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Abstract

Brain peroxisome proliferator-activated receptor gamma (PPARY), a member of the nuclear
receptor superfamily of ligand-dependent transcription factors, is involved in neuroprotection. It is
activated by the drug rosiglitazone, which then can increase the prosurvival protein BCL-2, to
mediate neuroprotection. However, the mechanism underlying this molecular cascade is unknown.
Here we show that the neuroprotective protein Neurotrophic Factor-al (NF-al), which also
induces the expression of BCL-2, has a promoter that contains PPARy-binding sites that are
activated by rosiglitazone. Treatment of Neuro2a cells and primary hippocampal neurons with
rosiglitazone increased endogenous NF-al expression and prevented HoOo-induced cytotoxicity.
Concomitant with the increase of NF-al, BCL-2 was also increased in these cells. When siRNA
against NF-a1 was used, the induction of BCL-2 by rosiglitazone was prevented, and the
neuroprotective effect of rosiglitazone was reduced. These results demonstrate that rosiglitazone-
activated PPARYy directly induces the transcription of NF-al, contributing to neuroprotection in
neurons.
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Introduction

Peroxisome proliferator-activated receptor gamma (PPARY), a nuclear receptor and
transcription factor, can be activated by the high-affinity agonists thiazolidinediones
(TZDs), a class of drugs that have been used for the treatment of type 2 diabetes, of which
rosiglitazone is a member (Lehmann et al. 1995). In the central nervous system (CNS),
PPARYy activation plays a role in neuroprotection against neurodegenerative diseases
(Heneka & Landreth 2007) and, more recently, in the central regulation of energy balance
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and hyperphagia, resulting in obesity (Ryan et al. 2011, Lu et al. 2011). Numerous studies
have indicated positive effects of PPARYy activation by the agonist rosiglitazone in traumatic
brain injuries (Yi et al. 2008, Qi et al. 2010), cerebral ischemia (Luo et al. 2006, Giaginis et
al. 2008) and neurodegenerative disorders such as Alzheimer's and Parkinson's disease
(Chen et al. 2012). PPARY activation was also shown to prevent neuronal cell death
resulting from NMDA-induced excitotoxicity in primary cortical neurons (Zhao et al. 2006),
and protected an immortalized hippocampal cell line from glutamate or H,O»-induced
oxidative stress (Aoun et al. 2003). In addition, in a pilot study, rosiglitazone has been
shown to successfully treat bipolar disorder in patients with insulin resistance (Rasgon et al.
2010) and to reduce depressive-like behavior in mice and rats (Eissa Ahmed et al. 2009,
Sharma et al. 2012), although the mechanism of action in these cases is unknown. These
reports, nonetheless, suggest that PPARY activation plays significant beneficial roles in the
CNS.

Carboxypeptidase E (CPE), an exopeptidase responsible for the maturation of nhumerous
neuropeptides (Fricker 1988), has been shown to be involved in many physiological
processes (see (Cawley et al. 2012) for review). Several studies have shown a correlation
between an increase in the expression of CPE and neuronal survival in the ischemic brain
(Jin et al. 2001, Zhou et al. 2004) and after chronic restraint stress in mice (Murthy et al.
2013). In addition, CPE has recently been identified as a neuroprotective protein, now also
known as neurotrophic factor-al (henceforth referred to as NF-al in this work), which is
secreted from neurons and acts extra-cellularly in an autocrine or paracrine manner
(Woronowicz et al. 2008, Koshimizu et al. 2009, Cheng et al. 2013).

Due to the neuroprotective effect of rosiglitazone in ischemic brain injury and the
correlation of increased expression of NF-al in mesenchymal stem cells stably over-
expressing PPARY (Shockley et al. 2009), we hypothesized that activation of PPARy may
contribute to neuroprotection by inducing NF-al expression. Using a combination of
bioinformatics, luciferase reporter and cytotoxicity assays, we show that rosiglitazone up-
regulated the expression of BCL-2 in an NF-a1-dependent manner, in Neuro2A cells and
hippocampal neurons and protected the cells against cell death under conditions of oxidative
stress.

Material and Methods

Animals

Pregnant rats were purchased from Taconic Farms, Inc., (Hudson, NY). All animal treatment
and care protocols conformed to NICHD ACUC Guidelines.

Transfection and treatment of Neuro2A cells, hippocampal and cortical heurons

Neuro2A cells were purchased from ATCC (Manassas, VA) and cultured as previously
described (Lou et al. 2013). Hippocampal and cortical neurons were prepared from rat
embryos (E18) as previously described (Cheng et al. 2013). Cells were treated with 1 pM
rosiglitazone (Cayman) or vehicle (0.1% DMSO) for 24 or 48 h. Where noted, the cells were
transiently transfected with 30 nM Stealth siRNA oligonucleotides directed against NF-al
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(5’-GGUUUGUCCGUGACCUUCAGGGUAA-3’) or a scrambled control sequence (5’
UUAAACGUCCGGAACACUCAGGACC-3) (Life Technologies, Grand Island, NY) for
24 h using Lipofectamine RNAIMAX (Invitrogen), prior to drug treatment. In other
experiments, cells were incubated with 100 pM H»O, to induce oxidative stress or with
GW09662 (Cayman), a selective PPARY inhibitor, to inhibit the protective effect of
rosiglitazone.

Bioinformatics analysis of NF-al promoter and luciferase constructs and assays

Mouse, rat and human NF-al-promoter sequences were analyzed using the Genomatix
software suite (GmbH, Munich, Germany). Based on this analysis, a 1944 bp fragment of
the mouse NF-a1 promoter comprising 2 PPARY binding sites (PPRES) (position -1187 and
-1086), was custom cloned (GenScript, Piscataway, NJ) into the pGL3-basic luciferase
vector (Promega, Madison, WI) to generate the PPRE reporter construct. A slightly shorter
fragment of this NF-al promoter lacking PPREs was used to generate the control reporter
construct. Hippocampal or cortical neurons were transfected with the luciferase reporter
constructs using the Amaxa Rat Neuron Nucleofector Kit (Lonza). A pGL4.73 vector
(Renilla luciferase reporter vector) was used as a control for transfection efficiency.
Luminescence was measured using the TD-20/20 Glomax luminometer (Promega). Results
were expressed as percentage of luciferase activity compared to the controls. These
experiments were performed three times (N=3) with n=12 replicates for the hippocampal
neurons and n=4-5 replicates for the cortical neurons, per experiment.

LDH release assay for cell cytotoxicity

The release of lactate dehydrogenase (LDH) was used to measure cell cytotoxicity. This was
done with a CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI).

Real Time Quantitative-PCR

Complimentary DNA was made (Improm-11 Reverse Transcription System, Promega) from
500 ng of RNA extracted (RNeasy Mini Kit, Qiagen) from cells and used for g°PCR on an
ABI 7500 real time PCR system with Power SYBR green | (Applied Biosystems). The
cycling conditions were: 10 min denaturation at 95 °C and 40 cycles of DNA synthesis at 95
°C for 15 s and 60 °C for 1 min. Primer sequences were: rat NF-a1 fwd: 5’-
GCAACTGCTTTGAGATCACT-3, rev: 5-TTGATGAGGGAGTTTTTGTT-3’; rat Bcl2
fwd: 5-AAGCTGTCACAGAGGGGCTA-3, rev: 5-CAGGCTGGAAGGAGAAGATG-¥
(300 nM); for 18 S fwd: 5’-CTCTTAGCTGAGTGTCCCGC-3/, rev: 5/-
CTGATCGTCTTCGAACCTCC-3’ (100 nM). All reactions were performed in duplicate
and relative amounts of target MRNA were normalized to 18S rRNA.

Western blot analysis

Soluble protein extracts from cells and tissue were prepared by homogenizing with T-per or
M-per extraction reagent (Pierce, Rockford) supplemented with protease inhibitors (Roche)
and analyzed by Western blotting as described previously (Cheng et al. 2013). NF-a1 and
BCL-2 proteins were detected using mouse anti-NF-a1 (1:5000) (BD Biosciences, San Jose,
CA) and mouse anti-BCL-2 (1:2000) (Cell Signaling, Danvers, MA) monoclonal antibodies.
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Detection was by the Odyssey infrared imaging system as described previously (Cheng et al.
2013), using fluorophore conjugated anti-mouse secondary antibodies (Amersham).
Expression levels were normalized to $-actin and expressed in arbitrary units as the mean +
standard error of the mean.

Statistical analysis

Data were analyzed by Student's t-test or the nonparametric Mann-Whitney U test where
noted and one-way analysis of variance (ANOVA) followed by Tukey post-hoc multiple
comparisons tests. Correlation studies were performed with the Spearman's nonparametric
test. Significance was set at p < 0.05. Data were analyzed using the Prism program
(GraphPad Software, Inc, San Diego, CA).

Results

Rosiglitazone-activated PPARy binds to NF-a1 promoter to activate gene transcription

Bioinformatic analysis of mouse, rat and human NF-al promoter sequences revealed the
presence of several potential PPARy-binding sites (PPRE), the positions and sequences of
which are indicated in Fig. 1A. For mouse, 2 PPREs were found at position -1200/-1150
(plus strand) and -1100/-1050 (minus strand) relative to the transcriptional start site (Fig.
1A). Luciferase reporter studies (Fig. 1C, D) using mouse NF-al promoter sequences (Fig.
1B), showed that a 24 h treatment of primary cortical (C) or hippocampal (D) neurons,
transfected with the PPRE reporter construct, with 1 uM rosiglitazone resulted in a
significant increase in luciferase activity, whereas no increase was observed when neurons
were transfected with the control reporter construct.

Neuroprotective effect of rosiglitazone-activated PPARYy is dependent on NF-al
expression in Neuro2A cells

In Neuro2A cells treated with rosiglitazone for 24 h, NF-a1 and BCL-2 increased by ~50 %
and ~100 %, respectively (Fig. 2A-C). To elucidate the role of increased expression of NF-
al in neuroprotection, we used siRNA. In Neuro2A cells transfected with scrambled siRNA,
cytotoxicity caused by H,0, was prevented by 24 h rosiglitazone pre-treatment (Fig. 2D,
left). However, in cells transfected with siNF-a1, which inhibited NF-al expression by >70
%, (siScr, 101.5 + 9.7 versus siNF-al, 24.9 + 4.2), the significant protective effect of
rosiglitazone in H,O, treated cells was lost (Fig. 2D, right). The increased levels of NF-al
and BCL-2 after 24 h treatment with rosiglitazone were maintained after subsequent
treatment with H,O, for 24 h (Fig. 3 A, B). Under these conditions, Neuro2a cells pre-
treated with rosiglitazone exhibited reduced cytotoxicity caused by the H,O, (Fig. 3C) and
this effect of rosiglitazone was lost when the Neuro2a cells were co-incubated with the
PPARYy inhibitor GW9662 (Fig. 3C), suggesting rosiglitazone activates PPARYy to protect the
Neuro2a cells.

Rosiglitazone protects hippocampal neurons in a NF-al dependent manner

Treatment of hippocampal neurons with 1 pM rosiglitazone for 24 h and 48 h increased NF-
al mRNA (Fig. 4C) and protein (Fig. 4A, B) levels, respectively by ~50 %. In hippocampal
neurons transfected with scrambled siRNA, cytotoxicity caused by H,O, was inhibited by
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rosiglitazone treatment (Fig. 4D, left). However, in cells transfected with siNF-al, the
protective effect of rosiglitazone in H,O5 treated neurons was reduced (Fig. 4D, right).

Rosiglitazone up-regulates BCL-2 expression in a NF-al-dependent manner

Bcl-2 mRNA levels increased ~2-fold with a 24 h treatment of rosiglitazone in primary
hippocampal neurons (Fig. 5A). Bcl-2 expression levels were strongly and significantly
correlated with NF-al mRNA levels (Fig. 5B). In hippocampal neurons transfected with
scrambled siRNA, treatment with rosiglitazone significantly increased BCL-2 protein levels
by ~2-fold (Fig. 5C, D). However, this increase was inhibited when neurons were
transfected with NF-al siRNA (Fig. 5C, D).

Discussion

Our previous work using a chronic restraint stress paradigm in male mice demonstrated that
NF-al increased in the hippocampus in response to this stress (Murthy et al. 2013). At that
time our bioinformatic analysis identified glucocorticoid binding sites on the NF-al
promoter to suggest that glucocorticoids released from the adrenal cortex during this stress
may have induced the expression of NF-al under these conditions. Further analysis using
the Genomatix software identified several potential PPARY binding sites on the NF-a1
promoters of rat, mouse and human (Fig. 1A); binding sites that we have now demonstrated
by luciferase reporter assays to be functional in cortical and hippocampal neurons (Fig. 1B,
C). Hence, rosiglitazone-activated PPARy may directly regulate NF-a1 expression in
neurons through binding to the NF-al promoter. This is important in light of the new
finding that NF-al has neuroprotective properties (Cheng et al. 2013) and may contribute to
a mechanism for some of the neuroprotective properties of rosiglitazone. Furthermore, a
correlation between increased NF-al expression and over-expression of PPARYy in
mesenchymal stem cells (Shockley et al. 2009) suggests an inherent connection between
NF-al expression and PPARY and its agonists.

Indeed, treatment of Neuro2A cells (Figs. 2 and 3), a mouse neuro-endocrine cell line, and
rat hippocampal neurons in culture (Fig. 4), with rosiglitazone, specifically increased the
endogenous levels of NF-al in these cells and is consistent with previous in vivo studies
showing a correlation between oral rosiglitazone administration in mice and an increase in
NF-al mRNA expression in the mouse hippocampus (Cheng et al. 2014). Of particular
significance in our experiments was the demonstration that the hydrogen peroxide-induced
cell cytotoxicity, which was prevented by rosiglitazone pre-treatment in Neuro2a cells and
hippocampal neurons transfected with a scrambled siRNA (Figs. 2D and 4D, left panel), was
eliminated when siNF-a 1 was used (Figs. 2D and 4D, right panel). These results
demonstrate that the neuroprotective effect of rosiglitazone-activated PPARY in these cells is
dependent on NF-al expression.

In the CNS, numerous studies, both in vivo and ex vivo using animals and neuronal cell lines
or primary neurons, have provided evidence that rosiglitazone protects neurons against
oxidative stress-induced cell death under various conditions, such as ischemia (Giaginis et
al. 2008) or traumatic brain injuries (Yi et al. 2008, Qi et al. 2010). In primary hippocampal
neurons and NGF-differentiated PC12 cells, rosiglitazone was shown to protect cells against
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hydrogen peroxide and/or Amyloid-beta-induced cell stress through the pro-survival
mitochondria protein BCL-2-mediated pathway (Fuenzalida et al. 2007, Abraki et al. 2012),
a finding we were able to replicate in Neuro2A cells (Fig. 2C, 3B) and hippocampal neurons
(Fig. 5C, D). While these previous studies showed enhanced expression of BCL-2 upon
rosiglitazone treatment, leading to neuroprotection, the mechanism leading to this event was
not fully understood, since bioinformatic analysis revealed no putative PPARy binding sites
in the Bcl-2 promoter (our unpublished study), suggesting that up-regulation of the
transcription of this protein is indirect. BCL-2 is a pro-survival protein involved in
mitochondrial membrane integrity and previously we showed that NF-a.1 can enhance
BCL-2 expression through activation of the ERK and AKT signaling pathways in
hippocampal neurons (Cheng et al. 2013). In our current experiments on hippocampal
neurons, the rosiglitazone-dependent increase of BCL-2 was eliminated when the neurons
were transfected with siNF-a1 but not when scrambled siRNA was used (Fig. 4C-E),
indicating that rosiglitazone increases BCL-2 levels in neurons in a NF-a1-dependent
manner, leading to neuroprotection. We also analyzed the levels of BCL-xI and BAX, other
members of the Bcl family of mitochondrial proteins, and found them to be unchanged when
NeuroZ2a cells were treated with rosiglitazone (data not shown), indicating that induction of
BCL-2 in these cells appears specific for rosiglitazone through NF-al.

An extensive number of studies have investigated the mechanisms by which PPARYy
activation functions to protect neurons (for review see (Kapadia et al. 2008)). Primary
among them appears to be the prevention of an inflammatory response to the stressor by
reducing pro-inflammatory cytokines and transcription factors and inducing the anti-
inflammatory response, including components of the anti-oxidant pathway. In our
experiments, we used oxidative stress to damage the neurons; however, we did not find a
difference in expression levels of several anti-oxidant enzymes, including superoxide
dismutase 1 and 2, glutathione peroxidase-1 and catalase (data not shown), suggesting that
the neuroprotection we observed under these conditions in vitro was not through anti-
oxidant enzymes. While the mechanisms of action of rosiglitazone are complex, our specific
assay identifies NF-al as a significant molecule in rosiglitazone-mediated neuroprotection.
It would be premature to conclude, however, that NF-al is solely responsible for
neuroprotection in vivo since many molecules are involved in the complex mechanism
(Kapadia et al. 2008) and our in vitro assays are specific to dose, time and mode of stressor.
Nevertheless, there is evidence that there is a connection between NF-al, rosiglitazone and
BCL2 in vivo since we have demonstrated an increase in NF-al expression in the
hippocampus of rosiglitazone-fed mice (Cheng et al. 2014) and that NF-al levels are
elevated after chronic restraint stress which then drives the increase in BCL-2 expression in
the hippocampus (Murthy et al. 2013); additionally, BCL2 has previously been
demonstrated to mediate neuroprotection by rosiglitazone (Fuenzalida et al. 2007, Qin et al.
2014).

In conclusion, we have demonstrated that rosiglitazone-activated PPARYy directly induces
the expression of NF-al in neurons. This increase in NF-al signals the activation of the
ERK and AKT pathways (Cheng et al. 2013), leading to enhanced BCL-2 expression.
BCL-2 is known to function as a pro-survival protein by regulating mitochondrial energetics
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and inhibition of caspase 3, resulting in neuroprotection (Fig. 6) and suggesting that PPARYy
agonists such the TZDs that enhance the expression of NF-al may be useful for treatment of
neurodegenerative diseases.
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Figure 1.

The mouse NF-al promoter contains PPARY binding sites that are functional in neurons.
(A) PPARY binding sites (PPRE, ovals) are found in mouse, rat and human NF-al
promoters. * indicate transcription start sites and the numbers represent the base pair
position relative to the first transcription start site. Sequences are the PPARY binding sites as
determined by the Genomatix software. (B) Schematic diagram of the luciferase constructs
containing a fragment of NF-al promoter without (control) or with the mouse PPREs. (C,
D) Bar graphs showing luciferase activity from cortical (C) and hippocampal neurons (D)
treated with and without rosiglitazone and transfected with a PPRE-containing construct,
compared to neurons transfected with the control construct containing no PPRE. In both cell
types, an increase in promoter activity was found when the cells were treated with Rosi.
n=13/group for cortical neurons and n=36/group for hippocampal neurons; values are mean
+SEM, *p<0.05, one way ANOVA.
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Figure2.
Rosiglitazone protects Neuro2A cells against oxidative stress in an NF-a1-dependent

manner. (A) Representative Western blot and (B, C) quantification showing increased NF-
al (A, B) and BCL-2 (A, C) protein levels in Neuro2a cells treated with vehicle (Veh) or 1
UM rosiglitazone (Rosi) for 24 h. (n = 6/group; values are mean +SEM, **p<0.01,
***n<0.001, t-test). (D) Neuro2A cells were transfected with siScr or siNF-al for 24 h and
then treated with 1 pM Rosi or vehicle for 24 h, then 100 pM H,0O, or vehicle was added to
the cells for an additional 24 h. The LDH release assay showed Rosi inhibited H,O, induced
cell cytotoxicity in siScr treated Neuro2A cells but not in siNF-al treated cells. n=5/group;
values are mean £SEM, one way ANOVA for siScr [treatment effect: F(3, 16)=60.11,
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p<0.001]; for siCPE [treatment effect: F(3 16)=121.9, p<0.001], followed by Tukey test. *p
<0.05, Hy0O5 group compared to Rosi + H,0, group.
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Figure 3.
PPARY mediates the protective effect of Rosi in Neuro2a cells. (A, B) Neuro2a cells were

incubated with vehicle or Rosi for 24 h, then the cells were treated with 100 uM H,0, for 24
h. Western Blots showed (A) NF-al and (B) BCL-2 protein levels increased with Rosi
treatment (see Fig. 2) and remained elevated after 100 uM H,O, treatment in NeuroZ2a cells.
n = 3/group; values are mean +SEM, p<0.05, t-test. (C) Neuro2a cells were treated with 1
UM Rosi and/or 1 pM GW9662 for 24 h and then the cells were treated with 100 uM H,05
for 24 h. The LDH release assay showed that GW9662 inhibited the protective effect of Rosi
against oxidative stress in Neuro2a cells. n=5/ group; values are mean +SEM, one way
ANOVA for treatment effect: F(4, 20)=93.69, p<0.001, followed by Tukey test. *p <0.05,
GW09662 + Rosi + H,O5 group compared to Rosi + H,0, group.
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Figure4.
Rosiglitazone protects hippocampal neurons in an NF-al-dependent manner. (A)

Representative Western blots and (B) quantification of NF-al protein levels in hippocampal
neurons treated with vehicle or 1 uM rosiglitazone (Rosi) for 48 h. Actin served as an
internal control. n = 8/group; values are mean £SEM, **p<0.01, Mann-Whitney test. (C)
Bar graphs showing NF-a1l mRNA levels in hippocampal neurons treated with vehicle
(\Veh) or 1 uM rosiglitazone (Rosi) for 24 h. n = 6/group; values are mean +SEM, **p <
0.01, Mann-Whitney test. (D) Primary cultured hippocampal neurons were transfected with
siScr or siNF-al for 24 h and then treated with 1 uM Rosi or vehicle for 24 h, then 50 uM
H,0, was added to the cells for a further 24 h. The LDH release assay showed Rosi
inhibited H,0, induced cell cytotoxicity in siScr treated neurons but not in siNF-al treated
neurons. n=5/ group; values are mean £SEM, one way ANOVA for siScr [treatment effect:
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F(3, 16)=93.69, p<0.001]; for siNF-al [treatment effect: F(3, 16)=78.54, p<0.001], followed
by Tukey test. *p <0.05, H,0, group compared to Rosi + H,O5 group.
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Figureb5.

NF-al mediates the neuprotective effect of rosiglitazone by enhancing Bcl-2 expression.
(A) Bar graphs showing Bcl-2 mRNA levels in hippocampal neurons treated with vehicle
(\Veh) or 1 uM rosiglitazone (Rosi) for 24 h. Rosiglitazone significantly increased Bcl-2
mRNA levels in hippocampal neurons, n = 5/group; values are mean +SEM, *p < 0.05,
Mann-Whitney test. (B) Bcl-2 mRNA levels were strongly and significantly correlated with
NF-al mRNA levels. (C) Representative Western blots and (D) Bar graphs show BCL-2
protein levels in hippocampal neurons transfected with scrambled siRNA or siNF-al. In
hippocampal neurons transfected with scrambled siRNA and treated for 24 h with
rosiglitazone, BCL-2 protein levels increased significantly, n=7/group; values are mean
+SEM, **p<0.01, Mann-Whitney test. In contrast, BCL-2 protein did not increase with
rosiglitazone treatment when NF-al expression was inhibited by siNF-al (n= 7/group).
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Figure®6.

Schematic mechanism of action of rosiglitazone-activated PPARY in neuroprotection.
Rosiglitazone enters the nucleus and binds PPARY. The activated PPARY binds the NF-a1
promoter to activate transcription. The NF-al mRNA is consequently translated and the
protein is secreted. It then binds a cognate receptor and activates the ERK and AKT
pathways leading to an increase in BCL-2 expression which mediate neuroprotection by

inhibition of caspases.
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