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Abstract The investigation of the human disease sitoster-
olemia (MIM 210250) has shed light not only on the path-
ways by which dietary sterols may traffic but also on how the
mammalian body rids itself of cholesterol and defends
against Xenosterols. Two genes, ABCG5 and ABCGS, located
at the sitosterolemia locus, each encodes a membrane-
bound ABC half-transporter and constitutes a functional
unit whose activity has now been shown to account for bil-
iary and intestinal sterol excretion. Knockout mice deficient
in Abcgb or Abcg8 recapitulate many of the phenotypic fea-
tures of sitosterolemia. During the course of our studies to
characterize these knockout mice, we noted that these mice,
raised on normal rodent chow, exhibited infertility as well
as loss of abdominal fat. We show that, although sitoster-
olemia does not lead to any structural defects or to any overt
endocrine defects, fertility could be restored if xenosterols
are specifically blocked from entry and that the loss of fat is
also reversed by a variety of maneuvers that limit xenosterol
accumulation.Bli These studies show that xenosterols may
have a significant biological impact on normal mammalian
physiology and that the Abcgb or Abcg8 knockout mouse
model may prove useful in investigating the role of xenos-
terols on mammalian physiology.—Solca, C., G. S. Tint, and
S. B. Patel. Dietary xenosterols lead to infertility and loss of
abdominal adipose tissue in sterolin-deficient mice. J. Lipid
Res. 2013. 54: 397-409.
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Cholesterol homeostasis is a tightly regulated process
between de novo cholesterol synthesis, exogenous (dietary)
cholesterol absorption, and excretion of cholesterol as
bile salts or biliary cholesterol (1-3). A normal Western
diet contains relatively equal amounts of cholesterol and
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noncholesterol sterols. These noncholesterol sterols are
primarily plant sterols, and the mammalian body prevents
the retention of these noncholesterol sterols, only allow-
ing cholesterol to be retained and metabolized by the
body. The molecular mechanism(s) by which this occurs
was elucidated by studies of the rare genetic disorder sito-
sterolemia (MIM #210250), which led to the identification
of two ABC “half-transporters” that are key to keeping
these molecules out of the body (4-8). The genetic defect
in Sitosterolemia results in the increased absorption of
dietary sterols, including plant sterols, compounded by a
profound inability to excrete biliary or intestinal sterols,
thus leading to their retention (9-14). Mutations in either
ABCGSH (sterolin-1) or ABCGS (sterolin-2) cause the disease
(5, 8, 15). ABCG5 and ABCGS are found on the apical
surface of enterocytes and hepatocytes (16-18), function
as obligate heterodimers, and are the long-sought-after
sterol exporters responsible for biliary and intestinal ex-
cretion (17, 19-24). It is becoming increasingly clear that
ABCGb5/ABCGS are responsible for preventing accumula-
tion of a host of dietary noncholesterol sterols (25), and
thus, the term “xenosterol” should be used to refer to the
class of sterols they prevent from accumulating. Three
mouse models for the study of xenosterol/sitosterol traf-
ficking are now available: a murine model simultaneously
deficient in both Abcgh/Abcg8 (22, 24), a model lacking
only of Abcg8 (20), and one deficient in Abcgb (21). Despite
some differences, all three models recapitulate important
sitosterolemic features, such as increased plasma and tissue
levels of plant sterols (phytosterols) and massively reduced
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adipose tissue.

IPresent address of C. Solca: Centro Dialisi Dr.ssa Claudia Ferrier,
Clinica Luganese Moncucco e San Rocco, via Soldino 7, 6900 Lugano,
Switzerland.

*To whom correspondence should be addressed.

e-mail: sbpatel@mcw.edu
8/ The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of four figures and three
tables.

Journal of Lipid Research Volume 54,2013 397



cholesterol and phytosterol secretion/excretion into
bile, but maintained biliary secretion of phospholipids
and bile salts.

As part of our characterization on the Abcg8 null mouse,
we noted that males showed considerably reduced fertility,
but females were almost invariably infertile. Further inves-
tigation on the causes of this infertility allowed us to ob-
serve that the body fat stores were reproducibly smaller in
knockout compared with wild-type mice. Treatment of
Abcg8 knockout mice with a pharmacological agent that
specifically blocks intestinal sterol uptake reversed the
deficit in body fat stores, as well as restored fertility. We
report here an investigation into these processes and show
that plant sterols are responsible for altering fat storage
and fertility in Abcg8 knockout mice.

MATERIAL AND METHODS

Animals and diets

All animals were housed in the facilities for laboratory animals
provided by the Animal Research facility (Veterinary Medical
Unit) at the Clement J. Zablocki VA Medical Centre, and proto-
cols were approved by the Institutional Animal Care and Use
Committee (IACUC). Abcg87/ ~ (>N10 on a C57Bl/6] background)
and their wild-type littermates were used for the majority of
the experiments. Cryogenically frozen Abcg5+/7 embryos were
obtained from a third party with permission of Tularik (South
San Francisco, CA), and only one female founder was gener-
ated. This female was fertile, a colony backcrossed to C57Bl/6]
(N>5) was established, and both Abcg8” ™ and Abcg5” ™ mice
have been deposited with Jackson Laboratories (Bar Harbor,
ME) for general distribution. Genotyping for Abcg8 by PCR was
performed as previously published (20). All mice were initially
maintained on a standard Purina rodent diet 5001 (Purina Mills
Inc., St. Louis, MO). Subsequently, we devised a more defined
diet described in the supplementary data. In selected studies,
rodent chow was supplemented with 0.005% ezetimibe (wt/wt,
Zetia, Merck-Schering Plough, Singapore) starting two weeks
after birth. We prepared the diet monthly by mixing 200 g pow-
dered Purina rodent diet 5001 with powdered pills containing
10 mg Ezetimibe, stored it at —4°C, and delivered it as powdered
diet. In later studies, pelleted-defined diets low in phytosterols
were prepared with Ezetimibe (TD 06676) or without Ezetimibe
but supplemented with 1% phytosterols (high-sitosterol diet, TD
07306) by a commercial supplier (Harlan Teklad Diets, Madison,
WI; see supplementary Table I). The meat diet was commercial
minced beef obtained from local stores and supplemented with
1 g of vitamin mixture #40060 (Harlan Teklad) and 1 g of mineral
mixture AIN-76 (Harlan Teklad) per every 1 kg raw ground beef,
mixed throughout, rolled into small meatballs, and heated on a fry-
ing pan until cooked throughout. The meatballs were then stored at
—20°C and thawed to room temperature prior to daily use. Because
this diet is unconventional, IACUC permission was obtained with
the proviso that the studies were to be 8 weeks or less in duration.

To isolate mice transgenic for expression of human ABCGS8
driven by the villin promoter, the human cDNA for ABCG8 was
cloned into a pBluescriptKS villin promoter construct (gift from
Dr. Louvard, Institut Curie, Paris) using Bsi WI and Mlu sites,
linearized with Sal I and the ~11.7 kb fragment (supplementary
Fig. I) micro-injected into FVB x C57Bl1/6] fertilized eggs. The
progeny were screened by PCR, and four founders were identified,
of which three showed germ-line transmission. Progeny of all
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three lines were screened by RT-PCR, and one line, hereafter re-
ferred to as villinTgABCGS8, was chosen based upon semiquanti-
tative PCR showing robust expression of the transgene mRNA
in the intestine (supplementary Fig. I, tracks 6 and 7). It was
backcrossed to C57B1/6] for four generations before crossing
with Abcg8 KO lines. Abcg8 ™/~ ,villinTgABCGS lines were fer-
tile on chow diet (see Results) and were maintained as brother-
sister matings. Mice that are homozygous villinTgABCG8+/+ did
not show any overt phenotypic differences from wild-type mice
(data not shown).

Tissue harvesting and histology of perigonadal WAT

Three-month old Abcg8 '~ and Abcg8”" mice were eutha-
nized, and perigonadal, perirenal white adipose tissue (WAT), sub-
scapular brown adipose tissue, liver, spleen, brain, adrenals,
intestinal scrapings, as well as gonads were collected, weighed,
and rinsed three times in ice-cold phosphate buffered saline solu-
tion and fixed in 10% neutral buffered formalin (Fisher Scien-
tific, Pittsburgh, PA) overnight. Portions were also flash-frozen in
liquid nitrogen and stored at —80°C. Fixed tissues were embed-
ded in paraffin, and 5 pum thick slices were obtained. Three slides
from each block were stained with a classical hematoxylin and
eosin stain (Fisher Scientific, Pittsburgh, PA) and imaged using a
Spot digital camera (Diagnostic Instruments, Sterling Heights,
MI) connected to an eMac computer (Apple, Cupertino, CA)
and mounted on an Olympus CK 40 inverted microscope (Olym-
pus America, Melville, NY). For quantitative analyses, we used
Image] software version 1.36b (National Institutes of Health,
Bethesda, MA, http://rsb.info.nih.gov/ij/); a square with frame
of 148 x 148 pm was pasted on each slide, and the area of every
cell within or touching the square borders was measured.

Glucose tolerance test

Male mice (n =4 per group) were housed individually one week
before the experiment, fasted for 4 h, and then glucose (2 g/kg
body weight) was injected intraperitoneally using a tuberculin
syringe with a 27.5 gauge needle. Tail-vein blood glucose was
determined at 0, 15, 30, 60, and 120 min after injection using a
glucometer (Precision, Abbott, Abbott Park, IL).

Mouse activity

Animals were placed in cages with running wheels, and their
total wheel running activity was quantified with ClockLab soft-
ware (Actimetrics, Wilmette, IL).

RNA isolation and quantitative RT-PCR

Total RNA was isolated from periuterine WAT using Trizol
(Invitrogen, Carlsbad, CA). Quantitative RT-PCR was performed
as described previously (20, 26). Primers used are shown in sup-
plementary Table II or have been published previously (20, 27, 28).
RT-PCR was performed on an Applied Biosystems 7300 Real-
Time PCR system (Applied Biosystems, Foster City, CA). All reac-
tions were performed in triplicate. The data were normalized
to cyclophilin to compensate for variations in input RNA
amounts and analyzed using the comparative threshold cycle
method (Cp) (29).

Microarray analyses

Male mice were chosen, since control female mice show estrus
cycles, and age-matched wild-type mice, Abcg87/7 on chow or
Abch_/_ on chow supplemented with ezetimibe, were eutha-
nized, testes were harvested, and total RNA was extracted for mi-
croarray analyses, which was performed by a commercial vendor
(Genus Biosystems, Northbrook, IL). For each genotype, we used
two animals, one testes per animal per chip (total 6 chips), using



the GE Healthcare/Amersham Biosciences CodelLink UniSet
Mouse 20K I Bioarray mouse chips and platform. The results are
shown in the supplementary data.

Free fatty acids in mouse plasma

Blood was collected using capillary tubes by orbital puncture
from approximately 11-week-old mice (n =8 for each group) and
centrifuged, plasma was collected, and free fatty acids were
immediately processed using the NEFA C Assay Kit (Wako
Chemicals USA, Richmond, VA) following the manufacturer’s
protocol.

Plasma hormone measurements

Plasma luteinizing hormone (LH), follicle-stimulating hor-
mone (FSH) and prolactin levels were measured by Dr. A. F. Parlow
at the National Hormone and Peptide Program, Harbor-UCLA
Medical Center, Torrance, CA. Testosterone and di-hydrotestos-
terone levels were measured by Dr. F. Pau at the Oregon National
Primate Research Center, Beaverton, OR.

Lipolysis in mouse peri-gonadal WAT

Approximately 12-week-old male mice were euthanized (n =5
for each group), and lipolysis rates were determined as described
previously (30).

Hormone-sensitive lipase activity

Hormone-sensitive lipase (Hsl) activity was assayed using a
fat-free infranatant of perigonadal WAT homogenate from
12-week-old Abcg8”" and Abcg8 ™/~ mice (n = 6 for each group)
as described previously (31).

Sterol analyses

Tissue and plasma sterol analyses, using gas chromatogra-
phy-mass spectroscopy (GC-MS), were performed as reported
previously (20), except the column used was Restek and the
samples were analyzed on a Thermo-Finnegan FOCUS GC/MS
(ThermokFisher).

Statistical analysis

Data are shown as means + SD. The ANOVA or Student #test
was used to determine the statistical significance of differences
between the groups of animals. Significance was set at P< 0.05.

RESULTS

Abcg8- and Abcgbh-deficient mice are infertile

In the course of establishing a colony of Abcg8 knock-
out lines (20), we reported previously that Abcg8 ™/~ mice
were viable. However, a breeding colony of homozygous
knockout colony proved to be challenging as very few
pregnancies resulted, irrespective of whether homozygous
males were mated with homozygous females or whether
homozygous females were mated with wild-type males. If
homozygous males were mated with wild-type females,
occasional pregnancies did result in the generation of
heterozygous litters, but these were very infrequent. Over
the next 5 years of breeding, we noted no more than 10
such litters when homozygous mice were used for breed-
ing (more than 50 breeding pairs housed continuously for
more than 12 weeks, see Table 1). Heterozygous mice are
indistinguishable from wild-type mice in all of the param-
eters examined and were used as controls where stated.
When we established a colony of Abcgb knockout mice, we
also noted that homozygous mice did not lead to success-
ful pregnancy, with females being almost invariably infer-
tile, and homozygous males occasionally leading to a
pregnancy (Table 1). Although a formal study was not car-
ried out, it appeared that any pregnancies, if they oc-
curred, were when the mice were <2 months old. All mice
had been maintained on commercial rodent chow. Be-
cause the other sitosterolemia mouse model was reported

TABLE 1. Breeding success involving Abcgb or Abcg8 knockout mice

Number of Number of

Female Genotype Male Genotype Crosses Diet Deliveries Average Litter Size Fertility
Abcg8"”” x Abcg8"” >20 Chow >20 7.4 Fertile
Abcg8™/” x WT 14 Chow 2 8 Partial
WT x Abcg8™/” 12 Chow 2 6 Partial
Abcg8™/ x Abcg8™/” 16 Chow 1 4 Infertile
Abcg8” x Abcg8™/~ 9 Chow 2 5.5 Partial
Abcg8 ™/ VillinTg+ x Abcg8™/7, >20 Chow >20 6.7 Fertile
Abegd ™/~ Xglin“T‘%t 6 Ch 0 N/A Infertil

Cg X CgD “now nfertile
Abcghs™ ™ x Abegs ™/~ 10 Chow 4 2.7 Partial
Abcgb”” x Abcegh" ™ 10 Chow 10 5.8 Fertile
Abcgs ™/~ x Abcgh"” 6 Chow 0 N/A Infertile
Abcg8™/” x WT 9 Meat 5 4.6 Fertile
Abcg87/7 X Abcg87/7 3 Meat 3 7.3 Fertile
Abcg8™/” x Abcg8 10 Chow + 10 7.1 Fertile

ezetimibe

All mice were weaned at 4 weeks and mated at age 8 weeks. Males and females were placed together for continuous housing, and if there were
pregnancies, males were removed until the pups were weaned and females placed back with the males. All wild-type mice were proven to be fertile
before mating with Abcg8 knockout mice. Fertility was defined as resulting in pregnancy and pups delivered within 2 months of crossing. Infertility
was defined as no pups delivered in 4 months. Partial fertility was defined as 1-2 deliveries in 12 months of continuous breeding. All pregnancies
noted in Abcg8_/_ mice (irrespective of sex) were when these mice were less than 12 weeks of age. Female mice older than 12 weeks did not get
pregnant, including ones that may have delivered once. Male mice older than 12 weeks also did not result in getting wild-type or Abcg8™ ™ mice

pregnant.

“Some pups were cannibalized after birth.
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to exhibit normal fertility (22), we were concerned about
this discrepancy.

Infertility could result from a structural defect or from a
functional defect. Ovaries and testes were examined histo-
logically (Fig. 1). Overall, no structural defects could be
identified between gonads from wild-type or Abcg8 KO
mice. Examination of the testes from Abcg8 KO mice showed
the presence of all stages of sperm development. Sec-
tions of ovaries showed the presence of follicles, as well
as corpora lutea. For functional analyses, sperm were iso-
lated from testes from wild-type or KO mice and examined
for morphology as well as motility (Fig. 2A). No differ-
ences were discernible. In vitro fertility testing was not
performed. The presence of all forms of sperm during
maturation, the preserved sperm motility, etc., suggested
that hormonal disruption is also less likely. This was con-
firmed by hormone measurements of LH/FSH as well as
di-hydrotestosterone that showed comparable levels be-
tween wild-type and KO mice (Fig. 2B-D). In the case of
females, vaginal smears were examined for an estimation
of the estrus cycle (Fig. 2F). In general, most Abcg8
females manifested an estrus cycle, and although this was
lengthened by at least one day, almost all of the increase
was accounted for time spent in postestrus. When more
defined diets (as opposed to standard chow) fortified with
plant sterols were employed, KO females seemed to be
stuck in the postestrus phase (see below). As loss of Abcg8
leads to increased dietary sterol absorption, we reasoned
that blocking dietary sterol absorption might lead to ame-
lioration of the lengthening of the estrus cycle. When ro-
dent chow was fortified with ezetimibe, a drug that blocks
dietary sterol absorption by >90%, the estrus cycle was
shortened to normal (Fig. 2F), and both Abcg8 KO male and
female mice were fertile and were able to breed several

Wild-type

Ovaries =~

Testes

Fig. 1.

successive litters. Thus, blocking intestinal sterol entry,
cholesterol as well as xenosterols, led to restoration of fer-
tility, suggesting sterol toxicity was leading to infertility in
both males and females.

Microarray analyses of testes from Abcg8™’~ and
Abcg8"" mice

To gain mechanistic insights into the loss of fertility, we
chose to perform microarray analyses of male testes. Fe-
male wild-type mice show normal estrus cycles, and thus,
females were not chosen, since the knockout ovaries could
be halted at different estrus-cycle phases and this would be
difficult to control for. Male sperm development is con-
tinuous, and our histological analyses suggested this was
not altered in Abcg8 knockout mice. To improve the
chances that we might be able to identify pathways that
could be mechanistically linked to plant sterol-mediated
disruption of fertility, we reasoned that if exclusion of
xenosterols restored fertility, we might be able to recog-
nize a gene expression signature that was different be-
tween wild-type and Abcg8 knockout mice and that this
pattern would be restored toward the wild-type pattern in
Abcg8 knockout mice in which plant sterols were blocked.
Wild-type mice (n = 2), Abcg8_/_ mice fed chow (n =2),
or Abch_/_ mice fed chow supplemented with ezetimibe
to block xenosterol accumulation were used to compare
gene expression patterns by microarray analyses of testes
(see supplementary data). Heat maps showed that there
were few changes in gene expression profiles between any
of these groups. Additionally, there were too few expres-
sion changes to allow for meaningful pathway analyses
(see supplementary data). This finding suggests that the
pathophysiological mechanism(s) may involve nontran-
scriptional pathways.

Abcg8”

Gonadal histology from Abcg8 knockout mice. Abcg8 wild-type or knockout mice were raised on

rodent chow. Ovaries (A and B) or testes (C and D) were obtained from adult animals (ages > 12 weeks),
fixed, sectioned, and stained with H and E. (A and C) are from wild-type mice, and (B and D) are from
Abcg8 knockout mice. No significant differences were discernible between wild-type and knockout mice.
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Fig. 2. Hormonal and infertility profiles in ABCG8 knockout mice. To investigate the infertility of Abcg8 knockout mice, sperm motility
(A), male FSH levels (B), female prolactin levels (C), male testosterone (D), male di-hydrotestosterone (E), and female estrus cycles (F)
were examined. Except for estrus cycles, no differences were noted between wild-type (open bars) and knockout mice (black bars). Estrus
cycles were lengthened by at least one day, and all of the increase was in the postestrus phase (see text). Fortification of the rodent chow
diet with the sterol absorption-blocking drug ezetimibe reversed this and restored fertility (see text).

Xenosterol toxicity, not cholesterol toxicity, leads to
infertility

Because the loss of Abcg8 leads to increased accumulation
of both cholesterol, as well as xenosterol (and both are pre-
vented from accumulating by ezetimibe), we tested the pos-
sibility that the infertility could result as a consequence of
cholesterol toxicity and not xenosterol accumulation. It is
relatively difficult to remove all sources of xenosterols from a
diet suitable for rodent consumption. We therefore reasoned
that if a diet were made purely of food source of animal ori-
gin supplemented with essential nutrients, xenosterol expo-
sure could be almost eliminated. At weaning, female Abcg8

Plasma Cholesterol
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3004

2004
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Plasma Cholesterol mg/dL 3>

o
1

KO mice were fed a diet consisting of steamed meatballs sup-
plemented with essential nutrients, and after eight weeks,
they were mated to check for fertility (see Table 1) and com-
pared with C57Bl/6] mice fed meatballs and Abcg8 mice fed
chow. All wild-type (n = 4) as well as Abcg8 female KO mice
(n = 6) fed meatballs became pregnant within one week of
housing with a stud male and successfully delivered normal
litters, whereas none of the Abcg8 female mice fed chow be-
came pregnant, despite continuous housing for more than
three weeks with proven stud wild-type males. To confirm
that the meatball diet prevented accumulation of xenoster-
ols, plasma was analyzed from the mice (Fig. 3). Although

Plasma Sitosterol

o)

Plasma Sitosterol mg/dL

Fig. 3. Effect of meat-only diet in Abcg8 knockout mice. To exclude plant sterols from the diet to see
whether fertility could be restored, we weaned female mice and placed these on the meat diet (see Meth-
ods). At the end of the experiment (after breeding challenge), plasma was examined by GC for cholesterol
(A) and sitosterol (B). On the meat diet, Abcg8 knockout mice (B, middle bars, n = 5) showed significantly
lower plant sterol levels compared with knockout mice fed chow (B, n = 4), and although the cholesterol
levels were also decreased (A, middle bar), these did not reach statistical significance by ANOVA. Note that
the plant sterols attained on the meat diet in the Abcg8 knockout mice were only 1.1 + 0.4 mg/dl compared
with wild-type mice (n = 6) fed the meat diet, 0.5 mg/dl (lower level of detection). On chow, the Abcg8
knockout mice (n = 4) had a sitosterol level of 79 + 35 mg/dl. All of the Abcg8 knockout mice on the meat
diets got pregnant, whereas none of the knockout mice on the chow diet did.
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Abcg8 female KO mice raised on chow exhibited significant
accumulation of plant sterols, wild-type and Abcg8 KO mice
raised on the meat diet had very low levels of plant sterol
(Fig. 3B). Thus, despite the accumulation of cholesterol, but
not xenosterols, via the meatball diet, fertility was restored.
Interestingly, Abcg8 KO mice on the meatball diet showed
decreased plasma cholesterol levels (Fig. 3A), although this
observation was not pursued further.

Restoration of intestinal Abcgb/Abcg8 activity restores
fertility

To selectively restore sterolin function to the intestine
alone, we created a mouse transgenic for human ABCGS,
whose expression is driven by the mouse villin promoter
villinTgABCGS8 (supplementary Fig. I). We reasoned that
if Abcgb/Abcg8 act as the first line of defense against
xenosterols, restoring this activity in the intestine alone
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Fig. 4. Effect of villinTg-ABCGS8 gene expression in Abcg8 knockout mice on sterol profiles. Mice express-
ing human ABCGS, driven by the intestine-specific villin promoter, were made and bred into the Abcg8
knockout line (see Methods) and placed on chow or a high-sitosterol (HS) diet. On chow or HS diet, plasma
cholesterol levels (A) were not altered by the presence of transgene (the genotypes are as indicated on the
x axis). On a HS diet, plasma sitosterol levels were significantly increased in villin Tg mice (B, second bar)
compared with mice raised on chow alone. However, these levels are small (1.7 £ 1.2 mg/dl, n =4). On a
chow diet, villin Tg-Abcg8 knockout mice (B, third bar) showed very mild elevations in plasma sitosterol
levels (6.3 + 1 mg/dl), and more remarkably, when placed upon a HS diet (B, last bar), showed significantly
higher, but greatly attenuated levels (10.3 + 1.2 mg/dl) compared with the chow group. Note that hepatic
deficiency of Abcg8 function was not altered by the transgene expression; liver sitosterol levels were high in
villinTg-Abcg8 KO mice (D), and biliary excretion of cholesterol and sitosterol remained low (E and F). Al-
though villinTg mice on a HS diet showed increased liver cholesterol levels compared with chow, this obser-

vation was not pursued further (C).
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might prove to be insightful. We chose human ABCG8
cDNA, as the mammalian genes are highly homologous
and thus expression of human ABCGS8 in mouse entero-
cytes should allow for complementation of sterolin func-
tion in Abcg8-deficient mice.

Mice transgenic for human ABCG8 expression via the
villin promoter were established. Using RT-PCR, expres-
sion of ABCG8 mRNA was confined to intestine; no signal
could be obtained in livers from transgenic mice (supple-
mentary Fig. I). To test whether restoration of normal
sterolin function in the intestine could rescue the infertil-
ity, Abcg8" ™ were crossed with villinTgABCGS”™ mice,
and the heterozygous F1 mice were crossed to generate
Abcg8™/ " yillinTgABCGS' mice. On chow diet, both males
and females were fully fertile and exhibited no differences
in body weight gain or litter sizes. Plasma cholesterol levels
were not affected by the transgene (Fig. 4A). However,
biochemical analyses of plasma showed that there were sig-
nificant elevations of plant sterols when mice were fed
chow (Fig. 4B) compared with wild-type mice but that the
levels of sitosterolemia (~6 mg/dl) were considerably less
than Abch_/_ mice (typically >20 mg/dl). When we had
developed a more defined diet that allowed us to regu-
late the phytosterol content, placing these mice on a high-
sitosterol diet showed that the level of sitosterolemia was
considerably ameliorated by the transgenic complementa-
tion in the intestine of the Abcg8 KO mice; the sitos-
terol levels were ~10 mg/dl compared with ~70 mg/dl in
Abcg8 KO mice on a high-sitosterol diet.

Although the presence of the transgene significantly
ameliorated the plasma phytosterol levels, liver (Fig. 4C, D)
as well as biliary sterol profiles (Fig. 4E, F) showed that
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plant sterol accumulation was comparable to AbgCS_/ N
mice and that the biliary defect of sterol secretion re-
mained. This finding further supports the contention that
the infertility was secondary to the entry of dietary xenos-
terols and their accumulation in the body. Importantly,
intestine-alone complementation of sterolin function was
sufficient, and this finding may have implications for devel-
opment of therapies for the human disease.

Adipose tissue is reduced in Abcg8™’~ mice

During the course of the studies to harvest organs for
analyses, we noted that it was easier to harvest organs from
Abcg8 KO mice than it was from control mice. The reason
became obvious: there was less periorgan adipose tissue in
Abcg8 KO mice fed chow than in wild-type mice, making
organ identification and dissection much easier (supple-
mentary Fig. IT). Quantitative analyses of various fat depots
are shown in Fig. 5. In Abcg8 KO mice fed ezetimibe, the
fat pads were comparable to wild-type mice (Fig. 5, com-
pare gray columns with white columns). Interestingly, on
chow, serial total body weights did not appear to be differ-
ent (Fig. 6). Both sexes showed a significantly reduced
body weight at age of four weeks, but their weights were
comparable to wild-type mice by six weeks age. Abch_/ N
males, but not females, showed a slightly decreased total
body weight by week 12 compared with their wild-type
counterparts (Fig. 6A), but this was not statistically sig-
nificant. We saw no difference in the daily dietary intake
between Abcg87/ ~and Abcg8+/ " mice of both sexes (Fig. 6C).
As increased activity could lead to increased energy ex-
penditure and thus reduced fat stores, we performed a
simple activity test over one week, using wheel running.
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Fig. 5. Quantitation of regional fat depots in Abcg8 knockout mice. Fat depots as indicated were dissected, weighed, and normalized to
body weights in wild-type (open bars, n = 4), knockout (black bars, n = 4), or knockout mice fed chow supplemented with ezetimibe (gray
bars, n = 4 for males and n = 4 for females). Mice were ~16 weeks old at sacrifice and were fed chow. In knockout mice, fat depots were
significantly reduced in the gonadal (A and B) as well as perinephric area (C and D), whereas in knockout mice fed chow supplemented
with ezetimibe, there were no differences when compared with wild-type mice raised on chow.
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No differences between Abcg8 ™/~ and Abcg8”" mice were
noted (Fig. 6D).

Sizes, not numbers, of adipocytes are decreased in Abcg8
KO mice, and fat loss is reversed by coadministration of
ezetimibe

To examine whether the loss of abdominal fat was a result
of loss of adipocytes or decrease in triglyceride storage, tissue
was fixed and processed for histological staining (Fig. 7A, B).
The cell sizes were reduced in Abch_/ " mice, with a re-
duced cell area compared with wild-type mice (958 + 619
versus 1,569 + 1,004 }Lm2, respectively; P<0.05), but this was
also restored toward normal in Abcg87/ " mice fed chow for-
tified with ezetimibe (1,409 + 872 MmQ) (Fig. 7C-E).

Were our results unique to Abcg87/7 mice? Were they
reproducible in other sitosterolemic mouse models? We
analyzed the perigonadal WAT from Abcgb /~ mice and
their wild-type littermates maintained on rodent chow. A
decrease in perigonadal WAT was notable in Abcgs ™/~
compared with Abcgf')*/*+ mice (males 12.38 + 3.82 versus
19.95 + 4.69, females 6.76 + 1.92 versus 11.53 + 2.70 mg/g
body weight, respectively; P< 0.05). Histologically, reduced
adipocyte size distribution was also present in Abcgb /™
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peri-gonadal WAT compared with wild-type mice (900 +
722 versus1,501 + 900 p,mQ, respectively, P < 0.05). Sterol
analyses of fat stores in male Abcg8 knockout mice on a
high- or low-sitosterol diet confirm that plant sterols were
dramatically elevated in the high sitosterol-fed mice (sup-
plementary Fig. III).

Glucose tolerance test and fatty acid metabolism in
Abch_/ ~ mice

Because of reduced retroperitoneal adipose mass, we
performed an intraperitoneal glucose tolerance test. The
results of the test in Abcg8 /™ and Abcg8”" were similar
(Fig. 8A). No differences in the glucose excursion curves
were noted. Similar data were obtained for Abcgb knock-
out mice (supplementary Fig. IV). However, plasma free
fatty acid (FFA) levels were increased in Abcg8 KO mice
(Abcg8 /™ 0.65 + 0.2 versus Abcg8"* 0.44 + 0.11 mEq/1;
P < 0.01) (Fig. 9B). Ezetimibe-supplemented Abcg8 KO
mice showed FFA levels comparable to wild-type mice
(0.36 + 0.10 mEq/1), again indicating that blocking dietary
sterol absorption is able to reverse this phenotype.

Since FFA levels were increased in Abcg8 KO mice, we
measured lipolysis in perigonadal WAT. No significant
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differences in the basal lipolytic rates were noted in perie-
pididymal WAT from Abch_/ ~and Abcg8+/ " mice (Fig. 8C,
lower lines). In contrast, when stimulated with isoprotere-
nol, Abcg8 ~/~ WAT showed increased levels of free glycerol
(Fig. 8C, upper lines). Lipase activity was also signifi-
cantly increased in WAT homogenates from Abcg8 -
mice compared with Abcg8+/ “mice (0.36 + 0.06 versus 0.23 +
0.9 nmol/pg protein/h; P< 0.05) (Fig. 9D).

Gene expressmn changes in WAT of Abcg8 =/~ and
Abcg8 mice

To gain mechanistic insights into the loss of lipid stor-
age in the WAT, we measured gene expression changes
using quantitative RT-PCR (Fig. 9). Genes involved in trig-
lyceride synthesis (Fig. 9C) showed no differences between
the two genotypes, whereas Lxra-dependent genes were
mostly upregulated in Abch_/_ mice (Fig. 9A). In con-
trast with previous results in sitosterolemic human and
mouse liver as well as mouse adrenal glands (20, 32, 33),

the cholesterol synthesis pathway seemed not to be signifi-
cantly suppressed in Abch_/_ mice (Fig. 9B). Interest-
ingly, the expression level of Hsl was increased in Abch_/ N
mice (Fig. 9D). A similar tendency, although not signifi-
cant, was observed for the lipolytic enzyme Atgl (Fig. 9D,
P=0.064).

DISCUSSION

The human disease of sitosterolemia (MIM #210250) is
caused by mutations affecting one of two proteins, ABCG5
or ABCGS (also known as sterolin-1 and sterolin-2, respec-
tively), which comprise a functional heterodimer now
known to be responsible for mammalian sterol excretion.
In humans, this disease has been reported to lead to in-
creased atherosclerosis, formation of tuberous and tendi-
nous xanthomas, and macrothrombocytopenia, with rare
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cases of endocrine disruption or cirrhosis of the liver also
reported (34). Although an endocrine disruption was re-
ported in one family (35), endocrinopathies and infertility
have not been reported. Although sterolins function to se-
crete/excrete cholesterol into bile or into the lumen of
the intestine (and they are expressed only in these tissues),
a major key role is in preventing xenosterols from accumu-
lating in the mammalian body. Xenosterols (such as plant
sterols that comprise the major food group) are prefer-
entially excreted into bile in humans. It is not clear
whether, when sterolin function is impaired, any subse-
quent pathophysiological issues that arise are because of
cholesterol toxicity or xenosterol toxicity (or both). In sitos-
terolemic individuals, as well as in several in vivo and in
vitro studies, phytosterols can affect the activity of several
metabolic pathways. In sitosterolemic humans (32) and mice
(20), reduced activities of several hepatic enzymes involved
in cholesterol synthesis have been shown. Although sitos-
terol has been shown to have a direct effect on CYP7«
activity, it does not affect HMG-CoA reductase, and para-
doxically, there is an upregulation of LDL-receptors in tis-
sues from sitosterolemic individuals (32, 36-39). To date,
direct biological activity for most of these noncholesterol
sterols has been difficult to demonstrate. Sitosterol is the
most common noncholesterol sterol humans are exposed
to, but this sterol does not seem to have potent biological
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effects. In contrast, a less abundant plant sterol, stigmas-
terol, has been shown to activate the transcriptional factor
Lxra and decrease SREBP-2 activity in vitro (33). More re-
cently, it is also been implicated to lead to FXR activation
(40). Furthermore, phytosterol mixtures incorporated
into macrophage cell membranes affect prostaglandin
release, and such mixtures have been shown to affect
embryological development and levels of circulating
hormones in fish (41-46). Sitosterol has been proposed to
affect antioxidant enzymes, to have apoptotic effects on
tumor cells, to inhibit hepatic sterol 27-hydroxylase and
ba-reductase, as well as to help improve symptoms of be-
nign prostatic hyperplasia (47-52). Sterols with a double
bond at C-22 in the side chain (stigmasterol, brassicasterol,
and ergosterol) have been shown to inhibit the activity of
sterol A24-reductase in vitro (53). Orally administered
phytosterols have been suggested to enhance lipolysis and
prevent lipid deposition as well as accelerate fatty acid de-
saturation in isolated rat adipocytes (54, 55). All of these
studies support the hypothesis that xenosterols affect
mammalian physiology.

In this study of Abcg8 or Abcgb knockout mice, we re-
port that plant sterols accumulate in these animals fed a
chow diet, that these mice exhibit loss of fertility and loss
of fat storage, and that all of these effects can be blocked
when plant sterols are prevented from accumulating. The
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evidence for the latter is supported by using a diet that is
free of xenosterols (the meat diet), by blocking all dietary
sterol entry using the drug ezetimibe, by transgenically re-
storing normal sterolin function in the intestine using the
villin promoter (though the liver continues to be defec-
tive), and by devising a purified diet that minimizes the
xenosterol content. What is remarkable is the variety of
different phenotypes that are manifest when these mice
accumulate these xenosterols. The loss of intra-abdominal
fat stores is dramatic, and on the more defined diets en-
riched in plant sterols, fat stores are almost totally absent
after eight weeks in female Abcg8 knockout mice (data
not shown). This latter point is important, as on chow diet,
the animals seemed to have fared well, and this phenotype
was not noted until significant time had passed. This may
be one reason why studies using Abcgh/Abcg8 knockout
had not reported these phenotypes (22). Although ini-
tially infertility was not noted to be an issue with Abcg5/
Abcg8 knockouts (22), subsequent to their deposition
at the Jackson Labs, their website indicates that female
fertility of knockouts is impaired (http://jaxmice.jax.org/
strain/004670.html). Chow is known to result in uneven
and perhaps even poor cholesterol absorption, and the
plant sterol content is usually not defined.

In chow-fed knockout mice, fat cells seem to progres-
sively be depleted of triglycerides, with an increase in li-
polytic rates, as judged by isolated adipocyte preparations,
but with no significant changes in triglyceride or FPLC
lipid profiles (20). Reduced food intake did not seem
to account for the loss of abdominal fat, although our
measures may not have been sensitive enough. However, if

accumulation of plant sterols led to reduced food intake,
this would also be of interest because it would suggest that
accumulation of plant sterols can lead to presumably cen-
tral nervous system-mediated alteration in food intake or
that plant sterols may be sensed as unpalatable by the
mice. Clearly, more detailed and targeted studies to ex-
plore these concepts are called for. Plant sterols have been
shown to accumulate in the CNS (56), though the func-
tional consequence of this has not been established (57).
The cause of infertility by xenosterols remains elusive;
there are no structural differences in the ovaries or testes
caused by loss of sterolin function or by xenosterol accu-
mulation. There were no major changes in gene expres-
sion profiles of whole testes examined by global microarray
analyses. It is possible that this approach is too insensitive,
that gene expression changes may underlie the pathophys-
iological mechanism, and that we did not analyze the key
cells that are more susceptible to plant sterols. Like the
brain, the testes are also thought to have a testes-blood
barrier, and this may have accounted for a lack of signifi-
cant gene expression changes. If so, the reduced fertility is
therefore even more difficult to explain. On chow diet,
female mice exhibited an estrus cycle, although the post-
estrus phase was significantly lengthened, supportive of an
effect on this pathway. However, it is difficult to conceptu-
alize why male mice also show significantly reduced fertil-
ity. Sperm development appeared normal, and isolated
sperm motility was also judged normal. One possibility is
that the accumulated plant sterols may significantly affect
the membranes of both ova and sperm, thus interfering
with fertility. Further studies are needed to explore these
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possibilities. Another possibility is that plant sterols may
affect local production of the active sterols, T-MAS and
FF-MAS, as well as desmosterol in the respective gonadal
tissues (58, 59). These latter sterols are known to affect
fertility, and if plant sterols affected their biosynthesis, per-
haps infertility can result.

Adrenal glands have been reported to be affected by
plant sterol accumulations. Although these animals were
not shown to be corticosterone deficient, stimulated corti-
costerone levels were significantly lower in sterolin-deficient
mice (33). We confirmed that the adrenals in Abcg8 KO
mice on chow diets are depleted of lipid droplets. How-
ever, we did not measure their corticosterone levels. In the
study by Yang et al., stigmasterol, but not sitosterol, was
implicated as the phytosterol responsible for the effects on
the adrenal glands, and this group has reported that rarer
plant sterols may be selectively accumulated in sterolin-
deficient mice (24). It is likely that the stigmasterol con-
tent in the chow diets used may be both highly variable
and a factor in published studies. Detailed exploration of
this aspect is warranted.

In conclusion, we show that when mice accumulate xeno-
sterols from the diet, a number of different physiological
systems are disrupted: the endocrine system is disrupted
with infertility in both males and females, and fat metabo-
lism is altered with loss of fat. The use of Abcg8 or Abcgb
knockout mice, together with improved and defined diets,
may prove useful in exploring mechanisms whereby xenos-
terols disrupt mammalian physiology, and we propose that
xenosterols also be considered endocrine disruptors. Bl
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