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Abstract Absorption of dietary cholesterol, campesterol,
and sitosterol, cholesterol balance, and fecal excretion of
plant sterols were determined in three unrelated patients
with phytosterolemia and three healthy volunteers during
constant intake of cholesterol and plant sterols using accurate
gas-liquid chromatography-mass spectrometry techniques.
Each subject received a mixture of [26,26,26,27,27,27-
2Hg]cholesterol, [6,7,7-2Hs]sitostanol, and [6,7,7-2Hs]cam-
pesterol together with two non-absorbable markers,
[5,6,22,23-2Hy]sitostanol and chromic oxide. Feces were col-
lected from days 5 to 7 and absorption of different sterols was
calculated from the intestinal disappearance of the different
sterols relative to [5,6,22,23-2Hy]sitostanol and chromic ox-
ide. The results obtained by the two markers were not differ-
ent and the absorption of cholesterol averaged 53 + 4% for
the patients (mean + SD) and 43 t 3% for the volunteers.
Campesterol absorption averaged 24 + 4% in patients and 16
+ 3% in healthy volunteers, whereas sitosterol absorption
averaged 16 + 1% and 5 £ 1%, respectively. Cholesterol syn-
thesis expressed by body weight varied considerably in the
two groups but appeared to be about 5 times lower in patients
than in controls. Administration of a high dose of sitostanol
(0.5 g ti.d.) to two patients was followed by a reduction in
cholesterol absorption by 24% and 44%, an increase in fecal
output of cholesterol and steroids derived from cholesterol
and plant steroids, and a marked reduction of serum choles-
terol, campesterol, and sitosterol. Under the conditions used,
inhibition of cholesterol absorption by sitostanol was not
followed by a significant rise in cholesterol synthesis. The
time of observation was, however, too short to allow final
conclusion on this. B The results show that the absolute
difference in absorption rate of different sterols between the
patients and healthy volunteers was about the same. As a
consequence, increasing hydrophobicity causes a relative de-
crease of absorption rates. Thus, patients with phy-
tosterolemia seem to have a generally increased absorption of
sterols rather than a loss of a specific discriminatory mecha-
nism, and oral administration of sitostanol seems to be an
interesting new approach for treatment of phytostero-
lemia.—Liitjohann, D., 1. Bjorkhem, U. F. Beil, and K. von
Bergmann. Sterol absorption and sterol balance in phy-

tosterolemia evaluated by deuterium-labeled sterols: effect of
sitostanol treatment. J. Lipid Res. 1995. 36: 1763-1773.
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Phytosterolemia, a rare inherited sterol storage dis-
ease, was first described in 1974 (1). This disease is
characterized by tendon and tuberous xanthomas and
by a strong predisposition to premature coronary
atherosclerosis (for a review see ref. 2), Increased
amounts of phytosterols (plant sterols), such as si-
tosterol and campesterol as well as the corresponding
bo-stanols, are found in blood, plasma, erythrocytes,
and different tissues, especially in the xanthomas and
arteries of the affected subjects. Elevated circulating
levels of cholesterol and cholestanol are also found in
many patients. Increased intestinal absorption of choles-
terol, sitosterol, as well as shellfish sterols has been
documented in same cases (3-6). According to some
studies there is a reduced biliary output of cholesterol,
phytosterols, and shelifish sterols (5-7). In addition, the
rate of cholesterol synthesis is markedly reduced in
patients with phytosterolemia (5, 8-10). The role of the
intestinal hyperabsorption of sterols in this metabolic
disorder has not been studied systematically for at least

Abbreviations: GLC-MS, gas-liquid chromatography-mass
spectrometry; CrsOs, chromic oxide; SIM, selective ion monitoring;
TMSi-, trimethylsilyl; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme
A; ACAT, acyl-CoA:cholesterol acyltransferase.
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two reasons. First, phytosterolemia is an extremely rare
disease, and second, existing methods for the measure-
ment of sterol absorption are usually performed with
radioactive labeled tracers. One recent approach for
estimating sterol absorption was the introduction of
deuterium-labeled tracers and the quantification of
these stable isotopes by combined gas-liquid chroma-
tography-mass spectrometry (GLC-MS) (11). In the
present work we have synthesized deuterium-labeled
campesterol and sitosterol and used them for measure-
ment of absorption of plant sterols in patients with
phytosterolemia.

Previous therapeutic approaches for the treatment of
elevated serum plant sterols and cholesterol concentra-
tions in phytosterolemia focused on interruption of the
enterohepatic circulation of bile acids by cholestyr-
amine or ileal bypass surgery (3, 5, 12-15). Neomycin
administration to reduce intestinal sterol absorption
failed to affect serum sterol concentrations in one phy-
tosterolemic subject (5). Recent studies from our group
have shown that oral administration of sitostanol in
children with severe familial hypercholesterolemia
causes a reduction in plant sterol concentration that is
more pronounced than reduction of serum cholesterol:
sitostanol obviously interferes not only with cholesterol
absorption, but also with plant sterol absorption (16).
As sitostanol is not significantly absorbed in human
subjects (17, 18), an attempt was made here to treat
phytosterolemic patients with this saturated plant sterol.

METHODS

Human subjects

Three unrelated patients with phytosterolemia, pa-
tient 1 (P 1), 48 years old, weight 70 kg, male; P 2, 23
yrs, 75 kg, male; and P 3, 19 yrs, 46 kg, female, partici-
pated in the study. Three healthy male volunteers, V 1,
35 yrs, 94 kg; V 2, 27 yrs, 60 kg; and V 3, 29 yrs, 71 kg,
served as controls.

Experimental design

Absorption rates of cholesterol, campesterol, and si-
tosterol together with fecal excretion of neutral and
acidic steroids were measured in the patients and
healthy volunteers. For this purpose, all subjects were
kept for 1 week under metabolic ward conditions and
consumed an isocaloric mixed food diet containing 55%
carbohydrate, 30% fat, and 15% protein. GLC analysis
of dietary steroid content revealed an average intake of
255 mg/day of cholesterol, 27 mg/day of campesterol,
and 145 mg/day of sitosterol. Each subject received a
mixture of 3 mg [26,26,26,27,27,27-Helcholesterol, 3
mg [6,7,7-2Hs]sitosterol, and 2 mg [6,7,7-?Hsjcam-
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pesterol t.i.d. for 7 days together with two different fecal
markers. The first marker was [?Hg]sitostanol (3 mg
tid.), the second was chromic oxide (CryOs, 60 mg
tid.). Total daily feces were collected before marker
administration and on days 5, 6, and 7, the exact weight
was noted, and the material was immediately frozen at
-20°C. All subjects had daily bowel movement. Serum
samples were taken on day 0, and days 5 and 7.

Two patients with phytosterolemia (patients 2 and 3)
agreed to treatment with sitostanol for 4 weeks. Sito-
stanol treatment was performed at home and 0.5 g t.i.d.
was administered in gelatin capsules. The daily choles-
terol intake during the last week of treatment was calcu-
lated from a 7-day food diary by a commercial computer
program (19). No standard diet was given, both subjects
were on their regular, mixed solid-food diet. The aver-
age cholesterol intake was 315 mg/day for patient 2, and
270 mg/day for patient 3. During the last week, fecal
excretion of neutral and acidic steroids and cholesterol
absorption were determined as described previously
(11, 19). Serum samples for GLC analysis of steroids
were collected on days 0, 14, and 28.

The study was in accordance with the principles of the
Helsinki Declaration, the research protocol was ap-
proved by the local ethics committee, and all subjects
gave informed consent.

Chemicals

Unlabeled compounds. 50-Cholestane was purchased
from Serva Feinbiochemica, Heidelberg, Germany; co-
prostanol and coprostanone from Steraloid Incorpora-
tion, Wilton, NH; cholesterol, sitosterol, and hyodeoxy-
cholic acid from Sigma Chemical Corporation, St.
Louis, MO; and sitostanol from Delalande Arzneimittel,

" Koln, Germany. The purity of the sterols was checked

by thin-layer chromatography (TLC) and GLC-MS. Pu-
rity was better than 98%, except for sitostanol, which
contained 8% of campestanol, and for sitosterol with
40% campesterol. 24-Ethyl-/methylcoprostanol and 24-
ethyl-/methylcoprostanone were synthesized from 24-
ethyl-/methylcholesterol (sitosterol/campesterol) in
two steps. Oppenauer-oxidation using aluminium-terti-
ary-butoxide (Fluka Chemie AG, Buchs, Switzerland) in
dried toluene/acetone led to the corresponding 4-
cholesten-3-one products (20). Further reduction by hy-
drogen gas with platinum-IV-oxide as a catalyst yielded
a mixture of 24-ethyl-/methylcoprostanol and -copro-
stanone. Coprostanols and coprostanones were sepa-
rated by TLC and the purity of the substances was
judged by combined GLC-MS as their trimethylsilyl-
(TMSi-)ethers. All other chemicals and solvents used for
sample preparation and derivatization were of grade
recommended in the literature. Chromic oxide (CroOs)
was supplied by Merck, Darmstadt, Germany.
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Labeled compounds. [26,26,26,27,27,27-Hg|cholesterol
and [5,6,22,23-2HJsitostanol were obtained from Medi-
cal Isotopes Incorporation, Concord, NH. Isotopic pu-
rity for [2Hg]cholesterol was higher than 88% and con-
tained less than 0.1% unlabeled compound. The
isotopic purity for [2Hylsitostanol was 30% and con-
tained 5% of unlabeled compound. [6,7,7-2Hs]sitosterol
and [6,7,7-2Hs]campesterol were synthesized by a modi-
fication of a method published by Corey and Gregoriou
(21) and Anagnostopoulos and Fieser (22). GLC-MS
analysis of the products, corrected for natural abun-
dance (23), showed an isotopic distribution pattern with
2.63% on M*l, 24.19% on M*2, 67.38% on M*3, and
1.34% on M** for {[6,7,7-2Hgs]sitosterol and {6,7,7-
2Hs]campesterol, respectively.

Deuterated capsules. We dissolved a mixture (1:1:1.5;
w/w/w) of [?Hg]cholesterol, [?Hglsitostanol, and
[2Hj3]sitosterol/ campesterol (60/40; w/w) in a common
commercial plant oil with a plant sterol content lower
than all other similar preparations by gently heating and
stirring. After complete dissolution, 0.4 ml (containing
3 mg each of [2Hg]cholesterol, [?Hgjsitostanol, and
[2H3]sitosterol, 2 mg of {2Hs]campesterol, and 30 mg of
sitostanol) was added to gelatin capsules. These capsules
dissolved in the stomach, where the content was re-
leased. The capsules were kept at +4°C until use.

Analytical methods

Serum lipid analysis. Serum total steroids and
triglycerides were measured enzymatically (24, 25),
HDL-steroids were measured enzymatically in the super-
natant after precipitation of apolipoprotein B- contain-
ing lipoproteins (26), and LDL-steroids were calculated
using the Friedewald formula (27).

Analysis of dietary sterols. An exact dietary plan was
worked out, containing the amounts of each food com-
pound consumed (weight or volume). In a first study,
exactly one tenth of each food compound together with
an aliquot of the capsule content (120 ) were pooled
within a day. This mixture was homogenized with water
(1:1, w/w), an aliquot of 50 mg was taken, and after
addition of 50 pg ba-cholestane as internal standard
(ISTD), the sample was hydrolyzed at 67°C by adding 1
ml 1 N NaOH in 90% ethanol. The neutral sterols were
extracted three times with 3 ml n-hexane and after
removal of the solvent under a gentle stream of dried
nitrogen at 50°C the sterols were converted to trimethyl-
silyl- (TMSi-)ethers by treatment with 1 ml pyridine-hex-
amethyldisilazane-trimethylchlorosilane 3:2:1 (v/v/v)
at 60°C for 30 min. After removal of the silylating
reagents under a nitrogen stream, the residue was dis-
solved in 1 ml n-hexane and transferred to an autosam-
pler vial. Gas-liquid chromatography was performed on
a Hewlett-Packard (HP) 5890 gas chromatograph

equipped with an SE 30 capillary column (25 m x 0.32
mm, 0.25 um phase thickness; Fa. Chromatographie
Service, Langerwehe, Germany) connected with a 2-m
deactivated, uncoated pre-column (0.53 mm inner di-
ameter). An on-column injection technique was used
followed by flame ionization detection. The oven tem-
perature program was as follows: 150°C for 3 min,
30°C/min to 250°C, then 5°C/min to 280°C, where the
temperature was kept for 5 min. Hydrogen was used as
carrier gas with an inlet pressure of 15 psi. The retention
times (minutes) for the different sterols were: bo-
cholestane (ISTD), 13.15; cholesterol, 16.80; cam-
pesterol, 18.70; sitosterol 20.65. Peak area integration
was done by an HP 3396 A integrator. Concentrations
of different steroids were calculated from standard
curves prepared from the appropriate compounds.

Cholesterol and non-cholesterol steroids in serum

Fifty pl serum was hydrolyzed, extracted, and silylated
as described above after addition of 50 ug 5o-cholestane.
GLC analysis was performed on the same system as
described previously and the retention times (min) of
the interesting serum sterols were: bo-cholestane
(ISTD), 13.15; cholesterol, 16.80; cholestanol, 16.97;
desmosterol, 17.56; lathosterol, 17.80; campesterol,
18.73, campestanol 18.93; stigmasterol 19.33; sitosterol,
20.62; sitostanol 20.89; avenasterol, 21.02. Peak area
integration was done by an Spectra Physics (SP 4290)
integrator, Spectra Physics, San Jose, CA.

Preparation of fecal samples

Total fecal samples from days 0, 5, 6, and 7 were
homogenized with distilled water (1:1), and exactly one
tenth (weight) was kept frozen for further analysis of
neutral and deuterated neutral and acidic steroids, and
chromium (19), and for calculation of fecal excretion of
neutral and acidic steroids, and sterol absorption (11,
19). Fifty ug ba-cholestane and 50 pug hyodeoxycholic
acid were added to an aliquot (exactly weighed, in the
range between 90 and 110 mg) of the homogenate as
internal standards for neutral and acidic steroids, re-
spectively. Hydrolysis, extraction, and silylation of fecal
neutral steroids were the same as described above for
serum and dietary neutral steroids. The aqueous phase
of the sample, containing the bile acids, was acidified
with 25% HCI to a pH lower than 1.5, and the acidic
steroids were extracted three times with 3 ml diethyl
ether. The combined ether phases were evaporated to
dryness under nitrogen. Methylation was performed by
adding 2 ml dried methanol, 1.4 ml dimethoxypropane,
and 20 pl concentrated HCI. The samples were mixed
thoroughly and allowed to stand at room temperature
for at least 1 h. After evaporation to dryness the
methylester of the bile acids was additionally derivatized

Liitjohann et al. Sterol absorption in phytosterolemia 1765

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

to TMSi-ethers as described above. Two ml of n-hexane
was added, and after centrifugation 1 ul was transferred
to an autosampler vial.

Gas-liquid chromatographic analysis of neutral and
acidic steroids

Fecal neutral and acidic steroids were analyzed with
the same GLC equipment as described abave. The fol-
lowing neutral steroids were used for calculation of fecal
excretion after separation (min) on the column: 5a-
cholestane, 13.15; coprostanol, 15.40; coprostanone,
16.30; cholesterol, 16.80; methylcoprostanol, 17.01;
methylcoprostanone, 17.87; ethylcoprostanol 18.56;
campesterol 18.73, ethylcoprostanone, 19.95; sitosterol,
20.65; sitostanol, 20.90.

For optimal separation of the relevant acidic com-
pounds, the following temperature program was used:
3 min at 150°C, 30°C/min to 240°C (15 min), then 3°C
to a final temperature of 270°C; inlet pressure 15 psi.
The main acidic steroids were separated and had the
following retention times: isolithocholic acid, 25.61; Ii-
thocholic acid 25.90; isochenodeoxycholic acid 25.99;
isodeoxycholic acid 27.55, deoxycholic acid, 27.67; che-
nodeoxycholic acid 28.58; cholic acid, 28.82; hyodeoxy-
cholic acid (ISTD), 29.05; ursodeoxycholic acid 29.70;
7-ketolithocholic acid, 30.71.

Quantification and calculation of neutral and acidic
steroid excretion using chromic oxide or
[?HyJsitostanol as fecal marker

Chromium was determined according to Calvert with
some modifications (28). The concentration of [2H,]si-
tostanol was determined by a combination of GLC and
GLC-MS. We carried out measurements of concentra-
tions of natural TMSi-ethers of cholesterol, sitosterot,
and campesterol together with their corresponding 5p-
stanols (coprostanol) and 5B-stanones {coprostanone)
and sitostanol by GLC using 5o-cholestane as internal
standard. The absolute concentration of [?Ha]sitostanol
was calculated by the percental distribution pattern on
M*¢ calculated by GLC-MS, as described in the next
paragraph, and the daily neutral and acidic steroid
excretion finally calculated according to the following
equation:

Neutral / acidic steroids (mg / day) =
Neutral / acidic steroids (mg / g sample)
Cr (mg / g sample} or [2H4]sitostanol (mg / g sample)

x Cr or [2H, kitostanol {mg / day)

Gas-liquid chromatography-mass spectrometry

The absorption of cholesterol, campesterol, and si-
tosterol was calculated after GLC and GLC-MS quanti-
fication of natural and deuterated cholesterol, copro-
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stanol, coprostanone, campesterol, methylcoprostanol,
methylcoprostanone, sitosterol, ethylcoprostanol, and
ethylcoprostanone, and deuterated sitostanol as
marker. GLC-MS was performed on a Hewlett-Packard
(HP 5970) quadrupole type mass spectrometer with an
HP 5890 gas chromatograph and an HP 7698 A auto-
matic sample injector. The steroids were separated on
an HP 1 dimethylsilicone capillary column (12 m x 0.2
mm, 0.25 um phase thickness). Helium was used as
carrier gas with a column head pressure of 35 kPa. A
splitless type of injection system was used. One pl of the
sample was injected. The injector temperature was
270°C. The oven temperature was set to an initial value
of 180°C during 1.5 min after sample injection and then
increased at a rate of 19°C/min to a final temperature
of 300°C and immediately raised again with a rate of
10°C/min to a final temperature of 300°C, where the
temperature was kept constant for 8.5 min. Electron
impact ionization was applied with 70 eV of ionizing
energy. The mass spectrometer was operated in the
selective ion monitoring (SIM) mode and several ions of
the same steroid were detected within a short time
interval, corresponding to the degree of labeling of the
sterol. The selected ions were monitored at least 20
scans as a minimum sampled over the peak of the eluting
compound. The ions used for analysis (m/z) and acqui-
sition time intervals (minutes) for the compounds were
as follows: coprostanol: [?Hg]coprostanol, 370-376,
10.20-10.40 min; coprostanone: [2Hglcoprostanone,
386-392, 10.40-10.75 min; cholesterol: [2Hg]choles-
terol, 458-464, 10.75~11.10 min; methylcoprostanol:
[?Hsz]methylcoprostanol, 384-387, 11.10-11.50 min;
methylcoprostanone: [?Hz}methylcoprostanone, 400-
403, 11.50-11.85 min; ethylcoprostanol: [?Hs}ethylco-
prostanol, 398-401, 11.85-12.00 min; campesterol:
[2Hs)campesterol, 472-475, 12.00-12.45 min; ethylco-
prostanone: [?Hs]ethylcoprostanone, 414-417,
12.45-12.80 min; sitosterol: [2Hs]sitosterol, 486-489,
12.80-18.00 min; sitostanol: [2H4]sitostanol, 488-492,
13.00-13.15 min. The electron ionization energy was 70
eV. Mass spectra of all steroids (TMSi-ethers of 3B-hy-
droxy steroids) were obtained by scanning between 100
and 500 m/z.

Calculation of sterol absorption

The absorption rates of the different sterols were
calculated from the constant ratio of deuterated choles-
terol, campesterol, and sitosterol to the orally adminis-
tered [?Hy]sitostanol or chromic oxide and their disap-
pearance during intestinal transit relative to the
non-absorbable markers ([2H4]sitostanol or chromic ox-
ide). For this purpose the amounts (areas) of natural and
deuterated sterols (M*, M*!, M*2, ._M**) and their corre-
sponding metabolites (coprostanols and copro-
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stanones) were measured by GLC-MS. With the use of
%-isotopic distribution the amount of deuterated ster-
oids could be quantified from the amounts, quantitated
before by GLC of the same sample. The values obtained
for days 5, 6, and 7 were finally corrected for the natural
isotopic abundance on M** for unlabeled steroids on day
0, before administration of the markers. Results ob-
tained by these measurements were then used for the
calculation of sterol absorption rates using [2HgJsito-
stanol or chromic oxide as non-absorbable markers. The
following equation was applied:

fecal As+B3+Cps
marker D,

dietary —— 213
marker D),

% absorption of $,_3 = 100x|1—- Eq.1)

where S; = cholesterol, S2 = campesterol (24-methyl-
cholesterol), S = sitosterol (24-ethylcholesterol); and A
to D are the concentrations of: A; = [2Hg]cholesterol, By
= [2Hg]coprostanol, C; = [2Hs]coprostanone; Ag =
[2Hs]campesterol, Be = [?Hs]methylcoprostanol, Cg =
[2Hg]methylcoprostanone; As = [?Hs]sitosterol, Bs
[2Hs]ethylcoprostanol, Cs = [?Hslethylcoprostanone; D1
= [2H4]sitostanol, D3 = Cr90s.

Statistical analysis

We expressed our results as mean * standard devia-
tion (SD) using an IBM computer model PS/2-80 with
statistical software SPSS*. When not otherwise men-
tioned, the Student’s #test for unpaired observations
was used.

RESULTS

Serum lipoproteins

In Table 1 serum lipoproteins for patients and volun-
teers are given. The concentrations of serum lipids were

TABLE 1. Serum lipoproteins in three patients with
phytosterolemia (P) and three normolipemic,
healthy volunteers (V)

Subject  Total Steroids  Triglycerides ~ LDL Steroids ~ HDL Steroids
mg/dl (mean + SD)

P1 218+ 7 849 166 + 7 35+1
P2 385 + 60 121+ 81 311 £ 47 50 +4
P3 247+ 8 189 + 66 155+ 17 5615
vi 186 £ 12 50+7 100t 6 58+4
V2 174+ 6 463 83 +4 79+ 2
V3 1393 57+2 50+3 81+3

The concentrations of ail steroid fractions were performed enzy-
matically and reflect the sum of all steroids. Results represent the
mean of three measurements during 1 week.

very constant during a week, and no tendencies could
be seen. Patients with phytosterolemia had higher con-
centrations of total stercids, LDL steroids, and
triglycerides, but lower levels of HDL steroids. Plasma
LDL/HDL ratio averaged 4.6 in the patients and was 4.2
times higher than in controls.

Serum sterols

Results of GLC analysis of serum sterols are summa-
rized in Table 2. Individual concentrations of plant
sterols showed a wide variation in patients, but the
percent of plant sterols was constant and averaged al-
most 20%. Of all plant sterols sitosterol had the highest
concentration in patients whereas campesterol was high-
est in volunteers. The ratio of sitosterol to campesterol
in patients was extremely constant (x = 1.73 £ 0.06). The
amounts of saturated plant sterols and of cholestanol
were also markedly increased in patients. It is of interest
to note that the ratios for different sterols between
patients and volunteers increased from 1.3 for choles-
terol to 34 for campesterol, to 118 for sitosterol. In
contrast to plant sterols, cholesterol precursors (des-
mosterol and lathosterol) were markedly lower in pa-
tients with phytosterolemia compared with the concen-
trations in healthy volunteers.

TABLE 2. Serum cholesterol and non-cholesterol steroids in three patients with phytosterolemia (P) and three normolipemic, healthy
volunteers (V) measured by gas-liquid chromatography

Subject  Cholesterol  Cholestanol Desmosterol Lathosterol Campesterol Campesianol Stigmasterol  Sitosterol Sitostanol  Avenasterol
mg/dl (mean + SD)
Pl 184+10 2121003 0.02:0.01 0.07+0.02 1293+0.02 153+0.13 1251003 22.10+0.61 2.66+0.07 3.84+0.11
P2 274136 4.94x0.06 0.02:0.01 0.03+0.01 24.10£0.26 3.90£0.20 1.93:0.05 42.4010.73 7.00+0.12 4.3910.068
P3 206 £9 1.90£0.03 0.03:0.01 0.02:0.01 10.90x0.27 1.63+0.16 1.02+0.03 20.5010.43 3.1510.07 3.98 + 0.08
Vi 2009 0141002 0.18:0.01 053+0.04 0.3810.04 n.d. 0.05+0.01 0.23 +£0.03 n.d. 0.05 + 0.02
V2 166 +10 0.07+0.01 011001 0.21x0.02 0.40+0.02 n.d. 0031001 0211002 n.d. 0.04 £ 0.03
V3 134+8 0.03+0.01 010+£0.01 0.17+0.01 0.63+0.01 nd. 0.0510.01 0.2910.01 n.d. 0.06 £ 0.02

Results represent the mean of three measurements during 1 week; n.d. = not detectable.
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Fecal sterol excretion of neutral and acidic steroids

The fecal recovery of chromic oxide and [2H,lsito-
stanol was not different between normal subjects and
patients with phytosterolemia and was over 96% for
both markers in all participants of the study. Therefore,
only minor differences in fecal excretion of neutral,
acidic, and plant steroids were found when calculated
by the two different markers and on the average there
was no difference in the results (Table 3). The relatively
small variations in fecal excretion of the steroids during
the last 3 days of the week seem to suggest that the
subjects were near a steady state. Fecal excretion of
cholesterol and steroids derived from cholesterol were
significantly (P < 0.05) lower in patients. Cholesterol
synthesis expressed per kg body weight appeared to be
5.3 times lower in patients (2.4 = 0.6 mg/kg x d~!) than
in controls (12.9 + 5.8 mg/kg x d-1). Due to the high
interindividual variation, this difference was not signifi-
cant from a statistical point of view (P> 0.05). Bile acid
synthesis was not significantly different in the two
groups (P> 0.05).

Sterol absorption

The absorption rates of cholesterol, campesterol, and
sitosterol are given in Table 4. As noted for fecal excre-
tion of steroids, we found minor differences in the
calculated absorption rate when using [?Hg4]sitostanol
and chromic oxide as markers with a tendency to lower
absorption rates using chromium as marker. Sterol ab-
sorption with use of [2H4]sitostanol has a potential to be
more accurate because the results are obtained from
simultaneous measurements on one sample only. With
chromic oxide as marker, separate samples of the same
aliquot must be used for analysis of deuterium-labeled
steroids and chromic oxide. Cholesterol absorption was
somewhat higher in patients, but still in the normal

range (11). As expected, absorption of plant sterols was
markedly higher in patients. Whereas cholesterol ab-
sorption was only about 1.2 times higher in patients than
in controls, campesterol and sitosterol absorption were
1.4 and 2.7 times higher, respectively.

Treatment with sitostanol

Administration of sitostanol (0.5 g t.i.d.) for 4 weeks
in patients 2 and 3 resulted in a reduction of cholesterol
absorption from 58% to 44% (-24%) and from 54% to
30% (-44%), respectively. The decrease in dietary cho-
lesterol absorption was followed not only by increased
fecal output of cholesterol and steroids derived from
cholesterol, but also by a marked increase in fecal excre-
tion of plant steroids (Table 5). There was only a minor
difference between cholesterol synthesis before and
after treatment with sitostanol (54 mg/day for patient 2
and 46 mg/day for patient 3). The reduction in choles-
terol absorption and probably also in plant sterol ab-
sorption resulted in a marked decline in all serum
sterols, except for campestanol and sitostanol (Table 6).
No marked differences could be seen between the re-
sults for desmosterol and lathosterol before and during
treatment with sitostanol.

DISCUSSION
Methodology

The methodology used during the present investiga-
tion has obvious merits in comparison to that used in
previous studies on sterol absorption. The deuterated
cholesterol, sitosterol, and campesterol should be ideal
markers for determination of the degree of absorption
in relation to the nonabsorbable markers. The ratio
between deuterated and nondeuterated steroids can be

TABLE 3. Results of fecal excretion of steroids derived from cholesterol, acidic steroids, plant steroids, and cholesterol synthesis in three
patients with phytosterolemia (P) and three normolipemic, healthy volunteers (V)

Cholesterol* Acidic Steroids

Subject A B¢ A B A

Cholesterol Synthesis

Campesterol? Sitosterol’

B A B A B

mg/day (mean + SD)
Pl 162 + 44 173+49 21843 231 + 47 125 + 47 149 £ 45 16+3 17+ 4 1099 101 £11
P2 244 £ 51 188+54 20719 261 + 13 196 + 42 194 + 38 157 145 104+3 11419
P3 129 + 28 111+13  259x54 224 + 26 133+ 44 81+18 11+£3 8+1 91+6 98+ 12
\'B 1130 £27 1243307 775109 880274 1651+85 186868 21+4 25+3 1427 138+ 4
V2 814 + 82 624+84 33070 253 + 43 889 + 76 623 + 84 19+3 23+ 6 138+ 9 1335
V3 405 + 98 373+72  305+57 278 + 33 456 + 95 397 £83 2312 21+1 134+ 3 1376

Each value represents the mean of 3 consecutive days.
aFecal excretion of “Cholesterol” is the sum of cholesterol, coprostanol, and coprostanone.
“Fecal excretion of “Campesterol” is the sum of campesterol, methylcoprostanol, and methylcoprostanone.
“Fecal excretion of “Sitosterol” is the sum of sitosterol, ethylcoprostanol, and ethylcoprostanone.
A = calculated by [?H,]sitostanol as fecal marker; B = calculated by chromic oxide as marker.
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TABLE 4. Comparison of cholesterol, campesterol, and sitosterol absorption in three patients (P) and
three normolipemic, healthy volunteers (V) calculated by two different methods (A, B)

Absorption
Cholesterol Campesterol Sitostosterol
Subject As Be A B A B
% (mean = SD)
P1 56 +4 47+ 4 29+5 2214 185 17+4
P2 588 512 26 + 4 18+7 16+2 164
P3 53+3 5311 25+3 26+3 151 152
Mean + SD 56+3 50+3 27+2 22+4 16+2 16%1
Vi 46 + 2 44 +2 1812 14+4 6£1 5%1
V2 451 39+5 19+2 156 61 5+2
V3 43+4 3Gzx3 194 12+3 5%3 4x1
Mean + SD 45+ 2 41+3 19+1 14+2 61 5+1
P<0.005 P <0.005 P <0.005

Values represent the mean of three measurements during 1 week.
2A = calculated by [2H,Jsitostanol as fecal marker; B = calculated by chromic oxide as marker.

measured with a very high degree of accuracy by com-
bined gas-liquid chromatography-mass spectrometry
(for a review, see ref. 29). The fact that the results
obtained with CreQs as a nonabsorbable marker were
similar to those obtained with deuterated sitostanol as
nonabsorbable marker demonstrates the reliability of
the method and indicates that sitostanol is not absorbed
to a significant degree in patients with phytosterolemia.
It should be pointed out that the degree of absorption
measured is restricted to the absorption of the specific
deuterated sterol species administered. The present
techniques for measuring the absorption rate of plant
sterols have the advantage of providing estimates of
absorption over several days, whereas previous studies
in patients with phytosterolemia only measured a single
dose of radioactive sitosterol and cholesterol (1, 3).

Degree of absorption of sterols in phytosterolemia

The present study has focused on discriminating be-
tween the absorption of different sterols (cholesterol,
campesterol, and sitosterol) in phytosterolemic patients
and normolipidemic controls. The absorption rates of
different sterols have only occasionally been performed
in humans. Using an intestinal perfusion method, our
laboratory has recently shown that increasing the side-
chain of cholesterol without altering the A5 double-bond
decreases the absorbability of sterols in humans (30).
Thus, the absorption of cholesterol is higher than that
of campesterol and absorption of campesterol is higher
than that of sitosterol. We confirmed these results here
with the deuterated sterols using two different nonab-
sorbable markers. The degree of absorption of cam-

TABLE 5. Fecal excretion of cholesterol and steroids derived from cholesterol, and plant steroids, and
cholesterol absorption in two patients with phytosterolemia before and after 1 month of sitostanol
administration (0.5 g t.i.d.)

Patient 2 Patient 3
Day Control Sitostanol Control Sitostanol
mean + SD

Cholesterol* [mg/ day] 244 £ 51 279+ 16 129 + 28 200 + 44
Acidic steroids [mg/day] 207 £ 19 287+ 14 259 t 54 249 + 32
Cholesterol intake [mg/day] 255 315 255 270
Cholesterol synthesis? [mg/day] 196 + 42 251+ 17 133 + 44 179 £ 87
Plant steroids [mg/day] 199+ 3 246 + 69 102+5 297 + 36
Cholesterol absorption [%] 58+ 8 44+3 54+3 30+7

Each value represents the mean of 3 consecutive days.
“Fecal excretion of “cholesterol” is the sum of cholesterol, coprostanol, and coprostanone.
#“Cholesterol synthesis” is the sum of “Cholesterol” and “Acidic steroids” minus “Cholesterol intake”.
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TABLE 6. Serum steroid concentrations in two patients with phytosterolemia during 1 month of treatment

with sitostanol (0.5 g t.i.d.)
Patients 2 Patients 3

Day 0 14 28 0 14 28
Cholesterol [mg/dl] 297 224 186 206 144 134
Cholestanol [mg/dl] 4.7 4.0 3.0 1.9 14 14

Ratio® 1.6 1.8 1.6 0.9 1.0 1.0
Campesterol [mg/dl] 34.7 26.0 21.9 10.9 9.1 8.2

Ratio 1L7 11.6 11.8 5.3 6.3 6.1
Campestanol [mg/dl] 3.8 3.4 3.2 1.6 1.8 1.9

Ratio 1.3 1.5 1.7 0.8 1.3 14
Sitosterol [mg/dl] 42.8 32.9 28.4 20.5 16.7 15.4

Ratio 14.4 14.7 15.3 10.0 11.6 115
Sitostanol [mg/di] 6.9 7.0 7.2 6.1 5.4 5.3

Ratio 2.3 3.1 38 3.0 3.9 4.0

«“Ratio” = (sterol [mg/dl]/ cholesterol [mg/dl] x 100).

pesterol in phytosterolemia has never been reported. As
expected, absorption of all sterols was significantly
higher in patients with phytosterolemia than in healthy
controls (P < 0.05). Most interesting, however, was the
fact that the absolute difference in absorption rates
between the phytosterolemic patients and the healthy
controls was about the same for each of the three sterols
measured. Whereas absorption of campesterol in phy-
tosterolemic patients was 1.7 times higher than the
absorption of sitosterol, the normal subjects had a 3.2
times higher absorption rate. This could explain why
serum campesterol concentrations in normal subjects
exceed concentrations of sitosterol, despite the lower
dietary intake, as well as the possibility that sterols could
have different biliary excretory potentials. This is not the
case in phytosterolemic subjects.

Under the conditions, and with the specific technique
used here, our phytosterolemic patients absorbed about
16% of the ingested sitosterol. Shulman et al. (4) meas-
ured an intestinal absorption of this sterol in the range
of 22-30% in one patient, and Miettinen (5) found an
absorption of 19% in his patient. Three patients were
reported by Salen et al. (3, 31) to absorb 28% and 68%
and 34%, respectively (3). To what extent the above
differences are dependent upon the methodology used
is, however, difficult to evaluate. In any case, cholesterol,
campesterol, and sitosterol absorption were very con-
stant in the three unrelated patients in the present study.

Circulating steroids

The pattern and levels of the different phytosterols in
the circulatory system of our patients were similar to
those previously reported (2, 32). In a group of 14
patients, the mean sitosterol level was reported to be 35
mg/dl with a range of 14 to 42 mg/dl (12). In our
patients, the levels varied between 21 and 42 mg/dl, and
averaged 28 mg/dl. The concentrations of the 5So-satu-
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rated derivatives were also present in levels similar to
those previously reported (12, 13, 33, 34). The mean
cholestanol level in the reported group of phy-
tosterolemic patients was 4.2 mg/dl, which is about
fortyfold higher than normal. Cholestanol levels in our
three patients varied between 1.9 and 4.9 mg/dl, and
averaged 3.0 mg/dl. About 50% of phytosterolemic
patients have been reported to have moderately higher
levels of serum cholesterol (32). Our three patients had
cholesterol levels from 184 to 274 mg/dl. The
LDL/HDL ratio averaged 4.6, indicating an elevated
atherogenic risk,

The levels of sitosterol in the serum of our phy-
tosterolemic patients were about 100-fold higher than
the corresponding levels in the healthy subjects. The
3-fold higher intestinal absorption of sitosterol in the
phytosterolemic patients can hardly explain this marked
difference. Thus, phytosterolemic patients must also
have a reduced secretion of all sterols from the liver into
the bile. Indeed, recent studies have shown that patients
with phytosterolemia have a sluggish turnover (3, 7, 31).
Such an inability for biliary excretion of sterols may be
directly linked to the basic metabolic defect or it may be
secondary to the high circulating levels of plant sterols
(85). Plant sterols in bile were not directly measured in
the present study. In the patient described by Miettinen
(5), the total secretion of sterols in bile was less than 50%
of controls. Low biliary concentrations of sitosterel,
resulting in low sitosterol to cholesterol ratios, have
been reported in several patients with phytosterolemia

(5-7).

Excretion of bile acids

The three patients that we studied with respect to bile
acid excretion into the feces seemed to have a slightly
reduced excretion (Table 3). This reduction was not
significant from a statistical point of view, however. In
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the patient described by Miettinen (5), bile acid excre-
tion was quantitatively normal or slightly higher than in
the controls. It has been shown that sitosterol depresses
the cholesterol 7o-hydroxylase activity in both rat and
human liver microsomes (36-38). In two patients with
phytosterolemia, the cholesterol 7a-hydroxylase activity
was reduced about 70% of controls.

Cholesterol synthesis

In a careful study by Nguyen et al. (9) it was calculated
that the overall cholesterol synthesis in phytosterolemic
patients was reduced to about 30-50% of controls. In
mononuclear leukocytes isolated from patients with
phytosterolemia, the HMG-CoA reductase activity was
reduced to about 30% of the control level and associated
with about 65% less enzyme protein than in control
preparations. The hepatic HMG-CoA reductase activity
was less than 20% in patients as compared to controls
(8, 9). The present work confirms previous reports that
cholesterol synthesis is reduced in phytosterolemia (5,
8-10). Cholesterol synthesis in the present study was
about 6-fold higher in the controls than in the phy-
tosterolemic patients. Serum lathosterol levels, which
have been shown to reflect HMG-CoA reductase activity
in humans (39), were about 10-fold higher in the con-
trols than in the phytosterolemic patients.

Therapeutic approaches to phytosterolemia

Patients with phytosterolemia should be treated with
a diet low in cholesterol and with the lowest possible
amount of plant sterols (7, 40, 41). Cholestyramine may
also be used in combination with the diet, as
cholestyramine causes a greater than expected reduc-
tion of plasma sterols (5, 12-14). A reduction of plasma
sterols could also be achieved by ileal bypass surgery (3,
12). Neomycin, which blocks cholesterol absorption, has
been suggested as an alternative to cholestyramine but
was administered to only one patient, with no obvious
therapeutic reduction in serum sterols (5). Previous
studies from our group have indicated that sitostanol is
not absorbed at all (11, 18, 19) and is, therefore, a very
powerful substance to reduce intestinal cholesterol ab-
sorption (16-18). Studies in children with severe familial
hypercholesterolemia treated with sitostanol showed a
27% reduction in serum cholesterol but a 50% reduction
in campesterol and sitosterol, probably by inhibition of
their absorption. These results prompted us to try sito-
stanol in patients with phytosterolemia to reduce the
evaluated plant sterol concentrations. Indeed, admini-
stration of sitostanol in a dose of 0.5 g t.i.d. was followed
by reduced cholesterol absorption, increased fecal out-
put of cholesterol and plant sterols, and a marked
reduction in serum sterols. To our surprise, the reduc-
tion in campesterol and sitosterol was of the same order

of magnitude as the reduction of cholesterol. During
treatment with sitostanol the two phytosterolemic pa-
tients seemed to be unable to increase their endogenous
cholesterol synthesis, confirmed by the fecal output of
the steroids derived from cholesterol. However, it is not
justified to make final conclusions, because of the short
duration of the treatment. '

Basic defect in phytosterolemia

The most obvious defects in phytosterolemia are the
increased intestinal absorption of neutral sterols con-
firmed for three sterols in the present study, the reduced
biliary secretion of phytosterols and cholesterol, and
probably a decreased synthesis of cholesterol. It is diffi-
cult to understand how a mutation in one specific
enzyme system can result in all these deficiencies. The
first two defects lead to a marked expansion of the pool
of sitosterol and other phytosterols. Nguyen et al. (9)
recently suggested that the primary metabolic defect in
phytosterolemia is inadequate cholesterol synthesis due
to reduced formation of HMG-CoA reductase followed
by hyperabsorption and retention of all sterols. Gregg
et al. (6) proposed that phytosterolemia results from a
general loss of discrimination between various sterols
for esterification (6). According to this hypothesis in-
creased mucosal esterification of sitosterol leads to in-
creased absorption, while increased esterification in the
liver prevents secretion of the sterol into the bile. There
is no evidence, however, of alteration in any specific
mucosal acyl-CoA:cholesterol acyltransferase (ACAT)
activity in this disease, and sitosterol does not stimulate
the ACAT reaction in macrophages (42). Thus, at the
present stage of knowledge, the basic defect in phy-
tosterolemia remains to be established. It seems evident
that more knowledge about the normal mechanism(s)
for the intestinal absorption and biliary excretion of
sterols must be acquired before this disease can be
explained at a molecular level. However, the inhibition
of sterol absorption by low dose of sitostanol to reduce
serum cholesterol and plant sterols seems effective and
merits further studies over a longer period of time. &
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