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Generation of reactive oxygen species (ROS), leading to oxidative damage and neuronal cell death, plays an important role
in the pathogenesis of neurodegenerative disorders, including
Alzheimer disease. The present study aimed to examine the
mechanism by which the anti-aging protein Klotho exerts neuroprotective effects against neuronal damage associated with
neurodegeneration and oxidative stress. Pretreatment of rat primary hippocampal neurons and mouse hippocampal neuronal
cell line HT22 with recombinant Klotho protected these cells
from glutamate and oligomeric amyloid ␤ (oA␤)-induced cytotoxicity. In addition, primary hippocampal neurons obtained
from Klotho-overexpressing mouse embryos were more resistant to both cytotoxic insults, glutamate and oA␤, compared
with neurons from wild-type littermates. An antioxidative
stress array analysis of neurons treated with Klotho revealed
that Klotho significantly enhances the expression of the thioredoxin/peroxiredoxin (Trx/Prx) system with the greatest
effect on the induction of Prx-2, an antioxidant enzyme,
whose increase was confirmed at the mRNA and protein levels. Klotho-induced phosphorylation of the PI3K/Akt pathway, a pathway important in apoptosis and longevity, was
associated with sustained inhibitory phosphorylation of the
transcription factor forkhead box O3a (FoxO3a) and was
essential for the induction of Prx-2. Down-regulation of
Prx-2 expression using a lentivirus harboring shRNA almost
completely abolished the ability of Klotho to rescue neurons
from glutamate-induced death and significantly, but not
completely, inhibited cell death mediated by oA␤, suggesting
that Prx-2 is a key modulator of neuroprotection. Thus, our
results demonstrate, for the first time, the neuroprotective role of
Klotho and reveal a novel mechanism underlying this effect.

Neuronal cell death, mediated by elevated ROS,2 has been
implicated as a contributing cause for neurodegenerative diseases, including Alzheimer disease (AD), Parkinson disease,
Huntington disease, and amyotrophic lateral sclerosis (ALS)
(1–3), suggesting that antioxidant defense mechanisms are
overwhelmed in these conditions (2). L-Glutamate and A␤ are
two oxidative stressors widely used as in vitro models for studying mechanisms of neuronal damage associated with neurodegeneration. L-Glutamate, the major excitatory neurotransmitter in the central nervous system (CNS) (4), is neurotoxic at
high concentrations due to increases in intracellular calcium
levels and enhanced formation of ROS, causing the oxidative
stress that contributes to neurodegeneration (5, 6). The neurotoxicity of A␤(1– 42), a primary component of AD pathogenesis, is also associated with cellular injury following ROS exposure (7).
Klotho was identified in 1997 as a gene mutated in the klotho
mouse and named after the Greek goddess who spins the thread
of life (8). The absence of Klotho in mice leads to an extremely
shortened life span and the display of multiple phenotypes
resembling human premature aging, including vascular calcification, infertility, emphysema, osteoporosis, skin atrophy and
hair loss, thymic involution, osteopenia, motor neuron and hippocampal degeneration, and cognitive impairment (8 –10). In
contrast, overexpression of Klotho in mice extends life span
⬃20 –30%, suppresses insulin signaling, and confers resistance
against oxidative stress (11).
Klotho is mainly expressed in the brain, kidney, and reproductive organs (12). In the brain, Klotho is expressed by the
choroid plexus and by neurons, especially in the hippocampus
and pituitary, and by cerebellar Purkinje cells (8, 13, 14). Behavioral studies done in Klotho knock-out mice show memory
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Background: Klotho is an age suppressor protein whose brain function is unknown.
Results: Klotho protects hippocampal neurons from glutamate and amyloid ␤-induced oxidative damage through the induction
of the thioredoxin/peroxiredoxin system.
Conclusion: Klotho is neuroprotective via the regulation of the redox system.
Significance: Understanding the mechanism underlying Klotho-induced neuroprotection may lead to the development of
novel therapeutic approaches against neurodegeneration.

Klotho Protects Neurons from Oxidative Stress

AUGUST 29, 2014 • VOLUME 289 • NUMBER 35

of Klotho to suppress oxidative damage observed in different
tissues and its important role in cognitive function (20) led us to
hypothesize that Klotho could protect the brain, and, specifically the hippocampus, from oxidative damage.
The current work examines the neuroprotective effect of
Klotho on hippocampal neurons and the underlying mechanism of this neuroprotection. We show that Klotho protects
hippocampal neurons from glutamate and oligomeric A␤-induced cytotoxicity when added exogenously or when hippocampal neurons are exposed to increased endogenous levels
of Klotho in KL-OE mice. We also provide evidence that Klotho
acts through the Akt-dependent modulation of the thioredoxin/peroxiredoxin system, an important contributor to neuronal antioxidant defense (28, 29). Finally, our data suggest that
the neuroprotective effect of Klotho is relevant to neurodegenerative diseases.

EXPERIMENTAL PROCEDURES
Animals—Pregnant Sprague-Dawley rats and C57BL mice
were obtained from Charles River Laboratories and housed in
the AAALAC-accredited Boston University School of Medicine animal facility. All studies were conducted under the regulations required by the National Institutes of Health and the
Boston University School of Medicine Institutional Animal
Care and Use Committee. Klotho knock-out (KL-KO) (8) and
KL-OE mice (11) were a kind gift from Dr. M. Kuro-o (University of Texas Southwestern Medical Center). KL-OE mice were
generated by transgenic insertion of a construct containing the
membrane form of mouse Klotho driven by human elongation
factor 1a promoter (11) thought to be ubiquitously active at all
developmental stages (30 –32) For RNA isolation, KL-KO (8),
KL-OE, and control mice (WT) were perfused with 0.1 M phosphate-buffered saline, pH 7.4, at 4 °C, and hemibrains were
homogenized in lysis buffer provided by the PerfectPure RNA
cultured cell kit (5 Prime, Gaithersburg, MD). RNA was isolated
according to the manufacturer’s instructions.
Reagents—For all experiments where Klotho was added
exogenously to cells, we used recombinant mouse Klotho containing the shed ectodomain of Klotho (Ala35–Lys982, recombinant mouse Klotho, catalog no. 1819-KL-050 from R&D Systems, Minneapolis, MN). Akt inhibitor LY294002 (catalog no.
9901) and ERK inhibitor UO126 (catalog no. 9903) were from
Cell Signaling (Danvers, MA). All cell culture reagents were
from Invitrogen, and all other chemicals were from Sigma-Aldrich unless otherwise indicated.
Cell Preparation—Hippocampi were obtained from E18
Sprague-Dawley rats and E18 C57BL mouse embryos and incubated in dissociation medium (90 mmol/liter Na2SO4, 30
mmol/liter K2SO4, 5.8 mmol/liter MgCl2, 0.25 mmol/liter
CaCl2, 10 mmol/liter kynurenic acid, and 1 mmol/liter HEPES,
pH 7.4) containing papain (10 units/ml) and cysteine (3 mmol/
liter) for a 20-min period, as described (33). The hippocampi
were then rinsed in dissociation medium and incubated in dissociation medium containing trypsin inhibitor (10 –20 units/
ml) for three 5-min periods. After centrifugation, cells were
resuspended in neurobasal medium containing 2% B27, 2 mM
L-glutamine, 100 units/ml penicillin, 100 mg/ml streptomycin
and plated at a cell density of ⬃1500 cells/mm2 in 96-, 12-, or
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retention deficits when compared with wild-type mice, probably due to an increase in oxidative stress in the brain (15).
Klotho-deficient mice also exhibit hippocampal neurodegeneration with a reduction in synapse numbers (16), perturbations in axonal transport, and a neurodegenerative phenotype
in hippocampal pyramidal cells (13). When transgenic Klotho
expression was limited to the brain and testes in otherwise
Klotho null mice, all of the systemic phenotypes associated with
Klotho null mice were improved (8), suggesting that brain
expression of Klotho is important to CNS aging. Another correlation linking Klotho and aging comes from a microarray
analysis comparing young and aged brains. In experiments
designed to take an unbiased look at age-related changes in the
monkey corpus callosum, we previously determined that
Klotho is decreased in the white matter of the aged brain in
non-human primates, mice, and rats (17) and that this is probably due to hypermethylation of its promoter (18). Furthermore, we have shown that Klotho enhances oligodendrocyte
differentiation and myelin protein production (19). Most
recently, we have reported that increased levels of Klotho are
associated with enhanced cognition in humans and mice (20).
Mice overexpressing Klotho exhibit enhanced long term potentiation, a form of synaptic plasticity, and enriched synaptic
GluN2B, an N-methyl-D-aspartate receptor (NMDAR) subunit
with key functions in learning and memory.
The Klotho gene encodes a single-pass type I transmembrane
protein. Transmembrane Klotho functions as the FGF-23 coreceptor with FGF-R and is critical in maintaining proper calcium, phosphate, and vitamin D homeostasis (8). We discovered that the extracellular domain of Klotho protein can be
clipped at the plasma membrane by membrane-anchored proteases ADAM10 and ADAM17 to generate a secreted form of
Klotho protein (21), which is detectable in serum and cerebrospinal fluid (22). Secreted Klotho possesses sialidase activity
that modifies glycans on the cell surface of cells and regulates
the activity of multiple ion channels, such as TRPV5/6 and
ROMK1 (23, 24). The secreted form of Klotho also possesses
anti-cancer and antioxidative properties through the inhibition
of insulin/IGF-1, Wnt (23), and transforming growth factor-␤1
(TGF-␤1) signaling (25), the activation of FoxOs, and induction
of manganese superoxide dismutase (Mn-SOD), also known as
SOD2, expression (26, 27). In line with these properties,
Klotho-deficient mice have impaired cognition, which is associated with an increased number of apoptotic pyramidal neurons and levels of oxidized lipid and DNA in the hippocampus
(15). In contrast, Klotho-overexpressing (KL-OE) mice have
higher Mn-SOD expression in muscles, less phosphorylated
FoxOs, and lower levels of urinary 8-oxo-2⬘-deoxyguanosine, a
marker of oxidative damage to DNA, than wild-type mice (26),
all findings associated with reduced oxidative stress. KL-OE
mice also survive significantly longer than wild-type mice after
a sublethal dose of paraquat, a herbicide that generates superoxide, further indicating that Klotho overexpression enhances
resistance to oxidative stress (11). Furthermore, treatment of
cultured cells with secreted Klotho protein inhibits insulin/
IGF-1 signaling, activates FoxOs, induces Mn-SOD expression,
and reduces oxidative damage and apoptosis in HeLa cells (26)
and in vascular endothelial cells (27). Taken together, the ability
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SDS-PAGE running buffer (catalog no. 161-0744) from BioRad. Proteins were transferred to PVDF membranes (catalog
no. ISEQ15150) (Millipore, Billerica, MA) and immunostained
with mouse monoclonal 6E10 antibody against amino acids
1–17 of A␤ peptide (catalog no. SIG-39300) (1:2000) (Covance,
Dedham, MA).
Cell Viability and Cytotoxicity—For cell viability assays, cells
were plated in 96-well plates in five repeats and allowed to
attach for 24 h. The next day, the cells were pretreated with
Klotho for 4 h before the addition of different concentrations of
glutamate or A␤. Twenty-four hours later, cell death was
assessed using the CellTiter-Glo luminescent cell viability assay
(Promega), which measures the production of ATP, according
to the manufacturer’s instructions. Briefly, 100 l of CellTiter
Glo reagent was added to an equal volume of cell culture
medium present in each well. The contents were mixed for 2
min, and after stabilization of the signal at room temperature
for 10 min, the luminescence was recorded on a microplate
reader (Glomax Multi Detection System, Promega). Cytotoxicity was calculated by the following formula, as described previously (38).
Percentage of cytotoxicity

冉

⫽ 1⫺

冊

luminiscence signal in treated cells
⫻ 100 (Eq. 1)
luminiscence signal in control cells

In addition, cell death was assessed directly using the CytoTox
96威 non-radioactive cytotoxicity assay, Promega), which is a
colorimetric alternative to the 51Cr release cytotoxicity assays.
The CytoTox 96威 assay quantitatively measures lactate dehydrogenase, a stable cytosolic enzyme that is released upon cell
lysis. The intensity of the red color formed in the assay was
measured at a wavelength of 490 nm and was proportional to
lactate dehydrogenase activity and to the number of damaged
cells. The data were normalized to the activity of lactate dehydrogenase released from glutamate-treated culture medium
(100%) and expressed as a percentage of this control.
ROS Production—ROS production was measured in 96-well
plates after staining with the fluorescent dye 2⬘,7⬘-dichlorofluorescein diacetate (catalog no. D6883) (5 M, at 37 °C for 30 min)
at an excitation wavelength of 488 nm and an emission wavelength of 525 nm, as described (39).
Western Blotting—Protein concentrations were measured
using the Micro BCA protein assay reagent kit (Pierce) according to the manufacturer’s protocol. For SDS-PAGE, cell lysates
containing the same amount of total protein were boiled for 5
min with sample buffer (250 mM Tris, pH 6.8, 10% SDS, 30%
glycerol, 5% ␤-mercaptoethanol, 0.02% bromphenol blue) and
loaded on gels. Proteins were transferred to nitrocellulose
membranes (Millipore, Billerica, MA).
All antibodies were diluted in TBST (50 mM Tris, pH 8.0, 150
mM NaCl, and 0.1% (v/v) Tween 20) containing 1% BSA. Secondary antibodies were horseradish peroxidase-conjugated
goat anti-mouse, anti-rat, or anti-rabbit (1:5000, Kirkegaard &
Perry Laboratories, Gaithersburg, MD). Enhanced chemiluminescence (ECL) was detected using Immobilon Western
Chemiluminescent Substrate (Millipore, Billerica, MA). AutoVOLUME 289 • NUMBER 35 • AUGUST 29, 2014
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6-well polylysine/laminin-coated plates (Falcon Labware, Lincoln Park, NJ). Neurons were maintained in growth medium at
37 °C in a humidified atmosphere of 5% CO2 and 95% room air
for 2 weeks to reach maturation. The medium was half-replaced at an interval of every 2 days with a maintenance
medium containing neurobasal medium and 5% B27 supplement. Nonneuronal cells were negligible. Mouse hippocampal
neurons were used mainly for the experiments testing the role
of the endogenously overexpressed Klotho isolated from the
KL-OE mice. HT22 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, without L-glutamine), supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. For the assessment of cytotoxicity, HT22 cells were
seeded onto 96-well plates at 5000 cells/100 l of growth
medium in each well and grown overnight prior to initiation of
any experimental treatments. For other experiments, such as
protein and RNA analysis, cells were seeded in 12-well plates at
150,000 cells/well. Cells were treated with recombinant mouse
Klotho, subsequently referred to as Klotho, at 0.4 g/ml (19),
and glutamate at millimolar concentrations, as described in
each experiment.
Oligomeric A␤(1– 42) Preparation and Characterization—
Soluble amyloid ␤ oligomers (also known as A␤-derived diffusible ligands) were prepared using A␤(1– 42) peptide (which was
synthesized and purified by Dr. James I. Elliott (Yale University,
New Haven, CT) as described (34 –36), with minor modifications. One microgram of the peptide was dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol, sonicated in an ice water
bath for 10 min, and incubated for 1 h at room temperature.
The 1,1,1,3,3,3-hexafluoro-2-propanol was evaporated under a
steady stream of nitrogen gas to form a clear peptide film, which
was stored at ⫺80 °C until use. The peptide film was dissolved
in DMSO to a concentration of 5 mM and further diluted in
phenol red-free F-12 medium (Caisson, North Logan, UT) to
make a 100 M solution. This preparation was incubated at
room temperature for 16 h. In the last step of A␤ oligomer
(oA␤) preparation, we used centrifugation to remove large
aggregates (at 14,000 ⫻ g for 15 min), which was followed by
collecting the top 90% of the total volume. Although no visible
pellet was observed after centrifugation, the oA␤ fraction that
was retained in the supernatant was 71.8 ⫾ 14% of the initial
concentration of 100 M as evaluated by Western blotting
(WB). The collected supernatant was stored on ice until use or
flash frozen in liquid nitrogen and stored at ⫺80 °C. oA␤ was
used at a 0 –10 M final concentration (37).
Routine characterization of oA␤ was performed using size
exclusion chromatography (36). To analyze oligomer content,
500 l of a 100 M A␤(1– 42) preparation (fresh or thawed) was
injected onto a Superdex 75 10/300 column (GE Healthcare).
The sample was eluted at a flow rate of 0.5 ml/min in PBS, pH
7.4, using an ÄKTApurifier 10. Blank control injections contained 2% DMSO in F-12 phenol red-free medium. Eluted fractions were monitored by measuring absorbance at 280 and
220 nm.
For the assessment of oA␤ concentration before and after
centrifugation, the oA␤ aliquots were diluted to 1 M in sample
buffer (catalog no. 161-0739), loaded on 16.5% Tris-Tricine gels
(catalog no. 456-3064), and electrophoresed in Tris-Tricine
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Profiler PCR Array Data Analysis Program from Qiagen (Gaithersburg, MD). Genes were tested for statistical significance
(p ⬍ 0.05), relative to the control, by Student’s t test.
Plasmids and shRNAs—Lentiviruses were produced by
transfection of HEK 293T cells with plasmids psPAX2 (catalog
no. 12260), pMD2.G (catalog no. 12259), GFP (catalog no.
25999), and control empty vector pLKO (catalog no. 10878),
purchased from Addgene (Cambridge, MA), or shRNAs for
Prx-2 (catalog no. EG21672), obtained from Open Biosystems
(Huntsville, AL). 48 h after transfection, supernatants containing lentivirus were collected, and the cells were infected with
twice diluted supernatant and 10 g/ml Polybrene (AmericanBio, Inc., Natick, MA) overnight, washed, and selected with
puromycin (10 g/ml) 48 h after infection. Lentiviral vectors
expressing GFP were used as an infection efficiency indicator:
usually ⬃75% of cells were fluorescent 2 days after infection.
For transfections, construct DNA was mixed with Lipofectamine 2000 in Opti-MEM and added directly to cell
medium. After 6 h, cells were washed once with medium,
medium were replaced, and cells were incubated overnight at
37 °C. GFP was used as a control for transfections.
For shPrx-2, a pool of four target-specific shRNAs was
screened for complete silencing. One shRNA with the sequence
5⬘-GCATTAAAGCAGCGTATC-3⬘ (shRNA-3) was chosen
for further experiments. The cells were infected with GIPZ lentiviral shRNA as described above. Prx-2-deficient cells had a
similar morphology as control cells.
Genotyping of Mouse Embryos—Male KL-OE mice were
mated with wild type C57BL females; thus, theoretically, only
50% of embryos were KL-OE. At the same time the hippocampus was harvested, the tail from each individual embryo was
clipped into a microcentrifuge tube, and genomic DNA was
isolated according to the manufacturer’s protocol using
DirectAmpTM tissue genomic DNA amplification kit (Denville
Scientific, Metuchen, NJ). Briefly, 100 l of extraction solution
was added to the tail, followed by 25 l of preparation solution.
The samples were incubated at room temperature for 10 min
and then at 95 °C for 3 min. 100 l of neutralization solution
was added to samples and mixed by vortexing. Four microliters
of the tissue extract was used for PCR amplification using Choic
Taq Blue master mix (Denville Scientific, Metuchen, NJ) in
a 20-l final volume. The Klotho primers used were as follows:
forward, 5⬘-TCGCGCCCTGGCCGACCATTTCAGG-3⬘; reverse, 5⬘-AGCACAAAGTCAAGAGACTTCTGGC-3⬘. PCR
was carried out using the following cycling conditions: 94 °C for
3 min and 25 cycles at 94 °C for 30 s, 58 °C for 30 s, and 68 °C for
30 s, followed by 68 °C for 2 min. The PCR products were analyzed by 1% agarose gel electrophoresis for 15 min. Samples
from Klotho-overexpressing mice produce a 339-bp band,
whereas the wild type samples produced no band. The genotyping of mouse embryos was typically done within 90 min. Once
the genotype results were obtained, the hippocampal tissues
from WT embryos and Klotho-overexpressing embryos were
pooled separately.
Statistical Analysis—Quantitative data are expressed as the
means ⫾ S.D. Statistical comparisons between experimental
groups were made using the two-tailed, unpaired Student’s t
test. Probability values of p ⬍ 0.05 were considered significant.
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radiography was done using Kodak Scientific Imaging Film
X-OMATTM AR (Eastman Kodak Co.). The primary antibodies
used were as follows: anti-Prx-2 rabbit antibody (catalog no.
R8656) (1:20,000), anti-phospho-ERK mouse monoclonal antibody (catalog no. M8159) (1:5000) from Sigma-Aldrich, anti-␤tubulin monoclonal antibody (catalog no. 322600) (1:1000)
from Invitrogen, anti-Trxrd-1 rabbit monoclonal antibody
(catalog no. ab124954) (1:2000) from Abcam (Cambridge, MA),
anti-Klotho rat monoclonal antibody (clone KM2076 (catalog
no. KAL-KO603) (1:2000) from Cosmo BIO USA (Carlsbad,
CA), mouse monoclonal 6E10 antibody (see above), mouse
monoclonal antibody CP-13 (1:1000) directed against Tau protein phosphorylated at Ser202 and Thr205 (P. Davies, Albert Einstein College of Medicine, Bronx, NY), and mouse monoclonal
antibody Tau 5 (1:500) directed against phosphorylation-independent Tau protein (L. Binder, Northwestern University Medical School, Chicago, IL). The antibodies for phospho-Akt
(Thr308) (catalog no. 2965), phospho-Akt (Ser473) (catalog no.
9271), total Akt (catalog no. 4691), total ERK (catalog no. 9102),
and phospho-GSK3␤ (catalog no. 9323), FoxO3a (catalog no.
2497) and an anti-phospho-forkhead antibody that recognizes
the phosphorylated form of FoxO1a (Thr24), FoxO3a (Thr32),
and FoxO4 (Thr28) (catalog no. 2599) were from Cell Signaling
(Danvers, MA) and were used according to the manufacturer’s
protocol.
qRT-PCR—Rat and mouse primary hippocampal neurons
were isolated and plated in 6-well plates and maintained for 2
weeks. Cells were then treated as described in each experiment,
and total RNA was isolated using PerfectPure RNA cultured
cell kit (5 Prime, Gaithersburg, MD). A reverse transcription
was performed using the iScript cDNA synthesis kit (Bio-Rad)
with 2 g of total RNA from each sample. The rat oxidative
stress primer library array (catalog no. ROSL-I) and all of the
primer sets were purchased from RealTimePrimers (Elkins
Park, PA). For the confirmation of the array results, the same
array primer sets were used and normalized to ␤-actin, ␤2-microglobulin, phosphoglycerate kinase 1, hypoxanthine phosphoribosyltransferase 1, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and peptidylprolyl isomerase A, which were
provided in the array kit. Specific mouse gene primer sets
included sets for Prx-2 (catalog no. VMPS-5017), Trxrd-1 (catalog no. VMPS-6936), Klotho (customized; forward (5⬘-CAGACCCAAGTGAACCACAC-3⬘) and reverse (5⬘-GACCCAGTGACCCAACTCTT-3⬘)) and housekeeping gene primers
(␤-actin, ␤2-microglobulin, hypoxanthine phosphoribosyltransferase 1, GAPDH, and peptidylprolyl isomerase A) from
the Mouse Housekeeping Gene Primer Set (catalog no. MHK1). The qRT-PCR experiments were performed with iQTM
SYBR威 Green Supermix (Bio-Rad) with detection on a Bio-Rad
C1000 thermal cycler. The whole cDNA from 2 g of total RNA
was used for one 96-well plate. Five replicates of 20-l reactions
containing primer and cDNA template were used for quantitation. A PCR was carried out as follows: 1 cycle of 95 °C for 3 min
followed by 40 cycles of 95 °C for 10 s, 55 °C for 20 s, and 72 °C
for 30 s. This was followed by a dissociation curve beginning at
55 °C and increasing by 0.2 °C every 3 s, with SYBR Green
fluorescence measured at every interval. Relative quantitation of
the difference between the samples was done using the RT2
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RESULTS
Klotho Protects Hippocampal Neurons against Glutamateinduced Cytotoxicity—To determine whether Klotho can counteract oxidative stress induced in brain-derived cells in vitro, we
used glutamate cytotoxicity in rat primary hippocampal neurons as a model for neuronal death by oxidative damage. Glutamate is an endogenous excitatory neurotransmitter, which is
neurotoxic at high concentrations (6). To induce oxidative
stress in hippocampal neurons, we used glutamate at concentrations of 2–5 mM, which is in line with the published data
demonstrated in primary neurons and HT22 cells (5, 40 – 42).
Glutamate concentrations lower than 2 mM had no significant
cytotoxic effect (data not shown). When primary neurons were
cultured in the presence of increasing concentrations of glutamate from 0 to 4 mM for 24 h, cell viability decreased in a concentration-dependent manner (Fig. 1A). Pretreatment of primary neurons for 4 h with Klotho, which did not have any effect
on cell cytotoxicity by itself, significantly diminished the extent
of cytotoxicity from 65% to 40% and from 80% to 60%, when
exposed to 3 and 4 mM glutamate, respectively, as measured by
CellTiter Glo. As a second measure of cytotoxicity, we quantified lactate dehydrogenase release into the medium to monitor
cell death in the late apoptotic process, when membrane integrity is impaired. As seen in Fig. 1C, the release of lactate dehydrogenase into the medium, which reflects glutamate-induced
cell death, was significantly decreased by pretreatment with
Klotho.
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Intracellular ROS accumulation in hippocampal neurons following glutamate treatment has been reported previously (43).
Here we show that exposure of hippocampal neurons to
increasing concentrations of glutamate leads to increased ROS
accumulation, whereas pretreatment with Klotho significantly
decreased ROS production (Fig. 1B). Pretreatment with Klotho
for 4 – 6 h significantly decreased the extent of cell death
induced by glutamate (Fig. 1D). Interestingly, when added
simultaneously with or 1 h before glutamate, Klotho did not
protect hippocampal neurons from glutamate-induced cytotoxicity. Thus, a 4-h preincubation with Klotho was employed
in all subsequent experiments.
Results similar to those obtained in hippocampal neurons
were also observed in the immortalized murine hippocampal
cell line, HT22. Subsequent experiments in HT22 cells confirmed the results obtained in primary neurons: 4-h pretreatment with Klotho before exposure to glutamate markedly
reduced cell death (Fig. 1E) and accumulation of intracellular
ROS (Fig. 1F).
Klotho Induces Antioxidative Enzymes—As a first step toward
understanding the mechanism of Klotho-induced neuroprotection, we used an antioxidative stress qRT-PCR array, which
profiles the expression of 84 genes related to oxidative stress
and defense. We examined RNA isolated from rat primary hippocampal neurons treated with or without Klotho for 24 h. The
qRT-PCR analysis revealed that most genes were highly detectable, suggesting that the primer sets were working appropriVOLUME 289 • NUMBER 35 • AUGUST 29, 2014

Downloaded from http://www.jbc.org/ at BOSTON UNIVERSITY MEDICAL LIBRARY on November 6, 2014

FIGURE 1. Klotho protects hippocampal neurons from glutamate-induced cytotoxicity. Rat primary hippocampal neurons (A–D) and immortalized mouse
hippocampal neurons (HT22 cells) (E and F) were pretreated without or with Klotho for 4 h and exposed to glutamate at concentration of 3– 4 mM. Cell death
was assessed 24 h later by CellTiter Glo (A, D, and E) and by lactate dehydrogenase (LDH) release to the medium (C). The accumulation of intracellular ROS was
assessed using 2⬘,7⬘-dichlorofluorescein diacetate, 8 h after the glutamate addition, and presented as -fold increase in fluorescence units normalized to
untreated control (B and F). Asterisks indicate statistical significance of Klotho-treated versus Klotho-untreated cells: *, p ⬍ 0.05; **, p ⬍ 0.01 by Student’s t test.
Results represent the average of 3– 4 independent experiments. Error bars, S.D.
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ately. The enhancing effect of Klotho was detected on numerous factors involved in oxidative stress defense, such as
CuZn-SOD and Mn-SOD, glutathione reductase, glutathione
synthetase, and sirtuin-1, but the results did not reach statistical
significance (data not shown). In contrast, treatment with
Klotho significantly increased antioxidative factors of the Trx/
Prx redox control system peroxiredoxin 2 and 3 (Prx-2 and
Prx-3) and thioredoxin reductase 1 (Trxrd-1) (Fig. 2A). Prx
refers to a family of six small non-seleno peroxidases, which are
widely distributed in mammalian tissues. Prxs detoxify peroxides using thioredoxin as an electron donor, whereas thioredoxin is then reduced back by Trxrd (44). Next, we performed
qRT-PCR for the genes whose expression was statistically different following Klotho treatment to confirm the results of the
array. The enhancing effect of Klotho on the induction of Prx-2
and Trxrd-1, under naive (non-stressed) conditions, was confirmed by qRT-PCR analysis (Fig. 2B, top). The induction of
Prx-3 was not confirmed by qRT-PCR, and we eliminated this
factor from our subsequent investigation.
The results of the array and the confirmation by qRT-PCR
analysis led us to focus our research on the profound effect of
Klotho on Prx-2 (⬃3.7-fold up-regulation) and, to a lesser
extent, Trxrd-1 (⬃2-fold up-regulation) (Fig. 2, A and B, top).
Therefore, we next questioned whether the presence of oxidative conditions, induced by low concentrations of glutamate (3
mM), would result in a greater effect of Klotho on the induction
of those antioxidative factors. We found that in hippocampal
neurons, the induction of Prx-2 and Trxrd-1 was slightly but
AUGUST 29, 2014 • VOLUME 289 • NUMBER 35

not dramatically increased by the presence of glutamate (2.56and 1.77-fold, respectively), whereas the combination of Klotho
pretreatment and exposure to glutamate resulted in a higher
increase in the expression of Prx-2 (4.29-fold up-regulation
(treated versus untreated cells)) and Trxrd-1 (3.58-fold up-regulation (treated versus untreated cells)) (Fig. 2B). The enhancing effect of Klotho on Prx-2 and Trxrd-1 was confirmed also in
HT22 cells in further experiments (Fig. 2C). On the protein
level, we found a significant increase in Prx-2, induced by the
presence of Klotho alone (under non-oxidative conditions).
The treatment of the cells with glutamate alone led also to an
enhanced expression of Prx-2 protein, whereas the pretreatment with Klotho increased it further (Fig. 2D, first panel).
Trxrd-1 protein was induced mainly in the presence of oxidative conditions at low concentrations of glutamate (3 mM). This
induction of Trxrd-1 protein expression by glutamate was significantly increased by pretreatment with Klotho (Fig. 2D, second panel). These results are in line with the qRT-PCR results
and confirm the regulatory effect of Klotho on Trx/Prx family
members in hippocampal neurons. Because the expression of
Prx-2 was induced by Klotho under naive conditions and 4-h
pretreatment was essential for the achievement of neuroprotection, we next investigated the role of Prx-2 in the protective
effect of Klotho.
The Activation of the Trx/Prx System Is Crucial for the Neuroprotective Effect of Klotho—Based on the results obtained in
rat primary hippocampal neurons and the mouse HT22 hippocampal cell line, we next tested whether the induction of
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FIGURE 2. Klotho induces the expression of Trx/Prx family members in the absence or presence of glutamate. Rat primary hippocampal neurons (A and
B) and mouse HT22 cells (C) were pretreated with Klotho (KL) for 4 h, followed by an additional 24 h of treatment in the absence (A) or presence (B and C) of
glutamate (Glu) (3 mM). RNA was collected for qRT-PCR, and the results were normalized to endogenous controls, as described under “Experimental Procedures.” A, antioxidative stress array (n ⫽ 5 for each group) revealed genes significantly enhanced by treatment with Klotho. B and C, the results of the array were
confirmed using specific gene primer sets. The effect of Klotho was assessed in the absence or presence of glutamate. Results are representative of three
independent experiments. D, rat primary hippocampal neurons were pretreated with Klotho for 4 h, followed by an additional 24 h of treatment in the absence
or presence of glutamate (3 mM), as indicated, and the lysates were collected for WB analysis. Statistical significance for treated versus untreated cells was
indicated as follows. *, p ⬍ 0.05; **, p ⬍ 0.01 by Student’s t test; &, p ⬍ 0.05 by Student’s t test, for cells treated with Klotho and glutamate versus cells treated
with glutamate only. Error bars, S.D. Each experiment was repeated at least three times, and representative results are shown.
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Prx-2 is crucial for the neuroprotective effect of Klotho, using
the HT22 cells. In this cell line, the response to Klotho in the
presence of glutamate (Fig. 1, E and F) and the induction of
Prx-2 were similar to what we observed in primary hippocampal neurons. shRNA constructs targeted to Prx-2 were used to
achieve stable knockdown of Prx-2 in HT22 cells, using lentivirus infections. As shown in Fig. 3A, Prx-2 protein expression
was completely knocked down by shRNA3 and to a lesser
extent by shRNA4, as compared with the cells stably infected
with control vector. Based on this result and a better conserved
cell morphology following the selection process, shRNA3 Prx2-stably transduced HT22 cells (passages 3– 8) were chosen for
subsequent experiments. To determine the role of Prx-2, Prx2-deficient and control cells were pretreated with Klotho and
then incubated with glutamate for an additional 24 h. As shown
in Fig. 3B, concentration-dependent cell death was observed in
all the cells in response to glutamate, whereas the extent of
cytotoxicity was slightly, but non-significantly, higher in the
Prx-2 knockdown cells than in cells infected with the control
vector. In contrast, the protective effect of Klotho against glutamate cytotoxicity was observed only in control cells and was
almost completely abolished in the cells lacking Prx-2, suggesting that Prx-2 plays a critical role in the neuroprotective effect
of Klotho.
In line with those results, we have found that brain lysates of
KL-KO mice contain significantly lower levels of Prx-2 mRNA
as compared with WT, whereas no alteration was detected in
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the brain lysates of KL-OE mice versus WT. No significant
change was observed in the expression of mRNA of Trxrd-1 in
KL-KO versus WT or KL-OE versus WT (Fig. 3C).
The Involvement of Akt/PI3K- and ERK-mediated Signaling
in Klotho-induced Neuroprotection—To investigate the upstream
molecular events that lead to the induction of Prx-2 by Klotho
and the subsequent increase in resistance to oxidative stress, we
assessed the activation of Akt/PI3K- and ERK-mediated pathways in rat primary hippocampal neurons. As we reported
recently, these pathways are activated by Klotho and are essential for the Klotho-induced maturation of oligodendrocytes
(19). Results in Fig. 4, A and B, show that exogenous Klotho
increases phosphorylation of both kinases as soon as 15 min
following Klotho treatment. Importantly, two essential sites of
Akt phosphorylation (Thr308 and Ser473) were found to be activated by Klotho (Fig. 4A). Because the induction of Prx-2 is
crucial for the neuroprotective effect of Klotho, we examined
next the role of Akt and ERK activation in the up-regulation of
Prx-2 as a biological end point using specific pharmacological
inhibitors. In the presence of the Akt inhibitor LY294002 (10
M), applied to neurons 1 h prior to Klotho treatment, the
induction of Prx-2 was significantly reduced and almost
reached the control level (Fig. 4C). These results strongly support the crucial role of Akt in the Klotho-induced up-regulation
of Prx-2. However, despite the clear activation of the ERK pathway, the role of ERK in the neuroprotective effect of Klotho is
less profound. In the presence of U0126 (5 M), an inhibitor of
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FIGURE 3. The induction of Prx-2 is essential for the neuroprotective effect of Klotho. HT22 cells were infected with the control vector and four different
constructs of shRNA. The Prx-2 expression was assessed by WB (A). HT22 cells stably infected with control vector or Prx-2 shRNA3 were pretreated with Klotho
(KL) for 4 h and challenged with glutamate at the indicated concentrations. The extent of cytotoxicity was assessed 24 h later using CellTiter Glo (B). Asterisks
indicate statistical significance of Klotho-treated versus Klotho-untreated samples: *, p ⬍ 0.05; **, p ⬍ 0.01 by Student’s t test. Error bars, S.D. Results are
representative of three independent experiments. C, qRT-PCR analysis of RNA obtained from whole brain samples of WT, KL-KO, and KL-OE mice. RNA was
collected, and the mRNA analysis was performed using selective gene sets and normalized to endogenous controls. Each experiment was repeated at least two
times, and representative results are shown.
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FIGURE 5. Klotho induces the phosphorylation of Akt. Rat primary hippocampal neurons were pretreated with Klotho (KL) for 4 h followed by additional
treatment for 1 h (A), 24 h (B), and 48 h (C), in the absence or presence of glutamate (Glu) (3 mM). The lysates were collected for WB analysis using primary
antibody recognizing the Thr308 phosphorylated site (top panels) and Ser473 phosphorylated site (bottom panels). Phosphorylated Akt proteins are normalized
to total Akt (tAkt) control and presented as -fold increase normalized to untreated control. Asterisks indicate statistical significance of Klotho-treated versus
Klotho-untreated samples. *, p ⬍ 0.05; **, p ⬍ 0.01; #, p ⬍ 0.05 for cells treated with glutamate only versus untreated cells by Student’s t test. Error bars, S.D. The
average of three independent experiments and representative blots are shown.

the ERK-mediated pathway (MEK kinase 1/2), the induction of
Prx-2 by Klotho was only partially and insignificantly inhibited
(Fig. 4D). Our results suggest that ERK may play a role in
Klotho-induced neuroprotection, but this role is less prominent than that of Akt and needs to be further explored.
Because the Akt-mediated pathway is involved in the rescue
of primary neurons by Klotho, we next examined in depth the
activation of this pathway and its downstream targets in the
AUGUST 29, 2014 • VOLUME 289 • NUMBER 35

presence of oxidative stress induced by glutamate. Exposure of
primary neurons to glutamate for 1 h, but not for 24 h, slightly
increased Akt phosphorylation (Fig. 5A), whereas the pretreatment with Klotho induced Akt phosphorylation at Thr308 and
Ser473 in the absence as well as in the presence of glutamate 1
and 24 h following treatment (Fig. 5, A and B). Forty-eight
hours after the treatment, no significant activation of Akt was
detected (Fig. 5C).
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FIGURE 4. The neuroprotective effect of Klotho is mediated mainly through the activation of Akt and partially through the activation of ERK. Rat
primary hippocampal neurons were treated with Klotho for the indicated times, and the activation of Akt (A) and ERK (B) was assessed by WB. Cells were treated
with 10 M LY294002 (LY) (C) and U0126 5 M (D) for 1 h before the treatment with Klotho (KL). Twenty-four hours following the treatment with Klotho, the
expression of Prx-2 was assessed by WB in the absence or presence of glutamate (Glu) (3 mM). Akt and ERK phosphorylated proteins are normalized to total Akt
or ERK control and presented as a -fold increase normalized to untreated control. Statistical significance for Klotho-treated versus Klotho-untreated samples
was indicated as follows. *, p ⬍ 0.05; **, p ⬍ 0.01 by Student’s t test; &, p ⬍ 0.05 for cells treated with Klotho in the presence of the inhibitor versus cells treated
with Klotho only. Error bars, S.D. Results represent the average of three independent experiments, and representative blots are shown.
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Recent studies showed that Klotho alleviated oxidative stress
by activating the Forkhead box class O (FoxO) transcription
factors (26, 45). Three of the four FoxO isoforms are negatively
regulated by Akt through phosphorylation at three specific sites
(Thr32, Ser253, and Ser315 for human FoxO3) (reviewed in Ref.
46), which, in turn, prevents their translocation to the nucleus
and induction of the apoptotic cascade. Pretreatment with
Klotho led to a significant increase in FoxO3 phosphorylation
on Thr32 in the absence as well as in the presence of glutamate
(Fig. 6A). Interestingly, FoxO3 remained phosphorylated at
Thr32 for at least 24 h following the exposure.
Glycogen synthase kinase 3␤ (GSK3␤)/␤-catenin signaling is
another target of Akt negative regulation. In the non-phosphorylated state, GSK3␤ constitutively phosphorylates ␤-catenin,
which is then ubiquitinated and degraded by the proteasome
(47). Upon phosphorylation, GSK3␤ is inactivated, which permits ␤-catenin to translocate into the nucleus to activate transcription factors for a number of genes, including Mn-SOD.
Pretreatment of the hippocampal neurons with Klotho in the
presence or absence of glutamate did not affect GSK3␤ phosphorylation after 1 or 24 h (Fig. 6B). This result confirms that
the effect of Klotho on neurons does not involve GSK3␤
regulation.
Neurofibrillary tangles are one of the two neuropathological
hallmarks of the AD brain and consist mainly of hyperphosphorylated Tau deposits. Hyperphosphorylation of Tau is regulated by several kinases that phosphorylate specific sites of
Tau in vitro. Because of the activation of Akt and ERK by Klotho
in our experimental system, we assessed the possible effect of
Klotho on Tau phosphorylation in the absence or presence of
glutamate. As shown in Fig. 6C, no changes were observed in
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Tau phosphorylation in the presence of Klotho or glutamate
after 1 or 24 h.
The Hippocampal Neurons Obtained from KL-OE Embryos
Are More Resistant to Glutamate Cytotoxicity than Neurons
from WT Embryos—In order to confirm the neuroprotective
effects of Klotho, instead of using exogenous Klotho, we performed experiments using hippocampal neurons isolated from
KL-OE mouse embryos. We have developed a completely novel
way of obtaining hippocampal neurons separately from WT
and KL-OE mouse E18 embryos, as described under “Experimental Procedures.” The protein levels of Klotho in the whole
brain lysates obtained from KL-OE E18 embryos were 2.5 times
higher than the levels in the brain lysates from WT embryos
(Fig. 7A, top). The levels of Klotho mRNA in hippocampal neurons from KL-OE embryos were about 40 times higher (p value
⬍0.05) than in the neurons obtained from WT embryos, as
assessed by qRT-PCR. The level of endogenous Klotho protein
in hippocampal neurons from KL-OE embryos was quantified
by WB by comparison with a standard curve of known concentrations of recombinant mouse Klotho starting from 0.4 g/ml
(which corresponds to 59.2 ⫻ 10⫺6 nmol). We can then conclude that the amount of endogenous Klotho in hippocampal
neuronal lysates from KL-OE embryos was about 7.4 –14.8 ⫻
10⫺6 nmol in 25 g of total protein loaded on the gel. In the
medium, the levels of shed endogenous Klotho were below the
levels of detection by WB (Fig. 7A, bottom). Note that the transmembrane and shed forms of Klotho from the lysate migrate
together at 130 and 135 kDa and cannot be visualized separately
on the WB.
Hippocampal neurons obtained from KL-OE mice were
more resistant to glutamate-induced cytotoxicity than neurons
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FIGURE 6. Klotho induces the phosphorylation of Akt and FoxO3a. Rat primary hippocampal neurons were pretreated with Klotho (KL) for 4 h followed by
additional treatment for 1 and 24 h, as indicated, in the absence or presence of glutamate (Glu) (3 mM). The lysates were collected for WB analysis of the effect
of Klotho on phosphorylation of FoxO3a (A), Tau (B), and GSK3␤ (C). All proteins are normalized to the total control (A and B) or tubulin (C) and presented as a
-fold increase normalized to untreated control. Asterisks indicate statistical significance of Klotho-treated versus Klotho-untreated samples: *, p ⬍ 0.05; **, p ⬍
0.01 by Student’s t test. Error bars, S.D. The average of three independent experiments and representative blots are shown.
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obtained from their WT littermates (Fig. 7B); however, at high
glutamate concentrations, Klotho overexpression was not protective. This effect was also observed at the level of ROS accumulation. Whereas the accumulation of ROS significantly
increased upon exposure to glutamate, the hippocampal neurons obtained from KL-OE embryos generated significantly
lesser amounts of ROS (Fig. 7C).
Notably, consistent with the data obtained in primary neurons treated with exogenous Klotho, the mRNA of Prx-2 in
neurons obtained from KL-OE mouse embryos was significantly higher (3-fold up-regulation) as compared with neurons
obtained from WT embryos under naive conditions. The presence of oxidative conditions, induced by glutamate (3 mM),
increased the levels of Prx-2 in the neurons from WT embryos
and increased Prx-2 even further in neurons from KL-OE
embryos (Fig. 7D). In contrast to the expression of Prx-2, which
was up-regulated in both non-oxidative and oxidative conditions, no significant change in the mRNA expression of Trxrd-1
under naive conditions was detected between the neurons from
KL-OE and WT mice, confirming minimal/no induction of
Trxrd-1 by Klotho itself. Remarkably, the mRNA expression of
Trxrd-1 was significantly increased by the presence of glutamate (3.2-fold) in the neurons obtained from WT embryos,
whereas in neurons obtained from KL-OE embryos, the effect
of oxidative conditions induced by glutamate was even more
AUGUST 29, 2014 • VOLUME 289 • NUMBER 35

profound (5.76-fold) (see Fig. 7D). Similar results were
observed at the protein level: Prx-2 was increased in the neurons obtained from KL-OE embryos under the naive conditions
and was increased further under the oxidative conditions. In
neurons obtained from WT embryos, the exposure to glutamate resulted in slightly increased expression of Prx-2, but this
increase was significantly greater in the neurons obtained from
KL-OE embryos. Trxrd-1 was only increased under the oxidative conditions in both types of neurons, with more dramatic
and significant effects in the primary neurons obtained from
KL-OE embryos (Fig. 7E). Taken together, these results confirm the involvement of Prx/Trx system and especially Prx-2 in
the protective effect of Klotho under oxidative conditions.
Klotho Protects Hippocampal Neurons against Oligomeric
A␤-induced Cytotoxicity—Although the precise mechanisms
leading to neurodegeneration in AD are not entirely clear, neurotoxic oA␤s have emerged as a major contributor (48). Having
characterized in depth the neuroprotective effect of Klotho
against glutamate-induced oxidative stress, we next tested
whether Klotho protects against oA␤-induced cytotoxicity,
which has also been associated with neuronal injury following
ROS exposure (48 –50) in primary hippocampal neurons as well
as in HT22 cells (50 –52). Exposure of rat primary hippocampal
neurons to oA␤ induced cell death in a concentration-dependent manner, whereas pretreatment with Klotho for 4 h signifiJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 7. Hippocampal neurons obtained from KL-OE embryos are more resistant to glutamate cytotoxicity than neurons from WT embryos. A, top,
WB analysis of Klotho expression in 50 g of whole brain lysate from WT and KL-OE E18 embryos (n ⫽ 4 for each group). Bottom panel, WB analysis of Klotho
expression in 20 l of medium containing serial dilutions of recombinant mouse Klotho (⫻ 10⫺6 nmol), starting at a concentration of 0.4 g/ml, which
corresponds to 59.2 ⫻ 10⫺6 nmol of Klotho (lanes a– d), 25 g of cell lysate (lanes e and f), and 20 l of medium (lanes g and h) collected from hippocampal
neurons from WT and KL-OE embryos. B and C, mouse primary hippocampal neurons from WT and KL-OE embryos were treated with glutamate at the indicated
concentrations. Twenty-four (B) or eight (C) hours later, the percentage cytotoxicity was assessed using CellTiter Glo, and the accumulation of ROS was
measured by 2⬘,7⬘-dichlorofluorescein diacetate (B and C, respectively). Error bars, S.D. Each experiment was repeated at least three times, and representative
results are shown. D, qRT-PCR analysis of the expression of Prx-2 and Trxrd-1 in the presence or absence of glutamate (3 mM), 24 h after the treatment. The
results are presented as -fold increase of groups. First panel, neurons from KL-OE embryos versus neurons from WT embryos in the absence of oxidative
conditions; second panel, neurons from WT embryos treated with glutamate (3 mM) versus untreated; third panel, neurons from KL-OE embryos treated with
glutamate (3 mM) versus untreated. E, WB analysis of the expression of Prx-2 and Trxrd-1 in the presence or absence of glutamate (3 mM), 24 h after the treatment
of hippocampal neurons obtained from WT and KL-OE embryos. Asterisks indicate statistical significance: *, p ⬍ 0.05; **, p ⬍ 0.01 by t test. Error bars, S.D. Each
experiment was repeated three times, and representative results are shown.
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cantly inhibited oA␤-induced cell death (Fig. 8A). Furthermore,
hippocampal neurons obtained from KL-OE mice were more
resistant to oA␤-induced cytotoxicity than neurons obtained from
their WT littermates (Fig. 8B), which is in line with the results
obtained with glutamate-induced neurotoxicity.
Each oA␤ preparation was evaluated for the presence of soluble oligomers by size exclusion chromatography (Fig. 8D). The
oligomeric fraction is detected as a clear peak in the void volume of the column. As shown in Fig. 8D, the fresh preparation
of oA␤ contained a larger portion of oA␤ than the one that was
previously frozen and thawed. Both preparations were used to
induce cytotoxicity in hippocampal neurons, whereas the cytotoxic effect induced by fresh preparation was higher than the
effect of the preparation that was frozen and thawed once.
To examine whether the neuroprotective effect of Klotho
against oA␤ cytotoxicity is mediated through the same molecular mechanism involving the induction of Prx-2, Prx-2-deficient and control immortalized mouse hippocampal neurons
(HT22 cells) were pretreated with Klotho and then incubated
with different concentrations of oA␤ for an additional 24 h. As
shown in Fig. 8C, a concentration-dependent cell death was
observed in all of the cells in response to the oA␤ preparation
(the extent of cell death induced by the once frozen oA␤ preparation was mild). Importantly, the protective effect of Klotho
against oA␤-induced cytotoxicity that was observed in control
cells was considerably but not completely diminished in the
cells lacking Prx-2 and was especially decreased at higher concentrations of oA␤, suggesting that Prx-2 plays an important
role in the neuroprotective effect of Klotho against A␤ cytotox-
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icity, but because the protective effect was not completely
inhibited, other factors induced by Klotho might be involved.

DISCUSSION
Oxidative stress is a main contributor to both acute (cerebral
ischemia and traumatic brain injury) and chronic conditions
(AD, Parkinson disease, Huntington disease, ALS, and others)
(7, 49). Because hippocampal neurons are among the most vulnerable to oxidative stress (53), we used these cells to investigate the neuroprotective role of Klotho by exposing them to
oxidative stress induced by glutamate and the oligomeric form
of A␤(1– 42). Here we demonstrate the neuroprotective effect
of Klotho on rat and mouse primary hippocampal neurons as
well as on the immortalized mouse hippocampal cell line,
HT22, as evidenced by inhibition of accumulation of ROS; inhibition of cell death, as reflected by diminished cellular ATP
production; and inhibition of the release of lactate dehydrogenase to the medium. We show that Klotho fosters neuronal survival when added exogenously to WT hippocampal neurons
and when hippocampal neurons are exposed to increased
endogenous levels of Klotho in KL-OE mice. We developed a
novel approach to separately isolate hippocampi from KL-OE
and WT embryos from a single pregnant mouse carrying
embryos of both genotypes. Using this approach, we genotyped
DNA obtained from embryo tails while performing individual
isolation of hippocampi. Once genotype results were obtained,
hippocampi from KL-OE or WT were separately pooled, and
neurons cultured to examine the effect of endogenous Klotho
overexpression on neuronal survival. Klotho protein was
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FIGURE 8. Klotho protects hippocampal neurons from oligomeric A␤-induced cytotoxicity. A–C, cytotoxicity was assessed by CellTiter Glo, 24 h after
exposure to oA␤. Rat primary hippocampal neurons pretreated with or without Klotho (KL) for 4 h (A), mouse primary hippocampal neurons obtained from WT
and KL-OE embryos (B), and HT22 cells stably transduced with control vector or Prx-2 shRNA pretreated with or without Klotho for 4 h (C) were exposed to oA␤
(0 –10 M). Cell death was assessed after 24 h by CellTiter Glo. Asterisks indicate statistical significance of Klotho-exposed versus Klotho-unexposed samples: *,
p ⬍ 0.05; **, p ⬍ 0.01 by Student’s t test. Error bars, S.D. Each experiment was repeated at least three times, and representative results are shown. D, size
exclusion chromatography for oA␤ preparation used for the toxicity assays. The far right peaks indicate the background UV absorbance of the buffer; the peaks
on the left indicate soluble aggregates of A␤(1– 42).

Klotho Protects Neurons from Oxidative Stress

3

M. Kuro-o, personal communication.

AUGUST 29, 2014 • VOLUME 289 • NUMBER 35

resents exposure to endogenously overproduced Klotho, as
compared with neurons from WT controls. In line with the
results obtained from neurons treated with Klotho, the
increased levels of Prx-2 were detected in neurons obtained
from KL-OE embryos untreated with glutamate and enhanced
further in the presence of glutamate, whereas the induction
of Trxrd-1 was observed only following the exposure to
glutamate.
To test the concept that Klotho fosters the neuronal survival
via modulation of the Trx/Prx redox system, we used specific
shRNA-mediated down-regulation of Prx-2 in hippocampal
HT22 cells. Knockdown of Prx-2 leads to a slight increase in the
levels of cytotoxicity induced by glutamate, but even at low
concentrations of glutamate, Klotho failed to rescue cells deficient in Prx-2 in contrast to cells infected with control shRNA.
These results are in line with the finding that neurons require
pretreatment with Klotho for a minimum of 4 h in naive conditions in order to prompt its neuroprotective effect. Thus, we
suggest that induction of Prx-2 in cells pretreated with Klotho
renders cells more resistant to the oxidative damage induced by
exposure to glutamate, although treatment of neurons with glutamate itself also leads to an enhanced expression of Prx-2. We
speculate that this time period of 4 h is required to prepare the
neurons to cope with the death stimuli, through the initial
induction of Prx-2, followed by the increase in Trxrd-1, which
occurs mainly in the presence of glutamate.
Our finding that Klotho regulates the expression of Prx-2 is
supported further by qRT-PCR analysis of KL-KO mouse whole
brain homogenates that revealed a significant decrease in the
levels of Prx-2 (2.6-fold) as compared with WT. The levels of
Trxrd-1 were only insignificantly decreased in KL-KO mouse
brains as compared with WT. When we performed the comparison of KL-OE mouse brains with WT, no significant alteration in the expression of both factors (Prx-2 and Trxrd-1) was
detected between the groups.
Klotho is an anti-aging protein down-regulated with age.
Chen et al. reported decreased Prx-2 protein levels in old individuals in a proteomic comparison of old versus young human
brain samples (64), further supporting the regulatory connection between Klotho and Prx-2.
It is widely accepted that various forms of oA␤ may be key
initiators in the cell death cascade in AD brains (65, 66). Oligomeric A␤(1– 42) is known to be toxic to neurons and was
found to induce free radical production, alter mitochondrial
function, and decrease ATP synthesis (65, 67). Furthermore,
cumulative evidence suggests that cellular injury during AD
may result from ROS accumulation (reviewed in Ref. 49). Here,
we demonstrate the neuroprotective effect of Klotho against
glutamate-induced and oA␤(1– 42)-induced cytotoxicity.
However, because Klotho does not provide complete protection, although statistically significant, there must be other factors that contribute to the neuroprotection. Several studies
have shown the connection between high levels of Prxs and
increased neuronal resistance to A␤ cytotoxicity (68 –70).
A␤-resistant PC12 cells were shown to display increased Prx,
Trx, and Trxrd levels (68), and an increase in Prx-2 and Prx-6
expression in AD post-mortem cortical tissue relative to conJOURNAL OF BIOLOGICAL CHEMISTRY
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detected on postnatal day 1 in the developing WT brain (54),
and here we have detected Klotho at E18 with an increase in
Klotho protein levels in whole brain lysates from KL-OE
embryos as compared with WT embryos (Fig. 7A). Although
the levels of endogenously overexpressed Klotho in KL-OE hippocampal neurons were lower by 75– 87.5% than the levels of
exogenously added Klotho, it is important to mention that the
OE neurons are constantly exposed to enhanced levels of
Klotho compared with WT hippocampal neurons exposed to
the Klotho for limited time intervals. We were unable to detect
the endogenously shed Klotho in the medium of KL-OE hippocampal neurons by WB, and no reliable ELISA is available for
quantifying mouse Klotho.3 In the case of the exogenous addition of Klotho, the protective effect was achieved by the
secreted form of Klotho. However, the hippocampal neurons
obtained from KL-OE embryos produce both transmembrane
and, possibly, shed Klotho, although we were unable to detect
the shed form in the conditioned medium. Thus, at this time,
we do not know which form is inducing the observed effect.
The antioxidative properties of Klotho in non-brain-derived
cells were reported previously (26), but only recent reports suggested an anti-inflammatory and antioxidative role for Klotho
in the brain. Klotho was found down-regulated in PC12 cells
exposed to glutamate (55) and in hippocampal samples from
epilepsy patients (56). Other reports suggested the important
role of Klotho in the regulation of endoplasmic reticulum stress
in SH-SY5Y cells (57) and in the neuroprotective effect of a
plant antioxidant, ligustilide, in an AD mouse model (45). In
addition, Klotho concentrations were found to be lower in CSF
of patients with AD when compared with age-matched controls
(58).
Using a qRT-PCR antioxidative stress array, we discovered
that Klotho promotes the induction of several members of the
Trx/Prx system. Prxs are a newly characterized family of peroxide-scavenging enzymes. Prxs, together with thioredoxin and
thioredoxin reductase represent an antioxidant enzymatic system of growing significance in the context of neuronal physiology and pathology (59). Altered expression of Prx-2 (a neuronal
specific type of Prx) and Prx-3 has been shown in the pathology
of cerebral ischemia (60), AD (61), and Parkinson disease (29).
Enhanced neuronal expression and activity of Prx-2 was
reported to protect neurons from ischemic injury (62), whereas
Trxrd deficiency was shown to potentiate oxidative stress in
dopaminergic neurons (63). The most profound effect of treating primary neurons with Klotho was the induction of Prx-2
under naive conditions, and this effect was confirmed both at
the mRNA and protein levels. Intriguingly, Klotho only slightly,
but significantly, increased the level of Trxrd-1 in the absence of
glutamate, as detected by the antioxidative stress array. However, the levels of Trxrd-1 were increased during oxidative conditions in the presence of low concentrations of glutamate (3
mM), and the pretreatment with Klotho further induced the
increase. Notably, the induction of the Prx-2 and Trxrd-1 was
observed not only after exposing neuronal cells to Klotho but
also in the neurons obtained from KL-OE embryos, which rep-
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one can envision the involvement of NMDAR in the neuroprotective effect of Klotho on CNS neurons. The evidence that
synaptic NMDA activity boosts antioxidant defenses through
changes to the Trx/Prx system (82) supports this hypothesis.
Furthermore, synaptic NMDA receptor activity promotes sustained activation of the Akt pathway, leading to the phosphorylation and nuclear export of FoxO and subsequent inactivation
of FoxO target genes, such as thioredoxin-interacting protein
(Txnip) (82, 83). Phosphorylated Akt inhibits FoxO activity
through its phosphorylation that turns off Txnip transcription
by inducing dissociation from the Txnip promoter and export
from the nucleus (82). Here we show that Klotho induces sustained Akt activation and inhibitory phosphorylation of FoxO3
in hippocampal neurons; thus, it is reasonable to speculate that
the antiapoptotic effect of Klotho is mediated through the
above-mentioned signaling events, following the enhanced synaptic NMDAR activity. Furthermore, other known prodeath
FoxO potential target genes include the proapoptotic Bcl-2
family proteins, such as Noxa, Bim, and Bad, and inactivation of
those genes has been implicated in NMDAR-dependent neuroprotection (83, 84). In line with our hypothesis, Shiozaki et al.
(13) reported previously that in the CNS tissues of Klotho
knock-out mice, the antiapoptotic Bcl-xL and proapoptotic Bax
were reduced and enhanced, respectively, which further implicates the involvement of these proteins in Klotho-regulated
neuronal function.
The connection between ERK activation and Prx-2 in the
hippocampus has been shown previously (85), and we report
here that Klotho induces ERK phosphorylation in hippocampal
neurons. Using a specific pharmacological ERK inhibitor,
U0126, we have shown that the presence of the inhibitor
slightly but non-significantly inhibited Klotho-induced induction of Prx-2, suggesting that the ERK-mediated pathway was
not critical in the effect of Klotho on neuronal survival.
One of the targets lying downstream of Akt signaling is the
class O of forkhead box (FoxO) transcription factors, which
have been implicated in the protection against apoptotic injury
(33). Akt-phosphorylated FoxO proteins remain in the cytoplasm and thus are unable to regulate gene expression. FoxO3a
phosphorylation inhibits the apoptotic process through several
mechanisms, such as modulation of mitochondrial membrane
depolarization and cytochrome c release, as demonstrated in
lung adenocarcinoma cells (86) and primary hippocampal neurons (33). Moreover, FoxO3a was shown to be activated
through the inhibition of Akt-mediated phosphorylation and
was reported to be a key event mediating neuronal death in
response to A␤ (73). Klotho-induced activation of Akt maintains an inhibitory phosphorylation of FoxO3a (on Thr32),
which is sustained up to 24 h after the treatment in the absence
and presence of glutamate. Klotho-induced sustained inhibitory phosphorylation of FoxO3a may contribute to the antiapoptotic effect of Klotho and is also consistent with our observation that Klotho did not induce Mn-SOD in hippocampal
neurons (data not shown). The induction of Mn-SOD through
the reduced phosphorylation of FoxO1 was proposed to be
important for the extended longevity and resistance to oxidative stress of the KL-OE mice (11), for the antioxidative effect of
Klotho in HeLa and CHO cells (26, 87), and for the KlothoVOLUME 289 • NUMBER 35 • AUGUST 29, 2014
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trols (70) was suggested as evidence for the existence of compensatory responses to increased cell loss.
Pretreatment of Prx-2 knockdown cells with Klotho resulted in
partial inhibition of the neuroprotective effect of Klotho, suggesting that Prx-2 is essential for Klotho-induced neuroprotection
against A␤ cytotoxicity, and other mechanisms, possibly also
induced by Klotho, may be involved. The Bcl-2 family of proteins,
including Bax and Bim, was implicated in the execution machinery
of oA␤-induced neuronal death (71–73) as well as the alteration of
mitochondrial functions (52). The possible regulation of these
mechanisms by Klotho requires further investigation.
To investigate the upstream events mediating the induction
of Prx-2 by Klotho and subsequent neuronal rescue from death,
we examined the role of Akt- and ERK-mediating pathways.
Akt is a critical survival factor that can modulate cellular pathways in both central and peripheral nervous system (47, 49).
Akt was found to be both necessary and sufficient to protect
neurons from injury associated with oxidative stress (33,
74 –76). It has been reported that phosphorylation of both sites
of Akt (Thr308 and Ser473) is required for its full activation (77).
In hippocampal neurons, Klotho induced phosphorylation of
both sites of Akt as early as 15 min after the treatment, confirming full activation of the Akt pathway. Notably, following longer
treatment (1 and 24 h following the addition of glutamate),
Klotho-induced phosphorylation of Akt was detected not only
in the absence of glutamate but also in its presence, suggesting
that this phosphorylation contributes to the protective effect of
Klotho. Although the phosphorylation of Akt is considered to
be neuroprotective (33, 74 –76), in some studies, the increased
continuous phosphorylation of Akt in AD was found to be associated with the development of the neurofibrillary pathology
(78). We have found no significant increase in Akt phosphorylation 48 h after treatment with Klotho and no changes in Tau
phosphorylation in the Klotho-treated neurons, suggesting that
Klotho does not affect Tau phosphorylation.
Furthermore, we have shown that the activation of Akt has
an essential role in neuronal rescue by Klotho because the
application of the specific Akt inhibitor LY294002 significantly
abolished the Klotho-induced induction of Prx-2. We have also
recently shown the essential role of Klotho-induced activation
of the Akt and ERK pathways in the maturation of primary
oligodendrocyte progenitor cells (19). In contrast, it was shown
previously in HeLa and Chinese hamster ovary (CHO) cells that
Klotho increases the resistance to oxidative stress through the
down-regulation of IGF-1/Akt signaling and reduced phosphorylation of FoxO1 (26). The discrepancy in the regulation of the
Akt pathway by Klotho between previous reports and our findings could be explained by the difference in signaling mechanisms in brain-derived and non-brain-derived cells or by the
possibility that the observed activation of Akt by Klotho in
brain-derived cells is initiated through a different receptor than
the insulin-like growth factor receptor. One strong candidate
could be the FGF receptor, which has been shown to interact
with Klotho in several mammalian organs, such as the kidney
(79) and stomach (80), and in Caenorhabditis elegans (81). In
light of our recent report that the beneficial effect of Klotho on
learning and memory is mediated through the modulation of
synaptic NMDAR in the hippocampus and frontal cortex (20),
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