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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disease affecting over 5 million 

individuals worldwide. The exact molecular events underlying PD pathogenesis are still not clearly 

known. Glia maturation factor (GMF), a neuroinflammatory protein in the brain plays an 

important role in the pathogenesis of PD. Mitochondrial dysfunctions and oxidative stress trigger 

apoptosis leading to dopaminergic neuronal degeneration in PD. Peroxisome proliferator activated 

receptor-gamma coactivator-1 alpha (PGC-1α or PPARGC-α) acts as a transcriptional co-

regulator of mitochondrial biogenesis and energy metabolism by controlling oxidative 

phosphorylation, antioxidant activity and autophagy. In this study, we found that incubation of 

immortalized rat dopaminergic (N27) neurons with GMF influences the expression of peroxisome 

PGC-1α and increases oxidative stress, mitochondrial dysfunction and apoptotic cell death. We 

show that incubation with GMF reduces the expression of PGC-1α with concomitant decreases in 

the mitochondrial complexes. Besides, there is increased oxidative stress and depolarization of 

mitochondrial membrane potential (MMP) in these cells. Further, GMF reduces tyrosine 

hydroxylase (TH) expression and shifts Bax/Bcl-2 expression resulting in release of cytochrome-c, 

and increased activations of effector caspases expressions. Transmission electron microscopy 

analyses revealed alteration in the mitochondrial architecture. Our results show that GMF acts as 

an important upstream regulator of PGC-1α in promoting dopaminergic neuronal death through its 

effect on oxidative stress mediated apoptosis. Our current data suggest that GMF is a critical risk 

factor for PD and suggest that it could be explored as a potential therapeutic target to inhibit PD 

progression.
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Introduction

Parkinson’s disease (PD), the second most common age dependent chronic 

neurodegenerative disease after Alzheimer’s disease (AD), arises due to continuous 

depletion of type-A9-dopaminergic neurons in nigro-striatal pathway. The resultant well-

known motor decline symptoms are collectively termed as TRAP comprising Tremor, 

Rigidity Akinesia and Postural instability in patients [1,2]. Though the exact cause of 

dopaminergic loss in PD is unknown, various genetic and environmental factors and 

abnormalities in protein processing, oxidative stress, mitochondrial dysfunction, excito-

toxicity, inflammation, immune regulation, and other mechanisms have been reported to 

contribute to the pathogenesis of PD [3–6].

Mitochondria strongly determines the cellular fate of dopaminergic neurons in either 

contributing to neuroprotection or neuronal depletion under various intracellular stress 

conditions [7]. Modulations in mitochondrial physiology directly triggers oxidative stress by 

increasing reactive oxygen species (ROS). Increased accumulation of intracellular ROS, one 

of the major factors to induce dopaminergic neuronal loss impairs the mitochondrial 

function [8]. Neurotoxic downstream regulation of ROS leads to disruption of mitochondrial 

permeability, causing translocation of Bax/Bcl-2 expressions, increased intracellular 

cytochrome-c level and subsequent activation of caspase-8, a prime participant in apoptosis 

signaling cascades that in turn leads to apoptotic cell loss [9].

There are at least two pathways responsible for neuropathological progression in 

dopaminergic neuronal cells: (a) misfolded protein formation, aggregation and aberrant 

proteolytic processing and (b) mitochondrial dysfunction with oxidative/nitrosative flux 

[10,6]. Therefore, inhibition of mitochondrial dysfunctions and oxidative stress mediated 

apoptotic cascade represent the prime targets to halt the progression of PD. Elevated 

intracellular oxidative flux, mitochondrial release of cytochrome-c activate other “pro-

apoptotic mediators,” such as apoptosis-initiating factor (AIF) into the cytoplasm that 

triggers a cascade of events, culminating in neuronal death [11,12]. However, little is known 
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about factors that regulate mitochondrial biogenesis and respiration in the dopaminergic 

neurons of vertebrates, under various physiological and pathological conditions.

Intracellular factors have the ability to reduce oxidative flux by modulating the 

mitochondrial biogenesis and respiration and are considered as novel therapeutic targets for 

age dependent chronic neurodegenerative diseases, especially for PD. Recent evidences from 

meta-analysis implicate transcriptional regulators in neurodegenerative diseases that 

function by regulating mitochondrial dysfunction [13,14]. Approximately, 1000 

mitochondrial proteins are encoded by nuclear transcriptional regulatory genes which 

control mitochondrial membrane potential and oxidative fluxes, ATP production, 

mitochondrial fission and fusion [15]. Peroxisome proliferator activated receptor gamma 

coactivator-1 (PGC-1) family of transcriptional co-activators consists of PGC-1α, PGC-1β 
and PGC-1 related coactivator (PRC) that enhance the activities of the nuclear respiratory 

factors NRF1 and NRF2 and induce transactivation of many genes encoding mitochondrial 

biogenesis-specific proteins involved in the respiratory chain, mitochondrial DNA 

transcription/replication and protein import/assembly [16–18]. PGC-1α is a master regulator 

of cellular metabolism, controlling the expression of nuclear regulatory genes implicated in 

mitochondrial biogenesis, respiration and resistance to oxidative stress [19]. PGC-1α 
quantitatively and qualitatively neutralizes both the regulation of mitochondrial biogenesis 

and adenosine triphosphate (ATP) mediated increase in the expression of ROS detoxifying 

enzymes [20]. PGC-1α and its family of networks regulate a wide array of mitochondrial 

metabolic functions, enabling them to act as global orchestrators of remodeling of 

intracellular energy and metabolism.

Glia maturation factor (GMF), a highly conserved neuro-inflammatory acidic protein in the 

brain that was previously discovered, isolated, sequenced and cloned in our laboratory [21–

23]. GMF contains no leader sequence normally found in secreted proteins and is confined 

to the cells except after cell damage. The intracellular localization of GMF leaves room for 

the possibility that GMF might have a dual function: an intracellular function in intact cells 

and an extracellular activity when released after injury. Over the last several years, the 

intracellular role of GMF has begun to surface. First, we reported that recombinant GMF can 

be phosphorylated by at least four serine/threonine protein kinases (PKA, PKC, CKII and 

RSK), all of which are members of signal transduction chains. We next reported that 

endogenous GMF in cultured cells is rapidly phosphorylated upon external stimulation such 

as by phorbol ester [24]. We also found that in a test-tube assay, PKA-phosphorylated GMF 

stimulates the p38 MAP kinase pathway, implicating GMF in the regulation of signal 

transduction. However, under certain stress conditions such as oxidative stress GMF could 

be overexpressed and exert its toxic effect on neuronal cells [25]. Additionally, our previous 

studies have successfully demonstrated shown that GMF expression is implicated in the 

pathogenesis of AD, PD and MS [26,27]. Further, we have shown that there are increased 

levels of GMF in the brains of human subjects with AD, PD, Multiple Sclerosis (MS) and 

experimental autoimmune encephalomyelitis (EAE) [27–29]. Moreover, overexpression of 

astrocytic-GMF leads to depletion of primary oligodendrocyte myelin genesis in the brain, 

by interactions between astrocytes, microglia, and oligodendrocytes. These above mentioned 

findings suggest that GMF-initiates cytotoxicity and neuroinflammatory pathways in 

neurodegenerative diseases [23]. Our unpublished data show that GMF binds to astrocytes 
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and C6 glioma cells with a high affinity (Kd of 1 × 10-9 M). The binding is saturable, 

reversible, and is competed by GMF but not by other proteins. Moreover, it has been 

reported by Ito et al [30] that GMF interacts with the glial cell membrane and their data 

showed the presence of a cell surface receptor for GMF on glioblasts and the reduction of 

the thiol groups on GMF promotes binding to its receptor. Also, our recent understanding 

would support a non- clathrin- mediated, caveolar endocytosis as has been proposed for 

toxins and growth factors [31] that may be regulated by syntaxin. GMF has been shown to 

modulate beta-1 integrin recycling [32] to the plasma membrane and binds syntaxin. Our 

transfection studies showed that overexpression of GMF in brain cells leads to the activation 

of the stress-related transduction cascades involving p38 MAP kinase and NF-kB. Because 

of its association with p38 and NF-kB, we postulate that intracellular GMF is involved in 

stress-induced signal transduction.

Rat mesenchymal dopaminergic cells (1RB3AN27-abbreviated as N27 cells) are directly 

derived from the mesencephalon region, which is affected in PD. We hypothesized that GMF 

interferes with PGC-1α expression and oxidative flux, which in turn results in mitochondrial 

dysfunction-mediated apoptotic cell death. Here we show that GMF treatment induces 

oxidative stress mediated apoptotic cascade by inhibiting PGC-1α expression in N27 

dopaminergic cells. We propose that GMF-mediated regulation of PGC-1α in mitochondrial 

dynamics determines dopaminergic neuronal survival in neuropathological conditions and 

therefore could serve as a potential therapeutic target to inhibit PD progression.

Material and Methods

Glia Maturation Factor

GMF was recombinant human protein produced in Escherichia coli as described earlier [21].

Rat Dopaminergic Neuronal (N27) cell Culture

Rat mesencephalic dopaminergic N27 cells were grown in RPMI-1640 (GIBCO, Life 

Technologies, Grand Island, NY) medium supplemented with 10% fetal bovine serum (FBS; 

Sigma-Aldrich, St. Louis, MO), 1% L-glutamine, penicillin (10 U/ml) and streptomycin (10 

U/ml; GIBCO). The cells were seeded at a density of 0.5×106 in a 75-cm2 tissue culture 

flask (Corning, New York, NY) and incubated at 37°C under saturating humidity in 5% 

CO2/95% air [33,34]. The doubling time of N27 cells was ~26 h.

Incubation of N27 cells with GMF and MPP+

N27 cells were grown as mentioned above to confluency. Cells were incubated for up to 24 h 

with 300 μM of MPP+ (dissolved in Dulbecco’s phosphate-buffered saline (DPBS), Life 

technologies), an active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

[35] or were stimulated with different concentrations of GMF (50, 100 and 200 ng/ml). Post 

GMF/MPP+ treatment, cells were trypsinized and collected for glutathione peroxidase 

(GPx), superoxide dismutase (SOD) and ROS assays. Cell lysates were prepared for Western 

blotting and apoptotic markers expression analysis. Protein concentration of the cell lysates 

was determined using the bicinchoninic acid assay (BCA) protein assay kit (Thermo 

Scientific, Waltham, MA) as per the manufacturer’s instructions.
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MTT Reduction assay of neuronal viability

The cell viability 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) 

assay was performed with slight modifications of the methods as previously described [36–

38]. The viable cells with active mitochondria reduce the colorless tetrazolium salt MTT, 

producing solid blue water insoluble formazan crystals. MTT was dissolved at a 

concentration of 5 mg/ml in phosphate buffered saline (PBS) to perform cell viability assay. 

Exactly 2 h prior to the end of the experiment, the MTT solution (50 μl per well) was added 

to 24-well plates and the plates were returned to the incubator. Following the 2 h incubation 

period, the medium was decanted and the formazan precipitates were solubilized with acid 

isopropanol (0.04 – 0.1 N HCl in absolute isopropanol). The absorbance was measured on a 

microplate reader (Molecular Devices; Sunnyvale, CA) at a wavelength of 570 nm with 

background subtraction at 630 nm. The absorbance of the untreated cultures was set as 

100%.

LDH Release Assay of Neuronal Cytotoxicity

The amount of lactate dehydrogenase (LDH) released into the culture medium upon cell 

lysis was measured by the conversion of a tetrazolium salt into red formazan product 

according to manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI.; LDH kit No: 

601170). The absorbance, proportional to the lysed cells was measured at 490 nm. The 

amount of LDH released by the cells in the presence of 1 % Triton X-100 was considered as 

maximal absorbance [38,39].

Oxidative Stress Markers: Determination of Oxidants, Antioxidants and Reactive Oxygen 
Species (ROS)

N27 cells (1×106 cells/flask in 8 ml medium) were seeded in a six well tissue culture plate 

(1×105cells/ml), followed by incubation with GMF and/MPP+. After the incubation period, 

the cells were collected and centrifuged at 2000 rpm for 10 min at 4°C. Cells were lysed at 

4 °C with radio immunoprecipitation assay (RIPA) cell lysis buffer (50 mM Tris-HCl pH7.4, 

150 mM NaCl, 1 mM EDTA, 1 % NP-40, 0.5 % deoxycholate) containing protease 

inhibitors (Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitor cocktails (Cell 

Signaling Technology, Danvers, MA). The cell lysate was used for further biochemical 

analysis.

Cellular GPx (kit No. 703102) and SOD (kit No. 706002) were determined according to the 

kit manufacturer’s instructions (Cayman Chemical). The activity of GPx was calculated as 

micromoles of GSH formed per milligram protein, using a molar extinction coefficient of 

13.6×103 M−1 cm−1. The SOD results were expressed as U1/micromoles of SOD released 

per milligram protein.

The levels of intracellular ROS was measured according to manufacturer’s instruction 

(Abcam, Cambridge, MA; kit No: 113851) using a cell-permeant fluorogenic - probe, 2, 7-

diacetyl dichlorofluorescein (DCFH-DA). Inside the cell, the dye is deacetylated by cellular 

esterases, then oxidized by ROS and converted into fluorescent dichlorofluorescein (DCF). 

After the experimental period, ROS formation was determined by fluorescence microscopy 

[38,40].
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Determination of Apoptosis by Dual Staining

The dual staining with Acridine orange (AO) and ethidium bromide (EtBr) for DNA was 

performed to visualize condensed chromatin of dead apoptotic cells as reported previously 

[41,42]. Dual stained cells were viewed under a fluorescence microscope (ELWD 0.3, Nikon 

Inc. Japan). The number of cells showing features of apoptosis was counted as percentage of 

the total number of cells present in the field.

Determination of Mitochondrial Membrane Potential (MMP or ΔΨm)

The alterations in ΔΨm in different treatment groups was observed microscopically, using 

the fluorescent dye rhodamine-123 (Rh-123), as previously described [42,43]. Briefly, after 

incubation with compounds for 24 h, 1 μL of fluorescent dye Rh-123 (5mmol/l) was added 

to the cells and incubated for 15 min at 37°C. The cells were then washed with PBS, 

observed under fluorescence microscope by using blue filter (450–490 nm) (Olympus BX60 

fluorescence microscope). Polarized mitochondria emit orange red fluorescence and 

depolarized mitochondria emit green fluorescence.

Determination of Intracellular Adenosine Triphosphate (ATP) Levels

N27 cells were grow in T25 cm2 cell culture flasks (1×106). Briefly, after the incubation 

period with the compounds the cells were collected and washed with cold PBS. Cell lysates 

were prepared from treated cells and the samples were used to measure intracellular ATP by 

using the ATP assay kit (Cat No. ab83355; Abcam) according to the manufacturer’s 

instructions [44].

Determination of Mitochondrial Morphology

The mitochondrial morphology was determined in N27 cells after the incubation with or 

without GMF. The cells were stained with MitoTracker green CMXRos (Molecular probes, 

Life technologies, Eugene, OR; Cat No: M7512) according to the manufacturer’s 

instructions and imaged by using fluorescent microscope [45].

Western Blotting

Briefly, N27 cells were seeded in T25 cm2 cell culture flasks and allowed to grow to 

required confluency (about 65% confluency). Then the cells were incubated with GMF and 

MPP+ for 24 h and harvested by trypsinization and washed with PBS. Cells were lysed with 

RIPA cell lysis buffer containing protease inhibitors and phosphatase inhibitor cocktails. 

Protein concentration was measured in the lysates as previously mentioned. Lysates were 

loaded into 2–14% NuPAGE Tris-Glycine gradient gel (Invitrogen, Life technologies, 

Carlsbad, CA). An equal amount of protein (ranging from 20–35 μg) loaded per lane along 

with a lane containing pre-stained protein markers (Invitrogen). The separated proteins were 

blotted onto PVDF/nitrocellulose membrane by wet protein transfer system (Life 

technologies). After blocking with 5% nonfat milk/bovine serum albumin in Tris-Buffered 

saline-tween20 (TBS-T) for 1 h, the membranes were then incubated with various 

antibodies: anti-PGC-α (Cat No. ab106814), mitochondrial complexes (anti-ATP5A; Cat 

No. ab108327, anti-UQCRC2; Cat No. ab14745), anti-SDHB(Cat No. ab14714), anti-

NDUFB8 (Cat No. ab110242), anti-cytochrome c (Cat No. ab110325), anti-caspase 8 (Cat 
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No. ab32397), anti-Bax (Cat No. ab32503; purchased from abcam, Inc), anti-Bcl-2 (Cat No. 

sc-492; SCBT, Dallas, TX),, anti-caspase 3 (Cat No.CST 9662), anti-caspase 7 (Cat No. 

CST12827), and anti-caspase 9 (Cat No. CST 9508; all purchased from Cell Signaling 

Tech), and β-actin (Cat No. A1978; Sigma). The following dilutions were used for PGC-α 
(1:500), mitochondrial complexes (ATP5A (1:1000), NDUFB8 (1:800), SDHB (1:3000), 

UQCRC-2 (1:000) and MTCO1 (1:500), Bcl-2 and Bax (1:500), cytochrome-c, caspase 3 

and 9 (1:600), and β-actin (1:2000) diluted in 5% BSA in TBS-T or PBS-T. After the 

primary antibodies incubation, the membranes were incubated with appropriate secondary 

antibodies at a concentration of 1:2000 dilution. Then, the membranes were washed with 

Tris-buffered saline with 0.05% Tween-20 (TBST) thrice for 5 min interval. The bands were 

visualized by treating the membranes with ECL prime western blotting detection reagent 

(Cat No. RPN2232; Amersham, GE healthcare Life Sciences, Pittsburgh, PA) or 

SuperSignal West Pico PLUS Substrate (Cat No. 34580; ThermoScientific). Blots were 

stripped and re-probed for β-actin (Sigma) as a loading control. Densitometry was 

performed by using ChemiDoc-It2 Imaging System (UVP LLC, Upland, CA) analysis 

software.

Immunocytochemistry

N27 cells were cultivated on glass coverslips pre-coated with Poly-D-Lysine (Millipore, 

Billerica, MA). The cells were fixed with 4% paraformaldehyde for 1 h and permeabilized 

by incubation in PBS/0.1% Triton X-100 (PBST) for 15 min. Then the cells were rinsed 

three times in PBS, blocked with 5% normal goat serum (NGS) for 30 min and finally 

incubated for 2 h at room temperature with anti-PGC-1α (1:500 dilution) and tyrosine 

hydroxylase (TH; 1:1000) primary antibody. The cells were then incubated with goat anti-

rabbit IgG conjugated with green fluorescent dye Alexa Fluor 488 secondary antibody (cat 

no. A-11001, ThermoFisher scientific) for 1 h at room temperature. The coverslips were 

stained with VECTASHIELD Antifade Mounting Medium with DAPI (Vector laboratories) 

to stain DNA. Finally, the coverslips were mounted with Vinol (Sigma) onto microscope 

slides and cells were examined under a Nikon fluorescent microscope.

Confocal imaging was performed on a Leica TCP SP8 laser scanning confocal microscope 

with a 405-nm diode laser and tunable super continuum white light laser using 63X oil 

immersion objective (Molecular cytology core facility, University of Missouri). Briefly, after 

the treatment with GMF/MPP+, N27 cells were incubated with fixative (4% 

paraformaldehyde) for 1 h at 4 °C and permeabilized by incubation in PBST for 15 min. 

Then the cells were rinsed three times in PBS, blocked with 5% normal goat serum (NGS) 

for 30 min and finally incubated for 2 h at room temperature with anti-PGC-1α (1:500 

dilution). PGC-1α (green) was visualized with goat anti-rabbit IgG conjugated with green 

fluorescent dye Alexa Fluor 488. After PGC-1α immunostaining cells were incubated with 

MitoTracker Red CMXRos (1mM) for 20 min and finally counterstained with 

VECTASHIELD Antifade Mounting Medium with DAPI. The following excitation/emission 

band-pass wavelengths were used: 405/420–480 nm (DAPI), 495/505–550 nm (Alexa Fluor 

488) and 570/580–630 nm (Alexa Fluor 568).
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Transmission Electron Microscopy

For transmission electron microscopy, cells were grown on gold-coated sapphire discs (3 

mm; Wohlwend GmbH, Switzerland). The cells were cryo-immobilized by high-pressure 

freezing using the Wohlwend HPF Compact 02 and freeze substituted in acetone containing 

0.1% uranyl acetate, 0.5% osmium tetroxide, 0.1% imidazole, and 4% of water. Freeze 

substitution was performed in a metal block warming up from liquid nitrogen to room 

temperature over a period of 2.5 h. After embedding the samples in Epon/Araldite, 75nm 

thin sections were prepared and mounted on formvar/carbon coated copper grids for 

transmission electron microscopy. Thick and ultrathin sections were generated using a Leica 

UC6 ultra microtome (Leeds Precision Instruments, Minneapolis, MN). Samples were 

imaged with a JEOL 1400 transmission electron microscope at an acceleration voltage of 80 

kV (Electron Microscopy core facility, University of Missouri, Columbia).

Statistical Analysis

The results were analyzed using GraphPad InStat 3 statistical software. Mean ± SD was 

calculated and analyzed using One-way Analysis of Variance (ANOVA) followed by Tukey-

Kramer multiple comparison tests to determine statistically significant differences between 

the groups. Results were expressed as mean ± SD for four experiments in each group. p 
values < 0.05 were considered significant.

Results

GMF Treatment Causes Neuronal Loss Brought about by Oxidative Stress in N27 Cells

To determine whether or not GMF treatment induces oxidative stress, N27 cells were 

incubated with different concentrations of GMF (50, 100 and 200 ng/ml) for 24 h. The 

results with LDH release (Fig. 1) shows that GMF treatment caused significant cell death but 

does not seem to cause cell necrosis. Also, neuronal injury determined by MTT reduction 

showed a concentration-dependent increase (Fig. 1), demonstrating that while GMF is not 

highly cytotoxic it does inhibit the mitochondrial activity of the cells. Based on this result, a 

dose of 100 ng/ml of GMF was chosen for all further studies. GMF significantly decreased 

the activities of the antioxidant enzymes; GPx and SOD (Fig. 2A and 2B) and increased 

ROS accumulation (Fig. 3) as compared to the control cells (*p<0.05). The formation of 

intracellular ROS was measured in terms of the green fluorescence of DCF. GMF 

significantly increased the green fluorescence intensity in comparison to control cells as 

shown in Fig. 3. Additionally, N27 cells incubated with both GMF and MPP+(300μM) 

significantly elevated the activities of GPx and SOD, and produced increased levels of ROS 

(*p<0.05). These findings demonstrate that GMF treatment induced intracellular oxidative 

flux that led to changes in cell viability.

GMF Increased the Apoptotic Cell Death

To address the question, whether GMF and MPP+ treatment leads to increased apoptotic cell 

death, N27 cells were co-stained with ethidium bromide/acridine orange (EtBr/AO). 

EtBr/AO stained cells revealed the characteristic morphology of apoptosis in N27 cells. The 

bright uniform green color nuclei represents viable cells while the red and orange nuclei 
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represented dead cells due to apoptosis (Fig. 4a and b). The control cells showed bright 

uniform green nuclei and normal morphology. In contrast, cells exposed to GMF showed 

orange luminescent apoptotic body formation and the number of apoptotic cells increased 

(*p<0.05) in GMF and MPP+ treated cells when compared with the control cells.

GMF Induced Depolarization of Mitochondrial Membrane Potential (ΔΨm)

To determine whether or not GMF induces depolarization of mitochondrial membrane 

potential, N27 cells exposed to GMF/MPP+ were monitored for any changes in 

mitochondrial membrane potential. Incubation of N27 cells with GMF/MPP+ induced 

changes in the mitochondrial membrane potential in term of red/green fluorescence ratio as 

detected with Rhodamine-123 (Fig. 5a and b). Incubation of N27 cells with GMF alone 

showed an increase in the average green fluorescence similar to that seen with MPP+ when 

compared with control cells. Additionally, N27 cells when incubated with both GMF and 

MPP+ further increased (*p<0.05) the green flourescence, indicating a highly depolarized 

state of the mitochondria compared to the other treated cells.

GMF Depletes Cellular ATP Levels

To understand the potential molecular mechanism underlying GMF-induced apoptosis we 

measured intracellular ATP levels. N27 cells were exposed to either GMF or MPP+ or a 

combination of both GMF and MPP+ and the cellular ATP content determined. N27 cells 

exposed to GMF or MPP+ significantly depleted the intracellular ATP levels when compared 

to untreated cells (*p<0.05), as shown in Fig. 6. Incubation with both GMF and MPP+ 

simultaneously further reduced the ATP levels. There were no significant differences in the 

ATP levels between GMF or MPP+ treated cells.

Functional Mitochondria shown by Mito-tracker Staining

To determine the functional mitochondrial populations or abundance in GMF and MPP+ 

treated cells we treated N27 cells with mitochondrial-specific fluorescent dye MitoTracker 

Red CMXRos to label mitochondria and DNA specific Hoechst staining. Incubation of N27 

cells with GMF or MPP+ showed that the primary organelle affected by this treatment was 

mitochondria (as shown in Fig. 7). In the photomicrograph red color indicates the positive 

mitochondrial abundance and accumulation and blue color in Fig. 7 indicates the DNA. 

GMF completely damaged the mitochondrial morphology when compared to the controls, 

similar to MPP+ treated cells demonstrating that the effect of GMF targeted the 

mitochondrial functions.

GMF Interferes with the Mitochondrial PGC-1α Expression

PGC-1α is a key regulator of mitochondrial biogenesis and activity. To find out whether 

GMF affects the PGC-1α protein expression; N27 cells, were incubated with GMF 

(100ng/ml) for 24 h and subsequently lysed and subjected to electrophoresis and western 

blotting. Figure 8 shows the PGC-1α expression after GMF or MPP+ treatments. It is clear 

that both treatments lead to decreased expression of PGC-1α which was also reduced after 

the combined treatment.
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The apoptotic effect brought about by GMF or MPP+ is mediated through their action on 

mitochondrial functions as evident from results detailed above with generation of ROS and 

with depolarization of mitochondrial membrane potential. The depletion of cellular ATP 

production and interference with mitochondrial oxidative phosphorylation brought about by 

GMF and MPP+ points to their effects on mitochondrial biogenesis that could be under the 

control of the transcription coactivator PGC-1α. The action of GMF in the suppression of 

the mitochondrial biogenesis as demonstrated in the reduced expression of PGC-1α level 

was studied by immunocytochmical-confocal imaging method. Fig. 9 shows that GMF alone 

treatment significantly reduced PGC-1α and positive mitochondrial morphology expression 

as compared to the control cells. The combined treatment of GMF and MPP+ drastically 

reduced PGC-1α expression when compared with the other treated groups. These findings 

indicates that GMF directly interacted with mitochondrial biogenesis by restricting the 

expression of PGC-1α (Fig. 8 and 9).

GMF Interferes withMitochondrial Oxidative Phosphorylation (OXPHOS) Complex Proteins

The Effect on the Levels of Mitochondrial OXPHOS proteins—We determined the 

effect of GMF treatment on the levels of mitochondrial OXPHOS complexes (C1-NDUFB8, 

C2-SDHB C3-UQCRC2 and C5-ATP5A) in N27 cells. The effect of GMF on levels of the 

mitochondrial OXPHOS protein complexes in N27 cells, as shown in Fig. 10. Treatment 

with only GMF significantly affected the levels of the mitochondrial OXPHOS complexes 

(I, II, III and V) and the action was similar to MPP+ treated cells. However, treatment with 

GMF together with MPP+ inhibited the mitochondrial OXPHOS complex proteins 

expression to a greater degree. This finding emphasizes that GMF induced cellular oxidative 

stress is brought about through its action on the mitochondria and it mediates its neuronal 

insults by inhibition of the OXPHOS protein complexes.

GMF Treatment Predominantly Increased the Cytosolic Cytochrome-c

To examine the effect of GMF on mitochondrial permeability we analyzed the release of 

cytochrome-c in N27 cells on both the cytosolic and mitochondrial fractions by western 

blotting. Many studies provide evidence that the action of neurotoxins is brought about by its 

effect on mitochondrial functions mediating the release of number of proapoptotic factors 

like cytochrome-c. The release of cytochrome-c with or without treatment of GMF is as 

shown in Fig. 11A. Treatment with GMF or MPP+ significantly increased cytosolic release 

of cytochrome-c and reduced in mitochondrial cytochrome-c when compared to the controls, 

while the combined treatment of GMF and MPP+ increased the cytochrome-c expression 

significantly (*p<0.05). In the treated cells, the fold cytosolic expression of cytochrome-c 

indicates that the increased colloidal osmotic pressure in outer mitochondria and swelling in 

inner cristae ultimately led to the release of cytochrome-c from outer membrane by GMF or 

MPP+ toxicity.

Effect of GMF on Bax/Bcl-2 Ratio Detected by Western Blotting

Understanding the apoptotic effects mediated by the action of GMF or MPP+ would require 

following the effects on expression of known pro-apoptotic molecule Bax in relation to the 

anti-apoptotic molecule Bcl-2. We determined the expression of Bax and Bcl2 expression in 
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N27 cells by western blotting after treatment with GMF or MPP+. Cells treated with GMF 

significantly elevated expression of the proapoptotic protein Bax and depleted the expression 

of the antiapoptotic protein Bcl-2. Similar results were obtained with the MPP+ treated cells 

as compared with untreated control cells. Cells treated with both GMF and MPP+ 

significantly elevated Bax expression and reduced Bcl-2 expression significantly when 

compared to the untreated cells (*p<0.05; Fig. 11B). This finding confirms the microscopic 

data that GMF treatment directly influences the apoptotic pathway.

GMF induces the expression and activation of caspases

During the apoptosis execution pathway, cytochrome-c from mitochondria is released into 

the cytosol, which then activates effector caspases. The caspases act as key executioners for 

apoptosis resulting in neuronal death. To further determine, whether GMF treatment initiates 

the apoptotic cell death in dopaminergic N27 cells we performed electrophoresis followed 

by electro-transfer and immunoblotting as shown in Fig. 11C. The results of the present 

study showed that GMF treatment induced a significant increase in caspases expression 

pattern (caspase-3, -7, -8 and -9) and increased activation of caspase 8 brought about by the 

increased release of cytosolic cytochrome-c which was similar in the MPP+ treated cells. 

This trend was significantly elevated in combined incubation with both GMF and MPP+ 

when compared to treatment with only GMF or MPP+ treated cells (*p<0.05; Fig 11C).

GMF Treatment Reduces Immunocytochemical Expression of TH in N27 Cells

To determine the toxic effects of GMF exposure on N27 dopaminergic cells we studied the 

TH expression by immunocytochemical method. Fig. 12 shows that phenotypic TH 

expression was significantly reduced in cells exposed to GMF as compared with control 

cells. N27 cells simultaneously incubated with GMF and MPP+ significantly reduced TH 

protein expression as compared with other groups. No significant changes were observed in 

untreated control cells. That the GMF/MPP+ treatment reduces dopaminergic specific 

marker TH protein expression indicates that both stimulants regulates in progression.

GMF Induces Ultrastructural changes in the mitochondria and chromatin detected by 
transmission electron microscope

We used transmission electron microscope (TEM) to detect GMF induced intracellular 

morphological changes to mitochondria and the nucleus in dopaminergic N27 cells. 

Ultrastructural changes in the intracellular cytoplasmic region are depicted in Fig. 13. N27 

cells exposed to GMF for 24 h significantly altered mitochondrial integrity, decreased 

mitochondrial biogenesis hence impaired mitochondrial respiration and brought about 

chromatin condensation and nuclear fragmentation (all hallmark of apoptotic cell death) 

compared with untreated control cells. TEM analysis showed decreased numbers of 

mitochondria with altered cristae. No significant changes were observed in untreated control 

cells. TEM results clearly showed that GMF induces apoptotic cell death and it is mediated 

by changes in mitochondrial homeostasis.
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Discussion

Parkinson’s disease is (PD) currently considered as a mitochondrial dysfunction and 

oxidative stress mediated, chronic, age dependent, neurodegenerative disease that mainly 

targets dopaminergic system in the aged brain and leads to motor impairments. The loss of 

dopaminergic neurons in the SN and its consequences is the widely accepted fate in PD [46]. 

We used N27 cells because they primarily replicate the key features of mammalian nigral 

dopaminergic neurons [47]. N27 cells are considered better in vitro cell culture tools to 

explore dopaminergic neurotoxicity, because they represent a homogenous population of 

dopaminergic TH positive cells with functional characteristics, including cellular signaling, 

similar to dopaminergic neurons [48,49]. In the present study, we report that GMF inhibits 

mitochondrial biogenesis with progressive depletion of dopaminergic neurons by three 

different aspects: (1) induce intracellular oxidative stress and depletion of intracellular ATP 

(2) induce the release the apoptotic mediators from mitochondrial pores and execute intrinsic 

cell death pathway and 3) inhibit PGC-1α expression.

Approximately 50% of dopaminergic neuronal population in the nigral region degenerate in 

the initial stages of PD and the remaining 50% of dopaminergic neurons are affected by the 

intracellular stress event. Even in the present N27 cellular model it was important to employ 

concentrations of toxins that would recreate situations seen in early stages of PD [50,51]. In 

our present study results obtained from the MTT assay indicated that GMF (100 ng/ml) 

significantly affected N27 cell viability (Fig. 1), which is consistent with previous studies 

demonstrating that exposure of cells to neurotoxic insults results in a mixed population of 

cells, in which some are healthy, some are no longer viable, and some are dead [52,53].

Dopaminergic neuronal system requires high amount of mitochondrial activity to generate a 

large amount of ATP during the action potential generation and excitatory signal 

transduction in mammalian brain [54]. Normally, during ATP production, excessive ROS; 

superoxide and hydroxyl radicals that are produced in the cytoplasm from mitochondria are 

cleaved into O2 and H2O by intracellular redox enzymes such as SOD and GPx [55–57]. It 

has been reported that neurons are more prone to oxidative flux, because 20% of the total 

oxygen is consumed by the brain than any other organ in the body; also it is made up of 

more sensitive amino acids and has its own anti-oxidant defense enzymes [58]. Especially, 

the substantia nigra of pars compacta (SNpc) region is more prone to intracellular insults, 

because it operates under pro-oxidative state in comparison to any other part of the brain. 

Moreover, the SNpc region has a high metabolic rate combined with high content of easily 

oxidizable species including dopamine (DA), DA-derived ROS, neuromelanin, 

polyunsaturated fatty acids, iron and a low content of antioxidants (glutathione in particular). 

All oxidative species, render the SN region to be highly vulnerable to peroxynitrite and 

sulfite [58,59].

Fluctuation in intracellular redox state and stress produced by damaged mitochondrial 

electron transport chain is considered to be a typical trigger underlying the pathogenesis of 

mitochondrial dysfunction-related neurological diseases. MPP+, a classical metabolite of 

MPTP, interferes with the mitochondrial respiration by inhibiting mitochondrial complexes 

and impairing ATP synthesis. Impaired or reduced complexes activity was found in 
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mitochondria derived from the platelets of PD patients [60]. Perusal of current literature 

suggests that mitochondrial metabolism is also responsible for the generation and 

accumulation of ROS in the intracellular region. ATP synthesis or inhibition in electron 

transport chain complexes activity leads to depletion of intracellular ATP stores and 

abnormal ROS accumulation [61,62]. Maintenance of intracellular ATP levels by the process 

of oxidative phosphorylation is a critical feature for all eukaryotes to respond to extra and 

intra cellular requirements. Reduced expression of PGC-1α severely challenges the 

maintenance of cytoplasmic ATP levels, since deficiencies in incomplete OXPHOS 

complexes functions lead to energy deprivation and cell death [63]. Both MPP+ and GMF 

have been implicated in the pathogenesis of PD. Earlier studies from this laboratory [64,65] 

have shown that both affect glial cells similarly by releasing chemokines and cytokines. 

MPP+ has been shown to be an inhibitor of mitochondrial complex I. In the present work, 

we show that GMF treatment affects expression of mitochondrial complexes very similar to 

MPP+ treatment and thus would have similar function in blocking complex I (Fig. 10A). 

However, it is worth noting that downregulation of GMF by GMF-specific shRNA protected 

dopaminergic (DA) neurons from MPP+ induced neurotoxicity [38]. Ongoing studies in our 

laboratory have shown that intracellular GMF translocates to the mitochondria in an 

activation dependent manner and thus the effects of GMF on the mitochondria are planned 

for future publication. The present study (Fig 8 and 9) show that GMF interfered with 

PGC-1α expression causing the diminished expression of OXPHOS complexes, which in 

turn resulted in depletion of intracellular ATP stores, similar to MPP+ treated cells. A similar 

function for PGC-1a has been shown in earlier studies [63].

Mitochondrion by itself can acts as a primary source of ROS production in most of the 

tissues and cells. It has been estimated that over 0.2% – 2% of O2 consumed is converted 

into O2•- by mitochondrial electrons transport chain (ETC), during ATP synthesis [61]. The 

vast majority of basal cellular ROS (estimated at approximately 90%) are generated from the 

inhibition of mitochondrial complex chain reactions. This could be attributed to its quick 

reactive nature resulting in progressive distress in dopaminergic neuronal cells [66,67]. 

Accumulated ROS reacts with the nearest nucleic acids, proteins, lipids and the organelles 

resulting in dopaminergic neuronal loss. In the present study, incubation of cells for 24 h 

with GMF increased the ROS accumulation. The resultant fluctuation in the activities of 

GPx and SOD causes the oxidative flux. The resultant decrease in the activities of GPx and 

SOD lead to a reduced intracellular redox state (Fig. 2A and B). As per our hypothesis, 

GMF directly inhibited the mitochondrial complexes, increased ROS production and altered 

the intracellular redox pool similar to MPP+ treated cells evident from earlier findings 

[38,68,69].

Several studies have demonstrated that oxidative stress and mitochondrial dysfunction plays 

an important role in the development of PD pathology [70]. However, biogenesis of 

mitochondria and the production of energy in the form of ATP from the mitochondria are 

different during normal and diseased conditions [20]. The PGC-1α, a nodal transcriptional 

coactivator factor, plays a central role in mitochondrial biogenesis [71,18]. Recently, it was 

reported that PGC-1α had the ability to re-modulate the individual functions and 

compositions of the cells in normal and as well as in diseased condition [20]. Another study 

[72] reported that PGC-1α regulated mitochondrial biogenesis and respiration by the NRFs 
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and mitochondrial uncoupled proteins during energy deprivation [73]. Reduced expression 

of PGC-1α led to reduced nuclear encoded subunits, which was closely associated with the 

mitochondrial respiratory complex and subsequently increased dopaminergic cell death [74]. 

It was reported that PGC-1α-null mice were more prone to neurodegeneration in the 

striatum and different layers of the mid brain and the cortex [75], with similar type of 

findings were reported in PD and Huntington disease [76,19,77]. Due to the multiple roles 

played in the mitochondrial biogenesis, PGC-1α has been suggested to serve as a 

neuroprotective agent against various intra and extra cellular stimuli or xenobiotic stimuli-

induced neurodegeneration. It was reported that PGC-1α null mice were more sensitive to 

MPTP-induced cytoplasmic oxidative flux toxicity than the control mice [19]. Increased 

expression of PGC-1α significantly ameliorated the mitochondrial mediated anti-oxidant 

deficiency in glial cells resulting in PGC-1α mediated cellular protection [78–81]. Our 

present study also confirmed that incubation with GMF significantly reduced the PGC-1α 
expression which was similar with MPP+ treated cells as compared with untreated control 

N27 dopaminergic neuronal cells (as shown in Fig. 9).

Downregulation of PGC-1α directly reduced the number of mitochondria and the 

mitochondrial membrane potential, thereby leading to oxidative stress mediated apoptotic 

dopaminergic neuronal depletion. Earlier, it was reported that increased mitochondrial 

depolarization by the inhibition of mitochondrial complexes activity in presence of 

paraquate or 6-OHDA caused dopaminergic neuronal vulnerability and resultant 

dysregulation of Bax/Bcl-2 expression [82–84]. The present results showed that N27 

dopaminergic neuronal cells incubated with GMF significantly increased ROS concentration 

and mitochondrial membrane depolarization, similar to MPP+ treated cells when compared 

with the control cells (Fig. 3, 5 and 11B).

Oxidative stress mediated apoptosis is currently considered as an important mode of 

dopaminergic cell death in PD [85]. The ROS-induced alteration or shift in the ratio between 

Bax/Bcl-2 expressions ultimately lead to initiation of intrinsic apoptotic cell death pathways 

[86,87,85]. We have previously demonstrated that overexpression of GMF in N18 

neuroblastoma cells directly induced glycogen synthase kinase 3β (GSK-3β) activation 

mediated caspase-dependent apoptosis and neuronal loss [37]. Furthermore, overexpression 

of GMF directly enhanced the caspases dependent apoptotic intrinsic pathway by reduced 

intracellular redox state [88,37]. Extracellular secretory nerve factor might induce a typical 

apoptotic neuronal cell death in the invitro model of PD [89]. Previous reports found that 

over expression of GMF resulted in an increase in the levels of SOD and LDH while 

reducing the activity of GPx, ultimately causing apoptotic cell loss [88,90]. Our results in 

addition to corroborating the above findings shows that GMF aggravates and extends anti-

oxidant flux resulting in apoptotic cell death (Figs. 1, 3, 4 and 5) by the activation of 

apoptotic markers and leads to chromatin condensation and cell death (Figs. 11A, B and C 

and Fig. 13).

When the outer mitochondrial membrane is breached, the intra cellular pro-apoptogenic 

factors such as cytochrome-c located and released from inter-membrane space of the 

mitochondria [91] causes an activation of caspases such as caspase -6, -7, -8 and-9 during 

pathological conditions [92,93]. In the present study, we examined the mechanistic 
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involvement of GMF in apoptotic pathway mediating neuronal death. In this regard, 

apoptotic and anti-apoptotic markers expression in N27 cells were also assessed. The present 

study demonstrates that exposure of GMF to the dopaminergic cells significantly down 

regulated Bcl-2 expression and upregulated Bax expression similar to MPP+ treated cells (as 

shown in Fig. 11B). The present study clearly demonstrates that incubation of N27 cells with 

GMF significantly increased oxidative stress, impaired mitochondrial morphology and 

mitochondrial biogenesis by inhibiting PGC-1α expression. Further, dysfunction of 

mitochondria lead to shifts in Bax/Bcl-2 and initiated cytochrome-c release, which 

subsequently activated the expression of caspases resulting in apoptotic dopaminergic N27 

neuronal cell death (Figs. 8, 9, 10 and 11). Our previous findings showed that absence of 

GMF significantly alleviated the TH positive dopaminergic neuronal density in PD brain 

[68]. Immunocytochemistry results shows that N27 cells express TH protein, which is 

reduced after GMF exposure. Further, our results confirm that N27 cells selectively express 

TH protein [94,95]. The chromatin condensation leading to nuclear fragmentation is a 

hallmark of apoptotic cell death. In our present study ultrastructural changes detected by 

TEM demonstrates that exposure of N27 cells to GMF significantly induced both chromatin 

condensation and mitochondrial damage as shown in Fig. 13. GMF significantly elevates the 

expression of apoptotic proteases resulting in mitochondrial dysfunction, therby leading to 

dopaminergic cell death.

Conclusions

GMF is a brain specific abundant, biologically active neuro-inflammatory factor, however, 

its precise role in mitochondrial biogenesis as well as mitochondrial dysfunction especially. 

Our present findings indicate that GMF directly or indirectly inhibits the expression of 

PGC-1α, and results in the inhibition of mitochondrial biogenesis during oxidative 

conditions. GMF-induces inhibition of mitochondrial complexes and triggers an intra-

cellular oxidative flux, causing the shift in Bax/Bcl-2 expression. This in turn leads to the 

release of cytochrome-c, activation of caspases triggering apoptotic cell death. In the current 

study, MPP+ a well-studied neurotoxin was also included alongside with GMF. We conclude 

that GMF causes mitochondrial dependent redox flux that leads to apoptotic cell death in 

dopaminergic neurons. Future studies aimed at understanding the mechanism of action of 

GMF to inhibit PD pathogenesis are underway in the laboratory.
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Fig. 1. 
Effect of GMF on dopaminergic N27 cells viability and proliferation. The dose (0, 50, 100 

and 200 ng/ml) dependent effect of GMF toxicity was determined by MTT reduction and 

LDH release. Different doses of GMF significantly reduced cell viability, and increased 

LDH release of N27 cells when incubated for 24 h. Values are presented as mean ± SD of 

four experiments in each group. The maximum of above 50% inhibition concentration value 

was found to be 100 ng/ml. *indicates significance compared to control cells.
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Fig. 2. 
GMF potentiates the neurotoxicity through oxidative stress indices in N27 cells. Incubation 

of N27 cells with GMF (100 ng/ml) for 24 h significantly reduced the activities of GPx (A) 

and SOD (B) as compared control cells. Incubation of N27 cells with both GMF and MPP+ 

(300 μm) significantly downregulates the antioxidant status by reduce GPx, and SOD 

activities when compared with cells incubated only with GMF or MPP+. Values are given as 

mean ± SD. of four experiments in each group. SOD units-enzyme concentration required 

for 50% inhibition of nitro blue tetrazolium reduction in 1 min. GPx units-micrograms of 

glutathione consumed/minute. *p< 0.05 compared to control, and *p< 0.05 compared to 

GMF treated group.
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Fig. 3. 
Effect of GMF on ROS expression in dopaminergic N27 cells. N27 cells were seeded 

(3×106) in 96 well plate and incubated with GMF (100 ng/ml) and/or MPP+ (300 μm) for 24 

h. After the incubation period cells washed with PBS and stained with DCFDA green 

flourescent dye for 35 mins. Microphotographs showing the toxic putative effect of GMF 

induced ROS generation (green flourescence) by DCFDA staining (200X). The optimum 

dose of GMF treatment significantly increased the levels of ROS (similar to MPP+ treated 

cells) as compared to control cells. Incubation of cells with both GMF and MPP+ drastically 

increased ROS generation compared with cells incubated with only GMF or MPP+. Values 

are given as mean ± SD. of four experiments in each group. *p< 0.05 compared to control, 

and *p< 0.05 compared to GMF treated group.
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Fig. 4. 
Effect of GMF on apoptotic morphological changes in dopaminergic N27 cells. N27 cells 

were seeded (3×106) in 96 well plate and incubated with GMF (100 ng/ml) and/or MPP+ 

(300 μm) for 24 h. After the incubation period the cells werewashed with PBS and stained 

with EtBr/AO fluorescent dye for 15 mins. Images were taken using fluorescence 

microscope at 200X. Photomicrographs show that GMF exposure increased apoptotic cell 

death of dopaminergic cells (A). The percentage of viable cells were measured after 

termination of incubation period (B). The bright green color indicate control cells, orange 

color indicates the apoptotic cell death (B). *p< 0.05 compared to control, and *p< 0.05 

compared to GMF treated group.
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Fig. 5. 
Effect of GMF on mitochondrial membrane potential (MMP) depolarization in N27 

dopaminergic cells. N27 cells were seeded (3×106) in 96 well plate and incubated with GMF 

(100 ng/ml) and/or MPP+ (300 μm) for 24 h. After the incubation period cells were washed 

with PBS and stained with the fluorescent dye rhodamine 123 (Rh-123) for 15 mins. Images 

were taken using fluorescence microscopy at 200X. The photomicrographs show the 

alteration in MMP induced by GMF in N27 cells after 24 h treatment (A). Expression of 

GMF significantly decreased MMP (similar to MPP+ treated cells) as compared with control 

cells (B). The values are given as mean ± SD. of four experiments in each group. *p< 0.05 

compared to control, and *p< 0.05 compared to GMF treated group.
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Fig. 6. 
Effect of GMF on intracellular ATP levels in dopaminergic N27 cells. N27 cells were seeded 

(1×106) in T25 cell culture flask and incubated with GMF (100 ng/ml) and/or MPP+ (300 

μm) for 24 h. After incubation period cells harvested and washed with PBS. The Cell lysates 

were prepared and intracellular ATP levels determined as per manufacture’s instruction. 

GMF significantly reduced intracellular ATPlevel (similar to MPP+ treated cells) as 

compared with control cells. Values are given as mean ± SD. of four experiments in each 

group. *p< 0.05 compared to control, and *p< 0.05 compared to GMF treated group.
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Fig. 7. 
Effect of GMF exposure on intracellular mitochondrial morphology detected by MitoTracker 

Red CMXRos fluorescent staining method. N27 cells were seeded (3×106) in 6 well plate 

and incubated with GMF (100 ng/ml) and/or MPP+ (300 μm) for 24 h under standard 

conditions. After incubation period cells washed with PBS. 1 mM of MitoTracker Red 

CMXRos and 16 mM Hoechst fluorescent dye were prepared and incubated with cells for 20 

mins. Exposure of GMF to dopaminergic N27 cells directly affects the cytoplasmic 

mitochondria mass and induced mitochondrial morphological changes compared with 

control cells. GMF treatment reduced the MitoTracker Red CMXRos fluorescent stained 

mitochondria mass as compared with control cells. Images were taken using fluorescence 

microscopy at 200X.
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Fig. 8. 
Effect of GMF on PGC-1α expression. N27 cells were seeded in T25 cell culture flask and 

incubated with GMF (100 ng/ml) and MPP+ (300 μm) for 24 h under standard conditions. 

After the incubation period cells were washed with PBS and cell lysates were prepared from 

these cells for western blot studies. GMF treatment significantly reduced expression of 

PGC-1α expression as seen by immunoblotting as compared with control cells (A). β-actin 

was used as an internal protein control to show equal protein loading (B). Western blot 

bands were quantified and the values are expressed as arbitrary units and given as mean ± 

SD of four experiments in each group. *p< 0.05 compared to control
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Fig. 9. 
Influence of GMF on PGC-1α immunocytochemical expression in rat dopaminergic N27 

cells. N27 cells were incubated in the presence or absence of GMF (100 ng/ml) or MPP+ and 

immunostained for PGC-1α, and further stained with MitoTracker Red CMXRos finally 

counterstained with DAPI. Representative images show that exposure of N27 cells to GMF 

significantly reduced PGC-1α expression, and reduced positive mitochondrial staining (like 

to MPP+ treated cells) as compared to control cells. Incubation of N27 cells with both GMF 

and MPP+ simultaneously significantly reduced PGC-1α expression as compared with other 

group. Images were taken using Leica TCP SP8 laser scanning confocal microscope with a 

405-nm diode laser and tunable super continuum white light laser using 63X oil immersion 

objective.
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Fig. 10. 
Effect of GMF induced mitochondrial OXPHOS expression in dopaminergic N27 cells. N27 

cells were seeded in T25 cell culture flask with appropriate concentration and incubated with 

GMF (100 ng/ml) and/or MPP+ (300 μm) for 24 h under standard conditions. After 

incubation period cells washed with PBS and cell lysates were prepared from these cells 

used to detect the mitochondrial OXPHOS complexes expressions by western blot (A). GMF 

incubation significantly reduced mitochondrial complexes (NDUFB8, SDHB, UQCRC and 

ATP5A) as compared with control cells (B). Protein expressions were quantified by using β-

actin as an internal control and values are given as mean ± S.D. of four experiments in each 

group. *p< 0.05 compared to control, and *p< 0.05 compared to GMF treated group.
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Fig. 11. 
Influences of GMF on the apoptotic and anti-apoptotic markers expression. Cells were 

treatedin the presence orabsence of GMF (100 ng/ml) and/or MPP+ (300 μm) for 24 h. After 

the incubation period cell lysates from these cells are used to detect the apoptotic and anti-

apoptotic markers expressions by western blot Exposure of N27 cells to GMF significantly 

increased the cytosolic cytochrome-c (A), increased Bax, reduced Bcl2 (B) and increased 

caspases 3, 7, 8 and 9; (C) expression when compared with control cells. The band density 

was quantified by densitometry. β-actin was used as internal standard to normalize the 

intensity of the protein expressions. Values are given as mean ± SD. of four experiments in 

each group. *p< 0.05 compared to control, and *p< 0.05 compared to GMF treated group.
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Fig. 12. 
Effects of GMF on TH immunocytochemical expression in rat dopaminergic N27 cells. N27 

cells were incubated in the presence or absence of GMF (100 ng/ml) or MPP+ and double- 

stained with TH and DAPI. Exposure to GMF showed moderate e TH positive expression as 

compared with untreated control cells. Incubation of N27 cells with both GMF and MPP+ 

significantly reduced TH expression as compared with other group. Images were taken using 

fluorescence microscopy at 200X.
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Fig. 13. 
Influences of GMF on the ultrastructural changes (mitochondrial integrity and chromatin 

condensation) in rat dopaminergic N27 cells. Representative transmission electron 

microscopy (TEM) images analysis of N27 dopaminergic cells exposed to GMF (100 ng/ml) 

for 24 h. (A and B) untreated control N27 dopaminergic cells; (C, D, E and F) exposed with 

GMF for 24 h. Exposure toGMF altered the mitochondrial integrity by inhibiting 

mitochondrial biogenesis and by chromatin condensations as shown in representative 

images. The figure shows morphology of the mitochondrial structure and the damaged 

organelle structure (white colored arrows indicate mitochondrial biogenesis; yellow colored 

arrows indicate mitochondria and red color arrows indicate chromatin condensation) scale 

bar 1 and 2 μm.
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Fig. 14. 
Overall mechanism of action of GMF in N27 dopaminergic neuronal cell death through 

apoptotic intrinsic pathway by inhibition of PGC-1α expression. Inhibition of PGC-1α 
expression leads to depletion of intracellularATP stores, and causes oxidative flux further 

leads to shift in Bax and Bcl2 expression with subsequent release of cytochrome-c. Released 

cytochrome-c binds with Apaf (apoptosis activating factor) to form the apoptosome, which 

activates effector caspases expression and activation. This further leads to apoptotic 

dopaminergic neuronal death. Red colored arrows indicates increase or decrease in the 

intracellular markers expression.
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