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ARTICLE INFO ABSTRACT

Alzheimer disease has been well associated with mitochondrial dysfunctions. Numerous studies have reported
changes in the activity of oxidative phosphorylation (OXPHOS) complexes and mitochondrial dynamics.
Recently, dynamin-related protein 1 (Drp-1) has been conceived as a potential therapeutic target as well. We
have examined the effect of prolonged treatment of Trans-ferulic acid on streptozocin-induced sporadic de-
mentia of Alzheimer's type. We have found the Ferulic Acid (FA,100 mg/kg) can rescue memory and learning
problems and also show significant antioxidant effect while preserving morphology of pyramidal cell layer in
hippocampi.

Furthermore, FA treatment has shown mitigation in intracerebral-ventricular streptozocin (ICV-STZ) induced
bioenergetics loss and dynamic changes by regulating peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-lalpha) protein levels in nucleus and hence, mitigating exacerbation of Drp-1 de-
pendent mitochondrial fission and apoptosis by alleviating loss of mitochondrial membrane potential (AWm),
downregulating cytochrome-c release into the cytosol by limiting mitochondrial permeability transition pore
(mPTP) opening concomitant increase in caspase3 activation, BAX expression and DNA fragmentation along
with downregulating glial fibrillary acidic protein (GFAP) expression. FA also restored protein expression of
mitofusin2 (Mfn2) a core component of mitochondrial fusion, necessary for mitophagy. We conclude that FA
acid may have the propensity to mitigate mitochondrial dysfunction in Alzheimer’s disease on prolonging dietary
supplementation.
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1. Introduction bodily dependence on caregivers for each day chores (Kelley and

Petersen, 2007). AD has been recognized as the “worldwide public

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order associated with age (Selkoe and Lansbury, 1999). With the pro-
gress in degenerative changes patients of AD show lack of reminiscence
and cognitive deficiencies (Choi and Twamley, 2013). It disturbs ev-
eryday life because of the decline of cognitive skills, compromises be-
havioral competence and linguistics (Gutiérrez-Rexach and Schatz,
2016). In advance stages, patients cannot even recognize family
members, which creates a nuisance in term of patient care (Robert
et al., 2010). The signs and symptoms of AD vary from person to person
and are generally ignored in the first few years of its inception. For-
getfulness is the typical primary signal for the beginning of AD (Jahn,
2013). Subsequently, the affected person develops full AD pathology
with severe cognitive impairment, wherein patients are not able to
communicate and are ignorant of the surrounding, with profound

health priority” by the World Health Organization (WHO, 2012). Epi-
demiological research in 2015 has proven that AD and associated de-
mentia impacts forty-seven million people worldwide (Cornutiu, 2015;
Russ et al., 2015). Currently, 36 million people older than sixty-five
years are living with dementia and these figures are expected to swell to
66 million and 115 million by 2030 and 2050 respectively [UN (DESA),
2015]. With the increment in the average human lifespan, AD has all
the likelihood to emerge as an exceptional healthcare challenge.
Impaired mitochondrial dynamics have been extensively implicated
in AD (Gao et al., 2017). Dynamics generally refer to the process by
which mitochondria population is regulated. It consists of two processes
namely fusion and fission. Primarily the process of dynamics is highly
dependent upon the localization of conserved proteins, the dynamin-
associated GTPases on the mitochondrial surface (Mishra and Chan,
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2016). Mitochondrial fission is essential for mitochondrial renewal,
redistribution, and proliferation inside synapses; while mitochondrial
fusion facilitates mitochondrial movement and distribution throughout
axons and to the synapses themselves (Cheng et al., 2010). A balance
between those two events is vital to maintaining purposeful mi-
tochondrial integrity (Safiulina and Kaasik, 2013). Analysis of trans-
genic and non-transgenic animal models of AD along with human post-
mortem samples have confirmed downfall of the Mnf1, Mnf2, and Opal
fusion genes and increased expression of fission genes Drp-1 and Fisl
(Zhu et al., 2013; Manczak et al., 2011; Wang et al., 2009).

Oxidative stress is believed to be an early manifestation of AD (Gella
and Durany, 2009). Studies of post-mortem AD brains indicate wide-
spread oxidative damage, Brains from individuals affected with AD
further display increased protein oxidation, as evidenced by carbonyl-
alterations of specific proteins (Ganguly et al., 2017; Gomez-Nicola and
Boche, 2015; Ansari and Scheff, 2010). Accumulating data suggest
mitochondrial function, if not changes in cell bioenergetics or the
pathways that regulate cell bioenergetics, are perturbed early in the
course of AD (Swerdlow, 2012). If so, then therapies directed towards
mitochondrial abnormalities may benefit affected patients to some de-
gree. It may also be the case that mitochondrial or bioenergetics dys-
function may constitute in the early etiology of AD (Wallace, 2013).

Trans-Ferulic acid (FA,4-hydroxy-3-methoxy cinnamic acid) is
found in many grains such as wheat, rice bran, and maize bran (Mathew
and Abraham, 2004). Intriguingly, FA has also been found in some
vegetables such as artichokes and aubergines (Kumar and Pruthi,
2014). Additionally, FA has been reported to have antioxidant, anti-
inflammatory and mito-protective efficacies (Wu et al., 2014; Zhu et al.,
2014; Lin et al., 1994). Ferulic acid has been found to have a mitigatory
role in diabetic neuropathy. Moreover, Picone et al. (2013) showed that
FA could alleviate A} induced ROS expedited oxidative stress in sea
urchin embryo. Furthermore, Yan et al. (2001) have reported the pro-
tective effects of long-term administration of FA against 3 amyloid-in-
duced astrogliosis and memory impairment. However, there are is no
report about the effects of FA on sporadic dementia and related mi-
tochondrial perturbations. Besides, current researches about the anti-
oxidant mechanisms of FA mostly focus on scavenging of free radicals
and its impact on mitochondrial dysfunctions has not been reported. So,
in the current study, we have examined the effect of FA on the ICV-STZ

ICV_STZ
(3mg/ke)

FA Pre-treatment
Day-7to 0

Daylto 14 FAtreatment
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2.2. Animals

Male Wistar rats (350 + 25gm) were procured from the central
animal house facility, Jawaharlal Nehru Medical College and main-
tained at 25 * 20°C in a well-ventilated room with ad-libitum feed
and water. The institutional ethics committee approved all the animal
experimentation protocols as per the CPSEA guidelines, Govt. of India.

2.3. Intracerebroventricular injection of STZ

Rats were anesthetized with 75 mg/kg Ketamine (i.p) and 5 mg/kg
Diazepam (i.p). The depth of anesthesia was measured with a toe pinch,
and their skull was shaved. Post-anaesthesia animals were mounted on
the stereotaxic frame (Steolting, IL, USA) and ear bars were gently in-
serted, the body temperature of the animal was maintained using a
heating pad to avoid anesthesia-related hypothermia. The skull was
cleaned twice with 70% ethanol, and 10% povidone-iodine solution and
a fine midline incision of 2-3 cm was done to expose the bregma. Burr
holes for ICV-STZ injections were made as per the coordinates provided
in Paxinos and Watson (1986), i.e. (—1.5mm lateral, —0.8 mm pos-
terior and — 3.6 mm below). STZ was injected at a dose of 3 mg/kg, 5 pl
per ventricle using a 28 gauge Hamilton syringe at a rate of 0.5 ul per
minute. post-injection the needle was left in place for additional 5 min
to ensure the proper diffusion of STZ. after the injections the burr holes
were sealed using commercially available sterile bone wax and the in-
cision was closed using 4-0 Ethicon prolene sutures. Animals were given
a bolus of 1 ml dextrose normal saline (i.p) and were given a single dose
2 mg/kg meloxicam (i.p) and 10,000 unit of penicillin (i.m), for man-
agement of pain and prevention against infections immediately after
surgery.

2.3.1. Post-operative care

Animals were maintained at 37 °C until they gained complete motor
control, they were housed individually for the first two days and were
provided with moistened feed pellets and water inside the cage, to
avoid neck trauma.

2.4. Groups

Behavioral paradigm
Day14to 21

Days

induced oxidative damage, apoptosis and mitochondrial perturbation
such as bioenergetics loss and dynamics changes.

2. Material and methods
2.1. Chemicals

Streptozocin (STZ), Trans-ferulic acid, Anti-Mfn2 antibody, DCFDA,
TMRE, Propidium iodide, and DAPI were procured from Sigma-Aldrich
(MO, USA). Drp-1 primary antibody was purchased from Abcam
(Cambridge, UK). Anti-BAX, Anti Cytochrome-C, Anti-mouse sec-
ondary, and anti-rabbit secondary antibodies were procured from Santa
Cruz Biotechnology (USA). OXPHOS cocktail, Hibernate A, B27, and
Anti-PGCl-alpha antibody was purchased from Thermo Scientific
(USA). The anti-GFAP antibody was procured from cell signaling
technology (USA). All other general chemicals were acquired for Merck
India Pvt Ltd.

1. Sham: Rats received ICV injection of vehicle (normal saline) along
with Oral gavages of Corn oil.

2. Lesion: Rats received ICV-STZ 3 mg/kg only.

3. Lesion + FA:  Rats received ICV-STZ 3 mg/kg along with FA (100 mg/kg;

p.o.) in Corn oil.
Rats received ICV injection of vehicle (normal saline) along
with FA (100 mg/kg; p.o.).

4. Sham + FA:

2.5. Assessment of cognitive impairment by Morris Water Maze

Spatial learning and memory of animals were tested in Morris water
maze, consisting of a circular water tank (132 cm diameter and 60 cm
height) filled with 30 cm water (25 *+ 2 °C). The non-toxic black paint
was used to make water opaque. The pool was virtually divided into
four quadrants, namely NE, NW, SE, and SW. A platform (10 cm in
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diameter) was hidden 2 cm below the surface of the water on a fixed
location in one of the four quadrants of the pool. Before training
started, rats were allowed to swim freely into the pool for 60 s without a
platform. They were then given four trials (once from each starting
position) per session for five days, each test having a ceiling time of 60 s
and a trial interval of approximately 30s. After climbing onto the
platform, the animal remained there for 30 s before the commencement
of the next trial. If a rat could not perform the task of finding the hidden
platform, it was placed manually on the platform and allowed to stay
there for a time of additional 60 s.

An overhead video camera was connected to a video monitor, and
Any Maze Video Tracking Software (Steolting, IL, U.S.A) was used to
track the animal’s path and escape latency.

2.6. Hippocampal isolation

Animals were anesthetized using 75 mg/kg of ketamine and sacri-
ficed using cell dislocation. Brains were immediately isolated in ice-cold
phosphate buffer (0.1 M, pH 7.4). Hippocampi were isolated manually
using dissection spatula and immediately frozen for western blot ana-
lysis and kept in hibernate media supplemented with B27 for flow cy-
tometry and comet assay sample preparation.

2.7. Preparation of single cell suspension for flow cytometry

Hippocampi were isolated and kept in 2ml hibernate media sup-
plemented with B27. Individual hippocampi were treated with 0.25%
trypsin-EDTA for 2min at 37 °C. Post incubation hippocampi were
gently triturated using a fire-polished glass pipette, and the single cell
suspension was passed through a sterile mesh of 70 microns. The cell
suspension was then centrifuged at 125 g for 5 min, and the pellet was
suspended in fresh hibernate media containing B27.

2.8. Analysis of intracellular ROS generation by DCFDA

Intracellular ROS generation was analyzed by using 2’,7’-dichloro-
fluorescein diacetate (DCFDA), which is a selective fluorescent probe
for ROS. DCFDA after diffusion into the cell undergoes deacetylation to
a non-fluorescent compound, which is later oxidized by ROS into 2/,7’-
dichlorofluorescein (DCF) which is a highly fluorescent compound.
Single cell suspension in hibernate media supplemented with B27 was
incubated in 10 uM DCFDA for 30 min at 37 °C in the dark. Following
the incubation cells were again pelleted at 125¢g for 5min and sus-
pended in new hibernate A medium with B27 supplement. Flow cyto-
metric acquisitions of 10,000 events were made using BD-LSR II flow
cytometer at £x/£m: 495 nm/529 nm. Histograms were generated using
FACS-DIVA analysis software.

2.9. Measurement of mitochondrial membrane potential (Aym)

Mitochondrial Membrane Potential (Aym) was analyzed by flow
cytometric analysis using TMRE (tetra-methyl rhodamine, ethyl ester).
TMRE is a red-orange, cell-permeant, a positively charged dye that is
readily accumulated into the mitochondria, due to their overall nega-
tive charge. Depolarised of compromised mitochondria will have lower
membrane potential and hence lesser ability to collect TMRE. Single
cell suspensions in hibernate A media supplemented with B27 were
incubated with 10uM TMRE for 30 min at 37 °C in the dark, post-in-
cubation cells were pelleted by centrifugation at 125 g for 5min. and
suspended in the B27 supplemented hibernate A medium. The flow
cytometric acquisition of fluorescent intensities from 10,000 events was
made using BD-LSR II cell analyzer at £x/£m: 549/574 and histograms
were generated using FACS-DIVA analysis software.
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2.10. Assessment of mitochondrial lipid peroxidation (LPO)

Analysis of mitochondrial damage due to Oxidative stress con-
comitant membrane damage was performed by using the method of
Uchiyama and Mihara (1978). The results were expressed as nmoles of
TBARS formed/ h/mg protein of isolated mitochondria using a molar
extinction coefficient (MEC) 1.56 x 10° M~ 'em™ 2.

2.11. Assessment of F—Fosynthase activity for analysis of ATP synthesis

ATP synthase is also referred to as mitochondrial complex V. Its
activity was assayed as, hydrolysis of ATP into ADP plus inorganic
phosphate (Pi). The absorbance was measured at 660 nm. The enzyme
activity was expressed as microgram of Pi liberated per minute per
milligram protein (Waseem and Parvez, 2015).

2.12. Assessment of DNA fragmentation by comet assay

Cell suspensions were mixed with 0.5% (w/v) low melting agarose
and overlaid on slides precoated with 1% (w/v) standard melting
agarose and coated with a third layer of 1% (w/v) low melting agarose.
Slides were then immersed overnight in a lysing solution briefly con-
taining NaCl (2.5M), EDTA (100 mM), Trizma base (10 mM), NaOH
(0.2mM), 1% Triton X-100 and DMSO (pH 10) at 4°C. on the sub-
sequent day cells were incubated with an alkali unwinding solution
containing (300 mM NaOH, 1 mM EDTA, pH > 13) for 20 min. Slides
were then immersed in cold TBE for 10min and subjected to
Electrophoresis at 25V in 1X TBE buffer for 45 min. Slides were stained
with propidium iodide (1X) solution and dried overnight. Photographs
were obtained at 40X magnification using Nikon Eclipse Ci-L fluores-
cence microscope. Comets for analysis were selected randomly and
analyzed with Comet score software 2.0 (TriTek corporation, USA).

2.13. Assessment of mPTP opening by Calcein-AM/CoCl2 assay

mPTP opening in cells of hippocampi of rats was evaluated using
Calcein-AM/ CoCl, assay method. The evaluation was grounded on the
capability of CoCl, to quench Calcein fluorescence in the cytosol, and
the mitochondria with open mitochondrial permeability transition
pore, the mitochondria with intact mPTP activity will preserve Calcein
fluorescence as CoCl, will be incapable of entering them. Briefly, cells
are incubated with 5uM Calcein-AM for 30 min at 37 °C, following
termination of incubation cell suspension was washed and incubated
with 40 uM CoCl, for 20 min at 37 °C. Cells were washes by centrifuged
at 125g for 5min. and resuspended in fresh hibernate medium sup-
plemented with B27. The flow cytometric acquisition of fluorescent
intensities from 10,000 events was made using BD-LSR II cell analyzer
and histograms were generated using FACS-DIVA analysis software.

2.14. Preparation of subcellular fractions and western blotting

Hippocampi were homogenized using a Dounce homogenizer in
isotonic HEPES isolation media (20 mM HEPES pH 7.4, 0.25 M sucrose,
10 mM KCl, 1.5mM MgCl2, 1 mM EGTA, 1 mM EDTA) supplemented
with protease inhibitors (1 mg/ml pepstatin, 10 mg/ml aprotinin,
10 mg/ml leupeptin), and then centrifuged at 750 x g for 10 min. The
resulting pellet was taken as the nuclear fraction, and the supernatant
was centrifuged at 14,000 x g for 10 min, and the pellet was re-
suspended in 0.25 M sucrose, 0.5 Mm EDTA adjusted by Tris to pH 7.4
and was used as a crude mitochondrial fraction. The remaining super-
natant was centrifuged at 100,000 x g for 60 min, and the supernatant
was taken as the cytosolic fraction. Protein estimation of the samples
was done using the method of Bradford, 1976. SDS gels were cast using
10% TGX-Fast Cast Kit (Bio-Rad, CA, USA), and 35 g of protein from
each sample was transferred to a PVDF membrane (0.22 um, Bio-Rad,
Hercules, CA, USA) using a wet transfer unit (Bio-Rad, Hercules, CA,
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USA). Post-transfer membranes were blocked for non-specific binding
with 5% milk for 1 h and washed with PBST (0.05% Tween20). PVDF
membranes were then incubated overnight with primary Drp-1, Mfn2,
Cytochrome-c, BAX, Beta-Actin, PGCl-alpha, OXPHOS antibody cock-
tail at 4°C with gentle shaking respectively. Subsequently, the mem-
brane was washed thrice by PBST and incubated with HRP-conjugated
secondary antibodies (1:2000) dilution Santa Cruz Biotechnology, CA,
USA) at room temperature for 1.5 h. Finally, the membrane was treated
with super signal ECL substrate (Pierce, Thermo, USA) for 3-5 minutes,
and the signals were visualized using a Chemi-Doc system at different
exposure times (Bio-Rad, CA, USA).

2.15. Hematoxylin and eosin staining

The animals were anesthetized with 75 mg/kg ketamine and 5 mg/
ml diazepam intraperitoneally and perfused transcardially with ice-cold
PBS (0.1 M, pH 7.4) followed by cold 4% Neutral buffered formalin in
PBS (0.1 M pH 7.4). Brains were removed quickly, post-fixed in 4%
Neutral buffered formalin solution for 48 h, dehydrated in graded al-
cohol and embedded in wax. Coronal sections having hippocampus and
5-micron thickness was dewaxed, and sections were stained using
Hematoxylin followed by eosin solution for 5-8 min. The sections were
then rinsed in distilled water and differentiated in alcohol followed by
clearing in xylene and mounting in DPX. Images were acquired using a
light microscope (Nikon ECIL, JPN) and area analysis of cells in the CA1
region was done using ImageJ (NIH, USA).

2.16. Immunohistochemistry (IHC) of GFAP

For THC coronal sections were dewaxed and rehydrated in graded
alcohol, antigen retrieval was done using citrate buffer (10 mM, pH
6.0). Followed by blocking using 1%BSA and incubation with 1:50 di-
lution of primary antibody overnight at 4°C and 1:1000 FITC con-
jugated secondary antibody with proper washing. Slides were mounted
in 60% glycerol and visualized in Nikon-ECIL fluorescence microscope.

2.17. Statistical analysis
Statistical analysis was done using GraphPad Prism 7 (GraphPad,

CA, USA) using Analysis of Variance (ANOVA) and Tuckey’s as a post-
hoc test. A difference of (p = 0.05) was considered significant.

80, 1 T {

Escape latency (sec)

N
&

b

Fig. 1. Analysis of spatial memory and learning performance of rats (n = 6) in the Morris water maze, results are presented as Mean
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3. Results

3.1. FA alleviates ICV-STZ induced spatial learning and memory
impairment

STZ induced significant learning impairment at 3 mg/kg dose, as
evidenced by escape latency, i.e., the time taken to find the hidden
platform (Fig. 1b), along with a considerable loss in memory recall as
the STZ conditioned rat has spent less time the target quadrant of the
water maze (Fig. 1c). FA significantly prevented the spatial memory
and learning loss by as evidenced the increased ability of the FA treated
rats to locate the target quadrant (##p < 0.01) and maintenance of
escape latency(##p < 0.01).

3.2. Effect of ICV-STZ and FA on intracellular ROS generation

Analysis of the impact of ICV-STZ and FA on intracellular ROS
generation was done by using DCFDA, which is a selective flow cyto-
metric probe for ROS generation [Fig. 2], ICV-STZ exposure has been
found to have exacerbated the levels of intracellular ROS in the hip-
pocampi of rats when compared to the sham-operated rats
(**p < 0.01). FA supplementation has been found to have a mitigatory
effect on ICV-STZ induced ROS generation (#p < 0.05), suggesting its
possible role in the mitigation of AD-related oxidative stress.

3.3. FA rescues (Aym) in ICV-STZ treated rat hippocampi

loss of (Aym) is considered as an early and obligate event on mi-
tochondria-mediated apoptosis. (Aym) was measured by flow cyto-
metric analysis of TMRE, a particular probe (Fig. 3). Hippocampal cells
in STZ exposed rats show significant depletion of (Aym) (*p < 0.05).
FA treatment has considerably protected (#p < 0.05) the levels of
(Aym) suggestive of its mito-protective efficacy.

3.4. FA mitigates ICV-STZ induced prolong mPTP opening

The effect of FA on ICV-STZ induced continue mPTP opening was
analyzed by Calcein AM-cobalt quenching assay, based on quenching of
intra-mitochondrial calcein fluorescence by cobalt influx through acti-
vated mPTP (Fig. 4). ICV-STZ conditioned rats brain hippocampi
showed significant depletion (**p < 0.01) in mitochondrial Calcein-AM
fluorescence following CoCl, exposure suggestive of prolonged
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SEM. The significant

difference is shown as (*p < 0.05) when compared to the sham group and as (#p < 0.05) when compared to the lesion group, figl(a) Track plot images of escape
latency generated by Anymaze Software (Steolting, USA), fig1(b) shows the escape latency of rats or the time taken by the rats to find the hidden platform during five
days of trial, figl(c) shows the time spent by the rats in the target quadrant in probe trial (when the hidden platform was removed).
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Fig. 2. Flow cytometric analysis of total ROS generation by DCFDA (n = 3). Cells were treated with 10 pM DCFDA for 30 min at 37 °C. Flow cytometric histograms
a-d represent fluorescence intensities acquired in 10,000 events using £x/£m = 495/ 529 nm. Fig. 2 (a,b,c,d) represents Sham, Lesion, Lesion + FA, and Sham + FA
conditioned rats respectively. The results are presented as Mean * SEM. The significant differences are shown as (*p < 0.05) when compared to the Sham group and
as (#p = 0.05) when compared to the Lesion group.
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Fig. 3. Flow cytometric analysis of (Aym) by TMRE (n = 3). Cells were treated with 10 uM Rh 123 for 30 min at 37 °C. Flow cytometric histograms a—d represent
fluorescence intensities acquired in 10,000 events using £x/£m = 549/574 nm. Fig. 3 (a,b,c,d) represents Sham, Lesion, Lesion + FA, and Sham + FA conditioned
rats respectively. The results are presented as Mean = SEM. The significant differences are shown as (*p < 0.05) when compared to the Sham group and as
(#p < 0.05) when compared to the Lesion group.
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activation of mPTP due to worsening of mitochondrial ROS. FA treat-
ment has significantly mitigated the prolong galvanization of mPTP
(#p < 0.05) in ICV-STZ conditioned rats.

3.5. Assessment of the effect of FA and ICV-STZ on pyramidal cell layer in
the CA1 region

STZ administration through ICV causes significant changes
(**p < 0.01) in the area of the pyramidal cell layer along with ex-
tensive pyknosis suggestive of the neurodegenerative death of the
hippocampal neurons (Fig. 5). Interestingly, FA treatment has restored
the pyramidal cell layer morphology, as the cells appear rounder and
more aligned, FA has also mitigated the cell shrinkage associated with
the sporadic AD (##p < 0.01).

3.6. Mitigatory role of FA on ICV-STZ induced DNA fragmentation

ICV-STZ causes a significant amount of DNA fragmentation as evi-
denced by an increase in comet tail length (Fig. 6d), comet area
(Fig. 6e) and DNA in tail percentage (Fig. 6f; p = 0.05) in the hippo-
campi of STZ conditioned rats. FA treatment was able to alleviate the
DNA damage by reducing DNA content and length of comet tail
(#p < 0.05), suggestive of its ant apoptotic effect as STZ has been re-
ported to have a robust alkylating impact of DNA and is known to cause

Fig. 5. Photomicrograph of H&E staining of
coronal sections of the CAl region of rat hip-
pocampi from sham, lesion and lesion + FA
groups respectively. The area analysis of 50
cells was done using ImageJ (NIH, USA) and
results are expressed as Mean * SEM. The
significant  difference is presented as
(*p < 0.05) when compared to the Sham group
and as (#p =< 0.05) when compared to the
Lesion group.

*%

DNA damage following exposure.
3.7. FA limits caspase 3 activation and astrogliosis

FA treatment has been found to have mitigated (##p < 0.01; Fig. 8)
levels of the caspase3 activation done by STZ (**p < 0.01). Ad-
ditionally, FA treatment has decreased the astrogliosis into the CAl
region of the ICV-STZ conditioned AD rats (Fig. 7). Ac-DEVD-pNA and
GFAP provided a better picture of the apoptosis associated with ICV-
STZ administration, as both are the early effectors of hippocampal
apoptosis.

3.8. Effect of FA and ICV-STZ on mitochondrial localization of BAX and
Cytochrome-C

The localization of BAX on mitochondria has been considered as an
essential event in the process of apoptosis, BAX with BAK form large
pores in the outer mitochondrial membrane which in turn causes mPTP
opening and release of Cytochrome C into the cytosol. FA treatment has
been found to have significantly (##p < 0.01) alleviated ICV-STZ
mediated internalization of BAX into the mitochondria (Fig. 11d) and
Release of Cytochrome-C (#p < 0.05) into the cytosol (Fig. 9d). These
results collaborate with the findings of FA on Caspase 3 activation and
mPTP opening (Fig. 4,8).
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3.9. FA prevents ICV-STZ induced dysfunction in mitochondrial
bioenergetics

ICV-STZ model of AD in accord with the human samples of AD has
classically been reported to present changes in mitochondrial bioener-
getics. STZ treatment has been found to have significantly down-

regulated the OXPHOS complex I (NADH-CoQ oxidoreductase)
Fig. 10b; *p < 0.05, complex II (succinate dehydrogenase) Fig. 10c;
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d 400 Fig. 6. Comet assay of the effect of FA on ICV-
STZ induced DNA fragmentation. a,b,c re-
2 3001 " presents images from Sham, Lesion,
2 —I_ Lesion + FA groups respectively. (f) DNA per-
§ 2004 centage in tail, (e) comet area and (d) tail
8 # length were quantified using Cometscore (v2.0,
g 1001 Tritek, USA). Data was represented as
Mean + SEM. The significant difference is
0 & & presented as (*p < 0.05) when compared to
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*p =0.05 and complex IV (Cytochrome-c oxidase) Fig. 10e;
(**p < 0.01)] protein levels. Interestingly, FA treatment has been found
to have a therapeutic effect (#p < 0.05) on the OXPHOS protein
complexes.

3.10. Role of FA in ICV-STZ related changes in mitochondrial dynamics

Drp-1 and Mfn2 have been considered as the master players in the

DAPI-FITC

Fig. 7. Photomicrograph of the effect of FA and ICV-STZ on astrogliosis in hippocampi of rats. FITC conjugated secondary antibody was used, and the nucleus is

counterstained with DAPI.
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Fig. 8. Effect of FA on the ICV-STZ induced exacerbation in Caspase 3 activity
using Ac-DEVD-pNA a selective probe for caspase3 having a maximum absor-
bance at 405 nm. Activity was measured regarding pM of pNA released/min/
ml. Data was represented as Mean * SEM. Significant differences are ex-
pressed as (*p < 0.05) when the comparison was made with the Sham group
and (#p < 0.05) when compared with Lesion group.

delicate process of fission and fusion. STZ on ICV exposure cause a
significant shift towards fission by upregulating protein expression and
mitochondrial localization of Drp-1 (**p < 0.01; Fig. 11c) and under-
mining the protein expression of Mfn2 (*p < 0.05; Fig. 11b). FA sup-
plementation has significantly mitigated the exacerbation in mi-
tochondrial fission by downregulating expression and localization of
Drp-1 on mitochondria (##p < 0.01), FA also restored the Mfn2 pro-
tein expression (#p < 0.05), and in-turn restored the mitophagy, a
process responsible for removal of damaged mitochondria.

3.11. FA protects ICV —STZ induced mitochondrial dysfunction by
upregulating PGC1-alpha

FA treatment has been found to have significantly (#p < 0.05;
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Fig. 12) restored the ICV-STZ induced depletion in nuclear localization
and protein expression of PGC-1 alpha. FA has been classically reported
to increase PGCl-alpha expression, and the effect has been observed in
ICV-STZ model of AD.

3.12. FA mitigates ICV-STZ induced mitochondrial Lipid peroxidation
(LPO)

Mitochondrial membrane LPO has been considered as an important
hallmark in the assessment of the extent of mitochondrial damage. FA
treatment has been found to have a mitigatory role in (#p < 0.05;
Fig. 13) in ICV-STZ induced oxidative stress concomitant mitochondrial
membrane damage (*p < 0.05).

3.13. Effect of FA and ICV-STZ on ATP synthesis potential of mitochondria

FA treatment has been found to have a protective effect on F; —-F¢
synthase activity (#p < 0.05; Fig. 14). F; —Fg synthase activity is the
mainstay process in the mitochondria responsible for ATP synthesis
potential of mitochondria, which is significantly impaired in ICV-STZ
treated rat brain hippocampi (**p < 0.01).

4. Discussion

There are extensive pieces of evidence available for the beneficial
role of ferulic acid in various rodent models of toxicities at doses ran-
ging from 50 mg/kg to 250 mg/kg (Kawabata et al., 2000). Humans
may consume as much as 80-165mg FA/meal, which corresponds to
approximately 1-2 mg/kg of body weight (Barone et al., 2009). So, the
current study was undertaken to evaluate the neuroprotective efficacy
of FA on the administration of higher doses in ICV-STZ induced
sporadic dementia and related mitochondrial abnormalities. ICV-STZ
model has been proposed as a well characterized and is considered an
appropriate non-transgenic model for sporadic dementia of Alzheimer’s
type (Grieb, 2016; Chen et al., 2013). ICV-STZ model of AD has been
found to produce many pathological and molecular changes observed in
human samples such as the presence of amyloid beta fibrils,

Fig. 9. Protein expression of GAPDH, ChAT,
Drp-1, Bcl2 and Cytochrome-C an in FA and
ICV-STZ treated rat brain hippocampi as com-
pared with Sham. An equal amount of protein
(35ug) was separated on 10% TGX gels, im-
munoblotted and images were acquired using
Bio-Rad ChemiDoc. Bands in Lane 1-4 shows
expression  profile in Sham, Lesion,
Lesion + FA, and Sham + FA conditioned rats
respectively.  Values are expressed as
Mean + SEM as calculated using ImageJ
(v1.50, NIH, USA). Significant differences were
expressed as (*p < 0.05) when the comparison
was made with the Sham group and
(#p = 0.05) when compared with Lesion
group.
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Fig. 10. Protein expression of OXPHOS in mitochondrial fraction of FA and ICV-STZ treated rat brain hippocampi as compared with Sham. An equal amount of
protein (35 pg) was separated on 10% TGX gels, immunoblotted and images were acquired using Bio-Rad Chemi-Doc. Bands in Lane 1-4 shows expression profile in
Sham, Lesion, Lesion + FA, and Sham + FA conditioned rats respectively. Values are expressed as Mean + SEM as calculated using ImageJ (v1.50, NIH, USA).
Significant differences were expressed as (*p < 0.05) when the comparison was made with the Sham group and (#p < 0.05) when compared with Lesion group.

hyperphosphorylation of tau, oxidative stress, cholinergic loss, neu-
roinflammation and mitochondrial abnormalities (Halawany, 2017;
Ravelli et al., 2017; Kamat, 2015). Preservation of cholinergic function
is vital for learning and memory, and its disruption is universal in
cognitive impairments (Hasselmo, 2006). We have used morris water
maze for assessment of the mitigatory role of FA on ICV-STZ related
spatial learning and memory impairment. Our results have suggested
that FA treatment has been able to decrease the escape latency (i.e., the
time elapsed in finding the hidden platform), and increased the time
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spent by rats in the target quadrant during probe trial, suggesting better
retention and recall of memory. The memory performance has been
associated with the hippocampal morphology, and ICV-STZ has been
reported to cause loss of pyramidal neuron in the CA1 region along with
depletion of protein expression of ChAT (More et al., 2016; Wang et al.,
2016; Dhull et al., 2012; Kraska et al., 2012). FA treatment has been
found to restore the normal cellular morphology such as cell area and
shape of pyramidal neurons in the CAl region. FA treatment has also
revived the protein expression of ChAT in the hippocampi of ICV-STZ

Fig. 11. Protein expression of Drp-1, Mfn2,
and BAX in mitochondrial fraction of FA and
ICV-STZ treated rat brain hippocampi as com-
pared with Sham. An equal amount of protein
(35ug) was separated on 10% TGX gels, im-
munoblotted and images were acquired using
BioRad Chemi-Doc. Bands in Lane 1-4 shows

expression  profile in  Sham, Lesion,
Lesion + FA, and Sham + FA conditioned rats
respectively. Values are expressed as

Mean + SEM as calculated using ImageJ
(version 1.50, NIH, USA). Significant differ-
ences were expressed as (*p < 0.05) when the
comparison was made with the Sham group
and (#p < 0.05) when compared with Lesion
group.
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Fig. 12. Protein expression of PGCl-alpha in the nuclear fraction of FA and
ICV-STZ treated rat brain hippocampi as compared with Sham. An equal
amount of protein (35 ug) was separated on 10% TGX gels, immunoblotted and
images were acquired using BioRad Chemi-Doc. Bands in Lane 1-4 shows ex-
pression profile in Sham, Lesion, Lesion + FA, and Sham + FA conditioned rats
respectively. Values are expressed as Mean *= SEM as calculated using ImageJ
(v1.50, NIH, USA). Significant differences were expressed as (*p < 0.05) when
the comparison was made with the Sham group and (#p < 0.05) when com-
pared with Lesion group.
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Fig. 13. Analysis of LPO levels in isolated mitochondria from hippocampi of
rats from Sham, Lesion, Lesion + FA, and Sham + FA groups respectively. The
results are expressed as nmoles of TBARS formed/ h/mg and were calculated
using a molar extinction coefficient (MEC) 1.56 x 105 M tem™h Significant
differences were expressed as (*p < 0.05) when the comparison was made with
the Sham group and (#p < 0.05) when compared with Lesion group.

treated rats (Mancuso and Santangelo, 2014).

As numerous studies have reported exacerbation of ROS generation
and concomitant apoptosis in AD (Guo et al., 2017a,b; Dhull et al.,
2012; Reddy and Beal, 2008a), we analyzed the levels of Intracellular
ROS by DCFDA. We also conducted GFAP and caspase3 activity
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Fig. 14. F; -Fo synthase activity for analysis of ATP synthesizing potential of
mitochondrial isolated from Sham, Lesion, Lesion + FA, and Sham + FA groups
respectively. Values are expressed as pmoles of Pi liberated/min/mg protein.
Significant differences were expressed as (*p < 0.05) when the comparison was
made with the Sham group and (#p < 0.05) when compared with Lesion group.

analysis, as astrogliosis and caspase3 activation is generally considered
as the primary hallmark in hippocampal apoptosis (Giinther et al.,
2017; Rai et al., 2014).The results of our study showed that ICV-STZ
administration at a subdiabetogenic dose of 3mg/kg causes a sig-
nificant increase in the intracellular ROS production, GFAP expression,
caspase3 activation, and DNA fragmentation. These findings were well
in accord with previous reports (Mishra et al.,2018; Nazifi et al.,2018).
On the contrary, long-term oral gavage with FA has significantly miti-
gated the exacerbation of the ROS generation along with a decrease in
GFAP expression, caspase 3 activation, and DNA fragmentation which
generally collates with the studies advocating its antioxidant, anti-
apoptotic and anti-inflammatory potential (He et al., 2018; Jain et al.,
2018; Zhou et al., 2018).

Reactive oxygen species (ROS) are a frequent by-product of electron
leakage from the inner mitochondrial membrane during mitochondrial
oxidative phosphorylation. Under normal conditions, ROS are rapidly
cleared to increasingly lesser reactive species by enzymes, but when
mitochondria are perturbed, ROS production may exceed the cell’s
ability to neutralize, resulting in oxidative damage to the cell (Yu et al.,
2018; Turrens, 2003). So, to further explore the effect of ICV-STZ model
we have investigated the mitochondrial perturbations associated with
it. Numerous studies have shown that hippocampal mitochondrial ab-
normalities are an integral part of transgenic and non-transgenic
models of AD and have also been confirmed in the post-mortem samples
(Cai and Tammineni, 2017; Guo et al., 2017a,b; Martins et al., 2016;
Fernadndez-Moriano, 2015; Reddy et al., 2012; Reddy and Beal, 2008b).
Recently, Paidi et al. (2015) have shown that ICV-STZ also presented
the changes in mitochondrial dynamics as found in the human, af-
firming its suitability as a model of AD. Indeed, we have seen that the
ICV administration of a sub-diabetogenic dose of STZ promotes a sig-
nificant decline in hippocampal bioenergetics function as reflected by
the decrease in the protein expression of OXPHOS complexes I, Il and IV
(Martins et al., 2016; Reddy and Beal, 2008a,b). This, in turn, leads to a
decline in (Aym) and increases the susceptibility for mPTP opening and
further enhancing the oxidative damage, mitochondrial membrane
damage (LPO), loss of ATP synthesizing capacity and progression of
apoptosis by internalization of BAX into the mitochondria and release
of Cytochrome C into the cytosol (Kim et al., 2018; Correia et al., 2013).
FA treatment has been found to have a restorative effect on OXPHOS
complexes, ATP synthesis and (Aym), that may have caused the de-
pletion of mPTP activity by limiting mitochondrial membrane damage,
mitochondrial BAX expression and release of Cytochrome C responsible
for caspase3 activation.
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Moreover, we have found an increase and decrease in mitochondrial
Drpl and Mfn2 proteins levels respectively. Drp-1 being the critical
effector of fission and its overexpression has been considered as a viable
target for a therapeutic approach for AD (Kandimalla and Reddy, 2016;
Manczak and Reddy, 2012). Additionally, Mfn2 has been a well-ac-
credited marker and effector of mitochondrial fusion, depletion of Mfn2
causes depletion of mitochondrial trafficking and mitophagy. A balance
between both the processes is essential for maintaining mitochondrial
health of neurons (Reddy et al., 2011). ICV STZ enhances the locali-
zation of Drp-1 onto the outer mitochondrial membrane; this, in turn,
decreases Mfn2 related fusion, causes (Aym) loss and apoptosis (Tang
et al., 2018). Interestingly, FA administration was able to restore the
balance between these two processes.

Furthermore, Naik et al. (2017) has reported that ICV-STZ decreases
mRNA expression of PGCl-alpha and rice bran oil has been reported to
affect PGC1-alpha in aged NMRI mice (Hagl et al., 2016). PGC-1alpha
has been accredited as the master regulator of mitochondrial biogenesis
and currently no literature is available on its modulation by FA in ICV-
STZ model. So, we have analyzed the effect of FA and ICV-STZ on
PGC1-alpha nuclear protein levels and found that FA does increase the
nuclear expression of PGCl-alpha levels as it is a transcription factor
and its nuclear presence is of importance for mitochondrial biogenesis.
In support of our finding, we have found that Peng et al. (2017); Singh
et al. (2016); Lagouge et al. (2006) have shown that an increase in
PGCl-alpha levels can modulate the promoter regions of Drp-1 and
Mfn2 and can shift the balance to fusion by decrease Drp-1 expression
and increasing Mfn2 expression. Our finding supports the protective
efficacy of FA in AD-related neurodegeneration and concludes that FA
may have the propensity to mitigate the apoptotic cell loss by the
management of mitochondrial abnormalities associated with neurode-
generative damage.
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