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bstract

A new isotope dilution LC–MS/MS method for assay of 7�-hydroxy-4-cholesten-3-one without need for derivatization is described. This
ethod was used in catheterization experiments on healthy fasting volunteers. The levels of this generally used marker for bile acid synthesis
ere slightly but significantly higher in the hepatic vein than in the brachial artery. In contrast, the levels of the precursor to 7�-hydroxy-4

holesten-3-one, 7�-hydroxycholesterol, were the same in the two vessels. It is concluded that there is a net extrahepatic metabolism of 7�-

ydroxy-4-cholesten-3-one. The similarity and very high correlation between the levels in the two vessels (r = 0.97) are consistent with the
ontention that 7�-hydroxy-4-cholesten-3-one is a suitable marker for the activity of the hepatic cholesterol 7�-hydroxylase and thus bile acid
ynthesis.

2007 Elsevier B.V. All rights reserved.
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. Introduction

About 20 years ago it was shown that plasma levels of
�-hydroxycholesterol reflect the activity of the cholesterol 7�-
ydroxylase (CYP7A1) in humans [1]. In view of the fact that
�-hydroxycholesterol is the product in the CYP7A1 catalyzed
eaction, this oxysterol is theoretically the preferred marker
or bile acid synthesis in vivo. There are however disadvan-
ages with use of this steroid. 7�-Hydroxycholesterol may be
ormed from cholesterol in connection with lipid peroxida-
ion, and part of it present in a lipid extract may thus be of

on-enzymatic origin and may eventually have been formed
uring the workup procedure. Accurate and sensitive assay
f 7�-hydroxycholesterol requires sophisticated and expen-
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ile acid synthesis

ive methods based on isotope dilution-mass spectrometry. The
mmediate enzymatic product of 7�-hydroxycholesterol is 7�-
ydroxy-4-cholesten-3-one, a compound that is not formed by
ipid peroxidation and that is easily assayed by HPLC, utilizing
he strong UV absorbance of this steroid. A number of studies
ave accumulated suggesting that plasma levels of 7�-hydroxy-
-cholesten-3-one seem to adequately reflect the activity of
YP7A1 in humans as well as in experimental animals

2–6].
Theoretically a number of other factors than CYP7A1 activ-

ty could however be of importance for the plasma levels of
his compound. Thus, it is possible that a portion of the 7�-
ydroxycholesterol secreted from the liver may be converted
nto 7�-hydroxy-4-cholesten-3-one extrahepatically. In addi-

ion there is a possibility that 7�-hydroxy-4-cholesten-3-one is

etabolized extrahepatically.
It was considered to be of interest to determine whether or

ot there is a net secretion or uptake of 7�-hydroxycholesterol
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nd 7�-hydroxy-4-cholesten-3-one in the human liver. Based
n catheterization experiments on healthy human volunteers
vidence is presented here that hepatic secretion and uptake
f 7�-hydroxycholesterol is about the same. The secretion of
�-hydroxy-4-cholesten-3-one from the liver is however higher
han the corresponding uptake, suggesting a low but significant
xtrahepatic metabolism of this compound.

. Experimental

.1. Preparation of 2H6-labelled
α-hydroxy-4-cholesten-3-one

This compound was prepared from 2H6-labelled 7�-
ydroxycholesterol [7] by oxidation with cholesterol oxidase
nder the same conditions as described previously [8]. The mate-
ial was purified by preparative thin-layer chromatography using
oluene/ethyl acetate (7:3, v/v) as mobile phase.

.2. LC–MS/MS analysis of 7α-hydroxy-4-cholesten-3-one

Human serum, 1 or 0.5 mL, was added to a centrifuge tube
ogether with 30 ng of 2H6-labelled 7�-hydroxy-4-cholesten-3-
ne dissolved in acetonitrile, 15 �L. The steroid was extracted
ith 4 mL of chloroform/methanol (2:1, v/v). The water phase
as re-extracted with 3 mL of chloroform. The combined

xtracts were pooled and the solvent was evaporated to dryness.
he material was dissolved in toluene, 1 mL, and applied to a
orbent silica cartridge (100 mg), preconditioned with hexane,
mL. The cartridge was washed with isopropanol in hexane,
.5% (v/v) and 7�-hydroxy-4-cholesten-3-one was then eluted
ith 5 mL of isopropanol in hexane, 50% (v/v). After evapo-

ation of the solvent the residue was dissolved in acetonitrile,
00 �L.

The LC–MS/MS system used was the Waters Quattro micro
uadropole system equipped with an APCI probe and a HPLC
ystem (Waters 2695 Alliance). Chromatographic separation
as performed with a Discovery RP Amide C16 column

10 mm × 3 mm, 5 um; Supelco) at 40 ◦C. The mobile phase was
00% acetonitrile and the flow rate was 0.5 mL/min.

The ions used for the tracing of unlabelled 7�-hydroxy-
-cholesten-3-one was m/z 401 > 177 and the ion for tracing
he 2H6-labelled 7�-hydroxy-4-cholesten-3-one was 407 > 177.
he mass spectrometer was operated in the positive mode.
orona current, 3 �A, Cone voltage 25 V, Source temperature
20 ◦C, Cone gas flow 62 L/h, Desolvation Gas Flow 400 L/h,
ollision energy 23 eV.

The quantitations were performed with use of a standard
urve, plotting the ratio between the response of 7�-hydroxy-
-cholesten-3-one in the m/z 177 tracing generated from the
other ion m/z 401 (unlabelled) and the response in the m/z

77 tracing generated from the mother ion m/z 407 (2H6-
abelled).
In order to establish a normal reference range, serum samples
rom 26 healthy subjects of both sexes, age 24–32 years, were
nalyzed. These subjects were normolipidemic, had normal liver
ests, and were not on therapy.
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.3. Catheterization experiments

Nine healthy normolipidemic males, aged 21–38 years (mean
ge 29 years) with normal liver tests were recruited for the study
n hepatic uptake of 7�-hydroxy-4-cholesten-3-one. These vol-
nteers were the same as those participating in a recent study on
ransport of oxysterols over the blood–brain barrier [9]. Follow-
ng an overnight fast blood samples were taken simultaneously
rom two catheters which were inserted percutaneously. A Cour-
and catheter was inserted at the level of the inguinal ligament
nd the tip was advanced under fluoroscopic control to a right-
ided hepatic vein. One catheter was inserted into the brachial
rtery.

The samples obtained from the above experiments were
ot possible to use for accurate determination of 7�-
ydroxycholesterol, due to lipid peroxidation that gave high
evels of 7�-hydroxycholesterol and 7-oxo-cholesterol. In order
o study a possible uptake or secretion of 7�-hydroxycholesterol
amples from a previous almost identical experiments with
nother group of six male normolipidemic volunteers with
ormal liver tests was used [10]. In this case the levels of
�-hydroxycholesterol had been measured immediately after
ample collection.

The plasma levels of 7�-hydroxycholesterol were assayed by
sotope dilution-mass spectrometry as described previously [9].

.4. Ethical aspects

All subjects participating in the two studies were informed on
he nature, purpose and possible risks of the study prior to given
heir voluntary consent to participate. The study protocol was
eviewed and approved by the institutional ethics committee.

. Results

.1. Validation of method

Fig. 1 shows a typical LC–MS/MS chromatogram of a
erum extract of 7�-hydroxy-4-cholesten-3-one to which 2H6-
abelled 7�-hydroxy-4-cholesten-3-one had been added as an
nternal standard. Fig. 2 shows a typical standard curve generated
y analysis of standard mixtures of 30 ng 2H6-7�-hydroxy-4-
holeten-3-one with varying amounts of unlabelled steroid.

Replicate measurements (n = 10) of 7�-hydroxy-4-
holesten-3-one in 1 mL serum samples gave a CV of
.8% (within-run precision). With 0.5 mL serum a CV of 2.1%
as obtained. With 0.2 mL serum a CV above 10% was always
btained.

In a typical recovery experiment addition of 5 ng 7�-
ydroxy-4-cholesten-3-one to 5 samples with a concentration
f 16.9 ± 2.1 ng/mL gave a concentration of 22.9 ± 2.0 ng/mL,
ith a deviation of 4.5% from the expected result.
Replicate measurement of the same serum sample during 5
ifferent days gave a CV of 7.1% (between-run precision).
Assay of serum samples from 26 healthy subjects of both

exes, age 24–32 years, gave a mean level of 18 ng/mL with a
ange 5–48 ng/mL.
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ig. 1. Ion chromatograms (m/z) obtained in the analysis of an extract of seru
tandard. The lower chromatogram shows the tracing of the m/z 177 ion generat
hromatogram shows the tracing of the ion m/z 177 generated from the mother

.2. Catheterization experiments

Table 1 summarizes the results. The levels of 7�-hydroxy-
-cholesten-3-one were slightly but significantly higher in
he hepatic vein than in the artery (p < 0.05). There was

high correlation between the levels in the two compart-
ents (r = 0.97). Assuming a blood flow through the liver of

.7 L/min (10), it could be calculated that there is an extrahepatic
etabolism of 7�-hydroxy-4-cholesten-3-one corresponding to

bout 2 mg/24 h.

The levels of 7�-hydroxycholesterol were not significantly

ifferent in the two vessels (Table 2), suggesting that the secre-
ion of the steroid from the liver is about the same as the
ptake.

t
e
m
p

ig. 2. Standard curve generated by LC–MS/MS analyses of 30 ng of 2H6-labelled
�-hydroxy-4-cholestern-3-one.
hich 2H6-labelled 7�-hydroxy-4-cholesten-3-one had been added as internal
m the mother ion m/z 407.1 (corresponding to internal standard) and the upper
/z 401 (unlabelled steroid).

. Discussion

.1. Methodological considerations

Theoretically, isotope dilution-mass spectrometry should
e the most accurate technique for assay of 7�-hydroxy-4-
holesten-3-one. About 20 years ago we developed such a
echnique based on use of a deuterium labelled 7�-hydroxy-
-cholesten-3-one as internal standard, preparative thin-layer
hromatography and combined gas chromatography–mass spec-

rometry after conversion of the steroid into a trimethylsilyl
ther derivative [11]. This method is however considerably
ore time-consuming than later developed relatively sim-

le HPLC methods utilizing UV-detection and an internal

7�-hydroxy-4-cholesten-3-one together with varying amounts of unlabelled
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Table 1
Catheterization experiments measuring levels of 7�-hydroxy-4-cholesten-3-one
(ng/mL) in the brachial artery and the hepatic vein of fasting healthy volunteers

Subject Artery Hepatic vein Arterio-venous difference

1. 5.7 6.2 −0.5
2. 26.8 31.9 −5.1
3. 8.4 9.3 −0.9
4. 14.2 17.2 −3.0
5. 4.6 7.4 −2.8
6. 15.3 13.4 1.8
7. 11.1 15.9 −4.8
8. 12.0 15.8 −3.8
9. 1.6 2.5 −0.9
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ean −2.2
.E.M. 0.8

tandard chemically different from 7�-hydroxy-4-cholesten-
-one [2–6]. Very recently a highly sensitive method for
ssay of 7�-hydroxy-4-cholesten-3-one was reported utilizing
C–MS/MS coupled in electrospray ionization (ESI) mode
nd use of deuterium labelled 7�-hydroxy-4-cholesten-3-one as
nternal standard [12]. In this method 7�-hydroxy-4-cholesten-
-one was extracted from human serum by a salting-out
rocedure, derivatized into the corresponding picolinoyl ester
7�-picolinate) and then purified by a dispensable C18-cartridge
rior to the LC–MS/MS step. Use of the picolinate derivative
ncreases the sensitivity of the assay but makes it more compli-
ated than the present method of assay. The reproducibility of
he present LC–MS/MS method was found to be similar to that
f the previously reported method and recovery experiments
stablished the accuracy of the method. In a direct compari-
on the results obtained with our LC–APCI–MS/MS method
as in complete agreement with those obtained with a HPLC
ethod [6]. The levels obtained in healthy volunteers obtained

n the present study were in accord with previously published
ata [2].

The present method has merits in relation to the presently
sed HPLC methods, but as judged from our comparative stud-
es the latter have probably a sufficient accuracy for most
linical work. If a very high sensitivity is required, e.g. in con-

ection with studies on mice, the alternative isotope dilution
C–MS/MS method utilizing picolinate derivatives [12] should
e preferred.

able 2
atheterization experiments measuring levels of 7�-hydroxycholesterol

ng/mL) in the brachial artery and the hepatic vein of fasting healthy volunteers

ubject Artery Hepatic vein Arterio-venous difference

. 60 62 2

. 26 26 0

. 42 42 0

. 63 61 2

. 15 13 2

. 24 29 −5

ean 0.2
.E.M. 1.1
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.2. Liver uptake of 7α-hydroxycholesterol and
α-hydroxy-4-cholesten-3-one

In view of the fact that 3�-hydroxysteroid dehydrogenase
s present in a number of extrahepatic tissues (pancreas, kid-
ey, skin, heart, skeletal muscle) [13], we tested the possibility
hat part of the 7�-hydroxycholesterol secreted from the liver

ay be oxidized into 7�-hydroxy-4-cholesten-3-one extrahepat-
cally. If this is the case, higher levels of 7�-hydroxycholesterol
ould be expected in the artery than in the hepatic vein. The

evels of 7�-hydroxycholesterol were however identical in the
wo vessels. In accordance with the contention that there is no
xtrahepatic formation of 7�-hydroxy-4-cholesten-3-one, there
as no increase in the levels of this oxysterol in the artery. On

he contrary there were significantly higher levels of this oxys-
erol in the vein, consistent with some extrahepatic metabolism
f 7�-hydroxy-4-cholesten-3-one.

7�-Hydroxy-3-oxo-4-cholestenoic acid is present in the
irculation and may be formed from 7�-hydroxy-4-cholesten-3-
ne by action of the sterol 27-hydroxylase (CYP27). The latter
nzyme is known to have a broad extrahepatic distribution [14].
nother possibility is that 7�-hydroxy-3-oxo-4-cholestanoic

cid is formed extrahepatically from 27-hydroxycholesterol
y the combined action of 3�-hydroxysteroid dehydrogenase
nd oxysterol 7�-hydroxylase (CYP7B1). Also the latter two
nzymes are known to be present in extrahepatic cells [9,13,15].

In a previous attempt to clarify the possible
recursor–product relationships between different oxys-
erols and 7�-hydroxy-3-oxo-4-cholestenoic acid, we measured
he deuterium enrichment in different oxysterols and in
holestenoic acids after infusion of 10 g of 2H6-cholesterol
o a healthy volunteer [16]. The labelling pattern in 7�-
ydroxycholesterol and 7�-hydroxy-4-cholesten-3-one was
dentical, suggesting a precursor–product relationship. The
abelling pattern in 7�-hydroxy-3-oxo-4-cholestenoic acid was
imilar but not identical to that of 7�-hydroxy-4-cholesten-3-
ne, suggesting that the latter oxysterol is one but not the only
recursor. The results of the present work are consistent with the
ossibility that part of the 7�-hydroxy-3-oxo-4-cholestenoic
cid present in the circulation originates from extrahepatic
�-hydroxy-4-cholesten-3-one.

In any case it is evident that the extrahepatic metabolism of
�-hydroxy-4-cholesten-3-one is small and likely to be rela-
ively constant under most conditions. The results of the present
tudy suggest that the rate of production of 7�-hydroxy-4-
holesten-3-one in the liver is most important for the level in
he circulation, consistent with use of the latter level as a marker
or cholesterol 7�-hydroxylase activity.
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