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Abstract
Glial cell line-derived neurotrophic factor (GDNF) has potent neurotrophic effects and is known to promote the dopaminergic
(DA) neuronal survival in cellular and animal models of Parkinson’s disease (PD). However, long-term ectopic GDNF delivery is
associated with long lasting adverse side effects in PD patients. Therefore, finding safer and effective ways to elevate endogenous
GDNF levels is an active area of research. This study underlines the importance of sodium benzoate (NaB), a metabolite of
commonly-used spice cinnamon, a food-additive and an FDA-approved drug against hyperammonemia, in stimulating GDNF in
primary mouse and human astrocytes. Presence of cAMP response element (CRE) in the Gdnf gene promoter, recruitment of
CREB to the Gdnf promoter by NaB and abrogation of NaB-mediated GDNF expression by siRNA knockdown of CREB
suggest that NaB induces the transcription ofGdnf via CREB. Finally, oral administration of NaB and cinnamon itself increased
the level of GDNF in vivo in the substantia nigra pars compacta (SNpc) of normal as well as MPTP-intoxicated mice.
Accordingly, cinnamon and NaB treatment protected tyrosine hydroxylase positive neurons in the SNpc and fibers in the
striatum, normalized striatal neurotransmitters, and improved locomotor activities in MPTP-intoxicated Gfapcre mice, but not
GdnfΔastro mice lacking GDNF in astrocytes. These findings highlight the importance of astroglial GDNF in cinnamon- and NaB-
mediated protection of the nigrostriatum in MPTP mouse model of PD and suggest possible therapeutic potential of cinnamon
and NaB in PD patients.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder. Pathologically, it is characterized by
selective neuronal depletion in the substantia nigra pars
compacta (SNpc) region of the brain and drastic reduction in

striatal dopaminergic innervation (Kalia and Lang 2015).
Another pathological hallmark for PD and dementia with
Lewy Bodies (DLB) is the predominant intra-neuronal accu-
mulation of protein aggregates [Lewy bodies (LBs) and Lewy
neurites (LNs)] (Wakabayashi et al. 2007). These hallmark
deposits (LBs and LNs) are primarily composed of fibril
forming protein α-synuclein (α-syn), a 14 kDa presynaptic
protein (Villar-Pique et al. 2016). Clinically, PD patients man-
ifest at least two of four cardinal features namely, bradykinesia
(slowness and minimal movement), rigidity, resting tremor
(trembling), and an impairment of postural balance leading
to disturbance of gait and falling (Lang and Lozano 1998;
Jankovic 2008). To date, there is no cure for PD. Although
there are medications like carbidopa, levodopa, dopamine ag-
onists, monoamine oxidase B (MAO-B) inhibitors, Catechol-
O-methyltransferase (COMT) inhibitors and surgery like deep
brain stimulation, available to address some of the PD associ-
ated symptoms (Ellis and Fell 2017; Emamzadeh and
Surguchov 2018), none of these can effectively halt the pro-
gression of PD. Furthermore, prolonged usage of these
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pharmacological and surgical interventions against PD has
major issues in terms of side effects, short life span and in-
crease in blood-brain barrier (BBB) permeability (Rascol et al.
2003; De Deurwaerdere et al. 2017). For several years, trophic
factors have been pursued as potential therapeutic agents due
to their ability to regulate the survival of specific neuronal
populations in the central nervous system (CNS) (Aloe et al.
2012; Weissmiller and Wu 2012). One such trophic factor is
glial cell-derived neurotrophic factor (GDNF), a member of
the transforming growth factor beta superfamily. GDNF was
first identified on the basis of its ability to support the devel-
opment of embryonic DA neurons (Lin et al. 1993).
Following its discovery, GDNF has been regularly shown to
protect and restore mature DA neurons in the SNpc of differ-
ent lesion models (Kearns and Gash 1995; Sauer et al. 1995;
Winkler et al. 1996; Kirik et al. 2000). Unfortunately, ectopic
GDNF delivery in humans by either intra-cerebroventricular
injection or intra-striatal infusion has proven ineffective (Patel
and Gill 2007). Therefore, finding a safer and more effective
approach to exploit the neuro-protective effects of GDNF re-
mains an active area of research in developing a treatment to
inhibit the progression of PD.

Recently, many animal studies and clinical trials have ex-
plored the beneficial effects of cinnamon, a commonly used
food spice, in Alzheimer’s disease (Modi et al. 2015b; Modi
et al. 2016), diabetes (Mirfeizi et al. 2016; Santos and da Silva
2018), arthritis (Rathi et al. 2013; Shishehbor et al. 2018) and
arteriosclerosis (Kang et al. 2014; Nayak et al. 2017).
Cinnamon contains variety of bioactive resinous compounds,
including cinnamaldehyde, cinnamyl alcohol, cinnamic acid,
and numerous essential oils (Hariri and Ghiasvand 2016). In
the liver, cinnamic acid is β-oxidized to benzoate that exists as
sodium salt (NaB) (Abd El-Mawla et al. 2001). Interestingly,
NaB is a food-additive and a FDA-approved drug for glycine
encephalopathy (Neuberger et al. 2000). Being a component of
Ammonul®, NaB is also a FDA-approved medication for urea
cycle disorders. Recently we have shown that NaB and cinna-
mon protect dopaminergic neurons in a MPTP mouse model of
PD (Khasnavis and Pahan 2014). Here, we describe that NaB is
capable of upregulating GDNF from mouse and human astro-
cytes. We found that NaB treatment recruited CREB to the
Gdnf gene promoter leading to its transcription. Accordingly,
oral administration of NaB and cinnamon increased astroglial
expression of GDNF in vivo in the nigra of normal as well as
MPTP-intoxicated mice. Interestingly, NaB and cinnamon
protected nigral dopaminergic neurons, preserved striatal inner-
vation, restored striatal neurotransmitters, and improved loco-
motor activities in MPTP-insulted non-transgenic littermates
(Gfapcre), but not astrocyte specific Gdnf conditional knockout
(GdnfΔastro), mice. These results delineate an important role of
astroglial GDNF in cinnamon- and NaB-mediated protection of
the nigrostriatum and suggest that cinnamon and NaB may
have therapeutic importance in PD.

Materials and Methods

Reagents and Antibodies Antibodies, their applications,
sources and dilutions are listed in Supplementary Table 1.
Cell culture materials (DMEMF/12, antibiotic/antimycotic)
were purchased from Life Technologies. Original Ceylon cin-
namon (Cinnamonum verum) in ground form was obtained
from Indus Organics (San Ramon, CA). Other pharmacolog-
ical compounds like sodium benzoate and sodium formate
were purchased from Sigma-Aldrich. All molecular biology-
grade and chemicals were obtained from Sigma or Bio-Rad.
IR-Dye-labeled secondary antibodies used for immunoblot-
ting were from Li-Cor Biosciences.

AnimalsMice were maintained and experiments conducted in
accordance with National Institute of Health guidelines and
were approved by the Rush University Medical Center
IACUC. Gdnf floxed mice [B6.129S1 (Cg)-Gdnftm1.1Neas/J,
JAX stock # 014097] were bred with transgenic mice express-
ing the Cre enzyme under the control of the Gfap promoter
[B6.Cg-Tg(Gfap-cre)73.12Mvs/J, JAX stock #012886] to
generate knockout mice with Gdnf deletion in the astroglial
cells (Gdnf Δastro mice). The final breeding step was per-
formed using homozygous breeding pair from F4 generation.
All mice analyzed in this study were on a congenic C57BL/6 J
genetic background. Genotyping of theGdnf floxed locus and
Gfapcre transgene was performed using PCR on DNA from
tail biopsies and detected by primers listed in Table S2. Mice
were maintained on a 14 h light, 10 h dark cycle and given a
continuous supply of food and water.

MPTP Mouse Model Mice were intoxicated with MPTP
(acute) as described earlier (Ghosh et al. 2009; Khasnavis
et al. 2013; Khasnavis and Pahan 2014; Chandra et al.
2017). Briefly, the mice were injected intraperitoneally (i.p.)
withMPTP (20 mg/kg, Sigma-Aldrich, St. Louis, MO, United
States) four times at 2-h intervals. Saline was given as
controls.

Cinnamon and NaB Treatment Starting from 3 h after the last
injection of MPTP, mice were treated with either cinnamon or
NaB dissolved in 0.5% methylcellulose at individual doses
(100 mg/kg, orally) once daily for 7 days and following be-
havior analysis the mice were sacrificed for biochemical
studies.

Isolation of Primary Mouse Astrocytes Astrocytes were isolat-
ed from mixed glial cultures of 2 to 3 days old mouse pups
according to the procedure described earlier (Khasnavis and
Pahan 2012; Modi et al. 2015a; Roy et al. 2015). Briefly, brain
from pups (n > 10) were isolated and placed together in the
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) media supplemented with 10% heat-
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inactivated fetal bovine serum. Astroglial cells were dissoci-
ated by trituration and single cell suspension was equally plat-
ed in 4 to 5 poly-D-lysine pre-coated T-75 flasks containing
complete DMEM/F12 media. On day 9, the T-75 flasks con-
taining mixed glial cultures were washed three times with
Dulbecco’s modified Eagle’s medium/F-12 and subjected to
shaking at 240 rpm for 2 h at 37 °C on a rotary shaker to
remove microglia. After 2 days, the shaking was repeated
for 24 h for the removal of oligodendroglia and to ensure the
complete removal of all non-astroglial cells. The attached cells
were seeded onto new plates for further studies.

Isolation of Primary Human Astrocytes Primary human astro-
cytes were prepared as described by us earlier (Brahmachari
et al. 2009; Corbett et al. 2012). Briefly, 11 to 17 week old
fetal brains obtained from the Human Embryology Laboratory
(University of Washington, Seattle) were dissociated by tritu-
ration and trypsinization. On the 9th day, these mixed glial
cultures were placed on a rotary shaker at 240 rpm at 37 °C
for 2 h to remove loosely attached microglia. Then on the 11th
day, flasks were shaken again at 180 rpm at 37 °C for 18 h to
remove oligodendroglia. The attached cells remaining were
primarily astrocytes. These cells were trypsinized and sub
cultured in complete media at 37 °C with 5% CO2 in air to
yield more viable and healthy cells. More than 98% of the
cells obtained by this method were found to be positive for
GFAP, a marker for astrocytes.

Assay of GDNF by ELISA Level of GDNFwasmonitored in cell
supernatants and tissue homogenates by high-sensitivity
ELISA kit (Promega, Madison, WI) as described before
(Villadiego et al. 2005), following manufacturer’s protocol.

Semi-Quantitative RT-PCR Total RNA was isolated from the
primary astrocytes using Quick-RNA™ MiniPrep kit (ZYMO
RESEARCH Inc, Catalog Nos. R1054&R1055) following the
manufacturer’s protocol. Isolated total RNAwas digested with
DNase and RT-PCR was carried out as described earlier
(Corbett et al. 2013) using the RT-PCR kit from Clontech
and the primers listed in Supplementary Table 2. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used to as-
certain that an equivalent amount of cDNA was synthesized
from different samples.

Real-Time PCR Real-time PCR analysis was performed in the
ABI-Prism7700 sequence detection system (Applied
Biosystems) as described earlier (Corbett et al. 2013).
Complementary DNA (cDNA) was created using TaqMan
Universal Master Mix and amplified with SYBR Green-
conjugated PCR master mix (Applied Biosystems) and the
primers listed in Supplementary Table 2. Data were processed
by the ABI Sequence Detection System 1.6 software and ana-
lyzed by the relative 2-ΔΔCT method.

Immunoblotting and Densitometric Analyses For whole cell
and tissue lysates, samples were homogenized in RIPA buffer
containing protease and phosphatase inhibitors (Sigma), rotat-
ed end over end for 30 min at 4 °C and centrifuged for 10 min
at 15,000 g. The supernatant was aliquoted and stored at
−80 °C until use. Protein concentrations were determined
using a NanoDrop 2000 (Thermo Fisher), and 15–30 μg sam-
ple was heat-denatured and resolved on 12% or 15%
polyacrylamide-SDS gels in MES buffer (50 mM MES,
50 mM Tris base, 0.1% SDS, 1 mM EDTA, pH 7.3) or 1X
SDS Running Buffer. Proteins were transferred to 0.45 μm
nitrocellulose membranes in Towbin Buffer (25 mM Tris,
192 mM glycine, 20% (w/v) methanol) under wet conditions
(40 V for 120 mins). Membranes were blocked for 1 h with
blocking buffer (Li-Cor), incubated with primary antibodies
(Supplementary Table 1) overnight at 4 °C under shaking
conditions, washed, incubated with IR-dye labeled secondary
antibodies (1:5000; Li-Cor) for 45 min at room temperature,
washed and visualized with the Odyssey Infrared Imaging
System (Li-Cor). Blots were converted to binary, analyzed
using Image J software and normalized to the loading control
(β-actin).

Immunofluorescence StainingWe performed immunofluores-
cence staining using procedure described earlier (Patel et al.
2018). Briefly, After NaB treatment, primary mice or human
astrocytes were washed three times with 1X PBS, fixed in 4%
paraformaldehyde for 10 min or with chilled methanol over-
night, washed again with 1X PBS and incubated first with
monoc l ona l o r po l y c l ona l p r ima ry an t i bod i e s
(Supplementary Table 1) and then with the Cy2 or Cy5 con-
jugated secondary antibodies. Following secondary antibody
incubation, coverslips were rinsed in 1X PBS, mounted on
slides in Fluormount (Sigma) and imaged using an Olympus
BX41 fluorescent microscope equipped with a Hamamatsu
ORCA-03G camera.

Immunohistochemistry (IHC) Following NaB or Cinnamon
treatment, the mice were anesthetized and intracardially per-
fused with 1X PBS followed by 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer, pH 7.4. The brains were post fixed
in PFA overnight at 4 °C, and on next day were stored in
phosphate buffer containing 30% sucrose at 4 °C. Coronal
striatal and nigral sections were cut and saved in serial order
at −20 °C until immunostained.

IHC, Using Fluorescence Microscopy Free-floating brain sec-
tions were analyzed using immunofluorescence microscopy
following procedure mentioned earlier (Ghosh et al. 2007,
2009). Briefly, samples were incubated in PBS containing
0.05% Tween 20 (PBST) and 10% sucrose for 3 h and then
30% sucrose overnight at 4 °C. Brain was then embedded in
O.C.T (Tissue Tech) at −80 °C, and processed for conventional
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cryosectioning. Free floating sections (40 μm) were treated
with cold ethanol (−20 °C) followed by two rinses in PBS,
blocking with 3% bovine serum albumin in PBST and double
labeling with antibodies (Supplementary Table 1). After three
washes in PBST, sections were further incubated with Cy2
and Cy5 (Jackson ImmunoResearch Laboratories, Inc.). The
samples were mounted and observed under the Olympus
BX41 fluorescent microscope equipped with a Hamamatsu
ORCA-03G camera.

IHC, Using Light Microscopy Free floating sections from the
striatum (thickness; 40 μm) and ventral midbrain (thickness;
40 μm) were stained using standard immuno-histochemical
procedures as described earlier (Ghosh et al. 2007, 2009).
Briefly, after quenching with 3% hydrogen peroxide (H2O2)
and 10% methanol for 5 min sections were pre-incubated in
2% normal goat serum (NGS; Vector Laboratories,
Burlingame, CA) and 0.3% Triton X-100 for 60 min followed
by incubation with rabbit anti-TH polyclonal antibody
(Supplementary Table 1) overnight at 40C, followed by incu-
bation for 2 h with the biotinylated goat anti-rabbit antibody
(BA1000, 1:200, Vector Laboratories) the next day. Vectastain
Elite ABC peroxidase kit (Vector Laboratories) was used for
visualization using 0.06% diaminobenzidine and H2O2. The
sections were mounted on gelatin/chrome-coated slides, air-
dried, dehydrated, cleared and mounted using Fluormount
(Sigma). Histological images for the figures were generated
using bright light microscope [Olympus microscope (BX61)
attached to a Nikon digital camera DXM1200]. Quantitation
of striatal TH immunostaining was performed as described
earlier (Ghosh et al. 2007, 2009) and striatal optical density
measurements that reflect dopaminergic fiber innervation
were determined by image J analysis.

Promoter Mapping and Chromatin Immunoprecipitation
(ChIP) Assay The mouse Gdnf promoter was analyzed for pre-
dicted transcription factor binding sites, using MatInspector
online software (Cartharius et al. 2005) with the matrix thresh-
old set at 0.80. The primer sets (Supplementary Table 2) that
can amplify fragments flanking the CRE binding element in
the mouse Gdnf promoter, were then designed upstream and
downstream of transcription factor binding sites to amplify
immunoprecipitated DNA. Chromatin was prepared and
immunoprecipitated as described earlier (Roy et al. 2013;
Corbett et al. 2015). Briefly, NaB (250 μM) treated mouse
primary astrocytes were fixed with formaldehyde (1.42% final
volume) and quenched with 125 mM glycine. The astroglial
cells were pelleted and lysed in IP buffer containing 150 mM
NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, Nonidet P-40
(0.5% v/v), Triton X-100 (1.0% v/v). After one wash with
1.0 ml of IP buffer, the pellet was re-suspended in 1 ml of IP
buffer and sonicated. Sheared chromatin was split into two
fractions (one to be used as Input). The remaining fraction

was incubated overnight under rotation at 4 °Cwith antibodies
listed in Supplementary Table 1, followed by incubation with
protein G-agarose (Santa Cruz Biotechnology) for 2 h at 4 °C
under rotation. Beads were then washed five times with cold
IP buffer, and a total of 50 μl of 10% Chelex (10 g/100 ml
H2O) was added directly to the washed protein G beads and
vortexed. After 10 min boiling, the Chelex/protein G bead
suspension was allowed to cool to room temperature.
Proteinase K (100 μg/ml) was then added, and the beads were
incubated for 30 min at 55 °C while shaking, followed by
another round of boiling for 10 min. The suspension was
centrifuged, and the supernatant was collected and used di-
rectly as a template in PCR using ChIP primers listed in
Supplementary Table 2.

Rotarod Test The motor coordination of mice was measured
on the Rotarod apparatus (ENV-576 M; Med-associates Inc.),
using protocol described earlier (Ghosh et al. 2007, 2009).
Briefly, mice were transported (within their home cage) to
acclimate to the testing room for 1 h prior to trial. Before
acquisition, the parameters of the Rotarod system quipped
with automatic fall detector such as start speed and accelera-
tion were carefully checked before acquisition. Each mouse
was placed on the confined section of the rod and trial was
initiated with a smooth increase in speed from 4 rpm to 40 rpm
for 5 min. If the mouse did not fall from the rod, it was re-
moved from the rod after 5 min. The latency to fall was mea-
sured in seconds and used for the analysis.

Open Field Test Open Field test was performed as described
earlier (Ghosh et al. 2007, 2009) with slight modifications and
used to assess spontaneous exploratory activity and stress-
related behaviors in open environment. 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 × 40 cm, with walls 30 cm high). Avideo
camera (Basler Gen I Cam - Basler acA 1300–60) connected to
a Noldus computer system was placed above the box. Each
mouse was placed individually on the center of the arena and
the locomotor activity and stereotypical behaviors like rearing
and grooming were monitored for 5 min using live video track-
ing system (Noldus System). The central area was arbitrarily
defined as a square of 20 × 20 cm (half the total area).

Statistical Analysis Statistical analysis was conducted, using
Graph Pad Prism 7.0c software. Unless otherwise stated, one-
way or two-way ANOVA followed by Bonferroni’s post-hoc
analyses was performed to determine the significance of dif-
ferences among multiple experimental groups. Student’s t test
was used when the significance of differences was determined
between two groups. Data were expressed as mean ± standard
error (SEM) or mean ± standard deviation (SD), and values
with P < 0.05 were considered statistically significant.
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Results

Cinnamon Metabolite Sodium Benzoate (NaB) Upregulates
GDNF Expression in Mouse and Human Primary Astrocytes
GDNF is important for the survival, maintenance and
regeneration of dopaminergic neuronal populations in
the adult brain. Depletion of GDNF along with other
neurotrophic factors like nerve growth factor (NGF)
and brain-derived neurotrophic factor (BDNF) has been
linked with disease pathology noticed in several neuro-
degenerative diseases such as Parkinson’s disease,
Alzheimer’s disease and Huntington’s diseases (Allen
et al. 2013). Astrocytes, most abundant cell type within
the central nervous system (CNS), perform variety of
tasks, from axon guidance and synaptic maintenance,
to the regulat ion of the BBB and blood flow.
Primarily, astrocytes are involved in the production of
a host of neurotrophic factors, including GDNF and
BDNF, which support neuronal development, plasticity
and survival (Koyama 2002; Seifert et al. 2006). Since
cinnamon cannot be metabolized in astrocytes, cells
were treated with increasing doses of NaB, a major
metabolite of cinnamon, to examine the expression of
GDNF. We used sodium formate (NaFO) as a negative
control for NaB. As evident from semi-quantitative RT-
PCR (Fig. 1a) and real-time PCR (Fig. 1b), NaB treat-
ment led to marked increase in the Gdnf mRNA expres-
sion in mouse astrocytes with 250 μM dose showing
maximum effect. However, NaFO failed to induce the
Gdnf mRNA expression (Fig. 1a and b). Time course
study shows that NaB (250 μM) upregulated Gdnf
mRNA expression in mouse astrocytes with maximum
induction seen at 4 h of treatment (Fig. 1c and d). Next,
we monitored the induction of GDNF protein following
NaB treatment by immunoblotting and immunofluores-
cence analyses. Consistent to the upregulation of Gdnf
mRNA, NaB, but not NaFO, increased GDNF protein
levels in the mouse astrocytes within 8 h of stimulation
(Fig. 1e, f and g) . For raw blots , please see
Supplementary Fig. 1. We also investigated if NaB
could elicit the similar effect in human astrocytes. As
appeared from Fig. 2a-b, NaB, but not NaFO, increased
the level of Gdnf mRNA in a time-dependent manner in
primary human astrocytes with maximum upregulation
seen at either 4 h or 6 h of stimulation. Dose-
dependent study showed that NaB was capable of up-
regulating Gdnf mRNA in human astrocytes at a dose of
50 μM (Fig. 2c). However, maximum increase was seen
at a dose of 250 μM or higher (Fig. 2c). Being a neu-
rotrophic factor, since GDNF is released from GDNF-
expressing cells, we measured the level of GDNF in
supernatants of human astrocytes by ELISA. Consistent
to mRNA expression, NaB dose-dependently increased

the production of GDNF (Fig. 2d). Again, the maximum
increase in GDNF production was seen at a dose of
250 μM NaB (Fig. 2d). Immunofluorescence analysis
of NaB-treated human astrocytes also confirmed this
finding (Fig. 2e). However, in all the cases, NaFO
remained unable to induce the expression of either
Gdnf mRNA (Fig. 2a-c) or GDNF protein (Fig. 2d-e).
Together, these results suggest that NaB is capable of
stimulating the GDNF expression in both mouse and
human astrocytes.

Involvement of CREB in NaB-Mediated Upregulation of GDNF
in Astrocytes Next, we elucidated the underlying molecular
mechanism by which NaB increases Gdnf transcription in
astrocytes. To determine putative binding sites for transcrip-
tion factors (TFs) the mGdnf promoter was analyzed using
MatInspector program (Genomatix). Based on this analysis,
predicted binding sites for several TFs including Cyclic AMP
response element (CRE)-binding protein (CREB) was identi-
fied near transcription start site (TSS) in the mGdnf gene
promotor (Fig. 3a). CREB is a 43 kDa protein and a member
of the leucine zipper family of transcription factors, which
regulates gene transcription by binding to CRE, a cis-acting
enhancer element in the regulatory region of various genes.
CREB upon activation promotes target gene activation in part
by means of recruitment of the co-activators namely CREB-
binding protein (CBP) and/or p300 (Goodman and Smolik
2000). Earlier we have shown that NaB is capable of inducing
the activation of CREB in astrocytes (Modi et al. 2015a) and
neurons (Modi et al. 2016). Therefore, here, we examined if
CREB was involved in the transcription of Gdnf in NaB-
treated astrocytes. Using ChIP assay, we examined the recruit-
ment of CREB to the Gdnf promoter. CREB antibody was
used to immunoprecipitate formaldehyde cross-linked pro-
tein-chromatin complexes from NaB-treated or control
(untreated) mouse primary astrocytes and the resulting
immunoprecipitated DNAwas amplified by PCR. Parallel re-
actions were also set up using antibodies against CBP and
p300. We used RNA pol II as positive control and IgG as
negative control for transcription. Notably, we found en-
hanced recruitment of CREB, CBP and RNA Pol II to the
Gdnf promoter in NaB-treated mouse astrocytes as compared
to untreated cells (Fig. 3b). On the other hand, anti-p300 an-
tibodies and IgG failed to precipitate CREB-binding Gdnf
promoter fragments from control and NaB-treated astroglial
chromatin, suggesting that CBP, but not p300, is acting here as
coactivator. Consistently, real time PCR analyses also demon-
strated a significant increase in CREB, CBP and RNA Pol II
recruitment, but not p300, to the CRE of theGdnf promoter in
NaB-treated astrocytes as compared with untreated astrocytes
(Fig. 3c). Next, we examined the effects of CREB knockdown
to further confirm the involvement of CREB in the sequence
of events leading to Gdnf transcription in human astrocytes.
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Accordingly, we employed CREB siRNA to investigate the
role of CREB in NaB-mediated expression of Gdnf mRNA.
Following NaB treatment, we observed marked upregulation
of Gdnf mRNA expression in control siRNA-transfected, but
not CREB siRNA-transfected, human astrocytes (Fig. 3d and
e). Together these results indicate that NaB increases the tran-
scription of Gdnf in astrocytes via CREB.

Oral Administration of NaB and Cinnamon Increases the Level
of GDNF In Vivo in the Substantia Nigra Pars Compacta (SNpc)
of Normal asWell as MPTP-IntoxicatedMice Since, we noticed
the marked up-regulation of GDNF expression in both mouse
and human astrocytes, we next examined if NaB can replicate
the similar effect in vivo in the brain. Consistent with our cell

culture data, we noticed marked increase in Gdnf mRNA
levels (Fig. 4a and b) in the SNpc of male C57/BL6 mice,
following 10d of oral administration of NaB. Further, as evi-
dent from ELISA, NaB also increased the level of GDNF
protein in the SNpc of male C57/BL6 mice (Fig. 4c).
Previously, we have demonstrated that oral administration of
ground cinnamon (Cinnamonum verum powder) is capable of
increasing the level of NaB in serum and brain of mice (Jana
et al. 2013). Accordingly, we next examined if cinnamon by
itself was capable of increasing the levels of GDNF in the
brain. Interestingly, after 10 days of feeding, Cinnamonum
verum powder markedly increased the GDNF mRNA expres-
sion (Fig. 4d) and GDNF protein level (Fig. 4e and f) in the
SNpc of male C57/BL6 mice.

Fig. 1 Sodium benzoate stimulates the expression of GDNF in
primary mouse astrocytes. Astrocytes isolated from 2 to 3 d old
mouse pups were treated with increasing concentrations of NaB (μM)
for 4 h followed by Gdnf mRNA analysis through semi-quantitative RT-
PCR (a) and real-time PCR (b). Results are mean ± SD of three indepen-
dent experiments; aP < 0.01 vs. control or bP < 0.05 vs. control. Sodium
formate (NaFO 500 μM)was used as a negative control for NaB.We also
treated WT mouse astrocytes with NaB (250 μM) for various durations,
followed by measurement of the Gdnf mRNA expression by semi-
quantitative RT-PCR (c) and real-time PCR (d). Results are mean ± SD
of three independent experiments; aP < 0.001 vs. control, bP < 0.01 vs.

control and cP < 0.05 vs. control. After 8 h of NaB treatment, GDNF
protein levels were monitored in astroglial cells by immunoblotting (e)
and densitometric analyses (f). Densitometric values of GDNF were nor-
malized with respect to β actin and then compared with control. Sodium
formate (NaFO 500 μM) was used as a negative control for NaB. Results
are mean ± SD of three independent experiments; aP < 0.01 vs. control;
bP < 0.05 vs. control. The GDNF protein levels were also corroborated by
double labeling the NaB treated- WT astrocytes with antibodies against
GFAP and GDNF (g). DAPI was used to visualize the nucleus in astro-
cytes. Scale bar 20 μm
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Next, we tested the trophic efficacy of NaB and cinnamon
in acute MPTP mouse model, one the most widely used ani-
mal models of PD employing toxins (Meredith and
Rademacher 2011). MPTP mouse model mimics many as-
pects of the disease and more importantly, provides investiga-
tors a platforms for testing symptomatic and neuroprotective
drugs. As evident from GDNF Western blot, after MPTP in-
toxication, the level of GDNF decreased in the SNpc (Fig. 5a-
b). However, oral administration of NaB and cinnamon in-
creased the level of GDNF in the nigra of MPTP-intoxicated
mice (Fig. 5a-b). Next, we examined the cellular source of
increased GDNF levels in the CNS by double labeling nigral
sections for GFAP and GDNF. Notably, compared to MPTP
intoxicated mice, nigral section harvested from both NaB and
cinnamon fed MPTP intoxicated mice showed increased
GDNF signals aggregation around and within the cytoplasm
of GFAP expressing astrocytes (Fig. 5c). Further, through
quantification of co-localized cells (Fig. 5d), we noticed that
MPTP insult decreased the number of GDNF+GFAP+ cells in
the nigra as compared to control mice (Fig. 5d). However, oral

treatment of NaB and cinnamon significantly increased num-
ber of GDNF+GFAP+ cells as compared to MPTP-intoxicated
group (Fig. 5d). These results indicate that NaB and cinnamon
both can stimulate astrocytes to synthesize GDNF in the nigral
region of both control and MPTP-intoxicated mice. We also
analyzed the TH protein levels in the SNpc of MPTP-
intoxicated mice following NaB and cinnamon treatment.
Similar to our earlier report (Khasnavis and Pahan 2014), we
also noticed a significant increase in the nigral TH protein
levels (Fig. 5e and g) in both NaB- and cinnamon-fed
MPTP-intoxicated mice as compared to vehicle-treated
MPTP-intoxicated mice. For raw blots, please see
Supplementary Fig. 1.

Astroglial Deletion of Gdnf Abrogated NaB- and Cinnamon-
M e d i a t e d R e c o v e r y a g a i n s t M P T P - I n d u c e d
Neurodegeneration Since both NaB and cinnamon treatment
enhanced astrocytic Gdnf expression in the nigra of MPTP-
intoxicated mice, we next investigated the role of astrocytic
Gdnf in NaB- and cinnamon-mediated dopaminergic

Fig. 2 Sodium benzoate stimulates the expression of GDNF in
primary human astrocytes. Astrocytes isolated from human fetal
brain tissues were treated with NaB (250 μM) for different time periods
followed by Gdnf mRNA analysis using semi-quantitative RT-PCR (a)
and real-time PCR (b). NaFO (500μM)was used as a negative control for
NaB. Results are mean ± SD of three independent experiments; aP < 0.01
vs. control, bP < 0.05 vs. control. Next, we performed dose dependent
analyses with increasing concentrations of NaB (μM) for 4 h in isolated
human astroglial cells using NaFO (500 μM) as a negative control for

NaB. Following NaB and NaFO treatment, Gdnf mRNA levels were
analyzed by semi-quantitative RT-PCR (c). Similarly, following 8 h treat-
ment with increasing NaB dosage (μM) and NaFO (500 μM) as negative
control, we monitored GDNF protein levels in supernatants obtained
from NaB and NaFO treated human astroglial cells by ELISA (d).
Results are mean ± SD of three independent experiments; aP < 0.01 vs.
control, bP < 0.05 vs control. GDNF protein levels were also analyzed by
double labeling NaB treated human fetal astrocytes with antibodies
against GFAP and GDNF (e). Scale bar 20 μm
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neuroprotection. To address our hypothesis, we used the trans-
genic mice generated through cre-lox recombination tech-
nique that lacked astrocyte specific Gdnf (GdnfΔastro mice)
(Fig. 6a and b). Age-matchedGfapcre mice served as controls.
Both Gfapcre and GdnfΔastro groups were MPTP-intoxicated
and were treated with either NaB or cinnamon starting from
3 h after lastMPTP injection, for 7 days. In each group, saline-
treated mice that did not receive MPTP served as controls for
MPTP insults. Following, NaB or cinnamon treatment, mice
from both the groups were transcardially perfused with saline
followed by 4% paraformaldehyde, their brains were re-
moved, cryosectioned, and immunostained for expression of
TH, the rate-limiting enzyme in dopamine synthesis. As ex-
pected, MPTP intoxication led to significant loss of SNpc TH-
positive neurons in both Gfapcre and GdnfΔastro mice (Fig. 6c)
compared to their respective saline-injected controls.
Interestingly, MPTP-intoxicated Gfapcre mice treated with ei-
ther NaB or cinnamon, showed significant improvement in
nigral TH-positive neurons (Fig. 6c). In contrast, no such pro-
tective effects were seen inMPTP-intoxicatedGdnfΔastro mice

by either NaB or cinnamon (Fig. 6c). We further corroborated
this observation by analyzing TH immunoblotting of nigral
homogenates obtained from mice of both Gfapcre (Fig. 6d
and e) and GdnfΔastro groups (Fig. 6f and g). For raw blots,
please see Supplementary Fig. 1. Similar to the loss of nigral
TH neurons, MPTP intoxication led to significant reduction of
striatal TH optical densities in both Gfapcre and GdnfΔastro

mice (Fig. 7a) compared with their respective saline-injected
controls. Further, NaB- and cinnamon-fed MPTP-intoxicated
Gfapcre mice exhibited marked protection of striatal TH fibers
(Fig. 7a and b). In contrast, NaB or cinnamon treatment failed
to produce similar protection of striatal TH fibers in MPTP-
intoxicated GdnfΔastro mice (Fig. 7a and b). To determine
whether NaB or cinnamon may also protect against biochem-
ical deficits caused by MPTP intoxication, we next assessed
the levels of dopamine and two of its metabolites, 3, 4-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid
(HVA) in the striata. As expected, compared to sham intoxi-
cation (saline injection), MPTP intoxication led to a charac-
teristic significant diminution in striatal levels of dopamine

Fig. 3 NaB mediated- GDNF upregulation involves transcriptional
activation of CREB in mice and human astrocytes. We performed
sequence analysis of mGdnf promoter with the Genomatix
MatInspector program. a Cartoon depicting consensus frequencies
represented by sequence logo of putative CRE binding site located
upstream of the transcription start site in mouse Gdnf promoter
sequence. b – c ChIP analysis monitoring the recruitment of CREB and
associated co-activators to the indicated position on mGdnf promoter
using RT-PCR (b) and Real time PCR (c) analyses. Briefly, WT primary
mice astrocytes were treated with NaB (250 μM) for 2 h under serum-free
condition and isolated cross-linked chromatin containing specific DNA-
protein complexes were immunoprecipitated using antibodies specific to

CREB, CBP, RNA Pol II and IgG. Eluted DNAwas PCR amplified using
two of mGdnf promoter primer sets as indicated in Table S2. All values
are corrected for input DNA and are relative to control. Significance of
the mean among groups was analyzed through one-way ANOVA [F (9,
30) = 9.8134; P < 0.001] followed by Bonferroni’s post hoc test and re-
sults were represented as mean ± SD; aP < 0.001 vs. control or bP < 0.01
vs. control. Human astrocytes were transfected with CREB-siRNA and
control siRNA for 48 h, followed by 4 h of NaB (250uM) treatment. The
specificity of siRNA knockdown on the Gdnf mRNA expression was
monitored in NaB treated human astrocytes by semi-quantitative RT-
PCR (d) and Real-time PCR (e) analyses. Results are mean ± S.D. of
three different experiments. aP < 0.001 vs. control; bP < 0.001 vs. NaB
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and it’s metabolites in both Gfapcre mice and Gdnf Δastro mice
(Fig. 7c-e). However, MPTP-intoxicated Gfapcre mice that
received either NaB or cinnamon showed marked protection
against MPTP-induced loss in the striatal dopamine, DOPAC,
and HVA (Fig. 7c-e). In contrast, such protection was not seen
in case of NaB- or cinnamon-fed MPTP-intoxicated
GdnfΔastro mice (Fig. 7c-e). Together, these results indicate
that NaB and cinnamon protect the nigrostriatum in MPTP
mouse model of PD via astrocytic GDNF.

NaB and Cinnamon Alleviate Motor Deficits in a MPTP Mouse
Model of PD Via Astrocytic Gdnf To evaluate the therapeutic
capabilities of NaB and Cinnamon in vivo, we again used the
MPTP mouse model of PD that lacked astrocyte specificGdnf

(Gdnf Δastro mice) with their age matched control littermates
(Gfapcre mice) and treated these mice with either NaB or cin-
namon following experimental timeline illustrated in Fig. 8a.
First, we evaluated the effect of NaB and cinnamon treatment
on locomotor coordination of MPTP-intoxicated mice using
rotarod apparatus. In comparison to saline-treated mice, after
MPTP intoxication, both Gfapcre and GdnfΔastro mice exhibit-
ed significantly reduced locomotor performance on rotarod
(Fig. 8b). However, NaB and cinnamon treatment improved
rotarod performance in MPTP-intoxicated Gfapcre mice, but
not MPTP-intoxicated GdnfΔastro mice (Fig. 8b). Next, we
tracked their locomotor activity (Fig. 8c) and associated ste-
reotypic behaviors like rearing and grooming frequency (Fig.
8d and e) in the open field arena using the NOLDUS tracking

Fig. 4 Oral administration of NaB and cinnamon increases the level
of glial derived neurotrophic factor in vivo in the substantia nigra
pars compacta (SNpc) of mice. Six to eight week old male C57/BL6
mice (n = 5 in each group) received increasing amounts of NaB (mg/kg
body weight/d) orally via gavage for 10 days. NaFO (50 mg/kg body
weight/d) was used as a negative control for NaB. Following NaB or
NaFO oral feeding, we monitored the Gdnf mRNA levels by semi-
quantitative RTPCR (a) and real-time PCR (b) and GDNF protein levels
by ELISA (c) in the SNpc. Results are means ± SE of five mice per group;
aP < 0.01 vs. control. Similarly, C57/BL6mice aged 6 to 8 weeks (n = 5 in

each group) received increasing amounts of cinnamon (Cinnamonum
verum powder) via gavage and after 10 d of feeding, Gdnf mRNA ex-
pression was monitored in the SNpc by semi-quantitative RT-PCR (d).
GDNF protein levels in the SNpc of cinnamon-fed mice were monitored
by ELISA (e). Data are means ± SEM of five mice per group; aP < 0.01
vs. control, bP < 0.05 vs. control. GDNF protein levels were also analyzed
by double labeling of nigral sections harvested from cinnamon-fed C57/
BL6 mice with antibodies against GFAP and GDNF (f). DAPI was used
to visualize nucleus. Scale bar = 50 μm. For each experimental analysis,
control mice received only vehicle (0.5% methylcellulose)
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software. As expected, following MPTP intoxication, signifi-
cant reduction in rearing frequency was noticed in both
Gfapcre and GdnfΔastro groups when compared to saline-
treated mice (Fig. 8d). However, following NaB or cinnamon
treatment, MPTP-intoxicated Gfapcre mice, but not MPTP
intoxicated-GdnfΔastro mice, displayed increase in rearing fre-
quency (Fig. 8d). Similar results were seen in case of
grooming frequency (Fig. 8e). Together, these data suggest
that NaB and cinnamon improve the motor function in
MPTP mouse model of PD through astrocytic Gdnf.

Discussion

Parkinson’s disease is the most common neurodegenerative
movement disorder, with median age-standardized annual in-
cidence rates in high-income countries like United States is of
14 per 100,000 people in the total population, and 160 per
100,000 people aged 65 years or older (Hirtz et al. 2007).
Until now, the treatment of PD remains symptomatic and
has not been established to provide a disease-modifying ef-
fect. Therefore, finding pharmacological or physical

512 J Neuroimmune Pharmacol (2019) 14:503–518



interventions aimed towards disease-modifying effects in PD
patients are of major potential medical relevance. It is well
known that rescuing and restoration of damaged neuronal
population in PD is mediated through nigral trophic factor
GDNF. Accordingly, to date, a number of clinical trials have
been undertaken to study the delivery of GDNF, directly to the
PD brain, but they yielded mixed results. The problemmay be
due to the site and method of delivery, namely the distribution
of GDNF after different injection or infusion techniques (Nutt
et al. 2003; Lang et al. 2006; Morrison et al. 2007; Slevin et al.
2007). In treatments utilizing cell-based delivery systems or
gene therapy applied with viral vectors, over-expression of the
Gdnf gene and protein could promote cell viability in the
dopaminergic midbrain neurons and induce symptomatic im-
provement of rats with 6-OHDA lesions and ofmonkeys treat-
ed with MPTP (Kong et al. 2008; Andereggen et al. 2009).
However these therapies still have critical issues regarding
their clinical applications due to questions about the efficacy
and stability of gene transfer and possibility of immune re-
sponses. While there have been efforts to overcome the prob-
lems in delivering cell or gene therapy through neurosurgery,
increasing attention is now being paid to strategies that induce
the expression of endogenous trophic factors or enhance their
signaling as alternative therapeutic options for PD (Saavedra
et al. 2008).

Although few approaches are there to increase GDNF, here
we introduce a widely-used natural product to augment this
nigral trophic factor in vivo in the brain. Cinnamon, a

commonly used spice and flavoring agent, is used by people
on a daily basis. It is being used since medieval times to treat
variety of disorders including arthritis, coughing, hoarseness,
sore throats, etc. As a matter of fact, even in today’s modern
era, cinnamon is still an extensively researched natural prod-
uct owing to its therapeutic properties (Rathi et al. 2013; Kang
et al. 2014; Modi et al. 2015b; Mirfeizi et al. 2016; Modi et al.
2016; Nayak et al. 2017; Santos and da Silva 2018;
Shishehbor et al. 2018). After oral intake, cinnamon is metab-
ol ized in to NaB, a FDA-approved drug agains t
hyperglycinemia and urea cycle disorders. NaB is also a com-
ponent of Ammonul®, a FDA-approved drug used in the
treatment for hepatic metabolic defects associated with
hyperammonemia such as urea cycle disorder in children.
We have found that cinnamon and NaB have immunomodu-
latory properties to protect mice from experimental allergic
encephalomyelitis, an animal model of multiple sclerosis
(Brahmachari and Pahan 2007). Cinnamon and NaB are ca-
pable of upregulating neuroprotective molecules (Parkin and
DJ-1) and protecting the nigrostriatum inMPTP mouse model
of PD (Khasnavis and Pahan 2014). Cinnamon and NaB also
inhibits the activation of p21rac to reduce NADPH oxidase-
mediated production of reactive oxygen species (Modi et al.
2015b). Here we describe that NaB is also capable of upreg-
ulating GDNF in astrocytes. While NaB increased the expres-
sion of Gdnf mRNA and the production of GDNF protein in
mouse and human astrocytes, NaFO, a compoundwith similar
structure to NaB without the aromatic ring, remained unable
to stimulate GDNF, indicating the specificity of the effect.

Signaling mechanisms for driving the upregulation of
GDNF in astrocytes are poorly understood. We analyzed the
Gdnf promoter using the Genomatix Software Suite and found
binding sites for several transcription factors such as AP1,
CREB, C/EBPβ, NF-κB, etc. However, earlier we have seen
that NaB is anti-inflammatory and that NaB inhibits the acti-
vation of NF-κB and the expression of different proinflamma-
tory molecules in glial cells (Brahmachari et al. 2009). On the
other hand, we have described that NaB is capable of inducing
the activation of CREB in both astrocytes (Modi et al. 2015a)
and neurons (Modi et al. 2016) via protein kinase A.
Therefore, we investigated a role of CREB in NaB-mediated
upregulation of GDNF in astrocytes. Recruitment of CREB
and CREB-binding protein (CBP), an important co-activator,
to the CRE of the Gdnf promoter in NaB-treated astrocytes as
compared to untreated astrocytes and abrogation of the capa-
bility of NaB to stimulate the transcription of Gdnf gene by
siRNA knockdown of CREB suggest that NaB upregulates
the level of GDNF in astrocytes via CREB.

While many drugs show GDNF-upregulating effect in cell
culture models, very few of these display efficacy in vivo in
the SNpc. Therefore, we examined whether NaB and cinna-
mon were able to increase GDNF in vivo in the SNpc of
control as well MPTP-challenged mice. Interestingly, level

�Fig. 5 Oral treatment of NaB and cinnamon renders astroglial
GDNF mediated neurotrophic effect following MPTP induced
neurodegeneration. 6–8 wk. old C57/BL6 mice (n = 5) were insulted
with MPTP (20 mg/kg body wt/inj, four i.p injections at every 2-h inter-
val). After 3 h of last MPTP injection, mice in each group were fed with
NaB (100 mg/kg body wt/d) or cinnamon (100 mg/kg body wt/d) via oral
gavage for 7 days. A control group without MPTP intoxication was also
included. Following NaB or cinnamon treatment, GDNF protein levels
were analyzed in the nigral homogenates from each group by immunoblot
analysis (a). β actin was run as loading control. b Densitometric analysis
of GDNF protein was performed using image J and densitometric values
of GDNF were normalized with respect to β actin and presented as rel-
ative to control group. Results are mean ± SEM of mice (n = 5) per group.
aP < 0.001 vs. MPTP, bP < 0.01 vs. MPTP. We also analyzed the GDNF
protein expression by double labeling nigral sections from NaB or cinna-
mon fed C57/BL6 mice with GFAP and GDNF (c). Scale bar 50 μm. To
confirm the co-localization of GFAP with GDNF in nigral region follow-
ing NaB or cinnamon treatment, we quantified number of GFAP+ and
GDNF+ cells per mm2 of nigral region using 2 sections from each of five
mice per group (d). One-way ANOVA [F(3,36) = 8.401; p < 0.001]
followed by Bonferroni’s post hoc test was applied to assess the signifi-
cance of the mean among groups and represented as mean ± SEM;
aP < 0.001 vs. MPTP or bP < 0.01 vs. MPTP. Similarly, immunoblot anal-
ysis of TH protein (e) in nigral lysates of MPTP intoxicated wt mice
treated with NaB or cinnamon was performed followed by densitometric
analyses (f). β actin was blotted as a housekeeping protein. Results are
mean ± SEM of mice (n = 5) per group. aP < 0.01 vs. MPTP. Protein
levels of TH were also analyzed by double labeling nigral sections from
NaB or cinnamon fed C57/BL6 mice with GFAP and TH (g). Scale bar
50 μm
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of GDNF was much less in the SNpc of MPTP-intoxicated
mice than control mice suggesting that Parkinsonian toxicity
reduces the level of GDNF in the nigra. Earlier we described

that after oral administration of cinnamon to mice, NaB is
detected in both serum and brain (Jana et al. 2013).
Accordingly, oral treatment of NaB and cinnamon increased

Fig. 6 Oral treatment of NaB and cinnamon rescues loss of
dopaminergic neurons in the nigra of MPTP-intoxicated non-Tg,
but not GdnfΔastro, mice. As shown in schematic representation (a),
age matched Gfap cre and Gdnf floxed mice were bred together to
produce littermates consisted of four categories namely, Wild type
(WT), Heterozygous (Het), non-transgenic (Gfap cre) and astrocyte spe-
cific Gdnf conditional knockout mice (Gdnf Δastro). Genomic DNA iso-
lated from tails of littermates born to breeding pairs made from F1 gen-
eration were analyzed by RT PCR (b) using primer set against Gfap cre

and Gdnf floxed alleles (Table S2). 6–8 week old Gfapcre mice (n = 6) or
Gdnf Δastro mice (n = 6) were insulted with MPTP (20 mg/kg body wt/inj,
four i.p injections at every 2-h interval). After 3 h of the last MPTP

injection, mice in each group were fed with NaB (100 mg/kg body wt/
d) or cinnamon (100 mg/kg body wt/d) via oral gavage for 7 days. A
control group without MPTP intoxication was also included. Following
NaB or cinnamon treatment, 3 sections spanning from different SNpc
regions of each mice/group (n = 6) were stained for TH (C). Scale bar,
20 μm. To check the TH protein levels, nigral homogenates from Gdnf
Δastro mice and age matched non-transgenic littermates (Gfapcre) were
immunoblotted with TH (D-G). β actin was run as loading control.
Bands were scanned and presented as relative to control. Results are
mean ± SEM of mice (n = 6) per group. aP < 0.001 vs. MPTP or
bP < 0.01 vs. MPTP. Abbreviations: SNpc, substantia nigra pars
compacta; VTA, ventral tegmental area

514 J Neuroimmune Pharmacol (2019) 14:503–518



the level of astrocytic GDNF in the nigra of MPTP-insulted
mice. Next, to delineate the role of astrocytic GDNF in NaB-
and cinnamon-mediated protection of the nigrostriatum in
MPTP mouse model of PD, we used cre-flox recombination
protocol to selectively delete GDNF in astrocytes.

Interestingly, specific deletion of GDNF from astrocytes ab-
rogated the protective effect of NaB and cinnamon on dopa-
minergic neurons, striatal fibers, neurotransmitters, and loco-
motor activities inMPTP mouse model of PD. During PD and
other neurodegenerative disorders, while neurons die, usually

Fig. 7 Oral treatment of NaB and cinnamon rescues loss of TH fibers
and neurotransmitters in the striatum of MPTP-intoxicated non-Tg,
but not Gdnf Δastro, mice. 6–8 wk. old Gdnf Δastro mice (n = 6) or age
matched non-transgenic littermates (Gfapcre mice; n = 6) were insulted
with MPTP (20 mg/kg body wt/inj; four i.p injections at every 2-h inter-
val). After 3 h of the last MPTP injection, mice in each group were fed
with (100 mg/kg body wt/d) or cinnamon (100 mg/kg body wt/d) via oral
gavage for 7 days. A control group without MPTP intoxication was also
included in each group. Following NaB or cinnamon, striatal sections
from each group were stained for TH (a) followed by quantification of
TH+ fibers using image J software (b). Scale bar, 10 μm. Statistical
analyses for fiber density of TH+ fibers were performed in 2 sections
per mice for (n = 5) per group using two-way ANOVA considering ge-
notype [F(1,72) = 14.78; P < 0.001] and treatment [F(3,72) = 33.53;
P < 0.001] as two independent variables. Interaction statistics between
two independent variables were calculated as well [F(3,72) = 5.135;
P = 0.003 (P < 0.01)]. Bonferroni’s post hoc test was applied to assess

the significance of the mean; aP < 0.001 vs. MPTP. Concentrations of
dopamine (c), DOPAC (d), and HVA (e) were measured in the striatum
by HPLC. Results were analyzed using two-way ANOVA for n = 6 mice/
group with genotype and treatment as two independent effectors, gener-
ating descriptive statistics for dopamine: [interaction effect – F(3,40) =
5.286; P = 0.004 (P < 0.01), treatment effect – F(3,40) = 21.33; P < 0.001
and genotype effect – F(1,40) = 30.58; P < 0.001]; for DOPAC: [interac-
tion effect – F(3,40) = 1.579; P = 0.210 (P > 0.05), treatment effect –
F(3,40) = 10.05; (P < 0.001) and genotype effect – F(1,40) = 9.048;
(P < 0.001)] and for HVA: [interaction effect - F(3,40) = 1.497; P =
0.230 (P > 0.05); treatment effect - F(3,40) = 6.861; P < 0.001 and geno-
type effect - F(1,40) = 4.717; P = 0.036 (<0.05)]. Bonferroni’s post hoc
test was applied to assess the significance of the mean among groups and
represented as mean ± SEM; aP < 0.001 vs. MPTP; bP < 0.01 vs. MPTP
or cP < 0.05 vs. MPTP. Arrow indicate anterior commissure.
Abbreviations: CC, corpus callosum, CPu, caudate putamen, NAc, nu-
cleus accumbens, S, septum
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glial cells such as astroglia do not die, but undergo activation
and gliosis. Moreover, astrocytes are major cell type in the
CNS, indicating that any contribution to nigral trophic effect
from astrocytes would be significant. Therefore, it makes
sense to utilize astrocytes for the protection of dopaminergic
neurons in a neurodegenerative nigra.

In summary, cinnamon metabolite NaB increases the
expression of GDNF in astrocytes via CREB and that
oral administration of NaB and cinnamon protects dopa-
minergic neurons, restores striatal innervation, preserves

striatal neurotransmitters, and improves locomotor activ-
ities in MPTP mouse model of PD via astroglial GDNF.
Although the in vitro situation of mouse and human
astrocytes in culture and in vivo condition of nigral
astrocytes in 8–10 week old MPTP-intoxicated mice
do not truly resemble the in vivo situation of astrocytes
in the nigra of PD patients, our results suggest that
upregulation of astroglial GDNF by oral NaB and cin-
namon may have therapeutic importance in PD and oth-
er neurodegenerative disorders.

Fig. 8 Oral treatment of NaB and cinnamon improved motor
functions in MPTP-intoxicated age-matched non-Tg, but not in
Gdnf Δastro, mice. a Schematic representation of MPTP intoxication
and Nab or cinnamon oral treatment for age matched Gfap cre mice and
Gdnf floxed mice (n = 6 mice/group). After 3 h of the last MPTP insult
(20 mg/kg body wt/inj; four i.p injections at every 2-h interval) mice in
each group were fed with NaB (100 mg/kg body wt/d) or cinnamon
(100 mg/kg body wt/d) via oral gavage for 7 days. A control group
without MPTP intoxication was also included. On 7 d of MPTP intoxi-
cation, mice were tested for their motor function by using apparatus such
as Rotarod (b). Two-wayANOVA analysis followed byBonferroni’s post
hoc test; showed statistical significance represented as mean ± SEM;
aP < 0.01 or bP < 0.05 vs. MPTP, for interaction effect – F(3,40) =
3.622; P = 0.021, treatment effect – F(3,40) = 17.22; P < 0.001 and

genotype effect – F(1,40) = 44.71; P < 0.001. Using Noldus software
and open field arena, we also recordedmicemovement in open field arena
(c) followed by tracking complex motor activity parameters that include
grooming frequency (d), and rearing frequency (e). Results were ana-
lyzed using two-way ANOVAwith genotype and treatment as two inde-
pendent factors, generating descriptive statistics for rearing frequency
[interaction effect – F(3,40) = 1.794; P = 0.164 (P > 0.05), treatment ef-
fect – F(3,40) = 18.52; P < 0.001 and genotype effect – F(1,40) = 18.35;
P < 0.001] and for grooming frequency [interaction effect - F(3,40) =
1.200; P = 0.322 (P > 0.05); treatment effect - F(3,40) = 13.80;
P < 0.001 and genotype effect - F(1,40) = 6.635; P = 0.014 (P < 0.05)].
Following two-way ANOVA, Bonferroni’s post hoc test was also applied
to assess the significance of the mean among groups and represented as
mean ± SEM; aP < 0.01 vs. MPTP or bP < 0.05 vs. MPTP
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