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Measurement of Oxidative Interactions of Cholesterol 
W.W. Nawar*, S.K. Kim, Y.J. Li and M. Vajdi 
Department of Food Science, University of Massachusetts, Amherst, MA 01003 

A simple analytical technique, using a silieic acid mini- 
column and capillary gas chromatography, was used for 
measuring the oxidative interactions of cholesterol vr 
other compounds. When triacylglycerols were added to 
cholesterol before heating at 1800C, the latter oxidized 
faster than cholesterol heated alone, and a relatively high 
amount of epoxides was found. 

Dipalmitoylphosphatidylethanolamine and all the amino 
acids tested showed a protective effect, with cysteine and 
alanine being the most effective. The results of this study 
indicate that the varius compounds added not only in- 
fluenced the rate of cholesterol oxidation, but also exerted 
different influences on its oxidative pathway. 
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Certain products of cholesterol oxidation have been 
reported to produce cytotexic, angiotoxic and carcinogenic 
effects (1). In food, cholesterol exists in close proximity 
to other lipid and non-lipid molecules. Interactions be- 
tween these compounds and cholesterol may affect both 
its oxidative stability and its oxidation pathway. The p u t  
pose of this work was to monitor the influence of these 
neighboring molecules on the extent and the products of 
cholesterol oxidation. 

EXPERIMENTAL PROCEDURES 

Materials. Cholesterol, phospholipids, triacylglycerols and 
silicic acid were purchased from Sigma Chemical Co. (St. 
Louis, MO), and cholesterol oxide standards were from 
Steraloid Ina {Wilton, NH). Silylating agents were ob- 
tained from Pierce Chemical Co. {Rockford, IL} and 
Supelco Inc. {Bellefonte, PAL The solvents used in this 
s t udy  were reagent  or high-performance liquid 
chromatography {HPLC) grade from various sources. 

Separation of steroids from other lipids. Although size 
exclusion chromatography (SEC) on Styragel columns (8' 
of 100 A and 16 of 60 A; Waters Assoc., Milford, MA} 
showed complete separation of steroids from other lipid 
classes, it took more than 2 hr for one sample Therefore, 
an a l ternat ive  method  of silicic acid column 
chromatography was tested. Silicic acid {60-200 mesh} 
was activated for 3 hr at 121~ and packed in a mini- 
column (6 mm in diameter and 5 cm long}. Solvent 
systems of 5-100% diethyl ether in hexane were applied. 
Composition of the eluates was tested by thin-layer 
chromatography (precoated silica gel 60G plates, 250 ~m 
thick}. Developing solvent mixtures consisged of 
benzene/diethyl  ether/ethyl acetate/acet ic  acid 
(80:10:10:0.2, v/v/v/v) (2). 

The non-polar lipids, mainly triacylglycerols, were eluted 
with hexane/diethyl ether mixture (95:5, v/v), followed by 
cholesterol and its oxidation products with 100% diethyl 
ether. The ether fraction was collected and stored at 
- 20~  until further analysis. 

*To whom correspondence should be addressed. 

Analysis of cholesterol and its oxides. The advantage 
of liquid chromatography (LC) for steroid analysis is that 
it does not require high temperature for separation and 
derivatization of the sample. However, in our laboratory 
separation of cholesterol and its oxides by gas 
chromatography (GC) was more successful. The procedure 
is as follows: 

Silylation of cholesterol and its oxides. Free sterols have 
been reported to show significant thermal decomposition 
and poor resolutions during GC separation. These pro- 
blems can be alleviated by derivatization. Thermal decom- 
position was minim/zed and peak symmetry was im- 
proved by silylation (3,4}. To set the optimum silylating 
conditions for cholesterol and its oxides, three silylating 
agents,  N,O-bis-[trimethylsilyl]trifluoroacetamide 
(BSTFA), BSTFA 1% trimethylchlorosflane (TMCS}, sylon 
BTZ (N-trimethylsilylimidazole + N,O-bis-[trimethylsilyl] 
acetamide + TMCS, 3:3:2, v/v/v), and different time- 
temperature relationships (room temperature, 80~ and 
120~ for 0.5, 1, 2 and 24 hr) were tested for maximum 
conversion of cholesterol and its oxides to their silylated 
forms 15-7). 

BSTFA is a popular sflylating agent for cholesterol, but  
it showed poor reproducibility when heated at 80~ for 
2 hr. Cholesterol and its oxide peaks reached their max- 
ima after 20 hr heating with BSTFA at 80~ or 0.5 hr 
at 120~ Sylon BTZ is known to be one of the most 
powerful silylating agents. However, it showed low levels 
of cholesterol and its oxide peaks. During addition of 
water and extraction of silylated compounds, some of the 
trimethylsilyl ethers may be destroyed. BSTFA with 1% 
TMCS as an acid catalyst showed maximum values for 
cholesterol and its oxides within 1 hr at 80~ and pro- 
vided better silylation of 7a- and 7p-diols than BSTFA 
only. 

Internal standard. Cholest-5-en-3a-ol, 5a-cholestane, 5a- 
androstan-3/3-ol, 5a-androstan-3/~-ol-17-one and its acetate 
form were tested as internal standard for the analysis of 
cholesterol and its oxides. Cholest-5-en-3a-ol, 5a- 
androstan-3~-ol and -17-one caused overlapping with some 
other peaks. 5a-Cholestane was eluted with the non-polar 
fraction during silicic acid column chromatography. On 
the other hand, 5a-androstan-3/~-ol-17-one acetate was 
stable during silylation. It did not overlap with other 
peaks and showed complete migration to the steroid frac- 
tion during preparative LC. 

Separation of cholesterol and its oxides by GC A Varian 
3700 (Varian Assoc., Palo Alto, CA) equipped with a 
polymethylsilane-coated capillary column (DB-1, 60 m • 
0.253 mm i.d. and 0.25 ~m film thickness; or Ultra-l, 50 
m • 0.2 mm i.d. and 0.33 ~an film thickness} was used to 
separate silylated cholesterol and its oxidation products. 
Temperature programming from 100~ to 300~ at the 
rate of 10~ and 295~ isothermal condition pro- 
duced the best separation. Optimum GC conditions for 
the separation of cholesterol and its oxides were estab- 
lished by using a heated mixture of cholesterol and 
sphingomyelin {Fig. 1). Peaks were identified by com- 
parison of their GC retention times and mass spectra with 
those of authentic compounds. For que~ntitation, correc- 

JAOCS, Vol, 68, No 7 (July 1991) 



MEASUREMENT OF OXIDATIVE INTERACTIONS BY CHOLESTEROL 

497 

c- 

O 
Q. 

-L 

2 

4 

14 

3 

Time (rain) 

FIG. 1. Gas chromatographic separation of cholesterol and its ox- 
ides. Peak identification: (1) 5a-Androstan-3~-ol-17-one acetate {inter- 
nal standard); (2} 3,5-cholestadiene; {3} 7a-hydroxycholesterol; (4} 
cholesterol; (5} 3,5-cholestadien-7-one; {6) cholest-4-ene-3-one; {7) 7~- 
hydroxycholesterol; (8) cholesta-4,6-dien-3-one; (9) 5,6~-epoxy-5~- 
cholestan-3~l;  (10} 5,6a-epoxy-5a-cholestan-3/3-ol; {11) 20a-hydroxy- 
cholesterol; {12) 25-hydroxycholesterol; {13} 5a-cholestan-3,6-dione; 
(14) 7-ketocholesterol; and (15) 5a-cholestan-3fJ,5,6/3-triol. 

tion factors based on the response of each compound to 
the  a n a l y t i c a l  t echn ique ,  i n c l u d i n g  c o l u m n  
chromatography, silylation and GC detector response were 
established. These were 0.74, 0.91, 0.86 and 0.85 for 
cholesterol, 7-ketocholesterol, 7-hydroxycholesterols and 
5,6-epoxides, respectively. 

H e a t  t r e a t m e n t .  Dry  mixtures of 1 mg cholesterol plus 
1 mg of various amino acids, triacylglycerols and 
dipalmitoylphosphatidylethanolamine were heated in 
open vials at  180~ for 1 hr. The temperature chosen for 
the present experiments is tha t  commonly used for fry- 
ing. The effects of temperature as well as other parameters 
on cholesterol oxidation are considered in a subsequent 
report. 

RESULTS AND DISCUSSION 

Quanti tat ive comparison of the cholesterol remaining 
after heating indicates tha t  triacylglycerols accelerated 
cholesterol oxidation, with oleate being the most  effective 
{Table 1~. 

When cholesterol was heated alone at 180~ for 1 hr, 
the main oxidation products were 7-ketocholesterol, the 
7-hydroxycholesterols and the 5,6-epoxides. When 
triacylglycerols were added to cholesterol, the oxide pro- 
file in the heated mixture was qualitatively similar to tha t  
of cholesterol alone, but  the quanti tat ive pat tern  was dif- 
ferent. The ratio of total  epoxides to 7-derivatives was 
higher when triacylglycerols were present during heating. 

In both the presence and absence of triacylglycerols, the 
total oxides detected, i.e., those listed in Table i plus other 
minor compounds identified but not  listed, accounted for 
only 30% of the total decomposition. A major portion of 
the cholesterol decomposition may have occurred via a dif- 

TABLE 1 

Effect of Phosphatidylethanolamine and Triacylglycerols on Cholesterol Oxidation at 180~ for 1 hr (mgll00 mg Initial Cholesterol) a 

Cholesterol Cholesterol Cholesterol Cholesterol Cholesterol 
only + phospholipid + linoleate + stearate + oleate 

Unaltered cholesterol 28.8 • 2.4* 46.7 • 0.4 23.1 • 2.6 20.2 • 0.7 16.9 • 5.9 
Altered cholesterol 71.2 53.3 76.9 79.8 83.1 

7-Derivatives 11.9 1.5 11.7 12.2 12.5 
7-Ketocholesterol 9.2 • 1.5 9.4 • 0.9 10.3 • 0.1 10.7 • 0.1 
7a-Hydroxycholesterol 0.6 • 0.1 
7/~-Hydroxycholesterol 1.4 • 0.7 1.6 • 0.3 1.3 • 0.2 1.2 • 0.1 
3,5-Cholestadien-7-one 0.6 • 0.3 1.5 + 0.0 0.8 • 0.i 0.7 • 0.3 0.7 • 0.1 

Epoxides 6.5 9.5 8.0 10.5 
5,6a-Epoxide 3.6 • 1.1 4.3 • 0.2 4.0 • 0.7 4.6 • 0.1 
5,6/~-Epoxide 2.9 • 1.6 5.2 • 1.1 4.1 • 2.2 5.9 • 1.4 

Epoxides/7-deriv. 0.6 0.8 0.7 0.8 

Total oxides detected 21.9 1.5 23.4 22.2 24.0 
{% of altered chol.} (30.7} (2.8) {30.5} {27.9} {28.9} 

aAll mixtures were at a ratio of 1:1 (w/w). 
*Mean • standard deviation, five determinations. 
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TABLE 2 

Effect of Amino Acids on Cholesterol Oxidation at 180~ for 1 hr {mg/100 mg Initial Cholesterol)a 

Cholesterol Cholesterol Cholesterol Cholesterol Cholesterol Cholesterol Cholesterol 
only + cysteine + alanine + serine + aspartic acid + lysine + histidine 

Unaltered cholesterol 28.8 + 2.4* 95.3 + 15.2 92.3 + 3.1 68.8 __. 5.4 65.8 + 7.0 57.1 + 5.2 51.7 +_ 0.8 
Altered cholesterol 71.2 4.7 7.7 31.2 34.2 42.9 48.4 

7-Ketocholesterol 9.2 + 1.5 2.0 + 0.1 0.9 + 0.1 0.3 + 0.0 0.4 + 0.0 0.6 + 0.0 2.2 + 0.8 
7a-Hydroxycholesterol 0.6 + 0.1 0.2 + 0.1 0.1 + 0.0 
7~-Hydroxycholesterol 1.4 + 0.7 1.2 • 0.4 1.4 • 0.3 0.8 +__ 0.1 2.7 + 0.2 0.3 • 0.1 
3,5-Cholestadien-7-one 0.6 + 0.3 0.5 + 0.1 0.5 • 0.2 0.6 _+ 0.7 1.3 __- 0.1 4.2 • 0.0 1.5 +_ 0.1 
5,6a-Epoxide 3.6 + 1.1 0.3 + 0.1 1.4 + 0.0 1.5 + 0.1 0.6 + 0.0 0.5 + 0.4 
5,6~-Epoxide 2.9 + 1.6 0.7 • 0.1 2.2 ___ 0.0 1.4 • 0.1 1.0 _+ 0.0 

Total oxides detected 21.9 4.2 4.1 6.6 8.1 8.0 7.1 
(% of altered chol.) (30.7} (89.3} (53.5} (21.1} (23.7} (18.7) (14.7) 

aAll mixtures were at a ratio of 1:1 {w/w}. 
*Mean + standard deviation, five determinations. 

f e r e n t  p a t h w a y ,  e.g., p o l y m e r i z a t i o n .  I t  is  a l so  p o s s i b l e  
t h a t  a c o n s i d e r a b l e  a m o u n t  of  o x i d e s  p r o d u c e d  m a y  h a v e  
u n d e r g o n e  f u r t h e r  b r e a k d o w n  a t  t h e  h i g h  t e m p e r a t u r e  
used. 

In contrast to triacylglycerols, the phospholipid 
dipalmitoylphoshatidylethanolamine {PE} protected 
cholesterol against oxidation. Fifty-three percent of the 
substrate was altered, as compared to 71% when 
cholesterol was heated alone. Table 1 also shows that in 
the presence of PE, only 3,5-cholestadien-7-one was 
detected. In this case the portion of cholesterol decom- 
position unaccounted for is even greater than in the case 
of triacylglycerols. 
All the amino acids tested exhibited strong protection 

when mixed with cholesterol, especially cysteine and 
alanine {Table 2}. However, in contrast to PE and the 
triacylglycerols, the amino acids did not exert a sig- 
nificant effect on the oxide profiles. It is interesting to note 
that cysteine and alanine, which exhibitd very strong pro- 
tection, also gave rise to a higher proportion of oxides 
relative to total decomposition. It is possible that these 
amino acids also protect the oxides against further ox- 
idation. Alternatively, they may inhibit other pathways, 
e.g., polymerization. 

T h i s  s t u d y  s h o w s  t h a t  t h e  c h o l e s t e r o l  o x i d e  p a t t e r n s  
o b t a i n e d  f r o m  t h e  h e a t e d  m i x t u r e s  a re  s i g n i f i c a n t l y  dif- 
f e r e n t  f r o m  e a c h  o ther ,  i n d i c a t i n g  t h a t  t h e  v a r i o u s  a d d e d  
c o m p o u n d s  n o t  o n l y  i n f l u e n c e d  t h e  r a t e  of  c h o l e s t e r o l  ox- 
i d a t i o n  b u t  a l so  e x e r t e d  d i f f e r e n t  i n f l u e n c e s  on  i t s  ox- 
i d a t i v e  p a t h w a y .  
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