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We evaluated the major pathways of cholesterol regulation in the peroxisome-deficient PEX2~'~ mouse, a
model for Zellweger syndrome. Zellweger syndrome is a lethal inherited disorder characterized by severe
defects in peroxisome biogenesis and peroxisomal protein import. Compared with wild-type mice, PEX2~/~
mice have decreased total and high-density lipoprotein cholesterol levels in plasma. Hepatic expression of the
SREBP-2 gene is increased 2.5-fold in PEX2~'~ mice and is associated with increased activities and increased
protein and expression levels of SREBP-2-regulated cholesterol biosynthetic enzymes. However, the upregu-
lated cholesterogenic enzymes appear to function with altered efficiency, associated with the loss of peroxisomal
compartmentalization. The rate of cholesterol biosynthesis in 7- to 9-day-old PEX2~/~ mice is markedly
increased in most tissues, except in the brain and kidneys, where it is reduced. While the cholesterol content
of most tissues is normal in PEX2~'~ mice, in the knockout mouse liver it is decreased by 40% relative to that
in control mice. The classic pathway of bile acid biosynthesis is downregulated in PEX2~/~ mice. However,
expression of CYP27A1, the rate-determining enzyme in the alternate pathway of bile acid synthesis, is
upregulated threefold in the PEX2~'~ mouse liver. The expression of hepatic ATP-binding cassette (ABC)
transporters (ABCA1 and ABCG1) involved in cholesterol efflux is not affected in PEX2~/~ mice. These data
illustrate the diversity in cholesterol regulatory responses among different organs in postnatal peroxisome-
deficient mice and demonstrate that peroxisomes are critical for maintaining cholesterol homeostasis in the

neonatal mouse.

Cholesterol is an essential structural constituent of cellular
membranes and a precursor molecule for the synthesis of ste-
roid hormones, bile acids, and regulatory oxysterols. Choles-
terol homeostasis is achieved by a series of regulatory steps
that control cholesterol biosynthesis, its uptake from plasma
lipoproteins, and the conversion of cholesterol to bile acids
(27, 45). The prevailing view has been that cholesterol biosyn-
thetic reactions occur in the cytoplasm and endoplasmic retic-
ulum. However, recent studies suggest that the early steps in
the isoprenoid/cholesterol biosynthetic pathway occur in per-
oxisomes, since all of the enzymes required for the conversion
of acetyl coenzyme A (acetyl-CoA) to farnesyl diphosphate
(FPP) are localized in peroxisomes and the enzymes catalyzing
the conversion of mevalonate to FPP appear to be exclusively
peroxisomal (30). Proteins imported into the peroxisome ma-
trix use either C-terminal tripeptide (PTS 1) or N-terminal
nonapeptide (PTS 2) peroxisome targeting signals that are
recognized by the cytosolic receptors Pex5p and Pex7p, respec-
tively (40). Both peroxisomal import pathways are utilized by
peroxisomal cholesterol biosynthetic enzymes, and PTS1 and
PTS2 are found in an alternating order (30). 3-Hydroxy-3-
methylglutaryl (HMG) CoA reductase, localized in the endo-
plasmic reticulum and peroxisomes, is the only enzyme in the
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cholesterol biosynthetic pathway required for the conversion of
HMG-CoA to mevalonate for which we, as yet, have no per-
oxisomal targeting information.

The importance of peroxisomes for normal cellular function-
ing is illustrated by the disorders associated with the Zellweger
spectrum (Zellweger syndrome [ZS], neonatal adrenoleu-
kodystrophy and infantile Refsum’s disease). All of these dis-
eases are characterized by a loss of functional peroxisomes
resulting in the presence of matrix enzymes in the cytosol (21).
In Zellweger syndrome (ZS), the most severe of these disor-
ders, infants have central nervous system neuronal migration
defects associated with neonatal hypotonia, seizures, and he-
patic dysfunction.

The effect of peroxisomal dysfunction on cholesterol biosyn-
thesis in cells and tissues from patients with the Zellweger
spectrum disorders has been examined, with conflicting results
(30). Briefly, reduced plasma cholesterol levels have been
found in Zellweger spectrum patients (30). Normal enzyme
activities for mevalonate kinase (MvK), mevalonate diphos-
phate decarboxylase (MPD), and isopentenyl diphosphate
isomerase (IPPI) have been measured in fibroblasts from ZS
patients in one study (54), but decreased MvK activity was
found in fibroblasts from ZS and neonatal adrenoleukodystro-
phy patients in another study (6). While three groups reported
significantly decreased cholesterol biosynthesis in fibroblasts
from Zellweger spectrum patients (25, 34; J. C. Collins, F.
Keyserman, S. C. Rumsey, and R. J. Deckelbaum, Am. Heart
Assoc. abstr. 1219, PG 1-228, 1993), two other studies showed
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that cholesterol biosynthesis rates were equivalent to or slightly
higher than those in control fibroblasts (33, 37). A study by
Krisans et al. (31) analyzing liver samples from Zellweger
spectrum patients has shown that enzymatic activities of
HMG-CoA reductase, MvK, phosphomevalonate kinase,
MPD, IPPI, and FPP synthase were reduced, while another
group reported decreased or normal MvK activities in livers of
ZS patients (54). In addition, one group reported a decrease in
cholesterol biosynthesis in peroxisome-deficient PEX2~/~
hamster cells (1), while another group reported increased cho-
lesterol biosynthesis in the same cell lines (52).

Recently, peroxisome-deficient mouse models for human ZS
have become available for study. In one such model, the PEX5
knockout mouse, the cholesterol biosynthesis rate was normal
in immortalized as well as primary PEX5 '~ mouse fibroblast
cultures (53). Cholesterol levels were also normal in the
plasma, brain, and liver of newborn PEX5 '~ mice, while he-
patic enzyme activities for HMG-CoA reductase and IPP
isomerase were slightly elevated (26). These PEX5-deficient
mice die within 24 h after birth and thus cannot be used to
study postnatal effects (2).

The second mouse model for human ZS has a targeted
deletion of the PEX2 gene (13), and homozygous mutants
survive in the early postnatal period up to 13 days (12, 14).
Thus, the PEX2 mouse provides an excellent model to assess
the effect of peroxisomal deficiency on cholesterol homeostasis
in the early postnatal period.

The focus of our study was to characterize the effects of
peroxisome deficiency on an array of cholesterol biosynthetic
enzymes, bile acid proteins, ATP-binding cassette (ABC)
transporters, transcription factors, and nuclear receptors that
are involved in maintaining cholesterol homeostasis. Our data
illustrate that the loss of peroxisomes leads to an upregulation
of the sterol regulatory element-binding protein 2 (SREBP-2)
pathway in the liver and a corresponding increase in the activ-
ities and the protein and expression levels of SREBP-2-regu-
lated cholesterol biosynthetic enzymes. However, due to the
loss of compartmentalization, the cholesterol biosynthetic en-
zymes function with altered catalytic efficiency. The rate of
cholesterol biosynthesis is increased in most tissues, except in
the brain and kidneys, where it is reduced. The cholesterol
contents of all tissues examined were found to be similar in
wild-type and PEX2 knockout mice, with the exception of the
liver, where the cholesterol content is significantly reduced in
the PEX?2 knockout mice. In addition, compared with wild-type
mice, PEX2™'~ mice have decreased plasma total and high-
density lipoprotein (HDL) cholesterol levels. The classic path-
way of bile acid biosynthesis is downregulated, while the alter-
nate pathway is unexpectedly increased. Our studies
demonstrate that there is a loss of coordinate regulation of
cholesterol homeostasis in the PEX2 knockout mice and em-
phasize the importance of the peroxisome in this process.

MATERIALS AND METHODS

Generation of PEX2-deficient mice. Homozygous PEX2~/~ mice were ob-
tained by breeding PEX2 heterozygotes (Swiss Webster [SW] X 129SvEv murine
genetic background) (12, 14) and genotyped by PCR analysis of tail DNA (13).
Mice had access to food and water ad libitum and were exposed to a 12-h
light-dark cycle in a temperature-controlled room (22°C).
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Plasma and hepatic lipid analysis. Plasma total cholesterol and HDL choles-
terol levels were measured by an enzymatic assay using a commercial kit (Sigma,
St. Louis, Mo). Tissue sterol levels were determined by reverse-phase high-
performance liquid chromatography (HPLC) after saponification and petroleum
ether extraction, as described previously (16, 17). Plasma phospholipid and
triglyceride levels were determined enzymatically (WAKO Chemicals, Neuss,
Germany). The plasma low-density lipoprotein (LDL) cholesterol level was cal-
culated from the Friedewald formula, applying the values for total cholesterol,
HDL cholesterol, and triglycerides (18).

Enzyme assays. Catalase (EC 1.11.1.6) activity was measured by the method of
Baudhuin et al. (4). HMG-CoA reductase (EC 1.1.1.34) activity was determined
as described previously (11), except that the KEND buffer contained 0.5%
(volfvol) Triton X-100 and the samples (100 pg of protein) were incubated at
37°C for 40 min. FPP synthase (EC 2.5.1.1) activity was assayed for 45 min using
10 pg of protein and ["*C]IPP (18 mCi/mmol; American Radiolabeled Chemi-
cals, St. Louis, Mo.) as described previously (23). Squalene synthase (EC
2.5.1.21) activity was assayed for 60 min using 20 p.g of protein and [*H]FPP (150
mCi/mmol; American Radiolabeled Chemicals) as described previously (50).

IPP isomerase (EC 5.3.3.2) activity was assayed as follows. The reaction buffer
consisted of 50 mM HEPES, 20 mM MgCl,, and 10 mM dithiothreitol (pH 7.0).
Each 0.1-ml sample contained 12.5 nmol of ["*C]IPP (275,000 cpm; American
Radiolabeled Chemicals). The samples were incubated at 37°C, and the reactions
were terminated by addition of 0.4 ml 25% HCI in methanol. [°’H]FPP standard
(17,000 cpm) was then added to each sample, and the reaction mixtures were
incubated 10 min at 37°C. The reaction mixtures were saturated with NaCl, the
products were extracted twice with a total of 4 ml of hexane, and the hexane
phase was counted by liquid scintillation.

Protein concentrations were determined by the bicinchoninic acid method
(Pierce, Rockford, Ill.) using bovine serum albumin as a standard.

Western blot analysis. Proteins were separated on a sodium dodecyl sulfate
(SDS)-13% polyacrylamide gel and transferred to nitrocellulose. Immunoblot
analysis was performed using enhanced chemiluminescence immunodetection
(NEN ECL detection reagents; PerkinElmer Life Sciences, Boston, Mass.) with
the following antibodies: anticatalase (a gift of A. Voelkl, University of Heidel-
berg), anti-(acyl-CoA oxidase) (a gift of A. Voelkl), anti-(HMG-CoA reductase)
(a gift of P. Edwards), anti-MvK, anti-IPPI, and anti-(FPP synthase) (a gift of P.
Edwards), with the appropriate horseradish peroxidase-linked secondary anti-
body (Bio-Rad, Hercules, Calif.). Rabbit polyclonal antiserum was raised against
a 15-amino-acid peptide corresponding to mouse IPP isomerase (residues 209 to
223, CDNLNHLSPFVDHEK). Blots were exposed to X-OMAT LS films (East-
man Kodak Co., Rochester, N.Y.). Films were scanned on a Molecular Dynamics
personal densitometer and analyzed using ImageQuant software (Amersham
Pharmacia Biotech, Piscataway, N.J.).

Northern blot analysis. Total RNA was isolated using Trizol reagent (Invitro-
gen, Carlsbad, Calif.), and poly(A)" RNA was further purified using the PolyAT-
tract mRNA isolation system (Promega, Madison, Wis.). RNA was quantitated
by optical densitometry at 260 nm and subjected to electrophoresis on a form-
aldehyde-1.0% agarose gel. After separation, the RNA was transferred to Hy-
bond-XL membranes (Amersham Pharmacia Biotech, Piscataway, N.J.) and
fixed by UV cross-linking.

c¢DNA probes were prepared from mouse liver total RNA by a standard
reverse transcriptase-PCR (Invitrogen) procedure using primers based on mouse
c¢DNA sequences available through GenBank databases. PCR-generated probes
were subcloned into the pCRII-TOPO vector (Invitrogen), sequenced, released
from the cloning vector with restriction enzymes, and purified by agarose gel
electrophoresis before being radiolabeled by the nick translation method
(Roche, Indianapolis, Ind.) using [a-*?P]dCTP (Perkin-Elmer Life Sciences).
Probe hybridization was carried out overnight at 42°C in a solution containing
50% (vol/vol) formamide, 0.75 M NaCl, 75 mM sodium citrate (pH 7.0), 2x
Denhardt’s solution, 0.1% SDS, 200 wg of salmon sperm DNA per ml, and 10%
dextran sulfate. Washes (two with 15 min each) were performed at 42°C using 2x
SSC (Ix SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS, 0.5x
SSC-0.1% SDS, and 0.2x SSC-0.1% SDS. Blots were exposed to PhosphorIm-
ager screens and visualized using a Storm 860 PhosphorImager system (Molec-
ular Dynamics, Sunnyvale, Calif).

Forward and reverse PCR primers used to generate cDNA probes were,
respectively, as follows (GenBank accession numbers are provided in parenthe-
ses): phosphomevalonate kinase (AK003607), 5'-AAATCCGGGAAGGACTT
CGT-3" and 5'-TTGCTGTCGACTCTGCTCCG-3'; IPP isomerase (AF003835),
5'-AGGAGTGATTGGATCAGCTC-3" and 5'-AACTTAATTTCGCCCCTGG
C-3'; FPP synthase (M34477), 5'-AGAATGAATGGGGACCAGAA-3' and 5'-
AGGTTACTTTCTCCGCTTGT-3'; 7-dehydrocholesterol reductase (AF057368),
5'-TTGTGTACTACTTCATCATGGCATG-3" and 5'-GGGTTGAACTCAAT
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TABLE 1. Plasma lipid analysis of 10-day-old wild-type and PEX2
knockout mice

Lipid concn (mg/dl) in®: Ratio of
Lipid lipid
Wild-type mice PEX2™'~ mice conens
Total plasma cholesterol ~ 191.3 = 26.7 (14)  109.5 = 33.7 (6)* 0.57
Total plasma HDL 96.1 = 19.4 (14) 25.7 = 10.5 (6)* 0.27
cholesterol
Plasma triglycerides 69.7 = 26.5 (26) 77.4 +21.0 (7) 1.11

Plasma phospholipids 430.1 =£52.6(19)  285.7 = 60.5 (7)* 0.66

¢ Each value represents the mean *+ standard error of the mean. Values in
arentheses denote the number of samples analyzed. *, P < 0.001 (Student’s ¢
p P y
test).

TCCCATCAT-3’; lanosterol synthase (U31352), 5'-TGGCTGGCTGTCCTGA
ATGTTTA-3’" and 5'-TTGGTGCCCTGCATTTTCAT-3’; cytochrome P450
3A11 (CYP3A11) (NM_007818.1), 5'-TTTTCTGTCTTCACAAACCGG-3' and
5'-CAAACCTCATGCCAAGGCAG-3'; insig-1, 5'-AGGACGACAGTTAGCT
ATGGGTG-3" and 5'-CCCCCTTACCCGACTCTCACATAC-3'; and insig-2,
5'-CTGGTGTGCCTTTTCCCGTTTCTA-3’ and 5'-ACCTTGATCTGCCTGT
GTTCCTGT-3'.

In vivo cholesterol synthesis. Neonatal mice were injected with sodium [*H]ac-
etate (25 Ci/mmol; American Radiolabeled Chemicals) in sterile phosphate-
buffered saline (135 mCi/ml; 0.676 mCi/g of body weight) under the dorsal skin,
using a Hamilton syringe fitted with a 30-gauge needle. After metabolism of the
radiolabeled substrate was allowed to proceed for 6 h, the mice were euthanized
and tissues were harvested, weighed, flash frozen in liquid nitrogen, and stored
at —85°C until ready for analysis. Blood was collected by intracardiac puncture,
and plasma was prepared by centrifugation (5 min at 10,000 X g); an aliquot (5
wl) was taken for scintillation counting, while another aliquot (20 to 25 pl) was
taken for determination of sterol specific activity. Following saponification and
petroleum ether extraction, the nonsaponifiable lipids were analyzed by reverse-
phase radio-HPLC, and the specific activities of the radiolabeled products (e.g.,
sterols, squalene) were determined as previously described (16).

RESULTS

Plasma lipid analysis of wild-type and PEX2~'~ mice. We
first investigated if peroxisome-deficient mice had any abnor-
malities in plasma lipids. The plasma total cholesterol and
HDL cholesterol levels were reduced 43 and 73%, respectively,
in 10-day-old PEX2~'~ mice (Table 1). The plasma phospho-
lipid level was reduced by 34% in PEX2~/~ mice compared
with their controls. There was no significant difference between
PEX2~'~ and wild-type mice in plasma triglyceride levels. The
calculated plasma LDL cholesterol concentration in wild-type
and PEX2~/~ mice was 81.3 and 68.3 mg/dl, respectively. In the
C57BL/6 background newborn PEX2 knockout mice, total
plasma cholesterol and phospholipid levels were also reduced
by approximately 40% (data not shown).

Cholesterol biosynthetic enzyme activities are markedly in-
creased in livers of PEX2™/~ mice. To examine the effect of
peroxisome deficiency on the activities of cholesterol biosyn-
thetic enzymes, we measured the activities of HMG-CoA re-
ductase, IPP isomerase, FPP synthase, and squalene synthase
in liver homogenates of PEX2 knockout, heterozygous, and
wild-type mice from postnatal days 0.5 (P0.5), 3 to 5 (P3-5),
and 7 to 10 (P7-10). HMG-CoA reductase is normally local-
ized in both the endoplasmic reticulum and peroxisomes, IPP
isomerase and FPP synthase are localized predominantly in
peroxisomes, while squalene synthase is localized exclusively in
the endoplasmic reticulum.

While the activity of these enzymes in the newborn PEX2 ™/~
mouse liver was normal, all enzyme activities were significantly
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elevated in the postnatal knockout mouse livers (Fig. 1A to D).
In control mice, the activity of these cholesterol biosynthetic
enzymes was highest at P0.5 and decreased over the subse-
quent 10-day period (Fig. 1A to D). The pattern observed in
PEX?2 knockout mice differed markedly, with enzyme activity
continuing to increase in postnatal PEX2~/~ mice. For exam-
ple, HMG-CoA reductase activity was increased 5-fold at P3-5
and 10-fold at P7-10 in knockout mice (Fig. 1A). Activities of
IPP isomerase, FPP synthase, and squalene synthase were in-
creased twofold at P3-5 in PEX2~'~ mice (Fig. 1B to D). At
P7-10, the activities of FPP synthase and squalene synthase
were increased 10-fold in mutant mice while IPP isomerase
activity was increased 18-fold.

In the livers of newborn mice, the activity of catalase, the
marker enzyme of peroxisomes, was similar for PEX2~'~ and
control mice (Fig. 1E). However, at P3-5 and P7-10, the cata-
lase activity in liver homogenates of PEX2~/~ mice was only
half that in their wild-type littermates (Fig. 1E).

Activities of selected cholesterol biosynthetic enzymes in the
kidneys and spleen of PEX2™/~ mice. Prompted by our data
showing highly elevated activities of cholesterol biosynthetic
enzymes in the livers of ZS mice, we also investigated the
enzyme activities in the kidneys and spleen of 10-day-old wild-
type and PEX2~/~ mice (Table 2). In the spleen of PEX2™/~
mice the activities of HMG-CoA reductase, IPP isomerase,
and FPP synthase were increased twofold as compared to those
in wild-type mice. Therefore, there is a similar pattern of en-
zyme elevation to that observed in the PEX2 knockout liver,
which is somewhat less extensive in the spleen. In the PEX2 ™/~
mouse kidneys, the pattern of enzyme alterations differed sig-
nificantly from that in liver or spleen. Whereas activities of
FPP synthase and squalene synthase were increased around
twofold, as in spleen, the specific activity of HMG-CoA reduc-
tase was decreased twofold, and the activity of IPP isomerase
was unchanged in PEX2~'~ mouse kidneys. This finding sug-
gests a differential regulation of cholesterol homeostasis in the
PEX2~'~ mouse kidneys from that in the liver or spleen.

Protein levels of cholesterol biosynthetic enzymes are mark-
edly increased in the livers of PEX2™/~ mice. Western blot
analysis of peroxisomal proteins and proteins involved in cho-
lesterol biosynthesis was performed to determine whether the
measured activities are a reflection of the protein levels. Acyl-
CoA oxidase is a peroxisomal protein that undergoes proteo-
Iytic cleavage after import into peroxisomes (36). While the
level of this enzyme increased in the postnatal period in both
control and mutant mice, only the uncleaved subunit A was
seen in PEX2 '~ mouse livers, consistent with the lack of
peroxisomal protein import in knockout mice (Fig. 2). The
amount of catalase in livers of P7-10 PEX2~/~ mice was de-
creased to 70% of control levels, which is consistent with the
reduced catalase activity in the PEX2~/~ mice (Fig. 2B; also
see Fig. 1E). Similar protein levels of most cholesterol biosyn-
thetic enzymes were seen in P0.5 wild-type, PEX2 heterozy-
gous, and PEX2~'~ mouse livers, with the exception of IPP
isomerase, whose level was increased by twofold (Fig. 2A).
Figure 2B illustrates the protein levels of a number of choles-
terol biosynthetic enzymes in livers of P7-10 mice. The protein
levels were significantly elevated in PEX2™'~ mice, but the
magnitude of the increase varied widely between different
knockout mice. However, a similar wide variation was also
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FIG. 1. Activities of selected cholesterol biosynthetic enzymes (A to D) and the peroxisomal marker enzyme catalase (E) in liver homogenates.
Since enzyme activities from PEX2 heterozygous and wild-type mice were similar at the three investigated time points, these data were combined.
Data from wild-type and heterozygous (grey bars) and PEX2~/~ (black bars) mice are shown. Enzyme activities were measured in liver
homogenates from mice at three different time points: newborn (P0.5), 3- to 5-day-old (P3-5) and 7- to 10-day-old (P7-10) mice. Values are mean
and standard error of the mean (n = 10 for wild-type and heterozygous mice; n = 7, for PEX2™/~ mice). *, P < 0.02; **, P < 0.005; ***, P < 0.001
(significant differences between control and PEX2 ™/~ mice).

seen with the cholesterol biosynthetic enzyme activities in heterozygous mice (data not shown), although the increase was
P7-10 PEX2~'~ mice (Fig. 1). The protein levels of these smaller than in P7-10 mice.
cholesterol biosynthetic enzymes in P3-5 PEX2~/~ mice were Cholesterol biosynthetic gene, SREBP-2, Insig-1, Insig-2,

also significantly increased compared to those in wild-type and and LDLR mRNA levels are markedly increased in the livers

TABLE 2. Activities of cholesterol biosynthetic enzymes in kidneys and spleen of 10-day-old wild-type, heterozygous, and
PEX?2 knockout mice

Enzyme activity (pmol/min/mg of protein) in“:

Enzyme Kidneys Spleen
Wild-type mice PEX27/~ mice Wild-type mice PEX27/~ mice
HMG-CoA reductase 65.0 + 15.8 (12) 36.1 = 10.9 (6)° 44.9 + 8.5 (5) 84.4 = 16.8 (3)"
IPP isomerase 189.9 + 32.0 (12) 260.7 = 129.3 (6) 127.0 = 17.6 (5) 246.8 = 43.7 (3)"
FPP synthase 288.7 = 45.4 (13) 540.0 = 209.0 (7)" 270.8 £ 38.5(5) 640.0 = 130.9 (3)"
ND

Squalene synthase 2.54 + 1.14 (13) 5.08 =2.78 (7)™ ND”?
¢ Each value represents the mean *+ standard error of the mean. Values in parentheses denote the number of samples. Spleens from four PEX2™
and assayed (n = 3). Enzyme activities from wild-type and heterozygous mice were similar and were combined. *, P < 0.001; **, P < 0.005; ***, P < 0.01 (Student’s

t test).
> ND, not determined.

J—

mice were pooled
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FIG. 2. Immunoblot analysis of 200 g of liver protein for acyl-CoA oxidase, catalase, and selected cholesterol biosynthetic enzymes in P0.5
(A) and P7-10 (B) wild-type (+/+), heterozygous (+/—), and PEX2~/~ (—/—) mice. The fold change in the protein level in PEX2™/~ mice was
expressed relative to that in matching wild-type and heterozygous mice, which in each case was arbitrarily set at 1.0. These values are shown below
in each blot. The exposure time for the P0.5 and P7-10 immunoblots was the same.

of PEX2™/~ mice. Next, the mRNA expression levels for a
number of cholesterol biosynthetic enzymes were evaluated.
Figure 3A shows the relative levels of cholesterol biosynthetic
gene mRNAs in the livers of 10-day-old wild-type, heterozy-
gous, and PEX2™/~ mice. PEX2™/~ mice exhibited marked
increases in the levels of mRNAs encoding cholesterol biosyn-
thetic enzymes (4- to 26-fold). The greatest fold increase was
observed for HMG-CoA reductase, IPP isomerase, FPP syn-
thase, and lanosterol synthase (20- to 26-fold). The experi-
ments demonstrate that essentially all the SREBP-2-regulated
cholesterol biosynthetic enzymes were markedly increased at
the mRNA level in the livers of PEX2™'~ mice.

SREBP-1 activates the transcription of fatty acid biosyn-
thetic genes, whereas SREBP-2 favors genes in the cholesterol
biosynthetic pathway (27). SREBP-2 mRNA levels in PEX2 '~
mice were elevated by about 2.5-fold (Fig. 3B, right three
lanes). In contrast, SREBP-1 mRNA levels were ~85% re-
duced in PEX2~'~ mice. Recently, several new membrane-
bound proteins (insulin-induced genes 1 and 2 [Insig-1 and
Insig-2]) have been identified that bind to the sterol-sensing
domain of the SREBP cleavage-activating protein (SCAP) (57,
58). The binding of Insig-1 to SCAP in the presence of cho-
lesterol leads to endoplasmic reticulum retention of the SCAP-
SREBP complex. In addition, Insig-1 is itself a target of
SREBP gene control whereas Insig-2 is expressed constitu-
tively. Studies suggest that when sterols are limiting, Insig-1 is
induced and its product regulates SREBP. Therefore, we esti-
mated the mRNA levels of both Insig-1 and Insig-2. Figure 3B
shows an increase of 2.2- to 5.0-fold in Insig-1 and 1.7-fold in
Insig-2 mRNA levels in PEX2™/~ mice.

The mRNA level of the SREBP-regulated LDL receptor

was elevated 7.5-fold in the liver of 10-day-old PEX2~/~ mice
(Fig. 3C). The levels of the scavenger receptor BI (SR-BI)
mRNAs were the same in the livers of wild-type and PEX2~/~
mice (data not shown).

Measurement of the rate of in vivo cholesterol synthesis and
tissue cholesterol levels. We next explored whether the in-
creased expression, protein levels, and activities of cholesterol
biosynthetic enzymes were a consequence of changes in he-
patic sterol metabolism (cholesterol content and cholesterol
biosynthesis rate). To address this question, mice were injected
subcutaneously with [*H]acetate and various tissues (liver,
brain, kidneys, heart, lungs, and spleen) were analyzed for
sterol content and rate of biosynthesis.

The reverse-phase radio-HPLC chromatograms for nonsa-
ponifiable lipids obtained from livers of 8-day-old wild-type
and PEX2™/~ mice are shown in Fig. 4A. In the PEX2™/~
mouse liver (right panels), cholesterol was virtually the only
sterol detected in appreciable amounts. However, in the wild-
type mouse liver, there was a peak of radioactivity (average
retention time, 12.47 min) corresponding to squalene, whereas
the PEX2 knockout mouse liver did not show this peak. Cho-
lesterol represented the majority of the total recovered radio-
activity, in both wild-type and knockout mouse livers, coinci-
dent with the cholesterol mass peak at a retention time of 10.77
min.

Representative reverse-phase HPLC chromatograms ob-
tained from the brains of 8-day-old control and PEX2/~ mice
are shown in Fig. 4B. The brains of both control and PEX2~/~
mice took up the [*H]acetate and metabolized it to sterols,
with desmosterol and cholesterol being the only sterols de-
tected in appreciable amounts in both cases. In other major
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FIG. 3. Northern blot mRNA analysis of cholesterol biosynthetic enzymes (A), SREBPs, Insig-1 and Insig-2 (B), and LDL receptor (C) in the
livers of 10-day-old wild-type (+/+), heterozygous (+/—), and PEX2~'~ (—/—) mice. Aliquots (1.5 ng) of mRNA were subjected to electrophoresis
and blot hybridization with the indicated **P-labeled probe. The amount of radioactivity in each band was quantified by PhosphorImager analysis
and normalized to the signal generated by cyclophilin. The fold change in each mRNA of PEX2™/~ mice was expressed relative to matching
wild-type and heterozygous mice, which in each case was arbitrarily set at 1.0. These values are shown below each blot.

PEX2~'~ mouse tissues examined (kidneys, spleen, heart, and
lungs), cholesterol was the only sterol detected in appreciable
amounts, whereas in tissues from wild-type mice there was
accumulation of radiolabel in the cholesterol precursors
squalene and/or desmosterol (data not shown).
Determination of cholesterol levels in tissues from 10-day-
old PEX2~'~ mice showed that the total cholesterol content in
the liver was decreased by ~40% in PEX2~'~ mice compared
with their wild-type or heterozygous littermates (2.36 * 0.33
mg/g [n = 9] and 4.05 * 0.34 mg/g [n = 10], respectively) (Fig.
5A). There was no direct correlation between the weight of the
knockout mice (i.e., how well they were thriving) and the level
of total cholesterol in the liver. However, in the brain, kidneys,
spleen, heart, and lungs, there were no significant differences
in total cholesterol levels in PEX2~/~ and wild-type mice (Fig.

5A). Nonpolar lipid true-mass analysis (Lipomics Technolo-
gies Inc., West Sacramento, Calif.) of liver tissue from 10-day-
old wild-type and PEX2~/~ mice confirmed that in the knock-
out mice the cholesterol ester levels were decreased to ~40%
of the control levels (data not shown).

The rate of cholesterol synthesis, expressed as cholesterol
specific activity, is shown in Fig. 5B. The specific activity of
cholesterol in the livers of 7- to 9-day-old PEX2~'~ mice was
13-fold higher than in wild-type mice (P < 0.005). As shown in
the chromatograms (Fig. 4A), wild-type mice show incomplete
conversion of [*H]acetate to cholesterol in the liver, with ac-
cumulation of radiolabeled squalene and other minor precur-
sors, over the same time interval when PEX2~/~ mice exhibit
nearly quantitative incorporation of [*H]acetate into choles-
terol, with little or no appreciable accumulation of radiola-
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FIG. 4. [*H]acetate incorporation into liver (A) and brain (B) non-
saponifiable lipids. Reverse-phase radio-HPLC chromatograms of
nonsaponifiable lipids obtained from 8-day-old control (left) and
PEX27/~ (right) mouse livers and brains, 6 h after subcutaneous in-
jection with [°H]acetate, are shown. The elution positions for choles-
terol (Ch), squalene (Sq), and desmosterol (Des) are indicated. Simul-
taneous detection was done by scintillation counting (upper panels,
total recovered radioactivity: control, 38244 dpm; PEX2~/~, 102401
dpm) and UV absorbance (at 205 nm, lower panels). The detector
response is normalized to the full-scale response for the predominant
component, however, the absolute values for controls and PEX2~/~
mutants are up to 10-fold different.

beled precursors. The squalene content in wild-type mouse
livers was 16-fold higher than in PEX2~'~ mouse livers (39.0 +
3.0 and 2.5 = 0.4 pg/g [wet weight], respectively). Conse-
quently, the cholesterol/squalene molar ratio in the livers of
PEX2~'~ mice is 8.5-fold higher than in wild-type mice.

As shown in Fig. 5B, the rate of acetate incorporation into
cholesterol in the spleen, lungs, and heart of 7- to 9-day-old
PEX2'~ mice was significantly increased compared to that in
wild-type mice (6-, 2.8- and 4-fold, respectively). However, the
rate of incorporation of [*H]acetate into cholesterol is de-
creased in the brain and kidneys of PEX2~/~ mice compared to
that in wild-type mice. In the brain and kidneys of the knock-
outs, the specific activity of cholesterol was 2.4-fold (P < 0.001)
and 2-fold (P < 0.005) lower, respectively, than in the controls.
Surprisingly, the incorporation of [*H]acetate into a compo-
nent with the chromatographic properties of desmosterol was
much higher than into cholesterol, in both wild-type and
PEX2~'~ mouse brains. However, the specific activities both of
desmosterol and cholesterol were lower in the brains of
PEX2~'~ mice than in those of wild-type mice.

CHOLESTEROL HOMEOSTASIS IN PEX2 KNOCKOUT MICE 7

Expression of bile acid biosynthetic genes and cholesterol
absorption. Our results demonstrate that despite the upregu-
lation of the SREBP-2 pathway and the increased rate of
cholesterol biosynthesis in the peroxisome-deficient mouse
liver, the cholesterol content is still markedly reduced. Since
the balance between de novo cholesterol biosynthesis and ca-
tabolism of cholesterol to bile acids is a tightly regulated pro-
cess in the liver, we investigated the expression levels of the
rate-limiting enzymes in bile acid biosynthesis. Cholesterol 7a-
hydroxylase (CYP7AL1) is the rate-limiting step in the classic
pathway of bile acid biosynthesis, and its expression levels were
decreased in 10-day-old PEX2 '~ mice compared to those in
wild-type and heterozygous mice (Fig. 6A). Sterol 27-hydrox-
ylase (CYP27A1) initiates the alternate or acidic pathway of
bile acid biosynthesis and is also involved in the classic pathway
to facilitate the oxidation of the steroid side chain (7, 46). As
shown in Fig. 6A, the PEX2/~ mice manifest a 2.7-fold in-
crease in the mRNA for sterol 27-hydroxylase in the liver.
Oxysterol 7a-hydroxylase (CYP7B1), also an enzyme of the
alternate bile acid synthesis pathway which hydroxylates oxys-
terols at the 7-position (48), was expressed in the livers of
P7-10 mice at very low levels and the mRNA level was in-
creased around twofold in mutant mice (data not shown).

These data are in agreement with preliminary studies which
demonstrate marked reductions in the concentration of plasma
taurocholic acid and increased concentrations of plasma C,,
bile acids, 3a,7a-dihydroxy-5B-cholestanoic acid (DHCA),
produced by the alternate or acidic pathway of bile acid bio-
synthesis, in PEX2~/~ mice (M. Duran, R. J. A. Wanders, and
P. Faust, unpublished data).

Fecal neutral sterol excretion and the level of intestinal
cholesterol absorption are inversely correlated (43, 44, 49). A
deficiency of primary bile acids would lead to a diminished
level of cholesterol absorption, which would be reflected in a
greater loss of sterol in the feces and could contribute to a
negative cholesterol balance in the knockout mice. However,
the content of cholesterol in stool samples was significantly
reduced in the PEX2 ™/~ mice. The stool cholesterol content
was 11.48 * 5.31 mg/g (n = 6) in the wild-type mice versus 6.64
+2.32mg/g (n = 7) in the PEX2~'~ mice (Fig. 6C). These data
would suggest that intestinal cholesterol absorption is not im-
paired in the PEX2™/~ mice.

Expression of hepatic nuclear hormone receptors, apoli-
poproteins, and ABC transporter genes. Recently it has been
shown that nuclear hormone receptors, including the liver X-
activated receptors (LXRa and LXRB; NR1H3 and NR1H?2),
the farnesoid X-activated receptor (FXR; NR1H4), and the
pregnane X receptor (PXR; NR112), regulate the expression
of genes controlling cholesterol, bile acid, lipoprotein, and
drug metabolism (10, 15).

It has been suggested that LXR functions as a sensor of
cellular oxysterols and 27-hydroxycholesterol, generated by the
activity of sterol 27-hydroxylase (19). Since LXRa is most
highly expressed in the liver and the LXRa gene is itself a
target of the LXR signaling pathway, we analyzed the expres-
sion of LXRa in the livers of 10-day-old mice. No change in the
expression of LXRa was observed in peroxisome-deficient
mice (Fig. 6A). FXR was also highly expressed in the liver,
where it appeared to function as a bile acid sensor. There was
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FIG. 5. Cholesterol concentration (A) and rate of cholesterol synthesis (B) in various tissues of wild-type and PEX2~/~ mice. [*H]acetate was
administered to 7- to 9-day-old mice by subcutaneous injection, and the animals were killed 6 h later. The amount of [?H]acetate incorporated into
cholesterol in the indicated tissues was determined as described in Materials and Methods. Values represent the mean and standard error of the
mean (n = 5 for wild-type mice; n = 6 for PEX2 '~ mice). The asterisks show that the value for the PEX2~/~ animals (black bars) was significantly
different from that for the wild-type animals (grey bars). *, P < 0.05; **, P < 0.005; ***, P < 0.001.

no difference in the expression of FXR between wild-type and
knockout mice (data not shown).

PXR is activated by elevated intracellular concentrations of
toxic bile acids (bile acid intermediates) (9, 20, 51, 56). It
regulates a number of target genes encoding proteins with
relevance to bile acid metabolism, for example, CYP3A, an
enzyme which functions in the detoxification of toxic bile acids.
As illustrated in Fig. 6B, steady-state levels of CYP3All
mRNA, which reflect the activity of PXR, were reduced by
50% (P < 0.05) in the livers of 10-day-old PEX2~/~ mice
compared to wild-type and heterozygous mice.

The ABCA and ABCG subclasses of mammalian ABC
transporters have been implicated in the cellular homeostasis
of phospholipids and cholesterol. ABCA1 controls the rate-
limiting step in cellular phospholipid and cholesterol efflux
(38), and hepatic expression of the ABCAL transporter ap-
pears to be critical in controlling plasma HDL cholesterol
levels (3). ABCG1 may also play a role in cholesterol efflux,
although its role is not well defined (29). The expression of
ABCA1 and ABCGI in the livers of 10-day-old wild-type,
heterozygous, and PEX2~/~ mice was evaluated by Northern
blot analysis and found to be unchanged (Fig. 6A). However,
the hepatic expression of apoA-1, the major apolipoprotein of

HDL, and apoC-III was significantly reduced in the PEX2 ™/~
mice compared to the control mice, suggesting that the syn-
thesis of nascent HDL is decreased in peroxisome-deficient
mice (Fig. 6B).

Lastly, we determined the hepatic expression of ABCGS and
ABCGS, two ABC half-transporters that work cooperatively
and have been proposed to play a key role in the biliary ex-
cretion of sterols (22, 59). In the liver, the ABCGS5 and ABCGS
genes are direct targets of the nuclear receptor LXR. Surpris-
ingly, in the livers of 10-day-old PEX2~/~ mice, the expression
of ABCGS was decreased whereas the expression of ABCGS8
was increased compared to that in wild-type mice (Fig. 6A),
indicating a loss of coordinate regulation of ABCGS5 and
ABCGS in PEX2~'~ mice. The lack of upregulation of the
LXR target genes Cyp7al, ABCAI, ABCGI, and LXR in
PEX2~'~ mice suggests that the LXR pathway is not activated
in PEX2™/~ mice. Furthermore, there was no change in the
expression of FXR, and the levels of CYP3A11 mRNA, which
reflect the activity of PXR, were reduced, indicating a lack of
activation of these two pathways as well.

Altered catalytic efficiency of cholesterol biosynthetic en-
zymes. Since peroxisomal deficiency results in mislocalization
of peroxisomal matrix enzymes to the cytosol, we asked
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FIG. 6. (A and B) Northern blot mRNA analysis of bile acid biosynthetic genes (Cyp7al, Cyp27al), proteins involved in sterol transport (ABC
transporters), nuclear hormone receptor LXR, apolipoproteins, and Cyp3all. Aliquots (4 ng) of mRNA were subjected to electrophoresis and blot
hybridization with the indicated **P-labeled probe. The amount of radioactivity in each band was quantified by PhosphorImager analysis and
normalized to the signal generated by cyclophilin. The fold change in each mRNA of PEX2~/~ mice was expressed relative to matching wild-type
and heterozygous mice, which in each case was arbitrarily set at 1.0. These values are shown below each blot. (C) Stool cholesterol content in
wild-type (+/+) and PEX2 knockout (—/—) mice. The stools of neonatal animals were collected from suckling wild-type and knockout mice, and
cholesterol was determined by reverse-phase HPLC after saponification and petroleum ether extraction. Values represent the mean and standard
error of the mean (n = 6 for wild-type mice; n = 7 for PEX2/~ mice). The asterisk shows that the value for the PEX2™/~ animals (black bars)
was significantly different from that for the wild-type animals (grey bars) (P = 0.05).

whether the cholesterol biosynthetic enzymes in the PEX2~/~
mice have the same catalytic specific activity in the cytoplasm
as in peroxisomes. Since measurements of enzyme activities
and immunoblots were done on the same liver samples, we
were able to normalize the specific activities to the enzyme
protein content. Table 3 shows the specific activity of HMG-
CoA reductase normalized to the HMG-CoA reductase pro-
tein content in the livers of 10-day-old control and knockout
mice. The specific activity of HMG-CoA reductase was re-
duced by 55% (P < 0.01) in PEX2~'~ mice when normalized to
the HMG-CoA reductase protein content in the liver. The
same type of calculation was performed for IPP isomerase and
FPP synthase, enzymes that are located predominantly in per-
oxisomes. Whereas the specific activity of IPP isomerase in the
PEX2~'~ mice was decreased by 70% (P < 0.001), the specific
activity of FPP synthase was increased 3.3-fold (P < 0.05) in
the knockout mice when normalized to the protein level. Sim-
ilar trends in altered specific activity were observed for the
other time points, PO and P3-5 mice (data not shown). These
data, illustrating that mislocalization of peroxisomal choles-
terol biosynthetic enzymes to the cytoplasm alters the normal

catalytic efficiency of these enzymes, support our conjecture
that the compartmentalization of cholesterol biosynthetic en-
zymes may be an important regulatory mechanism for choles-
terol biosynthesis.

DISCUSSION

The effects of inactivation of the mouse PEX2 gene which
results in peroxisomal deficiency were evaluated in regards to
sterol homeostasis. The major finding of this study is that
inactivation of the PEX2 gene results in a reduction of the
steady-state concentration of cholesterol in the livers of
PEX2~'~ mice by at least 40% and in reduced levels of plasma
total cholesterol and HDL cholesterol. Despite the activation
of a number of regulatory pathways and an increased rate of
hepatic cholesterol de novo synthesis, normal cholesterol ho-
meostasis was not achieved in the PEX2~/~ mice, denoting the
necessity of functional peroxisomes for this process.

SREBP-2-induced cholesterol biosynthetic pathway en-
zymes function with altered efficiency in PEX2~/~ mice.
Mammalian cells keep their cholesterol content under tight
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TABLE 3. Specific activity of HMG-CoA reductase normalized to
HMG-CoA reductase protein content in the livers of 10-day-old
wild-type, heterozygous, and PEX2 knockout mice”

Sp act Vol Sp act,
Goo Gl demb iy Agpagil
min/mg) protein) (fmol/min)
+/+ 60 216 278 291.2 = 70.7 (100%)
+/+ 34 83 410
+/+ 58 173 335
+/— 45 209 215
+/= 38 157 242
+/- 51 191 267
—/= 141 876 163 132.7 = 26.8* (45%)
—/= 258 2,300 112
—/= 1,851 15,109 123

“ Measurements of HMG-CoA reductase activities and immunoblots were
done on the same liver samples. For Western blot analysis, 200 pg of protein was
separated on an SDS-7.5% polyacrylamide gel, transferred to a nitrocellulose
membrane, and subjected to immunoblot analysis using a polyclonal anti-(HMG-
CoA reductase) antibody.

b* P < 0.01 (Student’s ¢ test).

transcriptional control by the actions of a family of membrane-
bound transcription factors, the SREBPs (27). In vivo,
SREBP-2 preferentially activates genes of cholesterol metab-
olism whereas SREBP-1c¢ preferentially activates genes of fatty
acid and triglyceride metabolism. Depletion of hepatic choles-
terol elicited the expected increase in the processing of
SREBP-2 in the livers of PEX2~/~ mice. The transcription of
the SREBP-1c gene decreased, perhaps owing to a deficiency
of an endogenous oxysterol ligand for the liver X receptor,
which is required for SREBP-1c production (8, 42). In the
present study, we demonstrated SREBP-2 activation of various
enzymes in the cholesterol biosynthetic pathway in the liver of
PEX2~/~ mice: HMG-CoA synthase, HMG-CoA reductase,
phosphomevalonate kinase, IPP isomerase, FPP synthase,
squalene synthase, lanosterol synthase, and 7-dehydrocholes-
terol reductase. All these cholesterogenic genes have sterol
regulatory element (SRE)-like sequences and are well-estab-
lished SREBP target genes (27). The determination of enzyme
activities and protein levels of these cholesterol biosynthetic
enzymes also showed that in the livers of PEX2~'~ mice, both
activities and protein levels are highly increased.

The benefit of the compartmentalization of the cholesterol
biosynthetic enzymes in peroxisomes is still not clear, but it
may ensure optimal cofactor concentrations for the individual
reactions, keep enzymes together in operating units, or per-
haps provide additional regulatory mechanisms for cholesterol
biosynthesis. Since the mislocalized cholesterol biosynthetic
enzymes in the PEX2~/~ mice appear to be stable in the cyto-
plasm, we asked whether the enzymes are also as efficient in
the cytoplasm as they are in peroxisomes. Unexpectedly, the
specific activity of HMG-CoA reductase was reduced by 55%
in PEX2~'~ mice when normalized to the HMG-CoA reduc-
tase protein content in liver (Table 3). The decreased specific
activity of HMG-CoA reductase is very surprising, since this
enzyme is localized in both the endoplasmic reticulum and
peroxisomes, with the major portion being mainly in the en-
doplasmic reticulum. We did the same calculation for IPP
isomerase and FPP synthase, enzymes that are localized pre-
dominantly in peroxisomes. Whereas the specific activity of
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IPP isomerase in the PEX2~/~ mice was decreased by 70%, the
specific activity of FPP synthase was increased 3.3-fold in mu-
tant mice when normalized to the protein level. Clearly, mis-
localization of these enzymes to the cytoplasm alters the nor-
mal catalytic efficiency. The change in the catalytic efficiency of
the enzymes may also explain the differences observed in the
levels of sterol intermediates between the control and knock-
out mice (accumulation of squalene in the livers of wild-type
animals but not in the PEX2~/~ mice).

SREBP-2 pathway induction in PEX2~/~ mice increases in
the postnatal period. Both newborn (data not shown) and
postnatal PEX2~/~ mice have reduced total cholesterol levels
in plasma. While the activities and protein levels for most of
the cholesterol biosynthetic enzymes are not markedly in-
creased in newborn mutant mice (Fig. 1 and 2), normalization
of enzyme activity to enzyme protein level suggests that abnor-
malities in the functioning of these enzymes also exist in the
newborn PEX2~/~ liver. However, it is clear that the induction
of cholesterol enzymes by SREBP-2 pathway activation is ex-
acerbated in the postnatal period in PEX2~'~ mice. This post-
natal exacerbation may reflect, at least in part, the significant
liver disease that develops in knockout mice, with onset of
hepatic steatosis and marked intrahepatic cholestasis (P. Faust,
unpublished data). PEX2~/~ mice also have bulky, yellow
stools, which is suggestive of a malabsorption syndrome due to
the defective bile acid synthesis. Thus, malnutrition in
PEX2~'~ mice may also further hinder the functioning of the
liver.

Interestingly, studies with PEX5 '~ mice have demonstrated
the presence of severe hepatic mitochondrial abnormalities
which were postulated to be associated with oxidative damage
due to peroxisome deficiency (5). We have observed similar
mitochondrial changes in newborn PEX2~/~ mice and are cur-
rently investigating whether this damage is exacerbated in the
postnatal mutant liver. Thus, the continually increased induc-
tion of peroxisomal enzymes in the absence of proper cellular
compartmentalization may lead to accumulation of abnormal
metabolites in the cytosol and secondary organellar dysfunc-
tion. The decreased specific activity of HMG-CoA reductase
(when normalized to HMG-CoA protein levels [Table 3]) ob-
served in the PEX2™/~ mouse liver raises the possibility that
there is a functional abnormality in the endoplasmic reticulum
which is not readily observable at a morphologic level.

PEX2™/~ mice are unable to maintain normal cholesterol
homeostasis. The fetus derives cholesterol mainly from de
novo synthesis, and the rates of sterol synthesis are much
higher in the fetus than in the adult when expressed on a
per-gram-of-tissue basis (55). Hepatic cholesterol synthesis
continues in the period immediately following birth but then
declines as suckling becomes established (24). These studies
are in agreement with our findings that activities and protein
levels of cholesterol biosynthetic enzymes in the liver of new-
born wild-type mice are much higher than in P3-5 and P7-10
mice. However, in the livers of PEX2~/~ mice the activities and
protein levels of cholesterol biosynthetic enzymes did not de-
cline but increased significantly during postnatal development,
indicating an increased need for de novo cholesterol biosyn-
thesis.

In the mouse, ~70% of the cholesterol demand is met
through de novo synthesis and 30% is met through absorption
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(39). Fecal neutral sterol excretion and the level of intestinal
cholesterol absorption are normally inversely correlated. Re-
cently, Repa et al. (44) reported that feeding of SCH 58053, a
selective cholesterol absorption inhibitor, to 13- to 20-week-old
mice resulted in reduced intestinal cholesterol absorption, an
increased rate of fecal neutral sterol excretion, a 2.9-fold in-
crease in hepatic sterol synthesis, and no change in the rate of
cholesterol synthesized by extrahepatic tissues. In our study,
we observed a significantly greater increase in hepatic choles-
terol synthesis (13-fold) and increased rates of cholesterol syn-
thesis in most peripheral organs of 7- to 9-day-old PEX2~/~
mice, with the exception of the brain and kidneys, where the
rates were decreased. Thus, the pattern and extent of the
cholesterol synthesis alterations in PEX2 '~ mice differ signif-
icantly from that induced by intestinal cholesterol loss. In ad-
dition, while one might expect that a deficiency of bile acids in
PEX2~'~ mice would lead to a diminished level of intestinal
cholesterol absorption, the content of cholesterol in stool sam-
ples was significantly reduced in the PEX2/~ mice (Fig. 6C).
These data indicate that intestinal cholesterol absorption is not
significantly impaired in the PEX2~/~ mice and that fecal loss
does not contribute to the negative cholesterol balance in these
mutant mice.

Studies with mice deficient in cholesterol 7a-hydroxylase
(Cyp7al~’~ mice) have shown that this enzyme is essential for
proper absorption of dietary lipids and fat-soluble vitamins in
newborn mice but not for the maintenance of serum or hepatic
cholesterol levels (28, 47). The serum cholesterol content was
similar in wild-type and Cyp7al '~ mice and in sterol 27-
hydroxylase knockout (Cyp27al /") mice (43, 47, 49). Further-
more, the concentration of cholesterol in several tissues (liver,
kidneys, spleen, lungs, and heart) was normal in 15-day-old
Cyp7al~'~ mice and the rate of cholesterol biosynthesis was
increased in the Cyp7al '~ mouse liver. In these mutant mice,
the response of the homeostatic regulatory mechanisms was
sufficient to maintain serum lipid and cholesterol levels even
when key bile acid catabolic pathways were knocked out. With
respect to these data, a deficiency or reduced levels of primary
bile acids and a concomitant malabsorption of dietary lipids is
not sufficient to explain the disturbed cholesterol homeostasis
we observed in the PEX2™'~ mouse.

Diversity of cholesterol homeostatic responses in PEX2~/~
mice. Our studies also demonstrate that the cholesterol ho-
meostatic response to peroxisome deficiency differs in various
organs. In most tissues, such as the liver, spleen, lungs, and
heart, the synthesis rate of cholesterol is increased. The brain
and kidneys displayed normal cholesterol levels but were the
only two tissues that showed a decreased rate of cholesterol
synthesis. In the knockout mouse kidneys, the HMG-CoA re-
ductase activity was also decreased, in agreement with the
synthesis data. Thus, different regulatory mechanisms for
maintaining cholesterol levels clearly exist in the kidneys. Ca-
tabolism of cholesterol by cholesterol 24-hydroxylase
(CYP46al) is postulated to be the major tissue-specific path-
way for cholesterol turnover in the brain. Interestingly, a re-
cent study of Cyp46al '~ mice reported a 40% reduction in de
novo cholesterol biosynthesis in the brain, despite the steady-
state levels of cholesterol being similar in the knockout mice
(32). Future studies will analyze the levels of cholesterol bio-
synthetic enzymes and the regulation of central nervous system
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cholesterol turnover in different parts of the PEX2~/~ mouse
brain.

Altered bile acid pathway regulation in PEX2™'~ mice. It is
well established that chain shortening of the methyl-branched
side chain of the bile acid intermediates DHCA and
3a,7a,12a-trihydroxy-5p-cholestanoic  acid (THCA) takes
place in peroxisomes (41), resulting in the formation of the
primary bile acids (chenodeoxycholic and cholic acid, respec-
tively). Since the liver plays a central role in maintaining
whole-body cholesterol homeostasis and is the site of bile acid
synthesis, we investigated whether altered bile acid pathway
metabolism may contribute to the inability of PEX2™/~ mice to
maintain hepatic and plasma cholesterol levels. Bile acids are
synthesized via the classic pathway, initiated by cholesterol
7a-hydroxylase (CYP7AL), or via the alternate pathway, which
utilizes sterol 27-hydroxylase (CYP27A1) as the rate-limiting
enzyme and a different sequence of initial steps (45). In this
study we unexpectedly observed decreased expression levels of
CYP7A1 and increased expression of CYP27A1 in PEX2 /™
mice.

As CYP7AL1 is normally feedback downregulated by bile
acids (45), one might expect this enzyme to be upregulated in
PEX2~'~ mice as a result of the paucity of primary bile acids.
However, the downregulation of CYP7A1 would tend to pre-
serve cellular cholesterol levels in the mutant mouse liver,
which may be a dominating force. The regulation of CYP7A1
is highly complex, with multiple nuclear hormone receptor
pathways having both positive and negative effects, along with
non-receptor-mediated cytokine repression (35, 45). The func-
tion of the CYP27A1 gene upregulation in PEX2~/~ mice is
not understood but may provide a pathway for some primary
bile acid synthesis in the presence of CYP7A1 downregulation.
It is possible that activation of the CYP27A1 pathway, along
with upregulation of CYP7B1 (data not shown), results in
hepatic loss of cholesterol and inability of the increased syn-
thesis rate to maintain normal cholesterol levels in the mutant
mouse liver. Interestingly, several of the endogenous bile acid
precursors identified as ligands for PXR activation occur up-
stream of CYP27A1 activity (20). The lack of PXR pathway
activation in PEX2™/~ mice, as indicated by the reduced
CYP3AL11 gene expression (Fig. 6B), indicates that the level of
these intermediates is probably lower in the knockout mouse
liver due to the increased 27-hydroxylase expression. Addi-
tional studies are necessary to further document the bile acid
abnormalities and complex regulatory pathways in PEX2 ™/~
mice.

In summary, the present study shows that the deficiency of
peroxisomes as a result of the PEX2 knockout leads to an
incapacity to maintain normal hepatic and plasma cholesterol
levels, suggesting a loss of coordinate regulation for cholesterol
homeostasis. This finding is contrary to results obtained with
other mouse models which have deletions of major pathways
involved in cholesterol regulation (Cyp7al and Cyp27al knock-
out mice) yet are able to maintain normal hepatic and plasma
cholesterol levels. Future studies will focus on an analysis of
bile acids and on deducing the complex regulatory pathways
for cholesterol homeostasis in various organs in the PEX2™/~
mice.
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