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We have proposed that 4b-hydroxycholesterol (4b-OHC) may be used as an endogenous marker of CYP3A activity. The cholesterol
metabolite 4b-OHC is formed by CYP3A4. Treatment of patients with strong inducers of CYP3A enzymes, e.g. anti-epileptic drugs,
resulted in 10-fold increased concentrations of plasma 4b-OHC, while treatment with CYP3A inhibitors such as ritonavir or itraconazole
resulted in decreased plasma concentrations. There was a relationship between the 4b-OHC concentration and the number of active
CYP3A5*1 alleles showing that 4b-OHC was not only formed by CYP3A4, but also by CYP3A5. The concentration of 4b-OHC was higher
in women than in men, confirming previous studies indicating a gender difference in CYP3A4/5-activity. The rate of elimination of
4b-OHC is slow (half-life 17 days) which results in stable plasma concentrations within individuals, but limits its use to study rapid
changes in CYP3A activity. In short-term studies exogenous markers such as midazolam or quinine may be superior, but in long-term
studies 4b-OHC is a sensitive marker of CYP3A activity, especially to assess induction but also inhibition. Under conditions where the
cholesterol concentration is changing, the ratio of 4b-OHC : cholesterol may be used as an alternative to 4b-OHC itself. The use of an
endogenous CYP3A marker has obvious advantages and may be of value both during drug development and for monitoring CYP3A
activity in patients.

Introduction

Cholesterol is an important structural element of cell
membranes but is also an essential substrate for biosyn-
thesis of bile acids and steroid hormones. The cholesterol
molecule is easily oxidized and may be transformed into
numerous oxidation products known as oxysterols. Such
oxysterols may be formed by different mechanisms such as
cholesterol autoxidation [1], secondary to lipid peroxida-
tion [2] or as a consequence of enzymatic cholesterol
metabolism [3]. The quantitatively dominating oxysterols
in the human circulation are 27-hydroxycholesterol,
24-hydroxycholesterol, 7a-hydroxycholesterol and 4b-
hydroxycholesterol (4b-OHC) [4, 5]. An early meeting
abstract from 1985 reported that human serum contained
significant amounts of 4b-OHC [6]. An assay for 4b-OHC
based on isotope-dilution gas chromatography-mass
spectrometry with a deuterium labelled internal standard
was developed and the presence of the oxysterol in
human plasma was confirmed [5]. An 18O2 inhalation tech-
nique was used to identify oxysterols formed in vivo in rats.
It was suggested that 4b-OHC was formed in vivo and was
not an artefact formed during sampling or sample prepa-

ration [7]. Furthermore, in vitro oxidation of low density
lipoprotein with either copper ions or soybean lipoxyge-
nase resulted in massive production of 7-ketocholesterol
but only very little 4b-OHC suggesting that cholesterol
autoxidation is not a major pathway for 4b-OHC formation
in vivo [8].

The average plasma concentration of 4b-OHC in 125
healthy Swedish volunteers was 30 ng ml-1 with a range of
10 to 60 ng ml-1. A plasma sample from a subject treated
with the anti-epileptic drug carbamazepine for more than
10 years had a 4b-OHC concentration exceeding
600 ng ml-1 [9]. As carbamazepine induces cytochrome
P450 (CYP) enzymes [10], it seemed likely that 4b-OHC
could be formed by a CYP enzyme. Samples from patients
treated with different anti-epileptic drugs were analyzed
and it was shown that treatment with carbamazepine,
phenytoin or phenobarbital, drugs known as strong induc-
ers of CYP3A4, resulted in highly elevated concentrations
of 4b-OHC in the circulation, as shown in Table 1. In con-
trast, patients treated with valproate, which does not
induce CYP3A4, had concentrations comparable with
untreated healthy volunteers. In vitro experiments with
recombinant CYP enzymes showed that CYP3A4 was able
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to convert cholesterol into 4b-OHC while no conversion
was observed when CYP1A2, CYP2B6 or CYP2C9 were
used. Treatment of gall-stone patients with the weak
CYP3A-inducer ursodeoxycholic acid resulted in modestly
increased (50%) plasma concentrations of 4b-OHC [9]. In
parallel with 4b-OHC, the epimer 4a-OHC (Figure 1) was
determined in all plasma samples. The plasma concentra-
tion of 4a-OHC was lower than that of 4b-OHC and did not
change when patients were treated with CYP3A4-inducers,
suggesting that 4a-OHC is not formed by CYP3A4 [9]. The
metabolism of 4b-OHC was studied in healthy volunteers
and different cell systems and it was shown that the elimi-
nation from the circulation was much slower than for other
oxysterols, possibly due to slow 7a-hydroxylation [11].
Taken together, this suggested to us that 4b-OHC may be
used as a biomarker for CYP3A activity.

CYP3A4/5 phenotypes and
genotypes

The major cytochrome P450 3A enzyme in humans is
CYP3A4 [12].This is the most important drug metabolizing
enzyme and has more than 50% of registered drugs as
substrates [12]. Also, many endogenous substances, e.g.
steroids, are metabolized by CYP3A4. 6b-hydroxylation of

cortisol has been used to detect strong induction of
CYP3A4 in vivo, but a major problem is the diurnal
secretion of cortisol [13]. Many drugs, e.g. alprazolam,
erythromycin, midazolam, and our group has promoted
quinine [14, 15], have been used as exogenous markers of
CYP3A.

Some mutations have been reported in the CYP3A4
gene (http://www.imm.ki.se/CYPalleles), but they are rare.
The sister enzyme CYP3A5 with 85% amino acid homol-
ogy, has very similar substrate specificity to CYP3A4 and is
highly polymorphic. CYP3A5 is expressed in most Africans,
but in few Caucasians. When we determined the most
common CYP3A5*3, *6 and *7 mutated alleles, the wild-
type functional *1 was present in 14% of Swedes, 33% of
Koreans and 74% of Tanzanians [16].

Influence of ethnicity, CYP3A5
haplotype and gender on basal
plasma 4b-OHC

We have shown that the mean plasma concentration of
4b-OHC was significantly different (P < 0.00001) in 161
Swedes (26.8 ng ml-1), 149 Koreans (29.3) and 138 Tanza-
nians (21.9) [16]. That there are interethnic differences in
CYP3A activity was confirmed by administering quinine

Table 1
Plasma concentrations of cholesterol,4a-hydroxycholesterol and 4b-hydroxy cholesterol in patients with epilepsy treated with different antiepileptic drugs*

Treatment
Cholesterol
(mmoL l-1†)

4a-hydroxycholesterol
(ng ml-1†)

4b-hydroxycholesterol
(ng ml-1†)

Valproic acid 4.5 � 0.8 5.6 � 1.1 28 � 15
Carbamazepine 5.8 � 1.5 7.0 � 2.8 240 � 142

Phenytoin 5.1 � 1.0 5.9 � 1.6 214 � 154
Phenobarbital 4.9 � 1.1 6.1 � 2.7 239 � 226

*Data from [9]. †Mean � standard deviation (n = 5–15).

Cholesterol 4a-hydroxycholesterol

OH OH

OH OH

HO

4b-hydroxycholesterol

Figure 1
Chemical structures of cholesterol and 4a- and 4b-hydroxycholesterol
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to the same subjects in these populations [16]. Figure 2
shows the 4b-OHC concentrations in subjects with 0, 1
and 2 CYP3A5*1 alleles in the three populations. In sub-
jects without the CYP3A5*1 allele, i.e. only CYP3A4
expressed, Tanzanian subjects had lower concentrations
of 4b-OHC than both Swedes and Koreans (P < 0.000001).
In Figure 2 it can also be seen that within each population
the concentration of 4b-OHC increased with the number
of active CYP3A5*1 alleles. These results presented in
Figure 2 show that 1) there are interethnic differences in
both the CYP3A4 activity and the frequency of active
CYP3A5 alleles and 2) both CYP3A4 and CYP3A5 catalyze
the formation of 4b-OHC. In that same study [16] we
showed that women have higher concentrations of
4b-OHC than men among Koreans (P < 0.00001), Tanzani-
ans (P < 0.001) and Swedes (not significant). This confirms
a study with tirilazad [17] and our own with quinine [15]
showing a higher CYP3A activity in women compared
with men.

Recently a study in Ethiopian healthy subjects [18]
showed a higher mean 4b-OHC plasma concentration of
35.4 ng ml-1 than in the above three populations (P =
0.0001). The concentration of 4b-OHC was in these Ethio-
pians related to the CYP3A5 genotype (P = 0.003) and
women had higher concentrations than men (P = 0.0001)
confirming our previous study in the three populations
[16].These studies in the three major racial populations i.e.
Africans (Ethiopia and Tanzania), Asians (Korea), and Cau-
casians (Sweden) show differences in the mean concentra-
tion of 4b-OHC reflecting CYP3A activity. Consistently they

also show that both CYP3A4 and CYP3A5 catalyze the for-
mation of this cholesterol metabolite.

Basal concentration of 4b-OHC and
exogenous markers of CYP3A, e.g.
quinine and midazolam

In our studies on 4b-OHC in populations we have also
given quinine as a marker of CYP3A4/5 [15, 16]. A correla-
tion between the quinine : 3-hydroxyquinine ratio and
concentration of 4b-OHC was found especially in subjects
with no active CYP3A5*1 alleles (i.e. only CYP3A4
expressed) in Koreans (r = -0.49; n = 99; P = 0.0000003),
Swedes (r = -0.24; n = 113; P = 0.009) and Tanzanians (r =
-0.50; n = 36; P = 0.002) [16]. This indicates that these two
markers of CYP3A measure at least some common factor of
CYP3A activity regulation. Tomalik-Scharte et al. [19]
assessed both 4b-OHC and the 4b-OHC : cholesterol ratio
as markers of CYP3A in comparison with midazolam clear-
ance after i.v and oral administration reflecting hepatic
and overall activity. In untreated healthy subjects they
found weak, but significant relationships between 4b-OHC
and midazolam measurements (rs = 0.24–0.35; P < 0.05).
The authors [19] concluded that only a small part of the
variation in the midazolam and cholesterol based mea-
sures shared the same source.

Induction and inhibition of
CYP3A4/5 and change of
plasma concentrations of 4b-OHC

As discussed above long-term treatment with the anti-
epileptic drugs carbamazepine, phenytoin and phenobar-
bital induces CYP3A and increases plasma concentrations
of 4b-OHC by about 10-fold [9]. The time course of the
increase of 4b-OHC in plasma was studied in eight paedi-
atric patients with newly diagnosed epilepsy and subse-
quently treated with carbamazepine [20]. The mean basal
4b-OHC concentration (42.7 ng ml-1) increased during 7–9
weeks of treatment (296 ng ml-1; P = 0.00006) and then
leveled off at 15–23 weeks of treatment (321 ng ml-1) and
was not significantly different from that at 7–9 weeks [20].
The increase in plasma 4b-OHC was pronounced (5–10
fold), but the increase took several weeks to reach a
plateau.The CYP3A4/5 induction was essentially complete
within 1–2 weeks, as judged by the plasma concentrations
of carbamazepine and its 10,11-epoxide metabolite [20].
This fairly rapid completion of induction is in accord with
our earlier observation [10].We believe that the increase in
the concentration of 4b-OHC reflects the induction,but the
time-course of the induction is faster than the rate of
increase of 4b-OHC.

We studied the inducing effect of rifampicin at doses
of 20, 100 and 500 mg day-1 given for 2 weeks to eight
healthy subjects in each dose group [21]. The Karolinska
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Figure 2
Plasma concentrations of 4b-hydroxycholesterol in Tanzanian, Swedish
and Korean populations with different numbers of CYP3A5*1 alleles.
Originally published by Diczfalusy et al. [16]. Mean ( ); Mean � SE (�);
Mean � SD ( )
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cocktail [22] with marker drugs for different cytochrome
P450 enzymes was given before and after rifampicin
to evaluate the induction potential of the different CYPs.
As markers for CYP3A4/5 we used quinine and 4b-OHC.
The subjects included had no functional CYP3A5*1 allele
and therefore we studied only CYP3A4. A significant
induction of CYP3A4 by all three doses of rifampicin
could be demonstrated by both quinine and 4b-OHC
(Figure 3). As seen in Figure 3 the clinically used daily
dose of 500 mg rifampicin caused a four-fold increase in
4b-OHC. With the subtherapeutic dose of 20 mg a small
but significant (P < 0.01) increase could be demonstrated
by intra-individual comparison before and during rifampi-
cin treatment (Figures 3, [21]). The effect of rifampicin
treatment on the two markers, quinine and 4b-OHC, was
highly correlated [21].

It has thus been shown that known inducers of
CYP3A4/5 i.e. carbamazepine [9, 20], phenytoin and phe-
nobarbital [9] and rifampicin [21, 23] all increase the con-
centration of 4b-OHC in plasma. Other inducers of
CYP3A4/5 such as ursodeoxycholic acid [9], efavirenz [24]
and St Johns Worth (unpublished) also have this effect.
Thus, measurement of the degree of increase of 4b-OHC is
a useful tool in vivo to detect even minor induction of
CYP3A4/5.

It is clear that 4b-OHC measurements can detect induc-
tion, but how about inhibition of CYP3A4/5? We have
shown that in 22 HIV patients undergoing ritonavir-
boosted treatment with atazanavir the concentration of
plasma 4b-OHC decreased significantly (P = 0.0003) [24].
Similarly, patients with onychomycosis were treated with
400 mg itraconazole daily for 1 week on two occasions
[25]. Although only eight patients were studied this
CYP3A4/5 inhibitor caused significant decrease in serum
4b-OHC during both treatment periods. The percentage
decrease for each individual on both occasions was com-
parable [25]. These two studies show that the 4b-OHC

measure can be used to demonstrate inhibition of
CYP3A4/5 in vivo in patients.

Tomalik-Scharte et al. [19] measured 4b-OHC and cho-
lesterol in samples from four previous cocktail phenotyp-
ing studies with or without comedication with potential
CYP3A inhibitors. In two of these studies (C and D) no sta-
tistically significant effect on cholesterol or midazolam
metrics by an ‘investigational drug’ (not characterized)
after 2 and 7 days, respectively, was seen. In another study,
B, Tomalik-Scharte et al. [19] gave propiverine for 7 days
and found a mild but significant increase in the cholesterol
measurements (4b-OHC and 4b-OHC : cholesterol), but on
the contrary a small decrease of midazolam clearance was
shown. Opposite effects on 4b-OHC (induction of CYP3A)
and midazolam (inhibition of CYP3A) could not be
explained by the authors. In a fourth study E with ritanovir-
boosted lopinavir treatment a moderate inhibition of
CYP3A was found by 4b-OHC while a strong inhibition was
shown by midazolam measurements. These data are
similar to our data [24] showing a minor decrease of 11% in
4b-OHC caused by 4 weeks of treatment of HIV with
ritonavir-boosted lopinavir.

Methodology

Plasma concentrations of 4b-OHC were determined by
gas chromatography-mass spectrometry using deuterium
labelled 4b-OHC as internal standard as described in [9].
Plasma and serum may be used equally well. As the major
part of 4b-OHC is present in esterified form in blood the
sample workup includes a hydrolysis step followed by
liquid-liquid extraction and solid phase extraction [9]. The
sample preparation procedure is very laborious which
limits the number of samples that can be analyzed in a
day. We have therefore developed a simplified sample
preparation procedure that increases the number of
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samples processed during a day by a factor of 3–4
(unpublished). The modified procedure utilizes 250 ml
plasma instead of 1 ml in the original method. Briefly, 1 ml
of 0.7 M ethanolic potassium hydroxide was added to
250 ml plasma together with 200 mg EDTA, 50 mg buty-
lated hydroxytoluene (BHT) and 100 ng internal standard.
The samples were hydrolyzed at room temperature for
30 min. The hydrolysis was terminated by addition of
phosphoric acid to pH 7 and the samples were centri-
fuged and loaded onto Strata-X solid phase extraction
columns. The columns were washed with 10% methanol
in water and 4b-OHC was then eluted with 1 ml 85%
acetonitrile in water. After evaporation of the solvent the
samples were derivatized to the tert-butyl-dimethylsilyl
ether and analyzed by gas chromatography-mass spec-
trometry as described [9]. Ninety samples were analyzed
in parallel with the two different sample preparation pro-
cedures and linear correlation between the resulting
4b-OHC concentrations gave a line with the equation y =
1.0052x - 2.0953. The r2 value was 0.9878 (y = new pro-
cedure, n = 90). The within day variation with the new
procedure was 4.5% (n = 16) compared with 3.7% for the
original procedure (n = 12) and the between day varia-
tions 8.2% (n = 59) and 7.7% (n = 78), respectively. The
method was linear up to 600 ng ml-1.

When we analyze 4b-OHC by GC-MS, we simulta-
neously measure 4a-OHC which has a separate retention
time by GC. While the major part of 4b-OHC is formed
enzymatically by, e.g. CYP3A4/5, the 4a isomer seems to be
formed by nonenzymatic oxidation. The plasma/serum
concentration of 4a-OHC is lower (5–10 ng ml-1) than that
of 4b-OHC (Table 1) [9]. The two 4-isomers are stable for a
few years if samples are stored at -70°C. We have come
across samples stored for longer periods of time (and
thawed a few times), where the concentrations of 4a-OHC
had increased up to 100 ng ml-1 and were closely related
to the also increased concentrations of 4b-OHC (r2 = 0.98).
We believe that this is due to nonenzymatic formation of
both 4a- and 4b–OHC by time during uncontrolled storage
conditions. This retrospective study was therefore never
evaluated.We always use low concentrations of 4a-OHC as
an indicator of proper handling of samples and this has
been used in all our studies on 4b-OHC as a marker of
CYP3A4/5 [16, 18, 20, 21, 24–26]. In samples properly stored
we find no significant relationship between concentra-
tions of 4a- and 4b-OHC. In the retrospective studies
reported by Tomalik-Scharte et al. [19] evaluating 4b-OHC
as a CYP3A metric, concentrations of 4a-OHC were not
mentioned. Nonenzymatic formation of 4b-OHC might
have contributed to partly unexpected results in that
report [19].

Concentrations of 4b-OHC are very similar in plasma
and serum. We always use plasma drawn in EDTA contain-
ing tubes, as EDTA binds metal ions, which might catalyze
oxidation. In serum, which is prepared without EDTA, lipid
peroxidation might occur during storage.

Discussion

A major point to discuss is how well 4b-OHC in plasma or
serum reflects CYP3A activity. It seems established that the
concentration of this cholesterol metabolite is regulated
by both the activity of CYP3A4 and CYP3A5 [16, 18]. The
more pronounced correlation between 4b-OHC and
quinine kinetics [16] compared with midazolam [19] might
at least partly be related to the participation of CYP3A5 in
the metabolism of quinine, but not of midazolam.

Tomalik-Scharte et al. [19] tried to explain their weak
correlation between cholesterol- and midazolam-based
metrics by pointing out that these two methods do not
measure exactly the same thing.There are many examples
of a lack of correlation between different CYP3A markers,
e.g. erythromycin breath test and midazolam clearance,
two widely used CYP3A metrics [27]. Masica et al. [28] com-
pared the clearance of alprazolam, midazolam and triaz-
olam and concluded that CYP3A phenotyping cannot
accurately predict the kinetics of any other CYP3A sub-
strate. One important difference between 4b-OHC and
probe drugs is that for probe drugs the CYP3A metrics
reflect only elimination and distribution while the 4b-OHC
metric depends on its formation as well as its elimination.
Tomalik-Scharte et al. have further investigated the
reasons for differences in the use of 4b-OHC and mida-
zolam as CYP3A markers. In addition it should be remem-
bered that while midazolam and quinine have relatively
short half-lives of a few hours to 1 day, 4b-OHC has a long
half-life of 1–3 weeks (Figure 4) [26]. The long half-life of
4b-OHC contributes to the fact that the concentration of
4b-OHC is very stable over time within individuals [26].This
is positive for 4b-OHC,but at the same time negative as this
marker cannot be used to follow rapid changes in
decreased activity of CYP3A. Therefore, 4b-OHC may be
more appropriate to use to assess induction rather than
inhibition. Midazolam is a widely used probe drug used to
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assess CYP3A activity. It seems very important to perform a
prospective study to compare 4b-OHC and midazolam as
CYP3A metrics.

Yang & Rodrigues [29] in a recent and very interesting
paper described pharmacokinetic models of how the long
half-life of 4b-OHC influences the time course of CYP3A
induction and inhibition. Using the half-life of 17 days [26]
simulation curves for carbamazepine [20] and rifampicin
[21] induction were very similar to the curves of the origi-
nal publications.Also Yang & Rodrigues found that the con-
centration vs. time curves of 4b-OHC after various CYP3A
inhibitors fitted the simulated ones. We reported [25] a
mean decrease of 4b-OHC by 20.8% (P = 0.006) when
400 mg itraconazole was given daily for 7 days and Yang &
Rodrigues [29] found 19.4% using their pharmacokinetic
model. However, prolonged exposure with experimental
drugs is required especially to monitor inhibition of CYP3A
activity with 4b-OHC [29]. As pointed out by the authors of
this model it could be of great value to predict and use
4b-OHC as an endogenous marker of changes in CYP3A
activity. Yang & Rodrigues work in a pharmaceutical
company and it is quite clear from their paper that an
endogenous marker of CYP3A activity has an obvious use
in the development of novel drugs.

In untreated subjects there is a more pronounced
variation between subjects in the concentration of
4b-OHC than of cholesterol. Among the 440 subjects pre-
sented by Diczfalusy et al. [16] there was a significant, but
weak correlation (r = 0.30, P < 0.0001) between 4b-OHC
and cholesterol. This indicates that only 9% of the varia-
tion in 4b-OHC was due to variation in cholesterol con-
centration and 91% due to variation in other factors, e.g.
CYP3A activity. The concentration of cholesterol did not
differ among different populations [16] and was not
affected by the treatment with different drugs such as
anti-epileptics [9, 20] (Table 1). However other drugs, e.g.
itraconazole [25] and antiretrovirals [19, 24] might have
an effect on plasma cholesterol. Therefore, it is sometimes
more appropriate to use the 4b-OHC : cholesterol ratio
instead of only 4b-OHC as a CYP3A measure. The use of
the ratio is also promoted by Yang & Rodrigues [29] and
we agree with this.
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