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Analysis of sterol composition in serum, liver, adipose tissue, adrenals, and abdominal aorta demonstrated that the contents

of plant sterols, campesterol and sitosterol, were evidently higher in WKY and stroke-prone spontaneously hypertensive

(SHRSP) rats than in Wistar and WKA rats fed a diet containing a 0.5% plant sterol mixture. Lymphatic 24-hour recovery of
3H-sitosterol was about 2-fold higher in the WKY and SHRSP rats than in the WKA rats. Lymphatic absorption of 14C-

cholesterol was also higher in WKY and SHRSP rats compared with WKA rats, but the difference was smaller than in the case

of sitosterol. The remarkable increase of sitosterol absorption in WKY and SHRSP rats was observed between 9 and 24 hours

after the administration. In SHRSP rats, lymphatic absorption of sitosterol between 0 and 3 hours was also higher than those

in the other rat strains. Markedly less esterified 3H-sitosterol was detected in lymph than 14C-cholesterol in all strains, and in

WKY and SHRSP rats, only a small increase in the esterified forms of sitosterol and cholesterol was observed. Although the

incorporation of micellar 3H-sitosterol and 14C-cholesterol into intestinal brush border membranes was higher in SHRSP rats

than in WKA rats, no difference was observed between WKY and WKA rats. These observations suggest that the incorpo-

ration into the brush border membranes and the esterification of sterols are not the major determinants for the hyperab-

sorption of sitosterol and cholesterol in SHRSP and WKY rats. Secretion of sitosterol and cholesterol in the bile of rats fed a

plant sterol mixture was lower in SHRSP than in WKA rats. These results suggest that WKY and SHRSP strains deposit plant

sterols in the body by enhancing the absorption and lowering the excretion of plant sterols. These strains of rats may be

suitable models for studying mechanisms of differential absorption of various sterols.

Copyright © 2001 by W.B. Saunders Company

I N ALMOST ALL animal models and humans, intestinal
absorption of plant sterols is undoubtedly low compared

with cholesterol.1,2 The mechanism underlying the discrimina-
tion of absorption of these sterols is an enigma yet to be
solved.3 Our previous study suggested a possibility that the low
absorbability of sitosterol may be due to the high affinity for
bile salt micelles and hence, a release of sitosterol as a mono-
mer from the micelles and the incorporation into intestinal
brush border membranes are less efficient.3 However, it is
known that phytosterolemic patients who deposit plant sterols
in their body absorb plant sterols more efficiently than normal
subjects.4,5 Because phytosterolemia is a rare inherited disease,
it is assumed that carrier proteins are involved in the hypera-
bsorption of plant sterols. Although gene defects in 10 families
with phytosterolemia were localized to chromosome 2p21,6 no
candidate genes were found in this region and hence, mecha-
nisms underlying the high absorbability of plant sterols in these
patients have not yet been elucidated. The reason for this
uncertainty is attributed to a lack of an appropriate animal
model for this issue. We report here that the 3 strains of WKY,
spontaneously hypertensive (SHR) and stroke-prone spontane-
ously hypertensive (SHRSP) rats, can deposit plant sterols to a
significant extent as compared with Wistar and WKA rats. The
SHRSP strain was genetically separated from the SHR strain,7

which was originated from the WKY strain.8 To elucidate
causes underlying the deposition of plant sterols in these rat
strains, the lymphatic absorption and the incorporation into
intestinal brush border membranes of plant sterols were exam-
ined. It has been reported that the secretion of plant sterols in
bile in sitosterolemic patients is less efficient than that in
normal subjects.4 This may be another reason for the high
deposition of plant sterols in their body. Therefore, biliary
excretion of sterols was also measured in SHRSP and WKA
rats.

MATERIALS AND METHODS

Materials

[22,23(n)-3H] Sitosterol (specific activity 814 GBq/mmol, Amer-
sham, Buckinghamshire, England) was kindly provided from Kao Co,
Tokyo, Japan; [4-14C]cholesterol (55 mCi/mmol) was purchased from
Amersham.

Feeding Study of Plant Sterols

Groups of 9-week-old male WKY (WKY/NCrj, inbred, SPF, Charles
River Japan, Kanagawa, Japan), SHRSP (SHRSP/Sea, inbred, SPF,
Seac Yoshitomi, Fukuoka, Japan), Wistar (Sea: Wistar, outbred, SPF,
Seac Yoshitomi) and WKA (WKA/Sea, inbred, SPF, Seac Yoshitomi)
rats were fed a purified diet (AIN-93G)9 containing 10% safflower oil
and 0.5% plant sterol mixture (Merck, Darmstadt, Germany) for 2
weeks. The composition of the sterol preparation was in weight per-
cent, sitosterol, 54.9; stigmasterol, 3.9; campesterol, 37.6; campestanol,
0.4; and sitostanol, 1.5. The chemical structure of some plant sterols is
shown in Fig 1. At the termination of the feeding period, rats were
fasted for 7 hours, and blood was then withdrawn from the abdominal
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aorta under diethyl ether anesthesia and it was centrifuged to obtain
serum. Liver, adrenals, adipose tissue, aorta, and brain were also
excised and frozen at240°C until analysis. Kyushu University Animal
Policy and Welfare Committee approved all aspects of our animal
studies.

Lymphatic Absorption of Sitosterol and Cholesterol

Nine-week-old WKA, WKY, and SHRSP rats were fed a commer-
cial chow for 1 week until the operation. The left thoracic lymphatic
duct cephalad to the cisterna chyli of these rats was cannulated as
described previously.10 Average body weights (mean6 SE) were
332 6 4, 2786 2, and 2346 3 g in WKA, WKY, and SHRSP rats,
respectively. A second indwelling catheter was placed in the stomach
for administration of a test emulsion. After surgery, the animals were
placed in restraining cages and intragastrically given a continuous
infusion of a solution containing 139 mmol/L glucose and 85 mmol/L
NaCl at a rate of 3.4 mL/h until the end of the experiment. The same
solution was given as drinking water. On the next morning, animals
with a constant lymph flow rate were administered 1 mL/100 g body
weight of a test emulsion containing [14C] cholesterol and [3H] sitos-
terol. The test emulsion contained 67 mg sodium taurocholate (Nacalai
tesque, Kyoto, Japan), 17 mg fatty acid–free bovine serum albumin
fraction V (BSA, Bayer, Kankakee, IL), 67 mg triolein (Sigma, St
Louis, MO), and 0.33mCi (12.2 kBq) [14C]cholesterol and 3.3mCi
(122 kBq) [3H] sitosterol in 1 mL. Lymph was collected in ice-chilled
tubes containing EDTA, and the radioactivity was measured.

Incorporation of Sitosterol and Cholesterol Into Intestinal
Brush Border Membranes

Nine-week-old WKA, WKY, and SHRSP rats were fed a commer-
cial chow for 1 week until use. Intestinal brush border membranes were
prepared from the proximal half of rat small intestine as described by
Kessler et al.11 Trypsin-chymotrypsin inhibitor was added in a homog-
enizing buffer to prevent proteolysis. The membranes were suspended
in a Hank’s balanced salt solution containing 5 mmol/L EGTA and 4%
BSA (fatty acid–free) in 15 mmol/L HEPES, pH 7.4, to give a final
protein concentration of 2 mg/mL and kept at 0°C until use. They were
consistently enriched regarding the activities of sucrase12 and alkaline
phosphatase13 to 15-fold relative to the whole homogenate. Recovery
of acyl CoA cholesterol acyltransferase,14 succinic dehydrogenase,15

and DNA16 markers for microsomes, mitochondria, and nuclei, respec-
tively, in the brush border membranes was less than 0.5% of the levels
in the whole homogenate as observed in our previous study.10

Transfer of sitosterol and cholesterol from a micellar solution to
brush border membranes was measured as reported previously.3,10 A
total of 4 mL of a micellar solution containing 6.6 mmol/L sodium
taurocholate, 0.6 mmol/L phosphatidylcholine (Sigma), 50mmol/L
[3H] sitosterol, and 50mmol/L [14C]cholesterol prepared in a Hank’s

balanced salt solution containing 5 mmol/L EGTA and 4% BSA (fatty
acid–free) in 15 mmol/L HEPES buffer, pH 7.4, was incubated with 1
mL of brush border membrane suspension (2 mg protein) at 37°C. At
0 and 30 minutes, 1 mL of the incubation solution was withdrawn and
released into 5 mL iced 0.9% NaCl containing 7 mmol/L sodium
taurocholate. This was centrifuged at 27,000g for 30 minutes at 5°C.
The resulting pellet was washed once with 5 mL of the same solution
and then again collected by centrifugation. The brush border membrane
pellet was suspended in 1.0 mL distilled water by sonication. An
aliquot of the solution was subjected to sterol determination by radio-
activity measurement and to protein determination.

Secretion of Sitosterol and Cholesterol in Bile

Male SHRSP and WKA rats (9-week-old) were fed a purified diet
containing a 0.5% plant sterol mixture for 2 weeks as described. At the
termination of the feeding period, rats were cannulated in the bile duct
under diethyl ether anesthesia and were placed in restraining cages.
Bile was collected for 3 hours.

Lipid Analyses

Lipids in blood serum, liver, adrenals, adipose tissue, abdominal
aorta, brain, and bile were extracted and purified by the method of
Folch et al.17 After saponification of the lipids, unsaponifiable matters
collected were derivatized to trimethylsilylethers18 and were quantified
by gas-liquid chromatography (GC) using a SUPELCO SPB-1 column
(0.25 mm 3 60 m, 0.25mm film thickness, Sigma-Aldrich Japan,
Tokyo) and 5a-cholestane (Sigma) as an internal calibration standard.
Total bile acid concentration in bile was determined enzymatically.19

The bile acid composition in bile was measured according to a method
described previously.20 Protein was measured according to the method
of Lowry et al.21

Data were analyzed by a Duncan’s new multiple-range test22 or
Student’st test. Differences were considered significant atP , .05.

RESULTS

Deposition of Plant Sterols in WKY, SHRSP, WKA,
and Wistar Rats Fed a Plant Sterol Diet

Preliminary analysis of serum sterols in a range of experi-
mental rats aged 8 to 13 weeks and fed commercial pellet
showed that only WKY, SHR (SHR/NCrj, inbred, SPF, Charles
River Japan) and SHRSP contained 12% to 15% of plant sterols
in the sterol fraction, whereas in Sea: List H and Sea: SD (both
are outbred, SPF, Seac Yoshitomi) and WKA/Sea, Dahl R/Jr
Sea, Dahl S/Jr Sea, PVG/Sea, DRH/Sea, BN/Sea, and LEW/
Sea (they are inbred, SPF, Seac Yoshitomi) rats, it was 2% to
6%. We chose WKY and SHRSP rats as strains highly depos-
iting plant sterols and WKA and Wistar rats as controls.

As shown in Table 1, initial body weight, body weight gain,
and food intake were lower in WKY and SHRSP rats and
higher in WKA and Wistar rats. Relative liver weight (g/100 g
body weight) of SHRSP and WKA rats tended to be higher than
that of WKY and Wistar rats.

The results shown in Table 2 clearly demonstrated that
tissues from WKY and SHRSP rats contained markedly higher
proportions of plant sterols compared with those from Wistar
and WKA rats, although food intake of the former 2 strains was
lower than that of the latter 2 strains. Except for the abdominal
aorta, which contained half as much plant sterols than the other
tissues analyzed, the proportion of plant sterols in total sterols
ranged from 25% to 35% in WKY and SHRSP rats. The values
were approximately 3 to 4 times higher than the corresponding

Fig 1. Chemical structure of various plant sterols and choles-

terol.
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values (6% to 12%) in WKA and Wistar rats. Total plant sterols
in the brain were extremely low (less than 1%) even in SHRSP
and WKY rats (data not shown). Therefore, blood-brain barrier
in these rat strains remain intact, as in the case of sitosterolemic
patients.4

In all animal strains, the deposition of campesterol was
higher than that of sitosterol in the tissues examined, although
the content of campesterol in dietary plant sterols was lower
than that of sitosterol.

Percentages of esterified cholesterol, sitosterol, and campes-
terol were measured in the liver. Percentage of esterified cho-
lesterol was significantly higher in WKA rats (mean6 SE,
45.0%6 3.0%) than the other 3 rat strains (Wistar, 28.96 4.2;
WKY, 19.3 6 2.5; SHRSP, 23.16 1.9%;P , .05). The same
tendency was observed in campesterol (WKA, 25.16 2.2 v
Wistar, 15.46 2.6; WKY, 13.16 3.1; and SHRSP, 13.6%6
0.9%;P , .05). No difference was observed in the percentage

of esterified sitosterol among the 4 groups (WKA, 13.36 1.0;
Wistar, 9.896 1.38; WKY, 11.36 2.8; SHRSP, 10.4%6
0.4%).

Lymphatic Recovery of Radioactive Cholesterol and
Sitosterol in SHRSP, WKY, and WKA Rats

Lymphatic 24-hour recovery of sitosterol and cholesterol is
shown in Figs 2 and 3, respectively. Lymphatic 24-hour recov-
ery of sitosterol was 2.1 and 1.8 times higher in WKY and
SHRSP rats than in WKA rats, respectively (Fig 2A). A major
difference was observed between 9 and 24 hours after the
administration (Fig 2B). The recovery between 0 and 3 hours
was significantly higher in SHRSP rats than in the other strains.
The absorption of sitosterol in WKY rats until 9 hours after the
administration was lower than that in SHRSP rats, and it was
similar to that of WKA rats.

Lymphatic 24-hour recovery of cholesterol was 1.4 and 1.2

Table 1. Growth Parameters in Wistar, WKA, WKY, and SHRSP Rats

Strains

Body Weight
Food Intake

(g/d)
Food Efficiency
(g gain/g intake)

Liver Weight
(g/100 g body weight)Initial (g) Gain (g)

Wistar 200 6 4a 103 6 7a 20.1 6 0.7a 0.399 6 0.014a 4.17 6 0.11a

WKA 196 6 2a 90.2 6 3.3c 18.5 6 0.2b 0.348 6 0.012ab 4.63 6 0.15b

WKY 140 6 2b 77.5 6 1.4b 14.9 6 0.3b 0.368 6 0.007a 4.18 6 0.07a

SHRSP 143 6 3b 72.2 6 3.4b 15.7 6 0.4b 0.328 6 0.010b 4.45 6 0.05ab

NOTE. These rats were fed a 0.5% plant sterol diet for 2 weeks. Values are mean 6 SE for 6 rats/group.
Values with different superscript letters show significant difference at P , .05.

Table 2. Sterol Compositions in Several Tissues of Wistar, WKA, WKY, and SHRSP Rats

Tissues
Total Sterol

(mg/mL or mg/g)

Composition (wt %)

Cholesterol Campesterol Sitosterol Sitostanol Total Plant Sterol

Serum
Wistar 88.4 6 3.4a 88.5 6 0.9a 6.63 6 0.47a 4.69 6 0.42a 0.16 6 0.03a 11.5 6 0.9a

WKA 69.1 6 3.4b 90.4 6 0.4a 5.35 6 0.26a 4.11 6 0.17a 0.11 6 0.01a 9.57 6 0.44a

WKY 114 6 3c 69.1 6 0.8b 15.8 6 0.4b 14.5 6 0.4b 0.61 6 0.02b 30.9 6 0.81b

SHRSP 93.8 6 2.0a 65.7 6 1.1c 18.1 6 0.8c 15.5 6 0.7b 0.71 6 0.17b 34.3 6 1.1c

Liver
Wistar 2.84 6 0.13a 90.8 6 0.6a 6.15 6 0.41a 2.99 6 0.22a 0.08 6 0.02a 9.23 6 0.64a

WKA 3.48 6 0.17b 93.8 6 0.3b 4.34 6 0.18b 1.81 6 0.10b 0.08 6 0.01a 6.23 6 0.27b

WKY 2.41 6 0.04c 70.8 6 1.0c 16.6 6 0.5c 12.1 6 0.4c 0.55 6 0.02b 29.2 6 0.9c

SHRSP 2.43 6 0.05c 70.2 6 0.9c 18.0 6 0.7d 11.4 6 0.3c 0.47 6 0.01c 29.8 6 0.9c

Aorta
Wistar 1.48 6 0.04a 93.9 6 0.6a 3.94 6 0.36a 2.01 6 0.26a 0.18 6 0.02a 6.14 6 0.63a

WKA 1.75 6 0.07a 95.4 6 0.2a 2.99 6 0.12a 1.41 6 0.06a 0.16 6 0.04a 4.56 6 0.18a

WKY 1.65 6 0.10a 85.7 6 1.1b 8.34 6 0.56b 5.42 6 0.48b 0.52 6 0.07b 14.3 6 1.1b

SHRSP 1.62 6 0.15a 86.1 6 0.9b 8.38 6 0.52b 4.99 6 0.35b 0.57 6 0.06b 13.9 6 0.9b

Adrenals
Wistar 14.7 6 1.3ac 89.9 6 0.8a 6.77 6 0.50a 3.29 6 0.27a 0.10 6 0.01a 10.2 6 0.8a

WKA 18.1 6 1.4a 91.7 6 0.4a 5.63 6 0.29a 2.64 6 0.15a 0.07 6 0.00a 8.34 6 0.43a

WKY 27.0 6 2.3b 71.9 6 0.7b 16.6 6 0.4b 10.9 6 0.3b 0.57 6 0.05b 28.1 6 0.7b

SHRSP 11.4 6 1.0c 68.2 6 0.8c 19.2 6 0.7c 12.1 6 0.2c 0.50 6 0.02b 31.8 6 0.8c

Adipose tissue
Wistar 0.27 6 0.03ac 90.4 6 0.7a 5.72 6 0.38a 3.18 6 0.25a 0.70 6 0.05a 9.59 6 0.65a

WKA 0.23 6 0.03a 90.9 6 0.3a 5.26 6 0.23a 2.98 6 0.13a 0.85 6 0.07a 9.10 6 0.34a

WKY 0.35 6 0.03bc 75.2 6 0.6b 13.4 6 0.3b 10.2 6 0.3b 1.25 6 0.06b 24.8 6 0.6b

SHRSP 0.36 6 0.02b 72.5 6 1.1c 15.7 6 0.7c 10.6 6 0.4b 1.20 6 0.02b 27.5 6 1.1c

NOTE. These rats were given a 0.5% plant sterol diet for 2 weeks. Mean 6 SE of 6 rats.
Values with different superscript letter show significant difference at P , .05.
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times higher in the WKY and SHRSP rats than in the WKA
rats, respectively (Fig 3A). As in the case of sitosterol, choles-
terol absorption in WKY rats was lower until 9 hours compared
with SHRSP rats and then, increased between 9 and 24 hours

(Fig 3B). The absorption of cholesterol until 3 hours was higher
in SHRSP rats than in the other 2 rat strains. The periodic
absorption pattern of cholesterol was similar to that of sitosterol
(compare Figs 2 and 3).

Fig 2. Lymphatic recovery of 3H-sitosterol in WKA, WKY, and

SHRSP rats cannulated thoracic duct. Rats were given a test emul-

sion containing 3.3 mCi 3H-sitosterol and 0.33 mCi 14C-cholesterol, 67

mg sodium taurocholate, 17 mg fatty acid–free albumin, 67 mg trio-

lein/1 mL. The emulsion was given 1 mL/100 g body weight. Cumu-

lative and periodic recoveries are shown in (A) and (B), respectively.

Data are means 6 SE of 6 rats; a, b, and c show significant difference

at P < .05.

Fig 3. Lymphatic recovery of 14C-cholesterol in WKA, WKY, and

SHRSP rats cannulated thoracic duct. Rats were given a test emul-

sion containing 3.3 mCi 3H-sitosterol and 0.33 mCi 14C-cholesterol, 67

mg sodium taurocholate, 17 mg fatty acid–free albumin, 67 mg trio-

lein/1 mL. The emulsion was given 1 mL/100 g body weight. Cumu-

lative and periodic recoveries are shown in (A) and (B), respectively.

Data are means 6 SE of 6 rats; a and b show significant difference at

P < .05.
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The percentage of esterified radioactive sitosterol in lymph
was markedly lower than that of cholesterol in all rat strains
(Table 3). The percentage of esterified sitosterol and cholesterol
was slightly higher in WKY and SHRSP rats compared with
WKA rats.

Incorporation of Cholesterol and Sitosterol Into Intestinal
Brush Border Membranes of SHRSP, WKY, and WKA Rats

The incorporation of [3H]sitosterol and [14C]cholesterol into
intestinal brush border membranes was linear until 60 minutes
of incubation (Fig 4A), and the uptake of sitosterol was 1.6
times and that of cholesterol was 1.4 times higher in the SHRSP
than in the WKA rats. In contrast, there was no difference in
their incorporation between WKA and WKY rats (Fig 4B).

Secretion of Cholesterol and Sitosterol in the Bile of Rats
Fed a Plant Sterol Diet

Initial body weight and weight gain was lower in SHRSP
than in WKA rats (1716 1 v 2586 3 and 916 1 v 96 6 1 g,
respectively,P , .05). Food intake tended to be lower in
SHRSP than in WKA rats (16.56 0.3 v 17.9 6 0.1 g/d).
Secretion of campesterol and sitosterol as well as cholesterol
via bile for 3 hours was significantly lower in SHRSP rats than
in WKA rats (Fig 5). The total bile acid concentration in bile
was 23.36 2.1 mmol/mL and 17.16 0.6 mmol/mL in SHRSP
and WKA rats, respectively. Since bile flow was 1.446 0.16
mL/3 h and 2.396 0.07 mL/3 h, total bile acid secretion for 3
hours was 31.16 0.6 and 40.66 1.2 mmol in SHRSP and
WKA rats, respectively. The percentage of the bile acid iden-
tified as cholic acid was significantly lower (17.56 1.2 v
29.96 3.3, P , .05), and those of the bile acids identified as
chenodeoxycholic and hyodeoxycholic acids were significantly
higher (7.86 1.1 v 4.4 6 0.5 and 6.26 0.4 v 3.7 6 0.5,
respectively,P , .05) in SHRSP than in WKA rats. Although
several minor unidentified peaks were detected in GC analyses
in both SHRSP and WKA rats, no significant differences were
observed between those peaks.

DISCUSSION

Our results clearly showed that SHRSP and WKY rats de-
posited considerable amounts of plant sterols in virtually all
tissues except brain. A preliminary analysis showed that the
content of plant sterols in serum of SHR rats fed a commercial
chow was higher and comparable to those in WKY and SHRSP
rats (data not shown). Therefore, it is apparent that these
genetically related rat strains have an ability to deposit plant
sterols efficiently. Because lymphatic 24-hour recovery of

sitosterol was significantly higher in SHRSP and WKY rats
than in WKA rats, the enhanced absorption of sitosterol can be
a major cause in the deposition of plant sterols.

It is widely accepted that intestinal absorption of sitosterol is
only less than one 10th that of cholesterol in humans and
experimental animals.2 We previously showed that sitosterol
and cholesterol are mainly discriminated at the surface of
intestinal brush border membranes, because the incorporation
of dietary cholesterol into the brush border membranes was 5
times higher than that of sitosterol in rats.23 Armstrong and
Carey24 showed a possibility that sitosterol, compared with
cholesterol, has a higher affinity for bile salt micelles. We also
demonstrated that the release of sitosterol from mixed micelles
containing phosphatidylcholine was less efficient than that of
cholesterol.3 These observations suggest that a lower release of
sitosterol as a monomer from bile salt micelles is responsible
for a lower absorption of sitosterol than cholesterol. However,
hyperabsorption of sitosterol in SHRSP and WKY rats cannot
be explained only by this mechanism. Because the character-
istics of SHRSP and WKY rats can be genetic, it is strongly
suggested that carrier proteins in intestinal cells assist in the
hyperabsorption of sitosterol in these rat strains.

In SHRSP rats, compared with WKA rats, 2-step accelera-
tion in lymphatic absorption of sitosterol was observed between
0 and 3 hours and 9 and 24 hours (Fig 2). In contrast, the
absorption in WKY rats was accelerated only between 9 and 24
hours. The major acceleration was observed between 9 and 24
hours in both WKY and SHRSP rats. The incorporation of
sitosterol into intestinal brush border membranes separated
from SHRSP rats was greater compared with that from WKA
rats (Fig 4A). However, no differential incorporation of sitos-
terol was observed between WKA and WKY rats (Fig 4B).
These observations suggest that the enhanced incorporation
into brush border membranes is at least responsible for hypera-
bsorption of sitosterol in SHRSP rats. There is a possibility that
a specific carrier protein that assists sitosterol absorption exists
at the surface of brush border membranes more in SHRSP rats
than in WKA rats. However, this is not the case for WKY rats.
Therefore, it is thought that the incorporation of sitosterol into
brush border membranes is not a major cause of the accelerated
absorption in SHRSP and WKY rats. Recently, Hauser et al25

suggested a possibility that the scavenger receptor class B type
I (SR-BI) mediates intestinal cholesterol absorption. A more
recent work identified several mutations in the adenosine
triphosphate binding cassette (ABC) transporter family in pa-
tients with sitosterolemia.26 One of the ABC transporter family
has been suggested to participate in intestinal absorption of

Table 3. Percentages of Sterol Esters in Lymph

Rat Strains

14C-Cholesterol 3H-Sitosterol

0 to 9 Hours 9 to 24 Hours 0 to 9 Hours 9 to 24 Hours

WKA 70.5 6 0.8a 74.0 6 0.6a 8.62 6 0.39a 7.15 6 0.19a

WKY 74.0 6 0.4b 76.4 6 0.7b 8.38 6 0.26a 8.44 6 0.33b

SHRSP 76.2 6 0.6c 77.4 6 0.6b 9.84 6 0.44b 8.55 6 0.55b

NOTE. Rates were given a test emulsion containing 3.3 mCi 3H-sitosterol and 0.33 mCi 14C-cholesterol, 67 mg sodium taurocholate, 17 mg fatty
acid–free albumin, 67 mg triolein/1 mL. The emulsion given was 1 mL/100 g body weight. Values are mean 6 SE of 6 rats/group.

Values with different superscript letters show significant difference at P , .05.
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cholesterol.27 Whether these proteins are involved in the accel-
erated incorporation of sitosterol and cholesterol in SHRSP rats
is now under investigation in our laboratory.

After the incorporation of sterols into absorptive cells, it has

been believed that sterols are transported from brush border
membranes to endoplasmic reticulum by the concentration gra-
dient. The esterification of cholesterol in intestinal cells can be
a crucial factor to maintain the concentration gradient. In fact,
the inhibition of intestinal acyl CoA cholesterol acyltransferase
(ACAT), an enzyme esterifying cholesterol, decreased choles-
terol absorption.28 We previously showed less effective ester-
ification and secretion to lymph of sitosterol than those of
cholesterol.3 Thus, it seems likely that the low rate of esterifi-
cation is at least responsible for the lower absorbability of
sitosterol. Therefore, the accelerated esterification of sitosterol

Fig 5. Excretion of biliary sterols in WKA and SHRSP rats cannu-

lated bile duct. These rats were fed a 0.5% plant sterol diet for 2

weeks. At the termination of the feeding period, rats were cannu-

lated bile duct and bile was collected for 3 hours. Data are means 6

SE of 6 rats. *Significantly different from WKA rats at P < .05.

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™

Fig 4. The incorporation of micellar 3H-sitosterol and 14C-choles-

terol into intestinal brush border membranes separated from WKA,

WKY, and SHRSP rats. A total of 4 mL of a micellar solution contain-

ing 6.6 mmol/L sodium taurocholate, 0.6 mmol/L phosphatidylcho-

line, 50 mmol/L 14C-cholesterol, and 50 mmol/L 3H-sitosterol prepared

in a Hank’s balanced salt solution containing 5 mmol/L EGTA and 4%

BSA (fatty acid–free) in 15 mmol/L HEPES buffer, pH 7.4 was incu-

bated with 1 mL of brush border membrane suspension (2 mg pro-

tein) at 37°C. Open and closed symbols show the incorporation of

cholesterol and sitosterol, respectively. EF, h■, ‚Œ: brush border

membranes from SHRSP, WKA, and WKY rats, respectively. The

incorporation of cholesterol and sitosterol into intestinal brush bor-

der membranes is compared between SHRSP and WKA (A) and WKY

and WKA (B). Data are means 6 SE of 3 rats. *Significantly different

from WKA rats at P < .05.

1366 IKEDA ET AL



and cholesterol may increase their absorption. However, per-
centage of esterified sitosterol in lymph was only marginally
higher in SHRSP and WKY rats. A slight increase in choles-
terol esterification was also observed in SHRSP and WKY rats.
Therefore, it is plausible that the contribution of the slightly
accelerated esterification of cholesterol and plant sterols to their
enhanced absorption is marginal, if any.

The precise mechanisms by which absorption of sitosterol
and cholesterol is accelerated in SHRSP and WKY rats were
not revealed in the present study. Although mechanisms of the
desorption from intestinal brush border membranes and the
diffusion to endoplasmic reticulum of sterols is not well un-
derstood,29 our study suggests a possibility that some carrier
proteins may promote a transfer of the sterols from brush
border membranes to endoplasmic reticulum in SHRSP and
WKY rats.

The present study showed that lymphatic 24-hour recovery
of cholesterol was also accelerated in WKY and SHRSP rats,
although the extent of the acceleration was smaller than the
case of sitosterol. The periodic pattern of the lymphatic absorp-
tion of cholesterol was similar to that of sitosterol (compare
Figs 2 and 3). The incorporation of cholesterol into intestinal
brush border membranes obtained from SHRSP rats was higher
than that from WKA rats as in the case of sitosterol (Fig 4). In
this regard, Tilvis and Miettinen30 indicated that the absorption
of cholesterol is positively correlated to that of plant sterols in
normal subjects. It was also reported that the absorption of both
sitosterol and cholesterol is increased in sitosterolemic pa-
tients.4 Thus, a common genetic factor may be involved in the
absorption of cholesterol and plant sterols. Further studies on
genetic factors involved in sitosterol absorption in WKY and
SHRSP rats will provide definite information on transporter
proteins related to cholesterol absorption.

Although plant sterols were deposited in the liver of SHRSP
rats, the excretion of the sterols in bile was lower in this strain

of rats (Fig 5). One of the causes of the accumulation of plant
sterols in SHRSP rats can, therefore, be attributed to the re-
strained catabolism. The excretion of cholesterol was also
lower in this rat strain. In normal humans, plant sterols incor-
porated into the body are preferentially secreted into bile.31 In
contrast, phytosterolemic patients secreted less plant sterols and
cholesterol into bile.4,32 Therefore, SHRSP rats may have sim-
ilar characteristics as phytosterolemic patients. These similari-
ties suggest a possibility that phytosterolemia could be ex-
plained by mutation in a common transporter protein expressed
in intestinal and hepatic cells.

It has been reported that C21-bile acids were synthesized
from sitosterol in a rat strain.33,34There is a possibility that bile
acids synthesized from plant sterols would be higher in SHRSP
rats. Although we analyzed bile acid composition in bile in
SHRSP and WKA rats, no candidate bile acids were detected in
bile from SHRSP rats. More detailed studies will be necessary
on metabolism of sitosterol in this rat strain.

The SHRSP rat strain is an animal model for stroke with
hypertension. A series of studies by this rat strain examined the
effect of dietary vegetable oils on death due to stroke.35-37 We
report here that plant sterols were deposited in the aorta of
SHRSP rats. Higher content of plant sterols in vessels may
severely influence the pathogenesis of stroke and the longevity
of SHRSP rats, because there is a possibility that plant sterols
incorporated into cell membranes influence the membrane in-
tegrity. Therefore, care should be taken when the observations
in this animal model are extrapolated to humans, because no
accumulation of plant sterols was observed in humans suffering
from stroke.

In conclusion, by using SHRSP and the related rat strains, it
will become possible to know the molecular mechanism that
the intestines can discriminate plant sterols from cholesterol
and that sitosterolemic patients can deposit plant sterols.
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