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Kinetic Model for Studying the Effect of Quercetin on
Cholesterol Oxidation during Heating

JOHN-TUNG CHIEN, DA-JUNG Hsu, AND BING-HUEI CHEN*

Department of Nutrition and Food Sciences, Fu-Jen University, Taipei 242, Taiwan

Inhibition of the heat-induced cholesterol oxidation at 150 °C by incorporation of quercetin was
kinetically studied. Results showed that without quercetin, the cholesterol oxidation products (COPSs)
concentration increased with increasing heating time. A low amount (0.002%, w/w) of quercetin was
effective in inhibiting the formation of COPs during the initial heating period (<30 min) at 150 °C.
However, after prolonged heating (30—120 min), a low antioxidant activity was observed because of
the degradation of quercetin. When using nonlinear regression models for kinetic study of cholesterol
oxidation in the absence of quercetin, the epoxidation showed the highest rate constant (h~* = 683.1),
followed by free radical chain reaction (h~! = 453.5), reduction (h~! = 290.3), dehydration (h~1 =
155.5), triol dehydrogenation (h~! = 5.35), dehydrogenation (h—* = 0.68), thermal degradation (h™*
= 0.66), and triol formation (h—! = 0.38). However, in the presence of quercetin, the reaction rate
constants (h™1) for epoxidation (551.4), free radical chain reaction (111.7), and thermal degradation
(0.28) were reduced greatly. The kinetic model developed in this study can be used to predict the
inhibition of COPs by quercetin during the heating of cholesterol.
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INTRODUCTION as quercetin possessed 4 times higher antioxidant activity than
vitamins C and E. Thus, it is imperative to learn about the effect
of quercetin on the inhibition of COPs formation during heating.
In this study we tried to use a heating system and develop a
kinetic model for elucidating the inhibition mechanism of
cholesterol oxidation by quercetin.

Cholesterol, an important biological compound that is widely
distributed in egg and meat product$—3), can undergo
oxidation to form cholesterol oxidation products (COPSs) during
heating (4—6) or illumination). Many studies have demon-
strated that the consumption of COPs in excess may have
adverse effects on human health €3,

The formation mechanism of COPs during heating or MATERIALS AND METHODS
illumination of cholesterol has been well illustratet] 10). Just Materials. Quercetin, lauryl alcohol, cholesterol, and several COPs
like lipid oxidation, a series of free radical chain reactions can standards, including 56EP, 5,63-EP, 7-keto, ando5Scholestane-
occur initially during heating and lead to the formation of 3f,5,65-triol (triol) were obtained from Sigma Chemical Co. (St. Louis,
various COPs such as 7-ketocholesterol (7-keta)hydroxy- MO). Both 73-OH and 70-OH standards were from Steraloids Inc.
cholesterol (70-OH), 7S-hydroxycholesterol (75-OH), 5,6a- (Wilton, NH). These standards were used without further purification.
epoxycholesterol (5,6a-EP), and B;&poxycholesterol (5,64- Paraffin oil was from Merck Co. (Darmstadt, Germany). The _HPLC-
EP) (5). In view of the impact of COPs on human health, the grade solvent.s, ethanol, 2-propano|,.ariubxane, were from Malll.nck-
inhibition of COPs formation by the addition of antioxidant is roEit Co. (Paris, KY), wher_eas 1,2-d|ch|o_roethane was from _Rledel-de

. ) Héaen Co. (Barcelona, Spain). The Neartridges were from Unichrom
extremely important. Several studies have shown that the ggientific Co. (Taipei, Taiwan).
incorporation of antioxidants was effective in inhibiting cho- Instrumentation. The HPLC instrument consists of a Jasco
lesterol oxidation during high-temperature processing or storagepu-980 pump (Tokyo, Japan), a Jasco 830 refractive index detector,
(11,12). However, there is a paucity of data regarding the kinetic and an SIC Chromatocoder 12 integrator (System Instruments Co.,
study of inhibition mechanism. Tokyo, Japan). Two Lichrospher 100 CN columns (244.0 mm i.d.

Flavonoids, a class of polyphenols, are mainly present in fruits €ach) containing m particle were from Merck. CHEN-WIN computer
and vegetables and have received considerable attention in receritoftware system (Shuen-Hua Co., Taipei, Taiwan) was used to process
years because of their vital roles in the prevention of chronic data. . . o i
diseases such as coronary heart dises3gl@), which can be _ Heating of Cholesterol. A mixture contammg 40QuL of paraffin
attributed to their high antioxidant activit{%, 16). Rice-Evans oil and 100uL of lauryl alcohol was poured into a 100-mL round-

| d dth I ina fl id h bottom flask, and 100 mg of cholesterol standard as well as 0.002 mg
etal. (17) demonstrated that naturally occurring flavonoids suc (0.002% of cholesterol) quercetin (in 100 of ethanol) was added.

Lauryl alcohol was used to dissolve quercetin, cholesterol, and COPs.
* Corresponding author (e-mail nutrl007 @mails.fju.edu.tw). In addition, lauryl alcohol has been reported to promote triol formation
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through alcoholysis (18). For the control treatment, only 100 mg of samples for extraction and HPLC analysis, and a high recovery-ef 97
cholesterol standard was added to the mixture of 4D®f paraffin 100% was achieved.
oil and 100uL of lauryl alcohol. The flask was placed in a paraffin oil Kinetic Analyses of COPsThe concentration changes of cholesterol
bath, which was preheated for 5 min with nitrogen gas flushing into and various COPs during heating of cholesterol in the presence or
the flask at the same time, until the internal temperature of the flask absence of quercetin were analyzed statistically by using a nonlinear
reached 15@: 1 °C. After that, the oxygen was pumped through, and regression procedure of SA%9). All of the rate constants for each
heating times of 0, 5, 10, 30, 60, and 90 min were started for the control reaction were estimated by using the least-squares method with a
treatment. For the quercetin treatment, the heating time was extendednonlinear regression procedurklarquardt iterative approach until the
to 120 min. After heating, the flask was inserted into dry ice to terminate convergence of the parameters was best fitted. The precision of the
the reaction, and each sample was subjected to HPLC analysis.parameters of the kinetic equations was also evaluated.
Triplicate experiments were performed for each heating treatment, and  statistical Analyses Analyses of variance and comparisons among
the data were subjected to nonlinear regression analysis by 8BS (  the residual amounts of cholesterol at different heating time intervals
Extraction and Purification of Cholesterol and COPs.A modified were conducted using the SAS systeifl)( After a preliminaryF test,
method based on that of Nourooz-Zadgl)(was used to extract and  the differences among the residual cholesterol were determined by
purify COPs. The heated mixture was added to 20 mL of hexane/ Duncan’s multiple-range test at a 5% probability level.
2-propanol (3:2, v/v) and shaken vigorously for 3 min, after which the
solution was centrifuged at 26000gr 5 min. The upper layer was
collected and poured into a centrifuged tube, and 12 mL of distilled RESULTS AND DISCUSSION
water was added. The solution was centrifuged again, and the upper |t has been well established that cholesterol is relatively stable
phase was also collected and evaporated to dryness’@t 3he residue in solid form and is prone to undergo autoxidation in liquid
was distoIved in 1 mIT of hexane/l,2-_dic_h|oroethane (2:1, v/iv) and form (23, 24), especially when the temperature reaches its
poured into a NH cartridge. In the beginning, 5 mL of hexane was melting point (148.5°C) or higher E). At a temperature of

added to the cartridge to remove impurities such as hydrocarbon, o .
cholesterol ester, and triglyceride. Then 25 mL of hexane/1,2- 200—300°C, the thermal degradation of cholesterol has been

dichloroethane/2-propanol (50:30:15, v/v/v) was added to elute cho- re_ported to domm"f‘tea instead of aUt0X|dat'ﬁ5)(_After various
lesterol and COPs. The solution was evaporated to drynesst,35  trials, the most suitable temperature for studying the inhibition
dissolved in hexane/2-propanol (95:5, v/v), and filtered through a kinetics of cholesterol oxidation by quercetin was found to be
0.2.um membrane filter for HPLC analysis. For recovery study, a fixed 150 °C. Also, this temperature is similar to that used for low-
concentration of various COPs standards was added to the sample fotemperature frying of foods. Thus, the heating temperature of
extraction and purification. After HPLC analysis, the recovery of each 150 °C was selected in this study to minimize the loss of
COP was obtained on the basis of the ratio of the amount of each COPhglesterol due to thermal degradation and accelerate the
standard aﬁer.and before HPLC. ) formation of COPs at the same time.

TLC Analysis of COPs. Preparation of Wurster Dyelhe Wurster . . .

Due to the poor solubility of the mixture of quercetin,

dye was prepared according to a method of Smith and Bil).(One - .
gram of N,N-dimethyl-p-phenylenediamine dihydrochloride was dis- cholesterol, and COPs in the oil, a solvent system of lauryl

solved in 100 mL of 50% methanol solution (in water), which was alcqhqllparaﬁin 9” (3.[34' v/v) was used insteaq. After seyeral
shaken, and 1 mL of glacial acetic acid was added. Then the mixture Preliminary studies, it was observed that the incorporation of

was poured into a glass vial and stored-&0 °C for use. 0.002 mg (0.002%, w/w) of quercetin was adequate to inhibit
Separation of COPs by TLGnitially the plate coated with silica  the formation of COPs for 100 mg of cholesterol. No COPs
gel was placed in a glass tank lined with a filter paper £2@0 cm) were detected for the 2-h heating period when a higher amount

and equilibrated for 30 min with 200 mL of benzene/ethyl acetate of quercetin (>0.01 mg) was used. An average loss of 2.1%
(60:40, v/v) @2) before separation. A 14k volume of sample extract  \yas found for cholesterol when preheated alone from 25 to 150
was spotted on the glass plate with a micropipet, and the solvent front °C with nitrogen flushing before oxygen pumping, whereas a
was allowed to run for a distance 6f18 cm at room temperature. slightly higher loss (3.1%) was shown for cholesterol heated

Then the plate was dried in an oven at X@for 10 min and sprayed . . .
with 50% HSQ,, and the color development of each spot (COPs) under together _W|th quercetin. This result shoulq be du_e_ to thermal
degradation of cholesterol under anaerobic condition, and the

UV radiation at 254 nm was recorded. Boift-Aydroperoxycholesterol - .
(7a-O0H) and B-hydroperoxycholesterol ZOOH) bands were  Presence of quercetin failed to protect cholesterol from thermal
identified and quantified on the basis of the Wurster dye method as degradation during the preheating period. In other words,
shown in a previous study (7). quercetin may be effective only in inhibiting cholesterol

HPLC Analyses. A mobile phase of hexane/2-propanol (95:5, v/v) oxidation. Also, there is no significant difference in cholesterol
and two LiChrospher 100 CN columns with a flow rate at 1.0 mL/min  |oss for the presence and absence of quercetin. Therefore, for
and RI detection (sensitivity: 16 x 107° RIU) were used to separate  kinetic study of each COP formation, initial levels of 96.9 and
cholesterol and various CO_Ps. Two columns conne_c_ted_ in series wereg7 9 mg of cholesterol were used for studying the heating
used to enhance the resolution power of COPs. Identification was Carr'Edtreatments with and without quercetin, respectivalgigle 1).

out by comparing retention times of unknown peaks with standards . . . .
and cochromatography with added standards. Because of the absence Formation of COPs. Figure 1 shows the major reaction

of a suitable internal standard, each COP was quantified using anPathways and rate constants of cholesterol oxidation and
external calibration method. Seven concentrations of cholesterol (500, degradation based on our previous stuly [n the presence of
1000, 2500, 5000, 18000, 25000, and 50@@dmL) and each COP lauryl alcohol, 5,6-EP or 5,-EP may undergo alcoholysis
(50, 100, 200, 500, 1000, 2500, and 5Q@mL) used to prepare the  to form triol (6, 18), which can be further dehydrogenated to
standard calibration curves were injected onto the HPLC separately, cholestan-33,5a,6-one (26).

and the curve for cholesterol and each COP standard was obtained by Figyres 2 and 3 show the HPLC chromatograms of COPs
plotting concentration against area. The regression equations andiomeq during heating at 15TC in the absence and presence
correlation coefficients rf) were calculated using a CHEN-WIN of quercetin, respectively. A total of eight major COPs, including

computer software system, and a higlvalue (>0.99) was found for
cholesterol and various COPs standards. Each COP was quantified usingr”&x'EP' 5,8-EP, 7-keto, @-OH, 78-OH, 70-OO0H, 73-OCH,

a method as described by Chien et &). (The eluates of @-OOH and and triol were adequately resolved within 40 min, with the elu-
7B-O0H were collected separately and then quantified using the tion order being cholesterol, 6EP, 5.8-EP, 7-keto, @-OH,

Wurster dye method (7). As described above, recovery was also 73-OH, 7a-OOH, 75-O0H, and triol. No COPs were formed
performed by adding standards of cholesterol and various COPs toat O min of heating, indicating that cholesterol oxidation did
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Table 1. Inhibitory Effect of Quercetin on Percentage Changes of

Cholesterol? during Heating at 150 °C

cholesterol® (%)
heating % %
time (min) control® remaining quercetin® remaining

0 97.9 £ 0.6Aa 100.0 96.9 + 0.3Aa 100.0

5 93.0 £ 1.0Ba 95.0 95.6 + 0.2Ab 98.7

10 86.6 £ 0.3Ca 88.4 93.9+0.1Bb 97.0

30 63.0 £ 1.0Da 64.3 85.9+0.1Cb 88.7

60 48.8 + 0.6Ea 49.8 78.5+0.3Db 81.0

90 35.5+0.2Fa 36.2 69.3 + 0.4Eb 71.6

120 -4 - 53.0+2.1F 54.7

2Values are expressed as percentage relative to cholesterol content at heating
time = 0 min. © Cholesterol (100 mg) was dissolved in 500 L of lauryl alcohol/
paraffin oil (1:4, v/v) solvent in the absence (control) or presence of 0.002 mg of
quercetin (quercetin). ¢ Mean and standard deviation of triplicate determinations;
entries bearing different letters of A—F (a—b) in the same column (row) are

significantly different (p < 0.05). @Not detected.
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Figure 1. Major autoxidation and degradation pathways of cholesterol.
All compounds were solubilized in the lauryl alcohol/paraffin (1:4, viv)
solvent: cholesterol (A), 7-hydroperoxycholesterol (A"), 7-hydroxycholes-
terol (B), 7-ketocholesterol (C), 5,6-epoxycholesterol (E), degraded products
(D), cholestan-343,50,6(-triol (T), cholestan-3(5,5a,6-one (O). ki—s, k3',
ks', and k; are the corresponding rate constants. The scheme is based

on a study by Chien et al. (6).

not occur with nitrogen flushing prior to heating to 158G

(Figures 2 and 3). Without quercetin, the COPs were formed
gradually during the initial heating period (<30 min) and
increased sharply thereafter (Figure 2). Also, the amount of
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Figure 2. HPLC chromatograms of COPs formation during heating of
cholesterol alone at 150 °C.

mV

COPs followed an increased trend for the increase of heating

time. The level of 7-OOH (@-OOH and B-OOH) accounted
for 0.00037% of cholesterol after 10 min of heating and then
reached a plateau (1.2% of cholesterol) in 90 niig(res 2
and 4). Meanwhile, the degradation of 7-OOH proceeded
quickly as soon as it was formed from cholesterol, which in
turn led to the formation of 7-OH and 7-keto through reduc-
tion and dehydration, respectively. On the basis of the initial
amount of cholesterol, the percentages of 7-OH and 7-ketoincluding the autocatalytic nature of the cholesterol oxidation
formed were 4.2 and 3.8%, respectively, over a 90-min heating and the induction period (~90 min) caused by the addition of
period (Figure 4). On the other hand, with quercetin, an quercetin, appeared to be evident. The former is probably caused
extremely low amount of COPs was formed during the 30-min by the thermal decomposition of hydroperoxides with the
formation of free radicals, which accelerate oxidation, whereas

heating period and increased drastically after 60 rRiigire
3), probably because of quercetin degradation and its ability to the latter is caused by quercetin to donate a hydrogen atom to

n
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Figure 3. HPLC chromatograms of COPs formation in the presence of
quercetin (0.002%, w/w) during heating of cholesterol at 150 °C.

react with peroxy radicals, which are responsible for the process

of radical oxidation. FromFigure 4, two important points,
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g - cholesterol only; O, mean of experimental data for cholesterol in the
< g presence of quercetin. —, best fitting line. Triplicate experiments were
2 4 ° 7-Keto performed.
3 formation of 7-OOH. Nevertheless, the amount of 5,6-epoxides
2 0 produced after 90 min of heating was 5.3 times lower than for
. the control treatment (Figure 5).
¢ The formation of triol was also observed in this study
0

(Figures 2,3, and5). Theoretically, triol can be formed from
5,6-epoxides in an agueous solution through acidic hydrolysis
(20). In our experiment, triol was probably formed through
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Heating time (min)

Figure 4. Inhibitory effect of quercetin on major COPs formed in the C-7
oxidation route during heating of cholesterol at 150 °C: @, mean of
experimental data for cholesterol only; O, mean of experimental data for
cholesterol in the presence of quercetin; —, best fitting line. Triplicate
experiments were performed.

alcoholysis because lauryl alcohol was used instead of water
(6, 18). In the absence of quercetin, a significant amount of
triol was formed after 30 min of heating, and then a sharp
increase (9.7%) followed after 90 min (Figure 5). In contrast,
with quercetin, an insignificant quantity of triol was found during

the initial heating period, followed by a gradual increase to 9.8%

stabilize peroxy radicals. This phenomenon proved that the after extensive heating to 120 min. Despite that, the level of
addition of 0.002% (w/w) quercetin should exert a strong triol formeo_l was lower than for the control treatment under the
antioxidant effect on cholesterol oxidation during the initial Same heating time.

heating period at 156C. By comparison of the results shown above, it can be

Compared to the control treatment, the levels of 7-OOH were concluded that the total amount of COPs was greatly reduced
6.6 and 4.5 times lower for the heating times 0 and 10 min in the presence of quercetin. Approximately 0.5% COPs of
after quercetin addition, respectively, demonstrating that quer- cholesterol was formed after 30 min of heating, which was lower
cetin may possess a strong antioxidant activity against choles-than for the control treatment (5.9%) by 11.8-fold. However,
terol peroxidation. Similarly, the amounts of 7-OH and 7-keto the level of COPs further increased to 7.7% in 90 min and
were correspondingly decreased by 4.3- and 7.9-fold, respec-attained a peak (24.4%) in 120 min, with the former being lower
tively, when compared to the control treatment after 90 min of than for the control treatment by 4-fold. As explained before,
heating. This phenomenon may be due to the slow formation this is probably because of drastic degradation of quercetin when
of 7-O0H during heating of cholesterol together with quercetin. it is heated beyond 60 min. It was also shown that the amount
However, after prolonged heating for 120 min, the contents of of cholesterol reduced during heating was not equal to that of
7-O0H, 7-OH, and 7-keto increased substantially, probably COPs formed, which may arise from the phenomenon that, in
because of the thermal degradation or free radical scavengingaddition to oxidation, the thermal degradation of cholesterol may
capacity of quercetin. also proceed simultaneously.

The epoxidation of cholesterol also occurred along with the ~ Thermal Degradation of Cholesterol during Heating.
formation of 7-OOH during heating of cholesterol without Table 1 shows the percentage changes of cholesterol during
quercetin, and the levels of 5,6-epoxides (6BP and 5,8- heating at 150C for varied lengths of time in the absence or
EP) showed a tendency to increabgres 2and5). A small presence of quercetin. A significant percentage difference
content of 5,6-epoxides was induced initially, which then rose occurred between the control and quercetin treatments for all
to 1.8 and 12.2% of cholesterol, respectively, after 30 and 90 heating times. Without quercetin, cholesterol decreased by
min of heating (Figure 5). The formation curve of 5,6-epoxides 35.7% after 30 min of heating, and greater losses by 50.2 and
was similar to that of 7-OOH, implying that the cholesterol 63.8% were shown after 60 and 90 min of heating, respectively
epoxidation may proceed quickly as soon as 7-OOH is generated(Table 1). This level was lower than that in a previous study
(22, 27). The amount of 56EP formed from 7-OOH was by Chien et al. %), who reported that only33.3% cholesterol
higher than that from 5@&EP (Figure 2), demonstrating a remained after heating a cholesterol thin film at 2&0for 30
greater stability for thg-form as compared to the-form (27). min. Osada et al.4) also found that the residual percentage
Conversely, with quercetin, the formation of 5,6-epoxides was was 40% after 150C heating of cholesterol for 24 h. This
greatly reduced by 6.2-fold after 30 min of heating (Figures 3 difference may be due to the variety of solvents used to dissolve
and5). However, after heating for 60 min, a large increase was cholesterol and the pumping rate of oxygen into the heating
shown for 5,6-epoxides, which may be attributed to rapid system. On the contrary, with quercetin, the degradation of
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cholesterol proceeded slowly during the initial heating period, min of heating time and,, ks, andk;4 are the reaction rate
which can be accounted for by 19.0% cholesterol loss after 60 constants (h?).
min of heating. However, the loss further increased to 45.3%  For the control treatment, the concentration ratio of 7-OOH
thereafter, which was much lower than the for control treatment. to cholesterol for the heating time of 30 min was 1/3500.
This result demonstrated that quercetin exhibits a strong However, for the quercetin treatment, the concentration of
antioxidant activity against COPs formation. Several studies 7-OOH formed after 30 min of heating was much lower than
have also proved that flavonoids such as quercetin can inhibitthat of cholesterol (30000[A = [A]). Thus, the first term
free radical chain reaction by donating hydrogen atoms to (kiJA][A ']) on the right of eq 2 is relatively small as compared
stabilize free radicals (2&9). to the second ternkgA]). Furthermore, percentages of 2.8 and
Kinetic Studies on Thermal Degradation and Oxidation 0.3% of 5,6-EP were formed on the basis of cholesterol after
of Cholesterol.As botha- and-forms of COPs possess similar 30 min of heating, respectively, with and without quercetin.
reactivity toward oxidation, only five major COPs, including Therefore, cholesterol degradation can be regarded as the main
7-OOH (7a- and B-OOH), 7-OH (%- and PB-OH), 7-keto, reaction to proceed during heating of cholesterol. Equation 2
5,6-EP (5,6a- and 5,68-EP), and triol, as well as cholesterol Was thus simplified as-d[A]/dt = ks[A], and the integration

were selected for kinetic study. The initial heating peris®Q of the above equation gave
min) was considered as a lag period because quercetin showed
a high antioxidant activity. Thus, the concentration changes of [A] =[Ad] et 3)

various COPs during heating of cholesterol together with

quercetin for 30 min were subjected to kinetic study by using where [Aj] is the percentage concentration of cholesterol at 0
the nonlinear regression models. The COPs formation during min of heating time.
the heating period of 30—120 min was not kinetically analyzed  Equation 1 is in the form of the Bernoulli equatiom+€ 2).
because a low antioxidant activity of quercetin should follow a By transformation of a variable, [f\ eq 4 was obtained by
reaction rate model similar to that of the control treatment.  jntegration

According to a paper by Chien et al. (6), the reactions for
the oxidative pathway can be divided into two major routes of , Kk, 1 k, gt
C-7 oxidation and epoxidationFigure 1). The oxidation [A] = mA] A m A
reaction involved the attack of free radicals on cholesterol to 1 dmax 0 !
result in the formation of 7-O0OH, which belongs to the second-
order, and the rate equation for 7-OOH formation (AA")
was listed in the equation, as described in a previous stidy (
It has been established that cholesterol oxidation would be
unlikely to proceed unless there is sufficient 7-OOH ac-
cumulated in the reaction syster®)(Besides, 7-OOH can be
further degraded to 7-OH or 7-keto through the first-order
reaction (5,30, 31). The rate equation for 7-OOH formation
was thus modified as

dA] k(

-1

(4)

Tma

where [A{] is the percentage concentration of 7-OOH at 0 min
of heating time andm = k; — ky; — ks. For the epoxidation
reaction, the formation of 5,6-EP follows second order and is
dependent upon the concentrations of both cholesterol and
7-O0OH (5, 32). Thus, the rate equation for both 5,6-EP
formation and degradation could be given as

d
A gama) - el ®

[A]
(Al

[AT — K[AT — Kg[AT] where [E] is the percentage concentration of 5,6-Efain of
heating time andt, andKk's are the reaction rate constants{h
As lauryl alcohol is used instead of water in the solvent
[A? Q) system, alcoholysis of 5,6-EP is most likely to occur in our
A ] max study for the reaction (E> T) in Figure 1 according to March
(18). Also, triol may be further dehydrogenated to form
where [A'lnax is the maximum attainable concentration of cholestan-33,5a,6-one (¥~ O) (26). As a result, the rate

Cdt

=m[A] —

7-O0H, [A] is the percentage concentration of 7-OOH atin equation of triol formation can be written as
of heating time, andl;, k;, andks are the reaction rate constants
(hY). d[T] s
In addition, the rate equations of C-7 oxidation routes B and dt = kelLol[E] — kelT] = kg'[E] = k[T] ©®)

C were written as in a previous studp)( Because both

cholesterol and 7-OOH were involved in the epoxidation where [T] is the percentage concentration of triok amin of
reaction (32), the rate equation for 5,6-EP formation was also heating time, [lg] is the percentage concentration of lauryl
shown as in a previous studp)( Both 7-OOH and 5,6-EP  alcohol at time 0, anl, k7, andkg are the reaction rate constants
formation as well as thermal degradation of cholesterol may (h™?).

lead to a substantial decrease of cholesterol concentration. Thus, Integration after substitution of eqs 3 and 4 into eq 5 gave
the overall decreasing rate of cholesterol could be regarded aseq 7 as follows:

the sum of the free radical chain reaction, epoxidation, and

thermal degradation and can be written as e[k'efks]s
[E] = [Eg] e ¥ + k[A] e ﬁ ds
dA] , , mz s
— gt = lAIAT + KJAAT + kfA] = [A'O] ml -

ki [AlIAT + ke[A] (2)
Likewise, eq 8 was obtained by integration after substitution
where [A] is the percentage concentration of cholesterdl at of eq 7 into eq 6
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Table 2. Rate Constants of Cholesterol Autoxidation and Degradation

control? quercetin?

rate equation? reaction k(h=Y r2 k(h=1) r2
chol a 7-O0H free radical chain reaction 4535+0.0 1.00 111.7£0.0 1.00
chol it 5,6-EP epoxidation 683.1+58.1 0.99 551.4 £ 474 0.88
chol L degradation degradation 0.66 + 0.02 0.99 0.28 £0.02 0.96
7-O0OH L 7-OH reduction 290.3+0.0 1.00 76.8+0.0 1.00
7-O0H it 7-keto dehydration 1555+ 0.0 1.00 31.0+£0.0 1.00
7-OH 5 7-keto dehydrogenation 0.68+0.10 0.99 0.11+0.02 0.99
5,6-EP 5 triol alcoholysis 0.38 £0.07 0.99 1.61+0.06 1.00
triol A 0 dehydrogenation 5.35+1.00 0.64 0.0¢

a Control, cholesterol oxidation during heating (0 < t < 90 min). Quercetin, cholesterol oxidation in the presence of quercetin during heating (30 < t < 120 min). © Chol,
cholesterol; 7-O0H, 7-hydroperoxycholesterol; 7-OH, 7-hydroxycholesterol; 7-keto, 7-ketocholesterol; 5,6-EP, 5,6-epoxycholesterol; triol, 5o-cholestan-3/3,5a,6/-triol; O,
cholesten-33,50.-diol-6-one; ki—ks, ks', k', and k; are rate constants. ¢ No reaction product was detected.

[T] = curves fit well with the data points (Figures @nd5), except
kit ek ) ekl for both 5,6-EP and triol when heated @ h (Figure 5).
K'sky[Aql € & !/(‘)e(ks G)V ﬂ) m, ds| dv For the various oxidation reactions, the correlation coefficients
T2 1 @ g Ms of the free radical chain reaction and epoxidation were 1.00
m o [[AG] My and 0.99 in the absence of quercetin and 1.00 and 0.88 in the
(8) presence of quercetin, respectively. This result implied that both

) ) . reactions for the formation of 7-OOH and 5,6-epoxide from
where [B] is the percentage concentration of 5,6-EP at 0 min cpojesterol fit well the second order. A high correlation

of heating time and, t, andv are time. ) coefficient was also observed for the reduction and dehydration
Among the above equations, both eqs 3 and 4 are in the forms, ¢ ¢tions of 7-OOH (Table 2), indicating that the reactions for

of exact integration. As the exact integrations for eqs 7 and 8 yhe tormation of 7-OH and 7-keto fit the first order. Although
are not possible, we can only get a better approximation 10 the e formation of triol by alcoholysis of 5,6-EP for the quercetin

integral term in the equation by using a quadratic polynomial .o 1ment was completely inhibited, the low correlation coef-
of Taylor's series. For example, eq 7 can be expressed ASficient (0.64) for the control treatment revealed that the reaction

follows: of T — O (Figure 1) should be reassessed for the first-order
Lt 1 model to better estimate the rate constark;,oThe above results
[E]=e 6{[E]o F KAL[AT ot + 5(my — [ATom, + also suggested that despite the presence or absence of quercetin,
, 1, - the rate _ equations could succes_sfully estimate t_he thermal
ks — ko)t® + é(ml — 3[A']ymm, + 2[A'];m,” + degradation of cholesterol and predict the concentration changes
, . , 2 of COPs during the entire heating period.
2kg'my — 2[A k' m, — 2kgmy + 2[A] ks, + kg — It was also shown that thk, value is very large with or

2ksks' + k52)t3)} (9) without quercetin, suggesting that the 5,6-EP concentration
increased sharply as soon as 7-OOH was formed during the

The experimental data were thus analyzed in sequence and’®€ radical chain reaction. It may be postulated that most
fitted best to the corresponding nonlinear regression models as’-OOH was converted to 5,6-EP in the beginning during heating,
shown above. The data for computikgin eq 3 should be the and thus the 7-OOH concentrations were maintained at a very
residual cholesterol as the loss of cholesterol can be attributedlow level (0.03% for the control and 0.003% for the quercetin
mainly to thermal degradation. Therefotg,was recalculated  treatment) over a 30-min heating period. Both are significantly
by adding the total amount of COPs to the residual cholesterol, lower than the initial maximum concentrations of 7-OOH, which
which was found to be 0.668- 0.02 't (r2 = 0.99) without amounted to 2.1 and 1.0% of total cholesterol in the absence
quercetin and 0.2& 0.02 hr! (1?2 = 0.96) with quercetin (Table and presence of quercetin, respectively'{[#] in eqs 1 and
2). The rate constants in eq 4 and in the quadratic polynomial 4)- However, in the heating system, it is difficult for 7-OOH to
series for the eq 7 (i.e., egs 9 and 8) as well as the others formaintain this level because it can undergo further degradation
7-OH and 7-keto were estimated by using the least-squaresto form 7-OH or 7-keto via the C-7 route and 5,6-EP via the
method with a nonlinear Marquardt iterative approach until the epoxidation route. Therefore, the actual maximum level of
convergences of the best-fitted parameters were met. The rate/-OOH can be increased to only about 1.3% without quercetin
constants of the reaction pathways of cholesterol degradationand 0.7% with quercetin after 90 min of heatirfgigure 4).
and oxidation during heating at 158G with or without quercetin By comparing the rate constants {h of the major reaction
are shown inTable 2. With the exception of the dehydroge- pathways of cholesterol oxidation, a similar trend can be found
nation of triol (2 = 0.64), ther? values of all the reactions in the orderks > ki> ko > ks > ks for both the control and
were >0.99 in the absence of quercetin ar®.88 in the quercetin treatments. All of the rate constants{lare much
presence of quercetin. Each COP was further plotted on thehigher tharks, ke', andks', which are approximately in the same
basis of the corresponding rate equation and the rate constantsnagnitude. However, the rate constants of COPs formation with
which are also shown ifable 2. With quercetin, all of the guercetin were 0.2—5.0 times lower than those without quer-
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cetin, with the exception df' in the alcoholysis reaction (1.61

> 0.38). Theoretically, quercetin may play an important role
in opening the highly strained three-membered ring of 5,6-EP.
Quercetin contains two ortho-hydroxyl groups and should be
able to release a proton {hin the heating systen38), and

the protonated 5,6-EP may in turn undergo alcoholysis in an
alcoholic solvent through antihydroxylation, which involveg@S

or S\1 attack (18).

Compared to the control treatment, all of the rate constants
with quercetin treatment decreased substantially, especially for
the free radical chain reactioky} by 4.1-fold. A similar result
was reported by Nielsen et aB4), who studied cholesterol
oxidation in a heterogeneous system initiated by water-soluble
radicals. InFigures 4 and 5, the curves fit well with the
experimental data based on the oxidation of cholesterol during
heating. These results suggested that the kinetic models
developed in this study can be used to predict the concentration
changes of cholesterol and COPs during heating of cholesterol
with or without quercetin. In conclusion, the major reaction
pathways during the heating of cholesterol in the presence of
oxygen include the thermal degradation of cholesterol and the
formation of various COPs. With or without quercetin, the
correlation coefficients @ for all of the reactions ranged from

0.64 to 1.00 by nonlinear regression analyses. The reactions 1)

for 7-O0H and 5,6-EP formations fit the second order, whereas
all of the other reactions fit the first order.
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