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Abstract Ratios of cholestanol, campesterol, and sitosterol
to cholesterol in serum are known to reflect cholesterol ab-
sorption efficiency. Here, a possible link between these ra-
tios and biliary secretion rates of cholesterol was investi-
gated. Biliary lipid secretion rates and serum sterols were
determined in 13 patients with gallstones. Seven were
treated with ursodeoxycholic acid (UDCA) (1,000 mg/d).
Serum cholesterol and non-cholesterol sterols were also
measured in a cross over study in 20 healthy volunteers,
who received either placebo or UDCA (750 mg/d). Biliary
cholesterol secretion was significantly lower, whereas the
non-cholesterol sterols and their ratio to cholesterol were
higher in patients with gallstones treated with UDCA. A
highly significant negative linear correlation between the ra-
tios of non-cholesterol sterols to cholesterol and biliary cho-
lesterol secretion was observed. In volunteers, administra-
tion of UDCA for 4 weeks was followed by a significant
increase in non-cholesterol sterols and their ratios. Even 4
weeks after discontinuing UDCA administration, campes-
terol and sitosterol were still significantly higher than pre-
treatment levels, which was also true for the campesterol-
cholesterol ratio after 8 weeks.fili The results suggest that
the ratios of cholestanol, campesterol, and sitosterol to cho-
lesterol can be used as indicators of changes in biliary cho-
lesterol secretion rates.—Lindenthal, B., T. Sudhop, P.
Schiedermaier, M. Agnan, T. Sauerbruch, and K. von Berg-
mann. Serum plant sterols and biliary cholesterol secretion
in man: studies with ursodeoxycholic acid. J. Lipid Res.
2002. 43: 1072-1077.
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Cholestanol and the two plant sterols campesterol and
sitosterol are present in low concentrations in human
blood (1, 2), but their concentrations are 400- to 1,000-fold
lower than cholesterol (1). The concentrations in serum
are the results of synthesis (for cholestanol only), absorp-
tion efficiency (campesterol and sitosterol), lipoprotein
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metabolism, and rate of hepatic excretion into bile (3).
They are absorbed from the intestine to a much lesser ex-
tent than cholesterol (4, 5). Cholestanol is synthesized in
the liver from cholesterol (6), and is almost absent from
the diet. Whereas sitosterol is not metabolized to a signifi-
cant extent in humans (7), a conversion of cholestanol to
bile acids has been reported (6). The ratios of cholestanol,
campesterol, and sitosterol to cholesterol in serum have
been shown to correlate positively with the cholesterol ab-
sorption efficiency (2, 8), and have therefore been re-
garded as markers for changes in the absorption of cho-
lesterol (8-10).

Recently it has been reported that treatment with ur-
sodeoxycholic acid (UDCA), a bile acid known to reduce
the hepatic secretion of cholesterol (11-14), increases se-
rum concentrations of plant sterols and cholestanol in pa-
tients with primary biliary cirrhosis (15) and patients with
radiolucent gallstones (16, 17). Considering that choles-
terol absorption is not affected or even reduced by UDCA
(13, 14, 18-21), we thought that these results were not
consistent with the observation that the ratio of plant ste-
rols to cholesterol are only markers of cholesterol absorp-
tion efficiency. The purpose of the present study was to ex-
amine whether the ratios of non-cholesterol sterols to
cholesterol in serum also reflect biliary secretion of cho-
lesterol and for how long the non-cholesterol sterols re-
main elevated after discontinuing UDCA administration.

Thus, we conducted two studies. In study I we measured
serum cholestanol and plant sterols concentrations and
their ratio to cholesterol as well as biliary cholesterol se-
cretion in patients with gallstones. Seven of these patients
were treated with UDCA, and six were not. In study II, se-
rum concentrations of the non-cholesterol sterols were
measured before, during, and after UDCA administration
in healthy volunteers in a randomized, placebo controlled
cross-over study.

Abbreviations: UDCA, ursodeoxycholic acid.
! To whom correspondence should be addressed.
e-mail: vonbergmann@uni-bonn.de

Copyright © 2002 by Lipid Research, Inc.
This article is available online at http://www.jlr.org

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

PATIENTS AND METHODS

Study I

Biliary lipid secretion rates were measured in 13 patients with
radiolucent gallstones. Seven patients were treated with UDCA
(1,000 mg/day) for 4 weeks and six patients were not treated.
Measurements of biliary lipid secretion were performed by the
method of Grundy and Metzger (22), as described previously
(12, 23). Briefly, on the evening before the study the patients
were admitted to the metabolic ward of the Department of Clini-
cal Pharmacology and swallowed a triple-lumen tube. The next
morning the tube was positioned by X-ray guidance in the
duodenum with the two most proximal outlets opposite to the
ampulla of Vater and the third 10 cm distally. A liquid formula
diet (Nutrison, R. Braun, Melsungen, Germany) was infused con-
stantly into the most proximal outlet (1.42 kcal/kg X h). The lig-
uid formula contained sitosterol (7 mg/100 ml), which was used
as a marker to calculate biliary secretion rates. When liquid for-
mula infusion was started, patients on therapy swallowed two cap-
sules of UDCA (500 mg). After allowing 4 hours for gallbladder
contraction and stabilization of hepatic lipid secretion, hourly
samples were collected for the following 6 h from the second
proximal and distal outlets as described previously (12, 23). Fast-
ing blood samples were obtained after an overnight fast and se-
rum samples were stored at —20°C for analysis of cholesterol and
non-cholesterol sterols. Characteristics of the patients are given
in Table 1.

Study II

Serum samples of 20 healthy, non-smoking volunteers (5 fe-
male, 15 male, aged 19-38) had been stored at —20°C from a pre-
vious study, in which the effect of UDCA on splanchnic and
systemic hemodynamics and gallbladder motility had been inves-
tigated (24). All individuals had been randomly assigned to ei-
ther group I or group II. Group I had received a placebo first for
4 weeks followed by a washout period of 4 weeks, and thereafter
UDCA (250 mg tid) for 4 weeks. Group II had received UDCA
first for 4 weeks, and after the washout period, placebo for 4
weeks. Before and at the end of each treatment period, fasting
blood samples had been obtained after an overnight fast. None
of the subjects had a history of gastrointestinal diseases, diabetes,
or renal impairment. None of the volunteers were taking any
kind of drugs, including oral contraceptives. One volunteer from
group I dropped out before administration of UDCA for per-
sonal reasons. Serum samples were analyzed for cholesterol and
non-cholesterol sterols.

Both study protocols were in accordance with the ethical
guidelines of the Declaration of Helsinki and approved by the
ethical committee of the University of Bonn. Written informed
consent was obtained from each subject.

Analytical methods

Biliary lipids were measured after extraction (25) and bile ac-
ids, phospholipids, and cholesterol were measured as described

TABLE 1. Characteristics of patients with radiolucent gallstones

Treatment Age Weight BMI“

years kg kg/m?
Control (n = 6)

(four women, two men) 38 =12 727 23.4 + 0.9
UDCA (n = 7)
(three women, four men) 43 = 17 72+5 23.9 + 0.4

Values are mean = SD.
«BMI, body mass index [weight (kg) / height® (m)].

previously (12). Serum cholesterol, cholestanol, campesterol,
and sitosterol were analyzed by gas-liquid chromatography (GLC)
(4). Briefly, ba-cholestane (50 pg) was added to 0.1 ml serum as
internal standard. After alkaline hydrolysis, extraction, and deriv-
atisation to the trimethylsilyl ethers, the sterols were quantified
by GLC.

Statistical analysis

Data are expressed as mean *= SD to show variation within a
group. The changes in sterol concentration within the groups
treated with UDCA or placebo were analyzed with the Student’s
ttest for dependent samples. The subgroup analysis in patients
with gallstones was performed with a Student’s #test for indepen-
dent samples. P of less than 0.05 was considered statistically sig-
nificant. Correlation analysis was calculated as Pearson’s product
moment using Fisher’s test for significance. All other calcula-
tions were performed with the statistical software SPSS™ 9.0
package (SPSS Inc., Chicago, IL).

RESULTS

Study I

Biliary lipid secretion rates of cholesterol, phospholip-
ids, and bile acids in patients with radiolucent gallstones
with and without UDCA treatment are summarized in Ta-
ble 2. As expected, cholesterol output was significantly
lower (—28%, P < 0.05) in patients treated with UDCA
than in patients without treatment, whereas total bile acid
and phospholipid secretions did not differ. The concen-
trations of cholesterol and the non-cholesterol sterols to-
gether with their ratio to cholesterol are given in Table 3.
In patients treated with UDCA, serum concentrations of
cholesterol were 11% lower than in the other group, but
this difference did not reach statistical significance. The
levels of cholestanol, campesterol, and sitosterol were
57%, 40%, and 53% higher in patients treated with
UDCA. This was only significant for sitosterol (P < 0.05).
However, the ratios of cholestanol, campesterol, and sito-
sterol to cholesterol were significantly higher than in pa-
tients not treated with UDCA (71%, 69%, and 76%).
Combining the results of all patients, a strong negative lin-
ear correlation between the ratios of cholestanol, campes-
terol, and sitosterol to cholesterol in serum and biliary
cholesterol secretion was observed (Fig. 1). Even after bil-
iary cholesterol secretions were adjusted for body weight,
this correlation remained highly significant for all ratios
(P < 0.002 or less; data not shown).

Study II

In both groups of volunteers, administration of UDCA
had no effect on total cholesterol concentrations in serum
(Table 4). In group I, all sterol concentrations also re-
mained remarkably constant during the 8 weeks without
UDCA acid (4 weeks placebo and 4 weeks washout pe-
riod), indicating metabolic steady state conditions. Cho-
lestanol increased significantly during UDCA treatment in
both groups compared with pretreatment levels. The in-
crease during treatment with UDCA in group I and II
averaged 16% and 20%, respectively. In group II, cho-
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TABLE 2. Biliary lipid secretion in patients with radiolucent gall-
stones with and without treatment with UDCA

Group Cholesterol Phospholipids Bile Acids
mg/h

Control (n = 6) 60 £ 14 363 = 112 1170 = 487

UDCA (n=17) 43 £ 137 391 = 115 1169 = 381

Values are mean = SD.
“Significantly different from control (P < 0.05).

lestanol decreased to pretreatment levels 4 weeks after
discontinuing UDCA and remained constant thereafter
(Table 4). Four weeks of UDCA administration also signif-
icantly increased the ratio of cholestanol to cholesterol in
group I and II by 13% and 24%, respectively (Table 5).
Campesterol and sitosterol showed an even more pro-
nounced increase during UDCA treatment, and the con-
centration of campesterol rose by 42% in group I and
55% in group II. Sitosterol increased by 61% in both
groups. Four weeks after UDCA was discontinued in
group II, campesterol and sitosterol levels were still signif-
icantly higher than pretreatment levels (14% and 21%)
(Table 4); even after 8 weeks, the concentrations of
campesterol and sitosterol were still 8% and 10% higher
but not of statistical significance (P = 0.07 for campes-
terol and P = 0.08 for sitosterol). Also, the ratios of
campesterol to cholesterol and sitosterol to cholesterol in-
creased significantly after 4 weeks of administration of
UDCA by 38% and 67%, respectively (Table 5). Even after
8 weeks, the ratio of both plant sterols to cholesterol did
not return to pretreatment values. The ratio of campes-
terol to cholesterol and sitosterol to cholesterol were still
8% (P < 0.05) and 10% (P = 0.117) higher compared
with pretreatment levels.

The ratios of noncholesterol sterols to cholesterol in
the six patients with radiolucent gallstones were lower
compared with the values in the healthy volunteers during
the control period and even after UDCA administration.
These results might indicate that patients have higher se-
cretion rates of biliary cholesterol than controls.

TABLE 3. Serum sterols and their ratios to cholesterol in serum

Control UDCA

(n = 6) (n=7)
Cholesterol (mg/dl) 196 + 40 175 = 57
Cholestanol (mg/dl) 0.282 = 0.065  0.441 = 0.207
Campesterol (mg/dl) 0.422 = 0.150  0.594 = 0.218

Sitosterol (mg/dl) 0.165 = 0.034  0.259 = 0.091¢
Cholestanol/cholesterol (ug/mg) 1.477 = 0.381  2.520 *= 0.805¢
Campesterol/cholesterol (ug/mg) 2.155 = 0.615 3.631 * 1.337¢

Sitosterol/cholesterol (ug/mg) 0.908 = 0.332  1.587 + 0.531¢

Values are mean * SD. Serum sterols and their ratios to choles-
terol in serum in patients with radiolucent gallstones with and without
treatment with ursodeoxycholic acid (UDCA 1000 mg/day).

“Significantly different from control (P < 0.05).
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Fig. 1. Linear regression analysis between biliary cholesterol se-
cretion and ratio of campesterol (r = —0.806, P < 0.001),
cholestanol (r = —0.863, P < 0.001), and sitosterol (—0.752, P <
0.005) to cholesterol in patients with radiolucent gallstones, with
(closed symbols) and without (open symbols) ursodeoxycholic acid
treatment.

DISCUSSION

The present study was carried out to evaluate the effect
of UDCA administration on serum concentrations of
cholestanol, campesterol, and sitosterol in patients with
gallstones and normolipemic, healthy volunteers, and to
elucidate a possible link between serum concentrations of
these sterols and biliary secretion of cholesterol. After
UDCA treatment, the concentrations of these sterols, as
well as their ratios to cholesterol, increased significantly.
The results are in agreement with those recently reported
in patients with gallstones (16, 17) and primary biliary cir-
rhosis (15). Miettinen et al. (15-17) found a negative rela-
tionship between the change of the ratio of campesterol
to cholesterol in serum before and during UDCA therapy
and the change in cholesterol saturation in gallbladder
bile. From the results, the authors suggest that under
these circumstances levels of plant sterols might be af-
fected by their biliary elimination and therefore reflect
changes in biliary cholesterol secretion. However, mea-
surements of biliary cholesterol secretion were not per-
formed. Therefore, a direct relationship between serum
concentrations of these sterols and biliary cholesterol se-
cretion could not be proven.

Administration of UDCA is known to reduce hepatic se-
cretion of cholesterol into bile (11-14). Some, but not all,
studies have shown that UDCA also reduces intestinal cho-
lesterol absorption efficiency (13, 14, 18-21), which one
would also expect to cause a reduction of the ratio of
plant sterols to cholesterol in serum. Therefore, the find-
ings of the present study in patients with radiolucent gall-
stones and normolipemic volunteers cannot be related to
reduced intestinal absorption of cholesterol and plant ste-
rols by UDCA. The reduction in biliary cholesterol secre-
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TABLE 4. Serum cholesterol, cholestanol, campesterol, and sitosterol in normolipemic volunteers before
and after administration of ursodeoxycholic acid (250 mg tid) for 4 weeks in Group I and II

Week 0 Week 4 Week 8 Week 12
sterols (mg/dl)

Cholesterol

Group I 186 = 19 183 = 34 178 = 45 180 = 28

Group II 186 = 24 181 = 31 184 = 24 188 *= 32
Cholestanol

Group I 0.547 = 0.054 0.543 = 0.041 0.543 = 0.055 0.628 * 0.041¢

Group II 0.594 = 0.097 0.710 = 0.104% 0.617 = 0.084 0.605 * 0.085
Campesterol

Group I 0.388 = 0.090 0.426 = 0.118 0.433 = 0.165 0.613 * 0.185¢

Group II 0.490 = 0.102 0.761 = 0.134° 0.558 = 0.140° 0.530 = 0.117¢
Sitosterol

Group I 0.249 = 0.061 0.261 = 0.068 0.268 = 0.090 0.431 = 0.120¢

Group II 0.281 = 0.051 0.453 = 0.663° 0.339 = 0.082¢ 0.310 = 0.050

Values are mean * SD. Group I received placebo (week 0 to 4) and after a washout period ursodeoxycholic
acid (week 8 to 12), Group II received UDCA (week 0 to 4) and after a washout period placebo (week 8 to 12).

“ Significantly different from Week 0, 4, and 8 (P < 0.005).
b Significantly different from Week 0, 8, and 12 (P < 0.005).
¢ Significantly different from Week 0 (P < 0.05), (P = 0.073).

tion has been attributed to the lower micellar capacity of
UDCA to dissolve cholesterol in bile acid-lecithin mix-
tures (26, 27). Indeed, as we have previously shown,
UDCA has no influence on the mobilization of hepatic
cholesterol into bile in patients with gallstones (12).
Therefore, it is likely that UDCA also reduces biliary out-
put of plant sterols and cholestanol. Since UDCA has no
effects on lipoprotein metabolism (16, 17, 28), retained
plant sterols in the liver probably lead to higher absolute
serum concentrations and their ratios to cholesterol. This
led us to consider whether the ratio of cholestanol and
plant sterols to cholesterol might be markers of choles-
terol secretion into bile. In support of this hypothesis, we
showed a close and highly significant negative linear rela-
tionship between the ratio of the non-cholesterol sterols
to cholesterol with biliary cholesterol secretion in patients
with radiolucent gallstones (Fig. 1). This is in line with the
results of Miettinen et al. (17). These authors confirmed
that UDCA decreases biliary cholesterol secretion by 26%,
from 16.4 to 12.1 mg/kg X h~!. However, the ratio of
campesterol and sitosterol to cholesterol in bile did not

change, indicating that hepatic secretion of campesterol
and sitosterol were also reduced, whereas the ratios in se-
rum increased. From the present results, it might also be
considered that UDCA affects the expression of the ATP-
binding-cassette transporters ABCG5 and/or ABCGS8. These
sterol transporters have recently been identified in the
rare inherited disease of phytosterolemia (29, 30). In this
disease, one of these two transporters is defective, leading
to hyperabsorption and diminished biliary secretion of
cholesterol and plant sterols. However, more specific in-
vestigations are necessary to prove this speculation.

Furthermore, the ratios of noncholesterol sterols to
cholesterol in the six patients with radiolucent gallstones
were lower compared with the values in the healthy volun-
teers during the control period and even after UDCA ad-
ministration. These results might indicate that patients
with cholesterol gallstones have higher secretion rates of
biliary cholesterol than controls.

It is notable that in healthy volunteers cholestanol had
returned to pretreatment levels 4 weeks after UDCA ad-
ministration was stopped, whereas campesterol and sito-

TABLE 5. Ratio of serum cholestanol, campesterol, and sitosterol to cholesterol in normolipemic volunteers

before and after administration of UDCA (250 mg tid) for 4 weeks in group I and II

Week 0 Week 4 Week 8 Week 12
ng/mg

Cholestanol/cholesterol

Group I 2.981 * 0.393 3.020 = 0.568 3.140 = 0.600 3.540 * (0.443¢

Group II 3.193 *+ 0.367 3.950 = 0.397° 3.374 = 0.374 3.262 + 0.518
Campesterol/cholesterol

Group I 2.092 + 0.425 2.428 + 0.856 2.497 = 0.881 3.442 + 1.111¢

Group II 2.658 = 0.611 4.256 + 0.812° 3.066 = 0.756¢ 2.855 * 0.663¢
Sitosterol/cholesterol

Group I 1.361 = 0.215 1.489 = 0.419 1.586 = 0.441 2418 = 0.717¢

Group II 1.539 £ 0.324 2.573 + 0.592° 1.871 + 0.499¢ 1.686 + 0.374

Values are mean * SD. Group I received placebo (week 0 to 4) and after a washout period UDCA (week 8 to

12), Group II received UDCA (week 0 to 4) and after a washout period placebo (week 8 to 12).

“Significantly different from Week 0, 4, and 8 (P < 0.005).
® Significantly different from Week 0, 8, and 12 (P < 0.005).

¢ Significantly different from Week 0 (P < 0.05).
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sterol were still significantly elevated at this time. The half-
life of UDCA is short, and it is eliminated from the body
in only 1 week (31, 32). Thus, biliary cholesterol secretion
returned to pretreatment rates. Therefore, the continuing
higher ratio of campesterol and sitosterol to cholesterol
must be due to other mechanisms. One explanation may
be the half-life of these sterols. The terminal half-life of si-
tosterol after intravenous injection in five normal subjects
was 15.8 = 2.4 (SD) days (1). This halflife could indeed
explain that sitosterol and the ratio of sitosterol to choles-
terol is still elevated 56 days after discontinuing UDCA
(3.5 half-ives). Since the structure of campesterol (24-
methyl-Ab-cholesten-33-ol) is more closely related to cho-
lesterol than sitosterol (24-ethyl-A5-cholesten-33-ol), the
half-ife of campesterol would be between that of sito-
sterol and cholesterol. This would explain why the ratio of
campesterol to cholesterol is still significantly higher at
the end of the study. From the present study, the half-life
of cholestanol (ba-cholestan-3B-0l) must be markedly
shorter than that of the two plant sterols. Indeed, earlier
studies by Salen and Grundy (33) revealed a terminal half-
life of 7.0 = 2.8 (SD) days in five subjects. For this reason,
cholestanol might be considered to be the better marker
of changes in biliary cholesterol secretion as demon-
strated in the present study. On the other hand, cholestanol
is an endogenous product of cholesterol, and other mech-
anisms might influence its metabolism and serum concen-
tration.

From our results, it can be concluded that the ratios of
the sterols to cholesterol are not always accurate markers
for intestinal cholesterol absorption efficiency, but can
under special conditions be indicators for changes of bil-
iary cholesterol secretion rates. However, when non-cho-
lesterol sterols are used as indicators for these purposes, it
is essential that metabolic steady state conditions have
been stable for at least several weeks. i}
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