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ABSTRACT

Adipose tissue stromal vascular fraction contains mesenchymal stem cells, which show protective
effects when administered to damaged tissues, mainly through secreted trophic factors. We exam-
ined the protective effects of adipose-derived stem cells (ASCs) and ASC-conditioned medium (ASC-
CM) against retinal damage and identified the neuroprotective factors in ASC-CM. ASCs and mature
adipocytes were isolated from mouse subcutaneous tissue. ASCs were injected intravitreally in
amousemodel of light-induced retinal damage, and ASC injection recovered retinal function asmea-
sured by electroretinogram and inhibited outer nuclear layer, thinning, without engraftment of ASCs.
ASC-CMandmature adipocyte-conditionedmediumwere collected after 72 hours of culture. In vitro,
H2O2- and light-induced cell deathwas reduced in a photoreceptor cell line with ASC-CM but not with
mature adipocyte-conditioned medium. In vivo, light-induced photoreceptor damage was evaluated
by measurement of outer nuclear layer thickness at 5 days after light exposure and by electroretino-
gram recording. ASC-CM significantly inhibited photoreceptor degeneration and retinal dysfunction
after light exposure. Progranulin was identified as amajor secreted protein of ASCs that showed pro-
tective effects against retinal damage in vitro and in vivo. Furthermore, progranulin phosphorylated
extracellular signal-regulated kinase, cAMP response element binding protein, and hepatocyte
growth factor receptor, and protein kinase C signaling pathways were involved in the protective
effects of progranulin. These findings suggest that ASC-CM and progranulin have neuroprotective
effects in the light-induced retinal-damagemodel. Progranulinmaybe a potential target for the treat-
ment of the degenerative diseases of the retina. STEMCELLSTRANSLATIONALMEDICINE 2014;3:1–12

INTRODUCTION

Excessive light exposure leads to photoreceptor
degeneration [1], and several epidemiological
studies have suggested that long-term history
of exposure to light may have some impact on
the incidence of age-related macular degenera-
tion [2]. Photoreceptor loss is the primary cause
of blindness in degenerative diseases such as
age-related macular degeneration and retinitis
pigmentosa. However, there are few effective
therapeutic strategies for these diseases. There-
fore, meaningful therapeutic methods such
as transplantation, regenerative therapy, and
photoreceptor-protective agents are required.

Recently, transplanted bone marrow-derived
stem cells (BMSCs) have been shown to exert sig-
nificant neuroprotection in several central ner-
vous system degenerative models [3–6]. In the
retina, intravitreal BMSC transplantation resulted
in a significant decrease in the rate of retinal gan-
glion cell axon loss normalized to cumulative

intraocular pressure exposure [7]. BMSC trans-
plantation could inhibit photoreceptor apoptosis
and slow down retinal damage in light-damaged
rat eyes [8]. Despite the improvements observed,
only a few integrated into the neural retina, and
the majority of the transplanted cells survived
in the vitreous cavity because of glial reactivity.
Moreover, no engrafted cells differentiated into
neural or retinal cells [7–9]. It is possible that
these improvements are the result of trophic sup-
port provided to host cells from factors released
by mesenchymal stem cells (MSCs).

Adipose-derived stem cells (ASCs) are MSCs
within the subcutaneous adipose tissue that self-
renew and display multilineage developmental
plasticity [10,11]. ASCs canbeobtained repeatedly
in large quantities under local anesthesia. A com-
parative analysis of MSCs obtained from bone
marrow, adipose tissue, and umbilical cord clearly
showed no differences betweenMSCs and ASCs in
terms of morphology, immune phenotype, colony
frequency, and differentiation capacity [12, 13].
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ASCs secrete several potentially beneficial growth factors such as
vascular endothelial growth factor, hepatocyte growth factor
(HGF), basic fibroblast growth factor, and insulin-like growth factor
1 [14, 15], whichmay protect retinal neurons from injury as well as
promote endogenous repair. Some evidence supports the protec-
tive effect of cytokines during oxidative stress; for example, basic
fibroblast growth factor has been shown to protect photoreceptor
cells from light-induced retinal damage in mice [16], and HGF has
been shown to have protective effects against retinal ischemia-
reperfusion [17]. These reports indicate the retinal protective
effects of stemcells and cytokines.Recently,wehave reported that
ASC-conditioned medium (ASC-CM) has a neuronal protective ef-
fect [18]. Therefore, we evaluated the protective effects of ASCs
and ASC-CM against retinal degeneration in vitro and in vivo and
the various factors included in ASC-CM.

Progranulin is a 593-amino-acid, cysteine-rich protein that
was originally identified as the precursor of smaller related pep-
tides, referred to as “granulin.” Progranulin is expressed in a vari-
ety of peripheral tissues as well as in the adult central nervous
system, including cortical and hippocampal pyramidal cells [19].
It is particularly prominent in epithelial and hematopoietic cells
and tends to be more highly expressed in tissues with high turn-
over rates [20, 21]. Moreover, progranulin also promotes tumor
cell invasiveness [22–24], and it is upregulated during wound
healing and stimulates neutrophil, macrophage infiltration, and
neovascularization of wound tissue [25, 26]. In the central ner-
vous system, mutations in progranulin have been reported to
cause t-negative frontotemporal dementia, showing the impor-
tant function of progranulin in neuronal survival [27]. Neurons
from progranulin-deficient mice were more vulnerable to dam-
agebyactivatedmicroglia andbydepletionof oxygenandglucose
[28]. Recently, tumor necrosis factor (TNF) receptors have been
revealed to be receptors for progranulin [29]. In the retina, “pro-
granulin-a”was expressed inmicroglia at the site of light-induced
photoreceptor injury in zebrafish [30]. Consequently, progranulin
may play an important role in retinal neuroprotection.

In the present study, we identified progranulin as a major se-
creted factor from ASC-CM and examined the protective effects
of ASC-CM and progranulin against retinal damage in vitro and in
vivo.

MATERIALS AND METHODS

Animals

Male adult ddY mice and C57BL/6-Tg (CAG-EGFP) mice were pur-
chased from Japan SLC, Inc. (Hamamatsu, Japan, http://www.jslc.
co.jp/). They were kept under controlled lighting conditions (12-
hour light/12-hour dark). Nine- or 10-week-old ddY mice were
used in the experiments. All experiments were performed in ac-
cordancewith theAssociation for Research inVision andOphthal-
mology Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved and monitored by the insti-
tutional animal care and use committee of Gifu Pharmaceutical
University.

Isolation and Culture of ASCs and Mature Adipocytes

Murine ASCs were obtained from a C57BL/6-Tg (CAG-EGFP)
mouse that ubiquitously expresses enhanced green fluorescent
protein (EGFP). Cells were obtained from a 16-week-old female
mouse.

Adipose tissue was dissected from a subcutaneous site. For
ASC harvest, the inguinal fat pads were removed, and a cell pellet
containing ASCs was obtained, as described previously [31].
Briefly, the fat tissue was minced, digested with 0.15% collage-
nase (Wako Pure Chemical Industries, Ltd., Osaka, Japan,
http://www.wako-chem.co.jp/egaiyo/), and centrifuged. After
this procedure, most of the mature adipocytes remained in the
supernatant. The floating adipocytes were collected and washed
twice in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com). The cell
pellet was resuspended in 10% fetal bovine serum (FBS)/
DMEM and plated in a 100-mm culture dish. ASCs were main-
tained in10%FBS/DMEM,100U/mlpenicillin (Meiji SeikaPharma
Co., Ltd., Tokyo, Japan, http://www.meiji-seika-pharma.co.jp/
english/index.html), and 100 mg/ml streptomycin (Meiji Seika)
under a humidified atmosphere of 95% air and 5% carbon dioxide
(CO2) at 37°C. The cells were passaged by trypsinization every 3–4
days and were used in the experiments from passages 4–8. ASCs
were characterized byMSCmarkers and a leukocytemarker (sup-
plemental online Fig. 1). ThemultipotencyofASCswas confirmed,
as described in our previous report [31].

Collection of ASC-CM and Mature Adipocyte-
Conditioned Medium

ASCs andmature adipocytes (43 105 cells) were cultured in FBS-
free DMEM. ASC-CMandmature adipocyte-conditionedmedium
were collected after 72 hours of culture, centrifuged at 300g for
5 minutes, and filtered using a 0.22-mm syringe filter. The media
were concentrated by centrifugation at 2,600g using the Amicon
Ultra-15 (Millipore, Billerica, MA, http://www.millipore.com;
molecular weight cutoff: 3,000).

Cell Culture

Mouse photoreceptor-derived 661W cells were a kind gift from
Dr. Muayyad R. Al-Ubaidi (Department of Cell Biology, University
of Oklahoma Health Sciences Center, Oklahoma City, OK). The
cells were maintained in 10% FBS/DMEM, 100 U/ml penicillin,
and 100 mg/ml streptomycin under a humidified atmosphere
of 95% air and 5% CO2 at 37°C. The cells were passaged by trypsi-
nization every 3–4 days and were used in the experiments from
passage 5 to passage 15.

H2O2-Induced and Light-Induced Cell Death in 661W
Cell Cultures

The 661W cells were seeded at 23 103 (H2O2 study) or 33 103

(light irradiation study) cells per well in 96-well plates and then
incubated for 24 hours. The medium of the experimental groups
was then replaced with 1% FBS ASC-CM, and the cells were incu-
bated for 12 hours. Recombinant mouse progranulin (R&D Sys-
tems Inc., Minneapolis, MN, http://www.rndsystems.com) was
dissolved in phosphate buffered saline (PBS) and added to the
medium. Pretreatment with 100mMTrolox (Sigma-Aldrich), a vi-
tamin E analog and an antioxidant regent, was done as a positive
control. Then, H2O2 (Wako) was added at a final concentration of
0.3 mM. Nuclear staining assays were carried out after 27 hours.
In the light-induced cell death assay, at 1 hour before progranulin
treatment, the cells were treated with U0126 (Promega, Madison,
WI, http://www.promega.com), a mitogen-activated protein/ex-
tracellular signal-regulated kinase kinase inhibitor, H-89 (Merck
& Co.,Whitehouse Station, NY, http://www.merck.com), a protein
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kinase A inhibitor, and Gö 6976 (Merck), a protein kinase C (PKC)
inhibitor. Thereafter, the cells, in the absence or presence of
ASC-CM or recombinant mouse progranulin, were exposed to
2,500 lux (lx) of light using a white fluorescent lamp (Nikon, Tokyo,
Japan, http://www.nikon.com) for 24 hours under a humidified at-
mosphere of 95% air and 5%CO2 at 37¡C. The luminancewasmea-
sured using a light meter LM-332 (As One Corporation, Osaka,
Japan, http://www.as-1.co.jp/), and the temperature of the cell
surface was measured using a noncontact thermometer MT-7
(As One). Dark control cells and light-stressed 661W cells were
all from the same stock, eliminating any preexisting bias (e.g., light,
temperature). as previously described by Kanan et al. [32]. The
experimentswere always started at around 9 a.m.Nuclear staining
assays were carried out after light exposure.

Hoechst 33342 and Propidium Iodide Staining

Cell death was observed by using combination staining with two
fluorescent dyes, Hoechst 33342 and propidium iodide (PI; both
from Invitrogen, Carlsbad, CA, http://www.invitrogen.com). At
the end of the culture period, Hoechst 33342 and PI were added
to the culture medium for 15 minutes at final concentrations of
8.1 mM and 1.5 mM, respectively. Images were collected using
anOlympus IX70 inverted epifluorescencemicroscope (Olympus,
Tokyo, Japan, http://www.olympus-global.com). The total num-
ber of cells (not fewer than 500 cells in each group) was counted
in a blind manner (M.Y.), and the percentage of PI-positive cells
was calculated.

Cytokine Array

RayBio Biotin Label-based Mouse Antibody Array I (RayBio-
tech, Inc., Norcross, GA, http://www.raybiotech.com) was
used to investigate cytokines secreted by ASCs. Briefly, the
membranes were blocked with blocking buffer and then incu-
bated with biotin-labeledmedium from ASCs or mature adipo-
cytes cultures at room temperature for 2 hours. The membranes
were washed, horseradish peroxidase-conjugated streptavidin
was added, and themembranes were incubated at room temper-
ature for 2 hours. The membranes were developed by using en-
hanced chemiluminescence-type solution and visualized using
a LAS-4000 luminescent image analyzer (Fuji Film, Tokyo, Japan,
http://www.fujifilm.com/).

Western Blot Analysis

ASC-CM was supplemented with protease inhibitor cocktail
(Sigma-Aldrich), phosphate inhibitor cocktails 2 and 3 (Sigma-
Aldrich), and sample buffer (Wako). In vitro, 661W cells were
washed with PBS, harvested, and lysed in RIPA buffer (Sigma-
Aldrich) supplemented with protease inhibitor cocktail and phos-
phate inhibitor cocktails 2 and 3. Lysates were centrifuged at
12,000g for 15minutes at 4°C. Protein concentrations weremea-
sured by comparison with a known concentration of bovine se-
rum albumin, using a bicinchoninic acid protein assay kit.
Thereafter, sample buffer was added and boiled for 5 minutes.
The samples were subjected to 5%–20% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene difluoride membranes (Immobilon-P; Millipore).
For immunoblotting, the following primary antibodieswere used:
monoclonal anti-mouse progranulin antibody (R&D Systems),
anti-b-actin, (Sigma-Aldrich), anti-ERK1/2, anti-phosphorylated
ERK1/2, anti-HGF receptor (MET), anti-phosphorylated MET (Cell

Signaling Technology, Danvers, MA, http://www.cellsignal.com),
anti-cAMP response element binding protein (Cell Signaling Tech-
nology), and anti-phosphorylated CREB (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, http://www.scbt.com). The primary
antibodies were diluted 1:1,000 using Can Get Signal Solution 1
(Toyobo, Osaka, Japan, http://www.toyobo.co.jp/e), and incu-
bated for overnight at 4°C. Anti-mouse or anti-rabbit horseradish
peroxidase-conjugated secondary antibody was used. The sec-
ondary antibodies were diluted 1:2,000 using Can Get Signal So-
lution 2 (Toyobo) and incubated for 45 minutes at room
temperature. The immunoreactive bands were visualized using
Immunostar-LD (Wako) and an LAS-4000 luminescent image
analyzer.

Confirmation of ASC Intravitreous Injection

Mice were anesthetized with 3.0% isoflurane (Merck Animal
Health, Boxmeer, The Netherlands, http://www.merck-animal-
health.com/) andmaintained with 1.5% isoflurane in 70% nitrous
oxide and 30% oxygen by an animal general anesthesia apparatus
(Soft Lander; Sin-ei Industry Co., Ltd., Saitama, Japan, http://
www.shinei.me). ASCs (1 3 103 cells per eye; total injected vol-
ume was 2 ml) contained in DMEM were then intravitreously
injected in the left eyes. After 2 days of ASCs injection, ocular fun-
dus images were obtained using a retinal imaging microscope
(Micron III; Phoenix Research Laboratories Inc., Pleasanton, CA,
http://www.phoenixreslabs.com/). Five microliters of ophthal-
mic solution containing 0.5% tropicamide and 0.5% phenyleph-
rine hydrochloride (Mydrin-P; Santen, Osaka, Japan, http://
www.santen.com/en/) was applied topically 10 minutes before
anesthesia to dilate the pupil, and then mice were anesthetized
intraperitoneally with a mixture of ketamine (120 mg/kg; Daiichi-
Sankyo, Tokyo, Japan, http://www.daiichisankyo.com/) and xyla-
zine (6 mg/kg; Bayer Health Care, Tokyo, Japan, http://www.
bayer.com/en/Homepage.aspx).A fewminutes later,0.1%purified
sodium hyaluronate (Hyalein; Santen)was applied topically to pre-
vent desiccation and to keep the surface smooth, and fundus
images were captured.

Exposure to Light

After dark adaptation for 24 hours, the pupils of the mice were
dilated with 1% cyclopentolate hydrochloride eye drops (Santen)
at 30 minutes before exposure to light. Nonanesthetized mice
were exposed to 8,000 lx of white fluorescent light (Toshiba,
Tokyo, Japan, https://www.toshiba.co.jp/worldwide/index.html)
for 3hours in cageswitha reflective interior. The temperaturedur-
ing exposure to light was maintained at 25°C6 1.5°C. After expo-
sure to light, all mice were returned to darkness for 24 hours and
then placed in a normal light/dark cycle.

ASCs (103 cells per eye) or DMEM (as a vehicle) was injected
into the vitreous chamber of ddY mice at 24 hours after light ex-
posure in order to avoid damage to ASCs by light. In addition, we
prepared dead ASCs as a control for electroretinogram (ERG).
ASCs were killed by heating at 80°C for 30 minutes and injected
into the vitreous chamber. ASC-CM concentrated 150-fold or
recombinant mouse progranulin (100 mg/ml) was intravitreally
injected (1 ml per eye) at 6 hours before exposure to light.

ERG

ERGswere recorded at 5 days (ASC-CM injected group) or 27 days
(ASC- or dead-ASC-injected group) after light exposure (Mayo,
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Figure 1. ASCs reduced retinal damage induced by exposure to light inmicewithout engraftment. (A): Light-induced retinal degenerationwas
reduced by ASCs. Representative photographs of hematoxylin and eosin staining are as follows: nontreated group (Aa), light exposure (8,000 lx)
plus vehicle-treated group (Ab), and light exposure plus ASC-treated (103 cells per eye, intravitreal administration) group (Ac) at 28 days after
light exposure inmice. (Ad):Thickness of theONLwasmeasuredat 28days after light exposure. TheONLwasmeasuredat240-mmintervals from
the optic disc. Scale bar = 50mm. (B): Light-induced retinal dysfunctionwas reduced by ASCs. (Ba): Typical traces of dark-adapted electroretino-
gram responses measured at 28 days after exposure to light. Stimulus flashes were used from22.92 to 0.98 log-candela seconds/m2. Ampli-
tudesof a- andb-wavesof the light exposure (8,000 lx) plus vehicle-treated group (Bb)versus the light exposureplusASC-treated group (103 cells
per eye) group (Bc) are shown. (C): ASCs were not engrafted into the retina. (Ca–Cf): Nontreated. (Cg–Cl): ASCs were injected into the vitreous
chamber. (Ca, Cc, Cg, Ci): Images of retinal cross-section. (Cb, Cd, Ch, Cj): Bright-field images. (Ce, Cf, Ck, Cl): Fluorescence images to detect GFP

(Figure legend continues on next page.)
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Aichi, Japan, http://homepage3.nifty.com/mayo) as described
previously [33]. Briefly, mice were anesthetized and their pupils
were dilated. Flash ERG was recorded in the left eyes of dark-
adapted mice. The amplitude of the a-wave was measured from
the baseline to the maximum a-wave peak, and the b-wave was
measured from the maximum a-wave peak to the maximum
b-wave peak.

Histological Analysis

Both eyes of each mouse were enucleated under sodium pento-
barbital anesthesia (80 mg/kg i.p.; Nakalai Tesque, Kyoto, Japan,
http://www.nacalai.co.jp/global/) andkept immersed ina fixative
solution containing 4% paraformaldehyde for at least 24 hours at
4°C. Six paraffin-embedded sections (5mm thick) cut through the
optic disc of each eye were prepared in a standard manner and
stainedwith hematoxylin and eosin. The damage induced by light
exposure was then evaluated, with six sections from each eye
used for the morphometric analysis, as described below. Light
microscopy images were acquired, and the thickness of the
outer nuclear layer (ONL) from the optic disc was measured
at 240-mm intervals by photographic imaging in amasked fash-
ion by two observers (S.S. and Y.O.). Data were averaged for
each eye.

Immunostaining

EGFP transgenic mouse-derived ASCs (103 cells per eye or dead
ASCs) were injected into the vitreous chamber. At 28 days after
injection, mice were euthanized, and the eyeballs were quickly
extracted. The extracted eyeswere fixed overnight in 4%parafor-
maldehyde and immersed for 2 days in 25% sucrosewith PBS. The
eyes were then embedded in a supporting medium for frozen-
tissue specimens (Tissue-TekO.C.T. compound; Sakura Finetek Ja-
pan, Tokyo, Japan, http://www.sakura-finetek.com/top_e.html).
Retinal sections (10 mm) were cut on a cryostat at225°C. Then,
the sectionswerepreincubatedwith10%normal goat serum for 1
hour. For immunofluorescencedouble staining, the sectionswere
incubated overnight at 4°C with the primary antibody rabbit anti-
green fluorescent protein polyclonal antibody (1:1,000; Medical
& Biological Laboratories Co. Ltd., Nagoya, Japan, http://www.
mbl.co.jp/e/index.html). Next, they were incubated for 1 hour
with Alexa Fluor 488 F(ab9)2 fragment of goat anti-rabbit IgG
(H+L) antibody and were further incubated for 30 minutes with
Hoechst 33342 for nuclear staining.

Statistical Analysis

Data are presented as means 6 SEM. Statistical comparisons
were made using Student’s t test and one-way ANOVA followed
by Dunnett’s test (using STAT VIEW version 5.0; SAS Institute,
Cary, NC, http://www.sas.com). A p value ,.05 was considered
to indicate statistical significance.

Further information is available in the supplemental online
data.

RESULTS

PhotoreceptorProtectionbyASCsWithoutEngraftment

The effects of ASCs on light-induced retinal damage were inves-
tigated by histological and functional analyses. Representative
retinal images from the optic nerve were taken at 28 days after
light exposure (Fig. 1A). The ONL wasmarkedly thinned in the ve-
hicle group (Fig. 1Ab) versus thenormal group (Fig. 1Aa). TheASC-
injectedgroup showed suppressionof thedamage (Fig. 1Ac)with-
out changing rhodopsin localization (supplemental online Fig. 2).
The thickness of the outer nuclear layer wasmeasured in 240-mm
steps in Figure 1Ad. ASCs significantly protected the retinal supe-
rior area and the inferior area. The functional consequences of
ASCs were evaluated by recording the ERG response. The a-
wave shows the function of the photoreceptors, and the b-
wave reflects bipolar cells and Müller cell function (Fig. 1B). Con-
sequently, decreases in a- and b-wave amplitudes indicate retinal
dysfunction. Both a- and b-wave amplitudeswere significantly re-
duced at 28 days after 8,000 lx of light exposure for 3 hours, and in
the ASC-injected group, a decrease in the a- and b-wave ampli-
tudes was significantly prevented compared with the vehicle
group (Fig. 1Bb, 1Bc). In the group treated with dead ASCs (killed
by heating for 30minutes at 80°C), no effect was observed on the
decrease in the a- and b-waves by light exposure. To evaluate
whether injected ASCs are integrated into the host’s retina, we
prepared retinal cross-sections at 28 days after ASC injection.
Representative images from the nontreated group and the
ASC-treated (103 cells per eye) group are given in Figure 1C, re-
spectively, Figures 1Ca–1Cd and 1Cg–1Cj. EGFP fluorescence
was not observed in either the EGFP transgenic mouse-derived
ASCs injected or in the control groups, although EGFP fluores-
cence was detected in the cultured ASCs and in the vitreous body
at 2 days after injection (Fig. 1D). In immunostaining with anti-
green fluorescent protein antibody, green fluorescent protein-
positive cells were not observed in both groups (Fig. 1C, 1Cf,
1Cl). In the retina, immune response by ASCs was not observed
2–10 days after injection (supplemental online Fig. 3).

Protective Effects of ASC-CM Against Cell Damage
Induced by H2O2 and Visible Light in 661W Cells

To investigate whether factors secreted from ASCs are associ-
ated with retinal protection, we used ASC-CM in vitro. Repre-
sentative photographs of Hoechst 33342 and PI staining are
shown in Figures 2A, 2C, and 2E and in supplemental online
Figure 4. Hoechst 33342 stains both live and dead cells, whereas
PI stains only dead cells. Pretreatment with ASC-CM at 50% and
100% protected against H2O2-induced cell death in a concentra-
tion-dependent manner (Fig. 2B). Pretreatment with ASC-CM at
100%also protected against visible light-induced cell death,whereas
mature adipocyte-conditioned medium at 100% did not inhibit cell
death (Fig. 2D).

Moreover, we examined whether the neuroprotective effect
might be potentiated by concentrated ASC-CM. Pretreatment

transgenic mouse-derived ASCs. Images of retinal cross-sections showing Hoechst staining (Ce, Ck) and immunostaining with GFP antibody (Cf,
Cl). Scale bars = 200 mm. (D): Fluorescence of CAG-EGFP mouse-derived ASCs. (Da): The cultured ASCs were investigated using a fluorescence
microscope. Scale bars = 50mm. TheASCswere injected into the left vitreous, and the ocular fundus (Db, Dc) and the fluorescence of ASCs in the
vitreousbody (Dd,De)were investigatedusing a fluorescence retinalmicroscope.Data are shownasmean6 SEM,n=7orn=8. *,p, .05 versus
the light exposure plus vehicle-treated group (Student’s t test). Abbreviations: ASC, adipose-derived stem cell; GFP, green fluorescent protein;
ONL, outer nuclear layer.

(Figure legend continued from previous page.)
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with ASC-CM protected against visible light-induced cell death
in a concentration-dependent manner. ASC-CM concentrated
15-fold significantly decreased the rate of cell death compared
with ASC-CM concentrated 1-fold. However, the filtrate (molec-
ular weight cutoff, 3,000) did not affect cell death (Fig. 2F). Cell
viability was reduced by H2O2 treatment or light irradiation, and
treatmentwith10-fold ASC-CMattenuated these reductions (sup-
plemental online Fig. 5). Trolox at 100mM inhibited cell death and
decrease of cell viability.

Protective Effects of ASC-CM Against Light-Induced
Retinal Histological Change and Functional Damage
in Mice

Because ASC-CM showed protective effects in vitro, we investi-
gated its effects in an in vivomodel. A typical vitreous volume for
mice is considered tobeapproximately 10ml; therefore, 1ml of 150-
fold concentrated ASC-CMwas injected in vitreous to be equal to in
vitroexperimental concentration. In thehistologicalevaluation, rep-
resentative retinal images fromtheoptic nervewere takenat 5days

Figure 2. ASC-CM suppressed H2O2- and light-induced cultured photoreceptor cell death. Representative fluorescence microscopy images
showing nuclear staining for Hoechst 33342 and PI after 27 hours of H2O2 (0.3 mM) treatment (A) or 24 hours of light irradiation (2,500 lx)
(C, E). (B, D, F): The number of cells exhibiting PI fluorescencewas counted, and positive cellswere expressed as the percentage of PI- to Hoechst
33342-positive cells. (B): ASC-CM exerted a protective effect against H2O2-induced cell death in a concentration-dependent manner. (D): ASC-
CM, but not MA-CM, reduced visible light-induced cell death. (F): Concentrated ASC-CM reduced light-induced cell death in a concentration-
dependentmanner. Scale bars = 50mm.Data are shownasmean6 SEM (n = 6). *, p, .05 versus vehicle; **, p, .01; ##, p,, .01 versus control;
x, p,, .05. Abbreviations: ASC-CM, adipose-derived stem cell-conditioned medium; Con, control; H2O2, hydrogen peroxide; MA-CM, mature
adipocyte-conditioned medium; PI, propidium iodide; Veh, vehicle.
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after light exposure (Fig. 3A). The ONL wasmarkedly thinned in the
vehicle group (Fig. 3Ab) versus thenormal group (Fig. 3Aa). TheASC-
CM-treated group showed suppression of the damage (Fig. 3Ac).
The thickness of the outer nuclear layer was measured in 240-
mm steps in Figure 3Ad. ASC-CM significantly protected the retinal
superior area from1,680mmto2,160mmandthe inferior area from
240 to 720 mm and from 1,920 to 2,160 mm.

In the functional analysis using ERG, both a- and b-wave
amplitudes were significantly reduced at 5 days after 8,000 lx
of light exposure for 3 hours, and in the ASC-CM-treated group,

a decrease in the a- and b-wave amplitudes was significantly pre-
vented compared with the vehicle group (Fig. 3B, 3C).

Cytokine Protein Array From ASC-CM and Mature
Adipocyte-Conditioned Medium

To identify the active factors in ASC-CM and mature adipocyte-
conditioned medium, we used the RayBio biotin label-based cy-
tokine antibody array (RayBiotech). First, 22 factors in ASC-CM
were selected and showed higher intensity than negative control.

Figure 3. ASC-CMsuppressed light-induced retinal damage after light exposure. (A): Light-induced retinal degenerationwas reduced byASC-CM.
Representative photographs of hematoxylin and eosin staining are as follows: nontreated group (Aa), light exposure (8,000 lx) plus vehicle-treated
group (Ab), and light exposure plusASC-CM-treated (150-fold concentrated, intravitreal administration) group (Ac) at 5 days after light exposure in
mice. (Ad): ONL thickness was measured at 5 days after light exposure. The ONL was measured at 240-mm intervals from the optic disc. (B, C):
Representativeelectroretinogramrecording in thenontreatedgroup, the lightexposure (8,000 lx)plusvehicle-treatedgroup,andthe lightexposure
plus ASC-CM-treated (150-fold concentrated, intravitreal administration) group. Intensity response functions for dark-adapted a-wave (B) and
b-wave (C) amplitudes. TheASC-CM-treated group shows significantly preserved a- andb-waveamplitudes comparedwith the vehicle group. Scale
bar = 25mm.Data are shown asmean6 SEM (normal [nontreated]: n = 13; vehicle: n = 17; ASC-CM:n = 8). *, p, .05 versus the light exposure plus
vehicle-treated group (vehicle); **, p, .01. Abbreviations: ASC-CM, adipose-derived stem cell-conditioned medium; ONL, outer nuclear layer.
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As shown in Figures 2 and 3, ASC-CM, but not mature adipocyte-
conditionedmedium, inhibited retinal cell death in vitro and in vivo.
Consequently, we focused on ASC-CM-specific factors (Table 1). Tis-
sue inhibitor of metalloproteinase 1 (TIMP-1) and progranulin were
secreted 30-fold in ASCs compared with mature adipocytes.

Protective Effects of Progranulin Against Cell Damage
Induced by H2O2 and Visible Light Exposure in
661W Cells

We investigated the protective effect of progranulin against ret-
inal damage. To estimate the quantity of progranulin in ASC-CM,

we performedWestern blot analysis (Fig. 4A).We electrophoresed
the recombinant mouse progranulin at 500 to 2,500 ng/ml and
constructed a standard curve by luminescence intensity and con-
firmed linearity (Fig. 4B). The intensity of 75-fold concentrated
ASC-CM was 1.05; therefore, 75-fold concentrated ASC-CM was
estimated to contain574.156290.07ng/mlprogranulin (n=5). This
result indicates that the ASC-CMcontains 7.66 ng/ml of progranulin.

Representative photographs of Hoechst 33342 and PI staining
are shown in Figures4Cand4Eand insupplementalonlineFigure4.
Pretreatmentwith progranulin at 1 to 500 ng/ml protected against
H2O2- and light-induced cell death in a concentration-dependent
manner; the effect was significant for the 10-to-500 ng/ml

Figure 4. Progranulin suppressedH2O2-or light-inducedculturedphotoreceptor cell death. (A,B):Quantitativedeterminationofprogranulin inASC-CM
byWesternblot. (A):Representative immunoblots showingprogranulin protein levels inASC-CMand recombinantmouseprogranulin. The recombinant
progranulin was expressed in amousemyeloma cell line, and post-translational modifications such as glycosylationmay contribute to variousmolecular
weights. (B): Standard curvewas generated from the density ofmouse recombinant progranulin. (C, E): Representative fluorescencemicroscopy images
showing nuclear staining for Hoechst 33342 and PI after 27 hours of H2O2 (0.3mM) treatment (C)or 24hours of light exposure (E). (D, F): Thenumber of
cells exhibitingPI fluorescencewas counted, andpositive cellswereexpressedas thepercentageof PI- toHoechst 33342-positive cells. Thenumber of PI-
positive cells increasedafterH2O2 treatmentor lightexposure.Progranulin significantly reducedcell death inaconcentration-dependentmanner. Scale
bars = 50mm.Data are shownasmean6SEM (n= 6orn =9). *,p, .05 versus vehicle; **,p, .01; ##,p, .01 versus control. Abbreviations: ASC-CM,
adipose-derived stem cell-conditioned medium; Con, control; H2O2, hydrogen peroxide; PI, propidium iodide; Veh, vehicle.
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concentrations (Fig. 4D, 4F). The reduction of cell viability by
H2O2 or light irradiation was attenuated by progranulin (supple-
mental online Fig. 5). Trolox at 100 mM inhibited cell death.

Protective Effect of Progranulin Against Light-Induced
Retinal Histological Change

Progranulin has been shown tohave aprotective effect against light-
induced photoreceptor cell death in vitro. We also investigated the
protectiveeffect of progranulin in vivo. In thehistological evaluation,
representative retinal images from the optic nerve were taken at
5 days after light exposure (Fig. 5A). The thickness of the outer nu-
clear layer was reduced by light exposure, and pretreatment with
progranulin significantly suppressed this thinning (Fig. 5B).

Protective Effect of Progranulin by PKC Pathways

Progranulin showed photoreceptor protective effects in vitro and
in vivo, thus we investigated the signal pathway and receptor of
progranulin. Progranulin has been reported to activate ERK [34].
In the present study, ERK phosphorylation was enhanced at 60
minutes after progranulin treatment (Fig. 6A, 6B). In contrast,
cAMP response element binding protein (CREB), a downstream
target of ERK, was phosphorylated faster than ERK (Fig. 6A, 6B).
ERK, protein kinase A, and PKC lie upstream of CREB; therefore,
we treated 661W cells with each specific inhibitor (U0126, H-89,

and Gö 6976, respectively) to identify the progranulin signaling
pathway. Gö 6976 attenuated the protective effect of progranulin
against light-induced 661W cell death, whereas U0126 and H-89
had no effect (Fig. 6C). Moreover, we investigated the receptor
for progranulin using a Mouse Phospho-RTK Array Kit (R&D Sys-
tems) and Western blotting. HGF receptor was phosphorylated
by progranulin in 5 minutes (Fig. 6D, 6E; supplemental online
Table 1), and neurotrophic tyrosine kinase receptor type 3 and
macrophagestimulatingprotein (MSP) receptorwereslightlyphos-
phorylated by progranulin (supplemental online Table 1).

DISCUSSION

In the present study, we demonstrated that ASC-CM, but notma-
ture adipocyte-conditioned medium, suppressed both H2O2- and
visible light-induced cell death in 661W cells and that 150-fold
concentrated ASC-CM significantly protected against light-
induced retinal damage in mice. This study is the first to report
that ASC-CM effectively and potently blocks neuronal damage,
tissue loss, and functional impairment in amodel of retinal degen-
eration in vitro and in vivo.

Excessive light exposure leads to photoreceptor degenera-
tion in many animals [1, 35]. In the present study, ASCs reduced
photoreceptor degeneration without engraftment, concordant
with the results of previous studies using BMSCs [7–9]. ASCs

Figure 5. Progranulin reduced retinal damage induced by exposure to light inmice. (A):Representative photographs of hematoxylin and eosin
staining are as follows: nontreated group (Aa), light exposure (8,000 lx) plus vehicle-treated group (Ab), and light exposure plus progranulin-
treated (200 ng per eye) group (Ac) at 5 days after light exposure. (B):ONL thickness was measured at 5 days after light exposure. The ONL was
measured at 240-mm intervals from the optic disc. Scale bar = 25mm. Data are shown asmean6 SEM (n = 7 or n = 8). *, p, .05 versus the light
exposure plus vehicle-treated group (vehicle). Abbreviation: ONL, outer nuclear layer.
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can be obtained repeatedly in large quantities in a less invasive
manner compared with BMSCs. Moreover, a single injection of
ASCs after light exposure reduced light-induced retinal degenera-
tion. Hence, ASCs may be a therapeutic tool for retinal degenera-
tion. In the present study, ASCswere injected into the vitreous and
wereevaluated at 28daysafter light irradiationwithexpectationof
engraftment and long-term effects. In contrast, retinal damage is
mostly caused within 5 days after light irradiation, and there are
few histological and functional differences compared with 28 days
after light irradiation in this experimental model [36]. Conse-
quently, the effects of ASC-CM and progranulin in vivo were inves-
tigated at 5 days after light irradiation. An injection ofASCs into the
subretinal spacemaybemoreeffective toengraftand/or toprotect
by their secretions. Some different effects, especially retinal func-
tion, between ASCs and ASC-CM on light-irradiation damage may
be attributed to direct cellular interaction.

Light-induced photoreceptor cell death is reportedly induced
by various factors [37], such as calcium levels, nitric oxide, reac-
tive oxygen species, mitochondria, and rhodopsin mutation. In
vitro, light stress-activated caspases, calpain 2, cathepsin D,
andmitochondria-dependent apoptotic pathways, leading to cell
death [32]. ASC-CM may inhibit these pathways through factors
secreted by ASCs and exert neuroprotective effects.

We investigated the factors secreted by ASCs using a biotin
label-based cytokinemouse antibody array kit. The expression levels
of308mouse targetproteins canbedetected simultaneously, includ-
ing cytokines, chemokines, adipokines, growth factors, proteases,

soluble receptors, and other proteins. In this study, we collected
ASC-CM and mature adipocyte-conditioned medium derived from
the samemouse and analyzed the secretedmolecules. The obtained
results are concordant with previous reports showing that ASCs se-
cretedHGF [14, 15] andmacrophage colony-stimulating factor [38].
ASC-CM, but not mature adipocyte-conditioned medium, sup-
pressed retinal cell death; therefore, we selected 22 factors that
were often found in ASC-CM to identify the active factors in
ASC-CM.The result showed5 factors (TIMP-1, progranulin, TNF re-
ceptor 1, gremlin, and osteopontin; Table 1) to be ASC-specific.

Progranulin is expressed in a variety of peripheral tissues as
well as in the adult central nervous system, including cortical
and hippocampal pyramidal cells [19]. In the retina, progranulin-
a was closely associated with photoreceptors that were lesioned
by light exposure and expressed exclusively by microglia in zebra-
fish [30]. Therefore, progranulinmay contribute to the retinal neu-
roprotective effect of ASC-CM. In the present study, progranulin at
10 ng/ml inhibited both H2O2- and light-induced cell death. It has
been reported that pretreatment with HGF at 15 ng/ml increased
the cell viability of primary cortical neurons damaged by H2O2. [39]
Ciliary neurotrophic factor at 50 ng/ml inhibited serum-deprived
retinal ganglion cell death [40]. Taken together, these findings in-
dicate that the cell protective effect of progranulin may be compa-
rable to that of other growth factors in vitro. In the present study,
ASC-CM contained 7.66 ng/ml progranulin, a value that is con-
cordant with the observed effective concentrations of progra-
nulin (10–500 ng/ml, Figure 4). TIMP-1, which is the most
secreted protease inhibitor of ASCs, showed significant neuro-
protective effects at 500 nM (14.3 mg/ml) against in vitro
ischemia-reperfusion injury [41]. Hence, progranulin may be
one of the key factors in the retinal protective effect of ASC-
CM, although other factors may additively contribute to its
protective effect. Moreover, progranulin enhanced phosphory-
lation of HGF receptor, and may activate CREB via the PKC path-
ways (Fig. 6). Progranulin has been reported to be associated
with HGF signaling [42 In contrast, tyrosine kinase receptor type
3 and receptor for macrophage stimulating protein, which has
considerable homology with HGF [43], were also phosphory-
lated by progranulin treatment (supplemental online Table 1).
Progranulin may have multiple effects through various recep-
tors, including sortilin [44], and intracellular signaling. Recently,
progranulin was reported to be a negative regulator of TNF sig-
naling [29]. Light irradiation induced expression of TNFa [45] in
the retina is associatedwithmicroglial activation and inflamma-
tion, leading to photoreceptor degeneration. We also investi-
gated the association between TNFa and light-induced cell
death using a neutralizing antibody for TNF receptor; however,
the neutralizing TNF receptor had no effect on light-induced cell
death (data not shown). Although TNF signalingwas not directly
associatedwith light-inducedphotoreceptor cell death, ASC-CM
and progranulin may contribute to the reduction of harmful in-
flammatory response in vivo through TNF signaling modulation.

CONCLUSION

A single injection of ASCs reduced retinal damage induced
by light exposure in vivo, and ASC-CM inhibited the retinal
damage induced by H2O2 and visible light in vitro and in
vivo. Moreover, progranulin, found in ASC-CM, may play a piv-
otal role in the retinal protective effect against light-induced
damage. Taken together, these results suggest that ASCs, ASC-CM,

Table 1. Protein expression levels in ASC-CM and MA-CM

Proteins ASC-CM MA-CM

Ratio (adipose-
derived stem cells to
mature adipocytes)

Tissue inhibitor of
metalloproteinase 1

10.5 0.25 41.5

Progranulin 2.55 0.07 37.8
Tumor necrosis factor
receptor 1

1.75 0.07 25.8

Gremlin 1.67 0.07 25.0
Osteopontin 2.21 0.09 23.9
Ubiquitin 1.78 0.33 5.41
MARC 1.65 0.37 4.42
Placenta growth factor 2 2.56 0.89 2.87
Hepatocyte growth factor 1.84 0.82 2.26
Activin A 1.25 0.53 2.38
Amphiregulin 1.09 0.55 1.98
Activin receptor-like
kinase 4

1.21 0.66 1.84

Thrombospondin 1.69 0.94 1.79
Macrophage
colony-stimulating
factor

2.85 1.65 1.73

Matrix metalloproteinase 12 1.34 1.09 1.23
Adiponectin/Acrp30 1.28 1.37 0.93
Neuregulin-3/NRG3 3.21 3.52 0.91
TROY 1.14 1.73 0.66
Fas 1.61 3.53 0.46
B7-1/CD80 5.80 14.0 0.42
Glial cell line-derived
neurotrophic factor
receptor a-4

2.63 6.42 0.41

CD102/intercellular
adhesion molecule 2

1.06 9.01 0.12

The values for ASC-CM and MA-CM are compared with the internal
control value expressed as 1.
Abbreviations: ASC-CM, adipose-derived stem cell-conditioned
medium; MA-CM, mature adipocyte-conditioned medium.
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and progranulin may offer more options for different therapeutic
approaches, and progranulin may be a potential target for the
treatment of degenerative diseases of the retina such as age-
related macular degeneration and retinitis pigmentosa.
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Figure 6. Progranulin exerted a photoreceptor protective effect through the protein kinase C pathway. Representative band images
show immunoreactivity against pERK, total ERK, pCREB, and total CREB (A) and phosphorylatedHGFR and total HGFR (D) after progranulin
treatment (500 ng/ml) at 5, 10, 30, and 60minutes. (B, E):Quantitative analysis of band densities. Data are shown asmean6 SEM (n = 3).
(C): Progranulin (500 ng/ml), U0126 (1,000 nM), H-87 (500 nM), and Gö 6976 (500 nM) were added to 661W cells, and the cells
were irradiated with white light (2,500 lx) for 24 hours. Cell death rate was calculated as described in Materials and Methods. Data
are shown as mean6 SEM (n = 6). *, p, .05 versus vehicle; **, p, .01. Abbreviations: CREB, cAMP response element binding protein;
HGFR, hepatocyte growth factor receptor; n.s., not significant; P, progranulin; pCREB, phosphorylated CREB; pERK, phosphorylated ERK;
V, vehicle.
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