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Abstract

Formation of cholesterol oxidation products (COPs) during dry heating of cholesterol films at 150°C for 48 h
was studied. A method based on aminopropyl solid-phase extraction (SPE), followed by GC-MS analysis was
employed for the identification and quantification of COPs. Two kinetic runs were performed: 60 min and 48
h of treatment. In the short run (60 min), 7-ketocholesterol and 25-hydroxycholesterol were detected in similar
amounts after 30 and 15 min, respectively. Oxysterols present in higher amounts in the long run (48 h) were
7B-hydroxycholesterol (12.6 mg/g) and 5,6a-epoxycholesterol (13.4 mg/g). However, compounds whose formation
is related to enzymatic oxidation and/or irradiation were detected, as 6-ketocholestanol (3.38 mg/g) and 4/-
hydroxycholesterol (2.04 mg/g). 25-hydroxycholesterol (0.12 mg/g) was found after only 1 h, reaching 0.99 mg/g
after 48 h of treatment. The results suggest that due to the physical state of cholesterol, the oxidative pattern
was changed, favoring unusual routes, such as formation of 43-OH and 6-keto from breakage of the epoxide ring.
Regarding 25-hydroxycholesterol, it is assumed that the solid state favored exposure of the side chain, rendering it
more susceptible to oxidation.

Keywords: 6-ketocholestanol, 45-hydroxycholesterol, 25-hydroxycholesterol, cholesterol oxidation, thermo-
oxidation.
Resumen
Se estudié la formacién de productos de oxidacién del colesterol (POCs) durante calentamiento de una pelicula seca

de colesterol a 150°C. La metodologia empleada fue extraccién en fase sélida (SPE), seguida por andlisis en GC-MS
para la identificacién y cuantificacién de los POCs. Se realizaron dos cinéticas, de 60 min y 48 h de tratamiento.
En la cinética corta (60 min), se detectaron 7-cetocolesterol y 25-hidroxicolesterol en cantidades similares después
de 30 y 15 min, respectivamente. Los oxiesteroles presentes en mayores cantidades en la cinética larga (48 h) fueron
el 7B-hidroxicolesterol (12.6 mg/g) y el 5,6a-epoxicolesterol (13.4 mg/g). Sin embargo, se detectaron compuestos
cuya formacién estd relacionada a la oxidacién enzimética y/o por irradiacién, como el 6-cetocolestanol (3.38
mg/g) y el 48-hidroxicolesterol (2.04 mg/g). El 25-hidroxicolesterol (0.12 mg/g) fue encontrado después de solo 1
h, llegando a 0.99 mg/g después de 48 h de tratamiento. Los resultados sugieren que, debido al estado fisico del
colesterol, el patrén oxidativo se modifica, favoreciendo rutas inusuales, como la formacién del 43-hidroxicolesterol
y 6-cetocolestanol por ruptura del anillo epéxido. Por lo que se refiere al 25-hidroxicolesterol se asume que el estado
sélido favorece la exposicién de la cadena lateral, siendo ésta entonces mas susceptible a la oxidacién.

Palabras clave: 6-cetocolestanol, 43-hidroxicolesterol, 25-hidroxicolesterol, oxidacion del colesterol, termo-
oxidacion.
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1 Introduction

Cholesterol is an important biological compound
that is commonly found in foods, such as eggs and
dairy and meat products (Osada et al., 2000; Hur
et al., 2007). Cholesterol can undergo oxidation
during heating or by being subjected to UV light
in the presence of oxygen (Chien et al, 1998,
2004).  Cholesterol oxidation products (COPs
or oxysterols) contain at least one additional
functional group, such as hydroxyl, ketone or
epoxide groups in the sterol nucleus and/or on
the side chain of the molecule. To date, more
than 60 COPs species have been identified (Hur
et al., 2007), of which 8 are the most commonly
studied for their presence in foods (Yen et al,
2010).  Cholesterol oxides are present in the
diet, particularly in foods with high cholesterol
contents. The presence of COPs in a variety of
foods has been studied extensively (Rodriguez-
Estrada et al., 1997; Lee et al., 2006; Soto-
Rodriguez et al., 2008). Procedures currently
employed to extract, purify and quantify COPs
have been described by several authors (Dutta &
Appelqvist, 1997; Dutta & Savage, 2002; Tai et
al., 1999).

Oxysterols exert several in wvitro and in wvivo
biochemical activities of both physiological and
pathological relevance (Schroepher, 2000; Ryan et
al., 2005; Poli et al., 2009), and are now considered
to be important mediators of cholesterol-induced
effects. Compared to cholesterol, the presence
of an additional oxygen group renders these
compounds more polar and thus more soluble in
aqueous solutions.

Most of the studies about the presence of
oxysterols in foods, report and quantify COPs
of the sterol nucleus, focusing principally on 7-
ketocholesterol, 5,6-(«,()-epoxycholesterol and 7-
hydroxycholesterol. However, side chain COPs
and other minor oxidative products seem to be
more directly involved in human pathologies, even
in small doses (Johnson et al., 1988).

Among the various COPs, 25-hydroxycholesterol
(25-OH), which is formed by enzymatic oxidation
of cholesterol in mammalian tissue (Ryan et al.,
2005), has been reported as a potent inducer
of apoptosis (Poli et al, 2009). Johnson et
al.  (1988) demonstrated that an intake of a
single dose of 25-OH (1 pg/kg), administered by
intragastric tube to rats, produced inhibition of
liver HMG-CoA reductase at 3 or 16 h. A study

performed by Adams et al. (2004) revealed that
25-OH inhibited cholesterol synthesis by different
biological mechanisms that involved transcription
factors that activate genes encoding enzymes of
lipid synthesis.

6-ketocholestanol (6-keto) and 4-cholesten-3-
one both cause a large increase in dipole potential
of lipid membrane surface (Le Goff et al., 2007)
and this could have an important effect in lipid-
protein interaction. Very small quantities of 6-
keto (1-10 ppb) have been reported in fresh and
non-irradiated chicken meat (Hwang & Maerker,
1993).

Finally, 48-hydroxycholesterol (45-OH) is one
of the quantitatively most important oxysterols
in human circulation and is formed by the
drug-metabolizing enzyme cytochrome P450 3A4
(CYP3A4) in liver and intestine (Bodin et al.,
2002). The physiological role of 48-OH is not
known; in wvitro experiments have shown that
it activates the nuclear liver X receptor alpha
(LXRa) (Wide et al., 2008). The existence of
4p-hydroxylated bile acids in humans suggests
that this oxysterol can be metabolized in the liver
(Bodin et al., 2002). To the best of our knowledge,
there are no reports on the formation of 43-
OH and 6-keto during non-enzymatic oxidation of
cholesterol.

Auto-oxidation of cholesterol has been studied
under a wide variety of experimental conditions
(Yen et al., 2010, Chien et al., 1998). Mechanisms
by which COPs are produced during heating or
UV illumination of cholesterol have been described
(Maerker, 1987; Guardiola et al., 1997; Lee et
al., 2006). In a process similar to that for lipid
oxidation, initially a series of reactions that lead
to formation of free radicals occur during heating
of cholesterol; these radicals subsequently react
to form COPs. Both lipids and cholesterol can
undergo a series of free radical chain reactions
to form peroxides and other degradation products
(Smith, 1996).

Heat, pH, light, oxygen, water activity, and the
presence of unsaturated fatty acids are reported
to be the major factors that influence formation
of COPs during food processing or storage (Lee
et al., 2008); however, the physical state of
cholesterol may significantly change the oxidative
pattern of the molecule and the study on the
formation of new reaction pathways should be
pursued.

The aim of this work was to study the effect
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of the physical state on the oxidative pattern
of thermo-oxidized cholesterol dry films. The
analytical parameters evaluated were peroxide
value (POV), total COPs and single COPs species
by GC-MS, focusing particularly in A-ring and
side-chain oxidation products.

2 Materials and methods

2.1 Reagents, solvents and standards

Chloroform,  n-hexane, methanol, diethyl
ether and anhydrous sodium sulfate, were
supplied in reagent grade quality by Merck
(Darmstadt, Germany). Acetone (AnalaR®) was
purchased from BDH (VWR International Ltd.,
Leicestershire, UK).

Aminopropyl solid-phase extraction (SPE)
cartridges (500 mg stationary phase/3 mL strata
cartridges) were purchased from Phenomenex
(Torrance, CA). Analytical grade chemicals were
obtained from Sigma-Aldrich (St. Louis, MO).
The COP standards supplied by Sigma-Aldrich
were: Cholesta-5-en-35-ol (cholesterol), cholesta-
5-en-33,19-diol  (19-hydroxycholesterol, 19-OH,
lup-20(29)-ene-33,28-diol  (betulin), cholesta-5-
en-3-ol-7-one (7-ketocholesterol, 7-keto), Sa,6c-
epoxycholestan-33-ol (5,6c-epoxycholesterol,
5,6a-epoxy), 5f,68-epoxycholestan-36-ol (5,6
-epoxycholesterol, 5,68-epoxy), cholestan-
38,5c,65-triol (cholestanetriol, triol), cholesta-
5-en-33,7a-diol (7a-hydroxycholesterol, 7a-OH),
cholesta-5-en-33,78-diol  (78-hydroxycholesterol,
76-OH), cholesta-5-en-36,45-diol (45-hydroxy-
cholesterol, 46-OH),  5a-Cholestan-35-ol-6-
one (6-ketocholestanol, 6-keto), cholesta-5-en-
33,20a-diol (20c-hydroxycholesterol, 20-OH) and
cholesta-5-en-33,25-diol  (25-hydroxycholesterol,
25-OH).

The sylilating mixture was prepared with
pyridin, hexamethyldisilazane (HMDS) and
trimethylchlorosilane (TMCS), all supplied by
Carlo Erba (Milano, Italy); the silylating mixture
was prepared using proportions of 5:2:1 (v/v/v).

2.2 Thermo-oxidation of cholesterol

Ten mg of cholesterol were placed into 10-mL open
glass vials and heated in a convection oven at
150 £ 2°C. This temperature was chosen because
several foods are often deep-fried or baked at
150°C. The heating time varied from 0 to 60 min;
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samples were withdrawn at 0, 1, 3, 7, 15, 30 and 60
min and subsequently at 2, 3, 6, 12, 24, 36 and 48
h. The trials were carried out in duplicate. After
heating, the vials were quickly cooled, capped and
stored frozen until analyzed.

2.3 Determination of peroxide wvalue

(POV)

Peroxide values were determined as described
by Shantha & Decker (1994). This protocol
involves measuring the ability of peroxides to
oxidize ferrous ions to ferric ions. A double
beam UV-Visible spectrophotometer (Shimadzu
model UV-1601, Kyoto, Japan) was employed to
measure the absorbance at 500 nm. For the
quantitative determination of POV, a Fe (III)
standard calibration curve was prepared for the
concentration range 0.1-5 ug/mL (r?’= 0.999).
Peroxide values were expressed as meq active
O3 /kg; the analyses were conducted in duplicate.

2.4 Gas chromatographic determination
of cholesterol

The  Perkin-Elmer  Autosystem XL  gas
chromatograph (Norwalk, CT) employed was
equipped with a split-splitless injector, and an
FID. The chromatograph contained a Varian CP-
SIL 5CB capillary column (30 m x 0.25 mm i.d. x
0.1 pm film thickness). The injector and detector
were both set at 325°C. The oven temperature
was programmed to proceed initially from 265 to
280°C at 0.5°C/min, then from 280 to 325°C at
4°C/min, and finally held at 325°C for 15 min.
Helium was used as the carrier gas at a flow rate
of 2.88 mL/min, the split ratio was 1:15, and the
operating pressure was constant at 75 kPa.

Quantification of cholesterol and COPs was
based on use of the response factor for each
compound to the analytical technique; in addition,
the response of the column, silylation and detector
were considered.

2.5  Determination of cholesterol
oxidation products

Purification of the COPs by NH; SPE was
conducted according to the method of Rose-Sallin
et al. (1995). Samples of heated cholesterol
were diluted in 1 mL of n-hexane:ethyl acetate
(95:5, v/v), and applied to aminopropyl SPE
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columns which had previously been activated
by adding 3 mL of hexane. The hexane was
allowed to settle in the column. Purification
was accomplished by adding first 6 mL of n-
hexane:ethyl acetate mixture (95:5, v/v), followed
by 10 mL of an n-hexane:ethyl acetate solution
(90:10, v/v).  Oxysterols were recovered by
adding 10 mL of acetone, 50 puL of 19-OH as
an internal standard and then evaporating the
acetone solution to dryness under a stream of
nitrogen.

The purified fraction was silylated with
pyridine: TMCS:HMDS (5:2:1, v/v/v) at 40°C for
20 min, dried under a nitrogen stream, and
dissolved in 1 mL of n-hexane. Then 1 uL of
the solution of silylated COPs was injected to
the GC-MS. Peak identification of each COP was
accomplished by comparing the peak retention
times with those of true standards as well as to
the corresponding mass spectra. The response
factors of the COPs and cholesterol were evaluated
with respect to the use of the internal standard
19-OH. All GC-MS data were processed with
Turbochrom Navigator software v. 6.1.1.0.0:K20
(Pelkin-Elmer, Norwalk, CT).

2.6 GC-MS analysis of COPs

A fused silica column (30 m x 0.25 mm i.d.
x 0.25 pm thickness) coated with 5% phenyl
polysyloxane, ZB-5 Zebron, was used to separate
eight major COPs, namely, 7a-OH, 5,6a- epoxy,
5,60-epoxy, 70-OH, T-keto, 20-OH, 25-OH and
triol, as well as the internal standard 19-OH.
The injector was set at 325°C and the column
temperature was programmed as follows: 250°C
for 3 min, then heating from 250 to 280°C at
2°C/min, held at 280°C for 12 min, then heated
from 280 to 320°C at 1.5°C/min, and held at
320°C for 3 min. Helium was used as the carrier
gas at a flow rate of 0.37 mL/min; the split ratio
was 1:15 and the pressure was 40.1 kPa.

The interface temperature for GC-MS was
210°C, with the electron multiplier voltage set
at 960 V and the ionization energy at 70 V.
Perfluorotributylamine was used for auto tune
with m/z intensities at 69, 219, and 502.

The selected ion monitoring mode (SIM) was
employed to detect 25-OH and 7-keto. The 25-
OH was largely detected by the ion at (m/z
131) while 7-keto was detected by two other ions
(m/z 472 and 367). In addition, COPs were

also identified by comparing the retention times
of unknown peaks to those of reference standards
and chromatographic analyses were conducted
with the added standards 7a-OH and 75-OH at
an m/z of 456; for 5,6a-epoxy and 5,6(-epoxy at
m/z values of 321, 403, 404, 456 and 457; and
triol, at m/z values of 367, 457, 472, 473 and 474.
Quantification was accomplished using 19-OH as
an internal standard. The calibration curve for
each COP standard was obtained by plotting the
concentration ratio against the area ratio.

Data were acquired in both total ion current
(TIC) and single ion monitoring (SIM) modes.
All GC-MS data were stored and processed with
GCM Solution Software (Version 2.40; 1999-2005
Shimadzu).

2.7  Statistical analysis

Means and standard deviations were calculated
using Statistica v. 6.0 Software (StatSoft, Tulsa,
OK). One-way ANOVA was performed to evaluate
the influence of time of exposure to heating
at 150°C on peroxide value (POV) and COPs.
Tukey’s honest significant multiple comparison
was used to determine statistical differences
between samples at a 95% confidence level (p <
0.05).

3 Results and discussion

3.1  Perozide value

Cholesterol undergoes auto-oxidation by free
radical chain reactions, although it is relatively
stable in its pure state (Smith, 1996). The
POV value provides a useful index for establishing
the presence of primary oxidation products
in cholesterol (Osada et al., 1993a); because
peroxides constitute the primary identifiable
oxidation products. Increases in the levels of
cholesterol oxides and POVs have been reported
to reflect heating for many other food systems,
including lard and tallow (Yan & White, 1990),
sunflower oil and corn oil (Choe & Min, 2006) and
marine foods (Osada et al., 1993b).

Peroxide values for dry cholesterol films heated
at 150°C for 60 min are presented in Table 1.
POV increased with increasing time of exposure
to heating, starting at 6.4 meq Oy /kg after 1 min
and increasing to 24.5 meq O /kg after 60 min.
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Table 1. Peroxide value (POV), total cholesterol and average content of individual COPs (mg/g) in dry
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cholesterol heated at 150°C for times up to 60 min.

Time Peroxide Value Total 7a-OH 75-OH 5,63- 5,60 7-keto* 25-OH*
(min) (meq O2/Kg cholesterol epoxy epoxy
sample) (mg/g sample)

1 6.4+1.2¢ 584.5+32.7° ND ND ND ND ND ND

3 7.6+0.4% 523.54+36.8°°  0.0140.00°  0.01-£0.00° ND ND ND ND

7 8.5+0.6°¢ 509.946.8%%¢  0.01£0.00°  0.01+0.00° ND ND ND ND

15 10.240.8% 488.9+23.8%%¢  (.0240.01°¢  0.02+0.01° ND ND ND 0.0140.00°
30 12.1+1.3° 452.4423.19%¢  0.3840.08°  0.50+0.13°  0.604+0.15°  0.34+0.09°  0.0240.00°  0.0440.00°
60 24.54+1.1° 421.04£22.4°  1.0140.25% 1.2840.35% 2.06+0.54° 1.36+£0.56* 0.124+0.01a  0.12+0.04°

Values are expressed as the mean + standard deviation.
Abbreviations: 7a-OH, 7a-hydroxycholesterol; 19-OH, 19-hydroxycholesterol; 75-OH, 75-hydroxycholesterol; 5,65-
epoxy, 5,68-epoxycholesterol; 5,6c-epoxy; 5,6a-epoxycholesterol; 20-OH, 20-hydroxycholesterol; triol, cholestanetriol;
25-OH, 25-hydroxycholesterol; 7-keto, 7-ketocholesterol; 45-OH, 43-hydroxycholesterol; 6-keto, 6-ketocholestanol.
* 7-keto and 25-OH were detected by GC-MS in the SIM mode.
a=d Tdentical letters within a single column indicate that the samples are not statistically different, according to

an analysis of variance and Tukey’s multiple mean comparison test (n = 2,p < 0.05).

ND: not detected.

Table 2. Peroxide values, total cholesterol, total COPs and cholesterol oxidation
ratio in dry cholesterol films heated at 150°C for times up to 48 h.

Time (h) Peroxide Value Total Total COPs COPs/Chol
(meq O2/Kg cholesterol (mg/g sample) (%)
sample) (mg/g sample)

1 24.7+1.1¢ 427.04£22.4¢ 39.046.2° 0.8
2 25.8+0.7¢ 333.2416.07° 116.4+£25.8¢ 1.3
3 24.44+0.3¢ 301.5423.7° 112.94+11.7¢ 1.5
6 18.3£1.0° 244.2+15.8b¢ 141.04+24.1¢ 2.1
12 6.6+0.4 222.2427.0%¢  139.44+18.7% 2.3
24 4.3+0.3" 173.14£20.9¢  122.9+14.0 3.4
36 3.940.3° 164.8425.1¢¢ 128.3+21.0¢ 4.3
48 3.940.4° 116.5+3.50¢ 102.841.7° 5.5

Values are expressed as mean + standard deviation.

Abbreviations: same as for Table 1.
a=d Gee Table 2.

These results are consistent with those of previous
studies (Li et al., 1994).

In fact, Li et al. (1994) reported the existence
of a significant linear correlation between the
extent of oxidation of cholesterol and POV (r =
0.976, p < 0.05); Li’'s model system is based
on the fact that cholesterol oxidation is strongly
accelerated by auto-oxidation and heating. The
data supports the hypothesis that oxidation of
cholesterol proceeds in conjunction with auto-
oxidation of coexisting unsaturated compounds.

By contrast, a significant decrease was
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observed in the POV of dry cholesterol films
heated at 150°C for 48 h, starting from 24.7
meq Os/kg to reach a final value of 3.9 meq
O2/kg (see Table 3). After 6 h of heating, the
rate of breakdown of the hydroperoxides exceeded
the rate at which they were formed. This regime
corresponds to the propagation phase of oxidation.
In the advanced stage of oxidation (after 12
h), the POV level reached a plateau, indicating
similar rates of formation and breakdown of
hydroperoxides. During the evolution step the
POV decreased from 24.7 at 1 h, to 3.9 meq/kg
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Table 3. Retention times (tr) and mass to
charge (m/z) ratios used for detection of COPs
by GC-MS in the SIM mode.

COPs tr (min) m/z®

7a-OH 207 217,218, 372, 456 457, 458
19-OH 923.3 145,197,253,853.,366
75-OH 246 217,218, 372, 456 457, 458
48-OH 95.3 366 456,327,417

5,63-epoxy 25.4
5,6a-epoxy 26.0

366,384 ,441,442,459,474
366,384 ,441,442,459,474

20-OH 27.7 117,201

Triol 29.8 321,403 404, 456, 457
6-keto 31.5 445,459,474
25-OH 32.0 131, 273, 384
7-keto 32.1 367,457,472

52

Abbreviations: See Table 1.
“ Values in bold italics represent the major ions used
to detect COPs.

after 48 h. Our results agree with those reported
by Ohshima et al. (1996). These workers related
the accumulation of COPs and POVs to the total
lipids present during grilling for up to 15 min, and
subsequent refrigerated storage for up to 3 days.

Based on these results, two main phenomena
are observed: initially the POV rises significantly
during extended periods of heating, but at
relatively  elevated temperatures eventually
decreases during dry heating of thin films of
cholesterol and its derivatives.

3.2 Omidation of cholesterol

heating

during

In general, solid dry cholesterol exhibits high
resistance to oxidation. It has been reported
that cholesterol is relatively stable at 100°C;
however, when the temperature was raised to
150°C, cholesterol became unstable (Smith, 1987).
Furthermore, but paradoxically, it is possible that
accumulation of oxidation products may have an
inhibitory effect on the oxidation rate, as proposed
by Kim & Nawar (1993). At temperatures
approximately 20°C below the melting point of
cholesterol (148.5°C), cholesterol remained in a
solid state and the rate of oxidation was slow.
Above this temperature, melting was observed, as
was a sudden increase in the rate of oxidation.
Melting of heated cholesterol below its nominal
melting point is probably a response of the melting

point to the presence of trace amounts of oxidation
products formed during heating to the melting
point.  After approximately 40 h of heating,
when the sample was held at these temperatures
it melted completely and the rate of oxidation
decreased. It is not clear why such a notable
decrease in the oxidation rate occurred, although
the accumulation of COPs may have an inhibitory
effect on the rate of oxidation (Smith, 1987).

Data for the percentage of cholesterol
remaining after heating are displayed in Tables
1 and 2; the percentages of cholesterol remaining
were 55.5 and 15.3 of the initial amount after
heating for 60 min and 48 h, respectively. Osada
et al. (1993a) noted that 40% of the cholesterol
remained unchanged after dry cholesterol had
been held at 150°C for 24 h. In a similar
study, Chien et al. (1998) reported that 33.3%
of the initial cholesterol remained after 30 min
of heating. Kim & Nawar (1993) studied the
effect of temperature and type of substrate on the
oxidation of cholesterol. ~Cholesterol remained
solid at 120°C, and less than 10% had been
oxidized after 80 h of heating. At 150 and 180°C,
the cholesterol was liquid and more than 80% of
the initial cholesterol disappeared within 1 h of
heating; 24.4% of the initial cholesterol remained
after 30 min at 150°C. These data suggest that
differences in heating conditions control the rate
of oxidation of cholesterol.

3.3  Cholesterol oxidation
formed during heating

products

Ten COPs and the internal standard, 19-OH, were
well resolved using the GC conditions described
in Materials and methods. The corresponding
retention times are depicted in Table 3. Because
of potential possible interferences in identification
of the COPs by the type of column (DB-5), the
SIM mode was used for detection of 25-OH and
7-keto. The m/z values employed are displayed
in Table 3. These values were identical to those
reported previously by Lee et al. (2006). Visual
examination of the GC chromatogram indicated
that 7a-OH, 78-OH, 5,65-epoxy, 5,6a-epoxy, 45-
OH, 6-keto, triol, 7-keto and 25-OH were the
main COPs produced during heating of cholesterol
under our experimental conditions. The oxidation
products with shortest retention time was Ta-
OH (20.7 min) and the COPs with the longest
retention time was 7-keto (32.1) (Table 3). The
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Table 4. Average content of individual COPs (mg/g) in dry cholesterol heated at 150°C for times up to

48 h.
Time (h) Ta-OH 73-OH 5,68-epoxy  5,6c-epoxy triol 45-OH 6-keto

1 1.0£0.3¢ 1.240.4¢  2.040.7¢ 1.3+0.7/ ND ND ND

2 14.442.1%  24.34+1.5%  31.142.2¢  25.8+1.8%  0.2740.01¢  2.97+0.09%®  0.26+0.01/
3 12.842.0%  19.5+1.3% 21.3+4.2%¢  19.441.4%¢  0.28+0.01¢  3.004+0.01¢® 0.3140.027
6 13.64+1.4%0 22,1415 2254220  21.0+1.8°  0.33+0.03%  3.014+0.06*  0.9640.06°
12 12.143.1%b¢  19.442.6> 18.34+3.4°¢ 18.3+0.1°¢  0.61+0.08%  0.61+0.08¢  1.25+0.05¢
24 9.940.1%0¢  18.0+0.4> 14.6+0.6¢  18.14+0.5%  1.08+0.11¢  3.12+0.01¢  2.35+0.11°¢
36 8.242.5¢  14.241.3°  9.5+0.6¢  15.7+0.7¢ 1.74£0.24°  2.9140.02°  2.9740.15°
48 5141.3%  12.6+2.0° 7.14£0.9°¢  13.4+0.1°  2.740.03*  2.04+0.07¢  3.38+0.12%

Values are expressed as the mean + standard deviation.

Abbreviations: see Table 2.
@=f See Table 2.

COPs formed in 60 min and 48 h are indicated in
Tables 1 and 4, respectively.

Beginning with the short kinetic (60 min), the
presence of COPs were detected at the 3 min of
heat exposure, being the 7a-OH and 75-OH the
first compounds formed with 0.01 mg/g for each
one, followed by 25-OH with the same amount at
15 min of treatment (Table 1). The results confirm
the attack of free radicals in the C-7 and C-25
position to form C-7-OOH and C-25-OOH, which
are reduced to 7-OH isomers («, ) and 25-OH,
respectively.

On the other hand, Table 4 shows that the
COPs formed in greater quantities in the long
run (48 h) were 5,6a-epoxy and 75-OH, with
13.4 mg/g and 12.6 mg/g respectively, followed
by 5,66-epoxy (7.1 mg/g), 7a-OH (5.1 mg/g) and
6-keto (3.38 mg/g). In this study 20a-OH was
detected only in traces.

5,6-epoxide isomers are formed as a result
of auto-oxidation of cholesterol both in the
crystalline state, solid, or aqueous dispersion and
account for 6-7% of the oxidation products of
the total mixture of oxysterols (Maerker, 1987).
In this paper the formation of 5,6c-epoxy was
13.4 mg/g and 7.1 mg/g for 5,6/3-epoxide, which
represents 13% and 7% respectively of total
oxysterols. The ratio of epoxides (a/f), in this
study was 2:1; this result is in contrast to Hwang
& Maerker (1993), who obtained a a/3 relation of
1.3:1.

Earlier investigations emphasize on cholesterol
oxides derivates of the B-ring oxidation where the
A-ring retains its original S-hydroxyl function:
products included the isomeric 7 diols, the
isomeric 5,6-epoxides and the 7-ketocholesterol.
The formation of COPs in positions other than
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C-7 during thermo-oxidation has been poorly
addressed, especially the 48-OH and 6-keto. In
contrast, in the present study we focused in
compounds not only of C-7 but also where the
A-ring has undergone oxidation. According to
Maerker & Jones (1993), the 38-hydroxy function
of cholesterol could be oxidized to a 3-keto
function, and the 5,6 double bond could move to
the 4,5 position, in conjugation with the carbonyl
group.

In general, as the heating time increased, the
levels of most COPs followed an increasing trend.
The triol was formed only after 2 h (0.27 mg/g).
The formation of triol is most likely caused by
hydrolysis of either the 5,6a-epoxy or 5,63-epoxy
form (Maerker & Jones, 1992).

There are several studies on the biological
functions and pathological effects of both
compounds but there are no reports on their
formation during thermal oxidation. We found
that 6-keto forms after 2 h of heat treatment with
0.26 mg/g, which increased linearly up to 3.38
mg/g at the end of treatment. Fig. 1 confirms
the identity of this compound, showing the full
mass spectra of the GC peak revealed at 31.5 min
in a standard injection (A) and cholesterol sample
after 48 h of treatment (B).

On the other hand, formation of 45-OH
started after 2 h of heating with 2.97 mg/g,
and remained almost stable until 36 h, when it
decreased to 2.04 mg/g at 48 h of treatment.

We hypothesize that under these conditions of
treatment and especially considering the physical
state of sample, minor pathways of cholesterol
degradation were favored, such as the oxidation of
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sample after 48 h of treatment (B).
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Fig. 2: Formation of 7-keto and 25-OH produced
during heating of dry cholesterol at 150°C for 48 h.
Bars represent mean values + standard deviation
(p < 0.05).

the A-ring to give 45-OH, and the opening of 5,6-
epoxide ring resulting in the formation not only of
triol but also of 6-keto. More research is suggested
on the route of formation of these compounds
during thermo-oxidation and kinetic modeling.

The levels of side-chain COPs and triol
observed in the present study are somewhat
different from those reported by previous
investigators.  Measurable amounts of 25-OH
(0.042 mg/g) were found after only 30 min
of heating; 7-keto (0.017 mg/g) was produced

simultaneously. It is remarkable, however, that
when cholesterol is subjected to dry heating, large
quantities of 25-OH were produced relative to the
7-keto COP (see Fig. 2).

These results are in marked contrast with the
results reported by Kim & Nawar (1993), who
found only traces of side-chain derivatives (20-OH
and 25-OH) and triols during dry-state oxidation
at different temperatures (110-180°C) and heating
times (0-80 h). Similarly, the results of this study
are in agreement with Chien et al. (1998) with
respect to the oxysterols derived from ring B, but
do not concur with the formation of 25-OH, as
during the heating of cholesterol in a model system
to 150°C for 30 min, no side-chain COPs were
detected.

At low temperatures, allylic C-7 and ternary
C-25 radicals are formed initially in solid
cholesterol; both radicals react readily with
oxygen to give the corresponding peroxyl radicals.
However, only the C-7 and 7-peroxyl radicals are
stable at room temperature (Smith, 1987). Auto-
oxidation of side-chain products usually occurs in
dry solid cholesterol, but not in dispersions or
solutions (Maerker & Jones, 1992).

Oxidative attacks at tertiary C-20 and C-
25 positions generate 20-OOH and 25-OOH,
respectively. These hydroperoxides are further
reduced to 20-OH and 25-OH, which are more
stable and can remain for 6 months during
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continuous heating at 100°C (Smith, 1987; Tai
et al., 1999). The initiation reaction leading to
formation of 25-OH is indicated by an electron
spin resonance signal of a tertiary carbon-centered
C-25 radical; this signal reveals that the tertiary
C-25 carbon in cholesterol is the most reactive
site for oxidation to a free radical. In fact,
25-hydroperoxide (25-OOH) is considered to be
the third most prevalent peroxide auto-oxidation
product from cholesterol (Smith, 1991). The C-
25 radical may form directly from cholesterol by a
primary hydrogen abstraction reaction similar to
that reported at C-7, but it could also be formed
by a radical transfer reaction involving a radical
already formed by reaction with cholesterol. The
reason why these changes are so destructive is
that the hydroperoxide can break down to give
either two free radicals (an alkoxyl and a hydroxyl
radical), or it can generate a peroxy free radical,
a hydroxyl free radical and water (Choe & Min,
2006).

The peroxyl radical may abstract a proton
from C-25 according to the following scheme:

ROO® +H — C(25) — OH — ROOH +° C(25) — OH

A possible demonstration of a free-radical
initiated oxidation at the allylic C-25 of, not
only cholesterol, but also 25-OH, would facilitate
the development of rapid screening methods for
analysis of cholesterol oxidation in food products.

The study of 25-OH in a model system may
have biological significance. 25-OH could be
an initiating oxidant in lipid peroxidation events
associated with generation of O ions; 25-OH
is usually formed endogenously from exogenous
cholesterol and not from auto-oxidation of
cholesterol (Johnson et al., 1988). Consequently,
these oxidative effects could also occur in wvivo.
This possibility indicates a need for further studies
to evaluate possibly significant effects of side-chain
COPs leading to oxidative damage of biological
tissues.

Similarly to what is assumed for the 6-keto
and 45-OH, the physical state of cholesterol and
the crystalline arrangement appears to play an
important role in determining the formation of 25-
OH.

Abendan & Swift (2002) in a topographic
study of cholesterol crystals using Chemical Force
Microscopy (CFM) found that when cholesterol
is in the monohydrate state, polar groups are
mainly exposed (C-3, and double bond C-5/C-6).
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Conversely, in the case of anhydrous cholesterol,
exposure of the aliphatic chain is favored (C-25).

According to the type of dry film formed,
we propose that the anhydrous solid form was
prevalent in our samples. This could favor the
oxidation of the side chain, and thus explains the
abundant presence of 25-OH, which disagree with
most of previous studies that oxidize cholesterol
in solution or food matrix.

Conclusions

Thermo-oxidation of cholesterol dry films in
a model system was studied. The results
of the present work confirm the labile nature
of solid cholesterol to oxidation by dry heat;
the primary reaction pathway during heating
probably involves free radical-mediated chain
reactions. Under the experimental conditions
tested in our experiments, 7-ketocholesterol was
the predominant COP; however, other molecular
processes occur in parallel leading to different
oxidative patterns. A-ring COP like 45-OH
and different epoxide derivatives as 6-keto were
found, despite the fact that previous authors
indicate that they are usually a product of
enzymatic oxidation and irradiation. In addition,
measurable amounts of 25-OH were detected, a
side-chain COP scarcely found in cholesterol auto-
oxidation. We attribute these results primarily
to the physical state of sample, which would
favor both the exposure of the aliphatic chain
to oxidation and a different behavior on epoxide
breakage.

Given the potential of these COPs in biological
and pathological fields, more attention should be
paid to the quantification of these compounds in
either model systems and processed foods.
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