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Summary For over a decade investigators have quantified
cholesterol absorption by comparison of dietary intake and
fecal excretion of isotopic cholesterol with that of f-sitosterol
as a “nonabsorbable” marker. However, B-sitosterol might
not be ideal due to its potential for absorption. We therefore
carried out two studies to evaluate a new marker with less
potential for absorption, [3H]f-sitostanol. In the first study
(Study I, n = 22), we compared absorption of [*H]p-sitostanol
and ["C]B-sitosterol in a simultaneous dualabel continuous
feeding (“phytosterol absorption”) experiment. We observed
a consistently higher ratio of [*H]B-sitostanol/["C]B-si-
tosterol in the stool relative to diet on the first day of fecal
collection (6.1% * 3.2% loss of [*H]B-sitosterol, range 3-12%),
but thereafter, the ratio in stool was similar to that in diet. In
Study II (n = 23), we compared cholesterol absorption di-
rectly using [*H]p-sitosterol and [!*C]cholesterol, and, sepa-
rately, [3H]B-sitostanol and [*“C]cholesterol. We found that
mean absorption between the two methods was similar (45%
* 11% versus 44% * 10%, respectively, P difference = 0.40),
and the two methods correlated well with one another (r =
0.83) when samples from all available days were used. Vari-
ability between the two methods was greater in individuals
who absorbed more than 40% of cholesterol. Cholesterol loss
on day 2 estimated from use of B-sitostanol as a nonabsor-
bable marker was predictive of absorption using ratios from
days 4-6 (r = 0.80). BR These results suggest that, for the
majority of subjects, B-sitosterol is a valid nonabsorbable
marker for cholesterol absorption.—Terry, J. G., B. L.
McGill, and J. R. Crouse III. Evaluation of the use of B-sito-
stanol as a nonabsorbable marker for quantifying cholesterol
absorption. J. Lipid Res. 1995. 36: 2267-2271.
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Cholesterol absorption has recently re-emerged as a
potentially important contributor to the regulation of
cholesterol metabolism (1, 2). Several methods have
been advocated for quantifying absorption including
the method of Zilversmit and Hughes (3, 4), the single
dose isotopic diet/fecal ratio method (5), and the con-
tinuous feeding isotopic diet/fecal ratio method (6).
The latter two methods depend on comparison of the
excretion of labeled cholesterol with that of a labeled
nonabsorbable marker, traditionally B-sitosterol.

Although poorly absorbed, it is recognized that about
5% of B-sitosterol is absorbed (7, 8), and in some patients
up to 30% absorption can occur (9). B-Sitostanol, on the
other hand, is thought to be nonabsorbable (10).

We therefore compared B-sitosterol and B-sitostanol
as markers for cholesterol absorption in human beings.

METHODS

Subjects and diet

We carried out two studies of absorption in 45 healthy
individuals. In the phytosterol absorption study (Study
I) 22 volunteers were fed radiolabeled [4C]B-sitosterol
and [3H]B-sitostanol daily for 6 days and stools were
collected. Fecal ratio of isotopes was compared to that
in the diet.

In the cholesterol absorption comparison study
(Study II) 23 volunteers underwent two tests of choles-
terol absorption separated by 1 month in which *C
cholesterol and either [3H]B-sitosterol or [3H]B-sito-
stanol were dosed. For the two cholesterol absorption
studies, 8 patients consumed ad lib diets at home and
15 consumed diets prepared in the Bowman Gray
GCRC diet kitchen. Metabolic diets were consumed for
7-11 days and were eucaloric providing 33% of calories
from fat, 48% from carbohydrate, and 19% from protein
along with 300 mg cholesterol daily. Plastma concentra-
tions of lipids and lipoproteins were measured in the
CDC standardized Lipid Laboratory at Bowman Gray
School of Medicine (11).

Absorption studies

[4-14C]cholesterol (52 mCi/mmol) and custom syn-
thesized [4-1%C]B-sitosterol (55 mCi/mmol) were ob-
tained from Amersham Corp., Arlington Heights, IL.
[22,23-3H]B-sitosterol (77 Ci/mmol) and [5,6-3H]B-sito-
stanol (47 Ci/mmol) were custom synthesized by New
England Nuclear, Boston, MA. Both tritiated B-sitosterol
and B-sitostanol were produced from tritiated stigmas-
terol by sequential hydrogenation. Unlabeled B-si-
tosterol and stigmasterol were purchased form Sigma
Chemical Co., St. Louis, MO. Five alpha-cholestane was
purchased from Matreya, Inc., Pleasant Gap, PA. Unla-
beled P-sitostanol was a gift from Dr. Margo Denke.
Unlabeled B-sitostanol was > 90% pure by GLC (Hewlett-
Packard 5890A) on a 15 M J&W DB17 column, and
retention time was consistent with previous reports (12).

Isotopic purity of radiolabeled sterols was determined
by HPLC (ISCO 2350) using a C-18 column (SGE) with
isocratic buffer system (acetonitrile-isopropanol 1:1)
and absorbance detection at 215 nm. All radiolabeled
sterols were HPLC co-chromatographed with cold car-
riers and fractions were collected as previously de-
scribed (13). Radioactivity was determined by liquid
scintillation counting (Packard CA 2100 LSC). The lack

Abbreviations: GLC, gas-liquid chromatography; HPLC, high
performance liquid chromatography; BMI, body mass index; TC, total
cholesterol; TG, triglyceride; LDL, low density lipoprotein.
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of a double bond in B-sitostanol prevented absorbance
detection at 215 nm, therefore, an additional step using
GLC was required. For this, unlabeled P-sitostanol
standard was run on HPLC and fractions were collected.
The fractions were then subjected to GLC to determine
the retention time of B-sitostanol in our HPLC system.

[*C]cholesterol and [14C]B-sitosterol were each > 98%
isotopically pure. [*H]B-sitosterol and [*H]B-sitostanol
were < 90% isotopically pure and required preparative
purification by HPLC. Subsequent HPL.C showed that
> 96% of the activity from both [*H]P-sitosterol and
[®H]B-sitostanol eluted under a single peak consistent
with standards.

For Study I a mixture of 0.10 pCi['*C]B-sitosterol and
0.31 uCi[PH]BITC-NewBaskerville"-sitostanol was fed
daily to ambulatory volunteers for 6 days (D1-6). Par-
ticipants were instructed to collect one stool sample per
day by the outpatient method of Hoffman, LaRusso, and
Hoffman (14) either on D2-6 (n = 10) or only on D4-6
(n=12).

Duplicate stool samples were saponified and the hex-
ane-extracted neutral lipids were dried onto paper cones
prior to combustion by Packard 306 Oxidizer as pre-
viously described (15). Samples of administered isotope
were included as controls and frequent recovery checks
were performed (recovery > 95%).

For quantification of B-sitosterol absorption the for-
mula adopted was:

fecal B-sitosterol/B-sitostanol
p-sitosterol absorption = 1-
dietary B-sitosterol/B-sitostanol

This formula is a modification of one that has been
shown to be reliable for quantifying cholesterol absorp-
tion in stool samples from D4-6; differential disappear-
ance of isotope on D2 and D3 is characterized as isotope
loss rather than absorption because loss could also occur
through isotope exchange.

Study II participants underwent two studies of choles-
terol absorption separated by 1 month in which they
received either 0.11 uCi [*C]cholesterol and 0.29 pCi
[3H]B-sitosterol or alternatively 0.10 uCi ["*C]choles-
terol and 0.29 uCi [*H]B-sitostanol for 6 consecutive
days. Subjects were assigned at random to their se-
quence of studies and the sample analyst was blinded to
the order of assignment.

Daily loss of isotope as well as means for D4-6 were
used to determine P-sitosterol absorption or cholesterol
absorption as previously described (6). Means and stand-
ard deviations and associations were compared between
periods and groups using paired ¢tests and correlation
statistics.

RESULTS

Study I

Participants in Study I were 67 £ 6 years of age (range
49-75) and 50% female; they had body mass index
(BMI) of 27 £ 4 (range 22-38). They were slightly
hypercholesterolemic overall with plasma concentra-
tion of total cholesterol (TC) of 236 * 31 mg/dl (range
186-298 mg/dl) and low density lipoprotein cholesterol
(LDL) of 154 + 22 mg/dl (range 122-203 mg/dl).
Plasma concentration of triglycerides (TG) for Study I
participants was 218 £ 161 mg/dl (range 69-835 mg/dl).

Twenty-two participants completed Study I that com-
pared [*C]B-sitosterol and [*H]B-sitostanol absorption
(Fig. 1). All participants were asked to collect stool
samples on D4-6 of Study I while a subset of participants
(n = 10) was requested to collect samples on D2 and D3
as well. Mean % absorption of B-sitosterol on D4, D5,
and D6 was 2.5% + 3.9%, -1.3% *+ 3.6%, and -1.8%, + 4.6%
respectively (mean % absorption D4-6 = -0.1% * 2.7%,
and did not differ from 0% absorption). In those sub-
jects who submitted samples from D2 and D3, preferen-
tial loss of B-sitosterol from stool on day 1 was reflected
in a ratio of fecal/diet [*H]B-sitostanol/[“C]B-sitosterol
that was consistently > 1.0 in stool from D2 (per cent loss
[C]B-sitosterol on D2 = 6.1% + 3.2%, range 3% to
12.5%). On D3 per cent loss of [ 1*C]B-sitosterol was 0.3%
1 7.0%.

10.0

50

0.0 l

% Loss B-sitosterol

Study Day

Fig. 1. Mean 1 standard deviation percent loss of B-sitosterol relative
to P-sitostanol for participants on days 2-6 of phytosterol absorption
study (Study I). Days 4-6, n = 23; days 2-3, n = 10. Positive “% loss”
indicates greater loss of B-sitosterol than B-sitostanol.
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Study IT

Study II participants were 65 * 8 years of age (range
35-73) and were 52% female; they had BMI of 27 £ 4
(range 20-38). These subjects had overall lipids similar
to the previous group with TC 226 + 39 mg/dl (range
159-290 mg/dl), LDLC 151 + 32 mg/dl (range 85-198
mg/dl), and TG 179 + 96 mg/dl (range 76-506 mg/dl).

In Study II, cholesterol absorption was compared in
23 individuals using [?H]B-sitostero 1, and, on a different
occasion, [3H]B-sitostanol as nonabsorbable markers for
14C cholesterol absorption. Comparisons are presented
in Table 1 and the correlation between the two estimates
of absorption is illustrated in Fig. 2. Overall, there was
no consistent difference in absorption as measured by
the two methods. Variability was greater in individuals
who absorbed more than 40% of cholesterol, but even
in these patients, cholesterol absorption measured by
the two methods was similar. Three of 23 subjects
showed a statistically significant difference in choles-
terol absorption using B-sitosterol compared to p-sito-

stanol (subjects number 8, 9, and 15). There was no
consistent pattern to these differences. Overall, the
correlation between the two cholesterol absorption
methods on D4-6 was r=0.76, P < 0.0001. When results
from all available days were used (D2-6), the correlation
was r = 0.83, P < 0.0001. Cholesterol loss on D2 as
estimated from use of B-sitostanol as a nonabsorbable
marker was predictive of absorption using isotope ratios
of B-sitosterol and cholesterol from D4-6 (r = 0.80, P <
0.0001, n = 17). D2 cholesterol loss estimated from use
of B-sitosterol as a nonabsorbable marker correlated less
well with the published method (r = 0.56, P < 0.02, n =
18) as previously suggested (6).

Availability of two highly correlated indices of choles-
terol absorption allowed us to derive a stable estimate
of cholesterol absorption from the 23 individuals. No
association was observed between per cent cholesterol
absorption and age, or plasma TC or LDLC; statistically
significant (negative) associations were found between
cholesterol absorption and BMI (r =-0.46, P < 0.03) and
plasma TG (r = -0.60, P < 0.003).

TABLE 1. Percent cholesterol absorption (mean 1 SD) by phytosterol marker for individual participants in cholesterol absorption
comparison (Study II)

Subject B-Sitosterol B-Sitostanol P Value®

1 3745 3619 0.932

2 3414 2514 0.085
3 5218 5949 0.439
4 3612 3147 0.425
5 2416 2745 0.574
6 4210 4119 0.924
7 4513 42+2 0.317
8 4511 5615 0.046
9 52+1 3615 0.039
10 58+4 4312 0.069
11 59+3 62+1 0.159
12 40+1 44+4 0.165
13 59+7 6013 . 0.808
14 4612 4612 0.999
15 7243 54+3 0.014
16 4516 4443 0.844
17 5819 59+8 0.910
18 3612 42+4 0.328
19 38+1 41+1 0.732
20 3618 4315 0.457
21 3415 35+13 0.925
22 42+3 3745 0.259
23 4312 4112 0.944
All subjects 4511 44110 0.404

sSignificance level by Student’s t-test.

Journal of Lipid Research Volume 36, 1995 Note on Methbdblogy 2269

2T0Z ‘2T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

B-sitostanol

B-sitosterol

Fig. 2. Percent cholesterol absorption (days 4-6) measured twice in
the same 23 individuals using p-sitosterol compared to p-sitostanol as
nonabsorbable marker. Solid line, best fit line (equation: y = 0.729x +
10.832); dashed line, line of identity.

DISCUSSION

Several methods have been proposed for measuring
cholesterol absorption. The most commonly used of
these at present include the Zilversmit method (3) that
involves simultaneous intravenous and oral administra-
tion of radiolabeled cholesterol (4), the fecal isotope
ratio method that involves single dosing of individuals
with radiolabeled cholesterol and B-sitosterol with com-
plete fecal collections for 7-10 days thereafter (5), and
the continuous oral isotope feeding ratio method that
involves continuous dosing over 7 days with radiola-
beled cholesterol and B-sitosterol and collection of cas-
ual aliquots of stool for analysis (6).

The advantage of the Zilversmit method (3) is its ease
of accomplishment, requiring only sampling of plasma
after administration of isotope for quantification of
cholesterol absorption. The disadvantage of the
method, as well as of the single dose ratio method, is
that it measures only the cholesterol absorption of the
meal with which it is fed. The only method that permits
quantification of cholesterol absorption over several
days and that provides a mean and standard deviation
for cholesterol absorption over that period of time is the
continuous isotope feeding method. This method also
has an advantage over the single dose isotope ratio
method in that casual (not complete) stool collections
adequately quantify cholesterol absorption.

A theoretical limitation of the methods using radiola-
beled P-sitosterol is the potential for its absorption.

Little is known about the variability of B-sitosterol ab-
sorption in the population. Approximately 5% of B-si-
tosterol is thought to be absorbed (7, 8), but certain
individuals have been identified who absorb up to 30%
of the B-sitosterol in their diets (9). Wide variability
among individuals in absorption of B-sitosterol might
theoretically prevent accurate measurement of choles-
terol absorption. Because only 40-60% of cholesterol is
absorbed, small differences in absorption of the “non-
absorbable” marker could lead to larger differences in
apparent cholesterol absorption. To the extent that
B-sitosterol is absorbed, apparent absorption of choles-
terol would be less than “true” percent absorption.

p-Sitostanol is recognized as a nonabsorbable phy-
tosterol (10) and has been used as a nonabsorbable
marker in one study in which stable isotopes were fed
and fecal collections were obtained (16). The latter
method requires isolation and analysis of individual
sterols and their metabolites from stool. Use of radiola-
beled P-sitostanol as a nonabsorbable marker for choles-
terol absorption is attractive as ) it is not absorbed; and
2) complex analysis of stool is not necessary for its
quantification.

Accordingly, these studies were initiated to compare
B-sitosterol and P-sitostanol with one another for their
utility as nonabsorbable markers for cholesterol absorp-
tion. In Study I we observed a differential loss of B-si-
tosterol from the stool compared to B-sitostanol on the
first day and extending in some patients to the second
day of administration. By the 3rd to 4th day, the isotope
ratio in the stool was very similar to that fed, suggesting
that in most patients B-sitosterol should be a valid non-
absorbable marker for cholesterol absorption after at
least 4 days of isotope feeding. The mechanism for the
differential loss of B-sitosterol on day 1 is unclear. There
are two possibilities. First, 3-sitosterol may exchange
with sterol in mucosal cells to a different extent than
B-sitostanol and may be lost from the lumen through
this mechanism and not appear in the stool until the
second or third day of B-sitosterol feeding. Second,
B-sitosterol may be absorbed and resecreted very rap-
idly. The latter is possible in view of the relatively rapid
turnover of intravenously administered B-sitosterol as
described by Salen, Ahrens, and Grundy (7).

When we quantified absorption of cholesterol
through use of B-sitosterol, and, separately, B-sitostanol
as nonabsorbable markers, we could show no marked
differences between the two isotopes. Although for
most subjects cholesterol absorption estimated by the
two markers was comparable, eleven individuals had
higher apparent absorption with B-sitostanol as the non-
absorbable marker (statistically significant in one indi-
vidual) and five individuals had higher apparent absorp-
tion with P-sitosterol (statistically significant in two
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individuals). No consistent pattern of difference was
observed between cholesterol absorption measured by
either nonabsorbable marker when comparing results
from days 4-6. Overall, the difference in cholesterol
absorption measured by B-sitosterol and f-sitostanol
(mean %-difference 0.4% * 21.1%) in the present study
was similar to that expected for absorption studies
separated by 1 month using the same nonabsorbable
isotopic marker (2.8% + 14.2% using [3H]B-sitosterol)
(15).

Despite their similar overall results for cholesterol
absorption, apparent differences exist between B-si-
tosterol and P-sitostanol. Cholesterol absorption esti-
mated by isotopic B-sitostanol on day 2 was more reflec-
tive of that measured on days 4-6 than was cholesterol
absorption as estimated by isotopic B-sitosterol itself on
day 2 (r = 0.80 versus 0.56, respectively). This observa-
tion, along with the findings of Study I, confirms the
notion that isotopic P-sitosterol is only valid as a choles-
terol absorption marker after several days of feeding to
allow equilibrium in the intestine (6).

In summary, these data support the continued use of
B-sitosterol as a nonabsorbable marker for cholesterol
absorption. On the other hand it is evident that there
are differences in the metabolism of B-sitosterol and
B-sitostanol, particularly on the first day of feeding, and
uncommon individual patients have previously been
shown to absorb B-sitosterol (9). For this reason, we
believe that it is also valid to use B-sitostanol as a nonab-
sorbable marker for cholesterol absorption Bl
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