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Abstract

Alzheimer's disease (AD) is a progressive neurological disorder that affects various
cognitive functions, behavior, and personality. AD is thought to be caused by a com-
bination of genetic and environmental factors, including exposure to aluminum (Al).
Virgin coconut oil (VCO) may have potential as a natural neuroprotectant against
AD. Aim of this study was to determine neuroprotective effects of VCO on Al-
induced neurotoxicity in an in vitro AD model. SH-SY5Y cells were initially cultured
in normal growth medium and then differentiated by reducing fetal bovine serum
content and adding retinoic acid (RA). Later, brain-derived neurotrophic factor
(BDNF) was added along with RA. The differentiation process was completed on the
seventh day. Study groups (n = 3) were designed as control group, VCO group, Al
group, Al-VCO group, Alzheimer model (AD) group, AD + Al-exposed group (AD+Al),
AD -+ VCO applied group (AD + VCO) and AD + Al-exposed + VCO applied group
(AD + Al + VCO). Specific markers of AD (hyperphosphorylated Tau protein, amyloid
beta 1-40 peptide, and amyloid precursor protein) were measured in all groups. In
addition, oxidative stress parameters (total antioxidant capacity, lipid peroxidase, pro-
tein carbonyl, and reactive oxygen species) and neurotransmitter-related parameters
(dopamine, dopamine transporter acetylcholine, and synuclein alpha levels, acetylcho-
linesterase activity) were measured comparatively in the study groups. VCO reduced
amyloid beta and hyperphosphorylated Tau protein levels in the study groups. In
addition, oxidative stress levels decreased, and neurotransmitter parameters
improved with VCO. Our study shows that VCO may have potential therapeutic
effects in Alzheimer's disease and further experiments are needed to determine its

efficacy.
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1 | INTRODUCTION

Alzheimer's disease (AD) is a progressive neurological disorder that
affects various cognitive functions, behavior, and personality. The
biochemical changes that occur in the brain are interrelated and lead to
difficulties in receiving and processing new information, performing
previously known tasks, confusion, social withdrawal, memory loss, and
changes in personality (Wang et al., 2016). The typical neuropathologi-
cal indicators of AD are the presence of intracellular neurofibrillary
tangles (NFTs; caused by hyperphosphorylation of human microtubule
associated protein [Tau]), extracellular senile plaques (caused by
accumulation of amyloid beta peptide, ABP), and loss of synapses and
neurons in specific brain regions, including the hippocampus and
cerebral cortex (Ashrafian et al., 2021; Soria Lopez et al., 2019).

AD is thought to be caused by a combination of genetic and envi-
ronmental factors, including exposure to aluminum (Al). Evidence of
the relationship between Al and AD includes observations of neurofi-
brillary degeneration after the intracerebral injection of Al in rabbits
(Klatzo et al., 1965) and elevated levels of Al in the brains of AD
patients in post-mortem studies conducted in 1973 (Crapper
et al., 1973). While early-onset AD is linked to genetic mutations that
lead to increased secretion of neurotoxic ABP, the late-onset form,
which accounts for 85-95% of AD cases, is not associated with any
gene mutations (Ferreira et al., 2008).

Al is a metal that is commonly found in nature and is extensively
utilized throughout the world. It can react with other elements to cre-
ate various chemical compounds. Al is mainly used in cooking utensils,
construction material, water purification systems, vaccine adjuvants,
and cosmetics (Kamali et al., 2019; Sanajou et al., 2021). Humans are
highly exposed to Al in workplaces (Klotz et al., 2017). Moreover, Al
adjuvants to vaccines have aroused many questions both in the past
and particularly after COVID-19 pandemic (Liang et al, 2020).
Although the Al ion does not play a role in metabolic processes, it can
be harmful to both humans and animals as a metallic toxicant due to
its high accumulation in the organism (Exley, 2013). The safety of Al
was brought into question after elevated levels of Al were discovered
in the brain tissues of individuals with encephalopathy who were
exposed to Al through dialysis (Alfrey et al., 1976). The accumulation
of Al in mammalian tissues may cause several adverse health effects
including AD (Exley, 2017), bone defects (Klein, 2019), impaired
immune function (Zhu et al., 2014), multiple sclerosis, and autism
(Kawahara & Kato-Negishi, 2011). The presence of high levels of Al was
observed in the hippocampus of animal models along with the forma-
tion of NFTs although the exact pathogenesis and relationship is not
yet understood. Various studies investigated the pathways of Al-
induced neurotoxicity, such as oxidative stress injury, DNA damage,
and mitochondrial dysfunction (Exley et al., 2012; Sanajou, Erkekoglu,
et al., 2023). However, there is no unified mechanism that directly cor-
relates Al exposure with the formation of NFTs, which are a hallmark
lesion in AD. Previous studies suggested that the appearance of NFTs
in the central nervous system as a result of Al toxicity was related to
the deposition of abnormally phosphorylated Tau protein in the brain

(Exley & House, 2011). This connection indicates that Al toxicity is Tau

dependent. However, the precise mechanistic link between the Al
exposure and Tau hyperphosphorilation remains unclear.

Virgin coconut oil (VCO) is obtained from fresh coconuts through
a process that involves low heat without the presence of any chemi-
cals. This process ensures that the bioactive components of the oil
such as polyphenols, fatty acids, sterols, and tocopherols are retained.
VCO is suggested to act as antioxidant, anti-inflammatory, antithrom-
botic, antipyretic, and anti-hypercholesterolemic agent (Yeap
et al,, 2015). VCO has been studied for its potential as a natural neu-
roprotectant against AD although there is still some controversy sur-
rounding its efficacy (de la Orti et al., 2017; Fernando et al., 2015).
Additionally, coconut consumption has been identified as a potential
cognitive enhancer (Fernando et al., 2015). Despite numerous studies
on this topic, further research is required to determine the protective
effects of VCO supplementation before the onset of the disease.

The aim of this study was to determine the possible protective effects
of VCO against AD and/or Al in Tau-induced AD model in SH-SY5Y cells.

2 | MATERIALS AND METHODS

21 | Chemicals, reagents, and kits
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
aluminum hydroxide [Al (OH)s], brain-derived neurotrophic factor
(BDNF), and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (Mannheim, Germany). VCO Unrefined Cold Pressed Chemical
Free was purchased from Balen (Ankara, Turkey). Dulbecco's Modified
Eagle Medium (DMEM), Ham's F12 w/L-glutamine w/25 mM Hepes
(DMEM-F12), penicillin/streptomycin, and fetal bovine serum (FBS)
were obtained from Biowest (Riverside, 97 MO). The intracellular reac-
tive oxygen species (ROS) assay kit was from Sigma-Aldrich (Mannheim,
Germany). Thiobarbituric acid reactive substances (TBARS), all-trans
retinoic acid (RA), total antioxidant (TAOC) assay kit, total protein assay
kit, and protein carbonyl assay kit were purchased from Cayman Chemi-
cal (Ann Arbor, MI). Human acetylcholinesterase (AChE) kit, acetylcho-
line (ACh), human dopamine transporter (DAT), dopamine (DA), amyloid
beta 1-40 (AB1-40), amyloid precursor protein (APP), human synuclein
alpha (SNCa), and human Tau protein (MAPt) ELISA kits were pur-
chased from Elabscience (Houston, TX). Gas chromatography
(GC) capillary column Rt-2560 100 m, 0.25 mm ID, 0.20 um purchased
from Restek Corporation (Bellefonte, PA), Supelco® 37 Component
FAME Mix purchased from Sigma-Aldrich (Mannheim, Germany).

2.2 | Cell culture and media

Human neuroblastoma SH-SY5Y cell line (ATCC® CRL-2266™,
Manassas, VA) was obtained from The American Type Culture Collec-
tion. The cells were grown in 75 cm?-cell culture plates in an incuba-
tor maintained at 37°C and 5% CO, using DMEM-F12 medium, which
was supplemented with 10% (v/v) FBS and 1% penicillin/streptomy-
cin. For the study, cells from the 14th passage were used.
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2.3 | Determination of the fatty acid content of
the coconut oil

The fatty acid content of VCO was determined with GC-flame ionization
detector (GC-FID, Agilent Technologies 7890 A GC System) with the
G4513A Injector. First, 0.1 g of VCO was taken into a test tube (20 ml).
Then, 5 ml of a methylation reagent consisting of methanol, hexane, and
sulfuric acid (75:25:1, v/v/v) was added. A reflux condenser was used to
heat the test tube in a boiling water bath for 30 min, making sure to
keep the temperature of the water bath 290°C. After, the mixture
was transferred into a separating funnel (50 ml) with the help of 10 ml
of distilled water and 10 ml of petroleum ether. The funnel was shaken
well, and then, we allowed the phases to separate. The aqueous phase
was removed, and the ether layer was washed twice with 20 ml of
distilled water. Later, some anhydrous sodium sulfate (Na,SO,4) was
added to the separating funnel, shaken, and let settle for a few minutes.
The mixture was filtered, and the filtrate was collected in a 15 ml
test tube with a conical base. The solvent was evaporated over a water
bath with the help of a nitrogen current; 1 ml of CH,Cl, was added,
and the resulting mixture was analyzed for fatty acid content.

24 | Cells lysis

Following the incubation period with Al (OH); and/or VCO, cells
were washed with pre-cooled PBS and trypsinized. Cell
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suspensions were then collected and centrifuged at 1,000xg for
5 min. After removing the supernatants, cells were re-suspended
with 800 ul of PBS. To ensure complete cell lysis, the freeze-thaw
process was repeated multiple times. Once cell lysis was com-
pleted, the cells were centrifuged at 1,500xg for 10 min at 2-8°C,
and the supernatants were collected and stored at —80°C until
analysis.
2.5 | Cell viability and cell proliferation

To determine a cytotoxic concentration of Al (OH); and non-cytotoxic
concentrations of VCO, the MTT cell viability assay was conducted.
The assay involved seeding 20,000 SH-SY5Y cells/well into 96-well
microplates and incubating them for 24 h. The culture media was then
replaced with fresh DMEM-F12 medium containing varying concen-
trations of Al (OH); (10, 25, 50, 100, 250, 500, 750, 1,000, 1,500,
2,000, and 2,500 pM) and VCO (15.56, 31.12, 62.5, 125, 250,
500, and 1,000 uM), and the plates were further incubated for 24 h.
Later, the medium was removed from each well, and 0.5 mg/ml
of MTT was carefully added. The plate was then incubated at 37°C
for 4 h. The medium was removed again, and 150 ul of DMSO
was added to dissolve the formazan crystals. Optical density
(OD) of the samples was measured at 570 nm using a spectrophotom-
eter (SpectraMax M2, Molecular Devices, Sunnyvale, CA). The
experiments were repeated six times on different days, and the
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Cell viability at different concentrations of aluminum and coconut oil. (A) Cell viability at different concentrations of aluminum.

*p < 0.001 represents a significant difference between control and individual treatment. Values are given as mean * SD. (B) Cell viability at
different concentrations of VCO. (C) Cell viability percentage after exposure to aluminum. (D) Cell viability percentage after exposure to VCO.

Values are given as mean + SD. VCO, virgin coconut oil. *p < 0.05
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mean results were expressed as percentages relative to the control
group (Figure 1). The inhibitory concentration 20 (IC,) value of
Al was obtained from MTT test results. For VCO, the highest concen-
tration that did not cause loss in cell viability and provided 100%
cellular growth versus control (62.5 pg/ml) was chosen for the

experiments.

2.6 | AD model

In this study, a previously developed method for SH-SY5Y cell differ-
entiation by de Medeiros et al. (2019) was used with modifications as
described by Yirlin et al. (2023) and Sanajou, Erkekoglu, et al. (2023).
When sequentially treated with RA and BDNF, the human neuroblas-
toma SH-SY5Y differentiates to cholinergic neuron-like cells
(de Medeiros et al, 2019). Challenging SH-SY5Y cells with RA
+ BDNF, without causing considerable decrease of cell viability, pro-
vides an in vitro model, which mimics the early-stage pathophysiology
of cholinergic neurons affected by AD. It was found that coincident
with morphologically evident neurite outgrowth, both the content and
phosphorylation state of Tau increased in RA + BDNF differentiated
SH-SY5Y cells. Jdms3 et al. (2004) suggested that Tau phosphoryla-
tion increased at all the examined sites ser-199, ser-202, thr-205, ser-
396, and ser-404, all of which were found to be hyperphosphorylated
in AD brain.

Briefly, cells were initially cultured in normal growth medium for
24 h and then differentiated by reducing the FBS ratio to 1% and
adding RA (10 uM) on the first day after plating. Starting from Day
4, BDNF (2.5 ng/ml) was added along with RA, and the cell medium
was replaced every 3 days. The differentiation process was com-
pleted on the seventh day, and later, both cells and culture superna-
tants were collected.

Other than using SH-SY5Y cells, other differentiation protocols
by using other cell lines, like LA-N cells, are also used by different
researchers. The LA-N cell lines were developed by R.C. Seeger
around 1980 (Seeger et al., 1977, 1982). They are immortalized
biopsies of neuroblastoma, from a 3-year-old girl (LA-N-2, Seeger
et al., 1977) and a 4-months-old boy (LA-N-5, Seeger et al., 1982).
In two different studies by Shulman et al. (2023) and Lobentanzer
et al. (2020), the researchers used LA-N (LA-N-2 and LA-N-5) cells
to create in vitro AD models. The cells were differentiated by using
a cholinergic differentiation protocol in which several neurokines
(ciliary neurotrophic factor [CNTF], leukemia inhibiting factor [LIF],
and interleukin 6 [IL-6]) were used in order to provide differentia-
tion. In this protocol, the elevation of choline acetyltransferase
(ChAT), the central cholinergic marker (mMRNA, protein, and activity),
and its intronic vesicular ACh-transporter gene (VAChT) were
observed.

The differentiation modeling and chemical addition timeline is
summarized in Table 1.

TABLE 1  Alzheimer model and study design
Groups
(hn=23) Day 1 Day 3 Day 4 Day 7
Control Fresh DMEM F12 medium (10% FBS) Fresh DMEM F12 medium (10% FBS) Observation Pellet
removal
VCO Fresh DMEM F12 medium (10% FBS) Fresh DMEM F12 medium (10% FBS) Observation Pellet
+ coconut oil (62.5 pg/ml) removal
Al Fresh DMEM F12 medium (10% FBS) Fresh DMEM F12 medium (10% FBS) Observation Pellet
+ Al (362 uM) + Al (362 uM) removal
Al-VCO Fresh DMEM F12 medium (10% FBS) Fresh DMEM F12 medium (10% FBS) Observation Pellet
+ Al (362 uM) + Al (362 uM) + coconut oil removal
(62.5 pg/ml)
AD Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% Pellet
+ 10 uM RA + 10 uM RA FBS) + 10 uM RA + BDNF removal
(2.5 ng/ml)
AD- Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% Pellet
VCO + 10 uM RA + 10 uM RA + coconut oil FBS) + 10 uM RA + BDNF removal
(62.5 pg/ml) (2.5 ng/ml) + coconut oil
(62.5 pg/ml)
AD-AI Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% Pellet
+ 10 uM RA + Al (362 pM) + 10 UM RA + Al (362 pM) FBS) + 10 uM RA + Al (362 uM) removal
+ BDNF (2.5 ng/ml)
AD-AI- Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% FBS) Fresh DMEM F12 medium (1% Pellet
VCO + 10 UM RA + Al (362 uM) + 10 UM RA + Al (362 uM) FBS) + 10 uM RA + Al (362 uM) removal

Abbreviations: BDNF, brain-derived neurotrophic factor; DMEM F12, Dulbecco's modified Eagle's medium-Ham's F12 w/L Glutamine w/15-mM HEPES;

FBS, fetal bovine serum; RA, retinoic acid.

+ coconut oil (62.5 pg/ml)

+ BDNF (2.5 ng/ml) + coconut oil
(62.5 pg/ml)
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2.7 | Study groups

1. Control: only medium was applied.

2. VCO group: VCO group was exposed to VCO (62.5 pg/ml) for
24 h.

3. Al group: Al group was exposed to Al (OH); (362 uM) for 24 h.

4. Al-VCO group: Al (OH)3 (362 uM) + VCO (62.5 pg/ml).

5. AD group: RA (10 uM) + BDNF (2.5 ng/ml).

6. AD-VCO group: RA (10 uM)+ BDNF (2.5 ng/ml) + VCO
(62.5 pg/ml).

7. AD-Al group: Al (OH); (362 uM)+ RA (10 pM)+ BDNF
(2.5 ng/ml).

8. AD-AI-VCO group: Al (OH)s; (362 uM) + RA (10 uM) + BDNF
(2.5 ng/ml) + VCO (62.5 pg/ml).

2.8 | Intracellular ROS

All study groups were evaluated for intracellular ROS production
using a one-step fluorometric assay kit. SH-SY5Y cells were seeded
into a 96-well plate with a black/clear bottom and incubated at 37°C
and 5% CO, for 24 h. After the incubation period, a master reaction
mix was added to each well and incubated in the dark for 1 h. Fluores-
cence was measured at Aeycitation = 520 nm and Aemission = 605 nm.
The ROS production of control group was 100%, and the ROS pro-
duction by other groups was calculated as a percentage of the control
(Yirtin et al., 2023; Sanajou, Yirln et al., 2023).

2.9 | Oxidative stress assays

To assess oxidative stress, the amount of glutathione (GSH) was mea-
sured based on the formation of 5-thio-2-nitrobenzoic acid (TNB)
with glutathione reductase (GR). The absorbance of TNB was mea-
sured at 414 nm, and the GSH levels were given as ug/mg protein.

Total antioxidant capacity (TAOC) levels were assessed using an
assay based on the ability of antioxidants to prevent the oxidation of
2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to ABTS™
caused by metmyoglobin. The absorbance was measured at 405 nm,
and the ability of antioxidants to stop ABTS™ oxidation was measured
in mM Trolox equivalents.

The natural process of lipid peroxidation leads to the formation of
malondialdehyde (MDA), which is a by-product of lipid peroxidation
(Ayala et al., 2014). Under acidic conditions and high temperatures,
MDA reacts with thiobarbituric acid to produce a complex, the
amount of which is determined by measuring its colorimetric absor-
bance at 530 nm. The results were then expressed as nmol/mg
protein.

Protein carbonyls indicate protein damage due to oxidation.
When ROS like peroxides or superoxide anion are present, several
amino acids' side chains convert to carbon (Cai & Yan, 2013). The pro-
tein carbonyl levels were measured by spectrophotometric analysis of

the hydrazone compound produced by the reaction between the

KppliecToxicology-W1LEY-1—=

carbonyls and the 2,4-dinitrophenylhydrazine compound. The results
are expressed as nmol/mg protein after measuring the absorbance at
370 nm.

2.10 | Dopamine levels

There is intensive research on the dopaminergic system in AD, as it is
the key neurotransmitter system involved with emotion and cognition
(Nardone et al., 2014). The dopaminergic system undergoes many
changes during the neuropathological aging process. The progression
of AD has been associated with these changes in the dopaminergic
system. However, previous studies found inconsistent results regard-
ing the relationship between AD, dopamine, and dopamine receptor
levels. Some studies suggested that dopamine plays a crucial role in
synaptic plasticity (Hagena & Manahan-Vaughan, 2016). The progres-
sive disarrangement of synapses, neurotransmission impairment, and
loss of cells would further induce the presence of extracellular
deposits of amyloid protein, senile plaques, and intracellular fibrillary
tangles. These alterations may lead to the symptoms of pre-dementia,
like hypo-activity, gait disturbances, and decline of cognitive function-
ing (Mattsson et al., 2017).

To determine the concentration of DA in the cell culture media, a
competitive ELISA kit was used. First, an antibody was coated onto
the 96-well plate, and then, the samples were added to the plate along
with an HRP conjugated dopamine and a dopamine-specific antibody.
The competitive inhibition reaction between the HRP-labeled dopa-
mine and dopamine without the antibody led to a color change that
was inversely proportional to the amount of DA present in the sam-
ples. ODs were measured at 450 nm, and the concentration of DA in
the samples was expressed in ng/ml (Oztiirk et al., 2022).

211 | Dopamine transporter levels

Dopamin transporter is a protein that spans across the cell membrane
and is responsible for moving DA from the synaptic cleft back into the
cell's cytosol. DAT plays a significant role in clearing dopamine from
synapses (Carboni et al., 1990). To measure the levels of DAT, a sand-
wich ELISA kit was used. The wells were coated with a specific anti-
body for human DAT. After adding samples, avidin-HRP conjugate
and biotinylated detection antibody were added to the wells. The
reaction was stopped by adding the stop solution. The concentration
of DAT in the samples was determined by measuring the absorbance

at 450 nm, and DAT levels were expressed as nmol/mg protein.

212 | Acetylcholinesterase activity and
acetylcholine levels

The activities of AChE and ACh levels of the samples were measured
using a sandwich ELISA kit. Both of the kits were pre-coated with an
antibody specific to human AChE or ACh. Samples and standards are
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added to the plate wells. HRP conjugate was then added to each well.
The enzyme-substrate reaction was stopped by adding a stop solu-
tion, and the ODs of the samples were measured at 450 nm. The
results are calculated using standard curves, and the activity of AChE
or the levels of ACh were expressed in U/mg protein and pg/ml,
respectively.

213 | Synuclein alpha levels

Synuclein alpha levels were measured using a commercially available
ELISA kit following the manufacturer's instructions. Briefly, samples
were prepared by homogenizing cell lysates in lysis buffer, and the
protein concentration was determined using a BCA protein assay kit.
Equal amounts of protein were added to the ELISA plate, which was
coated with a specific antibody against SNCa. After washing, a bioti-
nylated secondary antibody was added, and later, streptavidin-
horseradish peroxidase (HRP) conjugate was added. The reaction was
started by adding a TMB substrate, and the ODs were measured at

450 nm. The results were expressed as ng/mg protein.

2.14 | Measurement of amyloid precursor protein
and amyloid beta 1-40 and Tau protein levels

The only difference between AB;_42 and AB1_40 is the two additional
C-terminal residues on AB;_45. The concentration of AB4_40 in cerebral
spinal fluid has been found to be several-fold more than that of
APB1-42 (Kumar-Singh et al., 2006). Previous studies also suggest that
AB1-42 and ABq_40 affect each other's aggregation rates and toxic
activities.

Commercial ELISA kits utilizing the sandwich-ELISA principle
were used to measure levels of APP, AB;_40, and Tau protein. The
ELISA plates provided in these kits were pre-coated with antibodies
specific to the measured parameters. Following incubation, cells are
washed with precooled PBS, and trypsin is used to remove them. In
the following step, cell suspensions were collected and centrifuged
for 5 min at 1,000xg. After removing the supernatants, 800 ml of PBS
was used to resuspend the cells. Multiple freeze-thaw cycles were
performed to fully lyse the cells. The cells were centrifuged for 10 min
at 1,500x g at 2-8°C after lysis, and the supernatant was collected for
experiments and stored at —80°C until analysis.

215 | Total protein levels

Total protein levels were determined using a bicinchoninic acid (BCA)
assay. The amount of protein levels in samples was determined based
on the reduction of Cu?* to Cu™ in an alkaline environment. ODs of
the samples were measured at 562 nm. The amount of protein in sam-
ples was directly related to the reduction, and total protein levels
were expressed as mg/ml (Akerboom & Sies, 1981; Miller
etal, 1993).

216 | Statistical analysis

GraphPad Prism® (Version 8.2.1, GraphPad Software, San Diego, CA)
was used to perform the statistical analysis. The differences among
the groups were evaluated by one-way analysis of variance (ANOVA),
and the Mann-Whitney U test was used for pairwise comparisons.
Results are expressed as mean * standard deviation (SD). p < 0.05

was accepted as statistically significant.

3 | RESULTS

3.1 | Fatty acid content of coconut oil

The fatty acid content of VCO is given in Table 2. The percentages
(%) of fatty acids in VCO were 0.67 4 0.12% for C6:0 (caproate);
8.13 + 0.48% for C8:0 (octanoate); 5.97 + 0.70% for C10:0 (decano-
ate), 47.68 + 2.98% for C12:0 (dodecanoate); 18.24 + 0.77% for
C14:0 (myristate); 8.79 + 0.83% for C16:0 (palmitate); and 3.54
+ 0.50% for C18:0 (stearate).

3.2 | Cell viability and proliferation
The cell viability of SH-SY5Y cells decreased dose-dependently with
Al concentrations from O to 2,500 uM (Figure 1A). Inhibitor concen-
tration 20 (IC,p) was 362 uM for Al, and this dose was used through-
out the experiments (Table 3).

SH-SY5Y cell viability declined with the increased doses of coco-
nut oil as shown in Figure 1B. For coconut oil, the highest dose that
did not cause cytotoxicity was determined as 62.5 pg/ml. This dose

was used throughout the in vitro experiments.

TABLE 2 Fatty acid content of coconut oil

Fatty acids Percentage (%)
C6:0 (caproate) 0.67 +0.12
C8:0 (octanoate) 8.13 + 0.48
C10:0 (decanoate) 5.97 +0.70
C12:0 (dodecanoate) 47.68 + 2.98
C14:0 (myristate) 18.24 + 0.77
C16:0 (palmitate) 8.79 + 0.83
C18:0 (stearate) 3.54 + 0.50

TABLE 3 Inhibitory concentrations 50, 30, and 20 for aluminum
IC50 (uM) IC30 (M) IC20 (M)
Aluminum 2,812.8 889.8 362

Inhibitory concentration 50: IC50; inhibitory concentration 30: IC30,
inhibitory concentration 20: 1C20.
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3.3 | Intracellular ROS levels

The intracellular ROS levels of the study groups are given in Figure 2.
Intracellular ROS levels in all groups were significantly higher com-
pared to the control group. The highest increase was determined in
the Al, AD, and AD-AI groups (~200% in Al [p < 0.01], ~116% in AD
[p < 0.01], and ~50% in AD-AI groups [p < 0.05]). VCO treatment in
AD-AI group provided decreases in ROS formation by 35% compared
to AD-Al group. However, only 3% decrease in ROS levels was
detected between AD-AL-VCO and control group. Additionally, treat-
ment with VCO has decreased the ROS in Al-VCO group by 50%
(p < 0.01).

3.4 | Oxidative stress parameters

TAOC levels in the experimental groups are shown in Figure 3A.
TAOC levels decreased significantly in Al, AD, and AD-AI groups ver-
sus control (72%, 60%, and 78%, respectively; p < 0.01). TAOC levels
increased approximately sixfold in the AD-AI-VCO group compared to

ROS (% vs. control)
= = N N w w H
8 8 8 8 8 & 8

[4)]
o

KppliecToxicology-W1LEY-1—=

AD-Al group (p < 0.01). In addition, a fivefold increase was observed
in Al-VCO compared to Al group.

Protein carbonyl levels of the experimental groups are shown in
Figure 3B. Protein oxidation increased by 158% and 194% in AD-Al
and AD levels, respectively, compared to control group. Treatment
with VCO caused 50% reduction in protein oxidation levels in AD-AIl
levels. Additionally, protein oxidation decreased significantly in AD-
VCO group compared to AD group (p < 0.05).

Lipid peroxidation levels are shown in Figure 3C. MDA levels
increased by almost threefold in AD group (p < 0.01). MDA levels are
~1.5-fold higher in AD-Al group versus control (p < 0.01). In addition,
lipid peroxidation decreased significantly in AD-VCO group compared
to AD group (p < 0.05).

3.5 | Dopamine and dopamine transporter levels

Figure 4A displays the dopamine transporter protein (DAT) levels in
experimental groups. The results indicate a significant decrease
in DAT levels in the Al, AD, and AD-Al groups compared to the

Control

FIGURE 2

OjiI”IH

Al-vCco

AD-VCO AD-Al  AD-AI-VCO

Intracellular ROS levels of study groups. The amount of intracellular ROS produced by the control cells was assumed as 100%, and

the amount of ROS produced by the other cells was calculated as % compared with the control. *>“%Bars that do not share the same letter
(superscripts) are significantly different than each other (p < 0.05). ROS, reactive oxygen species
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FIGURE 3 Cellular antioxidants and oxidants levels in the study groups. (A) Total antioxidant capacity (TAOC) levels; (B) protein carbonyl
levels; (C) MDA levels. *<“Bars that do not share the same letter (superscripts) are significantly different than each other (p < 0.05). MDA,

malodialdyde; TAOC, total antioxidant capacity
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control group (57%, 57%, and 64%, respectively; p < 0.01, all). How-
ever, the AD-AI-VCO group exhibited a remarkable increase in DAT
levels, almost threefold of AD-Al group (p < 0.05). Furthermore, DAT
levels in the AD-VCO group increased by 100% compared to AD
group (p < 0.01).

In Figure 4B, dopamine (DA) levels observed in the experimental
groups are presented. A significant increase of 134% in DA levels was
noted in the AD group (p < 0.01), and the increase was almost two-
fold in the AD-Al group (p < 0.01) compared to the control group. On
the other hand, the AD-AI-VCO group exhibited a decrease of 33% in
DA levels compared to AD-Al (p < 0.01). Additionally, DA levels in the
AD-VCO group decreased by 72% compared to AD (p < 0.01).

3.6 | Acetylcholineesterase activity and
acetylcholine levels

Acetylcholine esterase activity in the experimental groups is shown in
Figure 4C. AChE activity increased significantly in Al, AD, and AD-Al
groups versus control (~4-, ~82-, and ~7.7-fold, respectively;
p < 0.01 in all). However, AChE activity of AD-AI-VCO group showed
almost ~2.3-fold decrease compared to AD-Al group (p < 0.01).
Acetylcholine (ACh) levels in the experimental groups are shown
in Figure 4D. While ACh levels decreased by 49% in the AD group
versus control (p < 0.01), the decrease was 73% in the AD-AIl
group (p < 0.01) compared to control group. In the AD-AI-VCO group,
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ACh levels increased by approximately threefold versus AD-Al group
(p < 0.01). Almost twofold increase were recorded in ACh levels in Al-

VCO group compared to Al group (p < 0.01).

3.7 | Synuclein alpha levels

Synuclein alpha levels were shown in Figure 5. SNCa levels signifi-
cantly increase Al, AD, AD-AI, and AD-AI-VCO groups significantly
compared to control (~74%, ~177%, ~195%, and 77%, respectively).
VCO application had reduced SNCu levels in Al-exposed AD-modeled
cells (p < 0.05).

3.8 | Amyloid precursor protein, amyloid-beta, and
Tau levels

The significant increase in APP levels (Figure 6A) in AD and AD-Al
groups along with increase in Tau and Ap levels in the same groups
shows that AD modeling protocol was designed and conducted cor-
rectly. On the other hand, in Al-exposed SH-SY5Y cells, there was a
significant increase in APP levels versus control, suggesting Al may
induce similar changes in neuroblastoma cells similar to AD model.
Tau protein levels of study groups are given in Figure 6B. In Al,
AD, and AD-AI groups, Tau protein levels were significantly higher
compared to control (~200%, ~200%, and ~227%, respectively).
14
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FIGURE 4 DAT levels, DA levels, AChE activity, and ACh levels in the study groups. (A) DAT levels; (B) DA levels; (C) AChE activity; (D) ACh
levels. >°<9Bars that do not share the same letter (superscripts) are significantly different than each other (p < 0.05). ACh, acetylcholine; ACHE,
acetylcholine esterase; DA, dopamine; DAT, dopamine transporter protein
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Treatment with VCO decreased Tau protein 50% in AD-AI-VCO
group versus AD group (p < 0.05).

AB1-40 levels of study groups are given in Figure 6C. A significant
increase (~600%) in AB1-40 was observed in AD-Al group compared
to control (p < 0.01). When the AD and Al groups were examined,
both groups had significantly higher AB;_40 levels versus control (five-
fold and sixfold, respectively). When the AD-AI-VCO group was com-
pared with the AD-AI group, we observed that the Ap levels were
four times lower in the AD-AI-VCO group (p < 0.01).

4 | DISCUSSION

AD, the most common cause of dementia, is a growing public health
concern with serious consequences for society. AD causes problems
with memory, social skills, cognitive, and behavior (Lane et al., 2018).
Many factors play a role in the progression of the AD pathology. Due
to its multifactorial nature, the etiology of AD has not been fully
understood. The drugs used for AD only provide palliative therapy
and delay the onset of symptoms (Breijyeh & Karaman, 2020).

Many experts have agreed that cold pressed oils are a healthy
alternative to refined cooking oils. Thus, VCO is usually prepared by
using “cold pressing,” in which is a mechanical extraction is used. This
kind of extraction is believed to help retain more nutrients. In addi-
tion, the temperature during the production process is also strictly
controlled. Using heat can extract more oil from the seed, but heat
can degrade the oil's flavor and nutritional quality. Therefore, VCO is
undeniably purer than regular coconut oil.

Virgin oils are known to be cholesterol free, are not deodorized,
bleached or processed, do not contain harmful solvent residues, and
contain natural antioxidants like tocopherols (e.g., vitamin E) and phe-
nolic compounds that are beneficial for health. Virgin oils also have

anti-inflammatory properties. VCO helps in healthy functioning of the
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thyroid and endocrine system and increases the body's metabolic rate,
hence helping in reducing weight. The antioxidants present in VCO
reduce inflammation and medium-chained fatty acids (MCFAs) of
coconut oil do not need the pancreatic enzymes to be metabolized, so
taking VCO eases the strain on the pancreas. The high amount of lau-
ric acid in VCO also helps the heart by reducing total cholesterol and
increasing good cholesterol. VCO contains almost negligible amounts
of trans-fatty acids (Wallace, 2019; Zeng et al., 2022).

The present study investigated the neuroprotective effects of VCO
on Al-induced neurotoxicity in an in vitro AD model. Although the exact
cause and genetic origin of AD are not yet known and there is no
known prevention treatment, we can suggest that delaying the onset of
the disease may be possible with protective agents, like VCO. As VCO
contains medium chain saturated fatty acids and higher amounts of
polyphenols, it is suggested to be healthier than commercially available
oils like copra oil (Marina et al., 2009). Other than polyphenols, VCO
contains a-tocopherol, which is a well-known antioxidant (Arlee, 2013).

VCO was suggested to exert different protective effects as an
antioxidant (Nevin & Rajamohan, 2006), anti-inflammatory, analgesic,
(Vysakh et al, 2014),
(Narayanankutty et al., 2016), and chemoprotective (Nair et al., 2016)

anti-pyretic anti-hepatosteatotic
agent. In addition, VCO and lauric acid treatments are reported to
have beneficial effects on lipogenesis, and both can enhance the rate
of fatty acid catabolism (Arunima & Rajamohan, 2012; Lekshmi Sheela
et al., 2016). According to reports, VCO can also be used as an antihy-
percholesterolemic agent (Intahphuak et al., 2010; Yeap et al., 2015).

Al is potent neurotoxic metal and is suggested to produce oxida-
tive stress both in vitro and in vivo (Laabbar et al., 2021; Zahedi-Amiri
etal, 2019).

Several studies have explored different therapeutic interventions
to prevent AD progression, and VCO has been studied as a natural
neuroprotectant against AD (de la Orti et al., 2017; DeDea, 2012;
Fernando et al., 2015). The active compounds of VCO such as sterols,
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FIGURE 6 APP, Tau protein, and Ap levels in
the study groups. APP levels; (B) Tau levels; (C) AB
levels. #P<4efBars that do not share the same
letter (superscripts) are significantly different than
each other (p < 0.05). Ap, amyloid beta; APP,
amyloid precursor protein
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polyphenols, and tocopherols exert strong antioxidant activity and
cholinergic activity (Rahim et al., 2017). Additionally, research has
shown that VCO can decrease lipid peroxidation levels in the liver,
heart, and kidney in vivo (Nevin & Rajamohan, 2006). In addition,
VCO lowered lipid peroxidation levels after chemical induced oxida-
tive stress in mice, AD rat models, and in HCT-15 cells (Alghamdi,
2018; Nair et al., 2016). In cell culture studies, pre-treatment with
VCO polyphenols reduced oxidant-induced oxidative stress and cell
death and restored the levels of glutathione and activities of glutathi-

one reductase, glutathione peroxidase, and catalase. Additionally,

AD-AI-VCO

VCO was shown to protect cortical neurons exposed to Ap and sup-
pressed the mitochondrial alterations induced by Ap (Nafar
et al., 2017; Firoozeh Nafar & Mearow, 2014). In accordance with all
these studies, our results also show a significant reduction in oxidative
stress parameters, including protein oxidation and lipid peroxidation,
in both AD and Al-exposed groups. Furthermore, the antioxidant
capacity notably increased in these groups after VCO treatment.
Other than antioxidant effects, VCO is able to reduce APP levels,
which in turn decreases the production of A as also shown in the cur-

rent study. Our results indicate that the in AD model, VCO application
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reduced A by 50% in the AD group and by 100% in the Al-exposed
group. Moreover, AD group treated with VCO showed a sixfold
decrease in Ap compared to the untreated AD group while VOC pro-
vided 18-fold decrease in AB1_40 levels in cells exposed to Al. These
findings suggest that VCO has the potential to reduce the production
and accumulation of APP and AB, which are key pathological features
of AD. One study also reported similar results and VCO treatment
decreased the expression of APP in N2a cells and reduced the secre-
tion of amyloid peptides, AB4o and AB4, (Bansal et al., 2019).

VCO also provided decreases in Tau protein levels in neuroblas-
toma cells. We have also demonstrated that exposure to Al aggravated
the AD situation and increased the oxidative stress along with increased
neuroinflammation and neurotransmitter dysfunction. VCO treatment
was also able to decrease the neurotoxic effects of Al in vitro.

Dysfunction of ACh containing neurons in the brain contributes
substantially to the cognitive decline observed in those with advanced
age and AD (Terry & Buccafusco, 2003). ACh is a crucial neurotrans-
mitter responsible for regulating cognitive functions in the brain.
However, increased AChE activity can break down ACh into acetate
and choline, leading to the termination of synaptic transmission
(Zugno et al., 2014). Previous research indicates that phenolic com-
pounds can decrease AChE activity in rats and VCO may contain phe-
nolic compounds that improve cholinergic activity (Marina
et al., 2009; Mirzaei et al., 2019). In this study, we have shown that
VCO could regulate the acetylcholine levels in our in vitro AD model
by decreasing the AChE activity and increasing the ACh levels.

Dopamine is a crucial neurotransmitter in the brain that belongs
to the catecholamine family. It has various essential functions in neu-
romodulation, including providing benefits for cognitive function,
motor control, emotional regulation, motivation, reward processing,
and neuroendocrine regulation (Beaulieu & Gainetdinov, 2011). There
has been growing evidence indicating that the dopaminergic system is
impaired in AD. Autopsy findings of Alzheimer's patients have demon-
strated a substantial decline in D1-like and D2-like receptors in the
prefrontal cortex and hippocampus (Pan et al., 2019). Despite
the unclear mechanism underlying the dysfunction of the dopaminer-
gic system in AD, a hypothesis suggesting its involvement in the path-
ophysiology of the disease has emerged. As a result, targeting the
dopaminergic system through pharmacological intervention may rep-
resent a new therapeutic approach for AD (Liu et al., 2023). In our
study, we showed that VCO affects the dopaminergic system posi-
tively and the dopamine activity is regulated. Our results are consis-
tent with our previous study, which we have shown that Al exposure
dysregulated the dopamine neurotransmitter function (Oztiirk
et al., 2022). Currently, we suggest that treatment by VCO may
reverse this phenomenon and regulate the dopaminergic activity in

neuroblastoma cells exposed to both Al.

5 | CONCLUSION

Overall, our study provides important insights into the potential thera-
peutic effects of VCO in AD. Our findings suggest that VCO may be a

KppliecToxicology-W1LEY-1—2

promising candidate for further investigation as a natural intervention
for reducing Tau protein and AB levels and mitigating oxidative stress
parameters in AD. Future research should aim to address the possible
protective effects of VCO in animal models. Moreover, studies in
human subjects should also be conducted. Elucidating the optimal
dose and duration of VCO treatment is needed, and the potential syn-
ergistic effects of combining VCO with other interventions like AD
drugs currently in use should be investigated. In conclusion, we sug-
gest that our findings may pave the way for the development of novel
therapeutic interventions for AD that are based on natural products
like VCO.

AUTHOR CONTRIBUTIONS

Goksun Demirel: Conceptualization; methodology; investigation;
writing—original draft. Sonia Sanajou: Writing—original draft; investi-
gation; validation. Anil Yiriin: Formal analysis; methodology. Deniz
Arca Cakir: Validation; investigation. Aysel Berkkan: Investigation.
Terken Baydar: Supervision; visualization. Pinar Erkekoglu: Project
administration; conceptualization; visualization; writing—reviewing
and editing.

CONFLICT OF INTEREST STATEMENT
The authors report that there are no competing interest to declare.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analyzed are available from the

corresponding author on reasonable request.

ORCID

Sonia Sanajou "= https://orcid.org/0000-0002-6751-5266

Pinar Erkekoglu " https://orcid.org/0000-0003-4713-7672

REFERENCES

Akerboom, T. P. M., & Sies, H. (1981). Assay of glutathione, glutathione
disulfide, and glutathione mixed disulfides in biological samples.
Methods in Enzymology, 77(C), 373-382. https://doi.org/10.1016/
s0076-6879(81)77050-2

Alfrey, A. C., LeGendre, G. R., & Kaehny, W. D. (1976). The dialysis
encephalopathy syndrome. New England Journal of Medicine, 294(4),
184-188. https://doi.org/10.1056/nejm197601222940402

Alghamdi, B. S. A. (2018). Possible prophylactic anti-excitotoxic and anti-
oxidant effects of virgin coconut oil on aluminium chloride-induced
Alzheimer's in rat models. Journal of Integrative Neuroscience, 17(3-4),
593-607. https://doi.org/10.3233/JIN-180089

Arlee, R. S. S. P. P. (2013). Differences in chemical components and
antioxidant-related substances in virgin coconut oil from coconut
hybrids and their parents. International Food Research Journal, 20(5),
2013-2019.

Arunima, S., & Rajamohan, T. (2012). Virgin coconut oil improves hepatic
lipid metabolism in rats—Compared with copra oil, olive oil and sun-
flower oil. Indian Journal of Experimental Biology, 50(11), 802-809.

Ashrafian, H., Zadeh, E. H., & Khan, R. H. (2021). Review on Alzheimer's
disease: Inhibition of amyloid beta and tau tangle formation. Interna-
tional Journal of Biology of Macromolecules, 167, 382-394. https://doi.
org/10.1016/j.ijbiomac.2020.11.192

Ayala, A., Mufioz, M. F.,, & Argiielles, S. (2014). Lipid peroxidation: Produc-
tion, metabolism, and signaling mechanisms of malondialdehyde and

85U8017 SUOWIWIOD BAITRID) 8|qedtdde ay) Aq pausenob afe sajoie VO ‘8sn JO Sl 10} ARiqIT8UIUO A8]1M UO (SUOIIPUCD-PUR-SLB)0D" A8 |1 AfeIq 1 U1 |UO//SANY) SUORIPUOD PUe SWIB | 83U} 89S *[5202/60/c2] U0 ArIqiTauluo felim ‘AiseAIUN 1789 AQ 795K e (/Z00T 0T/10p/LL0o A3 1M Areiq1jeul|uo'S feuIno eous 10s o A feue//:sdy W0y papeojumod ‘v “#202 ‘€92T660T



Journal of

DEMIREL ET AL.

2 | \wi LEY—AppliedToxicology

4-hydroxy-2-nonenal. Oxidative Medicine and Cellular Longevity, 2014,
1-31, 360438. https://doi.org/10.1155/2014/360438

Bansal, A., Kirschner, M., Zu, L., Cai, D., & Zhang, L. (2019). Coconut oil
decreases expression of amyloid precursor protein (APP) and secretion
of amyloid peptides through inhibition of ADP-ribosylation factor
1 (ARF1). Brain Research, 1704, 78-84. https://doi.org/10.1016/)J.
BRAINRES.2018.10.001

Beaulieu, J. M., & Gainetdinov, R. R. (2011). The physiology, signaling, and
pharmacology of dopamine receptors. Pharmacological Reviews, 63(1),
182-217. https://doi.org/10.1124/PR.110.002642

Breijyeh, Z., & Karaman, R. (2020). Comprehensive review on Alzheimer's
disease: Causes and treatment. Molecules, 25(24), 5789. https://doi.
org/10.3390/molecules25245789

Cai, Z., & Yan, L.-J. (2013). Protein oxidative modifications: Beneficial roles
in disease and health. Journal of Biochemical and Pharmacological
Research, 1(1), 15-26.

Carboni, E., Tanda, G. L., Frau, R., & Chiara, G. D. (1990). Blockade of the
noradrenaline carrier increases extracellular dopamine concentrations
in the prefrontal cortex: Evidence that dopamine is taken up in vivo by
noradrenergic terminals. Journal of Neurochemistry, 55(3), 1067-1070.
https://doi.org/10.1111/).1471-4159.1990.TB04599.X

Crapper, D. R., Krishnan, S. S., & Dalton, A. J. (1973). Brain aluminum distri-
bution in Alzheimer's disease and experimental neurofibrillary degen-
eration. Transactions of the American Neurological Association,
180(4085), 511-513. Retrieved from http://www.jstor.org/stable/
1736751

de la Orti, J. E. R, Alvarez, C. S., Sabater, P. S, Cayo, A. M. B,
Castillo, S. S., Rochina, M. J., & Yang, I. H. (2017). How does coconut
oil affect cognitive performance in alzheimer patients? Nutricién Hospi-
talaria, 34(2), 352-356. https://doi.org/10.20960/NH.780

de Medeiros, L. M., de Bastiani, M. A., Rico, E. P., Schonhofen, P.,
Pfaffenseller, B., Wollenhaupt-Aguiar, B., Grun, L., Barbé-Tuana, F.,
Zimmer, E. R, Castro, M. A. A,, Parsons, R. B., & Klamt, F. (2019). Cho-
linergic differentiation of human neuroblastoma SH-SY5Y cell line and
its potential use as an in vitro model for Alzheimer's disease studies.
Molecular Neurobiology, 56(11), 7355-7367. https://doi.org/10.1007/
s12035-019-1605-3

DeDea, L. (2012). Can coconut oil replace caprylidene for Alzheimer dis-
ease? JAAPA, 25(8). Retrieved from https://journals.lww.com/jaapa/
Citation/2012/08000/Can_coconut_oil_replace_caprylidene_for_
Alzheimer.2.aspx

Exley, C., & House, E. R. (2011). Aluminium in the human brain. Monat-
shefte Fur Chemie, 142(4), 357-363. https://doi.org/10.1007/s00706-
010-0417-y

Exley, C. (2013). Human exposure to aluminium. Environmental Science:
Processes & Impacts, 15(10), 1807-1816. https://doi.org/10.1039/
C3EMO00374D

Exley, C. (2017). Aluminum should now be considered a primary etiological
factor in Alzheimer's disease. Journal of Alzheimer's Disease Reports,
1(1), 23-25. https://doi.org/10.3233/ADR-170010

Exley, C., House, E., Polwart, A., & Esiri, M. M. (2012). Brain burdens of
aluminum, iron, and copper and their relationships with amyloid-f
pathology in 60 human brains. Journal of Alzheimer's Disease, 31(4),
725-730. https://doi.org/10.3233/JAD-2012-120766

Fernando, W. M. A. D. B., Martins, |. J., Goozee, K. G., Brennan, C. S,
Jayasena, V., & Martins, R. N. (2015). The role of dietary coconut for
the prevention and treatment of Alzheimer's disease: Potential mecha-
nisms of action. British Journal of Nutrition, 114(1), 1-14. https://doi.
org/10.1017/50007114515001452

Ferreira, P. C., Piai, K. D. A,, Takayanagui, A. M. M., & Segura-Mufioz, S. I.
(2008). Aluminum as a risk factor for Alzheimer's disease. Revista
Latino-Americana de Enfermagem, 16(1), 151-157. https://doi.org/10.
1590/50104-11692008000100023

Hagena, H., & Manahan-Vaughan, D. (2016). Dopamine D1/D5, but not
D2/D83, receptor dependency of synaptic plasticity at hippocampal
mossy fiber synapses that is enabled by patterned afferent stimulation,
or spatial learning. Frontiers in Synaptic Neuroscience, 201(8). https://
doi.org/10.3389/fnsyn.2016.00031 PMID: 27721791; PMCID:
PMC5033958

Intahphuak, S., Khonsung, P., & Panthong, A. (2010). Anti-inflammatory,
analgesic, and antipyretic activities of virgin coconut oil. Pharmaceutical
Biology, 48(2), 151-157. https://doi.org/10.3109/
13880200903062614

Jamsa, A., Hasslund, K., Cowburn, R. F., Backstrém, A., & Vasiange, M.
(2004). The retinoic acid and brain-derived neurotrophic factor differ-
entiated SH-SY5Y cell line as a model for Alzheimer's disease-like tau
phosphorylation. Biochemistry and Biophysics Research Communica-
tions, 319(3), 993-1000. https://doi.org/10.1016/j.bbrc.2004.05.075

Kamali, S., Sanajou, S., & Tazehzadeh, M. N. (2019). Nanomaterials in con-
struction and their potential impacts on human health and the envi-
ronment. Environmental Engineering and Management Journal, 18(11),
2305-2318. https://doi.org/10.30638/eem;j.2019.220

Kawahara, M., & Kato-Negishi, M. (2011). Link between aluminum and the
pathogenesis of Alzheimer's disease: The integration of the aluminum
and amyloid cascade hypotheses. International Journal of Alzheimer's
Disease, 2011, 1-17, 276393. https://doi.org/10.4061/2011/276393

Klatzo, I., Wisniewski, H., & Streicher, E. (1965). Experimental production
of neurofibrillary Degenerationl. Light microscopic observations. Jour-
nal of Neuropathology & Experimental Neurology, 24(2), 187-199.
https://doi.org/10.1097/00005072-196504000-00002

Klein, G. L. (2019). Aluminum toxicity to bone: A multisystem effect? Oste-
oporosis and Sarcopenia, 5(1), 2-5. https://doi.org/10.1016/J.AFOS.
2019.01.001

Klotz, K., Weistenhofer, W., Neff, F., Hartwig, A., van Thriel, C., &
Drexler, H. (2017). The health effects of aluminum exposure.
Deutsches Arzteblatt International, 114(39), 653-659. https://doi.org/
10.3238/arztebl.2017.0653

Kumar-Singh, S., Theuns, J., van Broeck, B., Pirici, D., Vennekens, K.,
Corsmit, E., Cruts, M., Dermaut, B., Wang, R., & van Broeckhoven, C.
(2006). Mean age-of-onset of familial alzheimer disease caused by pre-
senilin mutations correlates with both increased Abeta42 and
decreased Abeta40. Human Mutation, 27(7), 686-695. https://doi.org/
10.1002/humu.20336

Laabbar, W., Abbaoui, A., Elgot, A., Mokni, M., Amri, M., Masmoudi-
Kouki, O., & Gamrani, H. (2021). Aluminum induced oxidative stress,
astrogliosis and cell death in rat astrocytes, is prevented by curcumin.
Journal of Chemical Neuroanatomy, 112, 101915. https://doi.org/10.
1016/j.jchemneu.2020.101915

Lane, C. A, Hardy, J., & Schott, J. M. (2018). Alzheimer's disease. European
Journal of Neurology, 25(1), 59-70. https://doi.org/10.1111/ene.
13439

Lekshmi Sheela, D., Nazeem, P. A., Narayanankutty, A., Manalil, J. J., &
Raghavamenon, A. C. (2016). In silico and wet lab studies reveal the
cholesterol lowering efficacy of lauric acid, a medium chain fat of
coconut oil. Plant Foods for Human Nutrition, 71(4), 410-415. https://
doi.org/10.1007/s11130-016-0577-y

Liang, Z., Zhu, H., Wang, X,, Jing, B., Li, Z, Xia, X,, Sun, H., Yang, Y.,
Zhang, W., Shi, L., Zeng, H., & Sun, B. (2020). Adjuvants for coronavi-
rus vaccines. Frontiers in Immunology, 11, 589833. https://doi.org/10.
3389/fimmu.2020.589833

Liu, X., Cheng, Z. Y., Li, Y. F,, Liu, C., Wang, C., Gong, X. J., & He, L. (2023).
Dopamine D2 receptor agonist bromocriptine ameliorates
ApB1-42-induced memory deficits and neuroinflammation in mice.
European Journal of Pharmacology, 938, 175443. https://doi.org/10.
1016/J.EJPHAR.2022.175443

Lobentanzer, S., Klein, J., & Soreq, H. (2020). Establishing human male and
female models of cholinergic neurons via neurokine-mediated

85U8017 SUOWIWIOD BAITRID) 8|qedtdde ay) Aq pausenob afe sajoie VO ‘8sn JO Sl 10} ARiqIT8UIUO A8]1M UO (SUOIIPUCD-PUR-SLB)0D" A8 |1 AfeIq 1 U1 |UO//SANY) SUORIPUOD PUe SWIB | 83U} 89S *[5202/60/c2] U0 ArIqiTauluo felim ‘AiseAIUN 1789 AQ 795K e (/Z00T 0T/10p/LL0o A3 1M Areiq1jeul|uo'S feuIno eous 10s o A feue//:sdy W0y papeojumod ‘v “#202 ‘€92T660T



DEMIREL ET AL.

Journal of

differentiation of LA-N-2 and LA-N-5 neuroblastoma cells. STAR Pro-
tocols, 1(3), 100193. https://doi.org/10.1016/j.xpro.2020.100193

Marina, A. M., Cheman, Y. B., Nazimah, S. A. H., & Amin, I. (2009). Antioxi-
dant capacity and phenolic acids of virgin coconut oil. International
Journal of Food Sciences and Nutrition, 60(sup2), 114-123. https://doi.
org/10.1080/09637480802549127

Mattsson, K., Johnson, E. V., Malmendal, A., Linse, S., Hansson, L. A., &
Cedervall, T. (2017). Brain damage and behavioural disorders in fish
induced by plastic nanoparticles delivered through the food chain. Sci-
entific Reports, 7(1), 11452. https://doi.org/10.1038/s41598-017-
10813-0 PMID: 28904346; PMCID: PMC5597631

Miller, N. J., Rice-Evans, C., Davies, M. J., Gopinathan, V., & Milner, A.
(1993). A novel method for measuring antioxidant capacity and its
application to monitoring the antioxidant status in premature neo-
nates. Clinical Science, 84(4), 407-412. https://doi.org/10.1042/
CS0840407

Mirzaei, F., Khazaei, M., Komaki, A., Amiri, |., & Jalili, C. (2019). Multitarget
effects of coconut oil (virgin type) on AB-induced Alzheimer's disease
animal model. Archives of Neuroscience, 6(2), 85715. https://doi.org/
10.5812/ANS.85715

Nafar, F., Clarke, J. P., & Mearow, K. M. (2017). Coconut oil protects corti-
cal neurons from amyloid beta toxicity by enhancing signaling of cell
survival pathways. Neurochemistry International, 105, 64-79. https://
doi.org/10.1016/J.NEUINT.2017.01.008

Nafar, F., & Mearow, K. M. (2014). Coconut oil attenuates the effects of
amyloid-p on cortical neurons in vitro. Journal of Alzheimer's Disease:
JAD, 39(2), 233-237. https://doi.org/10.3233/JAD-131436

Nair, S., Manalil, J.,, Ramavarma, S., Suseela, I, Thekkepatt, A., &
Raghavamenon, A. (2016). Virgin coconut oil supplementation amelio-
rates cyclophosphamide-induced systemic toxicity in mice. Human &
Experimental Toxicology, 35(2), 205-212. https://doi.org/10.1177/
0960327115578867

Narayanankutty, A., Mukesh, R. K., Ayoob, S. K, Ramavarma, S. K,
Suseela, I. M., Manalil, J. J., Kuzhivelil, B. T., & Raghavamenon, A. C.
(2016). Virgin coconut oil maintains redox status and improves glyce-
mic conditions in high fructose fed rats. Journal of Food Science and
Technology, 53(1), 895-901. https://doi.org/10.1007/s13197-015-
2040-8

Nardone, R., Holler, Y., Thomschewski, A., Kunz, A. B., Lochner, P,
Golaszewski, S., Trinka, E., & Brigo, F. (2014). Dopamine differently
modulates central cholinergic circuits in patients with Alzheimer dis-
ease and CADASIL. Journal of Neural Transmission (Vienna), 121(10),
1313-1320.  https://doi.org/10.1007/s00702-014-1195-1  Epub
2014 Mar 28. PMID: 24677024

Nevin, K. G., & Rajamohan, T. (2006). Virgin coconut oil supplemented diet
increases the antioxidant status in rats. Food Chemistry, 99(2), 260-
266. https://doi.org/10.1016/j.foodchem.2005.06.056

Oztiirk, M. E., Yirn, A., Erdemli-Kése, S. B., Balci-Ozyurt, A., Cakir, D. A,
Oral, D., & Erkekoglu, P. (2022). Evaluation of the toxic effects of thi-
merosal and/or aluminum hydroxide in SH-SY5Y cell line. Human and
Experimental Toxicology, 41, 9603271221136206. https://doi.org/10.
1177/09603271221136206/ASSET/IMAGES/LARGE/10.1177_
09603271221136206-FIG2.JPEG

Pan, X., Kaminga, A. C., Wen, S. W., Wu, X., Acheampong, K., & Liu, A.
(2019). Dopamine and dopamine receptors in Alzheimer's disease: A
systematic review and network meta-analysis. Frontiers in Aging Neuro-
science, 10(JUL), 175. https://doi.org/10.3389/FNAGI.2019.00175/
BIBTEX

Rahim, N. S., Lim, S. M., Mani, V., Majeed, A. B. A., & Ramasamy, K. (2017).
Enhanced memory in Wistar rats by virgin coconut oil is associated
with increased antioxidative, cholinergic activities and reduced oxida-
tive stress. Pharmaceutical Biology, 55(1), 825-832. https://doi.org/10.
1080/13880209.2017.1280688

KppliecToxicology-W1LEY-1—=

Sanajou, S., Erkekoglu, P., Sahin, G., & Baydar, T. (2023). Role of aluminum
exposure on Alzheimer's disease and related glycogen synthase kinase
pathway. Drug and Chemical Toxicology, 46(3), 510-522. https://doi.
org/10.1080/01480545.2022.2065291

Sanajou, S., Sahin, G., & Baydar, T. (2021). Aluminium in cosmetics and
personal care products. Journal of Applied Toxicology, 41(11), jat.4228-
jat.1718. https://doi.org/10.1002/jat.4228

Sanajou, S., Yirtin, A., Demirel, G., Cakir, D. A, Sahin, G., Erkekoglu, P., &
Baydar, T. (2023). Antioxidant dihydrolipolic acid protects against
in vitro aluminum-induced toxicity. Journal of Applied Toxicology.
https://doi.org/10.1002/jat.4513

Seeger, R. C., Rayner, S. A, Banerjee, A, Chung, H., Laug, W. E.,
Neustein, H. B., & Benedict, W. F. (1977). Morphology, growth, chro-
mosomal pattern and fibrinolytic activity of two new human neuro-
blastoma cell lines. Cancer Research, 37(5), 1364-1371.

Seeger, R. C., Siegel, S. E., & Sidell, N. (1982). Neuroblastoma: Clinical per-
spectives, monoclonal antibodies, and retinoic acid. Annals of Internal
Medicine, 97(6), 873-884. https://doi.org/10.7326/0003-4819-97-
6-873

Shulman, D., Dubnov, S., Zorbaz, T., Madrer, N., Paldor, |., Bennett, D. A,,
Seshadri, S., Mufson, E. J., Greenberg, D. S., Loewenstein, Y., &
Soreq, H. (2023). Sex-specific declines in cholinergic-targeting tRNA
fragments in the nucleus accumbens in Alzheimer's disease. Alzhei-
mers Dement. https://doi.org/10.1002/alz.13095 Epub ahead of
print

Soria Lopez, J. A.,, Gonzélez, H. M., & Léger, G. C. (2019). Alzheimer's dis-
ease. Handbook of Clinical Neurology, 167, 231-255. https://doi.org/
10.1016/B978-0-12-804766-8.00013-3

Terry, A. V., & Buccafusco, J. J. (2003). The cholinergic hypothesis of age
and Alzheimer's disease-related cognitive deficits: Recent challenges
and their implications for novel drug development. Journal of Pharma-
cology and Experimental Therapeutics, 306(3), 821-827. https://doi.
org/10.1124/JPET.102.041616

Vysakh, A., Ratheesh, M., Rajmohanan, T. P., Pramod, C., Premlal, S.,
Girish Kumar, B., & Sibi, P. I. (2014). Polyphenolics isolated from vir-
gin coconut oil inhibits adjuvant induced arthritis in rats through
antioxidant and anti-inflammatory action. International Immunophar-
macology, 20(1), 124-130. https://doi.org/10.1016/j.intimp.2014.
02.026

Wallace, T. C. (2019). Health effects of coconut oil-a narrative review of
current evidence. Journal of the American College of Nutrition, 38(2),
97-107. https://doi.org/10.1080/07315724.2018.1497562

Wang, Z., Wei, X., Yang, J., Suo, J.,, Chen, J,, Liu, X.,, & Zhao, X. (2016).
Chronic exposure to aluminum and risk of Alzheimer's disease: A
meta-analysis. Neuroscience Letters, 610, 200-206. https://doi.org/10.
1016/J.NEULET.2015.11.014

Yeap, S. K., Beh, B. K, Ali, N. M., Yusof, H. M., Ho, W. Y., Koh, S. P.,
Alitheen, N. B., & Long, K. (2015). Antistress and antioxidant effects of
virgin coconut oil in vivo. Experimental and Therapeutic Medicine, 9(1),
39-42. https://doi.org/10.3892/ETM.2014.2045/HTML

Yirtin, A., Cakir, D. A, Sanajou, S., Kése, S. B. E, Ozyurt, A. B.,
Zeybek, D., Bozdemir, O., Baydar, T., & Erkekoglu, P. (2023). Evalua-
tion of the effects of herpes simplex glycoprotein B on complement
system and cytokines in in vitro models of Alzheimer's disease. Jour-
nal of Applied Toxicology, 43, 1368-1378. https://doi.org/10.1002/
JAT.4471

Zahedi-Amiri, Z., Taravati, A., & Hejazian, L. B. (2019). Protective effect of
Rosa damascena against aluminum chloride-induced oxidative stress.
Biological Trace Element Research, 187(1), 120-127. https://doi.org/10.
1007/s12011-018-1348-4

Zeng, Y. Q. He, J. T., Hu, B. Y, Li, W, Deng, J, Lin, Q. L., & Fang, Y.
(2022). Virgin coconut oil: A comprehensive review of antioxidant
activity and mechanisms contributed by phenolic compounds. Critical

85U8017 SUOWIWIOD BAITRID) 8|qedtdde ay) Aq pausenob afe sajoie VO ‘8sn JO Sl 10} ARiqIT8UIUO A8]1M UO (SUOIIPUCD-PUR-SLB)0D" A8 |1 AfeIq 1 U1 |UO//SANY) SUORIPUOD PUe SWIB | 83U} 89S *[5202/60/c2] U0 ArIqiTauluo felim ‘AiseAIUN 1789 AQ 795K e (/Z00T 0T/10p/LL0o A3 1M Areiq1jeul|uo'S feuIno eous 10s o A feue//:sdy W0y papeojumod ‘v “#202 ‘€92T660T



Journal of

DEMIREL ET AL.

2 | \wi LEY—AppliedToxicology

Reviews in Food Science and Nutrition, 1-24, 1-24. https://doi.org/10.
1080/10408398.2022.2113361

Zhu, Y., Li, Y., Miao, L., Wang, Y., Liu, Y., Yan, X,, Cui, X., & Li, H. (2014).
Immunotoxicity of aluminum. Chemosphere, 104, 1-6. https://doi.org/
10.1016/J.CHEMOSPHERE.2013.10.052

Zugno, A. I, Matos, M. P., Canever, L., Fraga, D. B., de Luca, R. D.,
Ghedim, F. V., Deroza, P. F., de Oliveira, M. B., Pacheco, F. D,
Valvassori, S. S., Volpato, A. M., Budni, J., & Quevedo, J. (2014). Evalu-
ation of acetylcholinesterase activity and behavioural alterations
induced by ketamine in an animal model of schizophrenia. Acta Neu-
ropsychiatrica, 26(1), 43-50. https://doi.org/10.1017/NEU.2013.31

How to cite this article: Demirel, G., Sanajou, S., Yirtin, A.,
Cakir, D. A, Berkkan, A, Baydar, T., & Erkekoglu, P. (2024).
Evaluation of possible neuroprotective effects of virgin
coconut oil on aluminum-induced neurotoxicity in an in vitro
Alzheimer's disease model. Journal of Applied Toxicology, 44(4),
609-622. https://doi.org/10.1002/jat.4564

85U8017 SUOWIWIOD BAITRID) 8|qedtdde ay) Aq pausenob afe sajoie VO ‘8sn JO Sl 10} ARiqIT8UIUO A8]1M UO (SUOIIPUCD-PUR-SLB)0D" A8 |1 AfeIq 1 U1 |UO//SANY) SUORIPUOD PUe SWIB | 83U} 89S *[5202/60/c2] U0 ArIqiTauluo felim ‘AiseAIUN 1789 AQ 795K e (/Z00T 0T/10p/LL0o A3 1M Areiq1jeul|uo'S feuIno eous 10s o A feue//:sdy W0y papeojumod ‘v “#202 ‘€92T660T



