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A simple method for the determination of phytosterols such as f-sitosterol, campesterol, stigmasterol,
and brassicasterol has been developed using high-performance liquid chromatography with
electrochemical detection (HPLC-ECD). Under optimized conditions, the current peak height was
linearly related to the amount of phytosterol injected, ranging from 10 to 200 umol L' (r = 0.999). The
relative standard deviation (RSD) was less than 3.1% (100 umol L', n = 6). The detection limit (S/N =
3) of phytosterol was less than 3.4 pmol L~! (17 pmol). Phytosterols spiked into the control human and
rat sera were determined by the present method with recovery rates of more than 80% and RSDs (n = 3)
of less than 4.2%. This method has been successfully applied to the monitoring of experimental
phytosterolemia in rats induced by a high-phytosterol diet. Taken together, we found this method,
which does not require a derivatization step, is both simple and useful for the simultaneous
determination of serum phytosterols, providing an alternative tool for the diagnosis of

phytosterolemia.

1. Introduction

Phytosterolemia (B-sitosterolemia) is an autosomal recessive
disease caused by the mutation of the ATP-binding cassette
transporter G5 (ABCG5) or ABCGS8 gene.' Because ABCG5/
ABCGS proteins play important roles in the intestinal absorp-
tion and the biliary excretion of phytosterols, a defect in the
protein leads to both increased absorption and decreased
excretion of phytosterols. As a result, an accumulation of food-
derived phytosterols occurs in serum and tissues except for the
brain, thereby inducing tendon and tuberous xanthomas and
premature coronary atherosclerosis.? Thus, it is necessary to
determine serum phytosterols, such as B-sitosterol and campes-
terol, for the proper diagnosis of phytosterolemia.?

Various methods for the determination of phytosterols have
been reported. For diagnostic purposes, gas chromatography
(GC) has been the standard method for the determination of
serum phytosterols to date.*® The detection modes of the GC
methods are flame ionization®” and mass spectrometry,® enabling
for sensitive determination. In addition to these GC methods,
several methods by high-performance liquid chromatography
(HPLC) for the determination of phytosterols in biological
samples have been developed. Such methods include HPLC with
ultraviolet detection (HPLC-UV),*'* HPLC with fluorescence
detection (HPLC-FL),”> and liquid chromatography with
tandem mass spectrometric detection (LC-MS/MS).**'* HPLC-
UV is a simple and widely available method, but derivatization is

Department of Analytical Chemistry, School of Pharmacy, Tokyo
University of Pharmacy and Life Sciences, Horinouchi 1432-1, Hachioji,
Tokyo, 192-0392, Japan. E-mail: hakaman@toyaku.ac.jp

+ This work was partly presented at the 12th ISEC (International
Symposium on Electroanalytical Chemistry) August 12-15, 2009 in
Changchun, China.

necessary for the diagnosis of phytosterolemia to achieve enough
sensitivity. Benzoyl chloride is often used as a labeling reagent for
clinical samples.®* HPLC-FL is characterized by its high
sensitivity after derivatization with a fluorophore, but its appli-
cation to the determination of serum phytosterols has not yet
been demonstrated.

In general, derivatization is an effective method for sensitive
and selective detection in HPLC. However, derivatization
sometimes requires time-consuming clean-up steps and the
reaction efficiency is affected by sample impurities. Thus, to
avoid these problems, it would be desirable to develop a simple
method without derivatization. At present, LC-MS/MS, a sensi-
tive and informative method, is the only method that can be
applied to the diagnosis of phytosterolemia without derivatiza-
tion.”® However, in LC-MS, the matrix effects are known to
affect peak signals'>'¢ and not every laboratory is equipped with
the necessary apparatus. In addition, for accurate determination
by LC-MS or LC-MS/MS, it has been recommended that stable
isotope-labeled standard compounds of all analytes as internal
standards (IS) be prepared.'”!®

As an alternative approach, HPLC with electrochemical
detection (HPLC-ECD) is a candidate method applicable to the
determination of serum phytosterols. Until recently, cholesterol
has been regarded as an electrochemically inactive compound.*®
However, it has been reported that cholesterol can be electro-
chemically oxidized and this reaction is applicable to the deter-
mination of serum cholesterol by HPLC-ECD.? Subsequently, it
has been shown that the electrochemical oxidation of cholesterol
leads to the formation of cholesta-4,6-dien-3-one,** indicating
that a hydroxy group at the 3B-position of cholesterol is a target
of electrochemical oxidation. These results suggest that several
phytosterols are electrochemically oxidizable under appropriate
conditions, because a hydroxy group is present at the 3B-position
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of the steroid ring. Thus, the present study has been undertaken
to develop a simple method for the simultaneous determination of
representative phytosterols such as B-sitosterol, campesterol,
stigmasterol, and brassicasterol (Fig. 1) in serum by HPLC-ECD.
Moreover, the present HPLC-ECD method has been applied to
monitor the concentration of serum phytosterols in rats fed a high
phytosterol diet, an animal model of phytosterolemia.

2. Experimental
2.1. Materials

B-Sitosterol, campesterol, stigmasterol, and brassicasterol were
obtained from Tama Biochemical Co., Ltd. (Tokyo, Japan).
Cholesterol was obtained from Sigma Chemical Co. (St. Louis,
MO, USA). 6-Ketocholestanol was obtained from Steraloids Inc.
(Newport, RI, USA). Acetonitrile (HPLC grade) and LiClO4
(reagent grade) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Human serum-based reference
material (SRM909b) was from NIST (Gaithersburg, MD, USA).
A phytosterol mixture for the high-phytosterol diet was kindly
provided by Eisai Food & Chemical Co., Ltd. (Tokyo, Japan).
Safflower oil was obtained from Nisshin QilliO Group, Ltd.
(Tokyo, Japan). All other reagents were of reagent grade avail-
able from commercial sources.

2.2. HPLC

The HPLC-ECD system consisted of a DP-8020 pump (Tosoh
Co., Tokyo, Japan), a model 7125 injector fitted with a 5 pL
injection loop (Rheodyne, Cotati, CA, USA), a Develosil C30-
UG-3 conventional column (150 x 4.6 mm i.d., 3 pm, Nomura
Chemical, Aichi, Japan), a CTO-10AS column oven (Shimadzu,
Kyoto, Japan), an HECS 311B 15-01 potentiostat (Fuso Elec-
troChemical System, Kanagawa, Japan), and a mobile phase,
acetonitrile containing 10 mmol L~ LiClOy. The electrochemical
cell (radial flow cell, BAS Inc., Tokyo, Japan) was constructed
from a glassy carbon working electrode, an Ag/AgCl reference
electrode, and a stainless steel auxiliary electrode. The column

brassicasterol

6-ketocholestanol (1S)

Fig. 1 Structures of B-sitosterol, campesterol, stigmasterol, brassicas-
terol, and 6-ketocholestanol used as an internal standard (IS).

was maintained at 30 °C in the column oven. The flow rate was
set at 1.5 mL min~'. An internal standard (IS) method was used
for the determination of phytosterol concentration in the sample
solution, and 6-ketocholestanol was used as an IS (Fig. 1).

2.3. Sample preparation

Human serum (SRM909b) was reconstituted by adding auto-
claved distilled water according to the instructions of the
manufacturer. Reconstituted SRM909b was stored at —18 °C in
a small aliquot of polyethylene tubes unless it was used imme-
diately. Rat serum was obtained by centrifugation of the rat
whole blood at 25 °C for 10 min at 3000 rpm (Model 3740,
Kubota, Tokyo, Japan).

Both human and rat sera (10 pL) was transferred to a screw-
capped vial, and 0.05 mL of freshly prepared 1 mol L~! potas-
sium hydroxide in ethanol was added. Alkaline hydrolysis was
conducted by vortex for 1 min and sonication (Branson 2200,
Yamato Scientific, Tokyo, Japan) for 10 min. This procedure
(vortex and sonication) was further repeated four times. To
extract lipids, 0.2 mL of distilled water was added to the sample,
vortex-mixed with 0.8 mL of hexane for 1 min, and then
centrifuged for 5 min at 3000 rpm (Model 3740, Kubota). The
supernatant (hexane layer) was transferred to a new tube and
further extracted once with 0.2 mL of water. Separately, the
water layer was further extracted twice with 0.8 mL of hexane.
The hexane extracts were combined and dried at 90 °C in the
water bath. The residue was dissolved in 0.2 mL (non-spiked and
10 mg/dL phytosterol spiked serum), 0.4 mL (20 mg/dL
phytosterol spiked serum), or 0.5 mL (30 mg/dL phytosterol
spiked serum) of the mobile phase containing 50 pmol L' of
6-ketocholestanol and passed through a 0.45-um membrane filter
before injection into the HPLC system.

2.4. Animal experiments

Male rats (SHRSP; stroke-prone spontaneously hypertensive, 9
weeks) were obtained from Japan SLC, Inc. (Shizuoka, Japan).
They were maintained under controlled temperature (21-23 °C)
and light (lights on, 7:00 a.m. to 7:00 p.m.) conditions with
ad libitum access to chow and water. To induce phytosterolemia,
SHRSP rats were fed a standard chow (CE-2, Clea Japan, Inc.,
Tokyo, Japan) supplemented with 10% safflower oil and 0.5%
phytosterol mixture for two weeks, as previously described by
Ikeda and colleagues.?* The phytosterol mixture contained 95.9%
phytosterol, in which the phytosterol composition was: B-sitos-
terol, 45.8%; campesterol, 27.3%; stigmasterol, 19.4%; brassi-
casterol, 7.5%. At the indicated time (see Fig. 6), the animals
were anesthetized with diethyl ether and around 100 pL of blood
were taken from tail vein to prepare the serum samples. The
animal experiments were approved by the institutional ethics
committee of the Tokyo University of Pharmacy and Life
Sciences, and performed under the guidelines of the committee.

3. Results and discussion

3.1. HPLC-ECD conditions

HPLC-ECD conditions were optimized in terms of the columns,
column temperature, mobile phase composition, flow rate, and
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Fig.2 Hydrodynamic voltammogram of phytosterols. B-Sitosterol (@),
campesterol (O), stigmasterol (A ), and brassicasterol () dissolved in
the mobile phase (100 pmol L' each) were injected into HPLC-ECD.
HPLC conditions; mobile phase, acetonitrile containing 10 mM LiClOy;
flow rate, 1.5 mL min~'; column temperature, 30 °C; column, Develosil
C30-UG-3 column (250 mm x 4.6 mm i.d., 3 um).
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Fig. 3 Chromatogram of standard phytosterols. Phytosterols and 6-
ketocholestanol (IS) dissolved in the mobile phase (100 pmol L' each)
were injected into HPLC-ECD. The HPLC conditions; mobile phase,
acetonitrile containing 10 mM LiClOy; flow rate, 1.5 mL min~'; column,
Develosil C30-UG-3 column (250 mm x 4.6 mm i.d., 3 um); column
temperature, 30 °C; applied potential, +2.8 V vs. Ag/AgCl; injection
volume, 5 pL. Peaks: a, 6-ketocholestanol (IS); b, brassicasterol; d,
campesterol; e, stigmasterol; f, B-sitosterol.

detection potential. For the HPLC columns, an ODS column
and a C30 column were compared. Our preliminary experiment
showed that the resolution (Rs) of campesterol and stigmasterol

by the ODS column (Inertsil® ODS-3 conventional column,
150 x 4.6 mmi.d., 5 um, GL Sciences Inc, Tokyo, Japan) was less
than 1.5, suggesting insufficient separation. In contrast, the Rs of
campesterol and stigmasterol by the C30 column was nearly
equal to 1.5. Therefore, the C30 column was used for the deter-
mination of phytosterols in this study.

The column temperature was tested from 15 to 40 °C. When
the temperature was higher than 30 °C, the Rs of campesterol
and stigmasterol was less than 1.5. However, the Rs of stigmas-
terol and p-sitosterol was less than 1.5, when the column
temperature was lower than 30 °C. Thus, we selected 30 °C as the
column temperature.

In the early stages of this study, we used an acetonitrile/2-
propanol mixture (9 : 1, v/v) containing 50 mmol L' LiClO4 as
a mobile phase, because this solution was applicable to the serum
cholesterol determination.?* However, the baseline noise levels
became higher when 2-propanol was added to the acetonitrile,
changing the mobile phase to acetonitrile containing 50 mmol
L' LiClO,.

The flow rate of the mobile phase was examined from 1 to
2 mL min~'. Contrary to our expectations, the current peak
height of phytosterol was not so affected by the flow rate.
Thinking about the analytical time and the amount of mobile
phase required, 1.5 mL min~' was selected as the flow rate.

To determine the detection potential of phytosterols, hydro-
dynamic voltammograms were measured (Fig. 2). The oxidation
current appeared at more positive than 1.8 V vs. Ag/AgCl and the
oxidation peak was around 2.9 V vs. Ag/AgCl. However, an
applied potential of 2.8 V vs. Ag/AgCl was selected because of the
best signal-to-noise ratios of the phytosterols.

3.2. Determination of phytosterols by HPLC-ECD

Fig. 3 shows a chromatogram of standard B-sitosterol, campes-
terol, stigmasterol, and brassicasterol under optimized HPLC
conditions. As an IS, 5a-cholestane,?® stigmastanol,* choles-
terol,?® 5B-cholestan-3a-0l,%° and 6-ketocholestanol?” have been
used for the determination of phytosterols. Among them, our
preliminary experiments showed that 6-ketocholestanol could be
detected and separated from phytosterols under HPLC condi-
tions. Therefore, we decided to use this compound as an IS.

To assess the performance of the HPLC-ECD for the
determination of phytosterols, seven-point calibration curves of

Table 1 Linear range of calibration curve, detection limit, and relative standard deviation of Phytosterol.”

Calibration curve RSD, %

y, sample/L.S. =a +

bx, pmol L™!
Phytosterol Linear range, pmol L~ (pmol) a b r Detection limit, pmol L' (pmol)  Intra-day (n = 6)  Inter-day (n = 6)
B-Sitosterol 10-200 (5-100) 0 0.0074 0.999 3.40(17.0) 1.9 1.1
Campesterol 10-200 (5-100) 0 0.0086 0.999 2.01(10.0) 0.93 1.0
Stigmasterol 10-200 (5-100) 0 0.0162 0.999 1.06(5.29) 1.3 1.1
Brassicasterol ~ 10-200 (5-100) 0 0.0223 0.999 0.816 (4.08) 3.1 1.2

“ To draw the calibration curve, various concentrations of phytosterol and 50 pmol L' of 6-ketocholestanol (IS) were injected into HPLC-ECD. The
value of y was calculated on the basis of the ratio of the current peak heights of phytosterol and IS. r indicates the correlation coefficient. RSD indicates
the relative standard deviation. To obtain RSD, a mixture of 100 pmol L' of each phytosterol was repeatedly injected into HPLC-ECD in a day (Intra-

day) or over six different days (Inter-day).
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B-sitosterol, campesterol, stigmasterol, and brassicasterol were
made. The linear ranges, correlation coefficients, detection limits,
and RSDs (inter-day and intra-day precision) are listed in
Table 1. Each phytosterol at 50 pmol was detected with an RSD
of less than 3.1% (n = 6), indicating that the present method is
precise. The detection limit (S/N = 3) was less than 17.0 pmol,
showing that the present method is also sensitive. Although the
sensitivity of the present method is not superior to that of GC”#
or LC-MS/MS,*" it is comparable to that of derivatized HPLC-
UV,? where the detection limits were 9.65 pmol for B-sitosterol
and 20.0 pmol for campesterol. These results suggest that the
present method is an alternative to derivatized HPLC-UV.

3.3. Simultaneous determination of serum phytosterols by
HPLC-ECD

Next, the applicability of the present method to biological
samples was examined. For these purposes, human serum was
spiked with B-sitosterol, campesterol, stigmasterol, and brassi-
casterol. Fig. 4 shows a representative chromatogram of
phytosterols spiked into human serum at 10 mg/dL each,
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Fig. 4 Chromatogram of phytosterols spiked into human serum
(SRM909b). Human serum was spiked at 10 mg/dL of each phytosterol
and prepared as described in the experimental section. HPLC conditions
used are the same as in Fig. 3.

Table 2 Recovery of phytosterols from human serum (SRM909b)
spiked with a standard.”

Phytosterol Concentration added, mg/dLRecovery, %RSD, % (n = 3)
B-Sitosterol 10 90 0.50
20 91 1.8
30 92 1.7
Campesterol 10 99 3.4
20 98 2.2
30 93 0.51
Stigmasterol 10 82 39
20 81 0.93
30 87 0.40
Brassicasterol 10 91 3.0
20 86 2.4
30 88 0.068

“ For the recovery test, each concentration of phytosterol was spiked into
the human serum and analyzed as described in the experimental section.

a reported serum phytosterol level (10-65 mg/dL) of phytoster-
olemic subjects.® The results of the recovery test are listed in
Table 2. The recovery of the spiked phytosterol was more than
81% with RSD values of less than 3.9%, showing precise deter-
mination. These results suggest that the present HPLC-ECD
method is applicable to the determination of phytosterols in the
serum of phytosterolemic subjects.

To further examine the applicability of the present method, rat
serum was spiked with phytosterols. The results of the recovery
test are listed in Table 3. The recovery of the spiked phytosterol
was more than 80% with RSD values of less than 4.2%, sug-
gesting that the current method is applicable for monitoring rat
serum phytosterol.

3.4. Monitoring of rat phytosterolemia induced by a high-
phytosterol diet

It has been reported that several strains of rats could be regarded
as an animal model of phytosterolemia, when fed a high
phytosterol diet.?*> According to Tkeda’s paper, SHRSP rats were
fed a 0.5% phytosterol diet and serum phytosterols were
determined. Fig. 5 shows a representative chromatogram of

Table 3 Recovery of phytosterol from control rat serum spiked with
a standard.”

Concentration
Phytosterol added, mg/dL Recovery, % RSD, % (n = 3)
B-Sitosterol 10 90 4.2
20 94 3.2
30 81 1.1
Campesterol 10 98 3.0
20 99 3.5
30 91 0.96
Stigmasterol 10 85 0.43
20 80 0.15
30 81 0.58
Brassicasterol 10 87 2.7
20 86 1.1
30 82 1.1

“ For the recovery test, each concentration of phytosterol was spiked into
the rat serum and analyzed as described in the experimental section.
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Fig. 5 Chromatogram of phytosterols in rat serum fed a 0.5% phytos-
terol diet. A. Blank (control SHRSP rat serum). B. Serum from an
SHRSP rat fed a high-phytosterol diet for three days. The preparation of
the serum is described in the experimental section. HPLC conditions used
are the same as in Fig. 3.
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Fig. 6 Effect of phytosterol feeding on serum phytosterol concentra-
tions in SHRSP rats. SHRSP rats were fed a 0.5% phytosterol diet or
control diet (CE-2) for the indicated periods, and the serum concentra-
tions of the phytosterols were determined by HPLC-ECD. The values are
means of rats (n = 2) and the S.D. values are within the symbols. The
concentrations of the phytosterols in the control rats were less than the
detection limits. The preparation of the serum is described in the exper-
imental section.

phytosterols in rat serum fed a high phytosterol diet. The time
course changes in serum phytosterol in the SHRSP rats fed
a high-phytosterol diet are shown in Fig. 6. Although four types
of phytosterols were loaded, increases in campesterol and (-
sitosterol were observed. These results are in good agreement
with the previous results of Tkeda?? and suggest the presence of
a selective absorption mechanism of these phytosterols in the rat
intestine. In addition, it is noteworthy that for the determina-
tion of serum phytosterols, 100 uL of blood was enough. This
means that it is not necessary to euthanize the rats for blood
sampling. Therefore, our results indicate that the current
method is useful to monitor experimental phytosterolemia in
rats, allowing for a proper diagnosis of these animal models of
phytosterolemia.

4. Conclusions

In the present study, an HPLC-ECD method has been developed
for the determination of phytosterols using the direct electro-
chemical oxidation of phytosterols. It can be noted that the
present method does not require any derivatization of phytos-
terols. This enabled the simple determination of phytosterols
without time-consuming clean-up steps after derivatization. In
addition, the applicability of the present method to biological
samples was shown by the determination of phytosterols in
human as well as rat sera by an internal standard method.
Moreover, this method was successfully applied to the moni-
toring of phytosterolemia in SHRSP rats fed a high phytosterol
diet. Therefore, the present method provides an alternative for
the diagnosis of phytosterolemia and the research fields of
phytosterol physiology.

Abbreviations used

HPLC-ECD high-performance liquid chromatography with
electrochemical detection
RSD relative standard deviation

ABCGS5 ATP-binding cassette transporter G5
ABCGS ATP-binding cassette transporter G8
GC gas chromatography

HPLC-UV HPLC with ultraviolet detection
HPLC-FL HPLC with fluorescence detection
LC-MS/MS liquid chromatography with tandem mass

spectrometric detection.
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