels (Tables 3-6) could be related to 

their adjustment to an inverse model, instead of an exponential one, as in the other cases.  

In conclusion, our results revealed a sterol susceptibility to degradation following 

this decreasing order: campesterol ≈ β-sitosterol ≥ stigmasterol > cholesterol. Regarding 

Sterol Oxidation Products, the levels increased during the first 5-10 min and thereafter, 

their degradation rate was higher than their formation rate. SOPs degradation seemed to 

depend on the molecular structure of the oxidized compound, irrespective of the sterol 

from which they were derived. 
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FIGURE CAPTIONS:  

Figure 1. Mathematical modeling of the degradation of sterol standards during 360-minute thermo-
oxidation at 180ºC. Remaining percentages of a) Cholesterol b) Campesterol c) Stigmasterol d) β-sitosterol 
 
Figure 2. Graphic representations of total SOPs during thermo-oxidation (180ºC) up to 360min for 
different sterol origins cholesterol campesterol stigmasterol sitosterol
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Table 1. Degradation of sterol standards during 360-minute thermo oxidation at 180ºC. Mean and standard deviation 
(n=4) are represented with the statistical analysis. Different letters within each column denote significant differences 
among heating times (p<0.05). 

Remaining sterols (mg) Time 
(min) cholesterol campesterol stigmasterol sitosterol 

0 2.41 ± 0.05 g 0.08 ± 0.01 e 1.32 ± 0.10 d 0.92 ± 0.07 f

5 1.40 ± 0.16 f 0.03 ± 0.01 d 0.58 ± 0.07 c 0.35 ± 0.03 e

10 1.07 ± 0.21 e 0.02 ± 0.003 c 0.48 ± 0.06 c 0.23 ± 0.03 d

20 0.88 ± 0.02 d 0.01 ± 0.001 b 0.25 ± 0.02 b 0.15 ± 0.02 c

30 0.61 ± 0.01 c 0.01 ± 0.001 ab 0.16 ± 0.02 ab 0.10 ± 0.01 bc

60 0.55 ± 0.02 bc 0.01 ± 0.001 ab 0.13 ± 0.003 a 0.10 ± 0.01 bc

90 0.49 ± 0.02 bc 0.01 ± 0.001 ab 0.12 ± 0.003 a 0.09 ± 0.01 bc

120 0.38 ± 0.01 b 0.01 ± 0.001 ab 0.10 ± 0.004 a 0.08 ± 0.00 ab

180 0.16 ± 0.01 a 0.01 ± 0.001 a 0.09 ± 0.002 a 0.07 ± 0.001 ab

360 0.13 ± 0.01 a 0.01 ± 0.001 a 0.05 ± 0.002 a 0.04 ± 0.001 a
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Table 2. Degradation percentages of cholesterol, campesterol, stigmasterol and sitosterol during 360-minute thermo 
oxidation at 180ºC. Within each row, different letters denote significant differences (p<0.05) among sterols. 

Degradation percentages (%) Time 
(min) cholesterol campesterol stigmasterol sitosterol 

5 41.80 ± 7.23 a 58.06 ± 5.83 b 56.12 ± 5.84 ab 61.45 ± 3.41 b

10 55.74 ± 9.75 a 71.56 ± 389 b 63.47 ± 4.71 ab 74.68 ± 3.65 b

20 63.58 ± 0.75 a 82.68 ± 1.83 b 80.87 ± 1.78 b 83.89 ± 1.73 b

30 74.71 ± 0.66 a 87.06 ± 1.31 b 88.30 ± 1.38 b 88.72 ± 1.14 b

60 76.99 ± 0.75 a 87.16 ± 1.22 b 90.40 ± 0.26 c 89.31 ± 0.79 c

90 79.64 ± 0.76 a 88.14 ± 0.40 b 90.87 ± 0.26 d 89.73 ± 0.53 c

120 84.37 ± 0.35 a 89.60 ± 0.27 b 92.20 ± 0.27 d 91.42 ± 0.28 c

180 93.25 ± 0.53 c 90.89 ± 0.35 a 93.22 ± 0.17 c 92.40 ± 0.15 b

360 94.51 ± 0.54 a 94.34 ± 0.20 a 96.39 ± 0.14 b 95.79 ± 0.14 b

 



1 
2 

3 

Table 3. Concentration of cholesterol oxidation products (µg/mg). Mean and standard deviation (SD) during thermo oxidation at 180 ºC analysed by GC-MSD. Within each 
column, different letters denote significant differences among heating times (p<0.05). 

 

cholesterol oxides (μg/mg cholesterol) Time  
(min) 7α-hydroxy 7β-hydroxy 5,6β-epoxy 5,6-α-epoxy triol 7-keto 

0 nd (not detected) nd - 0.08 ± 0.01 a 0.25 ± 0.01 a nd - nd - 
5 5.26 ± 0.35 c 3.60 ± 0.36 c 3.85 ± 0.30 c 3.62 ± 0.36 c 0.26 ± 0.05 de 35.83 ± 5.57 ef

10 7.05 ± 0.83 d 6.83 ± 0.74 d 5.42 ± 0.77 d 6.79 ± 1.12 e 0.26 ± 0.05 de 47.43 ± 6.80 g

20 2.76 ± 0,39 b 5.64 ± 1.01 e 3.21 ± 0.37 c 5.14 ± 0.20 d 0.28 ± 0.04 de 41.86 ± 1.77 fg

30 0.78 ± 0.15 a 1.49 ± 0.11 b 1.46 ± 0.25 b 3.88 ± 0.45 c 0.25 ± 0.02 de 34.40 ± 2.65 ef

60 0.55 ± 0.02 a 0.93 ± 0.01 ab 0.72 ± 0.08 ab 3.03 ± 0.23 b 0.31 ± 0.04 e 31.18 ± 4.63 e

90 nd - nd - 0.09 ± 0.02 a 0.68 ± 0.13 a 0.24 ± 0.01 de 21.22 ± 2.80 d

120 nd - nd - 0.04 ± 0.01 a 0.40 ± 0.08 a 0.20 ± 0.03 cd 17.07 ± 2.55 cd

180 nd - nd - 0.02 ± 0.001 a 0.23 ± 0.02 a 0.12 ± 0.004 bc 10.76 ± 0.64 bc

360 nd - nd - 0.01 ± 0.001 a 0.12 ± 0.01 a 0.05 ± 0.01 ab 3.32 ± 0.41 ab
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Table 4. Concentration of campesterol oxidation products (µg/mg). Mean and standard deviation (SD) during thermo oxidation at 180 ºC analysed by GC-MSD. Within each 
column, different letters denote significant differences among heating times (p<0.05). 

 
 
 

campesterol oxides (μg/mg campesterol) Time  
(min) 7α-hydroxy 7β-hydroxy 5,6β-epoxy 5,6-α-epoxy triol 7-keto 

0 nd (not detected) nd - 0.38 ± 003 a 0.001 ± 0.000 a nd - 0.09 ± 0.03 a

5 14.06 ± 2.32 c 7.05 ± 0.25 d 0.79 ± 0.11 ab 7.30 ± 0.28 ef nd - 70.23 ± 7.12 e

10 16.85 ± 1.59 c 7.19 ± 1.24 d 1.49 ± 0.20 c 10.13 ± 0.94 g nd - 70.87 ± 8.74 e

20 8.30 ± 0.71 b 4.66 ± 0.95 c 1.47 ± 0.03 bc 7.61 ± 0.80 f nd - 52.01 ± 6.41 d

30 1.89 ± 0.31 a 2.52 ± 0.27 b 124 ± 0.17 bc 6.23 ± 0.66 de nd - 43.25 ± 0.27 cd

60 0.89 ± 0.14 a 1.11 ± 0.03 ab 1.54 ± 0.26 c 4.91 ± 0.57 cd nd - 52.96 ± 2.60 d

90 0.20 ± 0.01 a 0.33 ± 0.06 a 1.62 ± 0.30 c 4.27 ± 0.61 c nd - 38.71 ± 2.32 c

120 nd - 0.12 ± 0.02 a 1.47 ± 0.30 bc 2.65 ± 0.37 b nd - 33.19 ± 4.17 bc

180 nd - 0.11 ± 0.02 a 1.33 ± 0.17 bc 2.09 ± 0.26 b nd - 24.18 ± 4.00 b

360 nd - 0.06 ± 0.005 a 0.44 ± 0.05 a 0.59 ± 0.10 a nd - 7.90 ± 0.50 a
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Table 5. Concentration of stigmasterol oxidation products (µg/mg). Mean and standard deviation (SD) during thermo oxidation at 180 ºC analysed by GC-MSD. Within each 
column, different letters denote significant differences among heating times (p<0.05). 

 
 

stigmasterol oxides (μg/mg stigmasterol) Time  
(min) 7α-hydroxy 7β-hydroxy 5,6β-epoxy 5,6-α-epoxy triol 7-keto 

0 0.08 ± 0.01 a 0.03 ± 0.004 a 0.01 ± 0.001 a nd (not detected) nd - 0.03 ± 0.01 a

5 9.96 ± 1.46 c 5.01 ± 0.25  d 4.77 ± 0.08 d 2.79 ± 0.55 de 0.44 ± 0.08 bc 26.79 ± 4.33 f

10 11.15 ± 1.92 c 5.02 ± 0.76 d 4.69 ± 0.85 d 3.44 ± 0.40 e 0.87 ± 0.13 f 23.61 ± 2.74 f

20 6.20 ± 0.75 b 3.37 ± 0.63 c 3.94 ± 0.67 d 2.44 ± 0.29 cd 0.81 ± 0.07 ef 17.09 ± 2.59 e

30 1.33 ± 0.23 a 1.74 ± 0.11 b 2.13 ± 0.36 c 1.88 ± 0.19 bc 0.70 ± 0.03 def 13.83 ± 0.59 de

60 0.51 ± 0.06 a 0.68 ± 0.03 ab 1.44 ± 0.11 bc 1.53 ± 0.14 b 0.65 ± 0.11 de 16.16 ± 2.42 e

90 0.15 ± 0.02 a 0.25 ± 0.05 a 1.05 ± 0.10 abc 1.38 ± 0.26 b 0.61 ± 0.11 cd 13.04 ± 1.22 de

120 0.06 ± 0.01 a 0.09 ± 0.02 a 0.59 ± 0.07 ab 0.57 ± 0.07 a 0.46 ± 0.02 bc 8.85 ± 0.15 cd

180 0.06 ± 0.01 a 0.07 ± 0.008 a 0.45 ± 0.09 ab 0.45 ± 0.09 a 0.31 ± 0.05 b 6.86 ± 0.75 bc

360 0.01 ± 0.00 a 0.02 ± 0.002 a 0.07 ± 0.01 a 0.10 ± 0.02 a 0.05 ± 0.01 a 2.51 ± 0.11 ab
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Table 6. Concentration of β-sitosterol oxidation products (µg/mg). Mean and standard deviation (SD) during thermo oxidation at 180 ºC analysed by GC-MSD. Within each 
column, different letters denote significant differences among heating times (p<0.05). 

sitosterol oxides (μg/mg β-sitosterol) 

 
 
 

Time  
(min) 7α-hydroxy 7β-hydroxy 5,6β-epoxy 5,6-α-epoxy triol 7-keto 

0 0.06 ± 0.01 a 0.02 ± 0.00 a nd (not detected) 0.001 ± 0.003 a nd - 0.04 ± 0.01 a

5 12.27 ± 1.69 c 6.86 ± 0.25 d 5.80 ± 0.56 d 6.05 ± 0.58 e 0.82 ± 0.13 e 66.58 ± 12.73 f

10 13.94 ± 2.44 c 7.04 ± 1.10 d 5.58 ± 0.67 d 8.36 ± 0.64 d 0.56 ± 0.06 d 59.17 ± 11.12 ef

20 6.02 ± 1.14 b 4.74 ± 0.86 c 4.17 ± 0.83 c 5.88 ± 0.68 d 0.42 ± 0.06 c 42.53 ± 6.59 de

30 1.31 ± 0.09 a 2.37 ± 0.17 b 1.87 ±  0.20 b 4.55 ± 0.40 c 0.38 ± 0.03 bc 34.95 ± 0.48 cd

60 0.60 ± 0.08 a 1.01  ± 0.03 ab 0.67 ± 0.07 ab 3.79 ± 0.29 c 0.43  ± 0.03 c 41.76 ± 6.28 d

90 0.18 ± 0.08 a 0.52 ± 0.18 a 0.30 ± 0.03 a 3.31 ± 0.61 c 0.43 ± 0.05 c 33.39 ± 3.23 cd

120 0.07 ± 0.008 a 0.17 ± 0.02 a 0.08 ± 0.004 a 1.39 ± 0.17 b 0.34 ± 0.02 bc 23.35 ± 0.49 c

180 0.08 ± 0.004 a 0.14 ± 0.02 a 0.06 ± 0.01 a 0.87 ± 0.05 ab 0.28 ± 0.03 b 18.94 ± 2.93 bc

360 0.01 ± 0.001 a 0.02 ± 0.00 a 0.01 ± 0.001 a 0.23 ± 0.03 a 0.11 ± 0.02 a 6.35 ± 0.25 ab
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Figure 1. Mathematical modeling of the degradation of sterol standards during 360-minute thermo-
oxidation at 180ºC. Remaining percentages of a) Cholesterol b) Campesterol c) Stigmasterol d) β-sitosterol 
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Figure 1.  Mathematical modelling of the degradation kinetic of sterol standards during 360-minute thermo-oxidation 
at 180ºC.Remaining percentages of a) Cholesterol  b) Campesterol c) Stigmasterol d) β-sitosterol 

Time (min) 
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Figure 2. Graphic representations of total SOPs during thermo-oxidation (180ºC) up to 360min for 
different sterol origins cholesterol campesterol stigmasterol sitosterol
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Figure 2. Graphic representations of total SOPs during thermo-oxidation (180ºC) up to 360min for different  
sterol origin                                                                             cholesterol campesterol
 

stigmasterol sitosterol
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