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Abstract A reversed phase high performance liquid chromato-
graphic (HPLC) method was developed for direct profiling and
determination of adrenal cholesteryl ester composition.
Cholesteryl adrenate and cholesteryl cervonate, which are not
commercially available, were synthesized as markers. Lipid ex-
tracts of rat adrenal homogenates or lipid droplets were in-
dividually applied to a conditioned silica gel-60 column which
separated cholesteryl esters from other native lipids. The eluted
cholesteryl ester fraction was then analyzed by HPLC. With
cholesteryl heptadecanoate as internal standard, seven adrenal
cholesteryl esters were detected and quantified: cholesteryl cer-
vonate, cholesteryl arachidonate, cholesteryl adrenate,
cholesteryl myristate, cholesteryl oleate, cholesteryl palmitate,
and cholesteryl stearate. Among them, cholesteryl adrenate ap-
peared to be the major sterol ester stored in the rat adrenal.—
Cheng, B., and J. Kowal. Analysis of adrenal cholesteryl esters
by reversed phase high performance liquid chromatography. J.
Lipid Res. 1994. 35: 1115-1121.
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Cholesterol serves as the precursor for adrenocortical
steroidogenesis (for a review, 1). Although the adrenal
cortex is capable of synthesizing cholesterol, cholesterol
for steroidogenesis is primarily derived from plasma
lipoproteins. Excess cholesterol is esterified with a variety
of fatty acids and stored in cytosolic lipid droplets. De-
pending upon the conditions of stimulation, the stored
cholesteryl esters may be hydrolyzed, and unesterified
cholesterol is transferred into the mitochondrial inner
membrane where the cholesterol side-chain cleavage reac-
tion takes place.

The adrenal cortices of human and rat have a very high
cholesteryl ester content compared to other organs. There
are two factors that may complicate the interpretation of
total cholesteryl ester content determined under differing
experimental conditions. First, stimuli for hydrolysis may
not be transferred evenly to the individual cholesteryl es-
ters stored in lipid droplets (2). Second, cholesteryl esters
accumulated in lipid droplets undergo a constant cycle of
hydrolysis and esterification (3); the kinetics for metabolism
of individual cholesteryl esters are different (4, 5). Therefore,

determining the composition of individual cholesteryl es-
ters, rather than total cholesteryl ester content, would pro-
vide a more effective interpretation of experiments that
affect adrenal cholesteryl ester metabolism.

The composition of adrenal cholesteryl esters has been
determined conventionally by gas-liquid chromatography
(GC). Of five independent studies using GC (2, 4, 6, 7,
8), Gidez (6) and Young and Walker (4) showed that the
rat adrenal accumulates cholesteryl adrenate as the major
sterol ester; the other three showed that the richest sterol
ester stored in the rat adrenal is cholesteryl oleate (2), or
cholesteryl arachidonate (7, 8). This communication
describes an alternative method using HPLC that permits
the profiling and determination of adrenal cholesteryl es-
ter composition directly. Our data strongly indicate that
the rat adrenal accumulates cholesteryl adrenate as the
major sterol ester. Because cholesteryl adrenate (CE 22:4)
and cholesteryl cervonate (CE 22:6) were not commer-
cially available, we also present a protocol for the synthe-
sis of these lipids as markers.

MATERIALS AND METHODS

Materials

Acetyl chloride and cholesterol oxidase (Nocardia) were
obtained from Aldrich (Milwaukee, WI) and Calbiochem
(San Diego, CA), respectively. Cholesterol, cholesteryl es-
ters, peroxidase (horseradish), adrenic acid (¢is-7,10,13,16
docosatetraenoic acid) and cervonic acid (¢s-4,7,10,13,16,19
docosahexaenoic acid) were purchased from Sigma (St.
Louis, MO). Silica gel-60 (230-400 mesh) was purchased
from EM Science (Gibbstown, NJ). Unless specified
otherwise, the compositions of various solvent mixtures
presented in the following context are the ratios of volume.

To whom correspondence should be addressed.

Journal of Lipid Research Volume 35, 1994 1115

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Cholesterol determination

The cholesteryl ester content was determined as free
cholesterol after hydrolysis. Free cholesterol was assayed
by a cholesterol oxidase-peroxidase coupling method in
the presence of p-hydroxyphenylacetic acid, and recorded
at wavelengths of 325 nm (excitation) and 415 nm (emis-
sion) (9) using an Aminco fluorospectrophotometer.

Silica gel-60 column chromatography

The protocol was originally established by Ingalls et al.
(10), and used with modifications. A 5 3/4” disposable
glass pipette was packed loosely with a small amount of
glass wool against the tip-end of the pipette. A slurry of
silica gel-60 was freshly prepared in isooctane-ethyl ace-
tate 40:1 (1 g/4 ml) and then poured into a pipette
column. The column was further conditioned with 5.0 ml
of this solvent mixture 2-3 times and used immediately.

Initially, to purify a synthetic cholesteryl ester from
precursors (see below), the lipid mixture was dissolved in
0.5 ml of isooctane-ethyl acetate 3:1 and applied to a con-
ditioned silica gel-60 column. The solvent displaced from
the column by the addition of the lipid sample was dis-
carded. The column was then flushed with 5.0 ml of isooc-
tane-ethyl acetate 40:1 to elute the synthetic compound.
Subsequently, this protocol was modified for purifying
both synthetic and biological cholesteryl esters. A lipid
mixture was dissolved in 0.5 ml of isooctane-ethyl acetate
40:1 (instead of 3:1), and applied to a conditioned silica
gel-60 column. The column was then flushed with only
2.0 ml of the same solvent mixture to elute cholesteryl es-
ters. The resultant cholesteryl ester fraction was dried un-
der nitrogen, and the residue was dissolved in 75 pl of
tetrahydrofuran-acetonitrile 80:20 (11). This sample mix-
ture was ready to be analyzed by HPLC (see below). We
had preliminarily confirmed that [*H]|cholesteryl oleate
was well separated from ['*C]cholesterol, [*H]oleic acid,
dipalmitoyl phosphatidylcholine (determined as phospho-
rus), and tripalmitin (determined as glycerol) by this
working protocol.

HPLC system

The HPLC system (Waters Associates, Milford, MA)
was composed of a computerized controller (Model 680),
dual pumps (Model 510), an injector (Model U 6K), a
UV detector (Model 450), and a Shimadzu integrator-
recorder (Model CR3A, Tokyo, Japan). Chromatography
was performed in a 5p Ultrasphere ODS column (Beck-
man, Ramon, CA) (25 cm x 4.6 mm 1.D.), guarded with
a column containing Ultrapack™-ODS (Beckman).
Acetonitrile-isopropanol 50:50 was used as mobile phase
(12). Isocratic flow-rate was set at 1 ml/min. Fifty five ul
of a cholesteryl ester sample was injected into the HPLC
system for analysis. The separation of cholesteryl esters
was monitored at 210 nm and the recording chart speed
was set at 1 mm/min. Certain studies were also performed
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in a two-column system which used an additional 10 pm
pBondapak C18 column (Waters Associates, 30 cm x 3.9
mm [.D.) prior to the Ultrasphere ODS column; other
chromatographic conditions were unchanged.

Microsynthesis of cholesteryl adrenate and cholesteryl
cervonate

Cholesteryl adrenate was synthesized as follows. Tvelve
pmol of adrenic acid (in 1.0 ml of isooctane) was mixed
with 40 ul of acetyl chloride by vortexing in a capped test
tube (13 x 100 mm) for 20-30 sec. Separately, 1.4 umol of
cholesterol was dissolved in 0.5 ml of isooctane in a
capped test tube (13 x 100 mm) with mild sonification in
an ultrasound bath for 10 sec. An equal volume of the
acetyl chloride-containing adrenic acid solution was ad-
ded to this cholesterol solution, and then vortexed for 20
sec. The resultant mixture was heated at 90°C in a heat-
ing block for 1 h. After heating, the mixture was cooled
at room temperature and the solvent of the mixture was
removed by nitrogen. The synthetic compound was sepa-
rated from precursors by silica gel-60 column chromatog-
raphy and then purified by HPLC, as previously
described. The synthetic compound was validated as
cholesteryl ester by the cholesterol oxidase-peroxidase
method with and without prior hydrolysis. The sub-
stituted substance was validated as adrenic acid by a
70-eV electron impact GC-mass spectrometric method.
The trimethylsilyl derivatives were prepared from both
synthetic compound and authentic adrenic acid. A
Hewlett-Packard 5985B GC-mass spectrometer was used
to analyze the derivatives. Cholesteryl cervonate was syn-
thesized and purified by the same methods except cer-
vonic acid was used as the precursor.

Adrenal homogenates and lipid droplets

Six-month-old Fischer and 4-month-old Sprague-
Dawley male rats were killed either by guillotine or injec-
tion with sodium pentobarbital (50 mg/kg) and adrenal
glands were removed. The glands were stored at —-60°C
until use. After thawing, adrenal tissue was decapsulated
and homogenized with a solution containing 250 mM su-
crose (10-20 mg wet weight/ml). To prepare subcellular
lipid droplet and particulate fractions, decapsulated
adrenal tissue was homogenated with a solution contain-
ing 850 mM sucrose (8 mg wet weight/ml). The
homogenate was centrifuged at 145,000 g in a Beckman
ultracentrifuge (Model L5-75) with a SW 50.1 rotor for 60
min. After centrifugation, adrenal lipid droplets and par-
ticulate fractions were collected from the top of sucrose so-
lution and at the bottom of the centrifuge tube (pellet),
respectively.

Adrenal cholesteryl ester profile

Prior to extraction, 78 nmol of cholesteryl hep-
tadecanoate (CE 17:0) was added as an internal standard
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to a test tube (16 x 100 mm) containing an aliquot of
homogenate (4 mg wet weight adrenal tissue) or subcellu-
lar fraction. The sample was extracted with chloroform
and methanol so that the final solvent ratio was
water-chloroform-methanol 3:8:4 (13). After vigorous
vortexing for 1 min, the resultant mixture was centrifuged
at 700 g in a Beckman centrifuge (Model JS-21) with a
JA-20 rotor at room temperature for 10 min. The chloro-
form phase was removed and dried under nitrogen. The
lipid residues were then applied to a conditioned silica
gel-60 column to separate cholesteryl esters from other
native lipids. The eluted cholesteryl esters were subse-
quently analyzed by HPLC as described above.
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Fig. 1. Purification of synthetic cholesteryl adrenate (left) and
cholesteryl cervonate (right) by HPLC. Cholesteryl adrenate (CE 22:4)
and cholesteryl cervonate (CE 22:6) were independently synthesized and
purified first by a conditioned silica gel-60 column and then by HPLC.
The chromatography eluate was performed in a 5 um Ultrasphere ODS
column and monitored at UVy,,. Acetonitrile-isopropanol 50:50 (v/v)
was used as mobile phase, with a flow rate of 1 ml/min. The recording
speed was set at | mm/min.
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Fig. 2. HPLC of a standard cholesteryl ester mixture. The standard
mixture was composed of 15 nmol (each) of cholesteryl cervonate (CE
22:6), cholesteryl arachidonate (CE 20:4), and cholesteryl adrenate (CE
22:4), and 60 nmol (each) of cholesteryl myristate (CE 14:0), cholesteryl
oleate (CE 18:1), cholesteryl palmitate (CE 16:0), and cholesteryl stearate
(CE 18:0), and 78 nmol of cholesteryl heptadecanoate (CE 17:0) the in-
ternal standard (IS).

RESULTS

Synthesis of cholesteryl adrenate and cholesteryl
cervonate

Cholesteryl adrenate and cholesteryl cervonate were
synthesized and purified initially by silica gel-60 chro-
matography and then by HPLC (Fig. 1). As shown in
Fig. 1, the peaks of cholesteryl adrenate and cholesteryl
cervonate are distinct. Several minor peaks were found,
which might be side-products and/or impurities. The
peak heights of these undesired substances varied among
preparations, but the undesired peaks and the targeted
peaks were sufficiently separated to permit collection of
the synthetic compounds.

Synthetic cholesteryl adrenate was validated as follows.
The compound was not oxidized by cholesterol oxidase
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directly, but was reactive after hydrolysis. Thus, the com-
pound had to contain a cholesterol molecule, but did not
contain a free 38-hydroxy group. GC-mass analysis of the
trimethyisilyl derivatives prepared from the synthetic
compound and the authentic adrenic acid revealed that
both derivatives displayed the same retention time (11.5
min) and yielded prominent m/z 389 (M-13) ion and
molecular ion m/z 404. The yield of this synthetic method
was approximately 20%, which was sufficient for use as a
marker. An attempt to synthesize cholesteryl adrenate by
heating methyl adrenate and cholesteryl acetate at 120°C
in the presence of sodium ethylate (14) was unsuccessful.

Standard cholesteryl ester profile and determination

by HPLC

The profile of a standard cholesteryl ester mixture is
shown in Fig. 2. The standard mixture was prepared by
mixing 15 nmol (each) of cholesteryl cervonate,
cholesteryl arachidonate (CE 20:4), and cholesteryl
adrenate, and 60 nmol (each) of cholesteryl myristate (CE
14:0), cholesteryl oleate (CE 18:1), cholesteryl palmitate
(CE 16:0), and cholesteryl stearate (CE 18:0), and 78
nmol of cholesteryl heptadecanoate (internal standard).
In order to mimic experimental conditions, standard
cholesteryl ester mixtures were prepared with 0-60 nmol
of authentic cholesteryl esters and a fixed amount (78
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nmol) of internal standard. These mixtures were ex-
tracted and subjected to silica gel-60 column chromatog-
raphy and HPLC as described above. As shown in Fig.
3, the present HPLC method permits simultaneous
quantification of individual cholesteryl esters with excel-
lent linear correlations (r2=0.994-1.000) between the area
ratios of individual cholesteryl esters to the internal stan-
dard and the content of individual cholesteryl esters ad-
ded before extraction.

Studies of adrenal cholesteryl ester profile by HPLC

The adrenal cholesteryl ester fraction obtained from sil-
ica gel-60 column chromatography was subsequently ana-
lyzed by HPLC. As shown in Fig. 4, seven adrenal
cholesteryl esters were identified based on co-migration
with internally added standard cholesteryl esters. The
peaks of cholesteryl cervonate, cholesteryl arachidonate,
and cholesteryl adrenate were distinctively high. In con-
trast, the peaks of cholesteryl myristate, cholesteryl oleate,
cholesteryl palmitate, and cholesteryl stearate were rela-
tively small. However, the sensitivity of recording could
be increased by changing the attenuation, so that these
small peaks were also easily identified (insert).

At least six unidentified peaks (X1-X6) were found
(Fig. 4), which may represent minor cholesteryl ester spe-
cies. However, none of them proved to be either
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0.0 20.0 40.0 60.0
CE Content, nmol

Fig. 3. Standard curves of determinations of cholesteryl esters by HPLC. The content of individual cholesteryl
ester (CE) was determined as free cholesterol after hydrolysis. The standard mixtures were composed of 0-60 nmol
of cholesteryl esters and a fixed amount (78 nmol) of cholesteryl heptadecanoate, the internal standard (IS). To
mimic the conditions for analyzing biological cholesteryl esters, the standard cholesteryl ester mixtures were ex-
tracted, purified on conditioned silica gel-60 columns, and then analyzed by HPLC. Linear curves were plotted us-
ing the ratios of the peak areas of individual cholesteryl esters to that of the internal standard, against the contents

of individual cholesteryl esters added before extraction.
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Fig. 4. HPLC of adrenal cholesteryl esters. Adrenal homogenate was
extracted after addition of cholesteryl heptadecanoate (78 nmol) as inter-
nal standard (IS). The extract was first applied to a conditioned silica
gel-60 column to separate cholesteryl esters from other native lipids. The
resultant cholesteryl ester fraction was then analyzed by HPLC. The
identification of individual adrenal cholesteryl esters was based on co-
migration of an individual adrenal cholesteryl ester with an internally
added standard cholesteryl ester. The cholesteryl ester peaks were la-
beled according to the legend of Fig. 2. Six unidentified peaks were
designated as X1-X6. The insert is the magnification of the section from
the X4 to the cholesteryl stearate (CE 18:0) peaks of the chromatogram.

cholesteryl linoleate (CE 18:2) or cholesteryl linolenate
(CE18:3). We have found that cholesteryl linoleate (34.54
min) can be separated from cholesteryl adrenate (32.86
min) and X4 peak (35.99 min), but the adrenal
cholesteryl linoleate content is too low to be measured by
the present method. In this context, Gidez (6) reported
that the composition of cholesteryl linoleate in the rat
adrenal cholesteryl esters is 5.0%. Cholesteryl linolenate
could not be separated from cholesteryl arachidonate,
but, according to Dailey et al. (7), the content of the
former (2.5 + 0.7%) is within the statistical error of the
content of the latter (23.1 + 1.9%).

The X1 and X3 peaks were not always observable,
perhaps due to their relatively small contents. This could
be resolved by use of two reversed phase columns in tan-
dem without changing other chromatographic conditions
(see Materials and Methods). The resultant cholesteryl
ester profile (not shown) did not differ from the profile
shown in Fig. 4, but permitted a reproducible observation
of these two minor peaks. Nevertheless, the retention
times of cholesteryl ester peaks were delayed in this two-
column system; the first cholesteryl ester peak (CE22:6)
appeared about 7 min late as compared to the one-column
system.

Adrenal cholesteryl ester composition

Table 1 summarizes the data of adrenal cholesteryl es-
ter compositions of varying adrenal samples. It appeared
that the cholesteryl ester composition of adrenal lipid
droplet fraction was similar to that of adrenal
homogenate. Analysis of the cholesteryl ester composition
of the adrenal particulate fraction revealed that only trace
amounts (=< 1.6 nmol each) of cholesteryl cervonate,
cholesteryl arachidonate, cholesteryl adrenate, and
cholesteryl oleate were found (not shown). Thus, in agree-
ment with the literature, adrenal cholesteryl esters are
almost exclusively concentrated in lipid droplets. Impor-
tantly, cholesteryl adrenate appeared to be the major
sterol ester among the rat adrenal cholesteryl esters. The
data resulted from the two-column HPLC system and the
Sprague-Dawley rat adrenal homogenate both supported
the notion that rat adrenal stored cholesteryl adrenate as
the principal sterol ester.

To validate the detected cholesteryl adrenate peak, the
portion corresponding to the cholesteryl adrenate peak
was eluted. The collected eluate was dried and the residue
was hydrolyzed. The hydrolysates were then re-
chromatographied under the same conditions. The resul-
tant chromatogram displayed a adrenie acid peak and a
cholesterol peak (not shown). Thus, it was reasonable to
conclude that the detected cholesteryl adrenate peak does
not contain other UV, 5-absorbing substances.

DISCUSSION

Based on the following evidence, the present data sup-
port that, in the rat, the adrenal stores cholesteryl
adrenate as the major sterol ester (4, 6). ¢) Prior to analy-
sis by HPLC, adrenal cholesteryl esters were separated
from other native lipids by silica gel column chromatogra-
phy. Thus, the possibility of acquiring contamination of
other types of lipids was minimal. :7) The HPLC method
detects intact cholesteryl esters. 1) Synthetic cholesteryl
adrenate has been validated, thus providing a reliable
marker for identifying and measuring adrenal cholesteryl
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TABLE 1. Rat adrenal cholesteryl ester composition

Fischer 344

Sprague-Dawley

Homogenate Lipid Droplet Homogenate ( x 2)° Homogenate
Cholesteryl Esters (n=2) (n=3) {n=35) (n=1)
mol %o mol %
Cholesteryl cervonate 11.5 12.3 + 0.6 14.8 + 0.3 17.5
Cholesteryl arachidonate 20.2 20.2 + 0.9 18.1 + 0.5 17.6
Cholesteryl adrenate 39.3 397 + 1.5 376 + 1.0 35.7
Cholesteryl myristate 3.9 58 + 0.2 56 + 0.3 4.0
Cholesteryl oleate 11.8 114 + 0.8 10.4 + 0.5 12.5
Cholesteryl palmitate 9.5 8.2 + 0.2 10.7 + 0.3 9.5
Cholesteryl stearate 3.9 4.0 + 0.3 3.5 + 0.2 3.1

The sum of the seven cholesteryl ester moles is designated as 100%. Male rats were studied. Data of Fischer

344 rats are presented as average and mean # SD.

?('x 2) signifies that data were obtained from a two-column system (see text).

adrenate. iv) With cholesteryl heptadecanoate as internal
standard, the technical loss of all cholesteryl esters during
extraction and chromatography should have been cor-
rected. ») Analysis of the hydrolysates of adrenal
cholesteryl adrenate did not reveal an additional
UV, p-absorbing substance except adrenic acid and
cholesterol. v:) HPLC studies using a one-column systemn
and a two-column system both led to similar results. viz)
Analysis of the adrenal cholesteryl ester compositions of
different strain male rats (Fischer 344 and Sprague-
Dawley) also led to similar results. Indeed, we have fur-
ther examined the adrenal cholesteryl adrenate content of
Fischer 344 male rats from 2 to 24 months of age, and
found that the adrenal gland stores cholesteryl adrenate as
the major sterol ester regardless of age (B. Cheng and J.
Kowal, unpublished observation).

The key question raised is why the rat adrenal accumu-
lates high levels of cholesteryl adrenate. In this context, it
has been reported that rat adrenal cholesteryl adrenate is
relatively less sensitive to hydrolysis as compared to
cholesteryl arachidonate and cholesteryl oleate (4).
However, this investigation did not include studies of the
relative rates of adrenal esterification of cholesterol with
adrenic acid, arachidonic acid, and oleic acid in parallel.
In our opinion, it is still questionable whether the high
concentration of cholesteryl adrenate is due to relative in-
sensitivity to hydrolysis or rapid replenishment.

The adrenal accumulation of cholesteryl adrenate may
have an impact on cellular functions. Adrenic acid-
containing phosphatidylethanolamine acts as a stimulator
of adrenal mitochondrial cholesterol side-chain cleavage
reaction in dexamathasone/ACTH-treated rats (15). Dur-
ing short term stimulation with ACTH (20 min), the
source of adrenic acid for de novo synthesis of the
adrenoyl phospholipid comes from the hydrolysis of
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triglyceride (15). According to this scenario, esterification
of cholesterol with adrenic acid may play a role in regulat-
ing the availability of adrenic acid for synthesis of the
adrenoyl phospholipid during stimulation and/or post-
stimulation. Conversely, when methyl adrenate was fed to
rats raised on a fat-free diet, adrenic acid (22:4) did not
accumnulate in hepatic lipids, but was primarily retro-
converted to arachidonic acid (20:4) which was then in-
corporated into hepatic lipids (16). Arachidonic acid
serves as a key precursor for synthesis of prostaglandins
and arachidonoyl phospholipids. If the adrenal also uti-
lizes this retro-conversion activity, then the accumulation
of cholesteryl adrenate may also play a role as a reservoir
in buffering the availability of arachidonate for synthesis
of arachidonoyl phospholipids and prostaglandins. Fi-
nally, deficiency of essential fatty acids in rats is associated
with a diminished adrenal concentration of cholesteryl
adrenate (6, 8).

Despite considerable efforts, several unknown peaks,
albeit minor, remain to be identified. The possibility of
having isomers of those cholesteryl esters esterified with
unsaturated fatty acids cannot be addressed at present.
Nevertheless, this HPLC method permits us to profile
and quantify intact adrenal cholesteryl esters. The synthe-
sis of cholesteryl adrenate and cholesteryl cervonate pro-
vides useful markers for studying adrenal cholesteryl ester
metabolism. Previously, Young and Walker (4) studied the
substrate specificity of adrenal cholesterol esterase and
reported that cholesteryl adrenate was synthesized.
However, neither a specific protocol nor validation of the
synthetic compound was provided. In conclusion, this
HPLC method can serve as an alternative to GC for
studying adrenal cholesteryl esters; cholesteryl adrenate
appears to be the major sterol ester in the rat adrenal
gland based on our experimental conditions. B
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