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ABSTRACT

Title of Thesis: “Pharmacological Regulation of Peroxisome Number in Glia”

Author: Megan Rose Hershfield, Master of Science 2008

Thesis directed by:  Michael J. Schell, Assistant Professor
Pharmacology Department, Neuroscience Program

Peroxisomes are sites of specialized biochemical reactions within all cells. The
pharmaceutical regulation of peroxisome number has potential as medical therapy, but
the mechanisms that control peroxisome number in brain cells are largely unknown. Our
data suggest a novel relationship between cellular cholesterol homeostasis and
peroxisome number in brain cells. Using primary cultures of rat cerebral cortical
astrocytes, we have identified novel means of regulating the cellular density of
peroxisomes via the liver X receptor (LXR), a nuclear receptor that controls cholesterol
efflux in cells. Our investigation reveals a novel means of pharmaceutically induced
peroxisome proliferation in astrocytes and the possibility of new therapies for treating
disorders in peroxisome biogenesis and metabolism. We have also provided a new line
of evidence to suggest a relationship between cholesterol homeostasis peroxisome
abundance that may have relevance to therapies for Alzheimer’s disease and Neimann-

Pick type C disease.
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Chapter 1

All eukaryotic cells possess single-membrane organelles called peroxisomes.
Peroxisomes are sites of specialized biochemical reactions, including the -oxidation of
long-chain fatty acids, the oxidation of cholesterol to produce bile acids, plasmalogen
synthesis, the oxidation of D-amino acids, and the catabolism of hydrogen peroxide.
Although peroxisomes are most often studied in the major metabolic organs such as liver
or kidney, they also have great relevance in neurobiology. Evidence for this comes from
the severe neurological phenotypes of patients with peroxisomal biogenesis disorders
(PBD), such as Zellweger’s syndrome (ZS) (Gould & Valle 2000). Over 30 peroxisomal
proteins, termed peroxins (Pex), have been discovered thus far; deletions of peroxins lead
to malfunctions in metabolism, such as an inability to import very long-chain fatty acids
into the peroxisome for p-oxidation, a deficit that causes X-linked adrenoleukodystrophy
(X-ALD) (Poulos et al. 1992, Honsho et al. 1998).

The pharmaceutical control of peroxisome number is medically relevant. For
example, drugs that cause an increase in peroxisome numbers, termed peroxisome
proliferators, have shown promising results in animal models of X-ALD through
enhancing the metabolism of long-chain fatty acids (Gondcaille et al. 2005, Fourcade et
al. 2001). The core biochemical mechanisms by which cells control peroxisome number
are well studied [for example, see (Fagarasanu et al. 2007)]. Yeast genetics have
identified more than 32 proteins that control peroxisome number (van der Zand et al.

2006). Most of the Pex proteins reside on or in the peroxisomal membrane, but a few



occur preferentially either in the cytosol (where they act as chaperones to shuttle other
peroxisome components to the organelle), or else in the ER, which is involved in
peroxisome membrane biogenesis (see below). All Pex proteins are conserved in higher
eukaryotes, and eukaryotes express a few additional Pex proteins that do not occur in
yeast. These metazoan-specific Pex proteins are known because humans who harbor
mutations present with Zellweger’s syndrome, the absence of peroxisomes.

The cellular signals that regulate the actions of the Pex protein—and thereby lead
to modifications in the rates of peroxisome proliferation, fission and degradation—are
poorly understood. Environmental toxins as well as metabolic intermediates are known
to trigger peroxisome proliferation (Chang et al. 1999), but it remains unclear when
peroxisome proliferation is desirable versus detrimental. As neurodegenerative disorders
such as Alzheimer’s disease (AD) and Niemann-Pick type C (NPC) disease have been
associated with deficient lipid metabolism and increased accumulation of byproducts, the
pharmaceutical targeting of peroxisome biosynthesis, maintenance and degradation has

great potential as therapy.

Peroxisomal Synthesis and Degradation

The number of peroxisomes in a cell reflects the balance between synthesis and
degradation. Previous studies have indicated two candidate pathways of peroxisome
biosynthesis. In the de novo model, peroxisomes form via budding from the endoplasmic
reticulum (ER) and share a subset of membrane and protein components with the ER

(Novikoff & Novikoff 1972). The fission model envisions the growth and division of



preexisting peroxisomes coupled with posttranslational protein import, similar to what
occurs for mitochondria (Lazarow & Fujiki 1985) . Compelling evidence indicates that
both models occur in cells (Figure 1). Numerous studies report the fission of mature
peroxisomes [for example, see (Koch et al. 2004)]. Recently, nascent peroxisomes
produced de novo have been visualized during their budding from the ER (Kim et al.
2006). Notably, mutations that lead to a complete lack of peroxisomes in cells can be
reversed once the wild-type gene is re-introduced (South & Gould 1999). Thus, in many
cell types, the de novo pathway appears to be the chief generator of the peroxisome

population in cells, and the fission pathway secondary.

Figure 1. lllustration of the
peroxisomal proliferation
pathways. Budding off the
ER lamellar region and
subsequent importation of
matrix and membrane
proteins is facilitated by
Pex3, Pex16 and Pex19.
Further maturation occurs
via scavenging proteins
Pex5 and Pex7. Once
mature, fission machinery
(Pex11, DPL1 and Fisl)
elongates and divides the
peroxisome in response to
cellular and environmental
Cues.



De novo synthesis begins in specialized lipid-rich regions of the ER (Boukh-Viner
& Titorenko 2006), which contain clusters of peroxisomal proteins that become
incorporated into the organelle membrane when budding occurs (Hoepfner et al. 2005).
These nascent peroxisomes (sometimes referred to as “pre-peroxisomes” or “ghosts™)
have only the bare minimum of proteins required for function. The membrane proteins
then act as docking locations for peroxisomal shuttling proteins, Pex5, Pex7 and Pex19.
These scavenger-proteins, synthesized on free ribosomes, are located in the cytosol and
recognize peroxisomal targeting sequences (PTSs) that are present on proteins in the
cytosol destined for peroxisomal import. As peroxisomes mature, enzymes required for
proper function are imported. The fission of mature peroxisomes has been explored
extensively in recent years following the discovery of multiple proteins that are involved.
This process involves the elongation and constriction of the peroxisome along its length
through the actions of Pex11p, giving to the description “beads on a string” (Schrader et
al. 1998). Through the combined efforts of dynamin-like protein 1 (DLP1) and Fis1,
segregation and fission occurs (Kobayashi et al. 2007). This process shares many
molecular components with mitochondrial fission.

While the pathways of peroxisome synthesis have been a source of controversy
for over 40 years, our understanding of the degradation pathway is much clearer. Termed
“pexophagy”, this autophagy-related pathway has been studied intensively in yeast.
Upwards of two-dozen proteins are involved in this process, including Pex3p and
Pex14p; two peroxins involved in both organelle synthesis and cargo import into the
peroxisome (Bellu et al. 20014, Bellu et al. 2002). Pexophagy of mature peroxisomes

begins with the removal of Pex3p from the peroxisomal membrane (Bellu et al. 2002). Its



deletion allows the docking of degradation factors such as Atgll to Pex14p (de Vries et
al. 2006). Degradation of existing peroxisomes can be accelerated or slowed in response
to available nutrients, as seen with yeast grown on different mediums (Bellu et al. 2001b,
van der Klei et al. 1991). Similarly, peroxisomal populations in higher eukaryotes are

strongly influenced by metabolic alterations (Chang et al. 1999).

Figure 2. Degradation pathway of peroxisomes in yeast. Macropexophagy is used for
the degradation of mature peroxisomes; Pex3 is removed from the membrane to allow
the ATG1 machinery to dock with Pex14. After fusing with the membrane, hydrolases
degrade the organelle. In micropexophagy, pre-peroxisomes are engulfed by the
vacuole and subsequently degraded.



Pharmaceutical Induction of Peroxisome Proliferation

The pharmaceutical manipulation of peroxisome number has a long and
interesting history. In the 1970s, research was conducted on fibrates, a class of drugs that
were found to be effective in the treatment of hyperlipidemia. Early work in rodents
showed that, in addition to the hypolipidemic effect observed in animals given fibrates,
there was also a marked increase in the numbers of peroxisomes in their livers. Reports of
hepatotoxicity and liver carcinomas in rats and mice treated chronically with fibrates
raised concerns as to the safety of administration in humans (Reddy et al. 1979),
however, no such effect was seen in human patients taking these compounds. Current
theories of why fibrate drugs cause peroxisome proliferation in rodents but not humans
include a species difference in the activation of peroxisome proliferator activated receptor
(PPAR) subtypes. As the identities of endogenous ligands for the different classes of
PPARs continue to be discovered, adding to the well-known fatty acids and
prostaglandins (Berger et al. 2005), it is possible that a variation in ligand affinity
between rodents and humans exists that leads to the observed effect. Other theories
include a reduced signaling potential in humans compared to rodents, or differences in
DNA binding elements (Palmer et al. 1998, Peters et al. 2005). Recent studies reported
transgenic mice engineered to possess the human form of PPARcq, the most widely
studied subtype of the PPAR receptor (Cheung et al. 2004). These animals were resistant
to the fibrate induced hepatotoxicity (Morimura et al. 2006) and lacked expression of

numerous genes seen with wild-type controls, suggesting that there are differences in



genes regulated through PPARG. activation between humans and mice (Gonzalez & Shah
2008).

Once activated, the PPAR receptor heterodimerizes with retinoid X receptor
(RXR) and binds to DNA upstream of target genes involved in lipid metabolism, lipid
transport and fatty acid $-oxidation. In regards to peroxisome proliferation, the currently
available evidence supports the idea that PPAR drugs lead to an up-regulation in the
fission pathway, through the actions of Pex11. Two isoforms of Pex11 have been
identified, Pex11o and Pex11f. Pex11p is unresponsiveto the peroxisome proliferator drug
clofibrate and is believed to control constitutive peroxisomedivision while Pex11o regulates
peroxisome abundance in responseto avariety of stimuli (Schrader et al. 1998). However,
examination into Pex11la knockout revealed that while PPARa does upregulate Pex1la
expression, peroxisome proliferation via PPARa drugs still occurs in the Pex11lo -/-
model. As overcompensation via Pex11p8 was ruled out, the authors speculate the
proliferation may be occurring through an indirect PPARa-mediated metabolic pathway

(Lietal. 2002).

The Role of Peroxisomes in Cholesterol Metabolism

Cholesterol is a major component of the plasma membranes of all animal cells
that controls the fluid properties of the membrane and regulates its thickness (Yeagle et
al. 1990). Cholesterol also acts as a precursor for steroid hormones and is necessary for
the formation of lipid rafts, which are microdomains of protein scaffolds involved in cell

signaling (Gimpl & Gehrig-Burger 2007). Cholesterol levels in cells are tightly regulated,



and a fine balance is maintained between local synthesis from acetyl-CoA, uptake from
the environment through cholesterol transporters in the plasma and degradation/excretion.

The regulation of cholesterol metabolism involves multiple intracellular sites. For
example, dietary cholesterol is taken up via endocytosis and both endosomes and
lysosomes are intimately involved in cholesterol transport and degradation (Xie et al.
1999, Ishibashi et al. 1994). The initial oxidation of cholesterol to produce
hydroxycholesterol occurs on the ER membrane through the action of various
cytochrome P450 enzymes (Lund et al. 1999, Russell 2003). Hydroxycholesterols are
less lipophilic and comprise the metabolic inputs for the degradation of cholesterol to bile
acids (Kessel et al. 2001). The efflux of cholesterol and its metabolites (hydroxylated
cholesterol) occurs at the plasma membrane through the coordination of ATP-binding
cassette transporters ABCAL and ABCG1 with lipoproteins in the extracellular space,
such as apoE; transportation to the liver occurs via high density lipoprotein (HDL) (Tall
2008). Within the liver, the cholesterol can be recycled back to cells or metabolized into
bile acid and excreted through the intestine (Dietschy & Turley 2004).

The ER and mitochondria are major locations for cholesterol synthesis in cells
with minor steps occurring in the cytosol. Whether peroxisomes are also involved is
controversial. Kovacs and colleagues have reported that peroxisomes are important sites
of the early biochemical steps in de novo cholesterol biosynthesis in cells. Specifically,
their data indicate that the “pre-squalene” steps in cholesterol biosynthesis occur inside
the peroxisome lumen. With the exception of squalene synthase, all of the enzymes
necessary for cells to perform the pre-squalene steps in cholesterol synthesis have been

localized within peroxisomes or found to contain conserved PTSs (Olivier et al. 2000); of



particular note is HMG-CoA reductase, the rate limiting enzyme, which is found in the
ER as well as in peroxisomes (Keller et al. 1985). Peroxisomal participation in
cholesterol synthesis was also demonstrated using the mouse model of ZS, the Pex2
knockout, which has severely reduced functional peroxisome numbers. In this model,
there was a 40% reduction of cholesterol in liver cells, as well as a 2-fold increase in
activation of the sterol regulatory element binding protein (SREBP) pathway that induces
expression of enzymes in the cholesterol synthesis pathway, such as HMG-CoA
reductase (Kovacs et al. 2004). It is believed that the inability of these enzymes to be
imported into peroxisomes affects their catalytic efficiency.

Hogenboom and Waterham, however, have challenged the idea that peroxisomes
contribute significantly to the pre-squalene steps in cholesterol biosynthesis (Wanders &
Waterham 2006, Hogenboom et al. 2004b). These authors argue that peroxisomes are
dispensable for cholesterol synthesis in cells. They have reported through subcellular
fractionation studies and digitonin permeabilization experiments the inability to
demonstrate peroxisomal localization of various cholesterol synthesis enzymes, such as
mevalanate kinase (Hogenboom et al. 2004a). However, Kovacs et al then preformed
immunofluorescent microscopy, current permeabilization techniques and isotope labeling
within both Chinese hamster ovary (CHO) cells and human HepG2 cells to contradict the
reports that peroxisomes are not involved. In addition to validating the peroxisomal
localization of six pre-squalene enzymes, this group also established that acetyl-CoA
derived from peroxisomal p-oxidation of VLCFAs remained within the peroxisome for
cholesterol synthesis as opposed to being shuttled to the cytosolic acetyl-CoA portion for

mitochondria assembly (Kovacs et al. 2007).



Specialized Cholesterol Metabolism in the Brain

One major difference between cholesterol in the periphery and the brain are its
origins. In the periphery, dietary intake accounts for the majority of circulating
cholesterol. Dietary and blood cholesterol cannot cross the blood-brain barrier, yet the
brain is the most cholesterol-rich organ in the body (Bjorkhem & Meaney 2004). Thus,
all brain cholesterol must be synthesized locally. Alterations in cholesterol levels, both in
the brain and in the periphery, are associated with numerous disease states including AD,
NPC and atherosclerosis. Cholesterol occurs in two main pools in the brain. The slowly
turning over pool accounts for the majority of brain cholesterol, owing to the high
concentrations required in the oligodendrocyte membrane to make myelin (Muse et al.
2001). Estimates of the lifetime of the cholesterol in the slow pool indicate a half-life of
6-12 months (Ando et al. 2003). A smaller but far more dynamic pool occurs
predominantly in astrocytes, which produce nearly three times the cholesterol than
neurons. Cholesterol created in astrocytes is released onto nearby neurons (Figure 4).
Glia-derived cholesterol is critical for synaptogenesis (Mauch et al. 2001). To maintain
cholesterol homeostasis in the brain, excess cholesterol is metabolized to 24(S)-
hydroxycholesterol (24(S)-OH) which can freely reach the periphery (Dietschy & Turley
2001). CYP46, the cytochrome P450 responsible for generating 24(S)-OH, is found only
in neuronal cells (Lund et al. 1999). This enzymatic degradation of cholesterol completes
the metabolic coupling between neurons and astrocytes, as the 24(S)-OH can either be
excreted into the cerebrospinal fluid or taken up by astrocytes in a feedback loop.
Indeed, blood and CSF levels of 24(S)-OH are indicative of rates of cholesterol turnover

in brain (Bretillon et al. 2000).
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Figure 3. Putative role of peroxisomes in cholesterol metabolism. Subcellular
localization shows the pre-squalene steps occurring within the peroxisome,
followed by the shuttling of FPP to the ER for conversion to cholesterol. Carbon
labeling of VLCFAs provided evidence that acetyl-CoA derived from f3-
oxidation is moved directly into cholesterol synthesis in the peroxisome.

The pre-squalene steps in peroxisomes are important not only for cholesterol
synthesis, but also play a critical role in learning and memory. Farnesyl-PP, a
peroxisomal pre-squalene intermediate, is converted to geranylgeranyl-PP by the enzyme

farnesyl trans transferase; this product represents a nonsteroidal isoprenoid which cannot
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be reintroduced to the cholesterol pathway (Wang et al. 2008). Small GTP proteins such
as Rab, Rac and Rho regulate vesicular transport with membrane interactions after
activation with a geranylgeranyl group (Sinensky 2000). When the synthesis of
geranylgeraniol is blocked in the CYP46 knockout mouse, the resulting phenotype
includes reduced spatial and motor learning in addition to deficient long-term

potentiation (Kotti et al. 2006).

Figure 4. Specialized cholesterol handling in the brain. Acetyl-CoA derived from
VLCFA p-oxidation is utilized for cholesterol synthesis within astrocytes. Efflux
occurs through the plasma membrane bound ABCA1 transporter where
apolipoproteinE accepts the sterol and shuttles it to the neuron. There, degradation
occurs through the cytochrome P450, CYP46 resulting in 24-S-hydroxycholesterol
(24(S)-HC). 24(S)-HC is then removed from the brain via the CSF or taken back
up by the astrocyte where it acts as an agonist of the LXR receptor, prompting the
upregulation of the ABCAL transporter. It is also under investigation whether
24(S)-HC also acts as an inhibitor of further cholesterol synthesis via unknown
mechanisms.
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A Role for the Liver X Receptor

Due to the well-known deleterious affects of elevated blood cholesterol levels on
cardiovascular health, the pharmaceutical reduction of cholesterol levels has been at the
forefront of drug research. In addition to the use of fibrate drugs (which function at
PPARa agonists), statins are among the most widely prescribed drugs in use today
(Golomb 2005). Statins function by inhibiting HMG-CoA reductase and thus are very
effective in treating hypercholesterolemia. Whether statins are also efficacious for
treating AD is currently under investigation. Lovastatin, for example, is reported to
inhibit the p-cleavage of the AP precursor protein (Won et al. 2008). Some statins cannot
cross the BBB, while others do so only poorly; so further drug development is aimed at
producing new varieties of statins with higher brain selectivity.

Similar to the PPARSs, the liver X receptors (LXRs) are nuclear receptors that
control lipid metabolism (Figure 5). While the PPARs mainly affect genes involved in
fatty acid metabolism, the LXRs regulate genes controlling cholesterol efflux as well as
other metabolic pathways (Steffensen & Gustafsson 2004). Following receptor activation,
LXR and RXR form a heterodimer and bind to DNA at LXR-response elements to
regulate target genes including ABCAL (Gelissen et al. 2006). Likewise, SREBP-1c, a
master cholesterol and hydroxycholesterol response protein inside cells, was found to be
a target gene of LXR, the induction of which results in fatty acid synthesis (Shimano et
al. 1999). It is important to note that while PPARa and LXR both form heterodimers with
RXR to induce gene expression, there is no evidence that these two pathways antagonize

each other through competitive usage of shared RXR receptors. In fact, both pathways
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are capable of inducing genes that affect synthesis and degradation of fatty acids/sterols
concurrently, although the benefit of a potential double activation is currently unknown
(Anderson et al. 2004). Peroxisome proliferator response elements in the promoter
regions of LXR genes are conserved across species (Tobin et al. 2000, Laffitte et al.

2001).

Figure 5. LXR control of cholesterol metabolism. After
activation via agonists, LXR forms a heterodimer with RXR to
initiate gene transcription of both SREBP and ABCAL. This
results in increased cholesterol efflux, synthesis of fatty acids and
the production of cholesterol precursor enzymes, such as HMG-
CoA synthase and squalene synthase.

The identity of the endogenous ligands for LXRs is uncertain but endogenous
oxysterols such as 24(S)-OH (Janowski et al. 1996), are the most likely candidates. Both
forms of LXRs, LXRa and LXR, are found within the CNS (Whitney et al. 2002). Mice
lacking both LXRa and p illustrate the crucial functions of these genes on the CNS
(Wang et al. 2002). These animals exhibit smaller lateral ventricles, ependymal and

neuronal cell loss, glial proliferation, and accumulate lipid droplets in their ependymal
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cells. Motor neuron loss also occurs in these animals due to lipid accumulation. The loss
resembles symptoms seen in patients with NPC (Andersson et al. 2005).

The application of endogenous ligands of LXR as therapeutic tools has been
hindered somewhat by their promiscuity and poor potency. Synthetic drugs have thus
been developed, which act in a more selective manner and these have shown promise for
treating neurodegenerative disorders such as AD and NPC. The benefits are thought to be
associated with cholesterol efflux. Treatment of astrocytes with the LXR agonist
T0901317 (T09) increases the movement of cholesterol into the extracellular space
through ABCAL transcription and the expression of apolipoprotein E (apoE) in both
human astrocytoma and mouse cell culture (Whitney et al. 2002). Similar to results seen
with statin treatments, the application of T09 in cell culture models of AD led to
decreased levels of $-amyloid (Sun et al. 2003). In the NPC model, T09 reduced the
build-up of cholesterol in cells through ABCA1 expression and prolonged life (Repa et
al. 2007).

Recent studies have reported that LXR agonists can induce Pex proteins and also
proteins involved in fatty acid metabolism in peroxisomes (Eckert et al. 2007, Goodwin
et al. 2008). Interestingly, some of these studies indicate increases in Pex16, Pex19, and
Pex7, which are protein components of the de novo pathways of peroxisome biosynthesis
(Steffensen et al. 2004). Thus, indirect evidence suggests that LXR agonists may
influence both peroxisome proliferation and metabolism and that the proliferation of
peroxisomes might be regulated by LXR.

Given the role of peroxisomes in lipid metabolism and their clearly established

relevance to disease states, we decided to evaluate astrocyte cultures treated with a
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variety of drugs to discover whether peroxisomes were affected and if they played a part
in any resulting changes within the cell. To this end, we developed a novel
morphological assay for quantifying peroxisomes in cells. Our initial attempts to induce
peroxisome proliferation via the canonical PPARa pathways were unsuccessful, but we
serendipitously discovered that LXR agonists functioned as a novel class of peroxisome
proliferators in astrocytes. Since LXR-targeted therapies are in development for treating
brain diseases—we decided to pursue the novel LXR-mediated pathways of peroxisome
proliferation in an attempt to discern the molecular mechanism and relationship to

cholesterol metabolism in brain.
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Abstract

Peroxisomes are organelles that are the sites of specialized metabolism in all eukaryotic
cells. The pharmaceutical regulation of peroxisome abundance in cells has potential for
treating some brain diseases, but the mechanisms that control peroxisome number in
brain cells are largely unknown. Furthermore, the relationship between peroxisomes and
the disposition of cholesterol is unclear. Using primary cultures of rat cerebral cortical
astrocytes we have identified a novel means of regulating the abundance of peroxisomes
via the liver X receptor (LXR), a nuclear receptor that controls cholesterol efflux in cells.
Treatment of cultures with T0901317, an agonist at the LXR, increased the peroxisomal
content of astrocytes by 20%, while treatment with 22(S)-hydroxycholesterol, an
antagonist, reduced peroxisomes by 33%. Western blots indicated that T0901317
increased levels of the LXR-regulated protein ABCAL and enhanced cholesterol efflux.
The effect of LXR ligands was independent of peroxisome proliferator receptor alpha
(PPARq), as PPARa gene products were not induced. Furthermore, PPARa agonist
treatment did not affect peroxisome abundance in astrocytes. Lovastatin, an inhibitor of
cholesterol biosynthesis, also induced peroxisome proliferation in cells. Our data suggest
a novel relationship between cellular cholesterol homeostasis and peroxisome number in
brain cells and reveal the potential for selective mechanisms to control organelle numbers

in brain cells.

Keywords: cholesterol, nuclear receptor, hydroxysterol, fibrate, organelle, statin
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Running title: peroxisome proliferation in astrocytes

Peroxisomes are the sites of specialized oxidative metabolism in cells, including the
oxidation of very long chain fatty acids, biosynthesis of plasmalogen ether lipids, the
production of bile acids, and the degradation of D-amino acids (Schrader & Yoon 2007).
Genetic deficiencies in peroxisomal metabolism lead to serious disorders in humans,
which manifest prominently in brain cells (Gould & Valle 2000). Despite this, the
contribution of peroxisomes to cellular metabolism in brain cells is poorly understood. In
situations where the specialized metabolic pathways of peroxisomes are reduced or
absent, it may be advantageous to induce peroxisomal metabolism or even increase the
number of organelles themselves (Wei et al. 2000).

Several pharmaceutical strategies for increasing peroxisome numbers in brain
cells have been suggested as potential therapies for disorders of peroxisome biogenesis
and function; however the efficacy of such therapies in human patients is unproven (Wei
et al. 2000, Reddy & Chu 1996). Classically, the proliferation of peroxisomes has been
induced by fibrate drugs via mechanisms acting through the peroxisome proliferator
activated receptor alpha (PPARa), a nuclear receptor. However, peroxisome
proliferation through this pathway may be species-specific and does not occur in humans
(Gonzalez & Shah 2008). Pharmaceutically induced peroxisome proliferation occurs in
human cells following exposure to 4-phenylbutyrate through a mechanism that may
involve histone deacetylase regulation, but the high doses required and extensive drug

metabolism limit the effectiveness of such therapies in patients (Gondcaille et al. 2005).
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Cholesterol metabolism in brain is independent of blood cholesterol and
cholesterol homeostasis in the periphery. Brain cells synthesize all of their cholesterol de
novo and the complex cellular exchange of cholesterol, its precursors, and its metabolites
has been linked to synaptogenesis (Mauch et al. 2001) learning and memory (Kotti et al.
2006, Ramirez et al. 2008) and the pathological processes leading to Alzheimer’s disease
(AD) (Bjorkhem & Meaney 2004) and Neiman-Pick type C disease (Repa et al. 2007). In
addition to the established roles for peroxisomes described above, these organelles have
been suggested to be crucial participants in the early steps of cholesterol biosynthesis, but
this remains controversial. Compelling arguments have been made both for (Kovacs et
al. 2007, Kovacs et al. 2004) and against (Wanders & Waterham 2006, Hogenboom et al.
2003) the hypothesis that peroxisomes are specialized sites of the pre-squalene steps in
the de novo pathway of cholesterol biosynthesis. Interestingly, humans afflicted with X-
linked adrenoleukodystrophy (X-ALD), a disorder of peroxisome-specific metabolism,
show disturbances in cholesterol metabolism (Weinhofer et al. 2005).

The liver X receptor (LXR) is a nuclear receptor that may provide novel
therapeutic approaches to AD and other neurodegenerative disorders because it has the
potential to be used as a cholesterol-regulating drug target in brain cells. LXR exerts its
effects on cholesterol homeostasis largely via its ability to control the rate of cholesterol
efflux from cells. Regulation of cholesterol efflux through LXR-controlled mechanisms
affects the processing of amyloid precursor protein (Burns et al. 2006). Furthermore, a
recent study in which rats were injected with an LXR agonist showed that levels of HMG
CoA reductase, the rate-limiting step in cholesterol biosynthesis, were increased in a

peroxisome-enriched fraction isolated from brain tissue (Eckert et al. 2007). Thirdly,
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LXR agonists are known to increase peroxisome-exclusive pathways of long-chain fatty
acid oxidation via increasing the transcription of the relevant enzymes (Hu et al. 2005),
providing direct evidence for the LXR-regulated control of peroxisomal metabolism.
These and other studies point to a metabolic relationship between cholesterol
biosynthesis and peroxisomes in brain.

In this study, we identified a previously unknown means of controlling
peroxisome number in astrocytes via drugs that affect cholesterol homeostasis. We show
that peroxisome abundance is affected by LXR-targeted molecules and also by lovastatin,
an inhibitor of HMG CoA reductase. The selective nature of LXR-induced peroxisome
proliferation suggests that LXR-targeted drugs may simultaneously regulate both

organelle number and cholesterol biosynthesis pathways in brain cells.
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Materials and methods

Animals
All procedures on postnatal Sprague-Dawley rat pups (Taconic, Rockville, MD) were
performed in accordance with the guidelines of the USUHS Institutional Animal Care

and Use Committee.

Antibodies

Anti-PMP70 (Sigma, P0497, directed against a synthetic peptide corresponding to amino
acid residues 644-659 of rat PMP70): 1:200 for immunofluorescence, 1:1000 for WB;
anti-ABCA1 (Chemicon, Clone AB.H10) 1:1000; anti-ABCD?2 (Santa Cruz, 25353)
1:500; anti-Acox (Abnova, HO0000051-B01) 1:1000; anti-DLP1 (Abnova, Clone: 3B5),
1:1000; anti-Bactin (Abcam, clone: 8226) 1:20000; anti-ATP synthase (Chemicon, Clone:

4.3E8.D1) 1:100; anti-endolyn (clone 501; a gift from Dr. Gudrun Ihrke) 1:100.

Cell cultures and drug stimulation

Glial cultures were prepared from neonatal rats (0-48 hr after birth) using a modification
of a previously described protocol (Levison & McCarthy 1991). Briefly, cerebral
cortices were removed, meninges excised and cells dissociated in trypsin for 20 min.
Tissue was triturated through needles of decreasing gauge, filtered through a nylon mesh,
and plated into poly-D-lysine coated tissue culture flasks. Cells were grown in DMEM
medium (Invitrogen Cat #11965) containing 10% fetal bovine serum and supplemented

with penicillin-streptomycin, extra serine and pyruvate. Flasks and plates were incubated
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at 37°C in 5% CO,, and media was changed every 3 days. At day 10, cultures consisted
of approximately 75% glial fibrillary acidic protein (GFAP)-positive cells with a flat,
fibroblastic morphology. Flasks of cells at day 7-10 in vitro were trypsinized and plated
onto poly-D-lysine coverslips. Two to 3 days after re-plating, cells were treated with
T0901317 (T09; 250 nM; Cayman), lovastatin (50 nM; Cayman), 4-phenylbutyrate (5
mM, Sigma), and/or 10 uM 22(S)-hydroxycholesterol (22(S)-HC; Sigma). The vehicle
for T09, lovastatin, and 22(S)-HC, WY 14643 (10 uM; Tocris) and GW7647 (6 nM;
Tocris) was 0.1% ethanol; vehicle for 4-PBA was PBS. FAO cells (gift from Dr. Peter
Kim) were grown in F12 Ham’s medium (Kaighn’s modification; Sigma, N3520) with
10% fetal bovine serum, and penicillin-streptomycin. The drug treatment protocol was

identical to that used for glial cultures.

Immunocytochemistry

Cells grown on coverslips were washed twice in PBS plus divalent cations and then fixed
in 4% paraformaldehyde/0.1 M NaPPi, pH 7.4 for 20 min at room temperature. All
further steps were carried out in PBS without divalent cations. Following 5 washes, cells
were permeabilized in 0.1% Triton X-100 for 8 min and blocked in 2% fish skin gelatin
(Sigma). Primary antibodies were diluted in 1% fish skin gelatin and incubated with the
coverslips at 4°C overnight. After washing, cells were re-blocked in PBS containing 2%
fish gelatin for 15 min prior to incubation with Alexa fluor-tagged anti-rabbit or anti-
mouse I1gG (1:200; Invitrogen) for 30 min at room temperature. Cells were mounted in

Prolong Gold antifade with DAPI (Invitrogen) and air-dried at least 24 hr before imaging.
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Fluorescent imaging of cellular cholesterol was achieved with a filipin-based cholesterol

detection kit (Cayman), according to the manufacturer’s instructions.

Imaging, organelle counting, and statistical analysis

In preliminary studies, we established that cells in our cultures exhibiting a fibroblastic
morphology were always positive for the astrocyte marker glial fibrillary acidic protein
(GFAP), and thus were likely to be type 1 astrocytes. For this study, we restricted our
analysis to this type of cell. Peroxisomes were labeled with an antibody against PMP70,
a universal resident membrane protein of peroxisomes. In preliminary double-staining
experiments we established that PMP70-positive structures in cells were in 100%
correspondence with a second peroxisomal marker (acyl-CoA oxidase, Acox). An
investigator blind to the treatment condition performed image collection and assays of
peroxisome abundance. Images were collected using a 63X (N.A. 1.4) objective on a
Zeiss Axiovert 200 widefield microscope equipped with a CCD camera and a piezo z-
stage (ASI). Acquisition was controlled via Volocity (Improvision), which set camera
exposures automatically. For each astrocyte analyzed, 8 slices over a total z-distance of 3
pm through the cell were captured and then deconvolved using the Volocity rapid
restoration algorithm. Image stacks were then exported to ImageJ (Wayne Rasband,
NIH) and flattened to maximal projections. Square areas of 100 um? were auto-
thresholded and then quantified using ImageJ’s particle analysis routine, which measured
both peroxisome size and number. For each drug condition in each experiment, 27
regions of interest from 9 different astrocytes were analyzed and the results from 3 or

more separate experiments were pooled. Graphpad Prism was used for statistical testing
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to compare groups via one-way ANOVA with Dunnett’s post hoc analysis. In
preliminary experiments we found no difference in peroxisome numbers between
untreated controls and vehicle controls containing 0.1% ethanol. For analysis of
peroxisomes in FAO cells, which are thicker, we collected 32 slices per cell over a z-
distance of 8 um before analysis of 625 um? areas, which were then analyzed in the same

manner as the astrocytes.

Hi-resolution imaging of peroxisome morphologies

Images of PMP70-labeled peroxisomes were collected on a the Zeiss Axiovert widefield
microscope equipped with a 100x objective (N.A. 1.4). Ten Z-sections, spaced over a
total Z-distance of 3 um. were subjected to the rapid restoration deconvolution routine in
the Volocity software package. Deconvolved stacks were then exported to ImageJ and
flattened as maximal projections. Representative square areas of 3.42 um® were
collected as montages to illustrate peroxisome morphology. These images were

optimally contrasted before collation in Adobe Photoshop.

Western blot analysis

Following drug treatments as described above, cells were solubilized in RIPA buffer
containing 25 mM Tris-HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% Sodium
deoxycholate, 0.1% SDS, phenylmethylsulfonyl fluoride (PMSF), and a phosphatase
inhibitor cocktail (Calbiochem). Equal amounts of protein (10 ug) were separated by
SDS-polyacrylamide gel electrophoresis and blotted onto nitrocellulose membranes.

Membranes were blocked in non-fat milk with 0.05% Tween-20 for one hour, followed
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by incubation with primary antibody in milk overnight at 4°C. After washing, membranes
were further incubated with a horseradish peroxidase (HRP) secondary antibody (Pierce)
for one hour at room temperature. Membranes were then washed, treated with ECL femto
substrate (Pierce) and chemiluminescence was captured with Fuji camera. Band
intensities were quantified using gel band analyzer in ImageJ and statistically tested as

described above.

Results

PPAR agonists do not induce peroxisome proliferation in rat astrocytes.

To measure peroxisome abundance in cells, we developed a morphological assay for
peroxisomes labeled with the marker protein PMP70. The best-characterized system of
peroxisome proliferation involves the induction of peroxisomes in rodent hepatocytes
with fibrates, which are thought to act as agonists at PPARa. A rat hepatocyte cell line
FAO was treated with the PPARa agonists GW7647 and WY 14643 for two days and
then cells were fixed and analyzed for peroxisome abundance and size (Fig. 1).
Consistent with previous studies, we observed clear changes in peroxisome number and
morphology in hepatocyte-derived cells following treatment with PPARa agonists (Fig. 1
a-f). The effect of the two PPARa agonists on peroxisomes was not identical. Cells
treated with GW7647 exhibited increased size (Fig. 1c and e) in the fraction of cellular
area occupied by peroxisomes (Fig 1f). By contrast, WY 14643 treatment caused an

increase in peroxisome size, but an apparent decrease in total number of peroxisomes per

26



cells. Both drugs caused an obvious change in peroxisome morphology compared to
controls (Fig. 1a versus 1b and 1c). In cells treated with WY 14643 especially,
peroxisomes became more tubular and exhibited a large number of toroid shapes, with a
distinctive “keyhole” morphology (Fig. 1b). This change was also observed to a lesser
extent in the GW7647-treated cells, and was never observed in controls. These data show
that hepatocyte cells respond to PPARa agonists as previously described (Lee et al.
1995), thus validating our morphological assay for peroxisomes.

However, when analogous experiments were performed on primary cultures of rat
glia, we did not observe a significant change in peroxisome abundance, size or
morphology (Fig. 1 g-1). Peroxisomes in control astrocytes were slightly smaller on
average than those in control FAO cells, and they never exhibited the distinct toroid
shapes seen in the FAO cells after treatments with PPARa agonists (Fig 1g versus 1h and
1i). Low levels of PPARa in astrocytes might explain our inability to induce
peroxisome proliferation in these cells. Although PPARa. has been reported to occur in
brain (Michalik et al. 2002, Cullingford et al. 1998), examination of the Allen Brain
Atlas revealed that PPARa expression is relatively low in brain (Lein et al. 2007). We
therefore explored alternative transcriptional signaling systems that might operate in

brain to control peroxisome abundance.

LXR drugs influence peroxisome number in astrocytes
Fibrates are prescribed to improve blood lipid profiles by lowering triglycerides and
increasing synthesis of certain apolipoproteins (\Vosper et al. 2002). Another class of

drugs capable of modulating blood lipids are those acting at the LXR, which controls
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cholesterol efflux from cells (Zhang & Mangelsdorf 2002). We wondered if LXR drugs
might also affect peroxisome abundance (Fig. 2). The affinity of the agonist T09 for LXR
is approximately 20 nM (Mitro et al. 2007). For these studies we utilized the antagonist
22(S)-HC, the unnatural isomer of 22-hydroxycholesterol, as previously reported (Kase et
al. 2007). We thus treated rat astrocyte cultures with 250 nM T09, 10 uM 22(S)-HC, or
both for various times prior to morphological analysis of peroxisomes (Fig. 2a). The
cellular area occupied by peroxisomes peaked after 48 hr of treatment with T09, with no
further increase observed at 72 hr. By contrast, 22(S)-HC caused a diminution in
peroxisomes with a similar time course. We adopted a 48 hr drug treatment regimen for
all further studies.

When cultures were treated with the LXR agonist T09 (250 nM, 48 hours), we
observed a significant increase both in peroxisome size and number (Fig. 2 f-h). The
calculated peroxisome area following T09 treatment for two days reached 136% of
controls. By contrast, the LXR antagonist 22(S)-HC, reduced peroxisome size and
number compared to controls (Fig. 2 f-h). Furthermore, the peroxisome proliferative
effects of TO9 could be prevented by the inclusion of 22(S)-HC. We carefully examined
the organelle morphology under these conditions and saw no differences across groups,
unlike the changes seen in FAO cells following exposure to PPARa-targeted drugs.
These data suggest that the increase in peroxisome abundance occurs via an LXR-

regulated transcriptional mechanism, which has not been described previously.

The density of mitochondria is not influenced by LXR.
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We wondered if the proliferation of peroxisomes observed was organelle-specific,
therefore we measured the abundance of mitochondria under conditions that caused
maximal and minimal peroxisome proliferation in astrocytes. Astrocytes were labeled
with an antibody to the mitochondrial marker ATP synthase, using a different
fluorescence channel on the same coverslips used for the peroxisome measurements.
Neither T09 nor 22(S)-HC caused a significant change in mitochondrial area (Fig. 3). In
other experiments, we tested whether 22(S)-HC was stimulating pexophagy, the
degradation of peroxisomes in lysosomes. After a 2-day incubation in T09 or 22(S)-HC,
we co-labeled cells with antibodies to PMP70 and endolyn, a marker of late endosomes
and lysosomes (data not shown). Three-dimensional deconvolution microscopy revealed
no detectable overlap between the two markers under any conditions. Thus, the effects of

LXR ligands showed selectivity for peroxisomes over other organelles.

Lovastatin also influences peroxisome number

Since LXRs are known to influence the handling of cellular cholesterol and because some
studies have implicated the peroxisome as an important cellular location for the early
steps in cholesterol biosynthesis (Kovacs et al. 2004), we tested whether other drugs that
affect cellular cholesterol might also influence peroxisome number. Statins influence the
handling of cholesterol by inhibiting the enzyme HMG CoA reductase, which is the rate-
limiting step in the de novo synthesis of cholesterol from acetyl CoA. The Km of
lovastatin for its target is about 20 nM (Goldstein & Brown 1990). When astrocytes were
treated with 50 nM lovastatin for various times, peroxisomal area increased steadily,

reaching about 140% of controls by 72 hr (Fig. 4a). Inclusion of 22(S)-HC during the
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lovastatin time course reversed the peroxisome proliferation and caused a diminution in
peroxisome number (Fig. 4 a). We adopted the 48 hr lovastatin exposure for further
experiments in order to better compare our results with those obtained with TQ9.
Lovastatin affected peroxisomal number in manner similar to TO9 in that we observed a
significant increase in peroxisome number and total area, but no change in peroxisome
size (Fig. 4 e-g). Surprisingly, the peroxisome proliferative effects of lovastatin were
reversed in the presence of 22(S)-HC, the LXR antagonist (Fig. 4 g). As with T09 and

22(S)-HC, organelle morphology did not change appreciably.

22(S)-HC and statins influence peroxisome number in FAO hepatocytes

We wondered if the ability of LXR to regulate peroxisome abundance was generalizable
to other cell types. We thus tested the hepatocyte FAO cell line for LXR-induced
changes in peroxisomes (Fig. 5). In contrast to astrocytes, FAO cells showed no
significant increase in peroxisome abundance when treated with 250 nM T09. However,
22(S)-HC did significantly reduce peroxisome number and area without affecting the
average size of peroxisomes in these cells. We also tested the effect of lovastatin on
peroxisomes in FAO cells and found a modest but significant increase over controls.
These data suggest that effects of T09 on peroxisome abundance are cell-type specific,
perhaps owing to differences in the cellular production of hydroxysterols or other
endogenous LXR agonists. By contrast, 22(S)-HC and lovastatin appear to be more
generalized regulators of peroxisome abundance. These studies reinforce the evidence

that the disposition of cholesterol in cells can influence peroxisome abundance.
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LXR agonist T09 induces ABCAL protein and activity

LXR agonists produce clinically relevant increases in cholesterol efflux via increased
expression of ABCAL, the major plasma membrane cholesterol efflux pump in most cells
(Whitney et al. 2002, Eckert et al. 2007). To confirm increased ABCAL expression
under the conditions of our study, we treated astrocytes with T09 and then analyzed
ABCAL levels by Western blot (Fig. 6a). By 48 hrs protein levels of ABCA1 had
increased at least 5-fold over controls. 22(S)-HC had no significant effect on ABCAL.
We also did not observe an increase in ABCAL when cells were treated with lovastatin,
an observation at odds with our earlier data that suggested lovastatin was causing the
production of an endogenous LXR agonist.

We then examined the disposition of cholesterol itself, using an improved
morphological assay for cholesterol based on the ability of the antibiotic filipin to reveal
cellular cholesterol (Soccio & Breslow 2004). Cells treated with T09 showed increased
plasma membrane staining for cholesterol (Fig. 6 d versus b), and this staining was
diminished if excess apolipoprotein Al (ApoAl; 7.5 uM, Sigma), the cholesterol efflux
acceptor, was included in the extracellular medium, (Fig. 6 €). In other experiments (not
shown), we found that including ApoALl in the cell culture medium during LXR drug
treatments had no significant effects on peroxisome abundance. These experiments show
that T09, as expected, was a robust activator of cholesterol efflux in astrocytes (Eckert et

al. 2007).

T09 does not induce PMP70 or acyl-CoA oxidase
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In an attempt to define the underlying mechanism responsible for LXR-induced
peroxisome proliferation, we treated astrocytes with LXR-targeted drugs and then
analyzed protein levels of some candidate mediators that might explain our results. One
possibility was that we were simply inducing levels of PMP70 selectively, rather than
peroxisomes in general. However, levels of PMP70 did not change significantly (Fig. 7a
and c). Another possibility is that LXR agonists indirectly lead to the activation of
PPARa and increase transcription via PPARa-regulated gene products that then trigger
an increase in peroxisome abundance. To test this, we probed with an antibody to
ABCD?2, a bona fide PPARa. regulated gene product. Neither LXR targeted drugs nor
lovastatin affected ABCD2 levels. By contrast, treating astrocytes with 4-phenylbutyrate,
a known inducer of ABCD?2, caused a greater than 3-fold increase ABCD?2 levels (Fig. 7a
and b). At third possible mechanism for inducing peroxisome proliferation involves
increased levels of Acox protein within the lumen of the peroxisome (Guo et al. 2007).
However, we found no evidence that our drug treatments affected levels of Acox (Fig. 7a
and d). Finally, we tested levels of DLP1, a component of the machinery involved in
peroxisome fission (Kobayashi et al. 2007). Again, no change in DLP1 levels were
found (Fig. 7a and e), suggesting that that peroxisome fission, the most common
mechanism for increasing peroxisome abundance, might not be activated by LXR
pathways. The two most likely candidate proteins for controlling peroxisome abundance
are Pex11 and Pex16, which participate in the fission or de novo pathways of peroxisome
biogenesis respectively. Unfortunately, antibodies directed against these proteins are not
currently available and thus we were unable to test them in our model. Nevertheless, our

data point towards a novel means of pharmaceutically induced peroxisome proliferation
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in astrocytes, which seems to occur via previously unappreciated mechanisms.

Discussion

The major finding of this study is that astrocytes, when exposed to agonists of LXR or
when exposed to lovastatin, increase the abundance of their peroxisomes. Our studies
reveal a novel transcriptionally based mechanism for controlling peroxisome numbers in
these cells. The LXR-induced proliferation of peroxisomes was selective for astrocytes,
in that it did not appear to occur in a hepatocyte cell line. Thus, our study raises the
possibility of developing pharmaceutical approaches to peroxisome proliferation that are
selective for glial cells. By contrast, lovastatin was effective at inducing peroxisome
proliferation of FAO cells, suggesting a more universal effect on peroxisomes by statins.
What could explain the selectivity of LXR-mediated peroxisome proliferation in
astrocytes? Our data does not distinguish whether LXR-induced peroxisome
proliferation was a direct transcriptional effect of LXR leading to increased levels of
protein machinery that controls abundance or rather was an indirect effect following the
increased cholesterol efflux caused by the large enhancement in ABCAL transcription.
As application of ApoALl to the culture media that led to an efflux of cholesterol seen
with filipin staining did not enhance our peroxisome proliferative effect, further studies
will be required to address this question. Hepatocytes express predominantly the LXRa.
isoform, but brain expresses mainly LXRf (Zhang & Mangelsdorf 2002). While the

DNA binding regions of the two LXR isoforms are almost identical, no evidence suggests
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that they regulate different sets of genes. However, the regulatory pathways leading to
the activation of LXRa and {3 are, in some cases, heterogeneous, perhaps owing to
differences in ligand preference (Tobin et al. 2000, Chawla et al. 2001). Since our
experiments showed that 22(S)-HC, a non-natural hydroxysterol with LXR antagonist
activity, caused a diminution of peroxisomes in FAO cells, perhaps hepatocytes produce
a different repertoire of endogenous LXR agonists. For example 24(S), 25-
epoxycholesterol, a potent LXR agonist that is a product of one branch from the squalene
portion of cholesterol biosynthesis, is very abundant in liver (Peet et al. 1998) but not
brain (Wong et al. 2007). By contrast, 24(S)-hydroxycholesterol is made exclusively
brain (Lund et al. 2003).

Our experiments showed that drugs affecting LXR are more effective triggers of
peroxisome proliferation in astrocytes than are drugs targeted to PPARca. The most well
studied PPARa ligands are the fibrates, which act on PPARa to induce the peroxin
Pex11, a component of the peroxisome fission pathway (Schrader et al. 1998, Li & Gould
2002, Kobayashi et al. 2007). The PPARa. effect is selective for rodents, owing to
differences in DNA binding regions between species (Gonzalez & Shah 2008).
Peroxisome proliferation has, however, been induced in humans with 4-PBA, which is
also thought to modulate Pex11 transcription via changes in histone acetylation (Wei et
al. 2000). The low levels of PPARa. in brain may explain why drugs that target this
nuclear receptor had no effect on peroxisomes in astrocytes. Alternatively, the molecular
mechanisms that lead to changes in peroxisome abundance in astrocytes may be different.
LXR regulates a host of gene products (Steffensen & Gustafsson 2004) and the full extent

of its effects on lipid metabolism therapeutic potentials has not yet been explored. LXR-
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based therapies have been explored for treating AD (Sun et al. 2003) and Parkinson’s
disease (Kim et al. 2008). Our results raise the possibility that they might also
proliferate peroxisomes. Whether this property accounts for any of the beneficial effects
(Abildayeva et al. 2006) or undesirable side effects (Schultz et al. 2000) deserves further
investigation.

Our study also showed that lovastatin, a drug used clinically to regulate blood
cholesterol, is also a peroxisome proliferator. In contrast to LXR-mediated peroxisome
proliferation, we observed that lovastatin showed this effect in astrocytes and a
hepatocyte-like cell line. The molecular mechanism by which lovastatin influences
peroxisome abundance is not immediately obvious. We observed that lovastatin-induced
peroxisome proliferation in astrocytes could be reversed by the presence the 22(S)-HC,
an LXR antagonist. However, ABCAL, the main gene up-regulated by LXR agonists
was not affected by lovastatin, which argues against a model whereby lovastatin produces
increased levels of an endogenous LXR agonist. Our data suggest complex cross talk
between LXR and pathways of cholesterol biosynthesis, perhaps related to other sterol-
regulated transcriptional systems, such as the sterol regulatory binding proteins (Repa et
al. 2000, Goodwin et al. 2008). A recent study suggested a direct crosstalk between LXR
and enzymes controlling cholesterol biosynthesis (Wang et al. 2008). Lovastatin has
shown benefit in the treatment of neurodegenerative disorders. Our study raises the
possibility that some of its benefits (Jick et al. 2000) or side effects (Golomb 2005) occur
via biochemical pathways involving peroxisomes. Interestingly, statins have also shown
some tentative promise in treating peroxisome biogenesis disorders (Engelen et al. 2008,

Singh et al. 1998).
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Peroxisomes are crucial participants in the pathways of cholesterol catabolism
that lead to bile acids and a need for the increased production of bile acids is one possible
corollary with our discovery of a link between peroxisome abundance and cholesterol
homeostasis (Ferdinandusse & Houten 2006). The importance of peroxisomes to
cholesterol biosynthesis is more controversial (Wanders & Waterham 2006). Most of the
enzymes in the pre-squalene steps of cholesterol biosynthesis contain putative
peroxisomal targeting sequences and have been localized to peroxisomes (Kovacs et al.
2007, Aboushadi et al. 2000). In some (Kovacs et al. 2004), but not all (Hogenboom et
al. 2003) studies, abnormalities in cholesterol biosynthesis have been reported in
conjunction with mutations in peroxins. The pre-squalene biosynthetic pathways are also
crucial for the production of isoprenoids, which have important signaling roles,
independent of cholesterol per se. Most notably, the production of isoprene appears to
regulate learning and memory processes in brain cells (Sinensky 2000, Kotti et al. 2006).
Furthermore, the beneficial effects of statins in preventing AD may involve decreased Ap
generation viaa reduced geranylgeranyl-pyrophosphate (GGPP) dependent endocytosi s
(Won et al. 2008). Our data indicate that two different drug classes with known effects
on cholesterol homeostasis in brain also impact the number of peroxisomes in astrocytes.
We have not determined whether the biosynthesis of cholesterol and/or isoprenoids is/are
directly affected by changes in peroxisome numbers, but at least one study has suggested
that increased peroxisome abundance may be beneficial for treating AD (Santos et al.
2005).

A previous study showed that LXR agonists caused the up-regulation of enzymes
involved in the peroxisome-specific metabolism of long-chain fatty acids, providing

direct evidence of a relationship between the targets of LXR and peroxisome-specific
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metabolism (Hu et al. 2005). The present study indicates that the abundance of the
organelles themselves may be regulated via LXR. What molecular mechanism could
account for a transcriptionally regulated increase in peroxisomes? In addition to the
Pex11-dependent pathways of peroxisome fission described above, recent studies have
described a novel pathway of peroxisomal biogenesis via budding from the endoplasmic
reticulum that depends on the peroxin Pex16 (Kim et al. 2006, Titorenko & Mullen 2006,
South & Gould 1999). The relative contribution of the de novo pathway to peroxisome
abundance is not known and the degree to which the two biosynthetic pathways for
peroxisomes are used may vary among cells and tissues. Indeed, brain levels of the
fission pathway mediator Pex11 are relatively low; by contrast, Pex16 levels are very
high in all brain areas (Lein et al. 2007). Furthermore, microarray studies in a number of
tissues indicate a clear increase in Pex16 transcription following LXR agonists
(Steffensen et al. 2004) and mice engineered to over-express ABCAL also exhibit
enhanced Pex16 transcription (Joyce et al. 2006). Future studies will test the hypothesis
that LXR-induced increases in peroxisomal abundance occur via the Pex16-dependent de

novo pathway.
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Figure legends

Fig. 1 Differential effects of PPAR a agonists on FAO hepatocyte-like cells versus rat
astrocytes. FAO cells (left) or astrocytes (right) were plated onto coverslips and then
treated with 10 um WY 14643 or 6 nM GW7647 for 48 hr; then cells were fixed and
peroxisomes quantified. (a-c) examples of typical peroxisome morphologies in FAO
cells (a) control (b) WY 14643 and (c) GW 76473. (d-f) quantification of drug-induced
changes in peroxisome size and number. (g-i) examples of typical peroxisome
morphologies in astrocytes (g) control, (h) WY 14643 and (i) GW 76473. Bar indicates 1
um. (j-1) quantification of peroxisome size and number in astrocytes. PPAR o agonists
had no detectable effect on peroxisomes in astrocytes. Graphs depict mean +/- S.D. *p
<0.05 versus control; **p < 0.01 versus control.

Fig. 2 LXR receptors regulate peroxisome number and area in astrocytes. Rat astrocytes
were plated on coverslips and then treated with 250 nM T09 and/or 10 uM 22(S)-HC
before fixation and morphological assay of peroxisomes. (a) time course of the apposing
effects of the agonist (T09, open square) versus antagonist (22(S)-HC, closed circle) or
both drugs together (bolded x). (b-e) representative images of peroxisomes used for
quantification at low power (top of each panel) or as high-power montages (bottom of
each panel) for each drug treatment. Bar in top panels is 10 um; bar in lower panel
montages is 1 um. (f-h), quantification of LXR drug-induced changes in peroxisome size
and number. TO9 increased density of peroxisomes. Graphs depict mean +/- S.D . *p <
0.05 versus control; **p < 0.01 versus control.

Fig. 3 LXR drugs do not affect mitochondrial abundance. Astrocytes were treated with
drugs and fixed as described for Fig. 2. Mitochondria were visualized with an antibody

against ATP synthase and area in the cell occupied by mitochondria was measured. No
significant differences in mitochondrial area were caused by the drugs.

Fig. 4 Lovastatin induces peroxisome proliferation. Rat astrocytes were plated on
coverslips and then treated with 50 nM lovastatin and/or 10 uM 22(S)-HC for two days
before fixation and morphological assay of peroxisomes. (a) time course of lovastain-
induced proliferation (open squares) versus antagonist 22(S)-HC (closed circles) or both
drugs together (filled squares). (b-d) representative images of peroxisomes used for
quantification at low power (top of each panel) or as high-power montages (bottom of
each panel) for each drug treatment. Bar in top panels is 10 um; bar in lower panel
montages is 1 um. (e-g) quantification of lovastatin-induced changes in peroxisome size
and number. Lovastatin increased the density of peroxisomes, and 22(S)-HC prevented
the increase. Graphs depict mean +/- S.D . *p < 0.05 versus control; **p < 0.01 versus
control.

Fig. 5 LXR antagonist and lovastatin treatments in FAO cells regulate peroxisome
abundance. FAO cells were treated with T09, lovastatin, or 22(S)-HC for 48 hr. Cells
were then fixed and peroxisomes quantified. Graphs depict mean +/- S.D . *p < 0.05
versus control; **p < 0.01 versus control.
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Fig 6 LXR agonist T09 induces ABCAL protein and activity. (a) Western blot analysis
of astrocyte cell lysates 48 hr after treatment with 22(S)-HC, T09 and lovastatin. T09 led
to a 5-fold increase over control, while levels of actin did not change. (b-e) following
drug treatments as above, the cellular localization of cholesterol was visualized with
filipin in the absence (b, d) or presence (c, e) of ApoALl. (b) control; (c) control + ApoAl;
(d) TO9; (e) TO9 + ApoAl. Arrows in (d) indicate increased plasma membrane
cholesterol after T09. Arrows in (e) indicate reduced plasma membrane cholesterol when
ApoALl is included in the growth medium of the T09-treated astrocytes. Bar indicates 10
um. Graphs depict mean +/- S.D **p < 0.01 versus control.

Fig. 7 LXR agonist T0O9 does affect levels of 4 different proteins that potentially could
participate in the control of peroxisome number. Astrocytes were treated with 10 uM
22(S)-HC, 250 nM T09, 50 nM lovastatin, or 5 mM 4PB for 48 hours and then cells were
scraped and analyzed by Western Blot. (a) Blots of astrocyte cell lysates (10 ug/ lane).
(b) 4-PBA, but not other treatments, caused a 3-fold increase in expression of ABCD2.
(c, d, ) No significant changes were seen in PMP70 (c), Acox (d) or DLP1 (e). Graphs
depict mean +/- S.D **p < 0.01 versus control.
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Chapter 3: Implications and Future Research

Determining the molecular mechanisms that control peroxisome number in brain.

Our studies uncovered a novel pharmacological means of controlling peroxisome
number in astrocytes. As the LXR is a ligand-regulated nuclear receptor, the underlying
mechanisms may involve changes in gene transcription. However, the precise gene
targets that account for our observations remain unclear. Previous studies indicate that
two main biosynthetic pathways control peroxisome abundance in cells (see Chapter 1,
Figure 1). Changes in expression of the proteins that control the fission pathway appear
to account for all previously described reports of peroxisome proliferation (Table 1). In
yeast, peroxisome abundance is tightly linked to the type of energy substrate on which
yeast grow. For example, yeast peroxisomes can be made to proliferate by growing the
yeast on the fatty acid oleate (Marshall et al. 1995, Erdmann & Blobel 1995). This
occurs through the activation of Pip2p and Oaflp transcription factors that regulate Pex11
in S. cerevisiae (Rottensteiner et al. 1997, Gurvitz et al. 2001). Yeast grown on high-
glucose medium on the other hand contain very few peroxisomes. This is not surprising
as, in yeast, all fatty acid oxidation occurs within peroxisomes while in mammals, fatty
acid oxidation within peroxisomes is restricted to long-chain and VLCFAs.

In rodent liver, peroxisomes can be induced to proliferate by the fibrate drugs,
which bind and activate PPARo and cause transcription of proteins involved in
peroxisome fission. Surprisingly, in man, PPARa does not appear to respond to fibrates

in the manner as the homolog from rodents (Gonzalez & Shah 2008). Peroxisome

53



proliferation in humans has been achieved with the drug 4-PBA (Wei et al. 2000), an

atypical peroxisome proliferator in that its actions are not through PPARa. but rather as a
histone deacetylase inhibitor that leads to an increase in the transcription of Pex11. In all
three cases, peroxisomal proliferation in response to an environmental change is through

the fission pathway via Pex11.

Table 1. Known pharmaceutical inducers of peroxisomes

Yeast Rodent Human
Inducer Fatty acids; Fibrates; PPARa | 4PBA
oleate agonists
Target Plp2-Paflp; PPARa HDAC inhibitor
inhibition of of the Pex11
HDACs promoter region
Gene Pex11p Pex11 Pex11
Pathway Fission Fission Fission

As there are currently no commercial antibodies to Pex11, we were unable to test
if a Pex11-dependent pathway was also responsible for the changes in peroxisomal
abundance in our model. Furthermore, examination of the expression pattern of Pex11
isoforms in brain indicates that Pex11, although present in brain, is not particularly
abundant (Figure 1). An alternative mechanism to explain our results is that the
peroxisome proliferation occurs via the de novo pathway, through a Pex16-dependent
mechanism. Previous microarray studies have shown that LXR agonists do indeed
induce Pex16. Wild type and LXR knockout mice were treated with T09 and total RNA
was extracted. T09 treatment in the wild type but not knockout groups showed an up-
regulation of Pex16 (Steffensen et al. 2004). Pex16 is known to localize in sub-

compartments of the ER and function in the recruitment of other biogenesis machinery
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(Pex3, PMP34, and Pex19). Moreover, Pex16, by contrast to Pex11 is highly abundant in
all brain areas (Figure 1). To distinguish between the two most likely pathways, we plan
to measure levels of their mRNAs with quantitative PCR following the drug treatments
that regulate peroxisome abundance in our model. This would indicate whether the
peroxisomal proliferation could be mediated through increased Pex16 transcription. If on
the other hand Pex16 levels remain unchanged in our model, the possible explanations
are that LXR drugs affect Pex16 activity via their effects on cholesterol metabolism—or

that Pex16 is not involved whatsoever.

Figure 1. Expression analysis of peroxisome biogenesis pathways.

Photoactivation/pulse-chase assays conducted by the Lippincott-Schwartz
laboratory at the NIH have visualized the movement of Pex16 from the ER to nascent
peroxisomes in COS7 cells (Kim et al. 2006). In future studies the Schell laboratory

plans to collaborate with this group to test the hypothesis that the LXR-mediated
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peroxisome proliferation that we have discovered is operating via Pex16-dependent
mechanisms discovered by their laboratory. To accomplish this, our plan is to first grow
brain cells in the presence of 22(S)-HC in order to reduce peroxisome numbers. At that
point, cells will be transfected with Pex16 fused to a photo-switchable fluorescent protein
(Kim et al. 2006). The cells will then be washed out of 22(S)-HC and exposed to TO9,
the LXR agonist. This will maximize our ability to observe de novo synthesis of
peroxisomes—a sort of pulse/chase approach to observe the biogenesis of peroxisomes in
living cells. Since the Schell laboratory is expert in growing and transfecting neurons
(Schell et al. 2001), and levels of Pex16 are very high in this cell type, the aim will be to
accomplish these studies in hippocampal neurons. However, before such an approach
can be attempted, it will be essential to establish that the LXR mediated proliferation that
we have discovered in astrocytes also occurs in neurons. These studies are currently
underway in the Schell laboratory.

In addition to using the photo-activated form of GFP used in the previous study
(Kim et al. 2006), we will also fuse Pex16 to a protein called Dendra2, which shifts from
green to red fluorescence emission when activated by 405 nm wavelength light
(Chudakov et al. 2007). By using this protein we will simultaneously observe the steady-
state pool of Pex16 along with the nascent pool. This approach will determine whether
the Pex16-driven de novo pathway is favored following application of LXR agonists, and

may also allow the first visualization of peroxisomal birthing event.

56



Further development of brain-selective peroxisome induction

As mentioned above, previous attempts to capitalize on peroxisome proliferation
to treat human disease has focused mainly on the drug 4-PBA. This compound is already
in clinical use for treating disorders of the urea cycle (Burlina et al. 2001), but has also
been examined as a treatment for X-ALD as an inducer of ABCD2 expression. However,
due to its rapid metabolism (1-2 hr) and low affinity (IC50 in the millimolar range), it is
unfavorable for patients. Doses consist of 20g, equaling 40 pills daily (Kemp &
Wanders 2007). Lovastatin, due to its normalization of VLCFA in the plasmaof patients
with X-ALD (Pai et al. 2000), is undergoing clinical trials; however, side effects have
been problematic in that it worsens the blood lipid profiles for other fatty acids (Engelen
et al. 2008). Peroxisomal proliferation in either case was not examined, although
theoretically the increase in VLCFA oxidation could be explained by subsequent
increases in peroxisomal abundance by lovastatin.

The LXR class of drugs is beginning to appear in clinical trials for cholesterol
control, so our discovery offers the potential for rapid translation to the clinic should it
continue to show promise. Pharmacological manipulation of cholesterol efflux from the
brain is under investigation for numerous neurological disorders including, but not
limited to, AD and NPC. In AD, high serum cholesterol is considered an independent risk
factor (Notkola et al. 1998). In 2000, the role of statins in the pathogenesis of AD and
other forms of dementia was examined; authors reported a substantially lowered risk of

developing dementia after statin treatment (Jick et al. 2000). Similarly, T09 was shown to
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lower B-amyloid levels and improve memory in a mouse model of AD (Riddell et al.
2007). Our studies raise the possibility that it may be possible to selectively proliferate
peroxisomes as therapies for neurodegenerative disorders. This claim is strengthened by
the lack of induced peroxisomal abundance in hepatocytes treated with LXR agonists.

One explanation for this may lie with the isoform of LXR receptor present. The
distribution of LXRa and f vary greatly between tissues; LXRa which is highly
abundant is liver is barely present in the brain, whereas LXR is expressed strongly
(Zhang & Mangelsdorf 2002). While the two variants are almost identical in structure, it
may be possible that in astrocytes, LXR{ induces different target genes. This is not
outside the realm of possibility, as it has already been shown that the upregulation of
lipoprotein lipase (rate-limiting enzyme in triglyceride hydrolysis) by LXR ligands is due
to the actions of LXRa and not § in the liver (Zhang et al. 2001). To this end, new
compounds have been created which have more isoform-selective properties. N-
acylthiadiazoline is being examined for its role as a potential LXRf-selective agonist.
The EC50 of this drug for LXRp is 63nM with 98% efficacy and for LXRa an EC50 of
350nM with 41% efficacy (Molteni et al. 2007). It has not, as of yet, been fully
characterized, but offers hope that further improvements in isoform selectivity are on the
horizon.

Since most of the known side effects of the current generation of LXR agonists
involve unwanted changes in blood lipid profiles, another strategy for improving
selectivity of LXR agonists involves selective drug targeting to the CNS. In general,
lipophilic molecules effectively cross the blood-brain-barrier. Since LXR is a nuclear

receptor for lipophilic compounds, it is not unreasonable to envision further development
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of custom LXR agonists with greater selectivity for brain. This type of modulation has
already proven beneficial in other systems; for example, in tissue selective estrogen
receptor modulators, such as tamoxifen, used to treat breast cancer (Sengupta & Jordan
2008). An attractive third possibility involves the creation of an LXR-selective prodrug.
In this scenario, one would take advantage of the brain selective cytochrome P450 46A1,
which produces 24-OH cholesterol. This cytochrome shows a highly restricted
localization to brain. A prodrug with a cholesterol-like structure that was a substrate for
CYP46AL1 could potentially be converted to a highly brain-selective LXR agonist, thus

eliminating most or all of the side effects in peripheral tissue.

Therapies targeted to nuclear receptors in the CNS.

The LXR is only one of a large class of potential drug targets aimed at selectively
regulating transcriptional changes in brain. The nuclear receptor superfamily consists of
48 gene products. Each receptor presumably responds to an endogenous lipophilic
molecule present in normal brain. Moreover, many of these receptors occur as isoforms,
which make feasible the development of brain-preferring ligands. The generally
lipophilic nature of nuclear receptor ligands makes the challenges of targeting to the CNS
more surmountable than for most other drug classes (such as drugs designed to mimic the
highly charged nature of amino acid neurotransmitters).

The publication of the Allen Brain Atlas offers an opportunity to jump-start
research in the area of nuclear receptors in neuropharmacology. Figure 2 is an example
of the RAR-related orphan receptor alpha, the mutation of which creates the staggerer

mouse presentation. As expected, the highest levels of expression are localized to the

59



cerebellum and thalamus. Such a selective localization fits nicely to the known motor
phenotypes observed in staggerer. The endogenous ligand for RAR-related orphan

receptor alpha is unknown.

Figure 2. The
gene expression
of RAR-related
orphan receptor
alpha, the
staggerer mouse.

Figure 3 depicts the major nuclear receptors involved in our research, along with
its close relatives. What is immediately apparent is the highly heterogeneous expression
and localization of each receptor. Take, for example, the differences in expression
between the isoforms of LXR. The binding partner for LXR is the RXR, and based on the
expression analysis shown below, exploring the dimerization with RXRy may provide a
deeper understanding of the LXR-based effect we perceived. The pregnane X receptor,
PXR, showed surprisingly high expression throughout the brain with increased
expression seen in the cerebellum. PXR agonists have been explored in the treatment of
NPC; through upregulation of PXR targets genes, functional and survival benefits are
seen (Langmade et al. 2006). However, the PXR receptor can be activated by numerous
ligands, as its binding region is large and flexible (Watkins et al. 2001). Indeed,
activation has been reported via the application of LXR agonists, such as T09 (Mitro et
al. 2007). To rule out involvement of PXR in our effect, identification and application of

a PXR selective antagonist will need to be used.
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Figure 3. Nuclear receptors with brain expression analysis
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Summary

Our investigation of a novel form of pharmaceutically induced peroxisome
proliferation in astrocytes has revealed the possibility of new therapies for treating
disorders in peroxisome biogenesis and metabolism. We have also provided a new line
of evidence to suggest a relationship between cholesterol homeostasis and peroxisome
abundance that may have relevance to therapies for AD and NPC, which are based on
cholesterol control in brain cells. We continue to pursue the mechanisms underlying our
novel discovery. The widespread expression of LXR in brain has focused our attention
son the large number of nuclear receptors present in brain and their discrete localizations.
Thus, our study points to the promise of further drug development based on molecules

targeted to the more than 20 different nuclear receptor subtypes expressed in brain.
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