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Abstract
Latanoprost was first developed for use in glaucoma therapy
as an ocular hypotensive agent targeting the prostaglandin
F2a (FP) receptor. Subsequently, latanoprost showed a
neuroprotective effect, an additional pharmacological action.
However, although it is well-known that latanoprost exerts an
ocular hypotensive effect via the FP receptor, it is not known
whether this is also true of its neuroprotective effect. Klotho
was firstly identified as the gene linked to the suppression of
aging phenotype: the defect of klotho gene in mice results
aging phenotype such as hypokinesis, arteriosclerosis, and
short lifespan. After that, the function of klotho was also
reported to maintain calcium homeostasis and to exert a
neuroprotective effect in various models of neurodegenerative
disease. However, the function of klotho in eyes including
retina is still poorly understood. Here, we show that klotho is a
key factor underlying the neuroprotective effect of latanoprost

during post-axotomy retinal ganglion cell (RGC) degeneration.
Importantly, a quantitative RT-PCR gene expression analysis
of klotho in sorted rat retinal cells revealed that the highest
expression level of klotho in the retina was in the RGCs.
Latanoprost acid, the biologically active form of latanoprost,
inhibits post-traumatic calpain activation and concomitantly
facilitates the expression and shedding of klotho in axotomized
RGCs. This expression profile is a good match with the
localization, not of the FP receptor, but of organic anion
transporting polypeptide 2B1, known as a prostaglandin
transporter, in the ocular tissue. Furthermore, an organic
anion transporting polypeptide 2B1 inhibitor suppressed
latanoprost acid-mediated klotho shedding ex vivo, whereas
an FP receptor antagonist did not. The klotho fragments shed
from the RGCs reduced the intracellular level of reactive
oxygen species, and a specific klotho inhibitor accelerated and
increased RGC death after axotomy. We conclude that the
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shed klotho fragments might contribute to the attenuation of
axonal injury-induced calpain activation and oxidative stress,
thereby protecting RGCs from post-traumatic neuronal degen-
eration.

Keywords: calpain, glaucoma, klotho, latanoprost.
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Glaucoma is characterized an irreversible optic neuropathy
and progressive loss of retinal ganglion cells (RGCs).
Elevated intraocular pressure (IOP) is one of the risk factors
and ocular hypotensive medication is commonly applied for
the treatment of open-angle glaucoma. Prostaglandin analog
are mostly used as first choice for patients with open-angle
glaucoma because of their prominent efficacy at lowering
intraocular pressure by increasing the uveoscleral outflow.
Latanoprost, a prostaglandin F2a (PGF2a) analog with an
ester group, is immediately converted to latanoprost acid
(LA) by endogenous esterase as it passes through the corneal
tissue into the anterior chamber after ocular instillation. The
major pharmacological target of these prostaglandin-related
compounds is the PGF2a (FP) receptor, for which latano-
prost has a lower affinity than its free acid hydrolytic product
(Sharif et al. 2003). Latanoprost has a potent IOP lowering
effect in wild-type mice, but has no effect on IOP in FP
receptor-deficient mice (Ota et al. 2005). Thus, the FP
receptor is considered to be the main mediator of the various
pharmacological actions of LA, and to have a key role in the
IOP-reducing effect of latanoprost.
Latanoprost/LA also exert a neuroprotective effect in the

retinal ganglion cells under the ischemia and reperfusion
stresses (Emre et al. 2009). Several studies have demon-
strated that latanoprost/LA protect the RGCs against neu-
ronal degeneration after axonal injury, such as transection or
crushing of the optic nerve (Kudo et al. 2006; Kanamori
et al. 2009). Nevertheless, FP receptor expression is diffuse
in the retina, in contrast to its much higher expression in the
ocular anterior segment (Ocklind et al. 1997). The role of the
retinal FP receptors in mediating the neuroprotective effect of
latanoprost/LA in the RGCs is thus controversial.
It has been hypothesized that in addition to the FP

receptor, organic anion transporting polypeptide 2B1
(OATP2B1) is also a pharmacological target of LA. This
hypothesis was suggested by the role of OATP2B1 in
transporting unoprostone carboxylate, another PGF2a analog
(Gao et al. 2005). OATP2B1 is expressed in human retina
(Kraft et al. 2010; Gao et al. 2015); however, there is
currently little information on the physiological role of
OATP2B1 in the retina.
The klotho gene was originally identified as an aging

suppressor in an insertion mutagenesis analysis in mice.
Klotho encodes a type-I single-pass transmembrane protein
whose extracellular domain is composed of the KL1 and
KL2 domains, homologous to b-glucuronidase (Kuro-o et al.

1997). After this extracellular domain is shed, it circulates in
the urine, blood, and cerebrospinal fluid and exerts biological
effects on target cells (Imura et al. 2004). Treatment with
specific b-glucuronidase inhibitors, such as D-saccharic acid
1,4-lactone (DSL), inhibits their effects (Chang et al. 2005).
Moreover, defects in klotho disrupt calcium homeostasis
(Kuro-o et al. 1997) and cause the over-activation of a
calcium-dependent protease, calpain (Manya et al. 2002).
Many recent reports have found that calpain activation has a
crucial role in post-axonal injury neuronal degeneration,
including in the RGCs (Ryu et al. 2012; Liu et al. 2014).
Thus, klotho may be related to axonal injury-induced calpain
activation, but such a relationship has not yet been reported.
Recently, many studies have examined the expression and

function of klotho in the posterior segment of the rodent eye.
Klotho protein has strongly up-regulation in degenerating
photoreceptor in transgenic mouse and rat models of retinitis
pigmentosa (Farinelli et al. 2013), and help preserve retinal
pigment epithelium (RPE) function, and to protect the RPE
from oxidative stress (Kokkinaki et al. 2013). Klotho is also
known to exert a neuroprotective effect in various neurode-
generative disease models (Zeldich et al. 2014), suggesting
that it should also have a similar effect in the RGCs.
However, the biological function of klotho in the RGCs
remains unclear.
The above leads us to hypothesize that LA promotes RGC

neuroprotection through the OATP2B1 transporter, not the
FP receptor, and that this suppresses excess calpain activa-
tion by modulating klotho activation. Thus, the main
objectives of this study were to examine the mechanism of
LA-modulated neuroprotection through the OATP2B1 path-
way, with a focus on the protein kinase C (PKC) pathway
and matrix metalloproteinase (MMP) activation, and to
investigate the antioxidant and RGC death-reducing effects
of klotho in rat retinas.

Material and methods

Reagents

Dulbecco’s modified Eagle’s medium, Neurobasal A medium,
Dulbecco’s phosphate-buffered saline, Ca2+/Mg2+-free Hanks’
buffered saline solution, B-27 supplement with/without antioxidants
and Alamar Blue reagent were purchased from Life Technologies
Inc. (Carlsbad, CA, USA). Papain was purchased from Worthington
(Lakewood, NJ, USA). AL8810 was purchased from Cayman
Chemical Co. (Ann Arbor, MI, USA). Bovine serum albumin
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(BSA), deoxyribonuclease I (DNase I) from bovine pancreas, insulin
from bovine pancreas, catalase from bovine liver, L-cysteine, L-
glutamate, gentamicin, protease inhibitor cocktail, phosphatase
inhibitor cocktail 2, LA, rifamycin SV, DSL, and 1,2-bis (2-
aminophenoxy) ethane N,N,N0,N0-tetraacetic acid acetoxymethyl
ester were purchased from Sigma-Aldrich (St Louis, MO, USA).

Twelve-O-tetradecanoylphorbol-13-acetate (TPA) was purchased
from Cell Signaling Technology (Beverly, MA, USA). GM 6001,
TAPI-1, GF109203X, and calpain substrate IV were purchased from
Calbiochem (San Diego, CA, USA).

Animals

Nine- to twelve-week-old male Sprague–Dawley rats were pur-
chased from SLC (Shizuoka, Japan). The rats were maintained under
a 12 h light (~ 50 lux)/dark cycle. Food and water were freely
available. The animals in these experiments were used in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and the Guidelines for Animal Experiments of
Tohoku University. All animal experiments were conducted with the
approval of the ethics committee for animal experiments at the
Tohoku University Graduate school of Medicine. The protocol
number approved by our Institute is 2016-245.

Optic nerve transection

Optic nerve transection was performed as previously described
(Nakazawa et al. 2002; Kudo et al. 2006). Briefly, after anesthesia
was induced with an intramuscular injection of 45 mg/kg sodium
pentobarbital (Kyoritsu Pharmaceuticals, Tokyo, Japan), 2 lL of
one of the three pharmacological agents under investigation
(100 lM LA dissolved in 5% dimethylsulfoxide (DMSO) and
100 lM DSL dissolved in saline) was injected intravitreally with a
Hamilton syringe and a 32-gauge needle. Fifteen minutes after the
injection of LA and DSL, the optic nerve was transected at
approximately 1 mm posterior to the eyeball, with care taken not to
damage the retinal blood supply. Animals were excluded if the lens
was injured during the course of intraocular injection.

Retrograde labeling of the RGCs and RGC counting

Retrograde labeling of the RGCs and RGC counting were performed
as previously described (Kudo et al. 2006; Nakazawa et al. 2007).
Briefly, 7 days before axotomy, 3 lL of 2% aqueous Fluorogold
(Fluorochrome; Englewood, CO, USA) containing 1% DMSO was
injected into the optic nerve sheath. After the animals were killed,
the retinas were dissected, fixed in 4% paraformaldehyde (PFA),
flat-mounted onto glass slides and examined under microscopy. The
RGC number was then determined by counting retrogradely labeled
RGCs in 12 distinct areas (three areas per quadrant, at 1/6, 3/6, and
5/6 of the distance from the optic nerve head to the periphery, all
located along retinal radii). Finally, the average number of
retrogradely labeled RGCs in each of the 12 fields was determined
and used in the analysis. RGC counting was conducted in a blind
fashion. Briefly, one investigator captured and labeled images of
masked specimens. Another investigator then counted retrogradely
labeled RGCs under masked conditions.

Recording ERGs

Three days and fourteen days after surgery, scotopic electroretino-
grams (ERGs) were recorded from both eyes simultaneously using

a Ganzfeld bowl mounted with a stimulator (PS33-PLUS; Grass
Instruments, East Falmouth MA, USA). The rats were dark
adapted overnight and handled under dim red light. They were
anesthetized by a single intramuscular injection of a mixture of
ketamine (87 mg/kg; Daiichi Sankyo Co., Ltd., Tokyo, Japan) and
xylazine (13 mg/kg; Bayer Yakuhin Ltd., Osaka, Japan). The
pupils were maximally dilated by topical 0.5% tropicamide (Santen
Pharmaceutical Co., Ltd., Osaka, Japan) and 0.5% phenylephrine
hydrochloride (Sigma-Aldrich, Tokyo, Japan), and the cornea was
anesthetized with topical 0.4% oxybuprocaine hydrochloride
(Santen Pharmaceutical Co., Ltd.). Gold contact lens electrodes
(Mayo Co., Nagoya, Japan) were placed on the cornea as active
electrodes, and reference electrodes were placed in the mouth. An
aluminum sheet under the animals served as the ground electrode.
Responses were amplified 105 times and bandpass-filtered from 0.3
to 500 Hz (PC-100; Mayo Co.). The intensity of the stimuli was
increased by increasing the threshold of the scotopic threshold
response (STR) to 0.43 log cd-s/m2 in 0.23, 0.37, or 0.40 log unit
steps. The duration of the stimulus was 10 ls, and the maximum
luminance was 0.43 log cd-s/m2. Approximately 20–30 responses
were averaged in computer software, with an inter-stimulus
interval of 5 s for recording the STR.

The STR consists of positive and negative components: the
positive STR (pSTR) and negative STR, respectively (Sieving et al.
1986; Sieving and Nino 1988; Frishman et al. 1996). Previous
research has demonstrated that the RGCs and their axons are the
main generators of the pSTR (Bui and Fortune 2004). We measured
the amplitude 120 ms after the onset of the stimulus from the
baseline or the trough of the a-wave, following a previously reported
method (Bui and Fortune 2004). The amplitude in the axotomized
eyes was normalized to that of the contralateral non-axotomized
control eyes, with the normalized amplitude described as the
axotomy/control ratio.

Preparation of klotho-containing supernatant for application in

primary retinal cells, and signaling pathway analysis in an ex vivo

axotomy model

The rat retinas were immediately dissected in ice-cold Dulbecco’s
phosphate-buffered saline, placed in microtubes, and incubated in a
HEPES-based buffer (composed of 100 mM NaCl, 3 mM KCl,
1 mM MgCl2, 10 mM D-glucose, 25 mM HEPES, 10 mM manni-
tol, and 30 mM NaHCO3 pH 7.4) containing various concentrations
of LA (0.1, 10, or 1000 nM).

To assess the inhibitory effect of each signaling pathway, 1 lM
LA and an additional agent (one of the following: 50 lM AL8810,
rifamycin SV, 10 lM TAPI-1, GM6001 or 100 nM GF109203X)
were incubated in the rat retinas at 37°C for 90 min. No LA was
used for TPA treatment at 200 nM. To remove the detached cells,
the supernatants were centrifuged at 15 000 g for 5 min at 4°C, and
then concentrated with an Amicon ultra-10 centrifugal filter (Merck-
Millipore, Darmstudt, Germany) at 4000 g for 20 min. For
immunoprecipitation, a half-quantity of supernatant (100 lL) was
incubated with rat anti-klotho antibody (1 lg, KO606; TransGenic
Inc.) at 4°C for 1 h. Protein G Mag Sepharose (2.5 lL; Piscataway,
GE Healthcare, WI, USA) was then added, and the sample was
incubated at 4°C for 1 h. The non-treated and klotho-depleted
supernatants were moved into a Neurobasal A culture medium
containing 2% B-27 supplement without antioxidants (AO�; Life
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Technologies Inc.), 5 lg/mL insulin, 0.5 mM L-glutamate and
250 lg/mL gentamicin, using an Amicon Ultra-10 centrifugal filter
(Millipore Corporation). The protein concentration was determined
with a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Hudson, NH, MA, USA).

Primary retinal cultures for the measurement of cell viability and

ROS generation

Adult rat primary retinal cultures were prepared as previously
described, with minor modifications (Yin et al. 2006; Nakazawa
et al. 2007). The rat retinas were incubated at 37°C for 15 min in a
digestion solution containing 10 units/mL papain, 75 lg/mL BSA,
10 lg/mL DNase I, 5 lg/mL insulin, 1 lg/mL catalase, and 0.3 mg/
mL L-cysteine in Ca2+/Mg2+-freeHanks’ buffered saline solution. The
dissociated retinal cells were passed through a 40 lmnylonmesh and
collected by centrifugation at 900 g for 5 min. The cells were re-
suspended in AO� culture medium, and cell density was adjusted to
1.8 9 105 cells per well of a CC2 surface-treated 96-well plate
(Thermo Fisher Scientific). Fifteen minutes after incubation at 37°C,
the adhered retinal cellswere incubated in either non-treated or klotho-
depleted supernatant (300 lg protein/well). B-27 supplement with an
antioxidant (AO+; Life Technologies Inc.) was used as a positive
control. Two hours later, the cells were incubated in AO+ or AO�

culture medium containing 10% AlamarBlue reagent (Life Technolo-
gies Inc.) at 37°C for 24 h in the dark. Fluorescence intensity was
measured at 544 nm excitation and 590 nm emission with a fluores-
cence microplate FluoroskanAscent reader (Thermo Fisher Scien-
tific). For the measurement of intracellular reactive oxygen species
(ROS) levels, the cells were incubated with AO� culture medium
containing 5 lMCellROXDeepRed reagent (LifeTechnologies Inc.)
at 37°C for 30 min. Cell fluorescence was then measured at 640 nm
excitation and 665 nm emission with a Spectra Max Gemini
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Cell sorting

The rat retinas were digested in a solution containing papain and
dissociated as described above. In all steps, including suspension,
washing and incubation, an AO+ culture medium was used. Mouse
IgG1j antibody (553447; BD Biosciences, San Jose, CA, USA)
was used as an isotype control. The cells were re-suspended and
reacted with mouse anti-Thy-1.1 antibody (1 : 20; MAB1406;
Millipore Corporation) at 25�C for 30 min. After washing twice,
the samples were incubated with an Alexa Fluor 647 donkey anti-
mouse immunoglobulin (IgG) secondary antibody (1 : 200;
A31571; Life Technologies Inc.) at room temperature for 30 min
and again washed twice. For double staining, the cells were
incubated with mouse anti-CD31 antibody (1 : 10, 550300; BD
Pharmingen, San Jose, CA, USA) pre-labeled with Zenon Alexa
Fluor 350 (Life Technologies Inc.) at 25�C for 30 min. After
washing twice, the cells were re-suspended in medium containing
0.5% 7-aminoactinomycin D (Life Technologies Inc.) to exclude
dead cells, and were immediately sorted using fluorescence-
activated cell sorting with the Aria II device (BD Biosciences).
The cells were sorted, placed into 350 lL of QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) and analyzed with qRT-PCR. The
number of sorted cells in each fraction was matched, and the same
number of pre-sorted cells was used as a reference for klotho
expression in the na€ıve rats.

Real-time quantitative RT-PCR

To measure klotho gene expression, the RPE/choroid was removed
as a sheet by scraping it from the scleral wall. It was collected
following removal of the retina from the eyecup on day 3. The
retina, RPE/choroid, and the sorted cells were directly lysed in
QIAzol Lysis Reagent (Qiagen). Subsequent RNA extraction was
performed with the miRNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. Total RNA (50 ng) was reverse tran-
scribed using a SuperScript III First Strand Synthesis kit (Life
Technologies Inc.) to synthesize cDNA. Real-time quantitative RT-
PCR was carried out with a 7500 fast real-time PCR system
(Applied Biosystems, Foster city, CA, USA) using TaqMan probes
(Life Technologies Inc.). The catalog numbers of the predesigned
TaqMan probes were as follows: Klotho (Rn00580123_m1) and
Gapdh (Rn01462662_g1). Relative gene expression levels were
calculated using the delta-delta Ct method.

Stimulation of klotho shedding in ARPE19 cells with LA

Human RPE cell line ARPE19 cells were incubated in serum-free
Dulbecco’s modified Eagle’s medium containing 1 nM LA for 24 h
at 37°C. The culture medium was then collected and centrifuged at
15 000 g for 5 min at 4°C to remove the detached cells. The
supernatant was collected and concentrated with an Amicon Ultra-
30 centrifugal filter (Millipore Corporation) at 4000 g for 20 min.
The samples were mixed with loading buffer (65.8 mM Tris-HCl
pH 6.8, 26.3% glycerol, 2.1% sodium dodecyl sulfate (SDS), 0.01%
bromophenol blue) and then used in an immunoblot analysis.

Western blotting

Seven days after axonal injury, we performed an immunoblot
analysis to evaluate the status of calpain and calpastatin. The retinas
were lysed in radioimmunoprecipitation assay buffer (25 mM Tris-
HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS) containing 1% protease inhibitor cocktail and 1%
phosphatase inhibitor cocktail 2, on ice, and centrifuged at 15 000 g
for 10 min at 4°C. To detect klotho in the retinal and ARPE19 cells,
HEPES-buffered saline with Triton X-100 buffer (10 mM HEPES,
150 mM NaCl, 0.5% Triton X-100) containing 1% protease and
phosphatase inhibitor cocktail was used in the protein extraction.
The supernatant of the cell lysate was collected and its protein
concentration was determined with a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific). After heat treatment in the
loading buffer at 98°C for 5 min, the protein samples were separated
in a 4–15% SDS-polyacrylamide gradient gel (Bio-Rad Laborato-
ries, Hercules, CA, USA) and electroblotted to an Immobilon-P
polyvinylidene difluoride membrane (Millipore Corporation). After
blocking the membrane with 4% BlockAce (Yukijirushi, Sapporo,
Japan), the membranes were incubated with primary antibodies such
as rat anti-klotho (1 : 1000, KO603; TransGenic Inc.), mouse anti-
a-fodrin (1 : 1000, ab11755; Abcam, Cambridge, UK), rabbit anti-
calpastatin (1 : 1000, 4146S; Cell Signaling Technology), rabbit
anti-fibroblast growth factor 2 (1 : 200; sc-79; Santa Cruz Biotech-
nology, Santa Cruz, Delaware, CA, USA), rabbit anti-b-tubulin
(1 : 1000, 2146S; Cell Signaling Technology Inc.) and mouse anti-
b-actin (1 : 5000, A5316; Sigma-Aldrich) overnight at 4°C. The
membranes were then incubated with one of the following
secondary antibodies at 25�C for 1 h: horseradish peroxidase-
conjugated goat anti-mouse IgG (1 : 5000, G21040; Life
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Technologies Inc.), goat anti-rat IgG (1 : 5000, A10549; Life
Technologies Inc.), or goat anti-rabbit IgG (1 : 5000, G21234; Life
Technologies Inc.). The signals were visualized with the ECL Prime
Western Blotting Detection System (GE Healthcare) and measured
in Image Lab statistical software (Bio-Rad).

Immunohistochemistry

Immunostaining was performed 3 days after surgery. Immunohis-
tochemistry was performed as previously described (Nakazawa
et al. 2007; Ryu et al. 2012). In brief, the rats were perfused with
ice-cold saline, followed by 2.5% PFA. The eyes of the rats were
then collected and fixed in 2.5% PFA for 1 h on ice. Following
fixation, the eyes were cryopreserved with increasing concentrations
of sucrose (5%, 10%, and 20%) and frozen in Tissue-Tek OCT
compound (Sakura Finetechnical, Tokyo, Japan). After washing
with phosphate-buffered saline (PBS), cryosections were incubated
with blocking buffer (10% goat serum, 0.5% gelatin, 3% BSA, and
0.2% Tween 20 in PBS) for 30 min and reacted with primary
antibodies, such as rat anti-klotho (1 : 500, KO606; TransGenic
Inc.), rabbit anti-OATP2B1 (1 : 200, BS-3913R; Bioss Antibodies
Inc., Woburn, MA, USA.), and mouse anti-C38 (1 : 200; provided
by Dr. Jun Kosaka) at 4°C overnight. They were washed three times
with PBS containing 0.2% Tween 20 (PBST) and incubated with
the following secondary antibodies at 25�C for 1 h: Alexa Fluor
488-conjugated goat anti-rat IgG (1 : 200, A11006; Life Technolo-
gies Inc.), Alexa Fluor 488-conjugated goat anti-rabbit IgG
(1 : 200, A11034; Life Technologies Inc.), and Alexa Fluor 546-
conjugated goat anti-mouse IgG (1 : 200, A11030; Life Technolo-
gies Inc.). After washing three times with PBST, the sections were
mounted in Vectashield mounting medium with 40,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA)
and observed using a fluorescence microscope (Axiovert 200; Carl
Zeiss, Oberkochen, Germany).

In situ detection of calpain activation

Seven days after optic nerve transection in the presence or absence
of LA, the anesthetized rats were injected intravitreally with 2 lL of
100-lM calpain substrate IV dissolved in saline, with a Hamilton
syringe and a 32-gauge needle. Two hours after injection, the rats
were perfused with 10 lM 1,2-bis (2-aminophenoxy) ethane N,N,
N0,N0-tetraacetic acid acetoxymethyl ester dissolved in saline,
followed by 4% PFA. The eyes of the rats were then collected
and fixed in 4% PFA for 1 h on ice. Following fixation, the eyes
were cryopreserved with increasing concentrations of sucrose (5%,
10%, and 20%) and frozen in Tissue-Tek OCT compound (Sakura
Finetechnical). Twenty-micrometer-thick cryosections were
mounted in Vectashield mounting medium (Vector Laboratories)
and observed using a fluorescence microscope (Axiovert 200; Carl
Zeiss).

Statistical analysis

We used an unpaired t-test to evaluate statistical differences between
pairs of samples. An ANOVA followed by Dunnett’s test was used to
compare the mean between groups of three. A one-way repeated-
measures ANOVA with a post hoc Bonferroni test was used to obtain
the data shown in Fig. 2. The data in Figure S1 were obtained with
an ANOVA followed by Tukey’s multiple comparison test. The level
of statistical significance was set at p < 0.05.

Results

The inhibitory effect of LA on the post-traumatic reduction

in RGC in rat retina

Previously, we demonstrated that latanoprost prevented RGC
death following optic nerve transection by counting surviving
retrogradely labeled RGCs (Kudo et al. 2006). Our current
results reflect this previous finding. Here, we found that when
we treated the animals with LA 15 min before axotomy, the
number of surviving RGCs 7 days later was
2272 � 555 RGCs/mm2, whereas when we treated them
with 5% DMSO as vehicle, the number was
1478 � 159 RGCs/mm2. We normalized the number of
retrogradely labeled RGCs to the number in a group treated
with saline as vehicle in axotomized retina and the ratio of
surviving retrogradely labeled RGCs after treatment with 5%
DMSO was 70.5 � 7.6%, and the ratio after treatment with
LA was 108.4 � 26.5% in the axotomized retinas. This was a
statistically significant difference (Fig. 1a and b). Our results
demonstrated that the RGC survival rate was significantly
higher in the LA-treated group than the vehicle-treated group.

Functional recovery of the electrophysiological response

after LA treatment in axotomized retinas

Next, we evaluated the physiological function of the retinas
with an ERG analysis to determine whether LA treatment
could prevent axotomy-induced degeneration of the RGCs.
Scotopic ERGs were recorded from six animals using dim
stimuli ranging from �6.20 to 0.43 log cd-s/m2. The ERGs
consist of the pSTR followed by the negative STR. On day 3
after optic nerve transection, the amplitude of the pSTR
measured at 120 ms was attenuated at all intensities in the
axotomized eyes not treated with LA, in comparison with the
contralateral eyes (Fig. 2a). On the other hand, the pSTR
amplitude in the axotomized eyes treated with LA was nearly
identical to the control eyes (Fig. 2b). The mean axotomy/
control ratio in the animals which were treated or not treated
with LA was plotted against stimulus intensity, as shown in
Fig. 2(c). In the eyes not treated with LA (the black dots) the
axotomy/control ratio fell to approximately 80% at stimulus
intensities ranging from �6.20 to �4.57 log cd-s/m2,
whereas it remained close to 100% at stimulus intensities
over �4.20 log cd-s/m2. The six lowest stimulus intensities
(indicated by the asterisks in Fig. 2c) show the most
significant difference between the LA-treated and untreated
eyes, and we therefore averaged the axotomy/control ratio at
these intensities to evaluate the function of the RGCs. We
defined this average value as the relative amplitude, as shown
in Fig. 2(d). The relative amplitude remained at 95% in the
axotomized eyes treated with LA, whereas it fell to 80% in
the axotomized eyes not treated with LA, a significant
difference (relative amplitude in the control group was
normalized to 100%) (Fig. 2d). Thus, these results constitute
evidence that LA can preserve the function of the RGCs in
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axotomized eyes. On the other hand, LA treatment did not
restore pSTR amplitude on day 14 after axotomy (Fig. 2e).
These results suggest that LA-mediated electrophysiological
preservation was effective temporarily.

LA inhibits calpain activation and calpastatin breakdown

after optic nerve transection

LA is known to have the ability to regulate the intracellular
Ca2+ level (Kanamori et al. 2009), prompting us to

investigate the potential of LA to suppress post-injury
calpain activation in the retina. As shown in Fig. 3(a), on
the seventh day after optic nerve transection, LA had clearly
inhibited the axotomy-induced degradation of a-fodrin, a
prominent substrate for l-calpain. The level of cleaved a-
fodrin in the vehicle-treated group rose significantly, by 10.8-
fold, whereas the level of cleaved a-fodrin in the LA-treated
group was comparable with the non-treated group (Fig. 3b).
The level of calpastatin, an endogenous l-calpain inhibitor,

Fig. 1 Latanoprost acid (LA) inhibited axotomy-induced retinal gan-
glion cell (RGC) death. (a) Representative images of retrogradely
labeled RGCs on day 7 after optic nerve transection. The vehicle was
saline containing 5% dimethylsulfoxide. Scale bar = 50 lm. (b) The

intravitreal injection of LA (200 pmol/eye) 15 min before axotomy

significantly suppressed cell death in axotomized RGCs on day 7 after
axotomy. RGC numbers were normalized to the axotomized retina
treated with saline as vehicle, expressed as a percentage (*p < 0.05,
n = 4 in each group). Error bars denote SD.

Fig. 2 Functional recovery of the elec-
trophysiological response after latanoprost

acid (LA) treatment in axotomized retinas.
The figures show representative elec-
troretinogram waveforms elicited by dim
stimuli from axotomized eyes that were not

treated with LA (a) and were treated with LA
(200 pmol/eye) (b). Averaged traces of the
scotopic threshold response (STR),

measured at dim luminous energies (�6.20
to �4.57 log cd-s/m2) in axotomized eyes
treated without or with LA. Thin line:

contralateral eyes; bold line: treated eyes.
(c)Theamplitudeof theaxotomizedeyeswas
normalized to that of the contralateral non-

axotomizedeyes, and thiswasdesignatedas
the axotomy/control ratio. White circles:
control eyes; black circles: axotomized eyes;
shaded squares: axotomized eyes treated

with LA. Effect of LA on the relative positive
STR amplitude on day 3 (d) and on day 14 (e)
after axotomy. The data were normalized to

themeanof thecontrols. (**p < 0.01,n = 6 in
each group). Error bars denote SD.
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decreased to 12.3% of the normal control level in the vehicle-
treated group. LA treatment significantly ameliorated this
decrease; the level of calpastatin decreased to 43.5% of the
normal level in the LA-treated group (Fig. 3c). A fluores-
cence imaging analysis using a fluorogenic cell-penetrating
calpain substrate revealed calpain activation signals in the
ganglion cell layer (GCL). These signals were minimal in
both layers after axotomy and LA treatment (Fig. 3d).

LA-mediated promotion of klotho expression and shedding

in the RPE and retina

It has been reported that klotho is a significant upstream
regulator affecting l-calpain activity. To investigate the
expression pattern of klotho in the posterior of the rat eyes,
we examined the levels of mRNA expression and protein
expression in the RPE/choroid complex or retina during the
early stages of axonal injury, before RGC loss. Three days
after axotomy, we observed a reduction in klotho expression
in the RPE/choroid after vehicle treatment, whereas its
expression increased by 3.8-fold after the topical application
of LA (Fig. 4a). In the retina, although the mRNA level of
klotho decreased by 5.0-fold, the expression level of klotho

after LA treatment was comparable to the control group. We
also found that the transcription level of klotho in the RPE/
choroid was approximately fourfold higher in the non-
axotomized LA-treated eyes than the non-axotomized, vehi-
cle-treated eyes. Interestingly, however, the level of klotho
mRNA in the overall retinal tissue was lower (less than 10%)
in the non-axotomized LA-treated eyes than the non-
axotomized vehicle-treated eyes (Figure S1). This suggests
that our original finding of elevated klotho in the RPE/
choroid of axotomized, LA-treated eyes were indeed because
of the effect of LA treatment. The extracellular domain of
klotho is composed of two homologous domains (KL1 and
KL2) and possesses two cleavage sites (Fig. 4b) (Imura et al.
2004). Thus, klotho shedding produces three types of
extracellular fragments: KL1, KL2, and soluble full-length
klotho. We found that LA inhibited the post-injury reduction
in KL2 in the retina and increased the protein level of klotho
on day 3 (Fig. 4c). The level of KL1 in the axotomized
retinas did not significantly differ with the presence or
absence of LA. Matching this KL2 expression pattern, klotho
elevation was also observed in the GCL of the axotomized
rat retinas (Fig. 4d).

Fig. 3 Latanoprost acid (LA) inhibited
calpain activation and calpastatin

breakdown after optic nerve transection.
(a) LA (200 pmol/eye) inhibited the
axotomy-induced degradation of a-fodrin, a
prominent substrate for l-calpain, and

calpastatin. The full-length and cleaved
forms of a-fodrin are estimated to comprise
240 and 150 kDa peptides, respectively.

Beta-actin was used as an internal control.
(b and c) Quantitative analysis of axotomy-
induced calpain activation and calpastatin

breakdown in whole retinas 7 days after
axotomy. The signal intensity of each band
was normalized to 1 in the non-treated

group. (*p < 0.05, **p < 0.01, n = 5 in
each group). Error bars denote SD. (d)
Representative fluorescence images of
frozen sections showing the results of

treatment with a fluorogenic cell-
penetrating calpain substrate (2 lL of 100-
lM) in the eyes. With LA treatment, the

signal of the cleaved calpain substrate,
which was mainly detected in the GCL,
was lower on day 7 after axonal injury. The

vehicle was saline containing 5%
dimethylsulfoxide. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear

layer. Scale bar = 50 lm.
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To investigate further whether klotho is expressed in
RGCs of SD rats, we carried out a flow cytometric analysis
using antibodies against Thy1, and used CD31, an endothe-
lial cell specific marker, to determine klotho localization in
the rat retina. The mean percentages of Thy1�/CD31�,
Thy1+/CD31�, Thy1�/CD31+, and Thy1+/CD31+ cells were
49.9%, 6.7%, 0.0%, and 0.5%, respectively (Figure S2b). In
this study, the Thy1+/CD31�, Thy1+/CD31+, and Thy1�/
CD31� cells were categorized as either RGCs, vascular
endothelial cells, or other retinal cells. Real-time PCR
revealed a significantly lower level of klotho mRNA in the
Thy1�/CD31� cells (0.3-fold), a level that was comparable

to that in the vascular endothelial cells (Figure S2c). Sorting
significantly increased the mRNA level of klotho in the
RGCs, by 2.7-fold. Furthermore, klotho and the RGC marker
C38 were highly co-localized in the GCL of the na€ıve rats
(Figure S2d).
In turn, we examined klotho expression changes after

LA treatment in human RPE cell line ARPE19 cells. We
found that LA promoted both full-length soluble klotho
expression and shedding in ARPE19 cells after 24 h
(Fig. 4e). No tubulin signals were observed in the super-
natant fractions, indicating that they did not include an
ARPE19 cell fraction. Unlike the retina, KL1 and KL2

Fig. 4 Latanoprost acid (LA)-mediated promotion of klotho expression
and shedding in the retinal pigment epithelium (RPE) and retina. (a)
Three days after optic nerve transection, the intravitreal injection of LA

(200 pmol/eye) significantly increased the mRNA level of klotho in the
RPE/choroid and retina. The vehicle was saline containing 5%
dimethylsulfoxide (DMSO). Gapdh was used as an internal control

(**p < 0.01, n = 4 in each group). Error bars denote SD. (b) Schematic
diagram of the transmembrane klotho structure and klotho shedding.
The extracellular domain of klotho protein is composed of two

homologous domains, KL1 and KL2. The extracellular domain of
klotho possesses two cleavage sites (a-cut and b-cut), with three types
of fragments (KL1, KL2 and soluble full-length klotho) being produced

extracellularly as a result of klotho shedding. (c) LA inhibited the post-

injury reduction in KL2 in the retina and increased the protein level of
klotho on day 3. The level of KL1 in the axotomized rats did not
significantly differ with or without LA. Tubulin was used as an internal

control. (d) Immunostaining of klotho in retinal sections 3 days after
optic nerve transection in LA-treated rats. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar = 50 lm.

(e) In human ARPE19 cells, the application of LA at 1 nM for 24 h
promoted the expression and shedding of full-length klotho in both cell
lysate (lys) and culture supernatant (sup). The vehicle was a culture

medium containing 0.1% DMSO. Tubulin was used as an internal
control. Neither KL1 nor KL2 were observed in the ARPE19 cells. (f)
The promotion of klotho shedding from primary retinal cells at various

concentrations of LA (0.1, 10, and 1000 nM).
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fragments were not observed even in the presence of LA.
Thus, we investigated the potential of the retina as a source
of shed klotho, as this would provide us with different
forms of klotho. We incubated rat retinas in a HEPES-
based buffer containing LA at 0.1, 10, and 1000 nM for
90 min, which we found promoted shedding of KL1 and
KL2 (Fig. 4f). The immunoreactive band of the full-length
soluble klotho was faint, whereas the KL1 and KL2
fragments predominated outside the cells. In particular,
KL2 fragments were very highly expressed in the super-
natant. Nevertheless, we did not observe a dose-dependent,
linear relationship between the strength of KL2 secretion
and LA concentration.

Ex vivo analysis of the LA-mediated klotho shedding

pathway

LA is well known as an agonist of the FP receptor. To
identify the LA-mediated klotho shedding pathway, we
investigated the involvement of FP receptor signaling using
the FP receptor antagonist AL8810. Immunoblot analysis of
supernatants revealed that AL8810 had only a modest
inhibitory effect on LA-mediated klotho shedding in the
axotomized retinas (Fig. 5a). To confirm that LA activated
the FP receptors in the retina, we checked the up-regulation
of fibroblast growth factor 2, a downstream factor of FP
receptor activation (Sales et al. 2007) whose up-regulation in
inhibited by AL8810. We also found that LA-mediated
klotho shedding was attenuated when OATP2B1, another
pharmacological target of LA, was inhibited by the applica-
tion of rifamycin SV (Fig. 5b). In addition, the LA
transporters OATP2B1 and C38 were highly co-localized
in the GCL of na€ıve rats (Fig. 5c). An immunoreactive signal
for OATP2B1 was barely observed in the inner nuclear layer.
Moreover, inhibiting PKC with GF109203X reduced the
level of klotho shedding in comparison with the LA-treated
group (lanes 2 and 3; Fig. 5d). Conversely, TPA-induced
PKC activation promoted the shedding of klotho from the
retina in comparison with the non-treated group (lanes 1 and
4). Furthermore, inhibiting MMP with GM6001 suppressed
LA-mediated klotho shedding in comparison with the LA-
treated group (lanes 2 and 6). Inhibiting metalloproteinase 17
(ADAM17) with TAPI-1 also suppressed LA-mediated
klotho shedding, as GM6001 treatment did, and more than
inhibiting MMP (lanes 2, 5, and 6).

Antioxidative and protective effects of shed klotho on

retinal cells
These findings reported above prompted us to investigate the
neuroprotective effect of klotho fragments. In addition to
being a calcium homeostasis regulator, klotho is known to be
an oxidative stress regulator (Yamamoto et al. 2005; Haruna
et al. 2007; Zeldich et al. 2014). Thus, we evaluated the
antioxidative effects of shed klotho on primary retinal cells,
and the contribution of shed klotho to retinal protection in the

absence of antioxidants. To deplete klotho protein, we
performed immunoprecipitation with an anti-klotho antibody
and collected the supernatant. The supernatant included a
detectable amount of KL2, but not KL1 (Fig. 6a). Measuring
ROS generation with a CellROX fluorescent probe showed
that treatment with a pre-immunoprecipitation, klotho frag-
ment-containing supernatant reduced oxidative stress to 89%
after 24 h, whereas treatment with a post-immunoprecipita-
tion supernatant containing a low amount of KL2 did not
lead to any changes in oxidative stress compared to a non-
treated group (Fig. 6b). In the absence of antioxidants, the
results of an Alamar blue assay revealed that the viability of
primary retinal cells decreased to 81% of positive control
values after 24 h, whereas cell viability did not significantly
change after treatment with a low amount of KL2 containing
supernatant, and furthermore, the ROS level decreased
(Fig. 6c).

Promotion of axotomy-induced RGC death via klotho

inhibition

To determine whether active klotho had a neuroprotective
effect in the rat retina after axotomy, we attempted to inhibit
klotho activity using DSL, which has a potent inhibitory
effect on the b-glucuronidase activity of klotho. We found
that after the topical application of 2 lL of 100 lM DSL led
to a significant decrease in the number of surviving RGCs, to
1659 � 254 RGCs/mm2, whereas the number of the RGCs
in a group of saline-treatment as vehicle decreased only to
2096 � 231 RGCs/mm2 on day 7 after axotomy. This
retrogradely labeled RGCs was normalized to the number
in a group treated with saline as vehicle in axotomized retina
and the ratio of surviving RGCs after treatment with saline
was 100 � 11.0%, and the ratio after treatment with DSL
was 79.2 � 12.1% (Fig. 7a and b). This result suggests that
klotho fragments act as enzymes contributing to RGC
protection in axotomized eyes.

Discussion

Ocular hypertension is a major associated risk factor and loss
of RGCs accounts for visual function deficits for glaucoma.
Although it was reported that LA has potential for neuro-
protective effect after axonal damage, the molecular mech-
anisms still remain unclear. In this study, we found that LA
treatment induced the expression and shedding of klotho, and
that the cleavage of klotho and its release into the outside of
the cells were mediated by ADAM17 via mechanisms that
depended on OATP2B1 and PKC in rat retinas. These
findings suggest that klotho fragments may contribute to the
attenuation of axonal injury-induced calpain activation and
oxidative stress, thereby protecting the RGCs against post-
traumatic neuronal degeneration (Fig. 8).
Calpain is a promising therapeutic target for the prevention

of neuronal degeneration such as axonal injury-induced RGC
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Fig. 5 Ex vivo analysis of the latanoprost
acid (LA)-mediated klotho shedding

pathway. (a) The FP receptor antagonist
AL8810 (50 lM) inhibited LA-mediated
klotho shedding. The non-treated retinas
were incubated in a buffer containing 0.2%

dimethylsulfoxide. Tubulin was used as an
internal control. (b) Rifamycin SV (50 lM), a
potent organic anion transporting

polypeptide 2B1 (OATP2B1) inhibitor,
attenuated LA-mediated klotho shedding.
(c) The LA transporter OATP2B1 was co-

localized with C38 in the GCL. GCL,
ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; ONL, outer

nuclear layer. Scale bar = 50 lm. (d)
protein kinase C (PKC) (GF: GF109203X,
100 nM) and ADAM17 (TAPI: TAPI-1,
10 lM) inhibitors, as well as a broad

spectrum matrix metalloproteinase inhibitor
(GM: GM6001, 10 lM), blocked klotho
shedding, whereas a PKC activator

(twelve-O-tetradecanoylphorbol-13-acetate,
TPA) promoted klotho shedding.

Fig. 6 Antioxidative and protective effects of shed klotho on retinal

cells. (a) Depletion of klotho in supernatant (sup) by immunoprecip-
itation (IP). After IP with an anti-klotho antibody, the supernatant
medium did not include a detectable level of KL1, although it did

include a minor amount of KL2. (b) Treatment with supernatant had a
significant suppressive effect on reactive oxygen species generation in
primary retinal cells, whereas treatment with a supernatant depleted of

klotho with IP had no effect on oxidative stress (*p < 0.05, n = 4 in

each group). The non-treated retinal cells were incubated in AO�cul-
ture medium. (c) The viability of the cultured primary retinal cells did not
statistically differ after treatment with normal or klotho-depleted

supernatant media (**p < 0.01, n = 4 in each group). The fluores-
cence intensity of the cultured primary retinal cells with AO+ treatment
was normalized to 100% cell viability. Error bars denote SD.
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death (Nakazawa et al. 2009; Huang et al. 2010; Ryu et al.
2012; Koch et al. 2014; Liu et al. 2014; Yokoyama et al.
2014; Kobeissy et al. 2015). Indeed, we have previously
demonstrated that a selective calpain inhibitor, SNJ-1945,
had a neuroprotective effect in the RGCs after optic nerve
crush (Ryu et al. 2012). Klotho has biological function as an
upstream regulator affecting l-calpain activity and is
predominantly expressed in the GCL in na€ıve CD rats
(Manya et al. 2002; Kusaba et al. 2010; Farinelli et al.
2013). Thus, it is likely that LA inhibits axotomy-induced
calpain activation in the GCL, contributing to RGC survival.
Calpain activity is closely regulated by calpastatin, an
endogenous inhibitor (Melloni et al. 1992; Kawasaki and
Kawashima 1996). Several studies have shown that calpas-
tatin is cleaved by caspase-3, and that this cleavage is
essential for the regulation of calpain activity during cell
death (P€orn-Ares et al. 1998; Wang et al. 1998). In this
study, we confirmed that LA can attenuate the breakdown of
calpastatin after axotomy (Fig. 3a), a finding that is consis-
tent with previous reports that latanoprost inhibited caspase-3
activation and the elevation of intracellular Ca2+, necessary
components of calpain activation (Nakanishi et al. 2006;
Kanamori et al. 2009). On the other hand, LA treatment did

not restore pSTR amplitude on day 14 after axotomy
(Fig. 2e), even though the number of surviving RGCs was
higher with treatment (Fig. 1). This finding indicates that
even though LA can protect the RGCs, it cannot preserve
their physiological function over the long term (i.e., at least
14 days after axotomy).
On the basis of the robust ability of LA to inhibit post-

injury calpain activation, we speculated that the neuropro-
tective effect of LA might be related to klotho. We therefore
confirmed that klotho was localized in the retina, a finding
that was compatible with previous work showing that
a-klotho is predominantly expressed in the GCL (Farinelli
et al. 2013). Our data strongly suggest that klotho is
predominantly expressed in the RGCs of na€ıve rats
(Figure S2). In axotomized rats, LA inhibited the cleavage
of a-fodrin (Fig. 3a), and an inverse correlation was
observed in the GCL between calpain activity and the
expression level of klotho (Figs 3d and 4d). This implies that
LA-induced klotho contributes to calpain inhibition and the
subsequent increase in RGC survival. Moreover, LA treat-
ment facilitated both a- and b-cleavages of klotho, and
induced more KL2 fragments than KL1 fragments in both the
retina and its supernatant. Thus, KL2 appeared to be more
involved in the neuroprotective effect of LA. However,
klotho fragments did not increase in a dose-dependent
manner (Fig. 4f). Previous work showed that an LA
concentration of 1000 nM had cytotoxic properties, but that
concentrations of 1 nM and 10 nM LA had a neuroprotective
effect (Drago et al. 2001). Therefore, even though 1000 nM
of LA was very efficient at promoting the shedding of KL1
and 2, it may not be the best choice for maintaining primary
cultures of retinal cells.
Since LA is a prostaglandin-related compound primarily

targeting the FP receptor, we attempted to determine whether
the FP receptor mediated LA-induced klotho cleavage and
the release of klotho to the outside of the cells. Unexpectedly,
we found that klotho shedding in LA-treated axotomized
retinas was mediated not via the FP receptor, but rather via
the OATP2B1 transporter. In addition, the expression pattern
of OATP2B1 in na€ıve retinas matched that of klotho after
axotomy with LA treatment (Figs 4d and 5c), indicating that
OATP2B1 might be an upstream regulator of LA-mediated
klotho shedding. We also confirmed that OATP2B1 was
expressed in the RGCs even after axotomy (data not shown).
Moreover, it has been reported that the extracellular domain
of klotho undergoes proteolytic cleavage by ADAM17,
which is up-regulated and activated in the RGCs after axonal
injury (Ahmed et al. 2006; Chen et al. 2007). Reinforcing
this result, we found that the signal intensity of klotho
fragments in a group treated with TAPI-1, an ADAM17
inhibitor, remained at a level comparable to a non-treated
group, whereas the LA-induced klotho shedding was only
slightly affected by GM6001, a broad spectrum MMP
inhibitor (Fig. 5d). The PKC pathway is known as one of

Fig. 7 Klotho inhibition promotes retinal ganglion cell (RGC) death
after axotomy in rat retinas. (a) Representative images of retrogradely

labeled RGCs 7 days after optic nerve transection. The vehicle was
saline. Scale bar = 50 lm. (b) The intravitreal injection of 2 lL of
100 lM D-saccharic acid 1,4-lactone (DSL), a klotho inhibitor, signif-

icantly promoted cell death in axotomized RGCs 7 days after axotomy.
RGC numbers were normalized to the axotomized retina treated with
saline as vehicle, expressed as a percentage (**p < 0.01, vehicle
group: n = 5, DSL group: n = 6). Error bars denote SD.

© 2016 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
International Society for Neurochemistry, J. Neurochem. (2017) 140, 495--508

Latanoprost protects RGCs via klotho modulation 505



the regulatory mechanisms underlying ADAM17 activation
(Nagano et al. 2004), and in fact, interfering with the PKC
pathway with inhibitors (such as GF109203X) or activators
(such as TPA) had only a modest effect on LA-induced
klotho shedding. This result indicates that in addition to the
PKC pathway, another mechanism may regulate ADAM17.
One possibility for this alternative mechanism is the
phosphatidylinositol 3-kinase (PI3K)-Akt pathway, because
PI3K inhibitors inhibit insulin-mediated klotho shedding via
ADAM17. Furthermore, latanoprost can activate the
PI3K-Akt pathway (Chen et al. 2007; Zheng et al. 2011).
However, further investigation is needed to identify new
intracellular pharmacological targets of LA after it is
transported into the RGCs, and to better understand the
mechanism of LA-mediated ADAM17 activation.
Klotho functions not only as an enzyme that modifies the

sugar chain in membrane proteins, but also as a cofactor that
modulates the affinity of various receptors after binding,
which in turn regulates calcium homeostasis and oxidative

stress (Kurosu et al. 2005; Yamamoto et al. 2005; Urakawa
et al. 2006; Cha et al. 2008; Kusaba et al. 2010). It has been
reported that oxidative stress occurs in the RGCs immedi-
ately after axonal injury and leads to RGC degeneration
(Kanamori et al. 2010; Yamamoto et al. 2014). Our results
showed that KL1 and KL2, both found in the supernatant did
not change retinal cell viability in vitro (Fig. 6c). On the
other hand, KL1 and KL2 were responsible for the attenu-
ation of oxidative stress (Fig. 6b), suggesting that KL1 and
KL2 have antioxidant function based on each cell. Mean-
while, the DSL-induced inhibition of klotho enzymatic
activity accelerated RGC death after axotomy, suggesting
that klotho fragments contribute to RGC protection by acting
as enzymes, rather than as cofactors.
In conclusion, the neuroprotective effect of latanoprost

may arise because of a mechanism by which KL2 is
produced via the OATP2B1 transporter, rather than via the
FP receptor, whereupon it attenuates axonal injury-induced
calpain activation and oxidative stress in the RGCs (Fig. 8).

Fig. 8 Proposal for the underlying mech-
anism of the neuroprotective effect of
latanoprost acid (LA)-mediated klotho
shedding. LA is transported into the retinal

ganglion cells (RGCs) via organic anion
transporting polypeptide 2B1 (OATP2B1),
where it activates ADAM17 via the protein

kinase C (PKC) pathway. Klotho fragments
cleaved by ADAM17 might then hydrolyze
sugar chains on certain membrane proteins.

The klotho fragments also suppress the
influx of Ca2+ into the RGCs, and then
induce calpain inhibition.
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Furthermore, our findings show that klotho may have
potential as a new therapeutic tool to prevent degeneration
of the RGCs in retinal diseases such as glaucoma.
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