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Abstract The present work describes an accurate assay of the 
rate-limiting enzyme in bile acid synthesis, the cholesterol 7a- 
hydroxylase, in human liver. The assay is based on isotope dilu- 
tion-mass spectrometry, and endogenous microsomal choles- 
terol is used as the only substrate for the enzyme. Operative liver 
biopsies were obtained from patients undergoing elective cho- 
lecystectomy under highly standardized conditions. In ten gall- 
stone patients, the enzyme activity of the microsomal fraction 
averaged 9.6 * 1.4 (mean * SEM) pmol. min-' . mg protein-' 
corresponding to a daily synthesis of about 0.5 mmol of bile 
acids. Three cholestyramine-treated patients displayed a four- 
fold higher enzyme activity. No evidence was obtained support- 
ing the concept that the cholesterol 7a-hydroxylase is modulated 
by phosphorylation-dephosphorylation. - Einarsson, K., B. 
Angelin, S. Ewerth, K. Nilsell, and I. Bjorkhem. Bile acid 
synthesis in man: assay of hepatic microsomal cholesterol 7a- 
hydroxylase activity by isotope dilution-mass spectrometry, J. 
Lipid&, 1986. 27: 82-88. 
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The first step in the major pathway for conversion of 
cholesterol into bile acids is 7a-hydroxylation (1, 2). Early 
studies in the rat gave evidence that this is also the rate- 
limiting step in the biosynthesis of bile acids (3, 4). The 
enzyme has been found to be an NADPH-dependent 
mixed-function oxidase consisting of a specific species of 
cytochrome P-450 and NADPH-cytochrome P-450 re- 
ductase (5, 6). Since 7a-hydroxylation of cholesterol may 
also occur due to autooxidation or lipid peroxidation, it 
is difficult to assay the enzyme activity properly. Another 
complicating factor in the assay is that endogenous micro- 
somal cholesterol serves as substrate and that it appears 
impossible to assay the activity under conditions of sub- 
strate saturation (1, 2). Several approaches have been 
tried, but the best assays are considered to be those based 
on measurement of the actual mass of 7a-hydroxycholes- 
terol formed (1, 2), e.g., by isotope dilution-mass spec- 
trometry as described by Bjorkhem and Danielsson (7). 

The occurrence of 7a-hydroxylase activity in human 
liver was first demonstrated by Bjorkhem et al. (8), and an 
enzyme assay based on conversion of labeled substrate 
was later described by Nicolau et al. (9). The activity in 
human liver was found to be about one magnitude lower 
than that in rat liver. This fact, in combination with the 
difficulty in obtaining sufficient amounts of human liver 
biopsies, has prevented a more thorough investigation of 
the properties and regulation of the human enzyme. In 
view of the great impact of abnormal cholesterol and bile 
acid metabolism in various human diseases, we con- 
sidered it important to develop a more accurate method 
than those previously used for assay of the 7a-hydroxylase 
activity in human liver. In the present work, such an assay 
based on isotope dilution-mass spectrometry is described. 
With use of this assay we have studied the possibility that 
the cholesterol 7a-hydroxylase is modulated by phos- 
phorylation and dephosphorylation as has been described 
for the HMG-CoA reductase in human liver (10). We have 
also determined the activity during treatment with cho- 
lestyramine, a drug known to stimulate bile acid bio- 
synthesis in man (11, 12). 

MATERIALS AND METHODS 

Materials 

Deuterium-labeled 7a-hydroxycholesterol was synthe- 
sized as described previously (13). Glucose-6-phosphate, 
glucose-6-phosphate dehydrogenase, NADP, NADPH, 
NADH, ATP, EDTA, MT, and Tween-80 were purchased 
from Sigma Chemical Co. E. coli alkaline phosphatase 
suspended in 2.6 M ammonium sulfate (30-60 units/mg 

Abbreviations: HMG, 3-hydroxy-3-methylglutaryl;DTT, dithiothreitol. 
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protein) was also obtained from Sigma Chemical Co. Just 
prior to use the enzyme suspension was centrifuged at 
12,000 g for 45 min at 4OC. The supernatant was dis- 
carded and the pellet was suspended in 20 mM imidazole 
buffer, pH 7.4. 

Patients 

Thirteen patients admitted to the hospital for elective 
cholecystectomy were included in the study, two males 
and eleven females. They were aged 17 to 75 yr, mean age 
53 yr. None was overweight or abused alcohol. They had 
no clinical or laboratory evidence of hepatic or intestinal 
disease. Three patients had been treated with choles- 
tyramine (QuestranR, Meadjohnson) in a dose of 8 g 
twice daily for 3 weeks. None had taken any other drugs 
known to interfere with lipid metabolism. All patients 
gave their informed consent to participate in the study 
according to the Declaration of Helsinki. The study was 
approved by the Ethical Committee at Huddinge Univer- 
sity Hospital. 

Experimental procedure 
The patients were admitted to the hospital 2 days prior 

to operation. They were given the regular hospital diet 
containing about 0.5 mmol of cholesterol per day. All 
operations were performed between 8 and 9 AM after a 
12-hr fast. After opening of the abdomen a surgical biopsy 
(1-4 g) was obtained from the left liver lobe. A small piece 
of the biopsy was sent for histological examination, which 
in all cases was normal. The other part of the biopsy was 
immediately placed in ice-cold homogenizing medium 
and transported to the laboratory within 10 min. After the 
biopsy was taken a regular cholecystectomy was per- 
formed without any complications. 

Preparation of liver microsomes 

The liver biopsy was minced and homogenized with a 
loose-fitting Teflon pestle in nine volumes of 50 mM Tris- 
HCl buffer, pH 7.4, containing 0.3 M sucrose, 10 mM 
DTT, and 10 mM EDTA. In some experiments, 50 mM 
NaCl or 50 mM NaF were also included. The ho- 
mogenate was centrifuged at 20,000 g for 15 min. The 
supernatant solution was centrifuged at 100,000 g for 60 
min. The microsomal fraction obtained was suspended in 
a homogenizing medium lacking DTT and recentrifuged 
at 100,000 g for 60 min. The resulting microsomal fraction 
was suspended in 0.1 M phosphate buffer, pH 7.4, con- 
taining 1 mM EDTA, to give a final concentration of 10% 
(w/v). In experiments with alkaline phosphatase, part of 
the microsomal fraction was suspended in 50 mM Tris- 
HCl buffer, pH 7.4, containing 0.3 M sucrose and 1 mM 
EDTA. The microsomal suspension was used for the assay 
of cholesterol 7a-hydroxylase. The microsomal content of 
protein was determined by the method of Lowry et al. (14). 

Assay of cholesterol 7a-hydroxylase activity 

The standard assay system consisted of 0.5 ml of the 
microsomal preparation corresponding to 0.4-1.0 mg of 
protein, 0.1 M phosphate buffer, pH 7.4, containing 
1 mM EM'A and 1 mM NADPH in a total volume of 1.0 
ml. The enzyme assay was carried out in duplicate or 
triplicate for 15 min at 37OC in air. The reaction was 
stopped by the addition of 10 ml of chloroform-methanol 
2:l (v/v). Deuterium-labeled 7a-hydroxycholesterol, 150 
pmol, dissolved in 25 pl of benzene, was added as internal 
standard. The chloroform phase was removed and evapo- 
rated to dryness under N2 at about 4OOC. The sterol frac- 
tion was dissolved in chloroform-methanol 2:l (v/v) and 
subjected to thin-layer chromography using benzene- 
ethyl acetate 1:l (v/v) as developing solvent. The band 
corresponding to 7a-hydroxycholesterol and 70-hydroxy- 
cholesterol was eluted with methanol and further ana- 
lyzed by gas-liquid chromatography-mass spectrometry 
as described previously (7, 13). Each experiment also 
included two assays in which the mass of 7a-hydroxycho- 
lesterol was determined in the incubation mixture ex- 
tracted at zero-time. The amount of 7a-hydroxycholes- 
terol formed during an incubation was estimated by 
subtracting the amount present in the zero-time assay 
from the amount present at the end of incubation and was 
expressed as pmol mg protein-'. min-'. The coefficient of 
variation of the assay in the normal range of activities, as 
determined from 54 replicate determinations, was 10%. 
In a higher range of activities (after cholestyramine treat- 
ment) the coefficient of variation was only 4% (6 replicate 
determinations). 

Typical mass fragmentographic recordings obtained in 
analyses of zero-time and 15-min incubations are shown 
in Fig. 1A-C. 

RESULTS 

Properties of the cholesterol 7a-hydroxylase 
assay system 

The ratio between 7a-hydroxycholesterol and 70- 
hydroxycholesterol, the latter compound being a product 
of autooxidation of cholesterol, increased several-fold with 
incubation time, indicating that the 7a-hydroxycholes- 
terol was enzymatically formed. The ratio between 7a- 
hydroxycholesterol and 7~-hydroxycholestero1 was always 
above 1, and in most incubations no detectable amounts 
of 7~-hydroxycholesterol were formed. The addition of 
M'T to the assay system did not affect the formation of 
7a-hydroxycholesterol. The rate of formation of 7a-  
hydroxycholesterol was linear with time for at least 20 min 
(Fig. 2), and an incubation time of 15 min was therefore 
chosen to assure optimal assay conditions. The rate of 
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Fig. 1. Selected monitoring of the ions at m/e 456 and m/e 459 of trimethylsilyl ether of purified extract of a zero- 
time incubation (A), a 15-min incubation of microsomes from liver of an untreated patient (B), and a 15-min incuba- 
tion of microsomes from liver of a patient treated with cholestyramine (C). 

formation of 7a-hydroxycholesterol was proportional to 
the amount of microsomal fraction added up to about 2 
mg of protein per assay (Fig. 3). Replacement of NADPH 
with an NADPH-generating system consisting of NADP, 
1 mM, glucose-6-phosphate, 3 mM, and glucose-6-phos- 
phate dehydrogenase, 1 enzyme unit, did not increase the 
7a-hydroxylase activity. Addition of NADH, 1 mM, to 
the NADPH-generating system did not further stimulate 
the formation of 7a-hydroxycholesterol, as has been 
described for the rat enzyme (15). 

In some experiments, the microsomal fraction was also 
prepared from very small pieces of a liver biopsy, weigh- 
ing about 50 mg. In these cases the microsomal fraction 
added to the assay system contained only 0.10-0.20 mg of 
protein. However, the 7a-hydroxylase activity obtained 
was comparable to that obtained in standard assays. 

As mentioned above, the cholesterol 7a-hydroxylase 
utilizes endogenous microsomal cholesterol as substrate 
and the size of this pool, about 60 nmol - mg protein-', is 
probably not sufficient to saturate the enzyme system. 
Addition of unlabeled cholesterol, up to 130 nmol, with 

use of Tween-80 increased the total formation of 7a-  
hydroxycholesterol by about 60% (Table 1). Since it has 
recently been reported that Tween-80 is a noncompetitive 
inhibitor of the enzyme (16), Tween-80 was also added to 
the control incubations. 

Fig. 2 shows that the formation of 7a-hydroxycholes- 
terol tended to decline after incubation for longer times 
than about 20 min. A possible explanation is that 7a- 
hydroxycholesterol was further metabolized. To study this 
possibility, deuterium-labeled 7a-hydroxycholesterol was 
added to the incubation mixture at zero time in order to 
trap the endogenously formed 7a-hydroxycholesterol. 
Addition of the deuterated compound inhibited the syn- 
thesis rate by 50-60% without affecting the time course of 
the formation of 7a-hydroxycholesterol (Fig. 2). 

Attempts to demonstrate reversible activation- 
inactivation by phosphorylation-dephosphorylation 

Tables 2-4 summarize the results of experiments 
designed to study whether the 7a-hydroxylase may be 
regulated in vitro by activation-inactivation due to phos- 
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Fig. 2. Effect of incubation time on the cholesterol 7a-hydroxylase 
activity. e-., Standard assay conditions were used; m, deuteri- 
um-labeled 7a-hydroxycholesterol was added to the incubation mixture 
at zero time. 

phorylation-dephosphorylation. The presence of 50 mM 
NaF during homogenization of the liver and preparation 
of the microsomes did not influence the 7a-hydroxylase 
activity (Table 2). Neither did preincubation of the 
microsomes with or without 2 mM ATP and 5 mM 
MgC12 for 60 min at 37OC have any effect on the enzyme 
activity (Table 3). Preincubation of the microsomal frac- 
tion for 60 min at 37OC in 50 mM Tris-HC1 buffer con- 
taining 0.3 M sucrose and 1 mM EDTA and in the 
presence of 10 units of E. coli alkaline phosphatase did not 
consistently affect the 7a-hydroxylase activity (Table 4). 
In some incubations a certain degree of stimulation or 
inhibition was observed, possibly because of unspecific 
effects of the E. coli alkaline phosphatase preparation. 

Effect of cholestyramine treatment 
The cholesterol 7a-hydroxylase activity averaged 9.6 * 1.4 (mean * SEM) pmol.min-'-mg protein-' in ten 

untreated patients (Table 5). In three patients treated 
with cholestyramine for 3 weeks prior to operation, the 
enzyme activity averaged 38.5 pmol - min-' - mg protein-', 
i.e., a fourfold stimulation. The pool size of unesterified 
microsomal cholesterol, calculated as nmol per mg of 
protein, was about the same in the cholestyramine-treated 
patients as in the untreated patients. 

The development of the present assay of cholesterol 7a- 
hydroxylase activity in human liver was initiated due to 
our failure to obtain reproducible results with previously 
published methods based on conversion of labeled sub- 
strate. It should be emphasized that the percentage con- 
version of labeled cholesterol in the assay by Nicolau et al. 
(9) is only about 0.1% or less. At this low level of activity, 
the background level of impurities in the substrate 
incubated is of great importance and, in our hands, the 
reproducibility of this assay was insufficient. To our 
knowledge, the present study presents for the first time an 
assay system for the human enzyme in which endogenous 
cholesterol is used as the only substrate for the enzyme. 
Optimal conditions with regard to incubation time and 
amount of microsomal fraction were defined. The size of 
the substrate pool in the microsomal fraction was not 
sufficient to saturate the enzyme since addition of 
exogenous cholesterol further increased the amount of 7a- 
hydroxycholesterol formed. For several reasons it is 
probably impossible to completely saturate the enzyme by 
adding exogenous cholesterol (1, 2). It is well known that 
7a-hydroxycholesterol as well as other oxidation products 
of cholesterol may be formed non-enzymatically. Great 
care was therefore taken to minimize the non-enzymatic 
oxidation of cholesterol before and after as well as during 
the incubation procedure. The very small amount of 78- 
hydroxycholesterol detected in relation to 7a-hydroxy- 

- I  1 20 / 

1 -0 2.0 

Mkro8onul protoln ( mg ) 

Fig. 3. Correlation between cholesterol 7a-hydroxylase activity and 
amount of microsomal fraction (mg of protein) added. Standard assay 
conditions were used. 
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TABLE 1 .  Effect of addition of exogenous cholesterol, suspended in 
0.3 mg of Tween-80, on hepatic cholesterol 7a-hydroxylase activity 

Relative Enzyme Activity 

Addition Exp. 1 Exp. 2 Exp. 3 

% 

None 

Tween-80 81 82 51 
Cholesterol 

20 nmol 102 68 
50 nmol 116 7 7  
65 nmol 130 
130 m o l  133 102 102 

(100%) 100 100 100 

cholesterol indicated that autooxidation and lipid per- 
oxidation of cholesterol was kept at a minimum during 
the experimental conditions used. 

Studies in the rat have shown that the activity of the 
cholesterol 7a-hydroxylase follows a circadian rhythm 
which is dependent on feeding time and the plasma level 
of glucocorticoids (1, 2). Whether a circadian rhythm of 
bile acid synthesis and the cholesterol 7a-hydroxylase also 
exists in man is not known with certainty (17). Animal 
studies have further demonstrated that the composition of 
diet may influence the cholesterol 7a-hydroxylase activity. 
Thus, in general, addition of cholesterol to the diet has 
been found to stimulate the enzyme activity (1, 2). 
Whether this effect is due to an increased amount of 
enzyme protein or to an expansion of the pool of choles- 
terol available for the enzyme has not been finally estab- 
lished (18). In order to minimize the effects of diet and 
potential diurnal variation of the enzyme activity, the 
patients were given the regular hospital diet 2 days before 
the operation and the operations were performed between 
8 and 9 AM after a 12-hr fast. Anesthesia was also kept 
standardized. Since it is not known whether the enzyme 
activity is distributed uniformly throughout the human 
liver, the liver biopsy was always obtained from the left 
liver lobe directly after opening the abdomen. 

In the present assay, about 0.5 mg of microsomal pro- 
tein was used. In view of the very high sensitivity in the 
detection of the trimethylsilyl ether of 7a-hydroxycholes- 
terol (a few picograms may be detected under optimal 
conditions), it was possible to reduce the size of the biopsy 
to about 50 mg, which is the size of a liver biopsy obtained 
percutaneously. 

The cholesterol 7a-hydroxylase activity averaged about 
10 pmol . min-’ mg protein-’ in the untreated subjects. A 
similar level of cholesterol 7a-hydroxylase activity was 
found by Salen et al. (19) in the livers of patients with 
cholesterol gallstones when using the method of Nicolau 
et al. (9) based on conversion of labeled substrate. Pro- 
vided that the 7a-hydroxylation of cholesterol is the rate- 
determining step in the overall synthesis of bile acids in 

TABLE 2 .  Relative cholesterol 7a-hydroxylase activity in human 
liver microsomes prepared with and without N a F  

Source of Enzyme Relative Enzyme Activity 

% 

100 f 12 
93 f 5 

Microsomes prepared with NaCl, 50 mM 
Microsomes prepared with NaF, 50 mM 

“Mean f SEM of six experiments 

man, this corresponds to a bile acid production of about 
0.5 mmol per day. The bile acid synthesis rate in healthy 
subjects and gallstone patients has previously been deter- 
mined to be about 1 mmol per day by Lindstedt’s isotope 
dilution technique (20-23). There may be several differ- 
ent explanations for the lower value obtained from our 
present in vitro data. It is possible that 7a-hydroxylation 
may increase during day-time because of inflow of dietary 
cholesterol to the liver, thus expanding the pool of choles- 
terol available for the enzyme. Another explanation could 
be that the 7a-hydroxylase activity was not assayed under 
optimal conditions with respect to access to substrate. 
Finally, the possibility cannot be completely excluded that 
bile acids, to a minor degree, may also be synthesized via 
an alternative pathway not including the 7a-hydroxyla- 
tion of cholesterol as an initial step, as suggested by 
Vlahcevic et al. (24). 

Recently it was suggested that the activity of cholesterol 
7a-hydroxylase may be subject to short-term regulation 
by changes in its phosphorylation state (25-28). Sanghvi 
et al. (25) and Goodwin, Cooper, and Margolis (28) re- 
ported that incubation of rat liver microsomes with E. coli 
alkaline phosphatase produced a loss of cholesterol 7a- 
hydroxylase activity. Microsomes prepared in the pres- 
ence of 50 mM NaF had somewhat higher enzyme activ- 
ity than microsomes prepared with 50 mM NaCl(26, 28). 
The addition of Mg-ATP could activate or inhibit the 7a- 
hydroxylase dependent on ATP concentration and pH 
(25-29). In contrast to these results, we did not find any 
influence of E. coli alkaline phosphatase, NaF, or Mg-ATP 
on the 7a-hydroxylase activity in human liver microsomes. 
It should be pointed out that when the human hepatic 

TABLE 3.  Relative cholesterol 7a-hydroxylase activity in human 
liver microsomes prepared with and without NaF: effect of 

preincubation with Mg-ATP 

Addition during 
Preincubation 

Microsomes Microsomes 
Prepared with Prepared with 
NaCl, 50 mM NaF, 50 mM 

% 

None 100 f 22 83 * 9 
Mg, 5 mmol + ATP, 2 mmol 98 * 9 94 f 5 

“Mean f SEM of six experiments. 
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TABLE 4. Relative cholesterol 'la-hydroxylase activity in human 
liver microsomes prepared with and without NaF: effect of 

preincubation with alkaline phosphatase' 

Micmsomes Microsomes 
Addition during Prepared with Prepared with 
Preincubation NaCI, 50 mM NaF, 50 mM 

z 
None 100 * 13 108 f 18 
Alkaline phosphatase, 10 units 98 f 25 79 f 11 

'Mean f SEM of six experiments. 

HMG-CoA reductase activity was studied in our labora- 
tory, under conditions almost identical with those used 
here, there was significant inhibition by phosphorylation 
and activation by dephosphorylation (10). 

To our knowledge, the present study demonstrates for 
the first time that cholestyramine treatment stimulates the 
cholesterol 7a-hydroxylase activity in human liver. Sev- 
eral previous animal studies have shown that interruption 
of the enterohepatic circulation of bile acids by prepara- 
tion of a bile fistula or by cholestyramine treatment 
increases the 7a-hydroxylation of cholesterol (1, 2). Feed- 
ing experiments with bile acids have given further evi- 
dence that bile acid synthesis and cholesterol 7a-hydrox- 
ylase activity are subject to a negative feed-back regula- 
tion by bile acids (1, 2). In man, cholestyramine treatment 
increases bile acid production several-fold (11, 12), where- 
as cholic acid inhibits chenodeoxycholic acid formation 
and chenodeoxycholic acid inhibits cholic acid synthesis 
(22, 30). It thus appears possible that the portal inflow of 
bile acids to the liver is of importance for the regulation 
of bile acid synthesis and the activity of the cholesterol 7a- 
hydroxylase activity in man also. The mechanisms of an 
effect of bile acids on the cholesterol 7a-hydroxylase are 
not known. In the present study no evidence was obtained 

TABLE 5. Effect of cholestyramine treatment on hepatic cholesterol 
7a-hydroxylase activity in patients undergoing cholecystectomy 

Hepatic Microsomal Cholesterol 
Patient Treatment 7cr-Hydroxylase Activity 

pmol - min" - mg protein-' 

1 - 7.7 
2 - 11.4 

5.5 3 
8.1 4 

21.1 5 
6 - 10.6 

8.2 7 
7.5 8 
5.9 9 

10 - 10.2 
11 Cholestyramine 31.0 
12 Cholestyramine 59.7 
13 Cholestyramine 24.7 

- 
- 
- 

- 
- 
- 

to indicate that the stimulatory effect of cholestyramine 
treatment on the cholesterol 7a-hydroxylase was due to 
an increased substrate pool of endogenous microsomal 
cholesterol. It is more likely that the effect of bile acids 
may be mediated by changes in the turnover of specific 
species of cytochrome P-450 with a short half-life, or by 
modulation of specific proteins in the cytosol (1, 2). 

In conclusion, the present work describes an accurate 
assay for human cholesterol 7c~-hydroxylase activity based 
on isotope dilution-mass spectrometry, in which en- 
dogenous cholesterol is used as the only substrate for the 
enzyme. Cholestyramine treatment stimulated the en- 
zyme activity several-fold. No evidence for in vitro 
modulation of enzyme activity by phosphorylation and 
dephosphorylation could be obtained. tlp 
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