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Abstract

The pathologically form of amyloid (Ap) peptide is shown to be toxic to the mitochondria

and implicates this organelle in the progression and pathogenesis of Alzheimer’s disease(AD).
Mitochondria are dynamic structures constantly undergoing fission and fusion, and altering their
shape and size while traveling through neurons. Mitochondrial fission (Drpl, Fis1) and fusion
(OPA1, Mfnl and Mfn2) proteins are balanced in healthy neuronal cells. Glia maturation factor
(GMF), a neuroinflammatory protein isolated and cloned in our laboratory plays an important
role in the pathogenesis of AD. We hypothesized that GMF, a brain-localized inflammatory
protein promotes oxidative stress mediated disruption of mitochondrial dynamics by alterations

in mitochondrial fission and fusion proteins which eventually leads to apoptosis in the AR

(1-42) treated human neuroblastoma (SH-SY5Y) cells. TheSH-SY5Y cells were incubated with
GMF and AP (1-42) peptide, and mitochondrial fission and fusion proteins were analyzed by
immunofluorescence, western blotting and Co-immunoprecipitation. We report that SH-SY5Y
cells incubated with GMF and Ap (1-42) promotes mitochondrial fragmentation, by potentiating
oxidative stress, mitophagy and shifts in the Bax/Bcl2 expression and release of cytochrome-c,
and eventual apoptosis. In the present study, we show that GMF and A treatments significantly
upregulates fission proteins and downregulates fusion proteins. The study shows that extracellular
GMF is an important inflammatory mediator that mediates mitochondrial dynamics by altering the
balance in fission and fusion proteins and amplifies similar effects promoted by Ap. Upregulated
GMF in the presence of A could be an additional risk factor for AD and their synergistic actions
need to be explored as a potential therapeutic target to suppress the progression of AD.
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Introduction

The pathological hallmarks of AD are senile plaques, neurofibrillary tangles (NFTs) along
with loss of neurons and synapse in the AD brains [1,2]. Previous, studies have shown

that amyloid beta (Ap 1-42) peptide, the major component of senile plagues is toxic to

the neuronal cells and is considered to have a causative role in the development and
progression of AD [3]. Mitochondria are highly dynamic organelles with morphology

and numbers regulated by fission and fusion proteins [4]. Excessive mitochondrial fission-
fusion process leads to impaired mitochondrial function and neuronal death in AD [5,6].
Mitochondrial fission and fusion process is essential for the growth and division of
immature cells to provide them with adequate numbers of mitochondria for effective
bioenergetics. Mitochondrial fusion is an essential process for the complementation of
damaged mitochondria and to rescue mitochondria to maximize the oxidative capacity in
response to toxic stress to cells [7]. An equilibrium between mitochondrial fission and
fusion events need to be maintained for the health of the neuronal cells. Mitochondrial
fusion helps to maintain tubular mitochondrial network and optimal mitochondrial functions.
Interconnected mitochondrial network facilitate transfer of mitochondrial membrane
potential from oxygen rich region to regions of high demand [8]. Neurons are highly
susceptible to mitochondrial dysfunction because of their high metabolic rate and complex
morphology [9,10]. Therefore, maintaining healthy mitochondrial dynamics by balancing
the levels of fission and fusion proteins will help in preventing mitochondrial dysfunction as
seen in neurodegenerative disorders such as AD. Excessive mitochondrial fragmentation
leads to the defective cellular metabolism, oxidative stress, mitochondrial dysfunction,
neuronal dysfunction and neuronal cell death following Ap-induced toxicity as seen in SH-
SY5Y cells. Fission is initiated by cytosolic Dynamin-1 like protein (Drpl) is recruited from
the cytosol to the mitochondria by Mid49, Mid51, and Mff [11]. However, fusion between
outer mitochondrial membranes is mediated by dynamin family member proteins called
Mfnl and Mfn2. Fusion between mitochondrial inner membranes is mediated by a single
dynamin family member protein called fusion protein, Optic atrophy protein 1(OPA1).

Following mitochondrial fragmentation and morphological changes, outer mitochondrial
membrane permeabilization occurs through homo-oligomerization of Bax/Bak and opening
of mitochondrial outer membrane mega pore, which allows release of cytochrome c (cyt ¢)
from inner mitochondrial membrane into the cytoplasm and eventually apoptotic death [12].
The anti-apoptotic protein Bcl-2 inhibits homo-oligomerization of Bax/Bcl-2. Previous study
has shown that Bcl-2 is downregulated in AD [13]. The progression of AD is characterized
by activation of glial cells that contributes to local inflammation and oxidative stress
resulting in mitochondrial dysfunction and neuronal damage [14-17].
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Glia maturation factor(GMF), a neuroinflammatory protein containing 141 amino acids and
having total molecular mass of (17 kDa), was discovered, isolated, cloned and sequenced
from bovine brain for the first time in our laboratory [18-20]. GMF is one of the major
intracellular inflammatory molecules expressed in glia and neuronal cells [21-23]. However,
the role of GMF in mitochondrial dysfunction, especially in AD is not known. In the
present study, we show that incubation of SH-SY5Y cells with AB led to the mitochondrial
abnormalities including impaired mitochondrial dynamics and mitochondrial fragmentation
with alterations in the equilibrium between fission and fusion proteins that is synergistically
regulated by GMF.

Material Methods

Cell lines and culture condition

Human neuroblastoma SH-SY5Y cell line (Sigma Aldrich, ST Louis MO) was grown in
(Sigma Ham’s F12: EMEM (1:1) medium supplemented with 10% fetal bovine serum (FBS:
Sigma Aldrich, St. Louis, MO), 2mM Glutamine, 1% Non-Essential Amino Acids (NEAA),
Penicillin (10 U/ml) and streptomycin (10 U/ml GIBCO Life Technology, Grand Island,
NY).The cells were seeded at a density of 5x10° in a 75-cm? tissue culture flask (Corning,
New York, NY) and incubated at 37 °C under saturated humidity in 5% CO,/95% air.

Incubation of SH-SY5Y cells with GMF and A (1-42)

After overnight seeding of SH-SY5Y cells in 96 well plate the cells were incubated with
varying doses (5, 10 and 20 pM)of soluble form of A (1-42) or were stimulated with
varying concentrations of GMF (50, 100 and 200 ng/ml). In subsequent experiments,
SH-SY5Y cells were grown to (75% to 85%) confluency and incubated for up to 24

h with 10 uM of AR (1-42) or were stimulated with optimum concentrations of GMF

(100 ng/ml). Cells were trypsinized and collected for western blotting and seeded for
immunofluorescence staining. Cell lysates were prepared for western blotting analysis and
protein concentration of the cell lysates were quantified by using bicinchoninic acid assay
(BCA) protein assay kit (Thermo Scientific, Waltham, MA) as per the manufacturer’s
instructions.

MTT assay for cell viability

The cell viability of SH-SY5Y cells was determined by MTT (3-4, 5-dimethylthiazolyl-2)-2,
5-dipheny!l tetrazolium bromide) dye-uptake method as described before [24,25]. The cell
viability was measured based on the conversion of MTT to a purple formazan product

by the mitochondrial dehydrogenase. MTT was dissolved at a concentration of 5 mg/ml

in phosphate-buffered saline (PBS) and the cells were then pre-incubated with, the MTT
solution (50 pl/well). Following the 2 h incubation period at 37 °C, the medium was
decanted and the formazan precipitates were solubilized with acidified isopropanol (0.04-
0.1 N HCI 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 solvent for MTT was employed as blank and results expressed as
percentage of control.
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Total antioxidant assay

SH-SYS5Y cells (1 x 10 Scells/ml) were seeded in a 6well plate followed by incubation with
GMF (100 ng/ml) and A (1-42) 10 uM for 24 h. After treatment, cells were washed three
times in DPBS and centrifuged at 2,000 g for 10 min at 4 °C. Cells were lysed at 4 °C

with radio-immunoprecipitation assay (RIPA) cell lysis buffer (50 mM Tris-HCI pH 7.4,
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). Cell lysates were used for analysis of cellular glutathione
peroxidase (GPX) (kit no. 703102) and superoxide dismutase (SOD) (kit no. 706002)
according to the manufacturer’s instructions (Cayman Chemical Ann Arbor, MI). The
activity of GPx was calculated as micromoles of glutathione (GSH) formed per milligram
protein, using a molar extinction coefficient of 13.6 x 103/M/cm. The SOD results were
expressed as units per milligram protein.

Determination of Adenosine Triphosphate (ATP) Levels

ATP concentration was determined by using the ATP assay kit of Abcam (Cat No. ab83355,
Cambridge MA). SH-SY5Y cells were grown in T25 cm? cell culture flasks (1x 108) and
after the incubation period with the GMF and A, the cells were collected and washed with
cold DPBS. Cell lysates were prepared from treated cells and mitochondrial fraction was
isolated and the samples were used to measure ATP level according to the manufacturer
instructions. Values of ATP activity levels were determined by using ATP standard curve.

Cell lysis and subcellular fractionation

SH-SYS5Y cells were seeded in T25 cm? cell culture flasks and incubated with GMF and
AP peptide for 24 h, thereafter cells were washed with DPBS and adherent cells were
detached from the culture flask, cells were collected and centrifuged at 2000 g for 10

min at 4 °C. Cells were lysed at 4 °C with RIPA cell lysis buffer (50 mM Tris-HCI pH

7.4, 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 were used for western blotting
analysis, Mitochondrial and cytosolic fractions were separated by using the Abcam (Cat
no; ab 110170, Cambridge, MA) mitochondria isolation kit according to the manufacturer’s
instruction and protein concentration was estimated by the BCA protein assay Kit.

Western blotting and co-Immunoprecipitation

Western blotting was performed as detailed previously from our laboratory [25] and co-
immunoprecipitation (Co-IP) according to our published method[26]. The mitochondrial
fraction was isolated by using mitochondrial isolation kit (Abcam) containing protease
and phosphatase inhibitor cocktails. Equal amount of protein (ranging from 20-35 pg)
were loaded on4-12% NuPAGE Tris-Glycine gradient gel (Invitrogen, Life technologies,
Carlsbad, CA). The separated proteins were transferred onto PVDF membrane by wet
protein transfer system (Life technologies). After blocking with 5% nonfat milk or bovine
serum albumin (BSA) in Tris-buffered saline-containing 0.1% of Tween 20 (TBST) for

1 h, the membranes were then incubated with primary antibody at 4 °C overnight.
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The membranes were washed followed by incubation with HRP-conjugated secondary
antibodies for 1 h at room temperature. Bound proteins were visualized using ECL

prime western blotting detection reagent (Super Signal West Pico PLUS Substrate (Cat
No. 34580; Thermo Scientific). Blots were stripped and re-probed for p-actin or COX4.
Densitometry was performed by using the ChemiDoc-1t? Imaging System (UVP LLC,
Upland, CA) analysis software and the semi quantitative analysis of bands were performed
with ImageJ analysis software (Version 1.49; NIH, USA). B Means + SEM was calculated
from the data for statistical and graphical representation. Primary antibody sources are

as follows; anti-OPA1(1:500), anti-Mfn1 (1:500), anti-Mfn2 (1:500), anti-Fis1 (1:500),
anti-Mff (1:500), anti-bcl2 (1:700), (Santa Cruz, SCBT, Dallas, TX), anti-Drp1 (1;1000),
anti-cytc (1:500), anti-COX4(1:1000), anti-P62 (Abcam) (1:1000), ant-p-Drp1 (1:700),
anti-bax (1:500), anti-caspase3 (1:500), anti-caspase,9 (1:500), anti-LC3B (Cell Signaling)
(1:700),p- actin(Sigma). For Co-1Ps, 200 g protein samples from mitochondrial fractions
were incubated with 5 pg anti-Drpl antibody overnight. After the addition of protein A/G-
Sepharose (Santa Cruz Biotechnology), the mixture was incubated for 2 h at 4 °C. The
beads were isolated by centrifugation, washed three times with lysis buffer, and eluted by
heating at 100 °C in 4X LDS sample buffer. The associated protein in immunoprecipitates
was examined by western blot analysis with anti-Fis1 or anti-Mff antibody.

Immunofluorescence staining and confocal microscopy

Immunofluorescence staining was performed as detailed previously from our lab [27]. SH-
SY5Y cells were seeded on glass coverslips pre-coated with Poly-L-Lysine (Sigma Aldrich).
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 24 h at 4
°C with anti-Tom20 (1:500), anti-OPA1 (1:100 dilution), anti-Mfn1 and anti-Mfn2 (1:150),
and cyt ¢ (1:500), Drp1, Fis1(1:150) primary antibody. Cells were washed three times at
room temperature followed by incubation with proper Alexa Fluor 488/568 goat anti-mouse/
rabbit/goat secondary antibody (Santa Cruz Biotechnology) for 1 h at room temperature.
After washes, sections were mounted and cover slipped in Vectashield mounting medium
with 4-6-diamidino-2-phenylindole (H-1200; Vector Laboratories, Burlingame, Inc, CA,
USA). Cells were examined 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, Columbia, MO).

Statistical analysis

The results were analyzed using GraphPad InStat 3 statistical software. Mean = SEM
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 + SEM for four experiments in each
group. *pvalues < 0.05 were considered as significant.
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Cell Viability of SH-SY5Y is affected by treatment with GMF and Ap.

SH-SY5Y cells were treated with GMF (50,100 and 200 ng/ml) and A (5, 10 and20 pM)
for 24 h and the cell viability determined using the MTT assay. Results showed significant
reduction in cell viability represented as reduction in mitochondrial activity demonstrated by
the MTT reduction assay when compared to untreated cells. (Fig. 1a, b) Results showed that
GMF and Ap treatment caused significant dose-dependent cell death but does not seem to
cause cell necrosis. Based on these results, a dose of 100 ng/ml GMF and 10uM Ap were
used in subsequent experiments.

GMF treatment potentiates alterations in mitochondrial dynamics by targeting fission
protein levels in AP peptide treated SH--SY5Y cell line

Mitochondrial adaptor proteins Fis1 and Mff for Drp1, located on the outer mitochondrial
membrane are involved in mitochondrial fission by binding to Drp1[28]. To examine

the role of pro-inflammatory GMF on mitochondrial fission dynamics in AB- induced
cytotoxicity in SH-SH5Y cells, we studied the association of the adapter protein Mff with
the mitochondrial fission protein Drpl by triple-labeling immunofluorescence staining and
confocal microscopy. Co-localization of the fission proteins. (Fig. 2a, b) shows that GMF
treatment promoted higher expression and mitochondrial localization of Drp1 and Mff
proteins. Further, we performed western blotting and quantitative analysis in mitochondrial
fraction to determine the fission proteins levels. (Fig. 2b). Results showed that the level

of these fission proteins Drp1, Fis1, Mff were significantly elevated in GMF treated group
compared with control (cont) group.

GMF regulates Drp1 activity in the interaction of Drp1 with Fis1 and Mff in AP treated
SH-SY5Y cells

Previous studies showed that Drpl activity is regulated by several posttranslational
modifications, including phosphorylation of Drpl on Ser S616 (S616required for
mitochondrial fission) and phosphorylation of Drpl on Ser S637 (S637- inhibits
mitochondrial fission process) [29,30].(Fig, 3a) showed that Drp1-S616 level was higher and
Drp1-S637 level was significantly lower in GMF treated group compared with control (cont)
group, suggesting that GMF promoted mitochondrial fission. Furthermore, we performed
co-immunoprecipitation (Co-IPs) in mitochondrial protein fraction with Drpl antibody and
then separately blotted with ant-Fis1 or anti-Mff antibody, as shows in (Fig. 3b, c). The
interactions and complex formation between Drpl-Fisl and Drp1-Mff were significantly
increased in GMF or Ap treated group compared with control (cont) group. These results
demonstrate that GMF promotes mitochondrial fission in neuronal cells.

GMF suppresses mitochondrial fusion protein levels in Ap treated SH-SY5Y cells

The fusion protein, Optic atrophy protein 1(OPA1), located in the inner mitochondrial
membrane along with Mfn1 and Mfn2 located on outer membrane of mitochondria;

key regulators of mitochondrial dynamics were analyzed by western blotting and triple-
labeled confocal immunofluorescence staining. (Fig 4a, b) demonstrate that mitochondrial
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expression and localization of OPA1 and Mfn1 were drastically decreased in GMF treated
group compared with control (cont) group. Furthermore, we investigated the levels of these
fusion proteins by western blotting and quantitative analysis in mitochondrial fractions
obtained from whole cell lysates. Results (Fig 4b) show a remarkable decrease in the level of
fusion proteins in GMF treated group compared with control (cont) group. This result shows
that GMF exerts its effect by creating an imbalance between fission and fusion proteins by
suppression of mitochondrial fusion protein and promoting the elevation of fission proteins.

GMF alters mitochondrial dynamics by promoting mitochondrial fragmentations

We next investigated the effect of GMF and Ap on mitochondrial morphology as shown

in (Fig.5a, b). Representative confocal images showed that mitochondria was extensively
fragmented in SH-SY5Y cells following treatment with GMF. For clear mitochondrial
localization and improved quantitative analysis, confocal images of mitochondrial
translocase of outer membrane (Tom20) fluorescence was followed alongside parameters

of threshold, filter, and binarized using ImageJ software. Quantitative analysis of fragmented
mitochondrial segments using the parameters for total mitochondrial fragmentation in GMF
or AP treated groups showed extensive fragmentation compared with control group. These
results support the role of GMF in mitochondrial fragmentation in promoting Ap induced
toxicity in SH-SY5Y cells.

GMF promotes mitochondrial autophagy (mitophagy) and mitochondrial dysfunction

Mitochondrial dysfunction following extensive fragmentation is an early and causal event
in neurodegenerative disorder [31]. Mitochondrial degradation by autophagy (mitophagy)
process has long been proposed to remove damaged and dysfunctional mitochondria,
which has been implicated in the progression of AD [32,33]. We determined mitophagy in
mitochondrial fraction by monitoring the expression levels of LC3B and the sequestosome
protein P%2well-known marker of autophagy. (Fig 6a, b) shows increased levels of LC3B and
P52 in GMF treated group compared with control group. Furthermore, we investigated the
level of Bax/Bcl2, (Fig 6¢).GMF treated group showed higher level of Bax/Bcl2 compared
with control group. Finally, we quantified the levels of ATP production as a measure of
mitochondrial health on the isolated mitochondrial fractions as shown in (Fig 6d). GMF or
AP treatment significantly depleted the level of ATP compared with control. Our results
revealed that GMF treatment enhances mitophagy and disturbs the balance between Bax/
Bcl2 that causes ATP deficiency.

GMF treatment stimulates apoptosis as determined by mitochondrial cyt ¢ release

Next, we examined the mitochondrial permeability by following the release and cytosolic
distribution of cyt ¢ in response to GMF. We determined both mitochondrial and cytosolic
levels of cyt ¢ by western blotting analysis. As shown in (Fig 7a, b) GMF treated group
showed significantly higher level of cyt ¢ in cytosolic fraction and reduced level in
mitochondrial fraction compared to control group. Also, we analyzed the release of cyt ¢
from mitochondrial membrane to cytosolic region by immunofluorescence staining. (Fig 7c)
Representative images by confocal microscopy showed the higher expression and release of
cytc in cytosolic region and we observed intense translocation of cytc from mitochondrial
membrane to cytosolic region in GMF treated group compared with control group. Release
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of cyt ¢ from mitochondria to the cytosol, which then activates the effector caspases
resulting in apoptotic neuronal death in SH-SY5Y cells, was explored by western blotting
analysis. (Fig 7d) shows the GMF mediated activation of caspase-9 and final executioner of
apoptosis marker caspase-3. Combined incubation of GMF and Ap showed higher level of
capsase-9 and caspase-3 as compared with GMF or Ap treated group.

Glia maturation factor induced oxidative stress augments AP -mediated neurotoxicity

Mitochondria are a major source of oxidants and cause of oxidative stress due to
uncontrolled electron leakage from the electron transport chain that leads to the massive
production of superoxide anion and disruption of cellular antioxidant system. Abundant
evidence demonstrates that mitochondrial dysfunction and oxidative stress are strongly
involved in pathology of AD [15,34]. (Fig 8a, b) shows the levels of antioxidant enzyme
superoxide dismutase and glutathione peroxidase (SOD and GPX) following GMF treatment
in SH-SY5Y cells. Results show that GMF treatment significantly decreases the level

of these antioxidant enzymes compared with control group. Furthermore, we performed
immunofluorescence staining of the lipid peroxidation product,4-hydroxynonenal (4-HNE),
a marker for oxidative damage and the specific oxidized marker of DNA damage,8-
Hydroxydeoxyguanosine(8-OHdG)(Fig 8c). From the representative triple labelling
immunofluorescence staining of 8-OHdG, Tom20 with DAPI mitochondrial oxidative DNA
damage was found to be substantially greater in GMF treated group as compared with
control group. Higher concentrations of 8-OHdG within cells is a measure of increased
oxidative stress. Representative confocal immunofluorescence staining of lipid peroxidation
marker 4-HNE (Fig 8d) and DAPI showed higher expression of 4-HNE in GMF treated
group compared with cont group.

Discussion

In the present study we show that GMF in conjunction with the neurotoxic AB causes
alterations in fission (Drp1, Fisl) and fusion (OPA1, Mfnl and mfn2) proteins in
neuroblastoma SH-SY5Y cells. We demonstrate for the first time that GMF was able

to disrupt mitochondrial dynamics by altering the expression of fission and fusion
proteins, along with oxidative stress and apoptosis. We found a disruption in cellular
homeostasis with major reduction in cellular energy production and extensive oxidative
stress following GMF treatment that induced mitochondrial dysfunction and initiation
of neuronal dysfunction and neurodegeneration. Preservation of mitochondrial structure
and morphology has been widely associated with the balance of mitochondrial fission
and fusion protein levels [5,35,31]. Defects in mitochondrial fission and fusion proteins
alter mitochondrial morphology that subsequently affects mitochondrial mobility and
transmission of energy signals along the length of the neurons.

Excessive mitochondrial fragmentation and mitochondrial dysfunction in neurodegenerative
disorders associated with morphological changes is brought about by permeabilization of
outer mitochondrial membrane. The initiation of oligomerization of Bax and Bak to form
mega pores releases cytochrome cinto the cytoplasm [12]. In the present study, we report
that SH-SY5Y cells incubated with GMF for 24 h promotes mitochondrial abnormalities,
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excessive mitochondrial fragmentation, and alterations in mitochondrial dynamics towards
more fission rather than fusion events. Besides oxidative stress GMF treatment, also

causes oxidative DNA damage, apoptosis, mitochondrial fragmentation and disruption in
mitophagy. Our studies highlight an important role of GMF in disruption of mitochondrial
dynamics. Mitochondria are important organelles in the nervous system that are essential to
fulfil the high-energy demand for proper neuronal function. Unlike other cell types, neurons
cannot switch to glycolysis when energy source is depleted [36,37]. Mitochondria transport
materials through a dynamic process of mitochondrial fission and fusion events that provide
energy across the length of neurons. Impaired mitochondrial function, low levels of ATP and
structural defects in mitochondria are observed in AD patients [6,38,39], suggesting that the
brain is under high-energy stress in AD pathogenesis. Incubation of human neuroblastoma
SH-SY5Y cells with GMF leads to the activation and phosphorylation of Drpl. Our data
demonstrate increased activation and association of Drpl with the mitochondria, which is
facilitated through binding to Fis1 causing excessive mitochondrial fragmentation in GMF
treated SH-SY5Y cells compared to control. On the effect of GMF on mitochondrial fusion
proteins, we found reduced level of fusion proteins OPA1, Mfnl and Mfn2 in GMF treated
SHS-SY5Y cells compared with control group. The anti-apoptotic protein Bcl-2 which is
downregulated in AD brain is a central regulator of mitochondrial apoptosis and prevents
the homo-oligomerization of Bax and Bak [13]. Overall, GMF disrupts mitochondrial
homeostasis, through oxidative DNA damage and induces mitochondrial fragmentation

and disruption of mitochondrial dynamics with impaired mitophagy and Bcl-2- mediated
apoptotic cell death.

Impaired oxidative phosphorylation and disrupted ATP synthesis have detrimental effect
evident in neurodegenerative disease. It has been known for a long time that in aged

brain there is a continuous reduction of ATP level and continuous decline in bioenergetics
capacity. Also ATP levels and its synthesis are impaired in the brain of AD patients [39,38].
It is suggested that the AD brain is under high-energy demand and reduced mitochondrial
enzyme activities in AD accompanies neurodegeneration and neurophathogical conditions
[40]. Our results showed that GMF enhanced AP toxicity by altering mitochondrial
dynamics with significant reduction in ATP synthesis.

It is becoming increasingly clear that oxidative stress and mitochondrial dysfunction are
early events in neurodegenerative diseases like AD and play an important role in the neuro-
pathology of AD [41,42]. Previous studies demonstrated that treatment of neuronal cell with
AP caused oxidative stress by inhibition of respiratory chain electron transport and induction
of ROS through leakage of excessive electrons from respiratory chain [1,3]. In line with
these our current results show that GMF treatment amplifies AR (1-42) neurotoxicity by
significantly decreasing the levels of antioxidant enzymes and enhanced ROS production
and increased lipid peroxidation; all of which lead to alterations in fission and fusion
proteins, mitochondrial fragmentation and dysfunction and ultimate neuronal death.

Conclusions

GMF is brain specific, biologically active neuroinflammatory protein that mediates
disruption of mitochondrial dynamics by altering the balance in levels of mitochondrial
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fission and fusion proteins. Our current findings reveal that GMF disrupts mitochondrial
dynamics through excessive fragmentation brought about by increased ROS generation,
oxidative DNA damage, altered mitophagy and Bax/Bcl-2mediated apoptotic neuronal cell
death.
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Fig. 1.

Effect of GMF and Ap (1-42) on SH-SY5Y cell viability and proliferation. (a) Effect of
dose of GMF (0, 50, 100 and 200 ng/ml) and (b) Effect of concentration of Ap (1-42) (0, 5,
10 and 20, uM). Cell viability/Cytotoxicity was determined by the MTT assay. Higher dose
of GMF and Ap significantly reduced the cell viability when incubated for 24 h. Values are
expressed as mean + SE (n=6), *~< 0.05 Vs untreated control group.
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Fig. 2.

GMF increases the expression of mitochondrial fission proteins. Representative triple-
labelling confocal microscopy images (a)showing staining of mitochondrial fission proteins
Drpl (green), Mff (red) and DAP1 (blue) scale bar=20 pm. Inserts are zoomed images

of the boxed areas. Co-localization of fission protein Drpl (green) along with the

mitochondrial COX4 (red) staining shown in (c). Western blotting and quantitative analysis
of mitochondrial fission protein, Drpl, Fisl and Mff were performed using mitochondrial
fraction from whole cell lysate. GMF treated group show higher expression of fission
protein compared with control group shown in (b). Values are expressed as mean + SE

(n=3). *P<0.05 versus untreated control group.
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Fig. 3.

Ef'%ect of GMF on mitochondrial targeting of fission proteins and their interactions. (a)
Western blotting and quantitative analysis of mitochondrial fractions from whole cell
lysate were determined by using the indicated antibodies along with mitochondrial fission
protein. pDrpl (S616) blot shows that the Ser 616 is necessary for the fission event

and pDrp1l (S637) blot shows that Ser 637 residue is necessary for the suppression of
fission. Cells treated with GMF showed higher expression of pDrpl (S616) and lower
expression of pDrpl (S637) compared with control group. COX4 is used as loading control
for the mitochondrial protein. (b, ) Mitochondrial protein samples were also examined
by immunoprecipitation (IP) with anti-Drp1 followed by western blotting and detection
with anti-Fis1 or anti-Mff interaction. 1gG was used as loading control for IPs. Values are
expressed as mean £ SE (n=3). *P < 0.05versus untreated control group.
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Fig. 4.
Efgfect of GMF on mitochondria by targeting the fusion proteins. (a, ¢) Representative triple-
labelling confocal microscopy images showing staining of mitochondrial fusion proteins,
OPA1 and Mfn1 after 24 incubation with Ap and GMF. Inserts in (c) are the zoomed images
of the boxed areas showing the co-localization of mitochondrial protein (Tom20, red) with
fusion protein MFN1 (green). Nuclei were counter stained with DAPI (blue) scale bar =20
um. (b) Western blot and quantitative analysis of mitochondrial fusion proteins OPA1, Mfnl
&Mfn2 were performed using mitochondrial fractions from cell lysate. GMF treatment
significantly reduced the expression of mitochondrial fusion protein (OPA1, Mfn1&Mfn2)
compared with cont. Values are expressed as mean + SE of determination from each group
(n=3). *P < 0.05 versus normal control group
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Fig. 5.

Effect of GMF on mitochondrial dynamics. (a) Representative confocal microscopy images
of SH-SY5Y cells showing mitochondria with anti-Tom20 antibody (red). Nuclei were
counterstained with DAPI (blue). Acquired images of Tom20 fluorescent staining were
threshold filtered (median, 2. 0 pixel), and binarized for image views and quantitative
analysis was done for each group. Mitochondrial fragmentation was analyzed (b) Total
mitochondrial fragmentation in each case was calculated as the percentage of the particle
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normalized with total mitochondrial area. Data are represented as mean + SE (n=3) in each
group. Scale bar=5um. *P < 0.05 versus normal control group.
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GMF induces mitochondrial dysfunction by ATP depletion and mitophagy (a, b) western
blotting and quantitative analysis of mitophagy markers LC3B and P82sequestosome in
mitochondrial fractions, COX4 is used as loading control for mitochondrial protein. GMF
treated cells showed higher expression of LC3B and P52 compared with control group. (c)
Further, we calculated the ratio of Bax/Bcl2 protein expression. GMF treatment showed
elevation in the ratio of Bax/Bcl2 compared with control. The levels of ATP production were
tested by using mitochondrial fraction to evaluate the mitochondrial function. (d) Shows the
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ATP levels in control and GMF treated group. Data were expressed as means + SE (n=3).
*p<0.05 versus control.
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Fig. 7.
Effect of GMF treatment on the release of mitochondrial cytochrome c to cytosolic region

and on apoptosis in Ap- treated SH-SY5Y cells. (a) The levels of cytochrome ¢ (cyt

c) determined by western blotting and quantitative analysis showed reduced levels of
expression of cyt ¢ in mitochondrial fraction compared to control group. However, (b)
cytosolic fraction showed more released from mitochondria to cytosol in GMF treated group
compared with control group. (c) Representative images of immunofluorescence staining

of cytc. Inserts are zooms of the boxed area showing the mitochondrial cyt ¢ (green) and
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Tom20 (red) and nuclei were stained with DAPI (blue) scale bar =20 um. (d) Western
blotting and quantitative analyses of caspase-9 and caspase-3 in 10 uM, AB- treated SH-
SYS5Y cells using cytosolic protein. GMF treated group showed elevated level of caspase-9
and caspase-3 compared with control group. Data were represented by mean + SE (n=3) in
each group. *p<0.05 versus untreated control.
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Fig. 8.
GMF enhances the cytotoxicity through inhibition of activities of the antioxidant enzymes.

(a, b) showed the activities of antioxidant enzymes (SOD, GPX) levels, GMF treated cells
showed downregulation of these enzymes compared with control group. However, markers
of oxidative stress showed enhancement in GMF treated group. (c, d) Representative
confocal immunofluorescence staining of oxidative damage markers of oxidative DNA
damage (8-OHdG) and marker for lipid peroxidation (4-HNE) showed higher expression in
GMF treated group compared with control group. Data are represented as mean + SE (n=3).
Scale bar 50 um, *p<0.05 vs untreated control group.
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