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This study tested the hypothesis that diabetes promotes a greater than normal cytosolic calcium level in
rod cells that activates a Ca2þ-sensitive protease, calpain, resulting in oxidative stress and inflam-
mation, two pathogenic factors of early diabetic retinopathy. Nondiabetic and 2-month diabetic C57Bl/
6J and calpain1 knockout (Capn1�/�) mice were studied; subgroups were treated with a calpain in-
hibitor (CI). Ca2þ content was measured in photoreceptors using Fura-2. Retinal calpain expression was
studied by quantitative RT-PCR and immunohistochemistry. Superoxide and expression of inflammatory
proteins were measured using published methods. Proteomic analysis was conducted on photoreceptors
isolated from untreated diabetic mice or treated daily with CI for 2 months. Cytosolic Ca2þ content was
increased twofold in photoreceptors of diabetic mice as compared with nondiabetic mice. Capn1
expression increased fivefold in photoreceptor outer segments of diabetic mice. Pharmacologic inhi-
bition or genetic deletion of Capn1 significantly suppressed diabetes-induced oxidative stress and
expression of proinflammatory proteins in retina. Proteomics identified a protein (WW domain-
containing oxidoreductase [WWOX]) whose expression was significantly increased in photoreceptors
from mice diabetic for 2 months and was inhibited with CI. Knockdown of Wwox using specific siRNA
in vitro inhibited increase in superoxide caused by the high glucose. These results suggest that reducing
Ca2þ accumulation, suppressing calpain activation, and/or reducing Wwox up-regulation are novel
targets for treating early diabetic retinopathy. (Am J Pathol 2021, 191: 1805e1821; https://doi.org/
10.1016/j.ajpath.2021.06.006)
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stricted grants from Research to Prevent Blindness (Kresge Eye Institute),
and Department of Ophthalmology University of California, Irvine.

Disclosures: None declared.
The pathogenesis of diabetic retinopathy (DR), a leading
cause of vision loss and blindness, is not fully understood,
and therefore effective treatment options remain limited. In
experimental models, diabetes-induced degeneration of
retinal capillaries and other lesions of the retina have been
inhibited by antioxidant or anti-inflammatory strategies,
suggesting that oxidative stress and inflammation play an
important role in the early development of the retinopathy.
Recent studies provide evidence that photoreceptor cells, the
most numerous cell type in the retina, play a causal role in
stigative Pathology. Published by Elsevier Inc
the microvascular disease of DR1e3 and are a major source
of reactive oxygen species (ROS) and inflammatory proteins
. All rights reserved.
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and cytokines in diabetes.4e7 Factors involved in promoting
photoreceptor oxidative stress and inflammation during
prodromal DR remain unclear.

Maintaining Ca2þ homeostasis is vital for cell health and
is tightly regulated.8 In vivo imaging studies using
manganese-enhanced magnetic resonance imaging have
shown that influx of Ca2þ and other ions in retinal cells
(especially photoreceptors) is disrupted early in the course
of diabetes. This defect can be corrected by a variety of
antioxidant treatments, showing that oxidative stress and
calcium dysregulation are interconnected.4,9e11 It remains
unclear whether abnormal calcium handling in diabetes can
also promote oxidative stress, the focus of this study.

One important consequence of Ca2þ dysregulation is
activation of Ca2þ-dependent proteases in the calpain
family. Calpains are responsible for limited proteolysis of
target proteins, potentially leading to the activation or in-
hibition of enzymes and kinases. Excessive calpain acti-
vation has been implicated in the development of
complications in a variety of tissues, including complica-
tions of diabetes, at least in the heart and brain.12e17 Cal-
pains regulate the pathogenic mitochondrial oxidative stress
in diabetic cardiomyopathy, which can be inhibited by
overexpression of mitochondrial calpastatin, an endogenous
calpain inhibitor (CI).18 Because photoreceptor cells in the
retina are the major site of retinal superoxide generation in
diabetes,7 and contain approximately 75% of the retina’s
mitochondria, we postulated that calpains might play a role
in diabetes-induced photoreceptors oxidative stress and
induction of proinflammatory proteins in the retina in
diabetes.

This study addresses the above knowledge gaps by
measuring i) Ca2þ levels from rod photoreceptor cells in
retinal slices of diabetic mice, ii) calpain expression and
activity in retinas of diabetic mice, iii) the impact of in vivo
administration of a CI or genetic deletion of Capn1 on
diabetes-induced oxidative stress and expression of inflam-
matory proteins in the retina, and iv) diabetes-induced ab-
normalities of the photoreceptor proteome that are
influenced by calpain activity. Finally, this study identified
Wwox as a novel substrate of calpain that contributes to the
hyperglycemia-induced generation of superoxide by the
retina.
Materials and Methods

This study was performed in strict accordance with the
NIH’s Guide for the Care and Use of Laboratory Animals,19

the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research,20 and with authorization of the insti-
tutional animal and care use committees at Case Western
Reserve University, University of California, Irvine, Wayne
State University, and the University of Nebraska Medical
Center. All efforts were made to minimize suffering within
1806
the context of the diabetic protocol including administration
of insulin to prevent weight loss.

Mice

Wild-type (WT) C57Bl/6J mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Calpain1 knockout
(Capn1�/�) mice (C57Bl/6j background) were obtained
from the laboratory of Dr. Chishti (Tufts University
School of Medicine, Boston, MA).21 In all studies, male
mice (2-montheold) were randomly assigned to become
diabetic or remain as nondiabetic controls. Diabetes was
induced by five sequential daily intraperitoneal injections of
a freshly prepared solution of streptozotocin in citrate buffer
(pH 4.5) at 55 to 60 mg/kg of body weight. Hyperglycemia
was verified at least three times during the second week after
streptozotocin administration, and mice having three
consecutive measurements of fasting blood glucose >275
mg/dL were classified as being diabetic. Insulin was given
as needed to prevent weight loss without preventing hy-
perglycemia and glucosuria (0 to 0.2 U of NPH insulin
subcutaneously 0 to 3 times per week). All animals were
maintained on a standard 12-hour light (~10 lux)-dark cycle
and were provided standard rodent chow (Purina TestDiet
5001; Purina, Richmond, IN) and water ad libitum. Blood
glucose and hemoglobin A1c were measured as reported
previously.7,22 Body weight was measured weekly. Once
declared diabetic, some mice received a daily intraperitoneal
injection (10 mg/kg body weight) of CI (carbobenzoxy-
valinyl-phenylalaninal, also known as MDL 28170; Cal-
biochem, Burlington, MA) dissolved in dimethyl sulfoxide.
At 2 months of diabetes (4 months of age), retinal structure
and function were characterized, and then animals were
euthanized and eyes collected.
Regarding the measurement of calcium in retinal photo-

receptor cells, the experiments were done between 10 AM
and 2 PM during circadian day, and the tissue was light
adapted (because of the bright 340/380-nm fluorescence
used to measure calcium changes, the eyes were not
dissected in the dark). For calpain activity and calpain1
immunohistochemistry studies, mice were in the normal
light cycle, and the eyes were collected before 1:30 PM.

Retinal Imaging and Visual Function

The authors conducted an anatomic characterization of
Capn1�/� and WT mice using spectral domain-optical
coherence tomography (OCT; the 840 HHP spectral
domain-OCT system; Bioptigen, Durham, NC), and elec-
troretinographic (ERG; Diagnosys Celeris rodent ERG de-
vice; Diagnosys, Lowell, MA) recordings as described,23,24

except that for ERG analysis, mice were anesthetized using
isoflurane. Retinal morphology was further confirmed by
histology. After enucleation, eyes were fixed in formalin
(10% neutral buffered) for 48 hours. Paraffin-embedding,
sectioning, hematoxylin and eosin staining, and image
ajp.amjpathol.org - The American Journal of Pathology
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Role of Calpain in Diabetic Retinopathy
scanning were performed by the Histowiz company
(Brooklyn, NY).
Fura-2 Measurements in Retinal Photoreceptor Cells

For Ca2þ imaging in mouse vertical retinal slices, mice were
euthanized by carbon dioxide asphyxiation under dim red
light. Subsequent dissections were performed under infrared
illumination using GenIII night vision goggles (Nitemate
NavIII; Litton Industries, Watertown, CT) mounted on a
dissecting microscope. After enucleation, the eye was
hemisected and the retina mounted vitreal side down on a
nitrocellulose membrane (5 � 10 mm; type AAWP, 0.8-mm
pores; Millipore, Billerica, MA). The retina was cut into
125-mm slices using a razor blade tissue slicer (Stoelting,
Wood Dale, IL). Slices were rotated 90 degrees to view the
retinal layers and anchored in the recording chamber by
embedding the ends of the nitrocellulose membrane in
vacuum grease so that measurement could be make from
cells in the photoreceptor layer. The recording chamber was
mounted on an upright fixed-stage microscope (Nikon
E600FN; Nikon Instruments, Melville, NY), and slices were
superfused at approximately 1 mL per minute with Ames’
medium (US Biological, Salem, MA) bubbled with 95% O2

and 5% CO2 (35�C).
For measurements of intracellular Ca2þ [Ca2þ]i, the

ratiometric dye Fura-2 (Invitrogen, Carlsbad, CA) was used.
Retinal slices were loaded with Fura-2 by incubating them at
room temperature for 2 hours with 0.5mL of 10 mmol/L Fura-
2/AM in Hibernate-A medium (Brain Bits LLC, Springfield,
IL) in darkness. An epifluorescence lamp (150 W, Xe) was
attached to a Lambda 10 to 2 filter wheel (Sutter Instruments,
Novato, CA), equipped with 340- and 380-nm interference
filters, and coupled to the microscope (E600FN; Nikon In-
struments) through a liquid light guide (Sutter Instruments).
Imageswere acquired through a 60� (1.0 numerical aperture ;
Nikon Instruments) water immersion objective using a cooled
electron multiplying charge-coupled device camera (Rolera
MGi Plus; QImaging, Surrey, BC, Canada) and Nikon NIS-
Elements AR 4.50.0 software. [Ca2þ]i was determined using
the formula: [Ca2þ]i Z Kd (Fmin/Fmax) [(R-Rmin)/(Rmax-R)]
where Kd Z 224 nmol/L Ca2þ, r Z ratio of fluorescence
emitted at 510 nm by excitation with 340- and 380-nm light,
FminZ highest fluorescence emission measured with 380-nm
excitation, and Fmax Z lowest 380-nm emission. The
minimum 340/380 ratio (Rmin) was determined by bath
application of ionomycin (10 mmol/L) in a Ca2þ-free solution
containing 5 mmol/L EGTA. The maximum 340/380
ratio (Rmax) was then measured by bath application of ion-
omycin in control Ames’ solution. Resting Ca2þ values in
rodsweremeasured at 5-second intervals in regions of interest
placed on rod somas and averaged over the first 1 to 2minutes
of recording. Measurements were averaged from 2 to
10 rods in each slice preparation to yield a single value for
each eye.
The American Journal of Pathology - ajp.amjpathol.org
Calpain Activity

Retinal calpain activity was determined using three
methods. In the first, the right eye of diabetic and nondia-
betic mice was injected intravitreally with 1 mL of fluoro-
genic calpain substrate IV (Catalog # 208,773; Calbiochem,
Burlington, MA) at 10 mmol/L under visualization from a
dissecting microscope. Two hours later, mice were sacri-
ficed, and eyes were fresh frozen in OCT medium (Tissue-
Tek; Sakura, Torrance, CA) and stored at �80�C until
cryosectioned. In the second method, whole eyes from
nondiabetic and diabetic mice were embedded in OCT and
stored at �80�C until cryosectioned. Twelve-micron thick
sections were air dried for 30 minutes at room temperature,
hydrated 3 � 5 minutes in phosphate-buffered saline (PBS),
and incubated with fluorogenic calpain substrate at room
temperature for 1 hour (Millipore Sigma, St. Louis, MO)
with or without CI (10 mmol/L), then rinsed in distilled
water and mounted with Prolong Gold containing DAPI
(Invitrogen) for nuclear staining and viewed using an
inverted fluorescence microscope. In the third method, cal-
pain activation was monitored by the proteolysis of a cal-
pain substrate, spectrin, using an antibody against the
cleaved spectrin fragment.

Immunofluorescence

Twelve-micron retinal sections were warmed to room tem-
perature for 30 minutes and washed three times for 5 minutes
in PBS. Sections were then blocked for 1 hour with 5%
normal goat serum (Invitrogen) in PBS containing 0.05%
Tween 20 (blocking buffer). Sections were incubated over-
night at 4�C with rabbit anti-calpain1 (A1172; ABclonal,
Woburn, MA). The next day, slides were washed three times
for 5 minutes in PBS containing 0.05% Tween 20 and incu-
bated for 1 hour in the dark with Alexa Fluor 647 secondary
antibody (111 to 605-144; Jackson ImmunoResearch Labo-
ratories,West Grove, PA). Slides were washed three times for
5minutes in PBS, then one time in distilled water, blotted dry,
and then mounted with ProLong Gold anti-fade reagent with
DAPI (P36935; Invitrogen, Carlsbad, CA). The calpain1
staining was imaged on a Keyence microscope (Keyence
Corporation of America, Itasca, IL).

Lucigenin Assay of Superoxide

Superoxide levels were measured chemically with lucigenin
(bis-N-methylacridinium nitrate), as reported previously.25

Briefly, freshly isolated retinas were preincubated in 200
mL of Krebs-HEPES buffer (pH 7.2) with 5 or 30 mmol/L
glucose for 10 minutes at 37�C in 5% CO2. Luminescence
indicating the presence of superoxide was measured 5 mi-
nutes after addition of lucigenin (5 mmol/L). Luminescence
intensity is reported in arbitrary units per milligram of
protein. Superoxide levels in 661W cells were measured
similar to retinal samples, except about 200,000 cells were
1807
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used, and luminescence intensity is reported in arbitrary
units/106 cells.

Vibratome Isolation of Photoreceptor Cells from Mice

A vibratome was used to bisect fresh unfixed retina into
outer and inner retinas as previously described.26 The ret-
inas were freshly isolated, and a flat mount of the retina with
appropriate radial cuts was laid flat (photoreceptor side up)
on a 4% gelatin block, and 20% warm gelatin was used to
cover and seal the entire retina. Cold Dulbecco’s modified
Eagle’s medium was placed in the vibratome chamber
containing the retinas. Based on the measured thickness of
the photoreceptor layer of mouse retina,26 a conservative
estimate of a 40-mm thick slice was used to enrich the
photoreceptor layer from the remaining retina using a Leica
VT1000 S vibratome. The isolated section of photoreceptor
cells was immediately placed in liquid nitrogen and stored
at �80�C. Elapsed time from eye enucleation to freezing the
photoreceptor layer in an Eppendorf tube was about 15 to
25 minutes.

Western Blot Analysis

One retina from each mouse was sonicated in 70 mL of lysis
buffer (50 mmol/L Tris, pH 8.0, 150 mmol/L NaCl, 5 mmol/
L EDTA, 1% Nonidet P-40, 0.1% SDS, and complete
EDTA-free protease inhibitor mixture from Roche (Lak-
wood, CA). Retinal homogenates were incubated on ice for
30 minutes followed by centrifugation at 12,000 � g for 15
minutes at 4�C. Supernatants were used for SDS-PAGE (50
mg of protein/lane) followed by Western blot analysis,
which was performed as described.27 Proteins were visual-
ized with the following primary antibodies: 1:200 for
intercellular adhesion molecule 1 (ICAM-1; sc-71292; Santa
Cruz Biotechnology, Santa Cruz, CA), 1:200 for inducible
nitric oxide synthase (iNOS; 610,328; BD Biosciences, San
Jose, CA), 1:100 for pIkBa (2859; Cell Signaling Tech-
nology, Danvers, MA), 1:1000 inhibitor of kBa (IkBa;
9242; Cell Signaling), and 1:1000 for cleaved spectrin
(ABN2264; EMD Millipore, Temecula, CA). The secondary
antibody was goat anti-rabbit IRDye 800CW (925 to
32,211; Li-Cor, Lincoln, NE; dilution 1:5000). Membranes
were also incubated with primary antibody against b-actin
(1:5000), which was used as a loading control (ab8226;
Abcam, Cambridge, MA), and secondary goat anti-mouse
IRDye 680RD (925 to 68,070; Li-Cor; dilution 1:5000).
Membranes were imaged using the Odyssey infrared im-
aging system (Li-Cor). The densitometry results of Western
blots were expressed as means � SD.

qRT-PCR

Both retinas from each mouse were combined (total of three
to four mice per group), and total RNA was isolated with
TRIzol Reagent (Life Technologies, Grand Island, NY).
1808
Total RNA (1 mg) was converted to cDNA by SuperScript
III Reverse Transcriptase (Invitrogen) and used for quanti-
tative RT-PCR (qRT-PCR) conducted on a LightCycler 480
instrument (Roche). The sequences of the primers for gene
quantifications were taken from qPrimerDepot, a primer
database for qRT-PCR.28 GAPDH was used as a house-
keeping gene (Ct number approximately 14) over b-actin
(Ct number w 28). PCR reactions were performed in
triplicate and normalized to GAPDH.

Cell Culture

The authors used a cone photoreceptor cell line, 661W,
which they had previously confirmed by positive identifi-
cation of cone opsin mRNA.29 661W cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and 5 mmol/L (normal glucose) or 30 mmol/L
glucose (high glucose) in 6-well plates for 5 days (the me-
dium was changed every other day). In a different set of
experiments, 661W cells were incubated with 5 mmol/L, 25
mmol/L, or 30 mmol/L glucose or equivalent concentration
of D-mannitol (osmotic control), to determine the conditions
that lead to the highest superoxide levels and to ascertain
that the measured superoxide level is due to elevated
glucose as opposed to hyperosmolar conditions.

Proteomics

Sample Preparation
Retinas were isolated from nondiabetic, diabetic, diabetic
treated daily with CI (n Z 3 to 4) for 2 months or their
nondiabetic age-matched controls (total age 4 months) under
carbon dioxide anesthesia, and stored briefly in PBS. The
photoreceptor-enriched block (outer retina) was isolated from
the rest of the retina using a vibratome as described above.

Protein Fractionation and In-Gel Protein Digestion
Proteins from each photoreceptor-enriched block were
extracted with SDS-sample buffer, 50 mg of which was
separated by SDS-PAGE. The gel was stained by Coo-
massie R-250, and each sample (lane) was cut into 12
segments. The proteins in each segment were in-gel digested
using trypsin,30 and the digests were analyzed by liquid
chromatography with tandem mass spectrometry (MS/MS)
as described below.

Liquid Chromatography with MS/MS Analysis
Liquid chromatography with MS/MS analysis was performed
using a Finnigan LTQ-Orbitrap Elite hybrid mass spectrom-
eter system (Thermo Scientific, Bremen, Germany). The
tryptic digests were chromatographed on a reversed-phase
0.075 � 150-mm C18 Acclaim PepMap 100 column (Dionex
Inc., Sunnyvale, CA) using a linear gradient of acetonitrile
from 2% to 40% over 5 to 110 minutes in aqueous 0.1%
formic acid at a flow rate of 300 nL per minute. The eluent
was directly introduced into the mass spectrometer operated
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Metabolic Control in WT and Capn1�/�, Nondiabetic, Diabetic, and Diabetic Mice Treated with Calpain Inhibitor

Group n Final bw, g Blood glucose, fasting, mg/dL HbA1c, %

WT N 10 38 � 3.9 130 � 21 2.9 � 0.1
WT D 16 29 � 2.3 489 � 70 8 � 0.3
WT D þ calpain inhibitor 5 27 � 2.5 448 � 94 7.6 � 0.9
Capn1�/� N 9 30 � 2.9 145 � 22.8
Capn1�/� D 8 23 � 2.7 443 � 115.9
WT N 10 30 � 1.8 160 � 45.6
WT D 10 26 � 2.9 494 � 65.36

Data are expressed as means � SD.
bw, body weight; D, diabetic; HbA1c, hemoglobin A1c; N, nondiabetic; WT, wild type.

Role of Calpain in Diabetic Retinopathy
in a data-dependent MS to MS/MS switching mode, with the
15 most intense ions in each MS scan subjected to MS/MS
analysis. The full MS scan was performed at a resolution of
60,000 in the Orbitrap detector, and the MS/MS scans were
performed in the ion trap detector in collision-induced
dissociation mode. The fragmentation was performed using
the collision-induced dissociation mode with a normalized
collision energy of 35 eV.

Database Searching and Label-Free Quantification
RAWMS files were imported to MaxQuant software version
1.5.2.8 (Max-Planck-Institute of Biochemistry, Planegg,
Germany)31 with Andromeda as the search engine for protein
identification and label-free quantitation (LFQ).32 The pro-
tein samples from the three experimental groups were
analyzed as one set. Proteins were identified by comparing all
the experimental peptide MS/MS spectra against the UniProt
Figure 1 Retinal thickness is not affected by Capn1 deletion or diabetes.
quantification of data (D) show that the deletion of Capn1 (solid red lines) alone
loss of retinal photoreceptors (ONL thickness) compared with nondiabetic (solid
images of the entire retina (horizontal temporal-nasal orientation) stained with DA
the retinas in all four groups of mice. Data are expressed as means � SD. n Z 8 m
nondiabetic; ONL, outer nuclear layer; WT, wild type.

The American Journal of Pathology - ajp.amjpathol.org
mouse canonical database (UniProt, https://www.uniprot.
org, last accessed July 2017). Carbamidomethylation
of cysteine was set as a fixed modification, whereas
oxidation of methionine to methionine sulfoxide and
acetylation of N-terminal amino group were set to be
variable modifications. LFQ was enabled, and the LFQ
minimum ratio count was set to 1. Remaining options were
kept as default.

Proteomic Data and Statistical Analysis
The output file, ProteinGroups.txt, from the MaxQuant
database search was imported to Perseus software version
1.6.0.7 (Max-Planck-Institute of Biochemistry)33 to
compare protein expression between the three sample
groups. MaxQuant-derived LFQ protein intensities were
log2 transformed before further analysis. Data imputation
for missing values was then done by a normal distribution
A and D: Spectral domain-optical coherence tomography images (A) and
or in conjunction with diabetes (dashed red lines) resulted in essentially no
black lines) or diabetic (dashed black lines) mice. B and C: Histologic
PI (B) or hematoxylin and eosin (H&E) (C) confirm a normal organization of
ice (16 retinas) per group (D). Scale bars: 100 mm. D, 2 months diabetic; N,

1809
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Figure 2 Resting intracellular Ca2þ levels are elevated significantly in
rod cells from diabetic mice. A: Illustration of the measurement protocol.
The inset shows a section of retina from a control mouse labeled with Fura2
and excited by 380 nm light. In this example, measurements were made
from regions of interest positioned on 10 rod somas (circles). After
measuring basal Ca2þ levels for 2 minutes, ionomycin (10 mmol/L) was
applied with a Ca2þ-free solution to measure the minimum 340/380 ratio
(Rmin). Ca2þ was then elevated to approximately 1.2 mmol/L by applying
Ames’ medium in the presence of ionomycin to measure Rmax. B: Average
basal Ca2þ levels were measured. The individual data points represent
average measurements made from 2 to 10 rods in each eye [n Z 21 control
eyes (12 mice), 15 diabetic eyes (10 mice)]. The two samples showed a
statistically significant difference. Data are expressed as means with 95%
CIs. n Z 21 control eyes (from 12 mice) and 15 diabetic eyes (from 10
mice) (B). **P � 0.01. ONL, outer nuclear layer.

Saadane et al
method.33 Each datum was normalized by subtracting a
median value of the data. Two-sample t-test (two-tailed
distribution and two-sample equal variance) was used to
estimate the significance levels for the difference in protein
expressions between the nondiabetic versus diabetic and
diabetic versus diabetic treated mice using RStudio software
version 3.3.2 (RStudio, Boston, MA; http://www.rstudio.
com). P < 0.05 was considered significant.

WWOX Knockdown Using siRNA

In order to knock downWwox in vitro, siRNA against mouse
WW domain-containing oxidoreductase (WWOX), and con-
trol scrambled siRNA obtained from Ambion (Life
1810
Technology, Carlsbad, CA) were used. Transfection was per-
formed using Lipofectamine RNAiMAXReagent (Invitrogen)
according to the manufacturer’s protocol. Briefly, these were
mixed in separate tubes with Lipofectamine RNAiMAX Re-
agent with opti-MEM medium without serum, and diluted
siRNA with opti-MEM medium without serum. The siRNA
concentrations of 5 pmol/L and 25 pmol/Lwere selected based
on a preliminary dose-response experiment. The diluted siR-
NAs were added to the diluted Lipofectamine RNAiMAX
Reagent (1:1 ratio), then incubated for 5 minutes at room
temperature. siRNAelipid complex was added to a 6-well
plate, and cells were incubated at 37�C. Twenty-four hours
later, the medium was discarded, and fresh culture medium
containing 30 mmol/L glucose was added. The cells were then
incubated for an additional 4 days before measuring superox-
ide using the lucigenin method as described previously.29

Statistical Analysis

Data are expressed as means � SD, except for ERG mea-
surement (n Z 10 to 14 eyes) that are expressed as
means � SEM. Statistical analyses were performed with
analysis of variance followed by Fisher’s test (StatView for
Windows software version 5.0.1; SAS Institute, Cary, NC),
except for gene expression in diabetic versus nondiabetic
retinas, which was analyzed by t-test, and for ERG, which
was analyzed by two-way repeated-measures of variance.
The mean FURA-2 and superoxide data for each eye were
consistent with a normal distribution and were initially
compared using two-tailed unpaired t-tests. However, this
approach is not optimal because it requires averaging mul-
tiple measurements from a single sample and thus is not as
strong an approach as taking into account correlations be-
tween each measurement from each sample. A generalized
estimating equation approach performs a general linear
regression analysis using contiguous locations or measure-
ments in each subject and accounts for the within-subject
correlation between contiguous locations or measurements.
Thus, FURA-2 data were compared using the generalized
estimating equation method.

Results

Severity of Diabetes in Animals

Clinical data from nondiabetic and diabetic WT and
Capn1�/� mice are depicted in Table1. There was no sig-
nificant difference with respect to glycemia between
nondiabetic mice; glycemia was elevated in all diabetic mice
and was not different between diabetic groups (Table 1).

Neither Capn1 Deletion nor Diabetes Has an Effect on
Retinal Thickness

The deletion ofCapn1 did not cause a significant alteration in
retinal structure appearance compared with the WT retina, as
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Calpain activity in nondiabetic and diabetic mice. A and B: Fluorogenic calpain substrate was injected intravitreally (A) or added on fresh-frozen
cryosections (B) of diabetic and nondiabetic mice. In A, the left panels represent a wide view of the retina (nasal), and the middle panels represent enlarged
view of the boxed regions. Calpain activity is shown with green, and nuclei were stained with DAPI (blue). Calpain activity was predominantly localized to
photoreceptors of diabetic retina (magenta arrows) as compared with nondiabetic retina. Focal deposits of staining was present in the IPL and the GCL
(yellow arrows). In B, sections were pretreated with or without calpain inhibitor (CI) before the addition of calpain substrate (CS). The pretreatment of the
sections with CI abolished the staining in photoreceptors, but not of the focal staining. C: Calpain activity was determined by the level of cleavage of spectrin.
Protein lysates were subjected to Western blotting using anti-cleaved spectrin antibody (approximately 160 kDa) and b-actin antibody (approximately 42 kDa)
as loading control. Scale bars: 100 mm. GCL, ganglion cell layer; IPL, inner plexiform layer; IS, photoreceptor outer segment; OPL, outer plexiform layer; OS,
photoreceptor outer segment.

Role of Calpain in Diabetic Retinopathy
indicated by OCT (Figure 1A). In addition, diabetes of 2-
month duration did not cause a significant increase or
decrease in retinal thickness in Capn1�/� mice (Figure 1D)
when compared with WT animals. The appearance of retinal
structure was further confirmed by histology. Histologic
sections representing a horizontal (temporal-nasal) orienta-
tion and containing optic nerve tissue landmark showed
overall normal structure (Figure 1, B and C).

Intracellular Ca2þ Levels Are Elevated in
Photoreceptors of Diabetic Mice

Retinal photoreceptor cells have been implicated in the
pathogenesis of DR, and have abnormal L-type Ca2þ
The American Journal of Pathology - ajp.amjpathol.org
channel (LTCC) function in diabetes.3,7e9 Next set of ex-
periments examined whether rod cells from dark-adapted
diabetic mice (2-month duration of diabetes) exhibited
greater than normal levels of intracellular Ca2þ. Photore-
ceptor cells in vertical retinal slices were loaded with the
Ca2þ-sensitive dye Fura2, by incubation with Fura2-AM.
The photoreceptor cells tested were judged to be rod cells
based on their physical appearance and the greater number
of rods compared with cones in the mouse retina. Basal
resting intracellular calcium [Ca2þ]i was measured in in-
dividual rod cell somas at 5-second intervals and averaged
over a 2-minute period (Figure 2). Ca2þ sensitivity of the
dye was then calibrated in each preparation by measuring
Rmin and Rmax. As illustrated in Figure 2, Rmin was
1811
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Figure 4 Diabetes induces calpain1 gene expression
in photoreceptor cells. A: Whole retinas of diabetic and
nondiabetic mice were subjected to quantitative RT-PCR
(qRT-PCR) to evaluate the expression of different calpain
isoforms, calpain1, 2, 5, and 10. The results showed that
diabetes induced a fivefold increase of Capn1 in diabetic
retinas. B: Retina from diabetic and nondiabetic mice
were bisected into photoreceptors (outer retina) and inner
retina using a vibratome, and then mRNA levels were
measured using qRT-PCR. Data are expressed as
means � SD. n Z 3 measurements, 2 retinas from each
mouse were pooled (n Z 3 to 4). **P � 0.01,
***P � 0.001 (two-tailed unpaired t-test).

Saadane et al
measured after lowering intracellular Ca2þ by applying the
Ca2þ ionophore, ionomycin (10 mmol/L), in a Ca2þ-free
medium with the chelator EGTA (5 mmol/L). Rmax was
then measured by applying Ames’ medium in the
1812
continued presence of ionomycin. These data show that
resting intracellular Ca2þ levels were elevated significantly
in the somas of rod cells from diabetic mice (P Z 0.0082)
(Figure 2B).
Figure 5 Immunolocalization of calpain1 in the ret-
inas of nondiabetic (N) and 2-month diabetic mice (D). G
eI: Sections from Capn1�/� mice were used as negative
control. A, D, and G: Control sections were treated with
the serum from nonimmunized animals (NI). B, C, E, F, H,
and I: Nuclei were stained with DAPI (in blue), and Capn1
(in red). All images are representative. n Z 3 mice
(approximately 5 months) and 1 retina from each mouse.
Scale bars: 100 mm. GCL, ganglion cell layer; IPL, inner
plexiform layer; IS, photoreceptors inner segment; ONL,
outer nuclear layer; OPL, outer plexiform layer; OS, pho-
toreceptors outer segment; WT, wild type.
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Figure 6 Calpain inhibition (A) and deletion (B)
mitigate diabetes-induced superoxide generation. Calpain
inhibitor was administered daily (i.p. injections at a dose
of 10 mg/kg). Duration of diabetes was 2 months at the
time of this assay, and administration of the inhibitor
began promptly after the initiation of diabetes. n Z 4 to
8 per group. ***P � 0.001. D, diabetic; N, nondiabetic;
WT, wild type.

Role of Calpain in Diabetic Retinopathy
Calpain Activity Is Increased in Photoreceptors of
Diabetic Mice

In order to determine whether the diabetes-induced increase in
Ca2þ in retinal photoreceptor cells was associated with an
increase in activity of Ca2þ-activated proteases, calpain ac-
tivity was studied using three different approaches. The first
approach was to inject a fluorogenic calpain substrate intra-
vitreally into the eyes of diabetic and nondiabetic mice, letting
it incubate in the globe for 2 hours, followed by preparation of
cryosections and visualization of sites of activity by fluores-
cencemicroscopy. The secondmethod involved incubation of
cryosections from freshly frozen eyes with calpain substrate
in vitro, followed by fluorescence microscopy. In both cases,
fluorescence indicating calpain activity was localized mostly
to photoreceptor cells in diabetic as compared with nondia-
betic mice (Figure 3, A and B). Faint staining of calpain
substrate was also present in the outer plexiform layer along
with tiny focal deposits of staining in the inner plexiform layer
and ganglion cell layer of retinas from diabetic mice. Addition
of a CI during incubation with the calpain substrate inhibited
the staining in photoreceptor cells, but did not reduce the
fluorescence of focal deposits in the inner plexiform layer and
ganglion cell layer (Figure 3B), suggesting these were not due
to calpain activity. Calpain activation was also assessed by a
third method, Western blot using an antibody against the
cleaved fragment of spectrin, a molecule of the cytoskeleton
and a specific substrate of calpain. This method showed a
band at approximately 160 kDa that corresponds to cleaved
spectrin in 2-month diabetic mice, which was not seen in
nondiabetic controls (Figure 3C).
Increased Expression of Capn1 in Retinas and Freshly
Isolated Photoreceptors of Diabetic Mice

Calpain1 (Capn1), 2, 5, and 10 are expressed in the retina.16,34

Whether diabetes altered their expression in retinas and in
The American Journal of Pathology - ajp.amjpathol.org
photoreceptor cells was investigated in this study. mRNAs of
the calpain isoforms evaluated were expressed relatively
equally in the whole retina of WT nondiabetic mice. Two
months of diabetes led to a fivefold increase in Capn1 and
smaller, but significant, increases of 1.3-fold and 1.4-fold for
Capn5 and 10 in retinas of diabetic mice, respectively
(Figure 4A).By contrast, 2months of diabetes led to a small, but
significant, decrease in the expression of Capn2 (Figure 4A).

BecauseCapn1 expressionwas themost dysregulated among
the calpains tested in diabetes, and diabetes caused an increase in
calpain activity in photoreceptor cells, whether the expression of
calpain1 was localized to photoreceptors was next determined.
A vibratome was used to divide the fresh retina into a
photoreceptor-enriched block (outer retina), and the remaining
(inner) retina for comparison. The outer retina from mice dia-
betic for 2 months had a fivefold increase in the expression of
mRNA of Capn1 as compared to that of nondiabetic mice
(Figure 4B). By contrast, Capn1 expression was not signifi-
cantly different in inner retina fromdiabetic or nondiabeticmice.

Immunofluorescence Detection of capn1 in the Retinas
of 2-Month Diabetic and Nondiabetic Mice

Antibody against calpain1 was used to study the localization
of calpain1 isoform within the retina of 2 months diabetic
mice and nondiabetic control mice. Retinas from Capn1�/�

mice were used as a negative control. The retinas of WT
nondiabetic mice showed staining in all layers of inner
retina; however, in 2-month diabetic retinas, staining was
detected in photoreceptor segments in addition to that in the
inner retina (Figure 5).

Inhibition or Deletion of capn1 Inhibit the
Diabetes-Induced Increase in Retinal Superoxide

Having demonstrated that diabetes leads to a significant in-
crease of Capn1 expression and activity in photoreceptors,
1813
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Figure 7 Pharmacologic inhibition of calpain and genetic deletion of Capn1 mitigate diabetes-induced iNOS, ICAM-1 up-regulation, and pIkBa. A, D, and
G: Calpain inhibitor was administered daily to diabetic mice (i.p. daily 10 mg/kg). B and E: Whole-body deletion of Capn1. Duration of diabetes was 2 months
at the time of this assay, and administration of the inhibitor began promptly after the initiation of diabetes (n Z 4 to 7 per group). C, F, and H: Repre-
sentative immunoblots for iNOS, ICAM-1, b-actin, pIkBa, and IkBa. A, B, D, E, and G: Summary graph of data for iNOS, ICAM-1, and pIkBa expression
determined by image analysis. Data are expressed relative to the expression of b-actin, a housekeeping protein, and IkBa in the. same lanes, for iNOS and
ICAM, and for pIkBa, respectively. Data are expressed as a percentage of the value of nondiabetic controls. *P � 0.05; **P � 0.01; and ***P � 0.001.
D, diabetic; ICAM-1, intercellular adhesion molecule 1; iNOS, inducible nitric oxide synthase; N, nondiabetic.

Saadane et al
whether calpain contributed to the diabetes-induced increase in
retinal superoxide and inflammation was tested. Diabetic WT
mice received a daily injection ofCI (MDL27180, a potent and
selective cell-permeable calpain and cathepsin B inhibitor) in
dimethyl sulfoxide at a dose of 10 mg/kg body weight for 2
months.Daily administration of theCI significantly suppressed
1814
the diabetes-induced increase in retinal superoxide generation
(Figure 6A) without affecting glycemia in those animals
(Table 1). Similar conclusions were reached in diabetic
Capn1�/� mice (Figure 6B) at 2 months of diabetes. Thus,
calpain activity, particularly that from calpain1, accounted for
the diabetes-induced increase in retinal superoxide.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Physiologic testing on the effects of Capn1 deletion on retinal function. ERG response functions were recorded to evaluate the impact of Capn1
deletion and diabetes on retinal function under scotopic conditions; both a-wave (A), b-wave (B), and scotopic b-wave implicit time (C), and photopic b-wave
for green (D) and blue (E) light. In WT mice, 2 months of diabetes significantly reduced scotopic b-wave and increased scotopic implicit time when compared
with nondiabetic controls; the deletion of Capn1 significantly inhibited the reduction of scotopic b-wave and the increase of scotopic b-wave implicit time in
diabetic Capn1�/� mice. Data are expressed as means � SEM. n Z 10 to 14 eyes. *P � 0.05, **P � 0.01. D, diabetic; ERG, electroretinographic;
N, nondiabetic; WT, wild type.

Role of Calpain in Diabetic Retinopathy
Inhibition of Calpain and Deletion of Capn1 Suppress
the Diabetes-Induced Increase in Expression of
Proinflammatory iNOS and ICAM-1 in the Retina

Having demonstrated that calpain inhibition or deletion of
Capn1 inhibit superoxide generation in the retinas of diabetic
mice, the contribution of calpain to the diabetes-induced in-
crease in expression of proinflammatory proteins, iNOS and
ICAM-1 was examined next. Diabetes increases the expres-
sion of iNOS and ICAM-1.7,35 Daily administration of CI or
deletion of calpain1mitigated the diabetes-induced increases
in iNOS expression (Figure 7, AeC). Similarly, the expres-
sion of ICAM-1 was significantly reduced in diabetic mice
treated daily with CI, as well as in diabetic Capn1�/� mice
(Figure 7, DeF). Diabetes significantly increased the
expression of pIkBa, and daily treatment of diabetic mice
with CI decreased that expression, but the decrease did not
reach statistical significance (Figure 7, G and H).
Visual Function

To examine overall retinal function, ERGs were recorded
under dark- and light-adapted conditions from nondiabetic
and diabetic (2-month)Capn1�/� andWTmice. Twomonths
of diabetes significantly reduced scotopic b-wave inWTmice
when compared with nondiabetic controls. This decrease was
The American Journal of Pathology - ajp.amjpathol.org
significantly inhibited in diabetic Capn1�/� mice (Figure 8).
Likewise, 2 months of diabetes significantly increased the
scotopic b-wave implicit time in WT mice, and deletion of
Capn1 significantly mitigated these increases in nondiabetic
and diabetic (2-month) Capn1�/� mice (Figure 8).
Diabetes-Induced Up-Regulation of Calpain Affects the
Photoreceptor Proteome

Calpain system activation can lead to cleavage, modifica-
tion, or activation of wide range of target proteins.36 Hence,
diabetes-induced changes in proteins were investigated
using proteomic techniques on freshly isolated photorecep-
tors. A vibratome was used to isolate the photoreceptor-
enriched outer retina from the rest of the retina (inner
retina). The authors identified 15 proteins in the
photoreceptor-enriched outer retina whose expression was
either abnormally increased or decreased in diabetes, and in
which the diabetes-induced change in expression was
inhibited (maintained at near-normal levels) by daily injec-
tion of the CI (Table 2).

In an effort to investigate whether any of these proteins
accounted for the calpain-induced increase in photoreceptor
cells in diabetes, the study focused initially on WWOX, a
tumor suppressor that gets activated under stress conditions
(including metabolic disorders, immune defects, and
1815

http://ajp.amjpathol.org


Table 2 Proteomics Data Featuring Proteins That Are Either Increased or Decreased in Diabetic Mouse Photoreceptors, Normalized by the
Calpain Inhibitor

Protein ID Protein names Gene name
# of
peptides

Mean P value

N D DT D-N DT-D

Proteins increased in diabetic
and decreased by calpain
inhibitor

O884852; O88485 Cytoplasmic dynein 1 Dync1 10 0.27 0.58 0.18 0.03 0.007
Q9CR09 Ubiquitin-fold modifier-

conjugating enzyme 1
Ufc1 2 �3.92 �3.08 �1.08 0.04 0.02

Q91WL83; Q91WL8-4;
Q91WL8; Q91WL8-2

WW domain-containing
oxidoreductase

Wwox 4 �3.55 �1.75 �2.94 0.002 0.01

P61226; Q80ZJ12; Q8BU31 Ras-related protein Rap-2b;
Ras-related protein Rap-2a;
Ras-related protein Rap-2c

Rap2b; Rap2a;Rap2c 6 1.14 1.55 �0.66 0.02 0.04

O35654 DNA polymerase delta subunit
2

Pold2 3 �2.36 �1.98 �3.25 0.02 0.02

Q8BYM5 Neuroligin-3 Nlgn3 5 �1.18 �0.43 �1.10 0.02 0.02
Q91YP2 Neurolysin, mitochondrial Nln 4 �3.39 �1.58 �3.26 0.04 0.04

Proteins decreased in diabetic
and increased by calpain
inhibitor

E9Q735 Ubiquitination factor E4A Ube4a 8 0.59 0.12 0.79 0.004 0.02
P15208 Insulin receptor; insulin

receptor subunit alpha;
insulin receptor subunit
beta

Insr 3 �3.32 �4.02 �2.78 0.03 0.01

P01872; P01872-2 Ig mu chain C region Ighm 2 �3.56 �4.87 �2.40 0.03 0.01
Q925N0 Sideroflexin-5 Sfxn5 11 2.25 1.74 2.22 0.05 0.01
P62488 DNA-directed RNA polymerase

II subunit RPB7
Polr2g 2 �0.20 �0.85 �0.08 0.03 0.01

Q8CCJ42; Q8CCJ4 APC membrane recruitment
protein 2

Amer2 2 �0.32 �4.03 �0.32 0.001 0.01

Q9QZH6 Evolutionarily conserved
signaling intermediate in
Toll pathway,
mitochondrial

Ecsit 2 �3.64 �4.35 �3.13 0.02 0.02

P84099 60S ribosomal protein L19 Rpl19 3 1.30 �0.20 1.34 0.03 0.04

D, diabetic; DT, diabetic treated with calpain inhibitor; N, nondiabetic.
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neurodegenerative diseases), and acts as a regulator of
ROS.37e39 The expression of Wwox in photoreceptor-
enriched outer retina was further confirmed by qRT-PCR.
Wwox mRNA in the photoreceptor-enriched outer retina
from mice diabetic for 2 months was increased 1.9-fold
compared with that in nondiabetic controls (0.965 � 0.13
versus 1.98 � 0.21). This was confirmed in vitro.

661W cells incubated in 30 mmol/L glucose generated
more superoxide than in 5 mmol/L glucose (100 � 2.4 arbi-
trary units versus 180 � 15 with 5 mmol/L and 30 mmol/L,
respectively), and gene expression ofWwoxwas significantly
increased in cells incubated in 30 mmol/L glucose compared
with cells incubated in 5 mmol/L glucose (1.03 � 0.3 versus
1.75 � 0.2), CI significantly inhibited this increase in Wwox
expression (1.75 � 0.2 versus 1.13 � 0.2) (Figure 9A). In a
different set of experiments, 661W cells were incubated with
D-mannitol (osmotic control), and superoxide assay was
1816
performed. The cells incubated in 30 mmol/L D-mannitol
were comparable to control (1428� 86 vs. 240� 29 arbitrary
units/106 cells, and cells treated with 30 mmol/L glucose and
30 mmol/L D-mannitol, respectively). Cells treated with
siRNA targetingWwox gene inhibitedWwoxmRNA by 65%
comparedwith that in cells treated with scrambled siRNA as a
control (Figure 9B), and significantly reduced the superoxide
production in high glucose by 27% and 37% in the two
different concentrations of siRNA (5 and 25 pmol), respec-
tively, compared with scrambled siRNA (Figure 9C).
Discussion

The present study led to the novel findings that diabetes
causes an increase in intracellular Ca2þ levels and increased
calpain activity in photoreceptor cells of diabetic mice, and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 WWOX is involved in superoxide generation by 661W cells incubated in nondiabetic (5 mmol/L) and diabetic (30 mmol/L) glucose. A: Wwox gene
expression was increased twofold in the diabetic-like glucose concentration, and calpain inhibitor inhibited diabetes-induced Wwox expression. 66W1
photoreceptors were incubated in low glucose (5 mmol/L Z normal glucose) or high glucose (30 mmol/L Z diabetes-like glucose concentration) without or
with calpain inhibitor (10 mmol/L). mRNA levels were performed using quantitative RT-PCR. B and C: Wwox knockdown using siRNA inhibited the glucose-
induced increase Wwox gene expression (B) and superoxide generation (C) as compared with cells treated with scrambled-siRNA. Data are expressed as
means � SD. n Z 2 replications of the results . **P � 0.01, ***P � 0.001.

Role of Calpain in Diabetic Retinopathy
that the diabetes-induced increase in oxidative stress and
expression of proinflammatory proteins in photoreceptor
cells can be mitigated by pharmacological inhibition or
genetic deletion of Capn1. Additionally, calpain activity
regulates the gene product Wwox in photoreceptor cells,
and mitigation of diabetes-induced increase in Wwox by CI
or WWOX siRNA inhibits the increase in photoreceptor cell
superoxide caused by high glucose (Figure 10). Taken
together, these data form a new picture of how pathogenic
oxidative stress and inflammation can develop early in the
course of DR, thus highlighting new treatment targets. This
study particularly focused on Ca2þ and calpain activity
dysregulation on photoreceptor cells in the diabetic retina,
and more work is needed to understand the effect of Ca2þ

and calpain activity in other part of the retina.
Experimental studies have identified photoreceptors as a

major contributor to the pathogenesis of DR, and the
oxidative stress and inflammation that develop in retinas of
diabetic animals seem secondary to changes initiated in
retinal photoreceptor cells.2,3,7,40 The use of freshly isolated
photoreceptors in ex vivo and in vitro studies shows that
when incubated in elevated glucose, photoreceptors per se
The American Journal of Pathology - ajp.amjpathol.org
are an important source of the inflammatory proteins in
diabetes.26,41 These data further support and extend the
novel hypothesis that retinal photoreceptor cells are
responsible for the pathogenesis of early DR.

Calcium is a ubiquitous intracellular messenger, acting as
a regulator of multiple physiological functions. Neverthe-
less, sustained perturbation in intracellular calcium levels
can have deleterious effects, leading to cell dysfunction or
cell death. In the present study, a significant twofold in-
crease in intracellular Ca2þ was found in rods from dark-
adapted diabetic mice compared with those in nondiabetic
mice. Increases of twofold or more (such as was found in
the photoreceptor cells) in cytosolic calcium in neurons are
sufficient to activate downstream signaling pathways and
stimulate mitochondrial energy production with increased
production of free radicals from mitochondria and/or
NADPH oxidase.7,42e50 The present results are thus in line
with the notion that abnormal accumulation of cytosolic
Ca2þ increases oxidative stress, particularly in photorecep-
tors, which have a very weak Ca2þ buffering capacity51 and
possess at least 75% of total retinal mitochondria.52 The
mechanism by which diabetes increases intracellular Ca2þ
1817
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Figure 10 Postulated schematic relationship between dysregulation of
intracellular Ca2þ and calpain activation in photoreceptor cells, the in-
duction of oxidative stress and inflammation. Solid lines show confirmed
pathways, and dotted lines show the pathway suggested.

Saadane et al
in photoreceptor cells is not clear, but unlike most other
neurons, photoreceptors do not have conventional synaptic
inputs and rely on plasma membrane calcium channels, such
as LTCCs, for Ca2þ influx.53e57 Previous studies have
demonstrated defects in LTCC function and ion movement
into photoreceptor cells of diabetic rodents.10 In nondiabetic
mice, sustained illumination causes rod membrane hyper-
polarization, closure of LTCCs, and depletion of endo-
plasmic reticulum calcium stores.58 As a result, non-LTCCs
open in the plasma membrane and allow extracellular Ca2þ

entry (ie, store-operated calcium entry).58,59 In diabetes, a
sustained, paradoxical closure of rods LTCCs, but cytosolic
Ca2þ accumulation occurs in the dark (Figure 2). Diabetes
may engage an alternative Ca2þ influx pathway involving
transient receptor potential channels found in mouse
rods50,56 and impair retinal Ca2þ efflux via Ca2þ ATPase.60

Together, these events may lead to excessive cytosolic Ca2þ

accumulation, but more work is needed to test this proposed
signaling pathway.

Increases in intracellular calcium can activate calpains, a
family of calcium-dependent nonlysosomal proteases. Cal-
pain1 (m-calpain) and calpain-2 (m-calpain) are the best
characterized and most ubiquitously expressed calpains, and
are activated by micromolar and millimolar calcium con-
centrations, respectively. Calpains belong to a family of
calcium-dependent cysteine proteases with at least 16
1818
members and are widely distributed in cells, including im-
mune cells61 and vascular cells.62 They can be detected in
multiple subcellular organelles, including mitochondria.63,64

The authors found that the elevated intracellular calcium in
photoreceptor cells was associated with a significant increase
in the activity and expression of Capn1 in photoreceptor cells.
Several studies have shown that the calcium concentration is
dysregulated in cardiomyocytes, hepatocytes, and platelets
during diabetes,36,65,66 and this calcium accumulation leads to
calpain activation.18,67e71

Both oxidative stress and inflammation are implicated in
the development of vascular lesions that are characteristic of
the early stages of DR.72e74 Inhibition of oxidative stress or
overexpression of antioxidant enzymes can reduce diabetes-
induced degeneration of retinal capillaries.9,75e77 Many of
the molecular abnormalities (such as iNOS and ICAM-1)
that develop in the retina during diabetes are consistent
with inflammation, and inhibiting or deleting them blocks
the development of vascular lesions characteristic of the
early stages of DR.77e81 The present study showed that
pharmacologic inhibition of the diabetes-induced increase in
calpain activity and genetic deletion of capn1 suppressed
the diabetes-induced superoxide generation in the retina.
Additionally, calpain activation targets proteins in mito-
chondria that compromise mitochondrial function, resulting
in excessive ROS generation and oxidative stress.18,82,83

This study showed that a CI or capn1 deletion inhibit
diabetes-induced increases in the expression of iNOS and
ICAM-1 in the retina. Expression of both proteins is regu-
lated by NF-kB, subsequent to degradation of IkBa, and
translocation of NF-kB to nucleus. Several studies have
shown that IkBa can be degraded in a calpain-dependent
manner independent of the ubiquitin-proteasome sys-
tem.84,85 However, the mechanism by which calpain1
regulates the diabetes-induced iNOS, ICAM-1, and other
proinflammatory proteins requires further study.
Proteomic studies were conducted to identify the sub-

strates of calpain in diabetic photoreceptors that might
explain calpain-induced superoxide generation and inflam-
mation. These studies identified several proteins whose
expression was altered in diabetes, and whose expression
defect was at least partially mitigated by pharmacologic
inhibition of calpain. In particular, WWOX, also known as
WWOX/WOX1 or FOR,38 seemed of interest related to
diabetes and oxidative stress. WWOX is located ubiqui-
tously within the cells and can be found in the cytoplasm,
cell membrane, cytoskeleton, organelles, and nucleus.38,86,87

This 46-KDa protein interacts with proline-tyrosine motif-
containing proteins via its WW1 domain, which regulates its
localization and transcriptional function.86 WWOX be-
comes activated under stress conditions to act as a regulator
of ROS.37e39 Activated Wwox was found in degenerating
photoreceptors in a model of light-induced retinal damage
as well as in rd mice with an inherited retinal degenera-
tion.38 O’Keefe et al39 (2011) reported that the highly
conserved Drosophila orthologue of WWOX has
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Role of Calpain in Diabetic Retinopathy
biologically significant roles in pathways linked to aerobic
metabolism and oxidative stress. Here, the study shows that
knockdown of Wwox using siRNA significantly inhibited
the oxidative stress induced in retinal photoreceptor cells in
elevated levels of glucose, and therefore postulate that
WWOX contributes to the diabetes-induced oxidative stress
that develops in retinal cells and perhaps other tissues.

How WWOX might affect ROS generation in diabetic
retina is not yet clear. However, WWOX is implicated in
regulation of the canonical and noncanonical NF-kB path-
ways.87,88 Wwox physically binds to IkBa, the inhibitor of
NF-kB, thereby stimulating NF-kBeinduced promoter
activation.87 In addition, Wwox interacts with the hypoxia-
inducible transcription factor, a master oxygen sensor and
master transcriptional regulator of a variety of processes
including energy metabolism.40,89

In summary, diabetes results in calcium accumulation in
rod photoreceptors, and this increase is associated with
increased calpain activity and expression of Capn1 in pho-
toreceptors. Calpain inhibition or deletion abrogating the
diabetes-induced superoxide generation and induction of
iNOS and ICAM-1 indicates that calpains play an important
role in diabetes-induced oxidative stress and inflammation
that occurs in the retina. Wwox was identified as a substrate
for calpain, and the authors postulate that one step between
calpain activation and the development of retinal oxidative
stress and inflammation in diabetes involves WWOX.
Inhibiting calcium accumulation, calpain activation, and/or
WWOX up-regulation in diabetes merit further study as
potential therapeutic targets to mitigate the pathogenesis of
early stages of DR.
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