
ABSTRACT: In addition to fatty acids, especially polyunsatu-
rated species, cholesterol oxidizes and leads to various oxy-
genated derivatives, named oxysterols. They display a wide
range of adverse biological properties. Monitoring oxysterols is
important in the evaluation of the potential risks associated with
lipid oxidation. In the present study, a quick and reliable
method was developed for analysis of oxysterols, sterols, and
fatty acid composition of phospholipids in the same biological
sample. Total lipid extraction was determined after addition of
several internal standards (epicoprostanol for sterols, 19-hy-
droxy-cholesterol for oxysterol and di-heptadecanoyl-phos-
phatidylcholine for phospholipid fatty acids). Cold acetone-me-
diated precipitation was then used to fractionate sterols from
phospholipids. The phospholipid-containing precipitate was
transmethylated for fatty acid analysis by gas chromatography.
The sterol- and oxysterol-containing phase was saponified
under mild conditions to avoid artificial oxysterol generation
and was analyzed by gas chromatography after derivatization
into trimethylsilyl ethers. The overall procedure was found to
be specific with good recovery and reproducibility for sterols,
oxysterols [mean coefficient of variation in percent (CV),
11.3%] as well as phospholipid fatty acids (CV, 5.6%). This pro-
cedure has been used to document in vitro free radical treated-
human low-density lipoproteins and erythrocytes. Results
demonstrated that this method is a useful tool in assessing qual-
itative and quantitative differences in oxysterols and phospho-
lipid fatty acid patterns attributed to lipid oxidation.
JAOCS 75, 107–113 (1998).
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It has become increasingly evident that oxidative damage
may contribute to the development of various pathologies (1).
In cardiovascular disease, lipid peroxidation is important be-
cause oxidative modification of low-density lipoproteins
(LDL) is a prerequisite for the enhanced uptake of cholesterol
by macrophages (2,3). Unsaturated fatty acids have a propen-

sity to undergo peroxidation. Not only are the fatty acid com-
position of cell membrane and lipoproteins thus altered but
also reactive and potentially damaging end products are pro-
duced during the oxidation process. Cholesterol can also be
oxidized and produce products called oxysterols (OS). OS
can originate from endogenous oxidation such as enzyme-de-
rived cholesterol catabolism and peroxidation of cholesterol-
rich lipoproteins (4). In the course of LDL oxidation, choles-
terol hydroperoxides are formed (5) and enhance the suscep-
tibility of metal-mediated oxidation of LDL (6). In this
process, a great amount of 7-oxidized derivatives were found.
OS may also be absorbed from food, as they were identified
in some processed foods like egg-containing products and
powdered milk (7). In addition to their demonstrated athero-
genicity (8), OS also have shown other detrimental proper-
ties. OS exhibit cytotoxicity (9), inhibition of hydroxymethyl
coenzyme A reductase (10), and increase in cholesterol esters
by stimulation of acyl-coenzyme A:cholesterol acyl trans-
ferase activity (11). Recent evidence indicated that epoxy
cholesterol can function as a direct-acting mutagen and that
there might be a relationship between its presence and skin
cancer (12).

Consequently, it is of interest to determine the lipid com-
positions of cells and lipoproteins which can be used as an
index for oxidative damage. The objectives of the present
paper were to develop a method capable of measuring the OS
concentration and the fatty acid pattern of phospholipids in
the same sample of cells or lipoproteins.

EXPERIMENTAL PROCEDURES

Materials and reagents. [14C]-Cholesterol, 3-oleoyl-[14C]-cho-
lesterol ester (CE), 1,2-di[1-14C]palmitoyl-L-3-phosphatidyl-
choline (PC); 1-[1-14C]palmitoyl-L-3-phosphatidylcholine
(lysoPC, LPC), and glycerol tri-[1-14C]oleate (TO) were
obtained from Amersham. Cholesterol (5-cholesten-3β-ol),
epicoprostanol (5β-cholestan-3α−ol, Epico), β-sitosterol
(24β-ethyl-5-cholesten-3β-ol, β-Sito), campesterol (24α-
methyl-5-cholesten-3β-ol, Camp), 7α-hydroxycholesterol (5-
cholestene-3β,7α-diol, 7α-OH), 19-hydroxycholesterol (5-
cholestene-3β,19-diol, 19-OH), 3,5-cholestadiene (Diene), and
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1,2-di-heptadecanoyl-L-3-phosphatidylcholine (C17PC) were
obtained from Sigma (St. Quentin-Fallavier, France). 20-Hy-
droxycholesterol (5-cholestene-3β,20-diol, 20-OH), 22S-hy-
droxycholesterol (5-cholestene-3β,22S-diol, 22-OH), 25-hy-
droxycholesterol (5-cholestene-3β,25-diol, 25-OH), choles-
terol epoxides (5,6β-epoxy-5α-cholestan-3β-ol, β-Epox, and
5,6α-epoxy-5α-cholestan-3β-ol, α-Epox), and cholestanetriol
(5α-cholestan-3β,5,6β-triol, Triol) were purchased from Ster-
aloids (Wilton, NH). 7-Ketocholesterol (5-cholestene-3β-hy-
droxy-7-one, 7Keto) was obtained from Aldrich (St. Quentin-
Fallavier, France). 7β-Hydroxycholesterol (5-cholestene-
3β,7β-diol, 7β-OH) was synthesized by reduction of 7Keto
with a 10% solution of NaBH4 in methanol in the presence of
CeCl2 (13). When necessary (purity <95%), the OS were repu-
rified by thin-layer chromatography (TLC) on silica gel im-
pregnated plates (Merck, Darmstadt, Germany) with hexane/ethyl
acetate (70:30, vol/vol), and purity was checked by GC (see
below). Pyridine (dried over molecular sieves) was from Merck,
and silylating agents Silon BTZ, N,O-bis(trimethylsilyl)trifluo-
roacetamide (BSTFA), and trimethylchlorosilane (TMCS) were
purchased from Supelco (Bellefonte, PA) or Pierce (Rockford,
IL). Butylated hydroxytoluene (BHT), disodium EDTA, and
sodium citrate were obtained from Sigma. The free radical gener-
ator [2,2′-azo-bis(2-amidinopropane hydrochloride), AAPH] was
obtained from Lara-Spiral (Dijon, France).

Biological samples. After an overnight fast, blood samples
were taken from volunteers by venipuncture into evacuated
tubes (Becton Dickinson, Grenoble, France) containing dis-
odium EDTA (1.5 mg/mL), and the plasma was separated in
a cold centrifuge (Jouan, Nantes, France). LDL (1.019 < d
< 1.055 g/mL) were isolated by sequential ultracentrifugation
with KBr. Pooled LDL were dialyzed against phosphate
buffered saline (pH 7.4) containing 100 µM EDTA, sterilized
by passage through a Millipore filter (0.22 µm), and stored
under argon at 4°C in the dark for no longer than 15 d. Cop-
per-mediated oxidations were performed with 5 µM CuSO4
and 0.2 mg/mL LDL for 6 h at 37°C as previously detailed
(14).

Erythrocyte homogenates were prepared by adding
washed erythrocyte pellet to water (1:1, vol/vol) containing
100 µM EDTA and frozen at −20°C. Erythrocytes were sub-
jected to the action of free radicals as detailed in Reference
15. Briefly, washed erythrocytes (15% hematocrit) were incu-
bated at 37°C for 90 min in the presence of 100 mM of the
free radical generator AAPH. Aliquots of the suspension (0.4
mL) were analyzed for sterols and fatty acid phospholipids as
indicated above.

Lipid extractions and separations. Before treatment, the
following internal standards (solubilized in CH2Cl2/CH3OH,
1:1, vol/vol) were added to the samples: 25 µg Epico, 3 µg
19-OH, and 5 µg C17PC. For LDL and platelets, total lipid
extractions were carried out according to Folch et al. (16)
with CH2Cl2 and 0.005% BHT. For erythrocytes, the method
of Rose and Oklander (17) was used. Lipid extracts were
evaporated in glass tubes under nitrogen gas. Cold acetone (1

mL, −20°C) was added to the dried residue, vortex-mixed,
and sonicated for 20 s and left for at least 30 min on ice. Phos-
pholipids were precipitated and after centrifugation (2000
rpm, 10 min, 4°C), the acetone phase was transferred to a
screw-conical glass tube with a teflon-coated cap. The pre-
cipitate was washed with cold acetone (0.5 mL) and cen-
trifuged again as before.

Analysis of sterols and OS. The acetone phases were evap-
orated under a stream of nitrogen, and the extract was deriva-
tized to trimethylsilyl (TMS) ether by heating 10 min at 50°C
with BTZ in pyridine (30:70, vol/vol). When esterified,
sterols were expected in samples, such as in hyperlipemic
plasmas. The evaporated acetone phase was saponified with
0.5 mL cold 0.5 M KOH, flushed with argon, and held at
room temperature for 2 h. OS were separated by TLC on sil-
ica gel with either solvent A [heptane/diethyl ether (1:1,
vol/vol)] or solvent B [heptane/ethyl acetate (1:1, vol/vol)].

Gas chromatographic (GC) analyses of sterols and OS were
carried out using a DI 200 chromatograph (Delsi, France)
equipped with a flame-ionization detector (300°C), a falling
needle injector (270°C), and a bonded capillary column
(OV1701, 0.1 µm thickness, 0.32 mm i.d., 30 m; Lara-Spiral).
The oven temperature was programmed from 260 to 275°C at
a rate of 2˚/min with helium as carrier gas with a velocity set at
20 cm/s. In some cases, a SE30 capillary column having the
same length and characteristics was used. When necessary,
samples were analyzed by gas chromatography–mass spec-
trometry (GC–MS) using a quadrupole spectrometer (Nermag
R10-10).

Analysis of fatty acids. The acetone-mediated phospho-
lipid precipitate was transmethylated according to Morrisson
and Smith (18). Methanol (0.3 mL), toluene (0.3 mL), and
BF3/methanol (0.5 mL) were added to the sample. After 90
min at 100°C and cooling on ice, K2CO3 (2 mL) was added,
and the methyl esters were extracted with isooctane (3 mL).
After concentration under a nitrogen stream, an aliquot of the
volume (0.2–0.6 µL) was injected into the chromatograph.
Analyses were performed as described (19) using a DN 200
(Delsi-Nermag, France) equipped with a hydrogen flame de-
tector (260°C) and a cold on-column injector. The chromato-
graph contained an SP-2340 fused-silica capillary column (30
m × 0.32 mm i.d.; film thickness, 0.2 µm; Supelco). Helium
was used as the carrier gas at a linear velocity of 19 cm/s. The
oven temperature was programmed at 5°C/min from 90 to
135°C, increased to 220°C at 2°C/min, and held at that tem-
perature for 10 min. Methyl esters were identified by compar-
ison with standard mixtures and quantitated against the hep-
tadecanoate methyl ester recovered from the C17PC.

RESULTS AND DISCUSSION

Specificity of the procedure. To test the specificity and the se-
lectivity of the extraction procedure, red blood cell ho-
mogenates obtained by freezing and thawing were supple-
mented with either [14C]-cholesterol, [14C]-PC, or [14C]-LPC.
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Samples were then processed using the entire protocol except
the acetone phase was evaporated and dissolved in
CH2Cl2/CH3OH. The acetone-mediated precipitate was also
solubilized in the latter solvent mixture, and aliquot solutions
of the two phases were counted for radioactivity. The results
(Table 1) indicate that sterols were found, as expected, in the
acetone phase, whereas phospholipids were recovered in the
precipitate. Sonication and washing of the acetone-mediated
precipitate was necessary to obtain a high yield. This resulted
in improved recovery for both the sterols and the phospho-
lipids. Table 1 also indicates that triglycerides or cholesterol
esters may be present in the acetone phase. It was necessary
to saponify these lipids when samples contained large
amounts of triglycerides or esterified sterols. Moreover,
analyses carried out with diethyl ether resulted in overestima-
tion of the OS concentration, possibly owing to trace amounts

of peroxides which may oxidize cholesterol and may gener-
ate OS. Structures of OS derivatives are shown in Figure 1.

Chromatography of sterols and OS. Preliminary experi-
ments have confirmed that improved resolution and sensitiv-
ity were achieved using TMS ethers compared to underiva-
tized sterols (20). The retention times of standard compounds
on two columns relative to the internal standard, Epico, are
shown in Table 2. All the sterols were provisionally identified
by their retention times compared to available standards.
Their identities were confirmed using GC–MS by the frag-
mentation patterns indicated in Table 2. For routine determi-
nations, OV 1701 achieved a better separation. In particular,
poor resolutions were obtained between 19-OH and Camp,
between α-Epox, 22-OH and 20-OH, and between 7β-OH

DETERMINATION OF OXYSTEROLS AND PHOSPHOLIPID FATTY ACIDS 109

JAOCS, Vol. 75, no. 2 (1998)

TABLE 1
Fractionation of Different Lipids with Acetone Precipitation

Radioactivity recovered

In the acetone phase (%) In the precipitate (%)

Erythrocyte homogenatea

+ [14C]Chol 99.6 ± 3.2 0.2 ± 0.1
+ [14C]PC 0.3 ± 0.1 96.1 ± 4.2
+ [14C]LPC 0.4 ± 0.2 97.2 ± 3.6
+ [14C]TO 96.8 ± 3.6 0.3 ± 0.1
+ [14C]CO 98.5 ± 3.1 0.1 ± 0.1
aErythrocyte homogenates (0.2 mL) were mixed with the indicated labeled
compound (~10,000 dpm, 2 µg) and processed through the entire protocol
described in the Experimental Procedures section. The results (mean ± S.D.,
n = 5) were expressed as percentage of the total radioactivity. Abbreviations:
Chol, cholesterol; PC, phosphatidylcholine; LPC, lysophosphatidylcholine;
TO, triolein; CO cholesteryl oleate.

TABLE 2
Relative Retention Times and Mass Spectra of Some Sterols and Oxysterols

Sterol Relative retention timeb Electron impact mass spectra: characteristic ionsc

(TMS)a SE30 OV1701 M M − 15 M − 90 Other ions

Diene 0.631 0.780 368 (100) 353 (46) — 247 (52) 213 (31) 147 (86)
Epico  (IS) 1.000 1.000 460  (4) 445 (12) 370 (100) 355 (38) 342 (6) 215 (62)
Chol 1.150 1.164 458 (100) 443 (28) 368 (78) 353 (42) 129 (95) 329 (82)
7α-OH 1.188 1.080 546 (5) 531 (3) 456 (100) 129 (7) 366 (16) 229 (12)
19-OH  (IS) 1.321 1.268 — 531 (<1) 456 (21) 366 (67) 353 (100)
7β-OH 1.557 1.980 546 (8) 531 (2) 456 (100) 129 (6) 473 (10) 366 (18)
Camp 1.352 1.414 472 (54) — 382 (48) 367 (12) 343 (38)
22-OH 1.476 1.476 — — 546 (4) 382 (2) 343 (4)
20-OH 1.495 1.596 462 (8) 447 (2) 372 (6) 282 (2) 267 (3)
β-Epox — 1.512 474 (100) 459 (21) 384 (61) 446 (8) 369 (11) 366 (28)
α-Epox 1.423 1.628 474 (100) 459 (18) 384 (56) 446 (6) 369 (10) 366 (34)
β-Sito 1.568 1.667 486 (52) 471 (11) 396 (100) 381 (31) 357 (63) 329 (4)
7Keto 1.692 1.702 472 (100) 457 (28) 382 (11) 367 (27) 341 (2)
25-OH 1.755 1.934 546 (6) 531 (2) 456 (6) 441 (4) 271 (14) 131 (100)
Triol 1.833 1.969 564 (3) — 456 (4) 271 (7) 131 (100) 321 (23)
aAbbreviations: TMS, trimethylsilyl ethers; Diene, 3,5-cholestadiene; Epico, epicoprostanol; 7α-OH, 7α-hydroxycholesterol; 19-OH, 19-
hydroxycholesterol; 7β-OH, 7β-hydroxycholesterol; Camp, campesterol; 22-OH, 22S-hydroxycholesterol; 20-OH, 20-hydroxycholes-
terol; β-Epox, 5,6β-epoxy-5α-cholestan-3β-ol; α-Epox, 5,6α-epoxy-5α-cholestan-3β-ol; β-Sito, β-sitosterol; 7Keto, 7-ketocholesterol; 25-
OH, 25-hydroxycholesterol; Triol, cholestanetriol; IS, internal standard. For other abbreviation see Table 1.
bThe absolute retention time of Epico was typically 15 min under the conditions used (OV1701, see the Experimental Procedures section).
It was 19 min for 19-OH. Each relative retention time varied less than 2%.
cPercentage of base peak in parentheses.

FIG. 1. Structure of oxysterols.



and β-Sito. In biological samples, several internal standards
were used. Epico was used to quantitate cholesterol and phy-
tosterols, which were the major sterols. For minor sterols,
such as OS, 19-OH was used because it was usually absent
from biological samples. It is now considered that the high
amount of 19-OH reported by Higley et al. (21) in meat prod-
ucts was unusual and questionable (7). Resolution was com-
plete even at cholesterol concentrations 50-fold higher than
each of OS, a realistic situation in biological or food product
samples. Each sterol gave one peak under these experimental
conditions. Such was not the case for other silylating agents,
which are less powerful, or when the derivatizing tempera-
ture exceeded 50°C. In those cases, several peaks might be
obtained, especially for Triol, 7Keto or 20-OH.

Recovery, linearity and reproducibility. Recovery of the
overall extraction technique was assessed by adding various
amounts of OS to erythrocyte homogenates (containing neg-
ligible amounts of OS) with a fixed amount of the internal
standards, Epico and 19-OH. Samples were processed
through the entire procedure and finally analyzed by GC. Ex-
cellent linear responses were recorded for each sterol in vary-
ing weight ratios from 0 to 2. Results of the response factors
and of the recoveries are summarized in Table 3. This table
shows that the usually low recovery reported for Triol was
not observed, possibly because TLC was not used in our iso-
lation procedure. These data indicate that the acetone phase
contained not only the sterols, as stated above, but also OS.
These results may be explained by the use of 19-OH as inter-
nal standard, instead of commonly used α-cholestane. Epico
has only one silylable OH as does cholesterol, Camp and β-
Sito whereas 19-OH has two OH groups as do most OS. Be-
cause of chemical structural similarities with the compounds
of interest, the behavior of Epico and 19-OH are much more
representative of the losses that might occur during the isola-
tion procedure.

When esterified OS are expected, samples must be saponi-

fied. Mild conditions have to be used to minimize artificial
generation of OS. Hydrolysis performed at high temperature
with high concentrations of KOH (>0.8 M) resulted in a loss
of several OS, especially 7Keto (20,22,23). In taking this ob-
servation into account, our proposed procedure used mild
conditions, although more than 90% hydrolysis was reached
based on the saponification of cholesterol esters. For estima-
tion of artificial oxidation of cholesterol, purified [14C]-cho-
lesterol (5 µg) was added to samples which were then sub-
jected to the entire protocol except that the OS-containing
acetone phase was spotted to silica gel TLC as detailed in the
Experimental Procedures section (solvent A). The results in-
dicate that no significant oxidation occurred during the ex-
traction stage, since less than 0.3% of the applied radioactiv-
ity was recovered in the OS area (Rf 0.0–0.17). The precision
of the method was determined on pooled samples of ho-
mogenates of erythrocytes spiked with various OS. We found
a good reproducibility since a mean coefficient of variation
(CV) of 11.3% was obtained (range 3.1–23.2%) depending of
the OS. The detection limit was found to be in the 0.5–2 ng
range, depending on the OS, on the basis of the recorded sig-
nal-to-noise ratio.

Specificity, recovery and reproducibility of fatty acids in
phospholipids. To determine whether the phospholipid com-
position of the acetone precipitate was representative of the
analyzed erythrocytes, both the total lipid extract and the ace-
tone precipitate were subjected to phospholipid analysis. This
was carried out by means of high-performance liquid chro-
matography (HPLC) using a light-scattering detector (24).
Results showed no significant difference between the two
procedures. 

Qualitative and quantitative comparisons of the fatty acid
composition of the total phospholipids were also performed.
By means of the internal standard di-heptadecanoate phos-
phatidylcholine (C17PC), we found that losses of fatty acids
were much more important (by 19.6%, P < 0.005) using the
classical transmethylation of the TLC-isolated phospholipid
fraction. This could be explained by greater losses during the
classical TLC procedure and especially by a low elution of
phospholipids from silica gel. Furthermore, the fatty acid
composition analyzed after the TLC procedure showed a sig-
nificant loss of polyunsaturated fatty acids (PUFA), especially
the long-chain n-3 fatty acids, compared to our proposed
method (Table 4). This could be explained by the length of
the TLC method, which could expose PUFA to oxidation.
Conversely, by means of our procedure, the phospholipid
fraction is much more quickly worked up, resulting in a di-
minished chance to oxidize.

LDL oxidation. The lipid composition of LDL was ana-
lyzed before and after copper-mediated oxidation in vitro.
After processing using our procedure, we confirmed that both
the sterol fractions and the fatty acid composition of the phos-
pholipids of the LDL were modified after oxidation. Results
(Table 5) indicated that the total cholesterol content dimin-
ished by 30%, and that various OS appeared. The 7-deriva-
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TABLE 3
Relative Response Factors and Recoveries for TMS Ethers of Sterols
and Oxysterolsa

Sterol Response factors Recovery

Epico (IS) 1.00 100.0
Chol 0.96 ± 0.01 101.4 ± 2.9
Camp 0.96 ± 0.01 102.3 ± 3.1
β-Sito 0.98 ± 0.01 101.8 ± 3.4
19-OH (IS) 1.00 100.0
Diene 1.12 ± 0.04 104.1 ± 3.4
7α-OH 1.04 ± 0.03 100.8 ± 6.1
7β-OH 0.98 ± 0.05 101.2 ± 4.3
22-OH 1.05 ± 0.04 96.1 ± 5.8
20-OH 1.09 ± 0.05 102.3 ± 2.1
α-Epox 1.03 ± 0.07 101.1 ± 3.7
β-Epox 1.02 ± 0.06 99.6 ± 4.2
7Keto 1.16 ± 0.04 98.4 ± 3.8
25-OH 1.12 ± 0.03 97.6 ± 4.1
Triol 0.94 ± 0.06 94.7 ± 5.3
aSee Tables 1 and 2 for abbreviations.
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TABLE 5
Analysis of Sterols, Oxysterols, and Phospholipid Fatty Acids (PL–FA)
of Native and Copper-Oxidized Low-Density Lipoproteins (LDL)

Native LDLa Oxidized LDL

Sterols (µmol/mg protein)
Chol 3850 ± 127 2710 ± 188b

Camp 552 ± 38 487 ± 51
β-Sito 114 ± 13 98 ± 9

Oxysterols (nmol/mg protein)
7α-OH 9.9 ± 0.3 13.8 ± 0.3b

7β-OH nd 56.4 ± 2.2b

7Keto 13.7 ± 0.2 43.2 ± 1.8b

α-Epox 4.5 ± 0.1 62.6 ± 3.6b

Triol nd 41.3 ± 2.3b

25-OH nd 12.4 ± 2.1b

PL–FA (nmol/mg protein)
16:0 327.8 ± 11.4 316.6 ± 9.6
16:1n-7 58.2 ± 2.8 36.8 ± 2.8b

18:0 101.5 ± 4.3 94.2 ± 4.6
18:1n-9 351.1 ± 10.8 321.4 ± 8.6c

18:2n-6 604.0 ± 14.6 458.9 ± 7.9b

20:3n-6 31.6 ± 2.6 2.6 ± 0.4b

20:4n-6 109.8 ± 4.1 17.2 ± 0.9b

20:5n-3 16.6 ± 1.8 nd
22:6n-3 24.9 ± 2.3 1.3 ± 0.2b

Total 1664 ± 56 1248 ± 64b

aHuman LDL were incubated with 5 µM CuSO4 at 37°C for 6 h as detailed
in the Experimental Procedures section. Sterols, oxysterols and PL-FA were
analyzed using the presently described procedure. Results (mean ± SD, n =
3) were expressed as indicated. For abbreviations see Tables 1 and 2.
bStatistical analysis (unpaired Student’s t-test): P < 0.001.
cStatistical analysis (unpaired Student’s t-test): P < 0.02.

TABLE 4
Analysis of Fatty Acids of Phospholipids: Comparison of Two Methods

Reference TLC–GC procedure Proposed procedure

Fatty acid Mean ± SD (nmol)a CV (%) Mean ± SD (nmol) CV (%)

16:0 DMA 2.06 ± 0.1 (4.9) 2.28 ± 0.07 (3.1)
16:0 22.31 ± 0.51 (2.3) 17.62 ± 0.33b (1.9)
18:0 DMA 4.23 ± 0.18 4.3 5.06 ± 0.36c (7.1)
18:0 16.39 ± 1.49 9.1 17.39 ± 0.76 (4.4)
18:1 16.86 ± 0.51 3.0 14.87 ± 0.39c (2.2)
18:2n-6 13.46 ± 0.48 3.6 11.31 ± 0.31b (2.4)
18:3n-6 0.09 ± 0.08 88.8 0.14 ± 0.04 (2.7)
18:3n-3 0.17 ± 0.06 35.3 0.11 ± 0.02 (28.5)
20:3n-6 1.43 ± 0.25 17.5 1.51 ± 0.20 (18.2)
20:4n-6 11.51 ± 0.24 2.1 14.77 ± 0.49b (13.2)
20:5n-3 0.49 ± 0.09 18.4 0.64 ± 0.07 (3.3)
22:4n-6 2.11 ± 0.17 8.1 2.56 ± 0.07 (2.7)
22:5n-3 2.52 ± 0.13 5.2 4.53 ± 0.44b (9.7)
22:6n-3 4.76 ± 0.21 4.4 7.05 ± 0.14b (2.0)
Total (nmol) 1854 ± 228 12.3 2306 ± 129b (5.6)
aValues (means ± SD, n = 5) are expressed as nmol% for each fatty acid and as nmoles/0.2 mL ery-
throcyte homogenate for total fatty acids. Abbreviations: CV, coefficient of variation as a percentage;
DMA, dimethylacetal; TLC–GC, thin-layer chromatography–gas chromatography.
bStatistical analysis (unpaired Student’s t-test): P < 0.01.
cStatistical analysis (unpaired Student’s t-test): P < 0.005.

TABLE 6
Analysis of Sterols, Oxysterols, and PL–FA of Erythrocytes Before and
After In Vitro Treatment with AAPH-Free Radicals

Before After

Sterols (µmol/109)
Chol 92.3 ± 11.3 81.2 ± 12.8
Camp 2.2 ± 0.2 1.8 ± 0.3
β-Sito 1.1 ± 0.1 0.8 ± 0.1

Oxysterol (nmol/109)
7α-OH 7.9 ± 3.5 16.6 ± 4.5
7β-OH 31.3 ± 8.0 63.3 ± 11.3b

7Keto 293.5 ± 40.6 1958.7 ± 55.8c

α-Epox 60.5 ± 7.9 278.6 ± 13.0c

β-Epox 70.7 ± 10.1 355.2 18.2c

Triol 8.9 ± 3.0 102.8 ± 10.6c

22-OH 38.5 ± 11.0 136.2 ± 18.9c

25-OH 27.9 ± 3.5 103.2 ± 8.2c

Diene 138.6 ± 17.3 206.8 ± 31.0b

PL–FA (nmol%)
16:0 18.32 ± 0.32 26.84 ± 0.68c

18:0 18.56 ± 0.64 24.64 ± 0.84c

18:1n-9 15.68 ± 0.39 14.81 ± 0.61
18:2n-6 11.87 ± 0.41 7.12 ± 0.67c

20:4n-6 15.84 ± 0.39 4.91 ± 0.51c

22:4n-6 2.81 ± 0.10 0.82 ± 0.21c

22:5n-3 3.74 ± 0.38 0.21 ± 0.17c

22:6n-3 6.82 ± 0.12 0.61 ± 0.28c

aHuman erythrocytes were incubated with 100 mM AAPH [2,2′-azo-bis(2-
amidinopropane hydrochloride)] at 37°C as detailed in Experimental Proce-
dures. After 90 min incubation, sterols, oxysterols, and PL–FA were analyzed
using the presently described procedure. Results (mean ± SD, n = 3) were
expressed as indicated. For other abbreviations see Tables 1, 2, and 5.
bStatistical analysis (unpaired Student’s t-test): P < 0.05.
cStatistical analysis (unpaired Student’s t-test): P < 0.001.



tives of OS were most abundant but epoxide, Triol, and 25-
OH could be identified. Our results confirmed the data re-
ported in other similar studies (9,25) although no attempt was
made to characterize the free and the esterified forms (26).
Concerning the fatty acid composition, we found that a loss
of phospholipids occurred during the oxidation process
(–25%) and was attributed to loss of the long-chain PUFA.

Free radical-treated erythrocytes. Erythrocytes were in-
cubated with the free radical generator, AAPH. This tech-
nique has been used to determine the susceptibility of ani-
mals or humans to free radical attack (15,27,28). Table 6
shows that 90 min after the oxidative treatment, the lipid
composition of erythrocytes was markedly modified. The
cholesterol content decreased, as well as Camp and β-Sito.
Trace amounts of OS were identified before oxidation,
whereas various OS were quantitated after in vitro free radi-
cal treatment. The fatty acid pattern of the erythrocytes, pri-
marily PUFA, also changed before and after oxidation.

Existing methods for determining the effect of oxidation
processes on lipid parameters are often time-consuming and
have variable recovery coefficients. Previous studies have
demonstrated that artificial oxidation of cholesterol or fatty
acids may occur during processing (29). This could be due to
the use of tedious solvent extraction, column or TLC fraction-
ation which exposed sterols or fatty acids to air/light oxida-
tion. Our procedure is able to determine both the sterol and
OS composition and the fatty acid pattern of phospholipids
on the same biological sample. Although antioxidants were
added (EDTA, BHT), this method reduces storage time which
may generate artificial OS (30,31) and denature fatty acids.

In summary, the procedure described in the present paper
is simple, efficient, and accurate. It allows one to analyze
sterols, OS, and the fatty acid pattern of phospholipids in a
qualitative and quantitative manner and hence to document
the mechanisms of the oxidation processes in atherogenesis.
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