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The infantile neuronal ceroid lipofuscinosis (INCL) is a devastating neurodegenerative lysosomal storage dis-
ease. Despite our knowledge that palmitoyl-protein thioesterase-1 (PPT1)-deficiency causes INCL, the mol-
ecular mechanism(s) of neurodegeneration and the drastically reduced lifespan of these patients remain
poorly understood. Consequently, an effective treatment for this disease is currently unavailable. We pre-
viously reported that oxidative stress-mediated abnormality in mitochondria activates caspases-9 pathway
of apoptosis in INCL fibroblasts and in neurons of Ppt1-knockout (Ppt1-KO) mice, which mimic INCL.
Since mitochondria play critical roles in maintaining cellular energy homeostasis, we hypothesized that oxi-
dative stress-mediated disruption of energy metabolism and homeostasis may contribute to INCL pathogen-
esis. We report here that, in cultured INCL fibroblasts and in the brain tissues of Ppt1-KO mice, the NAD*/
NADH ratio, the levels of phosphorylated-AMPK (p-AMPK), peroxisome proliferator-activated receptor-y
(PPARY) coactivator-1a (PGC-1«) and Silent Information Regulator T1 (SIRT1) are markedly down-regulated.
This suggested an abnormality in AMPK/SIRT1/PGC-1« signaling pathway of energy metabolism. Moreover,
we found that, in INCL fibroblasts and in the Ppt1-KO mice, phosphorylated-S6K-1 (p-S6K1) levels, which
inversely correlate with lifespan, are markedly elevated. Most importantly, resveratrol (RSV), an antioxidant
polyphenol, elevated the NAD*/NADH ratio, levels of ATP, p-AMPK, PGC-1a and SIRT1 while decreasing
the level of p-S6K1 in both INCL fibroblasts and in Ppt7-KO mice, which showed a modest increase in life-
span. Our results show that disruption of adaptive energy metabolism and increased levels of p-S6K1 are
contributing factors in INCL pathogenesis and provide the proof of principle that small molecules such as
RSV, which alleviate these abnormalities, may have therapeutic potential.

INTRODUCTION

Neurodegenerative disorders are some of the most intractable
human ailments for which the development of effective treat-
ment remains challenging. Neurodegeneration is a devastating
manifestation in the majority of more than 40 lysosomal
storage disorders that affect 1 in 7000 live-born infants
(1,2). Although these storage disorders are rare, they provide
a window of opportunity to uncover the pathogenic mechan-
isms of more common neurodegenerative diseases. Moreover,

understanding the molecular mechanism(s) of pathogenesis of
these rare disorders may advance our knowledge of the patho-
genic mechanism(s) in more common neurodegenerative dis-
orders and facilitate the development of rational therapeutic
strategies.

Neuronal ceroid lipofuscinoses (NCLs), also known as
Batten disease, represent the most common (1 in 12 500
births) hereditary neurodegenerative storage disorders that pri-
marily affect children (3—8). Mutations in at least eight differ-
ent genes underlie various types of NCLs. As a group, NCLs
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share a number of clinical and pathological features including
psychomotor retardation, retinal blindness, myoclonus, sei-
zures, intracellular autofluorescent storage material and
reduced lifespan (3—8). The infantile NCL (INCL), also
known as infantile Batten disease, is a rare (1 in >100 000
births) but one of the most lethal neurodegenerative storage
disorders of childhood caused by inactivating mutations in
the palmitoyl protein thioesterase-1 (Ppt/) gene (9). Children
afflicted with INCL are normal at birth but by 11—18 months
of age they develop psychomotor retardation and complete
retinal degeneration causing blindness. By age 4, they have
no detectable brain activity. These children remain in a vege-
tative state for another 6—8 years before death (3—8). Despite
the fact that the genetic basis of INCL was discovered more
than a decade ago (9), the precise molecular mechanism(s)
of INCL pathogenesis remains poorly understood and, cur-
rently, there is no effective treatment for this disease.

We have previously reported that neurodegeneration in
INCL is at least partially caused by excessive endoplasmic
reticulum (ER) and oxidative stresses, which mediate neuronal
apoptosis (10,11) and neuroinflammation (12,13). We also
reported that Ppt/-knockout (Ppt/-KO) mice (14), which reca-
pitulate virtually all clinical and pathological features of
human INCL including dramatically reduced lifespan (15),
manifest high levels of oxidative stress, which adversely
affects mitochondrial function activating caspase-9 pathway
of neuronal apoptosis (11,16). Mitochondria communicate
and interact with each other as well as with various cellular
organelles such as the ER in order to meet the ever changing
cellular energy needs and to protect the cells from excessive
Ca’®" release as well as mutations in mitochondrial DNA,
events that typify aging and neurodegenerative processes
(17). Despite varying clinical manifestations of neurodegen-
erative disorders, the fact that neurons rely heavily on oxi-
dative energy metabolism suggests a unified mechanism that
involves dysfunction in mitochondrial energy homeostasis
(18).

New insight into the role(s) of mitochondria in neuronal
function and viability has been facilitated by the discovery
of the peroxisome proliferator-activated receptor-y (PPARYy)
coactivator-la (PGC-1a), which also regulates thermogenesis
(19). Interestingly, we uncovered that thermogenesis in chil-
dren afflicted with INCL is abnormally regulated (20). In
addition to its role in mitochondrial biology, PGC-la also
regulates several key metabolic programs that go beyond mito-
chondrial biogenesis and oxidative phosphorylation. For
example, PGC-la-null mice manifest defects in adaptive
energy metabolism and show clinical manifestations such as
stimulus-induced myoclonus, dystonic posturing and frequent
limb clasping, characteristic of certain neurodegenerative dis-
orders (21), including INCL.

Impaired mitochondrial energy metabolism due to the dis-
ruption of mitochondrial function might negatively affect the
ATP/AMP ratio. The cells, especially neurons, in turn
respond by adjusting both the anabolic and catabolic pathways
of energy metabolism. AMP-activated protein kinase (AMPK)
acts as an intracellular energy sensor and plays a pivotal role
in maintaining energy balance within the cell (22,23). Emer-
ging evidence indicates that phosphorylation of AMPK
(p-AMPK) is critical for maintaining cellular energy reserves

by turning on catabolic pathways that generate ATP and bio-
genesis of mitochondria while switching off anabolic path-
ways that utilizes ATP (24,25). Moreover, AMPK plays a
critical role in mitochondrial biogenesis in response to
energy deprivation (26). Recently, it has been reported that
AMPK also enhances the activity of SIRT1 (Silent Infor-
mation Regulator T1), a highly conserved family of NAD"-
dependent deacetylases that regulate lifespan in both lower
organisms and in mammals. The roles of mammalian SIRTs
have been implicated in resisting cellular stress, tumorigenesis
and neurodegeneration (27). AMPK also modulates the
activity of down-stream target genes such as PGC-1la, Fork
head box Ol (FOXOIl) and O3 (FOXO3) transcription
factors (28). Further, p-AMPK/SIRT1/PGC-la signaling
pathway plays critical roles in mitochondrial function facilitat-
ing adaptive energy metabolism in cells, including the neurons
(29).

Resveratrol (RSV) is an antioxidant polyphenol that acti-
vates SIRT1 (30,31). It has also been reported that mammalian
SIRTs can play critical roles in protecting neurons (32). More-
over, SIRT1 deacetylates a dozen of substrates including
PGC-la and FOXO3a. The most important role played by
SIRT1/PGC-la signaling in neuronal survival has been
attested by the fact that transgenic mice in which the
expression of PGC-la is disrupted have neurodegenerative
lesions and show behavioral abnormalities (33). Thus, it has
been suggested that understanding the AMPK/SIRT1/
PGC-1a signaling pathway of energy metabolism, which has
not been well documented in the central nervous system,
may advance our understanding of the mechanism of neurode-
generative diseases and facilitate the development of novel
therapeutic strategies to combat these disorders (34). We
hypothesized that oxidative stress may disrupt AMPK/
SIRT1/PGC-1a signaling and adversely affect energy homeo-
stasis contributing to INCL pathogenesis. Since oxidative
stress is prevalent in virtually all neurodegenerative disorders
(17), including INCL, our hypothesis, if correct, may not only
be of direct relevance to INCL but also to other more common
neurodegenerative disorders.

RESULTS
Altered energy metabolism in the brain of Ppt/-KO mice

We hypothesized that oxidative stress-mediated mitochondrial
abnormality in PPT1-deficient cells reduce the NAD"/NADH
ratio adversely affecting p-AMPK levels and down-regulate
the levels of SIRT1 and PGC-la, which play important
roles in energy metabolism and homeostasis. Accordingly,
we determined the levels of p-AMPK in the brain tissues of
1-, 3- and 6-month-old Pp¢/-KO mice and in those of their
WT littermates. The results showed that the levels of
p-AMPK in the brains of Ppt/-KO mice are progressively
down-regulated in an age-dependent manner (Fig. 1A). We
then determined p-AMPK levels in normal and INCL fibro-
blasts. We found that p-AMPK levels are markedly lower in
INCL fibroblasts compared with those of their normal counter-
parts (Fig. 1B). Since AMPK regulates the expression of
PGC-1a, we performed western blot analysis of proteins in
nuclear fractions of brain tissues from the Ppt/-KO mice
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Figure 1. Levels of p-AMPK and PGC-la in the brain of WT mice, their
Ppt1-KO littermates and in INCL fibroblasts. (A) Western blot analysis of
phosphorylated-AMPK  (p-AMPK) and total AMPK levels in the brain
tissues from 1-, 3- and 6-month WT mice and their Ppt/—KO littermates;
(B) western blot analysis of p-AMPK levels in normal (N, left lane) and
INCL patient fibroblasts (right lane); (C) western blot analysis of PGC-la
levels in the nuclear fractions of brain tissues from 1-, 3- and 6-month WT
mice and their Ppt/-KO littermates; (D) western blot analysis of PGC-la in
the nuclear fraction from normal human fibroblasts (N) and in that of INCL
patient fibroblasts (lanes 1, 2 and 3). TATA box-binding protein (TBP) was

used as loading standard for nuclear protein extracts.

and in those of their WT littermates at 1, 3 and 6 months of
age. The results showed that PGC-la levels are markedly
decreased in the Ppt/-KO mice (Fig. 1C, upper panel). The
densitometric analysis of the protein bands further confirmed
the results of the western blot (Fig. 1C, lowest panel). We
then determined the levels of PGC-1a—protein in nuclear frac-
tions of cultured fibroblasts from a normal and three INCL
patients. The results show that compared with the normal
fibroblasts, the levels of PGC-la—protein in those of the
INCL patients were significantly lower (Fig. 1D). Taken
together, these results suggested that p-AMPK and PGC-la
levels are down-regulated in the brain tissues of Ppt/-KO
mice as well as in cultured fibroblasts from INCL patients
raising the possibility that the regulation of cellular energy
metabolism in INCL is abnormally regulated.

Down-regulation of SIRT1 and NAD*/NADH ratio in
Pptl-deficient tissues and cells

Since we found lower levels of p-AMPK in Ppt/-KO mouse
brain tissues, we sought to determine whether lower
p-AMPK levels down-regulate the expression of genes
involved in energy metabolism in PPT1-deficient cells. We
rationalized that this may occur because lower p-AMPK in
concert with another metabolic sensor, SIRT1, may disrupt
energy metabolism. Accordingly, we tested the level of
SIRT1—protein in the nuclear fractions of brain tissues from
Ppt1-KO mice and in those of their WT littermates. The
results of western blot analysis showed that the SIRTI-
protein levels in the brain nuclear fractions of Pprl-KO
mice are appreciably lower than those of their WT littermates
(Fig. 2A). Immunocytochemical analysis of cultured neurons
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from the Ppt1-KO mice and their WT littermates further con-
firmed these results (Fig. 2B). Consistent with these findings,
the SIRT1—protein levels in INCL fibroblasts were also mark-
edly lower compared with those in normal fibroblasts
(Fig. 2C). Taken together, these results showed that both in
the brain tissues of Ppt/-KO mice as well as in INCL fibro-
blasts SIRT1 levels are significantly lower compared with
those of their normal counterparts. Since SIRT! is activated
by an increased NAD"/NADH ratio (28), we sought to deter-
mine whether there is a difference in the NAD'/NADH ratio
in the brain tissues of Ppt/-KO mice and in those of their WT
littermates. The results show that the NAD'/NADH ratio in
the Ppt/-KO mouse brain is significantly lower compared
with those of their WT littermates (Fig. 2D). We then deter-
mined the NAD"/NADH ratios in cultured normal fibroblasts
and in those of their INCL counterparts. The results show a
markedly decreased level of NAD"/NADH ratio in INCL
fibroblasts (Fig. 2E), suggesting that lower NAD"/NADH
ratio in the brain of Ppt/-KO mice and in INCL fibroblasts
may be one of the reasons for reduced SIRT1 levels. Consist-
ent with these results, the ATP levels in INCL fibroblasts were
also considerably lower than those in normal fibroblasts
(Fig. 2F).

Amelioration of oxidative stress in Ppt1-KO mice and
activation of SIRT1 by RSV

We previously reported that the brain tissues in Ppt/-KO mice
and cultured INCL fibroblasts undergo severe oxidative stress
(11,16), which most likely affect the redox state of the cells
attested by the reduced NAD'/NADH ratio. To further
confirm the presence of oxidative stress, we determined the
levels of superoxide dismutase-2 (SOD2) in brain tissues
from Ppt/-KO mice and in those of their WT littermates.
We found significantly elevated SOD2 levels in brain tissues
from PptI-KO mice compared with those of their WT litter-
mates (see Supplementary Material, Fig. S1A).

RSV is a polyphenol with anti-oxidant and SIRT1 activating
properties. Since SIRT1 activation is NAD" dependent (28),
we determined whether RSV-treatment improves the NAD "/
NADH ratio in INCL fibroblasts. The results showed that
RSV treatment improved the NAD"/NADH ratio (Fig. 2G)
as well as ATP levels (Fig. 2H) in INCL fibroblasts. These
levels declined by 10h of RSV treatment similar to the
decline in NAD"/NADH ratio. We then determined whether
SIRT1 levels in INCL fibroblasts are also increased by RSV
treatment and as expected, we found that this treatment signifi-
cantly increased the SIRT1 levels in INCL fibroblasts
(Fig. 2I). Taken together, these results suggest that decreased
SIRT1 levels in PPTl1-deficient cells may be due to a
decreased NAD'/NADH ratio and RSV-mediated improve-
ment of NAD'/NADH ratio may increase the SIRT1 levels.

Elevation of phospho-AMPK levels in PPT1-deficient cells
by RSV

Since SIRTI activation leads to the phosphorylation of
AMPK, required for its activation, we determined the levels
of p-AMPK in untreated and RSV-treated INCL fibroblasts.
The results showed that p-AMPK levels in RSV-treated
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INCL fibroblasts are appreciably elevated (Fig. 2J). The den-
sitometric analysis of the protein bands further confirmed the
western blot results (Fig. 2J, lowest panel). We then sought
to determine whether RSV also stimulates PGC-1a levels in
INCL fibroblasts. The data showed that RSV treatment of
INCL fibroblasts also increased the PGC-1a levels in a time-
dependent manner (Fig. 2K). These results are further con-
firmed by densitometric analysis of the protein bands
(Fig. 2K, lowest panel). AICAR (5-Aminoimidazole-
4-carboxyamide ribonucleoside), an adenosine analog which
is taken up by cells generating its phosphorylated form,
5-aminoimidazole-4-carboxamide- 1-pD-ribofuranosyl-5'-mono-
phosphate, stimulates AMPK activity (35). We sought to
determine whether AICAR, like RSV, also stimulates
p-AMPK and PGC-la levels in INCL fibroblasts. Accord-
ingly, we treated INCL fibroblasts with AICAR and deter-
mined the levels of p-AMPK and PGC-la. We found that
AICAR-treatment of the INCL fibroblasts markedly elevated
the levels of p-AMPK and PGC-la in a time-dependent
manner (see Supplementary Material, Fig. S1B). Taken
together, these results suggest that RSV treatment increases
the NAD' /NADH ratio and the levels of SIRT1, p-AMPK
as well as PGC-la, which is likely to improve cellular
energy metabolism in Ppt/-KO mouse brain, cultured
neurons from Pp¢/-KO mice and in cultured INCL fibroblasts.

RSV diet increases the levels of p-AMPK, SIRT1 and
PGC-1a in Ppt1-KO mouse brain

Since the results of our in vitro experiments indicate that RSV
treatment increases the levels of SIRT1, NAD"/NADH ratio,
p-AMPK and PGC-la, which are critical for regulating
energy metabolism, we sought to validate these observations
in vivo. Accordingly, we carried out experiments in which
Ppt1-KO mice were fed either normal diet (control) or a
diet, which consisted of normal diet containing RSV. The
mice were fed these diets for 2 months starting at 4 months
of age. We chose to use 4-month-old mice, as they manifest
virtually no symptoms of INCL, whereas at 6-months of age
these mice show signs of neurological impairment. We used
a dose of RSV (0.2 g/100 g mouse chow) that is equivalent
to 600 mg RSV/day/kg body weight (see Materials and
Methods section). This dose of RSV has been reported to be
safe and produce no adverse effects (36). The results showed
that compared with untreated Pp¢/-KO mice those on RSV
diet had significantly elevated level of p-AMPK (Fig. 3A),
SIRT1 (Fig. 3B) as well as PGC-1a (Fig. 3C).

Previous in vitro experiments have shown that SIRT1
stimulates the expression and activation of its downstream
FOXO transcription factors in various cell types as these
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transcription factors regulate cellular capacity to cope with
ER and oxidative stresses (37,38). Therefore, we first deter-
mined the levels of FOXO3a protein in the brain tissues of
Ppt1-KO mice and in those of their WT littermates. The
results showed that compared with the WT littermates the base-
line levels of FOXO3a protein in the brain of Pp¢/-KO mice
were markedly lower (see Supplementary Material, Fig. S1C).
We then determined the FOXO3a levels in the brain tissues
of RSV-fed PptI-KO mice. Most notably, feeding RSV-diet
for 2 months to the Ppt/-KO mice stimulated the FOXO3a
levels (see Supplementary Material, Fig. S1D). These results
demonstrated that feeding of RSV-containing diet may
improve AMPK/SIRTI/PGC-lac  signaling pathway in
Ppt1-KO mice and augment energy homeostasis in vivo.

RSV stimulates mitochondrial biogenesis in PptI-deficient
cells

Current evidence indicates that SIRT1 not only activates
PGC-la but also promotes mitochondrial biogenesis, and
RSV simulates PGC-la activity improving mitochondrial
function (39). Most recently, it has been shown that activation
of PGC-la also regulates mitochondrial density in neurons
(40). Since we found that SIRT1 and PGC-la levels in
Ppt1-KO mouse brain as well as in INCL fibroblasts is mark-
edly down-regulated, we sought to determine whether the low
levels of SIRT1 and PGC-1a also correlate with lower mito-
chondrial density. Accordingly, we used Mitotracker fluor-
escence to measure mitochondrial density in cultured
primary neurons from WT mice and in those of their
Ppt1-KO littermates. Our results showed that compared with
the neurons from WT mice (Fig. 3D) those from the
Ppt1-KO littermates showed markedly lower level of mito-
chondrial density (Fig. 3E). We then treated the cultured
neurons from Ppt/-KO mice with RSV (20 pm) and found
that RSV treatment significantly increased the levels of mito-
chondrial density (Fig. 3F). Quantitation of Mitotracker fluor-
escence by densitometry further confirmed these results
(Fig. 3G), indicating that RSV is capable of stimulating mito-
chondrial biogenesis and density in cultured neurons from
Ppt1-KO mice.

Mitochondrial biogenesis, adaptive thermogenesis, respir-
ation, insulin secretion and gluconeogenesis are also regulated
by PGC-la (19). The biogenesis and maintenance of mito-
chondrial function are regulated by several transcription
factors, including mitofusin (Mfn), fission 1 (Fisl) and mito-
chondrial factor A (TFAM) (41). Since we found that in
Ppt1-KO mice oxidative stress disrupts energy metabolism
as attested by lower levels of p-AMPK, SIRT1 and PGC-1a,
we determined Mfnl-, Fisl- and TFAM-mRNA levels in

Figure 2. Effects of RSV on levels of SIRT1, p-AMPK, PGC-1a, NAD*/NADH ratio and ATP levels. (A) Western blot analysis of SIRT1 in nuclear fractions
prepared from the cerebral cortex of 1-, 3- and 6-month-old WT mice and their Ppz/-KO littermates using Rabbit anti-SIRT-1 antibody. TATA box-binding
protein (TBP) was used as loading standard for nuclear protein extracts; (B) immunocytochemical analysis of SIRT-1 (green) in cultured neurons derived
from WT mice (upper panels) and their Ppt/-KO littermates (lower panels). DAPI (blue) was used to stain the nucleus; (C) western blot analysis of SIRT1
in nuclear fractions of normal human fibroblasts and INCL patient fibroblasts; (D) NAD"/NADH ratios in brain tissues of 6-month-old WT mice and their
Ppt1-KO littermates; (E) NAD"/NADH ratios in normal and INCL fibroblasts; (F) ATP levels in normal and INCL fibroblasts; (G) NAD"/NADH ratios in
INCL fibroblasts treated with 20 wm RSV; (H) ATP levels in INCL fibroblasts treated with 20 um RSV for 6-20 h; (I) western blot analysis of SIRT1-
protein in untreated and RSV-treated INCL fibroblasts; (J) western blot analysis of p-AMPK levels in untreated and RSV-treated INCL fibroblasts. Bar
graphs represent densitometric quantitation of the protein bands + SD (n = 3 independent experiments); (K) western blot analysis of PGC-la protein levels
in untreated and RSV-treated INCL fibroblasts. Bar graphs represent densitometric quantitation of the protein bands.
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normal and INCL fibroblasts. The results showed that the
mRNA levels of all three transcription factors are markedly
down-regulated in INCL fibroblasts compared with those in
normal fibroblasts (see Supplementary Material, Fig. S2A).
We then determined the mRNA levels of Mfnl, Fisl and
TFAM in normal as well as untreated- and RSV-treated
INCL fibroblasts. The results showed that RSV stimulated
the mRNA levels of all three transcription factors in a time-
dependent manner (see Supplementary Material, Fig. S2B).
To determine whether these results are reproducible in vivo,
we determined the mRNA levels of Mfn, Fisl and TFAM in
normal and Ppt/-KO mice that were on normal diet as well
as those that were on RSV diet. Our results showed that
RSV diet stimulated the mRNA levels of all three transcription
factors in PPT1-deficient cells (see Supplementary Material,
Fig. S2C). Taken together, these results strongly suggested
that RSV stimulates the genes critical for mitochondrial bio-
genesis both in vitro and in vivo.

Suppression of neuronal apoptosis and inhibition of
astroglial activation by RSV in Ppt1-KO mice

We previously reported that neuronal degeneration in INCL is
at least partially mediated by increased apoptosis due to
increased ER and oxidative stresses (11,16,17,35). Since
RSV has anti-oxidative properties (40), we hypothesized that
it may have beneficial effects on PPTI-deficient cells. In
addition, RSV is an activator of SIRTI as well as PGC-la
and it crosses the blood brain barrier (30). Thus, we sought
to determine whether this compound has anti-apoptotic
effects in the brain of the Pp#/-KO mice. Accordingly, we per-
formed western blot analyses of brain tissues of WT mice and
their Ppt1-KO littermates either on control- or RSV-diet and
determined the levels of cleaved PARP-1 (marker for apopto-
sis), synaptophysin (marker for neurons) and glial fibrillary
acidic protein (GFAP), which is a marker for activated astro-
glial cells. The results showed that compared with the WT lit-
termates the brain tissues of Ppt/-KO mice on control diet
showed significantly higher level of cleaved PARP-1
(Fig. 4A, top panel), lower level of synaptophysin (Fig. 4A,
second panel) and higher level of GFAP (Fig. 4A, third
panel). The B-actin levels, used as protein-loading standard,
were virtually identical (Fig. 4A, bottom panel). These
results indicated that in the brain of Ppt/-KO mice there
was more apoptosis, less neuronal cells and increased astro-
glial activation, which occur in most neurodegenerative dis-
orders, including INCL. Most importantly, Pp¢/-KO mice on
RSV diet showed an appreciably lower level of cleaved
PARP-1 (Fig. 4A, top panel), higher level of synaptophysin
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(Fig. 4A, second panel) and lower level of GFAP (Fig. 4A,
third panel). Taken together, these results strongly suggest
that RSV not only improves cellular energy metabolism but
also protects neurons from apoptosis.

RSV diet modestly improves longevity in Ppt/-KO mice

In several model organisms, RSV has been reported to stimu-
late SIRT1/PGC-la signaling pathways to expand lifespan
(28). Recently, it has also been demonstrated that a 15-20%
increase in lifespan may be achieved in obese mice fed with
a diet containing RSV (41). However, more recently, it has
been reported that, in normal aging mice, RSV may delay
age-related deterioration of functions but may not increase
lifespan (42). Since in our experiments RSV appeared to
improve several parameters that are known to improve neur-
onal function, we sought to determine whether RSV diet
may also improve longevity in Ppt/-KO mice. Accordingly,
we fed Pptl-KO mice with a diet containing RSV and com-
pared their longevity with that of their littermates that were
fed with the same diet but without RSV. Our results showed
that Ppt/-KO mice that were on RSV diet for 4 months had
a small increase in lifespan (36.7 + 0.6 weeks) (Fig. 4B,
dotted line) compared with the control Ppt/-KO mice that
received no RSV in their diet (34.6 + 0.7 weeks) (Fig. 4B,
solid line). These results indicate that feeding of RSV diet to
Ppt1-KO mice not only protects against neurodegeneration
but may also cause a small increment in their lifespan.

Recently, it has been reported that phosphorylated-p70 ribo-
somal protein S6 kinase-1 (p-S6K1) levels inversely correlate
with lifespan in mice (43). The lifespan of the Pp¢/-KO mice
is curtailed significantly as they die ~8 months of age (normal
lifespan 24 months). Therefore, we determined the levels of
p-S6K1 in brain tissues of Ppt/-KO mice. The results
showed that Ppt/-KO mice have significantly elevated levels
of p-S6K1 (Fig. 4C), which is consistent with the prediction
of decreased lifespan (43). Moreover, we also found that the
levels of PI3K and Akt, which up-regulate mTOR activity
by its ability to phosphorylate S6K1, are also markedly elev-
ated in the Ppt/-KO mice (see Supplementary Material,
Fig. S3A and B). This may explain why the levels of
p-S6K1 in the Ppt/-KO mice are significantly elevated. Inter-
estingly, PptI-KO mice on RSV diet showed markedly
reduced levels of p-Akt and PI3K (see Supplementary
Material, Fig. S3C). Most importantly, Ppt/-KO mice on
RSV diet also showed markedly reduced level of p-S6Kl1
(Fig. 4D). Taken together, results suggest that RSV may at
least in part mediate the increased lifespan in the Ppt/-KO
mice by down-regulating the p-S6K1 levels.

Figure 3. RSVstimulates brain p-AMPK, SIRT1, PGC-1a levels and mitochondrial density in cultured neurons from Ppz/-KO mice. (A) Western blot analysis of
p-AMPK levels in the brain tissues of untreated and RSV-treated Ppt/-KO mice. (B) Western blot analysis of SIRT1—protein levels in the brain tissues of
untreated- and RSV-treated Ppr1-KO mice. (C) Western blot analysis of PGC-la protein levels in the brain tissues of untreated and RSV-treated PptI1-KO
mice. Mitotracker staining (red) showing mitochondrial densities in cultured neurons: (D) neurons from WT mice; (E) neurons from Ppt/-KO without RSV
treatment and (F) neurons from Ppt/-KO mice were treated with 20 um RSV for 20 h. Calcein (green) dye was used to stain the cytoplasm and DAPI
(blue) to localize the nuclei. (G) Densitometric analyses of relative intensities of Mitotracker/calcein ratio in cultured neurons from WT and Pp¢/-KO mice.
Mitochondrial density was quantified by calculating the ratio of average fluorescence intensity of Mitotracker (red, representing the mitochondria) versus
Calcein (green, representing the entire cytoplasm of a cell) using LSM image analysis software (Carl Zeiss). Statistical analysis of the results was performed
using Student’s r-test. Each experiment was repeated at least six times. Compared with WT neurons untreated Ppz/-KO neurons showed a significantly
reduced fluorescence (P < 0.0001; » =6 independent experiments). We then compared the fluorescence levels in untreated and RSV-treated PptI-KO
neurons. The results showed a significant increase in fluorescence in the RSV-treated Ppt1-KO neurons (P < 0.0008; » = 6 independent experiments). WT
(open bar); RSV-untreated Ppt/-KO neurons (blue bar) and RSV-treated Ppt/-KO neurons (black bar).
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Figure 4. RSVsuppresses apoptosis, reduces p-S6K1 level and expands life-
span in Ppt/-KO mice. (A) Western blot analysis of apoptotic cell-marker,
cleaved-Parp-1 (top panel), neuronal marker, synatophysin (second panel)
and astroglial marker, GFAP (third panel) in the brain lysates of WT mice
and their PprI-KO littermates on normal diet, or on RSV diet. B-Actin
(bottom panel) was used as protein-loading standard. (B) Lifespan of
Ppt1-KO mice fed a normal- (solid line) or RSV-containing diet (dotted
line). Mice were fed either normal diet (n = 10) or normal diet containing
RSV (n = 12). The average lifespan for the mice on normal diet (solid line)
is compared with that of the mice fed the RSV diet (dotted line). The calcu-
lated lifespan of Ppr/-KO mice on normal diet was 34.6 + 0.7 and of those
on RSV diet was 36.7 + 0.6 weeks, respectively. (C) Western blot analysis
of phosphorylated-S6K 1 levels in the brain tissues from 1-, 3- and 6-month-old
WT mice and their Ppt/-KO littermates; (D) western blot analysis of
phosphorylated-S6K1 in the brain tissue lysates of WT mice and their
Ppt1-KO littermates on normal diet, or on RSV diet.

DISCUSSION

In this study, we demonstrated that, in cultured cells from INCL
patients as well as in the brain of Ppz/-KO mice, the levels of
p-AMPK, SIRT1 and PGC-1a, which play critical roles in cel-
lular energy metabolism and homeostasis, are markedly down-
regulated. In addition, we showed that in Ppt/-KO mice
p-S6K1 level, which inversely correlates with lifespan, is sig-
nificantly elevated. Most importantly, RSV, an anti-oxidant
polyphenol that activates SIRT1, reversed these abnormalities
in both cultured INCL cells and in the brain tissues of
Ppt1-KO mice, which showed a small increase in lifespan.

INCL is a lysosomal storage disease caused by inactivating
mutations in the PPT1 gene (9). Lysosomal enzyme deficiency
impairs degradative and metabolic processes causing abnor-
mal accumulation of partially degraded substrates. It has
been suggested that because of this abnormality in lysosomes
the undegraded material may be considered an energy storage
depot, which remains inaccessible to the cell; however, the
maintenance of the storage depot requires energy, thereby con-
tributing negatively to energy balance (44). Our results
showed that the levels of p-AMPK, SIRT1 and PGC-la,
which are critical for regulating energy metabolism and
homeostasis, is clearly abnormal in cultured INCL fibroblasts
and in the brain of Ppt/-KO mice. Moreover, the fact that
these abnormalities were reversed by RSV treatment suggests
that abnormal energy metabolism is a contributing factor in
INCL pathogenesis.

How might RSV increase the longevity in the Ppt/-KO mice?
Genetic studies in yeast and Drosophila have implicated several
mechanisms that control lifespan (45). Among these are insulin
and insulin-like growth factor 1 (IGF-1) signaling as well as the
mammalian target of rapamycin (mTOR) pathways. IGF-1 sig-
naling and mTOR pathways activate the downstream effector,
P70 ribosomal S6 protein kinase-1 (S6K1) and, recently, it has
been reported that phosphorylated S6K1 (p-S6K1) levels inver-
sely correlate with lifespan in mice (43). The lifespan of the
Ppt1-KO mice is curtailed significantly as they die ~8 months
ofage. Our results showed that Ppt/-KO mice have significantly
elevated levels of p-S6K 1, which is consistent with the predic-
tion that these mice may have decreased lifespan. Moreover,
our results also showed increased levels of PI3K and Akt that
may up-regulate mTOR activity, which in turn phosphorylates
S6K1. This may explain our finding that the levels of p-S6K1
in the Ppt/-KO mice are significantly elevated. Remarkably,
Ppt1-KO mice on RSV diet showed markedly reduced levels
of p-Akt and PI3K and, most importantly, Pp¢/-KO mice on
RSV diet also showed a significantly reduced level of p-S6K1.
Taken together, our results suggest that RSV may have caused
a small increase in lifespan in Ppt/-KO mice at least in part
due to the down-regulation of p-S6K1 levels. RSV has been
reported to prolong lifespan and retard age-related deterioration
in short-lived vertebrates (46). Recently, it has been reported
that, although RSV mimics transcriptional aspects of caloric
restriction and delays age-related deterioration, it does not
increase lifespan in normal aging mice (42). The discrepancy
between these findings and those of our present study may be
due to the fact that Pp#/-KO mice have a very limited lifespan
(8 versus 24 months in normal mice) and while RSV modestly
increased this short lifespan of these mice, it may not have
had a significant effect on prolonging the total lifespan of
normal aging mice as previously reported (42). The results of
our present study show that RSV increases SIRT1-mRNA and
SIRT1-protein levels but we have not measured SIRT1 enzy-
matic activity. It is important to note that currently, a mechan-
ism(s) by which RSV mimics the effects of caloric restriction
and expands lifespan remains unclear. On the basis of our
present findings, we provide a model (Fig. 5) to explain a
likely mechanism by which RSV may improve energy metab-
olism and homeostasis that in turn cause a small increase in life-
span of the Ppt/-KO mice. It should be noted that our estimate of
lifespan increase was determined when Ppz/-KO mice were still
active enough to reach for food and water. They were euthanized
before they went into vegetative state for humanitarian reason.
A small increase in lifespan observed in RSV-treated animals
is not the ultimate goal of our present study. Nonetheless, it pro-
vides a framework in which more potent small molecules that
reduce oxidative stress, up-regulate the levels of p-AMPK,
SIRT1 and PGC-la and decrease the p-S6K1 level may be
tested for their therapeutic potential for INCL and possibly for
other neurodegenerative disorders.

MATERIALS AND METHODS
Cell lines and chemicals

The normal human fibroblasts (GM00497 and GM00969)
were obtained from Coriell Institute for Medical Research,
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Figure 5. A model explaining how RSV may mediate energy homeostasis and
lifespan expansion in Pp#/-KO mice. Increased ER and oxidative stresses lead
to neuronal apoptosis (left upper). Oxidative stress reduces the levels of
p-AMPK  (phosphorylated-AMPK) most likely by inhibiting the protein
kinase, LKBI that is known to phosphorylate AMPK. Down-regulation of
p-AMPK reduces the level and activation of SIRT1, which in turn reduces
PGC-1la. As a result, expression of genes down-stream from PGC-1a is down-
regulated disrupting energy homeostasis. Down-regulation of p-AMPK levels
also stimulates PI3K (phosphatidylinositol 3-kinase), which in turn activates
Akt. The activation of Akt leads to the phosphorylation and activation of
mTOR (mammalian target of rapamycin) that is known to phosphorylate
S6K1 (ribosomal S6 protein kinase 1). Increased p-S6K1 levels inversely cor-
relates with lifespan (43). RSV, an SIRT1-activator and an antioxidant poly-
phenol, not only reduces oxidative stress but also increases p-AMPK levels
most likely by stimulating LKB1. Thus, RSV stimulates the PGC-1la level
that increases the expression of genes down-stream of PGC-la. Activated
SIRT1 may also enhance p-AMPK levels. By increasing the p-AMPK
levels, RSV also suppresses activation of PI3K/Akt pathway of mTOR acti-
vation, which decreases the p-S6K1 levels, thereby increasing lifespan. There-
fore, by stimulating p-AMPK/SIRT1/PGC-la signaling pathway and
suppressing p-S6K1 levels, RSV improves energy homeostasis in neurons
and in other cell types in the Ppr/-KO mice and causes a small increase in life-
span. As suggested by the results obtained from INCL fibroblasts, RSV may
have similar beneficial effects on INCL patients.

and two PPT 1-deficient fibroblast lines were derived from IBD
patients. The fibroblasts were cultured in DMEM sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mm glutamine, 100 U/ml penicillin and streptomycin.
Cells were maintained at 37°C in a humidified 5% CO, atmos-
phere. Neurons were isolated from E15 embryonic brain
cortex of WT and Ppt/-KO mice and cultured and maintained
in Neurobasal medium supplemented with B27 (Invitrogen,
Carlsbad, CA, USA).

RSV treatment of cultured cells

RSV used in the human fibroblast treatment was purchased
from Sigma R5010. Fibroblasts were plated with a density
of 1 x 10* cells per cm® and 24 h after seeding; they were
fed a medium containing RSV. An appropriate volume of
RSV stock solution (0.25 M in DMSO was added to the cell
culture medium to obtain the final concentrations of RSV
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(20 ™). For determining the time course, cells were cultured
in a medium containing a fixed concentration (20 pwm) of RSV
in DMSO. The final concentration of DMSO in the medium
was 0.02%. The cells were cultured in RSV or DMSO
medium for 0, 3, 6, 10, 20, 36, 48 h. For the dose—response
treatment, a fixed treatment time of 10 h was used, the concen-
tration of RSV was 0, 5, 20, 300 pm, and the final vehicle
(DMSO) concentration in the medium was all adjusted to
0.12% to exclude the potential influence that this level of
DMSO may have on the investigated parameters. In both
time— and dose—response treatments, a parallel experiment
exposing the cells to 0.12% DMSO was set as a control to cali-
brate the observed results (data not shown).

Animals and diets

The PptlI-KO mice were generated in the laboratory of
Dr Sandra Hofmann (14). The mice were extensively back-
crossed to obtain a homogenous C57 genetic background in
the laboratory of Dr Mark Sands and a mating pair was
obtained from his laboratory. All animal experiments were
performed according to a protocol approved by the insti-
tutional Animal Care and Use Committee. The mice were
fed standard NIH-31 diet (Zeigler Brothers, Gardner, PA,
USA) as the normal diet, or with RSV-diet, which is the stan-
dard NIH-31 diet containing RSV as prepared as described
below. The animals were housed three per cage in standard
cages and under a light cycle of 12 h light—dark. They had
ad libitum access to drinking water and the normal diet or
RSV diet throughout the experiment.

Preparation of RSV diet

RSV (mol. wt. 228) was purchased from Orchid (Chennai,
India). The previously reported doses of RSV in the diet
were 0.04—0.4 g/100 g of mouse chow (41). In the present
study, we used 0.2 g RSV per 100 g chow, which provides a
dose of 600 mg RSV/day/kg body weight. This calculation is
based on 6 g of chow consumption per day per mouse as
reported previously (41), assuming an average body weight
of a mouse to be 20 g. Appropriate amounts of normal diet
and RSV diet were prepared daily according to the total
number of mice used in our experiment. Four milliliters of
100% ethanol (for normal control diet) or RSV stock solution
(for RSV diet) were sprayed onto 100 g of pulverized chow
and thoroughly mixed. RSV stock solution at a concentration
of 50 mg RSV/ml of ethanol was kept at —80°C. The ethanol
in the freshly prepared diet was evaporated overnight in the
dark at room temperature. Food cups along with the remaining
diet were replaced with freshly prepared diet each morning.
Food cups were covered with galvanized wire mesh (1.3 cm)
that allowed access of ‘head-only’, a measure that minimizes
the wastage of pulverized diet. The uneaten food was replaced
with freshly prepared diet every morning.

Longevity studies using untreated and RSV
diet-consuming Pp¢I-KO mice

Longevity studies were conducted similar to RSV treatment
except that the mice were put on RSV diet and maintained
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on this diet. When the mice were too feeble to reach the food
cups or the drinking bottle, their age data were recorded and
the mice were sacrificed.

NAD*/NADH and ATP assays

Twenty milligrams of freshly isolated brain cortical tissues
from WT mice and their Ppt/-KO littermates were homogen-
ized, and total NAD' and NADH levels were determined
according to the protocol provided in the NAD'/NADH
Assay Kit (Abcam, Inc., Cambridge, MA, USA). NAD*/
NADH ratios in WT mice (n = 3) and in their Ppt/-KO litter-
mates (n = 3) were plotted. ATP levels in normal control
fibroblasts as well as those in untreated and RSV-treated
INCL fibroblasts were measured using a fluorometric assay
kit (BioVision Research Products) according to supplier’s
instructions. ATP concentration in each sample was calculated
from a standard curve.

Real-time RT-PCR

Real-time RT—PCR reactions were performed as reported pre-
viously (10,16). These reactions were performed in triplicate
and repeated in at least two independent experiments. The
sequences of primers for the real-time RT—PCR are listed in
Supplementary Material, Table S1.

Western blot analysis

Cell lysates or mice cerebral cortex lysates were prepared
using PhosphoSafe extraction reagent (EMD Biosciences).
Western blot analyses were performed according to the pro-
cedure described previously (10,16). The primary antibodies
used in the present study are anti-B-actin (1:2000; US Biologi-
cal), anti-p-AMPK (1:1000, Cell Signaling Tech.), anti-
AMPK(1:1000, Cell Signaling Tech.), anti-p-S6K (1:1000,
Cell Signaling Tech.), anti-cleaved PARP (Asp214) (1:1000,
BD Pharmingen.), anti-p-AKT(ser 473) (1:1000, Cell Signal-
ing Tech.), anti-p-AKT(Thr 308) (1:1000, Cell Signaling
Tech.), anti-AKT (1:1000, Cell Signaling Tech.), anti-PI3K
(1:2000; Epitomics), anti-SOD2 (1:1000; Santa Cruz), anti-
FOXO3A (1:1000; Upstate), anti-GFAP (1:1000, Affinity
Bioreagents), anti-PGC-1a (1:500; Santa Cruz or Chemicon)
and anti-SIRT1 (1:2000, clone 2GI1/F7, Upstate), anti-
synaptophysin (1:7500, Abcam), anti-TFIID (TBP) (1:250;
Santa Cruz). The sources for the secondary antibodies are as
described previously (10).

Confocal microscopy

The WT and Ppt/-KO primary neurons were incubated at
37°C in an atmosphere of 5% of CO, and 95% air for 24 h.
Cells were washed three times with PBS, pH 7.6, and incu-
bated in 4.0% formaldehyde solution for 15 min for fixation.
The fixed cells were incubated with antibodies to Sirtl
(1:50), incubated overnight at 4°C in PBS, pH 7.6, containing
2% BSA. Goat anti-rabbit-alexafluor488-conjugated second-
ary antibody (Invitrogen) was used in PBS, pH 7.6, containing
2% BSA at room temperature for 1 h. Nuclei were stained with
4,6-diamidino-2-phenylindole dihydrochloride (DAPI,

Sigma). After three washes with PBS, fluorescence was visu-
alized using an LSM-510 inverted confocal microscope
(Zeiss), and the images were processed with the LSM Image
Browser, version 4.2 (Zeiss).

Determination of mitochondrial density

We used Mitotracker Red CMXRos (Molecular probes) and
Calcein AM (Calbiochem) for labeling neuronal mitochondria
and cytosol, respectively, as per manufacturer’s instructions.
Briefly, five to six DIV (days in vitro)-cultured neurons (1—
2 x 10° cells/well) from WT or PptI-KO neonates previously
treated with RSV or vehicle were washed in serum-free
medium and incubated in pre-warmed (37°C) staining solution
containing 100 nm Mitotracker Red and 1 pm Calcein AM for
45 min in a 37°C CO, incubator. After the staining, the cells
were washed in PBS, fixed, counterstained with DAPI and
observed under a confocal fluorescence microscope.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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