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Activation of PPARa Exhibits Therapeutic Efficacy in a
Mouse Model of Juvenile Neuronal Ceroid Lipofuscinosis

Malabendu Jana,> Debashis Dutta,' Jit Poddar,' and ““Kalipada Pahan'?

"Department of Neurological Sciences, Rush University Medical Center, Chicago, Illinois 60612 and “Division of Research and Development, Jesse
Brown Veterans Affairs Medical Center, Chicago, Illinois 60612

Juvenile neuronal ceroid lipofuscinosis (JNCL) is a fatal inherited neurodegenerative disease of children that occurs because
of defective function of the lysosomal membrane glycoprotein CLN3. JNCL features glial activation and accumulation of auto-
fluorescent storage material containing subunit ¢ of mitochondrial ATP synthase (SCMAS), ultimately resulting into neuronal
loss. Until now, no effective therapy is available for JNCL. This study underlines the possible therapeutic importance of gem-
fibrozil, an activator of peroxisome proliferator-activated receptor a (PPARa) and a lipid-lowering drug approved by the
Food and Drug Administration in an animal model of JNCL. Oral gemfibrozil treatment reduced microglial and astroglial acti-
vation, attenuated neuroinflammation, restored the level of transcription factor EB (TFEB; the master regulator of lysosomal
biogenesis), and decreased the accumulation of storage material SCMAS in somatosensory barrel field (SBF) cortex of CIn3*"®
(CIn3AJNCL) mice of both sexes. Accordingly, gemfibrozil treatment also improved locomotor activities of CIn3AJNCL mice.
While investigating the mechanism, we found marked loss of PPARa in the SBF cortex of CIn3AJNCL mice, which increased af-
ter gemfibrozil treatment. Oral gemfibrozil also stimulated the recruitment of PPARx to the Tfeb gene promoter in vivo in the
SBF cortex of CIn3AJNCL mice, indicating increased transcription of Tfeb in the CNS by gemfibrozil treatment via PPARa.
Moreover, disease pathologies aggravated in CIn3AJNCL mice lacking PPARa (CIn3AJNCLA***®*) and gemfibrozil remained
unable to decrease SCMAS accumulation, reduce glial activation, and improve locomotor performance of C1n3A]NCLAPPAR“
mice. These results suggest that activation of PPARa may be beneficial for JNCL and that gemfibrozil may be repurposed for
the treatment of this incurable disease.
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Despite intense investigations, no effective therapy is available for JNCL, an incurable inherited lysosomal storage disorder.
Here, we delineate that oral administration of gemfibrozil, a lipid-lowering drug, decreases glial inflammation, normalizes and/
or upregulates TFEB, and reduces accumulation of autofluorescent storage material in SBF cortex to improve locomotor activ-
ities in CIn32*”"® (CIn3AJNCL) mice. Aggravation of disease pathology in CIn3AJNCL mice lacking PPAR« (CIn3AJNCLAPPARey
and inability of gemfibrozil to decrease SCMAS accumulation, reduce glial activation, and improve locomotor performance of
CIn3AJNCL***R* mice delineates an important role of PPAR« in this process. These studies highlight a new property of gemfi-
brozil and indicate its possible therapeutic use in JNCL patients. /

Significance Statement

Introduction
Juvenile neuronal ceroid lipofuscinosis (JNCL), or Batten dis-
ease, is a fatal autosomal recessive inherited childhood-onset
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neurodegenerative disorder caused by mutations in the Cln3
gene (Greene et al., 1999; Mitchison et al., 1999; Cotman et al.,
2002; Kim et al., 2017; Mirza et al., 2019; Petcherski et al.,
2019; Rosenberg et al., 2019). With an estimated occurrence of
1 in 12,500 live births, JNCL is considered a rare neurologic
disease. It usually begins between 4 and 10 years of age, with
progressive visual deterioration, seizures, blindness, motor
and cognitive decline, mental and intellectual deterioration,
and epilepsy, ultimately ending with premature death during
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Table 1. Antibodies, sources, applications, and dilutions used

J. Neurosci., March 8, 2023 - 43(10):1814-1829 - 1815

Antibody Manufacturer Catalog no. Host Application Dilution
GFAP Dako 20334 Rabbit IF, WB IF, 1:1000

WB, 1:2000
PPAR Santa Cruz Biotechnology $¢-398394 Mouse WB, IF, and ChIP WB, 1:500

IF, 1:100

ChIP, 2 ug/10° cells
RNA-Pol 11 Santa Cruz Biotechnology s¢-56767 Mouse ChiP 2 ug/10° cells
(BP Santa Cruz Biotechnology $¢-365387 Mouse ChiP 2 ug/10° cells
lgG Santa Cruz Biotechnology 5¢-2025 Mouse ChiP 2 ug/10° cells
Inducible nitric oxide synthase BD Bioscience 610329 Mouse WB and IF WB, 1:500

IF, 1:500
IL-18 Santa Cruz Biotechnology sc-7884 Rabbit WB 1:500
NFae Santa Cruz Biotechnology s¢-133192 Mouse WB WB, 1:500
TFEB Abcam ah2636 Goat WB and IF WB, 1:500

IF, 1:500
Subunit C of ATP synthase Abcam ab181243 Rabbit IF 1:500
NeuN Invitrogen 702022 Rabbit IF 1:1000
Ibal Abcam ab107159 Goat WB and IF 1:500
B-Actin Abcam ah8226 Mouse WB 1:10000

WB, Western blot; IF, immunofluorescence; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor molecule 1; IL-183, interleukin 1/3; TNF, tumor necrosis factor cv.

the second and third decade of life (Pohl et al., 2007; Kim et
al., 2017; Shematorova and Shpakovski, 2020). The pathologic
hallmark of JNCL is the accumulation of autofluorescent stor-
age material containing subunit ¢ of the mitochondrial F,
ATP synthase complex, lipoproteins, and glycoproteins (Cao
et al., 2011; Brenneman et al., 2017). Remarkably, depositions
of Fg ATP synthase complex are not only found in CNS neu-
rons but are also abundant in non-neuronal cells outside the
CNS (Katz et al., 1997). In addition, similar to that seen in
other neurodegenerative disorders (Pahan et al., 1998; Roy et
al., 2006; Saha and Pahan, 2006; Jana et al., 2008), glial activa-
tion is also a prominent feature of JNCL. Brain autopsies display
that neuron loss is greatest where astroglial and microglial activa-
tion is most pronounced (Pontikis et al., 2005; Cooper et al.,
2015; Parviainen et al., 2017; Lange et al., 2018). However, de-
spite intense investigations, no effective therapy is available for
JNCL.

Gemfibrozil is a lipid-lowering drug approved by the
Federal Drug Administration (FDA) for its ability to reduce
the level of triglycerides and to decrease the risk of hyperlipid-
emia. However, a number of recent studies from us and others
have demonstrated that in addition to lipid lowering, gemfi-
brozil is capable of modulating multiple cellular processes.
Gemfibrozil exhibits anti-inflammatory outcome by suppress-
ing the expression of proinflammatory molecules (Pahan et
al., 2002; Jana et al, 2007; Roy and Pahan, 2009; Jana and
Pahan, 2012) and upregulating the expression of different
anti-inflammatory molecules (Corbett et al., 2012; Ghosh et
al., 2012) in astrocytes and microglia. Gemfibrozil displays
immunomodulatory effect to switch T-helper 1 cells toward
T-helper 2 (Dasgupta et al., 2007) and modify T cell-to-micro-
glia contact (Roy et al., 2007) by altering the expression of sur-
face molecules. Gemfibrozil can also stimulate the expression
of myelin-specific genes (Jana et al., 2012) and attenuate the
disease process of experimental autoimmune encephalomyeli-
tis, an animal model of multiple sclerosis (Lovett-Racke et al.,
2004; Dasgupta et al., 2007). It has been also shown that gemfi-
brozil treatment readily increases lysosomal biogenesis and
autophagy (Ghosh et al., 2015) and thereby reducing plaque load
in an animal model of Alzheimer’s disease (Chandra and Pahan,
2019). Recently, we have demonstrated the neurotrophic property

of gemfibrozil in which this drug protects dopaminergic neurons
in a mouse model of Parkinson’s disease via PPARa-dependent
astrocytic GDNF pathway (Gottschalk et al., 2021).

The present investigation was conducted to examine whether
gemfibrozil could halt and/or slow down the disease process of
JNCL in CIn3“**"’® (CIn3AJNCL) mice. Here, we provide evidence
that orally administered gemfibrozil markedly attenuated the glial
activation, increased the level of TFEB to reduce the accumulation
of subunit ¢ of mitochondrial ATP synthase (SCMAS), and
improved locomotor activities in CIn3AJNCLAPPAR® mice via
PPARa. These results suggest that gemfibrozil may have ther-
apeutic importance in JNCL.

Materials and Methods

Reagents

Different molecular-biology-grade chemicals were obtained from
Sigma-Aldrich. Gemfibrozil and methyl cellulose were purchased
from Spectrum Chemicals. Primary antibodies, their sources, and the
concentrations used are listed in Table 1. Alexa Fluor antibodies used
in immunostaining were purchased from Jackson ImmunoResearch
Laboratories. Infrared (IR)-dye-labeled reagents used for immuno-
blotting were received from Li-Cor Biosciences.

Animals and gemfibrozil treatment

Homozygous CLN3 (CIn3**7/%; The Jackson Laboratory) mice
were used as a model of JNCL. These mice are referred to as
CIn3AJNCL throughout the rest of the article. CIn3AJNCL mice
were screened by genotyping that was performed by PCR on DNA
obtained from tail biopsy samples using the following primers:
common, 5'-CACTTGGGAGATTGTGAATTTG-3'; mutant reverse,
5'-GGTGCTCCCAGCCTCTAGGT-3’; and wild-type (WT) reverse,
5-GAGATAGGGTTTTGCTGTGC-3".

WT mice from the same background were used as controls.
CIn3AJNCL mice were crossed with PPAR«a null mice to create
CIn3AJNCLAPPAR® bigenic mice. Animals were maintained and
experiments were conducted in accordance with National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals and
were approved by the Rush University Medical Center Institutional
Animal Care and Use Committee. Three-month-old CIn3AJNCL and
CIn3AJNCLAPPAR® mice of both sexes at equal ratio were treated with
different dose of gemfibrozil (4 and 8 mg/kg body weight/d) solubilized
in 100 pl 0.1% methyl cellulose (MC) via gavage for 3 months, followed
by monitoring locomotor activity and biochemical assays. Another
group of CIn3AJNCL mice also received only MC as vehicle.
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For DAB staining, somatosensory motor cor-
tex sections were stained for GFAP and Ibal
using the Vectastain DAB protocol, mounted
and observed under an Olympus brightfield
microscope. Optical density measures were pro-
duced using ImageJ software (Raha et al., 2020;
Paidi et al., 2021a) as described before (Varghese et al.,, 2014). Counting
analysis was performed using Olympus MicroSuite V software for imaging
applications with the help of a touch counting module (Corbett et al.,
2015).

Figure 1.

w0 < 0,001,

Immunoblotting

Western blotting was conducted as described elsewhere (Jana et al., 2012;
Rangasamy et al., 2018; Chandra and Pahan, 2019). After 12weeks of
treatment, mice were perfused with PBS, and from a half part of the mice
brain we collected somatosensory motor neuron region, homogenized in
RIPA buffer. The supernatant was collected and analyzed for protein con-
centration via the Bradford method (Bio-Rad). SDS sample buffer was
added to protein samples and boiled for 5 min. Denatured samples were
electrophoresed on 10 or 12% Bis-Tris SDS polyacrylamide gels in a con-
tinuous buffer system, transferred onto a nitrocellulose membrane (Bio-
Rad) using the Thermo-Pierce Fast Semi-Dry Blotter. The membrane was
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Effect of gemfibrozil on glial activation in the SBF cortex of CIn3258 (3 AINCL) mice. A, Three-month-old
CIn3AINCL mice (n = 6 per group) of both sexes at equal ratio were treated with different doses of gemfibrozil (4 and
8mg/kg body weight) daily via gavage for 3 months followed by monitoring the protein level of different proinflammatory
molecules by Western blot. B—E, Bands were scanned and values (cytokine/actin) presented as relative to WT-control (B,
GFAP; C, Iba1). DAB staining of SBF cortical sections for GFAP (D) and Iba1 (E). F, G, GFAP-positive (F) and Iba-1-positive (G)
cells were counted in one section (two images per section) of each of six different mice (n = 6) per group; **p << 0.07;

then washed for 15 min in TBS plus Tween 20 (TBST) and blocked for 1
h in TBST containing BSA. Next, membranes were incubated at 4°C
under shaking conditions with primary antibodies followed by washing
of membranes in TBST for 1 h. Membranes were then incubated in sec-
ondary antibodies for 1 h at room temperature, washed for 1 more hour,
and visualized under the Odyssey Infrared Imaging System (Li-COR
Biosciences). Blots were converted to binary, analyzed using Image]
(NIH), and normalized to the 3-actin loading control.

In situ chromatin immunoprecipitation assay

In situ chromatin immunoprecipitation (ChIP) was performed as
described (Dutta et al.,, 2021; Paidi et al., 2021b). Briefly, animals were
perfused with PBS and then PBS containing 4% paraformaldehyde, fol-
lowed by isolation of somatosensory barrel field (SBF) cortex for the iso-
lation of DNA using the phenol-chloroform-isopropyl alcohol method
of DNA isolation. ChIP was performed on the cell lysate by overnight
incubation at 4°C with 2 pg of anti-PPARa, anti-CREB-binding protein
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Effect of gemfibrozil on the level of different proinflammatory molecules in the SBF cortex of CIn3AJNCL mice. A, Three-month-old CIn3AJNCL mice (n = 6 per group) of both

sexes at equal ratio were treated with different doses of gemfibrozil (4 and 8 mg/kg body weight) daily via gavage for 3 months followed by monitoring the protein level of different proinflam-
matory molecules by Western blot. B-E, Bands were scanned and values (cytokine/actin) presented as relative to WT-control (B, iNOS; C, Pro-IL-13; D, IL-18; E, TNFa). F, G,
Immunostaining of SBF cortical sections for GFAP (F) and Iba1 (G). Results represent analysis of one section of each of six different mice per group. Results are mean == SEM of six mice per

group; *p << 0.05; **p << 0.01; ***p < 0.001.

(CBP), or anti-RNA polymerase II antibodies followed by incubation
with protein G agarose (Santa Cruz Biotechnology) for 2 h. The beads
were then washed with cold IP buffer, and a total of 100 ul of 10%
Chelex (10 x g/100 ml H,0) was added to the washed protein G beads
and vortexed. The Chelex/protein G bead suspension was boiled for
10min and then allowed to return to room temperature. Proteinase K
(100 pg/ml) was then added, and the beads were incubated for 30 min at
55°C while being shaken, followed by another round of boiling for
10 min. The suspension was centrifuged, and the supernatant was col-
lected. This elute was used for conducting semiquantitative and real-
time PCR. The fragment containing peroxisome proliferator response
element (PPRE) of the mouse Tfeb promoter was amplified using the fol-
lowing primers: sense, 5'-GAA CAT TCC AGG TGG AGG CA-3’, anti-
sense, 5-CCC CCA ACA CAT GCT TCT CT-3'. For real-time PCR,
data were normalized with the input, and the fold change with respect to
the untreated control was calculated.

Behavioral Analyses

Open field test. The open field test was performed as described else-
where (Patel et al., 2018; Raha et al., 2020; Paidi et al., 2021a). Briefly,
each mouse was allowed to freely explore an open field arena for 5 min.
The testing apparatus was a classic open field (i.e., a wooden floor

square arena, 40 x 40 cm, with walls 30 cm high). A video camera
(Basler GenICam acA1300-60) connected to a Noldus computer
system was placed above the box. Each mouse was placed individu-
ally on the center of the arena, and the locomotor activity and
other parameters like velocity, total distance traveled, and center
time frequency was monitored for 5 min using a live video tracking
system (Noldus). The central area was arbitrarily defined as a
square of 20 x 20 cm (half the total area).

Rotarod test. The rotarod uses a motor-driven, rotating rod to mea-
sure limb motor coordination and balance of mice. It was measured on a
rotarod apparatus (series ENV-576 M, Med Associates), using the proto-
col described previously (Chandra and Pahan, 2019; Patel et al,, 2019;
Raha et al., 2020). Briefly, mice were transported (within their home
cage) to acclimate to the testing room for 1 h before trial. Before acquisi-
tion, the parameters of the rotarod system, equipped with automatic fall
detector such as start speed and acceleration, were carefully checked
before acquisition. Each mouse was placed on the confined section of
the rod and the trial was initiated with a smooth increase in speed from
4 to 40rpm for 5min. If the mouse did not fall from the rod, it was
removed from the rod after 5 min.

Pole test. To test motor coordination and spatial awareness, a vertical
test was performed as described before (Chandra et al,, 2016; Raha et al.,
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Oral administration of gemfibrozil
attenuates glial activation in SBF Figure 3. Effect of gemfibrozil on the level of TFEB and storage materials in the SBF cortex of CIn3AINCL mice. A, Three-

cortex of CIn3AJNCL mice

Several studies have demonstrated neu-
roinflammation in the CNS of different
CLN mouse models (Tyyneld et al,
2004; Xiong and Kielian, 2013; Groh et
al., 2017; Kim et al., 2017; Rosenberg et
al., 2019; Shematorova and Shpakovski,
2020; Specchio et al.,, 2021). Because
gemfibrozil inhibits glial activation and
associated inflammation (Pahan et al.,
2002; Jana et al., 2007), we investigated
whether gemfibrozil treatment was capable of suppressing astro-
glial activation in an animal model of JNCL. Although multiple
mouse models of JNCL have been generated affecting the ortholo-
gous murine Cln3 gene to mimic the human mutation, Cln3**"/#
knock-in mice leading to 1.02kb genomic deletion in the Cln3
eliminates exons 7 and 8 surrounding intronic DNA corresponds
to the most common deletion found in JNCL patients (Mitchison et
al, 1999; Cotman et al,, 2002; Cao et al., 2006; Kyttild et al., 2006;

month-old CIn3AJNCL mice (n = 6 per group) of both sexes at equal ratio were treated with different doses of gemfibrozil (4
and 8 mg/kg body weight) daily via gavage for 3 months followed by double labeling of SBF cortical sections with antibodies
against TFEB and NeuN. Images were obtained with 20x magpnification in Nikon A1 confocal microscope. B, C, MFI of TFEB (B)
and NeuN (€) was quantified in two different sections (2 images per section) of each of six different mice (n = 6) per group
using NIH Image) software. D, SBF cortical homogenates were immunoblotted for TFEB. Actin was run as a loading control. E,
Bands were scanned and values (TFEB/actin) presented as relative to WT-control. Results are mean == SEM of six mice per
group. F, Storage pigments were observed in SBF cortical sections by immunofluorescence analysis of SCMAS. DAPI was used to
visualize nucleus. G, MFI of SCMAS was quantified in one section (2 images per section) of each of six different mice (n = 6)
per group using NIH ImageJ software; ***p << 0.001.

Pohl et al,, 2007). Therefore, here, we used Cln32¢*”’® knock-
in (CIn3AJNCL) mice to study the efficacy of gemfibrozil.
We focused mainly on SBF cortex because widespread glial
activation is seen in SBF cortex of CIn3AJNCL mice (Bosch
et al,, 2016). As expected, an increased protein level of
astroglial marker GFAP was seen in SBF cortex of 6-month-
old CIn3AJNCL mice compared with age-matched WT mice
(Fig. 1A,B). However, oral administration of different doses (4
and 8 mg/kg body weight/d) of gemfibrozil strikingly reduced
the level of GFAP protein (Fig. 1A,B). Immunohistochemical
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Confocal imaging with three-dimensional volume analysis of TFEB in the SBF cortex of CIn3AJNCL mice. Three-month-old CIn3AINCL mice (n = 6 per group) of both sexes at

equal ratio were treated with gemfibrozil (8 mg/kg body weight) daily via gavage for 3 months. SBF cortical sections were double labeled with antibodies against TFEB and NeuN followed by
three-dimensional volume analysis in a Nikon A1 confocal microscope. Results represent analysis of one section of each of six mice per group.

analysis of SBF cortex of CIn3AJNCL mice also exhibited a mor-
phologic characteristic of reactive astrogliosis with intense GFAP
immunoreactivity (Fig. 1D). The number of activated astrocytes/
mm?® was also significantly higher in CIn3AJNCL mice than in
WT mice (Fig. 1F). However, gemfibrozil treatment markedly
inhibited astrogliosis in the SBF cortex of CIn3AJNCL mice (Fig.
1D,F).

Similarly, we next studied the effect of gemfibrozil on micro-
gliosis in CIn3AJNCL mice. Reactive microglia have been key
contributors in several neurodegenerative disorders including

JNCL. Centa et al. (2020) have demonstrated evidence of early
microglial activation that predicts regions where neuronal loss
occurs later in the disease process in a mouse model of JNCL.
Western blot analysis showed that the Ibal protein level was
markedly enhanced in the SBF cortex of CIn3AJNCL mice com-
pared with WT mice and that gemfibrozil treatment normalized
the level of Ibal in CIn3AJNCL mice (Fig. 1A4,C). WT animals
exhibited very little Ibal protein via immunoblot because to pre-
vent the saturation of Iba-1 bands in SBF cortex of CIn3AJNCL
mice, the blot was scanned at a very low intensity in a Li-Cor
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Effect of gemfibrozil on the autophagy pathway in the SBF cortex of CIn3AJNCL mice. A, Three-month-old CIn3AJNCL mice (n = 6 per group) of both sexes at equal ratio were

treated with gemfibrozil (8 mg/kg body weight) daily via gavage for 3 months followed by monitoring the level of TPP1 and p62 by Western blot. Actin was run as a loading control. Bands
were scanned and values (TPP1/actin, B; p62/Actin, () presented as relative to WT-control. Results are mean == SEM of four mice per group. SBF cortical sections were double labeled with anti-
bodies against NeuN and TPP1 (D) and NeuN & p62 (E). F, G, MFI of TPP1 (F) and p62 (G) was quantified in two different sections (2 images per section) of each of six different mice (n = 6)

per group using NIH ImageJ software; ***p << 0.001. ns, Not significant.

Odyssey Scanner. If we had scanned at a higher intensity, we would
have seen nice Iba-1 bands in WT animals. However, at that condi-
tion, Iba-1 bands in CIn3AJNCL animals would have been oversa-
turated. Therefore, the Iba-1 Western blot was relative to keeping
Iba-1 bands in CIn3AJNCL mice in a measurable level; Iba-1 bands
in WT mice were low to undetectable. We also performed immu-
nohistochemistry with antibodies against Ibal and found normal-
appearing microglia in WT mice but reactive ones in CIn3AJNCL
mice (Fig. 1E,G). However, oral gemfibrozil treatment inhibited
microglial activation and decreased the number of activated micro-
glia in the SBF cortex of CIn3AJNCL mice (Fig. 1E,G).

Suppression of proinflammatory molecules in the SBF cortex
of CIn3AJNCL mice by oral gemfibrozil

Several reports indicate that proinflammatory gene expression is
increased in the SBF cortex of CIn3AJNCL mice compared with
WT mice (Xiong and Kielian, 2013; Dannhausen et al., 2018).

Because activated glial cells produce different proinflammatory
molecules, and gemfibrozil treatment inhibited glial activation,
we investigated the status of different proinflammatory mole-
cules in gemfibrozil-treated and untreated CIn3AJNCL mice.
Western blot analysis of SBF cortical tissues showed a significant
increase in protein levels of inducible nitric oxide synthase
(iNOS), pro-IL-18, IL-183, and TNFe« in CIn3AJNCL mice
compared with wild-type mice (Fig. 2A-E). However, con-
sistent with the inhibition of gliosis, gemfibrozil treatment
decreased the levels of iNOS, pro-IL-183, IL-13, and TNF«
in the SBF cortex of CIn3AJNCL mice (Fig. 2A-E). This effect
was more prominent at the higher dose (8 mg/kg body
weight/d) of gemfibrozil (Fig. 2A-E). Moreover, the expres-
sion of the nitrosative stress marker iNOS was upregulated
in GFAP-positive astrocytes and Ibal-positive microglia in
SBF cortex of CIn3AJNCL mice, which was strongly inhibited
by gemfibrozil treatment (Fig. 2F,G).
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Figure 6.

Effect of gemfibrozil on locomotor activities of (IN3AJNCL mice. Three-month-old CIn3AJNCL mice (n = 6 per group) of both sexes at equal ratio were treated with different doses

of gemfibrozil (4 and 8 mg/kg body weight) daily via gavage. After 3 months of treatment, open field behavior was monitored by Noldus tracking software. A, Heat map. B, Velocity. C,
Cumulative distance. D, Distance moved. E, Center point moving. F, Pole latency. G, Rotarod latency. Results are mean == SEM of six mice per group; **p << 0.01; ***p << 0.001.

Oral gemfibrozil upregulates TFEB and lowers the burden of
storage material in SBF cortex of CIn3AJNCL mice
Accumulation of autofluorescent storage material and activation
of glia are early neuropathological hallmarks of CLN3 Batten dis-
ease that are reciprocated in CIn3AJNCL mice (Palmer, 2015).
Several studies have demonstrated that TFEB, a master regulator
of lysosomal biogenesis, plays a critical role in cellular clearance in
neurodegenerative storage diseases (Ghosh et al., 2015; Martini-
Stoica et al., 2016; Chandra et al., 2018; Raha et al., 2021). Double-
label immunofluorescence analysis of SBF cortical sections for
TFEB and NeuN revealed marked decrease in both TFEB (Fig.
3A,B) and NeuN (Fig. 34,C) in 6-month-old CIn3AJNCL mice
compared with age-matched WT mice. On the other hand, gemfi-
brozil treatment increased and/or normalized the level of both
TFEB (Fig. 3A,B) and NeuN (Fig. 34,C) in the SBF cortex of
CIn3AJNCL mice. Western blot of SBF cortical tissues for TFEB
also corroborates this finding (Fig. 3D,E). TFEB in SBF cortical
sections of either WT mice or gemfibrozil-treated CIn3AJNCL
mice was present in both cytoplasm and nucleus (Fig. 3A). This
result was also confirmed by three-dimensional volume analysis
in a Nikon A1 confocal microscope (Fig. 4).

TFEB is a transcription factor, and its target genes are ulti-
mately involved in lysosomal biogenesis and autophagy (Ghosh
and Pahan, 2016; Napolitano and Ballabio, 2016). Therefore,
to confirm the activation of TFEB, we monitored the status of

tripeptidyl-peptidase 1 (TPP1) and p62, molecules that are con-
trolled by TFEB, in the SBF cortex of CIn3AJNCL mice. As evi-
dent from Western blot analysis, gemfibrozil treatment markedly
increased the level of both TPP1 (Fig. 5A,B) and p62 (Fig. 54,C)
in the SBF cortex of CIn3AJNCL mice. To confirm this finding
further, we performed double-label immunofluorescence analy-
sis that also exhibited a marked increase in both TPP1 (Fig. 5D,
F) and p62 (Fig. 5E,G) in the SBF cortex of CIn3AJNCL mice
on gemfibrozil treatment. These results suggest that gemfibrozil
treatment is capable of stimulating the activated form of TFEB
and that gemfibrozil increases autophagy in the CNS of
CIn3AJNCL mice.

Next, we investigated whether gemfibrozil treatment could
reduce the level of autofluorescent storage material containing
SCMAS in SBF cortex of CIn3AJNCL mice. Expectedly, we
found striking accumulation of SCMAS in the SBF cortex of
CIn3AJNCL mice compared with WT mice (Fig. 3F,G). Yet
consistent with the upregulation of TFEB, gemfibrozil treat-
ment steered to a striking decrease in SCMAS in the SBF cortex
of CIn3AJNCL mice (Fig. 3F,G).

Oral gemfibrozil improves locomotor activities in
CIn3AJNCL mice

Decreasing functional impairment is definitely a therapeutic goal
of neuroprotection for JNCL patients. Similar to that observed in
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Oral administration of gemfibrozil increases the level of PPARcx and the recruitment of PPARc to Tfeb promoter in the SBF cortex of C(In3AINCL mice. A, Three-month-old CIn3AINCL

mice (n = 6 per group) of both sexes at equal ratio were treated with gemfibrozil (8 mg/kg body weight) daily via gavage for 3 months followed by monitoring the protein level of PPARcx by
Western blot. B, Bands were scanned and values (PPARc/actin) presented as relative to WT-control. €, Immunostaining of SBF cortical sections for PPARcx and NeuN. D, MFI of PPARc was quanti-
fied in two different sections (2 images per section) of each of six different mice (n = 6) per group using NIH Image) software. E, Schematic representation of the mouse Tfeb gene promoter with
PPRE. F, G, In situ ChiP for PPARc, (BP, and RNA-polymerase followed by semiquantitative (F) and quantitative PCR (G) analyses performed in SBF cortex; ***p << 0.001.

JNCL patients, CIn3AJNCL mice also exhibit motor deficits (Kovacs
and Pearce, 2008). Therefore, locomotor activities were checked in
gemfibrozil-treated and untreated 6-month-old CIn3AJNCL mice.
As expected, CIn3AJNCL mice displayed a decrease in horizontal ac-
tivity (Fig. 6A), velocity (Fig. 6B), camulative duration (Fig. 6C), total
distance traveled (Fig. 6D), and center point moving (Fig. 6E) com-
pared with age-matched WT mice. In the pole test, WT mice
climbed down the pole quickly and touched the base of the pole
without hesitation, whereas CIn3AJNCL mice showed abnormal
behavior, which included turning upward, falling off the pole, slowly
descending, freezing on the pole, and hesitating to touch the base of
the pole (Fig. 6F). Similarly as evident from rotorod latency (Fig.
6G), CIn3AJNCL mice performed very poorly on the rotorod,

affirming the compromised motor coordination and muscle strength
experience by these animals. However, oral administration of gemfi-
brozil significantly improved open field, pole, and rotorod activities
of CIn3AJNCL mice (Fig. 6), showing improved locomotor perform-
ance of CIn3AJNCL mice by gemfibrozil. Therefore, it can be sur-
mised that reduction of Batten pathology positively correlates with
improved motor functions in gemfibrozil-treated CIn3AJNCL mice.

Oral administration of gemfibrozil stimulates the
recruitment of PPAR« to the tfeb gene promoter in SBF
cortex of CIn3AJNCL mice

Next, we investigated the mechanism by which gemfibrozil up-
regulated TFEB to prevent the accumulation of storage materials
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in CIn3AJNCL mice. As gemfibrozil is
known to activate PPAR« (Lovett-Racke
et al., 2004; Roy and Pahan, 2009; Ghosh
et al., 2012; 2015; Ghosh and Pahan,
2016), we examined the role of PPARa.
Western blot results showed that the pro-
tein level of PPARa markedly decreased
in the SBF cortex of CIn3AJNCL mice
compared with wild-type mice (Fig. 7A,B).
On the other hand, gemfibrozil treatment
significantly increased and/or restored the
PPAR« level in the CNS of CIn3AJNCL
mice (Fig. 7A,B). Double-label immunofluo-
rescence of cortical sections of gemfibrozil-
treated and untreated CIn3AJNCL mice for
NeuN and PPARe also validates this finding
(Fig. 7C,D).

We have demonstrated that activation
of PPAR« transcriptionally upregulates
Tfeb and stimulates lysosomal biogenesis
in brain cells (Ghosh et al., 2015; Ghosh
and Pahan, 2016; Chandra et al.,, 2018).
Therefore, by using in situ ChIP we inves-
tigated whether oral gemfibrozil treatment

stimulated the recruitment of PPAR« @
to the Tfeb gene promoter in vivo in the =
SBF cortex of CIn3AJNCL mice. Figure 7E é
indicates the presence of a consensus = 20000
PPRE in Tfeb gene promoter. After immu- 10000-

noprecipitation of chromatin fragments by

antibodies against PPAR«, we were able to 0-
amplify a 200 bp fragment encompassing
the PPRE of the Tfeb promoter in SBF cor-
tex of WT, but not CIn3AJNCL, mice (Fig.
7F,G), indicating decreased enrolment of
PPAR« to the Tfeb gene promoter in the
CNS of CIn3AJNCL mice. However,
gemfibrozil treatment markedly restored/
increased the recruitment of PPAR« to the
Tfeb gene promoter in the SBF cortex of
CIn3AJNCL mice (Fig. 7F,G). Similarly,
we also observed decreased employ-
ment of CBP, an important histone acetyl transferase, and
RNA polymerase in the Tfeb promoter in the CNS of ACIn3
mice, which was restored by gemfibrozil treatment (Fig. 7F,G).
These results are specific as no product amplification was observed
in immunoprecipitants with control IgG. Together, these results
indicate that oral gemfibrozil stimulates the recruitment of
PPAR« to the Tfeb promoter in vivo in the CNS of CIn3AJNCL
mice.

Figure 9.

Knockdown of PPARa aggravates JNCL pathologies and
worsens locomotor performance in Cln3AJNCL mice

To further reveal the role of PPAR« in JNCL pathologies,
we crossed CIn3AJNCL mice with PPARa '~ mice to gener-
ate CIn3AJNCLAPPAR* mice (Fig. 8A). Interestingly, deletion
of PPAR« from CIn3AJNCL mice increased glial activation in
the SBF cortex as evident from upregulation of Iba-1 and
GFAP (Fig. 8B-D). Immunofluorescence analysis also dem-
onstrated increased accumulation of SCMAS in the SBF
cortex of CIn3AJNCLAPPARY mjce compared with CIn3AJNCL
mice (Fig. 8E,F).
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C, SBF cortical sections were also immunostained with antibodies against SCMAS. DAPI was used to visualize nudleus. D, MFI of
SCMAS was quantified in two different sections (2 images per section) of each of six different mice (n = 6) per group using NIH
Image) software. Results are mean == SEM of six mice per group; ***p << 0.001; ns, Not significant.

Next, we compared locomotor activities between CIn3AJNCL
and Cln3AJNCLPPAR mice. As evident from the pole test,
CIn3AJNCLAPPARY mice took a longer time to make the T turn
(Fig. 8G) and descend the vertical pole (Fig. 8H) compared with
CIn3AJNCL mice. Similarly, CIn3AJNCLAP"AR* mice exhibited
poor performance on the rotorod compared with Cln3AJNCL
mice (Fig. 8I). Consistently, CIn3AJNCL mice were more effi-
cient than CIn3AJNCLAP*2R® mice in overall locomotor activ-
ities (Fig. 8]), velocity (Fig. 8K), cumulative duration (Fig. 8L),
distance traveled (Fig. 8M), and movement (Fig. 8N). These
results suggest that PPARa may play an important role in JNCL.

Oral gemfibrozil upregulates TFEB, decreases storage
materials, and reduces glial activation in the SBF cortex of
CIn3AJNCL mice via PPAR«a

To confirm that gemfibrozil does in fact require PPAR« to exert
its neuroprotective effects in CIn3AJNCL mice, we monitored
the level of TFEB and the buildup of storage material SCMAS
in SBF cortex of gemfibrozil-treated CIn3AJNCL mice and
CIn3AJNCLAPPAR® mice. In contrast to the upregulation of
TFEB and the reduction of storage materials in CIn3AJNCL
mice, gemfibrozil treatment remained unable to increase TFEB
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Figure 10.  Effect of gemfibrozil on glial activation in the SBF cortex of CIn3AINCL and CIn3AINCLAPP% mice. Three-month-old CIn3AINCL and CIn3AINCLA*™* mice (n = 6 per group)
of both sexes at equal ratio were treated with gemfibrozil (8 mg/kg body weight) daily via gavage. A, B, After 3 months of treatment, mice were perfused, and SBF cortical sections were dou-
ble labeled for Iba1 and iNOS (4) and GFAP and iNOS (B). C~E, DAPI was used to visualize nucleus. IbaT-positive (), GFAP-positive (D), and iNOS-positive (E) cells were counted in one section
(2 images per section) of each of six different mice (n = 6) per group. Results represent analysis of one section of each of six different mice per group; ***p << 0.001.

(Fig. 9A,B) and decrease storage materials (Fig. 9C,D) in
CIn3AJNCLAPPAR mice. Neuronal loss is seen in Cln3AJNCL
mice, and although gemfibrozil protected NeuN-positive
neurons in CIn3AJNCL mice (Figs. 34,C, 9A), such neuronal
protection was not seen by gemfibrozil in Cln3AJNCLAPPAR
mice (Fig. 9A). These results suggest that gemfibrozil in-
volves PPAR« for the upregulation of TFEB, reduction of
storage materials, and the protection of neurons in the CNS
of CIn3AJNCL mice.

Next, we examined whether gemfibrozil entails PPARa to
reduce glial activation in the CNS of CIn3AJNCL mice. Although
at a dose of 8mg/kg body weight/d, gemfibrozil markedly
decreased the activation of microglia (Fig. 104,C) and astroglia
(Fig. 10B,D) and reduced the level of iNOS (Fig. 10A,B,E) in the

SBF cortex of CIn3AJNCL mice, we did not find any inhibition
of glial activation and drop in iNOS expression by gemfibrozil in
CIn3AJNCLAPPARY mice, suggesting that oral gemfibrozil is also
unable to suppress glial inflammation in the absence of PPARa.

Gemfibrozil improves locomotor activities in CIn3AJNCL
mice via PPARa

Because gemfibrozil treatment recovered locomotor activ-
ities in CIn3AJNCL mice (Fig. 6), we investigated whether
such protection was also dependent on PPARa. Therefore,
CIn3AJNCLAPPAR® mice were treated with gemfibrozil orally
for 3 months followed by monitoring open field activities and
pole test and rotorod performance. Consistent with the failure
of gemfibrozil to reduce the accumulation of SCMAS and
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inhibit glial activation, gemfibrozil, in
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this instance as well, remained unable
to improve overall open field perform-
ance (Fig. 114), velocity (Fig. 11B), cu-
mulative duration (Fig. 11C), distance
traveled (Fig. 11D), and center point
moving (Fig. 11E) of CIn3AJNCLAPPAR®
mice. Accordingly, gemfibrozil also
did not improve the performance of
CIn3AJNCLAPPAR* mice on a moving
rotorod (Fig. 11F) and on pole de-
scending (Fig. 11G,H), indicating that
gemfibrozil enhances locomotor activ-
ities of CIn3AJNCL mice via PPARa.
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Discussion

The NCLs or Batten disease are a group
of recessively inherited fatal lysosomal
storage disorders of infants, with rare
adult forms (Kim et al., 2017; Johnson et
al., 2019). Each form of NCL is caused
by mutations in a different gene, which
determine the age of disease onset, symp-
toms, and rate of disease progression, but
all are fatal after a period of prolonged
disability. Other than Brineura therapy
for late infantile NCL (LINCL), there are
no effective therapies for NCL. Different
therapeutic approaches (e.g., enzyme
replacement, immunosuppression, cell
therapy, and gene therapy) are being
considered for delaying or halting the progression of these
devastating rare diseases (Kim et al., 2017; Johnson et al,,
2019). However, the transmembrane protein CLN3 is not
secreted like either CLN1 or CLN2, and therefore there is no
option of its uptake by neighboring cells (Johnson et al.,
2019). Furthermore, as the disease process of JNCL is wide-
spread in different parts of the brain, on intracranial delivery,
recombinant functional proteins or viral vectors may not reach
the appropriate target cell type overcoming the densely popu-
lated cells (Mole and Cotman, 2015; Kim et al., 2017; Johnson
etal., 2019). Although gene therapy trials are ongoing, develop-
ment of neuroprotective therapeutic approaches for delaying
the disease progression, improving locomotor functions, and
increasing the survival of JNCL patients are of paramount
importance. Cln327/8 (CIn3AJNCL) mice are useful in deter-
mining new therapeutic strategies and testing the efficacy of
new drugs for JNCL. Here, we demonstrate for the first time
that oral administration of gemfibrozil, an FDA-approved
drug for hyperlipidemia in humans, reduces the CNS accumu-
lation of storage material, decreases glial activation, and
improves locomotor functions in CIn3AJNCL mice. Because
of the increase in proinflammatory molecules in the CNS of
ACIn3 mice, there is the possibility that the motor impairments
observed are because of sickness behavior, not structural altera-
tions in the CNS. Although gemfibrozil treatment lowers the
load of storage materials and improves the status of neurons as
monitored by an increase in NeuN, further studies are needed to
confirm that gemfibrozil-mediated improvement in locomotor
performance in CIn3AJNCL mice is not because of suppression
of neuroinflammation. Nevertheless, these results suggest that
oral gemfibrozil may be beneficial for INCL patients.
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Figure 11.  Effect of gemfibrozil on locomotor activities of CIn3AINCLAPR mice. Three-month-old CIN3AINCLAPPR mice
(n = 6 per group) of both sexes at equal ratio were treated with gemfibrozil (8 mg/kg body weight) daily via gavage. A-H,
After 3 months of treatment, locomotor activities were monitored by open-field behavior (A, heat map; B, velocity; €, cumula-
tive duration; D, distance traveled; E, center point moving), rotorod performance (F), and pole test (G, pole T-turn; H, pole la-
tency). Results are mean == SEM of six mice per group; ***p << 0.001; ns, not significant.

Accumulation of lipophilic and ceroid-like autofluorescent
storage material in both neurons and non-neuronal cells is a sig-
nature feature of NCLs including JNCL. Mechanisms leading to
the clearance of storage materials are becoming clear. Autophagy
is the way the cell removes unnecessary or dysfunctional compo-
nents through a lysosome-dependent degradation process to
maintain cell homeostasis. Because aberrant lysosomal func-
tion and autophagy have been associated with multiple lysoso-
mal storage and neurodegenerative disorders, upregulation of
this lysosome-autophagy pathway has emerged as an attrac-
tive therapeutic strategy. TFEB is known as a master regulator
of lysosomal biogenesis, and several studies have shown that
TFEB overexpression is capable of alleviating neurodege-
nerative pathology through upregulation of the autophagy-
lysosome pathway (Wang et al., 2016; Becot et al., 2020).
Recently, we have taken a different approach to upregulate
TFEB. We have demonstrated that the Tfeb gene promoter
harbors a consensus PPRE and that activation of PPARe,
neither PPARB nor PPAR Yy, leads to transcriptional upreg-
ulation of Tfeb (Ghosh et al., 2015; Ghosh and Pahan, 2016;
Chandra et al., 2018). Because gemfibrozil is a known ago-
nist of PPARa, we examined the role of this molecule and
found that gemfibrozil treatment reduced CNS deposition
of autofluorescent storage materials and exhibited neuro-
protective effects via PPARa. Our conclusion is based on
the following: First, the PPAR« level was low in the SBF
cortex of 6-month-old Cln3AJNCL mice as compared with
age-matched WT mice, which was increased and/or nor-
malized by oral gemfibrozil. Second, the JNCL disease pro-
cess decreased the recruitment of PPAR« to the Tfeb gene
promoter as we found decreased enrollment of PPAR« to
Tfeb promoter in the SBF cortex of CIn3AJNCL mice in
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comparison with WT mice. However, gemfibrozil treatment
was capable of stimulating PPAR« recruitment to the Tfeb
promoter in vivo in the CNS of CIn3AJNCL mice. Third, the
level of TFEB also decreased in the CNS of CIn3AJNCL
mice that was increased by gemfibrozil treatment. Fourth,
gemfibrozil was unable to decrease storage materials and
improve locomotor performance in CIn3AJNCL mice lack-
ing PPARa.

Similar to that found in other neurodegenerative disorders,
activation of astrocytes and microglia is an early pathologic event
in human JNCL (Haltia et al., 2001; Tyyneld et al., 2004; Johnson
et al., 2019) as well as in the CIn3AJNCL mouse model of JNCL
(Pontikis et al., 2005; Sun, 2018). Early-onset microgliosis has
also been reported to closely accompany light-induced retinal
degeneration in CIn3AJNCL mice and the progressive loss of
photoreceptor cells in the nclf mouse model of CLN6 disease
(Dannhausen et al., 2018; Atiskova et al., 2019). Here, we also
found upregulation of GFAP and Iba-1 and associated expres-
sion of IL-18, TNFea, and iNOS in SBF cortex of CIn3AJNCL
mice. However, consistent with inhibition of proinflammatory
molecules in cultured astrocytes and microglia (Pahan et al,
2002; Jana et al., 2007), oral gemfibrozil treatment suppressed
glial activation and inflammation in CIn3AJNCL mice. However,
gemfibrozil did not inhibit glial inflammation in Cln3AJNCL
mice lacking PPARe, indicating an essential role of PPAR« in
this process. Suppressor of cytokine signaling (SOCS) pro-
teins also play a crucial role in inhibiting cytokine signaling
and inflammatory gene expression in various cell types,
including glial cells (Baker et al., 2009; Ghosh et al., 2012;
Ghosh and Pahan, 2012). Similarly, IL-1R antagonist (IL-
1Ra) inhibits proinflammatory cell signaling by adhering to
IL-1R, receptor for IL-1a and IL-18 (Corbett et al., 2012;
Malik and Kanneganti, 2018). We have seen that gemfibrozil
is capable of upregulating both SOCS3 and IL-1Ra in brain
cells (Corbett et al., 2012; Ghosh and Pahan, 2012). Gemfibrozil
treatment is also capable of increasing the level of SOCS3
and IL-1Ra in striatum and cortex and exhibiting neuropro-
tection in Cln2~'~ mice (Ghosh et al., 2017). Recently, we
have demonstrated the involvement of PPAR« in aspirin-
induced transcription of both SOCS3 and IL-IRa in astro-
cytes (Chakrabarti et al., 2019, 2021), indicating that gemfi-
brozil being a prototype agonist of PPARa may also involve
PPAR«a for the upregulation of SOCS3 and IL-1Ra and
hence exhibition of anti-inflammation.

Gemfibrozil has several advantages over other prospective
neuroprotective agents. For example, gemfibrozil is an oral drug
and fairly nontoxic (Pahan et al.,, 2002; Kim et al., 2017).
After oral administration, it can cross the blood-brain bar-
rier (Dasgupta et al., 2007; Corbett et al., 2012). It is neuro-
protective and can increase the life span of Cln2"™'~) mice,
an animal model of LINCL (Ghosh et al., 2017). Gemfibrozil
has been reported to be safe for lowering lipids in children
(Kim et al., 2017). Although the primary site of CLN3 disease
manifestation is the CNS, buildup of lysosomal storage mate-
rial occurs in different part of the body, and as a result, car-
diac abnormality is also observed in children as the disease
progresses. In this context, gemfibrozil may be able to pre-
vent cardiac disease in JNCL patients. Moreover, gemfibrozil
exhibits neurotrophic (Roy et al., 2007; Gottschalk et al.,
2021) and promyelinating effects (Jana et al., 2012) and supports
memory and learning (Chandra and Pahan, 2019). However,
at present, nothing is known about the level of PPAR« in
JNCL patients. As gemfibrozil requires PPAR«a to exhibit
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neuroprotection in CIn3AJNCL mice, in the absence of a ba-
sal level of PPARa, gemfibrozil may not exhibit optimal ther-
apeutic efficacy in JNCL patients. Therefore, future studies
may be directed to address this aspect.

In summary, this study demonstrates that oral administra-
tion of gemfibrozil, an FDA-approved lipid-lowering drug in
humans, exhibits neuroprotective effects in an animal model
of JNCL. In particular, gemfibrozil reduces storage materials,
attenuates glial inflammation, and improves locomotor activ-
ities in a mouse model of JNCL via PPAR«, suggesting that
gemfibrozil may not be neuroprotective for JNCL in the ab-
sence of PPARa. Although the in vivo state of CIn3AJNCL
mice does not truly bear a resemblance to the in vivo scenario
of JNCL patients, and not much is known about the status of
PPAR« in JNCL, our results suggest that activation of PPAR«
by oral gemfibrozil may have therapeutic importance in JNCL.
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