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Abstract
Alzheimer’s disease (AD) is considered a prevalent neurological disorder with a neurodegenerative nature in elderly people.
Oxidative stress and neuroinflammation due to amyloid β (Aβ) peptides are strongly involved in AD pathogenesis. Klotho is an
anti-aging protein with multiple protective effects that its deficiency is involved in development of age-related disorders. In this
study, we investigated the beneficial effect of Klotho pretreatment at different concentrations of 0.5, 1, and 2 nM against Aβ1–42
toxicity at a concentration of 20 μM in human SH-SY5Y neuroblastoma cells. Our findings showed that Klotho could signif-
icantly and partially restore cell viability and decrease reactive oxygen species (known as ROS) and improve superoxide
dismutase activity (SOD) in addition to reduction of caspase 3 activity and DNA fragmentation following Aβ1–42 challenge.
In addition, exogenous Klotho also reduced inflammatory biomarkers consisting of nuclear factor-kB (NF-kB), interleukin-1β
(IL-1β), and tumor necrosis factor-α (TNF-α) in Aβ-exposed cells. Besides, Klotho caused downregulation of Wnt1 level,
upregulation of phosphorylated cyclic AMP response element binding (pCREB), and mRNA levels of nuclear factor erythroid 2-
related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) with no significant alteration of epsilon isoform of protein kinase C (PKCε)
after Aβ toxicity. In summary, Klotho could alleviate apoptosis, oxidative stress, and inflammation in human neuroblastoma
cells after Aβ challenge and its beneficial effect is partially exerted through appropriate modulation of Wnt1/pCREB/Nrf2/HO-1
signaling.
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Introduction

Alzheimer’s disease (AD) is considered a prevalent neurolog-
ical disorder with a neurodegenerative nature in elderly peo-
p le , typ i f i ed by progress ive neurona l loss and

neuroinflammation with ensuing deterioration of language
and cognitive skills (Monsell et al. 2014). Although the exact
mechanisms of AD pathology is not yet fully unraveled, re-
cent evidences indicated that development of neuroinflamma-
tion and concurrent oxidative stress and decline of antioxi-
dants are strongly involved in AD pathogenesis (Rojas-
Gutierrez et al. 2017; Verdile et al. 2015; Zhou et al. 2016).
Additionally, the neurotoxic amyloid β (Aβ) peptide frag-
ments as a result of decomposition of amyloid precursor pro-
tein (APP) play a pivotal role in AD pathogenesis (Spires-
Jones and Hyman 2014; Haass and Selkoe 2007; Karran
et al. 2011).

Wnt signaling has a pivotal regulatory role in many biolog-
ical processes in the central nervous system such as
neurogenesis, neuronal differentiation, and even neuroprotec-
tion (Inestrosa and Arenas 2010; Salinas 2012). This signaling
has been recognized as a neuroprotective factor against Aβ
cytotoxicity and tau phosphorylation, and dysfunction of Wnt
cascade could play a significant role in development of AD
(Tapia-Rojas and Inestrosa 2018; (Inestrosa and Toledo
2008).

* Tourandokht Baluchnejadmojarad
Baluchnejadmojarad.t@iums.ac.ir

1 Department of Neuroscience, Faculty of Advanced Technologies in
Medicine, Iran University of Medical Sciences, Tehran, Iran

2 Cellular and Molecular Research Center, Iran University of Medical
Sciences, Tehran, Iran

3 Department of Physiology, School of Medicine, Iran University of
Medical Sciences, Tehran, Iran

4 Neurophysiology Research Center, Shahed University, Tehran, Iran
5 Department of Neurology, School of Medicine, Shahed University,

Tehran, Iran
6 Institute of Biochemistry and Biophysics (IBB), University of

Tehran, Tehran, Iran

https://doi.org/10.1007/s12031-020-01621-9

/ Published online: 5 July 2020

Journal of Molecular Neuroscience (2021) 71:19–27

http://crossmark.crossref.org/dialog/?doi=10.1007/s12031-020-01621-9&domain=pdf
http://orcid.org/0000-0003-0608-7840
mailto:Baluchnejadmojarad.t@iums.ac.ir


Protein kinase C (PKC) isoforms are involved in vari-
ous cell functions such as differentiation, proliferation,
and apoptosis (Mackay and Mochly-Rosen 2001), and
overexpression of epsilon isoform of PKC (PKCε) might
enhance Bcl-2 expression and exert neuroprotective effect
(Weinreb et al. 2004). Downregulation of PKCε has been
observed following 6-hydroxydopamine (6-OHDA) chal-
lenge of SH SY5Y cells (Tiong et al. 2010). PKCε atten-
uates amyloid beta-related pathology in transgenic mice
(Choi et al. 2006), and its activation lowers Aβ neurotox-
icity (Hongpaisan et al. 2011).

In addition, it has been shown that cAMP-response
element binding protein (known as CREB) is a pivotal
transcription factor that protects neurons against oxida-
tive stress (Lee et al. 2009) and its expression is re-
duced in brains of people with AD and in Aβ-
challenged neurons of rat hippocampus (Pugazhenthi
et al. 2011). Amyloid beta exposure is also associated
with increased inflammatory response and elevated ex-
pression of nuclear factor-κB (NF-κB) (Chong et al.
2005).

Klotho is an anti-aging agent that its deficiency is involved
in rapid development of age-related disorders (Shiozaki et al.
2008) and in premature aging (Sopjani et al. 2015). The
single-pass transmembrane protein Klotho is encoded by the
KL gene and is a circulating agent that plays a pivotal role in
cellular functions including metabolism that has been linked
to pathogenesis of age-related disorders (Kuro-o et al. 1997).
Klotho is expressed in the choroid plexus and to a lower de-
gree in the hippocampal neurons (Li et al. 2004). Klotho up-
regulation ameliorates aging-related memory decline and ox-
idative stress burden in senescence-accelerated mice (Zhou
et al. 2018) and could exert neuroprotective effect in a model
of ischemic brain injury via inhibition of RIG-I/NF-kB signal-
ing (Zhou et al. 2017b). In addition, Klotho could protect
hippocampal neurons against Aβ and glutamate toxicity
through mobilization of antioxidants (Zeldich et al. 2014).
Klotho is involved in regulation of some intracellular signal-
ing cascades such as protein kinase C (PKC), cAMP, andWnt
signaling (Sopjani et al. 2015; Wang and Sun 2009; Sedighi
et al. 2019). In addition, part of Klotho beneficial effect in
attenuation of nigrostriatal dopaminergic system damage in
6-OHDA model of Parkinson’s disease has been through in-
hibition of apoptosis, oxidative stress, and appropriate modu-
lation of pCREB signaling (Baluchnejadmojarad et al. 2017).
While the renal functions of Klotho are well-established, its
roles in brain functions remain to be fully elucidated. Through
its diverse roles in the brain, Klotho has been claimed as a new
therapeutic target for neurodegenerative disorders like AD and
multiple sclerosis (Zhou et al. 2017b). Hence, this study was
designed and conducted to find out whether Klotho could
ameliorate Aβ (1–42)-induced neurotoxicity in a cell model
of AD and to unravel some involved mechanisms.

Material and Methods

Preparation of Amyloid Beta 1–42

Recombinant amyloid beta 1–42 (human Aβ1–42) (R&D
Systems, Inc., USA) was prepared as mentioned before (Yeo
et al. 2018). Shortly, Aβ1–42 peptide powder was solubilized
in DMSO to have a 2 mM solution with additional dilution in
PBS. It was a mixture of all forms of amyloid beta (monomers,
oligomers, fibrils). This solution was incubated at 4 °C for
1 day.

Cell Culture

Human neuroblastoma cells (SH-SY5Y) (obtained from
Pasteur Institute of Iran, Tehran, Iran) were cultured in
DMEM/F12 cell culture medium in the presence of FBS
(10%), penicillin (100 units/ml), and streptomycin
(100 μg/ml) at 37 °C and at an atmosphere of 5% CO2/95%
air. The medium was regularly changed every 2 days. Once
the cells were 80% confluent, they were used for further ex-
periments. First, they were seeded at a density of 5000 cells/
well in a 96-well microtiter plate for MTT assay. Second, cells
at a density of 15,000/well in 48-well microtiter plates were
pretreated with different concentrations of Klotho (recombi-
nant humanKlotho protein; R&D Systems, Inc., USA) (0.5, 1,
and 2 nM) for 24 h and thereafter were exposed to Aβ1–42
(concentration of 20 μM) for further 24 h. Selection of this
concentration range for Klotho was from an earlier study on its
protective effect (at a concentration of 2 nM) against cisplatin
ototoxicity in an auditory cell line (Park et al. 2012).

Cell Viability Assessment

Cellular viability was determined using 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (known as
MTT) assay method. In this experiment, cells were cultured
at a cell density of 5000 cells/well and incubated for 1 day for
their attachment. After Klotho pretreatment at different con-
centrations (0.5, 1, and 2 nM) and Aβ exposure (concentration
of 20 μM), MTT solution was added and resultant product
was solubilized by cell culture medium. The plates were
placed overnight at 37 °C and absorbance was obtained at
570 nm. Each experiment was done in triplicate.

ROS Estimation

Cellular production of ROS was estimated using 2′, 7′-
dichlorofluorescin diacetate (known as DCFDA) (Sigma-
Aldrich, USA). After its entrance into the cell, DCFDA is
finally converted to fluorogenic 2′, 7′-dichlorofluorescein
(DCF) that its quantity is proportionate with intracellular
ROS. Shortly, Klotho and Aβ1–42-treated cells were lysed
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and lysate was centrifuged at 10,062×g for 10 min at 4 °C and
the obtained supernatant was mixed with DCFDA at 37 °C for
30 min. Then, fluorescence was measured (excitation wave-
length = 485 nm, emission wavelength = 528 nm). Obtained
results were converted to as ng of DCF as an equivalent of
ROS generated.

Measurement of SOD Activity

Activity of superoxide dismutase or SOD was determined
with an assay kit (Cayman Chemical, USA). One unit of
SOD activity is the quantity of the enzyme required to cause
50% dismutation. Our results were finally presented as rela-
tive SOD activity (% of control).

Assessment of Caspase 3 Activity

Measurement of caspase 3 activity was done as mentioned in
an earlier report (Movsesyan et al. 2002). The test is based on
the degradation of the p-nitroaniline (PNA) substrate by the
enzyme. Shortly, cell lysates were incubated with assay buffer
(pH 7.4) comprising dithiothreitol (DTT), CHAPS, HEPES,
sucrose, EDTA, and pNA-specific substrate for 3 h at 37 °C.
Finally, the amount of formed p-nitroaniline was measured at
a wavelength of 405 nm.

Assessment of DNA Fragmentation

This test was done using Cell Death Detection ELISA PLUS
kit (Sigma Aldrich, USA) according to its protocol.

Enzyme-Linked Immunosorbent Assays

Twenty-four hours following Aβ1–42 exposure, cells were
harvested and washed once with cold PBS prior to incubation
with hypotonic lysis buffer on ice. The cells were then centri-
fuged at 10,000×g in a centrifuge at 4 °C and the obtained
lysate was used for ELISA assays. In this regard, the level of
TNF-α (Sigma-Aldrich, USA), IL-1β (MyBioSource, Inc.,
USA) , IL -6 (MyBioSou rce , I nc . , USA) , Wnt1
(MyBioSource, Inc., USA), pCREB (R&D Systems, Inc.),
and PKCε (MyBioSource, Inc., USA) in the cell lysates was
determined.

Quantitative Real-Time Polymerase Chain Reaction
Experiments

For extraction of total RNA of samples, TRIzol reagent
(Thermo Fisher Scientific, USA) was used. Synthesis of
cDNA was conducted using the reverse transcription reagent
(Takara Bio Inc., USA). SYBR Green qPCR Master mix
(Thermo Fisher Scientific Inc., USA) was used to conduct
real-time PCR. All reactions were done on Applied

Biosystems StepOne Plus (USA), and relative expressions of
target genes including β-catenin, Wnt1, and Nrf2 were nor-
malized to GAPDH and calculated using the 2−ΔΔCt method.
Used primers were as follows: Wnt1 forward, 5′ TGGTTTGC
AAAGACCACCTCCA 3′, Wnt1 reverse, 5′ TGATTCCA
GGAGGCAAACGCAT 3′, Nrf2 forward, 5′ CAGCTTTT
GGCGCAGACATT 3′, Nrf2 reverse, 5′ GACTGGGC
TCTCGATGTGAC 3′, HO-1 forward, 5′ GCCATGAA
CTTTGTCCGGTG 3′, HO-1 reverse, 5′ TTTCGTTG
GGGAAGATGCCA 3′, GAPDH forward, 5′ AATCCCAT
CACCATCTTC 3′, and GAPDH reverse, 5′ AGGCTGTT
GTCATACTTC 3′.

Statistical Analysis

Obtained results were brought as means ± S.E.M. One-way
ANOVA was applied for data analysis with subsequent
Tukey’s test for paired comparisons with significance level
set at p < 0.05.

Results

The Effect of Klotho and Aβ1–42 on Cell Viability of
Neuroblastoma Cells

For assessment of cytotoxicity of Aβ1–42 and possible tox-
icity of Klotho in the neuroblastoma cells, we incubated cells
with Klotho (0.5, 1, and 2 nM) for 24 h, then exposed them to
Aβ1–42 for further 24 h, and finally, viability was determined
using MTT method. Our results showed that cell viability in
treated control groups (without Aβ1–42 challenge) does not
significantly decrease in the presence of Klotho, even at its
highest concentration (2 nM). In contrast, exposure of cells to
Aβ1–42 for 24 h at a concentration of 20 μM significantly
reduced cell viability (p < 0.001). In addition, pretreatment of
these cells with various concentrations of Klotho (particularly
at a concentration of 2 nM) significantly prevented viability
reduction (p < 0.05 for Klotho at a concentration of 0.5 nM
and p < 0.001 at concentrations of 1 and 2 nM) (Fig. 1).

The Effect of Klotho and Aβ1–42 on Oxidative Stress-
and Apoptosis-Related Biomarkers in Human
Neuroblastoma Cells

For assessment of oxidative stress and antioxidant system fol-
lowing Klotho and Aβ challenge, we measured lysate level of
ROS (as an equivalent of DCF) (Fig. 2a) and SOD activity
(Fig. 2b). In this regard, ROS level and SOD activity did not
show a significant change in control + Klotho groups (those
not exposed to Aβ). In contrast, exposure of SH-SY5Y neu-
roblastoma cells to Aβ for 24 h significantly increased ROS
level (p < 0.001) and significantly reduced SOD activity
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(p < 0.001). Meanwhile, pretreatment of Aβ-exposed neuro-
blastoma cells with Klotho at a concentration of 2 nM signif-
icantly reduced ROS level (p < 0.001) and improved SOD
activity (p < 0.05) when compared to Aβ group. In addition,
the observed beneficial effect for Klotho was according to a

concentration-dependent pattern. Regarding apoptotic bio-
markers, caspase 3 activity (Fig. 2c) and DNA fragmentation
(Fig. 2d) did not exhibit a significant alteration in control +
Klotho groups (not challenged with Aβ) when compared to
control group. In contrast, exposure of neuroblastoma cells to
Aβ for 24 h significantly increased caspase 3 activity
(p < 0.001) and DNA fragmentation (p < 0.001). Meanwhile,
pretreatment of Aβ-exposed neuroblastoma cells with Klotho
at a concentration of 2 nM significantly reduced caspase 3
activity (p < 0.01) and DNA fragmentation (p < 0.01) versus
Aβ group. In addition, the observed beneficial effect for
Klotho regarding apoptotic biomarkers followed a
concentration-dependent algorithm.

The Effect of Klotho and Aβ1–42 on Inflammatory
Biomarkers in Human Neuroblastoma Cells

For assessment of inflammation following Klotho and Aβ
exposure, we measured inflammatory indicators consisting
of NF-kB, IL-1β, IL-6, and TNF-α. Determination of the
lysate level of these parameters showed that the level of IL-
1β (Fig. 3a), IL-6 (Fig. 3b), TNF-α (Fig. 3c), and NF-kB (Fig.
3d) did not show a significant change in Klotho-preincubated
control groups (not exposed to Aβ). In contrast, exposure of

Fig. 2 The effect of amyloid beta 1–42 (Aβ) at a concentration of 20 μM
and Klotho (KL) at different concentrations (0.5, 1, and 2 nM) on bio-
markers of oxidative stress and apoptosis in SH-SY5Y cells. Cells were
incubated 24 h with Klotho and then Aβ was added for additional 24 h.
For oxidative stress, 2′,7′-dichlorofluorescein (DCF) as equivalent of re-
active oxygen species (ROS) (a) and relative SOD activity (b) were

measured. For apoptosis, optical density (OD) of caspase 3 activity (c)
and DNA fragmentation (d) were measured. These measurements were
done in duplicate. *p < 0.05; **p < 0.01; ***p < 0.001 (in comparison
with control (Ctrl)); #p < 0.05; ## p < 0.01; ### p < 0.001 (in comparison
with Aβ)

Fig. 1 The effect of amyloid beta 1–42 (Aβ) at a concentration of 20 μM
andKlotho (KL) at different concentrations (0.5, 1, and 2 nM) on viability
of SH-SY5Y cells. Cells were incubated 24 h with Klotho and then Aβ
was added for additional 24 h. *p < 0.05; **p < 0.01; ***p < 0.001 (in
comparison with control (Ctrl)); #p < 0.05, ###p < 0.001 (in comparison
with Aβ)
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neuroblastoma cells to Aβ for 24 h significantly raised NF-kB
(p < 0.01), IL-1β (p < 0.01), IL-6 (p < 0.01), and TNF-α
(p < 0.01). Furthermore, pretreatment of neuroblastoma cells
with Klotho at a concentration of 2 nM significantly reduced
NF-kB (p < 0.05), IL-1β (p < 0.01), IL-6 (p < 0.05), and
TNF-α (p < 0.01) relative to Aβ group. In addition, the ben-
eficial effect for Klotho followed a concentration-dependent
pattern.

The Effect of Klotho and Aβ 1–42 on Wnt1, pCREB,
PKCε, Nrf2, and HO-1 in Human Neuroblastoma Cells

As depicted in Fig. 4, the supernatant level of Wnt1 (Fig. 4a)
and its mRNA (Fig. 4b), PKCε level (Fig. 4c), and pCREB
level (Fig. 4d), and mRNA levels of Nrf2 (Fig. 4e) and HO-1
(Fig. 4f) did not show a significant change in neuroblastoma
cells pretreated with Klotho at concentrations of 05–2 nM
when compared to the control group. In contrast, the level of
Wnt1 and its mRNA non-significantly increased, PKCε level
significantly reduced (p < 0.01), level of pCREB significantly
increased (p < 0.05), mRNA level of Nrf2 did not have a sig-
nificant change, and mRNA level of HO-1 did show a signif-
icant reduction (p < 0.01) in Aβ-exposed neuroblastoma cells
in comparison with the control group. In addition, pre-
incubation of neuroblastoma cells with Klotho at a

concentration of 2 nM before Aβ exposure significantly re-
duced Wnt1 level (p < 0.05), significantly increased pCREB
(p < 0.05) with no significant change of PKCε, and signifi-
cantly increased Nrf2 mRNA (p < 0.05) and HO-1 mRNA
(p < 0.01) relative to Aβ-exposed group.

Discussion

The main goal of this research was assessment of neuropro-
tective potential of exogenous Klotho in the Aβ1–42-induced
toxicity in SH-SY5Y cells. Our findings showed that chal-
lenge of neuroblastoma cells with Aβ1–42 leads to cellular
toxicity, as shown by lower cell viability, increased formation
of ROS, weakened antioxidant SOD activity, and higher rates
of DNA fragmentation, and activity of caspase-3.
Furthermore, cytotoxic effect of the peptide Aβ1–42 was also
associated with increased levels of inflammatory biomarkers
such as NF-kB, IL-1β, IL-6, and TNF-α and lower expression
of PKCε and HO-1 and higher expression of pCREB with no
significant alteration of Wnt1 and Nrf2. In contrast, Klotho
pretreatment of Aβ1–42-exposed neuroblastoma cells partial-
ly and significantly restored back most of the mentioned pa-
rameters and its beneficial effect was in accordance with a
concentration-dependent algorithm.

Fig. 3 The effect of amyloid beta 1–42 (Aβ) at a concentration of 20 μM
and Klotho (KL) at different concentrations (0.5, 1, and 2 nM) on
biomarkers of inflammation consisting of interleukin 1β (IL-1β (a),
interleukin 6 (IL-6) (b), tumor necrosis factor-α (TNF-α) (c), and the

transcription factor NF-kB (d) in SH-SY5Y cells. Cells were incubated
24 h with Klotho and then Aβ was added for additional 24 h. These
measurements were done in duplicate. *p < 0.05; **p < 0.01 (in compar-
ison with control (Ctrl)); #p < 0.05; ##p < 0.01 (in comparison with Aβ)
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Aβ fragments including Aβ1–42 play pivotal role in path-
ogenesis of AD (Sun et al. 2015) that exert their harmful
effects via disturbance of mitochondrial electron transport
chain (Walsh et al. 2002), enhanced oxidative stress (Boyd-
Kimball et al. 2005), and neuroinflammation (Sharma et al.
2016) and activation of apoptotic pathway (Yu et al. 2006). In
our study, exposure of SH-SY5Y to Aβ1–42 for 24 h in-
creased ROS level that is a biomarker of oxidative stress and
this finding was in agreement with previous findings (Oguchi
et al. 2017; Zhou et al. 2017a). In addition, antioxidant defen-
sive system was weakened due to Aβ1–42 as shown by lower
activity of SOD. The latter has also been reported before in the
literature (Gill et al. 2017;Wang et al. 2012). Klotho treatment
of Aβ-exposed SH-SY5Y cells mitigated oxidative stress

burden, as demonstrated by lower level of ROS and improve-
ment of SOD activity. In support of this finding, it has been
shown that anti-aging protein Klotho could reduce injury of
nigrostr iatal dopaminergic pathway following 6-
hydroxydopamine in a rodent model of Parkinson’s disease
through suppression of oxidative stress (Baluchnejadmojarad
et al. 2017) and Klotho is capable to function as an antioxidant
effector to protect dopaminergic neurons against oxidant-
induced degeneration (Brobey et al. 2015).

For assessment of apoptosis, DNA fragmentation and cas-
pase 3 activity were determined. According to earlier reports,
Aβ1–42 incubation could activate apoptotic cascade as shown
by a higher number of TUNEL-positive neurons (Wang et al.
2018) and a higher ratio of Bax/Bcl2 (Li et al. 2018). Similar

Fig. 4 The effect of amyloid beta 1–42 (Aβ) at a concentration of 20 μM
and Klotho (KL) at different concentrations (0.5, 1, and 2 nM) on Wnt1
level (a) and its mRNA level (b), levels of epsilon isoform of protein
kinase C (PKCε) (c), phosphorylated cyclic AMP response element bind-
ing (pCREB) (d), and mRNA levels of Nrf2 (e) and HO-1 (f) in SH-

SY5Y cells. Cells were incubated 24 h with Klotho and then Aβ was
added for additional 24 h. These measurements were done in duplicate.
*p < 0.05; **p < 0.01 (in comparison with control (Ctrl)); #p < 0.05,
##p < 0.01 (in comparison with Aβ)
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to our study, enhanced activity of caspase 3 as a reliable bio-
marker of apoptosis has also been reported following Aβ(1–
42) exposure of SH-SY5Y cell lines (Xu et al. 2015). An
earlier study has shown that part of toxic effect of Aβ(1–42)
is mediated via enhancement of DNA fragmentation that is
another indicator of apoptosis (Shi et al. 2010), and these
findings are consistent with our results.

Aβ(1–42) exposure is also associated with enhanced in-
flammation with subsequent elevation of pro-inflammatory
cytokines (Yeo et al. 2018). In this study, we showed in-
creased level of IL-1β, IL-6, TNF-α, and NF-kB as valid
biomarkers of inflammation, clearly indicating the occurrence
of inflammation in SH-SY5Y cells following Aβ treatment.
Klotho in this study also diminished severity of inflammation
in Aβ1–42-challenged cells, as demonstrated by lower levels
of pro-inflammatory indices. Consistent with our findings, it
has been shown that part of protective effect of Klotho against
ischemic brain injury is mediated through inhibition of down-
stream inflammatory cascade (Zhou et al. 2017b) and down-
regulation of Klotho in airways due to cigarette smoking is
associated with induction of inflammation and overexpression
of Klotho leads to an attenuation of airway inflammation
(Krick et al. 2018).

In this study, Wnt1 level and its mRNA non-significantly
increased following Aβ exposure in neuroblastoma cells.
Consistent with this finding, it has been shown that Wnt1
protein expression is rapidly increased following Aβ1–42 ex-
posure; however, its expression returns to normal levels with
time (Chong et al. 2005). In addition, Klotho pretreatment at a
concentration of 2 nM caused significant reduction of Wnt1
following Aβ challenge. Although weakened Wnt signaling
may accentuate the appearance of pathological features of AD
(Tapia-Rojas and Inestrosa 2018), for explanation of this find-
ing, it has been claimed that part of protective effect of Klotho
against lipopolysaccharide-induced inflammation in HK-2
cell lines is mediated through suppression of Wnt and nuclear
factor-kB signaling cascades (Zhou et al. 2017c), and inhibi-
tion of Wnt and NF-kB pathways could exert a protective
effect in HK-2 cells (Liang et al. 2017). Even the antagonizing
effect of Klotho on Wnt1 has been reported (Fakhar et al.
2018). Another signaling that we studied to explore modes
of action of Klotho was pCREB cascade. In this regard, Aβ
challenge of SH-SY5Y cells increased pCREB level. It has
been shown that part of Aβ toxicity may be due to higher
degrees of activation of pCREB cascade, and inhibition of this
pathway could exert a protective effect (Brewer et al. 2010).
Klotho pretreatment further increased pCREB level following
Aβ exposure. Consistent with our finding, an earlier study
showed that Klotho could protect against oxidative stress in
retinal tissue through upregulation of pCREB (Kokkinaki
et al. 2013). Regarding PKCε, although its level significantly
decreased following Aβ challenge, Klotho pre-incubation did
not significantly elevate it. Previous findings have shown that

Aβ peptide is capable to directly suppress PKC activation
(Lee et al. 2004), and Klotho activates PKC signaling in kid-
ney and testis (Imai et al. 2004). Part of protective effect of
Klotho against Aβ neurotoxicity in this study was mediated
through upregulation of Nrf2 and HO-1. In support of this
fact, a recent study has shown that Klotho protein could inhibit
H2O2-induced oxidative damage in endothelial cells, partly
through enhancing Nrf2/HO-1 cascade (Cui et al. 2019).

To conclude, Klotho could alleviate apoptosis, oxidative
stress, and inflammation in human neuroblastoma cells after
Aβ challenge and part of its beneficial effect is mediated
through appropriate modulation of Wnt1/pCREB/Nrf2/HO-1
signaling.
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