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ABSTRACT
The purpose of our study was to investigate the
protective effects of a natural product
—‘curcumin’— in Alzheimer’s disease (AD)-like
neurons. Although much research has been done in
AD, very little has been reported on the effects of
curcumin on mitochondrial biogenesis, dynamics,
function and synaptic activities. Therefore, the
present study investigated the protective effects
against amyloid β (Aβ) induced mitochondrial and
synaptic toxicities. Using human neuroblastoma
(SHSY5Y) cells, curcumin and Aβ, we studied the
protective effects of curcumin against Aβ. Further,
we also studied preventive (curcumin+Aβ) and
intervention (Aβ+curcumin) effects of curcumin
against Aβ in SHSY5Y cells. Using real time RT-PCR,
immunoblotting and immunoﬂuorescence analysis,
we measured mRNA and protein levels of
mitochondrial dynamics, mitochondrial biogenesis
and synaptic genes. We also assessed mitochondrial
function by measuring hydrogen peroxide, lipid
peroxidation, cytochrome oxidase activity and
mitochondrial ATP. Cell viability was studied using
the MTT assay. Aβ was found to impair
mitochondrial dynamics, reduce mitochondrial
biogenesis and decrease synaptic activity and
mitochondrial function. In contrast, curcumin
enhanced mitochondrial fusion activity and reduced
ﬁssion machinery, and increased biogenesis and
synaptic proteins. Mitochondrial function and cell
viability were elevated in curcumin treated cells.
Interestingly, curcumin pre- and post-treated cells
incubated with Aβ showed reduced mitochondrial
dysfunction, and maintained cell viability and
mitochondrial dynamics, mitochondrial biogenesis and
synaptic activity. Further, the protective effects of
curcumin were stronger in pretreated SHSY5Y cells
than in post-treated cells, indicating that curcumin
works better in prevention than treatment in AD-like
neurons. Our ﬁndings suggest that curcumin is a
promising drug molecule to treat AD patients.
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Alzheimer’s disease (AD) is the most common
form of dementia in elderly individuals and is
the sixth leading cause of death in the USA. AD
is an age dependent and progressive neurodegenerative disease, characterized by the loss of

memory, cognitive functions, and changes in
behavior and personality.1–3 According to the
2015 World Alzheimer Report, it was estimated
that 47.5 million people have dementia worldwide, and the numbers are estimated to
increase to 75.6 million by 2030 and to 131.5
million by 2050. Dementia has a huge economic impact, and the 2015 total estimated
healthcare cost is about US$818 billion and
estimated to increase to US$2 trillion by 2015.4
Causal factors are known for AD for a small
proportion (1–2%) of total AD patients, and
causal factors are still unknown for the vast
majority of AD cases. Several risk factors have
been identiﬁed, the major one being ApoE4
genotype and polymorphisms in several genetic loci, including sortilin related receptor 1,
clusterin, complement component receptor 1,
CD2AP, CD33, and EPHA1, and MS4A4/
MS4A6E genes are other contributing risk
factors.5 In addition, type 2 diabetes, traumatic
brain injury, stroke and diet, and environmental
factors are other contributing factors. Above
all, ageing is the number one risk factor.
Several years of research revealed that AD is
associated with multiple cellular changes,
including mitochondrial damage, loss of synapses, amyloid β (Aβ) formation and accumulation, activation of microglia and astrocytes,
phosphorylation of tau and neuroﬁbrillary
tangles formation and loss of neurons.1–3
Therapeutic strategies have been developed
based on these cellular changes and currently
being tested in preclinical (animal models) and
human clinical trials. However, we do not have
drugs/agents that can delay and/or prevent
disease progression of AD. Further, we still do
not have early detectable biomarkers that can
identify cognitive decline and memory problems in elderly individuals.
Physical exercise and healthy diets have been
reported to have implications in delaying
disease progression of AD in elderly individuals
and improved cognitive function in subjects
with mild cognitive impairment and early AD
patients.6 Natural products are the major
source of diets that have multiple neuroprotective effects, including anti-inﬂammatory, antioxidant, anti-arthritis and memory cognitive
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Protective effects of a natural product, curcumin,
against amyloid β induced mitochondrial and
synaptic toxicities in Alzheimer’s disease
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11. Curcumin binds to redox active metals (iron and
copper); it suppresses inﬂammatory damage by preventing metal induction of nuclear factor κB.31
Curcumin crosses the blood–brain barrier because of its
lipophilic properties and binds to amyloid deposits.22
Adverse effects have not been reported thus far. Therefore,
curcumin can be used in clinical trials. Although much
research has been done in AD, very little has been reported
on the effects of curcumin on mitochondrial biogenesis,
dynamics, function and synaptic activities. Therefore, the
present study investigated the protective effects against Aβ
induced mitochondrial and synaptic toxicities. In the
current study, we used human neuroblastoma cells
(SHSY5Y), Aβ25–35 peptide and curcumin.

MATERIALS AND METHODS
Chemicals and reagents
Aβ25–35 peptide was purchased from Anaspec (Fremont,
California, USA). Dulbecco’s modiﬁed eagle’s medium,
minimum essential medium, penicillin/streptomycin,
trypsin-EDTA and fetal bovine serum were purchased from
Gibco (Gaithersberg, Maryland, USA). Curcumin was purchased from Sigma-Aldrich (St Louis, Missouri, USA).

SHSY5Y cells
SHSY5Y cells were purchased from American Tissue Type
Collection (ATCC), Virginia, USA. Figure 1 illustrates the
experimental strategy of our cell culture work, including
treatments. Cells were grown in a medium (1:1 Dulbecco’s
modiﬁed eagle’s medium and minimum essential medium,
5% fetal bovine serum, 1× penicillin and streptomycin) at
37°C in a humidiﬁed incubator with a 5% CO2 environment. After seeding the cells were allowed to grow for
24–48 hours or until 80% conﬂuence in six well plates and
then used for experiments. We used ﬁve different groups of
cells: (1) untreated SHSY5Y cells; (2) SHSY5Y cells incubated with Aβ peptide 25–35 (30 mM ﬁnal concentration)
for 4 hours; (3) SHSY5Y cells treated with curcumin
(66.3 mM ﬁnal concentration) for 24 hours; (4) SHSY5Y
cells treated Aβ for 4 hours+curcumin for 24 hours and (5)
SHSY5Y cells treated curcumin for 24 hours and Aβ for
4 hours. Half a million SHSY5Y cells were suspended per
well into six well plates. We used Aβ peptide 25–35 and
curcumin 66.3 nM in our experiments. (From here on,
SHSY5Y cells will be referred to as cells). After the treatments, we harvested the cells, conducted experiments to
measure levels of mRNA using a Sybr-Green based real
time RT-PCR, protein levels using immunoblotting and
immunoﬂuorescence analysis and cell viability using MTT
assay.
Data were compared in two ways: (1) untreated cells
versus cells treated with Aβ, curcumin, curcumin+Aβ and
Aβ+curcumin and (2) cells treated with Aβ versus curcumin+Aβ and Aβ+curcumin.

Quantiﬁcation of mRNA expression of mitochondrial
dynamics, mitochondrial biogenesis and synaptic genes
using real time RT-PCR
Using the reagent TriZol (Invitrogen), we isolated total
RNA from control and experimental groups (ﬁgure 1).
Using primer express software (Applied Biosystems), we
designed the oligonucleotide primers for the housekeeping
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functions.7–9 There are a large number of natural products
and herbs currently available, including curcumin, green
tea and vitamin C, vitamin E, β carotene, Gingko biloba,
ginseng, rosemary, sage and many others.6–9 As the main
theme of this special topic is natural products, in the
current study, we studied the protective effects of curcumin
against Aβ induced toxicities in the pathogenesis of AD.
Curcumin is the major constituent of the Asian spice, turmeric, isolated from the rhizome of Curcuma longa.10 11
Curcumin was isolated in 1815 as a yellow coloring matter
from the rhizomes of Curcuma longa (turmeric)12 and
named curcumin. Curcumin has been used historically in
Ayurvedic medicine (curcumin is popularly referred to as
Haldi in India and its chemical name is diferuloylmethane;
molecular formula is C21H20O6). It molecular mass is
368.37 g/mol. Curcumin is extensively used for medicinal
purposes in Asia and other parts of the world. Curcumin is
used in foods because of its color and ﬂavor. It is also used
as a cosmetic product, particularly for skin.
The chemical structure of curcumin is comprised of two
aryl rings with ortho-methoxy OH groups linked to
β-diketone moiety.13 Several years of research revealed that
curcumin has several protective and therapeutic properties,
including anti-inﬂammatory,14–17 antioxidant,14 15 18 19
antiproliferative, anti-atherosclerosis14 and anti-arthritis.14
Curcumin is a strong healing agent.20 A recent study
reported that curcumin enhanced the levels of glutathione
and antioxidant enzymes, superoxide dismutase and catalase in the brains of lead poisoned rats and signiﬁcantly
reduced lead induced damage.21
Several lines of evidence suggest that curcumin has antiamyloid properties in AD.
1. Findings from an in vitro study revealed that curcumin
inhibits Aβ aggregation as well as disaggregates to
form ﬁbrillar Aβ40.22
2. Several in vivo studies revealed that curcumin promotes disaggregation of existing amyloid deposits and
prevents aggregation of new amyloid deposits, and
even reduced the size of remaining deposits.22 23
3. Curcumin and its derivatives are reported to inhibit
the ﬁbrillar Aβ formation from Aβ monomer and also
destabilize preformed ﬁbrillar Aβ in vitro, indicating
that curcumin is protective against Aβ toxicity.24
4. Levels of Aβ (40%) and Aβ deposits (43%) were
reduced in the brains of amyloid precursor protein
(APP) mice treated with low doses of curcumin relative
to untreated APP mice. At higher concentrations, curcumin binds to Aβ and blocks its self assembly.22
5. A recent study reported that curcumin destabilizes
Aβ40 and Aβ42.25
6. Further, curcumin derived isoxazoles and pyrazoles
bind to Aβ and inhibit APP metabolism.26
7. Curcumin protects PC12 cells and normal human umbilical endothelial cells from Aβ induced oxidative stress.27
8. Curcumin reduced levels of oxidized proteins and
interleukin 1B in the brains of APP mice.28
9. Curcumin enhances Aβ uptake by macrophages in AD
patients; bone marrow derived dendritic cells may
correct immune defects in AD patients and provide an
immunotherapy approach to AD patients.29
10. Curcumin inhibits peroxidase and modulates the cytopathologies in AD patients.30
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genes β actin; GAPDH; mitochondrial biogenesis genes
PGC1α, Nrf1, Nrf2 and TFAM; mitochondrial structural
genes; ﬁssion (Drp1 and Fis1); fusion genes (MFN1,
MFN2, Opa1); mitochondrial matrix protein (CypD); and
synaptic genes (synaptophysin and PSD95). The primer
sequences and amplicon sizes are listed in table 1. Using
Sybr-Green chemistry based quantitative real time RT-PCR,
we measured mRNA expression of the genes mentioned
above, as described by Manczak et al.32

Immunoblotting analysis
To determine whether curcumin or Aβ alters protein levels
of mitochondrial and synaptic genes that showed altered
mRNA expression in our real time RT-PCR, we performed
immunoblotting analyses of protein lysates from cells from
the control and experimental treatments in independent
cell treatments (n=3), as described by Manczak et al.33
Details of proteins and dilutions of antibodies used for
immunoblotting analysis are listed in table 2.

Immunoﬂuorescence analysis
To study the immunoreactivity of proteins of interest, cells
were grown on coverslips using regular cell culture medium
and immunoﬂuorescence analysis was performed using the
antibodies mentioned in the control untreated cells and in
the cells from the multiple experimental treatments, as
described Manzcak et al.33 Details of proteins and dilutions
of antibodies used for the immunoﬂuorescence analysis are
given in table 3. Cells were washed with warm phosphate
buffered saline (PBS), ﬁxed in freshly prepared 4% paraformaldehyde in PBS for 10 min, and then washed with PBS
and permeabilized with 0.1% Triton-X100 in PBS. They
were blocked with 1% blocking solution (Invitrogen) for
1 hour at room temperature. All neurons were incubated
overnight with primary antibodies. The neurons were incubated with appropriate secondary antibodies. The neurons
1222

were washed three times with PBS, and slides were
mounted. Photographs were taken with a multiphoton
laser scanning microscope system (ZeissMeta LSM510). To
quantify the immunoreactivity of the proteins of interest,
for each treatment 10–15 photographs were taken at ×20
magniﬁcation.

Hydrogen peroxide production
Using an Amplex Red H2O2 assay kit (Molecular Probes,
Eugene, Oregon, USA), we measured the production of
H2O2 in independent experiments (n=4) of SHSY5Y
neurons treated (1) with and (2) without curcumin, curcumin treated and then incubated with Aβ, as described by
Manczak et al.33

Cytochrome oxidase activity
Cytochrome oxidase activity was measured in mitochondria
isolated from SHSY5Y cells of control and experimental
treatments (n=4), as described by Manczak et al.33 Enzyme
activity was assayed spectrophotometrically using a Sigma kit
(Sigma-Aldrich) following the manufacturer’s instructions.

ATP levels
ATP levels were measured in mitochondria isolated from
SHSY5Y neurons of control and experimental treatments
(n=4) using the ATP determination kit (Molecular Probes),
as described by Manczak et al.33

Lipid peroxidation assay
Lipid peroxidates are unstable indicators of oxidative stress
in neurons. 4-Hydroxy-2-nonenol (HNE) is the ﬁnal
product of lipid peroxidation and this was measured in the
cell lysates from SHSY5Y cells of control and experimental
treatments (n=4), using an HNE-His ELISA kit (Cell
BioLabs, San Diego, California, USA), as described by
Manczak et al.33
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Figure 1 Experimental strategy of amyloid β (Aβ), curcumin, Aβ+curcumin and curcumin+Aβ treatments in human neuroblastoma
(SHSY5Y) cells.
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Gene
Mitochondrial dynamics genes
Drp1
Fis1
MFN1
MFN2
Cyclophilin D
Opa1
Mitochondrial biogenesis genes
PGC1α
Nrf1
Nrf2
TFAM

Synaptic genes
Synaptophysin
PSD95
Housekeeping genes
β Actin
GAPDH

DNA Sequence (50 -30 )

PCR product size

Forward primer ATGCCAGCAAGTCCACAGAA
Reverse primer TGTTCTCGGGCAGACAGTTT
Forward primer CAAAGAGGAACAGCGGGACT
Reverse primer ACAGCCCTCGCACATACTTT
Forward primer GCAGACAGCACATGGAGAGA
Reverse primer GATCCGATTCCGAGCTTCCG
Forward primer TGCACCGCCATATAGAGGAAG
Reverse primer TCTGCAGTGAACTGGCAATG
Forward primer AGATGTCAAATTGGCAGGGGG
Reverse primer TGCGCTTTTCGGTATAGTGCT
Forward primer ACCTTGCCAGTTTAGCTCCC
Reverse primer TTGGGACCTGCAGTGAAGAA

86

Forward primer GCAGTCGCAACATGCTCAAG
Reverse primer GGGAACCCTTGGGGTCATTT
Forward primer AGAAACGGAAACGGCCTCAT
Reverse primer CATCCAACGTGGCTCTGAGT
Forward primer ATGGAGCAAGTTTGGCAGGA
Reverse primer GCTGGGAACAGCGGTAGTAT
Forward primer TCCACAGAACAGCTACCCAA
Reverse primer CCACAGGGCTGCAATTTTCC
Reverse primer AGACGGTTGTTGATTAGGCGT

83

95
83
78
91
82

96
96
84

Forward primer CTGCGTTAAAGGGGGCACTA
Reverse primer ACAGCCACGGTGACAAAGAA
Forward primer CTTCATCCTTGCTGGGGGTC
Reverse primer TTGCGGAGGTCAACACCATT

81

Forward primer AGAAGCTGTGCTATGTTGCTCTA
Reverse primer TCAGGCAGCTCATAGCTCTTC
Forward primer TTCCCGTTCAGCTCTGGG
Reverse primer CCCTGCATCCACTGGTGC

91

Cell viability test (MTT assay)
Mitochondrial respiration, an indicator of cell viability, was
assessed in SHSY5Y cells from control and experimental treatments (n=4), using the mitochondrial dependent reduction of
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) to formazan, as described by Manczak et al.33

Statistical analyses
Statistical analyses were conducted in two ways: (1)
untreated cells versus cells treated with Aβ, curcumin, curcumin+Aβ and Aβ+curcumin and (2) cells treated with Aβ
versus curcumin+Aβ and Aβ+curcumin for mRNA and
protein levels, cell viability and mitochondrial functional
parameters H2O2, cytochrome oxidase activity, lipid peroxidation, ATP production and cell viability, using appropriate statistical analysis.

RESULTS
mRNA expression of mitochondrial dynamics genes
Aβ
In cells treated with Aβ compared with untreated cells,
mRNA expression levels signiﬁcantly increased in Drp1, by

90

59

2.0 fold (p=0.004), and in Fis1, by 2.1 fold (p=0.002)
(table 4). In contrast, levels of mRNA expression of mitochondrial fusion genes were signiﬁcantly decreased: Mfn1 by
3.0 fold (p=0.001), Mfn2 by 1.8 fold (p=0.004) and Opa1
by 1.6 fold (p=0.01), indicating the presence of abnormal
mitochondrial dynamics in cells treated with Aβ. Interestingly,
mRNA expression of matrix gene CypD was signiﬁcantly
increased by 2.7-fold (p=0.002) in cells treated with Aβ.

Curcumin
mRNA levels were signiﬁcantly decreased for Drp1 (1.5
fold decrease, p=0.02 in curcumin treated cells) and Fis1
(1.4 fold decrease, p=0.03) and increased for fusion genes
(Mfn1 by 1.5 fold ( p=0.04), Mfn2 by 1.4 fold ( p=0.04)
and Opa1 by 1.4 fold (p=0.04)). CypD was reduced by
1.6 fold ( p=0.01) (table 4).

Aβ+curcumin
In cells incubated with Aβ and then treated with curcumin
relative to untreated cells, mRNA levels were unchanged
for ﬁssion genes Drp1 and Fis1, and fusion genes (Mfn1,
Mfn2, Opa1 and CypD) (table 4).
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Table 1 Summary of quantitative real time RT-PCR oligonucleotide primers used in measuring mRNA expression in mitochondrial
dynamics, mitochondrial biogenesis and synaptic genes
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Marker

Primary antibody—species
and dilution

Purchased from (company, location)

Drp1

Rabbit polyclonal 1:500

Novus Biological, Littleton, Colorado, USA

Fis1

Rabbit polyclonal 1:500

Mfn1

Rabbit polyclonal 1:400

MBL International Corporation-life. Woburn,
Massachusetts, USA
Novus Biological, Littleton, Colorado, USA

Mfn2

Rabbit polyclonal 1:400

Abcam, Cambridge, Massachusetts, USA

Opa1

Rabbit polyclonal 1:500

Novus Biological, Littleton, Colorado, USA

CypD

Mouse monoclonal 1:500

SYN

Rabbit polyclonal 1:400

EMD, Calobiochem Chemicals INC,
Gibbstown, New Jersey, USA
Abcam, Cambridge, Massachusetts, USA

PGC1α

Rabbit polyclonal 0.5 mg/mL

Novus Biological, Littleton, Colorado, USA

Nrf1

Rabbit monoclonal 1:1000

Abcam, Cambridge, Massachusetts, USA

Nrf2

Rabbit polyclonal 1:500

Novus Biological, Littleton, Colorado, USA

TFAM

Rabbit polyclonal 1:1000

Abcam, Cambridge, Massachusetts, USA

PSD95

Rabbit monoclonal 1:300

Abcam, Cambridge, Massachusetts, USA

B-actin

Mouse monoclonal 1:500

Sigma-Aldrich, St Louis, Missouri, USA

Secondary antibody,
dilution

Purchased from (company,
location)

Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Sheep anti-mouse HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Donkey anti-rabbit HRP
1:10,000
Sheep anti-mouse HRP
1:10,000

GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA
GE Healthcare Amersham,
New Jersey, USA

Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,
Piscataway,

Table 3 Summary of antibody dilutions and conditions used in the immunohistochemistry/immunofluorescence analysis of
mitochondrial dynamics, mitochondrial biogenesis and synaptic proteins
Marker

Primary antibody—species
and dilution

Purchased from (company,
location)

Secondary antibody, dilution,
Alexa fluor dye

Purchased from (company, location)

Drp1

Rabbit polyclonal 1:300

Fis1

Rabbit polyclonal 1:300

Mfn1

Rabbit polyclonal 1:300

Mfn2

Rabbit polyclonal 1:200

OPA1

Rabbit polyclonal 1:500

SYN

Rabbit polyclonal 1:200

PSD95

Rabbit polyclonal 1:400

Novus Biological, Littleton,
Colorado, USA
Protein Tech Group, Inc, Chicago,
Illinois, USA
Protein Tech Group, Inc, Chicago,
Illinois, USA
Protein Tech Group, Inc, Chicago,
Illinois, USA
Novus Biological, Littleton,
Colorado, USA
Protein Tech Group, Inc, Chicago,
Illinois, USA
Protein Tech Group, Inc, Chicago,
Illinois, USA

Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate
Donkey anti-rabbit
488 conjugate

Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA
Thermo Fisher Scientific,
Massachusetts, USA

Curcumin+Aβ
Similarly, cells pretreated with curcumin and incubated
with Aβ relative to untreated cells, showed no signiﬁcant
mRNA changes for ﬁssion, fusion or matrix genes.

IgG Alexa Fluor
IgG Alexa Fluor
IgG Alexa Fluor
IgG Alexa Fluor
IgG Alexa Fluor
IgG Alexa Fluor
IgG Alexa Fluor

Waltham,
Waltham,
Waltham,
Waltham,
Waltham,
Waltham,
Waltham,

decreased mRNA expression was found in all biogenesis
genes (PGC1α by 1.5 fold ( p=0.04), Nrf1 by 1.9 fold
( p=0.02), Nrf2 by 2.6 fold ( p=0.002) and TFAM by 1.7
fold ( p=0.003)) in cells treated with Aβ relative to
untreated cells.

Mitochondrial biogenesis genes
Aβ

Curcumin

To determine the effects of Aβ and curcumin on mitochondrial biogenesis genes, mRNA expression levels of PGC1α,
Nrf1, Nrf2 and TFAM genes were measured. Signiﬁcantly

mRNA levels were signiﬁcantly increased for PGC1α (2.1
fold decrease, p=0.003), Nrf1 by 2.1 fold ( p=0.003),
Nrf2 by 1.4 fold (p=0.04) and TFAM by 1.8 fold

1224
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Table 2 Summary of antibody dilutions and conditions used in the immunoblotting analysis of mitochondrial dynamics,
mitochondrial biogenesis and synaptic proteins
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mRNA fold changes compared
with Aβ treated cells

mRNA fold changes compared with untreated cells
Genes
Mitochondrial dynamics genes
Drp1
Fis1
Mfn1
Mfn2
OPA1
Cyclophilin D
Mitochondrial biogenesis genes
PGC1α
Nrf1
Nrf2
TFAM
Synaptic genes
Synaptophysin
PSD-95

Aβ

Cur

Aβ+Cur

Cur+Aβ

Aβ+Cur

Cur+Aβ

2.0*
2.1*
3.0*
−1.8*
−1.6†
2.7*

−1.5†
−1.4†
1.5†
1.4†
1.4†
−1.6†

−1.1
1.1
1.1
1.1
−1.2
1.4

1.4
1.1
1.2
1.2
1.0
1.2

−1.7†
−1.8*
2.8*
1.6†
1.6†
−2.0*

−1.6†
−2.2†
3.8*
1.9†
2.2*
−2.2*

−1.5†
−1.9†
−2.6*
−1.7*

−2.1†
−2.1†
−1.4†
−1.8*

1.0
−1.2
−1.4
1.0

1.2
1.1
1.1
1.2

1.5†
1.6†
1.9†
1.8†

1.8†
2.2*
2.3*
1.8†

−2.3*
−1.6†

−1.6*
−1.2

1.4
1.0

1.2
1.0

3.2*
1.6†

2.6*
1.9†

*p≤0.005.
†p≤0.05.
Aβ, amyloid β; Cur, curcumin.

( p=0.03) in curcumin treated cells relative to untreated
cells (table 4). These observations indicate that curcumin
increases mitochondrial biogenesis activity.

synaptophysin by 1.4 fold and unchanged for PSD95
(table 4). These observations indicate that curcumin
rescued synaptic activity from Aβ induced toxicity.

Aβ+curcumin
In cells incubated with Aβ ﬁrst and then treated with curcumin relative to untreated cells, mRNA levels were
unchanged for PGC1α and TFAM and slightly decreased
for Nrf1 (by 1.2 fold) and Nrf2 (1.4 fold) (table 4).

Curcumin+Aβ
In cells pretreated with curcumin and incubated with Aβ
relative to untreated cells, mRNA levels were increased for
synaptophysin by 1.2 fold and 1.1 fold for PSD95, indicating that curcumin prevented Aβ induced synaptic activity.

Curcumin+Aβ
In cells pretreated with curcumin and incubated with Aβ
relative to untreated cells, we found increased levels of
mRNA for biogenesis genes (PGC1α by 1.2 fold, Nrf1 by
1.1 fold, Nrf2 by 1.2 and TFAM by 1.1). These results
suggest that curcumin pretreatment prevented Aβ induced
biogenesis toxicity.

Synaptic genes
Aβ
In cells treated with Aβ compared with untreated cells,
mRNA expression levels were decreased for synaptophysin
by 2.3 fold ( p=0.01) and PSD95 by 1.6 fold ( p=0.03),
indicating that Aβ reduces synaptic activity (table 4).

Curcumin
mRNA levels were signiﬁcantly increased for synaptophysin
by 1.6 fold ( p=0.01) and PSD95 by 1.2 fold in curcumin
treated cells relative to untreated cells (table 4). These
observations indicate that curcumin boosts synaptic activity
in healthy cells.

Aβ+curcumin
In cells incubated with Aβ and then treated with curcumin
relative to untreated cells, mRNA levels were increased for

Comparison with Aβ treated cells
As shown in table 4, mRNA levels of ﬁssion genes were
reduced in cells treated with Aβ+curcumin (Drp1 by 1.7
fold, p=0.02; Fis1 by 1.8 fold, p=0.002) and curcumin
+Aβ (Drp1 by 1.6 fold, p=0.02; Fis1 by 2.2 fold,
p=0.003) relative to Aβ treated cells.
In contrast, fusion genes were increased in Aβ+curcumin
(Mfn1 by 2.8 fold, p=0.003; Mfn2 by 1.6 fold, p=0.03;
Opa1 by 1.6, p=0.03) and curcumin+Aβ (Mfn1 by 3.8
fold, p=0.002; Mfn2 by 1.9 fold, p=0.01; Opa1 by 2.2
fold, p=0.002) treated cells relative to Aβ treated cells.
Mitochondrial biogenesis genes were increased in Aβ
+curcumin (PGC1α by 1.5 fold, p=0.04; Nrf1 by 1.6
fold, p=0.03; Nrf2 by 1.9 fold, p=0.01; and TFAM by
1.8 fold, p=0.03) and curcumin+Aβ (PGC1α by 1.8 fold,
p=0.03; Nrf1 by 2.2 fold, p=0.002; Nrf2 by 2.3 fold,
p=0.002; and TFAM by 1.8 fold, p=0.02) treated cells
relative to Aβ treated cells.
Similar to biogenesis genes, synaptic genes were
increased in Aβ+curcumin (synaptophysin by 3.2 fold,
p=0.002; PSD95 by 1.6 fold, p=0.04) and curcumin+Aβ
(synaptophysin 2.6 fold, p=0.004; PSD95 by 1.9 fold,
p=0.03) treated cells relative to Aβ treated cells (table 4).
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Table 4 mRNA fold changes in mitochondrial dynamics, mitochondrial biogenesis and synaptic genes in SHSY5Y cells treated with
Aβ, curcumin, Aβ+curcumin and curcumin+Aβ relative to untreated SHSY5Y cells

Experimental biology symposia
To determine the effects of Aβ on mitochondrial proteins and
the useful effects of curcumin at the protein level, we quantiﬁed mitochondrial proteins in three independent treatments
of cells with Aβ, curcumin, Aβ+curcumin and curcumin+Aβ.

Comparison with untreated cells
Aβ

Synaptic proteins were increased in Aβ+curcumin (synaptophysin, p=0.04; PSD95, p=0.003) and curcumin+Aβ
(synaptophysin, p=0.04; PSD95, p=0.01) treated cells relative to Aβ treated cells (ﬁgure 2A, D), indicating that curcumin enhances synaptic activity in the presence of Aβ in cells.

Immunoﬂuorescence analysis

In SHSY5Y cells treated with Aβ compared with untreated
SHSY5Y cells, signiﬁcantly increased proteins levels were
found for Drp1 (p=0.02) and Fis1 (p=0.04) (ﬁgure 2A, B).
In contrast, decreased levels of mitochondrial fusion proteins, Mfn1 ( p=0.003), Mfn2 (p=0.004) and Opa1
(p=0.02), were found in cells incubated with Aβ compared
with untreated cells. CypD levels (p=0.003) were increased
in Aβ treated cells, indicating that Aβ affects mitochondrial
dynamic proteins and these observations concur with the
mRNA ﬁndings. Mitochondrial biogenesis proteins (PGC1α,
p=0.002; Nrf2, p=0.03; TFAM, p=0.001) were decreased
in Aβ treated cells relative to untreated cells (ﬁgure 2A, C).
Synaptic proteins, synaptophysin (p=0.01) and PSD95
(p=0.002) levels were signiﬁcantly reduced in Aβ incubated
cells relative to untreated cells (ﬁgure 2A, D).

To determine the effect of Aβ and curcumin on mitochondrial dynamics (Drp1, Fis1—ﬁssion; Mfn1, Mfn2 and
Opa1—fusion), mitochondrial biogenesis (PGC1α) and
synaptic protein (synaptophysin and PSD95) levels and
localizations, immunoﬂuorescence analysis was performed
in cells treated with Aβ and curcumin.

Comparison with untreated cells
As shown in ﬁgure 3 (A, C), we found signiﬁcantly increased
levels of Drp1 (p=0.004) and Fis1 (p=0.02), and signiﬁcantly decreased levels of Mfn1 (p=0.002), Mfn2

Curcumin

Mitochondrial ﬁssion proteins (Drp1, p=0.01; Fis1,
p=0.02) were signiﬁcantly reduced and fusion protein
Mfn2 p=0.01 was signiﬁcantly increased in cells (ﬁgure
2A, C). Interestingly, biogenesis proteins (PGC1α, p=0.01;
Nrf1, p=0.001; TFAM, p=0.03) were signiﬁcantly
increased in curcumin treated cells relative to untreated
cells. Synaptic proteins, synaptophysin ( p=0.01) and
PSD95 ( p=0.01) levels signiﬁcantly increased in Aβ incubated cells relative to untreated cells.

Aβ+curcumin

Mitochondrial ﬁssion proteins (Drp1, p=0.04; Fis1
p=0.01) were reduced in Aβ+curcumin treated cells relative to untreated cells (ﬁgure 2A, B).

Curcumin+Aβ
Similar results (Drp1, p=0.01; Fis1, p=0.03) were found
in curcumin+Aβ treated cells relative to untreated cells
(ﬁgure 2A, B). Overall, these ﬁndings suggest that curcumin
reduces ﬁssion activity and enhances fusion and biogenesis
activities in the presence of Aβ.

Comparison with Aβ treated cells
As shown in ﬁgure 2 (A, B), signiﬁcantly reduced levels of
ﬁssion proteins were found in cells treated with Aβ+curcumin (Drp1, p=0.01; Fis1, p=0.001) and curcumin+Aβ
(Drp1, p=0.002; Fis1, p=0.003) relative to Aβ treated
cells. In contrast, fusion proteins were increased in Aβ+curcumin (Mfn1, p=0.01; Mfn2, p=0.001) and curcumin
+Aβ (Mfn1, p=0.001; Mfn2, p=0.003) treated cells relative to Aβ treated cells.
Mitochondrial biogenesis proteins were signiﬁcantly
increased in Aβ+curcumin (PGC1α, p=0.01; Nrf1,
p=0.003; Nrf2, p=0.01; TFAM, p=0.002) and curcumin
+Aβ (PGC1α, p=0.01; Nrf1, p=0.001; Nrf2, p=0.03;
TFAM p=0.01) cells relative to Aβ treated cells
(ﬁgure 2A, C), indicating that curcumin enhances biogenesis in the presence of Aβ.
1226

Figure 2 Immunoblotting analysis of human neuroblastoma
(SHSY5Y) cells treated with amyloid β (Aβ), curcumin, Aβ
+curcumin and curcumin+Aβ relative to untreated cells. (A)
Representative immunoblot. (B–D) Quantitative densitometry
analysis of mitochondrial dynamics, mitochondrial biogenesis and
synaptic proteins. Cur, curcumin; Unt, untreated.
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Immunoblotting analysis
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(p=0.001) and Opa1 (p=0.001) in Aβ treated cells relative
to untreated cells, indicating that Aβ enhances ﬁssion activity
and reduces fusion activity in cells. In contrast, decreased
levels of Drp1 and Fis1 were found in curcumin treated cells
relative to untreated cells, but this was not signiﬁcant.

The synaptic proteins synaptophysin ( p=0.002) and
PSD95 (p=0.002), and PGC1α levels ( p=0.03) were signiﬁcantly reduced in Aβ treated cells relative to untreated
cells (ﬁgure 3B, D). Overall, the immunoﬂuorescence ﬁndings agreed with the immunoblotting results.
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Comparison with Aβ treated cells
Signiﬁcantly reduced levels of ﬁssion proteins were
found in cells treated with Aβ+curcumin (Drp1, p=0.01;
Fis1, p=0.04) and curcumin+Aβ (Drp1, p=0.04; Fis1,
1228

p=0.02) relative to Aβ treated cells (ﬁgure 3A, C). In
contrast, fusion proteins were increased in Aβ+curcumin
(Mfn1, p=0.04; Mfn2, p=0.002; Opa1, p=0.02) and
curcumin+Aβ (Mfn1, p=0.04; Mfn2, p=0.004;
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Opa1 p=0.001) treated cells relative to Aβ treated cells
(ﬁgure 3A, C).
Mitochondrial biogenesis protein PGC1α was signiﬁcantly increased in Aβ+curcumin (PGC1α, p=0.02) and
curcumin+Aβ (PGC1α, p=0.001) treated cells relative to

Aβ treated cells (ﬁgure 3B, D), indicating that curcumin
enhances mitochondrial biogenesis in the presence of Aβ.
Synaptic proteins were increased in Aβ+curcumin (synaptophysin, p=0.04; PSD95, p=0.004) and curcumin+Aβ (synaptophysin, p=0.01; PSD95, p=0.003) treated cells relative to
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Figure 3 Immunoﬂuorescence analysis of human neuroblastoma (SHSY5Y) cells treated with amyloid β (Aβ), curcumin, Aβ+curcumin
and curcumin+Aβ relative to untreated cells. (A) Representative immunoﬂuorescence images of mitochondrial dynamic proteins. (B)
Representative immunoﬂuorescence analysis of mitochondrial biogenesis and synaptic proteins. (C) Quantitative immunoﬂuorescence
analysis of mitochondrial dynamics proteins. (D) Quantitative immunoﬂuorescence analysis of mitochondrial biogenesis and synaptic
proteins.
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Aβ treated cells (ﬁgure 3B, D), indicating that curcumin
enhances synaptic activity in the presence of Aβ in cells.

Mitochondrial dysfunction
H2O2production

As shown in ﬁgure 4, signiﬁcantly increased levels of
hydrogen peroxide (H2O2) were found in mitochondria
from cells incubated with Aβ ( p=0.01). In measurements
taken of H2O2 from mitochondria isolated from cells
treated with curcumin, signiﬁcantly decreased levels
( p=0.01) of H2O2 were found relative to untreated cells.
1230

These ﬁndings suggest that Aβ increases free radicals and
curcumin reduces H2O2 in the presence of Aβ.
When the data were compared between cells incubated
with Aβ with Aβ+curcumin (p=0.04) and curcumin+Aβ
( p=0.01), H2O2 levels were signiﬁcantly reduced, indicating that curcumin reduces H2O2 levels in the presence of
Aβ (ﬁgure 4).

Lipid peroxidation
To determine whether Aβ affects lipid peroxidation in cells
that underwent Aβ incubation, we measured 4-HNE, an
indicator of lipid peroxidation. Signiﬁcantly increased
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levels of lipid peroxidation were found ( p=0.002) in Aβ
treated relative to untreated cells (ﬁgure 4). However, signiﬁcantly decreased levels were found in the curcumin
treated cells ( p=0.02) relative to untreated cells.
Signiﬁcantly increased levels were found in cells incubated
with Aβ+curcumin ( p=0.04) and curcumin+Aβ ( p=0.02)
relative to untreated cells.
When the data were compared between cells incubated
with Aβ with Aβ+curcumin ( p=0.04) and curcumin+Aβ
( p=0.01), lipid peroxidation levels were signiﬁcantly
reduced, indicating that curcumin reduces lipid peroxidation levels in the presence of Aβ (ﬁgure 4).

ATP production
As shown in ﬁgure 4, signiﬁcantly decreased levels of ATP
were found in cells that were incubated with Aβ ( p=0.001)
relative to untreated cells. Signiﬁcantly increased levels of
ATP were found in cells treated with curcumin ( p=0.001)
compared with untreated cells. Signiﬁcantly increased levels
were found in cells incubated with Aβ+curcumin ( p=0.01)
relative to untreated cells (ﬁgure 4).
Signiﬁcantly increased ATP levels were found in Aβ+curcumin ( p=0.01) and curcumin+Aβ treated ( p=0.001) cells
relative to Aβ incubated cells, indicating curcumin increases
ATP levels in the presence of Aβ.

Cytochrome oxidase activity
Signiﬁcantly decreased levels of cytochrome oxidase activity
were found in cells that were incubated with Aβ (p=0.03)
(ﬁgure 4). However, signiﬁcantly increased levels of

cytochrome oxidase activity were found in curcumin treated
cells (p=0.01) relative to untreated cells. Cytochrome
oxidase activity levels were unchanged in Aβ+curcumin and
curcumin+Aβ cells relative to untreated cells.
Similar to ATP levels, cytochrome oxidase activity levels
were increased in Aβ+curcumin ( p=0.02) and curcumin
+Aβ treated ( p=0.03) cells relative to Aβ incubated cells
(ﬁgure 4), indicating curcumin increases cytochrome
oxidase activity levels in the presence of Aβ.

Cell viability
Signiﬁcantly decreased levels of cell viability were found in
Aβ treated cells (p=0.02) (ﬁgure 4) relative to untreated
cells. Cell viability was also signiﬁcantly increased in cells
treated with curcumin ( p=0.04) compared with untreated
cells. Cell viability levels were unchanged in cells treated
with Aβ+curcumin and curcumin+Aβ relative to untreated
cells.
Signiﬁcantly increased cell viability levels were found in
cells treated with curcumin+Aβ ( p=0.01) relative to Aβ
incubated cells, suggesting that curcumin increases cell viability in the presence of Aβ.

DISCUSSION
We investigated the protective effects of a natural product—
curcumin—in healthy cells, and toxicity caused by Aβ. We
studied preventive (curcumin+Aβ) and intervention (Aβ
+curcumin) effects of curcumin against Aβ in cells. We measured mRNA and protein levels of mitochondrial dynamics,
mitochondrial biogenesis, synaptic genes using real time
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RT-PCR, immunoblotting and immunoﬂuorescence analysis.
We also assessed mitochondrial function by measuring
H2O2, lipid peroxidation, cytochrome oxidase activity and
mitochondrial ATP. Further, we studied cell viability using
the MTT assay. Aβ was found to impair mitochondrial
dynamics (increased ﬁssion and decreased fusion), reduce
biogenesis and decrease synaptic activity and mitochondrial
function in healthy human neuroblastoma cells. On the
other hand, curcumin enhanced fusion activity and reduced
ﬁssion machinery and increased biogenesis and synaptic proteins. Mitochondrial function and cell viability were elevated
in curcumin treated cells. Interestingly, curcumin pre- and
post-treated cells incubated with Aβ showed reduced
1232

mitochondrial dysfunction, maintained cell viability and
mitochondrial dynamics, mitochondrial biogenesis and synaptic activity. Further, the protective effects of curcumin
were stronger in pretreated cells than in post-treated cells—
in other words, curcumin works better in prevention than
treatment in AD-like neurons.

mRNA and protein changes
Abnormal mitochondrial dynamics (increased ﬁssion and
decreased fusion) was found in cells incubated with Aβ.
Our ﬁndings concur with earlier studies.33–35 Increased
expression of CypD was also found in cells incubated with
Aβ, indicating that an increase in CypD damages
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Figure 4 Mitochondrial functional parameters in control human neuroblastoma (SHSY5Y) cells, in amyloid β (Aβ) incubated SHSY5Y
cells, in SHSY5Y cells treated with curcumin and in SHSY5Y cells incubated with Aβ and then treated with Aβ and in SHSY5Y cells treated
with curcumin and then incubated with Aβ (n=4). We analyzed mitochondrial functional data in two ways: (1) the control SHSY5Y cells
were compared with the SHSY5Y cells treated with Aβ, curcumin, Aβ+cucumin and curcumin+Aβ and (2) Aβ incubated SHSY5Y cells
were compared with Aβ+curcumin SHSY5Y cells and curcumin+Aβ treated cells. We performed statistical analysis using ANOVA following
the Dunnett correction, for: (a) H2O2 production, (b) lipid peroxidation, (c) ATP levels, (d) cytochrome oxidase activity and (e) cell viability.
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enhanced. Our mRNA and protein data under preventive
conditions of curcumin were positive, suggesting that curcumin prevents mitochondrial structural, biogenesis and
synaptic genes from expressing abnormally. Overall, curcumin appears to protect the mitochondrial structure by regulating mitochondrial ﬁssion, fusion and matrix genes.
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